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November 11, 2020 

 

Via Email and U.S. Mail 

Chair Douglas Barnhart and Planning Commissioners 

Planning Commission 

County of San Diego  

Planning & Development Services 

5510 Overland Avenue, Suite 110 

San Diego, CA 92123 

Email: Ann.Jimenez@sdcounty.ca.gov 

Re:  Comments on the Final Environmental Impact Report for the 

Boulder Brush Facilities (SCH No. 2019029094, PDS2019-ER-19- 

16-001, PDS 2019-MUP-19-002) 

Dear Chair Barnhart and Planning Commissioners: 

We are writing on behalf of Citizens for Responsible Wind Energy (“Citizens”) 

and Doyle Mills to provide comments on the County of San Diego’s (“County”) 

September 2020 Final Environmental Impact Report (“FEIR”), prepared pursuant 

to the California Environmental Quality Act (“CEQA”),1 for Terra-Gen Development 

Company LLC’s (“Terra-Gen”) proposed Campo Wind Project with Boulder Brush 

Facilities (“Project”).2  The FEIR incorporates by reference a May 2019 Draft 

Environmental Impact Statement (“DEIS”) prepared by the Bureau of Indian 

Affairs (“BIA”), pursuant to the National Environmental Policy Act. 3 (“NEPA”).  

Citizens previously provided comments on the DEIS and Final Environmental 

Impact Statement (“FEIS”) to the BIA opposing approval of the Project based on the 

1 Cal. Public Resources Code §§ 21000 et seq. 
2 County of San Diego, Final Environmental Impact Report for the Campo Wind Project with Boulder 

Brush Facilities, (Sept. 2020), (hereafter “FEIR”). 
3 42 U.S.C. §§ 4321 et seq. 
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BIA’s violations of the National Environmental Policy Act (“NEPA”).  Citizens also 

provided comments to the County on the County’s December 12, 2019 Draft 

Environmental Impact Report (“DEIR”) for the Project based on the County’s 

violations of CEQA.  Those comments have previously been submitted to the County 

and, as such, are in the record of proceedings for this Project, and incorporated 

herein. We reserve the right to supplement these comments at later hearings on 

this Project after we receive more detailed expert opinions on the County’s recently 

released responses to our comments, along with other recently released documents.4  

 

Terra-Gen requests a Major Use Permit (MUP) and Fire Services Agreement 

for the Project. The Project is a 252-megawatt wind power plant located on the 

Campo Reservation and includes a lease agreement between the Campo Band of 

Diegueño and Terra-Gen that would allow Terra-Gen to develop, construct, operate 

and ultimately decommission a power plant and related facilities on the Campo 

Indian Reservation and adjacent private lands in Eastern San Diego County.  The 

Project includes the on-reservation Campo Wind Project, which includes up to 60 

wind turbines, each approximately 586 feet tall, along with numerous access roads, 

an electrical collection and communication system, an operations and maintenance 

facility, meteorological towers, a water collection and septic system, a temporary 

concrete batch plant, temporary staging areas, and a 5-mile portion of a new 

generation tie line (“gen-tie line”), and the off-reservation Boulder Brush facilities, 

which include a 3.5 mile portion of the new gen-tie line, a high-voltage substation, a 

switchyard, and access roads. 

 

We explained in our DEIR comments that the DEIR failed to comply with 

CEQA’s basic requirement to act as an “informational document.”  The DEIR was 

devoid of meaningful details upon which the public and decisionmakers can 

adequately assess the Project’s significant impacts.  The DEIR failed to comply with 

the requirements of CEQA by (1) failing to include a complete project description, 

(2) piecemealing the Campo Wind Project from the Torrey Wind Project, (3) failing 

to accurately describe the affected environment, (4) not disclosing, analyzing, or 

discussing mitigation for the Project’s significant impacts, and (5) impermissibly 

deferring identification of mitigation for the Project’s significant impacts.  Because  

  

 
4 Gov. Code § 65009(b); PRC § 21177(a); Bakersfield Citizens for Local Control v. Bakersfield 

(“Bakersfield”) (2004) 124 Cal. App. 4th 1184, 1199-1203; see Galante Vineyards v. Monterey Water 

Dist. (1997) 60 Cal. App. 4th 1109, 1121.     
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of these shortcomings, the DEIR is deficient as a matter of law and its 

determinations that it properly identifies and mitigates the Project’s significant 

impacts are not supported by substantial evidence.  

 

The FEIR does not adequately respond to Citizens’ comment letters on the 

DEIR. CEQA requires that a lead agency evaluate and prepare written responses to 

comments in a FEIR.5  Agencies are required to provide “detailed written response 

to comments . . . to ensure that the lead agency will fully consider the 

environmental consequences of a decision before it is made, that the decision is well 

informed and open to public scrutiny, and the public participation in the 

environmental review process is meaningful.”6  When a comment raises a 

significant environmental issue, the lead agency must address the comment “in 

detail giving reasons why” the comment was “not accepted. There must be good 

faith, reasoned analysis in response. Conclusory statements unsupported by factual 

information will not suffice.”7  Here, the FEIR failed to provide detailed responses to 

several of Citizens’ comments, and the comments of Citizens’ expert consultants, 

that raised significant environmental issues.  The FEIR thus fails as a matter of 

law.  

 

The FEIR also fails to comply with the requirements of CEQA by (1) failing to 

include a complete project description, (2) piecemealing the Campo Wind Project 

from the Torrey Wind Project, (3) failing to accurately describe the affected 

environment, (4) not disclosing, analyzing, or discussing mitigation for the Project’s 

significant impacts, and (5) impermissibly deferring identification of mitigation for 

the Project’s significant impacts.   

 

For example, the FEIR Project description lacks sufficient information 

regarding the Project’s meteorological towers, water supply line, and 

decommissioning.  As a result, the true impacts of the Project cannot be known in 

violation of CEQA. In another example, the County’s FEIR violates CEQA by 

illegally piecemealing the Campo Wind Project from the Torrey Wind Project. Both 

wind projects are being developed by Terra-Gen. Both wind projects will rely on the 

same substation improvements proposed in this EIR, and Torrey Wind is physically 

located in the same footprint as the Boulder Brush facilities here. Furthermore, the 

 
5 PRC § 21091(d); 14 CCT §§ 15088(a), 15132. 
6 City of Long Beach v. Los Angeles Unified Sch. Dist . (2009) 176 Cal.4th 889, 904. 
7 14 CCR § 15088(c); see Laurel Heights Improvement Assn. v. Regents of University of California  

(1993) 6 Cal.4th 1112, 1124 (“Laurel II”); The Flanders Foundation v. City of Carmel-by-the-Sea 

(2012) 202 Cal. App. 4th 603, 615. 
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Torrey Wind Project is currently undergoing environmental permitting by the 

County.  By piecemealing its review of these Projects, the County is masking the 

severity of these project’s impacts, particularly since they could undergo 

construction at the same time.  Finally, as a third example, the Project will cause 

significant impacts on golden eagles and Quino checkerspot butterfly, which are not 

mitigated in the FEIR.  The FEIR admits the Project will kill golden eagles but fails 

to offer mitigation measures to lessen the impact. The Project will also harm the 

Quino checkerspot butterfly, but the FEIR lacks assurances that mitigation 

measures could ever be implemented. 

 

For each of these reasons, the County may not approve the Project until a 

revised environmental review document is prepared and re-circulated for public 

review and comment. We urge the Planning Commission not to make a 

recommendation to the Board of Supervisors at this time and, instead, direct staff to 

prepare a revised EIR that addresses our comments and complies with CEQA.  

Alternatively, we urge the Planning Commission to recommend that the Board of 

Supervisors deny the MUP. 

 

 

      Sincerely, 

       
      Kyle C. Jones 
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From: Bennett, Jim
To: Koutoufidis, Nicholas
Subject: FW: Donna e-mail
Date: Tuesday, November 10, 2020 10:11:41 AM
Attachments: ECO Sub Water Use Report Oct 2014.pdf

ECO Sub water increase request 9-20-13.pdf
ECO Sub Water Use Report Final- September 2014.pdf
Muht-Hei 9-8-13 report to GC.pdf
image001.png

 
 
 
Jim Bennett, P.G., C.HG.
Water Resources Manager
 

County of San Diego
Planning & Development Services
5510 Overland Avenue, Third Floor, San Diego, CA 92123
Cell Phone: 619-346-1476
SGMA Website: http://www.sandiegocounty.gov/pds/SGMA.html
 

 

For local information and daily updates on COVID-19,
please visit www.coronavirus-sd.com. To receive
updates via text, send COSD COVID19 to 468-311.
 

 
 
 
 
 

 

From: Donna Tisdale <tisdale.donna@gmail.com> 
Sent: Tuesday, November 10, 2020 10:10 AM
To: Bennett, Jim <Jim.Bennett@sdcounty.ca.gov>
Subject:
 
Hello Jim
 
Nice chatting with you. Here is some info related to the same controversial Campo Reservation well
filed. See page 5 of 5 of Sept 2014 final water use report for ECO Sub that lists the gallons of water
per month sourced from the very same previously over-pumped Campo Reservation well field
proposed for sourcing 50 acre ft by Boulder Brush facilities MUP PDS2018-MUP-19-002.
 
Attached are official ECO Substation construction water use reports. Teh same Campo Reservation
wells were listed to provide 32 million gallons (see water supply report 9-20-13) but they stopped 
pumping after exporting over 12 million gallons (37.4 acre ft) from July-Sept 2013 due to lack of
recharge.
 
The attached Muht-Hei Inc (Campo tribal entity) 9-8-13 report to their General Council members
states that AECOM indicated that 60-65 ft of construction water was available in 2012 and that their
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East County Substation Project 
CONSTRUCTION WATER USE REPORT 


October 1, 2014 – October 31, 2014 
 


This report is being provided in compliance with the San Diego Gas & Electric Company 
(SDG&E) East County (ECO) Substation Project (Project) Amended Construction Water Supply 
Plan (Amended CWSP) revised September 30, 2013 and provides a summary of total 
construction water consumption for the period October 1, 2014 through October 31, 2014. Below 
is a table identifying each of the Project’s approved water sources and the amount of water 
consumed for construction from each source. 


A report from SDG&E’s construction contractor, Beta Engineering, documenting the amount of 
water used is included as Attachment A: Beta Monthly Water Usage Report.  As shown in the 
table below, no water was used from the approved sources of Live Oak Springs, Campo Indian 
Reservation, or Jacumba Community Water Service District (JCSD) during this reporting period. 


Construction Water Use Summary 
 
Water Source Time Period 


Start 
Time Period 


End 
Period Usage 


(Gal) 
Current to Date 


Usage (Gal) 
JCSD 10/1/2014 10/31/2014 0 14,963,683 
Live Oak Springs 10/1/2014 10/31/2014 0 858,570 
City of San Diego 10/1/2014 10/31/2014 939,533 56,493,010 
Campo Indian 
Reservation 10/1/2014 10/31/2014 0 12,181,187 


TOTAL 939,533 84,496,450 
 
 


Monitoring Plan Discussion 


As previously communicated to the California Public Utilities Commission on December 3, 
2013, Campo Indian Reservation (Campo) stopped providing construction water deliveries to the 
Project on November 18, 2013; therefore, SDG&E will not be providing data associated with the 
production or monitoring wells located at Campo until water deliveries to the Project resume. 











 


ATTACHMENT A: BETA MONTHLY WATER USAGE REPORT 


 







 


 
 


Monthly Water Usage Report 
East County Substation Project 


 


 


October 
Prepared by: Ross Sims 


Submitted: November 4, 2014 







ECSP Water Usage 
The East County Substation Project is loading water from various sites in San Diego County.  The 
following summarizes the water usage from each site for the month of October.  At the end is a total 
project summary of water usage. 


Below indicates the active and inactive sites for the month of October. 


Project Water Loading Sites: 


• Jacumba Community Services District – INACTIVE  
• Princess View (City of San Diego) – ACTIVE 
• Campo – INACTIVE 
• Live Oak Springs – INACTIVE 
• Federal Blvd. (City of San Diego) –INACTIVE 
• Navajo Road (City of San Diego) – INACTIVE 


 


Water Loading Site Usage 


 Princess View - October 
     


Meter: 32645 - 2" Meter   


Date Meter Reading (ft3) Notes 


10/1/2014 1,860,620 Beginning of month reading 


10/31/2014 1,860,620 End of month reading 


Total 0   


TOTAL (GAL.) 0 Converted to gallons 


     


Meter: 11963864 - 6" Meter   


Date Meter Reading (ft3) Notes 


10/1/2014 4,771,300 Beginning of month reading 


10/31/2014 4,896,900 End of month reading 


Total 125,600   


TOTAL (GAL.) 939,553 Converted to gallons 







City of San Diego JCSD Campo Live Oak Springs
Gallons Gallons Gallons Gallons


March 0 549,210 0 243,575


April 0 0 0 0


May 0 893,112 0 0


June 5,229,332 1,594,099 0 0


July 13,565,272 1,946,360 433,802 0


August 11,686,951 2,343,718 3,796,485 0


September 2,328,619 1,466,509 3,017,200 0


October 1,075,234 350,836 3,350,500 614,995


November 6,732 487,729 1,583,200 0


December 1,110,857 388,238 0 0


January 2,060,883 454,815 0 0


February 1,704,062 487,729 0 0


March 2,787,989 620,733 0 0


April 4,039,480 822,258 0 0


May 3,059,532 872,976 0 0


June 1,784,104 1,685,361 0 0


July 2,555,345 0 0 0


August 1,283,657 0 0 0


September 1,275,428 0 0 0


October 939,533 0 0 0


Total 56,493,010 14,963,683 12,181,187 858,570


84,496,450Project Total (Gallons):


ECSP Water Usage Summary





		Monthly Water Usage Report October 2014.pdf

		CoverPage

		ECSP Water Usage - October

		Monthly Usage - Project2

		SUMMARY
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EAST COUNTY SUBSTATION PROJECT


MINOR PROJECT REFINEMENT


REQUEST FORM


Date Submitted: 
09-20-13 (Originally Submitted) 


10-01-13 (Resubmitted) 
Request #: 8 


Date Approval 
Required: 


10-01-13 Landowner: Not Applicable (N/A) 


APN: N/A 


Refinement from (check all that apply):  


 Mitigation Measure  APM  Project Description  Drawing  Other 


Identify source (mitigation measure, project description, etc.): 


Pages B-3 and B-37 of Section B Project Description of the Final Environmental Impact Report/Environmental 
Impact Statement (EIR/EIS) and the Construction Water Supply Plan, which was approved by the California Public 
Utilities Commission on January 31, 2013, for the East County (ECO) Substation Project (Project) describe the water 
usage required during construction of the Project.  The information in this Minor Project Refinement (MPR) request 
describes a change in the amount of construction water consumption that was previously estimated in the Final 
EIR/EIS and the Construction Water Supply Plan.  A description of and justification for the requested refinement are 
provided on pages 1 and 2 of this MPR request. 


Attachments (check all that apply): 


 Refinement Screening Form (provided as Attachment A: Minor Project Refinement Request Screening Form) 


Under Order 3 of the Decision Granting SDG&E Permit to Construct the East County Substation Project 
(D.12-04-022), the CPUC may approve minor project refinements under certain circumstances. In accordance 
with Order 3 of the Decision, respond “yes” or “no” to the following questions (a) through (d). 


(a) Is the proposed refinement outside the geographic boundary of the EIR/EIS study area?  No.  The proposed 
refinement requests a change to the Project description than what was presented in the Final EIR/EIS, which 
provided an estimated volume of water to be used during construction, and will not result in any change in 
geographic location.  


(b) Will the proposed refinement result in a new significant impact or a substantial increase in the severity of 
a previously identified significant impact based on the criteria used in the EIR/EIS?  No.  No change in impacts 
to any resource area evaluated in the Final EIR/EIS is anticipated to result from the requested refinement.  The 
following resource areas apply to the Project’s construction water usage and are discussed in detail in Attachment A: 
Minor Project Refinement Request Screening Form: air quality, climate change, water resources, public services and 
utilities, and transportation and traffic.   


(c) Does the proposed refinement conflict with any mitigation measure or applicable law or policy?  No.  


(d) Does the proposed refinement trigger an additional permit requirement?  No.  Construction water usage was 
contemplated in Section B. Project Description of the Final EIR/EIS.  No additional permits will be required.   


Describe refinement being requested (attach drawings and photos as needed): 


SDG&E is requesting an increase in the total water usage that will be needed throughout construction of the Project.  
This MPR request proposes that the total construction water usage be increased to an estimated 90 million gallons.  
While the Final EIR/EIS included an estimate of 30 million gallons for total construction water use, SDG&E 
increased this estimate to 50 million gallons prior to the start of construction as part of its January 2013 Construction 
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Water Supply Plan.  This increase was found to be consistent with the language in the Final EIR/EIS in light of the 
selection of the ECO Partial Underground 138 kV Transmission Route Alternative (UG Alternative). 


Provide need for refinement (attach drawings and photos as needed): 


This MPR request has been prepared as a result of the necessity to increase the Project’s overall construction water 
usage in order to continue to meet soil compaction standards and dust control requirements associated with the 
Project’s Mitigation Monitoring, Compliance, and Reporting Program.  The conditions at the ECO Substation site, 
which is currently under construction, have differed from what was originally anticipated, resulting in a higher 
Project demand for construction water.  Based on the geotechnical report, the contractor estimated that remedial 
removal and recompaction of alluvial soil at the ECO Substation site was expected to reach a maximum depth of 10 
feet.  However, during mass-grading of the ECO Substation site, remedial removal and recompaction of alluvium in 
excess of 20 feet in depth across most of the site was necessary to reach the formational, hard pan soils under the 
230/138 kilovolt (kV) and 500 kV pad areas.  The deeper than expected alluvial removal also triggered the need to 
construct a buttress slope outside of the grading limits on the south side of 500 kV pad to accommodate proper 
compaction of the soils within the grading limits.   


In addition, the moisture content of the in-situ soils were lower than anticipated, resulting in higher water usage for 
recompaction and dust control.  The anticipated amount of water to provide the optimum moisture content for 
compaction prior to the start of construction was estimated at 30 gallons per cubic yard, based on a typical project at 
this elevation with similar soils and climate, but the actual water required to achieve the optimum moisture content 
for compaction has been approximately 45 gallons per cubic yard.  In total, SDG&E’s construction contractor now 
estimates handling approximately 50 percent more material than was originally planned in order to complete grading 
at the ECO Substation site.  These differing site conditions will result in the use of approximately 50 to 55 million 
gallons of water during mass grading of the ECO Substation site alone.   


Accordingly, an increase in the water needed to complete construction of the ECO Substation along with the other 
Project components is necessary.  SDG&E’s construction contractor estimates that approximately 40 to 45 million 
additional gallons of water will be needed to complete construction of the ECO Substation following mass grading 
and for construction activities at the Boulevard Substation, the underground and overhead portions of the 
transmission line, the SWPL Loop-in, and the other associated Project components, such as the construction yards.  
At the end of August 2013, the Project had used approximately 42 million gallons of water.  Therefore, 
approximately 40 million gallons of water, in addition to the 50 million gallons already approved through the 
January 2013 Construction Water Supply Plan, will be needed to complete construction of the Project.   


Date refinement is expected to be 
implemented: 


10-02-13 


SDG&E Approvals 


Title Name Approval 
Initials


Date Conditions
(see attached)


Environmental Project Manager Don Houston DH 09/19/13  Yes  No 


Environmental Compliance Lead Kirstie Reynolds KR 09/19/13  Yes  No 


Substation Project Manager Matt Huber MH 09/19/13  Yes  No 


Environmental Field Supervisor Jeffry Coward JC 09/19/13  Yes  No 


Landowner Approval (if required) 


Landowner Name Signature or Other Consent  


No landowner approvals are required as a result of the requested refinement. 
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Resource Agency Coordination  


Resource 
Agency Name Action Required Date Documentation 


(see attached if yes)


No resource agency coordination will be required as a result of the requested refinement.  







 


 


ATTACHMENT A: MINOR PROJECT REFINEMENT REQUEST SCREENING FORM 
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MINOR PROJECT REFINEMENT REQUEST SCREENING FORM 


RESOURCE EVALUATION 


The proposed Minor Project Refinement request was evaluated to verify that it will not result in a new significant 
impact or a substantial increase in the severity of a previously identified significant impact based on the criteria used 
in the Final Environmental Impact Report/Environmental Impact Statement (EIR/EIS).  The following table 
provides a brief summary of the potential impact for each resource area analyzed in the Final EIR/EIS. 


EIR/EIS Section Summary of Potential Impacts 


Air Quality and 
Climate Change 


No Change.  The Impact AIR-1 discussion in Section D.11.3.3 of the Final EIR/EIS 
recognizes that “…water for dust control and other purposes during construction would be 
transported by water trucks from off-site locations within San Diego County, potentially as 
far away as San Diego.”  Combined with emissions associated with other construction 
activities (such as mass grading), Impact AIR-1 was classified as Class 1 significant and 
unmitigable.   


Section D.9.3.3 of the Final EIR/EIS stated that “Construction of the ECO Substation 
would require up to 30 million gallons of water. If enough water cannot be located on site 
or purchased from nearby sources, water would be imported from the City of San Diego or 
the Sweetwater Authority.”  The following assumptions were made regarding water 
deliveries: 4,000-gallon water trucks would be used to delivery water, with a maximum of 
43 truck trips per day over 8 months, resulting in “an additional 7,500 truck trips” to 
transport water to the ECO Substation Project site.  In this same paragraph on page D.9-22, 
the Final EIR/EIS states that “All vehicles and equipment would enter the ECO Substation 
site from Old Highway 80.”  From reviewing the detailed discussion in this section of the 
Final EIR/EIS, it is apparent that the estimate of 30 million gallons of water was for 
construction of only one Project component—the ECO Substation during its period of peak 
demand (i.e., grading).  This is evidenced by the specific references to transportation routes 
and construction duration of just eight months.   


Using the assumptions in Section D.9.3.3 and those found in “Appendix 8- Air Quality and 
Greenhouse Gas Revisions to Applicant’s Environmental Information” (Appendix 8), the 
total mileage associated with water deliveries to the ECO Substation during mass grading 
can be calculated as 1,155,840 miles, assuming water would be supplied from the City of 
San Diego (approximately 140 miles round trip) at 43 trips per day for a total of 6,020 
vehicle-miles traveled per day for approximately 192 days (32 weeks times 6 days per 
week).   


The table below summarizes the Project’s current water usage through the end of August 
2013, which coincides with the period of mass grading for the ECO Substation.  The table 
demonstrates that the total mileage through August 2013 remains less than the 1,155,840 
miles contemplated in the Final EIR/EIS analysis.  This is in part due to the fact that closer 
sources have been used, reducing the mileage required for the deliveries, and because haul 
trucks with capacities of 5,000 to 7,000 gallons have been used, reducing the number of 
trips required to make the deliveries.  Based on these actuals, SDG&E predicts that the total 
mileage, and therefore the associated emissions, for the period of peak demand will remain 
consistent with that contemplated in the Final EIR/EIS.   
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EIR/EIS Section Summary of Potential Impacts 


 


Source 
Name 


Total 
Gallons as 


of 
8/31/2013 


Approximate 
# of Loads 


Average 
Gallons 


Per Load 


Average 
Miles per 


Load 
(roundtrip) 


Total 
Miles as of 
8/31/2013 


City of 
San Diego 


31,767,494 5,528 5,747 140 773,873 


Campo 4,792,587 805 5,950 46 37,052 


JCSD* 8,251,839 2,997 2,753 8 23,979 


LOS* 243,575 131 1,859 30 3,931 


TOTAL 45,055,495 9,462 16,309 88.65710489 838,835 
*Water spray trucks with a capacity of approximately 3,500 gallons are being used at these locations; 
tanker trucks with capacities of 5,000 to 7,000 gallons are not being used. 


Further, “Appendix 8- Air Quality and Greenhouse Gas Revisions to Applicant’s 
Environmental Information” (Appendix 8) states “Later phases that would require water 
deliveries would result in lower combined emissions than this period.”  Thus, the analysis 
indicates that additional water would be required for the Project, but emissions resulting 
from this water transport were not calculated due to the fact that they would be lower than 
the peak transport period required for the ECO Substation component of the Project (which 
represents the worst-case scenario). 


Because the analysis was based on a worst-case scenario (with grading of the substation 
and peak water deliveries occurring at the same time), even if the water remained at the 
peak level for the whole Project (16-months), which is not anticipated, the emissions would 
still be under the criteria air pollutant and GHG thresholds analyzed in the Final EIR/EIS. 


SDG&E’s Amended Construction Water Supply Plan, which was submitted to the CPUC 
on September 13, 2013, includes an updated water estimate of 90 million gallons, which 
represents a 40-million-gallon increase in SDG&E’s prior water usage estimate of 50 
million gallons.  As described in the Plan, SDG&E is obtaining construction water from a 
variety of sources, some as close as four miles from the ECO Substation Site.  SDG&E is 
committed to reducing emissions for water hauling on the Project.  Therefore, once mass 
grading at the ECO Substation is complete, SDG&E will utilize water from the two closest 
water sources—Campo Indian Reservation and Jacumba Community Services District—to 
the maximum extent feasible while remaining compliant with the protections for local 
water sources required by MM HYD-3 and the Project’s Construction Water Supply Plan.  
Utilization of these closer sources will reduce emissions as well as allow SDG&E the 
flexibility to use additional water above the 90 million gallon estimate included in the 
September 30, 2013 Amended Construction Water Supply Plan, if necessary, to respond to 
differing site conditions and/or implementation of mitigation measures associated with dust 
control and fire prevention.   


As long as mileage associated with water truck deliveries for the remainder of construction 
remains less than the 1.15 million miles assumed in the Final EIR/EIS to be expended 
during mass grading at the ECO Substation, the Project’s emissions will remain consistent 
with the impacts previously contemplated by the Final EIR/EIS.  As demonstrated in the 
table below, the potential to obtain an additional 48 million gallons of water (90 million 
gallons requested in the Plan minus 42 million gallons already consumed) needed to 
complete construction over the approximately 12 months that remain can be accomplished 
while limiting mileage for water deliveries to less than approximately 35 percent of the 
total mileage (an approximate 400,000 thousand mile estimate for total additional mileage 







 


A-3 


EIR/EIS Section Summary of Potential Impacts 


to deliver 48 million gallons divided by 1.15 million miles assumed in the Final EIR/EIS) 
expended during the mass grading activities at the ECO Substation site.  Note that actual 
trips, gallons per load, and the distribution of sources may vary from that provided below, 
which is for illustration purposes only. 


Source 
Name 


Estimate 
of Loads 


per 
Month 


Average 
Gallons 


per 
Load* 


Estimated 
Gallons for 12 


months 


Average 
Mileage 


per Load 
Total Mileage 


City of 
San Diego 


48 5,747 3,310,272 140 80,640 


Campo 450 5,950 32,130,000 46 248,400 


JCSD 400 2,753 13,214,400 8 38,400 


TOTAL 898 4,800 48,654,672 125 367,440 


*The gallons per load averages are based on actuals as of August 27, 2013. 


As a result, the total emissions for the requested refinement will be consistent with what 
was analyzed in the Final EIR/EIS, and the requested refinement will not trigger an 
exceedance of the greenhouse gas emissions threshold.  Therefore, the requested 
refinement will not result in a new, significant impact or a substantial increase in the 
severity of a previously identified impact to air quality, which was evaluated as significant 
and unavoidable (Class I) in the Final EIR/EIS, or to climate change, which was evaluated 
as less than significant (Class III) in the Final EIR/EIS.  


Water Resources 


No Change.  The Impact HYD-4 discussion in Section D.12.3.3 of the Final EIR/EIS 
analyzes whether the Project could deplete local water supplies.  The Impact HYD-4 
analysis focuses on whether water use during construction would affect groundwater levels 
in the vicinity of the Project, not the amount of water necessary for construction.  The Final 
EIR/EIS concludes that this impact is significant but able to be mitigated to a less than 
significant level (Class II).  The Final EIR/EIS further proposes the implementation of 
Mitigation Measure (MM) HYD-3 to “…mitigate impacts to groundwater within the 
Project area by ensuring that groundwater availability would not be adversely affected” and 
“… ensure that use of local groundwater during construction would not impact the 
production rates of groundwater wells within a 1-mile radius.”  MM HYD-3 also requires 
SDG&E to provide the “…total gallons of water needed through construction…” along 
with evidence that the water is available from both purchased water sources and/or 
groundwater wells. 


As demonstrated throughout the Impact HYD-4 analysis in the Final EIR/EIS, the Class II 
significance level for impacts to water resources are not dependent on the amount of water 
used, but rather whether construction would impact groundwater in the Project area and 
whether water demand could be met by area sources.  Accordingly, any increase, even a 
substantial increase, in the amount of water used for construction would be consistent with 
the analysis in the Final EIR/EIS as long as groundwater in the area is not affected and 
sufficient water can be supplied. 


SDG&E’s implementation of MM HYD-3 and the Project’s Amended Construction Water 
Supply Plan, including Section 7 Monitoring Plan requirements for the Campo Indian 
Reservation, will continue to demonstrate that SDG&E is able to meet construction water 
demands from a combination of sources and its use of construction water will not adversely 
impact groundwater in the area. 


As a result, the requested refinement will not result in a new, significant impact nor a 
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EIR/EIS Section Summary of Potential Impacts 


substantial increase in the severity of a previously identified impact to water resources, 
which was evaluated as significant but able to be mitigated to less than significant (Class 
II) in the Final EIR/EIS. 


Public Services and 
Utilities 


No Change.  The Impact PSU-3 discussion in Section D.14.3.3 of the Final EIR/EIS 
discusses the availability of water in amounts sufficient to meet the substantial demands 
necessary for construction so as not to adversely impact area sources of water.  The Final 
EIR/EIS concludes that this impact is significant but able to be mitigated to a less than 
significant level (Class II).  As demonstrated throughout the Impact PSU-3 analysis in the 
Final EIR/EIS, the Class II significance level for impacts to public services and utilities are 
not dependent on the amount of water used, but rather whether construction would impact 
groundwater in the Project area and whether water demand could be met by area sources.  
As described in the Water Resources evaluation of this Minor Project Refinement Request 
Screening Form, SDG&E’s implementation of MM HYD-3 and the Project’s Amended 
Construction Water Supply Plan, including Section 7 Monitoring Plan requirements for the 
Campo Indian Reservation, will continue to demonstrate that SDG&E is able to meet 
construction water demands from a combination of sources and its use of construction 
water will not adversely impact groundwater in the area.  Therefore, the proposed 
refinement will not result in an additional impact to any public water supply.  


The maximum total volumes of 50 million gallons from the City of San Diego, 15 million 
gallons from the Jacumba Community Service District, and 35 million gallons from Live 
Oak Springs Water Company will remain consistent with the originally confirmed volumes 
that were reported in the Construction Water Supply Plan, which was approved by the 
CPUC on January 31, 2013.  Confirmation letters from all three sources of construction 
water were provided in the September 2013 Amended Construction Water Supply Plan.  


No public services will be disrupted as a result of the proposed refinement as no additional 
construction activities from what was described in the Final EIR/EIS will be associated 
with the requested increase in construction water usage.  The duration of construction will 
not be greater than what was originally anticipated, and no different types or additional 
volumes of waste as was analyzed for in the Final EIR/EIS will be generated.  


Because no public services, utilities, or water supplies will be interrupted as a result of the 
requested refinement, the requested refinement will not result in a new, significant impact 
nor a substantial increase in the severity of a previously identified impact to public services 
and utilities, which was evaluated as significant but able to be mitigated to less than 
significant (Class II) in the Final EIR/EIS. 


Transportation and 
Traffic 


No Change.  As discussed in the Air Quality and Climate Change evaluation of this Minor 
Project Request Screening Form, the mileage associated with water truck deliveries during 
construction will not exceed the 1.15 million miles assumed in the Final EIR/EIS as a result 
of the proposed refinement.  In addition, all construction activities associated with the 
requested refinement will be conducted in accordance with the Project’s Traffic Control 
Plans.  Therefore, the requested refinement will not result in a new, significant impact nor a 
substantial increase in the severity of a previously identified impact to transportation and 
traffic, which was evaluated as significant but able to be mitigated to less than significant 
(Class II) in the Final EIR/EIS. 
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East County Substation Project 


CONSTRUCTION WATER USE REPORT 


September 1, 2014 – September 30, 2014 


 


This report is being provided in compliance with the San Diego Gas & Electric Company 


(SDG&E) East County (ECO) Substation Project (Project) Amended Construction Water Supply 


Plan (Amended CWSP) revised September 30, 2013 and provides a summary of total 


construction water consumption for the period September 1, 2014 through September 30, 2014. 


Below is a table identifying each of the Project’s approved water sources and the amount of 


water consumed for construction from each source. 


A report from SDG&E’s construction contractor, Beta Engineering, documenting the amount of 


water used is included as Attachment A: Beta Monthly Water Usage Report.  As shown in the 


table below, no water was used from the approved sources of Live Oak Springs, Campo Indian 


Reservation or Jacumba Community Water Service District (JCSD) during this reporting period. 


Construction Water Use Summary 


 


Water Source Time Period 


Start 


Time Period 


End 


Period Usage 


(Gal) 


Current to Date 


Usage (Gal) 


JCSD 9/1/2014 9/30/2014 0 14,963,683 


Live Oak Springs 9/1/2014 9/30/2014 0 858,570 


City of San Diego 9/1/2014 9/30/2014 1,275,428 55,553,477 


Campo Indian 


Reservation 
9/1/2014 9/30/2014 0 12,181,187 


TOTAL 1,275,428 83,556,917 


 


 


Monitoring Plan Discussion 


As previously communicated to the California Public Utilities Commission on December 3, 


2013, Campo Indian Reservation (Campo) stopped providing construction water deliveries to the 


Project on November 18, 2013; therefore, SDG&E will not be providing data associated with the 


production or monitoring wells located at Campo until water deliveries to the Project resume. 







 


ATTACHMENT A: BETA MONTHLY WATER USAGE REPORT 


 







 


 
 


Monthly Water Usage Report 
East County Substation Project 


 


 


September 
Prepared by: Ross Sims 


Submitted: October 3, 2014 







ECSP Water Usage 
The East County Substation Project is loading water from various sites in San Diego County.  The 
following summarizes the water usage from each site for the month of September.  At the end is a total 
project summary of water usage. 


Below indicates the active and inactive sites for the month of September. 


Project Water Loading Sites: 


• Jacumba Community Services District – INACTIVE  
• Princess View (City of San Diego) – ACTIVE 
• Campo – INACTIVE 
• Live Oak Springs – INACTIVE 
• Federal Blvd. (City of San Diego) –INACTIVE 
• Navajo Road (City of San Diego) – INACTIVE 


 


Water Loading Site Usage 


 Princess View - September 
     


Meter: 32645 - 2" Meter   


Date Meter Reading (ft3) Notes 


9/1/2014 1,860,620 Beginning of month reading 


9/30/2014 1,860,620 End of month reading 


Total 0   


TOTAL (GAL.) 0 Converted to gallons 


     


Meter: 11963864 - 6" Meter   


Date Meter Reading (ft3) Notes 


9/1/2014 4,600,800 Beginning of month reading 


9/30/2014 4,771,300 End of month reading 


Total 170,500   


TOTAL (GAL.) 1,275,428 Converted to gallons 







City of San Diego JCSD Campo Live Oak Springs
Gallons Gallons Gallons Gallons


March 0 549,210 0 243,575


April 0 0 0 0


May 0 893,112 0 0


June 5,229,332 1,594,099 0 0


July 13,565,272 1,946,360 433,802 0


August 11,686,951 2,343,718 3,796,485 0


September 2,328,619 1,466,509 3,017,200 0


October 1,075,234 350,836 3,350,500 614,995


November 6,732 487,729 1,583,200 0


December 1,110,857 388,238 0 0


January 2,060,883 454,815 0 0


February 1,704,062 487,729 0 0


March 2,787,989 620,733 0 0


April 4,039,480 822,258 0 0


May 3,059,532 872,976 0 0


June 1,784,104 1,685,361 0 0


July 2,555,345 0 0 0


August 1,283,657 0 0 0


September 1,275,428 0 0 0


Total 55,553,477 14,963,683 12,181,187 858,570


83,556,917Project Total (Gallons):


ECSP Water Usage Summary
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Muht-Hei geologist in 2013 said they were safe to draw up to 40 acre ft over 3-4 month period. Both
were wrong!
 
In addition, See water increase request (9-20-13) where SDG&E had to increase their ECO Substation
water supply plan from original 32 million gallos for project up to 90 million gallons:

 "SDG&E is requesting an increase in the total water usage that will be needed throughout
construction of the Project. This MPR request proposes that the total construction water
usage be increased to an estimated 90 million gallons. While the Final EIR/EIS included an
estimate of 30 million gallons for total construction water use, SDG&E increased this estimate
to 50 million gallons prior to the start of construction as part of its January 2013 Construction
2 Water Supply Plan. This increase was found to be consistent with the language in the Final
EIR/EIS in light of the selection of the ECO Partial Underground 138 kV Transmission Route
Alternative (UG Alternative). " 

I could not track down the photos of the border wall construction wells that resident Diane Ang sent
me. Her number is 619-504-9532. Tell her I referred you.
 
Take care
Donna
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East County Substation Project 

CONSTRUCTION WATER USE REPORT 

September 1, 2014 – September 30, 2014 

 

This report is being provided in compliance with the San Diego Gas & Electric Company 

(SDG&E) East County (ECO) Substation Project (Project) Amended Construction Water Supply 

Plan (Amended CWSP) revised September 30, 2013 and provides a summary of total 

construction water consumption for the period September 1, 2014 through September 30, 2014. 

Below is a table identifying each of the Project’s approved water sources and the amount of 

water consumed for construction from each source. 

A report from SDG&E’s construction contractor, Beta Engineering, documenting the amount of 

water used is included as Attachment A: Beta Monthly Water Usage Report.  As shown in the 

table below, no water was used from the approved sources of Live Oak Springs, Campo Indian 

Reservation or Jacumba Community Water Service District (JCSD) during this reporting period. 

Construction Water Use Summary 

 

Water Source Time Period 

Start 

Time Period 

End 

Period Usage 

(Gal) 

Current to Date 

Usage (Gal) 

JCSD 9/1/2014 9/30/2014 0 14,963,683 

Live Oak Springs 9/1/2014 9/30/2014 0 858,570 

City of San Diego 9/1/2014 9/30/2014 1,275,428 55,553,477 

Campo Indian 

Reservation 
9/1/2014 9/30/2014 0 12,181,187 

TOTAL 1,275,428 83,556,917 

 

 

Monitoring Plan Discussion 

As previously communicated to the California Public Utilities Commission on December 3, 

2013, Campo Indian Reservation (Campo) stopped providing construction water deliveries to the 

Project on November 18, 2013; therefore, SDG&E will not be providing data associated with the 

production or monitoring wells located at Campo until water deliveries to the Project resume. 
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Monthly Water Usage Report 
East County Substation Project 

 

 

September 
Prepared by: Ross Sims 

Submitted: October 3, 2014 
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ECSP Water Usage 
The East County Substation Project is loading water from various sites in San Diego County.  The 
following summarizes the water usage from each site for the month of September.  At the end is a total 
project summary of water usage. 

Below indicates the active and inactive sites for the month of September. 

Project Water Loading Sites: 

• Jacumba Community Services District – INACTIVE  
• Princess View (City of San Diego) – ACTIVE 
• Campo – INACTIVE 
• Live Oak Springs – INACTIVE 
• Federal Blvd. (City of San Diego) –INACTIVE 
• Navajo Road (City of San Diego) – INACTIVE 

 

Water Loading Site Usage 

 Princess View - September 
     

Meter: 32645 - 2" Meter   

Date Meter Reading (ft3) Notes 

9/1/2014 1,860,620 Beginning of month reading 

9/30/2014 1,860,620 End of month reading 

Total 0   

TOTAL (GAL.) 0 Converted to gallons 

     

Meter: 11963864 - 6" Meter   

Date Meter Reading (ft3) Notes 

9/1/2014 4,600,800 Beginning of month reading 

9/30/2014 4,771,300 End of month reading 

Total 170,500   

TOTAL (GAL.) 1,275,428 Converted to gallons 
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City of San Diego JCSD Campo Live Oak Springs
Gallons Gallons Gallons Gallons

March 0 549,210 0 243,575

April 0 0 0 0

May 0 893,112 0 0

June 5,229,332 1,594,099 0 0

July 13,565,272 1,946,360 433,802 0

August 11,686,951 2,343,718 3,796,485 0

September 2,328,619 1,466,509 3,017,200 0

October 1,075,234 350,836 3,350,500 614,995

November 6,732 487,729 1,583,200 0

December 1,110,857 388,238 0 0

January 2,060,883 454,815 0 0

February 1,704,062 487,729 0 0

March 2,787,989 620,733 0 0

April 4,039,480 822,258 0 0

May 3,059,532 872,976 0 0

June 1,784,104 1,685,361 0 0

July 2,555,345 0 0 0

August 1,283,657 0 0 0

September 1,275,428 0 0 0

Total 55,553,477 14,963,683 12,181,187 858,570

83,556,917Project Total (Gallons):

ECSP Water Usage Summary
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EAST COUNTY SUBSTATION PROJECT

MINOR PROJECT REFINEMENT

REQUEST FORM

Date Submitted: 
09-20-13 (Originally Submitted) 

10-01-13 (Resubmitted) 
Request #: 8 

Date Approval 
Required: 

10-01-13 Landowner: Not Applicable (N/A) 

APN: N/A 

Refinement from (check all that apply):  

 Mitigation Measure  APM  Project Description  Drawing  Other 

Identify source (mitigation measure, project description, etc.): 

Pages B-3 and B-37 of Section B Project Description of the Final Environmental Impact Report/Environmental 
Impact Statement (EIR/EIS) and the Construction Water Supply Plan, which was approved by the California Public 
Utilities Commission on January 31, 2013, for the East County (ECO) Substation Project (Project) describe the water 
usage required during construction of the Project.  The information in this Minor Project Refinement (MPR) request 
describes a change in the amount of construction water consumption that was previously estimated in the Final 
EIR/EIS and the Construction Water Supply Plan.  A description of and justification for the requested refinement are 
provided on pages 1 and 2 of this MPR request. 

Attachments (check all that apply): 

 Refinement Screening Form (provided as Attachment A: Minor Project Refinement Request Screening Form) 

Under Order 3 of the Decision Granting SDG&E Permit to Construct the East County Substation Project 
(D.12-04-022), the CPUC may approve minor project refinements under certain circumstances. In accordance 
with Order 3 of the Decision, respond “yes” or “no” to the following questions (a) through (d). 

(a) Is the proposed refinement outside the geographic boundary of the EIR/EIS study area?  No.  The proposed 
refinement requests a change to the Project description than what was presented in the Final EIR/EIS, which 
provided an estimated volume of water to be used during construction, and will not result in any change in 
geographic location.  

(b) Will the proposed refinement result in a new significant impact or a substantial increase in the severity of 
a previously identified significant impact based on the criteria used in the EIR/EIS?  No.  No change in impacts 
to any resource area evaluated in the Final EIR/EIS is anticipated to result from the requested refinement.  The 
following resource areas apply to the Project’s construction water usage and are discussed in detail in Attachment A: 
Minor Project Refinement Request Screening Form: air quality, climate change, water resources, public services and 
utilities, and transportation and traffic.   

(c) Does the proposed refinement conflict with any mitigation measure or applicable law or policy?  No.  

(d) Does the proposed refinement trigger an additional permit requirement?  No.  Construction water usage was 
contemplated in Section B. Project Description of the Final EIR/EIS.  No additional permits will be required.   

Describe refinement being requested (attach drawings and photos as needed): 

SDG&E is requesting an increase in the total water usage that will be needed throughout construction of the Project.  
This MPR request proposes that the total construction water usage be increased to an estimated 90 million gallons.  
While the Final EIR/EIS included an estimate of 30 million gallons for total construction water use, SDG&E 
increased this estimate to 50 million gallons prior to the start of construction as part of its January 2013 Construction 
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Water Supply Plan.  This increase was found to be consistent with the language in the Final EIR/EIS in light of the 
selection of the ECO Partial Underground 138 kV Transmission Route Alternative (UG Alternative). 

Provide need for refinement (attach drawings and photos as needed): 

This MPR request has been prepared as a result of the necessity to increase the Project’s overall construction water 
usage in order to continue to meet soil compaction standards and dust control requirements associated with the 
Project’s Mitigation Monitoring, Compliance, and Reporting Program.  The conditions at the ECO Substation site, 
which is currently under construction, have differed from what was originally anticipated, resulting in a higher 
Project demand for construction water.  Based on the geotechnical report, the contractor estimated that remedial 
removal and recompaction of alluvial soil at the ECO Substation site was expected to reach a maximum depth of 10 
feet.  However, during mass-grading of the ECO Substation site, remedial removal and recompaction of alluvium in 
excess of 20 feet in depth across most of the site was necessary to reach the formational, hard pan soils under the 
230/138 kilovolt (kV) and 500 kV pad areas.  The deeper than expected alluvial removal also triggered the need to 
construct a buttress slope outside of the grading limits on the south side of 500 kV pad to accommodate proper 
compaction of the soils within the grading limits.   

In addition, the moisture content of the in-situ soils were lower than anticipated, resulting in higher water usage for 
recompaction and dust control.  The anticipated amount of water to provide the optimum moisture content for 
compaction prior to the start of construction was estimated at 30 gallons per cubic yard, based on a typical project at 
this elevation with similar soils and climate, but the actual water required to achieve the optimum moisture content 
for compaction has been approximately 45 gallons per cubic yard.  In total, SDG&E’s construction contractor now 
estimates handling approximately 50 percent more material than was originally planned in order to complete grading 
at the ECO Substation site.  These differing site conditions will result in the use of approximately 50 to 55 million 
gallons of water during mass grading of the ECO Substation site alone.   

Accordingly, an increase in the water needed to complete construction of the ECO Substation along with the other 
Project components is necessary.  SDG&E’s construction contractor estimates that approximately 40 to 45 million 
additional gallons of water will be needed to complete construction of the ECO Substation following mass grading 
and for construction activities at the Boulevard Substation, the underground and overhead portions of the 
transmission line, the SWPL Loop-in, and the other associated Project components, such as the construction yards.  
At the end of August 2013, the Project had used approximately 42 million gallons of water.  Therefore, 
approximately 40 million gallons of water, in addition to the 50 million gallons already approved through the 
January 2013 Construction Water Supply Plan, will be needed to complete construction of the Project.   

Date refinement is expected to be 
implemented: 

10-02-13 

SDG&E Approvals 

Title Name Approval 
Initials

Date Conditions
(see attached)

Environmental Project Manager Don Houston DH 09/19/13  Yes  No 

Environmental Compliance Lead Kirstie Reynolds KR 09/19/13  Yes  No 

Substation Project Manager Matt Huber MH 09/19/13  Yes  No 

Environmental Field Supervisor Jeffry Coward JC 09/19/13  Yes  No 

Landowner Approval (if required) 

Landowner Name Signature or Other Consent  

No landowner approvals are required as a result of the requested refinement. 
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Resource Agency Coordination  

Resource 
Agency Name Action Required Date Documentation 

(see attached if yes)

No resource agency coordination will be required as a result of the requested refinement.  
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A-1 

MINOR PROJECT REFINEMENT REQUEST SCREENING FORM 

RESOURCE EVALUATION 

The proposed Minor Project Refinement request was evaluated to verify that it will not result in a new significant 
impact or a substantial increase in the severity of a previously identified significant impact based on the criteria used 
in the Final Environmental Impact Report/Environmental Impact Statement (EIR/EIS).  The following table 
provides a brief summary of the potential impact for each resource area analyzed in the Final EIR/EIS. 

EIR/EIS Section Summary of Potential Impacts 

Air Quality and 
Climate Change 

No Change.  The Impact AIR-1 discussion in Section D.11.3.3 of the Final EIR/EIS 
recognizes that “…water for dust control and other purposes during construction would be 
transported by water trucks from off-site locations within San Diego County, potentially as 
far away as San Diego.”  Combined with emissions associated with other construction 
activities (such as mass grading), Impact AIR-1 was classified as Class 1 significant and 
unmitigable.   

Section D.9.3.3 of the Final EIR/EIS stated that “Construction of the ECO Substation 
would require up to 30 million gallons of water. If enough water cannot be located on site 
or purchased from nearby sources, water would be imported from the City of San Diego or 
the Sweetwater Authority.”  The following assumptions were made regarding water 
deliveries: 4,000-gallon water trucks would be used to delivery water, with a maximum of 
43 truck trips per day over 8 months, resulting in “an additional 7,500 truck trips” to 
transport water to the ECO Substation Project site.  In this same paragraph on page D.9-22, 
the Final EIR/EIS states that “All vehicles and equipment would enter the ECO Substation 
site from Old Highway 80.”  From reviewing the detailed discussion in this section of the 
Final EIR/EIS, it is apparent that the estimate of 30 million gallons of water was for 
construction of only one Project component—the ECO Substation during its period of peak 
demand (i.e., grading).  This is evidenced by the specific references to transportation routes 
and construction duration of just eight months.   

Using the assumptions in Section D.9.3.3 and those found in “Appendix 8- Air Quality and 
Greenhouse Gas Revisions to Applicant’s Environmental Information” (Appendix 8), the 
total mileage associated with water deliveries to the ECO Substation during mass grading 
can be calculated as 1,155,840 miles, assuming water would be supplied from the City of 
San Diego (approximately 140 miles round trip) at 43 trips per day for a total of 6,020 
vehicle-miles traveled per day for approximately 192 days (32 weeks times 6 days per 
week).   

The table below summarizes the Project’s current water usage through the end of August 
2013, which coincides with the period of mass grading for the ECO Substation.  The table 
demonstrates that the total mileage through August 2013 remains less than the 1,155,840 
miles contemplated in the Final EIR/EIS analysis.  This is in part due to the fact that closer 
sources have been used, reducing the mileage required for the deliveries, and because haul 
trucks with capacities of 5,000 to 7,000 gallons have been used, reducing the number of 
trips required to make the deliveries.  Based on these actuals, SDG&E predicts that the total 
mileage, and therefore the associated emissions, for the period of peak demand will remain 
consistent with that contemplated in the Final EIR/EIS.   
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A-2 

EIR/EIS Section Summary of Potential Impacts 

 

Source 
Name 

Total 
Gallons as 

of 
8/31/2013 

Approximate 
# of Loads 

Average 
Gallons 

Per Load 

Average 
Miles per 

Load 
(roundtrip) 

Total 
Miles as of 
8/31/2013 

City of 
San Diego 

31,767,494 5,528 5,747 140 773,873 

Campo 4,792,587 805 5,950 46 37,052 

JCSD* 8,251,839 2,997 2,753 8 23,979 

LOS* 243,575 131 1,859 30 3,931 

TOTAL 45,055,495 9,462 16,309 88.65710489 838,835 
*Water spray trucks with a capacity of approximately 3,500 gallons are being used at these locations; 
tanker trucks with capacities of 5,000 to 7,000 gallons are not being used. 

Further, “Appendix 8- Air Quality and Greenhouse Gas Revisions to Applicant’s 
Environmental Information” (Appendix 8) states “Later phases that would require water 
deliveries would result in lower combined emissions than this period.”  Thus, the analysis 
indicates that additional water would be required for the Project, but emissions resulting 
from this water transport were not calculated due to the fact that they would be lower than 
the peak transport period required for the ECO Substation component of the Project (which 
represents the worst-case scenario). 

Because the analysis was based on a worst-case scenario (with grading of the substation 
and peak water deliveries occurring at the same time), even if the water remained at the 
peak level for the whole Project (16-months), which is not anticipated, the emissions would 
still be under the criteria air pollutant and GHG thresholds analyzed in the Final EIR/EIS. 

SDG&E’s Amended Construction Water Supply Plan, which was submitted to the CPUC 
on September 13, 2013, includes an updated water estimate of 90 million gallons, which 
represents a 40-million-gallon increase in SDG&E’s prior water usage estimate of 50 
million gallons.  As described in the Plan, SDG&E is obtaining construction water from a 
variety of sources, some as close as four miles from the ECO Substation Site.  SDG&E is 
committed to reducing emissions for water hauling on the Project.  Therefore, once mass 
grading at the ECO Substation is complete, SDG&E will utilize water from the two closest 
water sources—Campo Indian Reservation and Jacumba Community Services District—to 
the maximum extent feasible while remaining compliant with the protections for local 
water sources required by MM HYD-3 and the Project’s Construction Water Supply Plan.  
Utilization of these closer sources will reduce emissions as well as allow SDG&E the 
flexibility to use additional water above the 90 million gallon estimate included in the 
September 30, 2013 Amended Construction Water Supply Plan, if necessary, to respond to 
differing site conditions and/or implementation of mitigation measures associated with dust 
control and fire prevention.   

As long as mileage associated with water truck deliveries for the remainder of construction 
remains less than the 1.15 million miles assumed in the Final EIR/EIS to be expended 
during mass grading at the ECO Substation, the Project’s emissions will remain consistent 
with the impacts previously contemplated by the Final EIR/EIS.  As demonstrated in the 
table below, the potential to obtain an additional 48 million gallons of water (90 million 
gallons requested in the Plan minus 42 million gallons already consumed) needed to 
complete construction over the approximately 12 months that remain can be accomplished 
while limiting mileage for water deliveries to less than approximately 35 percent of the 
total mileage (an approximate 400,000 thousand mile estimate for total additional mileage 
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to deliver 48 million gallons divided by 1.15 million miles assumed in the Final EIR/EIS) 
expended during the mass grading activities at the ECO Substation site.  Note that actual 
trips, gallons per load, and the distribution of sources may vary from that provided below, 
which is for illustration purposes only. 

Source 
Name 

Estimate 
of Loads 

per 
Month 

Average 
Gallons 

per 
Load* 

Estimated 
Gallons for 12 

months 

Average 
Mileage 

per Load 
Total Mileage 

City of 
San Diego 

48 5,747 3,310,272 140 80,640 

Campo 450 5,950 32,130,000 46 248,400 

JCSD 400 2,753 13,214,400 8 38,400 

TOTAL 898 4,800 48,654,672 125 367,440 

*The gallons per load averages are based on actuals as of August 27, 2013. 

As a result, the total emissions for the requested refinement will be consistent with what 
was analyzed in the Final EIR/EIS, and the requested refinement will not trigger an 
exceedance of the greenhouse gas emissions threshold.  Therefore, the requested 
refinement will not result in a new, significant impact or a substantial increase in the 
severity of a previously identified impact to air quality, which was evaluated as significant 
and unavoidable (Class I) in the Final EIR/EIS, or to climate change, which was evaluated 
as less than significant (Class III) in the Final EIR/EIS.  

Water Resources 

No Change.  The Impact HYD-4 discussion in Section D.12.3.3 of the Final EIR/EIS 
analyzes whether the Project could deplete local water supplies.  The Impact HYD-4 
analysis focuses on whether water use during construction would affect groundwater levels 
in the vicinity of the Project, not the amount of water necessary for construction.  The Final 
EIR/EIS concludes that this impact is significant but able to be mitigated to a less than 
significant level (Class II).  The Final EIR/EIS further proposes the implementation of 
Mitigation Measure (MM) HYD-3 to “…mitigate impacts to groundwater within the 
Project area by ensuring that groundwater availability would not be adversely affected” and 
“… ensure that use of local groundwater during construction would not impact the 
production rates of groundwater wells within a 1-mile radius.”  MM HYD-3 also requires 
SDG&E to provide the “…total gallons of water needed through construction…” along 
with evidence that the water is available from both purchased water sources and/or 
groundwater wells. 

As demonstrated throughout the Impact HYD-4 analysis in the Final EIR/EIS, the Class II 
significance level for impacts to water resources are not dependent on the amount of water 
used, but rather whether construction would impact groundwater in the Project area and 
whether water demand could be met by area sources.  Accordingly, any increase, even a 
substantial increase, in the amount of water used for construction would be consistent with 
the analysis in the Final EIR/EIS as long as groundwater in the area is not affected and 
sufficient water can be supplied. 

SDG&E’s implementation of MM HYD-3 and the Project’s Amended Construction Water 
Supply Plan, including Section 7 Monitoring Plan requirements for the Campo Indian 
Reservation, will continue to demonstrate that SDG&E is able to meet construction water 
demands from a combination of sources and its use of construction water will not adversely 
impact groundwater in the area. 

As a result, the requested refinement will not result in a new, significant impact nor a 

19 of 267



 

A-4 

EIR/EIS Section Summary of Potential Impacts 

substantial increase in the severity of a previously identified impact to water resources, 
which was evaluated as significant but able to be mitigated to less than significant (Class 
II) in the Final EIR/EIS. 

Public Services and 
Utilities 

No Change.  The Impact PSU-3 discussion in Section D.14.3.3 of the Final EIR/EIS 
discusses the availability of water in amounts sufficient to meet the substantial demands 
necessary for construction so as not to adversely impact area sources of water.  The Final 
EIR/EIS concludes that this impact is significant but able to be mitigated to a less than 
significant level (Class II).  As demonstrated throughout the Impact PSU-3 analysis in the 
Final EIR/EIS, the Class II significance level for impacts to public services and utilities are 
not dependent on the amount of water used, but rather whether construction would impact 
groundwater in the Project area and whether water demand could be met by area sources.  
As described in the Water Resources evaluation of this Minor Project Refinement Request 
Screening Form, SDG&E’s implementation of MM HYD-3 and the Project’s Amended 
Construction Water Supply Plan, including Section 7 Monitoring Plan requirements for the 
Campo Indian Reservation, will continue to demonstrate that SDG&E is able to meet 
construction water demands from a combination of sources and its use of construction 
water will not adversely impact groundwater in the area.  Therefore, the proposed 
refinement will not result in an additional impact to any public water supply.  

The maximum total volumes of 50 million gallons from the City of San Diego, 15 million 
gallons from the Jacumba Community Service District, and 35 million gallons from Live 
Oak Springs Water Company will remain consistent with the originally confirmed volumes 
that were reported in the Construction Water Supply Plan, which was approved by the 
CPUC on January 31, 2013.  Confirmation letters from all three sources of construction 
water were provided in the September 2013 Amended Construction Water Supply Plan.  

No public services will be disrupted as a result of the proposed refinement as no additional 
construction activities from what was described in the Final EIR/EIS will be associated 
with the requested increase in construction water usage.  The duration of construction will 
not be greater than what was originally anticipated, and no different types or additional 
volumes of waste as was analyzed for in the Final EIR/EIS will be generated.  

Because no public services, utilities, or water supplies will be interrupted as a result of the 
requested refinement, the requested refinement will not result in a new, significant impact 
nor a substantial increase in the severity of a previously identified impact to public services 
and utilities, which was evaluated as significant but able to be mitigated to less than 
significant (Class II) in the Final EIR/EIS. 

Transportation and 
Traffic 

No Change.  As discussed in the Air Quality and Climate Change evaluation of this Minor 
Project Request Screening Form, the mileage associated with water truck deliveries during 
construction will not exceed the 1.15 million miles assumed in the Final EIR/EIS as a result 
of the proposed refinement.  In addition, all construction activities associated with the 
requested refinement will be conducted in accordance with the Project’s Traffic Control 
Plans.  Therefore, the requested refinement will not result in a new, significant impact nor a 
substantial increase in the severity of a previously identified impact to transportation and 
traffic, which was evaluated as significant but able to be mitigated to less than significant 
(Class II) in the Final EIR/EIS. 

 

20 of 267



21 of 267



22 of 267



23 of 267



24 of 267



 1 
 

 
 

East County Substation Project 
CONSTRUCTION WATER USE REPORT 

October 1, 2014 – October 31, 2014 
 

This report is being provided in compliance with the San Diego Gas & Electric Company 
(SDG&E) East County (ECO) Substation Project (Project) Amended Construction Water Supply 
Plan (Amended CWSP) revised September 30, 2013 and provides a summary of total 
construction water consumption for the period October 1, 2014 through October 31, 2014. Below 
is a table identifying each of the Project’s approved water sources and the amount of water 
consumed for construction from each source. 

A report from SDG&E’s construction contractor, Beta Engineering, documenting the amount of 
water used is included as Attachment A: Beta Monthly Water Usage Report.  As shown in the 
table below, no water was used from the approved sources of Live Oak Springs, Campo Indian 
Reservation, or Jacumba Community Water Service District (JCSD) during this reporting period. 

Construction Water Use Summary 
 
Water Source Time Period 

Start 
Time Period 

End 
Period Usage 

(Gal) 
Current to Date 

Usage (Gal) 
JCSD 10/1/2014 10/31/2014 0 14,963,683 

Live Oak Springs 10/1/2014 10/31/2014 0 858,570 

City of San Diego 10/1/2014 10/31/2014 939,533 56,493,010 
Campo Indian 
Reservation 

10/1/2014 10/31/2014 0 12,181,187 

TOTAL 939,533 84,496,450 
 
 

Monitoring Plan Discussion 

As previously communicated to the California Public Utilities Commission on December 3, 
2013, Campo Indian Reservation (Campo) stopped providing construction water deliveries to the 
Project on November 18, 2013; therefore, SDG&E will not be providing data associated with the 
production or monitoring wells located at Campo until water deliveries to the Project resume. 
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Monthly Water Usage Report 
East County Substation Project 

 

 

October 
Prepared by: Ross Sims 

Submitted: November 4, 2014 
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ECSP Water Usage 
The East County Substation Project is loading water from various sites in San Diego County.  The 
following summarizes the water usage from each site for the month of October.  At the end is a total 
project summary of water usage. 

Below indicates the active and inactive sites for the month of October. 

Project Water Loading Sites: 

• Jacumba Community Services District – INACTIVE  
• Princess View (City of San Diego) – ACTIVE 
• Campo – INACTIVE 
• Live Oak Springs – INACTIVE 
• Federal Blvd. (City of San Diego) –INACTIVE 
• Navajo Road (City of San Diego) – INACTIVE 

 

Water Loading Site Usage 

 Princess View - October 
     

Meter: 32645 - 2" Meter   

Date Meter Reading (ft3) Notes 

10/1/2014 1,860,620 Beginning of month reading 

10/31/2014 1,860,620 End of month reading 

Total 0   

TOTAL (GAL.) 0 Converted to gallons 

     

Meter: 11963864 - 6" Meter   

Date Meter Reading (ft3) Notes 

10/1/2014 4,771,300 Beginning of month reading 

10/31/2014 4,896,900 End of month reading 

Total 125,600   

TOTAL (GAL.) 939,553 Converted to gallons 
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City of San Diego JCSD Campo Live Oak Springs
Gallons Gallons Gallons Gallons

March 0 549,210 0 243,575

April 0 0 0 0

May 0 893,112 0 0

June 5,229,332 1,594,099 0 0

July 13,565,272 1,946,360 433,802 0

August 11,686,951 2,343,718 3,796,485 0

September 2,328,619 1,466,509 3,017,200 0

October 1,075,234 350,836 3,350,500 614,995

November 6,732 487,729 1,583,200 0

December 1,110,857 388,238 0 0

January 2,060,883 454,815 0 0

February 1,704,062 487,729 0 0

March 2,787,989 620,733 0 0

April 4,039,480 822,258 0 0

May 3,059,532 872,976 0 0

June 1,784,104 1,685,361 0 0

July 2,555,345 0 0 0

August 1,283,657 0 0 0

September 1,275,428 0 0 0

October 939,533 0 0 0

Total 56,493,010 14,963,683 12,181,187 858,570

84,496,450Project Total (Gallons):

ECSP Water Usage Summary
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From: noreply@granicusideas.com
To: Jimenez, Ann; Slovick, Mark; Smith, Ashley; Armstrong, Jacob; Flannery, Kathleen; Barnhart, Douglas; Pallinger,

David; Calvo, Yolanda; Seiler, Michael; Woods, Bryan; Beck, Michael; Edwards, Michael (LUEG)
Subject: New eComment for Planning Commission Hearing
Date: Tuesday, November 10, 2020 12:14:30 PM

SpeakUp

New eComment for Planning Commission Hearing

anonymous anonymous submitted a new eComment.

Meeting: Planning Commission Hearing

Item: 7. Boulder Brush Facilities; PDS2018-MUP-19-002; Boulevard Community Plan Area. If
you would like to speak on this item call (619) 343-2539 and use ID 748 871 484#

eComment: I object on the basis: 1] Terra Gen on the Campo Reservation has not been
approved by the FAA and the FCC; 2] Boulder Brush will threaten the Fire Fighting efforts and
the underground aquifers in zip code 91905. Respectfully submitted, please may I remain
Anonymous

View and Analyze eComments

This email was sent from https://granicusideas.com. 

Unsubscribe from future mailings
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From: noreply@granicusideas.com
To: Jimenez, Ann; Slovick, Mark; Smith, Ashley; Armstrong, Jacob; Flannery, Kathleen; Barnhart, Douglas; Pallinger,

David; Calvo, Yolanda; Seiler, Michael; Woods, Bryan; Beck, Michael; Edwards, Michael (LUEG)
Subject: New eComment for Planning Commission Hearing
Date: Wednesday, November 4, 2020 1:01:28 AM

SpeakUp

New eComment for Planning Commission Hearing

Barrance Zakar submitted a new eComment.

Meeting: Planning Commission Hearing

Item: 7. Boulder Brush Facilities; PDS2018-MUP-19-002; Boulevard Community Plan Area. If
you would like to speak on this item call (619) 343-2539 and use ID 748 871 484#

eComment: Don’t be hypocrites and dump projects next to someone else’s house, when you
would not construct them near your own. The mitigations are a sham. If they worked, you
wouldn’t mind putting these projects where you live. Put electric projects by the coast, where it is
used. Stop bullying rural inhabitants. A supervisor must recuse themself from voting if they took
any money/gifts from the profiteers. It is negligence per se to load high fire risk areas with
overabundant electric projects.

View and Analyze eComments

This email was sent from https://granicusideas.com. 
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From: noreply@granicusideas.com
To: Jimenez, Ann; Slovick, Mark; Smith, Ashley; Armstrong, Jacob; Flannery, Kathleen; Barnhart, Douglas; Pallinger,

David; Calvo, Yolanda; Seiler, Michael; Woods, Bryan; Beck, Michael; Edwards, Michael (LUEG)
Subject: New eComment for Planning Commission Hearing
Date: Wednesday, November 11, 2020 1:49:59 PM

SpeakUp

New eComment for Planning Commission Hearing

Lance Morrow submitted a new eComment.

Meeting: Planning Commission Hearing

Item: 7. Boulder Brush Facilities; PDS2018-MUP-19-002; Boulevard Community Plan Area. If
you would like to speak on this item call (619) 343-2539 and use ID 748 871 484#

eComment: This project will destroy one of the last open spaces in the back country. The
property in ? should be considered a nature preserve. It is now home to countless species of
wildlife, and plants, displaced by two wind farms in Boulevard. Providing "green" energy for a
mere 70,000 residents, but ravaging the environment of sd county makes no cents (although I'm
sure someone profits just not the people or wildlife of those affected)!

View and Analyze eComments
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From: noreply@granicusideas.com
To: Jimenez, Ann; Slovick, Mark; Smith, Ashley; Armstrong, Jacob; Flannery, Kathleen; Barnhart, Douglas; Pallinger,

David; Calvo, Yolanda; Seiler, Michael; Woods, Bryan; Beck, Michael; Edwards, Michael (LUEG)
Subject: New eComment for Planning Commission Hearing
Date: Saturday, November 7, 2020 8:42:25 AM

SpeakUp

New eComment for Planning Commission Hearing

Robert Morgan submitted a new eComment.

Meeting: Planning Commission Hearing

Item: 7. Boulder Brush Facilities; PDS2018-MUP-19-002; Boulevard Community Plan Area. If
you would like to speak on this item call (619) 343-2539 and use ID 748 871 484#

eComment: The proposed Boulder Brush facility and transmission lines will run directly West and
North of our neighborhood of homes. At a time when we are experiencing increased power
shutoffs due to fire danger it seems irresponsible to add more power lines near populated areas.
During the last wind event the turbines in our area continued to operate even though our power
was shutoff as a result of SDG&E "public safety" efforts.

View and Analyze eComments

This email was sent from https://granicusideas.com. 

Unsubscribe from future mailings

34 of 267

mailto:noreply@granicusideas.com
mailto:Ann.Jimenez@sdcounty.ca.gov
mailto:Mark.Slovick@sdcounty.ca.gov
mailto:Ashley.Smith2@sdcounty.ca.gov
mailto:Jacob.Armstrong@sdcounty.ca.gov
mailto:Kathleen.Flannery@sdcounty.ca.gov
mailto:Douglas.Barnhart@sdcounty.ca.gov
mailto:David.Pallinger@sdcounty.ca.gov
mailto:David.Pallinger@sdcounty.ca.gov
mailto:Yolanda.Calvo@sdcounty.ca.gov
mailto:Michael.Seiler@sdcounty.ca.gov
mailto:Bryan.Woods@sdcounty.ca.gov
mailto:Michael.Beck@sdcounty.ca.gov
mailto:Michael.Edwards@sdcounty.ca.gov
http://email.granicusideas.com/c/eJw9jkEKwyAURE8TdxX90SZZuMimi16ifPWbSBMToik0p6-rwsDweAyMN50YWhaNDnh3pAMEAHppkGCFDqGVVlCveiVkowRemPdb3gnf5w58xbiw2Xg9IMmepB86C4O3GlQr0SqrHUkp2GLmUvamHRt41GTvtjOVL58OTNGdOXrCzN22Vol-jak2VVwplcwOM6bEn7ESXfXEf-6QT9vnB15IPk4
http://email.granicusideas.com/c/eJwNzUEOgyAQQNHTyK4ERim6YOGmi16iGWBGSSsS0Sb19DX56_ejs2poRXKG8R7IMDAAvQxo8Mowt9or6ru-U7rpFJ5Yy60WwvdRQC6YPmJ2GoOCDqwKFjz1g2ICtjF6f5GBtfi4ed9LbdqxgcfVtGFO4agpElYZ1kVsbsxZPtNCmc5rVGNYj7z_ZEA5rd8_Mzk0mQ
http://email.granicusideas.com/c/eJwNjkEOgyAQAF-jtxJAsXLg4KWHfsLsLktLqkhEmtTX12QOkzmNd3dpuzY6E2AgNkEHrXk2WmmUJoROoeSxH3upml7CCSXfSmb41KzFCnFp386aoTcoiUwYpRlotNhZ6yVCQHVX2C7ufRy56aZGPy5eO6RItUTPUARt69XyvoW48GU1lYqF9og81-zh4NLubkpJPOPKic_ro3jaajp-gkC8tu8fDJc_oQ


EXHIBIT 1

35 of 267



See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/326087231

Impact of Renewable Energy Sources on Birds of Prey

Chapter · July 2018

DOI: 10.1007/978-3-319-73745-4_13

CITATIONS

0
READS

179

3 authors, including:

Some of the authors of this publication are also working on these related projects:

Golden eagle conservation and management View project

James F. Dwyer

EDM International, Inc.

46 PUBLICATIONS   238 CITATIONS   

SEE PROFILE

Elizabeth Kynor Mojica

EDM International, Inc.

28 PUBLICATIONS   248 CITATIONS   

SEE PROFILE

All content following this page was uploaded by James F. Dwyer on 05 July 2018.

The user has requested enhancement of the downloaded file.

36 of 267

https://www.researchgate.net/publication/326087231_Impact_of_Renewable_Energy_Sources_on_Birds_of_Prey?enrichId=rgreq-497102e1d9443bea57b4053ce70e4dc4-XXX&enrichSource=Y292ZXJQYWdlOzMyNjA4NzIzMTtBUzo2NDUxMzkxNzc0MDY0NzBAMTUzMDgyNDU3NDQ2MA%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/326087231_Impact_of_Renewable_Energy_Sources_on_Birds_of_Prey?enrichId=rgreq-497102e1d9443bea57b4053ce70e4dc4-XXX&enrichSource=Y292ZXJQYWdlOzMyNjA4NzIzMTtBUzo2NDUxMzkxNzc0MDY0NzBAMTUzMDgyNDU3NDQ2MA%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Golden-eagle-conservation-and-management?enrichId=rgreq-497102e1d9443bea57b4053ce70e4dc4-XXX&enrichSource=Y292ZXJQYWdlOzMyNjA4NzIzMTtBUzo2NDUxMzkxNzc0MDY0NzBAMTUzMDgyNDU3NDQ2MA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-497102e1d9443bea57b4053ce70e4dc4-XXX&enrichSource=Y292ZXJQYWdlOzMyNjA4NzIzMTtBUzo2NDUxMzkxNzc0MDY0NzBAMTUzMDgyNDU3NDQ2MA%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/James_Dwyer2?enrichId=rgreq-497102e1d9443bea57b4053ce70e4dc4-XXX&enrichSource=Y292ZXJQYWdlOzMyNjA4NzIzMTtBUzo2NDUxMzkxNzc0MDY0NzBAMTUzMDgyNDU3NDQ2MA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/James_Dwyer2?enrichId=rgreq-497102e1d9443bea57b4053ce70e4dc4-XXX&enrichSource=Y292ZXJQYWdlOzMyNjA4NzIzMTtBUzo2NDUxMzkxNzc0MDY0NzBAMTUzMDgyNDU3NDQ2MA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/EDM_International_Inc?enrichId=rgreq-497102e1d9443bea57b4053ce70e4dc4-XXX&enrichSource=Y292ZXJQYWdlOzMyNjA4NzIzMTtBUzo2NDUxMzkxNzc0MDY0NzBAMTUzMDgyNDU3NDQ2MA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/James_Dwyer2?enrichId=rgreq-497102e1d9443bea57b4053ce70e4dc4-XXX&enrichSource=Y292ZXJQYWdlOzMyNjA4NzIzMTtBUzo2NDUxMzkxNzc0MDY0NzBAMTUzMDgyNDU3NDQ2MA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Elizabeth_Mojica?enrichId=rgreq-497102e1d9443bea57b4053ce70e4dc4-XXX&enrichSource=Y292ZXJQYWdlOzMyNjA4NzIzMTtBUzo2NDUxMzkxNzc0MDY0NzBAMTUzMDgyNDU3NDQ2MA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Elizabeth_Mojica?enrichId=rgreq-497102e1d9443bea57b4053ce70e4dc4-XXX&enrichSource=Y292ZXJQYWdlOzMyNjA4NzIzMTtBUzo2NDUxMzkxNzc0MDY0NzBAMTUzMDgyNDU3NDQ2MA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/EDM_International_Inc?enrichId=rgreq-497102e1d9443bea57b4053ce70e4dc4-XXX&enrichSource=Y292ZXJQYWdlOzMyNjA4NzIzMTtBUzo2NDUxMzkxNzc0MDY0NzBAMTUzMDgyNDU3NDQ2MA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Elizabeth_Mojica?enrichId=rgreq-497102e1d9443bea57b4053ce70e4dc4-XXX&enrichSource=Y292ZXJQYWdlOzMyNjA4NzIzMTtBUzo2NDUxMzkxNzc0MDY0NzBAMTUzMDgyNDU3NDQ2MA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/James_Dwyer2?enrichId=rgreq-497102e1d9443bea57b4053ce70e4dc4-XXX&enrichSource=Y292ZXJQYWdlOzMyNjA4NzIzMTtBUzo2NDUxMzkxNzc0MDY0NzBAMTUzMDgyNDU3NDQ2MA%3D%3D&el=1_x_10&_esc=publicationCoverPdf


José Hernán Sarasola   
Juan Manuel Grande · Juan José Negro   
 Editors 

Birds of 
Prey
Biology and conservation in the XXI 
century

37 of 267



vii

Part I  General Biology

 1  Phylogeny, Taxonomy, and Geographic Diversity  
of Diurnal Raptors: Falconiformes, Accipitriformes,  
and Cathartiformes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .    3
David P. Mindell, Jérôme Fuchs, and Jeff A. Johnson

 2  Behavioural Ecology of Raptors  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   33
Juan José Negro and Ismael Galván

 3  Breeding and Nesting Biology in Raptors . . . . . . . . . . . . . . . . . . . . . . .   63
Luis Tapia and Iñigo Zuberogoitia

 4  Dispersal in Raptors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   95
David Serrano

 5  Raptor Migration  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  123
Keith L. Bildstein

 6  Raptors as Seed Dispersers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  139
Néstor Pérez-Méndez and Airam Rodríguez

Part II  Raptors in Human Landscapes

 7  Raptors and People: An Ancient Relationship Persisting Today . . . .  161
Juan José Negro

 8  Costs and Benefits of Urban Living in Raptors . . . . . . . . . . . . . . . . . .  177
Claudina Solaro

 9  Birds of Prey in Agricultural Landscapes:  
The Role of Agriculture Expansion and Intensification . . . . . . . . . . .  197
Juan Manuel Grande, Paula Maiten Orozco-Valor, María Soledad 
Liébana, and José Hernán Sarasola

Contents

airamrguez@ebd.csic.es

38 of 267



viii

 10  Toxicology of Birds of Prey  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  229
Judit Smits and Vinny Naidoo

 11  Lead Poisoning in Birds of Prey  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  251
Oliver Krone

 12  Raptor Electrocutions and Power Line Collisions . . . . . . . . . . . . . . . .  273
Duncan T. Eccleston and Richard E. Harness

 13  Impact of Renewable Energy Sources on Birds of Prey  . . . . . . . . . . .  303
James F. Dwyer, Melissa A. Landon, and Elizabeth K. Mojica

Part III  Raptor Conservation

 14  Use of Drones for Research and Conservation of Birds of Prey . . . . .  325
David Canal and Juan José Negro

 15  Conservation Genetics in Raptors . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  339
Begoña Martínez-Cruz and María Méndez Camarena

 16  Conservation Status of Neotropical Raptors  . . . . . . . . . . . . . . . . . . . .  373
José Hernán Sarasola, Juan Manuel Grande,  
and Marc Joseph Bechard

 17  Conservation Threats and Priorities for Raptors Across Asia . . . . . .  395
Camille B. Concepcion, Keith L. Bildstein, Nigel J. Collar,  
and Todd E. Katzner

 18  Conservation and Ecology of African Raptors. . . . . . . . . . . . . . . . . . .  419
Arjun Amar, Ralph Buij, Jessleena Suri, Petra Sumasgutner,  
and Munir Z. Virani

 19  Old World Vultures in a Changing Environment . . . . . . . . . . . . . . . . .  457
Antoni Margalida and Darcy Ogada

 20  Raptor Conservation in Practice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  473
Richard T. Watson

 Raptor Species Index  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  499

 Word-Topics Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  507

Contents

airamrguez@ebd.csic.es

39 of 267



303© Springer International Publishing AG, part of Springer Nature 2018 
J. H. Sarasola et al. (eds.), Birds of Prey, 
https://doi.org/10.1007/978-3-319-73745-4_13

Chapter 13
Impact of Renewable Energy Sources 
on Birds of Prey

James F. Dwyer, Melissa A. Landon, and Elizabeth K. Mojica

 Introduction

Renewable energy, defined as energy generated from natural processes that are 
replenished over time (Johnson and Stephens 2011), is increasingly important in 
global energy portfolios. This chapter begins by reviewing reasons for shifting from 
fossil fuels to renewable energy, including reasons which have nothing to do with 
environmental concerns but are nevertheless driving advances in the renewable sec-
tor. The chapter then focuses on birds of prey, describing actual and potential direct 
and indirect mortality, habitat loss, avoidance, and displacement resulting from the 
development and operation of renewable energy facilities. The chapter considers 
renewable energy facilities themselves, including wind, biofuel, solar, hydro, geo-
thermal, and oceanic energy sources. Transmission connections linking renewable 
facilities to the existing electric transmission grid are considered, as are potential 
offsite impacts where the materials used to construct renewable infrastructure are 
mined and manufactured. The chapter closes with a discussion of mitigation strate-
gies designed to reduce or compensate for negative impacts for birds of prey and a 
discussion of potential benefits of renewable energy facilities for birds of prey. The 
latter are important to understand when evaluating the overall balance of costs and 
benefits of renewable energies on birds of prey.

