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GLOSSARY OF SELECTED TERMS

Actual evapotraaspiration (AET). The actual, consumptive water use of a
given vegetation or crop type under certain soil-moisture conditions.
It is a function of the consumptive water requirement (CWR) of the
vegetation or crop type and the availability of soil moisture
within a certain root-zone depth. In this report AET equals CWR
minus the soil-moisture deficit and is expressed in inches of
water.

Available water capacity (AWC). The capacity of the soil to hold water
for use by most plants. It is the difference between the amount of
water in the soil at field capacity and the wilting point. It is
largely dependent on soil texture, with coarse-textured materials
such as sand having the least capacity and silts having the highest.
It is expressed as inches of water per inch of soil.

Consumptive irrigation requirement (CIR). In this report it is the
amount of supplemental water required to keep the available water
capacity for a given soil and root-zone depth at 50 percent of
capacity during the irrigation season of June through August. This
value, expressed as inches of water, varies with crop type and is
dependent on the consumptive water requirement (CWR).

Consumptive water requirement (CWR). The seasonal or monthly water
demands of specific vegetation or crop types in relation to potential
evapotranspiration (PET). The assumption is that water availability
is not a limiting factor. CWR is expressed as a ratio, fraction,
or percentage of PET.

Deep percolation (DP). The water that moves through the soil zone and
is no longer available to plants and becomes potentially available
for ground-water recharge. It is computed in this report as moisture
that exceeds the consumptive water requirement (CWR) and water-
storage capacity of the soil as expressed by the available water
capacity (AWC) for a given root-zone depth.

Infiltration. The movement of water into the soil. It is a function of
the soil's surface permeability, the surface cover characteristics
(vegetation), and topographic conditions, and is expressed in
inches per hour.

vii



Percent of possible sunshine. The percent of potential daylight hours
that are not overcast or that solar radiation reaching the earth's
surface (solar radiation) is not obscured by cloud cover or dense
haze. It is independent of the number of hours of daylight and the
intensity of solar radiation. Furthermore, it does not imply
completely cloud-free sky conditions. Percent possible sunshine is
computed by dividing the number of hours or minutes of sunshine,
measured by a sunshine recorder, by the potential number of hours
or minutes of sunshine for a given day of the year.

Permeability. The rate at which soil, under saturated conditions,
transmits water in a vertical direction under a unit head of pressure.
It is a function of the soil's physical properties of texture,
structure, and porosity and is expressed in inches per hour.

Potential evapotranspiration (PET). The loss of water that would occur
from the soil (evaporation) and through plants (transpiration) 1if
the availability of water is not a limiting factor. The assumption
is that the surface is completely covered with healthy, continuously
growing vegetation, and there are no limitations caused by soil
characteristics (Mather, 1974; Jensen, 1974). It is largely a
function of solar radiation, air temperature, humidity, and wind
velocity. Alfalfa is frequently used as a comparative standard.

PET is expressed in inches of water in this report.

Root-zone depth. The depth or thickness in which the root system of
specific vegetation or crop types can actively utilize available
soil moisture. It is expressed in inches.

Soil-moisture deficit (STD). The difference between the amount of water
required to meet the consumptive water requirement (CWR) and the
water available within the plant root zone (STD equals CWR minus
available water). STD is expressed in inches of water.

Surface runoff. Precipitation that does not infiltrate the soil and
is not available for consumptive water use or ground-water recharge.
It is largely a function of soil permeability, soil slope, and
vegetative cover. In this report it is expressed in inches and is
calculated as precipitation minus infiltration equals surface
runoff.
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EFFECTS OF CLIMATE, VEGETATION, AND SOILS ON CONSUMPTIVE WATER USE AND
GROUND-WATER RECHARGE TO THE CENTRAL MIDWEST REGIONAL AQUIFER SYSTEM,
MID-CONTINENT UNITED STATES

By Jack T. Dugan and Jon M. Peckenpaugh

ABSTRACT

The Central Midwest regional aquifer system, in parts of Arkansas,
Colorado, Kansas, Missouri, Nebraska, New Mexico, South Dakota, and
Texas, is a region of great hydrologic diversity. This study examines
the relationships between climate, vegetation, and soil that affect
consumptive water use and recharge to the ground-water system. Compu-
tations of potential recharge and consumptive water use were restricted
to those areas where the aquifers under consideration were the immediate
underlying system.

The principal method of analysis utilizes a soil-moisture computer
model. This model requires four types of input: (1) Hydrologic properties
of the soils, (2) vegetation types, (3) monthly precipitation, and (4)
computed monthly potential evapotranspiration (PET) values. The PET
simulation is based on the Jensen-Haise method, which requires monthly
solar radiation and temperature data.

