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1 INTRODUCTION 

In 2009, the United States Geological Survey (USGS) initiated a study of the Borrego Valley 

Groundwater Basin (BVGB) with the Borrego Water District (BWD). The goals of the study were 

to enhance the understanding of groundwater conditions in BVGB, and develop a numerical model 

as a tool to manage groundwater resources and evaluate possible future conditions in the basin. 

The USGS used the MODFLOW numerical modeling code One-Water Hydrologic Flow Model, 

or MF-OWHM, to simulate the interaction between surface water (e.g., stream flow and applied 

irrigation) and groundwater in Borrego Valley. From a Sustainable Groundwater Management Act 

(SGMA) perspective, MF-OWHM provides a fully integrated numerical modelling system capable 

of simulating the full hydrologic cycle to evaluate potential undesirable effects like declining 

groundwater storage, declining groundwater levels in areas with groundwater-dependent habitat, 

subsidence, and seawater intrusion.  
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2 2015 BORREGO VALLEY HYDROLOGIC MODEL 

The Borrego Valley Hydrologic Model (BVHM) was developed as part of a cooperative study between 

the USGS and the BWD. The study began in 2009, with the objectives of 1) improving the 

understanding of groundwater conditions and land subsidence in the BVGB, 2) using the BVHM to 

assist in the management of groundwater resources in the BVGB, and 3) using the BVHM to evaluate 

several management scenarios (Faunt et al. 2015). The BVHM simulates the use, movement, and 

storage of water throughout the BVGB through time. The BVHM is a finite-difference groundwater 

model that was developed using the MODFLOW numerical code MF-OWHM. The BVHM was used 

as part of the development of the Groundwater Sustainability Plan for the Borrego Springs Subbasin 

to help develop historical water budgets and to assist basin planning for future climate change and 

basin development following the guidelines outlined in SGMA.  

2.1 Simulation Period 

The BVHM simulated conditions using monthly stress periods from October 1929 to December 

2010. There were 975 monthly stress periods in the simulation. Faunt et al. (2015) noted that, “the 

first 192 stress periods (years 1930–1945) are considered a model spin-up period, and the model 

calibration as well as the target simulation period used for analysis was October 1945 through 

December 2010.” Faunt et al. (2015) stated that the 16-year “spin-up” was used in the model to 

“eliminate significant effects caused by uncertainty in the initial conditions” defined in the model. 

Because there was groundwater development and irrigation before the simulation period (1945–

2010), the initial conditions defined in the model, per groundwater levels mapped in 1945, may 

not have represented steady-state conditions.  

Each monthly stress period has two time steps, with the exception of the first stress period with 16 

time steps. The time step multiplier was 0.75 for each stress period, meaning that the duration of 

the first time step (excluding the first stress period) ranged from 16 days to 17.7 days depending 

on the number of days in the month. The second time step ranged from 12 days to 13.3 days. 

2.2 Model Domain 

The boundaries of the active model domain of the BVHM were defined by the Coyote Creek fault 

on the northeast and east of the alluvial valley, the Vallecito Mountains to the south, and the San 

Ysidro Mountains to the west and northwest. The southeastern boundary of the model was defined 

at a surface-water divide southwest of Ocotillo Wells. This boundary marks an area of the alluvial 

valley where subsurface flow leaves the basin. 

The model domain is defined by a finite-difference grid of uniform cells, or nodes, with each cell 

being 2,000-feet by 2,000-feet, or approximately 92 acres in area. The model domain includes 30 

rows and 75 columns with 2,250 active cells (Figure 1). The total area simulated in the model is 
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73,876 acres. The model was divided vertically into three layers. The top layer represents the upper 

unconfined aquifer unit consisting of Quaternary alluvium. The thickness of the top layer ranged 

from 50 feet to 643 feet. The middle aquifer unit (Layer 2) is Pleistocene age continental deposits 

with a thickness ranging from 50 feet to 908 feet. The lower aquifer unit (Layer 3) includes the 

lower Palm Spring and Imperial Formations with a thickness ranging from 50 feet to 3,831 feet. 

2.3 Hydrogeologic Characteristics 

Layer 1 represents the upper unconfined aquifer, which historically has been the main source of 

water in the valley with well yields as high as 2,000 gallons per minute (GPM). The upper aquifer 

includes unconsolidated gravel, sand, silt, and clay of Holocene to Pleistocene age. Layer 2 

represents the middle aquifer, which includes Pleistocene age continental deposits of gravel to silt 

with moderate amounts of consolidation and cementation. The middle aquifer yields moderate 

amounts of water north of San Felipe Creek. Layer 3 represents the lower aquifer and includes 

deposits of the lower Palm Springs and Imperial Formations. It is comprised of sandstone, 

siltstone, and conglomerate with low well yields. All three layers were simulated as convertible 

between unconfined and confined, meaning that when the water table declines below the top 

elevation of a layer that was fully saturated (i.e., confined), then the layer was converted to 

unconfined to account for a change in the saturated thickness and unsaturated portion of the layer. 

The USGS used a geostatistical approach on grain size and texture characterized from various 

lithologic and geophysical logs recorded in Borrego Valley to simulate the heterogeneity of the 

aquifer units in the Borrego Basin. The textural map was based on the percentage of coarse-grain 

material described in each lithologic log. Coarse-grained sediments were characterized with 

having primarily boulders, cobbles, pebbles, gravel, and sand. 