Knowledge of the connections between global conflicts and international depen-
dencies on fossil fuels is important in understanding how macroeconomic forces 
independent of environmental concerns drive the advancement of renewable energy 
technologies. Because “green” initiatives may not in fact be grounded in environ-
mental concerns, but be grounded instead in economics and national interests, 
potential negative environmental impacts of renewables and their high initial invest-
ment costs may carry little weight in the overall discussion, a paradox not readily 
apparent without consideration of the context of global competition over traditional 
energy reserves.
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Fossil fuels have been the primary energy source for developing and developed 
nations since the Industrial Revolution of the early 1800s when coal began to be 
used to power steam-driven machines and energy-intensive metallurgic and chemi-
cal processes. Emissions from these machines and processes were recognized 
almost immediately as harmful, triggering early environmental responses to protect 
urban air and water. From the late 1800s through the early twenty-first century, fos-
sil fuels remained the primary solution to global energy needs as petroleum and 
natural gas products made the storage and use of chemical energy more efficient and 
economical (Fig. 13.1).

The resulting dependence of national and international economies on fossil fuels 
has created two fundamental problems. The first is a globally ubiquitous reliance on 
fossil fuels often derived from outside national boundaries. This reliance can place 
less developed nations with large reserves at the center of conflicts for control of 
those reserves and can place more developed nations without large reserves at the 
mercy of nations with reserves. Shifting energy sources from fossil fuels to renew-
ables offers nations the ability to achieve energy independence.

The second fundamental problem created by the global reliance on fossil fuels 
is the impact of combustion products on the global climate. Greenhouse gases 
released during combustion of fossil fuels are contributing to global climate 
changes. Shifting energy sources from fossil fuels to renewables offers nations the 

Fig. 13.1 (a) A pump designed to extract liquid and gas fossil fuels from terrestrial deposits; note 
great horned owl (Bubo virginianus) nest and whitewash. (b) Collection facility for traditional 
liquid and gas fossil fuels from terrestrial deposits. (c) Transport (left) and collection (right) of 
traditional fossil fuels, (d) Traditional coal-burning electricity generation station
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ability to achieve energy independence and offers potential environmental benefits. 
These benefits are not without their own potential costs however, and it is those 
potential costs, as exerted on birds of prey populations, that are discussed here.

 Effects at Renewable Facilities

Potential effects to birds of prey at renewable facilities include direct mortality and 
indirect effects resulting from habitat loss, avoidance, and displacement. Direct 
mortality is defined as death occurring as an immediate consequence of an interac-
tion between a bird of prey and a component of renewable infrastructure. For exam-
ple, a golden eagle (Aquila chrysaetos) killed when struck by a rotating wind turbine 
blade or killed when colliding with the suspended high-voltage wires of a transmis-
sion power line connecting a renewable facility to the electric grid. Habitat loss is 
defined as occurring when the landscape occupied by birds of prey is converted to 
non-habitat, for example, the displacement of prey species resulting from conver-
sion of hunting habitat to a mirror field for a solar plant or the removal of a nest tree 
when creating an agricultural monoculture for biofuel production. Avoidance and 
displacement are similar processes occurring at different scales. Both occur when 
habitat persists, but is no longer used. Avoidance is defined as a shift in use of spe-
cific portions of a renewable facility, not the entire site (Band et  al. 2007). 
Displacement occurs when an entire site is abandoned (Band et al. 2007).

These effects rarely occur in isolation but are instead likely additive, co- occurring 
with one another and with other anthropogenic and natural agents of mortality. 
Additive effects can be problematic, even at low rates, because most birds of prey 
are k-selected species with relatively little annual reproduction and breeding often 
delayed during multiple years of maturation. Population persistence for many bird 
of prey species requires individual breeding adults to produce young over an entire 
lifetime. Mortality of breeding adults can have substantial effects on the population 
(Bellebaum et al. 2013). For example, at some sites, griffon vultures (Gyps fulvus) 
and red kites (Milvus milvus) cannot maintain stable local populations with additive 
mortality from wind farms (Carrete et al. 2009; Bellebaum et al. 2013).

 Wind Resource Areas

Direct effects of wind energy facilities (Fig. 13.2) on birds of prey involve mortality 
occurring when rotating turbine blades strike birds in flight. Impacts are largely 
species-specific. Directly affected species are characterized by low-altitude flight 
when gliding on local winds and on thermal and orographic lifts (Katzner et  al. 
2012; de Lucas et al. 2008). Because wind turbines are designed and specifically 
placed to harvest the kinetic energy in some of these same winds, low-altitude flight 
behaviors largely dictate risk by placing birds of prey and rotating turbine blades 
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together in the same airspace. Hunting in these airspaces has been hypothesized to 
hinder the ability of a bird of prey to recognize turbines as a flight hazard (Orloff 
and Flannery 1992; Smallwood et al. 2009), so species habituated to hunting within 
wind resource areas can be at higher risk of collision. Collision risk can also increase 
along flight corridors where large numbers of migrating birds of prey funnel along 
narrow ridges and coastlines supporting wind energy facilities (Barrios and 
Rodriguez 2004; Katzner et  al. 2012; de Lucas et  al. 2012) or where communal 
roosts occur near wind resource areas (Carrete et al. 2012). Intraspecific and inter-
specific interactions during flight also increase risk for collision because birds of 
prey can be distracted and less likely to recognize flight hazards (Dahl et al. 2013; 
Smallwood et al. 2009).

Though at least 34 bird of prey species have been documented in collisions with 
wind turbines, population-level impacts from direct effects are unknown for most 
species (Beston et al. 2016); only griffon vultures (Carrete et al. 2009), red kites 
(Bellebaum et al. 2013) and golden eagles (USFWS 2013) are currently known to 
be at risk of population-level effects from these collisions.

Species-specific behaviors also drive indirect effects of wind resource areas. 
Species avoiding or displaced by wind resource areas tend not to be affected by 

Fig. 13.2 (a) A wind resource area in desert habitat; note substation under construction in the 
background will provide a connection from the wind resource facility to the existing transmission 
power line network. (b) A wind resource area above agricultural fields, potentially facilitating both 
wind energy and biofuel production. (c) Close view of a solar field illustrating the bare and leveled 
earth (non-habitat) typical of such facilities. (d) Wide view of a solar field, illustrating fencing and 
bare earth designed to limit attractiveness as habitat and illustrating associated distribution and 
transmission lines
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direct mortality but may abandon breeding territories (Dahl et al. 2013), shift local 
space use (Walker et al. 2005), or decrease in local abundance (Garvin et al. 2011; 
de Lucas et al. 2004). Some species show avoidance behaviors for individual tur-
bine structures by adjusting flight paths to fly between or around turbines (Cabrera- 
Cruz and Villegas-Patraca 2016; Hull and Muir 2013; de Lucas et al. 2004) or adjust 
altitude to fly over turbines in their path (Johnston et al. 2014; de Lucas et al. 2004). 
There is limited evidence of net population loss in birds of prey from avoidance or 
displacement attributable to wind resource areas, but effects could be important for 
threatened species when considered with direct effects (Martínez et al. 2010).

 Biofuels

Biofuels primarily describe energy resources developed from agriculture and most 
often describe production by industrial farms focused on extracting the greatest 
possible crop yields per acre. Yields are maximized by eliminating as many non-
producing inclusions as possible and by promoting maximum growth through 
regular inputs of synthetic chemicals. Eliminating inclusions requires conversion 
of potential nest groves and bird of prey hunting habitat to cropland. Chemical 
inputs regularly consist of fertilizers to maximize crop yields, and pesticides, 
rodenticides, and herbicides, to protect monoculture crops from competing organ-
isms in the environment. Collectively, these processes contribute to agricultural 
intensification which has been at least partly responsible for declines in farmland 
bird populations (Campbell et al. 1997; Uden et al. 2015).

Meeting increasing demand for ethanol requires increasing cropland in produc-
tion, and consequently, the development footprint of biofuels is expected to be one 
of the fastest growing of all renewable energy sources in the next two decades 
(Johnson and Stephens 2011). Impacts of biofuel energy production on birds of 
prey occur primarily due to indirect effects triggered by the loss of breeding and 
foraging habitats when stands of trees used for nesting and open spaces used for 
hunting are converted to biofuel monocultures. Indirect effects include habitat loss, 
decreases in prey abundance, and potential biochemical effects from exposure to 
toxic chemicals. Direct effects are generally limited to rare occurrences of nestling 
mortality when nest trees are removed during breeding seasons, though exposure to 
bioaccumulating chemicals may also have effects that have not yet been identified.

 Solar Facilities

Solar energy facilities also have the potential to impact birds of prey. Direct effects 
most often include electrocution on collection power lines, collisions with mirrors, 
and thermal trauma in solar flux fields (Kagan et al. 2014; McCrary et al. 1986). 
Electrocution can occur when a bird of prey simultaneously contacts two differently 
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energized conductors or an energized conductor and a path to ground (APLIC 2006, 
in this book Chap. 12). Collisions occur when birds apparently mistake reflections 
of the sky in mirrors as the sky itself and attempt to fly through a mirror, perhaps in 
pursuit of prey.

Solar flux fields are the areas of concentrated light surrounding the collection 
tower(s) at thermal solar plants. Mirrors are used at these facilities to concentrate 
solar energy on a single area where water within a container is heated to produce 
steam which powers a generator. The air around the collection tower can reach 500–
800 °C (McCrary et al. 1986; Diehl et al. 2016). Damage to feathers occurs at 160 °C 
(Wendelin et al. 2016), so flight through a solar flux field can result in burns to feath-
ers and tissues, causing immediate mortality or limiting or eliminating the ability to 
fly, depending on individual exposure. Unlike other renewable energy technologies 
like wind turbines, which are relatively benign when not operational, solar flux fields 
can be dangerous to birds even when solar flux fields are not focused on collection 
towers (Wendelin et al. 2016). This can occur because mirrors in standby positions 
often focus solar energy just above collection towers. Heat in these standby positions 
can be intense enough to harm birds.

Morbidity and mortality of birds of prey in solar flux fields appear relatively rare, 
but when cases do occur, taxonomic patterns are emerging. Specifically, falcon 
(Falconiformes) species may be more susceptible, apparently because falcons are 
attracted to hunt aerial prey concentrated near collection towers (WEST 2016). 
Alternatively, in both active and standby positions, warm air rising above collection 
towers may attract buteos and vultures seeking thermal air currents to power flight, 
and these birds may inadvertently enter solar flux zones regardless of the presence 
or absence of potential prey.

Indirect effects of solar energy facilities include habitat loss, displacement, and 
avoidance (Hernandez et  al. 2014). Unlike wind energy facilities where some of 
these effects might be temporary, with birds returning after construction, solar facil-
ities eliminate habitat from within the facility, creating a flat bare earth-scape unat-
tractive for hunting or nesting by birds of prey. Habitat loss at solar energy facilities 
is generally greater per megawatt generated than at wind facilities because wind 
resource areas retain most of the habitat below turbines, whereas solar facilities 
cover much of the facility in mirror arrays. Birds of prey and other wildlife species 
also may avoid habitats in and around solar facilities as a result of increased human 
activity and habitat alteration (DeVault et al. 2014).

 Other Renewable Facilities

Other renewable energy sources include geothermal, hydroelectric, and oceanic. 
There are no substantial direct mortality effects to birds of prey documented for 
these energy sources. Geothermal power stations use heat energy from within the 
earth’s crust to generate electrical energy. Facility footprints are similar to those of 
liquid and gas fossil fuel extraction facilities, with impacts to birds of prey limited 
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to indirect effects resulting from disturbance during construction and operation. 
Roads to extraction wells increase habitat fragmentation (Jones and Pejchar 2013), 
impacting edge-sensitive species. Geothermal emissions often contain vaporized 
toxins which, while less than coal burning plants, release toxins into the air includ-
ing hydrogen sulfide, carbon dioxide, ammonia, methane, and boron, mercury, and 
other heavy metals (Kagel et al. 2007), so indirect effects could also include reac-
tions to toxic emissions.

Hydroelectric and oceanic renewable energy facilities use the energy of flowing 
rivers or tides to turn turbines and generate electricity. Hypothetically, aquatic hunt-
ers like osprey (Pandion haliaetus) could become entrapped in the machinery of 
hydroelectric or oceanic renewable energy infrastructure, but neither of these poten-
tial agents of mortality has yet been documented. This indicates that even if mortal-
ity occurs, levels are sufficiently low to preclude population impacts. Indirect effects 
likely do occur, though are not necessarily negative. Construction of reservoirs to 
store water for a hydroelectric dam floods and destroys bottomland habitats used as 
nest sites by some bird of prey species, but this habitat loss may be offset by creation 
of new reservoirs with far more shoreline hunting and nesting habitat than existed 
previously.

 Effects of Transmission Linkages

Renewable facilities are connected to the existing electric system through construc-
tion of new transmission lines (Fig. 13.3), termed connections, interconnections, 
links, or linkages (hereafter interconnections). These interconnections have the 
potential to create avian collision and habitat fragmentation concerns well away 
from, but directly attributable to, renewable energy facilities. Post-construction 
environmental impacts of renewable energy infrastructure are generally considered 
only within the footprint of renewable energy facilities, but may not include the 
associated interconnections even though transmission lines are associated with 
avian collision mortalities (Bevanger 1998; Loss et al. 2014; Rogers et al. 2014). 
Because renewable interconnections have not yet been thoroughly studied with 
respect to potential impact to birds of prey, this section summarizes knowledge of 
potential impacts of transmission lines in general.

Direct effects of power lines on birds occur through mortality caused by elec-
trocution and collision (Bevanger 1998; Loss et al. 2014). Electrocution is limited 
mostly to distribution lines (<69 kV) where clearances are minimal and birds can 
simultaneously contact multiple energized components or energized and grounded 
components (APLIC 2006, in this book Chap. 12). Transmission clearances 
designed to prevent electrical energy from arcing across conductors generally 
include separations greater than birds can bridge with extended wings, though 
there are exceptions on certain configurations used for lower transmission volt-
ages (69–138 kV). Because electrocution is generally of little concern at the trans-
mission voltages used in renewable energy interconnections, and because detailed 
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discussion of avian electrocution is available elsewhere in this book (in this book 
Chap. 12), this chapter does not address avian electrocutions.

Avian collision mortality is an ongoing global concern (Sporer et al. 2013; Rioux 
et al. 2013; Loss et al. 2014), though most research on the topic is not bird-of-prey- 
specific. Collisions involving transmission lines occur when a flying bird hits sus-
pended wires, most often at night. Transmission lines are typically constructed with 
relatively thin overhead shield wires at the top and thicker energized conductors 
below. Birds appear to adjust flight altitudes upward to avoid large-diameter ener-
gized wires and then collide with smaller, less visible overhead shield wires (Murphy 
et al. 2016; Ventana Wildlife Society 2009; Martin and Shaw 2010). Transmission 
lines do not pose consistent risk. Rather, collision risk varies as a function of avian 
species and populations in the area of a given line, the surrounding habitat, and the 
line design (Bevanger and Brøseth 2004; Mojica et al. 2009; Rollan et al. 2010). 
Among birds, factors affecting collision risk include size, maneuverability, and 
flocking behavior (Jenkins et al. 2011; APLIC 2012). Transmission lines bisecting 
daily movement corridors, such as those located between roosting and foraging 
sites, also have been most associated with avian collisions (Bevanger and Brøseth 
2004; APLIC 2012), with risk exacerbated during low-light, fog, and other inclem-
ent weather conditions (APLIC 2012; Hüppop and Hilgerloh 2012).

Birds of prey are at relatively low risk for power line collisions in general (SAIC 
2000; Rioux et al. 2013), though large raptors with high wing loading and poor in- 
flight maneuverability like bustard species and condor species are collision prone. 

Fig. 13.3 Transmission line issues: (a) Transmission line bisecting a water source used by birds as 
a movement corridor. (b) Numerous transmission lines within a transmission corridor. (c) Overhead 
shield wires are less visible than conductors. (d) Transmission line partially obscured by fog
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In part, collision risk is low for birds of prey because they tend to fly diurnally dur-
ing good weather (Ligouri 2005) and appear to detect and avoid transmission lines 
(Pope et al. 2006; Luzenski et al. 2016). Though risk for birds of prey is low com-
pared to some other avian groups, collisions involving birds of prey do occur 
(Olendorff and Lehman 1986; Rollan et al. 2010, in this book Chap. 12). For exam-
ple, California condors (Gymnogyps californianus) have collided with power lines 
(Snyder 2007), the Ventana Wildlife Society (2009) documented collisions by a 
northern harrier (Circus cyaneus) and a white-tailed kite (Elanus leucurus), and 
Mojica et al. (2009) documented multiple carcasses of bird of prey species (bald 
eagle (Haliaeetus leucocephalus), osprey, and owls) under distribution lines. Studies 
have shown certain African birds of prey are vulnerable to colliding with lines in 
foraging habitats (Boshoff et al. 2011; Rollan et al. 2010). Peregrine falcons can be 
at risk because they attain high speeds when pursuing prey near the ground 
(Olendorff and Lehman 1986). Mañosa and Real (2001) documented both collisions 
of breeding Bonelli’s eagle (Hieraaetus fasciatus) and high turnover rates of pairs 
nesting within 1 km of power lines in Catalonia, Spain. González et al. (2007) docu-
mented infrequent collision as a cause of mortality in a study examining 267 records 
of nonnatural mortality of the Spanish imperial eagle (Aquila adalberti).

Indirect effects of transmission lines on birds of prey are not well studied but are 
likely low following initial disturbance and acclimation during and following con-
struction given the fact that many birds of prey readily nest on or near transmission 
lines. Transmission lines can create corridors for human incursion into otherwise 
natural landscapes because maintenance access roads and rights-of-way may be 
used for recreational activities (hiking, running, mountain biking, cross-country ski-
ing, all-terrain vehicles, etc.). Some bird of prey species respond negatively to rec-
reational human traffic (Steidl and Anthony 1996), but no firm connection has yet 
been established to confirm widespread impacts with respect to power lines.

Power lines generate strong electromagnetic fields, UV discharges, and acoustic 
signatures which can affect animal health and behavior (Phernie et al. 2000; Tyler 
et al. 2014). Recent research suggests that avoidance by reindeer (Rangifer taran-
dus) may be linked to their ability to detect ultraviolet light emitted by transmission 
lines (Tyler et  al. 2014). At least some birds also see in the ultraviolet spectrum 
(Lind et al. 2014), but the potential implications of this for indirect effects have not 
been investigated in birds of prey (in this book Chap. 12).

 Offsite Effects

Offsite effects are indirect by definition. The natural resources used in constructing 
renewable infrastructure are typically harvested from areas well beyond the boundar-
ies of renewable project sites. This has the potential to shift some of the environmental 
costs of renewable energy away from project sites where resources are used, to mine 
and factory sites where resources are extracted and processed. Consequently, offsite 
mining should be considered when developing a comprehensive understanding of 
potential impacts of renewable energy sources on birds of prey.
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Effects of mines on birds of prey are site-specific and species-specific. For 
 example, peregrine falcons and gyrfalcons (Falco rusticolus) breeding near two dia-
mond mines in Northwest Territories, Canada, showed no difference in nest occu-
pancy or breeding success as a function of distance from mine footprints, despite 
those footprints expanding during the study (Coulton et al. 2013). In contrast, prairie 
falcons (Falco mexicanus) in New Mexico appeared to avoid an entire mountain 
range where mining and blasting for various minerals was common but did nest in 
two adjacent ranges with similar habitats but less mining activity (Bednarz 1984). 
Mild responses to the vibration and noise associated with mining may derive from 
the occurrence of such natural events as thunder and landslides (Holthuijzen et al. 
1990), with which birds of prey are presumably familiar both individually and over 
evolutionary time. Across studies, with few exceptions, evidence of disturbance by 
mining activity seems isolated and in some cases can be offset by relocating birds of 
prey nests prior to the advance of mine operations (McKee 2007). However, at least 
some mine sites likely included nesting territories prior to initiation of mining activ-
ities. In these cases, productivity from directly affected territories likely was reduced 
at least while affected individuals sought alternate nest sites. Even these impacts 
may be minimized, however, with measures specifically designed to support birds of 
prey populations, for example, through installation during reclamation of permanent 
structures designed to serve as nest substrates (Harshbarger 1997) and through the 
use of unreclaimed anthropogenic cliffs used for nesting (Moore et al. 1997). Mines 
also are associated with environmental pollution. Mining and smelting can lead to 
increased levels of lead in ospreys and American kestrels (Falco sparverius) nesting 
downstream (Henny et  al. 1991, 1994) and in Eurasian eagle owls (Bubo bubo; 
Espin et al. 2014), though to our knowledge, definitive links to survival or produc-
tivity specifically related to mine sites have not been established. Though reductions 
in nesting attempts or productivity appear minimal overall, spills, pollution, and 
sedimentation from mine sites may have effects that are difficult to link conclusively 
to evidence of impacts specifically affecting birds of prey.

Though mining does have deleterious ecological consequences, and some exam-
ples involving birds of prey can be identified, overall it appears that offsite indirect 
impacts are either small or difficult to quantify and isolate (Anderson et al. 2008). 
Regardless of potential effects associated with renewable infrastructure, mined 
materials would also be necessary for fossil fuel extraction, which renewable energy 
facilities are designed to replace. That being so, it appears that indirect effects of 
extractive industries on birds of prey are minimal and offset by equivalent needs 
across energy sources.

 Mitigation

Renewable energy facilities have the potential to bring together ecologically novel 
combinations of juxtaposed land covers like water bodies in deserts, prominent fea-
tures like tall perches where none existed naturally, potential risks to wildlife like 
electrocution and mirror collisions, and potentially, unique combinations of species 
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drawn to these features from their respective native habitats. Consequently, the 
removal and addition of biotic and abiotic materials at renewable energy facilities 
may require novel mitigation strategies applied to microclimates and biological 
communities which may not occur naturally. The rotor-swept zones of wind resource 
areas and the heated-air zones of solar tower collection areas have no natural ana-
logues and thus no evolutionary context preparing wildlife for the risks encountered 
in these areas.

It should be incumbent on those creating these new landscapes, to also provide 
new and effective mitigation. With regard to mitigation of bird of prey mortalities at 
wind resource areas, innovative techniques are being developed to compensate for 
mortality at the renewable sites by mitigating the electrocution of birds of prey else-
where (Fig. 13.4), creating a net benefit overall (USFWS 2013).

Wind energy facilities can also adjust turbine operations to prevent collisions by 
curtailing operations when birds of prey are flying within the wind resource area, 
and by increasing minimum operational wind speeds to wind speeds above those 
within which birds of prey generally choose to fly (USFWS 2013). At solar facilities 
with collection towers, successful mitigation involves spreading the aim points of 
mirrors apart to reduce the peak flux value to <4  kW/m2 when the facility is in 
standby mode and not actively producing power (Multiagency Avian-Solar 
Collaborative Working Group 2016). For both wind resource areas and solar facili-
ties, direct and indirect effects may be minimized by siting facilities away from 

Fig. 13.4 Retrofitted power poles: (a) Insulation on center wire. (b) Insulation on connecting 
wires and on switches. (c) Insulation on connecting wires and on energized components of equip-
ment. (d) Installation of insulation on equipment. (See in this book Chap. 12 for additional techni-
cal details on electrocution of birds of prey)
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concentrated populations of birds of prey at migration, foraging, or roosting sites. 
Collisions involving birds of prey and transmission interconnections can be miti-
gated by marking transmission lines to increase their prominence to approaching 
birds of prey so lines can be avoided (in this book Chap. 12).

Unlike compensation programs for wind and solar energy, which are still in their 
infancy, compensation programs for biofuel monocultures are well established 
within a general framework of minimizing agricultural impacts to natural systems 
to the extent practical. Mitigation for biofuel monocultures may be achieved through 
existing mitigation programs, such as the US Department of Agriculture’s 
Conservation Reserve Program which enables farmers to remove environmentally 
sensitive land from agricultural production in exchange for an annual payment. 
These types of programs tend to be successful if three obstacles can be overcome. 
First, because participation is voluntary, individual decisions may be influenced by 
the value of the payment compared to the value of potential crop yields. This mitiga-
tion strategy may lose effectiveness if demands for biofuels, and other crops com-
peting in the market place for the same land, result in crop profits per acre that are 
greater than payments (Johnson and Stephens 2011). Second, compensation may 
undermine an individual’s sense of responsibility for the land (Ramsdell et al. 2016), 
potentially resulting in a reduced sense of stewardship over the long term and 
enabling landowners to justify conversion of natural habitats if compensation pro-
grams terminate. Third, compensation programs may not be practical in developing 
countries lacking the necessary financial or political resources. Despite the potential 
obstacles involved in compensation-based mitigation programs, these solutions are 
nevertheless the best currently available, at least in areas like the USA where most 
arable farmland is privately owned and decisions affecting land use are primarily 
market driven. Though not necessarily focused on bird of prey concerns, these 
approaches often result in habitat patches that can contain hunting habitat or poten-
tial nest sites, creating focal locations which allow bird of prey populations to per-
sist within areas dominated by agriculture.

Siting new facilities in previously disturbed habitat like nonproductive agricul-
tural fields also can reduce impacts to birds from loss of breeding and foraging habi-
tat (Pearce et  al. 2016). Birds of prey can be intentionally displaced from solar 
projects when nesting sites are destroyed during construction. Burrowing owls 
(Athene cunicularia) have been successfully translocated to new breeding sites 
away from solar facilities (Multiagency Avian-Solar Collaborative Working Group 
2016).

 Benefits to Birds of Prey

Birds of prey also can benefit from renewable energy facilities and transmission 
linkages, primarily through provision of new nesting opportunities (Fig. 13.5) since 
birds of prey routinely nest on transmission structures. For example, bald eagles 
and osprey regularly nest on utility structures (Buehler 2000; Poole et al. 2002). 
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Other species nesting on utility structures include ferruginous hawks (Buteo rega-
lis; Gilmer and Wiehe 1977), hobbies (Falco subbuteo; Puzović 2008), common 
kestrels (Falco tinnunculus; Krueger 1998), greater kestrels (Falco rupicoloidesa; 
Ledger and Hobbs 1999), martial eagles (Polemaetus bellicosus; Jenkins et  al. 
2013), prairie falcons (Roppe et al. 1989), lanner Falcons (Falco biarmicus; Ledger 
and Hobbs 1999), upland buzzards (Buteo hemilasius; Ellis et al. 2009), Swainson’s 
hawks (Buteo swainsoni; James 1992), tawny eagles (Aquila rapax; Jenkins et al. 
2013), black eagles (Aquila verreauxii; Jenkins et al. 2013), African hawk eagles 
(Hieraaetus fasciatus; Ledger and Hobbs 1999), and white-backed vultures (Gyps 
africanus, Ledger and Hobbs 1999). Though none of these were on renewable 
interconnections, the consistency between transmission structures in general and 
transmission structures supporting renewable interconnections specifically indi-
cates that nesting is likely. Nesting habitat can also be created from mines provid-
ing new nest substrates for cliff-nesting birds of prey like peregrine falcons (Moore 
et al. 1997). Habitat conversion for dams and agriculture can also increase food 
availability for birds of prey because dams and reservoirs create aquatic habitat and 
provide abundant year-round food resources for birds of prey including water 
snakes (Tingay et al. 2010), waterbirds (Mukherjee and Wilske 2006; Mwaura et al. 
2002), and stunned or dead fish flowing through dam spillways or turbines 
(Sánchez-Zapata et al. 2016).

Fig. 13.5 (a) A golden eagle (Aquila chrysaetos) departing a transmission tower, potentially ben-
efitting through hunting opportunities and, simultaneously, potentially at risk of collision with 
transmission wires. (b) A golden eagle roosting atop a transmission pole. (c) A golden eagle nest 
on a transmission tower. (d) An osprey (Pandion haliaetus) nest on a transmission H-frame 
structure
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Integrated vegetation management techniques employed in rights-of-way 
 management for renewable energy interconnections can also play an important role 
in maintaining and improving habitat for wildlife (Ball 2012; Rogers 2016). These 
activities could create hunting habitat for birds of prey or be used as migration cor-
ridors (Denoncour and Olson 1982).

Other indirect benefits may also be important. The fundamental motivators of 
shifting global economies from fossil fuels to renewable energies are national energy 
independence and reduction of greenhouse gas emissions. Energy independence is 
perhaps irrelevant to birds of prey, but reduction of greenhouse gas emissions and 
global climate change do have substantial potential benefits for birds of prey. Global 
climate change is associated with increased frequency and intensity of weather 
events. Late spring and high-intensity weather events can directly impact the produc-
tivity and survival of birds of prey. For example, breeding success is negatively cor-
related with precipitation during nesting in peregrine falcons (Anctil et  al. 2014; 
Burke et al. 2015). Survival of peregrines migrating south from the Artic is nega-
tively correlated with climatic events suggesting the species is vulnerable to weather 
events along the migration route (Franke et al. 2011). Reduced impacts of climate 
change in general will likely reduce weather-related impacts on nesting birds of prey.

 Conclusions

Ultimately, the large, widely dispersed territories of most birds of prey minimize the 
population impacts of either direct or indirect effects at most renewable energy 
facilities, transmission interconnections, or mines. This is because even if a specific 
territory is affected by a renewable energy facility, through habitat loss, for exam-
ple, the effect is unlikely to have a population-level effect. There are exceptions 
however. For example, collisions involving migrating or wintering birds of prey 
with wind turbines can result in impacts dispersed throughout breeding ranges, and 
large-scale biofuel monocultures can result in elimination of habitat patches far 
larger than a single territory. These two areas of renewable energy advancement in 
particular warrant ongoing consideration, mitigation, and monitoring as renewable 
energy facilities expand into the habitats of birds of prey.
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Minist�ere des Forêts, de la Faune et des Parcs, 880 Chemin Ste-Foy, Quebec City, Quebec, G1S 4X4, Canada
a r t i c l e i n f o

Article history:
Received 16 April 2019
Received in revised form 30 November 2019
Accepted 2 December 2019

Keywords:
Chiroptera
Wind farm
Collision risk
Fatality
Turbine
Evidence of absence
* Corresponding author.
E-mail address: Jerome.Lemaitre@mffp.gouv.qc.c

https://doi.org/10.1016/j.gecco.2019.e00871
2351-9894/© 2019 Minist�ere des Forêts, de la Faune
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Wind power development can cause direct mortality of both birds and bats through col-
lisions with turbines, but the estimates of mortality necessary to evaluate the impact of
this mortality are unavailable for many facilities and regions. We used monitoring surveys
from the majority of facilities in a contiguous region spanning 800 km of southwest-
northeast distance and almost 900 m of elevation (Quebec, Canada) to produce esti-
mates of mortality per facility. The distribution of these estimated mortalities is skewed
low with more than two thirds of facilities having annual mortalities of less than 50 in-
dividuals. We then used this set of estimated annual mortalities to explore how changes in
installed capacity (megawatts), elevation and geographic position affected estimated
annual mortality, with the goal of providing guidance to conservation mangers attempting
to find strategies for minimizing mortality. More installed capacity (MW) correlated with
higher mortality, but installed capacity alone was a poor predictor of estimated mortality.
Medium-sized facilities were the best management strategy to minimize per MW mor-
tality. Mortality decreased with increasing elevation and decreased from southwest to
northeast within this region. The cumulative effects of this mortality have the potential to
be devastating for bats, particularly migratory species, which account for the majority of
carcasses observed. Our results also highlight the necessity of monitoring at all facilities in
order to identify the small number of high mortality facilities for effective application of
mitigation measures.
© 2019 Minist�ere des Forêts, de la Faune et des Parcs. Published by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
1. Introduction

Bats play a key role in Earth’s ecosystems. In North America, ecological services provided by bats have been valued at $3.7
to $53 billion USD per year (Boyles et al., 2011). They are major predators of nocturnal insects and contribute to the regulation
of epidemic outbreaks in agricultural fields and managed forests, as well as to the control of insects transmitting diseases to
humans (Reiskind and Wund, 2009). Despite both their ecological and economic importance, however, bat populations are
declining in many regions and it is essential that conservation measures effectively address mortality caused by human
activities. In the north-eastern part of the continent alone, six species of bat have demonstrated a degradation of their
a (J. Lemaître).
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conservation status since 2000 (Hammerson et al., 2017). To date, many threats and limiting factors facing bat populations
have been identified, including white-nose syndrome, colony eradication, disturbance during hibernation, habitat loss,
changes in forest structure, chemical contamination, decreases in insect abundance and wind turbines (Boyles and Brack,
2009; COSEWIC, 2013; Frick et al., 2010; Hickey et al., 2001; Johnson et al., 1998; Kunz et al., 1977; Mann et al., 2002).

Negative effects of wind power development include a loss or alteration of habitat caused by the construction, installation,
and operation of wind power facilities (Kuvlesky et al., 2007) and direct mortalities of both birds and bats caused by collisions
with the turbines themselves, principally the spinning blades, which are estimated to kill hundreds of thousands of bats
annually (Arnett et al., 2008; Arnett and Baerwald, 2013; Hayes, 2013; Kunz et al., 2007; Orloff and Flannery, 1992;
Smallwood, 2013). These numbers, combined with the swift and continued growth of the wind industry worldwide, have
caused growing concern that some bat populations might be pushed toward extinction (Frick et al., 2017). The cumulative
effects of bat fatalities at wind farms must, therefore, urgently be assessed in order to determine their impacts on bat
populations.

However, estimating cumulative impacts is extremely difficult for two reasons. Firstly, accurate estimates of bat popu-
lation sizes are lacking formost species world-wide (see, however, Frick et al., 2017). Secondly, accurate estimates of mortality
at large scales are essential, and important variability in mortality estimates between facilities may impair our capacity to
produce consistent estimates of mortality across large areas. In addition, although general guidelines are available (e.g., see
Strickland et al., 2011), survey methodologies frequently differ between facilities or regions, further complicating our ability
to accurately estimate cumulative impacts. Consequently, the three different studies that have estimated bat mortality caused
by wind energy production in the contiguous United States reported results that ranged from 196 000 to 880 000 individuals
killed annually (Arnett and Baerwald, 2013; Hayes, 2013; Smallwood, 2013).

Estimation of mortality at wind farms is a significant challenge. The number of carcasses observed around the bases of
turbines represents a varying proportion of total mortality. For example, vegetation may influence the probability of carcass
detection by observers, and predators may remove carcasses prior to the survey, thus reducing their probability of persistence
through time. The number of observed carcasses must be adjusted using site- and year-specific correction parameters (Huso,
2011; Rogers et al., 1977). Furthermore, a wider understanding of bat mortality at wind farms should correct for potential bias
due to different methodologies across facilities.

In addition, environmental factors may also influence mortality at spatial scales ranging from turbine-scale to regional- or
continental-scale. For example, mortality is higher closer to roosting sites (Ferreira et al., 2015), maternity sites (Piorkowski
and Connell, 2010), or migration corridors (Baerwald et al., 2014). One recent study found that mortality was inversely
correlated with the proportion of grassland habitat surrounding wind energy facilities (Thompson et al., 2017). However, the
specific role of environment in modifying mortality rates remains largely unexplored at these different spatial scales, as does
the potential to mitigate impacts by avoiding higher-risk locations or habitats.

A better understanding of the impacts of environmental factors at the spatial scale of provinces/states is particularly
important because this is the scale at which much of the regulation and management decisions are made. At a regional scale,
geographic variables are often used to approximate habitat patterns. For example, elevation and latitude are responsible for
manywell-documented patterns of species distribution and ecology (e.g., Lomolino, 2001;Willdenow,1805). Fatalities of bats
have already been noted to decrease with increasing latitude in one region, the Northeastern Deciduous Forest (Arnett and
Baerwald, 2013). A clear understanding of what correlates with high-risk facility placement at a regional scale could
contribute to better regulation andmanagement decisions, and ultimately favor the sustainable development of this industry.

To date, the majority of North American studies on bat mortality in wind-energy facilities have been conducted in the
United States (but see Zimmerling and Francis, 2016). However, Canada is increasingly becoming a major player in wind
energy production; the country is now ranked ninth in the world for its total installed onshore capacity with 12 816 MWas of
December 2018 (Canadian Wind Energy Association, 2018). Canada mostly regulates wind farm projects at the provincial
scale, and among the provinces, Quebec accounts for a third of the country’s installed capacity (3882 MW in 2018). Addi-
tionally, in Quebec post-construction mortality surveys are required to be conducted using a standardized methodology.
However, only one published study documented bat fatalities in this vast province and results were based on only three
facilities whereas the province now has more than 30 facilities in operation (Zimmerling and Francis, 2016).

In this paper, we took advantage of the unique opportunity presented by having mortality surveys carried out using a
standardized methodology at all facilities in a large contiguous area to document bat mortality within and across 30 wind
farms. Lastly, we evaluated the effects of facility size, geographic position and elevation on annual bat mortality in order to
determine whether these parameters could be used to inform management decisions. This study contributes to a better
understanding of patterns in bat mortality associated with wind-energy facilities and helps managers to design effective and
targeted mitigation measures to preserve threatened bat populations.

2. Material and methods

Eight bat species are found in Quebec. Five are resident in the province, roost in colonies in caves, mines, or buildings and
are active fromMay until October: the northernmyotis (Myotis septentrionalis), the eastern small-footedmyotis (Myotis leibii),
the little brown myotis (Myotis lucifugus), the tri-colored bat (Perimyotis subflavus) and the big brown bat (Eptesicus fuscus)
(Clare et al., 2014; Fabianek et al., 2015, 2011; MMACH, 2018). Three species are tree-roosting and migratory, spending only
the summer months in this region: the silver-haired bat (Lasionycteris noctivagans), the hoary bat (Lasiurus cinereus) and the
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eastern red bat (Lasiurus borealis). These migratory species are generally first detected in Quebec in May and gone by the end
of September (MMACH, 2018). Quebec’s wind energy facilities are distributed across almost 5 degrees of latitude and 10
degrees of longitude (almost 1000 km of distance southwest-northeast) and include facilities ranging from 0 to 900 m in
elevation (Fig. 1).

2.1. Carcass surveys and data compilation

All data were gathered according to a standardized protocol published by the provincial government in Quebec in 2008
(MRNF, 2008) and subsequently updated (MDDEFP, 2013). This protocol stipulated that any new facility built was to conduct
carcass surveys, carcass persistence trials and searcher efficiency trials seasonally for the first three years of operation and
submit reports containing both results of surveys and trials as well as estimated fatalities to the provincial government.
Among the differences between the original and updated protocols, the search interval between visits was reduced from 7 to
3 days, the surveyed area was reduced from 120 � 120 m to 80 � 80 m and the spacing between transects was reduced from
10 to 5 m. All details regarding the methodology can be found in the published protocols (MDDEFP, 2013; MRNF, 2008).

Searcher efficiency (p) trials were conducted during each season of monitoring (spring, summer and fall) using decoys
(small bird- or mouse-type decoys). Each searcher efficiency trial involved placing the decoys inside the sampling plots at a
facility before a regularly scheduled carcass search; decoys were placed by someone not involved in carrying out the carcass
search. From 1 to 30 decoys were used per trial, with the majority of trials using between 5 and 10. No field data from Quebec
exist that would allow estimation of the parameter describing how searcher efficiency changes through time for carcasses
that are missed during a search (bleed-through sensu Wolpert). We therefore adopted the value of 0.674 suggested by
Dalthorp and Huso (2017) as the best approximation.

Carcass persistence trials were also carried out once during each season of monitoring by placing carcasses (small mouse
and bird carcasses) below turbines in areas to be searched and monitoring them until disappearance or for a maximum of 28
days. Fitting a model to the raw data and determining the underlying distribution is the best way to summarize carcass
Fig. 1. Map of the study area in the province of Quebec (Canada). Wind-energy facilities are shown, distributed from the southwest to the northeast in the
province.
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persistence (Bispo et al., 2013). Very few surveys (15 of 65) reported raw data, however, so we parameterized a exponential
distributions using the reported means (t) and associated variances.

We estimated a spatial correction factor (a) that combined three sub-parameters: 1) the proportion of turbines monitored,
2) the proportion of area under each turbine that was included in carcass searches, and 3) the proportion of carcasses ex-
pected to fall into this searched area. We identified conservative values for the proportion of carcasses falling into concentric
circular zones around the turbine base (60% from 0 to 40 m and 40% from 40 to 80 m) based on the published literature (Hull
and Muir, 2010; Huso and Dalthorp, 2014; Korner-Nievergelt et al., 2016; Zimmerling and Francis, 2016).

The dataset available to us therefore comprised 65 annual carcass monitoring surveys carried out at 30 wind energy fa-
cilities (Fig.1). This represents all but three facilities in operation in the province during and prior to 2015, although additional
facilities have been built since (Fig. 1). The number of carcasses found per season, the searcher efficiency (p), the carcass
persistence, a spatial correction factor (a) and an ordered sequence of consecutive search intervals (I) were extracted from
each available report. Sometimes, parameters were missing for a particular survey (e.g., no trial for searcher efficiency carried
out in the spring or no carcass persistence trial reported) and the nearest comparable estimate was used (e.g., results from a
trial carried out in another year, or from a nearby facility; see Supplementary Material A for details).
2.2. Mortality estimates

2.2.1. Mortality estimates at the facility scale
We used the statistical package Evidence of Absence (eoa) to implement the Dalthorp estimator because low numbers of

carcasses were found overall. Fewer than 10 surveys reported more than 15 bat carcasses and there were a large number of
zero observations with 26 of 65 surveys finding no bat carcasses at all (Dalthorp, 2016; Huso et al., 2015; R Core Team, 2016).
As suggested by Dan Dalthorp (personal communication), we used a three-step strategy to combine the season-specific
correction factor estimates with reported carcass counts to produce estimates of mean annual mortality for each facility*-
year combination. First, we used the Single Year Module to estimate a facility-specific global probability of detection (gseason)
for each of the three monitored seasons (Spring [March 15th e June 1st]; Summer [June 1st e Aug 1st]; and Autumn [Aug 1st
eNov 15th]). Next, we used theMultiple Class Module to combine these three seasonal probabilities of detection into a single
yearly probability of detection for each facility (gyearÞ using the expected proportion of carcasses arriving in each season to
weight (DWP) the relative contributions of the seasons. We weighted the two monitoring seasons that covered reproductive
and migratory periods (Summer and Autumn) with 45% of annual carcasses each, and the Spring period at 9% to represent
early arriving or awakening individuals. The remaining 1% of annual mortality was attributed to the ‘winter’ falling outside of
monitored periods. We recorded the median point estimate (M-50) from the discrete posterior distribution produced at this
step, along with the yearly probability of detection and associated 95% confidence intervals. We then used the Multiple Years
Module along with carcass counts (yearly totals) and the a (Ba) and b (Bb) parameters describing the distribution of yearly
probabilities of detection (gyear) to produce an estimate of the average annual fatality rate (l) and associated 95% Credible
Intervals for each facility using all years of available data (years weighted equally; r ¼ 1).

2.2.2. Mortality estimates at the regional scale
We estimated 95% Credible Intervals on combined annual mortality for the thirty facilities included in this study using the

Multiple Class Module of the Evidence of Absence package. Although this module is designed to combine classes such as
different types of vegetation, it can also be used to produce a single regional estimate using facilities as ‘classes’, since all
facilities were monitored. This estimate weights the contribution of each facility (r) by the number of turbines installed. We
also tried weighting facilities by estimated mortality; this produced results that were consistent with those obtained using
size of facility and we therefore present only the results weighted by facility size. We then calculated mortality per MWusing
the total installed capacity accounted for by the facilities in this study (2777MW).We used this per MWestimate of mortality
in our region and the installed capacity per year to calculate one regional estimate for each of the 17 years (1999e2016;
CanadianWind Energy Association, 2016; TechnoCentre �eolien, 2017). Lacking any species-specific correction parameters, we
assumed that the proportion of carcasses found per species reflected the proportion of bats killed of that species to describe
general trends of mortality per species in the region.
2.3. Large-scale environmental drivers of mortality

We then extracted installed capacity (megawatts) and geographic position directly from facility reports and elevation from
the provincial government’s digital elevation model using ArcGIS (Minist�ere d’�en�ergie et ressources naturelles, 2009). Pair-
wise analysis of explanatory variables revealed that longitude and latitude co-varied too tightly to include both in analyses
(themost northerly facilities were also those furthest to the east; coefficient of variation 0.89). The facilities in our regionwere
distributed along a gradient not only from south to north but simultaneously fromwest to east that follows the geography of
the Saint Lawrence river, estuary and gulf; this gradient of geographic location represents a dominant geographic pattern in
the region (Fig. 1). We therefore used a ‘distance to the northeast’ variable representing the linear distance from a chosen
origin in the southwest of the province near Montreal (45.5 N, �73.5 W). This variable therefore represents geographic
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position along a southwest-northeast gradient; small values indicate facilities in the southwest of the province and larger
values indicate increasing distance to both the north and east.

In order to examine the effects of facility size, elevation and geographic position on estimated mortality, we used the
mortality estimates per facility (annual mortality estimated per facility for n ¼ 30 facilities as the median of a discrete
posterior distribution based on multiple years of surveys) as the response variable in an analysis of environmental factors.
Since there is a portion of the variance in point estimates of mortality that depends on detection probability, we weighted
mortality estimates within this analysis using global detection probabilities. Mortality estimates were distributed in a skewed
manner with many low values and Poisson models were extremely over dispersed (bc values > 30) so we used a negative
binomial distribution with a log-link function. We tested which combination of our three environmental factors (MW,
elevation and geographic gradient) best explained variations in mortality using a model selection framework based on
corrected Aikaike’s Information Criterion (AICc). We created a set of 8 models (Table 1); all models included a weights
argument based on the global probability of detection at that facility (a relative ranking of global probabilities of detection).
We fit a global model using the glm.nb function (MASS package) in order to estimate a global shape parameter (theta), verified
model suppositions graphically, then used this theta parameter to refit negative binomial models using the glm function and
calculate AICc values, delta AICc, and model weights for our candidate model set (Table 1). We retained all models having a D
AICc of less than 2 (Burnham and Anderson, 2002) and used the AICcmodavg package (Mazerolle, 2015) to produce model-
averaged estimates of parameters and predicted values.

3. Results

3.1. Carcass surveys and correction factors

The majority (72%) of the 268 carcasses found during surveys were migratory bats (Supplementary Material B). Of these,
the most common species found was the hoary bat (47% of carcasses, found at 21 out of 30 facilities), while the silver-haired
bat accounted for 18% of carcasses and the eastern red bat 6%. The three species of resident bat found during surveys (the big
brown bat, the northern myotis and the little brown bat) together accounted for 18% of carcasses found overall, and were
found at fewer facilities than the migratory species (7 out of 30 facilities for all resident species combined; Supplementary
Material B). Two resident species (the tri-colored bat and the eastern small-footed myotis) were never identified in carcass
surveys, although one individual of the tri-colored bat was detected outside of scheduled carcass surveys. Most carcasses
were found in July and August (69%).

Searcher efficiencies ranged from 0.1 to 1; mean seasonal efficiencies were between 0.5 and 0.7. Reported carcass
persistence values ranged from 0 to 25 days; mean values ranged from 3 to 8 days. Spatial correction factors ranged from 0.11
to 0.57 (mean ± 1 sd: 0.27 ± 0.11). Seasonal temporal correction factors ranged from 0.18 to 1 (mean ± 1 sd: 0.84 ± 0.18).

3.2. Mortality estimates

3.2.1. Mortality estimates at the facility scale
Mean annual estimated bat mortality per facility in Quebec ranged from 3 to 287 individuals while the upper limits of the

95% Credible Intervals ranged from 14 to 725 individuals (Fig. 3AeC). Mean annualmortality perMWranged from 0.03 to 2.62
individuals. The distribution of these estimated mortalities was heavily skewed; more than two thirds of facilities had
estimated mean mortalities lower than 100 individuals per year and only three had annual mortalities greater than 250
individuals per year.

The mean annual estimate was calculated from all available annual median estimated mortalities per facility (M-50),
which were generally consistent between consecutive years of surveying at the same facility (Fig. 2A). Global probabilities of
Table 1
Candidate model set and AICc table for model selection testing the effects of installed capacity (MW), geographic position (Geog), and elevation (Elev) on
estimated annual bat mortality (l) per facility (n¼ 30 facilities). All models having a D AICc of less than 2 (shown in bold) were retained and used to produce
model-averaged parameter estimates.

Model K AICc D AICc AICc weight LL

l e MWþ Geogþ
Elev

5 125.59 0.00 0.41 ¡56.55

l e MWþ Geog 4 126.06 0.47 0.32 ¡58.23
l e MWþ Elev 4 127.32 1.73 0.17 ¡58.86
l e Elevþ Geog 4 130.47 4.87 0.04 �60.43
l e MW 3 130.76 5.17 0.03 �61.92
l e Geog 3 131.28 5.69 0.02 �62.18
l e Elev 3 134.14 8.55 0.01 �63.61
l e 1 2 137.43 11.84 0.00 �66.49



Fig. 2. (A) Median of the discrete posterior distribution of mortality per carcass survey. Facilities are identified (1e30) and consecutive years of surveys at the
same facility indicated by connecting lines. (B) Probability of detection as a function of estimated mortality. Probabilities of detection, shownwith 95% Confidence
Intervals, are universally low (<0.3) but there is no relationship with median estimates of mortality.
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detection (g) per facility*year combinations (n ¼ 65 carcass surveys at 30 separate facilities) were very low (<0.3). However,
there was no relationship between the point estimate of median mortality and the probability of detection (Fig. 2B).

3.2.2. Mortality estimates at the regional scale
Total bat mortality for 2016 in the province of Quebec falls within the 95% Credible Interval [4526, 6455], which gives an

estimate of mortality per MWwhich falls in the interval [1.29, 1.84]. Lacking species-specific detection probabilities, the best
we can do is assume that the relative proportion of carcasses found per species reflects the real proportions of species killed. If
this is the case, 2016mortality of hoary bats in Quebec (47% of carcasses) would fall in the interval [2128, 3035] individuals. At
the other end of the spectrum, the eastern small-footed myotis and the tri-colored bat were never identified in carcass
surveys; however, 11% of carcasses were not identifiable to species, accounting for [490, 699] individuals killed in 2016 alone.
Using yearly installed capacities from 1999 to 2016, we estimated that cumulative mortality in Quebec since the first wind
energy installations in this region up until 2016 falls within the interval [18 186, 25 941].



Fig. 3. Median point estimates of mortality and 95% Credible Intervals for each of the 30 facilities included in this analysis and model-averaged predictions for the
effect of (A) installed capacity, (B) geographic position and (C) elevation on annual mortality. Facilities are identified (1-30) to correspond with Fig. 2 and
supplementary material B. Solid lines are predictions based on the median values for the other two variables (100 MW median installed capacity; 495 m median
elevation; 542 km median distance to the northeast) and shaded areas indicate the 95% confidence intervals around these predictions. (D) Predictions based on
management scenarios are shown for three representative facility sizes (25 MW, 100 MW and 300 MW). For mid-sized facilities, three elevations are shown (50,
500 and 800 m). All predictions are for a median distance to the northeast (542 km).
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3.3. Large-scale environmental drivers of mortality

The scale parameter (theta) for the global model was 2.13 indicating a manageable level of overdispersion and graphical
model verification revealed no serious patterns in the residuals. The model selection based on AICc showed that three models
had an important level of empirical support with D AICc < 2 (Table 1). The three topmodels had an AICc weight of 90%, and all
included installed capacity; the best-ranked model included all three variables (AICcWt ¼ 0.41). Of the three variables,
installed capacity had the strongest effect on bat mortality at wind energy facilities, with larger facilities having higher
mortalities (Table 2; Fig. 3A).

In addition, facilities further to the northeast tended to have lower mortality than those to the southwest (Fig. 3B).
Similarly, mortality tended to decrease with increasing elevation but the relationship was also weak (Fig. 3B). At low ele-
vations (<250 m), mortality at two facilities was higher than expected by the predictions of model averaging and at high



Table 2
Model-averaged parameter estimates from models with D AICc < 2 and upper and lower bounds of a 95% Confidence Limit for the main effects of installed
capacity, geographic position, and elevation on annual bat mortality. Confidence Intervals that do not overlap with zero indicate significant effects.

expðbÞ Lwr 95CL Upr 95CL units

Intercept 63.85 17.78 229.28
Installed capacity (MW) 1.011 1.005 1.018 megawatts
Geographic position (Geog) �0.998 �0.996 0.999 kilometers
Elevation (Elev) �0.998 �0.997 �1.000 meters
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elevations (>650 m), mortality at four facilities was higher than expected (Fig. 3C). The relationships with these three
environmental variables appear to be weak at least partly because those facilities with higher than average mortality (the few
facilities at the high end of the skewed distribution of mortality) are poorly predicted by the models.

4. Discussion

This study is unique both in having access to surveys following a standardized methodology within a large contiguous
area, and in applying a single estimator appropriate for low or zero counts to all surveys. Although robust estimates of bat
mortality due towind energy at spatial scales relevant to bat populations are arguably a prerequisite for effective conservation
actions, extrapolating single-facility estimates of mortality to regional or continental scales is often problematic. We found
that per-facility bat mortality was influenced not only by installed capacity, but also by geographic position, and elevation.
These results support the hypothesis that environmental variables and spatial context can drive variation in bat mortality, but
also highlight that the few facilities with higher-than-average mortality are generally poorly predicted by these large-scale
environmental variables. These results show the utility of using easily available facility descriptors such as elevation and
geographic location as an inexpensiveway formanagers concerned about conservation to include basic environmental factors
in considerations of mortality risk at wind energy facilities, but also point to the need for a more in-depth understanding of
the determinants of higher-than-average mortality.

4.1. The skewed distribution of mortality among facilities: a small number of facilities account for a large proportion of regional
mortality

Many wind energy facilities in our region had low estimated bat mortality (both annual and per Megawatt) and may be
considered bat-friendly. This has important implications for monitoring and conservation; in particular, it indicates that
monitoring at all facilities is critical in order to correctly identify those facilities with higher-than-average mortality and those
facilities which are bat friendly. Effective regional or national management andmitigationmeasures should target those areas
or facilities with high or potentially high mortality in order to have the most impact on reducing population-level mortality.
Our estimate of the cumulative regional mortality for bats for the period from 1999 to 2016 was between 18 186 and 25 941
individuals. The majority of wind energy facilities in Quebec were built in the latter half of this period and the estimated
regional mortality in 2016 alone accounts for approximately a fifth of this total cumulative mortality. The fact that several
facilities contributed disproportionately to this mortality, however, while other facilities had both very low per Megawatt and
annual mortalities, indicates that management, conservation and mitigation efforts should focus on those facilities with
higher-than-average mortality. Accurate facility-by-facility estimates are therefore critical for effective conservation and
management; this clearly points to the risk of using estimates from one or several facilities to extrapolate to unmonitored
facilities or areas.

4.2. Regional context: large-scale environmental gradients as determinants of mortality

Many syntheses have noted variations in mortality among regions (e.g., Arnett and Baerwald, 2013). Differences in habitat
availability and use and the placement of both wind energy facilities and individual turbines within facilities are likely to play
a role in these differences. The results of the present study clearly show that environmental context has an important in-
fluence on mortality. Indeed, since the operational life of a facility is generally at least 25 years, and there is no plan to
decommission any existingwind energy facilities over the short term (increases in installed capacity have occurred every year
in this region), the estimated 2016 mortality can be used as a minimum annual mortality for future years, resulting in at least
an estimated 45 260 to 64 550 bat mortalities for the next ten years in Quebec (2016e2025). This estimated mortality is low
when compared to estimates produced for many other North American regions (e.g. (Arnett and Baerwald, 2013; Hayes, 2013;
Smallwood, 2013; Zimmerling and Francis, 2016), and it is possible that Quebec, because it includes the northern limits of bat
distributions in North America, represents a region with less bat habitat, lower population densities, and therefore lower
observed mortalities overall. However, this cumulative mortality is still considerable when placed in the context of bat
populations which are typically slow-growing and are facing many additional threats across their ranges.

Mortality within our study region is highest in the southwest and decreases to the northeast. The geography of the
province of Quebec is dominated by the Saint Lawrence river, estuary and gulf, which extends from the southwest to the
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northeast. This creates a region-specific gradient of geography that contains elements of both latitude and longitude, and it is
probable that the decrease in mortality further to the northeast corresponds to a regional gradient of habitat types. In the
southwest of the province, agricultural areas and patches of deciduous forest dominate; this is part of the Mixedwood Plains
ecozone. Further to the northeast, the river becomes the estuary and then widens into the gulf; the proportion of farmland
decreases, and deciduous forests become mixed with more boreal coniferous habitats. This portion of the province falls
within the Atlantic Maritime ecozone (Ecological Stratification Working Group, 1995). The significant effect of geographic
position on mortality could therefore result from a decrease in high quality bat habitat in the Altantic Maritime ecozone as
compared to the Mixedwood Plains ecozone. For example, large diameter trees, essential for cavity-roosting bats (Fabianek
et al., 2015), are more common in the deciduous forests that dominate the Mixedwood Plains ecozone. Additionally, bat flight
activity has been observed to be higher over trails and still bodies of water, and on the edges of forest stands (Krusic et al.,
1996); all of these features are more abundant in the southwest of the province.

There is a well-recognized gradient in habitat with higher elevations having increasingly lower temperatures, precipi-
tation and productivity (McCain, 2009;McVicar and K€orner, 2013; Pan et al., 2016). Increasing elevations generally have lower
proportions of agricultural land, fewer water features such as streams or lakes and fewer edge habitats between forest and
meadow, all of which are important determinants of bat habitat use (Arnett and Baerwald, 2013; Rydell et al., 2010;
Thompson et al., 2017). Mortality in our region decreased overall at higher elevations, but individual facilities with high
mortality appeared to be either at low or high elevations, and not at mid-elevation sites. There did not appear to be a pattern
in species-specific mortality (i.e., based on carcasses found, specific species or types e e.g., migratory bats - were not found
principally at either low or high elevations); however, facilities with higher mortality tended to have more species repre-
sented in carcass surveys. This may indicate use of these sites by a larger number of bat species. In a recent study of bird
diversity across an elevational gradient, temperature, precipitation and habitat heterogeneity were important determinants
of species diversity (Pan et al., 2016). While both temperature and precipitation decreased with increasing elevation, habitat
heterogeneity displayed a hump-shaped relationship with elevation (the highest habitat heterogeneity was found at mid-
range elevations). Although the range of elevations examined in our study is much smaller than that in Pan et al. (2016), it
is possible that a pattern wherein, for example, edge habitats or prime foraging areas are abundant at both low and high
elevations could drive the observed pattern of bat mortality. Facilities with higher mortality at both high and low elevations
may therefore be a result of increased probability of overlap between facilities and habitats used by multiple bat species. Our
study provides evidence that elevation is indeed correlated with mortality and could therefore be used as a partial proxy for
bat habitat. The relationship is not a simple one, however, and variability between individual facilities remains important.
4.3. Management perspectives

The best description of mortality in our regionwas not based on installed capacity alone; models including both elevation
and geographic position were also retained in our model selection process. Indeed, it has already been suggested that
mortality is correlated with aspects of both behavior and habitat use (e.g., foraging strategies) in both North America (Cryan
and Barclay, 2009; Thompson et al., 2017) and Europe (Rydell et al., 2010). Our results indicate that using mortality per MW
from one or several facilities as a basis for predicting the impact of unmonitored facilities will do a poor job of explaining
patterns inmortality because it implicitly assumes thatmortality can be linearly scaled based oninstalled capacity and ignores
environmental differences between facilities. The relationship between installed capacity and mortality was not a clear-cut
case of each successive increase in installed capacity resulting in an incremental increase in estimated mortality. Small fa-
cilities (25 MW) had low annual mortality; increasing capacity fourfold (100 MW) resulted in a doubling of estimated
mortality, but further increases in capacity resulted in much larger increases in mortality. This may indicate that the larger a
facility is, the more important specific spatial and environmental context becomes in determining bat mortality. The high
variability among larger facilities is possibly due to differences in environmental factors such as proximity to roosting sites,
migratory routes or foraging habitat, which then can magnify differences in mortality due to installed capacity, elevation and
other large-scale habitat features. Some large facilities, however, have low mortality and others have very high mortality;
from a management perspective, large facilities are therefore associated with a much larger gamble than multiple small
facilities. Given the difficulty of obtaining and analyzing detailed spatial habitat information, our results show that even very
basic environmental proxy variables such as elevation and geographic position can greatly increase our ability to explain
variation in the magnitude of mortality between wind energy facilities. Using this approach to include basic information on
environmental variables will allow managers to more clearly evaluate the potential mortality risk posed by proposed wind
energy facilities.

From the perspective of minimizing bat mortality, our results indicate that mid-sized facilities are the best management
scenario. Although annual mortality is slightly higher than at small facilities, the increase is negligible when compared with
the added capacity (i.e., 1 facility of 100 MW has much less than 4� the mortality of a 25 MW facility) and the uncertainty in
the upper threshold of the estimate (upper limit of the 95% Confidence Intervals) does not increase substantially. Large fa-
cilities, however, havemuch higher mortality and a large uncertainty associated with them (extremely high upper limit of the
95% Confidence Intervals) which indicates that they are a much riskier management scenario. Incorporating marginal de-
creases in mortality by targeting higher elevations and regions further to the northeast could then further reduce mortality at
these medium-sized facilities.
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5. Conclusions

This study is the first to document patterns of bat mortality in a contiguous region spanning 800 km of southwest-
northeast distance and almost 900 m of elevation, where all facilities in the region were monitored. We showed that mor-
tality was distributed unevenly among facilities and that cumulative mortality was relatively low as compared to other re-
gions. In addition, we identified three predictors of bat mortality (installed capacity, elevation and geographic position) that
can be used in combination by managers to more effectively take mortality risk for bat populations into account when
planning wind energy facilities. We showed that: (i) more installed capacity (MW) does correlate with higher mortality, but
that capacity alone is a poor predictor of estimated mortality; (ii) mortality overall decreased with increasing elevation; and
(iii) mortality decreased further to the northeast. The small proportion of high risk facilities or those that observe high total
bat mortality should be targeted for the application of mitigation measures during operation, in order to reduce impacts on
bat populations. Although detailed information about habitat directly surrounding individual turbines may provide the best
explanations of mortality, both elevation and geographical position provide useful proxies for environmental variation that
can be used bymangers on provincial/state spatial scales before a more detailed understanding of how environment modifies
mortality risk at the turbine scale is attained.
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to thank the Wind Energy Industry in Quebec for their cooperation in providing the reports upon which this synthesis is
based, E. Tr�epanier who accomplished a monumental job of compiling raw data from submitted reports, D. Dalthorp and M.
Huso for helpful discussions, and F. Bouchard, N. Desrosiers, S. Dery, J. Desmeules, P. Dombrowski, �E. Drouin, R. Faubert, M.-J.
Goulet, J. Lapointe, C. Maisonneuve, A. Nappi, C. Poussart, A. Simard, D. St-Pierre, and N. Tessier for helpful information and
invaluable comments. This research did not receive any specific grant from funding agencies in the public, commercial, or not-
for-profit sectors. Any errors that still persist are the sole responsibility of the authors.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.gecco.2019.e00871.
References

Arnett, E.B., Baerwald, E.F., 2013. Impacts of wind energy development on bats: implications for conservation. In: Adams, R.A., Pedersen, S.C. (Eds.), Bat
Evolution, Ecology, and Conservation. Springer Science Business Media, New York, NY, pp. 435e456.

Arnett, E.B., Brown, W.K., Erickson, W.P., Fiedler, J.K., Hamilton, B.L., Henry, T.H., Jain, A., Johnson, G.D., Kerns, J., Koford, R.R., Nicholson, C.P., O’Connell, T.J.,
Piorkowski, M.D., Tankersley, R.D., 2008. Patterns of bat fatalities at wind energy facilities in North America. J. Wildl. Manag. 72, 61e78. https://doi.org/
10.2193/2007-221.

Baerwald, E.F.F., Patterson, W.P., Barclay, R.M.R., 2014. Origins and migratory patterns of bats killed by wind turbines in southern Alberta: evidence from
stable isotopes. Ecosphere 5, 1e17. https://doi.org/10.1890/ES13-00380.1.

Bispo, R., Bernardino, J., Marques, T.A., Pestana, D., 2013. Modeling carcass removal time for avian mortality assessment in wind farms using survival
analysis. Environ. Ecol. Stat. 20, 147e165. https://doi.org/10.1007/s10651-012-0212-5.

Boyles, J.G., Brack, V., 2009. Modeling survival rates of hibernating mammals with individual-based models of energy expenditure. J. Mammal. 90, 9e16.
https://doi.org/10.1644/08-MAMM-A-205.1.

Boyles, J.G., Cryan, P.M., McCracken, G.F., Kunz, T.K., 2011. Economic importance of bats in agriculture. Science 332, 41e42. https://doi.org/10.1126/science.
1201366 (80-.).

Burnham, K.P., Anderson, D.R., 2002. Model Selection and Multimodel Inference: A Practical Information-Theoretic Approach, second ed. Springer.
Canadian Wind Energy Association, 2018. Powering Canada’s future [WWW Document]. URL. https://canwea.ca/wp-content/uploads/2019/02/powering-

canadas-future-web.pdf. accessed 4.16.19.
Canadian Wind Energy Association, 2016. Puissance de demain [WWW Document]. URL. https://canwea.ca/wp-content/uploads/2013/12/Canada-Current-

Installed-Capacity_f.pdf. accessed 1.8.18.
Clare, E.L., Symondson, W.O.C., Broders, H., Fabianek, F., Fraser, E.E., Mackenzie, A., Boughen, A., Hamilton, R., Willis, C.K.R., Martinez-Nu~nez, F., Menzies, A.K.,

Norquay, K.J.O., Brigham, M., Poissant, J., Rintoul, J., Barclay, R.M.R., Reimer, J.P., 2014. The diet of Myotis lucifugus across Canada: assessing foraging
quality and diet variability. Mol. Ecol. 23, 3618e3632. https://doi.org/10.1111/mec.12542.

COSEWIC, 2013. COSEWIC Assessment and Status Report on the Little Brown Myotis (Myotis Lucifugus), Northern Myotis (Myotis Septentrionalis) and Tri-
colored Bat (Perimyotis Subflavus) in Canada. Ottawa (ON).

Cryan, P.M., Barclay, R.M.R., 2009. Causes of bat fatalities at wind turbines: hypothesis and predictions. J. Mammal. 90, 1330e1340. https://doi.org/10.1644/
09-MAMM-S-076R1.1.

Dalthorp, D., 2016. Eoa: Wildlife Mortality Estimator for Scenarios with Low Fatality Rates and Imperfect Detection. R package version 0.2.11.
Dalthorp, D., Huso, M.M., 2017. Chapter 4. In: Perrow, M. (Ed.), Wildlife and Wind Farms: Conflicts and Solutions, Volume 2: Onshore: Monitoring and

Mitigation. Pelagic Publishing, Exeter, United Kingdom.
Ecological Stratification Working Group, 1995. A National Ecological Framework for Canada. Ottawa.
Fabianek, F., Gagnon, D., Delorme, M., 2011. Bat distribution and activity in Montr�eal island green spaces: responses to multi-scale habitat effects in a

densely urbanized area. Ecoscience 18, 9e17. https://doi.org/10.2980/18-1-3373.
Fabianek, F., Simard, M.A., Desrochers, A., 2015. Exploring regional variation in roost selection by bats: evidence from a meta-analysis. PLoS One 10, 1e22.

https://doi.org/10.1371/journal.pone.0139126.
Ferreira, D., Freixo, C., Cabral, J.A., Santos, R., Santos, M., 2015. Do habitat characteristics determine mortality risk for bats at wind farms? Modelling

susceptible species activity patterns and anticipating possible mortality events. Ecol. Inf. 28, 7e18. https://doi.org/10.1016/j.ecoinf.2015.04.001.
Frick, W.F., Baerwald, E.F., Pollock, J.F., Barclay, R.M.R., Szymanski, J.A., Weller, T.J., Russell, A.L., Loeb, S.C., Medellin, R.A., McGuire, L.P., 2017. Fatalities at wind

turbines may threaten population viability of a migratory bat. Biol. Conserv. 209, 172e177. https://doi.org/10.1016/j.biocon.2017.02.023.

https://doi.org/10.1016/j.gecco.2019.e00871
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref1
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref1
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref1
https://doi.org/10.2193/2007-221
https://doi.org/10.2193/2007-221
https://doi.org/10.1890/ES13-00380.1
https://doi.org/10.1007/s10651-012-0212-5
https://doi.org/10.1644/08-MAMM-A-205.1
https://doi.org/10.1126/science.1201366
https://doi.org/10.1126/science.1201366
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref7
https://canwea.ca/wp-content/uploads/2019/02/powering-canadas-future-web.pdf
https://canwea.ca/wp-content/uploads/2019/02/powering-canadas-future-web.pdf
https://canwea.ca/wp-content/uploads/2013/12/Canada-Current-Installed-Capacity_f.pdf
https://canwea.ca/wp-content/uploads/2013/12/Canada-Current-Installed-Capacity_f.pdf
https://doi.org/10.1111/mec.12542
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref11
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref11
https://doi.org/10.1644/09-MAMM-S-076R1.1
https://doi.org/10.1644/09-MAMM-S-076R1.1
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref13
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref14
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref14
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref15
https://doi.org/10.2980/18-1-3373
https://doi.org/10.1371/journal.pone.0139126
https://doi.org/10.1016/j.ecoinf.2015.04.001
https://doi.org/10.1016/j.biocon.2017.02.023


K.A. MacGregor, J. Lemaître / Global Ecology and Conservation 21 (2020) e00871 11
70 of 267
Frick, W.F., Reynolds, D.S., Kunz, T.H., Frick, W.F., Reynolds, D.S., Kunz, T.H., 2010. Influence of climate and reproductive timing on demography of little brown
myotis (Myotis lucifugus). J. Anim. Ecol. 79, 128e136.

Hammerson, G.A., Kling, M., Harkness, M., Ormes, M., Young, B.E., 2017. Strong geographic and temporal patterns in conservation status of North American
bats. Biol. Conserv. https://doi.org/10.1016/j.biocon.2017.05.025.

Hayes, M.A., 2013. Bats killed in large numbers at United States wind energy facilities. Bioscience 63, 975e979. https://doi.org/10.1525/bio.2013.63.12.10.
Hickey, M.B.C., Fenton, M.B., MacDonald, K.C., Soulliere, C., 2001. Trace elements in the Fur of bats (Chiroptera: Vespertilionidae) from Ontario and Quebec,

Canada. Bull. Environ. Contam. Toxicol. 66, 699e706. https://doi.org/10.1007/s001280065.
Hull, C.L., Muir, S., 2010. Search areas for monitoring bird and bat carcasses at wind farms using a Monte-Carlo model. Australas. J. Environ. Manag. 17,

77e87. https://doi.org/10.1080/14486563.2010.9725253.
Huso, M.M.P., 2011. An estimator of wildlife fatality from observed carcasses. Environmetrics 22, 318e329. https://doi.org/10.1002/env.1052.
Huso, M.M.P., Dalthorp, D., 2014. Accounting for unsearched areas in estimating wind turbine-caused fatality. J. Wildl. Manag. 78, 347e358. https://doi.org/

10.1002/jwmg.663.
Huso, M.M.P., Dalthorp, D., Dail, D., Madsen, L., 2015. Estimating wind-turbine-caused bird and bat fatality when zero carcasses are observed. Ecol. Appl. 25,

1213e1225. https://doi.org/10.1890/14-0764.1.sm.
Johnson, S.A., Brack, V.J., Rolley, R.E., 1998. Overwinter weight loss of Indiana bats (Myotis sodalis) from hibernacula subject to human visitation. Am. Midl.

Nat. 139, 255e261. https://doi.org/10.1674/0003-0031 (1998)139[0255:OWLOIB]2.0.CO;2.
Korner-Nievergelt, F., Niermann, I., Behr, O., Etter, M.A., Brinkmann, R., Korner, P., Hellriegel, B., Huso, M.M.P., Dalthorp, D., 2016. Package ‘ Carcass ’ :

Estimation of the Number of Fatalities from Carcass Searches.
Krusic, R.A., Yamasaki, M., Neefus, C.D., Pekins, P.J., 1996. Bat habitat use in white mountain national. J. Wildl. Manag. 60, 625e631.
Kunz, T.H., Anthony, E.L.P., Rumage, W.T.I., 1977. Mortality of little Brown bats following multiple pesticide applications. J. Wildl. Manag. 41, 476e483.
Kunz, T.H., Arnett, E.B., Erickson, W.P., Hoar, A.R., Johnson, G.D., Larkin, R.P., Strickland, M.D., Thresher, R.W., Tuttle, M.D., 2007. Ecological impacts of wind

energy development on bats: questions, research needs, and hypotheses. Front. Ecol. Environ. 5, 315e324.
Kuvlesky, W.P., Brennan, L.A., Morrison, M.L., Boydston, K.K., Ballard, B.M., Bryant, F.C., 2007. Wind energy development and wildlife conservation: chal-

lenges and opportunities. Wildl. Res. 71, 2487e2498. https://doi.org/10.2193/2007-248.
Lomolino, M.V., 2001. Elevation gradients of species-density: historical and prospective views. Glob. Ecol. Biogeogr. 10, 3e13.
Mann, S.L., Steidl, R.J., Dalton, V.M., 2002. Effects of cave tours on breeding Myotis velifer. J. Wildl. Manag. 66, 618e624.
Mazerolle, M.J., 2015. Package ‘AICcmodavg.
McCain, C.M., 2009. Global analysis of bird elevational diversity. Glob. Ecol. Biogeogr. 18, 346e360. https://doi.org/10.1111/j.1466-8238.2008.00443.x.
McVicar, T.R., K€orner, C., 2013. On the use of elevation, altitude, and height in the ecological and climatological literature. Oecologia 171, 335e337. https://

doi.org/10.1007/s00442-012-2416-7.
MDDEFP, 2013. Protocole de suivi des mortalit�es d’oiseaux de proie et de chiropt�eres dans le cadre de projets d’implantation d’�eoliennes au Qu�ebec. Qu�ebec.
Minist�ere d’�en�ergie et ressources naturelles, 2009. G�eoboutique Qu�ebec [WWW Document]. Mod�eles num�eriques d’altitude �a l’�echelle 1/20 000. URL.

http://geoboutique.mern.gouv.qc.ca/html/MNA-20K_fiche.htm. accessed 3.20.19.
MMACH, 2018. Banque de donn�ees sur les micromammif�eres et les chiropt�eres du Qu�ebec, 1996-2018. Gouvernement du Qu�ebec, minist�ere des Ressources

naturelles et de la Faune, Direction de l’expertise sur la faune et ses habitats. Quebec, Quebec.
MRNF, 2008. Protocole de suivi des mortalit�es d’oiseaux de proie et de chiropt�eres dans le cadre de projets d’implantation d’�eoliennes au Qu�ebec.
Orloff, S., Flannery, A., 1992. Wind Turbine Effects on Avian Activity, Habitat Use, and Mortality in Altamont Pass and Solano County Wind Resource areas:

1989-1991. A report prepared for the California Energy Commission, pp. 1e199.
Pan, X., Ding, Z., Hu, Y., Liang, J., Wu, Y., Si, X., Guo, M., Hu, H., Jin, K., 2016. Elevational pattern of bird species richness and its causes along a central Himalaya

gradient, China. PeerJ 4, e2636. https://doi.org/10.7717/peerj.2636.
Piorkowski, M.D., Connell, T.J.O., 2010. Spatial pattern of summer bat mortality from collisions with wind turbines in mixed-grass prairie. Am. Midl. Nat. 164,

260e269. https://doi.org/10.1674/0003-0031-164.2.260.
R Core Team, 2016. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing version 3.3.1 (2016-06-21) – “Bug in

Your Hair.”.
Reiskind, M.H., Wund, M.A., 2009. Experimental assessment of the impacts of northern long-eared bats on ovipositing Culex (Diptera: Culicidae)

mosquitoes. J. Med. Entomol. 46, 1037e1044.
Rogers, S.E., Cornaby, B.W., Rodman, C.W., Sticksel, P.R., Tolle, D.A., 1977. Environmental Studies Related to the Operation of Wind Energy Conversion

Systems. Columbus, Ohio.
Rydell, J., Bach, L., Dubourg-Savage, M.-J., Green, M., Rodrigues, L., Hedenstr€om, A., 2010. Bat mortality at wind turbines in Northwestern Europe. Acta

Chiropterol. 12, 261e274. https://doi.org/10.3161/150811010X537846.
Smallwood, K.S., 2013. Comparing bird and bat fatality-rate estimates among North American wind-energy projects. Wildl. Soc. Bull. 37, 19e33. https://doi.

org/10.1002/wsb.260.
Strickland, M.D., Arnett, E.B., Erickson, W.P., Johnson, G.D., Morrison, M.L., Shaffer, J.A., Warren-Hicks, W., 2011. Comprehensive guide to studying wind

energy/wildlife interactions. Front. Ecol. Environ. 5, 315e324.
TechnoCentre �eolien, 2017. TechnoCentre �eolien [WWW Document]. URL. https://www.eolien.qc.ca/fr/eolien-quebec/liste-complete-des-parcs.html.

accessed 6.20.12.
Thompson, M., Beston, J.A., Etterson, M., Diffendorfer, J.E., Loss, S.R., 2017. Factors associated with bat mortality at wind energy facilities in the United States.

Biol. Conserv. 215, 241e245. https://doi.org/10.1016/j.biocon.2017.09.014.
Willdenow, K.L., 1805. The Principles of Botany, and Vegetable Physiology. Blackwood, Cadell and Davies, London.
Zimmerling, J.R., Francis, C.M., 2016. Bat mortality due to wind turbines in Canada. J. Wildl. Manag. 1e10 https://doi.org/10.1002/jwmg.21128.

http://refhub.elsevier.com/S2351-9894(19)30240-9/sref20
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref20
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref20
https://doi.org/10.1016/j.biocon.2017.05.025
https://doi.org/10.1525/bio.2013.63.12.10
https://doi.org/10.1007/s001280065
https://doi.org/10.1080/14486563.2010.9725253
https://doi.org/10.1002/env.1052
https://doi.org/10.1002/jwmg.663
https://doi.org/10.1002/jwmg.663
https://doi.org/10.1890/14-0764.1.sm
https://doi.org/10.1674/0003-0031
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref29
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref29
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref30
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref30
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref31
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref31
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref32
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref32
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref32
https://doi.org/10.2193/2007-248
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref34
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref34
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref35
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref35
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref36
https://doi.org/10.1111/j.1466-8238.2008.00443.x
https://doi.org/10.1007/s00442-012-2416-7
https://doi.org/10.1007/s00442-012-2416-7
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref39
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref39
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref39
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref39
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref39
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref39
http://geoboutique.mern.gouv.qc.ca/html/MNA-20K_fiche.htm
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref41
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref41
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref41
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref41
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref41
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref41
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref41
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref41
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref42
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref42
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref42
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref42
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref42
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref43
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref43
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref43
https://doi.org/10.7717/peerj.2636
https://doi.org/10.1674/0003-0031-164.2.260
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref46
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref46
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref47
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref47
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref47
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref48
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref48
https://doi.org/10.3161/150811010X537846
https://doi.org/10.1002/wsb.260
https://doi.org/10.1002/wsb.260
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref51
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref51
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref51
https://www.eolien.qc.ca/fr/eolien-quebec/liste-complete-des-parcs.html
https://doi.org/10.1016/j.biocon.2017.09.014
http://refhub.elsevier.com/S2351-9894(19)30240-9/sref54
https://doi.org/10.1002/jwmg.21128


EXHIBIT 3

71 of 267



72 of 267



1

Fecal surveys reveal species-specific bat activity at wind turbines.

