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Abstract

Soil hydrological processes play an important role in land-atmosphere system. In most climate models, these processes are
described by soil moisture variations in the first 2 m of soil resulting from precipitation, evaporation, and transpiration.
Groundwater effects on soil moisture variations and surface evaporation are either neglected or not explicitly treated. Although
groundwater may have a small effect on soil moisture in areas with a deep groundwater table, groundwater can act as a soil
water source and have substantial effects in areas where the water table is near or within a model’s soil column. How
groundwater affects soil moisture, its vertical distribution, as well as the surface water flux are the issues addressed in this study.

A soil hydrological model was developed to include groundwater effects by allowing water exchange between the unsaturated
zone and groundwater. The model uses a vertically varying saturation hydraulic conductivity, and is evaluated using observations
at one station in the Nebraska Sand Hills. Model results show its ability to describe the roles of groundwater in maintaining the
observed soil moisture, especially in deep layers. In addition, comparisons show that the soil moisture content in the first meter of
the soil column from the model with groundwater is 21% greater than that from a model without groundwater. High soil moisture
content in the root zone results in increased evapotranspiration (ET). The average ET in three periods from 1998 to 2000 is 7-21%
higher when groundwater is considered in the model. Because of the groundwater effects, spatial variations in the groundwater
table can create an additional spatial variability of soil moisture and surface water flux. This additional variability could be
important in development of storms in regions whose domain has a large portion with high groundwater table.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction because soil moisture is an essential element in
processes that drive land surface water and energy

Temporal and spatial variations of soil moisture fluxes, which affect ecosystem dynamics and biogeo-
are receiving increased attention in climate studies chemical cycles in the land-atmosphere system. Soil
moisture in the unsaturated zone changes as a result of
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and climate (e.g. Manabe, 1969; Ookouchi et al., 1984;
Dickinson, 1984; Pielke and Avissar, 1990; Pielke
et al., 1991). In those studies, groundwater effects on
soil moisture variation have been neglected, however.

In the mean time, several land surface and soil
hydrological models (LSM) have been developed and
used in mesoscale atmospheric models and general
circulation models (GCM). Some of those LSM have
sophisticated vertical exchange processes of moisture
as well as temperature between the soil, the biosphere,
and the atmosphere (Dickinson, 1984; Dickinson et al.,
1986; Sellers et al., 1986; Pan and Mahrt, 1987; Xue
et al., 1991; Chen and Dudhia, 2001), while others use
simplified representations of vertical exchange phy-
sics that incorporate the effects of spatial heterogen-
eity in topography, soil, and vegetation on soil
moisture variation and related hydrological processes
(e.g. Entekhabi and Eagleson, 1989; Famiglietti and
Wood, 1990, 1994; Wood et al., 1992; Schaake et al.,
1996; Stieglitz et al., 1997; Koster et al., 2000). In
most of the LSM, the soil column is divided into
number of layers to describe, in various degrees and in
different ways, vertical soil moisture exchange
processes, such as infiltration and percolation, surface
and underground runoff, and effect of the root density
profile on soil moisture (Acs, 1994). These layers
comprise a root zone, usually 1 m thick, and a deep
soil zone beneath it. The thickness of the layer
beneath the root zone varies; it is 1 m in the OSU
model (Pan and Mahrt, 1987) and the LSM used in the
Penn State-NCAR MMS5 (Chen and Dudhia, 2001). It
varies between 1 and 2 m in the SSiB model (Xue
etal., 1991), and is fixed at 10 m in the BATS scheme
(Dickinson et al., 1986). Many of these LSM,
particularly the ones based on the TOPMODEL
(Beven and Kirkby, 1979), are focused on the effects
of spatial heterogeneity of soil moisture on the surface
hydrology and the atmosphere (e.g. Entekhabi and
Eagleson, 1989; Famiglietti and Wood, 1994;
Stieglitz et al., 1997; Koster et al., 2000). These
models employ vertical layers that extend to the depth
of the groundwater table and do, in fact, account for
the impact of distribution of the groundwater table on
spatial heterogeneity of soil moisture in the upper
layers. However, few of these models explicitly
account for the effects of groundwater on soil
moisture and surface evaporation. Other LSM,
which extend over greater vertical depths, treat

the deepest soil layer only by permitting gravity
drainage across the layer’s lower boundary. They do
not permit groundwater input to the deepest layer of
the model soil column.

