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ABSTRACT 

The Ogallala Aquifer is an important source of groundwater for agricultural and 

municipal supplies on the Texas High Plains. It is widely recognized that water levels in the 

aquifer are declining at an average rate of about one foot per year.  Declining aquifer water 

levels are a result of water extraction occurring faster than aquifer recharge. Although the 

water levels of the aquifer are declining, the rate of decline fluctuates year-to-year and it 

seems reasonable to assume that variations in annual or seasonal precipitation contribute to 

the variability in the rate of decline.   The precipitation rates affect the amount of water 

extracted by producers for irrigating crops.  

To address this problem, the objective of this thesis was to determine if precipitation 

has an effect on the rate of water extraction from the Ogallala Aquifer. This study compares 

the annual change in saturated thickness with precipitation data for the study area to 

determine the relationship between aquifer drawdown and precipitation. 

Well data for the Ogallala Aquifer were acquired for 1990 to 2008 for 10 counties on 

the Southern High Plains.  The well data were used to calculate saturated thickness and rate 

of decline for each year. The saturated thickness was compared with annual and seasonal 

precipitation totals for each year. 

The results from this study found that annual precipitation amount has a statistically 

significant effect on the rate of decline of saturated thickness of the Ogallala Aquifer in 

Texas.  Furthermore, seasonal precipitation will have a greater effect on the rate of decline of 

saturated thickness than annual precipitation. 
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CHAPTER  I 

INTRODUCTION 

The Ogallala Aquifer is a major source of groundwater on the western Great Plains of 

the United States.  Throughout the region, water is drawn from the aquifer to support 

irrigated agriculture, livestock production and communities.  In this regard, the Ogallala 

Aquifer is widely recognized as a critical groundwater resource that plays an important role 

in the rural economy of the region.  The aquifer supports 27% of irrigated land in the United 

States used for food and fiber production (Weeks and Gutentag, 1988) and over 97% of water 

withdrawn from the Ogallala Aquifer is used for irrigation (U.S. Geological Survey, 2004). 

Understanding the hydrology of the aquifer is particularly important in the southern 

part of the region where rates of withdrawal far exceed rates of natural recharge 

(Opie, 2000). With the advent of large-scale irrigated agriculture in the mid 20th century, the 

southern Ogallala Aquifer has experienced a continuous decline (Ryder, 1996).  Although 

new irrigation technologies, water management practices, and crop genetics have 

dramatically improved crop yields over the past 50 years, and producers are using 

groundwater much more efficiently, it remains obvious that the aquifer is being mined at an 

unsustainable rate (Ryder, 1996).  

To better understand the hydrology of the southern Ogallala Aquifer, numerous 

studies have been undertaken to estimate rates of natural recharge (Scanlon and Goldsmith, 

1997; McMahon and others, 2006) and model the aquifer response to groundwater 

withdrawals (Blumenthal and Sander, 2002; Ryder, 1996; Shapiro and Wortmann, 2003).  

While these studies have greatly improved our understanding of the aquifer, there have been 
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no empirical studies designed specifically to examine the indirect effects of precipitation on 

rates of aquifer depletion.  During relatively wet years it seems reasonable to assume that 

water withdrawals and subsequent drawdown of the aquifer will be reduced as a result of 

reduced irrigation demand. This relationship, however, is not obvious in the well data for the 

region.  

 
1.1 Purpose and Scope 

To better understand the hydrology of the southern Ogallala Aquifer, this study was 

designed to examine the relationship between precipitation and annual changes in the 

saturated thickness of the aquifer.  The purpose of the study was to address two related 

questions.  

• Is the annual average rate of decline in the saturated thickness of the Ogallala Aquifer 

reduced during years of above average annual precipitation as a result of less demand? 

• Is the annual average rate of decline in the saturated thickness of the Ogallala Aquifer 

reduced during years of high precipitation during growing seasons? 

 

To address these questions a study area covering ten counties was selected on the Texas 

High Plains with a study period of 19 years, from 1990 to 2008.  This particular study area 

and the duration of the study were selected based upon the availability and consistency of 

well data from the Texas Water Development Board. 
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CHAPTER  II 

BACKGROUND 

2.1 The Ogallala Aquifer 

The Ogallala Aquifer is one of the largest aquifers in the world spanning 450,000 km2 

across eight states including Colorado, Kansas, Nebraska, New Mexico, Oklahoma, South 

Dakota, Texas, and Wyoming. The National Water-Quality Assessment Program from the 

United States Geological Survey (USGS) reports that 27% of irrigated land within the United 

States is located on the High Plains.  In 2000, approximately 1.9 million people relied on 

ground water from the Ogallala Aquifer totaling 315 million gallons of water withdrawn per 

day (Dennehy, 2000).  The Ogallala formation is a remnant of the eroded Rocky Mountains 

that filled ancient channels with unconsolidated alluvial and aeolian sediment. Areas of the 

Ogallala formation are composed of Jurassic and Cretaceous period sediments.  

The Southern High Plains is a semi-arid environment with little perennial surface 

water to support the extensive agriculture in the region. It is also one of the most 

agriculturally productive regions in the United States. The increasing use of irrigated 

agriculture has caused an increase of water demands. With the advent of more efficient 

groundwater extraction methods, water is readily available to most farmers on the Southern 

High Plains. This increase of demand for groundwater has caused a more significant 

drawdown of the Ogallala Aquifer from 1990 to 2008. The rate of recharge is unable to meet 

the amount of withdrawal causing a gradual decrease in saturated thickness over the entire 

Southern High Plains region (Opie, 2000).  When pumping exceeds recharge of the 

groundwater, water mining occurs rendering the groundwater resource unsustainable.  
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Extracting water from the Ogallala for irrigation began in the early 20th century and 

continued to increase until the mid 20th century. By 1980 there were 3.9 million acres of 

irrigated acreage which was similar to the number of irrigated acres in 1959 (U.S. Geological 

Survey, 1996).  Now the Ogallala Aquifer supplies over 75,000 irrigation wells in the 

Southern High Plains of Texas (Ryder, 1996).   

2.2 Recharge to the Ogallala Formation 

  The USGS Groundwater Atlas reports that the rate of recharge of the Ogallala 

Aquifer relies on the infiltration of precipitation that falls directly on the ground surface 

above the aquifer.  In Texas, the recharge rate ranges from 0.024 inches per year in the 

Southern High Plains to 2.2 inches per year in the Texas Panhandle (Ryder, 1996). 

Additional recharge of the aquifer comes from the water that is pumped for irrigation and 

reenters the aquifer. However, with such a large demand for crop irrigation, the rate of 

recharge cannot meet the rate of groundwater withdrawals. 

  In the Texas Ogallala Aquifer region there are about 75,000 irrigation wells which 

have significantly decreased the water levels of the Texas Ogallala Aquifer.  The saturated 

thickness in the southern Castro and Parmer counties has decreased 50% since the 1930s with 

a steady increase of irrigation wells (Ryder, 1996).  The USGS study suggests that there will 

be an increasing shortage of groundwater which will impact the future of irrigated 

agriculture. Ryder (1996) suggests that all factors must be understood in order to most 

efficiently manage the Ogallala Aquifer including times of droughts or a surplus of 

precipitation.  

 Previous studies have looked at playas as a possible recharge source for the Ogallala 

Aquifer.  White, et al. (1946) determined the primary areas of recharge to the Ogallala 
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Aquifer were playa basins where the recharge occurred through cracks in the playa lake 

bottom a few days after a significant precipitation event. The earliest calculation of recharge 

rate was made by W. Johnson in 1901 with a regional rate of recharge of 76 to 102 mm per 

year. Some of the most recent recharge rates have been calculated to 77 mm per year 

(Mullican, 1997). However, the rate of recharge is significantly less than the rate of 

extraction. 
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CHAPTER  III 

STUDY AREA 

3.1 Regional Extent 

The study area is comprised of ten counties that lie directly over the Ogallala Aquifer 

south of the Canadian River, often referred to as the Southern High Plains (SHP) of Texas  

(Figure 1).  The SHP was originally prairie grasses converted into a cropland agricultural 

region that uses center pivot irrigation for a majority of crops (Opie, 2000).  The study area 

also contains Lubbock which is the largest city overlying the Ogallala Aquifer.   

The study counties have some of the greatest water level changes in the entire 

Ogallala Aquifer formation. Some counties have experienced a 50% reduction in aquifer 

volume since the 1930s (U.S. Geological Survey, 2004).   The topography of the study area is 

remarkably flat with thousands of shallow depressions that form playa lakes. These playa 

lakes drain almost 90 percent of the SHP area (Ward and Huddlestone, 1979). The SHP is 

considered a semiarid region that receives around 20 inches of precipitation per year 

(Opie, 2000) but has experienced unseasonably wet and dry years. Precipitation events on the 

Texas Great Plains usually occur in high intensity rainfall events (Ashworth, 2006).  These 

precipitation events produce large amounts of precipitation in a brief time period. The water 

runoff generated during these precipitation events collects in playa lakes that spot the 

landscape.  

The study area was selected to represent a mixture of land uses such as irrigated non-

center pivot, center pivot, and non-irrigated land uses.  The counties for the case study were 
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chosen because of the consistent well data and good distribution of irrigated and non-

irrigated land.   

