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1. Introduction  

The Texas Water Development Board (TWDB) develops regional-scale groundwater availability 
models for all the major and minor aquifers of Texas. New groundwater availability models are 
under development at TWDB and cover four major aquifers namely, going from East to West, 
Trinity (Hill Country), Edwards Balcones Fault Zone, Edwards-Trinity (Plateau), and Pecos 
Valley Alluvium. The new models require estimates of recharge and stream baseflow conditions 
(or groundwater-surface water interactions). The study area covering the identified portions of 
these aquifers is shown below in Figure 1-1 through Figure 1-4 along with the various 
administrative boundaries. 

 
Figure 1-1: Project Study Area and Aquifers and the Included Counties 

The TWDB contracted with WSP USA in 2020 to conduct a study for estimating recharge and 
groundwater-surface water interactions for the identified aquifers in Central and West Texas. 
This report documents the methodology and results of the study to provide these estimates. The 
current project has two objectives to estimate: 1) groundwater recharge, and 2) stream baseflow 
conditions (or groundwater-surface water interactions) in the study area.  

In the Texas Aquifer Study, Anaya and others (2016), identified three aquifers in the study area- 
Edwards Balcones Fault Zone, Edwards-Trinity (Plateau), and Pecos Valley- as contributing 
more than 50 percent of the stream baseflow on an average annual basis. The fourth aquifer in 
the study area, Trinity (Hill Country) was found to contribute between 20 and 50 percent of 
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stream baseflow on an average annual basis. The values presented in the Texas Aquifer Study 
were based on numerical simulations conducted using the appropriate groundwater availability 
models for the study area, and on analyses of the available monitored streamflow data (Anaya 
and others, 2016). Previous investigations conducted in the study area have described various 
conceptual models and quantified both recharge as well as groundwater-surface water 
interactions (Muller and Price, 1979; Kuniansky, 1989; LBG-Guyton, 1994, 1995; Parsons, 
1999; Scanlon and others, 2000; Karst Conservation Initiative, 2011; Anaya and others, 2016).  
The techniques suggested and used for quantifying recharge, as well as groundwater-surface 
water interactions in these previous studies, varied from physical methods (field-measurements, 
isotopic, hydrogeochemical) to those utilizing numerical simulations such as in the groundwater 
availability models for the study area (Mace and others, 2000; Anaya and Jones, 2009; Jones and 
others, 2009; LBG-Guyton, 2013).  Data and effort required for employing field measurements 
are cumbersome, and the long-term recharge estimates employed from such techniques are 
available for the study area in the literature as cited above. 

 
Figure 1-2: Project Study Area and the Included Groundwater Conservation Districts 

Another important finding from the Texas Aquifers Study by Anaya and others (2016) was the 
identification of significant flows between aquifers in the study area, particularly in the Hill 
Country and Pecos Valley regions.  For example, the Edwards Trinity (Plateau) and Pecos Valley 
aquifers are in direct physical contact and potentially have significant inter-aquifer flow. Cross-
formational flow from the Edwards Trinity (Plateau) Aquifer and Trinity Aquifer to the Edwards 
(Balcones Fault Zone) Aquifer has also been evaluated in previous studies (Clark and Journey, 
2006; Wong and others, 2014). Inter-aquifer or cross-formational flow may sometimes be 
considered a recharge process for an aquifer. In the past, the project team has conducted 
investigations of cross-formational flow in the study area (LBG-Guyton, 1995).  However, it is 
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important to note that recharge is considered separately from cross-formational flow as defined 
by Mace and others (2001). Therefore, for the purpose of this study, we assumed recharge as the 
water percolating into the aquifer from precipitation and streamflow only and separate from 
cross-formational flow.  

 
Figure 1-3: Project Study Area and the Overlapping Regional Water Planning Area 

Recharge is often estimated as a parameter during model calibration such as in groundwater 
availability models.  Such an approach may result in misleading results, as shown by Ehtiat and 
others (2016). These findings present a unique challenge to the study's objective, especially in 
aquifers with a high degree of connectivity to surface waters, such as those in the study area.  
Recent studies also showed that distributed hydrological modeling provides better recharge 
estimates (LBG-Guyton, 2005; Dietsch and Wehmeyer, 2012; Ehtiat and others 2016). In 
addition, streamflow analysis (hydrograph separation and recession-curve displacement) 
methods are time-tested tools for conducting baseflow analysis and estimating groundwater-
surface water interactions. The technical approach developed by the project team is based on the 
premise that distributed hydrological modeling conducted along with streamflow analyses would 
provide the most appropriate results for this project.   
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Figure 1-4: Project Study Area and the Overlapping Groundwater Management Areas 
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channel from each sub-basin. The second part is the water or routing phase of the hydrologic 
cycle which can be defined as the movement of water, sediments, nutrients, etc., through the 
channel network of the watershed to the outlet. 

