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ABSTRACT

The impact of irrigation on the surface energy budget in the U.S. high plains is investigated. Four 15-day
simulations were conducted: one using a 1997 satellite-derived estimate of farmland acreage under irrigation in
Nebraska (control run), two using the Olson Global Ecosystem (OGE) vegetation dataset (OGE wet run and
OGE dry run), and the fourth with the Kuchler vegetation dataset (natural vegetation run) as lower boundary
conditions in the Colorado State University Regional Atmospheric Modeling System (RAMS). In the control
and OGE wet simulations, the topsoil in the irrigated locations, up to a depth of 0.2 m, was saturated at 0000
UTC each day for the duration of the experiment (1–15 July 1997). In the other two runs, the soil was allowed
to dry out, except when replenished naturally by rainfall. Identical observed atmospheric conditions were used
along the lateral boundary in all four cases.

The area-averaged model-derived quantities for the grid centered over Nebraska indicate significant differences
in the surface energy fluxes between the control (irrigated) and the ‘‘dry’’ simulations. For example, a 36%
increase in the surface latent heat flux and a 2.68C elevation in dewpoint temperature between the control run
and the OGE dry run is shown. Surface sensible heat flux of the control run was 15% less and the near-ground
temperature was 1.28C less compared to the OGE dry run. The differences between the control run and the
natural vegetation run were similar but amplified compared to the control run–OGE dry run comparisons.

Results of statistical analyses of long-term (1921–2000) surface temperature data from two sites representing locations
of extensive irrigated and nonirrigated land uses appear to support model results presented herein of an irrigation-
related cooling in surface temperature. Growing season monthly mean and monthly mean maximum temperature data
for the irrigated site indicate a steady decreasing trend in contrast to an increasing trend at the nonirrigated site.

1. Introduction

a. Background

Anthropogenic influences on local and regional cli-
mate have received increased attention by the climate
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research community in the last decade as the demand
for a more comprehensive understanding of the driving
factors of global and regional climate change increased
(Chase et al. 1996, 2000; Stohlgren et al. 1998; Heck
et al. 2001; Eastman et al. 2001). Early observational
studies (Marotz et al. 1975; Barnston and Schickendanz
1984; Alpert and Mandel 1986; Pielke and Zeng 1989)
have shown that irrigation is one of the key anthropo-
genic factors influencing climate trends. Barnston and
Schickendanz (1984), for example, found that irrigation
increased precipitation in the Texas Panhandle when the
synoptic condition provided low-level convergence and
uplift, such that the additional moisture produced by
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FIG. 1. Area (%) of rain-fed and irrigated corn farming in
Nebraska (1950–98).

irrigation was allowed to ascend to cloud base. Alpert
and Mandel (1986) also found a deceasing trend in the
diurnal surface wind and temperature with enhanced
irrigation.

More recently, several attempts (De Ridder and Gal-
lée 1998; Segal et al 1998) were made to use regional-
scale atmospheric models to simulate the effect of ir-
rigation on various planetary boundary layer (PBL)
properties. Regional models are particularly suitable for
quantifying irrigation-induced in situ and remote chang-
es in climate elements such as precipitation because they
are capable of resolving meso-a systems (i.e., systems
of horizontal scale 200–2000 km). Segal et al. (1998)
used the fifth-generation Pennsylvania State University–
National Center for Atmospheric Research (PSU–
NCAR) Mesoscale Model (MM5) (Grell et al. 1993) in
their study of irrigated areas in North America. Their
model results suggest an increase in the continental-
average rainfall for the present irrigation conditions
compared with those of past irrigation. De Ridder and
Gallée (1998) used a European regional numerical mod-
el (Modèle Atmosphérique Régional—MAR) in their
study of land-surface-induced regional climate change
in southern Israel. They showed a reduction in the di-
urnal amplitude of temperature and wind speed when a
semiarid surface is replaced by a partly irrigated one.
The potential for moist convection also increased with
surface moisture availability in their simulations.