 

Figure 1.  Study area and extent of the Ogallala Aquifer.  The map shows the locations of 10 study 
counties in the Southern High Plains.  The inset map on the right shows the extent of the Ogallala 
Aquifer covering parts of eight states on the Western Great Plains. 
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3.2 Selected Counties 

Four counties including Castro, Parmer, Terry and Hockley counties were selected for 

further analysis. These counties were selected because they had the most complete well data 

and agricultural statistics from 1990 to 2008. Castro and Parmer counties have a high 

percentage of land used for center pivot irrigation with similar decline in saturated thickness. 

Terry and Hockley counties were selected because these two counties have a lower 

proportion of center pivot irrigated land with similar saturated thickness. 

 Castro and Parmer counties are of particular interest because the saturated thickness 

in both counties has decreased over 50% (U.S. Geological Survey, 1996) and are declining at 

a similar rate. Both counties overlie a paleochannel with a lower base of aquifer elevation 

and greater saturated thickness. Castro and Parmer counties have similar agricultural 

practices with about 250,000 acres of planted irrigated crops in each county.  

Hockley and Terry counties have similar agricultural practices with the majority of 

irrigated acreage used for upland cotton cultivation. However, Hockley and Terry counties 

are located in a region of thinner saturated thickness of the Ogallala Aquifer.  Producers in 

these two counties plant about 150,000 irrigated acres each year. Unlike Castro and Parmer 

counties where the acreage is divided between corn, cotton, wheat and sorghum, producers in 

Hockley and Terry counties predominately plant and harvest upland cotton.  Although 

agricultural practices differ for each county, all four counties have similar average 

temperatures and annual precipitation.  
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CHAPTER  IV 

METHODOLOGY 

4.1 Well Data 

 Well data were originally created from tabular data acquired from the Texas Water 

Development Board. Water wells located within the Texas Ogallala boundary were selected 

and of those wells located within the Texas Ogallala Aquifer boundary, only publishable 

water wells with an Ogallala Aquifer code were selected for further processing. Publishable 

wells indicate that the well measurements are publishable because accurate water levels were 

obtained.  A non-publishable well indicates that no measurements of water levels were taken 

therefore the data cannot be used (Rein and Hopkins, 2008). 

 A quality control process was created to identify the errors in the well elevation and 

well depth using the ArcGIS ArcScene application (Figure 2). Wells in the Texas Ogallala 

Aquifer were displayed in relation to the digital elevation model (DEM) and base of aquifer 

surface for each county.  The ArcScene software was used to display the wells and elevation 

surfaces to find wells that extruded significantly above or below the land surface. If an 

incorrect well depth or land elevation value was entered, this would affect the interpolated 

water table elevation and saturated thickness surfaces. When errors in elevation were found 

the state well number and incorrect values were documented and updated with the correct 

values using USGS topographic contour maps.  
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Figure 2.  Using ArcScene to display wells, land elevation, and base of aquifer elevation. 

 When the wells had correct land elevation levels and well depth values, the latitude 

and longitude values were geocoded using ArcMap and then exported as a feature class into a 

geodatabase.  After geocoding the wells, they were reprojected from the North American 

Datum 1983 to the Texas GAM Projection, an Albers equal area projection, which can be 

used for areal calculation.   
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4.1.1 Water Table Elevation 

The well water table elevation values represent the elevation where the water table 

begins for each well. The water table elevation (WTE) values were calculated as: 

   WTE = [elev_of_lsd] + [depth_from_lsd] 

where [elev_of_lsd] is the elevation of the land surface at the well and [depth_from_lsd] is 

the feet below the surface where the water table begins. 

To create water level surfaces, the geocoded and projected wells were interpolated on 

the water table elevation values using a weighted spline interpolation. The weighted spline 

interpolation was used to minimize water table elevation interpolated values above or below 

actual water table elevation values. The base of aquifer raster was subtracted from the 

interpolated water level surface to calculate saturated thickness.  

4.1.2 Inconsistent Well Measurements 

The original well feature data (used to create the water table elevation surfaces and all 

of the other related layers) were not reported consistently on an annual basis. Some well data 

were reported for only five years of the 19-year study period. As a result of these temporal 

gaps in the original water level measurements, inaccuracies occurred in the raster surfaces 

interpolated from the point data (e.g. the interpolated water table elevation surfaces).  These 

inaccuracies are simply an artifact of the raster interpolation procedures and they are largely 

undetectable.  The inaccuracies become apparent when the water table elevation surfaces for 

different years are subtracted to produce saturated thickness change surface.  These 

inaccuracies manifest as “bulls-eye” or “target” anomalies on the resulting change map.  

Figure 3 is an example of how the interpolation can be skewed by a missing well. 
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Figure 3.  Well measurement inconsistency example.  The left example shows three wells measured with 
the interpolated water surface.  The example on the right shows two wells measured with the interpolated 
water surface.  The differences in water table elevation create an artificial rise.   

 

These target areas create a problem as a result of inconsistent well measurements in 

each county. In areas with obvious data anomalies, a procedure was created to reduce the 

effects of the undesirable target areas.  In most cases the undesirable areas did not make a 

significant difference in overall saturated thickness or saturated thickness change data.  

However, they did create undesirable cartographic output. 

To address this problem a process was developed to minimize the target areas with 

estimated well values.  A new well point was created where the missing well point was 

located and an average water table elevation value was assigned to the added well. The 

average water table elevation was calculated by averaging the water table elevations from 

surrounding wells.   

For any added well feature, an attribute was assigned that indicated the artificial well 

and measurements were added to the original state well database.  To document if a well 

point was added or edited, a field named TTUWL was added to each well feature class. This 
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field was used to track all modified well data. A value of ‘Y’ indicates that the well point was 

added to the original TWDB well database. 

Owing to the variation in the number of wells and spacing of wells surrounding each 

data gap, it was not possible to automate the procedure to assign the average water level 

change to the artificial wells.  Therefore, each year in the study period was inspected for 

interpolation errors caused by inconsistent well measurements.  

Before the anomalous areas could be corrected, they had to be identified.  All of the 

saturated thickness change surfaces were visually inspected for each year.  Any areas of 

extremely high or extremely low changes in saturated thickness were documented for further 

analysis. Areas in the saturated thickness or saturated thickness change rasters with extreme 

highs and lows indicated an error with the interpolation caused by incorrect or inconsistent 

well data.  

The process to mitigate the anomalous areas first involved comparing the saturated 

thickness change surfaces between each year.  Any areas of extremely high or extremely low 

changes in saturated thickness were documented.  The process to mitigate the anomalous 

areas first involved examining the wells to identify all areas with limited wells points.   

The first set of data involved comparing the saturated thickness change surfaces 

between the 1990 and 2008. The saturated thickness change surface allows for easy 

identification of missing wells because of the “target” or “bull’s-eye” areas. Figure 4 shows 

the saturated thickness change from 1990 to 2008 with the 1990 wells shown in purple and 

the 2008 wells shown in yellow.  In the middle of the bull’s-eye there is a 1990 well point but 

no well point for 2008.  This example shows an area where further examination was 
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completed to determine if an artificial well point could be added to the 2008 well point 

feature class.  The added well would smooth the interpolated surface and reduce the dramatic 

decline in saturated thickness.   

 

Figure 4.  1990 to 2008 saturated thickness change and wells.  The inconsistent well measurement has 
caused an artificial decline in saturated thickness. 

 

The counties selected for the study area had the most consistent well data over the        

19-year study period.  However, some counties had years with inconsistent well 

measurement location. To improve the well data to create saturated thickness change maps, 
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well values were either edited or added to improve the interpolation.  This section documents 

a well that was removed from the dataset to improve the interpolation.   

In some cases the well was immediately adjacent to another well that was suitable for 

representing that area.  One example of removing a well with incorrect values was in Floyd 

County.  This well contained a depth from land surface value of -154.3 feet for 2004 that was 

over 100 feet shallower than the surrounding values that ranged from -260.98 feet to    

 -286.44 feet.  After the well was removed the well data set was re-interpolated to improve 

the resulting maps.  

Figure 5 shows the bull’s-eyes in the saturated thickness change raster between Hale 

and Floyd counties before the well with data error was removed.  This also shows the 

resulting saturated thickness change raster with adjoining high and low areas on the Hale and 

Floyd county boundary owing to well data error.  Figure 6 shows the saturated thickness 

change interpolation after the data error was fixed. The extreme high and low interpolation 

no longer exists on the Hale and Floyd county boundaries.  
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Figure 5.  Well data error interpolation on the Hale and Floyd county line.  The interpolation error was 
caused by an incorrect depth from land surface value for a well in Floyd County.  The incorrect values 
created an interpolated surface with extreme high and low values adjacent to each other.  
 

 
Figure 6.  Well date error corrected interpolation on the Hale and Floyd county line. The incorrect 
depth from land surface value was corrected by finding the average depth from land surface from 
the surrounding well points in Hale and Floyd counties.  
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  Figures 7 and 8 show the spatial extent of the well feature classes in 1990 and 2008. 

In general, there was a consistent spacing and distribution of well points for both all years in 

the analysis.  There were 1,030 well points in 1990 and 1,072 well points in 2008 with fewer 

wells in Swisher County in 2008 compared to 1990 while Terry County has a greater 

concentration of well points in 2008.  