Victoria J. Bennetta, Amanda M. Haleb, and Dean A. Williamsb

a School of Geology, Energy & the Environment, Texas Christian University, Fort Worth, TX

76129, USA

b Department of Biology, Texas Christian University, Fort Worth, TX 76129, USA

Email: v.bennett@tcu.edu; a.hale@tcu.edu; dean.williams@tcu.edu.

Corresponding author: Victoria J. Bennett

Address: School of Geology, Energy & the Environment, Texas Christian University, Fort

Worth, TX 76129, USA.

Fax: +1 817 257 7789

Email: v.bennett@tcu.edu

Abstract

The reasons why bats are coming into contact with wind turbines are not yet well understood.

One hypothesis is that bats are attracted to wind turbines and this attraction may be because bats

perceive or misperceive the turbines to provide a resource, such as a foraging or roosting site.

During post-construction fatality searches at a wind energy facility in the southern Great Plains,

U.S., we discovered bat feces near the base of a wind turbine tower, which led us to hypothesize

that bats were actively roosting and/or foraging at turbines. Thus over 2 consecutive years, we

conducted systematic searches for bat feces on turbines at this site. We collected 72 bat fecal

samples from turbines and successfully extracted DNA from 56 samples. All 6 bat species
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known to be in the area were confirmed and the majority (59%) were identified as Lasiurus

borealis; a species that also comprised the majority of the fatalities (60%) recorded at the site.

The presence of bat feces provides further evidence that bats were conducting activities in close

proximity to wind turbines. Moreover, feces found in areas such as turbine door slats indicated

that bats were using turbines as night or foraging roosts, and further provided evidence that bats

were active near the turbines. Future research should therefore aim to identify those features of

wind turbines that bats perceive or misperceive as a resource, which in turn may lead to new

minimization strategies that effectively reduce bat fatalities at wind farms.

Keywords: attraction, bat-wind turbine interactions, DNA barcoding, roosting, wind energy

As the demand for renewable energy has grown, it has led to the rapid installation of wind power

facilities worldwide. As a result, many utility-scale wind farms became operational before it was

apparent that wind turbines could have a negative impact on bats (Arnett and Baerwald, 2013).

Subsequently there have been reports of bat fatalities, many of which represent multiple

mortality events, from operational wind facilities globally , 2016; Chou et al.,

2017). The majority of these mortality events appear to involve highly mobile or migratory bat

species that cover a large geographic range (Arnett and Baerwald, 2013; Lehnert et al., 2014;

Roscioni et al., 2014) and can potentially be impacted by the cumulative effects of multiple wind

farms (Roscioni et al., 2013). With continued wind energy expansion, there are increasing

concerns that there could be population-level implications for bats ( , 2016, Frick et

al., 2017).
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Thus, understanding why bats are coming into contact with wind turbines is crucial if we

are to implement minimization strategies that effectively reduce bat fatalities. One hypothesis

proposed by Cryan and Barclay (2009) is that bat fatalities occur because bats are attracted to

wind turbines. B

targeted minimization strategies that limit bat activity in proximity to wind turbines, which in

turn would reduce bat fatalities. A possible explanation for why bats may be attracted to wind

turbines is that the turbines themselves provide a resource(s) for bats, such as foraging, mating,

or roosting sites (Horn et al., 2008; Rydell et al., 2016). In support of this rationale, Cryan et al.

(2014) suggested that the bat behavior they observed on the leeward side of wind turbines was

similar to bat behavior seen at tall trees; structures that would provide bats with roosting,

foraging, and mating opportunities. Another study by Long et al. (2011) demonstrated that the

light grey color of turbine towers and blades attracted insects, suggesting that wind turbines

could serve as a foraging resource that would be attractive to insectivorous bats. Given that wind

turbines could potentially provide or be misperceived to provide one or more resources, the next

step would be to identify those features of wind turbines that could be attractive to bats.

Moreover, as the resource requirements of bats are species-specific, the features of wind turbines

that attract bats will likely vary among species (e.g., Ammerman et al., 2011).

For any bat species to be actively roosting and/or foraging at wind turbines, we would

expect to find other signs or evidence of use by bats on or around the turbines, not just bat

fatalities. For example, there are 3 signs that would indicate that bats are roosting at wind

turbines: 1) the presence of roosting bats; 2) the presence of feces within or beneath a suitable

roost site; and 3) staining, the brown patches left when bat urine evaporates beneath or on the

walls of a roost site (Mitchell-Jones and McLeish, 2004). Furthermore, if bats were to frequently
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spend time, for example, foraging in close proximity to wind turbines we would expect fecal

material to be deposited on the wind turbines and transformers. During post-construction fatality

searches at a wind energy facility in the southern Great Plains, U.S., we discovered bat feces on a

wind turbine tower. These observations led us to hypothesize that bats were actively roosting

and/or foraging at the turbines. Thus over 2 consecutive years, we conducted systematic searches

for bat feces around the bases of wind turbine towers at this wind facility to determine if any or

all of the 6 bat species known to be in the area were active at turbines.

Our study site was Wolf Ridge Wind, LLC (33°43'53.5"N, 97°24'18.2"W) in the cross

timbers and prairies ecoregion of north-central Texas. This facility, owned by NextEra Energy

Resources, became operational in October 2008 and consists of 75 1.5-megawatt (MW) General

Electric wind turbines (model GE 1.5xle) extended over 48 km2. The wind turbines have a hub

height of 80 m, blade length of 42 m, maximum tip height of 122 m, and are spaced at least 1 ha

apart in a general east-west direction across open agricultural land used predominantly for cattle

grazing (pastures), native hay harvesting, and winter wheat Triticum aestivum cultivation. There

is an extensive shrub-woodland along the northern boundary of the wind resource area that leads

down to the Red River escarpment. During a 5-year period (2009 to 2013) in which post-

construction fatality monitoring took place at this site, 916 bat carcasses were collected (551

Lasiurus borealis, 258 Lasiurus cinereus, 3 Lasionycteris noctivagans, 22 Perimyotis subflavus,

49 Nycticeius humeralis, 30 Tadarida brasiliensis, and 3 unidentified bats; Bennett and Hale

2014), and species identifications were confirmed using DNA barcoding (Korstian et al., 2016).

From July to November 2011 and April to October 2012, we searched all 75 wind

turbines for bat feces. These searches were conducted once a week over 2 consecutive days, in

which half the wind turbines were searched the first day and the other half were searched on the
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second. Searchable areas at the wind turbines were separated into 3 sections: 1) the turbine tower

(up to 3 m from the ground), stairs, and associated concrete pad; 2) the turbine door; and 3) the

transformer and associated concrete pad. We then divided each of these sections into specific

zones, parts, or sides. The turbine tower was divided into 5 zones, comprising four quarters of

the turbine tower (i.e., zone 1 started after the stairwell next to the transformer), and the stairwell

area leading to the turbine door (zone 5). The turbine door was divided into 4 parts including the

door frame and light fixture, door face, and 2 sets of slats in the door face (an upper and lower

set). Finally, the transformer next to the turbine tower was divided up by its 4 sides and top.

Searching for bat feces, we slowly walked around each wind turbine and transformer

making sure we inspected 1) the door slats and gills of transformers (i.e., sides 1, 2 and 4), 2) the

surface of the turbine tower, stairwell, door, light fixture, and flat surfaces of transformers (i.e.,

side 3 and the top), and 3) all areas with concrete, including the 0.5 m wide concrete pad surface

surrounding the base of the turbine tower and 0.25 m wide concrete platform of the transformer.

Once found, we placed bat fecal pellets in 1.5 ml plastic tubes and stored them at room

temperature.

We extracted DNA from each fecal sample collected using the QIAamp DNA Stool

Mini-kit (Qiagen Genomics, Valencia, CA). A negative control was used with each round of

extraction to ensure that the extraction reagents used were not contaminated. All extractions were

completed in a dedicated extraction AirClean® 600 PCR workstation to minimize contamination

and the subsequent polymerase chain reactions (PCR) were conducted in a separate dedicated

PCR workstation. We employed the DNA barcoding procedure described in Korstian et al.

(2015) to identify each fecal sample to species. We reviewed species composition and explored

77 of 267



6

whether there were any trends or species-specific patterns in the locations where fecal samples

were found on wind turbines and across the wind facility.

Each of the 75 wind turbines was surveyed 53 times (22 in 2011 and 31 in 2012) for a

total of 3,975 searches. Fecal samples were found in 29 of the 53 weeks the turbines were

searched. We collected a total of 72 bat fecal samples from the surfaces of turbines, transformers

and associated concrete pad. The most samples per month were found in July in 2011 (n = 24)

and May and June in 2012 (n = 13 and n = 16, respectively), while all other months had <10

samples. DNA was successfully extracted from 56 of these samples (i.e., 78%). The DNA in the

remaining 16 bat fecal samples was found to be degraded and could not be processed

successfully to identify species.

Among the samples that were identified to species, all 6 bat species known to be in the

wind resource area were confirmed: Lasiurus borealis (n = 33 samples), Lasiurus cinereus (n = 4

samples), Lasionycteris noctivagans (n = 2 samples), Perimyotis subflavus (n = 7 samples),

Nycticeius humeralis (n = 9 samples), and Tadarida brasiliensis (n = 1 sample). Fecal samples

from Lasiurus borealis comprised the majority (59%) of the 56 samples.

We found bat feces in all searched areas of the wind turbines, except for the lower slats of

the door (Fig. 1). Nineteen fecal samples (26% of the 72) were collected from between the upper

slats of the door, between the gills of the transformer, on the frame beneath the gills of the

transformer, and beneath the stairwell on the plastic-covered steel rods anchoring the base of the

turbine tower. Note that in order for fecal samples to be in these locations, bats would have to

physically be within the structures as it is not possible for wind or water to have moved the feces

into such locations. Species composition of the fecal samples in these locations comprised
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Lasiurus borealis (n = 8 samples), Perimyotis subflavus (n = 4 samples), Nycticeius humeralis (n

= 3 samples), Tadarida brasiliensis (n = 1 sample), and unknown bats (n = 3 samples).

Of the 75 wind turbines searched, we found bat feces on 41 of them: 20 wind turbines

had 1 fecal sample, 13 had 2 samples, 6 had 3 samples, and 2 wind turbines had 4 fecal samples

collected from them (Fig. 2). The bat fecal samples were widely distributed on turbines across

the wind facility, ranging from wind turbines in close proximity to wooded areas to turbines in

open cattle pastures. With regards to species-specific patterns, fecal samples from Lasiurus

borealis were found throughout the site, whereas fecal samples from Nycticeius humeralis

appeared to be concentrated in 2 areas, one at the western end of the wind farm and a second

towards the center of the wind farm. Fecal samples from Perimyotis subflavus were primarily

found at turbines near the scrub-woodland area located towards the center of the wind farm.

Finally, despite the low number of fecal samples found for Lasiurus cinereus and Lasionycteris

noctivagans, these appeared to be distributed across the wind facility.

The presence of bat feces provides further evidence that bats are conducting activities in

close proximity to wind turbines. Furthermore, DNA analysis of the fecal samples confirmed that

all 6 bat species known to occur in north-central Texas were active at wind turbines and concurs

with fatality data reported at our study site. As expected, the majority of fecal samples were

identified as Lasiurus borealis (59%), corresponding with the proportion of Lasiurus borealis

carcasses found in fatality monitoring surveys at the site (60%; Bennett and Hale, 2014).

Our findings appear to support the attraction hypothesis and contribute to the mounting

evidence that bats are conducting activities, such as foraging, at wind turbines (Horn et al., 2008;

Rydell et al., 2016). As bat feces are small (<5 mm in length) and relatively light weight, the

likelihood that pellets will be deposited onto searchable areas of a wind turbine is inevitably very
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low. In addition, there are numerous instances that occur during any given search interval that

can remove or destroy feces. For example, over the 2 years we conducted weekly searches, the

site experienced rain showers, thunderstorms, and moderate to high winds on a regular basis. The

consequence of these events ultimately reduced our ability to successfully locate and collect

fecal samples. Furthermore, the ecology of each bat species can also influence our ability to find

feces. For example, 3 of the species identified in this study, Lasiurus cinereus, Lasionycteris

noctivagans, and Tadarida brasiliensis, are known to forage at greater heights (i.e. above tree

canopy height) than Lasiurus borealis, Perimyotis subflavus, and Nycticeius humeralis

(Ammerman et al., 2011). Again, the higher bats fly, the less likely fecal pellets will be deposited

onto the searchable areas of the wind turbines. Thus, as we were able to retrieve 72 fecal samples

during our surveys, including feces from the 3 high-flying bats, it is a testament to the amount of

bat activity that occurs in close proximity to wind turbines. In other words, it indicates that bats,

in particular Lasiurus borealis, the species most frequently found in fatality searches at this site,

are active at wind turbines (Bennett and Hale, 2014).

Moreover, the location of bat feces may indicate bats are using wind turbines as roost

sites. We found fecal pellets in between the upper slats of the door, between and beneath the gills

of the transformer, and on rods under the stairwell; an indication that bats were likely hanging in

or above these areas. For most insectivorous bats, there are 2 general types of roost site: 1) day

roosts and 2) night or feeding roosts. Day roosts, as the name suggests, are used by bats during

the day and their purpose is to protect bats (and potentially their young) from exposure to the

elements (i.e., inclement weather conditions, sunlight, and overheating) and from predators

(Agosta et al., 2005; Knight and Jones, 2009). Given that the aforementioned areas from which

we collected bat feces do not offer protection from the elements, it is more likely that these areas
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act as night roosts. Night or feeding roosts can be more exposed, as bats use these sites to simply

hang and digest food between successive foraging bouts at night (Agosta et al., 2005; Knight and

Jones, 2009). Thus, the slats of the doors, gills of the transformer, and the area under the

stairwell all represent suitable night roosting opportunities. Furthermore, behavioral surveys

using night vision technology undertaken by McAlexander (2013) noted 5 instances over 80

survey nights in which bats were observed entering or exiting the slats of doors or gills of the

transformers where the bats remained beyond the length of the survey trial (10 mins) or had been

prior to the start of the survey trial, respectively. These observations appear to support our

findings that bats are using these structures as night roosts. In contrast, over a 5-year period in

which standardized fatality monitoring surveys were conducted every other day during the bat

activity season (July to September), we also searched the turbine door, stairwell, and gills of the

transformer for live bats. Among these fatality monitoring surveys along with the two years of

fecal surveys, we only reported the presence of live bats on a turbine once (V. J. Bennett and A.

M. Hale, Texas Christian University, unpublished data). On this occasion, 4 Tadarida

brasiliensis were found in the upper slats of the door and immediately flew away as we

approached the turbine door. Note we also found 2 additional Tadarida brasiliensis fatalities at

this turbine during that fatality monitoring survey not far from the stairwell. As Tadarida

brasiliensis only make up a small proportion of the fatalities at our site, we considered this

finding to be an unusual event. Thus, if indeed bats were effectively able to use wind turbines as

day roosts, we would likely have more observations of bats roosting in wind turbines at our site

during the day.

Finally, we found that the distribution of fecal samples from wind turbines across the

wind facility varied by species. For example, fecal samples from Lasiurus borealis were

81 of 267



10

collected at wind turbines in areas that had available resources such as scrub-woodland, and from

areas that provided little or no obvious resources (i.e., wind turbines located in open agricultural

fields). In contrast, for species such as Perimyotis subflavus and Nycticeius humeralis, fecal

samples were more frequently collected from wind turbines near areas with potential resources

(i.e., the scrub-woodland habitat). These observations in all three species also concur with

patterns in species-specific fatalities recorded at our site, thus demonstrating that the locations of

feces, and therefore where bats are active at wind turbines, correspond with bat fatalities.

Our study provides further evidence that bats are active at wind turbines as they appear

perceive or misperceive them to provide a resource and may therefore be attracted to the

turbines. Future studies should therefore focus on identifying the specific characteristics of wind

turbines that underlie these perceptions in bats and determine if it is possible to alter these

features so that bats show little or no interest in them. For example, Gorresen et al. (2015) are

investigating how to use low-level ultraviolet lighting as a way to help bats discern between

wind turbines and trees and Bienz (2015) has been conducting research to develop a texture

coating that may be used to prevent bats from potentially perceiving wind turbine towers to be a

foraging or water resource. Such information may then be used to devise minimization strategies

that can be implemented to limit bat activity at wind turbines, thereby reducing bat fatalities at

wind energy facilities.
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FIGURE CAPTIONS

Figure 1 Number of bat fecal samples collected from searchable locations on wind turbine

towers, transformers, and doors at Wolf Ridge Wind, LLC in north-central Texas. Solid

color represents fecal samples that were collected from wind turbine surfaces, whereas

dots identify feces that were found in structures associated with wind turbines, such as

between the slats in the door.
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Figure 2 Number of bat fecal samples by species found on wind turbines at Wolf Ridge Wind,

LLC in north-central Texas.
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3129 Tiger Run Court, Suite 202 
Carlsbad, CA 92010 

619-609-0712 
 
 

 

February 3, 2020  
 

Donna Tisdale  
Backcountry Against Dumps, Inc.  
P.O. Box 1275  
Boulevard, CA 91905  
 

Re: Campo Wind Project  
Noise / Acoustical Review  
 

Ms. Tisdale:  

dBF Associates, Inc. was retained by Backcountry Against Dumps, Inc. to review 
the following documents:  

• Draft Environmental Impact Report for the Campo Wind Project with 
Boulder Brush Facilities. Dudek. December 2019.   

• Draft Acoustical Analysis Report for the Campo Wind Project with Boulder 
Brush Facilities. Dudek. December 2019.  

• Campo Wind Project with Boulder Brush Facilities – DEIR Appendix G 
(Noise) Addendum. December 3, 2019.  

Our comments are presented below.  

1. In the Acoustical Analysis Report (AAR) for the May 2019 DEIS, the 
project description included up to 60 wind turbine generators producing up 
to 4.2 megawatts (MW). The current AAR does not describe the proposed 
turbine power generation capability. The current AAR Section 6.1.3.1 
indicates that its modeling methodology uses sound level data associated 
with General Electric (GE) 2.X-127 60 Hz model wind turbines, which are 
turbines producing between 2.0 and 2.9 MW. The AAR should use sound 
level data associated with the proposed turbines or justify the use of 
alternate data. This concern was noted in our comments on the Campo Wind 
DEIS dated July 2019, and has not been addressed.  

The octave band sound data is presented on page 1 of AAR Appendix B. 
However, the GE source document for this data is not included in the report. 
This document does not appear to be readily available to the public. The 
AAR should include its source sound level data reference(s) as an appendix. 
This concern was noted in our Campo Wind DEIS comments dated July 
2019, and has not been addressed.  
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2. AAR Section 4.2.3 cites “An Ordinance Amending the San Diego County 
Zoning Ordinance Related to Wind Energy Turbines”, the text of which has 
been incorporated into the County Zoning Code.  

County Zoning Code Section 6952(f)(3) states:  
Pure Tone. If the sound from a large wind turbine while operating contains a 
steady or intermittent pure tone, such as a whine, screech or hum, the 
applicable standards for noise set forth in County Code section 36.404 shall 
be reduced by five dBA. A “pure tone” exists if one-third of the octave band 
sound pressure level in the band, including the tone, exceeds the arithmetic 
average of sound pressure levels of the two contiguous one-third octave 
bands by five dBA for center frequencies of 500 Hz or more, by eight dBA 
for center frequencies between 160 Hz and 400 Hz, or by 15 dBA for center 
frequencies less than or equal to 125 Hz.  

The GE Product Acoustic Specifications for its 1.7-103 with LNTE (Low 
Noise Trailing Edge) and 3.6-137 Wind Turbine Generator Systems include 
one-third octave band sound data. The equipment manufacturer for this 
project should provide one-third octave band sound data for the proposed 
turbines.  

The AAR should evaluate pure tone noise, as directed by the County of San 
Diego Wind Energy Turbine (WET) Guidelines, as a threshold of 
significance.  

This concern was noted in our Campo Wind DEIS comments dated July 
2019. The AAR has been updated to take note of the requirement, but does 
not contain any analysis or further discussion.  

3. The previous AAR utilized ambient noise level measurements conducted 
with Soft dB Piccolo ANSI Type 2 sound level meters (SLMs), which are 
incapable of accurately measuring sound levels below 37 dB.  

The current AAR utilizes updated ambient noise level measurements 
conducted with ANSI Type 1 SLMs in most locations. At several locations 
– LT-3, LT-6, LT-8, LT-9, LT-10, LT-11, and BBF-LT-8, the updated 
ambient measurements reported higher ambient noise levels than in 2018. 

The current AAR incorrectly bases impact findings on the higher ambient 
noise levels. Despite the limitations of the Type 2 equipment, the 2018 
measurements demonstrate that the ambient noise environment can be 
quieter than characterized by the 2019 measurements. Using the louder of 
the measured levels understates potential impacts.  
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In particular, the 2019 survey found that the noise levels at LT-9 and LT-11 
were 13 dBA higher than in 2018. However, both of these deployments 
experienced technical difficulties. Given this large discrepancy and the 
circumstances, this data should be discarded and the measurements 
repeated.  

4. GPS coordinates of ambient noise level measurements were added to the 
current AAR; however, site photographs were not included.  

At several locations, the microphone positions were not representative of 
ambient noise levels near NSLUs.  

a. At LT-1, the meter was placed approximately 50 feet from BIA Route 
10, one of the two primary on-reservation roadways used by residents 
and border patrol agents. Homes in this area are generally over 500 feet 
from roadways.  

b. At LT-2, the meter was placed less than 25 feet from a long driveway 
road, and approximately 130 feet from a rail line.  

c. At LT-3, the meter was placed less than 10 feet from BIA Route 15, one 
of the two primary on-reservation roadways used by residents and 
border patrol agents. Homes in this area are over 200 feet from 
roadways, and often over 500 feet away.  

d. At LT-6, the meter was placed less than 15 feet from Miller Valley 
Road, the sole access road for at least nine homes. Homes in this area 
are generally over 250 feet from roadways.  

e. At LT-7, the meter was placed approximately 55 feet from the 
centerline of Old Highway 80, a 55-mph major thoroughfare in the area. 
There are several NSLUs in the area at a similar distance from this 
roadway, but many more are much further.  

f. At LT-8, the meter was placed less than 15 feet from Tusil Road (BIA 
Route 12). Homes in this area are generally more than 100 feet from 
roadways.  

g. At LT-11, the meter was placed approximately 55 feet from BIA Route 
10 (Church Road), one of the two primary on-reservation roadways 
used by residents and border patrol agents. Homes in this area are 
generally over 250 feet from roadways, and often over 500 feet away.  

h. At LT-12, the meter was placed approximately 25 feet from Manzanita 
Road. Homes in this area are generally over 500 feet from roadways.  
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i. At LT-13, the meter was placed less than 5 feet from Tierra Del Sol 
Road, a roadway utilized by several residents and border patrol agents. 
Homes in this area are generally over 100 feet from roadways.  

These microphone placements overstate the ambient noise environment and 
consequently underreport project noise impacts. The AAR should repeat 
these measurements at locations acoustically equivalent to NSLUs, and 
sufficiently removed from known transportation noise sources.  

5. AAR Section 6.1.3 states “Comparison of predicted results between the 
CadnaA models and these Excel-based techniques at many geographic 
locations around and within the Project site exhibit differences of less than 
+/-3 dB, which is barely a perceptible difference.”  

Underprediction of project noise levels by 3 dB, while barely perceptible, is 
meaningful. Project noise levels that are higher than predicted by 3 dB 
would result in impacts during several more conditions than reported in the 
AAR. The AAR should utilize multiple CadnaA models rather than 
spreadsheets, or the AAR should provide the spreadsheets as an appendix.  

This concern was noted in our Campo Wind DEIS comments dated July 
2019, and has not been addressed.  

6. AAR Section 6.2.2 presents wind turbine sound levels as a function of wind 
speed. The AAR does not discuss the wind turbine noise frequency 
spectrum consistency over the range of wind speeds. GE provides acoustical 
specifications in technical documentation for some wind turbine generator 
systems; these specifications show that their wind turbine noise frequency 
spectrums vary as a function of wind speed. The AAR modeling should use 
wind turbine noise frequency spectrums for each wind speed condition.  

This concern was noted in our Campo Wind DEIS comments dated July 
2019, and has not been addressed.  

7. AAR Section 6.3 and 6.4 find that impacts based on exceedances are 
expected during certain wind conditions. However, the AAR does not 
express the amounts or percentages of time that impacts would occur. The 
AAR should report, in unambiguous terms, how often impacts would occur.  

This concern was noted in our Campo Wind DEIS comments dated July 
2019, and has not been addressed.  
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8. AAR Section 6.3.2 states “As locations of On-Reservation NSLU locations 
cannot be confirmed…”  

Locations of most or all on-reservation residences and any other NSLU 
should be readily available from tribal documentation. Alternatively, most 
on-reservation structures are clearly identifiable on publicly available aerial 
photography maps.  

In addition, the representative locations used to evaluate impacts do not 
indicate or approximate the number of represented NSLUs.  

The AAR should identify the quantity and locations of On-Reservation 
NSLUs.  

This concern was noted in our Campo Wind DEIS comments dated July 
2019, and has not been adequately addressed. This omission potentially 
under-represents the scope of potential impacts.  

9. Some measurement positions are not appropriate for use as impact 
evaluation locations.  

a. There is at least one home near LT-3 that is markedly closer to the 
proposed turbines than the measurement position.  

b. There are at least six homes or other structures near LT-4 that are 
markedly closer to the proposed turbines than the measurement 
position.  

c. There are at least four homes near LT-6 that are markedly closer to the 
proposed turbines than the measurement position.  

d. There are dozens of homes near LT-7 that are markedly closer to the 
proposed turbines than the measurement position. In particular, there are 
approximately six homes north of Hi Pass Road, on off-reservation 
land, that are poorly represented by LT-7. Further, there is a large 
congregation of NSLUs in the Live Oak Springs area; this is not 
properly evaluated.  

e. There are at least two homes near LT-8 that are markedly closer to the 
proposed turbines than the measurement position.  

f. There are at least eleven homes near LR-11 that are markedly closer to 
the proposed turbines than the measurement position.  

The analysis should evaluate the project noise levels at the closest 
potential NSLU(s).  
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In its current form, the analysis underpredicts project noise levels at NSLUs and 
underreports the severity and quantity of project noise impacts.  

This concludes our review. Should you have any questions regarding the 
information provided, please contact me at (619) 609-0712 ´102.  

 

  
Steven Fiedler, INCE 
Principal 
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A R T I C L E I N F O

Keywords:
Wind turbine noise
Stress effects
Amplitude modulation

A B S T R A C T

To better understand causes and effects of wind turbine (WT) noise, this study combined the methodology of
stress psychology with noise measurement to an integrated approach. In this longitudinal study, residents of a
wind farm in Lower Saxony were interviewed on two occasions (2012, 2014) and given the opportunity to use
audio equipment to record annoying noise. On average, both the wind farm and road traffic were somewhat
annoying. More residents complained about physical and psychological symptoms due to traffic noise (16%)
than to WT noise (10%, two years later 7%). Noise annoyance was minimally correlated with distance to the
closest WT and sound pressure level, but moderately correlated with fair planning. The acoustic analysis
identified amplitude-modulated noise as a major cause of the complaints. The planning and construction process
has proven to be central − it is recommended to make this process as positive as possible. It is promising to
develop the research approach in order to study the psychological and acoustic causes of WT noise annoyance
even more closely. To further analysis of amplitude modulation we recommend longitudinal measurements in
several wind farms to increase the data base ─ in the sense of “Homo sapiens monitoring”.

1. Introduction

Noise problems are one of the most frequently discussed impacts of
wind turbines (WT) on residents. Indeed, several studies provide em-
pirical evidence for WT noise to be a potential source of annoyance.
However, while about three dozen field studies on the noise effects of
large WT (e.g., Health Canada, 2014; Michaud et al., 2016a, 2016b,
2016c, Pawlaczyk-Luszczynska et al., 2014; Pedersen et al., 2009;
Pedersen and Persson-Waye, 2004, 2007; Pohl et al., 1999, 2012) and
small WT (Taylor et al., 2013) indicate noise annoyance, the reported
prevalence of annoyed residents is inconsistent and varies between
4.1% (Pedersen and Persson Waye, 2007) and 21.8% (Pohl and Hübner,
2012). One possible explanation for these different findings is that
annoyance is not influenced solely by noise. For example, significant
relations between noise levels from<28 dB(A) to> 45 dB(A) – esti-
mated by diffusion models – and annoyance repeatedly were found.
However, the sound level explained only 12–26% of the annoyance
variance (Pedersen and Persson-Waye, 2004, 2007; Pedersen et al.,
2009), leaving more than 70% to be explained. Consequently, annoy-
ance is influenced by further factors, so-called moderator variables such
as visibility and financial participation. However, despite some
knowledge on the moderating factors, it remains an open question
under what conditions WT noise can lead to strong annoyance. Most of

the mentioned studies calculated sound levels and used not local sound
measurement at recipient locations, which may contribute to un-
explained variance because in diffusion models local acoustical speci-
ficities were not considered.

Former studies provided valuable insight into the relation between
WT noise and annoyance (e.g., Health Canada, 2014; Pawlaczyk-
Luszczynska et al., 2014; Pedersen et al., 2009; Pedersen and Persson-
Waye, 2004, 2007). However, they relied on a smaller range of stress
indicators and moderators. Additionally, these studies remain de-
scriptive and the indicators are not embedded in a larger stress concept.
The benefit of a stress concept is to derive specific strategies for stress
reduction on different stages of the stress process. Therefore, we rely on
the well-established model of Lazarus (e.g., Lazarus and Cohen, 1977)
enlarged by Baum et al. (1984) and Bell et al. (1990). This approach
starts with the perception of a possible stressor (e.g., WT noise), fol-
lowed by evaluation of the stressor (e.g., threatening), psychological
and physical reactions (e.g., symptoms) and cognitive, emotional and
behavioral coping (e.g., closing the window). Acoustic (e.g., sound
pressure level), psychological (e.g., experiences during the planning
process) and situational (e.g., distance to the nearest WT) moderators of
the stress reaction were also considered.

The present study provides an interdisciplinary approach for a dif-
ferentiated analysis of WT noise. This approach integrates noise
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measurement, weather and operational information connected with the
WT and psychological concepts on social acceptance as well as stress
psychology. To develop this integrated approach a field study was
conducted involving 212 residents living in the vicinity of a wind farm
in Lower Saxony, Germany. Finally, this approach offers a systematic
background for recommendations regarding noise mitigation and on
how to deal with WT noise.

2. Factors influencing noise annoyance by WT and stress effects

2.1. Influencing factors

Citizens and wind project operators refer to several influencing
factors to explain noise annoyance. Some of these lay explanations are
not mirrored by empirical evidence such as noise sensitivity, which has
a rather weak impact on annoyance (e.g., Hübner and Löffler, 2013;
Pedersen and Persson-Waye, 2004; Pohl et al., 2012). Socio-demo-
graphic variables such as age, gender and emotional lability, have not
been proven to show significant impact (e.g., Pedersen and Larsman,
2008; Pedersen et al., 2010; Pohl et al., 2012).

A well-known moderator of noise annoyance due to WT is the vis-
ibility of WT from the property or homes of residents living nearby: on
average, residents are significantly more annoyed when the WT are
visible from their dwellings (e.g., Arezes et al., 2014; Pedersen et al.,
2009, 2010; Pedersen and Persson Waye, 2007). This effect can be
explained by the higher salience of the WT in case of visibility. In line
with the explanation seems to be the finding that residents in rural and
flatland regions reported higher noise annoyance than residents living
in a more urban and hilly region (Pedersen and Larsman, 2008;
Pedersen and Persson-Waye, 2007, 2008; Pedersen et al., 2009).

Additional relevant moderating variables that have the ability to
decrease annoyance are financial participation in the wind farm (e.g.,
Arezes et al., 2014; Health Canada, 2014; Pohl et al., 1999; Pedersen
et al., 2010), positive attitudes towards wind energy (e.g., Pawlaczyk-
Luszczynska et al., 2014; Pedersen and Persson Waye, 2008; Pohl et al.,
1999, 2012), and positive attitudes towards the local wind farm (e.g.,
Pohl et al., 1999, 2012). On the other hand, annoyance during planning
and construction (e.g., Hübner and Löffler, 2013; Pohl et al., 2012) and
a negative visual impact of WT on the landscape (e.g., Health Canada,
2014; Pawlaczyk-Luszczynska et al., 2014; Pedersen and Larsman,
2008; Pedersen et al., 2009) increase annoyance.

Additionally, noise annoyance is influenced by situational factors,
such as weather conditions and time of day (e.g., Health Canada, 2014;
Hübner and Löffler, 2013; Pawlaczyk-Luszczynska et al., 2014;
Pedersen and Persson-Waye, 2004; Pedersen et al., 2009). The strongest
noise annoyance occurs in the evening and night hours, especially when
wind blows constantly from WT towards the dwellings or during per-
iods of strong wind. Furthermore, residents experience higher noise
annoyance outside rather than inside the home. Overall, however, the
source directivity of wind turbines is still an under-researched topic
especially in situations with strong amplitude modulation (AM).

In summary, moderator variables seem to better predict the an-
noyance caused by WT than, e.g., sound pressure level or distance to the
nearest WT (e.g., Pawlaczyk-Luszczynska et al., 2014; Pedersen et al.,
2009). Additionally, WT are rated more annoying than other noise
sources with a similar sound level (Janssen et al., 2011; Pedersen and
Persson-Waye, 2004; Pedersen et al., 2009). This finding also indicates
that other factors contribute to the annoyance, such as some factors
mentioned so far in combination with e.g., specific noise patterns and
qualities. For example, residents felt most strongly annoyed by a noise
pattern described as "swishing" (Pedersen and Persson-Waye, 2004,
2008).

2.2. Stress effects of WT noise

Sleep disturbance due to WT noise was reported in some studies

(e.g., Bakker et al., 2012; Hübner and Löffler, 2013; Pedersen and
Persson-Waye, 2004; Pohl et al., 1999). The proportion ranged from 6%
(Bakker et al., 2012) to 11% of the residents (Pohl et al., 1999). Further
symptoms caused by WT noise, such as negative mood, nervousness and
irritability, occurred only to a small extent (up to 5.8% affected re-
sidents) and so far have been demonstrated in two earlier studies (Pohl
et al., 1999; Wolsink et al., 1993). Further, there are only a few studies
− and with heterogeneous findings − on the relationship between WT
noise annoyance and disturbed work, leisure activities and alternating
whereabouts (e.g., Hübner and Löffler, 2013; Pohl et al., 1999, 2012).
Likewise, cognitive and behavioral coping strategies of annoyed re-
sidents have been subject only to a few studies (e.g., Hübner and
Löffler, 2013; Pedersen and Persson Waye, 2007; Pohl et al., 1999,
2012). Typical reported measures include closing the windows and
turning up the volume of the TV/radio.

While the aforementioned research refers to the health impacts of
WT noise, other studies compare residents living near WT (≤ 2 km)
with those living further away (≥ 3.3 km) in general (e. g., Nissenbaum
et al., 2012; Sheperd et al., 2011). Although deteriorating health
characteristics were reported for nearby residents, these studies are to
be strongly criticized for their methods. They exclude the impacts of
specific emissions, moderator variables or possible previous illness, and
they do not control for the possible impact of additional noise sources
(Nissenbaum et al., 2012; Sheperd et al., 2011).

2.3. Present research
The present research aims to provide a deeper understanding of the

causes and consequences of WT noise stress effects. This knowledge is
the base to derive recommendations for noise mitigation.

While existing research provides a basic understanding of the WT
noise phenomenon, at least three open questions remain:

First, is there a greater proportion of residents living in the vicinity
of a wind farm that is not only annoyed by noise but that also suffers
from stress effects or even adverse health effects related to WT noise?
To answer this question it is useful to assess possible stress effects by
several indicators based on stress psychology concepts (Baum et al.,
1984; Bell et al., 1990; Lazarus and Cohen, 1977). Further, it is unclear
whether the proportion is stable over the time, since longitudinal stu-
dies thus far are missing.

Second, due to the chosen assessment methods, it is still uncertain
whether the reported symptoms are directly attributed to WT noise or
confounded by others stressors. The link is lacking in most studies. A
first attempt to assess and directly link to WT noise was made in the late
1990s (Pohl et al., 1999). This study was mainly directed to analyse the
stress impact of periodical shadow-casting but also included several
items concerning noise.

Third, we need a deeper understanding of the conditions con-
tributing to substantial annoyance.

Previous research results, illustrated above, suggest that physical
factors (e.g., sound pressure level, sound quality, visibility of the wind
farm) and psychological factors (e.g., stress during the planning phase,
attitude toward wind energy) contribute to this.

Due to our aim to disentangle the responsible factors for WT noise
annoyance, we used a case study approach with several psychological
stress indicators and physical parameters.

3. Methods

3.1. Design

A longitudinal study design was chosen to test if WT noise annoy-
ance is a stable phenomenon over time or can annoyance be influenced
by information about causes and effects of WT noise. The design was
based on the methodology of environmental and stress psychology in
combination with noise measurement and audio recordings (Baum
et al., 1984; Bell et al., 1990; Lazarus and Cohen, 1977). Using a
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standardized questionnaire, residents of one wind farm were inter-
viewed face-to-face twice over a two-year period (March through April
2012, February through March 2014). Interviewers were trained stu-
dents who visited the participants in their homes. Furthermore, they
were able to submit complaint sheets over several months and audio-
tape any disturbing noises. In order to assess the generalizability of the
results, the central findings were compared to findings of a nationwide
sample, including more than 400 residents living in the vicinity of 13
wind farms (Pohl et al., 2012).

The wind farm was located in a rural, flat area in the German state
of Lower Saxony. There were nine WT with a power of 2 MW and a total
height of 150 m each (Enercon E-82). At the time of the first survey
(2012), the time in operation was 37 months.

3.2. Participants

3.2.1. Recruitment
After information about the project was disseminated via radio and

press releases, the participants were recruited through letters and
phone calls, and at a community meeting. Based on address lists of
authorities and public phone directories, letters were sent to 590
people. About the same number lived in an area with predicted sound
pressure level of 25–30 dB(A) and in an area with 30–35 dB(A). There
are no residents living in an area with levels> 35 dB(A). A few days
later, those who received letters were called and asked to participate.
Additionally, 45 persons were contacted on-site during the interview
days, of whom 14 were partners of previously recruited single persons.

In the study, therefore, both randomly selected persons and persons
who had directly contacted us were included. The latter was done to
increase the acceptance of the study in the community. To proof pos-
sible self-selection bias we have assessed in the Wilstedt and the na-
tionwide study possible moderators and tested their influence on WT
noise annoyance, e.g., age, gender, health state, noise sensitivity, dis-
tance.

A total of 212 persons participated in the first survey; nearly two-
thirds (133 persons) remained in the second one. Accordingly, one-
third dropped out (“drop-outs”; 79 participants). It was controlled
whether these dropouts represented extreme opinions, indicating a self-
selection bias. Indeed, the dropouts differed statistically from the other
participants only in terms of education level and household size. The
remaining participants had a relatively higher education level and
slightly larger household, compared to the dropouts (small effect size
each). These socio-demographic variables had no significant influence
on the central stress and attitude indicators; significant differences in
the central attitude and annoyance assessments did not appear.
Accordingly, analysing longitudinal effects with the remaining sample
size of the second measurement time is reliable and does not lead to
misinterpretation.

3.2.2. Sample characteristics
The respondents’ age ranged from 19 to 88 years, averaging 55

years (SD = 13.19). Slightly more men than women participated
(47.6% women, 52.4% men). A completed junior high school qualifi-
cation was held by 34.3%, 42.9% held university entrance qualifica-
tions. The majority owned property, and was married and had children.
On average, the participants lived in a three-person household and lived
in their community for about two decades. More than half were pen-
sioners or had been exempted from work, one-fifth each being public
servant or self-employed. Two-fifths of respondents worked at home.
Only a minority of 3.8% benefited financially from the local WT, and no
participant was employed by the WT industry. Participants lived an
average of 1.90 km to the closest WT (SD = .37, range 1.25─2.89 km).
From their homes they saw an average of nearly four WT (M= 3.93, SD
= 3.35).

3.2.3. Non-response analysis
104 residents contacted via phone call refused to participate in the

survey but answered four short items. More of the non-respondents
were women (60.6%) than men (39.4%), and less of them had a view of
the WT compared to respondents (61.5% vs. 81.6%). Both groups rather
strongly approved of wind farms in general (M>3 each) but differed in
their judgment of the local wind farm: On average, respondents ap-
proved of the local WT less (M = .98, SD = 2.14) than the non-re-
spondents (M = 1.51, SD = 1.78, small effect size). Additionally, re-
spondents felt more annoyed by WT noise than non-respondents (M =
1.57, SD= 1.28 versus M= .43, SD= .83, large effect size). This result
indicates that residents were more likely to participate when they felt
more negatively affected by the local wind farm.

3.3. Questionnaires, stress indicators and moderators

The survey questionnaire included 450 items adopted from previous
studies on stress effects of WT emissions (Pohl et al., 1999, 2012). Four
residents – two annoyed and two not – gave feedback on a draft version
concerning whether it covered their experiences and concerns properly.
Based to their statements we revised the questionnaire. The complaint
sheet included 25 items self-rating to describe actual noise annoyance.
Complaint sheets were offered to each respondent.

3.3.1. Several stress indicators were assessed

a) The general impact of the wind farm was assessed by five items (e.g.,
"I feel disturbed by the wind farm" or "I experience physical com-
plaints due to the wind farm") on a 5-point scale ranging from ‘‘not
at all (0)’’ to ‘‘very (4)”.

b) For a general evaluation of WT noise, a semantic differential with
four pairs of adjectives was used. The scale ranged from −3 (e.g.,
„very unpleasant“) to +3 (e.g., „very pleasant“).

c) To assess the overall noise annoyance, participants were asked to
rate their noise experience on a unipolar rating scale ranging from 0
(''not at all'') to 4 ("very"). In addition, the ICBEN-scale Q. V. ranging
from 0 ("not at all") to 4 ("extremely") as well as the ICBEN-scale Q.
N. for noise annoyance in the past 12 months (ranging from 0 to 10)
were used (Felscher-Suhr et al., 2000; Fields et al., 2001).

d) To indicate temporal changes of the experienced noise annoyance
since the wind farm construction a 3-point bipolar scale ranging
from −1 („decreasing “) to +1 („increasing “) was applied.

e) To analyse typical situations with WT noise annoyance, participants
were asked to provide a description of the noise pattern (nine items;
e.g., "rush" or “swishing”), their frequency, the extent of noise an-
noyance, the day time, weather conditions, impaired activity, arisen
emotions, etc.

f) In addition to WT noise, respondents were asked to evaluate other
wind farm emissions (12 items; e.g., periodical shadow-casting,
aircraft obstruction markings, landscape change) and other local
annoyance sources (14 items; e.g., traffic noise, noise from maize
choppers), each on a unipolar rating scale ranging from 0 (''not at
all'') to 4 ("very").

g) A number of 39 psychological and somatic symptoms as well as
distractions linked to WT noise were assessed. Symptoms belonged
to the domains (a) general performance, e.g., fatigue, concentration,
(b) emotions and mood, (c) somatic complaints, e.g., dizziness,
nausea, (d) pain, (e) cardiovascular system, and (f) sleep.
Additionally, the frequency of the respective complaints was rated,
ranging from 0 ("never") to 4 ("about every day"). In the follow-up
survey, the same symptoms due to traffic noise were assessed in
order to compare the impact of both noise sources.

h) As indicators for low frequency noise, participants were asked to
report annoyance due to feelings of pressure and vibrations related
to the WT on a unipolar rating scale ranging from 0 (''not at all'') to 4
("very").
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i) Cognitive and behavioral coping responses were assessed. Five items
indicated four cognitive strategies (unipolar rating scale, from 0
(''not at all'') to 4 ("very")), such as trivializing or accepting. Based on
24 items, participants reported if and which behavioral strategies
they applied to reduce the annoyance impact, e.g., changing rooms,
closing windows or complaints to authorities.

3.3.2. In addition to the stress indicators, several moderators were assessed

a) Physical features: number of visible WT, distance to the nearest
wind farm, calculated A-weighted Leq-sound pressure level ac-
cording to ISO 9613 (1993). The distance was determined using the
WT's geographical coordinates, residents’ mailing addresses, and
Google Earth™.

b) Past passivity or activities either in favor or against the wind farm.
c) Evaluation of the planning and construction phase: Participants

were asked about stress and fairness of these processes on eight
unipolar rating scales ranging from 0 (''not at all'') to 4 ("very").

d) General attitude towards the local wind farm and WT were assessed
by two semantic differentials with six pairs of adjectives; each on a
bipolar scale ranging from −3 (e.g., „very bad“) to +3 (e.g., „very
good“). The two means over the items were used as attitude in-
dicators (Cronbach's alpha .95 and .88). Additionally, residents were
asked if they financially participated in the local wind farm and if
they are working in the wind energy business.

e) Health indicators: The general health state was rated on a unipolar
scale ranging from 0 (''bad“) to 4 ("excellent"). For the assessment of
noise sensitivity the mean of six items inspired by Zimmer and
Ellermeier (1997, 1998) were used. Emotional lability was eval-
uated by a six item test of Trautwein (2004).

3.3.3. Complaint sheet, audio recordings, emission and immission measures
Participants were instructed to fill out the complaint sheet in case of

WT noise annoyance (25 items), including items to measure annoyance,
noise pattern, disturbed activities, symptoms and weather conditions.
Residents also could borrow an audio recorder in order to record an-
noying noises induced by WT. The audio recordings were evaluated by
experienced specialists from DEWI and correlated with operating data
from the wind farms (e.g., wind direction, wind speed at hub height and
at 10 m height, rotor speed). In the period from March 2012 to January
2013 a total of 98 complaint sheets were filled in by 11 participants,
two of whom made a total of 28 evaluable audio recordings. In addi-
tion, DEWI performed emission measurements according to IEC 61400-
11 Ed. 2.1 and immission measurement on the property of a strongly
annoyed resident.

3.4. Statistical analyses

To analyse group differences in the case of interval-scaled variables,
descriptive statistical values were used such as the arithmetical mean
(M), empirical standard deviation (SD), and standard error of mean
(SEM). In the case of nominal-scaled variables, absolute and relative
frequencies (%-values) were reported. Pearson-correlations were cal-
culated to identify moderator variables – only coefficients equal to or
greater than .30 were regarded as relevant (medium effect size ac-
cording to Cohen (1988)).

Chi2-tests were used for inferential analysis of frequency distribu-
tions. To analyse mean group differences, analysis of variance (ANOVA)
with repeated measurement was conducted. Least significant difference
t-tests (LSD) were used for post hoc comparisons for ANOVA's means. A
priori planned mean comparisons of two groups were analysed by t-
tests.

Data analysis and description followed the principles of Abt's (1987)
“Descriptive Data Analysis.” Correspondingly, reported p-values (p) of
the two-tailed significance tests only possess a descriptive function la-
belling the extent of group differences. Despite the multiplicity of

significance tests, no alpha-adjustment was conducted, since the pre-
sent analysis was not a confirmatory data analysis. P-values ≤ .05 were
described as significant; p-values greater than .05 and less than .10
described as a trend. Additionally, the effect size parameters, d, and w
were used to report practical significance (Cohen, 1988). The effect size
categories (small, medium, large) mentioned in the results section al-
ways refer to significant group differences. Effect sizes d and w were
calculated by Excel procedures. The statistical software SPSS was used
for any other analysis.

4. Results

4.1. WT noise annoyance

Of all participants 69.3% perceived WT noise and 30.7% did not;
18.4% of total sample were not annoyed at all by WT noise (scale-point
0), 16.0% were slightly annoyed (scale-point 1), 17.9% were somewhat
annoyed (scale-point 2), 10.9% were moderately annoyed (scale-point
3) and 6.1% very annoyed (scale-point 4). According to the scale cri-
teria of Miedema and Vos (1998), 34.9% of all participants were an-
noyed (scale-points 2–4). However, from a stress psychological per-
spective, the possible appearance of symptoms should be considered as
an additional criterion for strong annoyance. Therefore, we define
participants with no symptoms and scale values 2–4 as “somewhat
annoyed” (25.0%). If additionally, at least one symptom linked to WT
noise occurred the participant was indicated as “strongly annoyed”
(9.9%).

For the total sample in 2012, the average WT noise annoyance was
between the levels “slightly” and “somewhat” (M = 1.58, SD = 1.28),
mean score on the ICBEN-scale Q. V. was at the level “slightly” (M =
1.23, SD = 1.14) and on the ICBEN-scale Q. N. at the lower end at 3.26
(SD = 2.67). The group of strongly annoyed participants had slightly
higher mean values than those of the somewhat annoyed (medium and
large effect size). Since the three annoyance scales were strongly cor-
related (.84 to .91), only the values of the WT noise annoyance scale
will be reported in the following. Until 2012, the participants on
average had not observed any change of annoyance over the years of
operation of the wind farm (M = .02, SD = .41). Between 2012 and
2014 there was a marginal perceived change. Only the somewhat an-
noyed participants experienced a slight decrease in annoyance (large
effect size, Fig. 1).

4.2. WT noise annoyance in comparison to other local noise sources

For participants perceiving WT noise the wind farm was as annoying
as local road traffic noise, maize choppers, and sand trucks, but mar-
ginally less annoying than balloon-wheel trucks (small effect size,
Fig. 2). The annoyance caused by WT and sand trucks decreased mar-
ginally from 2012 to 2014 (small effect sizes) but not for road traffic
noise and other sources.

Fig. 1. Change of WT noise annoyance decrease for somewhat group only (M±SEM,
scale range: 0–4).
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4.3. Typical WT noise situation

About half of all participants (51.9%) reported in 2012 at least one
typical annoying situation caused by WT noise. About half (53.6%) of
this sub-sample experienced annoying noise about once a week, one-
fifth (20.9%) about once a month, and 13.6% almost daily. Annoying
noise occurred most frequently in the evening (33.6%) and at night
(18.2%). This sub-sample felt most frequently disturbed while sleeping
(30.0%), relaxation (24.5%) and leisure activities (19.1%). Most fre-
quent emotional reactions were irritability or anger (39.1%). More than
10% of the sub-sample described WT noise as swooshing (76.4%),
rumbling (72.7%), buzzing (23.6%) or grumbling (18.2%). Most fre-
quently, the annoyance occurred during westerly winds (68.2%) – the
local main wind direction – as well as during humid weather (30.9%)
and frost (13.6%). The number of participants who reported a typical
WT noise situation decreased clearly from 2012 to 2014 by about
22–29.3%. The pattern of noise effects remained comparable.

4.4. General impact of WT noise

In 2012, the somewhat and strongly annoyed residents assessed WT
noise clearly to be more negative than the other groups (Fig. 3, medium
or large effect sizes). Furthermore, the strongly annoyed participants
rated WT noise more “threatening”, “harmful” and “intolerable” than
the somewhat annoyed residents (medium effect sizes). Significant
changes over time were only detected for the group without annoyance,
which rated WT noise in 2014 slightly less peaceful and harmless than
in 2012 (medium effect sizes).

4.5. Psychological and somatic symptoms

As mentioned above, only a few participants reported (9.9%) psy-
chological or physical symptoms that they attributed to WT noise and
which they experienced at least once a month (Table 1). In 2014, this

proportion decreased to 6.8%. With an average of 12 symptoms, these
participants clearly reported more symptoms in 2012 (M = 12.33, SD
= 8.03) than in 2014 (M = 3.00, SD = 1.94, large effect size). Fur-
thermore, strongly annoyed participants rated their general health
slightly better in 2014 (2012: M = 2.00, SD = .71; 2014: M= 2.59, SD
= 1.06; medium effect size). The symptoms were related to general
performance, emotion, mood and sleep. From 2012 to 2014, sleep
disturbance decreased, and symptoms of impaired performance did not
recur. Strongly annoyed participants were not affected more by acute or
chronic diseases than the other groups.

Distraction due to noise can lead to stress experience. The strongly
annoyed residents in 2012 felt somewhat distracted by WT noise (M =
1.88, SD = 1.01), clearly stronger than any other group (large effect
sizes). For this group the distraction decreased slightly from 2012 to
2014 (medium effect size, Fig. 4), while it remained relatively low and
unchanged in the other groups.

Only a few participants showed evidence for low-frequency WT
noise effects (< 100 Hz): in 2012, 8.5% reported wind farm-related
feelings of pressure and 6.1% experienced vibrations in the body. Over
time, these proportions decreased to 6.8% and 3.8%, respectively. The
experienced annoyance induced by pressure feelings or vibrations was
somewhat (2012: M = 2.17, SD = .86; M = 1.85, SD = 1.07 re-
spectively; 2014: M = 2.00, SD = 1.12; M = 2.40, SD = 1.52 re-
spectively). The symptom “dizziness“ was not observed. Therefore, no
indicator for a negative vegetative effect of low-frequency noise could
be detected (Krahé et al., 2014).

In order to evaluate stress effects appropriately, WT noise was
compared with traffic noise. More participants experienced symptoms
induced by traffic noise (15.8% of total sample) than WT noise; in 2014
only three participants reported complaints induced by both sources. In

Fig. 2. WT noise annoyance lower compared to balloon-wheel trucks (2012, M±SEM,
scale range: 0–4).

Fig. 3. WT noise impact most negative for strongly annoyed group (2012, M±SEM, scale
range: –3 – +3).

Table 1
Percentage of symptoms caused by WT noise or traffic noise at least once a month.

Symptoms WT noise
2012

WT noise
2014

traffic noise
2014

general mental indisposition 5.7% 0% 6.0%
reduced performance and work

capacity
5.2% 0% 3.0%

fatigue 5.2% 0% 4.5%
lack of concentration, reduced

sustained attention
4.7% 0% 3.8%

nervousness 4.2% 0% 4.5%
tenseness 5.3% 2.3% 6.8%
negative mood 6.6% 0% 7.5%
helplessness 4.2% 3.8% 6.0%
irritability, anger, hostility 5.7% 3.0% 7.5%
general somatic indisposition 5.3% 0% .8%
hindered falling asleep 6.7% 3.0% 3.8%
multiple awakening 4.7% 1.5% 5.3%
reduced sleep quality 6.1% 2.3% 6.0%
reduced depth of sleep 5.7% 1.5% 4.5%
overall symptom carriers 9.9% 6.8% 15.8%

Fig. 4. Decrease of distraction induced by WT noise in the strongly annoyed group
(M±SEM, scale range: 0–4).
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2014 about one-third (34.9%) of all participants was somewhat an-
noyed by traffic noise and 21.2% by WT noise. The pattern of symptoms
for WT noise (2012) and traffic noise (2014) is very similar (Table 1).

4.6. Coping responses

Somewhat and strongly annoyed residents reported only little ac-
ceptance (“made peace”, “all that bad”) of WT noise in 2012 and ob-
served it more critically than the other groups (Fig. 5, small to large
effect sizes). Compared to the other groups, the somewhat annoyed
participants showed a stronger emotional reassurance (i.e., had
“stopped getting excited”; small to large effect sizes), which slightly
increased from 2012 to 2014 (small or medium effect sizes). In contrast,
cognitive coping for the strongly annoyed participants remained rela-
tively stable. Thoughts of moving due to WT noise were only weak,
even among the strongly annoyed residents (M = .81, SD = 1.25).

The most commonly used measures to reduce noise effects in 2012
were conversations with family members, friends and neighbors (32.1%
of all participants), closing windows (25.9%), place leaving inside and
outside the house(11.8%, 7.1%), and turning up the volume of the
radio/TV (7.5%). In the groups of the somewhat and strongly annoyed
participants, relatively more residents participated in conversations and
closed their windows relatively more often (large effect sizes). Other
measures taken were collecting signatures (13.7%) and demonstrating
(9.4%), gathering information on WT noise (9.9%), and engaging in an
environmental group/citizens' action committee (6.1%).

4.7. Analysis of complaint sheets and audio recordings

Ninety-five complaint sheets from 11 residents were included in the
analysis, as well as 28 evaluable sound recordings from two partici-
pants. Almost all the records were made at night. WT operating data
and measurements of wind speed and wind direction at hub height as
well as at 10 m above ground level were included in the analysis. For
the full report of this part of the project, see DEWI RS14-00017-01
(Gabriel and Vogl, 2014). Most of the complaints occurred during a
southwesterly wind, which is the main wind direction, and at wind
speeds at hub height of 6–9 m/s. There was a slight tendency to an-
noyance when the wind blew from the direction of the wind farm

(downwind). The complaints occurred mainly during the night and
early morning hours (83%), accumulating in the period from midnight
to 3 a.m. The large number of nocturnal complaints can be explained by
low background noise at nighttime, because Wilstedt is located far from
any main road. Therefore, there is almost no nighttime traffic noise
masking the relatively low level of sound from the WT.

Regarding the performed sound analyses, neither loudness of the
broadband acoustic noise from the WT nor tonality or impulsivity is
responsible for the documented complaints. Annoying WT noise has
been characterized as predominantly irregular and fluctuating in
loudness (71.6% pulsating swooshing). Thus – as opposed to national
noise immission control regulation – it is not an absolute value of
loudness, but the variation of loudness with the frequency of the ro-
tating rotor blades, that primarily causes complaints. The perceived
changes of sound are directly associated with the rotating blades. This
noise characteristic is called amplitude modulation (AM). Special al-
gorithms developed by DEWI (Vogl, 2013) were used to quantify AM in
the sound recordings of perceived annoying WT noise. Examples are
shown in Figs. 6 and 7 with AM for minutes or sporadic AM lasting a
few seconds (typically< 10 s). This method of analysis is described in
detail in report DEWI RS14-00017-01 (Gabriel and Vogl, 2014). The
first algorithm calculated the physical modulation depth ΔL in dB after
A-filtering. This measure is defined as the difference between the
maximum and the following minimum of the sound pressure level
(lower line). The second algorithm calculates the level of the pure
psychoacoustic loudness variation F* (upper line) which is very similar
to the fluctuation strength F developed by Zwicker and Fastl (1999).

The highest modulation depth ΔL was found in the frequency range
160–200 Hz, at wind speeds at hub height between 6 to 9.5 m/s, and
WT rotational speed in the range of 14–18 U/min (average 16.2 U/
min). Therefore, it can be concluded that maximum modulation oc-
curred just below nominal rotational speed of the WT. A significant
correlation of AM and wind direction could not be detected. The highest
ΔL and F* values were found during nighttime.

AM can be used to explain the annoyance of WT noise (Fig. 7). We
get used to regular stimuli and do not pay attention to them. New,
unexpected and irregular stimuli attract attention. They trigger an or-
ientation reaction and an alarm reaction in the case of a danger signal.
The attention is directed unconsciously to such signals. This process can
lead to a distraction of actions that are taking place.

4.8. General attitude towards WT and the local wind farm

In 2012 respondents reported on average a positive general attitude
towards WT (M = 1.51, SD = 1.02) which remained positive with
increasing annoyance level. The somewhat (M = 1.00, SD = 1.02) and
strongly annoyed participants (M = .44, SD = .94) differed clearly
from each other and the other three groups (medium and large effect
sizes). For the somewhat annoyed residents, the attitude was marginally
more positive in 2014 compared to 2012 (small effect size). No sig-
nificant change was detected for the other groups. Participants reported
strong involvement for the topic of wind energy (M= 3.09, SD= .78) –
without significant differences between strongly annoyed (M = 3.22,
SD = .76) and non-annoyed residents (M = 3.34, SD = .66).

Also regarding the local wind farm, participants reported on average
a positive general attitude in 2012 (M = .73, SD = 1.64). Accordingly,
attitudes towards wind energy and the local wind farm were highly

Fig. 5. Inefficient coping strategies in the strongly annoyed group (2012, M±SEM, scale
range: 0–4).

Fig. 6. Example for AM with strong modulation for minutes.

J. Pohl et al. Energy Policy 112 (2018) 119–128

124

102 of 267



correlated (r = .83). In contrast, the somewhat and strongly annoyed
residents showed a slightly negative attitude towards the local wind
farm (M=−.60, SD = 1.42; M=−1.12, SD = 1.13 respectively) and
differed clearly from each other and from the other three groups (small
or large effect sizes).

Additionally, the participants were explicitly asked whether they
had been wind farm opponents or proponents. Proponents (40.2%)
were slightly more often represented than opponents (35.8%). Only a
minority of 16.7% was ambivalent; 7.4% had no opinion on the wind
farm. A further subdivision by active versus passive showed that op-
ponents were more often active than the proponents: 30.4% of re-
spondents indeed had been in favor of the wind farm but remained
passive, and only a small proportion turned to be active (9.8%).
Conversely, 26.5% had been active opponents and only 9.3% remained
passive. It is noticeable that the majority of strongly annoyed residents
(75.0%) had been passively or actively against the wind farm, whereas
only 34.2% of the other participants showed active or passive behavior
against the wind farm (small effect size).

4.9. Moderators

The analysis of relations between physical features and WT noise
annoyance showed only small correlations for “distance to the closest
WT“ (r = –.13) and “calculated A-weighted sound pressure level (SPL)”
according to ISO 9613-2 (1993, r = .27). The SPL was on average
29.29 dB(A) (SD = 2.58, minimum = 10.23, maximum = 36.40). The
correlation with “number of visible WT” was slightly stronger (r = .40).

There was a moderately negative relation between general attitude
towards the local wind farm and WT noise annoyance (r = –.71).
Further relevant correlations were found between “strain during the
planning phase” (r = .37), “strain during the construction phase” (r =
.34), “planning has been fair concerning one's own interests“ (r =
–.52), “planning has been fair concerning community's interests” (r =
–.52) and WT noise annoyance.

There were only small correlations between health indicators and
WT noise annoyance (general health state, r = –.12; noise sensitivity, r
= .26; emotional lability, r = .05), age (r = .20), and occupancy (r =
.08). Women reported slightly stronger WT noise annoyance than men
(M = 1.80, SD = 1.27 versus M = 1.36, SD = 1.25, small effect size).

4.10. Wilstedt sample in comparison with nationwide sample of residents of
13 wind farms

Overall, both groups rated the level of annoyance of the different
WT emissions as very low to somewhat (Fig. 8). Concerning WT noise
annoyance, the two groups did not differ significantly. Compared to the
nationwide sample (Pohl et al., 2012), the Wilstedt sample reported

significantly less annoyance due to landscape change, day and night
obstruction marking, periodical shadow- casting, rotor light reflections
and blade rotation (small and medium effect sizes). For both samples no
statistically significant correlations were found between annoyance
induced by different emissions and the distance to the nearest WT (all
r< absolute value .25).

The general attitude towards the local wind farm was rated slightly
positive in both groups without significant difference (Wilstedt sample:
M = .43, SD = 1.67; nationwide sample: M= .30, SD = 1.92).

The general attitude towards WT was clearly positive in both
groups. In the Wilstedt sample (M = 1.95, SD = .95) the attitude was
slightly more positive than the comparison group (M = 1.43, SD =
1.61, small effect size). For the nationwide sample there was a strong
correlation between the general attitude towards wind energy and the
local wind farm (r = .78).

The gender distribution was comparable in both surveys. On
average, respondents of the comparison group were four years younger
than respondents of the Wilstedt sample. This difference, however, is
too small to invalidate the interpretation of group differences in the
mentioned features.

In conclusion, the comparison between both samples indicates
Wilstedt to be a typical sample regarding WT noise annoyance.
Therefore, the results regarding WT noise annoyance can be general-
ized. The other WT emission sources were rated more positively in the
Wilstedt sample than in the nationwide sample. Therefore, the Wilstedt
results for those other sources should not be generalized.

5. Discussion and recommendations

The present study is the first to extensively and differentially ana-
lyse the impact of WT noise on the experience and behavior of wind
farm residents using an inter- and transdisciplinary approach. We have
included a systematic approach to analyse stress effects in combination
with noise audio recordings by residents and calculated sound pressure

Fig. 7. Example for AM with short time perceptible modulation
(upper part) and a description of the perception process of WT AM
(lower part).

Fig. 8. Annoyance due to WT emissions comparing a nationwide and case sample
(M±SEM, scale range: 0–4, * p< .05).
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levels. It is also the first study to explore possible stress effects due to
WT noise over the course of two years.

Only for a small percentage of all residents could strong WT noise
annoyance be observed, which even decreased over time: in 2012 one-
tenth (9.9%) was strongly annoyed, and two years later, this was true
for only 6.8% of the residents. However, the WT were by no means the
most potent local noise source – local traffic noise was strongly an-
noying for 15.8% of all participants. Residents belonging to one of the
groups of strongly annoyed participants not only felt at least somewhat
annoyed but also reported stress symptoms. Both noise sources – WT
and traffic – led to a similar pattern of symptoms that is typical of noise
effects (reduction in performance, concentration, and the incidence of
irritability/anger, negative mood and disturbed sleep; Stansfeld and
Matheson, 2003; Stansfeld et al., 2012). A similar pattern has already
been shown in a previous study (Pohl et al., 1999). Regarding disturbed
sleep, a comparable percentage (4–6%) was found in the large Dutch
study by Bakker and colleagues – in this study they also found a very
similar percentage of symptom-carriers due to traffic and engine noise
(15%; Bakker et al., 2012). The similar results give a hint that the re-
sults could be generalize. Furthermore, the percentage of strongly WT
noise-annoyed participants in Wilstedt is between the percentage of
strongly annoyed residents in Switzerland (4.5%; Hübner and Löffler,
2013) and in the German state Schleswig-Holstein (15.7%; Pohl et al.,
1999). The higher percentage of the Schleswig-Holstein sample is likely
due to the older design of the WT and the differences regarding official
directives – here the directives regarding the limitation of periodically
shadow-casting of WT which was put into effect, taking into account the
results of the study. The present results not being a special case is ad-
ditionally proven by the comparison the Wilstedt-sample with a na-
tionwide German sample of residents of 13 wind farms (Pohl et al.,
2012). Thus, the present results suggest a generalization. The results of
both studies were not distorted by extreme opinions (e.g., the general
attitude towards the local wind farm or annoyance ratings). WT noise
annoyance was not significantly correlated to age, general health state,
emotional lability, and noise sensitivity. Overall, we concluded that our
results are not influenced by a strong self-selection bias.

To better understand why some residents feel more annoyed by
emissions of WT than others, we divided the participants into subgroups
regarding noise perception and the level of annoyance. Compared to
other groups, the strongly annoyed residents showed the strongest
stress effects due to WT noise and an overall more negative evaluation
of the wind farm. It can be assumed that stress began during the
planning phase of the wind farm and was maintained throughout. This
assumption is supported by the findings that this group had perceived a
stronger annoyance due to the planning, approval and construction
phase of the wind farm. Furthermore, 75% of the strongly annoyed
residents reported to be actively or passively against the wind farm in
the past. They showed comparatively less positive cognitive coping in
terms of WT noise. As part of a stress management training, positive
cognitive coping could be supported, as existing approaches show
(Leventhall et al., 2008, 2012). However, the affected residents in our
study responded with limited interest to such a remedial offer. Rather, a
positive implementation of the planning and construction phase is more
urgently recommended. There are positive experiences with early and
informal resident participation (Devine‐Wright, 2011; Rand and Hoen,
2017; Rau et al., 2012).

Even informal participation cannot guarantee that residents will
experienced the planning process positively. Without serious resident
participation, however, additional problems are more likely. For, as
proven by the present results, the majority of the residents showed a
positive attitude towards WT on the condition that their concerns are
taken seriously. An often recurring concern by residents is the noise
impact of WT. The present study was a response to the residents’
complaints in Wilstedt. Their implementation and results are likely to
have contributed to a decline in annoyance. Only little change in the
evaluation of the wind farm was observed from 2012 to 2014. For the

somewhat annoyed residents, noise annoyance decreased slightly and
cognitive coping improved. For the strongly annoyed participants there
was a reduction in WT noise-related distraction. The reduction of re-
sidents with noise related symptoms from 10% to 7%, and the decrease
in the average number of symptoms from 12 to 3, can be interpreted as
a significant change. We attribute the positive change – even after
talking to some complainants – to the residents’ positive evaluation of
the study and the chosen approach and to the residents’ active support
and involvement.

For instance, the disturbing noises were independently recorded by
residents and later analysed by us. Residents were informed about
preliminary results (community meeting, letter with presentation of
results). Additionally, plausible explanations for WT noise annoyance
were offered and discussed in the plenum (e.g., AM). The aforemen-
tioned participation regarding the research process may have con-
tributed to the positive changes. For the reported results reduced un-
certainties and possible alternating interpretations of the findings and
thus somewhat indirectly decreased WT noise annoyance. To our
knowledge it is the first known field experiment showing that empirical
information helps residents to reduce stress induced by WT noise.

This study does not provide any empirical evidence for the re-
peatedly asserted relationship between annoyance or acceptance of WT
and distance to the residence. There is no numerically strong relation-
ship between noise annoyance and the distance to the nearest WT or the
estimated sound pressure level. Additionally, studies by Pohl et al.,
(1999, 2012) and Hübner and Löffler (2013) proved WT noise annoy-
ance to be independent from the distance (r = .03; –.07; –.10), sug-
gesting the existing emission protection laws are effective in general.
For example, the German emission protection law determines the limits
for permissible sound levels, which, among other features, determines
the minimum distance.

However, an important indicator regarding the analysis of the
causes was provided by the acoustic analysis of the disturbing WT
noise, which has been recorded by the residents. A cause for the WT
noise annoyance might be the amplitude modulation (AM), which ex-
plains the origin of certain annoying noise patterns. One explanation
why AM cause annoyance is, that short-term amplitude changes may
attract the residents’ attention and thus disturbs current behavior.
Research should be deepened in order to better understand the me-
chanism of action and develop technical solutions.

It became clear that there is detectable disturbing noise associated
with the AM (from an acoustic point of view), but not with infrasound.
Today, the data base of freely available AM data is very small (e.g.,
Cand et al., 2013). Further studies on AM of WT noise should broaden
the database. For this, a long-term monitoring station needs to be de-
veloped that continuously records WT noise and residents’ complaints.

Parallel to the sound detection, wind farm operating data and the
wind speed profile (LIDAR) should be recorded in high solution, in
order to improve understanding of the mechanisms of AM and check for
possible dependency of the AM from the wind profile. Another inter-
esting aspect is the overall interaction of WT in a wind farm with
sporadic short modulation periods. For instance it is unknown whether
AM is supported by the turbulent wake or the interaction of several WT.
From the synopsis of meteorology data and WT operating data as well
as sound data, knowledge regarding the causes of AM and their possible
mitigation strategies can be derived.

For the development of noise mitigation strategies, the measur-
ability of AM with an appropriate assessment tool is a necessary con-
dition. The used algorithm must be improved because e.g., currently
only the sinusoidal modulation is considered (for other methods pro-
posed see e.g., Amplitude Modulation Working Group, 2016;
Fukushima et al., 2013; Tachibana et al., 2014). To validate the eva-
luation of non-sinusoidal modulations and other tool modifications (in
order to provide an AM-evaluation standard), hearing tests should be
performed.

Overall, it appears promising to further develop the research
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approach used to understand in a more differentiated manner the
psychological and acoustic causes and their interaction in the devel-
opment and maintenance of WT noise annoyance. The present study
provides insight into the mechanisms causing noise annoyance.
However, replication studies are needed to further explore why some
residents are strongly annoyed by WT noise and others are not, espe-
cially in comparison to traffic noise. Furthermore, the long-term effects
are to be probed, e.g., whether or not and under what conditions ha-
bituation or sensitization occurs. To explore the influence of WT noise
on sleep the method of ambulatory sleep monitoring would be useful. In
this respect, first steps were made in the Health Canada study (2014)
and in a study by Jalali et al. (2016). Both field studies did not find any
relation between objective sleep parameters and WT noise exposure.
Additionally it would be possible to supplement the research by in-
cluding seismological studies in order to explore the transmission of
low-frequency noise (< 100 Hz) through soil layers. Although no evi-
dence of symptoms that would indicate low-frequency noise were re-
ported by the participants, in order to address the concerns of WT op-
ponents, low-frequency noise measurements are recommended for
further studies. Overall the installation of a long-term monitoring sta-
tion for WT noise as well as further studies on the effects on local re-
sidents (in the meaning of “Homo sapiens monitoring”) seem to be
advisable. Homo sapiens monitoring is not recommended by the au-
thors only but encouraged by the local residents.

Finally, it should be noted that strongly annoyed residents and ex-
planations for the causes of their annoyance could be identified by
means of the presented research paradigm. This approach complements
the previous, rather epidemiological research on this subject (e.g.,
Pedersen and Persson Waye, 2004; Pedersen et al., 2009).

The most important and immediately realizable recommendation is
to make the planning and construction process more of a positive ex-
perience for the residents. Thereby operators and authorities can pre-
ventatively reduce the likelihood of complaints after construction of the
wind farm. Creating a more positive planning process includes the early
and informal participation of residents and the consideration of their
concerns. Although more residents seem to be strongly annoyed by
traffic noise than by WT noise, a further improvement of WT technology
is desirable. After all, the present study shows that citizens are not only
in favor of wind energy in general but also support local installations, as
long as they are developed sustainably.

Most important, the present results shows that noise annoyance can
be reduced by providing empirical information to the residents.
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A B S T R A C T

Noise annoyance reactions in the population due to wind farms are related to visual as well as noise-related impacts of
the farms. Improved understanding of these effects may support the planning of better accepted wind farms. Recently,
tools for visualization and auralization of wind farms have been developed that allow mutually studying audio-visual
effects on annoyance. The objective of this study was to investigate the audio-visual effects of different wind turbine
noise situations on short-term noise annoyance in a psychophysical laboratory experiment, considering serial position
effects (simple order and differential carryover effects). A set of 24 audio-visual situations covering a range of acoustical
characteristics (sound pressure level, periodic amplitude modulation) and visual settings (landscape with visible wind
turbine, landscape only, grey background) was created. The factorial design of the experiment allowed separating
audio-visual effects from serial position effects on noise annoyance. Both visual and acoustical characteristics were
found to affect noise annoyance, besides the participants’ attitude towards wind farms. Sound pressure level and
amplitude modulation increased annoyance, the presence of a visualized landscape decreased annoyance, and the
visibility of a wind turbine increased annoyance. While simple order effects could be eliminated by counterbalancing,
the initial visual setting strongly affected the annoyance ratings of the subsequent settings. Due to this differential
carryover effect, visual effects could be assessed reliably only as long as the participants saw the initial visual setting.
Therefore, the presentation order of audio-visual stimuli should be carefully considered in experimental studies and in
participatory landscape planning.

1. Introduction

The production of wind energy is growing worldwide. Between
2001 and 2016, the wind power capacity increased by a factor of 20,
from some 24 to 487 GW (GWEC, 2017). As a result, landscapes suffer
growing visual impacts, and increasing portions of the population are
exposed to wind turbine (WT) noise. The visual and noise-related im-
pacts of wind farms have therefore been much discussed in recent years.
Regarding health effects of WT noise, noise annoyance seems most
prevalent (van Kamp & van den Berg, 2018).

Literature from field surveys suggests that annoyance reactions to WT
noise are often stronger than to transportation noise at comparable noise
levels (van Kamp & van den Berg, 2018). Annoyance to WT noise was
therefore extensively studied in field surveys (e.g., Hongisto, Oliva, &
Keränen, 2017; Janssen, Vos, Eisses, & Pedersen, 2011; Klæboe & Sundfør,
2016; Michaud et al., 2016) as well as in laboratory experiments (e.g.,
Ioannidou, Santurette, & Jeong, 2016; Lee, Kim, Choi, & Lee, 2011; Schäffer

et al., 2016; Schäffer, Pieren, Schlittmeier, & Brink, 2018). The studies re-
veal that annoyance reactions depend on various factors. First, specific
acoustical characteristics of WT noise, which mainly consists of aero-
dynamic broadband noise, contribute to annoyance. Here, periodic ampli-
tude modulation (AM), i.e., quasi-periodic temporal level fluctuations
sometimes encountered, is particularly important. Periodic AM occurs at the
blade passing frequency (∼1Hz). It comprises high-frequency “swishing”
sound, sometimes also referred to as “Normal Amplitude Modulation”, and
more impulsive, mid- to low-frequency “thumping” sound (“Other Ampli-
tude Modulation”) (Bowdler, 2008; Oerlemans, 2015). It was found to be
particularly annoying (Ioannidou et al., 2016; Lee et al., 2011), possibly by
provoking the subjective hearing sensation “fluctuation strength” (Fastl &
Zwicker, 2007). But also spectral characteristics such as low-frequency
components may affect annoyance (Møller & Pedersen, 2011; Schäffer et al.,
2018). Second, the visibility of WTs plays a crucial role (Janssen et al., 2011;
Michaud et al., 2016; Pedersen & Larsman, 2008). Third, the living en-
vironment of residents (hilly vs. flat terrain) may affect reactions to noise
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(Pedersen & Larsman, 2008). Finally, also personal factors such as noise
sensitivity (Miedema & Vos, 2003), attitude (Pedersen & Persson Waye,
2004) or familiarity with WT noise (Maffei et al., 2015), situational factors
such as economic benefit (Janssen et al., 2011), and even expectations on
caused health effects (Chapman, St George, Waller, & Cakic, 2013) were
shown to be linked to noise annoyance.

Specific effects on noise annoyance can be effectively studied in
controlled laboratory experiments. Compared to field surveys, labora-
tory experiments have the advantage of high control of the (noise)
exposure as well as exclusion/control of effect modifiers (e.g., visibility
of WTs or living environment, see above). In the past, such experiments
often focussed either on the effects of acoustical characteristics of WT
noise (classically in psychoacoustic studies where visual impacts may
be deliberately excluded; see, e.g., Schäffer et al., 2016) or on visual
impacts of wind farms (classically in landscape and environmental
sciences and planning, focusing on social acceptance and visual pre-
ferences for WTs; see, e.g., Molnarova et al., 2012; Betakova, Vojar, &
Sklenicka, 2015; and Scherhaufer, Höltinger, Salak, Schauppenlehner,
& Schmidt, 2018). Besides the scientific interest, the results of these
studies suggest practical recommendations for site planning of wind
farms, such as regarding number, height, and placement of wind tur-
bines in a landscape. However, considering audio-visual aspects mu-
tually in such laboratory studies is important as both contribute to the
perception of the studied situations (Lindquist, Lange, & Kang, 2016).

