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Abstract

Long-term tendencies in annual, seasonal, and monthly (March) precipitation, evapotranspiration, and air- and dew-point
temperature values were correlated with county-level changes in irrigated area across Nebraska over the 1979-2015 period.
A statistically significant linear relationship (slope of — 1.65+0.33 mm decade™! per % decadal change in irrigated area, with
a correlation coefficient of —0.47) was found between the trends in annual precipitation and irrigated land area. Precipita-
tion dropped by 1 mm annually if the level in irrigation expansion reached about 8% per decade, while the rest of the state
enjoyed about a half-millimeter overall increase in annual precipitation rates. The drop was not evenly distributed within the
year: the largest decrease took place in the spring, followed by autumn, while the winter and summer months experienced a
slight precipitation increase independent of land use. In contrast to what was reported for Eastern Africa by Alter et al. (Nat
Geosci 8:763-767. https://doi.org/10.1038/ngeo2514, 2015), the evaporation-enhanced colder land surface of the irrigated
fields stabilizes the overlying atmosphere most effectively not in the summer months when precipitation is most abundant in
Nebraska, but rather in early spring and fall. The observed precipitation suppression of irrigation only works at the regional
scale; it does not apply to irrigated land that is not an integral part of the more-or-less continuous irrigated land region of
east-central Nebraska.
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Introduction

Irrigated agriculture represents 20% of the global culti-
vated land area, but contributes 40% of the total worldwide
food production (FAO 2016). The Asian continent with its
2.3 million km? of irrigated land is responsible for roughly
70% of the irrigation area worldwide. Almost 60% of these
2.3 million km>—or 42% of the world total—is located
in only two countries, China (0.7 million kmz) and India
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(0.67 million km?) where also almost 40% of the world
population is found (FAO 2016). The United States with its
0.26 million km? is the third on the list. Large-scale long-
sustained irrigation has led to several environmental prob-
lems, such as salinization (0.37 million km? worldwide),
groundwater-level and streamflow reductions, seawater
intrusion in coastal regions, and the dramatic shrinking and
breaking up of the Aral Sea into several disconnected water
bodies in Central Asia (FAO 2016) with its entailing public
health and environmental disaster (Waehler and Dietrichs
2017). Due to the ongoing climate change and the resulting
increased variability in weather extremes (such as flooding
and droughts, often in the same area and year), a still grow-
ing worldwide population will depend even more strongly
on large-scale irrigation developments which raises the issue
of long-term sustainability. From all the different potential
dimensions (energy and water-use efficiency, productivity,
and water quality), this study is about to focus on the most
unexpected and least trivial one: the suppression of local
precipitation by large-scale irrigation.
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«Fig. 1 Surface elevation (m) and irrigated land [after Brown and Per-
vez (2014)] distribution in Nebraska around 2012. The cells are about
1 km? in area. The straight lines are county boundaries. Location
(Mead, NE, USA) of the soil moisture data is also marked

In a recent paper, Szilagyi (2018a) demonstrated the effect
of large-scale irrigation to the regional hydrologic cycle in
Nebraska, the state that boasts the largest irrigated land
area within the United States (Johnson et al. 2011). It was
shown that under a 2.4 mm decade ™! state-wide annual pre-
cipitation (P) increase during the 1979-2015 period, annual
streamflow rates dropped by —2.8 mm decade™! due to an
estimated 5.5 mm decade™! increase in annual evapotranspi-
ration (ET) rates caused mainly by an about 50% increase
in irrigated land area from ~ 23,000 km? in 1978 to about
34,000 km? in 2012 (USDA 2012), the last year of official
records (Fig. 1). It was also found that annual ET rates on
average increased by about 7 mm decade ™" over the irrigated
fields (mainly maize and soybean) of east-central Nebraska
accompanied by a simultaneous —4.4 mm decade™! drop in
annual precipitation rates, while a similar ET rate increase
of 6 mm decade™! in the Sand Hills of Nebraska (Fig. 1),
where irrigation is virtually absent, required an 8.1 mm dec-
ade”! increase in annual P, in accordance with expectations,
since higher precipitation rates should result in higher run-
off (i.e., streamflow) in general. From the spatial overlap of
the regionally significant expanse of irrigated land and that
of dropping precipitation rates, Szilagyi (2018a) concluded
that the multi-decadal continuous expansion of irrigation
in Nebraska may have led to the observed suppression in
precipitation rates.