 

   

 

 

 

 

 

 

 

 

 
4.2 Saturated Thickness  

Saturated thickness (ST) surfaces represent the vertical thickness of pore space filled 

with water in a defined aquifer (Schloss and Buddemeir, 2000).  This suspended water is 

crucial for irrigation systems in the study area.  ST values range from over 250 feet in Castro 

County to less than 30 feet in the southern counties in the study area.  

 

 

Figure 8.  1990 water well data feature class. Figure 7.  2008 water well data feature class. Figure 7.  1990 water well data feature class             Figure 8.  2008 water well data feature class 
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The ST surfaces were calculated as:  

                          STt = WTEt - Base 

where ST is the saturated thickness surface for  t time, (each year in the 19-year study 

period),  and where WTE  is the elevation of the water table elevation for each well and Base 

is the base of aquifer elevation surface. The saturated thickness rasters were then modified 

using several processes that converted the rasters to integer grids for mathematical 

summarization and smoothed the saturated thickness surfaces for cartographic products.  

4.2.1 Calculating Saturated Thickness Grids 

The spline interpolation process used in the creation of water table elevation surface 

caused a few negative saturated thickness grid values. Negative saturated thickness values 

were present where the interpolated base of aquifer elevation surface was higher than the 

water table surface.  This was the result of a number of factors including the lack of a 

sufficient number of wells to develop an accurate interpolated surface.  Typically these were 

areas with thin aquifer sediments.  To address this problem the negative cell values were set 

to zero.  After the negative saturated thickness values were set to zero, a second process was 

completed to convert the saturated thickness surfaces to integer grids.  

The set of saturated thickness surfaces were converted to integer grids so calculations 

could be performed for the 19-year study period. An integer grid was required to sum the cell 

values and calculate statistics for saturated thickness for each study area.  The resulting 

integer grid consisted of 528 ft. cells to match the resolution of the base of aquifer.   

After the saturated thickness rasters were calculated, the saturated thickness grids for 

the study area were extracted from the regional saturated thickness raster. The original, non-
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filtered saturated thickness integer grids were used to calculate the statistics for saturated 

thickness.  These rasters were used because the data in this grid were not altered by the 

filtering process which might have skewed the results.   

Lastly, the average saturated thickness value for the study area was calculated.  This 

was accomplished by running a zonal statistics tool on the integer grid table and exporting 

the average, standard deviation and range values for the saturated thickness values to an 

Excel spreadsheet.  The same procedure was performed on each of the four selected counties.  

4.2.2 Cartographic Production 

A series of saturated thickness maps was produced to show thickness levels for the 

study area and selected four counties. The saturated thickness maps include contours to aid in 

raster interpretation. The scale of mapping at 1:1,000,000 resulted in a pixilated saturated 

thickness output (Figure 9).  Therefore, a process was used to filter and smooth the grid to 

produce a more pleasing cartographic output and smooth contours (Figure 10).  

 
Figure 9.  Non-filtered saturated thickness 
surface. 

Figure 10.  Filtered saturated thickness surface. 
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Without the filtering process the saturated thickness surface edges were heavily 

pixilated so contour lines could not be created. The filtering allowed for smooth contour lines 

and visually pleasing smooth surfaces. The filtered saturated thickness surfaces were not 

used in any calculations or summarization because of skewed cells values from the filtering 

process.  The 25-foot contours of saturated thickness were created from the filtered saturated 

thickness grid to easily identify saturated thickness levels in the study area.  

4.3 Saturated Thickness Change  

The saturated thickness change (∆ST) values represent the decrease or increase of 

saturated thickness (ST) over a specific time period. The change in saturated thickness is 

important because the amount of change in a certain time frame determines the rate of 

decline of the aquifer. A negative change in saturated thickness indicates the saturated 

thickness of the aquifer is decreasing. 

For this analysis the saturated thickness change ∆ST was calculated as:  

    ΔST = STt+1 - STt 

where ST is the saturated thickness for time t, each year in the study period from 1990 to 

2008.  

4.4 Base of Aquifer 

The base of aquifer surface represents the elevation of the Ogallala Aquifer base in 

the study area.  The base of aquifer elevation values were interpolated from contours 

provided by the Texas Water Development Board (TWDB). The interpolated base of aquifer 

surface was subtracted from the water table elevation surfaces to calculate the saturated 

thickness surface for the Ogallala Aquifer.   
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The base of aquifer contours were developed by the TWDB from several studies. The 

High Plains Underground Water Conservation District No. 1 (HPUWCD) mapped the base 

of aquifer in all or part of 15 counties under its jurisdiction (McReynolds in 1996). The study 

area is covered by the HPUWCD except for Swisher and Terry counties. The TWDB used 

base of aquifer maps developed by Knowles et al. (1984) for all other counties overlying the 

Ogallala Aquifer. 

The TWDB elevation contour plot of the base of aquifer shows paleochannels near 

the border of Bailey, Castro, Lamb and Parmer counties (TWDB, 2003). Counties overlying 

the paleochannels have extensive water extraction from the Ogallala Aquifer for irrigated 

agriculture.  High levels of water extraction occur because the saturated thickness in the 

paleochannels is much greater along with high-permeability sediments.  

New Mexico and Texas had different base of aquifer contour intervals which caused 

interpolation issues on the Texas-New Mexico border.  In some cases, contours with the 

same value did not match up on the border. The study area has three counties that border 

New Mexico so it was important to match the contours to improve the interpolation.      

Figure 10 shows a base of aquifer elevation contour elevation of 3,900 that does not match 

across the state line. A simple editing procedure was used to connect contour lines as best as 

possible.   

Additionally contours along all county boundaries were individually edge matched. 

Figure 11 shows the 3,900 base of aquifer elevation contour after edge-matching was 

completed. After the edge-matching was completed, the base of aquifer contours were 



Texas Tech University, Ada R. Warren, August 2010 

22 
 

interpolated using a weighted spline method to create the base of aquifer raster that was used 

to calculate the saturated thickness for the study area.  

 
Figure 10.  Base of aquifer elevation contour that does not match across the Texas-New Mexico state 

boundary. 

 
Figure 11.  Edge-matching base of aquifer contours on the Texas-New Mexico boundary. 
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4.5 PRISM Precipitation  

The precipitation data used for this analysis was the PRISM precipitation model. The 

Parameter-elevation Regressions on Independent Slopes Model (PRISM) model was 

developed by Oregon State University in a collaborative effort between the Oregon Climate 

Service and the Spatial Climate Analysis Service. The PRISM data uses measurements of 

precipitation with a digital elevation model and other climate variables to create continuous 

digital coverages (PRISM Group, 2006). The precipitation measurements are collected from 

climate data from over 8,000 National Oceanic and Atmospheric Administration (NOAA) 

stations along with climate data from over six-hundred Natural Resources Conservation 

Service Snowpack Telemetry stations. The PRISM data are used in most major climate 

mapping efforts at the federal level in the United States (PRISM Group, 2006).  

The precipitation data available from the PRISM model have a spatial resolution of 

two kilometers which is rather coarse for the region. However, this is the most consistent 

precipitation data over the nineteen year study period from 1990 to 2008 available for the 

study area. A model was developed in ArcGIS Model Builder to convert the original PRISM 

ASCII text files into grids and reproject the grids from the native projection of WGS72 to 

North American Datum 1983 (NAD83) and then into the Texas GAM projection.  The 

original cell values represent precipitation in one-hundredth of a millimeter so the cell values 

were recalculated to represent precipitation in inches.  The data were converted to English 

units to correspond with the saturated thickness and well data in feet.  To map and analyze 

the precipitation data in the study area, the PRISM precipitation data were clipped to the ten 

study counties within the southern Ogallala Aquifer region.  
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4.5.1 PRISM Precipitation Validation 

To validate he yearly and monthly PRISM precipitation rasters, the data were 

compared to precipitation rasters interpolated from the 2008 West Texas Mesonet (WTM) 

data.  The 2008 precipitation data were obtained from the Texas Tech University West Texas 

Mesonet website (Texas Tech University, 2009). The WTM climate data were gathered from 

fifty-eight weather stations distributed across the Southern High Plains.  The 2008 

precipitation data from the WTM were selected because 2008 had the most complete 

precipitation data recorded for each weather station on an annual and monthly basis. The 

WTM could not be used as the precipitation data for the study because measurements began 

in 2000 with inconsistent readings each year.  Figure 12 shows the spatial distribution of the 

fifty-eight WTM stations across the Southern High Plains. 
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Figure 12.  Fifty-eight Mesonet station locations in Texas and New Mexico as of 2009.  
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Each WTM station was geocoded using latitude and longitude values. The 

precipitation data were imported from an Excel spreadsheet provided by Texas Tech Wind 

Science and Engineering. After each station was attributized with the 2008 annual and 

monthly precipitation totals, the station values were interpolated using the inverse distance 

weighted (IDW) technique. The IDW method was chosen as the interpolation method 

because it produced rasters with values that do not exceed the highest and lowest 

precipitation values which occurs in a spline interpolation.  The spline interpolation created 

precipitation values above the average annual rates and also created negative precipitation 

values. After interpolation of the precipitation data the WTM rasters were extracted to the 

study county area for statistical summarization.  