The distribution of coarse-grain sediment across the basin was interpolated between locations of 

borings and geophysical logs using kriging or cokriging algorithms over a grid matching the finite-

difference gird utilized in the BVHM. Coarse-grain sediments were predominantly defined at the 

base of the foothills in the alluvial valley, and along major streambeds like Coyote Creek. The 

upper aquifer had the largest percentage of coarse-grain sediment, which reflected the depositional 

and geomorphic environments originating from the watersheds and drainages tributary to Borrego 

Valley. The middle and lower aquifers had finer sediments.  

2.3.1 Hydraulic Conductivity 

Hydraulic conductivity in the BVHM was defined based on the distribution of coarse-grain 

sediments defined by the textural map created from lithologic and geophysical logs. Horizontal 

hydraulic conductivity was “calculated as the weighted arithmetic mean of the hydraulic 

conductivities of the coarse-grained and fine-grained lithologic end members and the distribution 
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of sediment texture for each model cell” (Faunt et al. 2015). Faunt et al. (2015) noted that, 

“hydraulic conductivities generally decrease with depth and with increasing distances from the 

original source of the sediments in adjacent mountain ranges and river channels, which is 

consistent with the fining-down and fining-toward-the-basin-center sequences observed in the 

aquifer sediments and texture model. Coarser grained sediments were assumed to be present near 

stream channels in the alluvium in the upper reaches of all three aquifers.”   

The saturated horizontal hydraulic conductivity in the upper aquifer ranged from 0.3 feet per day 

to 184 feet per day. The highest hydraulic conductivities were defined in the central portion of the 

valley where sand deposits of Quaternary age were characterized and older fan deposits at the base 

of the San Ysidro and Vallecito Mountains (Figure 2). Lower hydraulic conductivities were 

identified in areas characterized with younger fan deposits and consolidated continental deposits. 

The Borrego Sink was characterized with a uniform hydraulic conductivity of 6 feet per day in all 

three aquifer units. The saturated hydraulic conductivity in the middle and lower aquifer units 

ranged from 0.02 feet per day to 7 feet per day. The lower hydraulic conductivity in the middle 

and lower aquifers relative to the upper aquifer were based on a lower energy depositional 

environment to the valley prior to activity along the Coyote Creek fault that opened the northern 

portion of the valley to sediment deposition from Coyote Creek. 

Faunt et al. (2015) reported estimated hydraulic conductivities based on previous aquifer tests 

conducted in the valley. Four constant-rate aquifer tests yielded an estimated hydraulic 

conductivity of 2 feet per day in a clay interbedded with sand to 336 feet per day in a coarse sand 

unit. The lower aquifer unit, which included the Palm Springs Formation characterized with 

cemented interbedded clays and gravels, had an estimated hydraulic conductivity of 10 feet per 

day. Previous studies cited in the USGS model report included hydraulic conductivities that 

ranged from 0.1 to 178 feet per day, with a ratios of horizontal to vertical hydraulic conductivity 

ranging from 10 to 100 for the upper and middle aquifers, and from 1 to 100 for the lower aquifer 

(Faunt et al. 2015). 

2.3.2 Aquifer Storage Properties 

Specific yield, which represents unconfined aquifer storage and equals the percentage of bulk 

aquifer volume that would drain under gravity, ranged from 12% to 17% (average was 15%) for 

the upper aquifer. Specific yield was defined in the BVHM similarly to how hydraulic conductivity 

was defined using a textural map to simulate the heterogeneity of the aquifer units. The specific 

yield for the middle aquifer ranged from 15% to 21% with an average of 17.5% (Figure 3). The 

specific yield for the lower aquifer ranged from 0.7% to 5.6% with an average of 3%. A specific 

yield was defined for each aquifer unit because of the possibility that portions (i.e., model nodes) 

of each aquifer unit, or model layer, could become unconfined (i.e., not fully saturated) when the 

hydraulic head fell below the top elevation at each model node. 
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Faunt et al. (2015) reported that the specific storage defined for each aquifer unit under confined 

conditions ranged from 5.1x10-7 in the upper aquifer to 1.6x10-6 in the middle aquifer. The specific 

storage represents the amount of water that would be released from storage per unit volume of 

aquifer for a unit change in hydraulic head while the aquifer remains fully saturated.  The specific 

storage terms were defined uniformly for each layer. 

2.4 Boundary Conditions 

The boundaries of the model domain were mostly defined as no-flow boundaries coinciding with 

the Coyote Creek fault and the foothills of the San Ysidro and Vallecito Mountains. There were a 

few exceptions: specified fluxes were defined at 44 cells representing underflow originating from 

the upstream watersheds draining to Borrego Valley, 24 stream flow entry points were defined at 

nodes representing the locations where stream flow entered the valley via Coyote Creek, San 

Felipe Creek, Borrego Palm Creek, and other drainages, and three constant-head boundary nodes 

simulating the outflow of groundwater at the southern end of the BVHM. The natural recharge of 

underflow and surface water runoff from the adjoining watersheds was estimated from data 

obtained from the regional-scale USGS Basin Characterization Model (BCM). 