In many shallow groundwater regions, such as
wetlands and lowlands in river valleys, a high
groundwater table and significant hydraulic gradients
between the saturated zone and the root zone lead to
continuous supply of groundwater to the root zone. In
those regions, the role of groundwater in variations of
the root zone soil moisture becomes essential. One
area where groundwater serves as a major source of
soil moisture is the Sand Hills in west-central
Nebraska. The Sand Hills (~ 50,000 km?) have a
thick surface layer of fine sand. Through this sandy
layer, soil water percolates to the groundwater at a
speed as fast as 3.4 m day71 (Bleed, 1998), leaving
little time for evaporation to consume the soil water.
This unique geological setting helps create a large
groundwater reserve in the area: the Ogallala aquifer.
In the Sand Hills, groundwater effects determine the
variation of soil moisture as well as surface evapor-
ation and streamflow (Bleed, 1998; Bentall, 1998).
Indeed, areas with such significant groundwater
effects on the soil moisture and surface water
comprise a relatively small fraction of the entire
land surface. Yet the groundwater table distribution in
those areas creates an additional spatial heterogeneity,
similar to that created by variations in topography,
surface vegetation, and soil properties, and are
critically important for regional processes influencing
spatial variations of soil moisture, evapotranspiration
(ET), and precipitation and floods (Wood et al., 1992).

The lack of understanding of the effect of
groundwater on soil moisture prompted this study.
In this paper, we evaluate and describe the influence
of groundwater on root zone soil moisture using both
observational data and modeling analysis. A soil
hydrological model that includes the groundwater
effect on soil moisture is described in the next section.
In addition to including groundwater, this model uses
a vertically varying saturated soil hydraulic conduc-
tivity, as suggested in Beven (1984) and Elsenbeer
et al. (1992), to consider the decrease of soil
permeability with depth. In Section 3, effects on
groundwater in two extremely dry and wet weather
scenarios are presented. In Section 3.2.1, the model is
validated using observations, including groundwater
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table variation, at Gudmundsen in the Nebraska Sand
Hills, and is then used to describe soil moisture
variations and how they are affected by groundwater.
The model data are further used to analyze the effects
of groundwater on local water cycle. Groundwater
effects at a small regional scale are examined in
Section 4. Results show that spatial variations of the
groundwater table and groundwater effects on soil
moisture can more accurately describe the total
surface moisture flux in the area, suggesting the
importance of including groundwater in LSM to
improve description of regional water cycles. A
summary is given in Section 5.

2. A soil hydrological model

The structure of the soil hydrological model used
in this study is shown in Fig. 1. The model has a
surface layer of vegetation canopy and four soil
layers. The thicknesses of the soil layers from shallow
to deep soil were specified as 0.1, 0.15, 0.25, and
0.5 m. The soil column contains a root zone whose
moisture variation is influenced by groundwater. The
sources of soil water are precipitation and ground-
water. In vegetated areas, a portion of the precipi-
tation is intercepted by the canopy, and the rest falls to
the ground and infiltrates into the soil and further
percolates down to deeper soil layers. Some of

Transpiration

Canopy water evaporation T

the water eventually reaches the saturated zone to
recharge the groundwater. Concurrently with these
recharging processes, evaporation and transpiration
are taking place at the canopy and the ground surface,
resulting in soil water loss.

Soil moisture variation in the model is described by
the Richard’s equation:
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where 6is soil moisture content in m> m73, tis time, 7
the vertical coordinate, F(¢, 0) the source and sink
term accounting for precipitation, evaporation, and
surface runoff, K the unsaturated hydraulic conduc-
tivity, and D the soil water diffusivity. Both K and D
are functions of 6 and are computed from K(0) =
K (0/6)°*" and D(6) = K(6)(dW/96), where ¥ is
soil water tension function and W(0) = W,/(6/6,)" in
which b is a curve-fitting parameter. In these
expressions, K, W, and b are functions of soil types
following Cosby et al. (1984). Both K and D are
highly non-linear functions of soil moisture.