 The PRISM average totals for June, August, October and the annual total were 

compared against the WTM data for the same time period.  These months were chosen 

because they represent months when precipitation events would occur during growing season 

during June and August, and during harvest time in October. The data were compared on an 

overall average value and on a cell-by-cell comparison. Table 1 shows an average annual 

total for the WTM data at 17.80 inches and the PRISM data at 18.25 inches with a percent 

difference of 2.5%.  Although the average annual total difference for the PRISM and WTM 

data was less than 0.50, a cell-by-cell comparison identified any extraneous interpolation for 

either dataset. Almost 80% of cells have a difference of less than 2 in. showing consistent 

precipitation values and similar interpolation results. 
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Table 1.  West Texas Mesonet and Prism Yearly Comparison 

YEARLY COMPARISON 

  

Average 
Total 
WTM 

(inches) 

Average 
Total 

PRISM 
(inches) 

Mean 
Difference 

(inches) 

% 
Difference 

% Cell 
Difference 

<  2" 

% Cell 
Difference 

>  2" 

2008 17.80 18.25 0.45 2.50% 78% 22% 

  

Figure 13 shows the 2008 annual precipitation surfaces for PRISM and WTM. The 

WTM total precipitation surface shows lower precipitation values than the PRISM 

precipitation surface. However, in a cell-by-cell comparison shown in Figure 14, the majority 

of cells have a difference of less than 2 in. (shown in green). The areas with a cell difference 

greater than 2 in. correspond mostly to areas with the lower precipitation totals in the WTM 

total precipitation map.  

 

Figure 13.  PRISM and WTM 2008 annual precipitation comparison 
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Figure 14.  Cell difference for 2008 annual precipitation 

 
Figure 15 shows a comparison of WTM and PRISM precipitation data.  These data 

were extracted using a random sample of 100 points across the study area. The WTM and 

PRISM precipitation cell value at each random point was recorded into the point feature 

class.  This analysis resulted in an r2 value of 0.79 which shows a strong correlation between 

the two precipitation datasets.  Only twenty-eight x,y pairs are displayed because of 

redundancy in values for the two precipitation datasets.  
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Figure 15.  Comparison of West Texas Mesonet precipitation data to the PRISM precipitation data. 

 

Table 2 shows the monthly average totals for the WTM and the PRISM data.  June 

has the lowest percent difference at 1.97% while August has the greatest percent difference at 

7.18%.  For each comparison month over 90% of cells for the WTM and PRISM rasters have 

a difference of less than 0.5 in. This cell-by-cell comparison of monthly average totals 

showed consistent precipitation values and similar interpolation results between the two 

precipitation datasets. 

Table 2.  Comparison of PRISM and WTM monthly precipitation averages 

MONTHLY COMPARISON 

  
Avg 
Total 
WTM 

Avg 
Total 

PRISM 

Average 
Difference 
(inches) 

% 
Difference 

Cell 
Difference 

<  .1" 

Cell 
Difference 

.2 to .5" 

Cell 
Difference 

> .5" 
2008 June 2.58 2.53 0.05 1.97% 29.50% 63.44% 7.06% 

2008 August 3.76 4.03 0.27 7.18% 21.55% 69.00% 9.45% 
2008 October 2.67 2.86 0.19 7.10% 21.13% 69.35% 9.50% 
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4.5.2 Average Annual Precipitation 

After the PRISM precipitation validation was completed the total annual precipitation 

was calculated for each year for the study area and for the selected four counties.  The total 

annual precipitation was calculated by taking the mean value of the PRISM raster for a 

specific year and extent.   

To calculate the average precipitation for the four selected counties, the data for each 

county was extracted from the study area PRISM raster. The each study county PRISM raster 

was summarized to calculate the mean precipitation value for each year. 

4.5.3 Seasonal Precipitation 

 Seasonal precipitation represents the amount of precipitation each area received 

during the months of January through August. These eight months represent a time period 

when precipitation is most beneficial to irrigated crops in the study area. Precipitation during 

January through March contributes to the pre-plant moisture (Sweeten and Jordan, 1987).   

Pre –plant moisture is important because irrigation systems sometimes are not adequate to 

meet the water requirement of their crops during the late summer.  The soils in the study area 

range from fine sand and loamy fine sand to clay loam or silty clay loam which have to 

capacity to store 1.5 to 2.5 inches of water per foot of soil depth. Adequate water supplies are 

especially important when a crop is establishing and maturing fruit (Crenwelge, 2010).   

Precipitation events that occur from June to August fall during “critical growth 

points” for corn, cotton, and sorghum (Sweeten and Jordan, 1987). The months September 

through December represent time occurring during harvest when it is not as beneficial to the 

crops to have significant precipitation.  The seasonal precipitation was calculated by adding 
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the eight monthly total precipitation grids (January through August) that represent the 

optimal time for precipitation. 

4.6 Agricultural Data for the Ogallala Aquifer 

 The USDA National Agricultural Statistic Service (NASS) data were used to 

summarize the crops planted and harvested in the study area. The NASS data were extracted 

for the study area by county.  Each county was analyzed to determine the major crops planted 

and harvested each year.  The NASS data were used to calculate the number of acres planted 

and the yield for the four major irrigated crops cultivated in the study area.  The most 

common irrigated crops in the study area are upland cotton, corn, sorghum and wheat.  

 Table 3 shows the planting and harvesting date ranges most widely practiced for each 

crop.  Planting and harvesting dates do occur before and after the given date ranges, but for 

this study the following date ranges were used. 
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Table 3.  Planting and harvesting dates for major crops in study area.  The data ranges given represent 
when the majority of each crop (80%) are planted and harvested.  

Planting and Harvesting Dates for Study Area 
CROP J F M A M J J A S O N D 

Corn for Grain                                                 
Upland Cotton                                                 

Sorghum for Grain                                                 
Winter Wheat                                                 

Sources: USDA NASS and Texas A&M AgriLife Research 
              

 

  = Planting date range 
  = Harvest date range 

 

According to the USDA (1997), the usual planting dates for corn in Texas begin in 

mid March with the majority of planting occurring from early April to late May. Harvesting 

corn begins in early August with the majority of harvesting occurring from early September 

to mid October. Planting cotton begins in mid April with the majority of planting occurring 

from early May to late June. Cotton is harvested beginning in September with the majority of 

harvesting from early October to late November or early December.  Sorghum planting dates 

begin in early March with the majority of planting occurring from mid March to late May.  

The harvesting dates for sorghum range begin in late August with the majority of harvesting 

occurring from mid September to late October.  The planting dates for winter wheat begin in 

early September with the majority of planting occurring from mid September to late October. 

The harvest dates for winter wheat begin May and end in early July.   

Figure 16 shows the number of total acres planted for irrigated crops in the study area 

for the four major crops wheat, sorghum, grain, and cotton.  The predominantly planted crop 

in the study area is cotton with an average of over 1,000,000 acres planted each year. Corn is 

the second largest crop with over 300,000 acres planted each year on average. In the study 
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area almost 275,000 acres of wheat are planted each year along with over 180,000 acres of 

sorghum. For any given year in the study area the total planted irrigated acreage varies by 

only 5.5%.  

 
Figure 16.  Acres of planted irrigated crops 

 

 Figure 17 shows the number of acres harvested for each irrigated crop.  In 1992, 

Texas lost over 400,000 bales of cotton because of cotton seedling diseases such as 

Rhizoctonia solani (National Cotton Council of America). When weather and growing 
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conditions are most favorable, record breaking yields can occur (Robinson and McKorkle, 

2006).   

For instance, 2004 was an unseasonably wet year in Texas which experienced a 

record-breaking yield for upland cotton.  A severe drought in Texas during 2003 caused an 

abandonment of over 40% of upland cotton crops statewide (Robinson and McKorkle, 2006). 

 
Figure 17.  Acres of yield of irrigated crops 

  

 

0

0.5

1

1.5

2

2.5

90 91 92 93 94 95 96 97 98 99 00 01 02 03 04 05 06 07 08

A
cr

es
 in

 M
ill

io
ns

Year

Harvested Acreage of Irrigated Crops

Irrigated Wheat All
Irrigated Sorghum For Grain
Corn for Grain
Irrigated Cotton Upland



Texas Tech University, Ada R. Warren, August 2010 

35 
 

Figures 18 to 25 represent the number of acres of irrigated crops planted and 

harvested within the four selected counties. Castro and Parmer (Figures 18 to 21) have 

similar agricultural practices with almost 250,000 acres of planted irrigated crops in each 

county. Producers in Castro and Parmer plant upland cotton, corn, sorghum, and wheat with 

corn as the most planted irrigated crop. The harvested acreage for both counties averages 

about 200,000 acres with cotton having the greatest number of harvested acreage each year. 

Hockley and Terry (Figures 22 to 25) have comparable agricultural compositions. The 

majority of acres of planted and harvested crops are upland cotton with sorghum as the next 

largest crop. Both Hockley and Terry counties average around 150,000 acres planted and 

harvested.  
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Figure 18.  Planted irrigated crops in Castro County. 

 
Figure 19.  Harvested irrigated crops in Castro County. 
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Figure 20.  Planted irrigated crops in Parmer County. 

 
Figure 21.  Harvested irrigated crops in Parmer County. 
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Figure 22.  Planted irrigated crops in Hockley County. 

 
Figure 23.  Harvested irrigated crops in Hockley County. 
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Figure 24.  Planted irrigated crops in Terry County. 