2.4.1 Basin Characterization Model 

The BCM was developed by the USGS in 2004 and provides a “deterministic water-balance 

approach to estimate recharge and runoff in a basin” on a regional scale (Faunt et al. 2015). The 

BCM “uses the distribution of precipitation, snow accumulation and melt, [potential 

evapotranspiration] PET, soil-water storage, and bedrock permeability to estimate a monthly water 

balance for the groundwater system” (Faunt et al. 2015). The result is an estimate of water 

recharging a basin (of which some may leave the basin as underflow to an adjacent basin) and 

potential runoff. Potential underflow and runoff to Borrego Valley was estimated from the BCM 

using the watersheds surrounding Borrego Valley. Water entering BVGB via underflow was 

represented by 44 cells along the mountain boundaries in the valley each defined with a constant 

specified flux based on estimates from the BCM. Water entering BVGB via surface water runoff 

was represented by 24 cells defined as entry points to the stream segments defined in the stream-

flow routing (SFR) package (Figure 4).   

Runoff and underflow entering the BVGB, as estimated by the BCM, were “simulated for the 

watersheds draining into the Borrego Valley on a monthly basis for years 1940–2007 as spatially 

distributed among the watersheds draining into Borrego Basin” (Faunt et al. 2015). The average 

annual underflow entering the BVGB was approximately 900 acre-feet per year (AFY), or 10% of 

the estimated recharge to the adjacent watersheds estimated by the BCM. There was little to no 

stream flow to the BVGB from 1940 to 2007. Only after major wet seasons or large individual 

rainfall events did runoff to BVGB exceed 10,000 AFY or more. This only occurred during 7 years 
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between 1940 and 2007. Runoff to the BVGB ranged from less than 10 AFY to 44,000 AFY with 

an average annual rate of 3,600 AFY. The BVHM includes perennial flow entering Coyote Creek 

at 0.014 cubic feet per second (cfs; approximately 10 AFY) and an unnamed tributary at 0.002 cfs 

(approximately 1.4 AFY) from a minor watershed to the southwest of the BVGB. 

2.5 Farm Process 

MF-OWHM is a fully coupled integrated hydrologic numerical modeling code capable of 

simulating all interactions of surface water and groundwater in the hydrosphere. Integrated within 

MF-OWHM is the Farm Process Package, or FMP, which simulates the movement of water over 

a landscape. Water may originate from natural (e.g., rainfall) and/or anthropogenic sources (e.g., 

applied irrigation) and move via surface water runoff, evapotranspiration, and infiltration into the 

unsaturated zone. A landscape is characterized by a land-use type (e.g., farm, golf course) with 

certain characteristics defined like rooting depth, soil moisture characteristics, and application 

inefficiencies defined for irrigation and precipitation. The FMP simulates the water budget over a 

landscape defined at each cell, or node, in the model domain. Water inputs may include rainfall, 

applied irrigation, and stream flow. Water outputs may include evapotranspiration, surface water 

runoff, and infiltration in the unsaturated zone and groundwater pumping from the saturated zone.  

The USGS (2015) defined 52 water-balance subregions (WBS), or “farms,” in the BVHM. These 

52 “farms” were defined based on a parcel map showing land ownership from 2010. The definition 

of these “farms” in the model domain were held constant throughout the simulation. Each “farm” 

was assigned one or more land-use types, of which there were 15 classifications that included golf 

course, urban, fallow, native, and certain crop types like grapes, citrus, and palm. The USGS 

redefined land-use types on a near annual basis, with some land uses changing due to urbanization, 

zoning, and/or farming restrictions through the simulation. For example, Faunt et al. (2015) noted 

that “before development, about 10 percent of land use consisted of phreatophytes, and 90 percent 

was other types of native vegetation and bare ground. In 2009, 78 percent was natural vegetation 

(6 percent phreatophytes and 72 percent other native types), 11 percent residential/municipal, 8 

percent developed agricultural land, and about 3 percent recreational uses (golf courses).”  

Land-use type was assigned on a cell-by-cell basis (Figure 5). The coarse grid of the BVHM, with 

cells of uniform dimensions of 2,000 feet by 2,000 feet (or 92 acres), however, meant that the land-

use type that comprised the largest fraction of a cell was assigned to that cell. For example, the 

WBS representing Rams Hill Golf Course included 10 cells comprising a total of 920 acres, but 

only two of those cells (total of 184 acres) were assigned a golf course land-use type after 2009. 

The other 8 cells were assigned a “native classes” land-use type designation.  

Pumping data for agricultural uses was not available to the USGS when designing the BVHM. 

Instead, the FMP in the MODFLOW-OWHM code was used to estimate pumping for agricultural 
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uses in the BVHM. The FMP estimates agricultural pumping by calculating estimated water 

demands for the various crop types receiving applied irrigation. The FMP calculates the water 

demand for a specific crop using potential evapotranspiration (PET) provided by the BCM and 

crop coefficients assigned to each crop type. The FMP then calculates a crop irrigation requirement 

(CIR), or residual water demand, after accounting for water supplied via precipitation and root 

uptake via groundwater. The CIR was increased to compensate for evaporative losses and 

estimated inefficiencies of delivering water for irrigation supply. The result is a total farm delivery 

requirement (TFDR) defined for each WBS, or “farm,” that is satisfied in the BVHM via estimated 

pumping in the FMP.  