 
Figure 2-1: Soil & Water Assessment Tool Model Schematic Representation 

The hydrologic cycle as simulated by the Soil & Water Assessment Tool model is based on the 
water balance equation: 
 �•�ƒ �š 
L �•�ƒ 
Ù
E�Ã 
k�~�Š�‡�Ÿ
F �} �™�›�˜�Œ
F �q�‡ 
F �• �™�‹�‹�–
F �} �•�• 
o�š

�•�@
Ú  (Equation 2) 

Where SWt is the final soil water content (millimeters of water), SW0 is the initial soil water 
content on day i (millimeters of water ), t is the time (days), Rday is the amount of precipitation on 
day i (millimeters of water ), Qsurf is the amount of surface runoff on day i (millimeters of water), 
Ea is the amount of evapotranspiration on day i (millimeters of water ), Wseep is the amount of 
water entering the vadose zone from the soil profile on day i (millimeters of water ), and Qgw is 
the amount of return flow on day i (millimeters of water ). The Soil & Water Assessment Tool 
model simulates canopy interception of precipitation, partitioning of precipitation, 
evapotranspiration, subsurface flow, return flow from shallow aquifers, and water distribution 
between soil layers. 

The Soil & Water Assessment Tool model can also be used for simulating a wide range of 
management practices without excessive computation time and resources for large basins. It 
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enables the study of continuous long-term daily simulation (up to 100 years) to predict discharge, 
sediment, nutrient, and pesticide yields from agricultural watersheds. The Soil & Water 
Assessment Tool model uses a geographic information system-based interface and geographic 
information system coverage of digital elevation models to divide a drainage basin into sub-
basins.  These sub-basins are further divided based on soil type and land cover into areas of 
similar hydrologic characteristics called hydrologic response units. Hydrologic response units are 
portions of a sub-basin with unique combinations of land use, slope, and soil attributes. The 
geographic information system module also estimates the stream length, stream slope and 
geometrical dimensions, accumulation area, and aspect. This process is depicted in Figure 2-2.   

The subdivision of the watershed enables the model to reflect differences in evapotranspiration 
for various vegetations and soils using local weather assigned to each sub-basin. Runoff is 
predicted separately for each hydrologic response unit and routed to obtain the total runoff for 
the watershed. Capturing the spatial heterogeneity through hydrologic response units increases 
accuracy and gives a spatially explicit calculation of water balance. In addition, the Soil & Water 
Assessment Tool model estimates crop yield and biomass for grasslands and trees (Luo and 
others, 2008, Faramarzi and others, 2008, Schuol and others, 2008). The Soil & Water 
Assessment Tool model has been used to examine the impact of climate change regionally 
(Rosenberg and others, 1999, Jha and others, 2004) and nationally (Thompson and others, 2005, 
Rosenberg and others, 2003). The Soil & Water Assessment Tool model can also be used to 
estimate the impacts of best management practices (Arabi and others, 2008), land-use change 
(Chiang and others, 2010), irrigation demand management (Santhi and others, 2005), and 
construction of ponds and reservoirs (Dile and others, 2016b) on water quantity and quality.  
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Figure 2-2: HRU/Subbasin Command Loop 

The Soil & Water Assessment Tool model can simulate hydrological cycles, vegetation growth, 
and nutrient cycling daily by disaggregating a river basin into sub-basins and hydrologic 
response units. Hydrologic response units are lumped land areas within sub-basins and comprise 
a unique land cover, soil, and management combinations. This separation into smaller units 
allows the model to reflect differences in evapotranspiration and other hydrologic conditions for 



Texas Water Development Board Contract Number 2048302455 
Estimates of Recharge and Surface Water - Groundwater Interactions for Aquifers in Central and West Texas 

10 

different land cover and soil (Neitsch and others, 2012). The Soil & Water Assessment Tool 
model has been applied in thousands of watersheds across the world with more than 4,000 peer-
reviewed publications to date. The publications can be accessed from 
https://www.card.iastate.edu/swat_articles/. Figure 2-3 shows the general sequence of processes 
used by the Soil & Water Assessment Tool model to model the land phase of the hydrologic 
cycle. 