 
Figure 25.  Harvested irrigated crops in Terry County. 
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CHAPTER  V 
 

ANALYSIS 
5.1 Precipitation 

 The average annual and seasonal precipitation values were calculated for each year 

for the study area and selected four counties. To calculate the average annual precipitation 

for the study area, zonal statistics were performed and a mean precipitation value was 

calculated for each year in the 19-year study period. The four selected counties were 

extracted from the regional precipitation grids and zonal statistics were performed for each of 

the four counties. 

5.1.1 Average Annual Precipitation 

Table 4 presents the average annual precipitation for the study area and selected four 

counties.  The average precipitation amount for this area of Texas is near 20 inches 

(Opie, 2000). Some years such as 1991, 1997, 1999, and 2004 were unseasonably wet while 

1990, 1993, 1994, 1998, 2001 and especially 2003 were unseasonably dry. In 2003 the study 

area received only 11.05 in. of precipitation during the year which was one of the driest years 

since the Dust Bowl (NWS, 2009).  In 2004 the study area received 33.07 in. The normal 30 

year average (1971 to 2000) for the study area is 18.8 in. (PRISM, 2010).  
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Table 4.  Total annual precipitation for the study area and four selected counties from 1990 to 2008. 

Total Annual Precipitation (in) 

Year Study Area Castro Parmer Hockley Terry 
1990 14.50 15.12 13.55 13.93 13.98 
1991 22.91 24.81 22.87 22.05 22.00 
1992 21.74 22.35 21.01 20.62 21.39 
1993 14.73 15.76 16.69 14.47 12.19 
1994 14.20 17.32 16.65 11.41 12.09 
1995 17.23 18.49 15.76 15.74 20.75 
1996 15.91 14.84 15.99 16.07 16.87 
1997 23.26 24.03 24.19 22.44 21.10 
1998 14.42 16.01 15.19 13.30 11.49 
1999 22.32 24.52 23.56 23.45 19.74 
2000 17.17 15.80 17.56 17.70 17.44 
2001 15.66 17.37 16.48 14.68 11.78 
2002 17.65 17.05 15.65 18.62 18.49 
2003 11.05 13.25 11.81 10.07 9.64 
2004 33.57 34.22 33.67 33.39 34.17 
2005 16.45 17.08 17.06 15.52 15.88 
2006 19.15 20.34 18.31 19.51 17.97 
2007 21.46 18.75 18.06 23.17 23.44 
2008 18.68 18.88 19.61 18.64 18.25 
AVG 18.53 19.26 18.61 18.15 17.82 

 

The average rainfall for the study area from 1990 to 2008 was 18.53 in. which is only 

1.5% lower than the 30 year average for the study area. Castro County had the most rainfall 

with 19.26 in. with Terry County received the least amount of precipitation at 17.82 in. 

Parmer County received 18.61 in. which is slightly more than the study area average while 

Hockley and Terry counties received less precipitation that the study area. During the 19-year 

study period, Castro County received on average more precipitation than the rest of the study 

area for fifteen of the nineteen years.  Castro County had 4% more precipitation during the 

study period than the average for the study area.  
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Figure 26 shows the average annual precipitation for the study area and the four 

selected counties in graphic form.  The four selected counties were organized into two groups 

with Castro and Parmer as one area and Hockley and Terry as the other area. The four 

counties were grouped together with the county that had similar land use and saturated 

thickness values and are adjacent to one another.  This figure shows how the average annual 

precipitation for the study area and four selected counties do not differ significantly from one 

another each year. Again, it is important to note years of drought like 1990, 1998 and 2003 

and unseasonably wet years like 2004.  

However, Figure 26 does not show the annual precipitation in relation to the 30-year 

normal so Figure 27 shows the annual precipitation as a departure from average using the 30-

year normal. During the 19-year study period eleven years experienced below average 

precipitation for the study area and four selected counties. Eight years experienced above 

average precipitation but for two of those years, 2006 and 2008, the excess precipitation was 

minimal.  

It was important to understand what years had below average annual precipitation to 

determine if there was a greater decline in saturated thickness during years with drought-like 

conditions.  Years with above average annual precipitation were analyzed to discover if 

during those years there was less withdrawal from the aquifer because of less water demand 

thus reducing the rate of decline. 
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Figure 26.  Average annual precipitation for study area and four selected counties.  
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Figure 27.  Average annual precipitation departure from average for study area and four selected counties.
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5.1.2 Seasonal Precipitation 

 The monthly totals for January through August were summed for the study area and 

selected four counties to calculate the total seasonal precipitation for each year (Table 5). The 

unseasonably wet years such as 1997, 1999 and 2004 had significant precipitation during the 

January through August period.  The seasonal precipitation totals for 1998 and 2003 were 

unseasonably dry because of the drought conditions for those years. 

Table 5.  Total seasonal precipitation 

Total Seasonal Precipitation (in) 

Year Study Area Castro Parmer Hockley Terry 
1990 10.62 11.29 8.99 10.54 10.60 
1991 13.09 16.32 14.22 11.08 10.92 
1992 18.74 19.41 17.63 17.42 18.53 
1993 11.69 12.07 12.12 11.74 10.49 
1994 11.56 14.50 13.95 9.41 9.13 
1995 10.82 13.24 11.00 8.52 11.21 
1996 12.98 10.60 11.98 14.29 14.29 
1997 17.59 20.09 17.48 16.80 16.45 
1998 8.13 7.92 7.92 8.03 7.55 
1999 17.95 19.21 18.47 18.71 18.71 
2000 11.55 11.36 11.41 11.29 11.79 
2001 11.58 13.91 12.79 10.60 8.11 
2002 10.66 10.09 9.06 11.43 11.72 
2003 8.93 10.71 9.38 8.11 7.53 
2004 19.21 19.64 19.92 18.48 18.16 
2005 14.17 15.44 15.37 12.64 13.04 
2006 10.61 11.74 11.15 10.36 9.45 
2007 17.62 15.28 14.32 15.28 19.10 
2008 12.65 14.07 14.43 12.50 11.79 
AVG 13.17 14.05 13.24 12.49 12.56 

 

The average seasonal rainfall for the study area was 13.17 in. which made up almost 

72% of the total annual precipitation. Castro County had the greatest average seasonal 

rainfall with 14.05 in. with Hockley County receiving the lowest average seasonal 

precipitation at 12.49 in. Parmer County received 13.24 in. which is slightly more than the 



Texas Tech University, Ada R. Warren, August 2010 

46 
 

study area average. Both Hockley and Terry counties received, on average, less seasonal 

precipitation that the study area.   

Figure 28 shows the seasonal precipitation totals for the study area two selected 

county areas.  Again, it is important to note years of below average seasonal precipitation 

like 1998 and 2003. Figure 29 shows the seasonal precipitation as a departure from average 

using the 30-year normal for the seasonal months (January through August). During the 19-

year study period nine years experienced below average precipitation for the study area and 

four selected counties.  

Six years experienced above average precipitation for the study area and selected 

counties while four years (1991, 1994, 1996 and 2008) had some areas with above average 

seasonal precipitation while some areas where below average seasonal precipitation. For 

1991, 1994 and 2008, the Castro / Parmer study area had seasonal precipitation averages 

above the normal.  In 1996, The Hockley / Terry study area had a seasonal precipitation 

average above the normal while the study area and Castro / Parmer area were below the 

seasonal normal.  The precipitation departure from average trend for seasonal precipitation 

was similar to the average annual precipitation departure from average except for 2005, 2006 

and 2008. 

It was important to understand what years had below average seasonal precipitation to 

determine if there was a greater decline in saturated thickness during years with drought-like 

conditions occurring during the optimal time for planting and cultivation.  Years with above 

average seasonal precipitation were analyzed to discover if during those growing seasons 

there were less withdrawal from the aquifer because of a decline in water demand thus 

reducing the rate of decline.
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Figure 28.  Seasonal precipitation for study area and four selected counties. 
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Figure 29.  Seasonal precipitation departure from average for study area and four selected counties. 
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Table 6 presents the seasonal precipitation amounts as a percentage of the annual 

precipitation amount for the study area and four selected counties.  During the 19-year study 

period the study area and four selected counties received on average about 70% of 

precipitation occurring from January through August.  It is important to know the percentage 

of precipitation occurring during the seasonal time period because there are years that have 

above average annual precipitation, but the majority of precipitation did not occur during the 

optimal growing months.  