Integrating Eq. (1) through the soil layers under the
assumption of vertically homogeneous soil hydraulic
properties within each layer yields
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Fig. 1. A schematic of the multiplayer soil hydrological model.
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In the above, the subscript, i =1, 2, 3, and 4, is the soil
layer index (see Fig. 1), d; the thickness of ith soil
layer, P4 the precipitation falling on the ground, R the
surface runoff, K; the vertical unsaturated soil
hydraulic conductivity. In Eq. (5) K, is the gravita-
tional percolation or subsurface runoff, and in Eq. (2),
Ej;; is the evaporation from the top soil surface, and
Er; in Egs. (2)—(4) are the transpiration by vegetation
through roots. A simple linear method (Mahfouf and
Noilhan, 1991)

Egr =1~ o-f)BEp

isused to calculate E;,., where B= (60, — 0,,)/(0,s — 6,,),
in which 6, and 6,, are the field capacity and wilting
point, respectively. On the right side of the above
equation, £, is the potential evaporation calculated by
a Penman-based energy balance approach that
includes a stability-dependent aerodynamic resistance
(Mabhrt and Ek, 1984), and o is the fraction of surface
vegetation cover. The evaporation in Egs. (2)—(4) is
calculated from

Er = 0{E,B|1 — (W./19)™]

where B, is a function of canopy resistance, W, the
intercepted canopy water and calculated according to
the budget for intercepted canopy water, and S the
maximum canopy capacity. This system is currently
used in the soil-hydrology module of MMS5.
For additional details concerning each term in
Egs. (2)—(5), the reader is referred to Chen et al.
(1996) and Chen and Dudhia (2001).

To obtain Eq. (5), an important assumption was
made, i.e. the hydraulic diffusivity in the layer beneath
the fourth layer of the model is set to zero, or
equivalently, the hydraulic gradient between the
model’s deepest layer and the groundwater table is
negligible. As a consequence, the soil water flux
across the lower boundary of the model’s soil column

is only the gravitational percolation or subsurface
runoff; no water flux into the column is allowed. This
assumption may be valid for areas where groundwater
table is deep and far from the lower boundary of the
soil column. However, in areas of shallow ground-
water, the water table may be high enough to create a
substantial hydraulic gradient between the deepest
soil layer and the water table, or, even extend into the
model soil layers. In those areas, Eq. (5) becomes
invalid.

Soil moisture variations in shallow groundwater
areas behave very differently from those in areas with
deep groundwater table. These differences can be seen
in Fig. 2 showing comparisons of observed soil
moisture at Gudmundsen and Ainsworth in the Sand
Hills. Gudmundsen is at the center of the Sand Hills
(Fig. 3) and has an average groundwater table at 1.5 m
during 1989-1992 and 1.22 m during 1999-2000.
Ainsworth is at the periphery of the Sand Hills and has
an average groundwater table about 9 m below the
surface. In addition, because Ainsworth’s upper soil
layers have high clay content (Gudmundsen’s have
mostly fine sand), water content in the upper layers at
Ainsworth is often higher than that at Gudmundsen,
particularly during the wet period from April through
June. At the deeper layers, however, the soil moisture
content is much smaller at Ainsworth than at
Gudmundsen. The high moisture content in deep
soil layers in Gudmundsen is largely attributed to the
influence of groundwater. Such influence is trivial at
Ainsworth because of its deep groundwater table.
Lacking a groundwater source, the soil moisture
content in the deep layers is smaller than in the upper
layers in the wet season and larger in dry periods
(Fig. 2a). In contrast, at Gudmundsen, soil moisture in
deep layers is affected by groundwater, and the
observed soil moisture content in those layers is
always larger than in the shallow layers (Fig. 2b). The
large water content in the deep soil layers maintains
an upward vertical soil moisture gradient in soil and
contributes to soil moisture at shallow layers and to
evaporation. Clearly, the variation in soil moisture at
Gudmundsen can be described accurately only when
the groundwater effect is considered.

A method to include the groundwater effect on soil
moisture in shallow layers and root zone is to use
a non-zero hydraulic diffusivity between the
deepest model soil layer and the groundwater table.
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Fig. 2. Observed daily variations of soil moisture (unit: m> m~>) at (a) Ainsworth and (b) Gudmundsen at depths, 0.10, 0.25, 0.50, and 1.0 m.

Then Eq. (5) becomes
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The term D(06/9z), is determined using the soil
moisture difference between the saturated zone, which
could extend into deep model layers, and the next

unsaturated soil layer and the distance between
groundwater table and the mid-point of the affected
layer, Z, (see Fig. 1). Eq. (6) also allows the
groundwater table to vary with time.