The primary thermodynamic impact of irrigation is
the repartitioning of the sensible and latent heat fluxes
at the affected sites. Thus, an increase in irrigation or
surface wetness reduces sensible heat flux while in-
creasing evaporation and transpiration (Pielke 2001).
The resulting additional moisture flux could enhance the
characteristic moist static energy within the convective
boundary layer (CBL) and consequently become ther-
modynamically more conducive to an increase in rain-
fall (Betts et al. 1994; Segal et al. 1998). In this study
we use the Colorado State University Regional Atmo-
spheric Modeling System (RAMS, version 4.3) to in-
vestigate the impact of irrigation on the surface energy
budget and the convective potential in the U.S. high
plains, emphasizing Nebraska. We take advantage of the
two-way interactive grid nesting in RAMS, which al-
lows local fine mesh grids to resolve small-scale at-
mospheric systems such as thunderstorm systems, while
simultaneously modeling the large-scale environment of
the systems on a coarser grid (Walko et al. 1995).

b. Irrigation in Nebraska

Over the last five decades, the total acreage under
irrigation in the U.S. high plains increased from less
than 3 million acres to over 20 million acres (Kuzelka
1993). The rapid development of irrigation in this area,
which stretches from Nebraska through western Kansas
to the Texas Panhandle, enabled the transformation of
the area into one of the major agricultural areas of the

United States. In Nebraska, as in much of the high
plains, corn is the dominant crop cultivated during the
warm season months (Williams and Murfield 1977). Ir-
rigated corn, which represented about 10% of total corn
producing areas during the early 1950s, now composes
nearly 60% of the total corn producing areas in Nebraska
(Fig. 1).

Data from the National Agricultural Statistics Ser-
vices (NASS) of the United States Department of Ag-
riculture (USDA) for York County in east-central Ne-
braska further underscore these changes. Between 1950
and 1998 the irrigated corn area in York County in-
creased from 3500 ha to 80 000 ha (a 2300% increase)
while the rain-fed corn area declined rapidly during the
same period (National Agricultural Statistics Service
1998). This rapid land use change was achieved largely
by converting rain-fed corn areas to irrigation. Land use
conversion of this magnitude could affect energy and
moisture exchanges between the land surface and the
lower atmosphere by altering transpiration and evapo-
ration thus generating complex changes in the surface
energy budget.

2. Experimental design and model setup

The meteorological model used in this study (RAMS,
version 4.3) is constructed around a set of nonhydro-
static equations that address atmospheric dynamics and
thermodynamics, plus conservation equations for scalar
quantities such as water vapor and liquid mixing ratios.
These equations are supplemented with a selection of
parameterizations for turbulent diffusion, solar and ter-
restrial radiation, and moist processes including the for-
mation of clouds. For a complete description of RAMS,
the reader is referred to Pielke et al. (1992).

This version of RAMS includes the Land Ecosystem
Atmosphere Feedback model, version 2 (LEAF-2) (Wal-
ko et al. 2000). This new submodel of RAMS represents
the storage and vertical exchange of water and energy
in multiple soil layers, including effects of temporary
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FIG. 2. Land cover datasets used for RAMS simulations: (a) 1997 Landsat and ancillary data
irrigation, (b) OGE, and (c) Kuchler potential vegetation.
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FIG. 3. Nested RAMS grids: coarse grid, 40-km grid spacing; fine
grid, 10-km grid spacing.

FIG. 5. Same as Fig. 4 for Omaha/Eppley Field.

FIG. 4. (a) Observed min and max temp for Ainsworth municipal
compared to model 2-m temp. (b) Average dewpoint temp and model
dewpoint temp.

surface water, vegetation, and canopy air. Surface grid
cells are divided into subgrid patches, each with a dif-
ferent vegetation or land surface type, soil textural class,
and/or wetness index to represent subgrid variability in
surface characteristics. Each patch contains separate

prognosed values of energy and moisture in soil, surface
water, vegetation, and canopy air. The grid cell exchange
with the overlying atmosphere is weighted according to
the fractional area of each patch. A hydrology model,
based on Darcy’s law for lateral downslope transport,
exchanges subsurface saturated soil moisture and sur-
face runoff between subgrid patches. LEAF-2 inputs
standard land use datasets in order to define patches and
their areas, as well as to obtain biophysical parameters
for different vegetation types.

Our RAMS simulations consisted of four land use
scenarios covering the 15-day period, 1–15 July 1997.
The first scenario (control run) represented current farm-
land acreage under irrigation in Nebraska as estimated
from 1997 Landsat satellite and ancillary data (Fig. 2a).
The second and third scenarios (OGE wet and dry runs)
represented the land use conditions from the Olson
Global Ecosystem (OGE) vegetation dataset (Fig. 2b),
and the fourth scenario (natural vegetation run) repre-
sented the potential (i.e., pre-European settlement) land
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FIG. 6. Control minus OGE wet run inner-domain area-averaged (a)
2-m temp, (b) surface latent heat, and (c) moisture flux at 500 m. FIG. 7. Control minus OGE dry run inner-domain area-averaged (a)

2-m temp, (b) surface latent heat, and (c) moisture flux at 500 m.