For instance, 2004 had the greatest precipitation amount (33.57 in.) for all years 

during the study period. However, only 57.2% or 19.21 in. of precipitation occurred during 

the seasonally optimal months. Whereas in 1992, the average annual precipitation for the 

study area was 22.94 in. but over 86% of that precipitation (18.74 in.) occurred from January 

through August.  Although 1992 had over 10 in. less total precipitation than 2004, the 

difference between the amounts of precipitation occurring during the seasonally optimal time 

is less than an inch.  
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Table 6.  Seasonal precipitation percentage of total annual precipitation 
 

Seasonal Precipitation Percentage of Total Precipitation 

Year Study Area Castro Parmer Hockley Terry 
1990 73.3% 74.6% 66.4% 75.7% 75.9% 
1991 57.2% 65.7% 62.2% 50.3% 49.7% 
1992 86.2% 86.8% 83.9% 84.5% 86.7% 
1993 79.3% 76.8% 72.6% 81.0% 86.2% 
1994 81.4% 83.8% 83.8% 82.4% 75.5% 
1995 62.8% 71.6% 69.8% 54.4% 54.0% 
1996 81.7% 71.6% 75.0% 89.0% 89.0% 
1997 75.6% 76.8% 72.3% 74.9% 78.0% 
1998 56.4% 49.5% 52.2% 60.2% 65.7% 
1999 80.4% 78.4% 78.4% 79.7% 94.9% 
2000 67.3% 71.9% 65.0% 63.8% 67.6% 
2001 73.9% 80.1% 77.6% 72.1% 68.9% 
2002 60.4% 59.1% 57.9% 61.5% 63.4% 
2003 80.8% 80.9% 79.4% 80.3% 78.2% 
2004 57.2% 57.5% 59.1% 55.3% 53.2% 
2005 86.1% 90.4% 90.1% 81.5% 82.1% 
2006 55.4% 57.7% 60.9% 53.0% 52.6% 
2007 82.1% 81.5% 79.3% 66.0% 81.5% 
2008 67.7% 74.5% 73.6% 67.0% 64.6% 
AVG 71.8% 73.1% 71.6% 70.1% 72.0% 

 

Figure 30 shows the proportion of seasonal precipitation to the average annual 

precipitation. Although 2004 had a significant amount of annual precipitation, only 57% of 

the precipitation occurred during the seasonally optimal time. The lowest seasonal 

precipitation as a percent of annual precipitation occurred in 1991 at 57.2%, 2002 at 60.4% 

and 2006 at 55.4%.   
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Figure 30.  Average annual and seasonal precipitation 

5.1.3 Precipitation Summary 

Annual and seasonal precipitation values were important to determine which years 

experienced above average precipitation.  Seasonal precipitation was especially important in 

this analysis because it shows how much precipitation occurred during the optimal growing 
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the average seasonal precipitation was similar to 1992 and 1999 but had over 10 in. more of 

annual precipitation. The relationship was also a present in 1991 and 1997 where both years 

received similar average annual precipitation; however, 1991 had 5 in. less precipitation that 

occurred during the seasonal months.   

 

Figure 31.  Comparison of average annual and seasonal precipitation 

 The departure from average trend for seasonal precipitation is similar to the departure 

from average trend for annual precipitation. In both the annual and seasonal analyses, Castro 
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5.2 Saturated Thickness  

 The saturated thickness integer grids were calculated to find the average saturated 

thickness for the study area and the four selected counties.  To determine the average 

saturated thickness values for the counties, the integer grids were clipped to each county 

boundary using an extraction function in ArcMap and summarized using zonal statistics. 

Table 7 shows saturated thickness for each year in the study area and for the four selected 

counties. 

Table 7.  Saturated thickness for study area and four selected counties. 
 

Saturated Thickness in feet 

Year Study Area Castro Parmer Hockley Terry 
1990 76.7 114.8 108.8 47.2 62.6 
1991 76.3 113.4 106.7 47.6 61.9 
1992 74.9 112.3 105.6 46.9 59.3 
1993 75.3 110.8 104.1 46.8 62.8 
1994 73.9 108.5 101.5 47.2 60.7 
1995 71.6 105.4 98.2 45.8 59.2 
1996 69.8 102.4 94.8 44.1 57.8 
1997 67.9 99.5 91.5 42.9 56.5 
1998 67.9 98.5 90.3 45.4 55.9 
1999 65.6 95.4 86.6 43.8 52.7 
2000 65.1 94.2 85.0 44.1 52.4 
2001 63.5 92.0 82.9 42.2 50.8 
2002 62.4 89.6 80.2 41.8 49.0 
2003 61.4 87.5 78.5 42.0 47.0 
2004 59.0 85.8 76.2 40.5 45.4 
2005 59.5 85.0 76.2 41.1 46.5 
2006 58.7 82.6 74.5 39.4 46.5 
2007 58.4 81.5 73.3 38.9 44.9 
2008 58.6 79.4 72.8 38.8 47.1 
AVG 66.7 96.8 88.8 43.5 53.6 
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The average ST for the study area was 66.7 ft.  and Castro County had the greatest 

average ST at 96.8 ft. while Hockley County had the thinnest ST at 43.5 ft. Parmer County 

had an average of 88.8 ft. which is over 30% more ST than the study area average. Both 

Hockley and Terry had a ST average less than study area.  

Figure 32 shows the 1990 saturated thickness on the left and the 2008 saturated 

thickness on the right. There is a noticeable reduction of saturated thickness from 1990 to 

2008 in the northern section of the study area.  The dark blue areas represent more saturated 

thickness which corresponds to the paleochannels located in Castro, Parmer, Bailey and 

Lamb counties.  

 
Figure 32.  Saturated thickness surfaces 1990 (left) and 2008 (right) 
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5.3 Saturated Thickness Change 

The difference between saturated thickness integer grids was calculated to create the 

average saturated thickness change for the study area and the four selected counties for the 

19-year study period.  Table 8 shows the saturated thickness change (STC) between each 

year for the study area and four selected counties.  

Table 8.  Saturated thickness change for study area and four selected counties. 

Saturated Thickness Change in Inches 
Year Study Area Castro Parmer Hockley Terry 

90 to 91 -4.0 -17.9 -24.7 5.2 -9.1 
91 to 92 -17.9 -12.5 -13.8 -8.0 -30.2 
92 to 93 4.7 -17.6 -18.2 -2.0 41.4 
93 to 94 -16.1 -28.3 -30.4 4.9 -24.5 
94 to 95 -27.2 -36.8 -39.6 -16.8 -18.5 
95 to 96 -21.9 -35.6 -41.0 -19.8 -17.5 
96 to 97 -23.4 -34.8 -40.1 -14.7 -14.7 
97 to 98 0.5 -12.3 -14.0 29.5 -7.6 
98 to 99 -28.2 -37.0 -44.6 -18.9 -38.1 
99 to 00 -5.8 -14.6 -19.4 3.6 -4.2 
00 to 01 -19.2 -27.0 -24.9 -22.4 -18.2 
01 to 02 -12.9 -29.1 -32.5 -5.2 -22.0 
02 to 03 -11.9 -24.5 -20.8 3.1 -24.5 
03 to 04 -28.8 -20.1 -27.5 -18.6 -18.7 
04 to 05 6.3 -9.7 0.2 7.6 13.6 
05 to 06 -9.8 -28.8 -20.6 -20.2 -0.3 
06 to 07 -4.1 -13.5 -13.9 -6.0 -18.8 
07 to 08 2.7 -25.5 -5.6 -1.4 25.3 

AVG -12.0 -23.7 -24.0 -5.6 -10.4 
 

The average STC for the study area was -12 in. and Parmer County had the most 

STC, with a 24 in. decline.  Hockley County had the least STC at -5.6 in. Both Hockley and 

Terry had a STC average less than study area.  
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Figure 33 shows the saturated thickness from 1990 to 2008 on the left with a zoomed-

in area of the saturated thickness with imagery on the right. The imagery shows the areas 

with the greatest decline in saturated thickness in southern Castro and Parmer counties are in 

areas with concentrated center pivot irrigation systems.  The areas with the concentrated 

center pivot irrigation systems correspond to the paleochannels from the base of aquifer 

where the saturated thickness is the thickest. So the greatest changes in saturated thickness 

occurred in areas with the most saturated thickness located within the paleochannels. The 

middle of Bailey and Lamb counties had little or no change in saturated thickness from 1990 

to 2008 where the imagery shows few irrigated fields. 

 

Figure 33.  Saturated thickness change 1990 to 2008 with imagery. 
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5.4 Annual Precipitation and Saturated Thickness Change 

Figure 34 shows the average annual precipitation amounts in comparison to the 

change in saturated thickness for the study area during the 19-year study period. For years 

with precipitation above average annual precipitation greater than 18.53 in., the annual 

change in saturated thickness decreases. For instance, in 1997 the average annual 

precipitation is 23.26 in. with little change (6 in.) in saturated thickness.  In 2003, the average 

annual precipitation was the lowest at 11.05 inches and corresponded to the greatest yearly 

change in saturated thickness at -28.8 in.  

 

Figure 34.  Annual precipitation and change in saturated thickness. 
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 Figure 35 shows the saturated thickness change and precipitation values as a 

departure from the average. For precipitation the 30-year normal of 18.8 in. was used with an 

average saturated thickness change for the study area of -12.0 in. An above average saturated 

thickness change value does not indicate a rise in saturated thickness, rather the decline in 

saturated thickness was less. With the exception of 1990, 1991 and 2005, when annual 

precipitation is above normal, saturated thickness change is less. For example, in 1999 the 

annual precipitation was almost over 5 in. above the normal (22.3 in.) with a saturated 

thickness change of -5.8 in. which is 6.2 in. below the average of -12 in.  

 
Figure 35.  Annual precipitation and change in saturated thickness departure from average. 
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Figures 36 to 43 show the annual precipitation compared to saturated thickness 

change and their departure from average for the four selected counties.  During the 19-year 

study period all four selected counties had above average precipitation and saturated 

thickness change for 1992, 1997, 1998 and 2004. The four selected counties also experienced 

below average precipitation and saturated thickness change for 1996, 1998 and 2000. 