In addition to including the groundwater effect,
we also use a vertically varying saturation soil
hydraulic conductivity, K. Beven (1984) and

Gudmundsens

Aihsworth

2]
A

|

Fig. 3. The Nebraska Sand Hills and the locations of Gudmundsen and Ainsworth stations. Area A is used in the regional analysis described in

Section 4.
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Elsenbeer et al. (1992) showed that in the natural
environment with the presence of groundwater,
hydraulic conductivity decreases exponentially with
depth:

K,(2) = Kpe " 7

In Eq. (7), K, is the hydraulic conductivity at the
surface and f is the e-folding depth. This varying K|
also has been used in most TOPMODEL-based soil-
hydrology models (e.g. Famiglietti and Wood, 1994;
Stieglitz et al., 1997; Chen and Kumar, 2002). With
Eq. (7), the new model, consisting of Egs. (1)—(4)
and (6), describes exchanges of groundwater in the
saturated zone and soil moisture of the unsaturated
layers in the root zone.

3. Groundwater effect on soil moisture
3.1. Sensitivity analysis

To elucidate groundwater effect on soil moisture,
we integrated the new model in an offline setting
(uncoupled to the atmospheric model). Specifically,
soil moisture variation was determined for loamy sand
soil with different groundwater table depths in two
hypothetical extreme weather cases. The first case
consists of 3 days with continuous rain at a constant
rate of 1.27 mm h™' and no ET. The second case has
three consecutive dry days with total daily ET of
6.78 mm, which is the mean April daily evaporation at
Gudmundsen (calculated using the 1998—-2000 data of
an automated weather station at Gudmundsen).
The diurnal variation of ET is from 0.0 mmh™' at
00:00 local time to 0.44 mm h™ " at 14:00 local time.

Soil moisture in the top 1 m of the unsaturated zone
was determined from integration of the model over
four layers with depths of 0.1, 0.15, 0.25, and 0.5 m
from top to bottom. The initial soil moisture in these
four layers was set to be 0.022, 0.06, 0.182, and
0.399 m® m ™, respectively, again based on obser-
vations. The parameters describing the soil hydraulic
properties and radiation properties of a grass cover at
the site are listed in Table 1.

The groundwater effect is identified from compari-
sons of results from the new model to results from the
original model (1)—(5), which does not consider
groundwater. Fig. 4 shows the soil moisture variations
in the rainy case using a constant groundwater table at
the center of the fourth layer. Because of the
groundwater, the fourth layer in the new model
remains saturated (solid line). In the third layer, a
smaller difference is observed between the results
from the two models. The difference in soil moisture
began to increase at the end of the first 2 days. This
delay was caused by both the models’ response time
to initial soil moisture condition and the gradually
strengthening effect of the soil moisture in the fourth
layer on the third layer. In the model without
groundwater, the drying in the fourth layer was
large due to subsurface runoff. The drying in the
fourth layer exerted a similar effect on soil moisture in
the third layer. The total soil moisture in the model
without groundwater is much smaller than the model
with groundwater. These differences depict the
groundwater effect on soil moisture in this rainy case.

In the panels of Fig. 4 we also plotted the results
from a model without groundwater but using an
exponentially decreasing saturation soil hydraulic
conductivity (K;). In this calculation, we used an
e-folding depth of 1.65m ™', which was estimated

Table 1

Soil and vegetation related model parameters

Soil 0, (m*m™?) ¥, (m) K, (ms™") 0 (m>m ™) 6, (m*m™?) b
Loamy sand 0.421 0.036 1.41x107° 0.283 0.028 4.26
Vegetation Albedo Zy (m) Remin Ry hy -
Grass 0.19 0.08 40.0 100.0 36.35 -

05, volumetric water content at saturation; W;, saturation soil suction; K, hydraulic conductivity at saturation; 6;, field capacity; 6,,, wilting
point; b, an exponent in the function that relates soil water potential and water content; Z, roughness length in meter; R, ,;,, minimal stomatal

resistance in s m’l; Ry,
of these parameters are given in Chen and Dudhia (2001)).

the visible solar flux for which F is about to double its minimum value; A, a parameter used in calculating F,. (Details
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Fig. 4. Temporal variations of soil moisture of different layers in three experiments.

from comparisons of model calculated soil moisture
in the four layers against observations at Gudmund-
sen. Comparisons with the results from the original
model, which uses constant K, indicate that a K|
varying with depth can reduce the subsurface runoff
(percolation) and increase soil moisture in deep
layers.