The climatic factors that affect consumptive water use and recharge
were extensively mapped for the study area. Nearly all the pertinent
climatic elements confirmed the extreme diversity of the region. PET
and those factors affecting it--solar radiation, temperature, and humidity--
show large regional differences; mean annual PET ranges from 36 to 70
inches in the study area.

Precipitation shows even greater regional variation, with mean
annual precipitation ranging from less than 12 inches in parts of eastern
Colorado to more than 50 inches in parts of Arkansas. Furthermore, the
variability of annual precipitation tends to increase as average annual
precipitation decreases.

The seasonal climatic patterns indicate significant regional differ-
ences in those factors affecting seasonal consumptive water use and
recharge. In the southern and western parts of the study area, consumptive
water use occurs nearly the entire year; whereas, in northern parts it
occurs primarily during the warm season (April through September).



Results of the soil-moisture program, which add the affects of
vegetation and the hydrologic characteristics of the soil to computed
PET values, confirm the significant regional differences in consumptive
water use or actual evapotranspiration (AET) and potential ground-water
recharge. Under two different vegetative conditions--the 1978 conditions
and pre-agricultural conditions consisting of only grassland and woodland--
overall differences in recharge were minimal. Recharge values were
significantly different from pre-agricultural conditions only in selected
areas where tame hay (principally alfalfa) or fallow acreages were
appreciable.

Mean annual recharge under both conditions averaged slightly more
than 4.5 inches for the entire study area, but ranged from less than
0.10 inch in eastern Colorado to slightly more than 15 inches in Arkansas.
Patterns of annual recharge closely paralleled yearly and cool season
precipitation (October through March). It was concluded that climatic
effects dominated overall regional recharge patterns in the study area,
with local variations resulting from differences in vegetation and soil.

INTRODUCTION

The process is quite complex by which precipitation that falls on
the earth's surface ultimately reaches an underlying aquifer as natural
recharge. Precipitation, which potentially is available for ground-
water recharge, is subjected to the effects of climate, vegetation, and
soils. Usually, only a small amount of this precipitation becomes
available for recharge, with the remainder being returned to the atmosphere
through the process of evapotranspiration or to the sea as surface runoff.

The mathematical simulation of an aquifer system requires a careful
assessment of recharge to that system, particularly the spatial differences.
Because actual measurement of recharge over large areas is not possible,
an estimation process based on those factors affecting recharge must be
used.



Purpose and Scope

The purpose of this report is to analyze and discuss those climatic,
vegetative, and soil characteristics that affect consumptive water use
and natural recharge to aquifer systems in the Central Midwest Regional
Aquifer-Systems Analysis (CMRASA) in parts of Arkansas, Colorado, Kansas,
Missouri, Nebraska, New Mexico, South Dakota, and Texas. This report
resulted from a study in which the principal objective was to compute
potential recharge in those selected areas as input to a ground-water
model. Figure 1 indicates the location of the CMRASA study area and
those parts included within this study.

The CMRASA study is concerned principally with aquifers composed of
materials of Cretaceous age or older. This report is restricted to
those parts of the study area where these aquifers are the uppermost
ground-water system, because climatic, vegetative, and soil conditions
directly affect natural recharge only to the uppermost aquifer. The
major aquifers composed of Tertiary age and younger materials, therefore,
are excluded from this analysis. These units are contained in the High
Plains Regional Aquifer-Systems Analysis Project.

This report is organized in a manner that follows the natural
sequential processes of consumptive water use and ground-water recharge.
The section following the Introduction examines those factors that
affect consumptive water use and includes a detailed discussion of those
climatic elements that affect potential evapotranspiration (PET) and the
resultant PET patterns. Next, the effects of vegetation and soils are
added to the PET to determine consumptive water use or actual evapo-
transpiration losses. An examination of precipitation patterns follows
in order to provide a perspective on the relationship between water
needs and the availability of water to meet those needs. The final
major section discusses the potential recharge patterns of the study
area calculated through computer analyses of the data.



Location and General Characteristics of the Study Area

The geographic extent and location of the study area, containing
about 275,000 square miles and spanning nearly 10 degrees of latitude
(fig. 1), preordains a certain degree of potential diversity in the
factors affecting consumptive water use and ground-water recharge. The
study area occupies a mid-latitude continental location, where an abrupt
transition between polar and tropical climatic conditions occur. The
abruptness of this transition is most evident during the cool season
(October through March) when strong regional contrasts exist among the
several climatic factors. Three distinctively different global climatic
types occur within the study area -- humid subtropical in the southeast,
subhumid continental in the north, and semiarid in the west.