In recent years, laboratory experiments on mutual audio-visual ef-
fects on (noise) annoyance were conducted (He, Leickel, & Krahé, 2015;
Maffei et al., 2013; Preis, Hafke-Dys, Szychowska, Kociński, & Felcyn,
2016; Ruotolo et al., 2012; Sun, De Coensel, Echevarria Sanchez, Van
Renterghem, & Botteldooren, 2018; Szychowska, Hafke-Dys, Preis,
Kociński, & Kleka, 2018; Yu, Behm, Bill, & Kang, 2017). The studies
revealed that both, acoustical characteristics and visual settings, in-
cluding the visibility of the noise source, affect (noise) annoyance.
Here, one should consider that the experimental design, in particular
the presentation order, may strongly affect the outcomes. When a
number of stimuli is subsequently presented, two serial position effects
may appear: simple order and/or differential carryover effects (Cohen,
2013). Simple order effects may result, e.g., from fatigue or practice.
They can be averaged out and thus eliminated by counterbalancing
(Cohen, 2013), either completely or partially (Latin squares), or by
randomization if samples are large. For pure psychoacoustic experi-
ments with a large number of stimuli, randomization is common
practice (e.g., Nordtest, 2002). For psychophysical experiments invol-
ving also visual stimuli, in contrast, the effect of playback order may be
less straightforward. Here, differential carryover effects may occur,
where the rating of the stimulus is affected by previous stimuli. Dif-
ferential carryover effects differ depending on the order of the stimuli.
They cannot be eliminated by counterbalancing (Cohen, 2013). Here,
either a sufficiently large time delay between treatments, putting a
neutral task between stimuli for distraction, or a between-subjects de-
sign (i.e., assigning different participants to different stimuli) may be
necessary (Cohen, 2013). As far as we know, however, studies on audio-
visual effects of environmental noise sources (including WTs) did not
systematically account for this effect to date.

The objective of the present study therefore was to investigate the
audio-visual effects of WT noise situations on short-term noise annoy-
ance, considering also possible serial position effects. Our hypotheses
were that (i) acoustical characteristics alone contribute to noise an-
noyance, and that (ii) visual settings may act as effect modifiers for
noise annoyance. To test these hypotheses, different situations with WT
sound covering a range of acoustical characteristics (sound pressure
level, periodic AM) and visual settings (landscape with a single visible
WT, landscape only, grey background) were studied in a psychophysical
laboratory experiment, which allowed separating the effects of the
studied variables on noise annoyance.

2. Methods

2.1. Experimental concept and design

In this study, 24 audio-visual stimuli were systematically varied (full
factorial design) with respect to three variables: distance to the WT, periodic
AM of the sound (with, without) and visual setting (landscape with visible
WT, landscape only, grey background) to study their individual contribution
to short-term noise annoyance (Table 1). In the following, we refer to the
noise annoyance studied here as “(noise) annoyance rating” (for the in-
dividual ratings) or “short-term (noise) annoyance”, sometimes omitting the
term “noise” in this context for sake of brevity.

The acoustical situations were similar to those studied by Schäffer et al.
(2016): The distances of the observers to the WT cover a relevant sound
pressure level (LAeq) range of WT noise to which residents may be exposed
(Janssen et al., 2011; Tachibana, Yano, Fukushima, & Sueoka, 2014). The
situations without periodic AM represent quasi-stationary WT noise, while
those with periodic AM comprise “swishing” and “thumping” sound (see
above).

For the stimuli with the visual settings “Landscape only” and “Landscape
with WT”, a hilly, rural landscape without buildings was chosen. Hilly ter-
rain is a major landscape type of Switzerland, besides plains and mountains
(Szerencsits et al., 2009). Such a setting was found to increase the risk of
annoyance to WT noise, compared to urban areas or flat terrain (Pedersen &
Persson Waye, 2007). Also, WTs were found to be more visible in rural than
in urban areas (Pedersen, van den Berg, Bakker, & Bouma, 2009). For the
case without visible landscape, a grey background (“Grey” in Table 1) was
chosen, as grey is a neutral colour with respect to feelings (Heller, 2009).

2.2. Audio-visual stimuli

The audio-visual stimuli of Table 1 were synthetized using GIS-based 3D
simulations with the tools of Manyoky, Wissen Hayek, Heutschi, Pieren, and
Grêt-Regamey (2014), Pieren, Heutschi, Müller, Manyoky, and
Eggenschwiler (2014) and Heutschi et al. (2014), as described below. For
the current study, a location in a typical Swiss hilly landscape type was
chosen for simulation. In this virtual environment, a single 2.0MW Vestas
V90 turbine (three blades, hub height=95m, rotor diameter=90m) was
placed. The observer was set at 1.7m above ground and at four positions
situated 100–600m away from the WT position (Table 1). The meteor-
ological conditions were chosen as a sunny day with strong wind conditions
resulting in a rotational speed of the WT of 15 rpm.

2.2.1. Visualization
Computer-generated imagery animations were created using the

game engine CRYENGINE by Crytek GmbH (2015) as described in

Table 1
Factorial design of the psychophysical tests with 24 audio-visual wind turbine
(WT) stimuli covering a range of sound pressure levels (LAeq) of 33.0–49.4 dB,
two situations (“no” and “with”) of periodic amplitude modulation (AM) of the
sound, and three visual settings (WT= landscape with WT; LS= landscape
only, Grey= grey background). The table shows the LAeq in dB per variable
combination (same values for the three visual settings), resulting from observer
distances to the WT of 100–600m.

Distance to WT [m] Periodic AM

no with

Visual setting

WT LS Grey WT LS Grey

100 48.6 49.4
200 43.6 44.6
350 38.2 39.2
600 33.0 34.0
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Manyoky et al. (2014). The procedure involved (i) import of a digital
elevation model and an orthophoto of an existing landscape, (ii) re-
moving striking and recognizable landscape elements (e.g., character-
istic mountain ranges) from the background to obtain a more generic
setting (Ribe et al., 2018), (iii) adding 3D models for vegetation and
infrastructures (e.g., road, WT), (iv) definition of a wind speed profile
for movement of the WT blades and the vegetation, and (v) visual op-
timisations, e.g., of the colorization of the orthophoto and vegetation
models and of the lighting settings, to obtain a higher level of realism.

For the current study, the landscape type “hills” of Ribe et al. (2018),
which had been created in an older CRYENGINE version, was re-established
in the more recent Version 3.4.8. Into the resulting visual setting, a 3Dmodel
of the WT was either placed and animated (“Landscape with WT” in
Table 1), or not (“Landscape only” in Table 1). For these two settings, images
were rendered for videos (Section 2.2.3) for the four observer positions
(Table 1) with a widescreen aspect ratio of 16:9 (Fig. 1). The observer di-
rection was chosen such as to see the WT to the right hand side of the visual
field, to avoid a too strong focus on the WT during the experiments. In the
videos both the 3D models of moving vegetation and WT with rotating
blades (in clockwise direction) were animated. The rendered sets of images
were complemented with a grey background image (“grey” in Table 1).

2.2.2. Auralization
The acoustical stimuli were artificially generated using digital sound

synthesis as described in Pieren et al. (2014) and Heutschi et al. (2014),
with the parameter settings similar to those of Schäffer et al. (2016).

The auralization process consists of three main steps, namely, emission
synthesis, propagation filtering, and reproduction rendering. The synthesis
of the sound emissions of the WT was done for strong wind conditions.
Periodic AM of the sound was realized with a standard deviation of the level
fluctuation of 3 dB and a modulation frequency of 0.75Hz, corresponding to
the rotational speed of 15 rpm. Sound propagation effects from the source to
the observer locations were simulated by digital filtering (Heutschi et al.,
2014), accounting for the propagation effects geometrical spreading, air

absorption, ground reflection on a grassy terrain and atmospheric turbu-
lence. The propagation situations with distances of 100–600m resulted in a
LAeq range of ∼33–49dB (Table 1).

In a final step, the synthesized sound pressure signals were rendered
for surround sound reproduction with a five-channel loudspeaker setup
(cf. Section 2.3.1) to generate a realistic hearing impression with di-
rectional information. Reproduction rendering was accomplished as
described in Wissen Hayek, Pieren, Heutschi, Manyoky, and Grêt-
Regamey (2018), using Vector Base Amplitude Panning by Pulkki
(1997). This technique allows virtual sound source positioning with a
loudspeaker array by calculating the individual loudspeaker feeds. In
addition to the stimuli, a reference signal with a predefined sound
pressure level was created for level calibration of the playback system.

To get an audio impression of the resulting stimuli with and without
periodic AM, audio examples provided as supplementary material by
Schäffer et al. (2016), which are very similar to those used here, may be
consulted. Fig. 2 shows exemplary level-time histories, and Fig. 3 the spectra
of the resulting acoustical stimuli. The standard deviations of the FAST time-
weighted level fluctuations amount to ∼0.8 dB and ∼2.3 dB in the situa-
tions without and with periodic AM, respectively (Fig. 2), independent of
the propagation distance. Due to the distinctly stronger level fluctuations
and correspondingly higher LAF peaks in situations with periodic AM
compared to without AM (Fig. 2), the resulting LAeq of the former are∼1dB
larger than the latter (Table 1, Fig. 3).

The WT spectra reveal considerable energy at low frequencies, with
spectral variations due to the ground effect (Fig. 3). As atmospheric at-
tenuation increases with frequency, the low-frequency content becomes
more pronounced with increasing propagation distance. Accordingly, the
level difference LC-A between the C-weighted and A-weighted sound pres-
sure level increases from 9dB at 100m to 14 dB at 600m, and the spectral
slope, i.e., the Leq of the unweighted sound pressure level vs. octave band,
from−2.6 dB/oct at 100m to −5.1 dB/oct at 600m (Fig. 3a). The slope of
−4.1 dB/oct at 350m coincides with the value observed by Tachibana et al.
(2014) for residential areas around wind farms.

Fig. 1. Images of the visual stimuli covering three visual settings (landscape with visible wind turbine, landscape only, grey background) for distances of 100–600m.
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2.2.3. Combination to acoustic-visual stimuli
The rendered images were stitched and encoded to videos of 21.5 s

duration (stimuli of 20 s plus fade-in and fade-out), and the rendered audio
data were time synchronised and linked to the videos as described in
Manyoky et al. (2014) and Ribe et al. (2018). Each of the three visual
settings of Table 1 was linked with two acoustical situations (with and
without AM). This resulted in a total of 24 compressed videos (Multimedia
container format MP4, video codec H.264, frame rate 60 fps, audio codec
MPEG AAC, audio sampling rate 44.1 kHz) for playback.

2.3. Psychophysical experiments

2.3.1. Laboratory setup
The listening tests were carried out in the “Mobile Visual-Acoustic

Lab” (MVAL), which is described in detail in Manyoky, Wissen Hayek,

Pieren, Heutschi, and Grêt-Regamey (2016). For the experiment, the
MVAL was built up in a room with low background noise and a carpet
floor at the authors’ institution ETH. MVAL consists of an aluminium
construction (5m×5m×2.5m) carrying black, sound absorbing
curtains as walls and ceiling to exclude light and to obtain a favourable
sound field. Within MVAL, five active loudspeakers (Focal CMS 50,
Focal-JMlab) were arranged in a pentagon setting in a distance of
210 cm from the centre, along with a low-noise projector (Acer H6500,
Acer Group) and a micro-perforated projection screen sized
2.70m×1.65m. The videos were played using the VLC media player
Version 2.2.4 on a laptop connected to the projector and the loud-
speakers via a multichannel audio interface (Motu 896mk3, MOTU). Up
to three persons simultaneously participated in the experiment. The
seats were arranged at the centre of the pentagon. The audio playback
chain was calibrated in level with the reference signal (Section 2.2.2)
and a sound level meter located at the centre of the pentagon.

2.3.2. Experimental procedure
The experiments were conducted as a within-subject design, where

all participants were exposed to all stimuli. Prior to the experiment, the
participants were introduced to the research topic and task (noise an-
noyance rating of different situations with WT sounds). After signing a
consent form to participate in the study, they answered questions on
hearing and well-being as criterions for inclusion in the experiments.

The experiments were done as focused tests. The participants watched
and listened to the videos, and rated them regarding noise annoyance after
play-back by means of a paper-and-pencil questionnaire (supplementary
data, see Appendix A). An investigator, situated at the back of the MVAL,
played back the stimuli (once only), one by one, turning off the light during
play back and turning it on between the stimuli for the participants to enter
the ratings. Annoyance was rated with the ICBEN 11-point scale (Fields
et al., 2001), where 0 represents the lowest and 10 the highest noise an-
noyance rating, by answering the following question (in German, modified
from Fields et al., 2001): “You will be subsequently presented with 24
different situations of wind turbine sounds, which you are to rate regarding
your annoyance by the sounds. What number from 0 to 10 represents best
how much you felt bothered, disturbed or annoyed by the played back si-
tuation?” The experiments consisted of (i) an orientation with two stimuli to
set the frame of reference, (ii) two exercise ratings to get accustomed to the
task with the 11-point scale, and (iii) the actual ratings of the 24 stimuli
from Table 1.

After the experiment, the participants completed a pen-and-pencil
questionnaire, which assessed noise sensitivity, attitude towards wind
farms, gender, age, highest educational degree achieved, landscape
most frequently used for recreation, and questions about the experi-
ment. Noise sensitivity was measured with the NoiSeQ-R by Griefahn,
Marks, Gjestland, and Preis (2007) (the short form of the NoiSeQ by
Schütte, Marks, Wenning, & Griefahn, 2007), which covers values of 0
(noise-insensitive) to 3 (highly noise-sensitive), and attitude towards
wind farms with the questionnaire of Schäffer et al. (2016), which
covers values of 0 (very negative) to 4 (very positive).

The whole test procedure lasted about one hour. Participants were
compensated with 20 Swiss Francs (about 18 Euro) after completing the
experiments.

2.3.3. Playback order of the stimuli
Special attention was paid to the playback order of the stimuli.

Randomization is a successful strategy in many psychoacoustic experiments,
including those of Schäffer et al. (2016; 2018). However for visual stimuli,
some authors balanced the order of the stimuli (Ferris, Kempton, Deary,
Austin, & Shotter, 2001; Maffei et al., 2013), while others randomized them,
either within the same session (Szychowska et al., 2018) or over different
days (Sun et al., 2018).

In a preliminary experiment preceding the present study, we played
back the audio-visual stimuli of Table 1 to 40 participants (22 females, 18
males) in fully randomized order, using the same laboratory setup and
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pressure level (LAF) of the stimuli without (“no”) and with amplitude modula-
tion (AM), for a distance of 200m.
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experimental procedure as described above. The results are presented in
Appendix B (Fig. B1). The experiment revealed that noise annoyance in-
creases with the acoustical characteristics LAeq and periodic AM, as well as
with the playback number (p < 0.001), which is in accordance with the
findings of Schäffer et al. (2016). Further, annoyance tended to decrease
with more positive attitude toward wind farms (p=0.051), which corro-
borates the results of Schäffer et al. (2018). The visual setting, in contrast,
apparently had no effect (p=0.15). This finding was unexpected insofar as
the visual setting differed strongly (Fig. 1) and as some participants felt that
it influenced their noise annoyance rating.

For the main experiment, we therefore used a completely counter-
balanced design regarding the visual setting (Cohen, 2013). The three
visual settings of Table 1 were presented in three blocks in completely
counterbalanced order, and the eight acoustical situations per visual
setting in randomized order. With this design, the annoyance ratings of
the first block correspond to a between-subject design (see above) and
are free from potential visual differential carryover effects, while those
of the subsequent blocks may contain such effects.

2.3.4. Participants
Forty-three participants (22 females, 21 males), all with self-de-

clared normal hearing and feeling well and healthy, were included in
the study. A large part studied or worked at the authors’ institution
ETH. Accordingly, the panel was quite young (19–52 years; median of
25 years) and well educated, with 67% possessing an academic degree
(BSc, MSc, MAS or PhD), and another 30% studying to obtain one. The
panel was moderately noise sensitive (noise sensitivity values of
0.4–2.9, median of 1.7). Further, with attitude values of 1.2–4.0
(median of 2.9), the panel was largely positive towards wind farms. The
participants spent most of their spare time rather in hilly regions (50%)
than in plains (35%) or mountains (15%), and somewhat more in urban
(58%) than in rural areas (42%). Thus, the visual setting of the stimuli
(hilly rural) corresponded to the preference of a large part of the par-
ticipants. 67% of the participants had heard WT noise before.

2.4. Statistical analysis

Statistical analysis was done in IBM SPSS Version 23 and 25.
The consistency of the annoyance ratings between participants was

assessed with the inter-rater reliability (Hallgren, 2012), doing a two-
way random, consistency, average-measures intraclass correlation (ICC)
(McGraw & Wong, 1996), where large ICC values indicate high agree-
ment between individuals.

The noise annoyance ratings were analysed by means of linear mixed-
effects models (see, e.g., West, Welch, & Gałecki, 2015), using the SPSS
procedure MIXED. To that aim, the variables of Table 1 were included as
fixed effects, namely, the LAeq resulting from the distance to the WT as a
continuous variable, and periodic AM and visual setting as categorical
variables. Potential differential carryover effects of the visual information
were also considered with the variable visual setting, which describes the
current visual setting and the preceding settings (“the visual history”; cf.
Section 3). Given the experimental design, the variables of Table 1, as well
as their interactions, were a priori tested. In addition, simple order effects
(aside from differential carryover effects) of the playback number of the
stimuli (continuous variable), as well as the link of the participants’ char-
acteristics to noise annoyance were studied. Finally, repeated observations
(24 ratings per participant) were accounted for with a random effect for the
participants. Different models of different degrees of complexity (with re-
spect to fixed and random effects) were tested to find the optimal model
with respect to completeness (include all relevant variables), performance
(data representation, significance of effects) and parsimony (simplicity of
the model). The goodness-of-fit of the final model was assessed with the
marginal (R2m for the fixed effects) and conditional coefficient of determi-
nation (R2c for the fixed and random effects) (Johnson, 2014; Nakagawa &
Schielzeth, 2013). Model assumptions were confirmed by means of residual
plots, which did not reveal any obvious deviation from normality, and

suggested constant variance as well as independence of the observations
(except within participants, which was accounted for by the mixed-effect
model).

3. Results and discussion

The observed annoyance ratings have an ICC of 0.989. This value lies in
the excellent range (Cicchetti, 1994), indicating a high degree of agreement
between participants (Hallgren, 2012). In the following account (Sections
3.1–3.3), the observed short-term noise annoyance is discussed. All effects
discussed here were confirmed with the mixed-effects model analysis, the
results of which are presented graphically along with the observations in
Figs. 4–7, as well as described in more detail in Section 3.4. In Section 3.5,
the study is brought into broader context.

3.1. Audio-visual effects

Fig. 4 shows the effects of the audio-visual stimuli on noise annoyance,
for the first block (first 8 stimuli, free from potential visual differential
carryover effects) as well as for the whole experiment (all 24 stimuli). Noise
annoyance is strongly linked with the LAeq, increasing linearly by 1.7 units
per 5 dB increase of the LAeq (Fig. 4a). This corroborates the well-known
crucial role of the LAeq to be a determinant for annoyance in the laboratory
(e.g., Lee et al., 2011; Schäffer et al., 2016) and also that an A-weighted
metric is appropriate to predict (WT noise) annoyance reactions (Bolin,
Bluhm, & Nilsson, 2014). Besides, periodic AM increases annoyance by
about 0.6 units on the 11-point scale (Fig. 4b), which would also be evoked
by a∼2dB increase of the LAeq. This effect has also been amply observed in
the laboratory (Hafke-Dys, Preis, Kaczmarek, Biniakowski, & Kleka, 2016;
Ioannidou et al., 2016; Lee et al., 2011; Schäffer et al., 2016; 2018) as well
as in the field (Bockstael et al., 2012; Pohl, Gabriel, & Hübner, 2018). The
results on LAeq and periodic AM are also in line with the preliminary ex-
periment (Section 2.3.3). The link of the annoyance to the LAeq and AM is
similar in the first block and the whole experiment, except that annoyance
tends to increase in the course of the experiment (Fig. 4a and b: 24 vs. 8
stimuli). This suggests a simple order effect.

Finally, the visual setting strongly affects annoyance (Fig. 4c), i.e., it acts
as an effect modifier for noise annoyance. For the first block, annoyance
increases in the order landscape only< landscape with WT < grey, by 1.2
units on the 11-point scale, which corresponds to ∼4dB increase of the
LAeq. Increased annoyance to situations with visible noise source was also
observed in a laboratory study of Yu et al. (2017) and a field experiment by
Bangjun, Lili, and Guoqing (2003), while Sun et al. (2018) found the effect
of visibility to depend on the participants’ noise sensitivity. This corrobo-
rates findings of field surveys that the visibility of wind farms increases
annoyance (Klæboe & Sundfør, 2016; Pedersen & Larsman, 2008; Pedersen
& Persson Waye, 2007; Pedersen et al., 2009). It is also in line with the
finding of Maffei et al. (2013) that the number of WTs increases annoyance
(although the authors did not investigate the case without visible WT). In
the laboratory, the visibility of the WT may have led to (conscious) re-
cognition of WT noise as such, which in turn may increase annoyance
(Szychowska et al., 2018; Van Renterghem, Bockstael, De Weirt, &
Botteldooren, 2013). Also, it may have shifted the participants’ focus to the
WT noise, while the landscape alone distracted the participants from the
sound. Such focussing apparently was strongest in the grey setting, which
did not offer any visual distraction from the sound. Besides, the strong re-
actions to the grey setting might by caused by the fact that purely auditory
situations are emotionally more engaging than videos (Richardson et al.,
2018). Our results of the grey vs. landscape setting are also corroborated by
Preis, Kociński, Hafke-Dys, and Wrzosek (2015), who for some of their
tested cases found audio-visual stimuli of urban places to be linked with a
higher comfort feeling than acoustical stimuli alone.

The strong effect of the visual setting on noise annoyance observed
for the first block (Fig. 4c, left) is lost when averaging over the whole
experiment (Fig. 4c, right). In the latter case, the annoyance varied only
by 0.3 points on the 11-point scale between settings, and in a different
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order (landscape only > landscape with WT≈grey). This change was
likely to be evoked by a differential carryover effect, which is not
eliminated by (complete) counterbalancing and thus may change the
overall results (cf. Section 1). The above indicated simple order and
differential carryover effects are discussed in Section 3.3.

3.2. Influence of personal characteristics

The annoyance ratings were found to be lower the more positive the
attitude towards wind farms, although scattering is relatively large
(Fig. 5). On the 11-point scale, the ratings differ by 2.4 units within the
observed range of attitude values of 1.2–4.0, corresponding to a LAeq
difference of more than 7 dB. The importance of attitude was also ob-
served by Ribe, Manyoky, Wissen Hayek, and Grêt-Regamey (2016) and
Schäffer et al. (2018), as well as in the preliminary experiment (Section
2.3.3), and is also known from field surveys (Klæboe & Sundfør, 2016;
Pedersen & Larsman, 2008; Pedersen & Persson Waye, 2004).

Annoyance was not linked to any other of the participants’ tested
characteristics (gender, age or noise sensitivity). Other laboratory stu-
dies, in contrast, found a dependency on noise sensitivity (Crichton,
Dodd, Schmid, & Petrie, 2015; Sun et al., 2018) or no dependency on
personal variables at all (Schäffer et al., 2016). These discrepancies may
be due to the fact that in the laboratory, participants’ ratings are closer
to their sensory perception (corroborated also by the high ICC value
found here), while in the field, personal and situational factors become
much more important (Janssen et al., 2011; Michaud et al., 2016).

3.3. Simple order and differential carryover effects

Annoyance increased with the playback number of the stimuli, by
about 0.6 units on the 11-point scale from the first to the twenty-fourth
stimulus (Fig. 6). The same effect would also be evoked by a ∼2 dB
increase of the LAeq. Possibly, the participants became increasingly
annoyed and/or fatigued by the stimuli, and rated the stimuli ever
quicker as they got used to the sounds (practice or fatigue effect: Cohen,
2013). An increase in annoyance with playback number was also ob-
served in the preliminary experiment (Section 2.3.3) as well as in
previous laboratory experiments on noise annoyance by Schäffer et al.
(2016; 2018). In contrast, an experiment with a pairwise comparison
task to evaluate the subjectively perceived sound quality of speech did
not reveal such effect (Sanavi, Schäffer, Heutschi, & Eggenschwiler,
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Fig. 4. Mean short-term noise annoyance as a function of the audio-visual char-
acteristics (a) equivalent continuous sound pressure level (LAeq) (pooled data of
different situations of amplitude modulation (AM) and visual settings), (b) AM
(without (“no”) or with; pooled data of different LAeq and visual settings) and (c)
visual settings (landscape with wind turbine (WT), landscape only (LS) and grey;
pooled data of different LAeq and AM), for the first block of visual setting (first 8
stimuli) and for all three blocks (all 24 stimuli). Symbols represent observations, and
lines the corresponding mixed-effects model (Eq. (1)) with 95% confidence intervals,
in (b) and (c) as horizontal lines. The annoyance ratings are shown at the mean
playback number of either the first 8 stimuli or all 24 stimuli.
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Fig. 5. Mean short-term noise annoyance (mean of all ratings per participant)
as a function of the attitude towards wind farms (with values of 0= very ne-
gative to 4=very positive) according to Schäffer et al. (2016). Symbols re-
present observations, and lines the corresponding mixed-effects model (Eq. (1))
with 95% confidence intervals.
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2017). In fact, simple order effects were found to depend on the task
and to be particularly important for simple tasks (Malhotra, 2009). This
corroborates the importance of counterbalancing to eliminate such ef-
fects (Cohen, 2013).

The potential differential carryover effects of the visual setting in-
dicated by Fig. 4c are further presented in Fig. 7, which shows the mean
annoyances per visual setting, separately for the first block of visual
settings (“between-subject design”, thus no visual differential carryover
effect), for the second plus third block (with potential differential car-
ryover effects), and for all three blocks. The results of the first block and
of the mean of all three blocks correspond to Fig. 4c, except that the
simple order effect was excluded in Fig. 7. The data of the second and
third block were pooled, because the change between them was smaller
than between the first and second block. This indicates that the initial
and current visual settings are both determinant for ratings. This ob-
servation is congruent with findings from literature on memory, re-
ferred to as primacy and recency effect (Li, 2010; Murdock, 1962). The
magnitude of annoyance of the first block strongly determines the an-
noyance of the following blocks. This effect of the first visual setting on
annoyance seems even stronger than the effect of the current setting.
Accordingly, the order of annoyance to the visual settings in the
second/third block differs from the first block. This is likely to be
caused by anchoring, where the magnitude of the first rating de-
termines the magnitude of subsequent ratings (Sawyer & Wesensten,
1994). Of the possible carryover effects assimilation and contrast (Ferris
et al., 2001), assimilation, i.e., bias towards the rating of the preceding
(here, first) visual setting, was apparently the dominant effect here.
Assimilation was also found, e.g., by Ward (1973) in a psychoacoustic
experiment on loudness evaluation. As a consequence, the effect of the
visual setting on the mean annoyance over the whole experiment is lost
(Fig. 7, right), which was also observed in the preliminary experiment
(Section 2.3.3). Even worse, the data pooled over the whole experiment
suggests significant differences between visual settings in a different
order than the first, unbiased block (Fig. 7). The observed carryover
effect is in line with results from literature for visual assessment (Ferris
et al., 2001).

Thus, the simple order effect influenced the annoyance to both,
acoustical characteristics and visual setting, while a differential carry-
over effect was observed for the visual setting only. However, this
finding cannot be generalized. First, differential carryover effects
cannot be excluded a priori for acoustical stimuli. As an example, Sun
et al. (2018) in their experiment presented the stimuli in different
blocks over four consecutive days to minimize auditory memory of the
participants. Second, the studied visual settings were either similar
(landscape with vs. without WT) or without (much) information (grey).
Thus, the current setting will not or only partially have erased the
memory of the preceding setting(s), which might have promoted dif-
ferential carryover effects. Also Maffei et al. (2013) used similar visual
settings and observed only a weak effect of the number of WTs on an-
noyance (possibly diminished by differential carryover effects). In
contrast, Szychowska et al. (2018) and Sun et al. (2018) (cf. Section
2.3.3) used very different visual settings. Here, the memory of the
previous setting was probably erased by the current setting, which
might have inhibited or at least reduced differential carryover effects,
so that visual effects were observed over the whole experiment (con-
trary to our study). In conclusion, both types of serial position effects
may play a role in psychophysical experiments and should be con-
sidered in experimental designs.

3.4. Statistical model

To describe the above observed effects on annoyance, the following
mixed-effects model was found to be adequate:
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visual setting and the blocks of visual settings (initial= first block only; sub-
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first block is free from differential carryover effects, while the data of the
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dependence on playback number (Fig. 6). For presentation purposes (better
visibility of the overlapping confidence intervals) the data are slightly shifted
on the x-axis. The observed mean annoyance values are very similar to the
modelled values shown here except that it implicitly contains the dependency
on playback number. Different letters indicate significant differences within
blocks, as obtained from estimated marginal means (initial block, subsequent
second plus third block) and contras analysis (overall).
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In Eq. (1), Annoyijk is the dependent variable short-term annoyance,
μ is the overall mean, τAM and τvis are the categorical variables AM (2
levels: i=1, 2) and visual setting (current and first setting, described
by 9 levels: j=1, …, 9), LAeq, Ord and Att are the continuous variables
LAeq, order (playback number) and attitude towards wind farms, and β,
γ and δ are their regression coefficients. The random effect terms u0k
and u1k are the participants’ random intercept and slope (k=1, …, 43),
describing the dependence of the individual annoyance ratings on the
LAeq (same model approach as by Schäffer et al., 2016), and εijk is the
error term. The index ijk represents the kth replicate observation of the
ith AM with the jth visual setting. All variables of Eq. (1) are sig-
nificantly linked to annoyance (p < 0.001 to p=0.01). The model
parameters are presented in Appendix C. The model explains more than
80% of the variance (R2m=0.60, R2c = 0.82), indicating that it may
reproduce the observations highly accurately.

3.5. Broader study context

This section aims at bringing the present study into broader context
regarding (i) reproduction techniques, (ii) differences between labora-
tory experiments and field surveys, and (iii) practical implications.

First, our study revealed that visual impressions may strongly affect
the participants’ noise annoyance. However, although the audio-visual
stimuli used here provided a high level of realism, the projection of the
visualizations on a screen with a limited field of view does not meet
human viewing habits, which may have influenced the participants’
responses. For a more realistic simulation of the multisensory way in
which the real environment is perceived, head-mounted displays or a
Cave Automatic Virtual Environment (CAVE; e.g., Sahai et al., 2016) to
present immersive virtual realities (IVR) are promising tools. They
foster the participants’ feeling of being present in the virtual environ-
ment (Maffei, Masullo, Pascale, Ruggiero, & Romero, 2016; Puyana-
Romero, Lopez-Segura, Maffei, Hernández-Molina, & Masullo, 2017;
Ruotolo et al., 2013; Yu et al., 2017). Also augmented reality (e.g.,
Botella et al., 2016) may provide such immersiveness. However,
wearable devices such as head-mounted displays are intrusive, which in
turn may affect results. Acoustically, immersiveness could be further
improved by adding ambient sounds. Systematic studies on differences
in results from experiments using different reproduction techniques
would therefore be desirable.

Second, in interpreting the results, one should consider the inherent
differences between field surveys and laboratory experiments, as dis-
cussed in detail for psychoacoustic experiments on WT noise annoyance
by Schäffer et al. (2016; 2018). Laboratory experiments as performed
here are an important complement to field surveys, because they allow
isolating specific variables and thus systematically studying and de-
veloping a better understanding of their effects on noise annoyance
(e.g., Szychowska et al., 2018; see above). However, at the same time,
due to the focus on only few variables, laboratory experiments fall short
of providing the whole environmental context, and hence, certain
findings might not be confirmed by field surveys. For example, we
observed the well-known crucial role of the LAeq in the laboratory (see
Section 3.1), while its effect is weaker in the field (Brink, 2014), where
other factors may play a more prominent role (e.g., Janssen et al., 2011;
Michaud et al., 2016). Also, the short-term noise annoyance assessed in
the laboratory is inherently different from long-term exposure in the

field (Guski & Bosshardt, 1992). Therefore, it is crucial to bear in mind
that results of single experiments are only revealing certain aspects of a
more complex model, which needs to be built upon series of studies and
meta-analyses, as proposed by Szychowska et al. (2018). The present
study provides a valuable input for enhanced models, which may sub-
sequently be validated in field surveys to prove the generalizability of
the results.

Finally, the identified differential carryover effect of the first visual
setting on the subsequent annoyance ratings may also have implications
for planning practice, as audio-visual simulations are regarded a valu-
able tool for public participation in environmental planning (Maffei
et al., 2016; Manyoky et al., 2016; Ribe et al., 2018). When these
techniques are used, for example, to evaluate wind farm scenarios in
different landscape contexts or as communication tools for residents of
potential future wind parks, the presentation order of the landscapes
and/or elements such as WTs (e.g., with/without) might affect the
people’s perception and noise annoyance, too. Hence, users of audio-
visual simulations need to be aware of possible unwanted effects and of
methods to avoid them. Focusing in training and teaching courses of 3D
landscape simulation not only on technical but also on practical im-
plementation aspects is, therefore, mandatory. Likewise, the presenta-
tion order should be rigorously considered in psychophysical laboratory
experiments. It would be interesting to know if/how much the results of
previous studies (Ferris et al., 2001; Maffei et al., 2013; Sun et al., 2018;
Szychowska et al., 2018) (cf. Section 2.3.3) would have changed if the
presentation order had been different.

4. Conclusions

In this study, audio-visual stimuli were systematically varied with
respect to the distance of the observer from the WT, periodic AM of the
sound and visual setting, accounting also for participants’ personal
characteristics, as well as for simple order and differential carryover
effects. We are not aware of any other study on audio-visual effects of
WTs, where also the playback order was explicitly accounted for.

We found that both acoustical characteristics and the visual setting
affect noise annoyance, besides the participants’ attitude towards wind
farms. The visual setting may thus act as an effect modifier on noise
annoyance. The investigated variables and their variation within the
experiment (LAeq= 33–49 dB; two situations of AM; three visual set-
tings, playback number=1–24; attitude value= 1.2–4.0) caused an-
noyance variations decreasing in the order LAeq (5.4 points on the
ICBEN 11-point scale) > attitude (2.4 points) > unbiased visual set-
ting (1.2 points, first block) > periodic AM ≈ playback number (both
0.6 points).

Our results further show that serial position effects (playback order)
may affect the outcomes of psychophysical experiments. Simple order
effects influenced the annoyance to both, acoustical characteristics and
visual setting, while a differential carryover effect was observed for the
latter only. Thus, the association of noise annoyance with acoustical
characteristics can (usually) be reliably assessed by counterbalancing,
eliminating simple order effects. The presentation order of visual sti-
muli, in contrast, needs more attention and should be explicitly ac-
counted for in experimental designs (Nonyane & Theobald, 2007). The
strength of the current study is the full control to separate the “primary”
effects (Table 1) from simple order and differential carryover effects. To
our knowledge, available studies from literature on audio-visual effects
of environmental noise on annoyance did not explicitly investigate the
latter effects to date. Whether and to what degree differential carryover
effects affected their results thus cannot be answered.
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In conclusion, audio-visual characteristics were found to mutually
affect noise annoyance. The sound pressure level and amplitude mod-
ulation increased annoyance, the presence of a visualized landscape
decreased annoyance, and the visibility of a wind turbine increased
annoyance. To obtain unbiased experimental results, however, the
presentation order of audio-visual stimuli needs to be carefully con-
sidered in experimental studies as well as in participatory landscape
planning. As the number of audio-visual studies is increasing and
findings are thought to support landscape planning and design deci-
sions, it is essential to give these topics more consideration in future

studies.
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Appendix B. Results of the preliminary experiment

See Fig. B1.
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Fig. B1. Mean short-term noise annoyance as a function of (a) the equivalent continuous sound pressure level (LAeq) (pooled data of different situations of amplitude
modulation (AM) and visual settings), (b) AM (without (“no”) or with; pooled data of different LAeq and visual settings), (c) visual settings (landscape with wind
turbine (WT), landscape only (LS) and grey; pooled data of different LAeq and AM), (d) attitude towards wind farms (mean of all ratings per participant, with values of
0= very negative to 4=very positive) according to Schäffer et al. (2016), and (e) playback number (mean of all ratings per playback number). Symbols represent
observations, and lines the corresponding mixed-effects model with 95% confidence intervals, in (b) and (c) as horizontal lines. The annoyance ratings of (a)–(d) are
shown at the mean playback number of all 24 stimuli. Note that an analogous statistical model was used here as for the main experiment (cf. Eq. (1) and Table C1),
except that the visual setting was modelled simpler (3 categories only: WT, LS and grey), without accounting for differential carryover effects.
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Appendix C. Linear mixed-effect model

See Table C1.
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a b s t r a c t

The presence of amplitude modulation (AM) in wind farm noise has been shown to result in

increased annoyance. Therefore, it is important to determine how often this characteristic is

present at residential locations near a wind farm. This study investigates the prevalence and

characteristics of wind farm AM at 9 different residences located near a South Australian wind

farm that has been the subject of complaints from local residents. It is shown that an audible

indoor low-frequency tone was amplitude modulated at the blade-pass frequency for 20% of

the time up to a distance of 2.4 km. The audible AM occurred for a similar percentage of time

between wind farm percentage power capacities of 40 and 85%, indicating that it is important

that AM analysis is not restricted to high power output conditions only. Although the number

of AM events is shown to reduce with distance, audible indoor AM still occurred for 16% of

the time at a distance of 3.5 km. At distances of 7.6 and 8.8 km, audible AM was only detected

on one occasion. At night-time, audible AM occurred indoors at residences located as far as

3.5 km from the wind farm for up to 22% of the time.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The rapid global expansion of wind energy has been associated with widespread complaints regarding annoyance, sleep

disturbance and adverse health effects from people who have been exposed to wind turbine noise [1]. Therefore, to ensure that

residents living near wind farms are not subjected to excessive noise-related disturbance, it is important to identify potentially

disturbing wind farm noise components. Moreover, suitable methods for quantifying these components are required. Acceptable

threshold levels also need to be defined to determine the prevalence of potential noise disturbance.

Several researchers have shown that amplitude modulation (AM) of wind farm noise contributes to annoyance [2–5]. Despite

this finding, many regulations and guidelines concerning wind farm noise do not include penalties for this characteristic, possi-

bly due to the ongoing debate as to what constitutes a reasonable penalty [6]. As discussed by Perkins et al. [7], the exposure-

response to wind turbine AM noise is influenced by several factors including AM depth, noise level, duration/consistency of AM,

time of occurrence and noise sensitivity of the individual.

Several methods have been developed to determine the AM depth of wind farm noise based on analysis in the time-

domain, frequency-domain and a combination of both [8]. Recently the AM Working Group (AMWG), on behalf of the UK
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Institute of Acoustics, conducted an extensive review of existing methods for AM detection and quantification [8]. Follow-

ing this review and a period of consultation, the group developed a method referred to as the IOA ‘reference method’ [9],

which incorporates concepts developed by other research groups including Fukushima et al. [10] and Renewable UK [2] into

a hybrid (time- and frequency-domain based) method. The main advantages of this method are that it can be automated,

allowing analysis over long time periods, and it is robust to background noise contamination, reducing the instances of false

positives.

This study investigates the suitability of the IOA ‘reference method’ for detecting low-frequency AM of a tone that is gen-

erated by wind turbines. The motivation for this analysis is to investigate the prevalence of a low-frequency ‘thumping’ or

‘rumbling’ noise that has been mentioned in complaints from residents. In fact, during a study by the South Australian Envi-

ronmental Protection Agency in 2013, at least 14 (out of 15) residents living at various distances up to 8 km complained of

‘thumping’ and/or ‘rumbling’. Their responses were documented in noise diaries that were collected over several weeks and

these were provided to our research group. Since the IOA ‘reference method’ has been validated using broadband noise [2,11],

which is representative of wind farm noise at distances less than 1 km from a wind farm, some modifications are proposed to

extend its applicability to tonal AM measured at larger distances. These include changes to the analysis bandwidth, reduction

in the prominence factor representing ‘valid AM’, assessment of the tonal audibility and reduction in the AM depth for cases

when the tonal audibility is less than 0 dB at AM ‘troughs’. The modified algorithm is then applied to outdoor and indoor data

measured at 9 residences over a total of approximately 64 days of continuous recording to investigate the prevalence of AM and

the associated AM depth. Relationships between AM and distance from the wind farm, AM and wind farm operating conditions

and AM and time of day are also explored.

2. Measurement set-up

Outdoor measurements were carried out for a total of approximately 64 days at 9 different residences located between 1 and

9 km from the nearest wind turbine of a South Australian wind farm, which at the time of measurements was made up of 37

operational turbines, each with a rated power of 3 MW. The wind farm is positioned along the top of a ridge and the wind turbine

hub height relative to the residences varies between 85 and 240 m. The wind turbine and residence locations are shown in Fig. 1.

Time series data were acquired both outdoors and indoors using National Instruments 9234 (at 10240 Hz sampling rate) and

Bruel and Kajer LAN-XI Type 3050 (at 8192 Hz sampling rate) data acquisition systems, respectively. The outdoor microphone

was a G.R.A.S type 40AZ with a 26CG preamplifier, which has a noise floor of 16 dB(A) and a flat frequency response down to

0.5 Hz. The outdoor microphone was mounted at a height of 1.5 m and protected using a spherical secondary windscreen with a

diameter of 450 mm. Details of the construction of this windscreen are provided in Hansen et al. [12]. The outdoor microphone

was typically positioned at least 20 m away from the residence and at least 10 m from surrounding vegetation to minimise

façade reflections and wind-induced vegetation noise, respectively. A typical outdoor measurement set-up is shown in Fig. 2.

The indoor microphone was a B&K type 4955, which has a noise floor of 6.5 dB(A) and a flat frequency response down to 6 Hz.

The indoor microphone used in the analysis was mounted on a mini tripod and positioned approximately 100 mm from a room

corner, at the intersection between two walls and the floor. Two other indoor microphones were mounted at heights of 1.5 m

Fig. 1. Scaled diagram showing position of residences relative to the wind farm.
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Fig. 2. Schematic showing a typical outdoor measurement set-up.

Table 1

Number of 10-min samples measured outdoors and indoors at each residence.

Residence H1 H2 H3 H4 H5 H6 H7 H8 H9

Distance (km) 1.3 2.3 2.4 2.5 3.3 3.4 3.5 7.6 8.8

Outdoors 833 700 471 1548 1087 640 1659 999 848

Indoors 834 803 860 1561 1091 640 1344 989 850

and positioned randomly within the room. At all residences, the indoor measurements were taken in a room that faced as

closely as possible towards the wind farm and the windows were closed. A total of 8716 and 8972 10-min samples of outdoor

and indoor data, respectively, were analysed in this study. The number of 10-min samples taken outdoors and indoors at each

residence is shown in Table 1.

Hub-height wind speed data for the nearest wind turbine to each residence were available from the wind farm operator for

all residences except H5, for which the hub height data were measured using a Fulcrum 3D SODAR. The SODAR was located

on the same ridge-top as the wind turbines, as shown in Fig. 1. The resolution of this device is ±0.01 m/s, according to the

manufacturer. Power output data for the wind farm were obtained from the Australian Energy Market Operator website [13] in

5-min averages. These data pertain to the entire wind farm and data for each individual wind turbine were not available.

3. Analysis techniques

3.1. AM detection and quantification method

Several methods have been developed for detecting and quantifying AM and they can be divided into 3 categories: time-

domain [10], frequency-domain [4] and ‘hybrid’ methods [9], the latter of which involves analysis in both the time and frequency

domains. A comprehensive review of these methods can be found in Refs. [8,14]. In this study, the IOA ‘reference method’ [9],

a hybrid method, has been used for detecting and quantifying AM. However, to ensure reliable detection of the low-frequency

tonal AM that is characteristic of the wind farm noise analysed in this study, several modifications were required, which are as

follows:

1. The bandwidth of analysis was limited to a single 1/3-octave band containing AM with the highest associated AM depth.

2. The prominence factor described in the IOA ‘reference method’ was reduced to 3. This means that the spectral peak at the

BPF did not need to be as high above the noise floor of the power spectrum to be considered as wind farm AM.

3. The audibility of the tone was assessed based on the sound pressure level (SPL) in the 50 Hz 1/3-octave band and masking

noise in the first critical band (20–120 Hz).

(a) The normal hearing threshold curve specified in ISO 389-7 [15] was used to determine if the SPL in the 50 Hz 1/3-octave

band was sufficiently high to be potentially audible.

(b) For cases identified in (a), the tonal audibility was assessed using the method outlined in the IEC 61400-11 standard [16].

Note that this standard does not explicitly state that the tone should be above the hearing threshold. However, this is an

important consideration for low level tones, and thus audibility was also evaluated using ISO 389-7 [15].
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Fig. 3. A summary of the steps for determining and quantifying AM based on the IOA ‘reference method’ that has been modified to suit analysis of AM of a low-frequency

tone. The Inverse Fast Fourier Transform (IFFT) is calculated using the fundamental and first two harmonics. The values in the box shaded green with dashed grey outline

are the original values used in the IOA ‘reference method’. The modifications are applied for all 10-s segments. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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4. If the AM troughs, as pictured in the bottom-right of Fig. 3, were not expected to be audible based on the calculated tonal

audibility, the AM depth was reduced. For instance, if the tonal audibility was 0 dB and the AM depth was 6 dB, the reduced

AM depth would be 3 dB. This is referred to as the ‘AM correction’ hereafter.

For the specific wind farm and receiver distances analysed in this study, narrowband analysis revealed that the most signifi-

cant AM occurs at approximately 46 Hz [17]. Therefore, due to the tonal nature of the AM, the analysis bandwidth was reduced

to the 50 Hz 1/3-octave band. Although Bass et al. [9] suggest an analysis bandwidth of 50 Hz–200 Hz, it is highlighted that this

bandwidth precludes the audible tone and that even if the lower bound were extended to 40 Hz, the AM depth would be much

lower. This is expected for the tonal AM analysed in this study but the approach may not be valid for broadband AM such as

‘swish’. In fact, it is recommended that before deciding on the analysis bandwidth, it is important to identify the frequency range

in which AM occurs. To ensure that the AM depth is not underestimated, it is important to choose a bandwidth that results in

the highest AM depth. In this analysis, a narrow bandwidth of 2 Hz, centred on the tone, was also investigated but it was found

that the AM depth was close to that obtained using 1/3-octave bands. Moreover, use of 1/3-octave bands is required by the New

Zealand standard for wind farm noise measurement [18] and has been used by other researchers [19,20] for AM analysis.

The prominence ratio was reduced from 4 to 3 based on a systematic analysis, which is described in Section 3.2. Fig. 3 shows a

summary of the steps for determining and quantifying AM based on the IOA ‘reference method’ with the modifications discussed

above.

Fig. 4. The effect of prominence ratio on the result of AM detection for measurements at H5. (a) Spectrogram showing the presence of AM, as determined by a human

scorer, shaded in grey. The AM is characterised by horizontal bands of relatively high SPL spaced at the BPF. (b), (c) Results of AM detection corresponding to prominence

ratios of 4.0 and 3.0, respectively. The red and blue markers show AM depth for 10-min data points that are considered valid and not valid, respectively using the IOA

‘reference method’ [9]. (d) Mean and standard deviation of 1/3-octave spectra corresponding to data containing wind farm AM (red) as shaded in (a–c), and the period with

negligible wind farm noise (blue), as indicated by the low-level signal without AM in the centre of (a–c). (For interpretation of the references to colour in this figure legend,

the reader is referred to the Web version of this article.)

125 of 267



141K.L. Hansen et al. / Journal of Sound and Vibration 455 (2019) 136–149

3.2. Validation of AM detection algorithm

To show a visual representation of the accuracy of the IOA ‘reference method’ with prominence ratios of 3 and 4, com-

parison is made to a spectrogram plot in Fig. 4. These data were measured at H5 over 24 h, during which there were some

periods with AM present and other periods with AM absent. The plot was constructed using a Hamming window, frequency

resolution of 0.1 Hz, time resolution of 5 s and 50% overlap. As shown in Fig. 4(a), use of a spectrogram plot is an effective

method of identifying AM of a tone, which is visible as horizontal lines in the spectrum spaced vertically at the blade pass

frequency (BPF) of 0.8 Hz. The disadvantage of this approach is that it requires significant computational resources and a

human for visual data interpretation. Hence, it was used in this study as a validation tool only. The results of applying the

IOA ‘reference method’ with modifications are shown in Fig. 4(b) and (c). Here the AM depth is plotted against time, and 10-

min periods with and without AM are shown using red circles and blue plus signs, respectively. Fig. 4(d) shows that the SPL of

low-frequency noise is much higher during periods containing wind farm AM compared to periods when the ambient noise is

dominant.

Comparison between Fig. 4(a) and (b) indicates that the prominence ratio of 4 that is recommended by Bass et al. [9] fails to

detect many occurrences of AM. On the other hand, selection of a more conservative prominence ratio of 3 results in a better

correlation between the AM visible in Fig. 4(a) and the 10-min periods identified as containing AM in Fig. 4(c). The rate of

detection of true and false positives for various prominence ratios is discussed in more detail below.

To further refine the selection of the prominence ratio for the entire data set, a Receiver Operating Curve (ROC) analysis

was carried out using the methodology outlined by Fawcett [21]. The aim of the ROC analysis was to systematically examine

true versus false positive and negative detection rates at each possible prominence ratio to find the optimal prominence ratio

cut-off that simultaneously maximised both true positive (sensitivity) and true negative (specificity) detection. This is done

by comparing the algorithm output to a ‘gold standard’ which in this case is the human-scored presence of AM. To construct

the ‘gold standard’ data set, 96 10-min periods (equivalent to 16 h of continuous measurement) were randomly selected from

each of the 9 data sets. These data were plotted in spectrograms with the same criteria used to plot Fig. 4(a). One investigator

(PN) manually reviewed and classified each of the resulting 864 spectrogram segments into those containing (N = 200) versus

not containing (N = 664) visually discernible AM for at least 50% of the time, as consistent with the IOA ‘reference method’.

The IOA ‘reference method’ was then employed to detect AM, using prominence ratios between 2.5 and 4.5, with steps of

0.25, and the resulting ROC curve is shown in Fig. 5(a). The standard IOA ‘reference method’ and prominence ratio cut-off of

4 showed high specificity (0.99) but poor sensitivity (0.09) for detecting ‘gold standard’ classified AM events compared to a

prominence ratio of 3; which achieved a more reasonable balance of lower specificity (0.82) and higher sensitivity (0.62). A

prominence ratio of 3 is closest to the top-left corner (0,1) of the ROC which represents an ideal classifier and so provides the

best compromise between true and false positive rates [22]. The total area under the ROC curve (AUC) is 0.783 (95% confidence

interval 0.751 to 0.815), which indicates that the IOA ‘reference method’ is a reasonably good discriminator of AM, but could

potentially be improved. Fig. 5(b) shows an alternative method for measuring algorithm performance using the number of true

and false positives for each value of the prominence ratio investigated. For each prominence ratio, the vector containing a binary

Fig. 5. Selection of the most suitable prominence ratio. (a) ROC curve analysis and (b) Sum of subtraction method.
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Fig. 6. AM analysis of outdoor (red) and indoor (blue) noise measured at 9 different residences located near a wind farm. The overlap between outdoor/indoor AM data

is shown in purple. The ‘AM correction’ has not been applied. (a) Histogram of AM depth. (b) Histogram of modulation frequency. (For interpretation of the references to

colour in this figure legend, the reader is referred to the Web version of this article.)

outcome for the presence/absence of AM from the ‘gold standard’ data set is subtracted from the corresponding vector obtained

using the IOA ‘reference method’. All elements in the resulting vector are summed and the entire process is labelled ‘sum of

subtraction’ in Fig. 5(b). The results show that at low prominence ratios, there is a high rate of false positives whereas at high

prominence ratios, there is a high rate of false negatives (i.e. non-detection of AM). The curve asymptotes near a value of −200

as this corresponds to the number of AM events in the ‘gold standard’ data set and thus indicates that few AM events were

detected using high prominence ratios. The point closest to the blue dashed line, which reflects maximum true positives and

true negatives, corresponds to a prominence ratio of 3, which is in agreement with the ROC analysis. Hence, a prominence

ratio of 3 was selected for this study. Use of a higher cut-off, such as 3.5, could be used to reduce the false positive rate to

more confidently ‘rule-in’ the presence of AM (i.e. higher specificity), but also increases the chances of missing AM (i.e. lower

sensitivity). Similarly, use of a lower cut-off, such as 2.5, could be used to more confidently ensure that AM is not missed (i.e.

higher sensitivity), but at the expense of falsely detecting AM in some cases (i.e. lower specificity). Ultimately AM classification

methods need to both reliably detect the most annoying features of AM when AM is present, and reliably rule out AM when it is

absent.

4. Results

4.1. Prevalence of AM

The results of applying the modified AM algorithm without the ‘AM correction’ for audibility to outdoor and indoor data

measured at 9 different residences located near a wind farm are shown in Fig. 6. In Fig. 6(a), the number of AM events is plotted

against the AM depth. It is evident that the mean AM depth for indoor noise was higher than that for outdoor noise. The reason

for this is that the background noise in the 50 Hz 1/3-octave band was higher indoors, resulting in less AM events being detected,

and thus a shift in the mean value. Given that the AM occurs in the 50 Hz 1/3-octave band, where the equal loudness contours

are closer together than for mid-frequency noise, the fluctuation in loudness as a result of AM would be greater and hence

potentially more annoying. On the other hand, to obtain a more realistic prediction of annoyance, the ‘AM correction’ should be

applied, as outlined in Section 4.2. Fig. 6(b) shows that the modulation frequency was consistently 0.8 Hz, which corresponds to

the expected blade-pass frequency when the wind turbines are operating at their nominal speed of 16.1 rpm [23].

4.2. Prevalence of audible AM

To determine which data points required an ‘AM correction’ to more accurately reflect the perception of AM depth, the tonal

audibility was assessed as described in Section 3.1. Results of this assessment are shown in Fig. 7(a) and it can be seen that the

tone was potentially audible both outdoors and indoors. In fact, the tone would have been audible in more cases than reflected in

Fig. 7(a) since the tonal audibility assessment is based on mean values and therefore the peak audibility of an AM tone is higher.
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Fig. 7. (a) Histogram of tonal audibility measured outdoors (red) and indoors (blue) using the corner microphone. (b) Tonal audibility measured at 2 random locations

within a room (Positions 1&2) and in the corner location (Position 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

The mean tonal audibility outdoors and indoors was 4 dB(A) and 2.8 dB(A), respectively. As the histogram for the outdoor data is

negatively-skewed, the mode was much higher at 7 dB(A). The lower tonal audibility indoors may be the result of higher indoor

masking noise.

An unexpected result was obtained when comparing the tonal audibility at various positions around the room for H5. It

was found that the mean tonal audibility was highest at randomly chosen ‘Position 2’ in Fig. 7(b), where the microphone was

mounted near the centre of the room at a height of 1.5 m. At the corner ‘Position 3’ in Fig. 7, the mean tonal audibility was slightly

lower and therefore the results shown in Fig. 7(a) may not reflect worst case conditions. The reason that the tonal audibility is

not necessarily highest in the corner is that the corner is an anti-node for all room response modes and therefore the masking

noise in the critical band containing the tone would have been higher as well. At another randomly chosen location near the

centre of the room at a height of 1.5 m, the mean tonal audibility was shown to be lower than the other two positions and

therefore for consistency, the corner position was used in the tonal audibility assessment. However, these results indicate that it

Fig. 8. Indoor noise measurements taken at 9 different locations near a wind farm before and after the ‘AM correction’ (blue and red, respectively). (a) Histograms of AM

depth. (b) Probability Density Function of AM depth. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this

article.)
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Fig. 9. Relationship between AM depth and distance from the wind farm before (green) and after ‘AM correction’ (red). (a) Outdoor measurement, (b) Indoor measurement.

(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

could be advantageous to involve the resident when selecting measurement positions when a tone is involved, since the corner

position may not represent the worst case in this situation.

The results obtained after applying the ‘AM correction’ to the indoor data are shown in Fig. 8(a) and (b). It is evident that

the ‘AM correction’ is necessary for a large number of data points, resulting in a reduction in the mean AM depth from 8.5 dB to

7.4 dB. This indicates that the tonal audibility at 46 Hz was often less than 0 dB, as shown in Fig. 7(a). The overall number of AM

events is also much lower, indicating that a large proportion of detected AM events were entirely below the hearing threshold.

Fig. 8(b) shows that the median AM depth is the same before and after correction but that the mode is higher after correction.

Also, the distribution shape changes significantly and becomes negatively-skewed, which is expected as the ‘AM correction’

involves a subtraction only. Similar trends were observed for the outdoor data and thus the results are not presented here.

4.3. Relationship between distance from the wind farm and AM

Fig. 9(a) and (b) show uncorrected and corrected AM depth as a function of distance from the nearest wind turbine for

data measured outdoors and indoors, respectively. There is no clear relationship between the AM depth and distance for both

outdoor and indoor data before the ‘AM correction’ is applied. This is anticipated as the difference between the peak and trough

SPL remains constant. Also, our previous analyses [17] have shown that the wind turbine signal is as high as 15 dB above ambient

noise levels in the 50 Hz 1/3-octave band at a distance of 8.8 km from the nearest wind turbine, suggesting that masking in this

frequency range may only occur during periods of low wind farm power output. In these cases, it is possible that the AM would

not be detected as valid due to relatively high ambient levels. Differences in the AM depth measured at the various residences

can be explained by differences in the positioning of the residences with respect to the wind farm. This affects the distance

between the residence and the wind turbines other than the closest one. Also, the number of wind turbines that are orientated

in a given direction with respect to the residence varies with both wind direction and residence position.
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Fig. 10. Outdoor and indoor noise measurements taken at 9 different locations near a wind farm. (a, b) Relationship between the percentage of time that AM was present

and the distance from the wind farm. (c, d) Relationship between percentage of time that AM was present and distance from the wind farm, where the results have been

combined into three distance bins of 2 km width.

The AM depth is expected to reduce with distance when the ‘AM correction’ is applied, since tonal noise at 46 Hz is less

likely to be audible at larger distances from the wind farm. However, this relationship is not evident in Fig. 9(a) and (b). The

reason for this is that audibility of wind farm noise is dependent on the wind turbine power output and this was not the

same during the measurements taken at each residence. In fact, the reduced tonal audibility and lower AM depth after ‘AM

correction’ at 2.5 and 3.3 km in Fig. 9(a) may indicate that worst-case conditions, in terms of AM depth and audibility, were

not captured at these residences. It is interesting to note that although the number of AM events is lower at 8.8 km relative to

1.3 km, the AM depth is similar outdoors both before and after the ‘AM correction’, as shown in 9(a). For the indoor data, there

was only one instance of audible AM at 8.8 km but the associated AM depth was also similar to that measured at 1.3 km. The

variation in the AM depth with distance for the indoor data after ‘AM correction’ shown in 9(b) can be attributed to differences

in housing construction and orientation of the room relative to the wind farm. These factors affect the indoor SPL and hence

audibility.

The large number of outliers, shown by the green and red open circles, in Fig. 9(a) and (b) is attributed to meteorological

effects such as changes in wind direction, atmospheric stability and atmospheric turbulence. However, the number of outliers

is small (10%) compared to the total number of data points, from all locations, that were used for the averages. Fewer outliers

are associated with the red data points as the ‘AM correction’ reduces the overall number of AM events, however, the actual

percentage of outliers remains the same.

Fig. 10(a) and (b) provide insight into the percentage of time that AM occurred at each residence both outdoors and indoors.

These numbers should be interpreted with caution due to differences unrelated to distance such as: size of the data set,

position of the residence with respect to the wind farm, worst case atmospheric conditions for wind farm AM not captured,

housing construction, room orientation relative to the wind farm and room size. The latter three characteristics are only rel-

evant when considering the results after ‘AM correction’. Valid AM was detected less often indoors, which may be related

to background noise, as some of the residences (but not the measurement room) were occupied during the measurement

period.
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Fig. 11. Indoor noise measurements taken at 9 different locations near a wind farm. (a) Bean plot of AM depth against hub-height wind direction. (b) Percentage of time

that AM was present during various hub-height wind directions.

Fig. 10(a) and (b) indicate that tonal AM was present outdoors between 25 and 50% of the time and indoors between 14

and 46% of the time. Applying the ‘AM correction’ results in fewer AM events, however, the tonal AM is shown to be audible

outdoors and indoors up to distances of 3.5 km for as much as 24 and 16% of the time, respectively. At distances of 7.6 and

8.8 km, it is expected that the tonal AM would generally not be audible for a person with hearing in the normal range. The

tonal AM could be audible at these distances for a small proportion of the population that have sensitive hearing (i.e. 2.5%

of the population have a hearing threshold that is 10–12 dB less than the ISO 389-7 [15] threshold curve [14]). The results

at 2.5 and 3.5 km are not considered representative for the reasons discussed in the paragraphs above. Therefore, to further

investigate the relationship between percentage of AM and distance, Fig. 10(c) and (d) were plotted. To reduce the variance

between measurement locations in this figure, the data have been categorised into three groups; 1–2, 2–4 and > 4 km. A clear

trend of reducing AM with distance is apparent from these figures both before and after the ‘AM correction’. In fact, it is shown

that the occurrence of AM may be reduced by a factor of two after a distance of 2 km. A lower AM detection rate at distances

greater than 2 km may be associated with a reduced signal-to-noise ratio, particularly during periods of low wind farm power

output.

4.4. Wind farm operating conditions and AM

Fig. 11(a) provides insight into the relationship between AM depth and hub-height wind direction for the indoor data with-

out ‘AM correction’. It can be seen that the mean AM depth is similar for crosswind and downwind conditions but slightly

lower for upwind conditions. Also, the distribution shapes vary such that there are more AM events with a higher AM depth

under crosswind conditions. Fig. 11(b) indicates that the percentage of time that AM was present during each wind direction

is similar for downwind and crosswind directions but much lower for the upwind direction. For the entire data set, crosswind,

downwind and upwind conditions occurred 17%, 80% and 3% of the time, respectively. For the results shown in Fig. 11, the

wind direction is defined based on the line joining the nearest wind turbine to the receiver with a margin of ±45◦. This is an

approximation as wind turbines adjacent to the nearest wind turbine are orientated differently for a given wind direction. On

the other hand, since the wind farm layout is approximately linear in the North-South direction and most of the residences are

located to the East and West of the wind turbines, the direction categories are usually applicable to the adjacent wind turbines

as well.

The relationship between wind farm power output, hub-height wind speed and the presence of AM indoors is presented in

Fig. 12(a) and (b). In these figures, the grey and green bars correspond to periods of no AM and valid AM, respectively. The line

plot indicates the percentage of time that AM was present for the entire measurement period. As shown in Fig. 12(a), a large

number of measurements were taken when the wind farm was operating at a percentage power capacity of <5% as there were

several periods during which the wind speed was less than the cut-in wind speed of 3.5 m/s [23].

Fig. 12(a) and (b) indicate that the highest number of AM events is associated with a wind farm percentage power capacity

and hub-height wind speed of approximately 40% and 10 m/s, respectively. After applying the ‘AM correction’, the peak in

the percentage of time that AM was present is less distinct and it is more useful to consider a range of operating conditions.

Referring to the dashed line in Fig. 12(a) and (b), it can be seen that audible tonal AM was present indoors for at least 20% of

the time when the hub-height wind speed at the nearest wind turbine was between 11 and 14 m/s and the percentage power

capacity was between 40 and 85%.This indicates that AM is more likely to be detected when the wind turbines are operating

below their maximum rated power. It is unclear if this is a source characteristic or an environmental effect, as the background
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Fig. 12. Indoor noise measurements taken at 9 different locations near a wind farm. (a) Number of AM events and percentage of time that AM was present before and

after ‘AM correction’ against wind farm percentage power capacity, (b) Number of AM events and percentage of time that AM was present before and after ‘AM correction’

against hub-height wind speed, (c) AM depth against wind farm percentage power capacity, where the data has been separated into 2 km-wide distance bins and the

regression fits applied to all data, (d) AM depth against hub-height wind speed, where the data has been separated into 2 km-wide distance bins and the regression fits

applied to all data, (e) Number and percentage of time that AM was present as a function of time of day.

noise may also be higher due to wind noise at the receiver when the wind farm is operating at higher power capacities. This

could result in non-detection of AM, even though it may be present.

In Fig. 12(c) and (d), the AM depth without the correction for audibility is plotted against the percentage power capacity and

wind speed at hub height, respectively. There is a poor correlation between the AM depth and percentage power capacity as well

as hub-height wind speed, as indicated by the low R2 values obtained for both linear and second order polynomial regression

fits. However, according to the second order polynomial regression fit, which has a higher R2 value, there is a general trend that

the AM depth increases slightly up to a percentage power capacity and wind speed at hub height of 70% and 15 m/s, respectively,

after which it decreases slightly. Limited improvement in the correlation between AM depth and percentage power capacity as

well as hub-height wind speed is obtained when the data are separated into 2 km-wide distance bins. This is indicated by the
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large scatter in the data points for each distance bin shown in Fig. 12(c) and (d). Hence, the large variation in AM depth for

the various power capacities and wind speeds at hub height is most likely attributable predominantly to meteorological effects.

Detection of valid AM at a power output of 0% can be explained by the 18% false positive rate using a prominence ratio of 3, as

shown in Fig. 5(a).

Fig. 12(e) shows that tonal AM occurs much more frequently during the night-time, particularly between 10pm and 5am. In

fact, compared to daytime hours from 9am to 5pm, there are twice as many AM events during the night-time. This is in agree-

ment with the findings of Van den Berg [24] and supports the idea that AM is more likely to occur during stable conditions, which

occur more often at night-time. A larger proportion of AM events that occurred during the daytime were audible compared to

the night-time. A possible explanation is that inaudible AM events are less likely to be detected during the daytime when the

background noise level is higher. Approximately 10% of the total measurement time at night-time contained audible AM. How-

ever, at residences located up to 3.5 km from the wind farm, audible AM occurred for as much as 22% of the measurement time

at night-time.

5. Conclusions

Low-frequency tonal AM with a modulation frequency consistent with the expected blade-pass frequency, has been mea-

sured between 1 and 9 km from a wind farm. The mean AM depth was 8.5 dB for noise measured indoors, slightly higher than

the mean of 7.8 dB which was measured outdoors. On the other hand, when the tonal audibility was taken into account, the

mean AM depth reduced to 7.4 dB for noise measured indoors and there was a similar reduction for the outdoor data.

Despite the relatively low noise levels, it was found that the tonal AM could be audible both outdoors and indoors up to

distances of 3.5 km from the nearest turbine in the wind farm. The tonal audibility was higher outdoors than indoors, possibly

due to higher indoor masking noise relative to the tonal noise. The indoor tonal audibility was dependent on the microphone

location and the highest tonal audibility was not measured in the corner. This is because both the tonal level and masking noise

are higher in the corner position since it is an anti-node for all room response modes. The relatively higher masking noise at the

corner location can therefore give rise to a relatively lower tonal audibility.

There was no clear relationship between the AM depth and distance from the wind farm before the ‘AM correction’ for

audibility was applied. This is expected, as AM depth is not affected by distance, and masking of the wind farm noise by ambient

noise in the 50 Hz 1/3-octave band can be negligible, even at distances as far as 8.8 km from the nearest wind turbine. Due to

differences in the power output that occurred during the measurement period at each residence, it was not possible to draw

conclusions about the relationship between AM depth and distance from the wind farm after ‘AM correction’. However, for the

outdoor data, it was observed that the AM depth after correction was similar at the various distances. The percentage of time that

AM was present was shown to reduce significantly with distance from the wind farm both before and after the ‘AM correction’.

This observation is consistent with noise attenuation during propagation, which results in a decrease in the wind farm noise

level and hence, a reduction in tonal audibility and valid AM. Tonal AM was shown to be audible outdoors and indoors up to

distances of 3.5 km for as much as 24 and 16% of the time, respectively. At distances of 7.6 and 8.8 km, the results indicate that

the tonal AM would generally not be audible for a person with hearing in the normal range.

The percentage of occurrence and AM depth were both found to be higher during downwind and crosswind conditions.

However, under crosswind conditions, the AM depth was higher for a larger number of AM events. The AM occurred most often

when the wind farm percentage power capacity was approximately 40% both before and after the ‘AM correction’ was applied

to account for the tonal audibility. Audible tonal AM was shown to be present indoors for at least 20% of the time for the entire

data set when the hub-height wind speed at the nearest wind turbine was between 11 and 14 m/s and the percentage power

capacity was between 40 and 85%.

Tonal AM occurred most often at night-time, during the hours between 10pm and 5am. Approximately 10% of the total

measurement time at night-time contained audible AM. At residences located up to 3.5 km from the wind farm, audible AM

occurred for as much as 22% of the time at night. This has important implications for possible sleep disruption from wind

farm AM, particularly as ambient noise levels in rural South Australia can be as low as 15 and 5 dBA, outdoors and indoors,

respectively. Further research is needed to determine the prevalence of AM on an annual basis. Further work is also needed to

quantify the annoyance and sleep disturbance potential of this type of tonal AM.
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December 16, 2019 
 

Backcountry Against Dumps, Inc. 
℅ Donna Tisdale 
P.O. Box 1275 
Boulevard, CA 91905  
 

Re: Wind Turbine Infrasound and Low-Frequency Noise Survey in Boulevard, CA 
 

Ms. Tisdale:  

At your request, dBF Associates, Inc. (dBFA) conducted an acoustical survey to 
document infrasound and low-frequency noise (ILFN) generated by the existing wind 
turbines (WTs) in the Boulevard area of unincorporated San Diego County, California.  

There are currently two wind farms in the Boulevard area: Kumeyaay with (25)  
2-megawatt WTs and Tule with (57) 2.3-megawatt WTs. To the east is the Ocotillo wind 
farm with (112) 2.3-megawatt WTs. To the southeast in Mexico is the Energia Sierra 
Juarez (ESJ) wind farm with (47) 3.3-megawatt WTs.  

Noise recordings obtained on Friday, August 16, 2019 conclusively document the 
presence of ILFN, at homes up to approximately 6 miles away, generated by the WTs at 
the Kumeyaay and Tule facilities.  

During the noise recordings, amplitude modulated (AM) noise was observed in the field. 
Analysis of the noise recordings also indicates excessive AM noise generated by the 
existing WTs.  
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MEASUREMENT LOCATIONS 

Outdoor and indoor noise recordings were made at three residences in the Boulevard 
area, during daytime, evening, and nighttime periods of the day. Refer to Table 1 for 
details.  

Table 1. Measurement Locations 

Residence Address Location Distance to  
Closest WT 

Measurement  
Start Times 

Tisdale 1250 Tierra Real Lane 32.622245,  
-116.348327 5.7 miles (Kumeyaay) 

12:12 PM 
6:58 PM 
10:23 PM 

Morrison 2920 Ribbonwood Road 32.709943,  
-116.297129 1.46 miles (Tule) 

1:40 PM 
8:14 PM 
11:16 PM 

Guy 2975 Ribbonwood Road 32.718458,  
-116.290017 4,430 feet (Tule) 

2:44 PM 
9:25 PM 
11:58 PM 

 

NOISE RECORDING METHODOLOGY 

All noise recordings were made with Brüel and Kjær (B&K) type-4193 ½-inch pressure 
field microphones, which are specifically designed for infrasound and low frequency 
(below 40 cycles per second [Hz]) measurements, and provide a linear response from  
0.07 Hz to 20,000 Hz. A B&K type-UC-0211 adapter was used to couple the 
microphones to a B&K type-2639 preamplifier, providing a linear frequency response 
down to 0.1 Hz for the microphone / adaptor / preamplifier system. All recordings were 
calibrated with B&K type-4230 calibrators, which are checked and adjusted every 6 
months with a B&K type-4220 pistonphone in the Wilson Ihrig laboratory in Emeryville, 
California. The Wilson Ihrig pistonphone itself is calibrated annually with a signal 
traceable to the National Institute of Standards and Technology.  

Inside each residence, a microphone was mounted on a tripod at 4.5 feet above the floor, 
in the middle of the living room or a bedroom; the microphone was oriented vertically 
and covered with a 3‐inch diameter wind screen.  

A second microphone was set up outside of each residence. In some cases, a third 
microphone was set up in another location outside of the residence. Following 
International Electrotechnical Commission (IEC) Standard 61400‐11, the outside 
microphone was rested horizontally (i.e., flush mounted) on a ½‐inch‐thick plywood 
“ground board” that is 1 meter in diameter. The microphone was oriented in the direction 
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of the nearest visible wind turbine and the ground board was placed in a flat location 
between the residence and the wind turbines.  

Also following IEC 61400-11, wind effects on the outdoor microphone were reduced 
using both a hemispherical 7-inch-diameter primary windscreen placed directly over the 
microphone, and a hemispherical 20-inch-diameter secondary windscreen placed over the 
primary windscreen and mounted on the ground board. The microphone and primary 
windscreen were placed under the center of the secondary windscreen. 

The primary windscreen was cut from a spherical, ACO-Pacific foam windscreen with a 
density of 80 pores per inch (ppi). The secondary windscreen was constructed by WIA 
using a wire frame covered with ½ inch open wire mesh. A one-inch-thick layer of open 
cell foam with a density of 30 ppi was attached to the wire mesh.  

Both microphones used at the residences were powered by B&K type-2804 power 
supplies. Indoor and outdoor noise signals were recorded simultaneously to allow for 
correlation of indoor and outdoor sound levels during subsequent analysis. 

All noise samples were recorded with a RION DA21 digital recorder, which provides a 
linear frequency response (i.e., ±0.1% or less) to a lower frequency limit of essentially 
0.1 Hz when used in the “AC mode” (which was used). Twenty-minute (nominal) noise 
recordings were made at each location. All measurement data reported herein are based 
on analyses conducted in the Wilson Ihrig laboratory.  

Noise Measurements in Presence of Wind 

Some atmospheric pressure fluctuations are oscillatory in nature, whereas others are not. 
An example of a non-oscillatory pressure fluctuation is a change in barometric pressure – 
a change that occurs over a much longer time scale (e.g., hours) than the fluctuations 
being measured in this study. Wind and, in particular, gusts of wind cause another form 
of non-oscillatory pressure fluctuation, though it occurs on a much shorter time scale 
(e.g., a fraction of a second). Local wind can cause a pressure change affecting the human 
ear similar to the pressure change that occurs in an airplane as it ascends or descends 
during takeoff and landing, but this pressure change is not sound.  

Sound, in contrast to non-oscillatory fluctuations, consists of regular oscillatory pressure 
fluctuations in the air due to traveling waves. Sound waves can propagate over long 
distances depending on many factors. In the case of noise generated by machinery, the 
pressure fluctuations can be highly periodic in nature (i.e., regular oscillations). Sound 
that is characterized by discrete frequencies is referred to as being tonal. Although wind 
can generate sound due to turbulence around objects (e.g., trees, buildings), this sound is 
generally random in nature, lacks periodicity and is usually not in the infrasound range of 
frequencies.  
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However, the sound measurements we were interested in for this study (i.e., periodic 
wind turbine-generated ILFN) can be greatly impacted by non-oscillatory pressure 
fluctuations and extraneous noise caused by, for example, wind turbulence due to steady 
wind and particularly during gusts. The microphones used in these measurements are 
highly sensitive instruments, with pressure sensor diaphragms that will respond to any 
rapid enough pressure change in the air regardless of the cause. To minimize spurious 
(i.e. unrelated to the noise source being measured) noise and “pseudo sound” artifacts 
caused by wind gusts and other pressure fluctuations not associated with the wind 
turbine-generated noise itself, we employed special procedures. The main sources of 
spurious noise and the procedures we used to minimize its impact are discussed more 
fully below.  

Noise Artifacts due to Turbulence at the Microphone 

The most commonly-encountered source of noise artifacts in outdoor noise measurements 
is the turbulence caused by wind blowing over the microphone. To minimize this effect 
of wind when conducting environmental noise measurements outdoors, it is standard 
practice to use a windscreen, the size of which is usually selected based on the magnitude 
of the wind encountered. The higher the wind speed, generally the larger the windscreen 
required to minimize noise artifacts caused by air turbulence at the microphone.  

The windscreen used must be porous enough so as not to significantly diminish the 
pressure fluctuations associated with the noise being measured, which is to say that the 
windscreen must be acoustically transparent. As indicated above, the measurements 
reported herein followed procedures on windscreen design and usage as recommended by 
IEC 64100-11 to ensure accurate measurements.  

Noise Artifacts due to Air Gusts 

There is another – and more problematic – source of wind-based noise artifacts. This one 
is caused by non-oscillatory pressure fluctuations associated with wind gusts as well as 
the pressure associated with the air flow in a steady wind. Air gusts can have an effect on 
a microphone signal in two ways. Outdoors, the microphone diaphragm will respond to 
the direct change in pressure associated with air flow; whereas indoors, the microphone 
will respond to the indirect change in pressure associated with wind and particularly gusts 
of wind that pressurize the interior of the building. These wind effects induce noise 
artifacts that appear in the electrical signal generated by the microphone that is in the 
ILFN frequency range. This pseudo noise can, in turn, affect the spectral analysis of the 
recorded data. This form of pseudo noise (i.e., pressure changes due to air flow) is not 
substantially reduced by the use of a windscreen or even multiple windscreens regardless 
of their size.  

As discussed more fully in the Method of Analysis of Recorded Data section below, the 
sound recordings in this study were analyzed using a fast Fourier transform (FFT) 
technique to resolve low frequency and infrasound data. The primary range of interest in 
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these measurements was in frequencies between 0.1 and 40 Hz. An FFT analysis 
produces a constant bandwidth (B). A 400-line FFT was used in the analysis, which 
means the bandwidth was B = 0.1 Hz. This allows resolution of frequency components to 
fractions of one Hz. When using a very narrow bandwidth (e.g., 0.1 Hz), the time 
required for filtering is long in order to obtain adequate frequency resolution. The FFT 
analysis time T required for a specific bandwidth B is given by: T = 1/B. For a 0.1 Hz 
bandwidth, the time required is 10 seconds. At this time scale, the effects of air pressure 
changes due to air movement tend to linger in the filtering process as discussed in the 
Method of Analysis of Recorded Data section below.  

To reduce the wind gust-induced noise artifacts that manifest in the data with such long 
filtering times, both physical means during recording and analytical post-recording 
methods can be employed to minimize this spurious noise. The most effective pre-
measurement technique is to dig a hole in the ground and put the microphone into it. If 
two pits and microphones are used, then a cross-spectral analysis is also possible. In this 
study, however, it was impractical and, in some cases, impossible to dig microphone pits 
at the measurement locations. We thus relied on post-measurement analytical methods to 
filter out the pseudo noise as much as possible.  