Castro and Parmer counties (Figures 36 to 39) have similar trends in precipitation and 

saturated thickness change to one another. On average, when annual precipitation is above 

the 30-year normal, the saturated thickness change is less. For precipitation the 30-year 

normal average of both counties is 18.6 in. with an average saturated thickness change of        

-23.9 in.  For example, in 1999 the average annual precipitation of 20.04 was 1.8 in. above 

the average with a saturated thickness change of -17 in. which is 6.9 in. below the average 

change of -23.9 in. 
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Figure 36.  Annual precipitation and change in saturated thickness for Castro County. 

 

 
Figure 37.  Annual precipitation and change in saturated thickness departure from average for Castro 

County. 
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Figure 38.  Annual precipitation and change in saturated thickness for Parmer County. 

 

 
Figure 39.  Annual precipitation and chnage in saturated thickness depature form average for Parmer 
County. 
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Hockley and Terry counties (Figures 40 to 43) have similar trends in precipitation and 

saturated thickness. On average, when annual precipitation is above the 30-year normal the 

saturated thickness change is less. The 30-year normal precipitation of both counties is 18.8 

in. with an average saturated thickness change of -8 in.  For example, in 1994 the annual 

precipitation for Hockley and Terry County was approximately 7 in. below the average 

(18.53 in.) at 11.75 in. with an average saturated thickness change of -17.65 in. which is        

-9.65 in. below average change of -8 in. 

In Figures 42 and 43, the saturated thickness change is over 40 in. above average for 

Terry County in 1992.  This increase in saturated thickness corresponds to the failed cotton 

crop that occurred in 1992 because of a cotton seedling disease.  Terry County had over 

100,000 acres planted of irrigated upland cotton but lost about half of the acres during the 

1992 growing season.  
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Figure 40.  Annual precipitation and change in saturated thickness for Hockley County. 

 

 
Figure 41.  Annual precipitation and change in saturated thickness departure from average for Hockley 
County. 
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Figure 42.  Annual precipitation and change in saturated thickness for Terry County. 

 

 
Figure 43.  Annual precipitation and change in saturated thickness departure from average for Terry 

County. 
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5.5 Seasonal Precipitation and Saturated Thickness Change 

 Figure 44 shows the seasonal precipitation amounts in comparison with the change in 

saturated thickness for the study area during the 19-year study period. Years with above 

average precipitation (1992, 1997, 1999, 2004, and 2007) also have a decrease in the change 

of saturated thickness or a slight increase in saturated thickness.  

For years with a seasonal precipitation total of 18 inches or more the saturated 

thickness change decreases. For instance, in 1992 the seasonal precipitation was 18.74 inches 

with little change (+ or - 0.5 feet) in saturated thickness.  In 1992 over 86% of the 

precipitation events occurred from January to August.  In 1991 only 57% of precipitation 

occurred in the seasonal time frame and experienced a decline of 17 feet in saturated 

thickness. The graphs for each of the selected four counties follow the same pattern as the 

study area graph.  



Texas Tech University, Ada R. Warren, August 2010 

66 
 

 
Figure 44.  Seasonal precipitation and change in saturated thickness 

  

 Figure 45 shows the saturated thickness change and seasonal precipitation values as a 

departure from the average. For seasonal precipitation the 30-year normal of 13.2 in. was 

used and the average saturated thickness change for the study area of -12.0 in.  With the 

exception of 1990, 1991 and 2006 when seasonal precipitation is above average, saturated 

thickness change is less. For example, in 1999 the seasonal precipitation of 17.95 was  

4.75 in. above the average with a saturated thickness change of -5.8 in. which is 6.2 in. below 

average. 
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Figure 45.  Seasonal precipitation and change in saturated thickness departure from average 

Figures 46 to 53 show the seasonal precipitation compared to saturated thickness 

change and their departure from average for the four selected counties.  During the 19-year 

study period all four selected counties had above average seasonal precipitation and saturated 

thickness change for 1992, 1997, 1999 and 2004. The four selected counties also experienced 

below average seasonal precipitation and saturated thickness change for 1995, 1998, 2000 

and 2001. 

Castro and Parmer counties (Figures 46 to 49) have similar trends in seasonal 

precipitation and saturated thickness change. For seasonal precipitation the 30-year normal 

average of both counties is 13.64 in. with an average saturated thickness change of -23.85 in.  
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On average, when seasonal precipitation is above the 30-year average, the saturated thickness 

change is less. For example, in 1999 the seasonal precipitation average for Castro and Parmer 

was 18.8 in. which was 5.24 in. above the average with a saturated thickness change of    

-17 in. which is 6.9 in. below the average change of -23.9 in. 
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Figure 46.  Seasonal precipitation and change in saturated thickness for Castro County. 

 
Figure 47.  Seasonal precipitation and change in saturated thickness departure from average for Castro 

County. 
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Figure 48.  Seasonal precipitation and change in saturated thickness for Parmer County. 

 
Figure 49.  Seasonal precipitation and change in saturated thickness departure from average for Parmer 
County. 
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Hockley and Terry counties (Figures 50 to 53) have similar trends in seasonal 

precipitation and saturated thickness change. For seasonal precipitation the 30-year normal 

average of both counties is 12.9 in. with an average saturated thickness change of -8 in.  On 

average, when seasonal precipitation is above the 30-year average the saturated thickness 

change is less. For example, in 1994 the seasonal precipitation for Hockley and Terry County 

was 3.6 in. below the average (12.9 in.) with 9.3 in. of precipitation with an average saturated 

thickness change of -17.65 in. which is -9.65 in. below average change of -8 in. 

In Figures 52 and 53, the saturated thickness change is over 40 in. above average for 

Terry County in 1992.  This increase in saturated thickness corresponds to the failed cotton 

crop that occurred in 1992 because of a cotton seedling disease.  Terry County had over 

100,000 acres planted of irrigated upland cotton but lost about half of the acres during the 

1992 growing season.  
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Figure 50.  Seasonal precipitation and change in saturated thickness for Hockley County. 

 
Figure 51.  Seasonal precipitation and change in saturated thickness departure from average for Hockley 

County. 
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Figure 52.  Seasonal precipitation and change in saturated thickness for Terry County. 

 
Figure 53.  Seasonal precipitation and change in saturated thickness departure from average for Terry 

County. 
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5.6  Agricultural Water Requirements 

The majority of acres cultivated in the study area are irrigated with the majority of the 

land dedicated to cotton, corn, sorghum and wheat. It is important to understand the number 

of acres each crop planted and harvested to determine the water requirements for the study 

area. The maximum water requirement for cultivating cotton is approximately 25 in. and is 

less than the other crops grown in the region. Corn has a maximum water requirement of     

33 in. and sorghum has a maximum water requirement of 27 in. (Gowda et al., 2007). These 

water requirement values represent the total amount of water need for optimal crop 

cultivation. However, the water requirement was not exclusively met by precipitation, but 

supplemented with irrigation in addition to precipitation. 

According to the 2007 USDA Agricultural Census, the average amount of water used 

in irrigation for each crop in the study area ranges from 0.8 acre-feet to 1.6 acre-feet of water 

per acre planted.  The amount of irrigation was an average for producers on the Southern 

High Plains.  The irrigation average for corn was the greatest at 1.6 acre-foot or 19 in. of 

water per acre planted. Upland cotton and wheat used about 1.0 acre-foot or 12 in. of water 

per acre planted while sorghum uses 0.8 acre-foot or 9.6 in. of water per acre planted. A field 

with more corn acreage will need more water than a field of wheat or sorghum.  

Table 9 shows the average seasonal precipitation deficit during crop cultivation for 

each year which indicates how much water from the aquifer is required to sustain these crops. 

A weighted average, based on crop acreage, was used to determine the average water 

requirement expressed as the seasonal precipitation deficit. The average water requirement is 

13.74 in. during the growing season for corn, cotton and sorghum. 
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Table 9.  Seasonal precipitation deficit for irrigated crops in study area. 

Year 

Seasonal 
Precipitation 

(inches) 

Seasonal 
Precipitation 

Deficit (inches)  
∆ ST in 
Inches 

90 10.62 -3.12 -4.00 
91 13.09 -0.65 -17.90 
92 18.74 0 4.70 
93 11.69 -2.05 -16.10 
94 11.56 -2.18 -27.20 
95 10.82 -2.92 -21.90 
96 12.98 -0.76 -23.40 
97 17.59 0 0.50 
98 8.13 -5.61 -28.20 
99 17.95 0 -5.80 
00 11.55 -2.19 -19.20 
01 11.58 -2.16 -12.90 
02 10.66 -3.08 -11.90 
03 8.93 -4.81 -28.80 
04 19.21 0 6.30 
05 14.17 0 -9.80 
06 10.61 -3.13 -4.10 
07 17.62 0 2.70 
08 12.65 -1.09   

 

Years with more precipitation than the 13.74 in. precipitation requirement were 

zeroed out because no deficit occurred.  Years above average seasonal precipitation 

(13.17 in.) have less of a precipitation deficit and conversely, years with below average 

seasonal precipitation have a much greater precipitation deficit.  For the unseasonably dry 

years of 1998 and 2003,  the study area had a seasonal precipitation deficit of 5.61 inches in 

1998 and 4.81 inches in 2003.  These two years also experienced the greatest decline in 

saturated thickness at -28 in. When the precipitation deficit increases there is more water 

extraction for irrigation systems in addition to the average irrigation rates.  
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5.7 The Model 

 Two models were developed to determine the significance of the relationship between 

change in saturated thickness and precipitation. The first model determines what relationship 

exists between annual precipitation and saturated thickness change.  The second model 

determines what relationship exists between seasonal precipitation and saturated thickness 

change.   A significant relationship would suggest that precipitation has a statistically 

significant effect on the change in saturated thickness.  