 

Figure 2-3: Watershed and ArcGIS Simulation with the Soil & Water Assessment Tool Model 
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Figure 2-4: RECESS Processes for Computing the Recession Index (K) 

 

Figure 2-5: RECESS Analysis of a Selected Recession Segment Computation of the Recession Index (K) 
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Figure 2-9 shows the global distribution of land cover types used in MOD16. Land cover types 
employed in Biome Properties Look-Up Table of MOD16 evapotranspiration calculation present 
the Land Cover Biomes represented in the Biome Properties Look-Up Table (Table 2-2). 

 

Figure 2-9: Moderate Resolution Imaging Spectroradiometer Evapotranspiration Land Cover Type Used in 
Evapotranspiration Calculation 

Table 2-2: Land Cover Types Employed in Biome Properties Look Up Table of MOD 16 Evapotranspiration 
Calculation 
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necessary to divide Moderate Resolution Imaging Spectroradiometer data by the number of days 
in a subject month to obtain appropriate estimates of daily recharge quantities.  

The Soil Conservation Services curve number method, as developed here, requires 
approximately 10-15 minutes of computer processing time to estimate recharge for a month for a 
total run time of about 3.5 days. This run time is comparable to the model run times for Soil 
Water Balance model and Soil & Water Assessment Tool model.  
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3. Model Input Data 

Model results can only be as good as the model input data. Also, to compare the model results, it 
is important that the input data has the same or similar source. Considerable effort was spent in 
streamlining the model input data and to make sure that the same data source is employed for 
developing the input for each model.  The discussion provided below presents the data type, 
source and how it was used in each model along with a general description of the input data 
requirements for each model. 

3.1 Soil Water Balance 

The Soil Water Balance model code requires gridded input data for daily climate conditions, soil 
properties, land use, and topography. For the gridded input data, we used the ESRI ASCII raster 
format. The code does allow for other gridded data formats (such as, Surfer ASCII grid or 
netCDF). 

In addition to the gridded data, the code requires a lookup table with variables for each possible 
land use code and hydrologic soil group combination. For each land use and hydrologic soil 
group combination we must provide the Natural Resources Conservation Service runoff curve 
number (NRCS, 1986), maximum infiltration rate, and depth of the root zone. In addition, the 
code requires an interception storage value (the amount of precipitation capture by leaves before 
reaching the soil) for the growing and dormant season. 

We prepared the gridded input data for the model domain shown in Figure 3-1. For this project, 
all input grid data are in the TWDB Groundwater Availability Modeling projection system 
(Table 3-1). Each input grid contains 2,810,150 cells with each cell representing 1,000,000 
square feet (approximately 23 acres, 1,000 feet by 1,000 feet squares). Table 3-2 provides the 
grid dimensions for the Soil Water Balance model constructed for this project. 

For each gridded dataset we used geoprocessing tools within ArcGIS to prepare the data for the 
Soil Water Balance model. We began by clipping the dataset to the model domain. We then 
resampled the dataset from its native resolution to the grid cell dimensions. Next, the team 
converted the units, if necessary, of the grid cell values. Finally, we verified the grid dimensions 
to ensure they were consistent with the defined grid and filled in the area covering Mexico with 
the average value for grid cells within the United States. 
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Figure 3-1: Soil Water Balance Model Domain 
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Table 3-1: Description of the TWDB Groundwater Availability Modeling Projection System 

Parameter Value 

Geographic Coordinate System North American 1983 

Angular Unit Degree (0.0174532925199433) 

Prime Meridian Greenwich (0.0) 

Datum North American 1983 

Spheroid GRS 1980 

Semimajor Axis 6378137.0 

Semiminor Axis 6356752.314140356 

Inverse Flattening 298.257222101 

Projection Albers 

False Easting 4921250.0 

False Northing 19685000.0 

Central Meridian -100.0 

Standard Parallel 1 27.5 

Standard Parallel 2 35.0 

Latitude of Origin 31.25 

Linear Unit Foot (0.3048006096012192) 