2.6 Water Budget 

An annual water budget was calculated for the BVGB for every water year. A water year spans 

the year from October 1 to the subsequent September 30. 

2.6.1 Inflow from Stream Leakage 

Faunt et al. (2015) noted that “the primary source of natural recharge to the basin is infiltration 

from the ephemeral stream and washes entering the Borrego Valley from the adjacent mountains.” 

Surface water runoff entering the model domain was estimated using data from the BCM and 

introduced into the model domain using the SFR package. The SFR package is a head-dependent 

boundary condition that can simulate stream flow routing, groundwater discharges in reaches 

characterized as gaining streams, stream flow leakage in reaches characterized as losing streams, 

and the capture and conveyance of surface runoff. The BVHM includes 84 stream segments 

defined in the SFR package, where multiple segments were joined to represent stream flow in 

Coyote Creek, San Felipe Creek, Borrego Palm Creek, and other minor tributaries. The streams 

received inflow at 24 entry points that represented runoff from the adjoining upstream watersheds 

in the San Ysidro and Vallecito Mountains. 

Recharge from stream leakage during the model simulation period (1945–2010) ranged from 112 

acre-feet (AF) in 1948 to 22,500 AF in 1978 (Figure 6). The annual average recharge rate from 

stream leakage was 4,028 AFY with a standard deviation of 5,142 AFY. 

2.6.2 Inflow from Applied Irrigation Return Flows 

Another source of inflow to the basin, particularly as the valley became more developed, was 

return flow from applied irrigation at agricultural areas. Applied irrigation at agricultural areas was 

estimated using the FMP. The volume of applied water in excess of losses to evapotranspiration, 

irrigation inefficiencies, and surface runoff was simulated as infiltrating below the root zone and 

entering the unsaturated zone. The FMP was linked to the unsaturated zone flow package, or UZF, 

of MODFLOW. The UZF simulates the movement of water through the unsaturated zone based 
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on soil moisture characteristics and a uniform definition of vertical hydraulic conductivity in the 

unsaturated zone. 

Early versions of MODFLOW simulated an instantaneous contribution of infiltrating water from 

land surface to the water table. However, water does not infiltrate instantaneously, but moves 

through an unsaturated zone where the movement of water is a function of soil moisture content 

(i.e., degree of saturation) and highly variable hydraulic conductivities based on the moisture 

content. Faunt et al. (2015) noted, “depending on the unsaturated-zone thickness, permeability, 

and residual moisture content, it can take years to decades for irrigation return flow to pass through 

the unsaturated zone.” The UZF provides a more realistic estimation of irrigation return flows in 

the BVHM. 

Recharge from applied irrigation return flows ranged from 572 AF to 3,706 AF during the model 

simulation period (1945–2010; Figure 6). The annual average recharge rate from the unsaturated 

zone was 1,486 AFY with a standard deviation of 737 AFY. 

2.6.3 Septic System Return Flows 

The USGS cited a previous study that estimated an average use of 100 gallons per day per 

household and assumed that 50% of the water used was lost to evaporation and transpiration. 

Therefore, the USGS estimated that return flow from septic tank systems in the valley was constant 

at 0.056 AFY per home, or 0.19 cubic meters per day (m3/day). The USGS identified residential 

and/or developed areas in the valley and estimated a number of septic tank systems associated with 

those land use types on a per node basis in the numerical model. The number of septic tank systems 

were periodically defined in the model and used for subsequent monthly stress periods until the 

next count. The last count of septic tank systems defined in the numerical model was based on 

development identified in 2009. The USGS reported that, “the infiltration from irrigation of 

municipal lawns and treated and untreated wastewater was assumed to be negligible.”  

2.6.4 Inflow from Subsurface Flow 

Underflow entering the BVGB from the adjoining upstream watersheds was simulated using 

the Flow Head Boundary (FHB) package. Underflow from these watersheds was distributed 

over 44 cells aligned at the model domain boundaries with the San Ysidro and Vallecito 

Mountains. The rate of underflow entering the BVHM for each cell was based on monthly data 

obtained from the BCM. The USGS defined an average rate of underflow at each cell to the 

model domain and held these rates constant throughout the simulation. The total underflow to 

the model domain was 3.7 AF per day, or 1,367 AFY (Figure 6). Variations in monthly 

underflow in the model represent differences in the lengths of the months and do not indicate 

variations in the rate of underflow into the basin. 
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2.6.5 Outflow via Pumping 

The BVHM simulated municipal pumping using metered data obtained from BWD, and 

agricultural and recreational pumping estimated using the FMP. Before 1944, groundwater 

pumping in the basin averaged less than 300 AFY, which was used mostly for domestic purposes 

(Faunt et al. 2015). No pumping was simulated in the BVHM from 1929 to 1943. Population 

growth in Borrego Valley after World War II led to increasing groundwater production with the 

majority of water produced for irrigation purposes. Groundwater production in the model ramped 

up from essentially 0 AFY in 1943 to over 10,000 AFY in 1955 (Figure 7). Annual production 

declined to less than 7,000 AFY beginning in 1965, but began increasing again in the mid-1970s 

with a peak production of almost 20,000 AFY in 2006. Faunt et al. (2015) reported that, “about 70 

percent of the groundwater used each year has been for agriculture, about 20 percent for golf 

courses and other recreational uses, and about 10 percent for municipal and domestic use 

(residential, commercial, and the Anza-Borrego Desert State Park).”  