Each of the two most effective analytical techniques takes advantage of the fact that wind 
turbines and other large rotating machinery with blades (e.g., building ventilation fans 
and helicopters) produce very regular, oscillatory pressure fluctuations that are highly 
deterministic, whereas pressure changes due to air movement associated with local wind 
gusts are essentially random in nature. The sound produced by wind turbines is tonal in 
nature, meaning that it has a spectrum with discrete frequencies that, in this case, are 
interrelated (i.e., harmonics of the blade passage frequency). This difference between the 
random wind noise and the wind turbine noise provides a means to minimize the latter in 
the signal processing of the recorded data. It has been posited that it is the tonal nature of 
wind turbine infrasound that may have some influence on residents in the vicinity of large 
wind turbines.  

The noise artifacts associated with pressure changes at the microphone due to local wind 
gusts can be minimized in two ways when analyzing the recorded signal. The first 
technique is to average the noise measurements over a longer time period. This tends to 
reduce the effect of pseudo noise associated with random air pressure transients during 
wind gusts, but does not affect the very regular, periodic pressure fluctuations generated 
by wind turbines.  

When averaging over time is not sufficient, a second technique can be used to further 
minimize the effect of random pressure fluctuations associated with local wind. This 
second technique uses “coherent output power,” a cross-spectral process. Both time 
averaging and coherent output power are discussed below under the method of analysis 
of recorded data.  
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WIND TURBINE OPERATION DURING MEASUREMENTS 

The blade passage frequency (BPF) is the rate at which a WT blade passes in front of its 
tower. The formula for BPF is:  

BPF = (Turbine rpm / 60 seconds per minute) ´ Number of blades  

Associated with the BPF are harmonics, which are integer multiples of the BPF. In this 
study, we typically observed up to five discrete harmonics in the measurement data. The 
majority of the WTs at Kumeyaay and Tule were observed to be operating during the 
recordings. The BPFs observed for Kumeyaay Wind and Tule Wind were 0.84 Hz and 
0.71 Hz, respectively.  

METEOROLOGICAL DATA 

Weather Underground is a source for local weather data including wind speed and 
direction, temperature, precipitation, and atmospheric pressure. The closest weather 
monitoring station to Boulevard is approximately 12 miles away in Campo. Weather 
Underground data are archived by MesoWest from which we obtained meteorological 
data for the period of noise recordings. Average wind speeds ranged from 4 mph to a 
high of 18 mph. Daytime and evening wind was predominately from the west-southwest, 
southwest, or south-southwest; nighttime wind was from the north-northeast.  

METHOD OF ANALYSIS OF RECORDED DATA 

The recordings were subsequently analyzed in the Wilson Ihrig laboratory with a Larson 
Davis type‐2900 2‐channel FFT analyzer. Each recorded sample was first viewed in 
digital strip chart format to visually locate periods of lower local wind gusts to minimize 
low- frequency wind pressure transient effects on the data. The FFT analyzer was set for 
40‐Hz bandwidth, with 400‐lines, resulting in 0.1‐Hz resolution. Linear averaging was 
used. A Hanning window was used during a one‐ to two‐minute, low‐wind period to 
obtain an “energy average” with maximum sampling overlap. The results were stored for 
each sample, including autospectra, coherence, and coherent output power for both 
channels of data at the residential locations (i.e., indoors and outdoors). Autospectra were 
also obtained for the reference locations. 

Autospectra and Coherent Output Power 

One of the strengths of the indoor‐outdoor sampling procedure is that it made possible the 
use of what is called the “coherent output power” to minimize the effect of the low‐
frequency wind pressure transients caused by local wind gusts.  

Coherent output power is based on use of the coherence between two signals to weight 
the spectra of one of the signals based on coherent frequency components common to the 
two simultaneously recorded signals. Where, as here, the wind turbine-generated noise 
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remains at fairly consistent frequencies over the recording periods, the effects on the 
recorded signal of the essentially random, non-oscillatory pressure fluctuations caused by 
wind gusts should be reduced using this analysis procedure. The result is sometimes 
referred to as the coherent output spectrum.  

Sound Level Corrections Due to Use of Ground Board 

Placing an outdoor microphone on a ground board, as was done in this study, results in 
higher sound pressure levels (up to 3 dB greater) for frequencies in the range of 50 to 
20,000 Hz when compared to those measured at 4.5 to 5.5 feet above the ground, a 
standard height used to make environmental noise measurements as indicated in ANSI 
S12.9-2013/Part 3. Consequently, corrections to the sound level data at frequencies 
greater than 50 Hz obtained using a ground board would be required.  

However, for frequencies less than 50 Hz, the sound pressure level at the ground surface 
is essentially the same as that at a height of 5 feet. This is because a microphone on a 
tripod 5 feet above the ground is at a height less than one-fourth the wavelength of the 
sound at this frequency and there is little difference at frequencies less than 50 Hz 
between the sound field at ground level and the sound field at 5 feet above the ground.  

Because the data presented herein are in the ILFN range with frequencies less than 40 Hz, 
no corrections to the sound level data are necessary, even though the measurements were 
made with a ground board. Similarly, because AM describes relative differences in sound 
level, no corrections are necessary.  

ILFN Data  

There are four wind turbine facilities with a combined total of 241 WTs within 11 miles 
of the residences at which recordings were made. Each of the current WT facilities has an 
array of WTs made by a different manufacturer or installed with a different WT model. 
Consequently, the WTs at each facility have different rotational speeds. It was not 
practical to simultaneously observe all the WTs at the four facilities, and the rotational 
speeds of individual WTs vary from one another and change over time depending on 
local wind conditions. Furthermore, the WTs at Kumeyaay Wind and Tule Wind operate 
at rotational speeds that are not too dissimilar (i.e., about 16 and 14 rpm, respectively). 
These factors make linkage of ILFN at certain frequencies with a specific wind turbine 
facility somewhat challenging.  

It is clear from the discussion above that well‐defined spectral peaks at frequencies less 
than 10 Hz are generally mechanically-generated infrasound, and at frequencies less 5 Hz 
the infrasound is obviously generated by WTs. Note that in general for large, industrial 
wind turbines the highest operational speed is 20 rpm, which corresponds to a BPF of 1.0 
Hz for a turbine with three blades.  
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Consequently, peaks below 1.0 Hz are clearly BPFs of various WTs, and peaks that are 
multiples of a BPF between the frequencies of 1.0 Hz and 10 Hz are consequently 
harmonics of BPF, although harmonics that appear in the spectral data are typically 
limited to about 5 Hz.  

The coherent output power spectra measured inside residences are shown in the attached 
plots. It is apparent from the data plots that there are reoccurring spectral peaks at specific 
frequencies less than 5 Hz. Not all the peaks occur for all the residences, due to 
differences in distance, orientation of WT blade to the residence, possible shielding by 
intervening terrain, atmospheric conditions; however, where they are present, they are 
present regardless of time of day or location, which is a clear indication of infrasound 
generated by WTs.  

Table 2 lists the highest measured indoor sound pressure levels, and the frequency of 
those peak sound pressure levels.  

Table 2. Measured Sound Levels 

Residence Measurement  
Period 

Highest Sound Pressure Level;  
Dominant Frequency Rotor Rotational Component 

Tisdale 
Daytime  
Evening  
Nighttime  

44 dB at 0.88 Hz 
49 dB at 2.54 Hz 
47 dB at 1.66 Hz 

Kumeyaay BPF 
Kumeyaay 2nd Harmonic 
Kumeyaay 1st Harmonic 

Morrison 
Daytime  
Evening  
Nighttime 

52 dB at 0.59 Hz 
48 dB at 0.78 Hz 
57 dB at 1.66 Hz 

Ocotillo BPF 
Tule BPF 
Kumeyaay 1st Harmonic 

Guy 
Daytime  
Evening  
Nighttime 

64 dB at 0.88 Hz 
60 dB at 1.47 Hz 
63 dB at 2.54 Hz 

Kumeyaay BPF 
Tule 1st Harmonic 
Kumeyaay 2nd Harmonic 

 

AMPLITUDE MODULATION 

Several area residents have commented on what they characterize as a “whooshing” 
sound from WTs. This sound was pronounced at the Guy residence, the closest 
measurement to the Tule WTs. An analysis of the Guy residence recordings clearly 
indicates amplitude modulation (AM). AM is the fluctuation of sound, in this case air 
flow turbulence noise generated at the WT blades’ trailing edge, modulated (changing 
sound level) at the frequency of the BPF.  

A sample of recorded noise from the Guy residence was analyzed, as shown in the 
attached plot. At 250 Hz, the AM ranges from 3 to 10 dB, with the typical variation  
from 5 to 6 dBA.  
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CONCLUSIONS 

It is clear from the measured noise data that there is significant wind turbine-generated 
ILFN and AM from the Kumeyaay and Tule Wind facilities affecting homes up to 
approximately 6 miles away. This conclusion is coherent with the conclusions of the 
2014 and 2019 Wilson Ihrig studies.  

Sincerely,  

dBF ASSOCIATES, INC.  

 

  
Steven Fiedler, INCE 
Principal 
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Abstract: The number of onshore wind turbines in Europe has greatly increased over recent years,
a trend which can be expected to continue. However, the effects of wind turbine noise on long-term
health outcomes for residents living near wind farms is largely unknown, although sleep disturbance
may be a cause for particular concern. Presented here are two pilot studies with the aim of examining
the acoustical properties of wind turbine noise that might be of special relevance regarding effects
on sleep. In both pilots, six participants spent five consecutive nights in a sound environment
laboratory. During three of the nights, participants were exposed to wind turbine noise with variations
in sound pressure level, amplitude modulation strength and frequency, spectral content, turbine
rotational frequency and beating behaviour. The impact of noise on sleep was measured using
polysomnography and questionnaires. During nights with wind turbine noise there was more
frequent awakening, less deep sleep, less continuous N2 sleep and increased subjective disturbance
compared to control nights. The findings indicated that amplitude modulation strength, spectral
frequency and the presence of strong beats might be of particular importance for adverse sleep
effects. The findings will be used in the development of experimental exposures for use in future,
larger studies.

Keywords: wind turbine noise; sleep disturbance; experimental study; amplitude modulation;
polysomnography

1. Introduction

Wind is a renewable, sustainable source of power. Gross electricity consumption from wind
energy in the European Union (EU) member states increased more than threefold between 2004 and
2014, a trend which can be expected to continue in order to fulfil EU climate goals for 2020 [1]. However,
with the increase in wind power, more people will consequently live near wind turbines and are at risk
of exposure to wind turbine noise (WTN).

According to the World Health Organization (WHO), an estimated 1.0–1.6 million healthy life
years are lost each year due to environmental noise in Western Europe alone [2]. Sleep disturbance is
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the greatest contributor to this loss, accounting for approximately 900,000 years lost annually. Sleep is a
physiological state necessary for maintaining mental and physical well-being [3]. Disturbed sleep can
have a negative impact on many aspects of health and wellbeing, including impairment of attention [4],
memory consolidation [5,6], neuroendocrine and metabolic functions [7,8], mood [9] and overall
quality of life [10]. Night-time noise also affects autonomic functions [11,12], and epidemiological
studies have demonstrated that long-term exposure to night-time environmental noise may increase
the risk for developing cardiovascular disease [13,14].

While sleep disturbance by certain types of environmental noise has been relatively well
investigated, particularly transportation noise from rail, air and road traffic [11], there is a relative lack
of knowledge regarding the effects of WTN on sleep. Cross-sectional studies in communities with
nearby wind farms have demonstrated that WTN causes both annoyance [15–19] and self-reported
sleep disturbance [18,19] in a proportion of residents. A recent meta-analysis reported that self-reported
high sleep disturbance increased with each A-weighted 10 dB increase in predicted outdoor nocturnal
WTN (odds ratio = 1.60, 95% confidence interval: 0.86–2.94) [20]. However, this effect was not
statistically significant, and the authors of the meta-analysis concluded that studies with objective
measures of sleep and WTN were needed. The results of the meta-analysis were used by the WHO to
conclude recently that public health recommendations could not be made for night-time WTN levels,
since the quality of evidence was too low [21], assessed via the GRADE approach [22] adopted by the
WHO. Low quality evidence in the GRADE approach can be interpreted as “further research being
very likely to have an important impact on the certainty of the effect estimate and is likely to change
the estimate” [21].

At present, effects of WTN have mainly been evaluated using subjective means, and only a few
studies have investigated the physiologic response to WTN during sleep. Using wrist actigraphy,
Michaud et al. measured sleep of individuals living 0.25–11.22 km from operational wind turbines
to examine whether there was an association between objectively measured sleep disturbance and
calculated outdoor WTN levels [23]. They found no consistent relationship between sleep disturbance
and sound pressure level (SPL) averaged over one year. In another study, Jalali et al. measured sleep
using polysomnography (PSG) in participants’ homes, both pre- and post- wind turbine installation
and operation [24]. They found no significant differences for any of the measured sleep variables.
However, they also did not find any significant differences in SPLs measured in the bedrooms prior to-
and after the wind turbines began operating.

Disturbance from noise depends not only on SPL but also on the characteristics of the noise [25].
The main source of noise from modern wind turbines is aerodynamic noise generated when air
passes over the rotor blades [26]. Varying wind speed at different locations in the space swept by
the rotor blades can lead to an amplitude modulated sound [27], which may be a possible source of
disturbance as it is easily perceived and poorly masked by ambient background noise [15]. WTN
is also unpredictable as it varies with wind speed and meteorological conditions [28]. Additionally,
WTN is not necessarily attenuated during night-time; in fact, WTN levels may increase during stable
atmospheric conditions which occur during the night to a greater extent than during daytime [29,30].

When dose-response curves for WTN levels and annoyance have been compared to previously
established dose-response curves for other types of environmental noise (industrial and transportation
noise), higher proportions of annoyed residents have been found for WTN at equal SPLs [17,31]. It is
likely that several factors other than noise level contribute to response, including respondents’ general
attitude towards wind turbines and the experience of procedural fairness or injustice. Furthermore,
one possible source of additional annoyance could be that certain characteristics of WTN are more
disturbing [31] than those of other types of environmental noise. It is unclear at present whether such
acoustical characteristics of WTN are also of relevance for noise-induced effects on sleep.

Because of the need for further research, we implemented a project named Wind Turbine Noise
Effects on Sleep (WiTNES), the primary aim of which is a better understanding of causal links between
WTN and sleep impairment. Within the project, a method was developed for synthesising WTN,
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allowing us to generate WTN with no background noise such as traffic, wildlife or meteorological
phenomena, and also allowing for manipulation of different acoustical parameters of the noise [32].
Frequency-dependent outdoor to indoor attenuation curves for WTN level were also developed,
allowing us to reproduce WTN spectra for indoor locations such as bedrooms, which is relevant for
effects on sleep [33]. The present paper presents two pilot studies investigating the effect of wind
turbine noise on physiologically measured sleep, conducted with the intention to guide the design
and implementation of a larger-scale main study. Of primary interest was aiding the design of sound
exposures for the main study. To our knowledge, these are the first studies investigating the effects of
wind turbine noise on sleep under controlled laboratory conditions.

2. Methods

2.1. Experimental Design Overview

Two experimental studies were performed: Study A and Study B. Both studies used a
within-subject design, with participants sleeping for five consecutive nights in a sound environment
laboratory. Baseline sleep measured during a control night was compared to sleep measured during
three nights where participants were exposed to WTN. These exposure nights involved variations of
outdoor SPLs and frequency content due to outdoor-indoor filtering, simulating a bedroom with a
window being slightly open or closed. Furthermore, within exposure nights there were variations in
the acoustic characteristics of WTN.

2.2. Experimental Procedure

In order to make the study environment as ecologically valid as possible, the laboratory was
outfitted to resemble a typical apartment, with further details and photographs available elsewhere [34].
It contained a combined kitchen and living area, three separate bedrooms and three lavatories. This
allowed three individuals to participate concurrently during a given study period, sharing communal
areas but sleeping privately. Each of the bedrooms was furnished with a single bed, a desk, a nightstand,
chair and lamps. Low frequency noise (≤125 Hz) was introduced through eighty-eight loudspeakers
(Sub-Bass modules, Mod. 4 × 10 in, Jbn Development AB, Örnsköldsvik, Sweden) mounted in the
ceilings of the bedrooms. Higher frequencies (>125 Hz) were reproduced via two loudspeaker cabinets
in the upper corners of the rooms (C115, frequency response 80–20,000 Hz, Martin Audio, High
Wycombe, United Kingdom). Lights out was at 23:00 and an automated alarm in the bedrooms
woke the participants at 07:00. To ensure there was sufficient time for PSG electrode placement (see
below) and relaxation before going to bed, participants were required to arrive at the laboratory by
20:00 each evening. In order to allow participants to adapt to the unfamiliar environment and the
PSG equipment used to measure sleep, the first night was a habituation night without exposure to
WTN. Data from this night were not used in the analyses. The second night was an exposure-free
control night used to measure baseline sleep. During nights 3–5, participants were exposed to WTN.
The order of exposure nights was varied between study weeks, however there were only two study
weeks in each of the studies and hence the order of nights was not perfectly counterbalanced. A low
background noise (18 dB LAeq) simulating ventilation noise was played into the bedrooms throughout
the study, as otherwise the background level was unnaturally low (≤13 dB LAEq). Questionnaires were
completed by study participants within 15 minutes of waking up. To avoid potential confounders that
might affect sleep, participants were prohibited from daytime sleeping, caffeine consumption after
15:00 and alcohol consumption at any time during the studies.

2.3. Polysomnography

Sleep can be broadly classified into two states, rapid eye movement (REM) sleep and non-REM
(NREM) sleep. NREM is further divided into three stages which are—in order of increasing depth—N1,
N2 and N3 [35]. Different sleep stages have different characteristics in the electroencephalogram
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(EEG), so we measured physiologic sleep using PSG. We recorded the surface EEG with derivations
C3-A2, C4-A1, F3-A2, F4-A1, O1-A2 and O2-A1, electrooculogram and submental electromyogram.
Additionally, the electrocardiogram was recorded with two torso electrodes, and pulse, blood oxygen
saturation and plethysmogram were recorded using a finger pulse oximeter. Sampling and filter
frequencies and placements of electrodes were in line with the American Academy of Sleep Medicine
(AASM) guidelines [35]. All data were recorded offline onto an ambulatory PSG device (SOMNOscreen
Plus, Somnomedics, Randersacker, Germany). Scoring of the PSG data was performed in line with
AASM guidelines [35] by a single experienced sleep technologist who was blind to the study design.
EEG arousals, which are abrupt changes in the EEG frequency and sometimes considered indicators of
sleep fragmentation [36], were scored as per the American Sleep Disorders Association criteria [37].
Arousals lasting longer than 15 s were classed as awakenings.

Objective sleep variables of interest were sleep onset latency (SOL); total duration and maximum
continuous time in stages wake (W), N1, N2, N3 and REM sleep; REM and N3 latency; sleep efficiency
(SE); sleep period time (SPT): total sleep time (TST); wakefulness after sleep onset (WASO); timing of
first and final awakenings; and the number and frequency of sleep stage changes (SSCs), arousals and
awakenings. SOL was the time from lights out until the first non-wake epoch. REM and N3 latencies
were the time from sleep onset until the first occurrence of REM or N3 respectively. SPT was the time
from sleep onset until the final awakening. WASO was the time spent in W after sleep onset until the
final awakening. TST was SPT minus WASO. SE was TST divided by time in bed (TIB, 480 min). SSCs
were defined as transitioning from one sleep stage to a lighter stage. Transitions to W were not defined as
SSCs but as awakenings. REM sleep was defined as the lightest sleep stage and hence no SSCs could
occur from REM. Therefore, SSCs could occur from N3 to N2, N1 or REM, from N2 to N1 or REM and
from N1 to REM.

2.4. Questionnaires

In laboratory studies, numerical scales with fixed end points and Likert scales have previously
proved capable of detecting the effects of single nights of noise on morning tiredness and perceived
sleep quality and depth [38,39], and have been correlated with certain objective sleep measures [40].
Subjective sleep quality was therefore assessed both using an eleven-point numerical scale (anchor
points Very poor–Very good) and a five-category Likert scale (Very good; Good; Not particularly good;
Poor; Very poor). Nocturnal restoration (anchor points Very tired–Very rested; Very tense–Very relaxed;
Very irritated–Very glad) and self-assessed sleep (anchor points Easy to sleep–Difficult to sleep; Better
sleep than usual–Worse sleep than usual; Slept deeply–Slept lightly; Never woke–Woke often) were
assessed using eleven-point numerical scales.

Questions pertaining to noise-specific effects on sleep were adapted from recommendations for
annoyance questions by the International Commission on the Biological Effects of Noise [41]. An
eleven-point numerical scale was used to assess how much participants perceived that WTN disturbed
their sleep (anchor points Not at all–Extremely) and four five-category Likert scales were used to
investigate whether WTN caused poor sleep, wakeups, difficulties falling back to sleep and tiredness
in the morning (Not at all, Slightly, Moderately, Very, Extremely). Also included on the questionnaire
were items regarding perceived sleep latency, number of awakenings and whether participants found
it difficult or easy to fall asleep following awakenings. The complete questionnaire is presented in the
Supplemental Methods.

2.5. Noise Exposure: Study A

Following analysis of field measurements of WTN, three eight-hour night-time exposures of
WTN were synthesised (hereafter termed Nights A1, A2 and A3) [32,33]. We varied the noise levels
to correspond to different outdoor sound pressure levels in the three nights and used different
outdoor-indoor filters to simulate the bedroom window being slightly open (window gap) or closed
(Table 1). These resulting indoor noise spectra are given in Supplemental Figure S1. To allow
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investigation of differential effects of different WTN scenarios, eight periods with different sound
character, each 400 s in duration, occurred in each hour of each night. Across the eight hours of the
night, the ordering of these sound character periods was balanced in a Latin square so that any period
would only follow and precede any other period once. Each hour ended with a 400 s period with no
WTN. Based on analysis of existing sound characteristics of WTN [32], the noise scenarios differed
in SPL, amplitude modulation (AM) strength (3–4 dB, 7–9 dB, 12–14 dB), rotational frequency of the
turbine blades, AM frequency bands (low- or middle-frequency) and the presence or absence of strong
beats (Table 2). AM is a rhythmic fluctuation in the noise level, and its calculation is described in detail
elsewhere [32]. Beats are in this context defined as strong AM in the frequency range 400–2500 Hz.
The spectrum for each sound character period is presented in Supplemental Figure S2.

Table 1. Simulated outdoor and indoor sound pressure levels and frequency filtering used in exposure
Nights A1, A2 and A3 in Study A.

Exposure Night LAEq,8h,outdoor (dB) LAEq,8h,indoor (dB) Filtering

Night A1 40 29.5 Window gap
Night A2 45 34.1 Window gap
Night A3 50 33.7 Window closed

Indoor levels were measured at the pillow position. LAEq,8h,outdoor = Outdoor A-weighted equivalent noise level over
the 8 h night-time period. LAEq,8h,indoor = Indoor A-weighted equivalent noise level over the 8 h night-time period.

Table 2. Overview of the 400 s sound character periods within each hour in Study A.

Period LAEq Relative to 8-h
Level (dB)

Rotational
Frequency (rpm)

AM
Strength

AM Frequency
Band (Hz) Beats

1 −2.5 15 7–9 dB 500–2000 No
2 - 15 7–9 dB 500–2000 No
3 +2.5 15 7–9 dB 500–2000 No
4 - 13 7–9 dB 80–315 No
5 - 17 12–14 dB 500–2000 Yes
6 - 14 3–4 dB 500–2000 No
7 - 15 12–14 dB 500–2000 No
8 - 18 12–14 dB 500–2000 Yes

9 No WTN

Sound character was varied in level, turbine rotational frequency, amplitude modulation (AM) strength, AM
frequency band and presence or absence of strong beats. Periods 1–8 were counterbalanced across the 8 night-time
hours. Period 9 was always the final 400 s of each hour. LAEq = A-weighted equivalent noise level.

2.6. Noise Exposure: Study B

In Study B the noise level, outdoor-indoor filtering and the frequency band of the amplitude
modulation were varied between nights (Table 3). These resulting indoor noise spectra are given in
Supplemental Figure S3. Within nights, there were variations in AM strength, rotational frequency
and the presence or absence of beats. Unlike Study A, each factor had only two levels, giving a 2 ×
2 × 2 factorial design, in order to allow comparison between specific sound characters (see Table 4).
Each period was 400 s in duration and each hour ended with a WTN-free 400 s period. The periods
were presented in a Latin square as described for Study A. The noise spectrum was kept the same for
each sound character period, and is given in Supplemental Figure S4.

Table 3. Outdoor and indoor sound pressure levels, frequency filtering and AM frequency bands used
in exposure Nights B1, B2 and B3 in Study B.

Exposure Night LAEq,8h,outdoor (dB) LAEq,8h,indoor (dB) Filtering AM Frequency Band (Hz)

Night B1 45 32.8 Window gap 160–500
Night B2 45 32.8 Window gap 80–315
Night B3 50 30.4 Window closed 80–315

Indoor levels were measured at the pillow position. LAEq,8h,outdoor = Outdoor A-weighted equivalent noise level
over the 8 hour night-time period.
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Table 4. Overview of the 400 s sound character periods within each hour in Study B.

Period Rotational Frequency (rpm) AM Strength Beats

1 13 3–4 dB No
2 17 3–4 dB No
3 13 12–14 dB No
4 17 12–14 dB No
5 13 3–4 dB Yes
6 17 3–4 dB Yes
7 13 12–14 dB Yes
8 17 12–14 dB Yes

9 No WTN

Sound character was varied in turbine rotational frequency, amplitude modulation (AM) strength, and presence or
absence of strong beats. Periods 1–8 were counterbalanced across the 8 night-time hours. Period 9 was always the
final 400 s of each hour.

2.7. Participants

For each of the two studies, six young, healthy participants were recruited via public advertising.
Participants in study A (4 women, 2 men) had a mean age of 22.2 years, (standard deviation SD ±
1.3 years) and a mean body mass index (BMI) of 22.6 kgm−2 (SD ± 2.4 kgm−2). Participants in study B
(5 women, 1 man) had a mean age of 24.0 years (SD ± 2.3 years) and a mean BMI of 20.7 kgm−2 (SD ±
0.4 kgm−2). Participants were screened prior to acceptance with the following exclusion criteria: any
self-reported sleep-related disorders; sleeping patterns deviating from the intended sleeping hours
in the study; tobacco or nicotine use; dependent on caffeine; regular medication affecting sleep; any
self-reported hearing disorders including but not limited to hearing loss, tinnitus and hyperacusis. In
order to avoid an increased risk of breathing problems or obstructive sleep apnoea among participants,
they were required to have a BMI within the normal range (18.5–24.99 kg/m−2). Before acceptance,
participants had their hearing tested using pure tone audiometry between 125–8000 Hz to a screening
level of 15 dB HL. All participants in both Study A and Study B were classed as being noise sensitive
via a single item in the screening questionnaire. All subjects gave their informed consent for inclusion
before they participated in the study, and were financially compensated for taking part in the studies.
The study was conducted in accordance with the Declaration of Helsinki, and the protocol was
approved by the Gothenburg Regional Ethical Review Board (Dnr 974-14).

2.8. Statistical Analysis

Statistical analyses were performed in SPSS 22 (IBM Corp., Armonk, NY, USA), employing
non-parametric methods. Differences between nights were tested using Friedman tests (within-subject),
and if a main effect was found then pairwise comparisons were performed using Wilcoxon signed-rank
tests. As a pilot, the primary aim of Study A was not hypothesis testing, but rather to inform on the
exposures to be used in future, larger studies [42]. Therefore, analyses were restricted to differences
between-nights for PSG variables. In Study B, differences across nights for sound character periods
1–9 across nights were additionally analysed. Time in sleep stages N1, N2, N3 and REM were analysed
as fractions of TST. To avoid overlooking any potentially relevant outcomes, a significance level of
<0.1 was used, and corrections for multiple comparisons were abdicated. All results should therefore
be interpreted with this consideration. Median and interquartile range (IQR) values are reported.

3. Results

3.1. Study A: Sleep Micro- and Macro-Structure

Mean values of each PSG variable in each study night are given in Supplemental Table S1. One
female participant was excluded from analysis of absolute variables as she woke herself up early
following two exposure nights. The ratio of events per hour of TST was analysed for cortical reactions:
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SSCs, arousals, awakenings and combined EEG reactions (both arousals and awakenings together).
There was a significant main effect of the frequency of awakenings (χ2(df = 3) = 9.0, p = 0.029, Figure 1).
Awakenings occurred more frequently during nights with indoor noise levels of 34 dB (window closed,
Night A3) than in the control night (p = 0.046) and nights with 30 or 34 dB with the window slightly
open, (Nights A1 and A2, p = 0.028 and p = 0.028 respectively).
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There were no significant main effects between nights for the frequency of arousals, SSCs or
combined EEG reactions, or for measures of sleep macrostructure SOL, N3 latency, WASO, time or
maximum continuous time in stages W, N1, N2, N3 or REM.

3.2. Study A: Self-Reported Sleep

There was a significant main effect of perceived sleep disturbance by WTN (Table 5) where,
relative to the control night, disturbance was greater in Night A2 (p = 0.042) and Night A3 (p = 0.066).
There was also a significant difference in WTN causing tiredness in the morning, with post-hoc tests
revealing that Night A3 caused more tiredness in the morning compared to the control night (p = 0.059).
No significant main effects were found for any of the variables relating to sleep quality, nocturnal
restoration, perceived sleep latency or number of recalled awakenings.

Table 5. Self-reported sleep variables where a main effect of night was found in Study A.

Sleep Measure
Median (IQR)

χ2 p-Value
Control Night A1 Night A2 Night A3

Sleep disturbance by WTN (0 = Not at all,
10 = Extremely) 0 (0–0.75) 0 (0–2.5) 1.5 (0.75–4) 2.5 (0–4.75) 7.227 0.065

WTN cause tiredness in the morning (Not
at all = 1; Extremely = 5) 1 (1–1) 1 (1–2.25) 1 (1–2.25) 2 (1–2.25) 6.400 0.094

IQR = Interquartile range.

3.3. Study B: Sleep Micro- and Macro-Structure

3.3.1. Differences between Nights

Mean values of each PSG variable in each study night are given in Supplemental Table S2. There
was a main effect on time spent in N3 (χ2(df = 3) = 6.310, p = 0.097, Figure 2A), with a significant
reduction in N3 sleep in exposure Night B2 compared to the control night (p = 0.043) and Night
B3 (p = 0.046). There was a significant main effect of first awakening (χ2(df = 3) = 9.400, p = 0.024,
Figure 2B), with the first awakening occurring earlier in Night B2 compared to Night B1 (p = 0.028)
and Night B3 (p = 0.028). There was a main effect of maximum continuous time in stage N2 (N2max),
(χ2(df = 3) = 10.200, p = 0.017, Figure 2C), where N2max was shorter in Night B1 (p = 0.027) and Night
B3 (p = 0.027) compared to the control night. Furthermore, N2max was shorter in Night B1 (p = 0.046)
and Night B3 (p = 0.028) compared to Night B2. No significant main effects were found for SOL, REM
or N3 latencies, total number of SSCs, WASO or SPT.
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3.3.2. Effects of Sound Character Period between Experimental Nights

Main effects were found for percentage of N1 sleep in Period 6, percentage of N3 sleep in Period
4 and for time awake in Period 3 and 7 (Table 6). Participants spent more time awake in Period 7 in
Night B1 (p = 0.042) and Night B3 (p = 0.026) compared to in the control night. However, post-hoc
comparisons revealed no significant between-night differences for time awake in Period 3. The
percentage of N1 sleep in Period 6 was higher in Night B2 compared to the control night (p = 0.028).
There was a higher percentage of N1 sleep in Period 6 in Night B2 compared to the control night
(p = 0.028). The percentage of N3 sleep in Period 4 was significantly lower in Night B2 compared to
the control night (p = 0.046), Night B1 (p = 0.028) and Night B3 (p = 0.028).

Table 6. Objective sleep variables where a main effect of WTN sound character period was found in
Study B.

Sleep Measure Period
Median (IQR)

χ2 p-Value
Control Night B1 Night B2 Night B3

Time awake
(min)

3 a 1 (0.50–1.63) 0.75
(0.50–1.25)

1.75
(0.75–5.13) 2 (0.88–2.88) 7.000 0.072

7 b 0.75
(0.38–1.13)

1.75 *
(1.50–2.0)

1.25
(0.50–2.75)

6.63 *
(5.74–7.52) 8.509 0.037

N1 (%) 6 c 6.63
(5.74–7.52)

6.37
(0.71–13.84)

11.32 *
(8.47–15.64)

4.69
(1.81–5.27) 11.400 0.010

N3 (%) 4 d 26.77
(21.24–29.41)

29.12
(13.60–33.02)

4.60 *,†
(0–13.58)

27.22
(18.72–32.89) 10.900 0.014

a 13 rpm, strong AM, no beats; b 13 rpm, strong AM, beats; c 17 rpm, weak AM, beats; d 17 rpm, strong AM, no
beats. Significant (p < 0.05) post-hoc differences to the control night are denoted *. Significant (p < 0.05) post-hoc
differences to both Night B1 and Night B3 are denoted †. IQR = Interquartile range.

Cortical reaction frequencies (arousals, awakenings and SSCs) were calculated for similar sound
character periods and analysed to examine whether any specific sound characteristic was of particular
importance (Supplemental Figure S5). There were no significant main effects for arousals (p = 0.649),
awakenings (p = 0.197) or SSCs (p = 0.191).

3.3.3. Study B: Self-Reported Sleep

Main effects between-nights were found for tiredness in the morning, tension in the morning,
difficulties falling asleep, perceived sleep disturbance due to WTN. Furthermore, main effects were
found for whether WTN caused poor sleep, awakenings difficulties falling asleep after awakenings or
tiredness in the morning (Table 7).
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Table 7. Self-reported sleep variables in Study B.

Sleep Measure
Median (IQR)

χ2 p-Value
Control Night B1 Night B2 Night B3

Sleep quality (Very good = 0, Very poor = 10) 3 (2.75–6.50) 4.5 (2–5.5) 4.5 (1–7.5) 6 (4.25–6.25) 0.911 ns
Verbal sleep quality (Very good = 1, Very poor = 5) 2 (2–2.25) 2 (1.75–4) 2 (1–2.75) 3 (2–3.25) 3.692 ns

Very rested (0)–Very tired (10) 2.5 (1.75–3.25) 5.5 * (1.75–6.25) 2.5 (1.5–6.75) 5.5 * (4–7) 9.367 0.025
Very relaxed (0)–Very tense (10) 3 (2.5–3.5) 4.5 (1–6) 3 (1–4.25) 5.5 *† (4.5–7) 8.625 0.035
Very glad (0)–Very irritated (10) 2 (0.75–4.75) 3.5 (1.75–7) 4 (1–4.5) 5.5 (3.75–6.25) 5.308 ns

Time to fall asleep (min) 15 (8.75–22.5) 27.5 (15.5–38.75) 15 (8.75–46.25) 25 (16.25–42.50) 3.808 ns
Estimated number of wakeups (n) 2 (2–3) 2 (2–4.25) 2.5 (1.75–4) 3 (1.75–3) 0.796 ns

Easy to sleep (0)–Difficult to sleep (10) 3 (0.75–4) 6 * (2.75–8) 2.5 (1–7.25) 6.5 * (4.25–8) 8.793 0.032
Slept better than usual (0)–Worse than usual (10) 5 (4.25–7.25) 6 (4.75–8.25) 5 (2.75–7.5) 7 (6–8.25) 3.982 ns

Deep sleep (0)–Light sleep (10) 3 (2.5–4.25) 6 (2–7.5) 3.5 (1.75–6.75) 6 (3–7.25) 3.911 ns
Never woke (0)–Woke often (10) 6.5 (5–7.25) 4 (2.75–9) 4 (3.25–5) 6 (2.75–7) 0.661 ns

Sleep disturbance by WTN (0 = Not at all, 10 = Extremely) 0 (0–0.25) 2.5 *† (2–7.25) 2.5* (1–4.5) 6 *‡† (3.5–6.25) 14.722 0.002
WTN cause poor sleep (Not at all = 1, Extremely = 5) 1 (1–1) 2 * (1–3.25) 2 (1–3) 3 * (2–3) 10.432 0.015

WTN cause awakenings (Not at all = 1, Extremely = 5) 1 (1–1.25) 1.5 (1–3.25) 1.5 * (1–2.25) 2.5 * (1.75–3.25) 9.250 0.026
WTN cause difficulties falling back to sleep (Not at all = 1, Extremely = 5) 1 (1–1) 2.5 * (1.75–4) 2 * (1.75–2) 3 * (1.75–3.25) 9.889 0.020

WTN cause tiredness in the morning (Not at all = 1, Extremely = 5) 1 (1–1.25) 2 * (2–4) 2 (1.75–3.25) 3 *† (2.75–4) 15.125 0.002

Sleep quality was coded such that the scales are in the same direction as for other items, i.e., a higher value indicates worse sleep. p-values relate to tests of main effects. ns = not significant
(α = 0.1). Significant (p < 0.1) post-hoc tests are denoted * (compared to control night); ‡ (compared to Night B1); † (compared to Night B2). IQR = Interquartile range.
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Relative to the control, after Night B1 participants were more tired (p = 0.063), had greater difficulty
falling asleep (p = 0.072) and were more disturbed by WTN (p = 0.026). In Night B1, WTN-induced poor
sleep (p = 0.066), WTN-induced difficulty falling asleep after awakenings (p = 0.041) and WTN-induced
tiredness (p = 0.024) were rated deleteriously compared to the control night. Additionally, perceived
disturbance from WTN was greater in Night B1 than Night B2 (p = 0.066).

Relative to the control, participants in Night B2 were more disturbed by WTN (p = 0.027) and
reported more WTN-induced awakenings (p = 0.083) and WTN-induced difficulty falling asleep after
awakenings (p = 0.025).

Relative to the control, participants in Night B3 were more tired (p = 0.026), more tense (p = 0.041),
had more difficulty falling asleep (p = 0.027) and were more disturbed by WTN (p = 0.027). Furthermore,
they indicated more WTN-induced poor sleep (p = 0.023), more WTN-induced awakenings (p = 0.038),
greater WTN-induced difficulty falling asleep after awakenings (p = 0.039) and increased WTN-induced
tiredness in the morning (p = 0.024). Furthermore, tension (p = 0.043) and WTN-induced sleep
disturbance (p = 0.068) were greater following Night B3 than Night B2. WTN-induced tiredness was
higher following Night B3 than Night B1 (p = 0.083) and Night B2 (p = 0.059).

4. Discussion

Two studies investigating the effects of nocturnal wind turbine noise on physiologically measured
sleep in a laboratory setting have been presented. They were intended to serve as pilot studies prior to
a subsequent larger study, and they had the main objective of providing indications of specific sound
character of WTN that may be of particular relevance for effects on sleep. Regarding an overall effect
of WTN on sleep, there was some evidence that participants had more frequent awakenings, reduced
amounts of N3 (“deep”) sleep, reduced continuous N2 sleep, increased self-reported disturbance and
WTN-induced morning tiredness in exposure nights with WTN compared to WTN-free nights.

Furthermore, there was limited evidence from Study B that wakefulness was adversely affected
by strong amplitude modulation and lower rotational frequencies, N3 sleep seemed to be adversely
affected by higher rotational frequency and strong amplitude modulation and N1 sleep increased with
high rotational frequency and beating. However, the current analyses have not accounted for potential
interaction effects between sound character periods and exposure night. For instance, it cannot be
excluded that an interaction between the exposures used in exposure Night B2 in Study B (50 dB
outdoor level with a closed window) and the sound characteristics of Period 4 (high RPM, strong AM,
no beats) in the same night is responsible for the observed reduction in N3.

Awakenings occur spontaneously during sleep, but an increased awakening frequency can
disrupt the biorhythm of sleep, causing sleep fragmentation and often resulting in an increase in
wakefulness and stage N1 (“light”) sleep with corresponding decreases in deep and REM sleep [38,43].
Deep sleep is believed to be important for nocturnal restoration [44], while N1 may be of little or
no recuperative value [45]. Additionally, deep sleep is thought to be important for consolidation of
declarative memory, while REM sleep may be important for more implicit memory processes, such as
procedural memory [46,47]. While the current studies cannot and do not aim to say anything regarding
potential after-effects of the observed changes, the observations of reduced N3, increased N1 and an
increased wakefulness under certain sound characteristics of WTN warrants further research.

In Study A, physiologic sleep was generally most impacted during the night with 33.7 dB
LAEq,8h,indoor closed window and in Study B by nights with low frequency band AM and 32.8 dB
LAEq,8h,indoor slightly open window. Both cases represent experimental nights with the highest or close
to highest SPL in the respective studies, although differences to the lowest WTN levels were at most
4 dB. This provides some small support for the level-dependence for WTN-induced sleep disturbance
that has sometimes been seen previously in the field for self-reported measures [19]. In both Studies A
and B there were however exposure nights with similarly high noise levels where no effects on sleep
were seen, although there were also differences in the AM frequency band or spectral content of the
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noise due to outdoor-indoor filtering. A possible frequency dependency of WTN-induced effects on
sleep should be considered in future work.

The studies are limited by both the low sample size, and the representativeness of the study
population. The low sample size means that only large effect sizes were likely to be detected, even after
relaxing the criterion for statistical significance. The participants, being young and healthy individuals
with good normal sleep, are not representative of the typical population that may be exposed to WTN
at home. However, considering that the aim was to evaluate whether WTN at these levels could
have an impact on sleep and whether certain sound characteristics would have a higher impact, the
generalisability to a larger population was not the primary concern. Nevertheless, sleep generally
deteriorates with increasing age [48], and the prevalence of sleep-related disorders may be around 27%
in field settings [49]. It is therefore plausible that the study population represent a particularly robust
group, and any WTN-induced effects on sleep may be worse in the field.

The experimental WTN levels were above the recommended outdoor levels for Sweden [50],
although within the recommended outdoor levels for many other countries [51]. The levels were
selected to represent worst-case conditions that may occur under unfavourable weather conditions and
to increase the likelihood of detecting any effects of WTN despite the low sample size. However, this
also means that the findings should not be taken as clear evidence of sleep disturbance due to WTN.
The studies were conducted with the aim of providing guidance in the implementation of a larger study,
preliminary results of which are available elsewhere [52], and results should be treated accordingly.

5. Conclusions

There were some indications that WTN led to objective sleep disruption, reflected by an increased
frequency of awakenings, a reduced proportion of deep sleep and reduced continuous N2 sleep.
This corresponded with increased self-reported disturbance. However, there was a high degree of
heterogeneity between the two studies presented, precluding firm conclusions regarding effects of
WTN on sleep. Furthermore, there was some limited evidence from the second study that wakefulness
increase with strong amplitude modulation and lower rotational frequency, the deepest sleep was
adversely affected by higher rotational frequency and strong amplitude modulation, and light sleep
increased with high rotational frequency and acoustic beating. These findings will be used in the
development of noise exposures for a larger-scale sleep study that will implement more naturalistic
WTN and use a more representative study population.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/15/11/2573/
s1. Morning questionnaire. Figure S1: Indoor average spectra across the full 8-hour exposure period for each
WTN night in Study A. Figure S2: Outdoor spectrum (40 dB LAEq,8h) for each sound character period in Study
A. Figure S3: Indoor average spectra across the full 8-hour exposure period for each WTN night in Study B.
Figure S4: Outdoor spectrum (45 dB LAEq,8h) for each sound character period in Study B. Table S1: Mean and
standard deviation (SD) of sleep macro- and micro-structure data for each night in Study A. Table S2: Mean and
standard deviation (SD) of sleep macro- and micro-structure data for each night in Study B. Figure S5: Median,
interquartile range, maximum/minimum values and outliers for cortical reaction frequency across periods of
different character WTN. A) Arousals. B) Awakenings. C) Sleep stage changes.
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Glossary

AM
Amplitude modulation. A time-varying increase and decrease in sound pressure level,
which can vary for different frequencies of the same sound signal

A-Weighting
Frequency weighting filter applied to a sound measurement to mimic the
frequency-dependence of human hearing

dB Decibel, relative to the threshold of human hearing (2 × 10−5 Pa)
EEG Electroencephalogram

LAEq
A-weighted equivalent continuous sound pressure level, expressed in decibels. Can be
considered the “average” of a time-varying sound pressure level over a specified period

LAEq,8h,indoor A-weighted equivalent continuous indoor sound pressure level over 8 h
LAEq,8h,outdoor A-weighted equivalent continuous outdoor sound pressure level over 8 h
NREM Non-rapid eye movement
PSG Polysomnography
SSC Sleep stage change
REM Rapid eye movement
WHO World Health Organization
WTN Wind turbine noise
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Impact of Long-Term Exposure to Wind Turbine Noise on Redemption of Sleep
Medication and Antidepressants: A Nationwide Cohort Study
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BACKGROUND: Noise from wind turbines (WTs) is associated with annoyance and, potentially, sleep disturbances.
OBJECTIVES: Our objective was to investigate whether long-term WT noise (WTN) exposure is associated with the redemption of prescriptions for
sleep medication and antidepressants.
METHODS: For all Danish dwellings within a radius of 20-WT heights and for 25% of randomly selected dwellings within a radius of 20-to 40-WT
heights, we estimated nighttime outdoor and low-frequency (LF) indoor WTN, using information on WT type and simulated hourly wind. During
follow-up from 1996 to 2013, 68,696 adults redeemed sleep medication and 82,373 redeemed antidepressants, from eligible populations of 583,968
and 584,891, respectively. We used Poisson regression with adjustment for individual and area-level covariates.
RESULTS: Five-year mean outdoor nighttime WTN of ≥42 dB was associated with a hazard ratio (HR) = 1.14 [95% confidence interval (CI]: 0.98,
1.33) for sleep medication and HR = 1.17 (95% CI: 1.01, 1.35) for antidepressants (compared with exposure to WTN of <24 dB). We found no over-
all association with indoor nighttime LF WTN. In age-stratified analyses, the association with outdoor nighttime WTN was strongest among persons
≥65 y of age, with HRs (95% CIs) for the highest exposure group (≥42 dB) of 1.68 (1.27, 2.21) for sleep medication and 1.23 (0.90, 1.69) for antide-
pressants. For indoor nighttime LF WTN, the HRs (95% CIs) among persons ≥65 y of age exposed to ≥15 dB were 1.37 (0.81, 2.31) for sleep medi-
cation and 1.34 (0.80, 2.22) for antidepressants.

CONCLUSIONS: We observed high levels of outdoor WTN to be associated with redemption of sleep medication and antidepressants among the el-
derly, suggesting that WTN may potentially be associated with sleep and mental health. https://doi.org/10.1289/EHP3909

Introduction
Over the last several decades, wind power deployment has
increased markedly worldwide, with a rise in the global cumulative
wind capacity from 23GW in 2001 to 487GW in 2016 (GWEC
2017). In Denmark, wind power provides more than 40% of the
national electricity consumption, which is the highest proportion
worldwide. This has led to a growing number of persons being
exposed to noise from wind turbines (WTs), followed by a rise in
the number of persons complaining that WT noise (WTN) impacts
their lives negatively through noise annoyance, disturbance of
sleep, and other adverse health effects (Schmidt and Klokker
2014).

Epidemiological studies have consistently found that emission
of noise from WTs is associated with annoyance (Guski et al.
2017; Hongisto et al. 2017; Michaud et al. 2016d). Exposure–
response curves show that WTN is associated with a higher pro-
portion of highly annoyed persons than traffic noise at compara-
ble levels (Janssen et al. 2011; Michaud et al. 2016d). Potential
explanations include that WTN, which depends on wind speed
and direction, is less predictable for those exposed than other
noise sources such as road traffic noise. In addition, onshore WTs

are typically erected in rural areas, where people often expect
silent surroundings and where the sound from WTs may be more
noticeable than in urbanized areas. Furthermore, amplitude mod-
ulation gives WTN a rhythmic quality different from traffic noise,
and it has been suggested that the characteristics of WTN rele-
vant for annoyance may be better captured by metrics focusing
on amplitude modulation or low-frequency (LF) noise, rather
than the full spectrum A-weighted noise (Jeffery et al. 2014;
Schäffer et al. 2016).

Studies have indicated that exposure to WTN is associated
with the disturbance of sleep, and the potential mechanisms
include a direct association with nighttime noise, disturbance of
sleep through annoyance, or a combination of the two (Bakker et al.
2012). A meta-analysis from 2015 based on 1,039 persons from
six cross-sectional studies using questionnaires to assess informa-
tion on sleep disturbance, found that exposure to WTN increased
the odds for self-reported sleeping problems (Onakpoya et al.
2015). The investigators, however, wrote that the results should be
interpreted with caution due to large variations in the estimations
of noise and self-reported sleep disturbance across the included
studies. Since the meta-analysis in 2015, a Japanese study of 1,079
persons found that outdoor WTN levels >40 dB were associated
with self-reported insomnia (Kageyama et al. 2016). Interestingly,
a cross-sectional Canadian study of 1,238 persons found no associa-
tions between 1-y mean outdoor WTN and various measures of
sleep, including both subjective self-reported information of sleep
quality and use of sleep medication as well as objective measures of
sleep (Michaud et al. 2016a, 2016b). Thus, it remains uncertain
from which exposure levels and to what extent WTN disturbs sleep.

A few studies have investigated whether WTN is associated
with mental health, which was mainly assessed as self-reported
quality of life (Feder et al. 2015; Jalali et al. 2016; Onakpoya et al.
2015). While a systematic review from 2015 based on four cross-
sectional studies concluded that living in areas with WTs might
be associated with decreased quality of life (Onakpoya et al.
2015), a recent large Canadian study found no association (Feder

Address correspondence to Aslak Harbo Poulsen, Danish Cancer Society
Research Center, Strandboulevarden 49, 2100 Copenhagen, Denmark.
Telephone: 45 3525 7614. E-mail: aslak@cancer.dk
Supplemental Material is available online (https://doi.org/10.1289/EHP3909).
The authors declare they have no actual or potential competing financial

interests.
Received 14 May 2018; Revised 14 December 2018; Accepted 7 February

2019; Published 13 March 2019.
Note to readers with disabilities: EHP strives to ensure that all journal

content is accessible to all readers. However, some figures and Supplemental
Material published in EHP articles may not conform to 508 standards due to
the complexity of the information being presented. If you need assistance
accessing journal content, please contact ehponline@niehs.nih.gov. Our staff
will work with you to assess and meet your accessibility needs within 3
working days.

Environmental Health Perspectives 037005-1 127(3) March 2019

A Section 508–conformant HTML version of this article
is available at https://doi.org/10.1289/EHP3909.Research175 of 267

https://doi.org/10.1289/EHP3909
mailto:aslak@cancer.dk
https://doi.org/10.1289/EHP3909
http://ehp.niehs.nih.gov/accessibility/
mailto:ehponline@niehs.nih.gov
https://doi.org/10.1289/EHP3909


et al. 2015). In addition, a study based on 31 participants with
self-reported information on quality of life before and after instal-
lation of WTs, found a worsening in different components of
quality of life such as the mental component score (Jalali et al.
2016). Last, the large Canadian study also investigated whether
outdoor 1-y WTN noise was associated with self-reported anxiety
or depression medication but found no association (Michaud et al.
2016b).

The existing studies on WTN and sleep and mental health are
generally of cross-sectional design and rely on active participa-
tion and self-reported data. We aimed to investigate whether
long-term residential exposure to WTN was associated with the
redemption of prescriptions for sleep medication and antidepres-
sants in a prospective, nationwide register-based cohort.

Methods

Study Base and Modeling of Noise
In Denmark, all WT owners are required to report the cadastral
code and geographical coordinate of their WT(s) to the national
Master Data Register of Wind Turbines. For WTs in operation at
the time of data extraction, this register also included WT coordi-
nates from the Danish Geodata Agency. In this register, we iden-
tified 7,860WTs in operation at any time during the period 1980–
2013. We then excluded 517 offshore WTs. In case of disagree-
ment between the geographical information recorded in the regis-
ter, the WT location was validated against historical topographic
maps and aerial photographs. New coordinates were assigned to
the 314WTs that were incorrectly recorded in the register, and
87WTs were excluded because no credible location could be
established, leaving 7,256WTs for noise modeling. For these
WTs, we collected information on model, type, height, and
operational settings (where relevant). Subsequently, each WT
was classified into one of 99 noise spectra classes, with detailed
information on the noise spectrum from 10–10,000Hz in thirds
of octaves for wind speeds from 4–25 m=s. The noise classes
were determined from existing measurements of noise spectra for
Danish WTs (Backalarz et al. 2016; Sondergaard and Backalarz
2015).

We estimated the hourly wind speed and direction at hub
height for each WT location for the period 1982–2013. This was
done using mesoscale model simulations performed with the
Weather Research and Forecasting model (Hahmann et al. 2015;
Peña and Hahmann 2017). For each WT location, the simulations
also provided data on relative humidity and temperature at a
height of 2 m and data on atmospheric stability, which were all
used for noise modeling.

The modeling of WTN has been described in detail elsewhere
(Backalarz et al. 2016). Briefly, we initially identified buildings
eligible for detailed noise modeling, defined as all dwellings that
could experience at least 24 dB outdoor noise or 5 dB indoor LF
noise (10–160Hz) under the (unrealistic) scenario that all WTs
ever operational in Denmark were operating at the same time at
8 m=s wind speed, with downwind sound propagation in all direc-
tions. Subsequently, we performed a detailed modeling of noise
exposure for the 553,066 buildings identified as eligible in the first
step, calculating noise levels in one-third octave bands from
10–10,000Hz with the Nord2000 noise propagation model (Kragh
et al. 2001) and using the simulated hourly weather conditions as
input variables. The Nord2000 model has been successfully vali-
dated for WTs (Sondergaard et al. 2009). For each dwelling, we
modeled hourly noise contributions from all WTs within a 6-km
radius. These modeled values were averaged over the nighttime
period (2200–0700 hours), which we considered the most relevant
time window because people are likely to be in their homes and

asleep at that time. We calculated outdoor A-weighted sound pres-
sure level (10–10,000Hz)—a metric commonly used in health
studies (Michaud et al. 2016c; Pedersen 2011)—and A-weighted
indoor LF (10–160Hz) sound pressure level because LF noise is
less attenuated by distance and passage through typical building
materials and has been proposed to be an important component of
WTN in relation to health (Jeffery et al. 2014). We did not model
WTN in detail for situations where the 24-dB outdoor noise and
5-dB indoor LF noise limit would not be exceeded even under the
unrealistic scenario that all WTs ever operational in Denmark were
operating at the same time at 8 m=s wind speed, with downwind
sound propagation in all directions given that people living in these
buildings would, regardless of exposure level, be categorized in
the reference category.

The quality of the noise spectra available for different WT
models differed, and these spectra were typically only described
at certain wind speeds. We therefore determined a validity score
that for each night and dwelling summed up information for all
contributing WTs on the number of measurements used to deter-
mine the WTN spectra class and how closely the simulated mete-
orological conditions of each night resembled the conditions
under which the relevant WTN spectra were measured.

In the calculation of indoor LF noise, we classified all dwell-
ings into one of six sound insulation classes based on building
characteristics listed in the Building and Housing register
(Christensen 2011): “1½-story houses” (inhabitants presumed to
sleep on second floor), “light façade” (e.g., wood), “aerated con-
crete” (as well as similar materials such as timber framing), “farm
houses” (remaining buildings classified as farms in the registry),
“brick buildings,” and “unknown” (which were assigned the mean
attenuation value of the five other classes). The frequency-specific
attenuation values for these insulation classes have been presented
previously by Backalarz et al. (2016).

Study Population
We found all Danish dwellings ever situated within a radius of
20-WT heights of a WT as well as a random selection of 25% of
all dwellings situated 20-to 40-WT heights away. We excluded
residential institutions, hospitals, and dwellings situated within
100 m of areas classified as a “town center” because the type of
dwellings, traffic, and lifestyle in town centers may differ sub-
stantially from town center–type areas of the main study popula-
tion. All inhabitants between 25 and 85 y of age and living at
least 1 y in one of these dwellings determining eligibility for the
study (“eligibility dwellings”), from 5 y before WT erection
(from start of follow-up in 1996) until 2013, were subsequently
found in the Danish Civil Registration System (Schmidt et al.
2014). This extended time frame ensured the inclusion of people
living in exactly the same dwellings before erection (or after
decommissioning) of a WT. Persons were included in the study
population after living 1 y in an eligibility dwelling. Afterward,
we obtained complete address histories from 5 y before study
entry until 5 y after moving from the eligibility dwelling for all
persons living at least 1 y in an eligibility dwelling. Persons with
an incomplete address history for the 5 y preceding entry were
excluded.

The study was approved by the Danish Data Protection
Agency (J.nr: 2014-41-2,671). By Danish Law, ethical approval
and informed consent are not required for studies based entirely
on registries.

Covariates
We selected potential confounders a priori. From Statistics
Denmark, we obtained data on age and sex, personal income
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(time-dependent), highest attained educational level (time-
dependent), work-market affiliation (time-dependent), marital status
(time-dependent), and areal-level (10,000m2) mean household
income. The type of dwelling was extracted from the Building
and Housing Register (Christensen 2011). As proxies for local
road traffic noise and air pollution, we identified for each dwell-
ing the total daily distance driven by vehicles within a 500-m ra-
dius as well as the distance to the nearest road with an average
daily traffic count of ≥5,000 vehicles (in 2005).

Redemption of Sleep Medication and Antidepressants
We collected information on redeemed prescriptions for sleep
medication and antidepressants from the Danish National
Prescription Registry, which contains data on all prescription
drugs sold in Denmark since 1995 (Kildemoes et al. 2011). The
register includes the date of dispensing as well as information on
the name and type of drug prescribed according to the Anatomic
Therapeutic Chemical (ATC) system (WHO Collaborating Centre
for Drug Statistics Methodology 2012). The indication for pre-
scribing was not available. We used these data to identify persons
who redeemed prescriptions for orally administered sleep medica-
tion (ATC: N05CC-CF, N05CH except N05CD08or antidepres-
sants [ATC: N06AA, AB, AF, AG, AX except N06AX12 and
Yntreve® (from ATC group N06AX21)].

Because cases redeeming prescriptions upon start of the regis-
ter in 1995 could have included prevalent cases from before the
start of the register, we excluded all persons with a redeemed rel-
evant prescription before 1996 or the start of the follow-up
period.

Statistical Analyses
Log-linear Poisson regression analysis was used to calculate haz-
ard ratios (HRs) for redemption of sleep medication or depression
(as two separate outcomes) according to outdoor nighttime WTN
(<24, 24 to<30, 30 to<36, 36 to<42, and ≥42 dB) or indoor
nighttime LF WTN (<5, 5 to<10, 10 to<15, and ≥15 dB) expo-
sure, calculated as running means over the preceding 1 and 5 y.
The categorizations were determined a priori. At present, there
are no standards regarding categorizations of WTN. After con-
sulting acoustical experts we chose <24 dB outdoor and <5 dB
indoor LF WTN as references because the acousticians evaluated
that WTN in all likelihood would be inaudible below these levels.
For outdoor WTN, the upper limit of 42 dB was chosen because
this is the regulatory WTN limit in Denmark (at a wind speed of
6 m=s) and, therefore, of interest from an administrative point of
view, and the intermediate cut points chosen were 30 and 36 dB,
which separated categories by 6 dB.

When calculating running means, we applied a value of
−20 dB for situations in which noise had not been estimated
(when wind conditions or the distance to WTs made WTN above
24 dB outdoor or 5 dB indoor impossible). We started follow-up
after participants had been living 1 y in the recruitment dwelling,
turned 25 y of age or 1 January 1996, whichever came last, and
stopped at 31 December 2013, 85 y of age, disappearance, death,
5 y after moving from the eligibility dwelling, having no recorded
address in Denmark for ≥8 d, or at date of fulfilling our case cri-
teria, whichever came first.

We adjusted all analyses for sex, calendar year (1996–1999,
2000–2004, 2005–2009, and 2010–2013) and age (25–85 y of
age, in 5-y categories). Furthermore, we adjusted for education
(basic or high school, vocational, higher, and unknown), personal
income (20 annual categories of equal size and unknown), marital
status (married or registered partnership and other), work-market
affiliation (employed, retired, and other), area-level average

disposable income (20 categories of equal size and unknown),
type of dwelling (farm, single-family detached house, and other),
traffic load within a 500-m radius of the dwelling (first and sec-
ond quartile and above median) and distance to the nearest road
with >5,000 vehicles per day (<500 m, 500 to<1,000 m, 1,000 to
<2,000 m and ≥2,000 m). Subjects were allowed to change
between categories of covariates and exposure variables over
time.

We investigated sex and age (above and below 65 y of age) as
potential effect modifiers in the Poisson model by stratified analy-
sis and by including an interaction term. Furthermore, we investi-
gated associations between 5-y mean exposures and redemption
of sleep medication and antidepressants in subpopulations for
whom we hypothesized that a potential association between ex-
posure and risk could be more conspicuous: living on a farm
(potentially less variation in lifestyle and other exposures in this
subpopulation, which may reduce the potential for residual con-
founding in this group, although it is important to note that this
subpopulation may differ substantially from the study popula-
tion); nearest WT with a total height of >35 m; high validity of
noise estimate; dwelling far from major road (>2 km to the near-
est road with >5,000 vehicles per day); and low tree coverage
defined as less than 5% covered by forest, thicket, groves, single
trees, or hedgerows within 500 m of the dwelling (because we
assumed that vegetation beyond this distance would be nearly
indiscernible from background noise). Data were analyzed using
SAS (version 9.3; SAS Institute Inc.).

Results
We identified 758,736 adults (25–84 y of age) living≥1 y in one
of the dwellings determining eligibility. We excluded persons
who had emigrated (n=43,794) or did not have a registered
address in the address registry (n=1,573) prior to entry, who had
an unknown address for ≥8 consecutive days in the 5 y prior to
entry (n=59,318), or who lived in hospitals or institutions at
study start of follow-up (n=1,586). In addition, we excluded
26,700 persons who, before the start of the follow-up period, had
redeemed both sleep medication and antidepressants. After exclu-
sion of 41,797 people redeeming sleep medication before the start
of follow-up, the final study population for the sleep medication
analyses was 583,968 people of whom 68,696 had redeemed sleep
medication during 4,974,043 person-years. The final study popula-
tion for antidepressants analyses was 584,891 people (after exclu-
sion of 40,874 people who had redeemed antidepressants before
the start of follow-up) of whom 82,373 redeemed antidepressants
during 4,986,327 person-years. The median age at first redemption
was 56.9 y (5th–95th percentiles: 31.8–80.3) for sleep medication
and 54.2 y (5th–95th percentiles: 29.9–81.3) for antidepressants.

The two populations for the study of redemption of sleep
medication and antidepressants, respectively, were very similar
with regard to characteristics at entry (Table 1). For both of these
study populations, persons exposed to ≥36-dB outdoor nighttime
WTN were at entry younger, more often working, more often liv-
ing on farms and in areas with higher income, more often living
far from a major road and with low traffic density, and more often
living in a dwelling with low tree coverage as compared with per-
sons exposed to <36 dB (Table 1). Furthermore, persons exposed
to ≥42-dB outdoor nighttime WTN entered the study earlier, had
slightly higher education levels, had higher personal incomes,
and were more often married as compared with persons exposed
to <42 dB. We found similar tendencies for indoor nighttime LF
WTN as for outdoor nighttime WTN, although for this exposure,
participants in both of the two high-exposure categories (10–15
and ≥15 dB) had higher educations and more often were never
married (see Table S1). Furthermore, both of the two high-
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exposure categories (10–15 and ≥15 dB) entered the study later
than persons exposed to <10 dB.

We found that 78% of the sleep medication–study population
and 79% of the antidepressant-study population at entry lived in
dwellings with <24-dB outdoor nighttime WTN and that, for
both study populations, 97% lived in dwellings with indoor night-
time LF WTN <5 dB (see Table S2). Of those exposed to WTN
above 42 dB or 15 dB LF, the majority lived within 500 m of a
WT, whereas in the reference population less than 10% lived
<500 m from a WT. In addition, we found that people with

outdoor nighttime WTN exposure of ≥42 dB more often had a
shorter WT (<35 m) as the nearest WT, whereas people with
indoor nighttime LF WTN of ≥10 dB more often had a higher
WT (>70 m) as their nearest WT (see Table S2). We found high
correlations for both outdoor and indoor WTN between 1- and
5-y mean exposures, whereas the correlations between indoor
and outdoor WTN were lower (see Table S3).

In adjusted analyses, we found that persons exposed to 5-y
mean outdoor nighttime WTN levels >42 dB had a 14% higher
risk of redeeming sleep medication [HR=1:14 (95% CI: 0.98,

Table 1. Characteristics of the populations for study of redemption of sleep medication and antidepressants, respectively, at start of follow-up according to resi-
dential A-weighted exposure to outdoor wind turbine noise calculated as mean exposure during the preceding year.

Characteristics at entry

Outdoor wind turbine noise
<36 dB Sleep/antidepressants
(n=575,899=576,857) (%)

36–42 dB Sleep/antidepressants
(n=6,704=6,637) (%)

≥42 dB Sleep/antidepressants
(n=1,365=1,397) (%)

Men 52/52 54/54 53/54
Age (y)

<40 45/43 51/50 46/44
40–50 19/19 20/20 23/22
50–60 16/16 15/15 18/18
≥60 21/22 15/15 13/15

Year of entry
1996–2000 55/57 56/57 73/74
2001–2005 14/14 19/20 17/17
2006–2010 20/20 16/15 7/7
2011–2013 10/9 9/8 3/3

Personal income
Quartile 1 (low) 20/20 21/21 20/21
Quartile 2 24/23 25/24 22/22
Quartile 3 26/26 26/25 24/23
Quartile 4 (high) 25/25 22/23 28/28
Unknown 6/6 6/6 7/6

Highest attained education
Basic or high school 35/35 36/36 37/37
Vocational 43/42 45/45 39/38
High 16/16 15/15 21/21
Unknown 6/7 4/4 3/4

Marital status
Married 55/56 52/53 62/63
Divorced/widow(er) 14/14 12/12 11/11
Never married 31/30 36/36 27/26

Attachment to labor market
Working 69/69 75/75 80/78
Retired 18/19 13/13 9/11
Other 13/13 12/12 11/11

Area-level incomea

Quartile 1 (low) 23/23 11/11 14/14
Quartile 2 28/28 28/28 21/21
Quartile 3 28/28 34/34 35/36
Quartile 4 (high) 19/19 20/20 24/23
Unknown 2/2 7/7 6/6

Type of dwelling
Farm 13/13 40/40 40/41
Single-family detached house 62/62 51/51 51/50
Others 24/24 9/9 9/9

Distance to major road (m)b

<500 35/35 17/17 18/18
500–2,000 27/27 26/26 25/25
≥2,000 37/37 57/57 58/57

Traffic load within 500 m (103vehicles km=d)c

<2:5 34/34 69/69 66/67
2.5–5.3 25/25 13/13 16/15
5.3–9.7 19/19 12/13 9/10
>9:7 22/23 6/6 8/8

Tree coverage (%)c

<5 13/13 30/29 29/28
5–20 63/63 63/63 62/63
>20 24/24 7/7 9/9

aAverage disposable household income among all households in a 100× 100 m grid cell.
bMajor road defined as ≥5,000 vehicles per day.
cIn a 500-m radius around the dwelling.

Environmental Health Perspectives 037005-4 127(3) March 2019

178 of 267



1.33)] and a 17% higher risk of redeeming antidepressants
[HR=1:17 (95% CI: 1.01, 1.35)] when compared to persons
exposed to <24 dB (Table 2). For antidepressants, similar,
although weaker, tendencies were seen for 1-y mean exposures to
outdoor nighttime WTN, with HRs for the ≥42-dB exposure
group of 1.12 (0.96, 1.31). For sleep medication, risk estimates
remained close to the null even at high exposure. In general, the
unadjusted risk estimates were lower than the adjusted risk esti-
mates, with no clear suggestions of increased risk. The most in-
fluential confounder was dwelling type. For indoor nighttime LF
WTN, we found no association between 1- or 5-y exposure and
risk of redeeming sleep medication or antidepressants (Table 3).

In analyses stratified by age, we found that outdoor nighttime
WTN exposure among persons >65 y of age was associated with
a higher risk of redeeming sleep medication, whereas for persons
<65 y of age there was no association (Table 4). Furthermore,
among persons >65 y of age, the association with outdoor night-
time WTN seemed to follow an exposure–response relationship,
with HR = 1.22 (95% CI: 1.08, 1.38) in the 36–42 dB exposure
group and HR = 1.68 (95% CI: 1.27, 2.21) in the ≥42 dB expo-
sure group. Similar tendencies were seen for people redeeming
antidepressants, with HR = 1.27 (95% CI: 1.13, 1.43) in the
36–42 dB exposure group and HR = 1.23 (95% CI: 1.09, 1.69) in
the ≥42 dB exposure group among persons >65 y of age. There
were also indications of a higher risk of redeeming antidepres-
sants among persons <65 y of age in the highest outdoor WTN
exposure group. When stratifying the indoor nighttime LF WTN

analyses by age, we found similar tendencies as for outdoor
nighttime WTN for both outcomes, with HRs among persons
>65 y of age of 1.13 (95% CI: 0.97, 1.32) for 10–15 dB and 1.37
(95% CI: 0.81, 2.31) for ≥15 dB for redemption of sleep medica-
tion and of 1.09 (95% CI: 0.94, 1.26) for 10–15 dB and 1.34 (95%
CI: 0.80, 2.22) for ≥15 dB for redemption of antidepressants
(Table 5). We found no associations between indoor nighttime
LF WTN and any of the two outcomes among persons <65 y of
age.

In outdoor nighttime WTN analyses stratified by sex, we
found for sleep medication that although the p-value for interac-
tion was below 0.05, the HRs in the two highest exposure catego-
ries were almost identical, whereas for antidepressants, the
association seemed to be confined to men (Table 4). For indoor
nighttime LF WTN, we found no marked differences in risks
between men and women for redeeming either sleep medication
or antidepressants (Table 5). However, for indoor exposure, the
number of cases exposed to ≥15 dB was small.

When investigating effects of outdoor nighttime WTN in dif-
ferent subpopulations, we found that among people living on
farms or with low tree coverage, the increase in risk in the highest
exposure group disappeared for both sleep medication and antide-
pressants (see Table S4). For the other subpopulations investi-
gated, we found no consistent patterns when comparing results
for sleep medication and antidepressants. For example, for highly
exposed people living far from major roads, the HR for an-
tidepressants = 1.25 (95% CI: 1.00, 1.55), whereas for sleep

Table 2. Associations between mean 1- and 5-y exposure to residential A-weighted outdoor wind turbine noise and redemption of prescriptions for sleep medi-
cation and antidepressants.

Outdoor wind turbine noise
Sleep medication Antidepressants

Cases (n) Crude HR (95% CI)a Adjusted HR (95% CI)b Cases (n) Crude HR (95% CI)a Adjusted HR (95% CI)b

1-y mean exposure (dB)
<24 50,262 1 (Ref) 1 (Ref) 60,205 1 (Ref) 1 (Ref)
24–30 13,032 0.98 (0.96, 0.99) 1.01 (0.99, 1.03) 15,782 0.98 (0.96, 1.00) 1.00 (0.98, 1.02)
30–36 4,415 0.96 (0.93, 0.99) 1.04 (1.00, 1.07) 5,295 0.95 (0.93, 0.98) 1.01 (0.99, 1.04)
36–42 842 0.95 (0.89, 1.02) 1.05 (0.98, 1.13) 930 0.89 (0.84, 0.95) 0.99 (0.93, 1.05)
≥42 145 0.99 (0.84, 1.17) 1.08 (0.92, 1.28) 161 0.99 (0.85, 1.15) 1.12 (0.96, 1.31)

5-y mean exposure (dB)
<24 50,559 1 (Ref) 1 (Ref) 60,315 1 (Ref) 1 (Ref)
24–30 13,021 1.00 (0.98, 1.02) 1.03 (1.01, 1.05) 15,958 1.01 (0.99, 1.02) 1.02 (1.00, 1.04)
30–36 4,133 0.97 (0.93, 1.00) 1.03 (1.00, 1.06) 5,016 0.96 (0.94, 0.99) 1.02 (0.99, 1.05)
36–42 814 0.98 (0.92, 1.05) 1.08 (1.00, 1.15) 899 0.92 (0.86, 0.98) 1.01 (0.95, 1.08)
≥42 169 1.06 (0.91, 1.23) 1.14 (0.98, 1.33) 185 1.05 (0.90, 1.21) 1.17 (1.01, 1.35)

Note: CI, confidence interval; HR, hazard ratio; Ref, reference.
aAdjusted for age, sex, and calendar-year.
bAdjusted for age, sex, calendar-year, personal income, education, marital status, work-market affiliation, area-level socioeconomic status, type of dwelling, traffic load in a 500-m ra-
dius, and distance to nearest major road.

Table 3. Associations between mean 1- and 5-y exposure to residential indoor low-frequency wind turbine noise and redemption of prescriptions for sleep
medication and antidepressants.

Indoor low-frequency wind turbine noise
Sleep medication Antidepressants

Cases (n) Crude HR (95% CI)a Adjusted HR (95% CI)b Cases (n) Crude HR (95% CI)a Adjusted HR (95% CI)b

1-year mean exposure (dB)
<5 64,617 1 (Ref) 1 (Ref) 77,360 1 (Ref) 1 (Ref)
5–10 3,299 0.94 (0.91, 0.98) 1.03 (0.99, 1.06) 4,073 0.93 (0.91, 0.96) 1.01 (0.98, 1.04)
10–15 726 0.96 (0.89, 1.03) 1.08 (1.00, 1.16) 882 0.92 (0.86, 0.98) 1.03 (0.97, 1.10)
≥15 54 0.93 (0.71, 1.22) 1.05 (0.81, 1.38) 58 0.82 (0.63, 1.06) 0.96 (0.74, 1.24)

5-y mean exposure (dB)
<5 65,202 1 (Ref) 1 (Ref) 77,995 1 (Ref) 1 (Ref)
5–10 2,911 0.97 (0.93, 1.01) 1.05 (1.01, 1.09) 3,663 0.96 (0.93, 1.00) 1.04 (1.00, 1.07)
10–15 542 0.93 (0.86, 1.02) 1.04 (0.96, 1.14) 672 0.90 (0.84, 0.97) 1.01 (0.94, 1.10)
≥15 41 0.92 (0.68, 1.25) 1.03 (0.76, 1.40) 43 0.80 (0.59, 1.07) 0.94 (0.70, 1.27)

Note: CI, confidence interval; HR, hazard ratio; Ref, reference.
aAdjusted for age, sex, and calendar-year.
bAdjusted for age, sex, calendar-year, personal income, education, marital status, work-market affiliation, area-level socioeconomic status, type of dwelling, traffic load in a 500-m ra-
dius, and distance to nearest major road.
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medication, it remained unchanged. Among persons with high
validity of the outdoor noise estimate, we found that the risk for
redeeming antidepressants was slightly higher than in the overall
analysis [HR = 1.25 (95% CI: 0.89, 1.74)], and for sleep medica-
tion, the risk estimate among persons exposed to 36–42 dB
increased, whereas the risk in the highest exposure group disap-
peared [HR = 0.81 (95% CI: 0.52, 1.27); 19 cases; see Table S4].
With regard to indoor LF WTN in the same subpopulations, we
found the lack of association for both outcomes to be consistent
among people living on farms, whose nearest WT was ≥35 m,
living far from a major road and with low tree coverage,
whereas among people redeeming sleep medication/antidepres-
sants after 2005, the estimate in the highest exposure group

(≥15 dB) was increased [HR = 1.12 (95% CI: 0.79, 1.57); see
Table S5]. There was a tendency toward a slight increase in
risk for redeeming sleep medication in the highest exposure
group among people with a high validity of the noise estimate
[HR = 1.20 (95% CI: 0.75, 1.90)], whereas for redeeming anti-
depressants, the lack of an association remained [HR = 0.92
(95% CI: 0.57, 1.49)].

Discussion
We found that high levels of long-term nighttime exposure to
outdoor WTN seemed associated with redemption of sleep medi-
cation and antidepressants in a large prospective study, whereas

Table 4. Associations between 5-y exposure to outdoor wind turbine noise and redemption of sleep medication and antidepressants according to age and sex.

Subpopulations Exposure categories (dB)

Sleep medication

p-Valueb
Antidepressants

p-ValuebCases (n) Adjusted HR (95% CI)a Cases (n) Adjusted HR (95% CI)a

Age (y) 0.003 0.0001
<65 <24 33,895 1 (Ref) 41,630 1 (Ref)

24–30 8,691 1.03 (1.01, 1.05) 10,979 1.02 (1.00, 1.04)
30–36 2,833 1.02 (0.98, 1.06) 3,532 1.00 (0.96, 1.03)
36–42 550 1.02 (0.94, 1.11) 610 0.92 (0.85, 1.00)
≥42 118 1.00 (0.84, 1.20) 146 1.15 (0.98, 1.36)

≥65 <24 16,664 1 (Ref) 18,685 1 (Ref)
24–30 4,330 1.03 (0.99, 1.06) 4,979 1.02 (0.98, 1.05)
30–36 1,300 1.06 (1.00, 1.12) 1,484 1.07 (1.01, 1.13)
36–42 264 1.22 (1.08, 1.38) 289 1.27 (1.13, 1.43)
≥42 51 1.68 (1.27, 2.21) 39 1.23 (0.90, 1.69)

Sex 0.03 0.08
Men <24 22,204 1 (Ref) 25,379 1 (Ref)

24–30 6,067 1.06 (1.03, 1.10) 7,047 1.04 (1.01, 1.06)
30–36 1,950 1.05 (1.00, 1.10) 2,274 1.03 (0.99, 1.08)
36–42 381 1.08 (0.97, 1.19) 423 1.06 (0.96, 1.16)
≥42 79 1.15 (0.92, 1.44) 97 1.39 (1.14, 1.69)

Women <24 28,355 1 (Ref) 34,936 1 (Ref)
24–30 6,954 1.00 (0.97, 1.03) 8,911 1.01 (0.98, 1.03)
30–36 2,183 1.01 (0.97, 1.06) 2,742 1.01 (0.97, 1.05)
36–42 433 1.08 (0.98, 1.19) 476 0.98 (0.89, 1.07)
≥42 90 1.14 (0.92, 1.40) 88 1.00 (0.81, 1.23)

Note: CI, confidence interval; HR, hazard ratio; Ref, reference.
aAdjusted for age, sex, calendar-year, personal income, education, marital status, work-market affiliation, area-level socioeconomic status, type of dwelling, traffic load in a 500-m ra-
dius and distance to nearest major road.
bp for interaction.

Table 5. Associations between 5-y exposure to indoor low-frequency wind turbine noise and redemption of sleep medication and antidepressants according to
age and sex.