TABLE 1. Inner-domain area-averaged model parameters for 7–15 Jul 1997, including scenario comparisons (% change).

Control OGE (wet) OGE (dry) Natural vegetation

Temp. (8C)
Surface sensible heat (W m22)
Latent heat (W m22)
Vapor flux at 500 m (g kg21 m s21)

24.1
76.2

102.4
11.1

24.9 (0.8)
79.8 (4.7%)
98.2 (4%)
10.4 (7%)

25.5 (1.4)
86.9 (15%)
74.5 (35%)

9.1 (22%)

27.6 (3.5)
98.4 (29%)
71.98 (42%)

8.2 (34%)
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FIG. 8. Control minus natural vegetation run inner-domain area-
averaged (a) 2-m temp, (b) surface latent heat, and (c) moisture flux
at 500 m.

cover from the Kuchler vegetation dataset (Fig. 2c). In
the control and OGE wet run simulations, the topsoil
of the areas under irrigation, up to a depth of 0.2 m,
was saturated at 0000 UTC each day for the duration
of the experiment (1–15 July 1997). In both the OGE
dry and natural runs, the soil was allowed to dry out,
except when replenished naturally by rainfall.

The ‘‘soil wetting’’ procedure for the control and

OGE wet runs was constructed to imitate the center-
pivot irrigation scheduling under dry synoptic atmo-
spheric conditions such as observed in Nebraska during
the first half of July 2000 (i.e., little or no rainfall re-
corded throughout the state). The observed atmospheric
conditions from the National Centers for Environmental
Prediction (NCEP) reanalysis data (Kalnay et al. 1996)
were used to create identical lateral boundary conditions
in the four cases. We adopted a two-grid nested model
domain configuration with a 10-km grid centered over
Nebraska nested inside a larger 40-km grid, which ex-
tends over most of the central United States (Fig. 3).
Both grids used 30 vertical levels that were stretched
from the first model level (50 m) by 100-m vertical
spacing closer to the ground to 1 km near the model
top at 18 km. The coarse grid had 70 grid cells in the
x and 35 in the y directions while the fine grid had 90
and 42 grid cells in the x and y directions, respectively.
A 1-min time step was used on the coarse grid and 15
s on the fine grid. A modified Kuo cumulus parame-
terization scheme (Tremback 1990) and the Chen and
Cotton (1983) radiative transfer scheme were employed.
We used 11 vertical soil layers and the soil was assumed
to be sandy clay loam throughout the model domain.
The soil moisture field was initialized across the domain
based on July 1997 model-estimated soil moisture val-
ues obtained from the NCEP soil moisture database.

3. Results and discussion

a. Validation of model results

National Climate Data Center (NCDC) archived ob-
servations of daily maximum, minimum, and dewpoint
temperature for several stations located within the inner
model domain were used to validate the model output.
Surface (2 m) temperature and dewpoint data from in-
ner-domain grid cells centered over the climate stations
were extracted and compared to the time series of the
observations. RAMS postprocessing routines were used
to obtain the 2-m model temperature based on the Louis
(1979) similarity theory formulation over bare soil and
vegetated surfaces. The comparison of the control run
output and station data at two of the stations used in
the validation—Omaha/Eppley Field (41.188N,
95.558W) and Ainsworth municipal (42.358N, 1008W)
are presented in Figs. 4 and 5. The model performed
quite well in capturing both the amplitudes and temporal
trend of observed temperature and dewpoint tempera-
ture for 1–15 July 1997 at the two locations. The cor-
relations (r values) between model and observations
ranged from 0.83 (maximum temperature at Ainsworth)
to 0.92 (maximum temperature at Omaha). Sensible and
latent heat flux measurements made at several Nebraska
tallgrass prairie locations during the peak growing sea-
son months of July and August (Verma et al. 1989) were
also compared to the control run surface fluxes. Al-
though these measurements were made for years other
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TABLE 2. List of station data locations and associated land uses.