Pumping for agricultural, recreational and municipal uses were simulated using the MODFLOW 

multi-node well package (MNW2). The MNW2 package simulates the effects of pumping from 

wells that intersect multiple aquifer units that contribute flow under different hydraulic heads. A 

number of wells were completed in more than one of the aquifer units in Borrego Valley. Faunt et 

al. (2015) identified up to 82 wells operating in the basin. Seventy of those wells were linked to 

farms identified in the model domain with pumping determined from the FMP package. These 

wells represented pumping for agricultural and recreational uses in Borrego Valley. Municipal 

pumping, which was based on metered data, was provided by BWD.  

2.6.6 Outflow via Evapotranspiration 

Monthly potential evapotranspiration data was obtained from the BCM and included as part of the 

water-balance calculations in the FMP. Direct evapotranspiration from groundwater was estimated 

in the FMP by calculating the monthly PET values by monthly crop coefficients assigned to each 

land-use type (e.g., phreatophytes, citrus, golf courses, native), the rooting depths defined for each 

land-use type, the depth to groundwater and height of capillary fringe. Phreatophytes, found mostly 

in the northern part of Borrego Valley and around the Borrego Sink, had the deepest rooting depth 

at 15.3 feet. They were responsible for most of the groundwater losses from the basin prior to the 

mid-1940s. Faunt et al. (2015) reported that approximately 4,300 AFY was lost via 

evapotranspiration from phreatophytes before 1946. The amount of water extracted by pumping 

from the basin surpassed losses by evapotranspiration by 1954 (Figure 7). This was attributed to 

declining water levels in the basin, which reduced the amount of water available for transpiration. 

Evapotranspiration losses were less than 2,000 AFY by 1990 and less than 1,000 AFY by 2000.  
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2.6.7 Outflow at Southern Boundary of BVGB 

A constant-head boundary condition was assigned to three cells marking the southern boundary of 

the BVGB. This boundary was identified by the USGS based on water level data from other 

sources that indicated this area was not influenced by water level fluctuations and hydraulic 

conditions to the north. The average outflow at this boundary throughout the simulation was 1.4 

AF per day. No water flowed into the model domain at this boundary. 

Annual outflow from the BVGB at the southern boundary of the basin ranged from 499 AF to 573 

AF. The annual average was 525 AFY with a standard deviation of 15 AFY.  

2.6.8 Water Balance 

The annual average water balance for the model period (1945–2010) is presented in Table 1. The 

BVGB has experienced more in water losses via pumping and evapotranspiration than inflows 

from stream leakage and underflow from the adjoining watersheds since the 1929–1930 water year 

(Figure 8). The exceptions were during more-than-normal wet years, like 1976, 1978, and 1991, 

when stream flow leakage was a significant contributor of inflow to the basin. In those years, there 

was a net influx of 13,000 to 18,000 AF of water to the basin. Outside of those wet years, the 

average annual loss from the basin was approximately 13,100 AFY (Attachment A). 

Faunt et al. (2015) reported that the average annual natural recharge of water reaching the saturated 

zone, which includes stream leakage and infiltrating water through the unsaturated zone, was 5,700 

AFY. This estimate was derived from a “pre-development” run of the model, where the model was 

run with all land uses being replaced with native vegetation and phreatophytes, and the model 

being run for the full simulation period from 1945 to 2010.  

The average annual loss in storage in the BVGB from 1945 to 2010 was approximately 6,800 AFY. 

Table 1 

Summarized Water Budget  

Water Budget Components 
(Units in Acre-Feet per Year) 

Original USGS 
Model  

(1945–2010) 
Model Update  
(1945–2016) 

Most Recent 20 
Years  

(1997–2016) 

Most Recent 
10 Years 

(2007–2016) 

Inflows 

Stream Recharge 4,028 3,905 2,749 1,865 

Unsaturated Zone Recharge a 1,486 1,497 1,635 1,505 

Underflow from Adjacent Basins 1,367 1,367 1,367 1,367 

Total Average Annual Inflow 6,881 6,770 5,751 4,737 

Outflows 

Pumping 10,128 10,597 16,466 16,856 
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Table 1 

Summarized Water Budget  

Water Budget Components 
(Units in Acre-Feet per Year) 

Original USGS 
Model  

(1945–2010) 
Model Update  
(1945–2016) 

Most Recent 20 
Years  

(1997–2016) 

Most Recent 
10 Years 

(2007–2016) 

Evapotranspiration b 3,032 2,815 759 498 

Underflow (Flow Out of Southern End) 522 522 520 523 

Total Average Annual Outflow 13,682 13,934 17,745 17,877 

Average Annual Deficit 

Change in Storage -6,801 -7,164 -11,994 -13,140 

Notes: USGS = U.S. Geological Survey. 
a. Consists of flow from the unsaturated zone into groundwater. Includes direct precipitation recharge (negligible), leakage from some streams 

within the model domain, and irrigation return flows (Distributed Recharge). 
b. Consumptive use of water calculated by the Farm Process Package for all land use type; primarily represents evapotranspiration. 