Subpopulations Exposure categories (dB)
Sleep medication

p-Valueb
Antidepressants

p-ValuebCases (n) Adjusted HR (95% CI)a Cases (n) Adjusted HR (95% CI)a

Age (y) 0.40 0.06
<65 <5 43,617 1 (Ref) 53,739 1 (Ref)

5–10 2,062 1.05 (1.00, 1.09) 2,640 1.02 (0.98, 1.06)
10–15 381 1.01 (0.91, 1.12) 490 0.99 (0.90, 1.08)
≥15 27 0.91 (0.63, 1.33) 28 0.81 (0.56, 1.17)

≥65 <5 21,585 1 (Ref) 24,256 1 (Ref)
5–10 849 1.06 (0.99, 1.13) 1,023 1.10 (1.03, 1.17)

10–15 161 1.13 (0.97, 1.32) 182 1.09 (0.94, 1.26)
≥15 14 1.37 (0.81, 2.31) 15 1.34 (0.80, 2.22)

Sex 0.18 0.70
Men <5 29,017 1 (Ref) 33,206 1 (Ref)

5–10 1,393 1.08 (1.02, 1.14) 1,687 1.06 (1.01, 1.11)
10–15 248 1.00 (0.88, 1.13) 306 1.00 (0.89, 1.12)
≥15 23 1.27 (0.84, 1.91) 21 1.04 (0.68, 1.60)

Women <5 36,185 1 (Ref) 44,789 1 (Ref)
5–10 1,518 1.02 (0.97, 1.08) 1,976 1.02 (0.98, 1.07)

10–15 294 1.09 (0.97, 1.22) 366 1.03 (0.93, 1.14)
≥15 18 0.83 (0.52, 1.32) 22 0.86 (0.57, 1.30)

Note: CI, confidence interval; HR, hazard ratio; Ref, reference.
aAdjusted for age, sex, calendar-year, personal income, education, marital status, work-market affiliation, area-level socioeconomic status, type of dwelling, traffic load in a 500-m ra-
dius, and distance to nearest major road.
bp for interaction.
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for long-term indoor nighttime LF WTN, no associations were
found. We found the strongest associations between outdoor
nighttime WTN and redemption of sleep medication and antide-
pressants among persons >65 y of age compared with those
<65 y of age. In addition, for persons >65 y of age, high levels
of indoor nighttime LF WTN seemed to be associated with
redemption of sleep medication.

Our finding of an association between high exposure to outdoor
nighttime WTN and redemption of sleep medication is in accord-
ance with most (Kageyama et al. 2016; Onakpoya et al. 2015) but
not all (Michaud et al. 2016a) studies on WTN and sleep problems
(high exposure was generally defined as >40–41 dB in these stud-
ies). In support of our results on high outdoor nighttime WTN and
depression, most (Jalali et al. 2016; Onakpoya et al. 2015) but not
all (Feder et al. 2015) of the few studies investigating WTN and
self-reported mental health indicated that living in areas with
WTs could decrease the quality of life. Overall, this suggests
that high levels of outdoor nighttime WTN is associated with
sleep disturbance and depression, although it is important to
note that most previous studies were cross-sectional (which
hampers conclusions on causality), relied on active participa-
tion and self-reported data, and were based on much smaller
study populations than the current study. That we see similar
associations for both sleep and antidepressant medication for
outdoor WTN strengthens the plausibility of both because it is
well established that disturbed sleep and mental health prob-
lems, including depression, interact through a complex bidirec-
tional relationship (Anderson and Bradley 2013; Lopresti et al.
2013). It is, however, noteworthy that we found no association
between indoor nighttime LF WTN and redemption of sleep
medication or antidepressants even though this exposure esti-
mate likely better reflects exposure during sleep. In a recent
study based on the current study population, we found indica-
tions that high levels of indoor LF WTN during the night may
trigger cardiovascular events, whereas for outdoor nighttime
WTN we found no association (Poulsen et al. 2018). A potential
explanation is that outdoor WTN may be associated with a
higher overall annoyance than indoor LF WTN given that peo-
ple are disturbed during their outdoor activities during the day.
However, further research is needed to elucidate this possibil-
ity, particularly because studies on both traffic and WT noise
have indicated that the effect of annoyance on the association
between noise exposure, sleep disturbance, and mental health is
complex and as yet not fully understood (Bakker et al. 2012;
Frei et al. 2014; Fyhri and Aasvang 2010; Héritier et al. 2014;
WHO 2009).

We found stronger associations with WTN among the el-
derly, especially with regard to sleep medication, where the
association seemed confined to persons >65 y of age, with a
positive exposure–response relationship starting at relatively low
WTN levels. Furthermore, for this age group, high levels of indoor
nighttime LF WTN also seemed to be associated with the redemp-
tion of sleep medication. A potential explanation is that the elderly
may be particularly susceptible to health effects from WTN given
that a number of changes in sleep structure occur with age (Cooke
and Ancoli-Israel 2011; Wolkove et al. 2007). Older people gener-
ally spend more time in the lighter stages of sleep (stage 1 and 2)
and less time in deep sleep and REM sleep, which could lead to
higher risk for awakenings due to nighttime WTN. Furthermore,
the nocturnal sleep time of elderly is reduced and more frag-
mented, with an increased number of arousals and awakenings,
and thus they are potentially more easily disturbed by noise, worry,
and annoyance. In addition, one might speculate that persons
>65 y of age are more likely to be retired from work and therefore
at home during the daytime, which could potentially increase

annoyance due to WTN and help explain the increased HRs
observed for outdoor exposure.

For redemption of antidepressants, we observed similar trends
as for sleep medication: The association with outdoor WTN dur-
ing the night was stronger and started at lower levels among el-
derly compared with their younger counterparts, and there was a
suggestion of an association with high levels of indoor nighttime
LF WTN. As described above, there is a strong association
between sleep and depression (Anderson and Bradley 2013;
Lopresti et al. 2013), and the observed association between WTN
and depression mainly among the elderly could be explained by a
WTN-induced disturbance of sleep as well as a higher WTN-
annoyance due to spending more time at home. In addition,
depression in late life may present differently from depression in
younger adults, with higher prevalence of, for example, sleep dis-
turbance, loss of interest, and fatigue (Christensen et al. 1999;
Fiske et al. 2009), and the incidence of diagnosed depression in
later life is generally found to be lower than at younger ages
(Büchtemann et al. 2012; Fiske et al. 2009).

Strengths of our study include the prospective nationwide
design with access to residential moving history for the study pe-
riod and the identification of a large number of cases through
high-quality nationwide registers with high coverage and data
quality (Kildemoes et al. 2011; Pottegård et al. 2017; Schmidt
et al. 2014). We also had access to information on individual and
area-level confounders though national registries with high cov-
erage and validity (Baadsgaard and Quitzau 2011; Jensen and
Rasmussen 2011; Petersson et al. 2011) as well as information on
environmental confounders. Furthermore, we applied state-of-the
art exposure models to estimate exposures to WTN using input
data of high quality on hourly wind speed and direction at all
WTs and detailed WTN spectra for all types of WTs, which
allowed us to model noise during nighttime, which we found to
be the most relevant time period. First, during the daytime, many
people will be away from home, whereas during the nighttime,
we expect the majority of the population to be at home, and sec-
ond, for the sleeping medication outcome, this is the relevant
time window, but for depression, nighttime exposure is also very
relevant because we expect disturbance of sleep to be on the
mechanistic pathway. In addition, by taking sound insulation
characteristics of the types of dwelling into account, we estimated
the potentially more biologically relevant indoor LF WTN,
although we were only able to differentiate this into a few insula-
tion categories. Other strengths include the modeling of WTN for
all Danish dwellings potentially exposed to WTN and the inclu-
sion of persons from the same geographical areas but with little
or no WTN exposure.

The drugs used to define the outcomes in the current study are
only available by prescription in Denmark and the redemption of
these prescriptions is registered in an almost complete national
register (Kildemoes et al. 2011). Furthermore, all Danes have
access to free universal healthcare and subsidized drug costs. We
therefore had an excellent sensitivity and specificity toward
redemption of sleep and antidepressant medication. There are,
however, some challenges associated with interpreting them as
proxies for sleep or depressive disorders. A 2013 survey of
160,000 randomly selected Danes found the prevalence of sleep
problems and “feeling depressed/unhappy” to be 41% and 29%,
respectively. In the current study, 12% of the study population
redeemed sleep medication and 14% redeemed antidepressants.
This reflects that only people with more severe problems are
likely to both contact a physician and to qualify for these drugs.
Although we expect the lack of information on people with
undiagnosed sleep problems and depression to be nondifferential
with regard to exposure, it impairs sensitivity towards sleep
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disturbances or depressive conditions in general and our results,
therefore, pertain most directly to more severe sleep or depressive
conditions. Furthermore, our reliance on prescription data reduced
specificity towards sleep and depressive conditions because some
of the included drugs, particularly the antidepressants, also have
other indications, primarily for anxiety-related conditions. Any
bias resulting from this will depend on both the prevalence of these
conditions among our cases and their association with WTN.

Due to the register-based nature of the study, we did not
have access to potential lifestyle confounders, such as physical
activity and alcohol consumption, and other factors that might
affect the studied associations, such as orientation of the bed-
room and hearing loss. This is a weakness of our study. We
found that adjustment for individual and area-level socioeco-
nomic variables generally tended to increase estimates in the
highest exposure group. It is conspicuous that we found no
association for either outcome when restricting analyses to peo-
ple living on farms given that lifestyle and other exposures are
expected to be more similar within this subpopulation as com-
pared with the whole population. However, attitudes towards
WTN and health behavior may also differ, which might contrib-
ute to the lack of association in this group. Another potential
explanation is a healthy-worker bias, and in exploratory analy-
ses restricted to farm dwellers >65 y of age, we found that ex-
posure to ≥42 dB was associated with an increased risk for the
use of sleep medication, whereas no association was observed
for antidepressants.

Other limitations include the rather crude adjustment for local
road traffic noise, using traffic load and distance to the nearest
major road. However, residual confounding by traffic noise is
unlikely to be a major problem in the current study because we
obtained similar estimates among people living far from major
roads as compared with the whole study population. In addition,
there is inevitable uncertainty in the modeled noise exposure, par-
ticularly in indoor LF, where we had to rely on relatively crude
data on building sound insulation. This uncertainty is likely to be
nondifferential, influencing the estimates towards unity. To inves-
tigate this further, we used a validity score, which captured some
of the features of uncertainty of the noise modeling. For outdoor
WTN, we observed that for situations with high validity WTN,
the risk estimates for antidepressants were largely unaffected,
whereas for sleep medication, the estimate for 36–42 dB was ele-
vated and for ≥42 dB, decreased. However, for sleeping medica-
tion, only 19 of the 169 cases exposed to ≥42 dB had a high
validity score, resulting in high uncertainty for this subanalysis.

Conclusions
In conclusion, in a large nationwide population, we found sug-
gestions of an association between exposure to high levels of out-
door nighttime WTN and increased risk of first-time redemption
of sleep medication and antidepressants. This association was
strongest among the elderly. We found no consistent associations
for indoor nighttime LF WTN. Given that this was the first pro-
spective study on this topic and that we had only a few cases for
many of the groups, independent replication is desirable.
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Review

A Review of the Possible Perceptual and
Physiological Effects of Wind Turbine Noise

Simon Carlile1,2, John L. Davy3,4, David Hillman5, and
Kym Burgemeister6

Abstract

This review considers the nature of the sound generated by wind turbines focusing on the low-frequency sound (LF) and

infrasound (IS) to understand the usefulness of the sound measures where people work and sleep. A second focus concerns

the evidence for mechanisms of physiological transduction of LF/IS or the evidence for somatic effects of LF/IS. While the

current evidence does not conclusively demonstrate transduction, it does present a strong prima facia case. There are

substantial outstanding questions relating to the measurement and propagation of LF and IS and its encoding by the central

nervous system relevant to possible perceptual and physiological effects. A range of possible research areas are identified.
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Introduction

In recent years, there has been growing debate about the
effects of wind turbine noise (WTN) on human health.
A number of reviews have recently been published (e.g.,
Knopper et al., 2014; McCunney et al., 2014; Schmidt &
Klokker, 2014; Van Kamp & Van Den Berg, 2017), some
under the auspice of different government bodies in
Australia (National Health and Medical Research
Council, 2015), Canada (Council of Canadian
Academies, 2015), and France (Lepoutre et al., 2017),
with some appearing in the indexed scientific literature
(most recently the Health Canada study; D. Michaud,
2015; D. S. Michaud et al., 2016a, 2016b; D. S.
Michaud, Keith, et al., 2016). Many of these studies
have adopted an epidemiological approach including
various meta-analyses of the existing research reports
concerning the health effects of WTN. By contrast, the
popular press portrays a largely polarized picture where
the discourse often appears less informed and more opin-
ionated than scientifically based.

There are clearly complex factors surrounding com-
plaints about WTs that, apart from the health and safety
concerns, include financial and other material factors
and potential interactions with individuals’ perceptions
of devices themselves, including their appearance and the
sounds they make. These factors are all potential

contributors to the annoyance produced by WTs.
Many of these concerns—sometimes referred to as
nocebo effects—have been recently reviewed in the litera-
ture (Chapman & Crichton, 2017; C. H. Hansen,
Doolan, & Hansen, 2017). There seems, however, to
have been little discussion (or systematic review) of
potential perceptual and physiological effects of WTN
at the level of the individual. This provides the principal
motivation for this review. This review does not consider
the important question of whether WTN affects human
health, given the reviews and debates referred to earlier,
but focuses on two important foundational issues. The
first section reviews recent research examining the
nature of the sound generated by WTs with a particular
focus on the low-frequency sound (LF) and infrasound
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(IS), together with the mechanisms of its generation,
propagation, and measures of human exposure. The
objective of this first part is to understand the accuracy
and usefulness of measures of this sound pressure at loca-
tions where people work and sleep. The second issue for
focus concerns whether there are plausible mechanisms of
transduction of LF/IS or evidence for somatic effects of
LF/IS. This is an important question as a key link in any
argument attempting to relate WTN exposure to ill health
is the extent to which that sound can have a somatic influ-
ence. In closing, some of the existing peer-reviewed
research examining the perceptual effects of exposure to
LF and IS in the laboratory setting is reviewed.

This review has been confined largely to the scientific
literature represented by the relevant peer-reviewed art-
icles in indexed journals.

WTN, LF, and IS

There are a range of potential sound generators pro-
duced by WTs which include mechanical generators
(gearboxes, electrical generators, cooling systems, etc.,
in the WT nacelle) as well as interactions between the
moving blades and the air, particularly where there are
variations in flow, angle of incidence, and pressure.

Sound produced by rotating blades on modern
upwind WTs (where the rotor is on the front of the
nacelle when viewed from the direction that the wind is
coming) results in part from an interaction between the
airflow disturbed by the rotating blade interacting with
the supporting tower (e.g., Jung, Cheung, Cheong, &
Shin, 2008; Sugimoto, Koyama, Kurihara, &
Watanabe, 2008; reviewed in detail Van den Berg,
2006; Zajamšek, Hansen, Doolan, & Hansen, 2016).
The sound generated by this mechanism is tonal in
nature with a fundamental frequency at the blade pas-
sing frequency (BPF) and a series of six or so harmonics
(Figure 1; for further details, see Schomer, Erdreich,
Pamidighantam, & Boyle, 2015, their Figures 2 and 3).
The fundamental frequency is dependent on the rate of
rotation and number of blades and for a modern WT,
the sound energy produced by this mechanism is gener-
ally well below 20Hz.

Other sources of sound include the aerodynamic noise
generated by air flow across and leaving the trailing edge
of the blades (trailing edge noise) and mechanical noise
from the nacelle equipment. By contrast with BPF noise,
the aerodynamic noise from the blades is broadband
with a low-pass roll-off (�5 dB per octave> 1 kHz;
Figure 2; Oerlemans, Sijtsma, & López, 2007, their
Figures 5, 9, and 11). The center frequency (500–750
Hz, A-weighted) is related to the size and power gener-
ation capacity of the turbine with a downward shift of
around 1/3 octave comparing 2.3 to 3.6MW turbines to
<2MW turbines accompanied by a relative increase in

the proportion of energy at low frequencies for larger
turbines (Moller & Pedersen, 2011).

In summary, from both a theoretical and an empirical
standpoint, there is ample evidence demonstrating that
a component of the sound energy produced by a WT is in
the low and infrasonic frequency range. There are
three other characteristics of LF that are relevant to
understanding the measurements of sounds produced
by WTs.

First, both modeling and measurement data have
shown that the atmospheric boundary layer which
extends from ground level to between 100 to thousands

Figure 2. A-weighted average spectra of hub noise (thin line) and

blade noise (thick line) recorded from a three-bladed pitch–con-

trolled GAMESA G58 wind turbine (rotor diameter 58 m) using an

acoustic array of 148 Panasonic WM-61 microphones 58 m upwind

from the turbine.

Source: Reproduced with permission from Oerlemans et al. (2007).

Figure 1. Comparison of indoor and outdoor spectral density

recorded at an unoccupied dwelling approximately 3 km from a

wind turbine. BPF¼ blade passing frequency; PSD¼ power spec-

tral density.

Source: Reproduced with permission from Zajamsek et al. (2016),

Figure 4.
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of meters can act as a low-frequency wave guide under a
variety of common meteorological conditions (for
review, see Marcillo, Arrowsmith, Blom, & Jones,
2015). With a stable boundary layer, which is common
at night, LF radiation occurs as cylindrical waves and
follows a two-dimensional decay model (�3 dB per dou-
bling of distance) when measured downwind of a source
(Zorumski & Willshire, 1989) in contrast to a three-
dimensional decay model for higher frequency audible

sound. Under such conditions, therefore, LF and IS
levels decay more slowly with distance when compared
with higher frequencies. Consistent with this, propaga-
tion of sound at the BPF from a 60-turbine wind farm
has been recently measured using particularly sensitive
equipment as far as 90 km from the source (Marcillo
et al., 2015).

Second, IS and LF have wavelengths comparable with
the dimensions of building structures such as homes
which also allows for resonant interactions with those
structures. Recent high-resolution data recorded inside
and outside dwellings demonstrate such building cavity
resonance in the 10 - to 20-Hz range (Pedersen, Møller, &
Waye, 2007; Schomer et al., 2015; Zajamšek et al., 2016)
along with other building resonances over a 2- to 80-Hz
range. Third, sound attenuation provided by building
walls is much less at low frequencies compared with
higher frequency sounds (K. L. Hansen, Hansen, &
Zajamšek, 2015; Thorsson et al., 2018) and very irregular
because of the building resonances. These two observa-
tions indicate that exterior measures of LF and IS
pressure are not necessarily good predictors of interior
sound pressures as these are dependent on the particular
characteristics of the structure.

Accurate measures of the sound pressure levels of LF
and IS around WTs is complicated because of the very
long wavelengths of sound at such low frequencies, and
the high susceptibility of measurement microphones to
atmospheric turbulence (i.e., wind noise). Special strate-
gies such as very high performance wind-shields
(Dauchez, Hayot, & Denis, 2016; K. Hansen, Zajamsek,
& Hansen, 2014; Turnbull, Turner, & Walsh, 2012;
Zajamšek et al., 2016) and the use of microphone arrays
with sophisticated signal processing (Walker, 2013) are
needed. There is a complex relationship between the
wind speed and angle of incidence, atmospheric condi-
tions, terrain, distance to the source and the number
and distribution of sources, and the measurement of LF
and IS (for an excellent review, see Van den Berg, 2006).
External measures are complicated by wind noise and
other interactions with the measuring instrument.
The greater majority of measurements are external
(rather than internal where the greatest disability is
reported) and use A weighting which effectively filters
out LF and IS frequencies. Even lower pass weightings
(e.g., C weighting) exclude crucial low frequencies particu-
larly at the BPF and first few harmonics. Measures made
external to dwellings are not necessarily good predictors
of dwelling interior pressures where people spend the
majority of their time (particularly sleeping). In turn,
internal measurements are also complicated, and often
avoided by acousticians because of the influence of the
room modes and occupational sources of noise, such as
refrigerators and other household equipment. That there
is a wide range of reported levels of LF and IS in and

Figure 3. Upper panel: Estimated properties of high-pass filters

associated with cochlear signal processing (based on Cheatham &

Dallos, 2001). The curves show the low-frequency attenuation

provided by the middle ear (6 dB/octave below 1000 Hz), the

helicotrema (6 dB/octave below 100 Hz), and by the fluid coupling

of the IHC resulting in the IHC dependence on stimulus velocity

(6 dB/octave below 470 Hz). Lower panel: Combination of the

three processes in the upper panel into threshold curves demon-

strating: input to the cochlea (dotted) as a result of middle ear

attenuation, input to the IHC as a result of additional filtering by

the helicotrema, and input to the IHC as a result of their velocity

dependence. Shown for comparison is the sensitivity of human

hearing in the audible range (ISO226, 2003) and the sensitivity of

humans to infrasound (Moller & Pedersen, 2004). The summed

filter functions account for the steep (18 dB/octave) decrease in

sensitivity below 100 Hz. OHC¼ outer hair cells; IHC¼ inner hair

cells; LF¼ low-frequency sound.

Source: Reproduced with permission from Salt and Hullar (2010),

Figure 3.
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around wind farms should not be surprising, given the
diversity of relevant factors (e.g., cf. Jung et al., 2008;
Schomer et al., 2015; Sugimoto et al., 2008; Van den
Berg, 2006). Given some of the physiological work
reviewed later (particularly that relating to hydrops and
basilar membrane biasing), use of a dosimetry approach
to LF and IS exposure may prove a more appropriate
measure for determining human exposure although this
would require the development of new equipment and
measurement techniques.

Sound Pressure Weighting Scales
and WTN

The abovementioned considerations indicate that a com-
plete understanding of sound energy emitted by WTs
requires careful measurement and modeling approaches
that are sensitive to the full range of possible sound fre-
quencies. While the current practice of measuring and
analyzing WTN using an A-weighted correction offers
convenience and practicality, it will necessarily filter
out much of the LF energy actually emitted by a WT.
This approach appears to be motivated by practical
measurement considerations and the assumption that,
from the point of view of human perception, the audi-
tory system sensitivity to sound level (loudness percep-
tion) is nonlinear and rolls off very sharply for
frequencies below 1 kHz reaching �50 dB by 20Hz
(Keith et al., 2016; Yokoyama, Sakamoto, &
Tachibana, 2014). These authors also argued that the
A-weighted sound level of a wind farm is highly corre-
lated with the sound levels of the LF and IS, and so
A-weighted measures could act as a proxy for LF and
IS levels. This supposition is, however, based on 1/3
octave C-weighted measures extending only to 16Hz
which is well above the BPF and it is not consistent with
some recent data (e.g., Hansen, Walker, Zajamsek, &
Hansen, 2015; Schomer et al., 2015). As reviewed earlier,
there are also complicating factors relating to the potential
difference in the propagation of IS and LF compared with
the middle to high frequencies to which humans are sensi-
tive. This suggests that, even if A-weighted measures are
correlated with the total WT energy at a particular point in
space, this may not provide an adequate indication of the
relative sound levels at other distances from the source (see
also Moller & Pedersen, 2011).

There is clearly a need for more research and devel-
opment of methods to accurately measure and assess the
level of exposure of individuals to LF and IS particularly
in the built environment where individuals live and sleep.
To be clear, in the first instance, this work needs to focus
on the collection of high-quality scientific data to provide
insights into the mechanisms and processes in play.
While this may subsequently have implications for meth-
ods of making acoustic measurements in the field, the

emphasis first needs to be on collecting high-quality sci-
entific data to address the questions of sound propaga-
tion and human exposure.

Perceptual Sensitivity

Perceptual sensitivity to LF and IS has been studied for
more than 80 years (reviewed in Moller & Pedersen,
2004), and although there is no international standard,
the experimental data are in good agreement. Threshold
rises sharply from 80dB (SPL) at 20Hz to around 124 dB
SPL at 2Hz and the perceptual effects also include vibra-
tion and the sensation of pressure at the ear drums.
Consistent with these data, Yokoyama et al. (2014)
showed that listeners were insensitive to resynthesized
WTN in the laboratory at levels up to 56 dBA.

For a variety of biomechanical and other physio-
logical reasons, the cochlea is known to be a highly non-
linear transducer. Given the relatively high sound
levels required to achieve perceptual response to IS, the
question arises as to whether this represents neural trans-
duction at the fundamental frequency or sensitivity to
nonlinear distortion products produced on the basilar
membrane. While mechanisms of transduction are con-
sidered in more detail later, recent functional magnetic
resonance imaging (fMRI) data (Dommes et al., 2009;
Weichenberger et al., 2015) show auditory cortical acti-
vation to a 12-Hz tone at thresholds that are broadly
consistent with those reviewed by Moller and Pederson
(2004). This indicates that, regardless of whether IS is
transduced as a fundamental or as a consequence of non-
linear distortion products, it does lead to activation of
the auditory cortex providing a primary neural represen-
tation of these acoustic stimuli.

A more recent fMRI study (Weichenberger et al.,
2017) took a different analytical approach using a regio-
nal homogeneity resting mode analysis and a relatively
prolonged (200 s) 12-Hz stimulus. They report that sub-
liminal sound levels (2 dB below measured threshold)
also activated brain regions known to be involved in
autonomic and emotional processing: In particular, the
anterior cingulate cortex and amygdala—the latter is
believed to be involved with stress and anxiety-related
psychiatric disorders. The amygdala is also part of the
nonleminiscal auditory pathway that mediates subcor-
tical processing and has input to the reticular activating
system, a key component regulating arousal and
sleep (for discussion, see Weichenberger et al., 2017).
This latter observation provides some explanation as to
how subliminal IS stimulation could lead to arousal and
potentially mediate sleep disturbances reported by some
individuals.

Related to the question of individual differences,
Moller and Pedersen (2004) make the observation that
the dynamic range of the auditory system decreases
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significantly at low frequencies, demonstrated in the
extreme compression of the equal loudness contours at
2 Hz (20–80 phon from 130 to 140 dB). This indicates
that even small changes in pressure can result in very
large changes in loudness perception. Likewise, small
variations in threshold between individuals could pro-
duce significant differences in perceived loudness for
the same pressure level stimulus. This would also result
in differences in suprathreshold levels which, when taken
in the context of the recent report of Weichenberger et al.,
could in turn explain some of the individual differences in
reported physiological effects of WTN. A simple test of
this prediction would be to measure the IS thresholds of
individuals reporting physiological effects of exposure to
WTN compared with those who report no effects under
the same exposure conditions. If this proved to be discrim-
inatory, then simple IS threshold measures would provide
an indicator of likely susceptibility to WTN. Such meas-
urements could involve perceptual impressions (Kuehler,
Fedtke, & Hensel, 2015) or objective assessments such as
fMRI (Weichenberger et al., 2017) or magnetoencephal-
ogy (Bauer et al., 2013).

Physiological Transduction of LF and IS

Before considering the evidence for potential sensory or
other transduction of LF and IS, it is useful to context-
ualize this discussion. As indicated in the Introduction
section, a critical component in any argument attempting
to link the sound level output from WTs (or any mech-
anical device) to ill health is the extent to which sound
energy is able to influence the human body perceptually
or somatically. If there is no influence, then it would be
difficult to argue that reported health effects could
be induced by sound or vibration. For instance, people
in urban environments are exposed daily to significant
qualities of low-level microwave radiation in the form
of communications transmissions (radio, TV, cellular
network, etc.) without any known effects of ill
health (Valberg, Van Deventer, & Repacholi, 2007).
This would likely be a consequence of the fact that, at
these levels of exposure, microwave radiation is not an
effective stimulus perceptually or somatically for the
human body. By contrast, there is much debate and
opinion as to whether the human nervous system is sen-
sitive to the infrasonic and LF that is emitted by WTs.
There are, unfortunately, very few peer-reviewed publi-
cations that consider the potential physiological mechan-
isms that might underlie sensory transduction of LF and
IS. There is a much wider range of opinion pieces on the
topic presented in a variety of formats (popular science
magazines, newspaper articles, and self-published mono-
graphs and newsletters). Subsequently, we will consider
principally reports or reviews in peer-reviewed scientific
publications.

In a review in Hearing Research, Salt and Hullar
(2010) outline a number of possible mechanisms by
which the LF and IS could influence the function of
the inner ear and lead to neural stimulation that may
or may not be perceived as sound. These authors
describe how, under normal physiological circumstances,
the inner ear is remarkably insensitive to LF and IS. This
results from the need to mechanically tune the sensory
apparatus to sounds of greatest biological interest (in
this case, from 100Hz to a few kilohertz which is the
range of human communication and of the inadvertent
sounds of movement of predator or prey). Consequently,
the anatomical structures of the cochlea would suffer
significant damage in response to large mechanical dis-
placements that would result from stimulation by even
relatively low pressure LFs (for sounds of constant pres-
sure, particle displacement is inversely proportional to
frequency at þ6 dB per octave).

There are three principal mechanisms providing this
protective attenuation (see Figure 3; Salt & Hullar, 2010;
for a very detailed review, see Dallos, 2012). First, the
band-pass characteristics of the middle ear are roughly
centered on 1 kHz and attenuate frequencies below that
at 6 dB/octave. For a constant pressure, this inversely
matches the increase in particle displacement so that for
frequencies below 1 kHz, movement of the stapes and the
amplitude of displacement input to the cochlea is con-
stant. Second, low-frequency stimulation of the cochlea
is reduced by the shunting of perilymph fluid between the
chambers of the scala tympani and scala vestibuli
through the helicotrema resulting in 6 dB/octave attenu-
ation for frequencies less than 100 Hz. Third, the audi-
tory transduction receptors, the inner hair cells (IHC)
are sensitive to fluid velocity in the cochlea which results
in a further attenuation of 6 dB octave below about
470Hz. These three mechanisms add linearly to reduce
stimulation of the IHC by 18 dB/octave between 100Hz
and 20Hz.

Salt and Hullar (2010) make the important observa-
tion that as the outer hair cells (OHC) are sensitive to
displacement (i.e., they are mechanically coupled and not
fluid coupled to the tectorial membrane) which is con-
stant for low frequencies, so even under physiologically
normal conditions, at these low frequencies they should
be stimulated at lower sound levels than the IHC.
This prediction is borne out by the thresholds of endo-
lymphatic potentials in the guinea pig cochlea to 5-Hz
stimuli which represent strial current gated by OHC
activity (Salt, Lichtenhan, Gill, & Hartsock, 2013).
In contrast to the original estimates of OHC threshold
(�40 dB lower than IHC at 5Hz; Salt & Hullar, 2010),
gain calculations in the later work suggest that the
human apical cochlea could be similarly activated at
around 55 dB to 65 dB SPL (corresponding to �38 to
�28 dBA). This surprisingly high level of sensitivity of
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OHCs to LF (when compared with IHC activation and
perceptual threshold) is strongly supported by recent
work examining the spontaneous otoacoustic emissions
in humans (Drexl, Krause, Gürkov, & Wiegrebe, 2016;
see also Drexl, Otto, et al., 2016; Jeanson, Wiegrebe,
Gürkov, Krause, & Drexl, 2017; Kugler et al., 2014).
It has been known for quite some time using human
distortion product otoacoustic emissions (e.g., Hensel,
Scholz, Hurttig, Mrowinski, & Janssen, 2007) as well
as in vivo animal data (Patuzzi, Sellick, & Johnstone,
1984) that LF and IS do affect cochlear processing and
that the cochlea aqueduct does pass IS frequencies into
the inner ear (Traboulsi & Avan, 2007). The perceptual
and other downstream consequences, however, are still
not well studied. The more recent focus on the modula-
tion of OHC activity is likely to provide important
insights as to the physiological effects of IS and LF on
cochlear processing. While the sensory role of OHCs are
currently not well understood, they do carry sensory
information via Type-II afferent fibers into the brain
and probably play a role in signaling the off-set bias
(and therefore operating point) of the basilar membrane
and therefore also affect IHC transduction.

Before considering the effects of possible dysfunction
of this system, it is worth summarizing the implications
mentioned earlier. The healthy human ear significantly
attenuates low-frequency input to the IHCs below
around 100Hz (�18 dB/octave). It is likely that at very
low frequencies (<20 Hz), the OHCs are responding
to stimuli at levels well below those producing activation
of the IHCs. It is acoustic stimulation of the IHC
which is the effective perceptual stimulus for hearing.
Nonetheless, OHCs also have a sensory (afferent) input
to the brain, although their stimulation is unlikely to lead
to auditory perception per se. What is critical to empha-
size at this juncture is that although the mechanisms out-
lined by Salt and Hullar (2010) are plausible and based
on a large body of well-founded research, they do not by
themselves constitute a demonstration of direct trans-
duction of LF and IS by the inner ear. The effects of
LF on OHC activity, however, could modulate transduc-
tion by the IHC, and such affects would likely be
perceptible.

These data do provide, however, a strong prima facia
case for neural transduction of LF and IS that needs to
be properly examined at a functional and perceptual
level in both animal and human models. Some critics
of Salt and Hullar (2010) have argued that the level of
LF and IS required to stimulate the OHCs is much
greater than that recorded near wind farms. Given, how-
ever, the range of technical issues in making such acous-
tic measurements and the diversity of reported levels
reviewed earlier, this claim is similarly limited by the
available acoustic data. Furthermore, the recent work
examining the guinea pig endocochlear potential (Salt

et al., 2013) and human otoacoustic emissions (e.g.,
Drexl, Otto, et al., 2016; Kugler et al., 2014) indicate
even greater levels of sensitivity of OHCs to LF when
compared with the perceptual threshold mediated by
IHC activity than first predicted. This suggests the
need for a review of such conclusions.

Salt and Hullar (2010) also review the consequences of
some pathologic conditions of the inner ear in terms of
the potential to increase sensitivity to LF and IS. For
instance, blockage or increased resistance of the helico-
trema by a condition such as endolymphatic hydrops will
reduce fluid shunting and reduce the attenuation for fre-
quencies <100 Hz by up to 6 dB. Acute endolymphatic
hydrops can be induced by exposure to low frequencies,
although the relationship is complex and suggests that a
dosimetry approach to exposure could be most inform-
ative. Hydrops would also lead to changes in the operat-
ing point of the basilar membrane resulting in a variety
of changes in IHC sensory transduction including
increased distortion. A further mechanism considered
by Salt and Hullar is the increased fluid coupling of ves-
tibular cells to sound input produced by changes in the
input impedance of the vestibular system in conditions
such as superior canal dehiscence (SCD), which can
result in sound induced dizziness or vertigo, nausea,
and nystagmus (Tullio phenomena).

Schomer et al. (2015) also examine potential physio-
logical mechanisms that could mediate effects of LF and
IS. They draw a link between the nauseogenic effects of
low-frequency vestibular stimulation in seasickness and
the potential vestibular stimulation by IS under normal
listening conditions (as opposed to pathologic conditions
of SCD). Using data collected by the U.S. Navy on nau-
seogenic effectiveness of low-frequency vestibular stimu-
lation produced by whole body motion, they found
significant overlap between the most effective nauseo-
genic frequencies and BPF of modern and larger WTs.
Using a first-order model, they also demonstrate a better
than order of magnitude equivalence between the force
applied to the otoconia in the vestibular apparatus pro-
duced by whole body motion of 0.7Hz at 5m/s2 peak
and by IS of 0.7Hz at 54 dB (SPL). Building on previous
anatomical work (Uzun-Coruhlu, Curthoys, & Jones,
2007), Schomer et al. argue that pressure normal to the
surface of the macular in the inner ear will provide an
effective stimulus to the vestibular hair cells in the
same way as the sheer motion between the otoconial
membrane produced during linear acceleration of the
head. While a plausible explanation, it is important to
recognize that this suggestion is highly speculative and
no data have yet been provided to support this latter
assertion. Leventhall (2015) has also questioned this
model although not in a peer-reviewed forum. Of note,
however, the comparison with seasickness does add to
the argument that a dosimetric approach to exposure
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may be more appropriate than measures of peak or root-
mean-square sound pressure.

Perceptual Effects of Laboratory Exposure
to LF and IS

A number of laboratory studies have directly exposed
human listeners to IS and LF (e.g., Crichton, Dodd,
Schmid, Gamble, & Petrie, 2014; Tonin, Brett, &
Colagiuri, 2016) either directly recorded from WT (e.g.,
Yokoyama et al., 2014) or synthesized to reproduce key
elements of these recordings (e.g., Tonin et al., 2016).
A range of exposure symptoms have been reported but
no systematic or significant effects of IS and LF have
been demonstrated.

In general, sample sizes have been relatively small
(e.g., n¼ 2, Hansen, Walker, et al., 2015; n¼ 72, Tonin
et al., 2016) with studies likely to be statistically under
powered (see Supplementary Material). Exposure times
have been in the order of minutes to a few 10 s of minutes
with a diversity of presentation levels above and below
the IS/LF levels reported in the field.

Some free field stimulus playback systems have failed
to deliver sound at the BPF and low-order harmonics
frequencies (Yokoyama et al., 2014) while others have
used headphone playback (Tonin et al., 2016). Many
studies have not been blinded or double blinded, while
others have been specifically designed to examine the
effects of demand characteristics by manipulating expect-
ancy (e.g., Crichton et al., 2014; Tonin et al., 2016). The
latter studies have demonstrated, unsurprisingly, that
manipulation of expectancy regarding the physiological
effects of WT IS and LF has a moderate effect on the
number and strength of symptoms reported by subjects
regardless of the noise exposure conditions. Interestingly,
Tonin et al. (2016) also report in their double-blind study
that the presence of IS increased concern about health
effects of WTN-expressed postexposure although sub-
jects reported not hearing the IS stimulus.

In summary, there appears a prima facia case for the
existence of sensory transduction of LF and IS and its
representation in the nervous system. While a number of
plausible mechanisms have been proposed, the actual
mechanism of transduction has yet to be demonstrated.
There are some laboratory-based studies examining the
exposure to either recorded or simulated WTN, but the
current data regarding potential perceptual or physio-
logical are inconclusive.

General Summary and Conclusions

Although not an exhaustive survey of this literature, this
review indicates that there are questions relating to the
measurement and propagation of LF and IS and its
encoding by the central nervous system (e.g., Dommes

et al., 2009; Weichenberger et al., 2017) that are relevant
to the possible perceptual and physiological effects of
WTN but for which we do not have a good scientific
understanding. There is much contention and opinion
in these areas that, from a scientific perspective, are not
well founded in the data, simply because there are little
data available that effectively address these issues. This
justifies a clear call to action for resources and support to
promote high-quality scientific research in these areas.

Some of the research questions that arise from this
review include the need for the following:

1. A more complete characterization and modeling of
the sound generated by individual WTs and the large
aggregations that comprise the modern windfarm.
Such research needs to consider the spectrum from
the BPF to its higher harmonics and incorporate the
different propagation models that apply to different
frequency ranges along with the effects of terrain,
atmospheric conditions, and other potential modi-
fiers of the sound.

2. The development of a more complete understanding
of the interactions between WTN and the built struc-
tures in which people live and sleep. Such research
needs to consider the different modes of excitation
including substrate vibration, cavity resonances
(including Helmholtz resonance and the interconnec-
tion of rooms), and differential building material
sound insulation. New methods need to be developed
for accurately and effectively measuring acute and
chronic exposure (dosimetry) and for managing
wind and other interference in the measurements.

3. Structural and aeronautic engineering research to dis-
cover ways to minimize the BPF generation and
other potentially annoying sound sources.

4. Research to directly examine the effects of IS on the
cochlea and vestibular apparatus. Although different
theories have been advanced as to how IS and LF
might be transduced and excite the central nervous
system, there are little direct data demonstrating
whether and how this occurs.

5. Research to better understand the neural connectivity
of the putative transducers in the inner ear and an
understanding of the consequences of their possible
activation by IS and LF, notwithstanding the recent
brain imaging data demonstrating differential activa-
tion of different brain structures (including the audi-
tory cortex) by IS.

6. Research to better characterize the physiology of
individuals who report susceptibility to WTN with
a focus on whether these individuals represent a stat-
istical tail of a normally distributed population or
display other dysfunction or pathology that mediates
susceptibility (e.g., SCD or lymphatic hydrops). In
particular, an examination is required of the
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hypothesis that small individual differences in thresh-
old sensitivity to IS could underlie the differential
activation of the anterior cingulate cortex and amyg-
dala at subliminal sound levels.

This is not intended to be an exhaustive list of possible
research areas. A research initiative to encourage
and develop a very wide diversity of proposals is
warranted as it is from the depth, capacity, and ingenuity
of the researchers that work in these areas that
the insights and the most effective research questions
will come.
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Summary

A systematic review and harmonization of life cycle assessment (LCA) literature of utility-
scale wind power systems was performed to determine the causes of and, where possible,
reduce variability in estimates of life cycle greenhouse gas (GHG) emissions. Screening of
approximately 240 LCAs of onshore and offshore systems yielded 72 references meet-
ing minimum thresholds for quality, transparency, and relevance. Of those, 49 references
provided 126 estimates of life cycle GHG emissions.

Published estimates ranged from 1.7 to 81 grams CO2-equivalent per kilowatt-hour (g
CO2-eq/kWh), with median and interquartile range (IQR) both at 12 g CO2-eq/kWh. After
adjusting the published estimates to use consistent gross system boundaries and values for
several important system parameters, the total range was reduced by 47% to 3.0 to 45 g
CO2-eq/kWh and the IQR was reduced by 14% to 10 g CO2-eq/kWh, while the median
remained relatively constant (11 g CO2-eq/kWh). Harmonization of capacity factor resulted
in the largest reduction in variability in life cycle GHG emission estimates.

This study concludes that the large number of previously published life cycle GHG
emission estimates of wind power systems and their tight distribution suggest that new
process-based LCAs of similar wind turbine technologies are unlikely to differ greatly.
However, additional consequential LCAs would enhance the understanding of true life
cycle GHG emissions of wind power (e.g., changes to other generators’ operations when
wind electricity is added to the grid), although even those are unlikely to fundamentally
change the comparison of wind to other electricity generation sources.

Introduction

Electricity generation accounted for approximately 40% of
energy-related carbon dioxide (CO2) emissions in the United
States in 2008 (EIA 2009). Interest in technologies powered
by renewable energy sources such as the wind and sun has
grown partly because of the potential to reduce greenhouse gas
(GHG) emissions from the power sector. However, due to GHG
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emissions produced during equipment manufacture, transporta-
tion, on-site construction, maintenance, and decommissioning,
wind and solar technologies are not GHG emission-free. Life
cycle assessment (LCA) is particularly well suited for comparing
conventional power generation systems to renewables because
it accounts for GHG emissions across the full life cycle of each
technology, and therefore helps to inform decision makers of
the attributable environmental impacts of energy technologies.

S136 Journal of Industrial Ecology www.wileyonlinelibrary.com/journal/jie

196 of 267



R E S E A R C H A N D A N A LYS I S

Hundreds of LCAs have been published on various solitary
wind turbines and wind farms over the past several decades,
as well as two articles reviewing the wind power LCA liter-
ature (Lenzen and Munksgaard 2002; Varun et al. 2009) and
one meta-analysis, which focuses on energy return on invest-
ment (Kubiszewski et al. 2010). Lenzen and Munksgaard (2002)
investigated the effects capacity factor, lifetime, power rating,
method, scope, country of manufacture, and vintage have on
energy and CO2 emission intensities of 72 previously published
analyses of wind turbines taken from 32 LCAs. They also per-
formed a multivariate regression normalizing the capacity factor
to 25% and lifetime to 20 years, resulting in a decrease in the
range of energy intensities from almost two orders of magnitude
to one.

In contrast, objectives of the present meta-analysis include
identifying, explaining, and, where possible, reducing variabil-
ity in estimates of life cycle GHG emissions through a meta-
analytical process called “harmonization.” The purpose of this
analysis and its umbrella project, the LCA Harmonization
Project, which examines other electricity generation technolo-
gies such as coal and natural gas, is to inform decision making
and future analyses that rely on such estimates. (Articles from
the LCA Harmonization Project appearing in this special issue
on meta-analysis of LCAs perform similar analysis on crystalline
silicon photovoltaic [Hsu et al. 2012], thin film photovoltaic
[Kim et al. 2012], coal [Whitaker et al. 2012], concentrating
solar power [Burkhardt et al. 2012], and nuclear [Warner and
Heath 2012].)1

Variability exists in estimates of life cycle GHG emissions
even between studies performed on the same technology. Differ-
ences can be attributed to several factors, including specifics of
the particular model, configuration and operating conditions of
the system studied, methodological decisions and assumptions
made by those conducting the study, variability in data sources,
and LCA approach (e.g., consequential or attributional, pro-
cess chain or economic input-output). To better understand
the extent to which some of these sources of variability affect
the overall results of a study, the present research systematically
reviews previously published wind power LCAs and harmonizes
their GHG emission estimates by establishing more consistent
methods and assumptions, including characteristics of system
performance, system boundaries, and global warming potentials
(GWPs) of the individual GHG species.

Methods

An exhaustive literature search of the English-language lit-
erature was performed to compile a database of published wind
LCAs. Studies were initially screened out if they did not meet
the following criteria: published as a scholarly journal arti-
cle, trade journal article greater than three published pages in
length, conference proceeding greater than five double-spaced
pages in length, books or chapters, theses, dissertations, or re-
ports; were published after 1980; were written in English; and
evaluated electricity as an end product. This preliminary screen

reduced the number of references from 237 to 175. The database
was structured to record certain defining characteristics of each
study, such as whether it is an empirical or theoretical study.
Specific study information extracted included publication year,
reference type, onshore or offshore technology, vertical- or
horizontal-axis turbines, utility-scale or distributed generation,
manufacturer, tower type, publication date, which GHG species
were inventoried, and vintage of the GWPs used. Several quan-
titative system parameters were also recorded, such as capacity,
capacity factor, lifetime, and lifetime power output.

An LCA’s system boundary is the choice of the researcher,
so there may be considerable differences in scope across studies.
To allow for comparison of studies in a common framework, our
research defines the wind power life cycle as comprising three
generalized life cycle phases illustrated in figure 1 and described
below:

One-time upstream emissions, which includes emissions result-
ing from raw materials extraction, materials manufacturing,
component manufacturing, transportation from the manu-
facturing facility to the construction site, and on-site con-
struction.

Ongoing emissions during the turbine’s operating phase, which
includes emissions from maintenance activities such as re-
placement of worn parts and lubricating oils, and transporta-
tion to and from the turbines during servicing.

One-time downstream emissions, which includes emissions re-
sulting from turbine and site decommissioning, disassembly,
transportation to the waste site, and ultimate disposal and/or
recycling of the turbines and other site materials.

Transmission and distribution (T&D) of electricity is some-
times included within the scope of LCAs, either through ac-
counting for construction of the infrastructure or the loss of
generated electricity in delivery to the consumer, or both.

Screening of the Literature

After the preliminary screen, a quality screen consistent
with the general principles of the umbrella LCA Harmoniza-
tion Project was applied to each estimate of life cycle GHG
emissions, as many references produced more than one esti-
mate because they evaluated multiple scenarios. Although a
reference wasn’t necessarily eliminated if only one of its esti-
mates was screened out, most screening criteria applied to the
reference as a whole; the results of screening are therefore re-
ported at the level of the reference.

The pool of references was reduced from 175 to 72 upon
applying the following minimum screening criteria:

1. LCA method:
a. Employed a currently accepted LCA method (e.g., fol-

lowing guideline 14040 from the International Orga-
nization for Standardization [ISO 2006a, 2006b]).

b. Included the upstream life cycle stage, as this stage
is known to be the largest contributor to total GHG
emissions for wind power systems.
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Figure 1 Process flow diagram illustrating the life cycle stages of wind power systems. Inclusion of at least one or more upstream life cycle
stage was required for passing the screening process. Transportation between life cycle stages was not harmonized.

2. Transparency and completeness of reporting:
a. Reported a reasonably descriptive method (e.g., scope

and boundaries of study) and set of assumptions (e.g.,
capacity factor, system lifetime, recycling in end-of-life
scenario).

b. Cited primary or secondary data sources used for the
analysis.

c. Described, numerically where possible, characteristics
of the wind power system studied (e.g., turbine model,
capacity, site description or location, wind class, single
turbine, or wind farm).

d. Reported the name of software or database, if used,
(e.g., SimaPro, Ecoinvent) as well as input parameters
for the modeling (e.g., a material requirements list).

3. Relevance of the evaluated technology to modern,
utility-scale wind power systems:
a. Excluded wooden, steel, and aluminum rotor blades.
b. Excluded non-three-bladed turbines.
c. Excluded vertical-axis turbines.
d. Excluded turbines with a rated capacity of less than

150 kilowatts (kW).

All estimates passing the above screening criteria were cat-
egorized as onshore, offshore, or a mix of the two, and are listed
in table 1 along with important characteristics of the study and
technology evaluated.

Harmonization Process

For the LCA Harmonization Project as a whole, two levels
of harmonization were devised. The more resource-intensive
level was envisioned as a process similar to that employed by

Farrell and colleagues (2006) to harmonize the results of LCAs
of ethanol. In that process, a subset of the available literature
estimates of life cycle GHG emissions was carefully disaggre-
gated. This process produced a detailed meta-model based on
factors such as adjusted parameter estimates, realigned system
boundaries within each life cycle phase, and a review of all data
sources. A less-intensive and therefore grosser approach is more
appropriate for the harmonization of a large set of literature esti-
mates of life cycle GHG emissions. The less-intensive approach
was chosen as the appropriate level of harmonization for wind
power LCAs. The decision-making process for the level of har-
monization is discussed in the supporting information available
on the Journal’s Web site.

This less-intensive harmonization process was performed by
proportional adjustment of the published estimates of life cy-
cle GHG emissions in grams CO2-equivalent per kilowatt-hour
(g CO2-eq/kWh) to consistent values of two influential per-
formance characteristics (capacity factor, system lifetime) and
then, by addition or subtraction, to a consistent system bound-
ary at the level of major life cycle stage.2 GWPs were also
harmonized where possible.

In keeping with the less-intensive harmonization approach,
estimates were not audited for accuracy; published GHG emis-
sion estimates were taken at face value and converted to consis-
tent units prior to being harmonized. Additionally, no exoge-
nous assumptions were employed; if a reference did not report
the information required for harmonization or conversion to
the common functional unit, no assumptions were made.
In those cases, that particular step of harmonization was not
applied to that specific published GHG emission estimate, or
the estimate wasn’t included for harmonization, respectively.
For instance, several estimates reported on a damages basis (e.g.,
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Table 1 Studies and technologies that passed the screening criteria and produced an estimate of life cycle greenhouse gas (GHG)
emissions, including key harmonization parameters

Turbine Capacity Wind farm
Technology capacity Lifetime factor name, Study

Author Year type (MW) (years) (%) location type Notes

Ardente et al. 2008 Onshore 0.66 20 19% Italy (Sicily) Empirical
Berry et al. 1998 Onshore 0.3 — 31% Penryddlan and

Llidiartywaun,
Wales

Empirical

Chataignere and Le
Boulch

2003 Onshore 0.6 20 29% Theoretical (1) Vestas 600 kW
turbine

Chataignere and Le
Boulch

2003 Onshore 2.5 20 34% Theoretical (1) Nordex
2.5 MW turbine

Chataignere and Le
Boulch

2003 Offshore 2.5 20 46% Theoretical (50) Nordex
2.5 MW
turbines, cassion

Chataignere and Le
Boulch

2003 Offshore 2.5 20 46% Theoretical (100) Nordex
2.5 MW
turbines

Chataignere and Le
Boulch

2003 Offshore 2.5 20 46% Theoretical (50) Nordex
2.5 MW
turbines,
monopile

Chataignere and Le
Boulch

2003 Onshore 1.5 20 29% Theoretical (1) Enercon
1.5 MW turbine

Crawford 2009 Onshore 3 20 33% Theoretical
Crawford 2009 Onshore 0.85 20 34% Theoretical
Dolan 2007 Offshore 1.8 20 30% U.S. (Florida) Theoretical
Dones et al. 2005 Onshore 0.8 20/40 20% Germany Empirical Turbine parts

assume different
lifetimes

Dones et al. 2005 Offshore 2 20 30% Middelgrunden,
Germany

Empirical

Dones et al. 2007 Onshore 0.8 20/40 20% Europe Empirical Turbine parts
assume different
lifetimes

Dones et al. 2007 Offshore 2 20 30% Europe Empirical
Dones et al. 2007 Onshore 0.8 20/40 14% Mont Crosin,

Switzerland
Empirical Turbine parts

assume different
lifetimes

DONG Energy 2008 Offshore 2 20 46% Horns Rev, North
Sea

Empirical

Enel SpA 2004 Onshore 0.66 20 18% Sclafani Bagni, Italy Empirical
European

Commission
1995 Onshore 0.4 20 30% Delabole, Penryddlan

and Llidiartywaun,
UK

Empirical

Frischknecht 1998 Onshore 0.15 20 9.0% Switzerland Empirical
Hartmann 1997 Onshore 1 20 19% Theoretical Process chain

analysis
Hartmann 1997 Onshore 1 20 19% Theoretical EIO analysis
Hondo 2005 Onshore 0.4 50 20% Japan Theoretical
Hondo 2005 Onshore 0.4 30 20% Japan Theoretical
Hondo 2005 Onshore 0.3 50 20% Japan Theoretical
Hondo 2005 Onshore 0.4 20 20% Japan Theoretical
Hondo 2005 Onshore 0.3 30 20% Japan Theoretical
Hondo 2005 Onshore 0.3 20 20% Japan Theoretical
Hondo 2005 Onshore 0.4 10 20% Japan Theoretical

(Continued)
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Table 1 (Continued)

Turbine Capacity Wind farm
Technology capacity Lifetime factor name, Study

Author Year type (MW) (years) (%) location type Notes

Hondo 2005 Onshore 0.3 10 20% Japan Theoretical
Jacobson 2009 Onshore 5 30 43% Theoretical
Jacobson 2009 Onshore 5 20 43% Theoretical
Jacobson 2009 Onshore 5 30 29% Theoretical
Jacobson 2009 Onshore 5 20 29% Theoretical
Jungbluth et al. 2005 Onshore 0.8 20/40 20% Europe Theoretical Turbine parts

assume different
lifetimes

Jungbluth et al. 2005 Offshore 2 20 30% Middelgrunden, Baltic
Sea

Theoretical

Khan et al. 2005 Onshore 0.5 20 — Canada
(Newfoundland)

Theoretical

Krewitt et al. 1997 Onshore 0.25 20 25% Northfriesland,
Germany

Empirical 1990 technology
vintage

Kuemmel and
Sørensena

1997 Mix 1.3 25 29% Denmark Theoretical

Kuemmel and
Sørensen

1997 Onshore 0.4 20 23% Denmark Theoretical

Lee and Tzengb 2008 Onshore 0.6–1.75 20 33% Mailiao, Jhongtun and
Chunfong, Taiwan

Empirical

Lenzen and
Wachsmann

2004 Onshore 0.6 20 68% Manufactured and
operated in Brazil

Theoretical Recycled steel,
coastal, 44 m hub
height

Lenzen and
Wachsmann

2004 Onshore 0.6 20 71% Manufactured and
operated in Brazil

Theoretical Recycled steel,
coastal, 55 m hub
height

Lenzen and
Wachsmann

2004 Onshore 0.6 20 55% Manufactured and
operated in Brazil

Theoretical Recycled steel,
near-coastal,
55 m hub height

Lenzen and
Wachsmann

2004 Onshore 0.6 20 68% Manufactured and
operated in Brazil

Theoretical Coastal, 44 m hub
height

Lenzen and
Wachsmann

2004 Onshore 0.6 20 71% Manufactured and
operated in Brazil

Theoretical Coastal, 55 m hub
height

Lenzen and
Wachsmann

2004 Onshore 0.6 20 55% Manufactured and
operated in Brazil

Theoretical Near-coastal, 55 m
hub height

Lenzen and
Wachsmann

2004 Onshore 0.6 20 42% Manufactured and
operated in Brazil

Theoretical Recycled steel,
inland, 55 m hub
height

Lenzen and
Wachsmann

2004 Onshore 0.6 20 46% Manufactured and
operated in Brazil

Theoretical Recycled steel,
inland 65 m hub
height

Lenzen and
Wachsmann

2004 Onshore 0.6 20 42% Manufactured and
operated in Brazil

Theoretical Inland, 55 m hub
height

Lenzen and
Wachsmann

2004 Onshore 0.6 20 46% Manufactured and
operated in Brazil

Theoretical Inland, 65 m hub
height

Lenzen and
Wachsmann

2004 Onshore 0.6 20 68% Manufactured in Brazil
and Germany,
operated in Brazil

Theoretical Coastal, 44 m hub
height

Lenzen and
Wachsmann

2004 Onshore 0.6 20 71% Manufactured in Brazil
and Germany,
operated in Brazil

Theoretical Coastal, 55 m hub
height

Lenzen and
Wachsmann

2004 Onshore 0.6 20 55% Manufactured in Brazil
and Germany,
operated in Brazil

Theoretical Near-coastal, 55 m
hub height

Lenzen and
Wachsmann

2004 Onshore 0.6 20 46% Manufactured in Brazil
and Germany,
operated in Brazil

Theoretical Inland, 65 m hub
height

Lenzen and
Wachsmann

2004 Onshore 0.6 20 42% Manufactured in Brazil
and Germany,
operated in Brazil

Theoretical Inland, 55 m hub
height

(Continued)
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Table 1 (Continued)

Turbine Capacity Wind farm
Technology capacity Lifetime factor name, Study

Author Year type (MW) (years) (%) location type Notes

Lenzen and
Wachsmann

2004 Onshore 0.6 20 68% Manufactured in
Germany, operated
in Brazil

Theoretical Coastal, 44 m hub
height

Lenzen and
Wachsmann

2004 Onshore 0.6 20 71% Manufactured in
Germany, operated
in Brazil

Theoretical Coastal, 55 m hub
height

Lenzen and
Wachsmann

2004 Onshore 0.6 20 55% Manufactured in
Germany, operated
in Brazil

Theoretical Near-coastal, 55 m
hub height

Lenzen and
Wachsmann

2004 Onshore 0.6 20 46% Manufactured in
Germany, operated
in Brazil

Theoretical Inland, 65 m hub
height

Lenzen and
Wachsmann

2004 Onshore 0.6 20 42% Manufactured in
Germany, operated
in Brazil

Theoretical Inland, 55 m hub
height

Lenzen and
Wachsmann

2004 Onshore 0.6 20 25% Manufactured and
operated in
Germany

Theoretical Coastal, 44 m hub
height

Lenzen and
Wachsmann

2004 Onshore 0.6 20 26% Manufactured and
operated in
Germany

Theoretical Coastal, 55 m hub
height

Lenzen and
Wachsmann

2004 Onshore 0.6 20 20% Manufactured and
operated in
Germany

Theoretical Near-coastal, 55 m
hub height

Lenzen and
Wachsmann

2004 Onshore 0.6 20 17% Manufactured and
operated in
Germany

Theoretical Inland, 65 m hub
height

Lenzen and
Wachsmann

2004 Onshore 0.6 20 15% Manufactured and
operated in
Germany

Theoretical Inland, 55 m hub
height

Liberman and
LaPumac

2003 Onshore 0.75–1.3 Various — U.S. (Arkansas) Empirical

Martı́nez et al. 2009 Onshore 2 20 23% Munilla, Spain Empirical
Martı́nez et al. 2009 Onshore 2 20 23% Munilla, Spain Empirical
Martı́nez et al. 2009 Onshore 2 20 23% Munilla, Spain Empirical
McCulloch et al. 2000 Onshore 0.6 25 20% Theoretical
Nadal 1995 Onshore 0.225 20 20% Theoretical
Pacca and Horvath 2002 Onshore 0.6 20 24% Theoretical
Pacca 2003 Onshore 0.6 40 24% U.S. (Southern Utah) Theoretical
Pacca 2003 Onshore 0.6 30 24% U.S. (Southern Utah) Theoretical
Pacca 2003 Onshore 0.6 20 24% U.S. (Southern Utah) Theoretical
Pacca 2003 Onshore 0.6 10 24% U.S. (Southern Utah) Theoretical
Pehnt 2006 Offshore 2.5 — — Germany Theoretical 2010 technology

vintage
Pehnt 2006 Onshore 1.5 — — Germany Theoretical 2010 technology

vintage
Pehnt et al. 2008 Offshore 5 — — North Sea Theoretical
Proops et al. 1996 Onshore 6.6 20 29% UK Theoretical Used 1989 EIO

tables
Proops et al. 1996 Onshore 6.6 20 29% UK Theoretical Used 1989 EIO

tables
Proops et al. 1996 Onshore 6.6 20 29% UK Theoretical Used 1989 EIO

tables
Rule et al. 2009 Onshore 1.65 100 39% Te Apiti, New Zealand Empirical
Rydh et al. 2004 Onshore 0.225 30 26% Gronhogen, Sweden Empirical End-of-life scenario:

renovation
Rydh et al. 2004 Onshore 2 20 35% Gronhogen, Sweden Empirical End-of-life scenario:

replacement
Rydh et al. 2004 Onshore 0.225 20 26% Gronhogen, Sweden Empirical End-of-life scenario:

relocation

(Continued)
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Table 1 (Continued)

Turbine Capacity Wind farm
Technology capacity Lifetime factor name, Study

Author Year type (MW) (years) (%) location type Notes

Rydh et al. 2004 Onshore 0.225 20 26% Gronhogen, Sweden Empirical End-of-life scenario:
recycling

Schleisner 2000 Onshore 0.5 20 25% Tuno Knob, Denmark Empirical
Schleisner 2000 Offshore 0.5 20 29% Fjaldene, Denmark Empirical
SECDA 1994 Onshore 0.3 40 24% Canada

(Saskatchewan)
Theoretical

Spitzley and Keoleian 2004 Onshore 0.5 30 36% Western U.S. Theoretical Ridge site, class 6
winds

Spitzley and Keoleian 2004 Onshore 0.5 30 26% Western U.S. Theoretical Plains site, class 4
winds

Tremeac and Meunier 2009 Onshore 4.5 20 30% Southern France Theoretical Transport by train
Tremeac and Meunier 2009 Onshore 4.5 20 30% Southern France Theoretical Transport by truck
Tremeac and Meunier 2009 Onshore 4.5 20 30% Southern France Theoretical Doubling transport

distance
Uchiyama 1996 Onshore 0.4 20% Japan Theoretical Micon 400/100 kW

two-speed turbine
Uchiyama 1996 Onshore 0.3 20% Japan Theoretical Mitsubishi 300 kW

turbine
van de Vate 1996 Onshore 0.3 20 23% Theoretical
Vattenfalld 2003 Onshore 0.225–

1.75
25 21% Various wind farms,

Sweden
Empirical

Vattenfalle 2010 Mix 0.6–3 20 29% Denmark, UK, Poland,
Sweden, Germany

Empirical Does not include
T&D grid

Vattenfalle 2010 Mix 0.6–3 20 29% Denmark, UK, Poland,
Sweden, Germany

Empirical Includes T&D grid

Vestas Wind Systems 2006a Onshore 1.65 20 41% Theoretical
Vestas Wind Systems 2006b Onshore 3 20 54% Theoretical
Vestas Wind Systems 2006b Offshore 3 20 54% Theoretical
Voorspools et al. 2000 Onshore 0.6 20 34% Belgium (coastal) Theoretical EIO analysis
Voorspools et al.f 2000 Onshore 0.15–1.5 20 34% Belgium (coastal) Theoretical Process chain

analysis
Voorspools et al. 2000 Onshore 0.6 20 11% Belgium (inland) Theoretical EIO analysis
Voorspools et al.f 2000 Onshore 0.15–1.5 20 11% Belgium (inland) Theoretical Process chain

analysis
Waters et al. 1997 Onshore 0.15 25 23% Baix Ebre, Spain Empirical
WEC 2004 Onshore 0.23 — 35% Greece Theoretical
WEC 2004 Onshore 0.6 — 23% Finland Theoretical
WEC 2004 Onshore 0.6 — 21% Australia Theoretical
WEC 2004 Onshore 0.5 — 25% Denmark Theoretical
WEC 2004 Offshore 0.5 — 29% Denmark Theoretical
Weinzettel et al. 2009 Deep

offshore
5 20 53% Theoretical With end-of-life

scenario
Weinzettel et al. 2009 Deep

offshore
5 20 53% Theoretical Without end-of-life

scenario
Weinzettel et al. 2009 Offshore 2 20 30% Theoretical Ecoinvent database

process
White 2006 Onshore 0.3425 25 26% Buffalo Ridge, U.S.

(SW Minnesota)
Empirical Update to 1998

publication
estimate

White 2006 Onshore 0.75 30 29% Buffalo Ridge, U.S.
(SW Minnesota)

Empirical Update to 1998
publication
estimate

White 2006 Onshore 0.6 20 20% Glenmore, U.S.
(Wisconsin)

Empirical Update to 1998
publication
estimate

(Continued)
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Table 1 (Continued)

Turbine Capacity Wind farm
Technology capacity Lifetime factor name, Study

Author Year type (MW) (years) (%) location type Notes

White and Kulcinski 1998 Onshore 0.75 30 35% Buffalo Ridge, U.S.
(SW Minnesota)

Empirical Zond Z-46 turbines

White and Kulcinski 1998 Onshore 0.3425 25 24% Buffalo Ridge, U.S.
(SW Minnesota)

Empirical Kenetech KVS-33
turbines

White and Kulcinski 1998 Onshore 0.6 20 31% Glenmore, U.S.
(Wisconsin)

Empirical Tacke 600e turbines

White and Kulcinski 2000 Onshore 0.3425 25 24% Buffalo Ridge, U.S.
(SW Minnesota)

Empirical Update to 1998
publication
estimate

Wibberly 2001 Onshore 0.6 30 21% Crookwell, Australia Empirical

Notes: One meter (m, SI) ≈ 3.28 feet (ft); MW = megawatts; kW = kilowatts.
aThis data point represents a mix of 1 megawatt (MW) onshore and 3 MW offshore turbines. Therefore a mean capacity of 2 MW listed here was assumed
for plotting in figure 2. Because the proportion of onshore to offshore turbines in the mix is unknown, this estimate could not be harmonized by capacity
factor.
bThis data point represents a mix of (4) 660 kilowatt (kW), (4) 600 kW, and (2) 1.75 MW turbines. Therefore the average was assumed for plotting
purposes in figure 2. A weighted average was also used for capacity factor to allow harmonization by this parameter.
cThis data point represents a mix of various turbines for which only the capacity range of 750 kW to 1.3 MW was reported; therefore a mean capacity of
1.025 MW was assumed to include this data point in the scatter plots in figure 2.
dThe capacity listed represents a weighted average of (1) 225 kW, (2) 500 kW, (7) 600 kW, and (1) 1.75 MW turbines. The capacity factor also represents
a weighted average based on the reported power outputs of the 11 turbines.
eThe capacity listed represents a weighted average of the mix of (7) 600 kW, (4) 850 kW, (10) 1.5 MW, (63) 2.0 MW, (50) 2.3 MW, and (30) 3 MW
turbines. The capacity factor is also an average weighted by the reported capacity factors of the groups of turbines.
f This data point represents a range of turbine capacities for which only the endpoints of the range were given. Therefore the mean of the endpoints was
assumed as the capacity to include this point in the scatter plots in figure 2.

milliperson-equivalents/kWh) could not be back-calculated to
the common functional unit and thus were not retained. Only
nonduplicative estimates were included; however, any estimate
that adapted previous work in a way that resulted in an estimate
different from the original was accepted. Only the latest publi-
cation from authors who published the exact same estimates in
multiple papers was retained for further analysis. Finally, GHG
emission estimates had to be reported numerically (not just
graphically) for inclusion.

Harmonization Parameters
Life cycle GHG emission estimates for wind power systems

are calculated as follows:

CO2 +
(

CH4∗25 g CO2−eq
g CH4

)
+

(
N2O∗298 g CO2−eq

N2O

)

Capacity factor∗8760 hours
year ∗Lifetime∗Nameplate capacity

.

This equation allows for clear identification of the poten-
tial magnitude for adjustment that each of the harmonization
parameters has in the life cycle GHG emission estimates. The
numerator represents the total emissions over the life cycle,
while the denominator represents the lifetime power output of
the system. The GWP harmonization step adjusts two of the
values in the summation in the numerator; however, the CO2

portion of the emission estimates remains unchanged. Both the
capacity factor and system lifetime harmonization steps scale
the denominator in its entirety, and therefore have a larger po-
tential than GWP harmonization to adjust the life cycle GHG
emission estimates. The system boundary harmonization step

adds additional emissions onto the numerator to account for
life cycle stages that were not included in the scope of the orig-
inal analysis. Thus this harmonization step has a potential for
adjustment of the life cycle GHG emission estimates similar to
that of the GWP harmonization step.

Statistical Assessment
Central tendency and variability in life cycle GHG emis-

sion estimates passing our screens are described using several
statistical metrics. The key statistical metric chosen to char-
acterize central tendency is the median value. The arithmetic
mean is also reported but, due to the slight positive skew of the
dataset, the median is preferred. Variability is discussed mainly
in terms of interquartile range (IQR = 75th percentile − 25th
percentile), which represents the spread of the middle 50% of
estimates. Total range is also a key metric for expressing vari-
ability, as IQR only summarizes variability in the central half
of the estimates. Standard deviation, as well as minimum and
maximum values, is also reported. For each harmonization step,
changes in central tendency and variability are compared with
published estimates to describe the impact of the harmoniza-
tion step. Decreases in measures of variability indicate effective
harmonization in terms of a tightened IQR or range of life cycle
GHG emissions from the evaluated technology.

These statistics are meant to summarize the current state
of LCA literature of utility-scale wind power technologies. Al-
though the studies and estimates that we selected were rea-
sonably large in number and high quality, the available studies
might not cover all possible cases of manufacture, deployment,
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or use. Thus the range exhibited in this article may not rep-
resent the true minimum, maximum, or central tendency for
wind power GHG emissions, the current state of the technol-
ogy as deployed or anticipated, or the inclusivity of all relevant
contributions with regard to the depth and breadth across the
supply chain. For example, the difference in results generated
using process chain compared to hybrid economic input-output
methods indicates that system boundary truncations can have
significant impacts (Suh et al. 2004). In this respect, the upper
end of the range exhibited in this article may be closer to the
true life cycle GHG emissions than those estimates at the lower
end.

The distribution of our results also cannot be considered a
distribution of likelihood for actual life cycle GHG emissions for
current or future applications of the technology. The precision
and range of results are improved with the large sample size
evaluated here, but sample limitations impact the accuracy of
the results compared to the “true” life cycle GHG emission
range and central tendency of wind power under all potential
conditions. Confidence in the results for onshore wind is higher
than for offshore owing to the larger sample size.

Finally, the impact on variability reduction of harmonizing
a particular parameter is an indicator of the influence that pa-
rameter exerts on life cycle GHG emissions for wind, but is not
a formal sensitivity analysis.

Harmonization of Global Warming Potentials
Per the screening criteria, the pool of articles ranged in

publication year from 1980 to 2010, with several updates to
GWPs published by the Intergovernmental Panel on Climate
Change (IPCC) during this time. Therefore, because various
GWPs were utilized in the literature, wherever mass emissions
of individual GHGs were reported the GHG emission estimates
were updated to reflect the most recent 100-year time horizon
GWPs published by the IPCC (Forster et al. 2007) of 25 g
CO2-eq/g methane (CH4) and 298 g CO2-eq/g nitrous oxide
(N2O).

Harmonization of Operating Lifetime
Life cycle GHG emission estimates were also harmonized

by assumed operating lifetime of the wind turbine and its
components. Reported lifetimes ranged from 10 to 100 years,
20 years being the most commonly cited. Since 20 years is also a
common design life for modern turbines (Vestas Wind Systems
2006a, 2006b), all GHG emission estimates were harmonized to
a 20-year life span by proportionally scaling the lifetime power
output while holding the life cycle emissions estimate constant.
This assumes that emissions resulting from maintenance are
not changed when a different lifetime is assumed. Operational
maintenance, however, was the life cycle stage with the least
coverage in the literature, and because its emissions are small
relative to the other life cycle stages, any errors resulting from
this assumption are likely small in magnitude. Several publi-
cations (Dones et al. 2005, 2007; Jungbluth et al. 2005; Rule
et al. 2009) assumed lifetimes longer than 20 years and included
a certain amount of parts replacement after the 20-year point,

but did not separately report the emissions resulting from the re-
furbishing process. These estimates could not be harmonized by
lifetime because the emissions from parts replacement could not
be subtracted out. It is worth noting that different wind turbines
or farms will have different lifetimes in practice. These depend
on various factors—the length of the operating contract with
the utility company, the lease on the land where the turbine is
sited, parts failure and replacement with new turbines instead of
repowering—and it is the nature of LCAs to be context specific.
However, harmonization of assumed lifetime was nonetheless
performed to demonstrate the effect that system lifetime has on
wind power’s life cycle GHG emissions, and to assess the degree
to which harmonizing by this parameter tightens the range of
estimates.

Harmonization of Capacity Factor
For wind power, capacity factor is the ratio of actual electric-

ity generated to the maximum potential electricity generation
(nameplate capacity multiplied by 8,760 hours per year). For
a given wind resource, turbines operating at a higher capacity
factor produce more electrical output than those with lower
capacity factors by operating for longer periods of time over the
course of the year.

In practice, different wind farms will operate at different ca-
pacity factors for several reasons, for instance, the specific wind
conditions experienced at the site and the frequency and du-
ration of maintenance. However, the purpose of harmonizing
the GHG emission estimates is not to suggest that all LCAs
of wind turbines or farms should assume a consistent nominal
capacity factor, but to observe how large a role differences in as-
sumed capacity factor play in the variability of published GHG
emission estimates. The mean assumed capacity factor for on-
shore turbines in the pool of literature passing the quality and
relevance screens was, after rounding, 30%, while the mean as-
sumed capacity factor for offshore wind turbines was 40%. The
latest survey of deployed turbines (Wiser and Bolinger 2010)
suggests that the capacity-weighted average in 2009 is very close
to these literature averages. Therefore GHG emission estimates
that assumed alternative capacity factors were adjusted to these
values. Modern turbines deployed in high wind class zones can
reach 35% for onshore turbines and 45% for offshore turbines.
In 2008, capacity-weighted average capacity factors for onshore
wind reached 34%, owing to 2008 being a better wind resource
year and having less curtailment than 2009. An additional con-
tributing factor to the reduction in average capacity factor from
2008 to 2009 is the recent trend of wind installations in lower-
quality wind resource areas because of transmission and other
siting constraints (Wiser and Bolinger 2010). The effect of the
higher capacity factor benchmarks on life cycle GHG emission
estimates is provided in the supporting information on the Web.

Harmonization of System Boundary
The quality screen required that studies include an estimate

for upstream GHG emissions because wind turbine operation
has no direct combustion emissions. To improve consistency
and reduce sources of variability, the median estimate of GHG
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emissions for operational or downstream life cycle phases from
studies that included those phases were added to studies whose
scope did not include one or both of those phases. When testing
the effect of harmonization by system boundary independently,
the median was calculated using published GHG emission esti-
mates; when performed cumulatively with the other harmoniza-
tion steps, the GHG emission estimates for studies that included
these life cycle phases were harmonized by the other parame-
ters first, and then the median of those harmonized estimates
(per phase) was calculated. The rationale for employing these
methods is further described in the supporting information on
the Web.

Cumulative Harmonization of All Parameters
The last harmonization step was to harmonize by GWP,

lifetime, capacity factor, and system boundary consecutively.
As some harmonization steps may counteract previous ones,
this represents the final results of the complete harmonization
process.

Results

Summary of the Published Literature

The 126 estimates from 49 studies of wind power life cycle
GHG emissions display a median of 12 g CO2-eq/kWh, IQR of
12 g CO2-eq/kWh, and a range of 79 g CO2-eq/kWh. The IQR
shows that the central 50% of the estimates lie within only 12
g CO2-eq/kWh of each other, which is a relatively tight range
when compared to the magnitude of other power technologies
such as coal, for which life cycle GHG emission estimates are
on the scale of 1,000 g CO2-eq/kWh (Whitaker et al. 2012).

While the onshore studies are far greater in number than the
offshore studies and have a larger total range of values, the IQR
for the onshore group is only 13 g CO2-eq/kWh, ranging from
7.3 to 20 g CO2-eq/kWh. The published offshore studies are
even tighter, with a smaller total range, and the central 50% of
estimates within less than 5 g CO2-eq/kWh of each other, lying
in the range of 9.4 to 14 g CO2-eq/kWh.

Cumulative installed wind capacity in the United States
gradually grew from nearly zero in the early 1980s to roughly
3,000 megawatts (MW) by the year 2000, followed by exponen-
tial growth over the past decade to more than 35,000 MW in
2009.3 The average turbine size in 1999 was 0.71 MW and the
average price of wind energy was $65/megawatt-hour (MWh)
expressed in 2009 U.S. dollars.4 In 2009 the average turbine size
had more than doubled to 1.74 MW while the average price had
reduced to $45/MWh (Wiser and Bolinger 2010). These trends
suggest that considerable learning has taken place in the in-
dustry. One might expect the increasing scale and industrial
learning to reduce materials usage, which could reduce embod-
ied GHG emissions. Figure 2 explores these potential trends, but
neither is found, suggesting that with regard to GHG emissions,
wind power has been stable over time and scale. This constancy
may not remain into the future, but given the already low life
cycle GHG emissions, even if relative reductions were to be
achieved, they might not appreciably affect the magnitude.

Harmonization Results

The harmonization process was performed in a stepwise fash-
ion, illustrated in figures 3 and 4 for onshore and offshore wind,
respectively. In both figures, frame (a) displays the published
estimates and frames (b) through (e) display the results of ap-
plying each harmonization step independently. Frame (f) is the
final result of harmonizing by all factors cumulatively. Estimates
are displayed in an ordinal ranking (from lowest to highest) that
remains constant through all frames such that the effect of har-
monization can be seen in the vertical translation of a given
point. If a point remains in the same position after a given step,
either the value of the harmonization parameter in the publi-
cation was already the same as the benchmark value chosen for
harmonization, or the value for the harmonization parameter
was not reported so harmonization of the estimate could not be
performed.

Table 2 reports summary statistics for the onshore, offshore,
and total pool of estimates passing the screens for each har-
monization step. Life cycle GHG emission estimates that could
not be harmonized in any given harmonization step due to
missing data remain unchanged in the harmonization plots and
the calculation of summary statistics from published values so
that all of the summary statistics for each harmonization step
are based on the same number of estimates (n = 126 for all
values, n = 107 for onshore, and n = 16 for offshore). The
three life cycle GHG emission estimates that were reported for
an aggregated mix of both onshore and offshore technologies
(Kuemmel and Sørensen 1997; Vattenfall 2010) were included
in the harmonization process and the summary statistics for all
technology types only. The individual GHG emission estimates
from each publication for each harmonization step are also re-
ported numerically in table S3 of the supporting information on
the Web.

Harmonization of Global Warming Potentials
Only six estimates were harmonized in this step because

most references do not report both the GWPs used and mass
emissions of individual GHGs. All adjustments were less than
1 g CO2-eq/kWh, resulting in an insignificant (less than 1%)
change in variability and central tendency as a result of this
harmonization step (figures 3b and 4b).

Harmonization of System Lifetime
Of the 126 estimates evaluated, 107 report system lifetimes;

80 were already at the benchmark value selected for harmo-
nization, that is, 20 years. Therefore the effect of this harmo-
nization step was relatively small, with a 2% increase in the
median value, an 11% increase in the IQR, and a less than 1%
reduction in total range (figures 3c and 4c).

Harmonization of Capacity Factor
Of the 126 GHG emission estimates in the pool, 118 report

capacity factors. Because the assumed capacity factors of the
literature vary considerably more than the assumed lifetimes,
harmonizing by capacity factor reduced variability significantly

Dolan and Heath, Harmonization of Wind Life Cycle GHG Emissions S145

205 of 267



R E S E A R C H A N D A N A LYS I S

Figure 2 Published life cycle greenhouse gas (GHG) emissions of utility-scale wind power technologies by rated capacity (left) and year of
study (right) for estimates that pass screening.

more. This harmonization step reduced the IQR by 14% and the
total range by 42%. Figures 3d and 4d display that, on average,
low-end GHG emission estimates increased while high-end es-
timates decreased as a result of this harmonization step. These
results suggest that the value chosen for capacity factor in wind
power LCAs significantly influences resulting estimates of life
cycle GHG emissions.