Similar findings were reported by Alter et al. (2015) for
the Gezira irrigation development in central Sudan, Eastern
Africa, where irrigated land area grew from 1000 to about
9000 km? over an 80 year period causing a roughly 50 mm
reduction in July precipitation rates over the irrigated fields
in comparison with non-irrigated areas. Zeng et al. (2017)
in Northern India also found a 40-50 mm difference in mod-
eled summer (June, July, and August) precipitation sums
over a 40-year period between irrigated areas of progressive
groundwater extraction (from 85 to 130 mm year‘l) and the
control rain-fed area.

The consequences of the somewhat contra-intuitive irri-
gation expansion versus precipitation suppression feed-
back mechanism are significant, because the enhanced
moisture transport that originates in these irrigated fields
(under dropping precipitation rates) leads to increased
precipitation and streamflow rates (Harding and Sny-
der 2012; Huber et al. 2014; Wei et al. 2013; Pei et al.
2016) downwind, potentially as far as Illinois and Indi-
ana (over a possible distance of a thousand km) within
the US (DeAngelis et al. 2010; Kustu et al. 2011). This
large-distance boost of water—vapor transport combined

with dropping local precipitation is significant from a
water resources sustainability (both surface and subsur-
face) viewpoint (Gleick 2003), as well as from a climate
modeling and climate modification perspective (Puma
and Cook 2010; Mahmood et al. 2010, 2014; Pielke et al.
2011). With increasing recognition, regionally significant
irrigated areas are especially challenging for incorpora-
tion into regional and global climate models that com-
monly employ a Land Surface Model (LSM) component
for deriving surface fluxes of sensible and latent heat (Best
et al. 2015). This is so because the LSMs aim to maintain a
continuous water balance of the soil layers (e.g., Mesinger
et al. 2006) to which precipitation and irrigation water
fluxes are both input variables, the rate of the latter being
typically unknown, as most farmers around the world are
not required to meter their water use (Gleick 2003; Hanak
et al. 2011). The problem may be alleviated by the appli-
cation of latent heat flux estimation methods that do not
need information of precipitation/irrigation nor any land
surface, soil, vegetation, land-use or land-cover variables/
parameters, and also are calibration-free, such as the one
(i.e., Szilagyi et al. 2017) that was employed in this study,
and previously provided long-term US-wide monthly ET
rates (Szilagyi 2018b) requiring only commonly avail-
able atmospheric (air-, dew-point temperature, and wind
speed) and net surface radiation data. Such ET estimates
may prove to be helpful with the calibration, verification,
parameterization, and even with anticipated future upgrade
of the existing LSMs. These improved LSMs then may
lead to better modeling of the long-term effects of large-
scale irrigation on the regional- and global-scale water
resources and climate itself.

The aim of the present study is to provide further sup-
port for the large-scale irrigation expansion versus pre-
cipitation suppression feedback mechanism, as was first
proposed by Szilagyi (2018a) for Nebraska, unaware of
the above studies with similar findings. By doing so, one
may also gain a better insight of the mechanics involved
which then may lead to improved modeling of the inherent
physical processes, the latter proving especially impor-
tant, since, as of today, none of the available atmospheric
models (Harding and Snyder 2012; Huber et al. 2014; Pei
et al. 2016) capture the observed precipitation suppres-
sion accurately, if at all. The present approach is unique to
previous ones in that irrigation expansion data are not only
quasi-continuous (reported every 5 years over a period in
excess of 30 years), but it is also spatially resolved at least
on a county level (Fig. 1), unlike the much spottier (tem-
porally irregular irrigation survey data with an average
increment of 15 years) and spatially lumped Sudan data
(Alter et al. 2015), or the model-derived-only Northern
India results (Zeng et al. 2017) with no easy verification
by measurements.
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Study area and data employed

Around 93% of Nebraska’s total land area (200,356 km?)
is farm and ranchland in almost equal parts. Half of the
range- and pastureland is found in the Sand Hills (Fig. 1).
44% of the farmland is irrigated by a total amount of
almost a hundred—thousand registered and active irriga-
tion wells supplying water to the 34,000 km? of harvested
cropland and pasture (NDA 2019). Irrigated land area by
county in Nebraska was obtained from the United States
Department of Agriculture census data (USDA 2012) for
the 1978-2012 period (Fig. 2).

Monthly precipitation (P), and air- (7,) and dew-point
(T, temperature data were collected from the Precipitation
on Independent Slopes Model (PRISM, Daly et al. 1994)
database. Monthly ET rates came from the complementary
relationship (CR) derived (Szilagyi et al. 2017; Szilagyi
2018b) 4.2-km resolution ET estimates available across
the conterminous United States for 1979-2015. For addi-
tional information on ET modeling and spatial distribution
of the variables and their linear trends within Nebraska,
see Szilagyi (2018a).

