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1. INTRODUCTION

Human economic activities and associated modifica-
tions of land use are contributing significantly to global
environmental change (Houghton et al. 1999, Schimel
1999). Land-use changes are also affecting near-
surface hydrologic conditions. Some of the most rapid
changes in land use/land cover can be found in the
North American Great Plains. During the 19th and
early 20th centuries, in Nebraska, like other states of
this region, the grasslands were virtually completely
turned into agricultural farmlands (Williams & Mur-

field 1977, Ramankutty & Foley 1999). Some of the
most significant changes occurred during the 1950s
and subsequent years with the introduction of irriga-
tion and its rapid adoption and expansion. Over the
last 2 decades, much of the research on landscape/cli-
mate interactions has focused on deforestation and its
impacts on the environment, including the hydrologic
cycle (Shukla et al. 1990, Zhang & Henderson-Sellers
1996, Zeng et al. 1996). However, the extensive trans-
formation of grasslands in the North American Great
Plains into cultivated croplands may contribute to
changes of near-surface hydrologic cycle components
in a similar way. Therefore, it is important that we
determine the potential impacts of large-scale land-
use change on the land-surface hydrology. 
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The objective of the present research was to investi-
gate the potential impacts of the expansion of irrigated
agriculture on the near-surface hydrologic cycle com-
ponents, namely, evapotranspiration (ET) and soil
moisture (SM). The state of Nebraska, USA, is selected
for this study. Nebraska exemplifies the rapid changes
in the land-use/land-cover conditions from grassland
and dryland farming to irrigated agriculture in the
Great Plains. A descending precipitation gradient from
the east to west in Nebraska provides an additional
opportunity to determine the response of near-surface
hydrologic conditions in naturally sub-humid to semi-
arid areas to increased irrigation. An operational SM
and energy-balance model, developed by Robinson &
Hubbard (1990) (R&H hereafter) is applied to demon-
strate the impacts of land-use changes on ET and SM
since 1950. This model calculates SM content for the
top 5 layers up to a depth of 1.2 m. SM and land use
significantly affect weather and climate at various spa-
tio-temporal scales (Segal et al. 1988, Yan & Anthes
1988, Pielke & Zeng 1989, Segal et al. 1989, Wetzel
1989, Milly & Dunne 1994, Stohlgren et al. 1998, Pielke
et al. 1999). This study will improve our understanding
of land-use/land-cover changes in the Great Plains and
their potential impacts on the near-surface hydrologic
conditions and weather and climate of the region.

Pielke et al. (1999) found that land-use change mod-
ified time-averaged surface sensible and latent heat
flux in South Florida. They also noted changes in local
temperature and precipitation due to land-use change.
Stohlgren et al. (1998) suggested that modification of
adjacent landscape in the Colorado plains is influenc-
ing regional climate and vegetation in areas of the
Rocky Mountains. They concluded this from a model-
ing study and by examining independent temperature,
stream flow, and vegetation records. Chase et al.
(1999) and Segal et al. (1988, 1989) also showed
changes in mesoscale atmospheric circulation due to
land-use modifications.

Recently, Bonan (1997, 1999) attributed changes in
temperature and near-surface atmospheric moisture to
modification of land use in the United States. Hoffman
& Jackson (2000) reported that conversion of tropical
savanna to grasslands has modified precipitation
amounts in Africa. Fitzjarrald et al. (2001) and
Bounoua et al. (2000) found a relationship between
vegetation and vegetative health and near-surface
temperature at large scales. Temperature records from
various parts of the United States also indicate that
modification of the landscape influenced near-surface
thermal climate (Balling 1988, Balling et al. 1998,
Bonan 2001).

Land-use changes not only modify mesoscale circu-
lation and near-surface atmospheric variables, but also
SM storage at the root zone (Chase et al. 1999). The

present study investigates the SM aspect of the hydro-
logic cycle. In addition, ET under the modified land use
is also calculated. It is important to improve our knowl-
edge of SM conditions under modified landscape
because it affects vegetation health and thus transpira-
tion and radiative properties. This, in turn, affects the
energy balance (Mahmood et al. 2001). Moreover, SM
in the root zone influences runoff and hence affects the
water balance. This study calculates the SM and ET
climatology for a much longer time period compared to
any of the above studies (e.g. Chase et al. 1999). In
addition, these climatologies are prepared for 3 domi-
nant vegetation covers for each of 3 hydrologic
regimes. This brings us to an understanding of SM and
ET variations related to these land uses. 