Harmonization of System Boundary
Sixty-seven estimates of life cycle GHG emissions from

24 references disaggregated GHG emissions into life cycle
phases. However, the system boundary for only 22 of those
67 estimates included all three previously defined life cy-
cle stages: upstream, ongoing, and downstream. For the re-
maining 45 estimates, the median values for the missing life
cycle stages, reported in table S2 in the supporting infor-
mation on the Web, were added. Two sets of median add-
on values were used, one for onshore and one for offshore
technologies.

Harmonizing for system boundary logically resulted in an
increase in the median estimate for both onshore and offshore
studies, as add-on values were applied. Harmonization by sys-
tem boundary did not, however, reduce the variability in life
cycle GHG emission estimates. The IQR remained constant
and the total range increased by 2.1%. Plots of this harmo-
nization step (figures 3e and 4e) illustrate the small vertical
translation of the individual estimates that were harmonized
(n = 45), only two of which were offshore estimates. The
majority of the life cycle GHG emission estimates remained
constant because they either did not report disaggregated
emissions or because, although disaggregated GHG emissions
were reported, they already accounted for all three life cycle
stages.

Cumulative Harmonization of All Parameters
Harmonizing for GWPs, system lifetime, capacity factor, and

system boundary resulted in a significantly tighter distribution
than the published GHG emission estimates for wind power
systems (figures 3f and 4f). The published GHG emission es-
timates ranged from 1.7 to 81 g CO2-eq/kWh, whereas har-
monized estimates comprised a much smaller range of 3.0 to
45 g CO2-eq/kWh, a decrease of 47% in the total spread of
the data. The IQR decreased from 12 to 10 g CO2-eq/kWh, a
14% reduction. The central tendency remained fairly constant
through the harmonization process, with the median value de-
creasing from 12 to 11 g CO2-eq/kWh. The change in IQR
being considerably less than the change in total range implies
that the lowest and highest 25% of the GHG emission esti-
mates were more affected by the harmonization process than
the middle 50% of the estimates. Harmonization of capac-
ity factors resulted in a 42% reduction in total range, com-
pared to the 47% reduction resulting from cumulative harmo-
nization of all parameters. This effect implies that variability
in assumed capacity factor is the largest contributor—of the
harmonization parameters investigated—to variability in pub-
lished estimates of life cycle GHG emissions of wind power
systems.

These findings suggest that the harmonization process,
through systematically adjusting estimates to reflect a consis-
tent set of several important parameters, increased the preci-
sion of life cycle GHG emission estimates in the literature while
having little effect on published central tendency. Figure 5 pro-
vides a side-by-side comparison of the published data and the
harmonized data, which demonstrates the central tendency and
variability of the data.

Overlay plots presenting the progression from published
estimates to harmonized estimates showing each successive
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Figure 3 Life cycle greenhouse gas (GHG) emission estimates for onshore wind power from literature passing the screening criteria,
ordinally ranked from smallest to largest published value. Frame descriptions: (a) published GHG emission estimates, (b) harmonization of
global warming potentials to the most recently published values (Forster et al. 2007), (c) harmonization of operating lifetime to 20 years, (d)
harmonization of capacity factor to 30%, (e) harmonization of system boundary to include the ongoing and downstream life cycle stages,
and (f) cumulative harmonization of all parameters.

harmonization step (building upon the prior step) are given
for onshore and offshore wind on a common set of axes in fig-
ures S1 and S2, respectively, in the supporting information on
the Web.

Discussion

Comparing Onshore and Offshore

Based on the available literature, the range and IQR for on-
shore is considerably larger than for offshore, which may reflect

the difference in the number of references or might reflect a
true wider variability for this class of wind power technologies
from range of siting circumstances, turbine size, turbine/wind
farm design, and other factors. However, the median life cy-
cle GHG emission estimates for onshore and offshore tech-
nology types are both 12 g CO2-eq/kWh, as published, and
11 g CO2-eq/kWh after harmonization. This similarity, com-
bined with the tight distribution for both technology types
in an absolute sense, suggests that the two technology types
may not have significantly different life cycle GHG emissions.
However, it should be remembered that these summary statis-
tics reflect the technologies as they are represented in the
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Figure 4 Life cycle greenhouse gas (GHG) emission estimates for offshore wind power from literature passing the screening criteria,
ordinally ranked from smallest to largest published value. Frame descriptions: (a) published GHG emission estimates, (b) harmonization of
global warming potentials to the most recently published values (Forster et al. 2007), (c) harmonization of operating lifetime to 20 years, (d)
harmonization of capacity factor to 40%, (e) harmonization of system boundary to include the ongoing and downstream life cycle stages,
and (f) cumulative harmonization of all parameters.

literature and perhaps not the true distribution of deployed
technologies.

Limitations of this Analysis

Focus on Life Cycle Greenhouse Gas Emissions
The broad goal of the current phase of the LCA Harmoniza-

tion Project is to clarify estimates of life cycle GHG emissions
and better inform decision making and future analyses, where
such estimates would be useful. However, to provide a more
comprehensive perspective of the environmental and social im-
pacts of power-generating technologies, other parameters, such
as human health impacts, water consumption, and jobs created,
should also be assessed.

Pooling Empirical and Theoretical Data
Some practitioners only consider empirical LCAs valid for

current technologies because of the potential for modeled esti-
mates to differ from measurements of the same parameter (e.g.,
Kubiszewski et al. 2010). Table 1 characterizes each study as
either empirical or theoretical on balance, despite this charac-
teristic being a continuum rather than a dichotomous choice.
(In truth, almost all LCAs have some modeled estimates be-
cause empirical data are not always available for every process
in the life cycle.) LCAs based on both types of data were in-
cluded in this analysis. Including studies that are based, at least
in important aspects, on parameters not empirically grounded
could contribute some additional uncertainty to the results.
However, given the similarity of results for GHG emission
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Table 2 Summary statistics for each harmonization step, grouping the two system boundary harmonization steps (addition of ongoing and
downstream life cycle stages) into one

Statistical measure

As-published life
cycle GHG

(g CO2-eq/kWh)

Harmonized by
GWPs

(g CO2-eq/kWh)

Harmonized by
lifetime

(g CO2-eq/kWh)

Harmonized by
capacity factor

(g CO2-eq/kWh)

Harmonized by
system boundary
(g CO2-eq/kWh)

Harmonized by all
(g CO2-eq/kWh)

All values
Mean 16 16 16 14 16 15
SD 14 14 13 10 14 10
Minimum 1.7 1.7 2.0 2.1 1.7 3.0
25th percentile 7.9 7.9 8.1 7.2 8.1 8.5
Median 12 12 12 10 12 11
75th percentile 20 20 21 17 20 18
Maximum 81 81 81 48 83 45
IQR 12 12 13 10 11.6 10
Range (maximum–minimum) 79 79 79 46 81 42
Change in mean (%)a n/a <1% 3.3% −12% 3.4% −5.6%
Change in SD (%)a n/a <1% −5.6% −27% <1% −28%
Change in median (%)a n/a 0% 2.0% −15% 1.5% −10%
Change in IQR (%)a n/a 0% 11% −14% 0% −14%
Change in range (%)a n/a <1% <−1% −42% 2.1% −47%
Count of estimatesb 126 6 109 118 82 126
Count of referencesb 49 3 42 44 26 49

Onshore
Mean 16 16 17 14 17 15
SD 15 15 14 11 15 11
Minimum 1.7 1.7 2.0 2.1 1.7 3.0
25th percentile 7.4 7.4 7.9 7.0 7.9 8.4
Median 12 12 13 9.8 12 11
75th percentile 20 20 22 18 21 20
Maximum 81 81 81 48 83 45
IQR 13 13 14 11 13 11
Range (maximum–minimum) 79 79 79 46 81 42
Change in mean (%)a n/a <1% 3.5% −13% 3.8% −5.7%
Change in SD (%)a n/a <1% −5.8% −27% <1% −29%
Change in median (%)a n/a 0% 4.6% −18% 1.2% −9.4%
Change in IQR (%)a n/a 0% 12% −13% 0% −10%
Change in range (%)a n/a <1% <−1% −42% 2.1% −47%
Count of estimatesb 107 5 93 104 74 107
Count of referencesb 44 3 35 41 22 44

Offshore
Mean 13 13 13 12 13 12
SD 5.2 5.2 5.2 3.9 5.3 3.9
Minimum 5.3 5.3 5.3 7.2 5.3 7.2
25th percentile 9.4 9.4 9.4 9.6 9.4 10
Median 12 12 12 11 13 11
75th percentile 14 14 14 15 14 15
Maximum 24 24 24 22 24 23
IQR 5.0 5.0 5.0 5.8 5.0 5.5
Range (maximum–minimum) 19 19 19 15 19 15
Change in mean (%)a n/a <1% <−1% −7.2% <1% −6.4%
Change in SD (%)a n/a <1% <1% −25% 1.2% −24%
Change in median (%)a n/a 0% 0% −13% 2.0% −13%
Change in IQR (%)a n/a 0% 0% 17% 0% 10%
Change in range (%)a n/a 0% 0% −21% 0% −18%
Count of estimatesb 16 1 16 14 8 16
Count of referencesb 12 1 11 10 6 12

Notes: Statistics are reported to two significant digits with the exceptions of changes that are less than 1%, or if there is no change 0% is reported.
GHG = greenhouse gas; g CO2-eq/kWh = grams carbon dioxide equivalent per kilowatt-hour; GWP = global warming potential; SD = standard
deviation; IQR = interquartile range.
aPercent change statistics were calculated with all references in the category (all values, onshore, or offshore) whether harmonized or not.
bCounts of estimates and references for each harmonization step only include the estimates that were harmonized for that step. The counts for the
“harmonized by all” column include estimates that were harmonized by at least one parameter.
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Figure 5 Side-by-side comparison of central tendency and spread of published greenhouse gas (GHG) emission estimates passing our
screening criteria and the corresponding harmonized estimates.

estimates of wind power systems between studies characterized
as empirical and theoretical, any additional uncertainty from
combining the two types of studies is likely insignificant.

Remaining Dimensions of Inconsistency
The light level of harmonization performed for life cycle

GHG emission estimates for wind power technologies included
harmonizing system boundaries at the level of major life cycle
phase, GWPs, system lifetimes, and capacity factors for the pool
of estimates that passed the screening criteria. This extent of
harmonization was deemed sufficient for reducing variability in
published life cycle GHG emission estimates of wind power sys-
tems, as the published estimates already comprise a relatively
tight dataset. However, additional dimensions of inconsistency
across studies are known. Harmonization along these dimen-
sions could potentially further reduce the variability in pub-
lished estimates. Remaining parameters not harmonized here
include upstream electricity mix used in the manufacturing
processes (which determines the GHG emission intensity of
input electricity); a more detailed system boundary harmoniza-
tion to account for each individual subprocess that comprises
the more general upstream, ongoing, and downstream life cy-
cle stages used in this analysis; harmonization to either include
or exclude transmission and distribution infrastructure for all
estimates so that individual turbines can more accurately be
compared to wind farms; and wind power class. Transmission
and distribution losses (typically 5% to 10% of generated elec-

tricity) are also excluded, which could increase life cycle GHG
emissions by a similar magnitude if the functional unit is chosen
as delivered electricity rather than the more common generated
electricity. Another effect of harmonization by additional pa-
rameters could be to alter the central tendency of life cycle
GHG emission estimates, for instance, as has been shown in
Lenzen and Wachsmann (2004) and Pehnt (2006) regarding
changes to the GHG intensity of background energy systems.

Accuracy of the Central Tendency of Literature Estimates
to True Life Cycle Greenhouse Gas Emissions
The literature collected consists solely of attributional

LCAs, which evaluate the technology in isolation, with few
exceptions such as Pehnt (2006). Consequential LCAs con-
sider impacts to other systems caused by the studied technology.
Potential consequential effects not covered in the reviewed lit-
erature include changes in consumption owing to changes in
the retail price of electricity from the addition of wind power;
lowering the GHG intensity of the electrical grid, which re-
duces embodied GHG emissions of industrial products, includ-
ing newly manufactured wind turbines; GHG emissions caused
by changes in land use to accommodate wind farms; and the
combustion-based technologies in the electrical grid having to
respond to accommodate the intermittency and nondispatch-
able nature of wind power. The thermal efficiency of fossil-based
power plants is reduced when operated at fluctuating and subop-
timal loads to supplement wind power, which may degrade, to
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a certain extent, the GHG benefits resulting from the addition
of wind to the grid. A study conducted by Pehnt and colleagues
(2008) reports that a moderate level of wind penetration (12%)
would result in efficiency penalties of 3% to 8%, depending on
the type of conventional power plant considered. Gross and col-
leagues (2006) report similar results, with efficiency penalties
ranging from nearly 0% to 7% for up to 20% wind penetra-
tion. Pehnt and colleagues (2008) conclude that the results
of adding offshore wind power in Germany on the background
power systems maintaining a level supply to the grid and provid-
ing enough reserve capacity amount to adding between 20 and
80 g CO2-eq/kWh to the life cycle GHG emissions profile of
wind power, depending on the various conditions of the energy
economy that determine the grid’s composition. Thus, consid-
ering consequential effects on the background energy system
can be significant relative to the attributional life cycle GHG
emissions of wind power, as well as for the comparison of wind
to other renewable electricity generation technologies (which
themselves should be considered on a consequential basis), but
should not fundamentally alter the comparison to fossil fuel-
based technologies.

Some consequential effects of wind power systems listed
above could improve the life cycle GHG emissions profile while
others increase it, and all are dependent on specific circum-
stances of the systems in which wind power is embedded. Thus
the answer could change depending on how the question is
asked. Therefore the estimates found through this meta-analysis
aren’t necessarily any more accurate than the underlying LCA
literature regarding true (and complete) life cycle GHG emis-
sions, although, for many purposes, knowing the GHG emis-
sions of this technology in isolation, which this study clarifies,
could be desirable.

Clustering Bias
This study analyzed 126 distinct life cycle GHG emission

estimates of wind power systems. However, these 126 estimates
were generated from only 49 different studies and were pro-
duced by only 42 different primary authors (not accounting for
additional overlap in authors where primary authors were also
coauthors of other studies). Thus, there is potential bias in the
results of this meta-analysis from clustering, such as multiple
scenarios produced within the same study or multiple studies
published by the same author(s). In both of these cases, esti-
mates are more likely to be similar to one another than to the
rest of the pool of estimates due to commonalities in methods,
assumptions, the particular system studied, and data sources.
The extent to which these two types of data clustering could
cause bias in the results was not quantitatively accounted for
or examined. Each of the 126 estimates was treated as indepen-
dent throughout the analysis. As a result, large clusters within
the dataset have potentially caused the summary statistics to be
somewhat skewed in their direction. The cluster with the great-
est potential to cause bias, due to the largest number of estimates
produced from just one study (Lenzen and Wachsmann 2004),
generated 25 GHG emission estimates that ranged from 2 to
81 g CO2-eq/kWh. Given the breadth and even distribution of

the range of estimates from this reference, author-based clus-
tering from this study likely does not significantly skew the dis-
tribution of results found from harmonization. Other potential
clusters in the dataset are considerably smaller in the number
of estimates and thus would appear to present a small risk of
potential bias.

There is also a third type of clustering bias inherent to LCAs,
which is overlap in data sources. LCAs of any one type of system
or product that employ common databases or software packages
are more likely to have similar results than those using different
data sources. The pool of publications that passed the screen-
ing criteria contains articles that used common data sources,
for example, the Ecoinvent database. One might be able to
quantitatively assess the influence of clustering by data source
by defining a hierarchical influence tree for each article, sta-
tistically evaluating the extent of correlation and then perhaps
using the correlation metric to weight the calculation of means.
However, because of the large number of data sources for any
given LCA, questions of cut-off in modeling data source influ-
ence, the subjective nature of assigning a quantitative measure
of influence to each source, and other issues such an analysis
were beyond the scope of this study. Nevertheless, given the
tight distribution of published results, any bias in the distribu-
tion is not likely consequential when considering contexts of
decision making and comparisons to other electricity genera-
tion technologies.

Sample Sizes
Another limitation of this analysis is the relatively small

number of offshore wind studies compared to the much larger
pool of onshore studies. There were only 12 publications pro-
ducing 16 life cycle GHG emission estimates for offshore tur-
bines that passed the screens for quality. With such a small
dataset, summary statistics can easily be skewed by one or two
outlying values. However, the published offshore GHG emis-
sion estimates fell within such a tight range that an outlier
estimate causing biased results was not a serious concern. Ad-
ditionally, only one study passing our screens considered deep
offshore wind (Weinzettel et al. 2009), so this is a technology
for which additional LCA studies are required to be able to
assess with any amount of confidence how its life cycle GHG
emission profile compares to onshore and shallow offshore wind
technologies.

Conclusions

Life cycle GHG emissions of wind-powered electricity gener-
ation published since 1980 range from 1.7 to 81 g CO2-eq/kWh.
Although this is already a tight range, upon harmonizing the
data to a consistent set of GWPs, system lifetime, capacity fac-
tors, and gross system boundary, the range of life cycle GHG
emission estimates was reduced by 47%, to 3.0 to 45 g CO2-
eq/kWh. The first and third quartiles stayed relatively constant
through the harmonization process, revealing that the middle
50% of the data did not change nearly as much as the lowest
25% and highest 25% of the estimates. The parameter found
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to have the greatest effect on reducing variability is capacity
factor.

The extensive overlap in the distributions of estimates for
onshore and offshore technologies suggests that their life cycle
GHG emissions may not be notably different. An exception to
this may be deep offshore wind technology, for which the liter-
ature provided only one estimate. Therefore, with deep offshore
wind being a nascent technology on which there is sparse LCA
literature to date, as well as a technology that may have consid-
erably different material requirements due to design differences,
this may be an area where life cycle GHG emissions of wind
power systems have the potential to significantly differ from
previously published studies and warrants further investigation.

The harmonization process decreased the variability and in-
creased the precision of the previously published estimates by
systematically aligning common system parameters across stud-
ies to a consistent set of values. However, improved precision
does not imply improved accuracy. There are many consequen-
tial effects of deployment of wind power not typically consid-
ered in the majority of wind LCAs, which are attributional in
nature, and these effects could increase or decrease previously
published estimates of life cycle GHG emissions. Another is-
sue is truncation error often inherent in process-based LCAs,
which form the majority of LCAs considered in this article. In
this respect, the upper end of the range exhibited in this article
may be closer to the true life cycle GHG emissions than those
estimates at the lower end.

This study ultimately concludes that, given the large num-
ber of previously published life cycle GHG emission estimates of
wind power systems and their narrow distribution, it is unlikely
that new process-based LCAs of similar wind turbine technolo-
gies will greatly differ. Additional consequential LCAs would
enhance understanding of the true life cycle GHG emissions of
wind power, although even those are unlikely to fundamentally
change the comparison of wind to other electricity generation
sources.

Acknowledgements

The authors would like to acknowledge the U.S. Department
of Energy (DOE) for funding this research. Many staff at the
National Renewable Energy Laboratory (NREL) and the DOE
have been helpful in guiding this project, most importantly
Margaret Mann, Eric Lantz, and Gian Porro of NREL, and also
Austin Brown (DOE now NREL) and Ookie Ma (DOE). Ad-
ditional contributors to the LCA Harmonization Project’s re-
search include Martin Vorum, Pamala Sawyer, John Burkhardt,
Ethan Warner, and Elliot Cohen of NREL, where Ethan Warner
was particularly helpful at the end stages of this article.

Notes

1. Results from the whole LCA Harmonization project, in-
cluding this article, can be visualized and downloaded at
http://openei.org/apps/LCA.

2. One gram (g) = 10−3 kilograms (kg, SI) ≈ 0.035 ounces (oz). One
kilowatt-hour (kWh) ≈ 3.6 × 106 joules (J, SI) ≈ 3.412 × 103

British thermal units (BTU). Carbon dioxide equivalent (CO2-eq)
is a measure for describing the climate-forcing strength of a quantity
of greenhouse gases using the functionally equivalent amount of
carbon dioxide as the reference.

3. One megawatt (MW) = 106 watts (W, SI) = 1 megajoule/second
(MJ/s) ≈ 56.91 × 103 British thermal units (BTU)/minute.

4. One megawatt-hour (MWh) ≈ 3.6 × 109 joules (J,
SI) ≈ 3.412 × 106 British thermal units (BTU).
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Morning Star Ranch      
PO Box 1275, Boulevard, CA 91905 

DATE: March 10, 2020 

TO: Bureau of Indian Affairs, BIA Pacific Regional Office, 2800 Cottage Way, Sacramento, California 

95825: via Harold.hall@bia.gov  

FROM: Ed and Donna Tisdale; 619-766-4170; tisdale.donna@gmail.com  

RE: FEIS COMMENTS - CAMPO WIND ENERGY PROJECT & BOULDER BRUSH FACILITIES 

 

As documented in our DEIS comments on Campo Wind, we currently own 2 separate parcels totaling 

approximately 247 acres, with 3 homes that share a ½ mile common boundary with the Campo 

Reservation on the east side of unpaved BIA 10, and the Campo Wind Project components proposed 

right next door: 7-4.2 MW wind turbines, O&M building, batch plant, laydown yard, and apparent 20-

acre central staging yard. We own an additional 50-acre vacant parcel 1 mile to the east that is currently 

on the market. The FEIS, and the County’s DEIR confirm that our family, our tenants, and properties will 

be significantly affected/adversely impacted (Noise, visual resources, cumulative, Air Quality (Significant 

unavoidable air quality impacts identified under state standards for air quality during construction))1by 

the construction and operation of Terra-Gen’s Campo Wind project. 

After investing a combined 100 years of our life, labor, and hard-earned money, we are deeply rooted 

here. Our family and friends have enjoyed the peaceful, secluded, and scenic nature of our land and 

dark skies for decades. After losing two sons too soon, we now have one son and two daughters, 11 

grandkids, and 9 great-grandkids. Everyone comments on how tranquil and beautiful our place is, 

including utility and service providers. The photos above show our serene day and night views. Photo on 

the left below shows us with our four kids at a gathering for Ed’s 80th birthday last year. We just lost 

Jeffrey (in sunglasses) to cancer last month. The photo on the right shows 4 of our 9 great-grandkids at 

the same family gathering. It was a great day! The other two photos show our remaining son with his 

kids and the other shows just one side our extended family. If Campo Wind goes forward, our ranch will 

no longer be the welcoming refuge it is now, and we will deeply grieve the loss. 

                                                           
1
 Appendix D- Table2-3 Comparison of Effects for Project Alternatives 
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We view the proposed Campo Wind Project as a foreseeable invasion of our land with excessive 

exposure to loud and invasive noise, acoustic pressure waves, shadow flicker, light pollution, electrical 

pollution / interference, and more. Installation and operation of Terra-Gen’s Campo Wind turbines will 

lead to a substantial interference with the private use and enjoyment of our land, our daily lives, our 

health and safety, and our property interests and investments, our irretrievable years of labor and love, 

and that the invasion is intentional and unreasonable.  

 

We just lost our tenants in our rental next door, after 8 years. They don’t want to live with turbines. 

We don’t either so we don’t blame them but it will be hard to find new tenants or a buyer for the 

property with turbines proposed far too close. The loss of our tenants represents the loss of $1,150 per 

month/$13,800 year. We still have to pay property taxes, insurance, and more with no rent to cover 

those expenses. 

 

See attached Visionscape Imagery’s visual simulations with before and after views of what proposed 

Campo Wind turbines would look like from 8 locations, including our home, our rental, our neighbor’s 

home, the tribal home complex at Kumeyaay Road and Hwy 94, a tribal home on BIA 15 looking west 

(turbines will also be behind this home), the Southern Indian Health Center at 36350 Church Road 

(looking east. Turbines will be west of clinic, too), private property at the north end of Paso Alto Court 

adjoining the Campo Reservation just south of I-8, and the home site of our vacant 50 acres that is 

currently on the market, looking west. 
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Terra-Gen’s decision in the FEIS2 to avoid even reasonable mitigation measures to minimize excessive 

noise and shadow flicker, by offering to at least temporarily curtail offensive turbines during times when 

they create a nuisance for adjacent neighbors like us, is unreasonable, unethical ,and unprofessional.  

 
We support the NO Action Alternative that recognizes that all Project-related impacts can be reduced 

to NO Impact. If a majority of voting Campo General Council members are not successful in their 

ongoing attempts to terminate Campo Wind, a Supplemental EIS is required to correct the errors, 

omissions, and flaws in the inadequate and misrepresentative Final EIS. Our request for SEIS is based 

on but not limited to the following information: 

1. Project Description includes a hub height of up to 374 ft and rotors up to 230 ft., so the total 

turbine height adds up to 604 ft, not the 586 ft repeatedly used throughout the DEIS and FEIS. 

This represents a discrepancy of about 18 ft or almost two stories of additional height and 

further extension/exposure to shadow flicker.  

2. Terra-Gen/Dudek inappropriately used ‘representative turbines’, for the noise analysis study, 

the Visual Impact Assessment and simulations, and Shadow Flicker Study, that are shorter by 

about 18 feet (almost two stories) and approximately 1/3 to ½ below the name plate capacity / 

power rating of the proposed 4.2 MW wind turbines described in the project description, 

thereby significantly misrepresenting / underestimated the real world impact on people, places, 

and things.  

3. Terra-Gen’s Campo Wind information submitted to the FAA uses 586’ for turbine height. If 

turbines are actually 604 ft tall, then FAA must be informed. Their submission also misstated the 

location of Campo Wind as McCain Valley. Their turbines are not located in McCain Valley! 

4. FEIS failure to appropriately disclose future NICAD battery components for energy storage and 

related increased fire risk from battery failures potentially similar to those reported at more 

than 20 facilities in South Korea3 , Surprise Arizona4 , and elsewhere. See Boulder Brush 

Substation Plot Plans Sheet 26/27 Control Building Details5. 

5. No 4.2 MW wind turbines have been installed anywhere in the US long enough for any related 

field studies to analyze related noise, vibrations, shadow flicker or similar impacts on sensitive 

receptors. See footnote references #28 & 29 at page 21 of these comments. 

6.  EIS failed to include cumulative impact project 108 MW Energia Sierra Juarez Wind II that is 

expected to start construction in June/July 2020, using Vestas 4-4.2 MW turbines. 

7. The FEIS rejects USEPA’s recommendation for a 1/ 2 mile setback for turbines, and 

misrepresents San Diego County’s setback requirements by ignoring c-weighted restrictions for 

low-frequency noise that can increase setbacks by thousands of feet. 

8. Failure to conduct current on-site well production testing for on-reservation well field6, after 

basically pumping those same wells dry during bulk water sales for construction of SDG&E’s ECO 

Substation. Those water sales had to be curtailed due to lack of adequate recharge. 

                                                           
2
 See RTC-39 

3
 https://ihsmarkit.com/research-analysis/aggressive-loadshifting-could-increase-battery-fire-risk-inves.html 

4
 https://www.spglobal.com/marketintelligence/en/news-insights/latest-news-headlines/51900636 

5
https://www.sandiegocounty.gov/content/dam/sdc/pds/ceqa/BoulderBrush/DEIR/20191205_BoulderBrushPlotPl

ans.pdf 
6
 See RTC pages 41-42: 2.20 Water Resources 
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9. None of the Appendix K References include actual qualified research or field studies related to 

turbines the size and capacity of the Project’s proposed 4.2 MW wind turbines. US developers 

did not start ordering 4 MW turbines until the 3rd quarter of 20187. 

10. The Campo Band’s outdated ¼ mile setback was determined long before anyone had a clue that 

600 ft tall 4.2 MW wind turbines would be proposed so close to tribal and private homes. 

Therefore, it is no longer valid. 

11. New information at RTC 39 that Terra-gen and Campo leaders now refuse to curtail offending 

turbines to mitigate shadow flicker impacts on tribal and private neighbors because it would 

“significantly impact the economic benefits of the Project to the Tribe.” 

12. New information at RTC41-42 2.20 Water Resources that “…site specific well testing was not 

performed” at Campo Reservation well field. Well testing must be conducted for a valid FEIS. 

13. New Information: dBF Associates, Inc third party opinion letter dated 3-10-20 (attached) 

reported that: “In its current form, the Acoustical Analysis Report and Final Environmental 

Impact Statement underpredict project noise levels at NSLUs and underreport the severity and 

extent of project noise impacts.” 

14. New information: dBF Associates, Inc’s third party opinion letter dated 7-31-19 (attached) 

reported on Long Term Ambient Sound Level Measurements they conducted locally that 

concluded that : “At five locations, the measured Ldn ambient sound levels were 6-23 dBA lower 

than those presented in the Dudek report. At four locations, the measured average L90 sound 

levels were 9-14 dBA lower than those presented in the Dudek report.” 

15. dBF Associates, Inc’s third party opinion letter dated 12-16-19 (attached) reported on their Wind 

Turbine Infrasound and Low-Frequency Noise Survey in Boulevard, CA, that concluded: “It is 

clear from the measured noise data that there is significant wind turbine-generated ILFN and 

AM from the Kumeyaay and Tule Wind facilities affecting homes up to approximately 6 miles 

away. This conclusion is coherent with the conclusions of the 2014 and 2019 Wilson Ihrig 

studies.” 

16. Dudek unethically used the highest measurements in APPENDIX K-2 Noise Addendum, despite 

having lost equipment and data for additional monitoring, including for LT-1 adjacent to our 

properties, as exposed by dBF Associates, Inc’s comments on Campo Wind DEIR and FEIS. 

17. New information: numerous agencies and elected officials are determining that wind turbines 

create a public nuisance are harmful to human health; increasing setbacks and noise restrictions 

and/or denying projects outright, including Humbolt County Supervisors’ vote in December 2019 

to deny Terra-Gen’s Humbolt Wind project8. 

18. New information: Abandoned Home Study: Krogh, C.M., McMurtry, R.Y., Dumbrille, A., Hughes, 

D. and Gillis, L. (2020) Preliminary Results: Exploring Why Some Families Living in Proximity to 

Wind Turbine Facilities Contemplate Vacating Their Homes—A Community-Based Study. Open 

Access Library Journal, 7: e61189 (attached) 

19. Snyder Geologic’s third party review and opinion on Campo Wind FEIS 3-9-20 includes the 

following statement: “In summary of the information presented in this report, it seems clear 

                                                           
7
 https://www.scientificamerican.com/article/giant-turbines-propel-boom-in-wind-energy/ 

8
 http://kirbymtn.blogspot.com/2014/10/wind-turbine-setback-and-noise.html 

9 https://doi.org/10.4236/oalib.1106118 
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that when presented with valid technical and scientific arguments in our original comment letter 

dated July 5, 2019, the project proponent ignored the arguments and provided responses that 

are inadequate, broadly dismissive, and without technical merit. They have relied on data that 

are not site-specific and made liberal assumptions, and have not conducted further evaluation of 

the well field and its pumping effects on nearby residential wells.” 

We also hereby incorporate in full by reference the following documents: 

 Campo Wind FEIS comments from the Offices of Stephan C. Volker, dBF Associates, Inc, Snyder 

Geologic, Boulevard Planning Group, and Visionscape Imagery, Inc. 

 Campo Wind DEIS comments to BIA by Ed and Donna Tisdale / Morning Star Ranch, Law Offices 

of Stephan C.  Volker, dBF Associates, Inc., Wilson Ihrig, Snyder Geologic, the Boulevard Planning 

Group, and San Diego County’s comment letter dated July 8. 2019. 

 Boulder Brush - Campo Wind DEIR comments submitted by Ed and Donna Tisdale /Morning Star 

Ranch, Law Offices of Stephan C. Volker, dBF Associates, Inc, and Boulevard Planning Group. 

 Law Offices of Stephan C. Volker’s letter to the FAA regarding Campo Wind’s non-compliance / 

violations, dated 1/29/20: Comments of Backcountry Against Dumps and Donna Tisdale on the 

Campo Wind Project, Wind Turbine C-69, Campo, California   Aeronautical Study No. 2019-

WTW-4585-OE. 

 The Petition opposing Campo Wind signed by 65 qualified Campo General Council members that 

was handed to Campo Chairman Harry P. Cuero on January 23rd, announced at San Diego 

County’s Draft EIR meeting held in Boulevard on January 23rd, submitted into the DEIR record on 

January 24th, and timely submitted to the BIA for the Campo Wind FEIS record during public 

comment period.  

 Chairman Cuero’s outright refusal to recognize or call a vote on several motions and seconds on 

the floor to terminate Campo Wind, at the Special Meeting held on February 19th to address that 

petition, in direct and willful violation of Members’ civil rights as Native Americans and ‘land 

owners’ of the proposed Campo Wind Project sites. 

Table 2-3 Comparison of Effects for Project Alternatives 

 San Diego County’s Boulder Brush – Campo Wind DEIR includes 14 Significant and 

Unavoidable Impacts while the FEIS only admits to 4-5 adverse unavoidable impacts: 

 Socioeconomic resources: (visual and noise) 

 Noise; Visual Resources; Cumulative (visual);*Air Quality (Significant unavoidable air quality 

impacts identified under state standards for air quality during construction) 

Appendix B: Project Description 

 1.1 Components Wind  

o A. Wind Turbines: (excerpt) “Sixty wind turbines, rated approximately 4.2 MW in 

nameplate capacity per turbine  Multiple tubular steel tower sections forming the 

towers  Rotor diameter – up to 460 feet (approximately 230-foot-long blades)…  Hub 

height – up to approximately 374 feet  Total height of turbine (highest point) – up to 

approximately 586 feet” 
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 Tisdale Response: With a hub height of up to 374 ft and rotors up to 230 ft the 

total turbine height adds up to 604 ft, not the 586 ft repeatedly used throughout 

the DEIS and FEIS. This represents a discrepancy of about 18 ft or almost two 

stories of additional height and further extension/exposure to shadow flicker. 

 The graphic below 10shows a 747 compared to a turbine that is 95 meters tall. 

95 m = 312 ft. That is 275 feet shorter than the 586 ft used in the Project 

Description! 

 

B. Access Roads: 

 Excerpt: “On-Reservation access roads would be constructed of native soils with decomposed 

granite and gravel, or similar suitable materials, to provide access in nearly all weather 

conditions”. 

 Excerpt: “Depending on the soil subsurface, surface soils may need to be excavated and 

replaced with gravel and/or sand to sufficiently establish a stable road base. Roads would be 

located away from drainage bottoms, steep slopes, and erodible soils if practicable and would 

be designed to maintain current surface water runoff patterns and prevent erosion. Soil erosion 

would be controlled at culvert outlets with appropriate structures. Catch basins, roadway 

ditches, and culverts would be cleaned and maintained regularly. If road grade and/or runoff 

patterns result in added erosion, control measures would be installed to minimize the added 

erosion. Exact locations of cut and fill, grading, and culvert locations would be developed and 

provided as part of the Project’s Grading Plans.” 

o Tisdale Responses: the O& M building, batch plant, laydown yard, and apparent 20-acre 

Staging area, proposed adjacent to BIA 10 and our property will significantly increase 

the traffic, dust, erosion and potential for contaminated surface and groundwater water 

to flow into our properties thereby placing us at risk. 

                                                           
10

  https://wind-watch.org/pix/47 | http://wndfo.net/P47 
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o BIA 10 needs to be paved south of Hwy 94 for all of the on-reservation and off-

reservation homes and families that will be directly impacted. 

o FEIS response that paving the BIA 10, to reduce dust and vehicle wear and tear, would 

increase GHG emissions from pavement is subjective.  

o According to APPENDIX G Air Quality and Greenhouse Gas Emissions Analysis 

Technical Report paving is considered in the GHG totals. In addition, if accurate, FEIS 

Table 9 Estimated Annual Construction Criteria Air Pollutant Emissions – Unmitigated, 

the Project is far below the Federal De Minimis Threshold, so there is no reason not to 

pave BIA 10 simply based on GHG emissions. 

o BIA 10, where O&M, temporary batch plant, laydown, and staging yards are proposed 

adjacent to our ½ mile common boundary, is located at the top of the slope where our 

existing fencing marks our common the boundary with the Campo Reservation. See 

Appendix E-EIS Figures 2-1 Possible O&M Building Locations 

o The four photos below were taken the week of 2/24/20, after just 32/100” of rain fell 

on 2/22, creating the huge puddle on BIA 10 at the very NW corner of our 120 acre 

parcel.  

o Our photos document the puddle’s proximity to our wooden and barbed wire fencing 

and the impromptu detour route that has been created on the right side due to the 

chronic pooling problem at this corner.  

o In the bottom right photo below, you can see the natural channel / erosion that heads 

directly from BIA 10 at our NW corner and running SE through our pasture, our livestock, 

pens,  through our own yard, past our wells, and into our rental property’s yard adjacent 

to the house and well, and continues south through the culvert under the rail line just 

east of BIA 10, where it enters several more private properties before entering Mexico at 

Jardines Del Rincon/ Teachers Rock area  where some residents rely on spring water in 

the boggy wetland area immediately south of the border fence, west of the main 

residential area. 
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Additional / increased erosion and potential for contaminated runoff from soil 

stabilizers, concrete batch plant and other Project  operations proposed on the slope                                                  

adjacent to our properties are of major concern                                                                                                             

and must be addressed prior to any grading or construction. 

E. O&M Facility 

 Excerpt: “In addition, an electrical heating, ventilation, and air conditioning system; a fire 

suppression system; and groundwater well would be installed for the O&M facility for the 

permanent O&M staff who would operate from this facility. It is anticipated that on-site 

groundwater would be used for the Project’s operation.” 

o Tisdale Response:  Where is the utility connection located for the O& M facilities, 

concrete batch plant and temporary staging and parking areas proposed on BIA 10 just 

north of the rail line? 

o The two photos below, taken from just outside our living room’s picture windows, 

looking west over our pasture and BIA 10 to the proposed Campo Wind site on the 

ridgeline, document the fact that there are currently no utility lines in place to clutter our 

beautiful sunset views or to serve the proposed O & M building, batch plant,  laydown 

yard or 20 acre staging facilities apparently planned just south of where these photos 

were taken, and abutting our property. 

  

H. Temporary Concrete Batch Plant for Use During Construction 
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 Excerpt: “The concrete batch plant would occupy an area of approximately 400 feet by 400 feet, 

or 3.7 acres within the Campo Corridor. The concrete batch plant would consist of a mixing 

plant, areas for aggregate and sand stockpiles, driveways, truck load-out area, and 

turnaround(s). The concrete batch plant would include cement storage silos, water and mixture 

tanks, aggregate hoppers, conveyors, and augers to deliver different materials to the mixing 

plant. The batch plant would be located just off an access road.” 

 Excerpt: “H. Temporary Concrete Batch Plant for Use during Construction After access to the 

temporary batch plant site on the Reservation is provided, the temporary concrete batch plant 

area of approximately 400 feet by 400 feet, or 3.7 acres, would be cleared and minimally graded 

including installation of temporary best management practices (BMPs). Areas would be assigned 

for the concrete mixing, for aggregate and sand stockpiling, ingress and egress, truck load-out 

area, and turnaround(s). Sand, aggregate, concrete, and water would be delivered to the 

temporary concrete batch plant and stored in stockpiles until use. The temporary batch plant 

area would be removed up.” 

 Tisdale Responses: There are no utility easements that we are aware of along BIA 10 to 

provide the temporary tap with up to 10 new poles as proposed—where no utility poles 

currently exist. How many and what size generators will be used prior to any tap being 

completed and in the event no tap is completed? 

 Why isn’t Campo Band’s/Muht-Hei’s Campo Materials sand and concrete batch plant, 

located at 36501 Church Road11, between Old Hwy 80 and Hwy 94 being used for these 

Project facilities? The area is already disturbed, it is located on a paved road more centrally 

located, and water source is already present. 

 In that regard, there has reportedly been a flurry of recent activity taking place at the Campo 

Materials site, including the moving of heavy equipment. Tribal members allege that they 

have not been fully informed just what is happening at that location that belongs to all tribal 

members. 

I. Temporary Staging and Parking Areas for Use during Construction  

 Excerpt (emphasis added): Two, central, On-Reservation, temporary staging areas of 

approximately 20 acres total would be cleared and graded including installation of temporary 

BMPs. The staging areas would provide for construction-management facilities, materials and 

equipment storage, and worker parking. Vehicle parking would be clearly marked and limited to 

areas away from sensitive habitat. The staging areas would require a temporary tap to an 

existing electrical distribution line to provide power throughout construction. This would require 

a temporary construction right-of-way of approximately 1,000 feet by 12 feet (0.28 acres). The 

temporary distribution line tap would require the installation of up to 10 wooden distribution 

poles within this temporary right-of-way, which would take approximately 1 month to install. 

Generators would be placed at the temporary central and turbine staging areas and would be 

used until the temporary tap is complete. 

o Tisdale Responses: Where are these two 20 acre central temporary staging yards? Are 

temporary staging yards the same as laydown yards? Will the 20-acre site be situated 

adjacent to our properties?  

                                                           
11

 http://www.campo-nsn.gov/materials.html 
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o Appendix EIS Figure 2-6 Staging and Laydown Yards, shows that the ‘laydown yard’ 

proposed on BIA 10 next to our property is larger than the one proposed on Old Hwy 80 

near the Golden Acorn Casino.  

o Using the BIA 10 site in the southeastern corner of the project IS NOT AND CANNOT BE 

CONSIDERED A CENTRAL STAGING AREA, when the Campo Reservation boundaries are 

approximately 9 miles north to south and about 2.5 miles wide at the southern end. 

o Siting a Central Staging Area on unpaved BIA 10 at the top of a steep incline south of 

Hwy 94 is not cost, time, or energy efficient for deliveries, staging, or equipment 

maintenance, and is very problematic for both tribal and private residences like ours that 

will be significantly and adversely impacted by constant heavy truck traffic, dust, and 

noise over at least the estimated 14 month construction period and beyond. 

1.4 Decommissioning: 

 Excerpt: “The aboveground dismantling of the turbines and permanent Met towers would 

take approximately 26 weeks and would include cranes, flatbed trucks, rough terrain 

forklifts, 12 workers, 4 vendor trucks, and approximately 390 haul trips. Pad removal would 

take approximately 12 weeks with 24 workers, 4 vendor trucks, and 1,125 haul trips. 

Demolition and removal of the O&M building would take approximately 8 weeks and would 

involve 12 workers and 4 vendor trucks.” 

 Tisdale Response:  It is unclear if all the related decommissioning GHG emissions have 

been adequately and honestly accounted for and off-set, including long-hauling salvaged 

materials to distant disposal / recycling facilities. 

 Where will the 180 plus non-recyclable composite turbine blades be disposed of or recycled 

over the 38 year life of the Project?  

 Recent articles disclose the significant blade disposal issue, including one company that is 

starting to recycle blades into pellets, but they are located in Iowa12. 

 Blade disposal needs to be addressed, especially if blades will be long-hauled to Iowa for 

recycling. 

 As an example, Kumeyaay Wind had to replace all 75 blades from all 25 turbines after a 

catastrophic failure event in 2009. Some blades are still stored on the ground on-site and 

some are still lying on the ground at the old Jacumba Garage on Old Hwy 8013. 

2 REFERENCES 

 Reference 5 of 6: Larwood, S. 2005. Permitting Setbacks for Wind Turbines in California and the 

Blade Throw Hazard. Prepared for the California Wind Energy Collaborative. June 16, 2005. 

https://docs.wind-watch.org/Larwood-bladethrow-paper.pdf. 

o Tisdale Response: The referenced 2005 paper prepared for California Wind Energy 

Collaborative lists references dated 1848 to 2003 long before wind turbines reached the 

massive 4.2 MW turbines with 230 ft blades and up to 586-604 ft tall like those proposed 

                                                           
12

 https://www.latimes.com/business/story/2020-02-06/wind-turbine-blades 
13

 https://www.google.com/maps/place/Jacumba+Hot+Springs,+CA+91934/@32.6431646,-
116.2278978,61m/data=!3m1!1e3!4m5!3m4!1s0x80d9bc5bf86ed6fb:0xafdc55a29fdf673a!8m2!3d32.61768!4d-
116.1874241?hl=en 
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for Campo Wind. Therefore, blade throw from taller turbines with heavier and longer 

blades indicates a much larger field of impact for any blade failures/liberations. Failure 

to identify and address this discrepancy is negligent at best. 

o The concluding paragraph in that report is not very helpful:  

o “Four researchers looked at modeling the blade throw risk in detail. Several 

authors analyzed but discounted the possibility of gliding flight, and instead 

used simplified models of the aerodynamics. Sørensen (1984a) used a three 

dimensional analysis of the blade fragment flight and showed the limitations of 

the simplified models. The literature, however, does not offer any guidance for 

applying setback distances that would be useful for wind energy planning. Items 

for further study are proposed in order to determine consistent standards.” 

o All Project neighbors deserve better than these outdated and vague projections. 

Appendix F - Campo Wind Groundwater Resources Evaluation – flawed.  

 Tisdale Responses: We incorporate by reference comments submitted by Scott Snyder of Snyder 

Geologic on the Campo Wind FEIS and DEIS. 

 Figure 5 at page 47 erroneously shows one of our impacted private properties as “agriculture” 

use. While we do use 2 of our 3 current parcels for seasonal cattle grazing, our land use zoning is 

not agriculture, where higher noise levels are reportedly allowed, it is zoned RL-80. 

 New information at RTC41-41 that “…site specific well testing was not performed” at Campo 

Reservation well field. Well testing must be conducted for a valid FEIS. 

APPENDIX G Air Quality and Greenhouse Gas Emissions Analysis Technical Report 

 Tisdale responses: See previous response to 1.4 Decommissioning: The GHG Analysis does not 

appear to adequately account for, analyze, or mitigate for GHG emissions related to Project 

decommissioning, including equipment to remove, transfer, and dispose of or recycle project 

components. 

o Here is just one example:  (excerpt) : The Cost of Decommissioning Wind Turbines is 

Huge B Y  I E R ;  N O V E M B E R  1 ,  2 0 1 9 14:  “ In Minnesota, Xcel Energy estimates 

conservatively that it will cost $532,000 (in 2019 dollars) to decommission each of its 

wind turbines—a total cost of $71 million to decommission the 134 turbines in 

operation at its Noble facility. Decommissioning the Palmer’s Creek Wind facility in 

Chippewa County, Minnesota, is estimated to cost $7,385,822 for decommissioning the 

18 wind turbines operating at that site, for a cost of $410,000 per turbine. 

Restoration activities include the removal of all physical material and equipment related 

to the project to a depth of 48 inches. Most of the concrete foundations used to anchor 

the wind turbines, however, are as deep as 15 feet. The concrete bases are hard to fully 

remove, and the rotor blades contain glass and carbon fibers that give off dust and toxic 

gases. While most (90 percent) of a turbine can be recycled or be sold to a wind farm in 

Asia or Africa, researchers estimate the United States will have more than 720,000 tons 
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of blade material to dispose of over the next 20 years, a figure that does not include 

newer, taller higher-capacity wind turbines.” 

Decommissioning Blades 

“Wind turbine blades are made of a tough but pliable mix of resin and fiberglass—

similar to what spaceship parts are made from. Decommissioned blades are difficult and 

expensive to transport. They can be anywhere from 100 to 300 feet long and must be 

cut up on-site before getting trucked away on specialized equipment to a landfill that 

may not have the capacity for the blades. Landfills that do have the capacity may not 

have equipment large enough to crush them. One such landfill cuts the blades into three 

pieces and stuffs the two smaller sections into the third, which is cheaper than renting 

stronger crushing machines.” 

Appendix K-1 DRAFT Acoustical Analysis Report for the Campo Wind Project with Boulder 

Brush Facilities, appears to be the exact same Analysis published in the DEIS and San Diego 

County’s DEIR. The graphic below is our real world view of living with wind turbines, based on 

those who are already doing so in our community and others. 

 

  (Excerpt from page vi)”With respect to the County’s daytime and nighttime hourly Leq limits 

per noise ordinance 36.404, predicted turbine noise level spillover would exceed them at and 

beyond the Project property line locations LT-1 (as representative of noise levels at the 

Reservation boundary that adjoin private lands under County jurisdiction) and LT-10, when 

average wind speeds are greater than 7 meters per second (m/s) and 8 m/s, respectively. When 

wind speeds at hub height are less than these values, noise emission levels near these two 

locations should be compliant with the County’s daytime and nighttime hourly standards. For 

operating Project turbine spillover noise beyond the Reservation Boundary, consideration is 

afforded with respect to the County’s WET Guidelines. C-weighted aggregate hourly Leq is 

expected to be greater than the average measured A-weighted L90 by 25 dB or more near 

representative Project property line locations LT-1 and LT-10 when average wind speeds are at 

least 8 m/s and 9 m/s, respectively.” 

 Tisdale responses: We again refer to and fully incorporate by reference previous and 

current submissions on Campo Wind DEIS, DEIR, and FEIS from the following acoustic 

experts: Wilson Ihrig, dBF Associates, Inc. 
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 Our two parcels, with 3 occupied homes, share a ½ mile common boundary with the 

Campo Reservation along BIA 10, including 7 of Campo Wind’s 586’-604’ tall turbines 

and Project facilities adjacent to our 146 acre parcel (APN: 658-050-05) with rental 

home, that include O&M, Rock Crushing, and Laydown Yard/ or 20-acre staging area, all 

of which are very noise intensive and disruptive industrial type uses in our currently quiet 

and scenic rural area. 

 Figure 1-2: Sound Level Meter (SLM) Location Tag LT-1 was located next to local and 

Homeland Security traffic on BIA 10 at the northwest corner of our 120 acre parcel (APN 

658-050-06) where our own home and our daughter’s home are located. It should have 

been located away from road traffic. 

 Table 6 Calculated A-Weighted Day/Night Sound Levels from Field-Collected Survey 

Data lists LT-1 at Ambient at 51dBA when we provided documentation confirming our 

ambient levels are generally in the 25-39 dBA range. See attached dBF Associates 

letter dated 7-31-19: dBF Associates, Inc: Long Term Ambient Sound Level 

Measurements. 

 (Page 3 excerpt) Table 1 Summary of Project Components:  

 Tisdale response: this table includes a “20 acre central staging area”.  Is that 20 acre 

central staging area proposed to be located adjacent to our properties along BIA10? 

 Page 55-56 (excerpt-emphasis added): 7 NOISE MITIGATION MEASURES: Operation:   

 (excerpt-emphasis added) “Depending on the average wind speed received by the 

Project turbines at hub height, their aggregate operation for the conservatively 

analyzed 76-turbine study could expose On-Reservation NSLU in the vicinities of LT-1, 

LT-2, LT-5, LT-8, LT-9, and LT-10 to noise levels that exceed the EPA outdoor noise 

guideline of 55 dBA Ldn. Due to the parameters of the Campo Lease, which only 

authorizes 60 turbines to be constructed for the Project and requires that no turbines be 

placed within 0.25 miles of residences, there exists opportunity for actual residence 

locations to experience reduced noise exposure compared to the exposure at the 

disclosed representative On Reservation locations. However, as illustrated by the 

studied alternative layout scenario with only 48 operating Project turbines, where 

individual turbine positions comply with the minimum setback requirement stated in 

the Campo Lease, the predicted operational noise level would still exceed the EPA-

based standard of 55 dBA Ldn under either build alternative (1 or 2) for representative 

locations LT-1, LT-2, and LT-10 at sufficiently high average hub-height wind speeds as 

presented in Table 11b. These instances of expected exceedance appear to result from 

exposure of the representative location to not one but multiple operating turbines. For 

example, the predicted turbine noise exposure at LT-1 resembles the “perpendicular” 

scenario shown in Table 12 where the receptor location is perpendicular to a string of 

operating turbine positions that may individually satisfy the Campo Lease minimum 

setback requirement. With respect to potential cumulative project effects, several 

representative locations would see cumulatively considerable contribution from Project 

turbine operation for both the 76-turbine case (Alternative 1) and 48-turbine case 

(Alternative 2) under average wind speeds that generate maximum turbine noise 

emission. When these average wind speeds are less (e.g., 7 m/s), fewer occurrences of 

cumulatively considerable effect can be expected. 
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 Tisdale responses: this section documents recognition / admission that our private 

properties adjacent to LT-1 will be subjected to ‘expected exceedance’ and that 

translates into related adverse impacts to our health and well being, including 

financial.  

 Here is some additional evidence supporting our concerns related to adverse health 

effects that have long been associated with noise and how some agencies respond 

responsibly to better protect their residents/citizens: 

 

 Aurora NE: 03/04/2020: County board tightens zoning regulations on wind energy15:  

(excerpt-emphasis added) “County board members voted Monday to approve zoning 

regulation amendments designed to further protect Hamilton County and its residents from 

potential health and financial risks that some fear could be caused by allowing large 

commercial wind energy developments. 

Two months after the county voted to reject a four-turbine wind energy project south and west 

of Interstate 80, the board approved several specific amendments requested by citizens who 

had vehemently opposed the Omaha-based Bluestem Energy Solutions project.” 

 

 Plymouth Massachusetts: 2/13/2020: 

-----Original Message----- 

From: Margaret Coe <mcoe@townhall.plymouth.ma.us> 

To: fnhaggerty@aol.com <fnhaggerty@aol.com> 

Cc: Karen Keane <kkeane@townhall.plymouth.ma.us> 

Sent: Thu, Feb 13, 2020 3:43 pm 

Subject: Buzzards Bay Citizen Action Committee 

Good afternoon, 

At the request of the Public Health Director, I am sending you the motion made by the 

Board of Health at the meeting of February 12, 2020: 

  

Motion One 

Dr. Potvin made a motion that the Board of Health finds the wind turbines as currently 

sited are a public nuisance creating a health hazard and the Board of Health must take 

action within a reasonable period of time. 

Dr. Terkelsen seconded the motion. The motion was passed unanimously. Voted: 5/0 

  

Thank you, 

Margaret Coe 

Public Health Department – Administrative Assistant 

https://www.plymouth-ma.gov/public-health-department 

  

Town of Plymouth 

26 Court Street 
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Plymouth, MA 02360 

(508)747-1620 X10118 

 

 Wind Turbines Can Cause Sickness, Say Public Health Officials1613 WhoTV.com: 

Posted: Aug 12, 2019 / 03:37 PM CDT / Updated: Aug 12, 2019 / 05:52 PM CDT:  

(Excerpt-emphasis added) WINTERSET, Iowa – “The Madison County Board 

of Public Health is going on record to say that there are legitimate negative 

health effects caused by wind turbines. Board Chair Dr. Kevin de Regnier 

said the board identified two concerns after a review of scientific literature 

and months of hearings and meetings with residents and MidAmerican 

Energy. The two health concerns identified are: 

1. “Flicker” caused by the sun reflecting off turbine blades creates a 
strobe effect that can cause headaches and nausea. 

2. “Infrasound” is a soundwave just below what the ear can actually 
detect. It is created by the turbines disturbing wind flow.  It, too, can 
cause headaches and nausea. 

"Resolved that the Madison County Board of Health determines that there 
is the potential for negative health affects associated with commercial 
wind turbines and that current setbacks are inadequate to protect the 
public health," said Madison County Public Health in a statement to 
Channel 13. The board recommends that any future wind turbine projects 
be 1.5 miles from any residence…” 

 Prevalence of wind farm amplitude modulation at long-range residential 
locations17  Author:  Kristy L. Hansen, Phuc Nguyen, College of Science and Engineering, 
Flinders University, Tonsley, Australia, Branko Zajamšek, Peter Catcheside, College of Medicine, 
Flinders University, Bedford Park, Australia, Colin H. Hansen, School of Mechanical Engineering, 
University of Adelaide, Australia: Journal of Sound and Vibration 455 (2019) 136–149. doi: 
10.1016/j.jsv.2019.05.008 

ABSTRACT – The presence of amplitude modulation (AM) in wind farm noise has been 
shown to result in increased annoyance. Therefore, it is important to determine how 
often this characteristic is present at residential locations near a wind farm. This study 
investigates the prevalence and characteristics of wind farm AM at 9 different 
residences located near a South Australian wind farm that has been the subject of 
complaints from local residents. It is shown that an audible indoor low-frequency tone 
was amplitude modulated at the blade-pass frequency for 20% of the time up to a 
distance of 2.4 km. The audible AM occurred for a similar percentage of time between 
wind farm percentage power capacities of 40 and 85%, indicating that it is important 
that AM analysis is not restricted to high power output conditions only. Although the 
number of AM events is shown to reduce with distance, audible indoor AM still occurred 
for 16% of the time at a distance of 3.5 km. At distances of 7.6 and 8.8 km, audible AM 
was only detected on one occasion. At night-time, audible AM occurred indoors at 
residences located as far as 3.5 km from the wind farm for up to 22% of the time. 
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 William G. Acker Acker & Associates: “Some Of The Case Studies That Have Convinced Me 

That Industrial Wind Turbines Make People Sick, Which Supports My Belief That We Can Prove 

In A Court Of Law That These Wind Turbines Are Causing Annoyance and Illnesses. Prepared 

December 27, 2015 through Feb. 18, 2019”18(40-page summary): William G. Acker is a civil and 

environmental engineer. In his thirty-plus year career he has developed expertise in many 

engineering fields some of which include: energy engineering (including wind) , mechanical, 

environmental, industrial, HVAC, fresh water and waste water treatment, industrial 

hygieneology and toxicology 

 Journal of Energy Conservation, ISSN: 2642-3146 Research Article | Open Access, Available 

online freely | Peer Reviewed ; Published 02 Nov 2018;Wind Turbine Public Safety Risk, Direct 

and Indirect Health Impacts19; William K.G. Palmer, Independent Researcher 

Abstract: “Wind turbines are often perceived as benign. This can be attributed 

to the population majority dwelling in urban locations distant from most wind 

turbines. Society may understate the risk to individuals living near turbines due 

to an overstatement of the perceived benefits of turbines, and an 

understatement of the risk of injury from falling turbine parts, or shed ice. Flaws 

in risk calculation may be attributed to a less than fully developed safety 

culture. Indications of this are the lack of a comprehensive industry failure 

database, and safety limits enabling the industry growth, but not protective of 

the public. A comprehensive study of wind turbine failures and risks in the 

Canadian province of Ontario gives data to enable validation of existing failure 

models. Failure probabilities are calculated, to show risk on personal property, 

or in public spaces. Repeated failures, and inadequate safety separation show 

public safety is not currently assured. A method of calculating setbacks from 

wind turbines to mitigate public risk is shown. Wind turbines with inadequate 

setbacks can adversely impact public health both directly from physical risk and 

indirectly by irritation from loss of safe use of property. Physical public safety 

setbacks are separate from larger setbacks required to prevent irritation from 

noise and other stressors, particularly when applied to areas of learning, rest 

and recuperation. The insights provided by this paper can assist the industry to 

enhance its image and improve its operation, as well as helping regulators set 

safety guidelines assuring protection of the public”. 

Summary Conclusion: The establishment of a comprehensive, accessible 

database of failures would improve the wind turbine industry and protection of 

public safety. Such a database would permit the establishment of mitigating 

measures, such as setbacks from wind turbines to locations where members of 

the public may be, on their personal property, in public spaces such as 

roadways, or in accessible open spaces. Regulating agencies should use the 

information from the failure database to establish setbacks to protect the public 

from known initiating events, such as the setback of at least 560 metres from 

wind turbines as demonstrated by the abbreviated failure database provided in 
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this paper. The full database of failures may identify greater required setbacks 

for public safety. Once setbacks from known initiating events are established, 

the database of failures will permit the creation of probabilistic assessments of 

the initiating frequency of these and other failures. A probabilistic assessment 

based on a comprehensive failure database will identify the primary root causes 

of events guiding industry improvements, providing economic benefits for the 

industry and assuring public safety from events that might not yet have 

happened, but are predicted by the probabilistic assessments. Setbacks 

identified by a comprehensive database of failures would address both direct 

and indirect public safety concerns, but are independent of setbacks required to 

prevent irritation from noise and other stressors, particularly when applied to 

areas of learning, rest, and recuperation. 

 Global Environment, Health and Safety: Why Wind Turbine Sounds are Annoying, and 

Why it Matters20; Palmer WKG, Published Date: November 07, 2017; Citation: Palmer WKG. 

Why Wind Turbine Sounds are Annoying, and Why it Matters. Glob Environ Health Saf. 

2017, Vol. 1 No. 2: 12: 

 Abstract: “Almost without hesitation, most people can identify a sound that is annoying 

to them, whether it might be fingernails on a chalkboard, a barking dog late at night, a 

mosquito buzzing in their ear, or their own particular example. Classic acoustics texts 

identify key points related to annoyance. These "special characteristics of noise" include 

tonality, a non-random cyclical nature, pitch, roughness, rise time, and dominance of 

noise during sleeping hours when environmental noises diminish. A new source of 

environmental sound arises from wind turbines, a rapidly growing method of generating 

electricity. Studies such as the “Health Canada Wind Turbine Noise and Health Study” 

[1] have documented noise annoyance complaints. This paper categorizes wind turbine 

noise complaints based on face-to-face interviews with impacted individuals, and 

correlates logs of complaints to conditions at the time. Recordings made in a controlled 

manner of environmental sound samples, such as flowing streams, wind in coniferous 

trees, or wind in bare or leafed deciduous trees as well as other sounds found in the 

environment, such as vehicles passing by on highways, aircraft overhead, and railway 

travel are compared with sound recordings from wind turbines. The comparisons 

included analysis of LZeq, LAeq, narrow band analysis, evaluation of amplitude and 

frequency modulation, and fluctuation strength. Development of modifiers to normal 

LAeq sound limits is suggested to improve the effectiveness of regulations. A key finding 

shows annoyance is related more to changes and characteristics at a particular time, 

rather than to longterm averages of sound. Why annoying sounds matter is a complex 

subject. Some consider “annoying” has little impact more than, “your gum chewing is 

annoying,” while for others, an annoying sound can mean loss of sleep, and loss of that 

restorative time itself has many documented adverse effects.” 

 Wind Turbine Torture; By Curt Devlin21 
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 http://www.epaw.org/documents/Milgram-Final-logo.pdf 
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 (Excerpts)”It is easy to forget just how essential sleep is to health and happiness; until of 

course; you yourself have been deprived of it for a night or two. Firsthand experience of 

sleep deprivation, even for a few days, is a powerful reminder of how mentally and 

physically debilitating it is. Even the ongoing disruption or restriction of sleep for a 

relatively short period of time can have devastating health consequences. Medical 

research has clearly shown that sleep is essential to human health and wellbeing. 

Prolonged sleep deprivation has been linked to memory loss, hallucination, weakened 

resistance to pain, obesity, hypertension, diabetes, impaired immune response, extreme 

anxiety, stress, clinical depression, and suicide. In the most extreme cases, animal 

experimentation suggests that lack of sleep can kill you. Sleep deprivation has long been 

recognized as torture by the Geneva Conventions of 1949, the United Nations 

Convention against Torture (CAT), and the United States War Crimes Act. Depriving 

someone of proper sleep is torture, regardless of whether it is perpetrated by the CIA 

against suspected terrorists, OR by reckless planning authorities who permit the wind 

industry to site industrial-scale wind turbines in residential neighborhoods, or by noise 

pollution regulatory authorities and health authorities who ignore consistent reports of 

sleep deprivation from neighboring residents. When authorities deem developments 

“compliant” with regulations, or wind developers effect specious mitigations; they are 

inflicting torture. They are violating fundamental human rights. Recently, the U.S. 

Senate Intelligence Committee released what has come to be known as the Torture 

Report. It reveals that sleep deprivation was one of the frequently used CIA “enhanced 

interrogation” tactics. The use of prolonged sleep deprivation led Committee Chairman, 

Diane Feinstein to conclude “…that, under any common meaning of the term, CIA 

detainees were tortured.” She goes on to say “…that the conditions of confinement and 

the use of authorized and unauthorized interrogation and conditioning techniques were 

cruel, inhuman, and degrading.” The same can be said of the practice of siting industrial 

turbines too close to homes. Failure to take action to stop excessive noise pollution, or 

to enforce existing legal limits on “noise nuisance” whenever noise-induced sleep 

disturbance or deprivation is reported by wind turbine neighbors, hosts, or their families 

is full complicity with torture. The “Expert Panel” study was published by the 

Massachusetts Departments of Environmental Protection and Public Health. When such 

junk science such as this is published by the very agencies responsible for Page 6 of 6 

protecting the environment and public health, it gives them the ring of authority. It is as 

though the state has mandated to an unsuspecting public that the torture must 

continue. In Milgram’s experiment, when a subject refused to continue administering 

shocks, the authority figure would reassure them by saying something to the effect that 

no permanent tissue damage will be caused. In that context, the statement was quite 

true because no real shock was actually being given. But in the case of wind turbines, 

government sanctioned torture is very real and does real damage to health and safety—

and that damage may indeed be permanent. As the epigraph from Leave No Marks 

reminds us, “The absence of physical evidence should not be construed to suggest that 

torture did not occur, since such acts of violence against persons frequently leave no 

marks or permanent scars.” 

 About the author:  
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 “Curt Devlin currently lives in Fairhaven, Massachusetts U.S.A. He was formerly a 

Teaching Fellow in the Philosophy Department at Tulane University. His opposition to 

the irresponsible use of wind energy began in 2007, when a wind project was proposed 

for the undisturbed and ecologically sensitive salt marshes surrounding a quite estuary 

in the Little Bay area of Fairhaven—an area which is bordered by densely populated 

neighborhoods. Although this project was defeated, construction began clandestinely 

on Veteran’s Day in November of 2011. Since then, Devlin been an outspoken critic of 

the wind industry and its proponents. He has written numerous articles and editorials 

on this and related topics. He has been a guest speaker at the Fairhaven Wind Forum in 

2012, where he criticized the irresponsible siting of turbines in residential 

neighborhoods across Massachusetts and around the world. In 2013, he spoke on the 

fundamental human right to be free of unwarranted experimentation at the Falmouth 

Human Rights Conference in Falmouth, Massachusetts. Professionally, Devlin works as a 

software architect focused on the development of health science solutions for the 

detection and treatment of cancer and the improvement of human health.” 

 Infrasound: A Growing Liability for Wind Power22 

By Sherri Lange -- May 29, 2019 

(excerpts) More than just audible sound, grinding, whomping, blade pass whooshes, an ever-
present hum, industrial wind turbines have a silent, below audible impact. It is not like a day 
contamination/harm at work where people can go home at night for relief. With industrial 
wind projects literally engulfing homes and rural areas, there is little or no escape. 

Wind turbines appear to be at the apex of producing human discomfort, annoyance, and 
harm. In particular, infrasound and low-frequency noise (ILFN) harm because of impacts 
unique to this concoction of noise. 

More than just audible sound, grinding, whomping, blade pass whooshes, an ever-present 
hum, industrial wind turbines have a silent, below audible impact. It is not like a day 
contamination/harm at work where people can go home at night for relief. With industrial 
wind projects literally engulfing homes and rural areas, there is little or no escape. 

We have known for a long time how far the subaudible impacts really do travel, before 

attenuating. Now, there is even more evidence from Finland and Germany. 

Conclusion 

Sophia Roosth, Frederick S. Danziger Associate Professor in the Department of the History of 
Science at Harvard University, prepares us for another way of looking at Infrasound. In “An 
Infrasonic History of the Twentieth Century,” Roosth behooves a larger understanding away 
from anthropocentric and “earcentric” models, and asks us to realize the entire body’s 
ability to “hear”, not just the ears. 
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Professor Roosth contemplates the work of Nina Pierpont, author of Wind Turbine 
Syndrome, and offers insights into Vibro Acoustic Disease, so termed by Dr Castello Brano 
and Dr Mariana Alves-Pereira of Portugal. She suggests that what was once an idiosyncratic 
explanation of rogue natural (earthquakes, volcanos and son on) and industry noises, is now 
a vibration embedded in modern life,  “an unavoidable blight, a vibration blanketing the 
modern technologically mediated globe.” 

If this vibration “blanket” feels especially anxiety ridden and disease promoting, it may be 
augmented by the now highly pervasive addition of several hundred thousand industrial 
wind turbine swaths worldwide (546’388 Megawatt installed capacity 2017), from which 
victims can rarely escape, save by complete removal of their persons. More than a mere 
industrial “nuisance,” and an accepted part of a technologically advanced culture, wind 
turbine factories are far better described as a “weaponization.” 

Curt Devlin, of Fairhaven Mass., writes about wind turbines, and the right to be free from 
“unwanted experimentation”: 

“This (the taking of profits) is why the global wind industry has strategically and 
systematically sought to silence wind turbine hosts and neighbors with property buy-outs 
and non-disclosure agreements. Undoubtedly, this is also why they and those who support 
them have publicly targeted acoustic engineers, health practitioners, and public health 
experts who have attempted to expose this truth in accordance with their canons of 
professional ethics. This industry subjects legitimate science to ridicule, its authors to 
character assassination, and its sleepless victims to blame and aspersions of mental defect. 
All of this is done to cloak conscious criminal cruelty in the name of unbridled greed.” 

With zero societal, economic, or environmental benefits, and irreparable harm of every 
kind, it is time to talk disarmament, even reparation. And greens supporting wind power 
must let bygones be bygones and check their premises. Wind turbine energy, government-
enabled, is the worst kind of energy.” 

 The Wind Turbine Health Impact Study is Junk Science23 

 (excerpts) * * Wind Turbine Health Impact Study: Report of Independent Expert Panel, 

January 2012, prepared for: Massachusetts Department of Environmental Protection, 

Massachusetts Department of Public Health. ** I am a Shelburne resident, living in the 

Patten District. I have a BA from Princeton University and a Masters and PhD from MIT. 

All of my degrees are in mathematical economics. I have been a member (Associate 

Professor) of the faculties of MIT, Boston University and University of California, 

Berkeley. I have published more than 100 peer-reviewed articles and contract research 

using statistical and mathematical models, methods and data. I am currently President 

and Director of Greylo ck McKinnon Associates, an economic consulting firm specializing 

in analysis in support of litigation. Indeed, I regularly have testified as an expert witness 

on behalf of the Massachusetts Attorney General’s office in a variety of matters, 

including the 1995-1996 tobacco litigation (the result of which the Commonwealth 

received billions of dollars in settlement from “Big Tobacco”); litigation against large 

drug companies for defrauding the Massachusetts Medicaid program (2008-2011); the 
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restructuring of the electric power industry (1990s); and a variety of utility rate cases 

(2000s). Over the past 40 years, I have reviewed and responded to hundreds of “Expert 

Reports” like “The Wind Turbine Health Impact Study.” BY RAYMOND S. HARTMAN ** 

who is widely recognized for his expertise in analyzing scientific evidence, and exposing 

the junk science used by the Tobacco industry to defend its products. 

 The Panel does admit to finding the following:  “Wind turbines can produce unwanted 

sound (referred to as noise) during operation (p. ES-4)”  “The whooshing that is heard 

is NOT infrasound … [It] is at higher frequency … It is important to note then that when a 

complaint is tied to the thumping or whooshing that is being heard, the complaint may 

not be about ILFN at all even if the complaint mentions low frequency noise. 

Kamperman et al. (2008) state that, ‘It is not clear to us whether the complaints about 

‘low frequency’ noise are about the audible low frequency part of the ‘swoosh-boom’ 

sound, the once-per-second amplitude modulation … of the ‘swoosh-boom’ sound, or 

some combination of the two (p. 13).”5  “Most epidemiologic literature on human 

response to wind turbines relates to self-reported ‘annoyance’ ... (p. ES-5).”  “A very 

loud wind turbine could cause disrupted sleep, particularly in vulnerable populations, at 

a certain distance, while a very quiet wind turbine would not likely disrupt even the 

lightest of sleepers at that same distance (p. ES-6).” 

 The Panel however concludes that there is insufficient evidence that industrial wind 

turbines will have any effects upon residents near the installation. It states:  “There is 

limited evidence from epidemiologic studies suggesting an association between noise 

from wind turbines and sleep disruption. In other words, it is possible that noise from 

some wind turbines can cause sleep disruption. … But there is not enough evidence to 

provide particular sound-pressure thresholds at which wind turbines cause sleep 

disruption (p. ES-5 and ES-6).”  “Whether annoyance from wind turbines leads to sleep 

issues or stress has not been sufficiently quantified. While not based on evidence of 

wind turbines, there is evidence that sleep disruption can adversely affect mood, 

cognitive functioning, and overall sense of health and well-being (p. ES-6).”  “There is 

insufficient evidence that the noise from wind turbines is directly (i.e., independent 

from an effect on annoyance or sleep) causing health problems or disease (p. ES-6).” 

Reflect closely on this language.  Noise causes annoyance and disrupts sleep.  

Annoyance and sleep disruption causes stress and disease states.  While the evidence 

demonstrates that industrial wind turbines cause annoyance and disrupt sleep, the 

Panel finds it is insufficient or an indirect cause.  Do you believe that assertion? 

 

 8 REFERENCES: 

 Tisdale responses: None of the Appendix K References include actual qualified research 

or field studies related to the Project’s proposed 4.2 MW wind turbines.  

 They are all dated long before wind turbines of this massive size were installed or in 

operation. See our  

 Tisdale responses: The Massachusetts Wind Turbine Acoustics Study, produced by 

Epsilon Associates, Inc 
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 Epsilon’s website24 includes the following information documenting that their 

work focuses on environmental engineering and consulting for the energy 

industry, so it is no surprise that their study is biased towards industry and not 

an unbiased science based study. Their study fails to identify the wind turbine 

projects, the make, model or size of turbine, other than a basic statement that  

they were ‘fortunate to find five wind turbine operators who not only allowed 

access to turbine operational data and study sites’: 

o Epsilon Associates, Inc. is an environmental engineering and consulting 

company specializing in securing environmental approvals for real 

estate, energy, and infrastructure development projects for public and 

private sector clients. Our reputation for practical strategies, a focused 

work effort, and successful project outcomes has made Epsilon an 

industry leader. 

o In addition to conventional energy sources, Epsilon has supported 

permitting and development of renewable energy for projects ranging in 

size from 48 MW to more than 700 MW.  

o We have experience working on biomass, solar, and wind projects.  

Epsilon provides a variety of services to the renewable energy industry 

ranging from specialized technical studies such as noise or shadow 

flicker to a full suite of permitting issues. 

 Tisdale Response: Here are multiple professional critiques of the referenced Massachusetts 

DEP Wind Turbine Health Impact Study: 

1. Wind Turbine Health Impact Study: Report of Independent Expert Panel Prepared For: 

Massachusetts Departments of Environmental Protection and Public Health. By Dr CD 

Hanning, BSc, MB, BS, FRCA, MD25 

2. Review of Wind Turbine Health Impact Study: Report of Independent Expert Panel as 

prepared for Massachusetts Department of Environmental Protection Massachusetts 

Department of Public Health By Mariana Alves-Pereira, Associate Professor Faculty of 

Economics and Management School of Health Sciences Universidade Lusofona Lisbon, 

Portugal26 

3. Critique of Wind Turbine Health Impact Study: Report of Independent Expert Panel: 

prepared for Massachusetts Department of Environmental Protection and Public Health 

(Dated January 2012) by Daniel Shepherd, PhD, MSc, BA.27 

4. Comments to the Massachusetts Department of Environmental Protection (DEP) In re 

the “Wind Turbine Health Impact Study, Report of Independent Expert Panel,” January 

2012. By Dr. Raymond S. Hartman BA: Princeton University MS and PhD: MIT (More 

complete qualifications provided below) February 14, 201228 
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 https://www.epsilonassociates.com/about 
25

 https://waubrafoundation.org.au/wp-content/uploads/2013/08/MassDEP-wind-health-1-Hanning.pdf 
26

 https://waubrafoundation.org.au/wp-content/uploads/2013/08/MassDEP-wind-health-2-Alves_Pereira.pdf 
27

 https://waubrafoundation.org.au/wp-content/uploads/2013/08/MassDEP-wind-health-3-Shepherd.pdf 
28

 https://waubrafoundation.org.au/wp-content/uploads/2013/08/MassDEP-wind-health-4-Hartman.pdf 
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 Tisdale responses: Here is more evidence to document the fact that 4MW plus wind turbines 

have not been around long enough for Terra-Gen or Campo leaders to claim what real world 

impacts will result: 

 Giant Turbines Propel Boom in Wind Energy By Benjamin Storrow, E&E News  August 5, 

2019:(excerpt-emphasis added) “According to the American Wind Energy Association, 

Developers in the United States only first started ordering 4 MW machines in the third 

quarter of 2018. Orders for those turbines increased to 2,190 MW in the second quarter, 

AWEA reported”29. 

 Kissing the Sky: The Pros and Cons of Ultra-Tall Wind Turbine Towers. There are 

obvious benefits to higher wind turbine towers, a new NREL report finds. But very tall 

towers remain rare in the U.S. market.GTM: JUSTIN  GERDES  SEPTEMBER 05 ,  

2019 30:  (EXCERPTS-EMPHASIS ADDED) “There are 31 projects in the works with a 

combined capacity of 5 gigawatts that plan to use turbines with hub heights 

between 90 and 110 meters. Those projects are both in some of the windiest 

states in the country (Iowa, Colorado, Kansas, Nebraska), as well as in states with 

more marginal wind resources (Illinois, Indiana, Massachusetts, New Hampshire, 

Michigan, Ohio).Thus far, truly giant onshore turbines with hub heights exceeding 

110 meters are rare in the United States. As of the first half of 2019, AWEA 

counts just 19 turbines operating at such heights  

 US Dept of Energy’ 2018 Wind Technologies Market Report31:  

 (excerpts-emphasis added)”Technology Trends • Average turbine capacity, rotor 

diameter, and hub height increased in 2018, continuing the longterm trend. To 

optimize wind project cost and performance, turbines continue to grow in size. The 

average rated (nameplate) capacity of newly installed wind turbines in the United 

States in 2018 was 2.43 MW, up 5% from the previous year and 239% since 

1998−1999. The average rotor diameter in 2018 was 115.6 meters, a 2% increase 

over 2017 and 141% over 1998−1999, while the average hub height in 2018 was 

88.1 meters, up 2% over the previous year and 57% since 1998−1999. • Growth in 

average rotor diameter and turbine nameplate capacity have outpaced growth in 

average hub height over the last two decades. Rotor scaling has been especially 

significant in recent years. In 2008, no turbines employed rotors that were 100 

meters in diameter or larger; in contrast, by 2018 Wind Technologies Market Report 

ix 2018, 99% of newly installed turbines featured rotors of at least that diameter. In 

fact, 87% of newly installed turbines in 2018 featured rotor diameters of greater 

than or equal to 110 meters, with 30% of turbines having rotors greater than or 

equal to 120 meters.” 
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 https://www.scientificamerican.com/article/giant-turbines-propel-boom-in-wind-energy/ 
30

 https://www.greentechmedia.com/articles/read/the-pros-and-cons-of-ultra-tall-wind-turbine-towers 
31

 2018 Wind Technologies Market Report: 
https://www.energy.gov/sites/prod/files/2019/08/f65/2018%20Wind%20Technologies%20Market%20Report%20
FINAL.pdf 
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 “Today, only six land-based projects with a combined capacity of 767 megawatts 

employ turbines with a generating capacity of 3.5 MW or higher. The majority of 

today’s turbines have a capacity between 2 and 3 MW.” 