Both models were run for the study area (ten counties) instead of on a county scale. 

Since all counties within the study area are adjacent to one another, increased pumping in one 

area would affect groundwater wells in an adjacent county. A regional analysis is appropriate 

because of lateral movement of water in the Ogallala Aquifer.  

5.7.1 Average Annual Precipitation Regression Model 

This model calculates the significance of the relationship between annual 

precipitation and saturated thickness change. Figure 54 presents the actual versus predicted 

plot for annual precipitation and saturated thickness change. 
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Figure 54.  Actual vs. predicted average annual precipitation plot 
 

Δ Saturated Thickness = β0 + β1 (Precipitation) 

Δ Saturated Thickness = -3.46 + 0.136 (Precipitation) 

      (0.639)  (0.033) - standard error 

From the above equation the r2 value of 0.49 suggests a moderate positive 

relationship exists between precipitation and change in saturated thickness.  The p-value of 

0.0008 is less than the critical p-value of 0.05 which suggests that this relationship is 

significant at the 95% confidence level.  
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5.7.2 Seasonal Precipitation Regression Model 

The second model calculates the significance of the relationship between seasonal 

precipitation and saturated thickness change. Figure 55 presents the actual versus predicted 

plot for seasonal precipitation and saturated thickness change. 

 
Figure 55.  Actual vs. predicted seasonal precipitation plot 

 

Δ Saturated Thickness = β0 + β1 (Precipitation) 

Δ Saturated Thickness = -3.74 + 0.211 (Precipitation) 
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From the above equation the r2 value of 0.56 suggests a moderate positive 

relationship exists between seasonal precipitation and change in saturated thickness.   

The p-value of 0.0002 is less than the critical p-value of 0.05 which suggests that this 

relationship is significant at the 95% confidence level.  

r2 = 0.56 

p-value = 0.0002 

95% confidence level 
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CHAPTER VI 

CONCLUSION 

The Ogallala Aquifer has supported irrigated agriculture for over 50 years on the 

Southern High Plains. The use of irrigation for large-scale agriculture production has caused 

an increasing demand for water from the Ogallala Aquifer.  The rate at which producers are 

pumping greatly exceeds that of recharge causing a relatively steady decline in the saturated 

thickness.  Given that the rate of decline fluctuates year-to-year, it is important to understand 

the effect of precipitation on the rate of decline. This analysis examined what effect 

precipitation had on the rate of decline of the Ogallala Aquifer on the Southern High Plains 

from 1990 to 2008.  

Water well data were acquired for the ten-county study area from 1990 to 2008 from 

which water level surfaces were interpolated.  The base of aquifer for the Ogallala Aquifer 

was subtracted from the water level surfaces to create saturated thickness surfaces for each 

year.  The saturated thickness surfaces were subtracted from one another to calculate the 

change in saturated thickness from year-to-year.  The saturated thickness change from  

year-to-year reflects the temporal variability in the rate of depletion of the Ogallala Aquifer. 

 Precipitation data, both annual and seasonal, were acquired from the PRISM Climate 

Group.  The PRISM precipitation data were compared with the West Texas Mesonet 

precipitation data to validate the use of the PRISM data. The annual precipitation represents 

the total precipitation during the year while seasonal precipitation refers to precipitation 

occurring during the optimal growing times for crops in the study area. The seasonal 

precipitation includes precipitation occurring from January through August.   
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Agriculture data were acquired from the USDA NASS database to determine the 

number of acres and types of irrigated crops in the study area. The most prevalent crops 

included cotton, corn, sorghum and wheat. In addition to the number of acres, the analysis 

examined the water requirement for each crop. For instance, corn requires more water than 

the other three crops, but the majority of water needed to cultivate each crop is satisfied by 

irrigation. However, the water requirement is not completely fulfilled by irrigation, so 

producers still rely on timely precipitation to compensate for the water deficit.  

In addition to analyzing the data for the study area, four counties were selected for 

further analysis.  This analysis showed how aquifer characteristics and land use vary within a 

relatively small geographic area.  These four counties, Castro, Parmer, Hockley and Terry, 

were chosen because they represented areas with a high concentration of center pivots, 

varying saturated thickness levels and irrigated crop variety. Castro and Parmer counties 

were analyzed together because they are adjacent to each other and located in an area with a 

larger saturated thickness than the other counties in the study.  Additionally, Castro and 

Parmer counties have similar agricultural practices and crop variety of corn, cotton, sorghum 

and wheat.  Hockley and Terry counties were analyzed together because both counties have a 

similar saturated thickness levels and plant primarily irrigated upland cotton.  

The agricultural data showed that the majority of irrigated acres planted in the study 

area are upland cotton followed by corn, wheat and sorghum. Almost 2 million acres were 

planted each year with a 5% variation in acreage. Producers in Castro and Parmer counties 

planted more corn than any of the other counties while the irrigated acreage in Terry and 

Hockley counties was devoted to upland cotton.  With different crops planted in different 

counties, the water requirement in each county is also different. 
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The precipitation data, both annual and seasonal were compared to saturated 

thickness change by year to show a correlation between precipitation and saturated thickness 

change.  The departure from average was calculated for the precipitation and saturated 

thickness data to determine the relationship during years of above average or below average 

precipitation. Generally, when the precipitation was above average the saturated thickness 

change did not decline as quickly.  

To explain the observed relationship between precipitation and saturated thickness 

change, one would assume that producers would irrigate less during times of above normal 

precipitation. The analysis suggests that there was some reduction of the rate of aquifer 

decline during years with greater precipitation. Additionally, when there is more seasonal 

precipitation, the effect was greater on the rate of decline of saturated thickness.  

To quantify this relationship, two regression models were developed calculate the 

significance of the relationship between precipitation and saturated thickness.  These 

regression models were run for the entire study area because water withdrawals effects 

adjacent areas.  Changes in the rate of water extraction would affect groundwater wells in an 

adjacent county. Therefore, a regional analysis was appropriate. 

Both regression models suggest there is a positive correlation between annual 

precipitation and saturated thickness change. The coefficient of determination for 

precipitation is statistically significant with a 95% confidence level. Therefore, when the 

amount of yearly or seasonal precipitation increases, the amount of saturated thickness 

change decreases (i.e. ∆STt - ∆STt+1 > 0). The average rate of decline of saturated thickness 

for the Ogallala is reduced during years of high annual and seasonal precipitation. 
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The relationship between seasonal precipitation and change in saturated thickness has 

a better coefficient of determination (0.56) than the relationship between annual precipitation 

and change in saturated thickness (0.49). Therefore, the amount of seasonal precipitation has 

a greater effect on the rate of saturated thickness change than annual precipitation amounts.   

In conclusion, precipitation does have an effect on saturated thickness change of the 

Ogallala Aquifer in the study area. Precipitation events occurring during seasonally optimal 

times have a more significant effect on saturated thickness decline.  These findings suggest 

the idea that producers withdraw less water when precipitation coincides with the growing 

season.  This relationship, however, is not very strong.  This finding suggests that other 

factors must also contribute to the temporal variability on rates of aquifer decline. 

6.1 Recommendations 

 This analysis studied the effects of precipitation on the rate of decline of saturated 

thickness; however there are several variables that could have a direct or indirect impact on 

water extraction from the Ogallala Aquifer. Precipitation, both annually and seasonally, is 

only one variable causing variability in the rate of decline.  

 This analysis used annual and monthly totals of precipitation, but the type and 

duration of precipitation could have an effect on the rate of decline of the Ogallala Aquifer. 

For instance, an area could receive several inches of precipitation in a short time with 

significant surface runoff. The same area could receive the same amount of precipitation, but 

over a longer period of time thus increasing infiltration and the soil moisture available to 

crops.  

Other variables, such as fuel prices or crop demand might also have an effect on the 

amount of water withdrawn from the Ogallala Aquifer. When fuel prices are high there might 
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be less of an economic incentive to pump water, thereby reducing the overall amount of 

water extracted.  

Similarly, If the demand for crops, such as corn, increases, the amount of water 

needed to irrigate those crops could increase. Although this study showed that the crop mix 

was relatively stable from year-to-year, these small annual differences in the corn mix might 

be significant in terms of water demand.  In future research, it would be useful to combine 

the effects of precipitation, fuel prices and the crop mix to better understand the processes 

controlling the annual depletion of the Ogallala Aquifer. 
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APPENDIX  A 
WELL MAPS 

  

Figure 56.  1990 well data 
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Figure 57.  2008 well data 
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APPENDIX  B 
SATURATED THICKNESS MAPS 

 
Figure 58.  1990 saturated thickness 
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Figure 59.  2008 saturated thickness 
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APPENDIX  C 
SATURATED THICKNESS CHANGE MAP

 
Figure 60.  Saturated thickness change from 1990 to 2008 
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