2. LAND-USE CHANGE AND R&H MODEL

Data from the National Agricultural Statistics Ser-
vices (NASS) of the United States Department of Agri-
culture (USDA) are used in this study (www.usda.gov/
nass/). This source provides county annual data on
total area (ha) under irrigated and rainfed maize farm-
ing since 1950 for Nebraska. Maize is the most domi-
nant agricultural crop in Nebraska (Williams & Mur-
field 1977, Sitzman 1996). The data demonstrate that
irrigated maize represented about 10% of total maize
producing areas during the early 1950s in Nebraska.
Currently, nearly 60% of all maize-producing areas in
Nebraska are under irrigation (Fig. 1). 

The framework for the R&H SM model, which is
applied in this study, can be expressed as follows:

∂S/∂t =  P + I – ET – R0 – Dr (1)

where S (mm) is SM in the root zone and t is time. The
solution is obtained on a 24 h time step, where P (mm)
is precipitation, I (mm) is irrigation, ET (mm) is evapo-
transpiration, R0 is runoff, and Dr is drainage below the
root zone. Initial SM, precipitation, and irrigation (if
applied for an irrigated crop) are inputs to the model.
Runoff is estimated by a method developed by the
United States Soil Conservation Service (USSCS 1972).
The role of varying permeability and infiltration rates
due to changing soil surfaces were taken into consid-
eration in determination of this runoff (McCuen 1982).
In this model, drainage is calculated by an equation
proposed by Campbell (1985).

The model separately calculates evaporation and
transpiration and sums the two as ET. A modified ver-
sion of Penman’s (1948) combination method of poten-
tial ET estimation is used to derive evaporation (E) and
transpiration (T). The Penman method is modified to
account for wind as proposed by Kincaid & Heerman
(1974). Calculated evaporation is a function of poten-
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tial ET and the number of days (d) since the last pre-
cipitation event. This relationship can be expressed as
follows:

E =  ETp(1/d )1/2 (2)

where ETp is the potential ET based on the modified
Penman method. Calculated transpiration is a function
of the crop and a phenology-specific crop-coefficient
(Kc), ETp, and a soil-water reduction factor (f ). f re-
stricts crop-water extraction as SM content approaches
wilting point. Note that f is a function of available SM
and the water-holding capacity of the soil and changes
in response to the ratio of available water to potential
available water. Transpiration can be expressed as fol-
lows:

T =  fKc(ETp – E) (3)

The model was validated, and its performance was
evaluated for various crops and sites (representing var-
ious soil conditions), and for 6 layers up to 1.8 m depth
in Nebraska (Robinson & Hubbard 1990). In addition,
the SM model simulates water-holding capacity, cur-
rent water stress, runoff, drainage, phenology, actual
and potential ET (shown above), sensible heat flux,
and net radiation, among others. 

3. APPLICATIONS OF THE R&H MODEL AND
RESULTS

To determine the impacts of changes in agricultural
land use on the components of near-surface hydrologic
cycle in the Great Plains, 3 counties in Nebraska were
selected—Saunders, York, and Red Willow. They are
located along an east-to-west gradient of moist (Saun-
ders) to dry (Red Willow) climatic conditions. Therefore,
the potential response in more than 1 moisture regime
under irrigation is estimated. One site from each of
these counties was selected for the R&H SM model run.
These sites are Mead, Clay Center, and McCook, rep-
resenting Saunders, York, and Red Willow County, re-
spectively (Fig. 2). Automated weather stations at these
sites provided input weather data for the R&H model.
These stations have been operating since 1981. Due to
the incomplete weather data in 1981, the R&H model is
run from 1982 through 1998. Soil input data for these
sites are also available for model application. Soils and
climate data can be accessed from the High Plains Re-
gional Climate Center. The soils data include bulk den-
sity, soil texture, wilting point, field capacity, and satu-
ration point for each soil layer. 

