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ABSTRACT

Quantification of groundwater recharge is important for assessing aquifer vulnerability to
contamination because most contaminant sources occur at or near the land surface and
recharge rate, among other factors, determines the rate that contaminants can be transported to
an aquifer. The purpose of this study was to estimate recharge rates for major aquifers
characterized by porous media in Texas. Recharge was estimated using one-dimensional
unsaturated flow modeling for the major aquifers and using limited field studies in the Southern
High Plains and Seymour aquifers. Field studies included measurement of soil physics (water
content, matric potential head) and environmental tracers (chloride) in soil samples from
boreholes installed in different land use settings, including natural, dryland farming, and irrigated
farming.

Numerical modeling of unsaturated flow was used to estimate recharge using long-term (30
yr) climatic forcing, soils data from STATSGO and SSURGO, and vegetation data. Hydraulic
properties were estimated using pedotransfer functions. Simulated recharge using bare sand
ranged from 54 mm/yr in west Texas to 720 mm/yr in east Texas and was positively correlated
with precipitation. These high recharge rates indicate that climate is not the limiting factor for
recharge and that soil texture and vegetation are important in reducing recharge. Recharge
estimates based on layered soil profiles were quite variable locally depending on sediment
texture and sequence of layers. However, areally weighted average recharge rates were much
less variable for the counties analyzed in this study and were positively correlated with
precipitation. Layering reduced recharge rates in most cases relative to recharge rates based on
monolithic sand profiles. Vegetation also played an important role in controlling recharge and
greatly reduced recharge rates in all cases. Addition of vegetation to the monolithic sand
profiles reduced recharge rates for most cases by factors ranging from 2 to 11. The final
simulations included vegetation and layered soil profiles and resulted in recharge rates ranging
from 0.2 to 114 mm/yr. The 30 yr average recharge rate for the large number of stations
simulated in the state were positively correlated with precipitation, indicating that long-term
precipitation could be used as a predictor of long-term recharge.

Recharge rates based on the chloride mass balance approach ranged from 0.5 to 26 mm/yr
in the Southern High Plains and from 6 to 34 mm/yr in the Seymour aquifer. The variation in
recharge rates in the Southern High Plains correlated with land use: low recharge rates in the
natural settings (0.5 to 0.8 mm/yr) and much higher recharge rates in the dryland farming
settings (6 to 26 mm/yr). The variation in recharge rates is consistent with the soil physics

measurements: low matric potential heads in the natural setting (-208 to -270 m) indicating dry



conditions and much higher matric potential heads in the dryland and irrigated settings (-2 to -
2.8 m) indicating wet conditions. Estimated recharge fluxes were uniformly high (15 to 34
mm/yr) in the sand dune setting overlying the Seymour aquifer whereas recharge rates were
lower (6 mm/yr) in a profile in finer grained sediments to the east. The lack of variability in
estimated recharge rates with land use in the Seymour aquifer may be attributed to generally
coarser textured sediments in the Seymour, which reduces the impact of cultivation on
recharge. Recharge estimates based on numerical modeling were generally lower than those
based on field studies. The difference in recharge rates may reflect the areally weighted
average represented in the modeling analysis versus the point estimates from sandy regions
represented by the field studies.

Unsaturated flow modeling proved to be a useful tool in estimating recharge for the major
porous media aquifers in the state. The modeling analysis allowed evaluation of different
factors controlling recharge including climate, vegetation, and soils. Modeling results indicate
that long-term average precipitation can be used as a predictor of recharge. The results of this
study have important implications for assessing aquifer vulnerability to contamination and
indicate that vegetation, soil texture, and land use are important factors in controlling recharge

and aquifer susceptibility to contamination.