Moderate Resolution Imaging Spectroradiometer
(MODIS) mean monthly (May—October) daytime surface
temperature data were also employed over the 2000-2009
time period for illustration of the state-wide irrigation-
enhanced surface-cooling effect of evaporation. Cold sea-
son months (November—April) were not available because
of significant cloud contamination problems that exist in
the MODIS images for the given geographic location dur-
ing that time of the year. Finally, volumetric soil moisture
data (plots #2 and #3 of irrigated and rain-fed soybean and
maize rotations) from a depth of 10 cm at Mead, in eastern
Nebraska (Fig. 1), were obtained from the AMERIFLUX
network for further illustration of the effect of irrigation
on land surface moisture in March when cloud contami-
nation-free MODIS data are rarely available on a monthly
basis for Nebraska. See Verma et al. (2005) for more detail
about soil moisture measurements and site description
of the Eastern Nebraska Research and Extension Center
(ENREC) near Mead, NE.

Methodology

Decadal changes in irrigated land area were derived on
a county basis from linear tendencies of the county-
wide irrigated areas over the available 1978-2012 period
(Fig. 2) and assumed valid also for 1979-2015. These
tendencies were then correlated with similar county-wide
tendencies in PRISM P, T,, T4, and CR-ET values. The
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correlation of the county-wide linear trend in irrigated
area and the same linear trend in the chosen variable was
performed on an annual (including the ET/P evaporation
ratio), seasonal, and monthly (for March) bases. For each
relationship sought for, a second-order polynomial was fit
over the data to allow for nonlinearities in the relationship.
A linear correlation coefficient value was calculated only
when the relationship found was clearly linear. As it turned
out such was a rare occurrence (it happened only for the
trend in annual precipitation), thus a two-sided ¢ test was
employed at the typical 5% significance level and with the
unequal variance option (as most of the data typically dis-
play diminished variance with the level of irrigation devel-
opment) to check for a statistically significant change in
the value of the variable among two groups of data: the 30
counties with the smallest and another 30 with the highest
level of change in irrigation development. The results of
the test are included in the corresponding figure captions.
Typically, those counties that already had a high irriga-
tion level (i.e., irrigated land area relative to county area)
in 1979 produced also the largest change in irrigated area
over the study period (Johnson et al. 2011), expressed by
the 0.68 value of the linear correlation coefficient between
these two variables.

A note on terminology The words ET and evaporation are
used in a mutually interchangeable way in the text. In both
cases, they refer to land surface evaporation which typically
contains a transpirational component, however, subdued for
the winter months and for cropland between harvesting and
sprouting.

Results and discussion

Counties with the largest concentration of irrigated land in
1979 are mainly found in east-central Nebraska (Fig. 2).
These are the counties that also produced the largest growth
in general in irrigated area (see also Johnson et al. 2011)
over the 1979-2015 period. The spatial overlap of irrigation
expansion versus concurrent precipitation decline is clearly
noticeable in Fig. 2. Out of the three counties that suffered
the largest decline in precipitation (i.e., white color), two
also produced (dark blue) significant gains in irrigated area,
while the third neighbors directly with such rapidly devel-
oping counties. The relationship is better seen in Fig. 3 that
captures well the dramatic precipitation decline with irri-
gation development. While counties with the weakest irri-
gation development enjoyed an about 5 mm decade™' gain
in annual precipitation, the ones with the strongest devel-
opment lost twice that much, about — 10 mm decade™! in
the same period. The relationship has a linear correlation
coefficient of —0.47 and a slope of —1.65+0.33 mm dec-
ade™! for every percent of decadal change in irrigated area.
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Fig.2 Extent of irrigation Irrigated area (%) in 1979 relative to county area
(1979) in Nebraska by county
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Fig.3 Decadal changes
(1979-2015) in annual
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area) and last (largest expansion
in irrigation) 30 counties are all
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The trend/slope is significant at any customary significance
level (p=1.67 X% 10_7) of the Mann—Kendall linear trend test,
modified for possible autocorrelations in the data (Hamed
and Rao 1998). The precipitation data also fail the two-sam-
ple t test (with the uneven variance option) of equal means
(p=Tx 1077) taken from the first (i.e., least irrigation devel-
opment) and last (most development) 30 data points in the
graph.