The SM model is applied for 3 different land uses,
including grass, rainfed maize, and irrigated maize for
each site. Grass represents the pre-agricultural natural
vegetation. Rainfed and irrigated maize are 2 major

agricultural land uses in Nebraska. Rainfed maize is
relatively dominant in eastern Nebraska. In this area,
sub-humid climate and moisture regimes along with
the soils that have a high root zone water-holding
capacity enable farmers to conduct dry land farming.
Over the remainder of Nebraska between the late
1950s and the early 1960s, irrigated maize largely
replaced rainfed maize. 

In the R&H model, May 5 was set as the beginning of
the growing season for these crops. The phenological
development of grass and maize cultivars grown under
rainfed and irrigated conditions is controlled by a spe-
cific growth stage and accumulated growing degree-
days. The specification of growing degree-days is
important because growing season consumption and
utilization of water by a crop is largely determined by
the expansion of leaf area during phenological devel-
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Fig. 1. Rainfed and irrigated corn farming in Nebraska 
(1950−1999)

Fig. 2. Location of the study sites in Nebraska
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opment. Hence, phenological development influences
temporal changes in SM status, ET rates, and the
energy balance. 

The results from R&H SM model application at the
drier McCook site clearly show that the amount of
plant available SM throughout the growing season and
year is higher for irrigated maize compared to rainfed
maize and grass (Fig. 3a−c). Irrigation helped to main-
tain higher SM in the root zone. As expected, rainfed
maize and grass are dependent on naturally available
SM, and their extraction of SM reflects the underlying
environment. Long-term model output data shows that
water consumption by rainfed maize leads to the most
rapid depletion of SM (Fig. 3b). By the end of the grow-
ing season, plant-available SM reduces, on average, to
nearly 9, 4, and 7 cm for irrigated and rainfed maize
and grass, respectively (Fig. 3a−c). 

ET is largely controlled by atmospheric conditions
(e.g. humidity, wind speed, solar radiation), SM avail-
ability, crop water requirements, and the plants’
response to their surrounding environment. The R&H
model applications for McCook show that, on average,
irrigated maize produces the highest daily rates of ET,
while grass produces the lowest (Fig. 3a−c). On the
other hand, daily ET for rainfed grass increases and
decreases more rapidly than irrigated and rainfed
maize (Fig. 3c). Overall, increases and decreases of ET
for both irrigated and rainfed maize are relatively
gradual as the season progresses. It is also found from
the model applications that due to the shorter growing
season ET reduces significantly by the 121st day, on
average, for rainfed maize and grass (Fig. 3a,b). Addi-
tionally, high daily rates in irrigated maize result in
significantly higher annual totals of ET compared to

86

Fig. 3. Mean (1982−1999) daily evapotranspiration (ET) and plant available SM for 3 land uses at (a−c) McCook and (d−f) Mead,
NE: (a,d) irrigated maize, (b,e) rainfed maize, and (c,f) grass. The first simulation starts on May 5, 1982, and ends on May 4, 1983.
This process continues through 1998−1999. The soil moisture (SM) balance of a year carried over to the subsequent years. 

Therefore, the mean for the whole period is 365 d long and starts during Year 01 and completes during Year 02
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rainfed maize and grass (Fig. 4a). On average, the
annual total ET for irrigated and rainfed maize and
grass is 694, 462, and 449 mm, respectively. Therefore,
ET under rainfed maize and grass, compared to irri-
gated maize, is 34 and 36% less, respectively.