INTRODUCTION

Quantification of recharge and understanding of controls on recharge are important for
developing strategies to protect groundwater resources from contamination. Areas with high
recharge rates are inherently most susceptible to contamination. This premise serves as the
foundation for statewide sampling of public water supply wells in California for tritium/helium age
dating of the groundwater (Moran et al. 2002). Higher recharge rates are associated with young
water and should be more vulnerable to contamination. In addition to age dating the
groundwater, samples are also analyzed for low levels of volatile organic compounds to assess
the potential for preferential flow of water to these wells. A similar approach is being used in
Minnesota that includes evaluation of groundwater chemistry combined with age dating.

A wide variety of approaches can be used to estimate groundwater recharge (Scanlon et al.,
2002). Techniques for estimating recharge can generally be subdivided into those based on
physical and chemical data and numerical modeling using surface-water, unsaturated-zone,
and/or groundwater data. Recharge estimates for the major aquifers in Texas based on
previous studies have been summarized in Scanlon et al. (2000). The main techniques that

have been used for estimating recharge in Texas are Darcy’s Law, groundwater modeling,



base-flow discharge, and stream loss. This compilation of data indicated that the range of
recharge rates estimated for the various aquifers is quite large.

The climate in Texas ranges from semiarid to arid in the west to humid in the east. Semiarid
and humid settings generally differ in the source of recharge: primarily surface water in semiarid
regions and precipitation in humid regions. Semiarid regions are generally characterized by
ephemeral (losing) streams and have thick unsaturated zones in basin floor settings. Monitoring
and modeling analyses of water potential and chloride profiles in these settings indicate that
there is no recharge in natural settings in interdrainage basin floor regions (Scanlon et al., 2003;
Walvoord et al., 2003). Recharge is focused beneath surface water bodies such as ephemeral
streams (Constantz et al., 2003) and playas (Scanlon et al.,, 1997, 1997a). Recharge also
occurs in mountain block and mountain front settings, as evidenced by bomb pulse tritium in
groundwater indicating young (< 50 yr) water (Darling et al., 2003; Mullican et al., 2003; Scanlon
et al., 2003). In contrast to semiarid regions where surface water bodies are focal points of
recharge, surface water bodies in humid regions serve as discharge points for groundwater.
Most streams in humid regions are predominantly gaining streams (Slade et al., 2002).
Recharge in humid regions is generally areally distributed in interstream settings. These
distinctions in the source of recharge between semiarid and humid regions are important for
contaminant transport. It is important not to discharge waste into surface water bodies in
semiarid regions because these serve as focal points of recharge. In contrast, contamination of
surface water in humid regions will generally not impact the regional aquifer because streams
serve as discharge points of groundwater.

Although spatial variability in recharge may not be very important for water resources, it is
critical for contaminant transport. Groundwater modeling studies conducted by Mullican et al.
(1997) showed that regional water levels in the Southern High Plains aquifer were similar
whether recharge was focused beneath playas or areally distributed. Spatial focusing of
recharge beneath playas, however, would result in much higher velocities of contaminants
moving through the unsaturated zone and would bypass the buffering capacity of unsaturated
systems in interplaya settings. The approximately 25,000 playas distributed throughout the
Southern High Plains represent ~ 10% of the surface area. Regional estimates of recharge for
the Southern High Plains aquifer based on groundwater chloride are about 10 mm/yr (Wood and
Sanford, 1995; Scanlon et al., 2002). Recharge estimates beneath playas range from 60 — 120
mm/yr (Wood and Sanford, 1995; Scanlon and Goldsmith, 1997). Spatial focusing of recharge

beneath playas results in much higher recharge rates beneath playas relative to the areally



averaged value and would allow contaminants to migrate rapidly through the unsaturated zone
beneath playas. The corresponding water velocities range from 600 to 1200 mm/yr.