With a lowered groundwater table, groundwater
effect on soil moisture weakens. This effect is shown
by the new model’s results in Figs. 5 and 6. Fig. 5
shows that although the moisture input increases in
the rainy case, the amount of soil moisture decreases
when the groundwater table, Z,, increases. At the end
of the three rainy days, the total soil moisture was
reduced by about 19% when the depth of the
groundwater table dropped from the center of the
fourth layer to 1 m below it. Similar effect also is
shown in Fig. 6 for the dry case, wherein

the groundwater has a much greater effect on soil
moisture. At the end of the 3 days, the total soil
moisture was reduced by 25% in response to the same
change of the groundwater table. These changes in
soil moisture caused by groundwater will further
affect the surface evaporation and soil water exchange
with the atmosphere.

3.2. Case studies

After showing the groundwater effect on soil
moisture, we apply the new model to real cases and
evaluate the magnitude and importance of ground-
water effects in the Sand Hills of Nebraska. The model
is validated against Gudmundsen’s observations and
then used to quantify the groundwater effects on soil
moisture and evaporation.
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Fig. 5. Variations of total soil moisture content (unit: m>m™%)
in precipitation experiments with different groundwater table
depths, Z,.

3.2.1. Model validation

In validating the model, we used it to describe
variations of soil moisture at Gudmundsen for three
periods from 1998 to 2000 when sufficient atmos-
pheric and groundwater table data were available, and
compared the model results against in situ obser-
vations of soil moisture.

The climate and weather data used to drive the
model are from an automated weather station at
Gudmundsen. Among the data are hourly averaged air
temperature, relative humidity, wind speed and
direction at 3 m above the surface, global solar
radiation, and hourly precipitation. Soil moisture
also was measured at the station at four depths,
0.10, 0.25, 0.50, and 1.0 m, which represent the probe
depths of the layers 0-0.127 m (0-5"), 0.127-
0.381 m (5-15"), 0.381-0.762 m (15-30"), 0.762—
1.22 m (30-48"), respectively. Because continuous
measurements of these atmospheric and soil moisture
data were available only in the periods of May
5—November 30, 1998, April 1-August 14, 1999, and
April 20-July 23, 2000, the model was validated for
those three periods.
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Fig. 6. Variations of total soil moisture content (unit: m>m™3)

in evaporation experiments with different groundwater table
depths, Z,.

The depth to groundwater table at Gudmundsen
was measured at an observation well, operated by the
Nebraska Conservation and Survey Division (CSD).
The observation had a monthly schedule from 1989 to
1992, but was changed after 1992 to a needs-based
measurement. Because monthly observations of the
groundwater table depth were not available in every
month in the three validation periods, we used the
following method to derive the monthly average depth
to groundwater table for the months. We used the only
available measurements made in April 1998, June
1999, and May 2000 as the ‘anchor’ points for
variations of monthly groundwater table depth in each
period. They are 1.07, 1.31, and 1.26 m, respectively.
For the other months in each period, the groundwater
table depths were calculated using the value of the
anchor month (e.g. April for the 1998 validation
period) and the monthly groundwater table change
rate computed from the observed mean monthly
variation in 1989-1992 (Fig. 7). Additionally,
because the groundwater table varies slowly and is
usually considered well described by data of monthly
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Fig. 7. Observed monthly variation of groundwater table depth (m)
at Gudmundsen.

resolution (Dunne, 1978), we used a constant
groundwater table depth for individual months in
our calculations.

These atmospheric and groundwater table data
were used to drive the new model, whose soil column
was discretized into four layers from the surface to
1.22 m beneath it to match the probe layers of the
observation. The model layers from top to bottom
were 0.127, 0.253, 0.38, and 0.46 m, respectively.
Model initial conditions were specified using the
observations taken at the beginning of each validation
period. Other parameters used in model validations
included those describing the properties of loamy
sand soil and grass cover at Gudmundsen. Values of
those parameters are the same as those in Table 1. A
vertically varying K, was used with a calibrated
e-folding depth f = 1.65 m™!.