 
Table 3-2: Soil Water Balance Model Grid Dimensions 

Parameter Value 

Columns 2,170 

Rows 1,295 

Lower-Left Corner Easting 3,500,000 Feet 

Lower-Left Corner Northing 18,860,000 Feet 

Cell Size 1,000 Feet 
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Figure 3-2: Time Series of Station Monthly Data Availability 

 
Figure 3-3: Count of Stations with Continuous Data by Starting Year 
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Table 3-3: Summary Statistics of the Gage Stations Contributing Area 

 Mean Median Min  Max 

Drainage Area* (mi2) 3,235.9 227.0 0.2 44,015.0 

Slope# (percent) 2.1 1.8 0.9 5.4 

Well Density# 
(well/mi2) 0.3 0.2 0.0 1.0 

Geologic Units# 
(count) 19 18 13 32 

*Calculated from the National Water Information System drainage area attribute 
#Summarized by Hydrologic Unit Code-8 subbasin 

 

Table 3-4: Counties and Hydrologic Unit Code-8 Boundaries with Streamflow Gage Stations 

Unique 
Counties 
 
60 

Atascosa Bandera Bastrop Bexar Blanco Borden Brewster Brown 
Burnet Caldwell Coke Coleman Colorado Comal Concho De Witt 
Dimmit Edwards Fisher Frio Gillespie Gonzales Guadalupe Hays 

Howard Irion Jeff 
Davis Jones Karnes Kendall Kerr Kimble 

Kinney Lampasas Live Oak Llano Loving Mason McCulloch McMullen 
Medina Menard Mitchell Pecos Real Reeves Runnels San Saba 

Scurry Shackelford Sterling Taylor Terrell Tom 
Green Travis Uvalde 

Val Verde Ward Wilson Zavala     

Hydrologic 
Unit Code-8 
Subbasins 
 
45 

12060102 12080002 12080007 12080008 12090101 12090102 12090103 12090104 
12090105 12090106 12090108 12090109 12090110 12090201 12090202 12090203 
12090204 12090205 12090206 12090301 12100201 12100202 12100203 12100301 
12100302 12100304 12110101 12110102 12110103 12110106 12110107 12110109 
12110110 13040205 13040208 13040302 13070001 13070003 13070005 13070007 
13070008 13070010 13070012 13080001     
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Figure 3-4: Land Use Classification Grid for the Soil Water Balance Model 

3.6 Soils 

For the Soil Water Balance model, the hydrogeologic soil group and soil available water capacity 
data from datasets available from the Natural Resources Conservation Service (USDA-NRCS, 
2020) were utilized. We used the model grid dimensions to calculate the area of each cell that 
intersected a defined hydrogeologic soil group and assigned the group covering the most area of 
the cell as the single cell integer value. We used the same process to assign the soil available 
water capacity values as a real number to create a gridded dataset. Figure 3-5 illustrates the 
hydrologic soil group designations in the study area and Figure 3-6 illustrates the available water 
capacity for each Soil Water Balance model cell. 
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Figure 3-5: Hydrologic Soil Group (USDA-NRCS, 2020) 

For both the hydrologic soil group and the available water capacity there are some areas with 
abrupt changes in the value along a county line. For example, as shown in Figure 3-5, the 
hydrologic soil group changes from B to C along the boundaries of Upton, Midland, Glasscock 
and Reagan counties. The available water capacity values appear to be more consistent though 
we do observe an abrupt change between McCulloch and San Saba counties. These changes 
along county lines appear to be a relic of the county-specific soil surveys. 

For the Soil & Water Assessment Tool model, we used the built-in hydrogeological soil values 
that are sourced from the same dataset as the Soil Water Balance model (USDA-NRCS, 2020). 
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Figure 3-6: Soil Available Water Capacity (USDA-NRCS, 2020) 

3.7 Topography 

The physics of overland flow are determined by topography. To account for overland flow, the 
Soil & Water Assessment Tool uses the Digital Elevation Model, clipped to the watershed level, 
as a model input. However, the Soil Water Balance model uses the overland flow direction at 
each grid cell as a model input. The overland flow direction at each grid cell is derived from the 
Digital Elevation Model.  

For the Soil Water Balance model, flow direction from one grid cell to another was derived by 
clipping a Digital Elevation Model for the study area and then resampling the land surface 
elevation values using bilinear interpolation to create a topography grid for the model domain. 
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