2.7 Model Calibration and Sensitivity 

2.7.1 Calibration 

The model was calibrated to observed hydraulic heads (i.e., measured groundwater levels at wells) 

collected from 1945 to 2010. Faunt et al. (2015) reported that 2,224 groundwater level 

measurements were obtained from databases maintained by BWD, USGS, and California 

Department of Water Resources. The groundwater level data was collected at 73 wells in the basin. 

Model calibration was evaluated by calculating the difference (i.e., residual) between the observed 

groundwater level measured at a well to the corresponding simulated groundwater level. The 

USGS employed a combination of manual modifications and the use of an automated 

parameterization algorithm, or parameter estimation tool (PEST), to adjust parameters (e.g., 

hydraulic conductivity, storage, stream inflows) over a series of simulation runs to minimize the 

residuals between observed and simulated hydraulic heads.  

Faunt et al. (2015) reported that “the overall model fit for groundwater-level comparisons is 

generally good when the simulated head values are compared against the measured groundwater 

levels. About 90 percent of the residuals were between -20 and +20 feet, and more than 50 percent 

were between -5 and +5 feet” (Attachment C). The mean residual from 1945 to 2010 was +2.41 

feet (from 2,258 residuals ranging from -249.48 to +235.9 feet), indicating that the model tended 

to underestimate hydraulic heads compared to observed values (Figure 9).  

A plot of simulated versus observed hydraulic heads from 1945 to 2010 shows a bias of the model 

to overestimate lower observed hydraulic heads and underestimate higher observed hydraulic 

heads (Figure 10). A perfect match of simulated heads with observed heads would yield a uniform 

slope. A linear trend line fitted to the observed and simulated hydraulic head data had a slope of 
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0.65, which may indicate a flatter hydraulic gradient simulated across the basin than one estimated 

from the observed hydraulic heads. 

A measure of the average error in the model simulating observed hydraulic heads is indicated by 

the root mean squared error (RMSE) of the residuals. The RMSE is the best measure of error if 

the residuals are normally distributed in the basin. An acceptable error is gaged by the magnitude 

of the change in hydraulic head in the simulation compared to the RMSE. The RMSE was 17.88 

feet between observed and simulated hydraulic heads from 1945 to 2010. Hydraulic heads declined 

10 feet to 130 feet from the 1950s to 2010 with an average decline of 57.3 feet. The ratio of the 

RMSE (17.88 feet) to the average decline in hydraulic head in the basin (57.3 feet) is 0.31, which 

is an acceptable level of error given the coarse grid (2,000 feet by 2,000 feet) and layer thicknesses 

of 50 feet to 643 feet in the upper aquifer (layer 1) of the model domain. 

2.7.2 Sensitivity 

The parameter estimation process using PEST was used to evaluate the sensitivity of the BVHM 

to parameters defined in the model. A sensitivity analysis, as conducted by the USGS for the 

BVHM, provides a measure of the uncertainty in the model results arising from the assumptions 

made in defining the hydrogeology and parameters in the model. Faunt et al. (2015) reported that 

the BVHM was most sensitive to scaling factors used in estimating runoff from precipitation and 

applied irrigation, crop coefficients, and irrigation efficiency, all of which were included in the 

FMP and contribute to calculating the water demand for the various land-use types defined in the 

model. The next most sensitive parameters were specific yield and scaling factors used to adjust 

the amount of runoff and underflow estimated by the BCM that entered the BVGB.  

The highest levels of uncertainty in the model were from agricultural pumping, specific yield, and 

stream flow entering the valley. Agricultural pumping (and to a lesser extent recreational pumping) 

was estimated using the FMP package, which calculates a water demand on a cell-by-cell basis for 

each land-use type. The water demand is based on an estimated water consumption factoring in 

evapotranspiration, applied water (via irrigation or rainfall), efficiencies of applied irrigation 

water, soil moisture content, rooting depth, and potential runoff. The following measures could be 

taken to improve the uncertainty in the model: (1) information on actual pumping for agricultural 

and recreational uses can be used to improve the accuracy of the FMP in estimating pumping, (2) 

long-term constant-rate aquifer tests in the upper and middle aquifer units would improve the 

estimates of specific yield, and (3) the installation of stream gaging stations in Coyote Creek and 

other major drainages to the valley would improve the estimates of runoff to the basin. 
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3 UPDATE OF THE BORREGO VALLEY HYDROLOGIC MODEL 

The BVHM was updated to extend the simulation period to September 2016. This required 

increasing the number of monthly stress periods from 975 to 1,044. The additional stress periods 

were configured with the same number of time steps (2) and time-step multiplier (0.75) used in 

the original stress periods of the model. Inflow from subsurface flow representing underflow to 

the basin and outflow represented by the constant-heads at the southern end of the basin were 

maintained at their same respective constant rates and heads defined in the original model from 

January 2011 to September 2016. No changes were made to hydraulic properties like saturated 

hydraulic conductivity and storativity (specific yield and specific storage) and to hydraulic 

properties of the unsaturated zone. 