Land use may also play an important role in controlling groundwater recharge. In addition to
surface water sourcing recharge in semiarid regions, irrigation may provide an important source
of recharge. lIrrigation practices have varied significantly over the past 50 yr. Furrow irrigation
was dominant in the 1940s through the 1960s (Blandford et al., 2003). lIrrigation efficiency was
low (40%) with large losses due to unlined ditches and return flow. Irrigation efficiency
increased 10 to 20% in the 1960s and 1970s with the use of underground pipes and sprinkler
systems. Much more efficient systems were developed and deployed in the 1980s, including low
energy precision application (LEPA) systems and drip irrigation. LEPA systems are considered
to be 95 — 98% efficient with only 2 to 5% of the water returning to the aquifer. The increasing
efficiency of irrigation systems has greatly reduced recharge from irrigation return flow. The
increased efficiency should be beneficial to aquifers because groundwater pumping should be
reduced; however, studies in Kansas indicated that increased efficiency has resulted in
increased irrigated acreages (McMahon et al., 2003). Recharge estimates in irrigated settings
in Nevada based on penetration of liquid nitrogen and chloride concentration data ranged from
100 to 500 mm/yr (Stonestrom et al., 2003). Recharge may also be enhanced in agricultural
areas that are not irrigated (dryland agriculture) because the process of cultivation loosens the
soil and creates rills and furrows. In a regional groundwater modeling study of the High Plains
aquifer, Luckey et al. (1986) increased recharge by 53 mm/yr in areas of dryland crops based
on the premise that recharge is greater in these regions as a result of plowing and disturbance

of the land surface.

Purpose and Scope

The primary objective of this study was to estimate recharge rates for major aquifers
characterized by porous media in Texas using unsaturated flow modeling and limited field
studies. A modeling approach was chosen because it serves as a reconnaissance tool for
estimating recharge and should provide guidance for future field studies. Modeling also has the
advantage of allowing the impact of different controls on groundwater recharge, such as climate,
vegetation, and soils, to be assessed and can be used to predict groundwater recharge for
future conditions. The ready availability of online data on meteorological forcing, vegetation
coverage (McMahan et al., 1984), detailed soils data (STATSGO, SSURGO; USDA 1994;
1995), and pedotransfer functions to translate soils data to hydraulic parameters (Schaap and

Leij, 1998) greatly enhances our ability to model recharge. Comparisons of simulated and



measured water balance parameters at sites in west Texas and Idaho indicated that models
could reasonably simulate measured water balance parameters (Scanlon et al., 2002). Limited
field studies were conducted in the Southern High Plains and the Seymour aquifer to estimate
recharge in these settings and to evaluate the impact of land use on groundwater recharge.
Sites in the Southern High Plains were chosen in Dawson County in an attempt to explain
groundwater level rises ranging from 10 to 20 m in some wells recorded over the past several
decades. Sites in the Seymour aquifer were chosen to represent the recharge zone that is
characterized by a large region of sand dunes in Haskell County. Multiple profiles were
sampled in the sand dunes and also one profile was drilled to the east of the dunes for
comparison with the dune setting. Individual profiles in each region represented natural settings,
dryland farming, and irrigated farming. Results from these field studies should provide valuable

information on the effect of land use on groundwater recharge.

Texas Climate, Vegetation, and Soils

The climate in Texas has been subdivided into Continental Steppe in the Texas High Plains,
and subtropical climate throughout the rest of Texas, which represents a modified marine
climate dominated by effect of onshore flow of tropical air from the Gulf of Mexico. Subheadings
Subtropical - Humid, Subhumid, Semi-arid, and Arid reflect the changes in moisture content as
Gulf air flows across the state. The climate in the Trans Pecos region is dominated by the
influence of the southwest monsoon. The High Plains region is influenced by moisture from the
Gulf of Mexico, the Gulf of California, and from the southern Rocky Mountains. Tropical storms
influence precipitation in the summer in the eastern two thirds of the State. Precipitation in the
fall and winter is influenced by the jet stream. Wet winters result from a southerly jet stream
whereas dry winters result from a northerly shift of the jet stream. Precipitation in the spring is
dominated by mesoscale convection in west Texas.