The effect of irrigation development is significant also on
ET rates (p=0.017), the ET ratio (i.e. ET P~!, p=9x1079),
and air temperature (7, p=0.0046); the latter demonstrating
the strong cooling effect of irrigation-boosted evaporation on
the land surface and the air. While counties in Nebraska with
the least or shrinking irrigation development warmed at a
rate of about 0.1 °C per decade during 1979-2015, the most
irrigated ones did so only at the third of that rate. Irrigation
expansion seemingly did not have an effect on the dew-point
temperature (p =0.63) which increased by double the rate
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of air temperature. However, the source of this increase is
different between non-irrigated and irrigated land: for the
former, air humidity mainly increased due to the observed
precipitation (and the subsequent ET) increase, while for
the latter, the source of this increase is almost entirely irri-
gation—enhanced evaporation. Note that air temperature in
itself can only boost ET rates on a long-term basis if there is
an additional source of water to rain-supplied soil moisture
coming from reduced runoff and/or recharge to the ground-
water or the groundwater itself for shallow soils that can
replenish the exhausted soil moisture from below, driven by
higher temperatures and, therefore, potentially higher ET
rates.

The standard explanation of precipitation suppression
by irrigation (e.g., Alter et al. 2015) is the decrease in air
temperature (Fig. 3) due to the enhanced latent heat require-
ment of the irrigation-boosted evaporation which leads to
less buoyancy of the cooler air which then radially flows
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outward over the surface of the colder irrigated area and,
therefore, creates an atmospheric subsidence with clockwise
surface wind anomalies (very similar to anticyclones) in the
northern hemisphere which then reduces precipitation over
the irrigated area and enhances it downwind, up to several
hundreds of kilometers (DeAngelis et al. 2010; Kustu et al.
2011; Alter et al. 2015). From this explanation, the largest
precipitation suppression should occur (Alter et al. 2015)
in the summer months, when irrigation, and therefore,
surface cooling is the strongest in Nebraska, but available
data exhibit more complexity than that. As demonstrated in
Fig. 4, the largest precipitation suppression takes place in
the spring and autumn, and not in the summer when pre-
cipitation does not express a clear correlation with irrigation
development, even though T, (p=1.7x107%) and ET rates
(p=5x107%) do.

The best possible explanation is probably given by Hard-
ing and Snyder (2012) who—from numerical modeling of
the atmosphere above the Great Plains of the US—found that

Fig.4 Changes (1979-2015)
in seasonal precipitation (P),

—_
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the increasing convective available potential energy stem-
ming from the irrigation-enhanced low-level moisture typi-
cally overwhelms the simultaneous surface-cooling boosted
inhibition of vertical convections, thus yielding a net local
gain, or at least avoiding a loss, in precipitation. Another
possible explanation by the present authors can be that in
the summer, the atmosphere is more chaotic due to higher
net energy available at the surface, thus more able to destroy
any subtle local circulation patterns, such as the one Alter
et al. (2015) describe as necessary for precipitation suppres-
sion. This latter explanation allows larger convective avail-
able potential energy win in the summer months and lose in
spring and autumn to surface-cooling boosted (see Fig. 5)
inhibition of vertical convections when this potential energy
is weaker. Figure 4 supports this hypothesis, since in autumn,
the atmosphere over Nebraska is more stable, with only 19.1
precipitation days compared to 28.2 such days in the summer
(with an average 8.5 mm precipitation per rainy days versus
6.3 mm in the fall). As a result, precipitation suppression
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intermittent lines are the best-fit
second-order polynomials. The
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sion in irrigation) 30 counties
are statistically significant at
the 5% level for the P values in
spring, for the ET and T, values
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Fig.5 MODIS satellite derived average monthly daytime surface
temperatures (°C) for 2000-2009 in Nebraska. The significantly
colder surface of irrigated land is noticeable even in October. Other
months not displayed suffer from significant cloud contamination

is strong (p=0.002), and while the least irrigated counties
gained about 1 mm decade™! rain in the autumn (probably
the result of the most significant seasonal air temperature
increase of about 2 °C within the year), the most irrigated
ones lost around —5 mm decade™!. Mainly because of this
precipitation loss (by autumn irrigation completely ceases),
ET from the most irrigated counties dropped a bit (reflected
also in T, increases smaller than those observed over least
irrigated counties), while in counties with increasing rain,
ET remained practically unchanged.

In the wintertime, none of the variables in general depend
on irrigation development because of the low temperatures.
The most significant precipitation response (p=1.2x107%)
to irrigation in the spring, however, requires some additional
explanation, as on a seasonal level, there is no clear corre-
sponding response in the ET, T, or T, values.