Model results for the three periods are shown in
Figs. 8—10. Also plotted in these figures are, for
comparison purposes, observed soil moisture and the
soil moisture calculated from the model (1)-(5)
without the groundwater. Comparisons of the results
from the two models and with the observations
indicate that groundwater has minor influence on
soil moisture in the first and second layers, which
comprise the top 0.38 m in the soil column. (The
difference between the modeled and observed soil
moisture in the top two layers is sometimes large,
resulting from considerable variations of the soil
moisture caused by both precipitation and evapor-
ation.) Groundwater effect on soil moisture is
however quite substantial in the third and fourth
layers from 0.38 to 1.22 m. Without the groundwater,
the calculated soil moisture in those deep layers is
much lower. This unrealistic dryness, as compared to
the observation, is particularly severe in spring and
early summer (April to June) when the groundwater
table is highest in the year and, hence, the ground-
water effect on soil moisture is most significant. The
dryness also is severe in wet periods when

the subsurface runoff drains the deep layers more
effectively than in dry periods with less soil water
available for depletion. With the groundwater, the
calculated soil moisture in the deep layers is close to
the observed and yields total soil moisture in the soil
column nearly identical to the observed (Fig. 8e).
These comparisons demonstrate that the groundwater
is essential to maintaining realistic soil moisture
content in deep soil layers and soil moisture profile.
They indicate that the groundwater and its seasonal
variation play an important role in soil moisture and
its profile variations and, thus, should be taken into
account in soil hydrology models in order to correctly
describe soil moisture and related surface hydrologi-
cal processes, especially in areas where the ground-
water table is high.

3.2.2. Groundwater effects on soil moisture
and evaporation

After verifying that the improved model captured
the soil moisture variation at Gudmundsen, we used
the model data to evaluate the groundwater influence
on the soil water budget in the root zone. The results
are summarized in Table 2. Among these budget
components are total evapotranspiration, E, surface
runoff, R, drainage to groundwater, Rg(z K4) in
Eq. (6), and groundwater loss, LG, discussed below.
E is the sum of the direct evaporation from the top
layer, Ey,, evaporation of intercepted rainwater on
canopy, E., and transpiration via canopy and roots in
the soil layers, E,. Details of parameterizations for
these components were described in Section 2 and in
Chen et al. (1996) and Chen and Dudhia (2001).

Table 2 shows that because of the moisture supply
from the groundwater the average E from the model
with groundwater is greater by 21, 8, and 7% for each
of the three periods, respectively, than that from the
model without groundwater. The surface runoff, R, is
calculated from R = Py — I,,,, where I, is the
maximum infiltration. Because of the high infiltration
rate in the Sand Hills, Py seldom exceeds /.« so R is
minimal. In calculation, the value of I, was set
equal to the hydraulic conductivity at saturation
(Table 1).

The total groundwater loss in form of supply to soil
moisture (LG) depends on the soil type, precipitation,
potential evaporation, and depth of the groundwater
table. For a fixed soil type, the loss can be computed
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Fig. 8. Simulated and observed variations of soil moisture (unit: m* m~?) from May 5 through November 30, 1998.

from: table is about the same. However, more precipitation

o 90 in 1998 corresponds to larger E and more LG. Our
LG = —K(‘I")(—) = —D(—) . ®)
0z /4 9z /4

calculations further show that 58% of the E in 1998
was from the groundwater whereas only 32% was
The total loss in each of the periods calculated using
Eq. (8) is shown in Table 2. Between the two periods
in 1998 and 2000, the average depth of groundwater

from the groundwater in 2000. On the other hand,
between the two periods in 1999 and 2000, the total
rainfall is similar but the difference in the depth to
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Fig. 9. Simulated and observed variations of soil moisture (unit: m* m~?) from April 1 through August 14, 1999.

the groundwater table is large. This difference has
resulted in a large difference in LG. Specifically, when
the groundwater table sank to 1.32 m in 1999 only
15% of E was from the groundwater vs. 32% in 2000
with a higher water table at 1.17 m.