Analysis of precipitation data from 1961-1990 for 10 meteorological stations throughout the
state indicates that 30-yr average annual precipitation ranges from 224 mm/yr in west Texas to
1184 mm/yr in east Texas (Table 1). Annual precipitation at individual stations ranged from 110
mm (El Paso, 1969) to 1783 mm (Houston, 1973). Summer precipitation (Jun-Aug) is dominant
throughout much of the state, particularly in the trans-Pecos (43%) and the High Plains (33 to
48%) regions (Table 1). Spring precipitation is dominant in the Austin/Fort Worth region (29 to
33%) whereas fall precipitation is dominant in the Gulf Coast region (28 to 39%). Precipitation
is fairly uniformly distributed in the more humid regions in east Texas. Winter precipitation is

generally low throughout most of the state (8 to 16%) with the exception of the humid east



Table 1: 1961 to 1990 average precipitation values (mm) for selected locations

Precipitation Annual Winter Spring Summer Fall Winter Summer
(mm) Dec-Feb Mar-May Jun-Aug Sep-Nov  Oct-Mar Apr-Sep
Station Ave CV |Ave CV % |Ave CV % |Ave CV % |Ave CV % % %
El Paso 224 0.35| 35 0.56 16| 19 0.63 8 | 96 0.58 43| 74 0.66 33| 33 67
Midland 380 0.35| 40 0.52 11| 86 0.47 23125 0.53 33|128 0.70 34| 31 69
Lubbock 474 0.23]| 41 0.60 9 (107 0.46 23|194 0.40 41]132 0.65 28| 27 73
Amarillo 499 0.21| 42 0.70 8 |113 0.41 23|242 0.37 49|103 0.49 21 24 76
Abilene 619 0.23| 82 0.60 13|159 0.40 26({197 0.40 32|183 0.51 30| 35 65
Brownsville | 676 0.23| 99 0.40 15|126 0.62 19|187 0.49 28|259 0.41 39| 33 67
Austin 809 0.21|146 0.40 118|234 0.37 29({198 0.60 25|231 0.44 29| 42 58
Fort Worth | 855 0.22|148 0.41 17|283 0.32 33|190 0.52 22|234 0.43 27| 43 57
Victoria 932 0.23|154 0.38 16|208 0.55 22286 0.43 31|290 0.39 31 37 63
Houston 1184 0.22|249 0.27 21294 0.45 25|315 0.47 27|326 0.36 28| 45 56
CV: coefficient of variance, %: percent of annual average
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Figure 1: 1961 t01990 average annual precipitation for the stations listed in Table 1. Solid line
represents the 30-yr average, dashed lines represent standard deviation (+ 1c)
(21%). Precipitation was generally low (< 1c) throughout much of the state in 1963-64, 1977,
1980, and 1988 and high (> 15) in 1968, 1973-74, 1976, 1981, and 1986 (Fig 1).

Vegetation in Texas is influenced by climate, soils, and topography. A total of 10 different
vegetation areas have been identified including Pineywoods (pine-hardwood forest); Gulf
Prairies and Marshes (grassland and post oak savannah), Post Oak Savannah (post oak
overstory and tall grasses), Blackland Prairies (prairie with bluestem grasses), Cross Timbers
and Prairies (bluestem grasses), South Texas Plains (grassland or savannah), Edwards Plateau
(range land), Rolling Plains (range land), High Plains (crops), Trans-Pecos (range land, desert
shrub) (McMahan et al., 1984). The vegetation types of Texas have been mapped using
LANDSAT data and computer classification in the eastern two thirds of the state and land

resource mapping by Kier et al., 1977 (McMahan et al., 1984). Vegetation ranges from shrubs
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Figure 2: Distribution of dominant vegetation types in Texas.

and grasses in the Trans Pecos region, shrub/forest to forest/shrub in the Edwards Trinity
Plateau, and forest and forest/shrub in east Texas (Fig. 2). Cropland areas dominate much of
the High Plains, Rolling Plains, Blackland Prairie, and Gulf Coast.