Monthly precipitation and evapotranspiration data for January 2011 to September 2016 were 

obtained from the BCM. The Farm Process package was updated to incorporate the monthly 

precipitation and evapotranspiration data, and changes to land-use type were made in the FMP 

based on a review of aerial imagery and documented fallowed land through the BWD and County 

of San Diego (County) Water Credits Program. Municipal pumping by District wells from January 

2011 to September 2016 was included in the updated files. 

3.1 Updating the Farm Process Package 

3.1.1 Land Use Types 

Land use types were updated after reviewing aerial imagery of the Borrego Valley from 2011 to 

2016, and reviewing Water Credits filed with the County. The following modifications were made 

to the last land use type characterization from the original file: in September 2013, the land use at 

one cell was changed from citrus to fallow; in August 2014, one cell was changed from native to 

residential; in December 2014, one cell was changed from citrus to fallow; in July 2015, one cell 

was changed from palms to fallow; and in May 2016, one cell was changed from citrus to fallow. 

All other land-use types defined in the original model remained the same. 

3.1.2 Precipitation and Evapotranspiration 

Monthly precipitation and evapotranspiration data were obtained from the BCM for January 2011 

to September 2016. The precipitation and evapotranspiration data were compiled in separate files 

for each month. The FMP was updated to read each precipitation and evapotranspiration data file 

corresponding to the additional stress periods in the updated model. The FMP used the monthly 

precipitation and evapotranspiration data to calculate a water balance on a cell-by-cell basis. The 

data from the BCM are in units of millimeters per month. The FMP includes a multiplier of 3.29e-

5 that is applied to each value from the BCM to convert it to units of meters per day.  
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3.2 Stream Flow 

Runoff to the 24 stream flow entry points were taken from historical stream gage and precipitation 

data. An attempt was made to repeat the methodology the USGS used in defining runoff to the 24 

stream flow entry points using BCM data, but the process utilized by the USGS could not be 

discerned when comparing BCM data to runoff values used in the numerical model for earlier 

stress periods. 

Therefore, stream flow entering the valley after December 2010 was simulated based on historical 

rainfall compared to runoff. Precipitation data recorded at climatic stations from 2011 to 2016 in 

the BVGB were compared to historical (i.e., pre-2011) monthly precipitation data recorded at the 

same climatic stations to find months with similar precipitation. These months were then used to 

pull stream gage data from stream gages on Coyote Creek, Palm Canyon Creek, and San Filipe 

Creek during historical periods when these stream gages were active. These monthly values were 

added to the appropriate stress periods for the extended model simulation.  

3.3 Pumping 

Monthly municipal pumping data from January 2011 to September 2016 was obtained from BWD. 

The pumping data was converted from AF per month to cubic meters per day and incorporated in 

the updated BVHM. The average monthly pumping rates for municipal wells ranged from 0 m3/day 

to 2,011 m3/day at well ID4-11. Agricultural and recreational pumping continued to be estimated 

using the FMP. 

3.4 Septic System Return Flows 

The number of septic tank systems were periodically defined in the model and used for subsequent 

monthly stress periods until the next count. The last count of septic tank systems defined in the 

numerical model was based on development identified in 2009. The updated model repeated this 

information from 2009 during the extended period from January 2011 to September 2016.  
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4 WATER BALANCE OF UPDATED MODEL 

An annual water balance from the 2010–2011 to 2015–2016 water years was calculated for the 

BVGB using the updated BVHM. In addition, average annual water balance estimates for the 

entire model period (1945–2016) are presented in Table 1. Stream leakage was the largest 

contributor of inflow to the basin, which ranged from 1,180 AF to 6,500 AF. The 6,500 AF 

occurred during the winter of 2011. The average annual inflow from stream leakage was 2,550 

AFY. Recharge from the unsaturated zone, including irrigation return flows, averaged 1,630 AFY. 

Underflow was held constant from the original model and averaged 1,400 AFY. The average 

annual total inflow, or recharge, to the BVGB was 5,550 AFY from the 2010–2011 to 2015–2016 

water years (Attachment B). 

Pumping was the largest outflow component from the basin. The average annual outflow via 

pumping from the basin was 15,800 AFY. Other sources of outflow included evapotranspiration 

(435 AFY) and the southern constant-head boundary of the basin (520 AFY). Pumping constituted 

94% of the total outflow. The average annual total outflow from the BVGB was 16,700 AFY from 

the 2010–2011 to 2015–2016 water years. 

The average annual water balance from the 2010–2011 to 2015–2016 water years was a deficit of 

11,000 AFY, which further contributed to a decline in groundwater storage in the BVGB (Figure 13). 
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5 MODEL VALIDATION 

All hydraulic head and stream flow data collected up through 2010 were used to calibrate the 

numerical model. No exercise was conducted by the USGS to verify, or validate, the results of the 

BVHM. Model validation is a method to evaluate the model’s accuracy in predicting future 

conditions. “A model is verified if its accuracy and predictive capability have been proven to lie 

within acceptable limits of error by tests independent of the calibration data” (Anderson 1992). 

Updating the BVHM with data collected outside the calibration period from January 2011 to 

September 2016 presented the opportunity of validating the model. As described previously, only 

climatic parameters (precipitation, evapotranspiration, stream flow) and metered pumping were 

added to the additional stress periods defined in the updated model. Parameters defining hydraulic 

properties (hydraulic conductivity, storage) and uniform boundary conditions (constant underflow 

and heads at the southern boundary) were consistent in the updated model. 