To further investigate the impacts of land-use
change on ET, area total ET (AET) [in m3 (ET × area)]
from 1950 through 1999 is calculated for Red Willow
county. It is noted above that ET could not be esti-
mated prior to 1982 because of unavailability of input
data for the R&H SM model. However, to estimate the
impacts of land-use change on AET from 1950 through
1981, the average annual total ET is used. The mean
ET estimate is calculated from the model runs (1982−
1998). The use of the mean value of ET in the AET
computation reduces interannual variability. On the
other hand, it provides reasonable AET estimates for
further comparison. Fig. 5a demonstrates the rapid
expansion of irrigated maize cultivation since 1950 in
Red Willow County. The area under irrigated maize
increased nearly 1200% between 1950 and 1975, and
rainfed maize farming decreased nearly 1500%. AET
is estimated for irrigated and rainfed maize and grass
for Red Willow county (Fig. 5b). Estimates for grass
permitted us to determine AET for an unaltered land-
scape prior to the recent agricultural expansion. More-
over, it provides a benchmark against which we can
measure changes since the 1950s. This study estimates
that up to 50 million m3 of excess water is pumped into
the atmosphere in any given year due to maize farming
(rainfed + irrigated) in Red Willow County alone
(Fig. 5b). During a number of years since the mid-
1970s, the difference in AET between irrigated maize
and rainfed maize and between irrigated maize and
grass was greater than 100 million m3 yr−1 for Red Wil-
low County. In other words, nearly all additional water
evapotranspired into the atmosphere originated from
irrigated maize fields (Fig. 5b). It is important to note
that this additional volume of water evapotranspired
during the growing season. Thus, it occurs during a
particular 5 mo (May−September) period.

The R&H model simulations for Clay Center calcu-
lated a temporal pattern in mean daily ET and plant-
available SM similar to that at McCook. The mean
daily plant-available SM is highest for irrigated maize
and lowest for rainfed maize. Compared to McCook,
Clay Center has higher amounts of plant-available SM
because of the texture of local soils. For example, the
lowest mean daily plant-available SM for irrigated and
rainfed maize and grass is approximately 11, 9, and
11 cm, respectively. At Clay Center, average annual
total ET for irrigated and rainfed maize and grass is
683, 521, and 503 mm, respectively (Fig. 4b). Thus, ET
from irrigated fields is 27% higher compared to grass
and 24% higher compared to rainfed maize covered

lands. Dry conditions resulted in slightly higher aver-
age annual total ET for irrigated maize at McCook.
Higher precipitation at Clay Center allowed rainfed
maize and grass to evapotranspire at higher rates. 

Land-use data show that between 1950 and 1999 the
area under irrigated maize increased from 3500 to
80 000 ha (2300% increase) in York County (Fig. 5c).
At the same time the area under rainfed maize farming
declined rapidly. AET also reflects this rapid change in
land use (Fig. 5d). Model output showed that irrigated
maize, compared to grass, contributed up to 100 mil-
lion m3 of additional water during a growing season in
York County. 

Application of the R&H model at the Mead site
demonstrates a pattern in the mean daily distribution
of ET and plant-available SM that is similar to other
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Fig. 4. Annual total ET for the 3 land uses at: (a) McCook, 
(b) Clay Center, (c) Mead
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sites (Fig. 3d−f). The amount of daily mean plant-
available moisture stored in the soil at Mead is higher
for the 3 land uses at any time compared to McCook
and Clay Center. This study found that the lowest
mean daily plant-available SM for irrigated and rain-
fed maize and grass is 12, 14, and 17 cm, respectively.
Note that the lowest mean daily plant-available SM is
found under irrigated maize, not for rainfed maize. The
primary reason is the fact that the growing season for
irrigated maize is longer and plant-available SM quan-
tity is higher due to the moist sub-humid environment.
This led to reduced demand for irrigation water and
greater use of available SM by maize plants, which, in
turn, resulted in lower plant-available SM as irrigated

maize plants had a considerably longer time to ‘mine’
the water. 