There are various sources of soil databases available for Texas. The most widely used
sources of soils data include State Soil Geographic (STATSGO) database that is at a 1:250,000
scale and Soil Survey Geographic (SSURGO) database at a scale of 1:24,000. The STATSGO
database includes the following attributes: clay content, organic material, soil water capacity,
permeability, infiltration, drainage, and slope. STATSGO mapped units consist of from 2 to 21
soil series in Texas. SSURGO is the most detailed level of soil mapping done by the Natural
Resources Conservation Service (NRCS). Mapping scales generally range from 1:12,000 to
1:63,360. This dataset is tiled by 1:24,000 USGS Quadrangle; surveyed by county/multiple
counties. The attribute database gives the proportionate extent of the component soils and their
properties for each map unit. The map data are in both a 7.5-minute quadrangle format and a
county format. Basic mapped units in the SSURGO database consist of a single soil series.
There are two versions of the SSURGO database. The SSURGO version 2 database provides
more detailed soil texture data than either the SSURGO version 1 or the STATSGO database.

In addition to the basic soil data, the SSURGO version 2 database provides soil water retention
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Figure 3: Average soil profile clay content derived from STATSGO database. Water covered
areas shown in blue.

data at -3.3 and —150 m matric potential head, which neither the SSURGO version 1 nor the
STATSGO database provide. A map of average clay content in the upper 1.5 to 2.0 m based on
STATSGO data (Fig. 3) shows some general trends: low clay content in west Texas (Trans
Pecos and Cenozoic Pecos Alluvium regions), high clay content in the central High Plains
decreasing in the southern High Plains, generally high clay content in central Texas, low clay
content in east Texas, high clay content in the central and northern portions of the Gulf Coast
and low clay content in the southwestern Gulf Coast. The trends in clay content generally follow

the underlying geology.

Field Site Descriptions

Field studies were conducted in Dawson County in the Southern High Plains Aquifer (Fig. 4)
and in Haskell County in the Seymour Aquifer (Fig. 5). Dawson County was chosen because
groundwater level rises ranging from 10 to 20 m have been observed in several wells over the
last few decades, with the greatest rises occurring in the western portion of the county.
Groundwater level rises cannot be attributed to rebound after reduction or cessation of irrigation

as the irrigated areas lie predominantly in the northern and central portions of the county.
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Figure 4: Southern High Plains sampling locations.

Haskell County was chosen because of the shallow and dynamic nature of the Seymour
Aquifer. Fairly high recharge rates should occur in the northwest portion of the county in areas
with deep sand dunes. Groundwater nitrate concentrations in the Seymour aquifer are high.
Concentrations of NO3-N in Haskell County wells have a median value of 15.9 mg/L, ranging
from 6.9 to 44.4 mg/L (TWDB database, most recent analysis in 46 wells over the 1982—2001
time period). Groundwater is the sole source of water for municipal, rural, and agricultural
irrigation water in both locations.

The borehole locations in the Southern High Plains were located in four soil series (Sanders
et al., 1960). Boreholes D2, D4, D5, and D6 were in Amarillo fine sandy loams and loamy fine
sands, where native vegetation species are primarily grasses (bluegrama, side-oats grama,
buffalograss, sand dropseed, and three-awn) along with sparse shrubs (catclaw and brushy
mesquite). Boreholes D3, D12, and D13 were in Brownfield fine sand where native vegetation
consists of bunchgrasses and sparse shrubs (shin oak, sand sage, and brushy mesquite).
Borehole D7 was located in Tivoli fine sand with native vegetation consisting of sparse grasses
and shin oak shrubs. The borehole locations in the Seymour were located in two soil series
(Mowery et al., 1961). Boreholes H1, H3, and H4 were in Miles loamy fine sand and boreholes
H5, H6, and H7 were in Springer loamy fine sand. Native vegetation in both soil series consists
of bunch grasses.

A range of land use settings was sampled in each county, included natural settings, and

cultivated areas where both dryland and irrigated agricultural practices are employed. There
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Figure 5: Seymour sampling locations. H: borehole location, T: *H/°He well sample location.

were three natural setting boreholes in the Southern High Plains (D7, D12, and D13) and one in
the Seymour (D5).