APPENDIX K-2 Noise Addendum 

 Tisdale responses: DBF Associates, Inc’s  3rd party review of Campo Wind Noise analysis and 

addendum (2-3-20) submitted on the County’s Boulder Brush Campo Wind DEIR includes 

detailed challenges and concludes that: “In its current form, the analysis underpredicts project 

noise levels at NSLUs and underreports the severity and quantity of project noise impacts.” 

 Dudek unethically and unprofessionally chose the highest of alleged monitoring results despite 

having dBF Associates, Inc’s independent monitoring that documented lower levels. 

 Table 1-2 shows LT-1 as n/a for Summarized Baseline SPL Survey Data (2018 v 2019) with 

statement that: “Data for LT-1, LT-7, and LT-13 is unavailable for contrast with the 2018 

measurement results. The SLM deployment at LT-7 was discovered to be removed by an 

unknown party. Unfortunately, as it contained the Model 820 SLM, data collected from LT-13 

and LT-1 from previous deployments on its onboard memory was also lost along with any LT-7 

data collection.” 

 Table 6: Calculated A-Weighted Day/Night Sound Levels from Field-Collected Survey Data shows 

no change for LT-1 when it should show n/a due to loss of data. 

III. CHANGES TO DEIS NOISE SECTIONS (3.10 and 4.10)  

 (excerpt): “With respect to Section 6952 (Large Wind Turbine) of the County of San 

Diego Zoning Ordinance that includes a contrast between predicted C-weighted WTG 

noise level and the RBSC, the newly collected baseline SPL data would change some of 

the value contrast quantities (as presented in Section II of this Addendum) but not the 

locations of previously predicted significant adverse effect (i.e., LT-1 and LT-10 remain 

significantly adversely effected, while the other three locations are not).” 

 Tisdale Response: Please note that LT-1 location, right next to our NW corner, was 

excluded due to loss of monitoring equipment  

 Table 7 Typical Construction Equipment Vibration Levels:  

 Tisdale Response: Where is the rock crushing equipment noise analyzed? That facility is 

planned immediately adjacent to our private property and homes opposite BIA 10 

 Table 9 Construction Scenario Assumptions:  

 Tisdale Response: O&M building adjacent to our property/homes includes 120 average 

daily worker trips; 4 vendor truck trips; and 43 total haul truck trips. All of these are 

planned on an unimproved dirt road upwind of the prevailing winds that will result in 

significantly increased noise and air quality impacts for us, and our neighbors both on 

and off reservation. 

 The old Campo Materials site would be a better and more central location for the O&M, 

batch plant and laydown yard. 

 6.2.2 Operational Modeling Assumptions: 

 Tisdale Response: CadnaA models were never intended for modeling wind turbine noise 

as previously and repeatedly noted in our comments and others. And yet, the wind 
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industry, including Terra-Gen, continues to use and rely on it despite knowing that it is 

an inappropriate application. The editorial below was written in response to Iberdrola’s 

Hardscrabble Wind project where 68 neighbors successfully sued for damages and 

reached confidential settlements. Evidence of this has already been provided.  

 WindAction Editorial by Lisa Linowes - October 17, 2011 : The lie behind turbine noise 

models 32 (excerpts-emphasis added): 

 CADNA/A and the ISO 9613-2 standard  

“Acousticians hired by the wind industry insist the ISO standard is an 
appropriate method for modeling wind turbine sound provided the correct 
input parameters are used. But what they do not admit is that the ISO 9613-2 
standard, on which CADNA/A is based, was never validated for wind turbine 
noise. In fact, the standard is mainly applicable to situations concerning road 
or rail traffic, industrial noise sources, construction activities, and many 
ground-based noise sources. It does not apply to sound from aircraft in flight, 
to blast waves from mining, military, or other similar operations. And it was 
not designed to predict turbine noise. The ISO Standard limits use of its 
methods to noise sources that are close to the ground (approximately 30 meter 
difference between the source and receiver height) and within 1 kilometer of 
the receiving location. A wind turbine with a hub height of 80+ meters exceeds 
the ISO height limit by 50 meters. Meteorological conditions are also limited to 
wind speeds of approximately 1 meter/second and 5 meters/second when 
measured at a height of 3 meters to 11 meters above the ground. 

Only when all of these constraints are met by the situation being modeled can 
the predicted noise levels be assumed to be accurate within a +/- 3 dB range. 

The constraints placed on the ISO standard having to do with wind speed, 
direction and weather conditions indicate just how limited the models are for 
anything other than simple weather conditions -- NOT the types of conditions 
that wind turbines need to operate. 

The way sound spreads outdoors can be affected by temperature differences in 
different layers of the wind that cause sound waves to bend up or down at the 
boundaries just like water bends light. If a noise source is above a boundary 
then sound that would have gone down to the ground surface might bend up 
and dissipate. If the noise source is below a boundary layer then sound that 
might have dissipated upwards is bent down and added to the sounds that 
would normally be directed downwards. The current science of meteorology 
does not have precise ways to know what is happening right near any particular 
turbine. 

Heinrich A. Metzen of DataKustik GmbH[3], maker of CADNA/A confirmed this 
fact in an e-mail where he stated: 
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"long range propagation including atmospheric refraction is not part of the 
standards used for (normal, "standard") noise calculations. It is known that 
atmospheric refraction may cause sound to be refracted downwards again and 
contributing strongly to the level at long distances. The atmosphere in the 
standards existing is just homogeneous above height." 

APPENDIX O References Cited in the EIS 

 Tisdale Responses:  

o All AECOM documents for Invenergy’s terminated Shu’luuk Wind, referenced in 

the FEIS,  are outdated and were never certified in a Final EIS ora  signed Record 

of Decision.  

o American Wind Energy Association. 2018. “New Study: 92 Percent of Wind Project 

Neighbors Positive or Neutral toward Turbines.” Into the Wind: The AWEA Blog. January 

29, 2018. https://www.aweablog.org/new-study-92-percent-wind-project-neighbors-

positiveneutral-toward-turbines/.  

o Tisdale response: See response to RTC-5 REFERENCES CITED pages 263-269, below. 

o BLM (Bureau of Land Management). 2005. Final Programmatic Environmental Impact 

Statement on Wind Energy Development on BLM-Administered Lands in the Western 

United States. 

 Tisdale Response: This 2005 BLM document is over 15 years old and outdated. 

Has nothing to do with Campo Wind and 4.2 MW turbine impacts. 

o CRFPD (Campo Reservation Fire Protection District). n.d. “Apparatus.” Accessed 

December 12, 2018. http://www.crfpd.info/apparatus.html. 

 Tisdale Response: Dead link for CRFD Apparatus 

o Caltrans (California Department of Transportation). 2013. Technical Noise Supplement 

to the Traffic Noise Analysis Protocol. September 2013. http://www.dot.ca.gov/ 

hq/env/noise/pub/TeNS_Sept_2013B.pdf. 

 Tisdale Response: Noise and vibrations are far different and more invasive 

than traffic noise, especially when amplitude modulation is present. 

 Why is wind turbine noise noisier than other noise? Frits van den Berga 

Public Health Service Amsterdam, dept. Environmental Health PO Box 

2200, 1000CE Amsterdam, the Netherlands 33ABSTRACT For residents 

near modern wind farms wind turbine noise is more annoying than 

other important noise sources, when comparing equal sound levels. 

Acoustically this may be due to the diurnal course of the noise and the 

rapid fluctuation in level related to the rotation, which are not usual 

features of most transportation and industrial noise sources. It can also 

be a result of non-acoustic factors such as visual intrusion and the 

perceived distribution of benefits and adverse effects. In this paper the 

pros and cons of these possible causes will be discussed based on 

measurement results and surveys, and on comparisons to other 

industrial and transportation noise sources. 
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o All Rough Acres Ranch project documents are outdated and the project has no 

approved or certified EIR.  

o CPUC (California Public Utilities Commission). 2019. “PUC Actions Regarding EMFs.” 

Public Health Position Statement on Human Health Effects of Wind Turbines. 

http://www.cpuc.ca.gov/General.aspx?id=3810. 

 Tisdale Response: This reference or link seems to combine two references and 

is in error. The PUC Actions Regarding EMF’s is dated 200634, not 2019 and it 

includes the following that shows PUC has failed to conduct any additional 

research to improve public health protections since 1993 and that interim EMF 

requirements have been in place since 1993 (excerpts): 

 “A PUC decision on January 27, 2006, affirmed the Commission's November 

1993 decision on low-cost/no-cost, policy to mitigate EMF exposure for new 

utility transmission and substation projects… Due to the lack of scientific or 

medical conclusions about potential health effects from utility electric facilities 

and power lines, the PUC adopted Seven Interim Measures that help to address 

public concern on this subject [D.93-11-013]. The interim EMF requirements 

apply to Pacific Gas & Electric, Southern California Edison, San Diego Gas & 

Electric, Sierra Pacific Power, and Pacific Power & Light. Municipal utilities, like 

the Sacramento Municipal Utilities District and the Los Angeles Department of 

Water and Power, are not under PUC jurisdiction, although they may voluntarily 

follow the same measures.” 

 

o Sierra Club Canada. 2011. The Real Truth about Wind Energy: A Literature Based 

Introduction to Wind Turbines in Ontario. Prepared by A. Gadawski and G. Lynch. 

Ottawa, Ontario: Sierra Club Canada. August 18, 2011. 

https://www.sierraclub.ca/sites/sierraclub.ca/files/ wind_report_final_draft_0.pdf. 

 Tisdale response:  Sierra Club’s report is outdated and has been debunked in 

the following reviews: 

 240-page Peer Review Health Canada Wind Turbine Noise and Health 

Study Submitted by Carmen Krogh, BScPharm Brett Horner BA CMA 

September 7, 201235 

 39-page review by Denise Wolfe of Association to Protect Amherst 

Island36 . 

 Dr Robert McMurtry37, companion of the Order of Canada, and former 

Dean of Medicine at Western University,released this comment on the 

review of the Health Canada Wind Turbine Noise and Health Study, 

prepared by Denise Wolfe, of Amherst Island:  

o “I have just had the opportunity to review the Denise Wolfe 

document, and appreciate its obvious quality, reinforced 
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 https://www.cpuc.ca.gov/General.aspx?id=3810 
35

 http://www.na-paw.org/hc/hcdoc/krogh-horner-peer-review.pdf 
36 Health Canada study debunked: http://www.na-paw.org/Wolfe-HC-WTN-study-141126.pdf 

37
 http://www.windconcernsontario.ca/tag/dr-robert-mcmurtry/ 
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by knowing something of her background.   The paper is a 

powerful statement that casts serious doubt on the recent 

Health Canada and CanWEA preliminary announcement, the 

background paper and related media statements.I am deeply 

saddened that the Ministry whom I was so proud to work for, 

appears to have fallen.” 

“In addition, ongoing efforts will be made with our 

international network to evaluate all elements of the Health 

Canada conduct and management of this research. Focus will be 

on their claims about adverse health events’ prevalence and 

incidence. These health effects have been reported globally 

(peer review publications), by the public and media in the 

environs of industrial installations of wind turbines.   Most are 

found near rural communities and their homes, schools 

and places of business. Frequent reports are anticipated several 

times a week given the depth and breadth of background 

information found to date.” 

“This is a process committed to leave no stone unturned 

in uncovering the whole truth surrounding the issue of health 

impacts from industrial rural energy projects of wind turbines.” 

RY McMurtry CM, MD, FRCSC, FACS 

First Cameron Visiting Chair, Health Canada 1999-2000 

 In addition, the Sierra Club Foundation’s Directors have been outed by the Energy and 

Environment Legal Group and others over the significant benefits received from their 

associations with the Club: 

 The Sierra Club has become a front group for its donors financial 

interests:38 

o The Sierra Club Foundation's " Beyond Coal" campaign aims to stop 

power production in the U.S. using coal and to keep unmined coal "in 

the ground." 

o The campaign also directly serves the commercial interest of natural gas 

firms like Chesapeake Energy, which in turn contribute millions of 

dollars to the Sierra Club Foundation, according to the report. 

o The Oklahoma City-based natural gas company contributed $26 million 

to the foundation for "the express purpose of forcing coal-fired 

electricity companies to switch to natural gas," the report said. 

o "Eight of the Sierra Club Foundation’s 18 directors own or operate 

organizations that directly benefit from the" anti-coal program, the 

report said. 

o "These directors are the captains of the renewable energy industry. 

While the Sierra Club Foundation doesn’t pay these directors, their 
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 https://www.sun-sentinel.com/opinion/commentary/sfl-the-sierra-club-has-become-a-front-group-for-its-
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companies directly profit from the Sierra Club Foundation’s primary 

program,” the report said. 

o The report also pointed to David Gelbaum, the foundation's largest 

individual donor, and noted that he "controls more than 40 'clean tech' 

companies that directly benefit from forced shutdown of the coal-

power industry." 

o Reference: Zillow 2019. Campo, California: Property search for recently sold homes. 

https://www.zillow.com/homes/recently_sold/Campo-CA/23931_rid/ 

globalrelevanceex_sort/32.821903,-116.291485,32.580667,-116.680127_rect/11_zm/. 

 Tisdale Response: see our response to RTC-45-47: 2.21 Socioeconomic 

Conditions: Property Values 

APPENDIX S Shadow Flicker Study 

 Tisdale Responses:  For the record, Terra-Gen used ‘representative turbines’ that are shorter 

than the 4.2 MW turbines (586-604’) that have already been documented for use in the project 

in both the DEIS and DEIR. 

 Terra-Gen’s study prepared by AWS Truepower, LLC, a UL Company, 463 New Karner Rd, Albany, 

NY 12205, includes Ref. No.: 19-01368 CAMPO WIND PROJECT WITH BOULDER BRUSH FACILITIES 

San Diego County California and is dated 11 Oct 2019. It has 39 pages. 

 The County’s Boulder Brush –Campo Wind DEIR Shadow Flicker Study has the same Ref. No.: 19-

01368 CAMPO WIND PROJECT WITH BOULDER BRUSH FACILITIES San Diego County California 

but is dated 13 Nov 2019. It has 52 pages including FIGURE C2-I SCENARIO 2/3: ANNUAL 

SHADOW FLICKER Expected-Case Scenario Off-Reservations Receptors. 

 It appears that 13 pages were added in the FEIS document between Oct 11 and Nov 13, 2019. 

Why? Did the BIA just exclude those pages for the FEIS? 

 FIGURE C2-I SCENARIO 2/3: ANNUAL SHADOW FLICKER Expected-Case Scenario Off-

Reservations Receptor:  Our residence is listed as #671, our daughter’s home is listed as 

#670,our barn/shop is listed as # 677, and  our rental home is listed as #678. All are shown in 

yellow which allegedly indicated we will receive in excess of 30 Minutes per Day and or 30 Hrs. 

per Year. 

 Table 5.1: (at page 14/34): Off-Reservations Receptors Anticipated to Experience an 

Exceedance of either 30 minutes per day and/or 30 hours per year of Shadow Flicker: Shows 

that our # 670, 671, 677 and 678 are expected to receive at least 39-44 minutes per day and 

97.5 to 123.5 hours per year of disruptive and stressful shadow flicker at the time of day that is 

currently the most appealing sunset and gloaming time. 

 In addition, under Shadow Flicker (Annual Hours) on Figure C2-1, the purple shaded portion 

that covers our homes and outbuildings indicates we will receive greater than 200 hours of 

shadow flicker per year. So which is correct? Regardless, at our ages with existing health 

issues, any shadow flicker represents intolerable conditions for us. 

 Shadow Flicker is expected out to at least 6,750 ft = 1.28 miles. We believe it will extend much 

further than that and will encompass most if not all of our properties and others. All of our 

properties are located within 1 mile or so from Campo Wind’s proposed turbines located in the 

Southeastern portion of the Campo Reservation. 
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Appendix T - Response to Comments-  

2.17 Public Health and Safety: Fire and Fuels Management  

 Public Health & Safety should actually address the public health and safety of local residents! 

 Fire-1:@ RTC: 36-37: Tisdale Responses: This section fails to disclose or mitigate the reasonably 

foreseeable “Future NICAD Footprint” for Battery Storage proposed at Boulder Brush Substation 

as documented at sheet 25/26 in the Boulder Brush Substation Control Building Details39. 

 Campo Reservation Fire would likely be required to respond in the event of a battery storage 

facility fire that requires special Class D equipment and training. 

 2.18 Visual Resources: Shadow Flicker 

 RTC 39: (excerpts-emphasis added) “The Draft EIS explained that “all turbine software would 

include programming to reduce or shut off turbines during times of shadow flicker potential to 

avoid any concerns regarding adverse effects on nearby receptors due to flicker from turbine 

blades.” “Upon further consideration, it was determined that this design feature would 

significantly impact the economic benefits of the Project to the Tribe, thereby undermining the 

key purpose of the Project. It is also not a cost-effective measure to address effects that would 

only amount to a temporary visual disruption for certain receptors, if at all.” “…Based on this 

conservative analysis, receptors both On- and Off-Reservations may experience nuisance-level 

shadow flicker effects for more than 30 hours in a given year, and more than 30 hours in a 

given year. As this is based on a highly conservative model, these receptors will likely perceive 

shadow flicker far less frequently in a given day or year, if at all.” “The Draft EIS explained that 

“all turbine software would include programming to reduce or shut off turbines during times 

of shadow flicker potential to avoid any concerns regarding adverse effects on nearby 

receptors due to flicker from turbine blades.” Upon further consideration, it was determined 

that this design feature would significantly impact the economic benefits of the Project to the 

Tribe, thereby undermining the key purpose of the Project. It is also not a cost-effective 

measure to address effects that would only amount to a temporary visual disruption for 

certain receptors, if at all.” 

 Tisdale Responses:  

 With seven 586-604 ft tall turbines lined up north to south along our entire western 

horizon, and two more just north of that, we qualify as receptors of nuisance level 

shadow flicker. 

 Curtailing turbines during the hours they generate disruptive nuisance and potentially 

harmful/stress inducing levels of shadow flicker over adjacent private and tribal homes 

/properties would be right thing to do but is apparently too humane and expensive for 

Terra-Gen and the current Campo Tribal leadership who are appear too greedy to care or 

respond to the misery they will inflict. 

 PDF-AE-1 Shadow Flicker (On-Reservation) & PDF-AE-2 Shadow Flicker (Off-Reservation):  

                                                           
39

https://www.sandiegocounty.gov/content/dam/sdc/pds/ceqa/BoulderBrush/DEIR/20191205_BoulderBrushPlotP
lans.pdf 
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 Tisdale Responses: Both of these restrict alleged minimal mitigation of providing funds 

to add vegetation and window coverings to screen homes that exist as of the date of 

ROD approval and impacts reported within 1 year of operation and within approximately 

6,750 feet. We believe shadow flicker will extend even further than estimated. 

 Based on the experience of those who are already impacted by shadow flicker from 

exiting turbines, that are smaller by several hundred feet than proposed Camp Wind 

turbines, the proposed mitigation measures are vastly inadequate and negligent. 

 We live here for the quiet rural character with open views and landscapes that the 

Project will obliterate, along with our quality of life and property values. 

 Dudek’s EIS conclusions that shadow flicker does not cause health effects if it doesn’t 

trigger epilepsy is simply ignorant of the reality of living with industrial wind turbines. 

 Dudek’s estimated 20 rmp strobe effect can cause anxiety and stress induced health 

effects, especially for those of us with existing health conditions. It can also increase 

vertigo and a feeling of unbalance while driving near turbines or even walking during 

such events that are estimated to occur for up to over an hour per day and hundreds of 

hours per year at our own properties. That is not a minor impact. 

RTC 2.19 Turbine Siting 

 RTC-41: Excerpt: “The Developer has determined the 60 primary turbine locations that 

represent the preferred locations, and 16 secondary locations that may be used if one or more 

primary locations are determined to be infeasible…”. 

 Excerpt: “The 1/4-mile setback is a requirement in the Campo Lease and is also consistent with 

the setback provisions in the Campo Land Use Code, and has been determined by the Tribe to 

be an appropriate buffer. As described in the EIS, this setback will avoid, reduce, and/or mitigate 

various impacts of the Project” 

 Tisdale Response: During San Diego County Planning Commission hearings on the 

Wind Energy Zoning Ordinance Amendment POD 10-007, in their staff report (4-13-12) 

at page 5-8, DPLU provided an estimate of typical  setbacks required based on turbine 

size and the 50dBC noise requirement assumption:  

 1 MW- 1,500 ft property line setback 

 1.5 MW-2,300 ft property line setback 

 2. 3 MW-2,400 ft property line setback 

 Reminder: Campo Wind plans to use 4.2MW turbines with only 1,320 ft, or 

less, setbacks from noise sensitive land uses/ homes/ offices/ schools. 

 The Campo Band’s ¼ mile setback and County’s staff report were produced 

long before anyone had a clue that almost 6oo ft tall 4.2 MW turbines would 

be so negligently proposed so close to homes and other occupied structures. 

 The USEPA’s Campo Wind DEIS comments recommended ½ mile setback that is 

still inadequate but twice as good as the ¼ mile setback. 

RTC41-42 - 2.20 Water Resources 

 WR 1 (Excerpt-emphasis added): “Appendix F evaluated the effect of groundwater pumping for 

the Project on the 1,702-acre watershed that contributes to the wellfield in the southeastern 
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portion of the Reservation. This analysis takes into account all existing groundwater demand 

within the contributing watershed. While site-specific well testing was not performed, use of 

historical pumping data from 19 groundwater wells located in the 312-acre wellfield and 

estimates of aquifer properties from the local fractured rock aquifer was considered a 

reasonable approach to provide comparison to the County groundwater significance thresholds 

that were used for reference in the EIS”. 

 Tisdale Responses: Using a 1,702-acre watershed for the 312-acre well field without 

conducting site-specific well testing at the source wells located at the highest elevation 

of the watershed, is asking for trouble, especially after the fiasco during bulk water sales 

from the same well field during construction of SDG&E’s ECO Substation where the wells 

were pumped until they failed to recharge, impacting off-site wells and springs relied 

upon by adjacent residents. 

 Where are the on and off-reservation wells that will be monitored? They should be 

identified on a map / EIS Figure. 

 What is the water source for the O&M, laydown yard and batch plant?  

 Will new wells be drilled? Will a new pipeline be installed from the existing well field? 

 

RTC-45-47: 2.21 Socioeconomic Conditions: Property Values 

 PROP 1: (excerpt): “Over the last 3 years, the number of single-family residences listed for sale 

annually in the Boulevard area has remained relatively consistent despite the construction of 

several large-scale energy projects in the area. Of the 57 home sales since 2017, half have closed 

at the listing price or higher” “…Thus, the data reinforce the large body of literature that 

supports that the construction and operation of energy projects does not result in a decrease to 

property values, as suggested by the commenters.” 

o Tisdale Responses: We refer you to FEIS comments submitted on March 8th by 

Jeffrey Morrison, local real estate agent, that include the following information 

that debunks Dudek’s flawed misrepresentations: 

 “I am a Real Estate Agent.  Here is the real information.  Went back exactly 3 
years from today.  54 homes sold.  29 sold for less than asking price and 24 sold 
for at asking price or a bit higher.  So, less than half sold for the asking price.  
Also, the average days on the market have been 43 with one home being on the 
market for 184 days.  Note, many of the homes that sold for "asking price" only 
sold AFTER their prices were reduced! 

 Personal experience with one of the sales.  39544 Clements St., 2.5 miles from 
closest wind turbine, originally listed for $480k, beautiful home, sellers accepted 
full price offer.  After disclosure of the possibility of more wind turbines going 
in, the property fell out of escrow.  This happened to the sellers TWICE!  Sellers 
were able to sell for $470k after it sat on the market for 95 days.   

 Of the 3 homes that have sold this year (that's right, only 3 home have sold) and 
two of them sold under asking price and the third sold for $200k as a fixer.  The 
wind turbines are keeping homes on the market longer and people are not 
getting their asking prices.  The citizens are only getting their asking prices after 
a price reduction or when agents list their homes under market values.   

 This project WILL KILL the real estate market out here and WILL decrease 
values.  Ribbonwood road was the premier location that everyone wanted to 
live in.  The homes for sale on Ribbonwood Road have been on the market 164 
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days, 272 days, 124 days, and 37 days.  All of these homes are not overpriced 
and have only one or two showings.” 

 

o In addition, the only large-scale project built in 2017 was Tule Wind that was built on 

BLM land on Boulevard’s NE edges. Second, Dudek’s reference included in the EIS is for 

homes sold in Campo, not Boulevard: 

https://www.zillow.com/homes/recently_sold/Campo-

CA/23931_rid/globalrelevanceex_sort/32.821903,-116.291485,32.580667,-

116.680127_rect/11_zm/ 

o Zillow’s Campo map referenced in the EIS only shows two properties sold that actually 

fall within the Boulevard Planning Area:  

1. “2282 Live Oak Springs Rd, Boulevard, CA is a single family home that 

contains 323 sq ft and was built in 1931. It contains 1 bedroom and 1 

bathroom. This home last sold for $56,500 in January 2020. The Zestimate 

for this house is $206,216, which has decreased by $7,742 in the last 30 

days..” 

2. “50 Tierra Real, Boulevard, CA is a vacant land home. This home last sold for 

$145,000 in September 2018.”  

 Tisdale Responses:  

 Number 1 above, if the information is accurate, sold for $149,716 less 

than Zillow’s estimate. 

 Number 2 above, was our own vacant 50 acre parcel that actually sold for 

$135,000 in August 2018, about $15,000 under list after we had 

previously reduced it by about $20,000. The buyer defaulted and the 

property is now back in our name and back on the market listed at 

$149,50040. 

 If you look at Zillow’s map of homes sold in Boulevard41, you will see that most 

are nowhere near Tule Wind turbines. It has been brought to my attention 

that many sellers fail to disclose proposed wind turbine projects, despite the 

law requiring them to do so. 

 Campo Wind turbines are proposed to line the ridges along Boulevard’s entire 

western boundary from north of I-8 all the way south to just short of the 

US/Mexico border.  That is about a 10 mile or so stretch most of which has zero 

wind turbines installed currently. It is a real game changer in a bad way. 

 There are numerous Boulevard homes listed on Zillow that show price reductions 

after being listed for long periods of time, some over 270 days. 

 A nice property for sale with two houses and a shop at 2808-10 Ribbonwood 

Rd, Boulevard, CA, recently cut its price by $100,00042. This property would be 

exposed to impacts from both Campo Wind and Torrey Wind projects. 

                                                           
40

 https://www.zillow.com/homedetails/50-Acres-1-Boulevard-CA-91905/2090911100_zpid/ 
41

 https://www.zillow.com/homes/Boulevard,-CA_rb/ 
42

 https://www.zillow.com/homedetails/2808-10-Ribbonwood-Rd-Boulevard-CA-91905/17149742_zpid/ 
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 In addition, here are several articles regarding property value losses related to 

wind energy facilities: 

o Ford County Board intends to protect property values around wind 

farmsPaxton Record - Will Brumleve - February 5, 201943 Property 

Values Illinois: (excerpt): The board’s five-member zoning committee 

drafted a proposed revision to the county’s ordinance regulating wind 

farms last Friday in order to protect the value of non-participating 

landowners’ property. Under the proposal, before a special-use permit is 

issued for a wind farm, the owner/operator of the wind farm must 

guarantee to pay the difference if any non-participating property within 

two miles of the wind farm ends up being sold for less than its fair cash 

value or assessed value. 

o Wind turbines lower real estate prices: ReportRWI - Leibniz Institute for 

Economic Research - Prof. Dr. Manuel Frondel and Leonard Goebel - 

January 21, 2019 (excerpts) 44“Property Values GermanyA study by the RWI 

- Leibniz Institute for Economic Research shows that wind turbines can lead 

to falling prices of single family homes in the immediate vicinity. The value 

of a house one kilometer away from a wind turbine drops on average by a 

good 7 percent. For the study, the RWI has evaluated almost 3 million sales 

offers … As the RWI study shows, not all properties suffer the same loss of 

value: old houses in rural areas are hardest hit. Here, the loss in value 

within the one-kilometer radius can even be 23 percent. By contrast, 

houses in suburban locations hardly lose value at the same distance to a 

wind turbine. This could be because in urban areas disturbances of the 

landscape or noise are less noticeable than in the countryside.” 

o Wind and worth: Realtors, auditor, study and court ruling weigh in on 

turbines and property values; Pharos-Tribune - Mitchell Kirk - January 13, 

2018 (excerpts): Experts disagree about whether the introduction of wind 

turbines to an area has any impact on property values45. : A 2011 report 

on wind turbines and property values by Martin D. Heintzelman and Carrie 

M. Tuttle with Clarkson University in Potsdam, New York, analyzed 

property values near wind turbines in the northern part of the state. The 

analysis drew data from 11,369 arms-length residential and agricultural 

property transactions between 2000 and 2009 “to explore the effects of 

relatively new wind facilities.” There were six wind facilities in the study 

area, which the analysis describes as “a very rural, lightly populated area of 

small towns and villages that is also less affluent than the state 

average.”“Decreasing the distance to the nearest turbine to 1 mile results 

in a decline in price of between 7.73 percent and 14.87 percent,” the 

                                                           
43

 http://www.windaction.org/posts/49395-ford-county-board-intends-to-protect-property-values-around-wind-
farms#.XmA4VahKiUk 
44

 http://www.windaction.org/posts/49329-wind-turbines-lower-real-estate-prices-report#.XmA4WqhKiUk 
45

 http://www.windaction.org/posts/47742-wind-and-worth-realtors-auditor-study-and-court-ruling-weigh-in-on-
turbines-and-property-values#.XmA4cqhKiUk 
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analysis states. “These results indicate that there remains a need to 

compensate local homeowners/communities for allowing wind 

development within their borders.”A total of “3,890 transactions occurred 

for 1,903 parcels that sold more than once during the study period,” 

according to the analysis, which goes on to explain that parcels that sold 

“more than once provide a greater likelihood of observing specific effects 

from the turbines on sales prior to and after [turbine] installation.”The 

analysis also reports “the existence of turbines between up to 1 and 3 miles 

away negatively impacts property values by between 15.6 percent and 31 

percent, while having at least one turbine on the parcel reduces prices by 

65 percent.”  

 

o Forensic Appraisal Group, Ltd. (excerpt)46 “Through our research we’ve 

interviewed dozens of Realtors because they have nothing to gain by 

taking sides on this debate, making them perfect barometers of the public’s 

perception of wind turbines and their effect on property values.  After all, a 

Realtor’s job is to sell.  If the market says a house with polka dots sells less 

than a house with a single color scheme, a good Realtor adapts to the 

public’s perception of value and discounts the polka dot house 

accordingly to make the sale. 

 

“So what do most Realtors think of a property that once had an attractive 

viewshed but now looks at wind turbines?  According to our research, an 

overwhelming majority of Realtors says that wind turbines negatively 

impact property value.  They estimate the range of impact to be from a 

10% price reduction to being completely unsellable” 

1. Value of land cut by wind farms February 01, 2013 by: Pia 

 Akerman http://www.theaustralian.com.au: Farmer Don Jelbart at 

his property in Tarwin Lower, Victoria, 

next door to the site of the proposed Bald Hills wind farm.47 

Picture: Stuart McEvoy Source: The Australian: A VICTORIAN council 

has conceded that a wind farm development still in its early stages 

has slashed the land value of its neighbours, and agreed their land 

rates should be cut. 

In what is believed to be an Australian first, South Gippsland shire 

council has amended the rates notice for one neighbour of the Bald 

Hills wind farm project, which is yet to erect any of its 52 planned 

turbines.The move is being cited as a victory by wind farm 

opponents, who claim the visual impact and noise of turbines, as well 

as possible health effects, drive down land values for 

neighbours….The neighbour, who declined to be named, has had his 

capital improved value assessment reduced by 32 per cent, from 
                                                           
46

 https://forensic-appraisal.com/wind-turbines 
47

 http://windturbinepropertyloss.org/site/value-of-land-cut-by-wind-farms/ 
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$662,000 to $450,000. 

Mr Tamlin said the council had been “inundated” with other 

residents seeking similar reductions on their rates because of the 

wind farm. Cases would be assessed on their individual merits. 

“One person 4km away has requested a rate review,” he said. “If 

there is an impact on these properties and they don’t (come forward 

and say) ‘Hey, how about me’, they will get picked up on the two-

yearly (assessment) cycle if there is a change in their values.” 

2. The study by the London School of Economics (LSE) – which looked 

at more than a million sales of properties close to wind farm sites 

over a 12-year period – found that values of homes within 1.2  miles 

of large wind farms were being slashed by about 11 per cent.48 

 

RTC-47: 2.23 Noise: Turbine Proximity to Homes (excerpt)  

 (excerpt-emphasis added) “…As previously noted, the distance of 1,000 feet is based on field 

measurements; therefore, elevation variances between turbines and each monitoring location 

may differ. The exact height of the turbines included in Epsilon Associates’ study was not noted 

in the report; therefore, the elevation of the turbines in comparison to the residences cannot be 

determined… Although Project wind turbines are expected to be larger than the models 

studied in the Epsilon Associates report conducted for the Tule Wind Project, and thus may 

produce more low-frequency sound, the results in the Epsilon Associates study indicate there is 

considerable compliance margin with respect to several of the studied standards. 

 Tisdale Response: This is a major issue for adjacent neighbors who will be subjected to 

excessive exposure! Larger turbines do generate more low-frequency noise and 

vibrations/acoustic pressure waves that travel even further, thereby impacting more 

people, as described in the published article below: 

 Published Online: 14 June 2011, Accepted: December 2010 

Low-frequency noise from large wind turbines49 

The Journal of the Acoustical Society of America 129, 3727 

(2011); https://doi.org/10.1121/1.3543957 

Henrik Møllera) and Christian Sejer Pedersen 

ABSTRACT 

“As wind turbines get larger, worries have emerged that the 

turbine noise would move down in frequency and that the low-

frequency noise would cause annoyance for the neighbors. The noise emission 

from 48 wind turbines with nominal electric power up to 3.6 MW 

is analyzed and discussed. The relative amount of low-frequency noise is higher 

for large turbines (2.3–3.6 MW) than for small turbines (≤ 2 MW), and the 

difference is statistically significant. The difference can also be expressed as a 

downward shift of the spectrum of approximately one-third of an octave. A 

further shift of similar size is suggested for future turbines in the 10-MW range. 

                                                           
48

 https://www.windturbinesyndrome.com/2014/london-school-of-economics-wind-turbines-hammer-property-
value/?var=wts 
49

 https://asa.scitation.org/doi/10.1121/1.3543957 
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Due to the air absorption, the higher low-frequency content becomes even 

more pronounced, when sound pressure levels in relevant neighbor distances 

are considered. Even when A-weighted levels are considered, a substantial part 

of the noise is at low frequencies, and for several of the investigated large 

turbines, the one-third-octave band with the highest level is at or below 250 Hz. 

It is thus beyond any doubt that the low-frequency part of the spectrum plays 

an important role in the noise at the neighbors.” 

RTC 48-51: 2.24 Noise: Low Frequency 

 Tisdale responses: The studies cited, including those referenced in this section are biased, 

outdated, diluted, and none of them address or provide actual field studies for impacts at 

homes generated by 4.2 MW wind turbines located within 1,320 ft (or less) to 1-2 miles. 

 We previously and repeatedly provided evidence that debunks the FEIS claims, including 

professional acoustic studies by Wilson Ihrig and dBF Associates that document low-frequency 

noise, infrasound and amplitude modulation at local homes impacted by the existing 2 MW to 

3.3 MW turbines operating in here within approximately 15-16 miles. 

o dBF Associates, Inc. (Steve Fiedler, INCE) also conducted long-term ambient sound level 

measurements at several locations approximate to Dudek’s Campo Wind monitoring 

locations that were documented in a letter dated July 31, 2019 (attached) 

 Conclusions of that dBF letter include: “At five locations, the measured Ldn 

ambient sound levels were 6-23 dBA lower than those presented in the Dudek 

report. At four locations, the measured average L90 sound levels were 9-14 

dBA lower than those presented in the Dudek report.” 

 Our own property (adjacent to LT-1) was documented in dBF’s letter at Table 1 

Ambient Sound Level Measurements  as being 39 dBA average L90 or 12 dBA 

less than Dudek’s measurement of 51; and 35 dBA average L90 that is 11 dBA 

less than Dudek’s measurement of 35. 

o dBF Associates, Inc (Steve Fiedler, INCE) also conducted Wind Turbine Infrasound and 

Low-Frequency Noise Survey in Boulevard, CA that is documented in their letter dated 

December 16, 2019 (attached) 

 CONCLUSIONS It is clear from the measured noise data that there is significant 

wind turbine-generated ILFN and AM from the Kumeyaay and Tule Wind 

facilities affecting homes up to approximately 6 miles away. This conclusion is 

coherent with the conclusions of the 2014 and 2019 Wilson Ihrig studies. 

 To our knowledge, Iberdrola/Tule Wind has failed to conduct any post operation tests that 

confirm Epsilon’s harmful underestimates of project impacts at local homes, including those who 

have complained of both shadow-flicker, noise, vibrations, cell phone interference and more. 

 Here is additional evidence to support our position and to debunk Dudek’s false claims 

throughout the Campo Wind DEIS, DEIR, and FEIS: 

o Preliminary Results: Exploring Why Some Families Living in Proximity to Wind Turbine 

Facilities Contemplate Vacating Their Homes- A Community Based Study: Carmen 
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Krough, Robert Y. McMurtry, Anne Dunbrille, Debra Hughes, Lorrie Gillis; Open Access 

Library Journal 2020, Volume 7, e611850 

 Abstract “In Ontario, Canada, between 2006 and the end of 2016, government 

records provided by the former Ontario Ministry of Environment and Climate 

Change documented that neighbors living near industrial wind turbine (IWT) 

facilities filed 4574 noise complaints/incident reports. In some cases, these 

records also included occurrences of adverse health effects being experienced 

by some of those living near the IWT facilities [1]. The risk of harm associated 

with living near IWT energy facilities is controversial and reported globally [1] 

[2] [3] [4]. Some families have been billeted by, or negotiated financial 

agreements with wind energy developers [2], and some took the step to 

vacate/abandon their homes [2] [3] [4] while others have felt forced to do so [3] 

[4]. While the action of vacating/abandoning a family home is internationally 

reported [1] [2] [3] [4] research about these occurrences is limited. Utilizing the 

Grounded Theory (GT) methodology, an ethics approved community-based 

study was conducted to investigate these occurrences. Participants in the study 

included those who had vacated/abandoned their homes in the past, or at the 

time of the interview were contemplating to do so, or decided to remain. 

Between October 2017 and January 2018, sixty-seven (n-67) consenting 

participants were interviewed. This article presents preliminary results which 

will be augmented by additional submissions to peer reviewed scientific journals 

for their consideration for publication.” 

o Wind Turbine Noise: Real Impacts on Neighbors By Lisa Linowes -- March 1, 201951 

(excerpts):Noise Prediction vs. Actual Measurement 

One notable limitation pertained to turbine noise assessments. Most of the studies 
surveyed relied on standard modelling methods to predict sound levels rather than 
actual field measurements. This means that when individuals self-reported that their 
sleep was disturbed by turbine noise, the researchers calculated the noise level at the 
time of the disturbance and made a judgement whether turbine noise, or just general 
annoyance, was to blame. 

Modeled turbine noise levels in this situation are inappropriate substitutes for actual 
noise measurements. 

Since modeled turbine noise is averaged over the long-term, it excludes the 
unmistakable “swish-thump” characteristically heard in turbine noise emissions. This 
“swish-thump” is the amplitude modulation caused by the rotating blades moving 
through the air. Modeling also cannot account for varying atmospheric conditions at 
wind energy facilities (ex: temperature gradients and turbulence) that promote louder 
operational conditions. 

                                                           
50

 https://doi.org/10.4236/oalib.1106118  
51 https://www.masterresource.org/wind-power-health-effects/wind-turbine-noise/ 
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CCA concedes that “…periodic amplitude modulation may be a critical component of 
sound from wind turbines that triggers annoyance.” And the effect is not minor. 
Fluctuations in actual noise levels due to amplitude modulation can vary in excess of 10 
dB above predicted values while meteorological conditions can produce variations up to 
14 dBA over predicted levels. 

This is consistent with Ken Kaliski’s finding that an additional adjustment of 11 decibels 
would have to be added to modeled sound power levels in order to estimate 
operational peak sounds produced by the turbines. Kaliski is an acoustician and 
contributing author to McCunney et al. 

Prediction noise models under-predict the loudest turbine noise levels heard by 
neighbors at the point when their sleep is interrupted. This is a significant factor that 
cannot be dismissed. 

When neighbors complain of disturbed sleep, researchers might cite a predicted level of 
40 dBA, when the actual noise that triggered awakening was a 50+ dBA spike making 
turbine noise the problem. 

None of this is new nor surprising. In 2012, acoustician Howard Quinn wrote that the 
annoying character of wind turbine sound is primarily due to amplitude modulation, 
which causes the sound level to go up and down continually.… And, unlike the situation 
with regard to continuously occurring sound (fans, busy highways), it is very difficult to 
become accustomed to uneven sound. In fact, many residents have reported being more 
annoyed with turbine sound over time rather than less. The effect is particularly 
pronounced with very large turbines featuring relatively low rotation rates, where the 
amplitude modulation is at its greatest. 

Infrasound and Low-frequency Noise 

With audible turbine noise levels potentially well above those calculated by researchers, 
it is likely noise is reducing the quality of sleep for neighbors. But what about low-
frequency and inaudible levels? CCA and McCunney et. al. dismiss low-frequency 
emissions claiming these levels are too far below the hearing threshold to be 
consequential. 

This was not the finding of five acousticians including Hessler & Associates (who works 
almost exclusively for the wind industry). In 2012, which predates CCA and McCunney et 
al., the researchers measured “unequivocally” the presence of low level infrasonic 
sound emissions inside a residence near the Shirley wind facility in Brown County, 
Wisconsin. The low-frequency noise was found to be uniform throughout all rooms and 
not just those facing the turbines. Long-term, the wife and child residing there reported 
severe health impacts and the family eventually moved away. 

Hessler & Associates agreed “that a wind turbine is indeed a unique source with ultra 
low frequency energy” and that a “new Threshold of Perception” was needed to assess 
turbine noise impacts. 

Steven Cooper’s work at the Cape Bridgewater wind facility in Australia found six 
individuals were able to “sense attributes of the wind turbine emissions without there 

253 of 267

http://www.windaction.org/posts/49509-audible-amplitude-modulation-results-of-field-measurements-and-investigations-compared-to-psychoacoustical-assessment-and-theoretical-research#.XHaMlOhKguU
http://www.windaction.org/posts/49509-audible-amplitude-modulation-results-of-field-measurements-and-investigations-compared-to-psychoacoustical-assessment-and-theoretical-research#.XHaMlOhKguU
http://uu.diva-portal.org/smash/record.jsf?pid=diva2%3A663827&dswid=2127
http://s3.amazonaws.com/windaction/attachments/3143/Kaliski-Epsilon-Almer-LMAX-Turbine-Predictions-Memo.pdf
http://sedgwickmaine.org/2016/wp-content/uploads/2016/04/wind_turbine_sound_issues_formatted_aug_2012.pdf
http://s3.amazonaws.com/windaction/attachments/1732/Report_Number_122412-1_21-18-12_FINAL_(3).pdf
http://www.windaction.org/posts/42202-cape-bridgewater-wind-farm-acoustic-study-a-review-of-this-study-and-where-it-is-leading#.XHbCOYhKguU


40 Tisdale comments on Campo Wind FEIS                                                                                   3-11-20 

 

being an audible or visual stimulus present.” More specifically, Cooper found that 
inaudible turbine sound emissions disturbed his study subjects even when they could 
not hear the turbines or see them moving. The “adverse reactions to the operations of 
the wind turbine(s) correlate[d] directly with the power output of the wind turbine(s) 
and fairly large changes in power output.” 

Propaganda vs. Perception 

The wind industry is heavily invested in a propaganda campaign aimed at convincing the 
public — and decision makers — that wind turbine noise is safe at any distance. The 
campaign, in part, involves blaming neighbors and their negative attitudes about 
turbines for their discomfort while avoiding measuring the actual “swish-thump” of the 
spinning blades. 

Their campaign also requires dismissing low frequency noise and for good reason. 
Former Vestas’ CEO, Ditlev Engel has admitted that larger setback distances are the only 
way to address low frequency and infrasonic impacts, particularly on larger (3MW) 
turbines. Bigger setbacks means fewer locations for siting turbines near where people 
live. 

Vestas and others can complain, but the damage from turbines can no longer be 
ignored. There are enough turbines operating worldwide, and enough people impacted, 
for the public to recognize turbine noise is intrusive and potentially harmful to 
neighbors. Trivial reports produced by agenda-driven researchers in Iowa are unlikely to 
divert attention away from this fact. 

—————- 

[1] McCunney et al. was fully funded through a grant of the Canadian Wind Energy 
Association. The authors “declare no conflicts of interest.” The paper’s primary authors, 
Robert J. McCunney, MD, MPH, Kenneth A. Mundt, PhD, and W. David Colby, MD each 
have relationships with the wind industry including, but not limited to, payments 
received from the wind industry to serve as experts and/or prepare reports for the wind 
industry that examined the potential health impacts of wind turbines. 

McCunney et al. only states that “Drs McCunney, Mundt, Colby, and Dobie and Mr 
Kaliski have provided testimony in environmental tribunal hearings in Canada and the 
USA” with no further declaration as to the nature of those proceedings or their 
respective paying sponsors. 

o Annoyance can represent a serious degradation of health, presented by Carmen Krogh 

at 2012 InterNoise Conference in New York (Aug 19-22): wind turbine noise a case 

study Carmen ME Krogha) Independent, Ontario, Canada, K0J 2A0 Roy D Jefferyb) 

Independent, Manitoulin Island, Ontario, Canada, P0P 1K0 Jeff Araminic) Intelligent 

Health Solutions, Fergus, Ontario, Canada, N1M 3S9 Brett Horner) Independent, Killaloe, 

Ontario, Canada, K0J 2A0  

 “Annoyance is often discounted as a health concern. Wind turbine noise is 

perceived to be more annoying than other equally loud sources of sound. The 

Ontario government commissioned a report which concludes a non-trivial 
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percentage those exposed to wind turbine sound will be highly annoyed which can 

be expected to contribute to stress related health impacts. Our research in Ontario, 

Canada documents some individuals living in the environs of wind turbines report 

experiencing physiological and psychological symptoms, reduced quality of life, 

degraded living conditions, and adverse social and economic impacts. Some families 

have abandoned their homes or negotiated financial agreements with wind energy 

developers. An Ontario Environmental Review Tribunal considered a wide body of 

evidence including expert testimony and found wind turbines can harm humans if 

placed too close to residents. Evidence including peer reviewed literature, case 

reports, freedom of information documents and expert testimony are presented 

which support the conclusion that annoyance can represent a serious degradation 

of health.” 

 “DISCUSSION AND CONCLUSIONS Annoyance is one of the most common and 

frequently underappreciated health effects of noise. Annoyance should not be 

discounted as a health effect as it can have major consequences to one’s overall 

health. The case study and references presented in this paper support the 

conclusion that unwanted sound that results in noise induced annoyance can 

represent a serious degradation of health as defined by the WHO. Those responsible 

for the production and regulation of noise need to understand the significance of 

annoyance and adopt strategies to prevent it. Noise limits should be established to 

protect against annoyance, both indoors and outdoors, using authoritative noise 

management techniques. Psycho-acoustical impacts of a noise source must be 

assessed in context to the soundscape being affected. Limits should be based on the 

physical characteristics of the specific sound source. Sound pressure level, spectral 

characteristics, as well as the variations of these properties over time should be 

assessed when determining the capacity of a noise to induce annoyance.” 

 

RTC-55: Excerpt: A-5 Summary:  

 “The comment summarizes the Draft EIS and recommends a feasibility study for the adoption of 

a half-mile buffer for some of the turbine locations to avoid or minimize the projected adverse 

wind turbine operational noise effects of the Project and inclusion of the analysis in the EIS as 

well as a consideration of the inclusion of a commitment in the Record of Decision (ROD) to for a 

half-mile buffer to separate turbines from sensitive receptors, including residences. A-5 

Response: The comment is noted. A half-mile buffer, however, would be excessive and 

inconsistent with the terms of the Campo Lease, which would allow turbine-to residence 

horizontal distances of as close as one quarter-mile. The one-quarter mile setback distance 

standard exceeds similar regional standards (e.g. County of San Diego) and industry standards 

based on a multiple of the rotor diameters. The Acoustical Analysis Report (AAR), Appendix K-

1 to the Final EIS, including Table 11c, presents predicted noise exposure levels for a variety of 

hypothetical scenarios where all operating turbines are at least one quarter-mile away and 

accurately identifies where noise exposure levels would be greatest and where adverse noise 

effects would occur. If all turbines were more distant, these presented predicted levels, and 

thus the potential for predicted adverse effect, would, under the right conditions, be less. 
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However, fewer turbines would result in less economic benefit to the Tribe. Refer to Common 

Response TS-1 (Section 2.19).” 

 Tisdale Responses: See our response to RT-2.19 above: There are 5,320 ft in one mile. ½ 

mile equals 2,660 ft. Setback required for larger 4.2 MW wind turbines would / should 

far exceed the setback of 2,400 ft from property lines (not houses) for 50 dbC noise 

requirement assumptions estimated by County staff during the Wind Energy Zoning 

Ordinance Amendment POD 10-007 

 Ice throw potential: The photo below, taken this winter at our Morning Star Ranch entry 

gate, with the Campo Wind project site obscured by weather in the background, 

documents the fact that we do get snow with potential for ice throw. The hardest freeze 

we had lasted for over a week with all of our stock tanks freezing solid during that time. 

 

 

RTC-55: A-7 Summary:  

 (Excerpt-Response to USEPA)The comment summarizes the Draft EIS and recommends 

feasibility analysis for the inclusion of on-site energy storage as part of the proposed action. A-7 

Response: The rationale for incorporating on-site storage into this Project is unclear from the 

comment, whether in relation to the environmental analysis or the purpose and need for the 

Project. Incorporating on-site storage technologies would not reduce the anticipated 

environmental impacts of either Alternative 1 or Alternative 2. Storage technology is also 

incompatible with the Tribe’s and the Developers goals and needs at this time. Please refer to 

Common Response ALT-1 (Section 2.6) 

 Tisdale Response: This section is disingenuous at best and deceptive at worst due to 

the Boulder Brush Facilities Substation Plot Plans – Building Details at Sheet 26 of 27, 

dated 12/05/19, that show at dozens storage components identifies as “Future NICAD 

Footprint” that are not disclosed anywhere in the FEIS text that we could find. 

 A-5 Response (to USEPA) (excerpt-emphasis added): “The comment is noted. A half-mile buffer, 

however, would be excessive and inconsistent with the terms of the Campo Lease, which would 

allow turbine-to residence horizontal distances of as close as one quarter-mile. The one-quarter 

mile setback distance standard exceeds similar regional standards (e.g. County of San Diego) 

and industry standards based on a multiple of the rotor diameters. The Acoustical Analysis 

Report (AAR), Appendix K-1 to the Final EIS, including Table 11c, presents predicted noise 
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exposure levels for a variety of hypothetical scenarios where all operating turbines are at least 

one quarter-mile away and accurately identifies where noise exposure levels would be greatest 

and where adverse noise effects would occur. If all turbines were more distant, these presented 

predicted levels, and thus the potential for predicted adverse effect, would, under the right 

conditions, be less. However, fewer turbines would result in less economic benefit to the Tribe. 

Refer to Common Response TS-1 (Section 2.19).” 

 Tisdale Responses: Dudek’s response is again disingenuous and misrepresentative at 

best. Industry standards are based on economic benefits to developers, not to reduce 

adverse noise /health impacts. See County DEIS comment E-31 

 San Diego County’s Wind Energy Ordinance includes c-weighted restrictions that can 

significantly increase the setback in order to help protect residents. 

 During San Diego County Planning Commission hearings on the Wind Energy Zoning 

Ordinance Amendment POD 10-007, in their staff report (4-13-12) at page 5-8, DPLU 

provided an estimate of typical  setbacks required based on turbine size and the 50dBC 

noise requirement assumption:  

 1 MW- 1,500 ft property line setback 

 1.5 MW-2,300 ft property line setback 

 2. 3 MW-2,400 ft property line setback (almost ½ mile) 

 Reminder: Campo Wind plans to use 4.2MW turbines with only 1,320 ft, or 

less, setbacks from noise sensitive land uses/ homes/ offices/ schools. 

 The Campo Band’s ¼ mile setback and County’s staff report were considered 

long before anyone had a clue that almost 6oo ft tall 4.2 MW turbines would 

be so negligently proposed so close to homes and other occupied structures. 

 The USEPA’s DEIS comments recommends ½ mile setback that is also based on 

outdated information that does not apply to 4.2 MW turbines, but is better 

than the proposed ¼ mile setback. 

RTC-60: E-13 Summary:  

 (excerpt) “The County uses a standard stating that decreases in Water levels in off-site wells 

more than 20 feet are considered significant impacts. Investigation inaccurately concludes 

that Project impacts on off-site wells are within the County’s thresholds and that 

environmental impact would be minimal.”  

 E-13 Response: The Draft EIS, including Appendix F, Groundwater Resources Evaluation for the 

Campo Wind Project, provides sufficient information on existing groundwater conditions and 

projections of off-site well interference. Although the County’s threshold of significance for well 

interference does not apply to the use of water on the Reservation, including for the Project, the 

analysis in the Draft EIS is based on reasonable assumptions to support the RTC-61 conclusions 

that groundwater level declines in off-site wells would not exceed the County’s threshold of 

significance for well interference of 20 feet in fractured rock aquifers. 

o Tisdale Response: RTC41-42: 2.20 Water Resources states that “…site-specific well 

testing was not performed” says it all—Terra-Gen and current complicit tribal leaders 

apparently consider themselves above the law and the laws of nature. 
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o How can they continue to make the unsupported claims they are making without having 

to answer for them? 

o We refer to Snyder Geologic FEIS comments/ 3rd party opinion: (excerpt) “In summary 

of the information presented in this report, it seems clear that when presented with 

valid technical and scientific arguments in our original comment letter dated July 5, 

2019, the project proponent ignored the arguments and provided responses that are 

inadequate, broadly dismissive, and without technical merit. They have relied on data 

that are not site-specific and made liberal assumptions, and have not conducted further 

evaluation of the well field and its pumping effects on nearby residential wells.” 

RTC’s E-26 and E-31: 

 Tisdale Response: denying on and off reservation residents the protections included in San 

Diego County’s Wind Energy Ordinance related to c-weighted noise restrictions is negligent 

and opens Terra-Gen and tribal leaders up to significant liabilities and foreseeable litigation. 

RTC 50  

 Excerpts: The Minnesota Department of Health and Environmental Health Division reported 

the following (2009): The most common complaint in various studies of wind turbine effects on 

people is annoyance or an impact on the quality of life. Sleeplessness and headache are the 

most common health complaints and are highly correlated (but not perfectly correlated) with 

annoyance complaints. Complaints are more likely when turbines are visible or when shadow 

flicker occurs. Most available evidence suggests that reported health effects are related to 

audible low frequency noise. Complaints appear to rise with increasing outside noise levels 

above 35 dBA [A-weighted decibels]. It has been hypothesized that direct activation of the 

vestibular and autonomic nervous system may be response for less common complaints, but 

evidence is scant.  

 A report by the Chief Medical Officer of Health of Ontario, Canada (2010, as cited in Iberdrola 

Renewables 2011), reviewed the potential health impact of wind turbines and summarizes: The 

review concludes that while some people living near wind turbines report symptoms such as 

dizziness, headaches, and sleep disturbance, the scientific evidence available to date does not 

demonstrate a direct causal link between wind turbine noise and adverse health effects. The 

sound level from wind turbines at common residential setbacks is not sufficient to cause hearing 

impairment or other direct health effects, although some people may find it annoying.  

o Tisdale Response: These references are out of date and do not address impacts 

related to 4.2 MW wind turbines introduced within ¼ mille and less to existing 

homes. See our previous response to APPENDIX O References Cited in the EIS 

RTC 72-G.16 response  

 (excerpt-emphasis added):) “In addition, the commenter makes an inaccurate assertion with 

respect to BIA’s role in approving tribal leases in suggesting that “for wind and solar leases, the 

BIA only defers to a tribe’s determination whether the duration of the lease and compensation 
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for the lease are in its best interest not the overall lease generally.” To the contrary, BIA 

regulations state that “[BIA] will defer, to the maximum extent possible, to the Indian 

landowners’ determination that the [wind energy lease] is in their best interest” (25 CFR 

162.566(b)). Refer also to Common Responses ALT-1 and ALT-2 (Section 2.6) regarding 

alternatives analysis.” 

 Tisdale Response: The FEIS response is basically out of sinc with the BIA’s statements 

that they have no role in the allegations by tribal members (AKA Indian Landowners) 

that the lease was approved during an illegal and improperly noticed vote taken on April 

3, 2018. 

 Since then, A petition opposing Campo Wind was signed by 65 voting tribal members 

was handed to Chairman Cuero on January 23rd and a Special Meeting was held on 

February 19th by Chairman H.P. Cuero, where a reported majority of the 70 or so voting 

members (AKA Indian Landowners) showed up oppose the Campo Wind project but 

Chairman Cuero refused to call a vote for the multiple motions and seconds called by 

those voting members. 

 Based on our conversations with tribal members, the current tribal administration is 

apparently out of control and has been for years. 

 The Bureau of Indian Affairs and Department of Interior are in part responsible for 

protecting the people and resources that are being exploited by Terra-Gen with the help 

of the current leadership, without valid or proper consent or endorsement from the 

impacted Campo Band members. 

RTC-74: G.68 response: 

 G-68 RTC: “The Draft EIS adequately describes the new water lines proposed as part of the 

Project. The location of the water lines would be within the disturbance limits provided in the 

Draft EIS and would not drive any additional environmental consequences. Maps are not 

required with significant narrative describing components of the Project. Refer to Common 

Response PD-1 (Section 2.3).” 

o Tisdale Response: Response PD-1 is not very helpful or responsive to the question of 

pipeline location and source of water and neither are either of the following two 

excerpts: 

 FEIS APPENDIX B @ pages B-7 and B-8 includes the following statement: “An 

O&M facility would be located within one of the two temporary central staging 

areas within the Campo Corridor on the Reservation”… “It is anticipated that on-

site groundwater would be used for the Project’s operation, otherwise water 

would be trucked in from Jacumba Community Services District (JCSD) or Padre 

Dam Municipal Water District (PDMWD).” 

 FEIS Construction Water @ page 14 includes the following: (excerpt): “Water 

demand during construction would total approximately 173 acre-feet (AF). 

Water sources during construction would include On- and Off-Reservation 

facilities, such as the production wells on the southern end of the Reservation 

and commercially obtained non-potable water from permitted Off-Reservation 

purveyors such as JCSD and PDMWD.” 
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 What is the answer to the question? Where will the pipeline be located and 

what is the source of the water? 

RTC 130: 3.8 Response to Comment Letter H (Backcountry Against Dumps) 

 H-3 Summary: “The comment states that Developer has divided one large project into three 

smaller projects to make it harder for communities to oppose, and recommends that Campo 

General Council members terminate Campo Wind like they did Shu’luuk Wind and Campo 

Landfill. H-3 Response: The comment is noted. Refer to Common Responses PD-1 and ONE-1 

(Sections 2.3 and 2.4). Regarding the decisions of the Campo General Council, the Council 

approved the Campo Lease. Potential future legislative decisions of the Council are unrelated to 

the adequacy of the environmental analysis in the EIS; therefore, no additional response is 

required or provided.” 

 Tisdale Response: See response to RTC72-G.16 above. 

4.1 Response to Comment Letter I –Ed and Donna Tisdale 

 Our responses our limited due to time constraints. Terra-Gen and Dudek have had teams of 

people working on DEIS responses from July 8, 2019 through early 2020. In turn, we have 30 

days to attempt to respond. 

 Therefore, our responses to Dudek’s frequently unsupported and obfuscated RTC’s are  limited. 

 Our first-hand experience with numerous large scale projects proposed next door and locally, 

leads us to hold no trust in the current Campo Tribal leadership, Dudek, or Terra-Gen. 

 Tisdale Response to RTC I-95 @ RTC-209:  

 Dudek inappropriately limits its response to A-weighted sound power and fails to 

address the low-frequency noise and infrasound generated by all wind turbines, that 

can only increase with the larger 4.2MW turbines proposed for Campo Wind. 

 Dudek fails to include any documentation to support their allegation that using the GE 

2.X-127 turbine data for modeling sound emissions from the proposed project. 

 Tisdale Response to RTC I-104 @ RTC-211:  

 We live here and know how quiet it is. 

 We also know that Dudek screwed up the ‘new baseline outdoor SPL survey of existing 

conditions’ and lost the information for LT-1, the closest surveyed location to our 

property, along with several others. And then used the highest levels instead of the 

lowest ambient levels that benefits Terra-Gen’s Campo Wind over impacted area 

residents. 

 Tisdale Response to RTC I-123 @ RTC-216:  

 It is ironic and disingenuous that the FEIS references include information from the 

Campo Regional Landfill and Invenergy’s Shu’luuk Wind and that the Project plans to 

rely on water from the same Campo Reservation wells that were involved in 

controversial bulk water sales for SDG&E’s ECO Substation, but when we include that 

information  in our personal comments it apparently becomes irrelevant.  

 The Muht-Hei documents disclosed the intentional and fraudulent use of false 

information regarding the location of the source wells as being located at Campo 
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Materials when in fact they were located at the site of the formerly proposed Campo 

Landfill several miles to the south.  

 In addition, we provided fracture maps from the Campo Landfill project showing the 

interconnection of fractures between our property and the well field proposed as the 

main source of water for the Project.  

 Monitoring wells on the reservation may not intercept the same water bearing 

fractures relied upon by tribal and private wells and springs. 

 

 RTC 260-34-91 Response: (excerpts)  

 

 “Developer representatives have met with Ms. Tisdale on multiple occasions, not 

including the public meetings held by BIA on December 6, 2018, and June 19, 2019. 

Developer representatives met with Ms. Tisdale on May 2, 2018, and again on 

September 19, 2018. During the September 19 meeting, the Developer addressed two 

pages of questions provided by Ms. Tisdale in a meeting that lasted nearly 90 minutes at 

the Old Boulevard Fire Station. The comment does not address the adequacy of the EIS. 

Refer to Common Response NSI-1 (Section 2.1).” 

 RTC 260-261: 34-90 Summary (excerpt): “Ms. Tisdale: The commenter hears from 

people On- and Off-Reservation regarding turbine effects (infrasound and low frequency 

noise). 34-90 Response: The EIS evaluates noise impacts in Section 4.10. Refer to 

Common Responses NPROX-1 and LF-1 (Sections 2.23 and 2.24).” 

 RTC -262-34-91 Summary (excerpt): “Ms. Tisdale: The commenter has been unable to 

communicate with the Tribe or Developer regarding health impacts.”  

 RTC-261 34-91 Response (excerpt): “Developer representatives have met with Ms. Tisdale on 

multiple occasions, not including the public meetings held by BIA on December 6, 2018, and 

June 19, 2019. Developer representatives met with Ms. Tisdale on May 2, 2018, and again on 

September 19, 2018. During the September 19 meeting, the Developer addressed two pages of 

questions provided by Ms. Tisdale in a meeting that lasted nearly 90 minutes at the Old 

Boulevard Fire Station. The comment does not address the adequacy of the EIS. Refer to 

Common Response NSI-1 (Section 2.1).” 

 Tisdale Responses: It is simply not true that developer representatives have 
met personally with Donna Tisdale at any time other than the May 2, 2018 and 
Sept 19th meetings .Both meetings were on Terra-Gen’s  separate Torrey Wind 
Met facilities permit and Torrey Wind MUP applications with San Diego 
County—NOT CAMPO WIND. 

 Tisdale and the late Boulevard Planning Group Vice-Chair, Bob Maupin, did meet and 
talk with Ken Wagner (team leader), Craig Pospisil (wind development) and Ashley 
Richmond (permitting) on May 2nd for about 35 minutes. Again, that meeting was 
related to Torrey Wind and not Campo Wind that had not yet been announced/disclosed.  

 The meeting on Sept 19, 2018, with Terra-Gen’s Ken Wagner, Randy Hoyle and 
Craig Pospisi, Donna Tisdale, and two other community members, was limited to 
their Torrey Wind and Boulder Brush Project. At that meeting, they were 
reluctant to admit that they were even involved with the then speculated Campo 
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Wind project that had not yet been announced. There was not much available 
information to discuss with Terra-Gen and they were very tight-lipped. 

 At the first public BIA meeting at the Campo Tribal Hall, Ken Wagner and other 
Terra-Gen reps were there with then Chairman Goff, but when Donna Tisdale 
asked to speak to the about their property, with map in hand, about Project 
impacts to our personal property, they refused.  

 Terra-Gen and Dudek need to be much more specific about which Terra-Gen 
reps met with Donna Tisdale, where that meeting took place, and what it was 
about.  

 The Campo Wind Notice of Intent was not published in the Federal Register 
until November 21, 201852. At no time have any Terra-Gen representatives met 
with Donna Tisdale, or any other off-reservation residents that we are aware of,  to 
discuss Campo Wind and the impacts it represents to the Tisdale’s personal property and 
that of many others. Terra-Gen needs to prove otherwise. 

 Here is one example where Terra-Gen actually listened to the impacted 
community and pulled out over public outcry and their County 
Supervisor weighing in to defend the overburdened area: 

 June 29, 2011: Terra Gen pulls the plug on Pahnamid project  
 By Carin Enovijas, News Editor tehachapinews.com 53(excerpt) 

 “Terra-Gen Power announced last week that it is withdrawing its 

rezoning application for the controversial 7,106-acre Pahnamid Wind 

Energy project in the Tehachapi Mountains. Kern County issued a 

Notice of Preparation for the project on April 6, and opposition to the 

proposed project spread like the wind throughout the mountain 

communities.“After consulting with Supervisor Scrivner, the County 

Planning Department, and relevant agencies, Terra-Gen is withdrawing 

the rezoning application for Pahnamid,” a statement issued June 23 by 

Randy Hoyle, Vice President and head of wind development, from the 

San Diego office of Terra-Gen Power, LLC.” 

RTC at page 1278-79 scoping meeting transcript:  

 For the Record: The final speaker who spoke out against Campo Wind and Chairman Cuero, 

should be identified as Campo Tribal Elder, Dennis Largo, who is the same elder who handed 

Chairman Cuero the anti-Campo Wind petition with 65 signatures from voting members. Many 

people witnessed Mr. Largo’s comments as last speaker at that meeting. The transcript should 

be corrected to identify Mr. Largo as that speaker. 

RTC-5 REFERENCES CITED pages 263-269 

                                                           
52

 https://www.federalregister.gov/documents/2018/11/21/2018-25412/notice-of-intent-to-prepare-an-
environmental-impact-statement-for-the-proposed-campo-wind-energy 
53

 http://www.tehachapinews.com/news/terra-gen-pulls-the-plug-on-pahnamid-project/article_eb75534e-1d4c-
5a1a-a4ba-7035c62eca4b.html 
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 Tisdale responses: the following references all include outdated studies for Invenergy’s 

terminated Shu’luuk Wind project that are 8-10 years old, never got beyond the DEIS stage, 

and had no certified EIS or ROD approval: 

 AECOM. 2010a. 45-Day Summary Report of the Protocol Surveys for Least Bell’s Vireo 

for the Campo Wind Energy Project. August 30, 2010.  

 AECOM. 2010b. 45-Day Summary Report of Protocol-Level Surveys for Southwestern 

Willow Flycatcher for the Campo Wind Energy Project. August 30, 2010.  

 AECOM. 2012. Draft Environmental Impact Statement, Shu’luuk Wind Project. Prepared 

for Campo Band of Mission Indians, Department of the Interior Bureau of Indian Affairs, 

and Invenergy Wind California LLC. December 27, 2012.  

 AECOM. 2012. Biological Technical Report Shu’luuk Wind Project Campo Indian 

Reservation, San Diego, California. Prepared for Campo Band of Mission Indians, 

Department of the Interior Bureau of Indian Affairs, and Invenergy Wind California LLC. 

December 2012. 

 Tisdale responses to AWEA (American Wind Energy Association). 2018. “New Study: 92 Percent 

of Wind Project Neighbors Positive or Neutral toward Turbines.” In Into the Wind: The AWEA 

Blog. Prepared by A. Luke. January 29, 2018. https://www.aweablog.org/new-study-92- percent-

wind-project-neighbors-positive-neutral-toward-turbines/. 

 This so-called study is not as rosy as portrayed. Their data is manipulated and diluted. It 

is just like Hoen/LBNL property value study that falsely claims no impact but saturated 

the sample with houses that were more miles away. 

 Donna Tisdale was personally interviewed for the referenced report but quit 

participating because the survey questions were biased and did not allow for any 

deviance from their questions that were designed and intended to reach their 

predetermined goal to show that people love turbines. 

 The report includes this Disclaimer that is self-explanatory: 

 DISCLAIMER “This document was prepared as an account of work sponsored by the 

United States Government. While this document is believed to contain correct 

information, neither the United States Government nor any agency thereof, nor The 

Regents of the University of California, nor any of their employees, makes any warranty, 

express or implied, or assumes any legal responsibility for the accuracy, completeness, 

or usefulness of any information, apparatus, product, or process disclosed, or 

represents that its use would not infringe privately owned rights. Reference herein to 

any specific commercial product, process, or service by its trade name, trademark, 

manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, 

recommendation, or favoring by the United States Government or any agency thereof, 

or The Regents of the University of California. The views and opinions of authors 

expressed herein do not necessarily state or reflect those of the United States 

Government or any agency thereof, or The Regents of the University of California.” 

 Slide 4 of their powerpoint for their Jan 30, 2017 webinar54 includes the 

following critical information at the bottom of the slide:  “Source: LBNL 

Baseline Public Acceptance Data; Note: Turbines>364 ft & 1.5 MW” 

                                                           
54

 https://eta-publications.lbl.gov/sites/default/files/lbnl_webinar_attitudes_-_jan_30_final_013118.pdf 
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 That means their report is based on turbines that are over 225 ft shorter with 

almost 3 times less energy and noise than the proposed 4.2 MW turbines that 

generate even more low-frequency noise that travels even greater distances.  

 It also shows that turbines keep getting closer and closer to homes. Showing 

average of 1. 2 miles in 2004 and dipping down to .4 miles in 2014. 

 Their report fails to disclose just what size turbines, how many, and just how 

close to those turbines each individual respondent resides. 

 Page 12 of their related webinar powerpoint on their study shows local 

Kumeyaay and Tule Wind turbines as blue dots identified as ‘non-sampled’ 

o It also shows that of the “Responses Collected Near 250 Wind Power Projects 

Across 24 States, From The Full Sample Of 743 Projects, Random sample of 

residences within 5 miles of a modern wind turbine • >= 364 feet tall • >= 1.5 

MW”, only 15 projects were sampled with modeled sound. 

o Slide 27 shows that 62 % of those living within 5 miles responded negative / 

very negative when asked “do you like the way the wind project looks’? 

o Slide 29 shows that 60% of those living within 5 miles responded negative / 

very negative when asked “To what extent do you feel annoyed by the sound 

of the wind project?” 

o Slide 50 appears to show that those living less than ½ mile from turbines were 

omitted! 

o Slide 54 shows that 45% believed that the wind project affected the value of 

their property. 

o The actual 2019 report55 at pdf page 3:  “In particular, the large number of 

turbines being deployed is resulting in many people living near those turbines. 

Through 2015, almost 1.4 million homes were within 8 km of a U.S. wind project 

(Fig. 1)—about 1 million more homes than in 2010. In addition, wind turbines 

were, on average, installed 46 m closer to homes each year between 2004 and 

2014 (Fig. 2) (Hoen et al., 2018).” 

o The 2019 report at pdf page 7: “Most of the sample (94%) cannot hear a wind 

turbine either in their home nor on their property, which is not surprising given a 

mean distance of 4.78 km; only 1% can hear a wind turbine with the windows 

closed. Similarly, only 1% perceive shadow-flicker in their home. As for the wind 

turbines themselves, the mean year of installation was 2010, and the average 

turbine height is 124 m.” 

o 4.78 km = 2.97 miles away from turbines. 

 Tisdale responses: The referenced San Diego County Public Health Position Statement for 

Human Health Effects of Wind Turbines (2-25-19) was challenged by a majority of the San Diego 

County Planning Commissioners at their members at their March 22, 2019, meeting as 

documented in the meeting video posted on the County’s website, starting at around the 44 

minutes mark56.  

                                                           
55

 https://eta-
publications.lbl.gov/sites/default/files/hoen_et_al._2019_attitudes_of_u.s._wind_turbine_neighbors.pdf 
56

 https://sdcounty.granicus.com/MediaPlayer.php?view_id=12&clip_id=2671 
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 When asked what the adequate setback requirement was, Dr. Wooten basically said that 

it was whatever the County decided it was. That did not go over too well. The 

Commissioners’ stated concerns prompted Planning Director Wardlaw to present 

multiple options including making changes to the Wind Energy Ordinance, setbacks, and 

more, to better protect residents. Unfortunately for us, the item was not agendized so no 

vote could be taken. 

 At their follow-up April 26th meeting, Terra-Gen and wind industry hacks, including 

Kenneth Mundt and Nancy Radar, were there in force to subdue any potential relief 

recommended for turbine impacted neighbors. However, only 4 members were present 

and only 3 voted to basically accept the HHS statement. With 7 members, they needed a 

majority of 4 so the motion actually failed. 

 Tisdale Response: The referenced Iberdrola 2010 document is outdated and invalid.Tule Wind 

uses 2.3 MW GE turbines, and they have not conducted post-operation noise monitoring or 

mitigated complaints over noise, vibrations, shadow-flicker or cell phone interference - they 

simply deny it: Iberdrola Renewables. 2010. Applicant’s Environmental Document for the Tule 

Wind Project. Draft. September 2010. https://www.dudek.com/ECOSUB/AEDTule_ECOSUB.htm. 

Iberdrola Renewables. 2011 

Appendix E: EIS Figures:  

 Tisdale responses: Figure 2-2 shows wind turbine height of 586' but project description 

lists turbine height of 374 ft (hub height) plus 230 ft rotors and that adds up to 604 ft. 

 Appendix E; Figure 2-4 shows the locations of the 7 turbines on ridge line, the O&M building, 

temporary batch plant and laydown yard immediately west of two of our properties (APN: 658-

040-05-00 and 658-040-06-00). We own another vacant 50 acre parcel about 1 mile east of the 

reservation boundary (APN 658-050-16-00) 

 FEIS Appendix S: Shadow Flicker Study:  FIGURE C3 SCENARIO 3: ANNUAL SHADOW FLICKER 

Expected-Case Scenario Off-Reservations Receptors: Shows our two family homes (671 & 670) 

our barn (677) and our rental next door (678).  

 FIGURE C2-I SCENARIO 2/3: ANNUAL SHADOW FLICKER (attached); Expected-Case Scenario 

Off-Reservations Receptors came from San Diego County's Draft EIR for the Boulder Brush-

Campo Wind Project. It is not included in the federal FEIS but it gives a better view of the 

expected shadow flicker that will exceed 30 minutes per day and greater than 200 hours/year. 

Shadow Flicker can be very stressful. It is like someone turning a light switch off and on 

constantly and it will impact most of our property during our currently beautiful 

sunset/gloaming hours that we so enjoy, both from inside and outside our home. 

APPENDIX L Visual Impact Assessment:  

Alternative 1 Visual Simulations: Key Observation Point 7 Figure 6g KOP  

 Tisdale Responses: The simulation, viewed from approximately 1 mile east of our ruggedly 

beautiful oak filled valley and homes, shows 7 wind turbines right next door, and additional 
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strings to the west, southwest and northwest, but does not adequately show what they will look 

like from adjacent private properties. 

 A more representative KOP should have included views from BIA 10 at the west end of Tierra 

Real Road/ Lane looking west, south, southwest, and northwest in order to better capture the 

actual visual impacts that we and our neighbors will be subjected to. 

 To protect and defend our properties /investments, we hired Visionscapes Imagery, Inc to 

conduct 3rd party simulations of what Terra-Gen’s turbines and other project facilities would 

look like from our front-row perspective. 

 See attached Visionscape Imagery Inc’s third party simulations / report that better portray 

impacts to our personal property, and other private and tribal properties/residences. 

4.4.4 Conclusions  

 (excerpt)While there are no specific requirements under NEPA for evaluating a project’s 

potential GHG emissions, estimated Project-generated GHG emissions are included here for the 

purposes of disclosure. Furthermore, the Project could result in a net reduction in GHG 

emissions of 399,690 MT CO2e per year and 11,990,700 million MT CO2e over the potential 38-

year Project lifetime. 

o Tisdale Response: “Could result in net reduction in GHG emissions…” seems a rather 

vague and unsupported claim. Under what conditions?   

4.13.4 Shadow Flicker 

 (Exerpt)”According to a study by the U.S. Department of Energy’s Lawrence Berkeley National 

Laboratory, as cited by the American Wind Energy Association (2018), 92% of people living 

within 5 miles of a wind farm report positive or neutral experiences with the wind farm. General 

setback requirements are typically sufficient to prevent shadow flicker effects on receptors.” 

o Tisdale Responses: See response to RTC-5 REFERENCES CITED pages 263-269, above. 

What exactly are the ‘general setback requirement’ and from what size wind turbines? 

This is the same vague obfuscation routine repeatedly used by the wind industry and 

their cohorts to make people think that they have conducted real world investigations 

directly related to actual operating wind projects when they have not! 

o Attached is a long list with dozens of various County and Township decisions / 

regulations made between 2010 and January 13, 202057, related to wind turbine 

height, set-backs, noise and other restrictions, gathered by Kirby Mountain 

blogspot,that are much more stringent than Campo Wind, especially the more recent 

decisions. 

o Here is a link to yet another list of various setback regulations compiled by Wind 

powergrab. It is not as up to date as the Kirby Mountain blogspot but it is informative 

and applicable to unsupported claims made in the FEIS.58   

                                                           
57

 http://kirbymtn.blogspot.com/2014/10/wind-turbine-setback-and-noise.html 
58

 https://windpowergrab.wordpress.com/setbacks/ 
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Thank you for consideration of our comments.                                                                                     

Any errors or omissions are unintentional 

Attachments: 

1. Snyder Geologic: Campo Wind Final Environmental Impact Statement (EIS) with Boulder Brush 
Facilities Final EIS Review and Opinion 3-9-20 

2. dBF Associates, Inc: Campo Wind Project Noise / Acoustical Review 3-10-20  
3. dBF Associates, Inc: Long Term Ambient Sound Level Measurements 7-31-19 
4. dBF Associates, Inc: Wind Turbine Infrasound and Low-Frequency Noise Survey in Boulevard, CA 

12-16-19 
5. Visionscape Imagery: Campo Wind turbine visual simulations from 8 locations:  3-10-20 
6. FIGURE C2-I SCENARIO 2/3: ANNUAL SHADOW FLICKER 
7. Abandoned Home Study: Krogh, C.M., McMurtry, R.Y., Dumbrille, A., Hughes, D. and Gillis, L. 

(2020) 
8. Wind turbine setback and noise regulations since 2010-present; 

http://kirbymtn.blogspot.com/2014/10/wind-turbine-setback-and-noise.html 
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