Precipitation recharge to the groundwater, R,,
was calculated as the gravitational percolation
through the soil column, K, in Eq. (6). The results
in Table 2 show that this percolation consumes

18-30% of the total precipitation at Gudmundsen.
This percentage range of rainfall recharge to
groundwater is comparable to the annual recharge
amount of 20-30% of annual precipitation in the
Sand Hills (Nebraska Natural Resources Commis-
sion, 1986). Apparently, this large recharge of
rainfall has played a key role in maintaining the
rich groundwater in the Nebraska Sand Hills and
adjacent semiarid regions. This recharge would be
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Fig. 10. Simulated and observed variations of soil moisture (unit: m®> m~>) from April 20 through July 23, 2000.

significantly underestimated in the model without
the groundwater. An explanation for the difference
in this recharge between the two models is that the
root zone is drier in the model without groundwater
(see the soil moisture values in Table 2) because of
lack of groundwater transfer to that zone. More
infiltrated water is kept in the zone to charge the
soil water capacity and support evaporation
and transpiration. In the model with groundwater,
the soil is wetter (see Table 2) because of

groundwater transfer and, hence, more infiltrated
water is passing through that zone to charge the
groundwater.

4. Groundwater effects on regional soil moisture
and evaporation

Because of the groundwater effects on soil
moisture and the local water cycle, spatial variations
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Table 2

Simulated and observed hydrological components

Simulation periods Classification Py (mm) R (mm) E (mm) R, (mm) LG (mm) Soil moisture @mm™) Dm)

Starting Ending Mean

1998 (May 5—November 30) No groundwater 404 0.69 468 4.80 0.251 0.162  0.154 1.16
With groundwater 404 0.69 588 129.7 340.2 0.251 0.271  0.209 1.16
Observation 404 0.251 0.278 0209 1.16

1999 (April 1-August 14) No groundwater 274 0.00 384 7.68 0.270 0.140 0.178 1.32
With groundwater 274 0.00 416 48.24 61.05 0.270 0.135 0.241 1.32
Observation 274 0.270 0.145 0240 1.32

2000 (April 20—July 23) No groundwater 245 4.68 343 4.51 0.218 0.147  0.170 1.17
With groundwater 245 4.68 370 48.15 117.9 0.218 0.168  0.217 1.17
Observation 245 0.218 0.172  0.215 1.17

D is the mean depth to groundwater.

in the groundwater table depth can result in spatial
heterogeneity in soil moisture and, subsequently,
surface moisture flux across a region. It is important
to evaluate the significance of such heterogeneity
and its effect on regional evaporation. We examined
the regional soil moisture variations and compared the
regional surface moisture flux calculated from the two
models in a 72 km? Sand Hills area (area A in Fig. 3).
Because of data limitations this evaluation is only for
1998. The observed 1998 annual average groundwater
table in the area was obtained from spatial interp-
olation of nearly 700 observation wells in the Sand
Hills (six of them are in area A, data from the
Nebraska CSD: http://csd.unl.edu/csd/metadata/
topog.html). The average depth of the groundwater
table in the study area was 13 m, and the depth varied
from O m in wet meadows of interdunal valleys to
57 m under large sand dunes. Details of the observed
spatial distribution of groundwater table depth are
shown in Fig. 11, in which the light shading indicates
shallow groundwater table in meadows and wetlands,
and the dark shading indicates dunes with a deep
water table.

In simulating spatial variations of the soil
moisture, we divided the area into grids, and each
grid has a size 300 m X 300 m. The same sandy soil
and grass cover parameters were used at each grid
cell. At its center, the observed groundwater table,
rainfall and other atmospheric variables observed at
Gudmundsen were used to calculate soil moisture,
evaporation, and transpiration using both the two
models with and without the groundwater. Model

simulations started on May 7, 1998 using the
observation taken at 01:00 local time as the initial
condition and ended at 00:00 local time on
September 30, 1998.
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Fig. 11. Observed spatial variation of groundwater table depth (m).
Scales along the abscissa and ordinate are in meters from the
southwest corner of the region.
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Because the soil type and landcover are the same
at all the grid cells, the model without groundwater
produced uniform soil moisture and surface evapor-
ation across the entire area. In contrast, the model
with the groundwater described considerable spatial
heterogeneity of these variables. For example,
Fig. 12 shows the total soil moisture content
simulated by the model with groundwater in a wet
condition on June 14, 1998, after a rain event, and
Fig. 13 shows the soil moisture in a dry condition
on September 13, 1998, after 19 consecutive dry
days. In both results, the interdunal valleys are rich
in soil moisture, and the moisture content decreases
away from the valleys following changes in the
groundwater table, showing the groundwater effect
on the soil moisture. With the capacity to represent
these spatial variations in soil moisture and their
contribution to surface moisture flux, the model with
groundwater gives a very different area averaged E.