In the spring, the largest precipitation decline
(p=5.6x10"") to irrigation development takes place in
March (Fig. 6) with all changes in the variables also statisti-
cally significant. As seen, March experienced a substantial
increase in temperature (in excess of 3 °C with no irriga-
tion), moderated by irrigation development. One may won-
der how is it possible that large-scale irrigation which takes
place entirely in the warm months (typically May, June, and
July) could have a lasting effect even in March not only on
air temperature, but simultaneously on air humidity and
ET. Is it possible that the upper soil layers of the irrigated
land would still contain more moisture than non-irrigated
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Fig.6 Changes (1979-2015) in monthly precipitation (P), ET, and
air- (7,) and dew-point temperature (7,) values versus change in
county-level irrigated land area in Nebraska. The intermittent lines
are the best-fit second-order polynomials. The differences in the mean
of the variables for the first (smallest or negative change in irrigated
area) and last (largest expansion in irrigation) 30 counties are all sta-
tistically significant at the 5% level

land, especially after a long-term warming trend in autumn?
The answer is clearly yes, because the warmer winters in
Nebraska became also more humid (Fig. 4) due to increases
in winter precipitation and thus making it possible to replen-
ish soil moisture lost in the also warmer fall period from the
upper layers of the soil essentially in the form of soil evapo-
ration as crop water use by that time is significantly reduced
(Kranz et al. 2008). Figure 7 demonstrates that irrigated land
of typically maize and soybean in Nebraska attains a higher
moisture status in the top layer of the soil in March than
non-irrigated land, at least 10 out of the 11 years available.

Conclusions

PRISM observations of monthly precipitation, and air- and
dew-point temperature, as well as complementary relation-
ship-derived ET rates reveal how significantly large-scale
irrigation development alters its atmospheric environment
via not only reduced precipitation and air temperature, but
also via elevated dew-point temperatures, and ET and ET
ratios. Somewhat surprisingly, the largest precipitation sup-
pression took place not in the summer but in the spring and
fall periods due to counteracting forces of moisture-boosted
convective available potential energy and surface-cooling
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Fig.7 Mean monthly volumetric water content of the soil averaged
from three locations, 10 cm below the surface in March for irrigated
and non-irrigated (rain-fed) maize-soybean plots between 2002
and 2012 in Mead, Nebraska (see Fig. 1 for location). The whiskers
denote the standard deviations of the daily values in each month. Data
source: https://ameriflux.1bl.gov/

activated inhibition of vertical convections (Harding and
Snyder 2012). The latter seems to become predominant
when the atmosphere is more stable, i.e., in spring and fall,
leading to significant precipitation suppression in those sea-
sons. It is important to stress again that spatial scale is a
key factor in this latter process, because it occurs only over
the largest virtually continuous irrigated area of east-central
Nebraska. Counties at the narrowing western or northern
flanks of the irrigated region (e.g., the northern most county
with a red color and the one in pink around the middle of the
top panel of Fig. 2) did not suffer any precipitation loss, even
though they already had significant portions of irrigated land
in 1979 that were also increasing at a fast rate afterwards.
This is so because any flow pattern, such as described by
Alter et al. (2015) that may develop over the irrigated cooler
surface and is necessary for precipitation suppression, can
withstand and modify the prevailing wind patterns only if
its base is substantial in areal extent.

Figure 3 clearly demonstrates the statistically significant
relationships that exist between the change/degree of irri-
gation development and the environmental variables stud-
ied. It yields strong support for the existence of a feedback
mechanism between expansion of extensive areas of inten-
sive irrigation and long-term precipitation decline that was
first identified from measurements for the US by Szilagyi
(2018a), and here was found somewhat more complex than
it is typically explained (e.g., Alter et al. 2015) in the hydro-
logic literature. It is hoped that the current new findings will
help with improved modeling of the atmospheric processes
and enable us to better understand the linkages that exist

between land-use change, the resultant mass and energy
fluxes, and their complex effect on the regional and global
climate. The current finding of an about 50 mm drop in local
annual precipitation sums over a 3-decade long period is
in line with previous observations by Alter et al. (2015) in
Africa and modeling results of Zeng et al. (2017) in India
(despite the obvious climatic differences) about the extent
of expected precipitation suppression over fast expanding
intensive large-scale irrigation developments. This reduction
in precipitation rates (i.e., about — 1.6 mm year™") maybel/is
significant enough to be included in long-term sustainabil-
ity studies and planning of water resources for large-scale
irrigation developments.
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