Station name County Land use Station status Length of data record

York
Osmond
Oakdale
Box Butte
Halsey
Chadron
Auburn
Valentine airport
Alliance

York
Pierce
Antelope
Box Butte
Thomas
Daws
Nemaha
Cherry
Box Butte

Irrigated
Irrigated
Irrigated
Irrigated
Dry land
Dry land
Dry land
Dry land
Irrigated

HCN
Cooperative
HCN
Cooperative
HCN
Cooperative
HCN
Cooperative
HCN

1901–2000
1948–2000
1893–2000
1948–81
1903–2000
1948–2000
1900–2000
1948–2000
1900–2000

FIG. 9. May–Sep York, NE, mean max temp, mean temp, and
mean min temp: 1921–2000.

FIG. 10. May–Sep Halsey, NE, mean max temp, mean temp, and
mean min temp: 1921–2000.

than 1997, the magnitudes of observed fluxes were com-
parable to the model output for grid cells centered over
the measurement sites (not shown).

b. Model domain averages

Results for the inner-domain area-averaged model pa-
rameters between the control run and OGE wet run (Fig.
6) showed very moderate differences (see Table 1 for
summary of scenario comparisons). This reflects the
rather small change (less than 10%) in the irrigated por-
tion of the OGE vegetation data (Fig. 2b) compared to
the more recent Landsat-satellite-based land cover es-
timates (Fig. 2a). In both simulations, the soil-wetting
procedure was implemented for the irrigated areas (i.e.,
land use class 16 in LEAF-2). Larger changes were
observed when the control run was compared to the
OGE dry run: midsummer 2-m temperature over Ne-
braska might be cooler by as much as 3.48C under cur-
rent conditions (Fig. 7a). The average difference be-
tween the control and OGE dry runs computed for the
6–15 July 2000 period was 1.28C. The irrigation-in-
duced surface cooling was accompanied by a 36% in-
crease in the surface latent heat flux (Fig. 7b) and a
significant increase in (28%) water vapor flux at 500 m
above the ground (Fig. 7c). A corresponding reduction

in surface sensible heat (15%) and a 2.68C elevation in
dewpoint temperature were also observed (not shown).

The cooling effect and the surface energy budget dif-
ferences identified above intensified in magnitude when
the control run results were compared to the potential
natural vegetation scenario. For example, the near-
ground average temperature for 6–15 July 2000 was
3.38C cooler, the surface latent heat flux was 42% higher,
and the water vapor flux (at 500 m) 38% greater in the
control run compared to the natural landscape run (Figs.
8 a–c). We excluded the first 5 days of the simulation
in computing this temporal average because a fairly
strong midlevel low stalled over the study area during
that period. This synoptic environment was responsible
for the unusual depression in both the minimum and
maximum temperatures recorded in the early part of July
2000 in Nebraska (Figs. 4a and 5a).

Important physical changes between the natural short-
grass prairie of this region and the current land use
patterns include alterations in the surface albedo, rough-
ness length changes, and increased soil moisture in the
irrigated areas. These changes are capable of generating
complex changes in the lower atmosphere (PBL) energy
budget. For example, the simulated increase in the por-
tion of the total available energy being partitioned into
latent heat rather than sensible heat resulted directly
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FIG. 11. May–Sep York, NE, temp range (mean max temp 2 mean
min temp): 1921–2000.

from the enhanced transpiration and soil evaporation in
the control run. Although not examined in detail in this
study, elevated dewpoint temperature and moisture flux-
es within the PBL can increase the convective available
potential energy, promote atmospheric instability, and
enhance daytime cloud cover (Stohlgren et al. 1998).
Localized extreme dewpoints, which do not appear to
be advected from the Gulf of Mexico, are increasingly
being observed in the central United States especially
during hot summer periods. These are most likely re-
lated to changing agricultural practices, including in-
creased evaporation from irrigation.

An increase in evaporative fraction over irrigated ar-
eas could induce changes in the equivalent potential
temperature and ultimately trigger convention. How-
ever, the associated changes in the convective available
potential energy (CAPE) necessary for convection may
not always be realized, especially under very dry con-
ditions similar to the situation in Nebraska for most of
the duration of our modeling experiment. In our control
run (i.e., current vegetation with daily soil wetting at
0000 UTC), we observed that there was no significant
precipitation for most of the simulated period, except
the last 3 days (13–15 July 1997), with amounts ranging
between 1 and 3 in. occurring almost exclusively in the
irrigated portions of the state. Nonirrigated areas gen-
erally recorded less than 0.7 in. of rain on those 3 days.
Station precipitation data follow the same temporal and
spatial trend, except that the maximum recorded pre-
cipitation during this 3-day period was 2.3 in. at a station
(North Platte; 418N, 1008W) adjacent to irrigated fields.
RAMS overestimates this precipitation amount by about
1.3 in., but captures the spatial distribution quite well.