At Mead, the annual total ET from irrigated maize is
generally higher compared to rainfed maize and grass
for any given year (Fig. 4c). The average annual total
ET for irrigated and rainfed maize and grass is 625,
544, and 531 mm, respectively. In other words, on aver-
age, ET for irrigated maize is 16 and 13% higher com-
pared to grass and rainfed maize, respectively. There is
a clear trend in decreasing ET for irrigated maize and
increasing ET for rainfed maize and grass as the model
applications progressed from drier McCook to rela-
tively moist Mead. For irrigated maize, higher atmos-
pheric demand and the subsequent supply of water in

88

Fig. 5. (a,c,e) Land-use area change and (b,d,f) area total ET (AET) estimates for various land uses: (a,b) Red Willow County, (c,d)
York County and (e,f) Saunders County, NE. Total maize: sum of annual total ET from irrigated and rainfed maize; Total 

grass: assumes landscape was unaltered and covered with natural grass as it was before human settlement
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western Nebraska resulted in higher annual total ET in
McCook. On the other hand, despite the higher atmos-
pheric demand, the relatively restricted supply of
moisture for rainfed maize and grass resulted in lower
annual total ET in McCook.

As in the previous cases, irrigated maize farming
increased rapidly in Saunders County while rainfed
farming decreased (Fig. 5e). Nevertheless, rainfed
maize is still the dominant land use in Saunders
County. As a result, a large portion of annual AET orig-
inates from rainfed maize farming areas of this County.
Changes in land use from grass to maize farming (rain-
fed and irrigated) have resulted in increased amounts
of evapotranspired water in the atmosphere (Fig. 5f). In
Saunders County, compared to grass, this additional
evapotranspired water is up to 50 million m3.

4. CONCLUDING REMARKS

This paper demonstrates the impacts of land-use
change on near-surface hydrologic cycle components,
including SM and ET. The study was conducted for the
tall grass-short grass transition of the North American
Great Plains. Previous work demonstrated that modifi-
cation of land use influences regional climate, meso-
scale circulation, and near-surface temperature (e.g.
Segal et al. 1988, Yan & Anthes 1988, Pielke & Zeng
1989, Stohlgren et al. 1998, and Pielke et al. 1999).
Thus, there was a lack of understanding regarding SM
in the root zone of the modified landscape. In addition,
the response of SM in the root zone of specific vegeta-
tion covers over changing landscapes and contrasting
hydroclimatic conditions was not explored in the past.
The SM and ET time series used in this study are
longer than the previous studies. The longer time
series provide a better understanding of the impacts of
land-use change on near-surface hydrologic cycle
components. The R&H model (Robinson & Hubbard
1990) applications at 3 Nebraska sites representing dry
to moist hydroclimatic conditions found that irrigated
maize farming is evapotranspiring a large amount of
additional water to the atmosphere compared to nat-
ural grass in an unaltered landscape. In McCook,
Nebraska, annual total ET for irrigated and rainfed
maize is 36 and 2% higher than grass, respectively,
and thus serves as a source of moisture in a drier
region. The land use also influenced the SM balance.
Compared to grassland use, irrigated and rainfed
maize farming elevated and lowered plant-available
SM by adding and mining water, respectively. 

We believe the results of this study have significance
in formulating a strategy for global change and global
climate change studies. It is shown that land-use
changes are modifying near-surface hydrologic con-

ditions. Therefore, relationships between land-use
change and various components of the environment,
including soil moisture and evapotranspiration, need
to be included as an important research item within the
general framework and specific objectives of global-
change studies. This incorporation will improve our
understanding of near-surface climatic records and
will enable us to identify anthropogenic imprints on
natural variations of the hydrologic cycle. The exten-
sive land-use changes recorded in the Great Plains can
also be found in other parts of the world. Studies
should be designed carefully to identify land-use
changes and to estimate their impacts on near-surface
atmospheric and hydrologic variables. Only then will
we understand the contribution of land-use modifica-
tion on local and regional climate change during the
last century. 

Previously, it was hypothesized that recent changes
in average global tropospheric temperature are a con-
sequence of increasing sea-surface temperature (SST)
(Morrissey & Graham 1996). It has also been proposed
that the increase in SST resulted in an enhanced
hydrological cycle (Morrissey & Graham 1996). In
addition, scientists are struggling to explain the role of
greenhouse gases in global temperature variations
(IPCC 1996, Santer et al. 1996, Tett et al. 1999). In the
context of these findings (Morrissey & Graham 1996,
Santer et al. 1996), the present study reveals that fur-
ther investigation is an absolute necessity to determine
the impacts of land-use changes in recent climatic
records.
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