Vegetation of the study area is quite diverse. Woodlands and
grasslands used for grazing predominate, but large areas suitable for
cultivation are used for a variety of row crops, winter wheat, alfalfa,
and fallow.

The characteristics of the soils that are hydrologically significant
span a broad continuum within the study area. These range from deep,
silty soils with minimal slopes formed on loess or alluvium deposits to
thin, rocky soils formed on steep uplands from bedrock. Dugan (1985)
provides a more complete description of the soils of the study area.

Sources of Data

The climatic information required for this study, including temperature,
sunshine, and precipitation data, are published by the National Oceanic
and Atmospheric Administration (NOAA) in monthly, annual, and 10-year
summaries. For this study, the climatic data base consists of data
derived from 99 precipitation stations, 27 temperature stations, and 12
solar (percent of possible sunshine) stations. Observed monthly data
for the period of study (1951-80) were used for these climatic factors.
Only those stations with complete, continuous records for the 30-year
period were used. The objective was to obtain a relatively uniform
distribution of observation points for each climatic factor. Data from
metropolitan areas were avoided where possible because of possible
anomalous urban influences.
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Table 8.--Generalized relationship between cool-season
precipitation and potential recharge

coolgzzzson Mean annual Approximate
precipitation rgcharge proportion
(inches) (inches) (percent)
24 15 03
18 10 56
12 5 42
) 1.5 25
4 .25 6

From the preceding comparisons, it appears that generalized patterns
of potential recharge are determined mainly by climatic conditions.
Smaller variations within local areas, however, are related to differences
in vegetation and soil types. The scale of this study emphasizes the
significant role that climate plays in a regional appraisal of consumptive
water use and recharge to the ground-water system.

Vigorous statistical testing to measure the relationship between
recharge (dependent variable) and the climatic elements (particularly
precipitation), vegetation, and hydrologic soil properties (independent
variables) would be useful under different circumstances. However, it
is not valid in this case where potential recharge is computed from
these variables. The simple comparisons do indicate, however, which
variables are most significant to recharge.
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CONCLUSIONS

The regional diversity of the factors affecting consumptive water
use and potential recharge to the ground-water system has been demonstrated.
The extreme differences in mean annual recharge within the study area
are attributable primarily to variations in the several climatic factors
analyzed.

High rates of potential and actual (consumptive water use) evapotrans-
piration (PET and AET) are closely related to high incidences of solar
radiation, which in turn are dependent chiefly on high percentages of
possible sunshine. Areas of lower PET and AET in Nebraska and South
Dakota result from less solar radiation and sunshine and longer, more
intense cool seasons that cause longer periods of dormancy in plant
growth.

Perhaps the most significant climatic variable is precipitation.
Mean annual precipitation ranges from more than 50 inches in parts of
Arkansas to less than 12 inches in parts of Colorado. Furthermore, the
areas of higher annual precipitation received a much larger proportion
during the cool season when PET and AET are at a minimum. Both annual
and seasonal precipitation closely reflect recharge conditions.

Land use and soil conditions less obviously affect overall patterns
of recharge. Local recharge differences, however, can be attributed to
one or both of these factors. Variations in water use by different land
uses and variations in hydrologic properties of the soils tend to ''average
out" recharge conditions over large areas such as the grid elements used
in this study (790 square miles). Also, the predominant land uses--
woodlands, which dominate in the southeast, and grasslands, which dominate
in the west and central--have similar overall consumptive water requirements
(CWR). Soil effects were somewhat limited because the more permeable
soils that have lower available water capacity and greater recharge
potential, occur mainly in semiarid areas with high PET rates where
recharge potential is already limited.

Application of the soil-moisture and PET programs to climatic
regimes, other than subhumid and semiarid environments for which they
were originally developed, appears to have provided reasonable results.
The various water-use characteristics (CWR, AET, CIR) and deep percolation
values appear to reflect the different climatic conditions quite well
throughout the study area, including the humid subtropical environment
of the southeast.
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Caution, however, should be exercised in attempting to apply various
program estimations to specific areas because of the general nature of
this study. The CWR/PET relationships, land use, and soil character-
istics, in particular, are very generalized and require refinements for
more detailed examination of specific areas. Furthermore, it was beyond
the scope of this study to calibrate or statistically evaluate the
results with empirically derived hydrologic data or ground-water-flow
model simulations. Such tests are necessary for more detailed applications.
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