While the reported changes in model parameters due
to irrigation in this study may be large, the primary
physical process involved in the changes is a reparti-
tioning of sensible and latent heat fluxes in the irrigated
areas of the model domain. Moreover, added wetness
could cause the environment to nonlinearly respond by
producing a proportion of rain (and associated model

parameters) that is greater in percent than the actual
percent of land use change. Previous RAMS simulations
for the central plains and the foothills of the Rocky
Mountains showed that an increase in moisture and en-
ergy can increase the intensity of summer thunderstorms
in those areas (Copeland et al. 1996; Chase et al. 1996).
Temporal and spatial analyses of long-term (1921–2000)
climate data in Nebraska appear to provide corroborat-
ing evidence of regional irrigation-induced cooling in
the summer. The results of those analyses are presented
in the following section.

c. Surface climate analyses

The effects of irrigation-induced changes to the par-
titioning of the total available energy at the surface,
indicated in the preceding section, should be reflected
in screen height (;2 m) air temperature data at stations
located within heavily irrigated areas. Specifically, daily
maximum temperature should decrease under extensive
irrigation because of the reduction in sensible heat flux
into the lower atmosphere. We conducted a statistical
analysis of long-term (1921–2000) surface temperature
from five irrigated and two nonirrigated sites (Table 2)
in Nebraska to test this hypothesis. These sites include
cooperative and Historical Climate Network (HCN) sta-
tions with surface climate data dating back to the early
1900s. We present results from two sites: York (located
in eastern Nebraska; 40.868N, 97.598W) and Halsey (lo-
cated in west-central Nebraska; 41.98N, 100.318W). The
sites represent locations of extensive irrigated and non-
irrigated land uses, respectively and they are represen-
tative of the overall findings from the station climate
data analyses.

May through September is the main growing season
in Nebraska and is therefore the period when impacts
of energy partitioning on air temperature would be
strongest. Growing season monthly mean and monthly
mean maximum temperature data for York show a
steady decreasing trend (Fig. 9) while a nonirrigated
site (Halsey) shows an increasing trend in monthly mean
maximum temperature (Fig. 10). On the other hand,
minimum temperature shows very little change in trend
over time at both sites (Figs. 9 and 10). The monthly
mean maximum temperature appears to be the dominant
factor causing the decreasing trend in monthly mean
temperature (Fig. 9) and mean temperature range (Fig.
11) at the York location. A possible reason for this de-
creasing trend in near-surface temperature may be the
post-1950 massive increase in irrigated agriculture in
York County, although variations in cloud cover per-
sistence could also be a contributing factor. To further
investigate the possible impact of land use on the tem-
perature record, we analyzed the temperature record sep-
arately for the preirrigation (1921–50) and irrigation
(1950–2000) periods. Temperature averages for the two
time periods (Table 3) indicate lower mean and maxi-
mum temperature values for the second half of the twen-



564 VOLUME 131M O N T H L Y W E A T H E R R E V I E W

TABLE 3. Average temp for York and Halsey, NE.

Location Mean temp
Mean max

temp Mean min temp

York (1921–50)
York (1951–2000)
Halsey (1904–50)
Halsey (1951–90)

21.89
21.44
19.50
19.90

28.25
28.06
27.38
28.27

14.77
13.25
11.61
11.52

tieth century at York and higher values at Halsey. While
this decreasing trend in temperature at the heavily ir-
rigated York site is not conclusive evidence of an irri-
gation-induced effect, it does suggest a role for local-
scale factors, including land use change, in influencing
the temperature regime in this area.

4. Conclusions

The analyses of domain-averaged surface temperature
and surface fluxes presented in this study clearly indi-
cate that key components of the planetary boundary
layer, particularly the partitioning of the available sur-
face energy, in this region are very sensitive to changes
resulting from increased irrigation. RAMS simulations
forced, in part, by four different land cover scenarios
indicate a cooling in the near-ground temperature, and
significant increases in vapor and latent heat fluxes into
the atmosphere in response to this human disturbance
of the landscape. These changes are shown to be related
to the conversion of the natural prairie vegetation in this
region to irrigated and dry cropland. Corroborating ev-
idence from analyses of long-term surface climate data
indicates a steady decreasing trend in mean and maxi-
mum air temperature at locations located within heavily
irrigated areas thus confirming the irrigation-induced
cooling effect suggested by the RAMS simulations.
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