10000

1000 2000 3000 4000 5000

Fig. 12. Simulated daily soil moisture distribution on June 14, 1998
after a rain event.
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Fig. 13. Simulated daily soil moisture distribution on September 13,
1998 after 19 consecutive dry days.

For instance, on June 14, 1998, the observed
average potential evaporation was 0.225mmh ™ ';
the averaged E calculated by the model with
groundwater is 0.182mmh™' whereas it is only
0.153 mm h ™' from the model without groundwater.
This difference is more significant in dry periods.
On September 13, 1998, the observed potential
evaporation was 0.272 mmh ™' and the averaged E
from the model with groundwater is 0.0735 mm h !
which is more than double of 0.0318 mmh~' from
the model without groundwater. This difference
shows the effect of spatial variation in groundwater
table on regional soil moisture and surface
evaporation.

5. Summary and concluding remarks

Water flow in the root zone is predominantly
vertical and can be described as one-dimensional in
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calculating soil moisture. Usually, this one-dimen-
sional flow is downward, driven by both the gravita-
tional force and a downward gradient of soil moisture.
This downward movement, along with moisture
depletion processes (e.g. evaporation and transpira-
tion), has been accounted for in LSM that are used in
both GCM and regional atmospheric models. In
addition to precipitation, the other source of soil
moisture in the root zone is the groundwater. Indeed,
the effect of groundwater on soil moisture in the root
zone, and hence surface evaporation, is dependent on
the groundwater table depth. The effect can be
significant in areas where the groundwater table is
near the surface. Such areas include wetlands, low-
lands in river basins, and areas similar to the
interdunal valleys in the Sand Hills of Nebraska.
Because of the effect of groundwater, the vertical
gradient of the soil moisture content is upward in
those areas, creating a unique soil hydrological
environment. Spatial variations of soil moisture
created by the heterogeneity of the groundwater
table in those areas can add an extra spatial variability
of the surface water fluxes to impact both local and
region atmospheric moisture distribution. Thus,
correctly representing this spatial variability associ-
ated with groundwater is important not only for
improving atmospheric models to accurately describe
the hydrological processes in atmosphere but also for
improving our understanding of climate processes
related to and influenced by the groundwater
variations.

This study introduced a method to describe the
groundwater effect in land surface models which can
be used in regional as well as global atmospheric
models. After including this method in a revised
soil-hydrology model of the Penn State-NCAR
MMS5, we used the new model and demonstrated
the groundwater effects on soil moisture and surface
evaporation, using the Nebraska Sand Hills as an
example. Comparisons of the results from the new
model with groundwater and the original one
without groundwater showed that the new model
described root zone moisture content and its
variation much more accurately than the model
without the groundwater. Our analyses also showed
that in the top 1 m of the soil, the total soil moisture
calculated using the model with groundwater could
be as much as 21% more than that in the model

without the groundwater. More soil moisture in the
root zone resulted in increased total evaporation.
The average surface evaporation was 7—21% higher
when the groundwater effect was considered, closer
to the observed value. Extended calculations of a
small area of 5.8 X 12.4 km* near Gudmundsen in
the Sand Hills yielded results illustrating that the
spatial heterogeneity of the groundwater table can
not only create an additional spatial variations at a
magnitude similar to that by landcover and topo-
graphy variations, but also describe an area average
evaporation nearly doubled the amount from a
model without groundwater.

By showing the strong influences of groundwater
on soil moisture and surface evaporation, this study
encourages that the method described in Section 3 be
used in LSM to account for the groundwater effects in
hydrological processes in both soils and atmosphere.
Although regions with groundwater table depth high
enough to have significant effects on soil moisture and
surface evaporation is a small fraction in hemispheric
and global land, those regions can be a substantial part
of model domains in regional and mesoscale models.
These models have often been used in studying
regional land process effects on severe storm develop-
ment, such as the Sand Hills effect on severe storm
and tornado development in Nebraska and the storm
and flood development in southeastern United States
(e.g. the 1993 flood case studies) where groundwater
table also is high. Because the surface hydrological
processes have played an essential role particularly in
enhancing storms, the groundwater and its spatial
variation could be important in development of those
processes. The influence of the groundwater has been
neglected in the existing studies, however, applying
LSM without groundwater and should be included in
future studies.
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