Cultivated sampling locations in the Southern High Plains consisted of one irrigated and four
dryland sites. Initial development occurred circa 1900 at one of the dryland sites (D5) and at the
irrigated site (D6), and during the mid-1930’s at the remaining dryland sites. Cotton remained
essentially the only crop grown in the area until 1993, when rotations with peanuts, a nitrogen-
fixing plant, began. One crop per year is planted, with a 5-month growing season from
approximately mid-May through mid-October. Fields lie fallow for the remaining 7 months of the
year. lIrrigation at site D6 began about 1955 with a side role (sprinkler) system, changing to a
more efficient center pivot sprinkler system in the late 1980’s. Annual irrigation applications
average approximately 450 mm and range from 300 mm during wet years to as much as 600 to
800 mm during dry years. Nitrogen fertilizers are applied to irrigated crops annually at a rate of
approximately 225 kg/ha, whereas application rates to dryland crops are much lower at
approximately 55 kg/ha every 2 or 3 years as needed.

Sampling locations in cultivated areas of the Seymour also consisted of one irrigated and 4
dryland sites. Initial cultivation occurred by 1920 at three of the sites (H1, H3, and H4) and
during the early 1960’s at the remaining sites (H6 and H7). Sites H1 and H3 were taken out of
production (i.e., in the Conservation Reserve Program, CRP) in 1990. Site H1 was put back into
production in 1999 while site H3 is still currently out of production. Dominant crops in the area
include cotton, winter wheat, peanuts, corn, and sorghum. Similar to the Southern High Plains,

one crop is planted per year with generally the same growing season, with the exception of
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winter wheat, which is planted in December and harvested in May or June. Fields generally lie
fallow for 7 months of the year. At the sampled irrigated site (H6), coastal bermudagrass is
grown as forage for cattle. Irrigation with a side role system began in the early 1960’s when the
land was first cultivated. Annual irrigation applications in the area are substantially less than in
the Southern High Plains, averaging 250 to 300 mm and ranging from 150 mm in wet years to
380 mm during dry years. Nitrogen fertilizer in the form of urea, CO(NH.),, is applied to the
irrigated site at a rate of approximately 112 kg/ha each month during the 5-month growing
season (May-Sep). Nitrogen fertilizers are generally not applied to dryland fields in the Seymour

area.
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METHODS

Theory

Four basic approaches were used to evaluate unsaturated flow in the study area: numerical
modeling, physical measurements, chemical measurements, and electromagnetic induction.
Numerical modeling is a tool to simulate groundwater recharge based on meteorological forcing,
vegetation cover, and soil profile data. Physical data include field sampling and laboratory
measurement of water content and matric potential and/or installation of field instrumentation to
monitor water content (time domain reflectometry [TDR] probes)) or to monitor matric potential
(heat dissipation sensors). Physical data provide information on flow processes, whereas
chemical tracers provide information on net water fluxes on time scales from years to thousands
of years. Electromagnetic induction was used to obtain information on large-scale spatial
variability in unsaturated zone characteristics and to interpolate and extrapolate data from point

estimates provided by boreholes.

Unsaturated Flow Modeling

Unsaturated flow modeling is used to simulate drainage below the root zone, which is
equated to groundwater recharge. The code UNSAT-H (Version 3.0; Fayer, 2000) is a one-
dimensional, finite difference code that was used for the simulations. The simulations focus on
the water balance:

P+Irr—[EorET]-R,—D=AS (1)
where P is precipitation, Irr is irrigation, E is evaporation, ET is evapotranspiration, Ry is surface
runoff, D is drainage, and AS is change in water storage. Precipitation and irrigation are input
parameters for the simulations; all other parameters in the water balance are simulated. Runoff
is not simulated explicitly but occurs when the near surface soil profile becomes saturated or
when precipitation intensity exceeds infiltration capacity of the soils. Water that has infiltrated
can move up by evaporation in nonvegetated systems or evapotranspiration in vegetated
systems or down as a result of gravity and/or matric-potential gradients. The upper boundary
condition is specified using meteorological data and UNSAT-H calculates potential
evapotranspiration (PET) internally using the Penman-Monteith equation (Penman, 1948).
Potential evapotranspiration is controlled by atmospheric conditions whereas actual
evapotranspiration is limited by the rate at which soil can transmit water upward to the land

surface. UNSAT-H allows evaporation to occur at the potential rate when the head at the
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surface node is between 0 and a pre-specified lower value. When the head reaches the lower
bounding value, the boundary condition changes from a constant flux (PET) to a constant head,
and evaporation is controlled by the rate at which water can be transmitted to the soil surface.
The lower boundary condition used to simulate drainage or recharge is a unit gradient option,
which allows water to drain when it reaches the boundary. UNSAT-H simulates subsurface
water flow using Richards’ equation:

30 o0 0fp GH) < Ofp o )
o oz 82((K((9) 82) 8 82((1((9)82 K(Q)) S(z,t) (2)

where 6 is volumetric water content, g is water flux, K is hydraulic conductivity, H is hydraulic
head (matric potential head + gravitational potential head), h is matric potential head, and Sis a
sink term used to describe the removal of water by plants. Initial conditions may be represented
using water content or matric potential head.

The approach proposed by Feddes et al. (1978) is used to simulate water uptake by plants:
potential evapotranspiration (PET) is partitioned into potential evaporation (PE) and potential
transpiration (PT) components (Fig. 6). PT is distributed over the root zone based on depth
variations in root density and is reduced to actual transpiration based on matric potential head.
Potential transpiration is estimated from PET using an equation developed by Ritchie and

Burnet (1972) for cotton and grain sorghum (Fayer, 2000):
PT = PET(0.5(LAI)*’ 0.0< LAI <3.7 (3)

where LAl is the leaf area index, defined as the ratio of leaf surface area to the shaded ground
surface area. PT is applied to the root zone using the volumetric sink term (equation 2). The
sink at each node is assigned a fraction of PT based on the root length density of each node
divided by the total root length in the soil profile. Actual transpiration or the actual sink, S(h), is
simulated by decreasing the potential sink term (S;) by a reduction factor (o) which ranges from
0 to 1 and relates transpiration rate to the available water (matric potential head) in the root
zone (Fig. 6):

S(h)=a(h)S, 4)

Transpiration is zero when the matric potential is greater than a prescribed value close to
saturation (h,) because the soil is anaerobic. Transpiration occurs at the potential rate between
prescribed h, and hy values. Below hy, transpiration decreases linearly to O at the wilting point
(hw).

To solve Richards’ equation, information on constitutive functions relating matric potential

head, water content, and unsaturated hydraulic conductivity is required. UNSAT-H includes
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Figure 6: Root uptake factor as a function of matric potential head.

multiple analytical functions for water retention and unsaturated hydraulic conductivity. The
most widely used functions are the van Genuchten water retention function (van Genuchten,
1980) and the Mualem hydraulic conductivity function (Mualem, 1976).

Application of process-based water flow models is often hampered by insufficient knowledge
of soil hydraulic properties. Direct measurement of water retention and unsaturated hydraulic
conductivity relationships at all sites being simulated is infeasible. Soils data from the
STATSGO and SSURGO databases were used with pedotransfer functions, which transform
available soil data into hydraulic parameters including water retention and hydraulic conductivity
that are difficult or expensive to measure directly. Water retention functions and hydraulic
conductivity were estimated using soils data from the STATSGO and SSURGO databases
(USDA, 1994, 1995) and the Rosetta pedotransfer function software (Schaap et al., 2001)
(Appendix A). The Rosetta software uses neural network programming and a database of
measured texture, water retention, and saturated hydraulic conductivity samples to provide
estimat