The simulation results from January 2011 to September 2016 were compared to observed hydraulic 

heads recorded in this period to validate the numerical model. The mean residual from October 

2010 to September 2016, which included the 2010–2011 to 2015–2016 water years, was +6.18 

feet (from 225 residuals ranging from -55.72 to +52.71 feet), indicating that the model continued 

to underestimate hydraulic heads compared to observed values (Figure 11, Attachment C).  

A plot of simulated versus observed hydraulic heads from 1945 to September 2016 continues to 

show a bias of the model to overestimate lower observed hydraulic heads and underestimate higher 

observed hydraulic heads (Figure 12). A linear trend line fitted to the observed and simulated 

hydraulic head data from January 2011 to September 2016 was parallel (slope of 0.65) to the linear 

trend line matched to the 1945 to 2010 data. The BVHM, updated with recent data outside the 

calibration period, provided similar results with similar error.  

When residual at key wells from Spring 2016 are plotted on a map, other trends in potential model 

bias emerge (Figure 14). A plot of these wells shows that, in general, wells in the northeastern 

portion of the basin (particularly in the northern management area) tend to have heads that are 

underestimated compared to manual observations, while wells that are in the southwestern portion 

of the basin have heads that tend to be overestimated. The northeastern portion of the basin, where 

heads tend to be underestimated, is the area with the most intensive pumping. Given this bias, 

future updates to the model should focus on improving estimates of head in this area by including 

more precise pumping and aquifer data. 

The RMSE between observed and simulated hydraulic heads from January 2011 to September 

2016 was 18.78 feet, which was comparable to the RMSE of 17.88 feet calculated for the residuals 

from 1945 to 2010. Hydraulic heads declined an additional 2 to 18.5 feet from 2011 to 2016 with 

an average decline of 9.3 feet over the 6-year period.  
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6 RECOMMENDATIONS 

The sensitivity analysis conducted by the USGS indicated the greatest uncertainty in the numerical 

model was in agricultural pumping, stream flow leakage, and storage. The FMP estimates 

agricultural pumping using precipitation and evapotranspiration data obtained from the BCM, 

assumptions about soil types and their associated soil moisture characteristics, rooting depths, crop 

coefficients, overland runoff, and estimated efficiencies of applied irrigation. Additionally, the 

coarse uniform grid of the model domain may overstate the water demands of certain land-use 

types, like golf courses, and, consequently, overestimate the amount of groundwater pumped to 

meet the water demand. 

The simulated hydraulic heads compared to observed hydraulic heads indicated a s light bias 

of the model in underestimating hydraulic heads. This may be the result of the model 

simulating too much pumping compared to actual usage, or underestimating storage values 

like specific yield for the upper aquifer, or underestimating the amount of recharge to the 

BVGB, or a combination of all three. A spatial view of modeled residuals indicates that 

simulated heads may be underestimated where most agricultural pumping occurs. To improve 

the accuracy of the BVHM in simulating conditions in the basin and provide greater confidence 

in predictive simulations, the following are recommended actions to undertake to obtain 

additional data and further study the hydrogeology of the basin: 

 Collect actual agricultural pumping data using existing flow meters or installing new flow 

meters at wells used for irrigation purposes. The pumping data may be incorporated in the 

numerical model to calibrate the FMP to more accurately estimate the water demands for 

the various crops and golf courses being irrigated. 

 Install stream gaging stations at major drainages that convey most of the surface water runoff 

to the valley, either from perennial flows or flash flows from major precipitation events. The 

goal would be to install two gaging streams in the same creek to measure differences in flow. 

This information would provide a more accurate estimate of stream leakage. 

 Conduct aquifer tests at wells screened only in the upper aquifer and only in the middle 

aquifer to obtain site-specific estimates of hydraulic conductivity and specific yield for 

each aquifer unit. This information may be used to enhance the calibration of the model to 

these hydraulic properties and our understanding of storage in the BVGB.  
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Textural Map of Specific Yield in Borrego Valley Hydrologic Model 
Update to United States Geologic Survey Borrego Valley Hydrologic Model

FIGURE 3SOURCE: Faunt et al., 2015
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Simulated Stream Flow in Borrego Valley Hydrologic Model
Update to United States Geological Survey Borrego Valley Hydrologic Model

FIGURE 4SOURCE: Faunt et al., 2015
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Figure 6. Inflows to Borrego Valley Groundwater Basin
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Figure 7. Outflows from Borrego Valley Groundwater Basin
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Figure 8. Cumulative Change in Storage in Borrego Valley Groundwater Basin from 1945 to 2010 
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Figure 9. Observed - Simulated Hydraulic Heads (Residuals) from 1945 to 2010
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Figure 11. Observed - Simulated Hydraulic Heads (Residuals) from 1945 to 2016
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Figure 13. Cumulative Change in Storage in Borrego Valley Groundwater Basin from 1945 to 2016
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ATTACHMENT A  
Annual Water Balance from 1929 to 2010 for 

Borrego Valley Hydrologic Model  









 

 

ATTACHMENT B 
Annual Water Balance from 1929 to 2016 for 

Borrego Valley Hydrologic Model  









 

 

ATTACHMENT C 
Residuals 
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