
1.  Introduction
Crop production depends on massive groundwater-fed irrigation in many places around the world. Groundwater 
provides relatively stable water sources, especially in arid and semi-arid regions; however, over-exploitation 
of groundwater resources has been recognized as a major concern in sustainable regional development 
(Aeschbach-Hertig & Gleeson,  2012; Famiglietti,  2014; Konikow,  2011; Scanlon, Faunt, et  al.,  2012). The 
Republican River Basin, located in the Northern High Plains and comprising parts of Nebraska, Colorado, and 
Kansas, provides an outstanding example of how intensive groundwater irrigation effects propagate to hydrologic 
change, ecological deterioration and water rights conflicts (McGuire, 2014). Since the 1960s, the widespread 
adoption of central pivot irrigation systems has gradually caused groundwater depletion and reduced stream flow 
in the Republican River. In 1998, the downstream state Kansas sued upstream states Nebraska and Colorado in 
the Supreme Court for violating surface water rights due to the over-pumping of groundwater (Popelka, 2004). 
Other river basins in the High Plains are facing similar environmental issues and water rights conflicts due to 
extensive irrigation development. At the global scale, many other regions, such as California's Central Valley 
(Scanlon, Longuevergne, & Long, 2012), the North China Plain (Liu et al., 2008), India (Rodell et al., 2009) and 
the Middle East (Joodaki et al., 2014), have experienced similar situations of irrigation development and aquifer 
depletion. As seen in the above examples, human interferences are impacting hydrologic systems; water resource 
management will increasingly require scientific understanding of human impacts on hydrologic systems as future 
water needs change due to socioeconomic development and climate change.

Many studies have been conducted to understand groundwater depletion (Haacker et al., 2016; McGuire, 2014; 
Scanlon, Longuevergne, & Long,  2012; Strassberg et  al.,  2009) and streamflow changes (Burt et  al.,  2002; 
Szilagyi, 2001; Zeng & Cai, 2014) in the High Plains. The High Plains sit on the Ogallala Aquifer, one of the 
most productive aquifers in the Contingous United States (CONUS), which however is also seriously depleted 
(Dieter & Maupin, 2017; Hornbeck & Keskin, 2014). The accumulative depletion of groundwater in this region 
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during 1900–2008 is equivalent to 1 mm sea level rise (Konikow, 2011). Scanlon, Faunt, et al. (2012) estimated 
that if current groundwater withdrawal is continued, about 35% of the southern High Plains will be unable to 
support irrigation within the next 30 years.

However, the impacts of irrigation on the temporal and spatial pattern of evapotranspiration (ET) change in the 
region are not well documented. ET represents the major water consumption in the region, especially for agri-
cultural water use, as argued by some studies that water resources management is essentially “ET management” 
(Foster & Garduño,  2004). Meanwhile, ET connects land surface energy and water budgets, driven by both 
climatic and anthropogenic forcings. A comprehensive assessment of the patterns of ET change is essential, on 
one hand to understand the human interferences to the hydrologic cycle retrospectively, and on the other hand to 
design regional sustainable water resources management.

However, limited ET observation and simulation prevent a comprehensive understanding of human induced 
change over a large temporal span and spatial extent, such as the High Plains (Figure S2 in Supporting Informa-
tion S1). In particular, the number of groundwater wells in this region grew substantially beginning in the late 
1950s (Mutiibwa & Irmak, 2013) and even as early as 1930s in parts of the Southern High Plains (Green, 1981), 
while ET estimates from remote sensing products are available only after the 1980s (Szilagyi & Franz, 2020; 
Wei et al., 2022). Furthermore, land surface models simulate irrigation as a result of soil moisture conditions 
(Lawston et al., 2015; Ozdogan et al., 2010), either neglecting anthropogenic forcings (e.g., pumping volume) 
or using estimates subject to significant bias and uncertainty (Demissie et al., 2015; Rossman & Zlotnik, 2013). 
Therefore, there is a lack of “pre-development” ET conditions as a baseline to evaluate the hydrologic change 
caused by groundwater-fed irrigation in this region.

This study provides a quantitative framework to assess ET temporal and spatial changes using long-term climate 
data and water table observations in the High Plains. To understand human interferences to ET processes and 
diagnose the climatic and anthropogenic factors to ET changes, the framework is established in the context of 
a coupled human and natural system (CHNS) (Liu et al., 2007). Questions to address include: (a) What are the 
changes of ET temporal characteristics (i.e., mean and seasonal variability) due to groundwater-fed irrigation in 
the High Plains? (b) What spatial changes have irrigation practices imposed upon the natural hydroclimatic gradi-
ent in the region? (c) How are the ET change patterns related to farmers' behaviors in balancing crop production 
profit and risk aversion? As irrigation has becomes the driving force for crop yield generation in this region, will 
the changes in hydro-climatic variables manifest themselves in the change of anthropogenic variables (e.g., crop 
yield)? Answers to these questions are also expected to provide a predictive understanding to what may happen 
in other regions that have experienced similar challenges.

2.  Data and Methods
2.1.  Impacts of Irrigation on Long-Term ET

The original Budyko's hypothesis prescribes a functional relation between ET and the two climate variables, 
precipitation (P) and potential evaporation (PET). The basin wide annual average ET is determined by the long-
term climate conditions expressed as:

𝐸𝐸𝐸𝐸 = 𝑓𝑓 (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃𝑃 )� (1)

There are several different parametric and non-parametric forms for the expressions of f (Fu,  1981; Yang 
et al., 2008). In this study, we adopt the expression from Yang et al. (2008):

𝐸𝐸𝐸𝐸 =
𝑃𝑃 × 𝑃𝑃𝑃𝑃𝑃𝑃

(𝑃𝑃 𝑛𝑛 + 𝑃𝑃𝑃𝑃𝑃𝑃 𝑛𝑛)
1∕𝑛𝑛� (2)

Here, we developed a method to extend Budyko's hypothesis to calculate annual mean ET by explicitly incor-
porating the impact of groundwater storage change due to agricultural irrigation. As extensive groundwater is 
“mined” to provide irrigation to support agricultural evapotranspiration, catchment-storage change ∆S cannot be 
neglected in the water-budget balance, even on the long-term scale. For each time period i (e.g., year or month), 
the basin-wide water balance is

∆𝑆𝑆𝑖𝑖 = 𝑃𝑃𝑖𝑖 − 𝐸𝐸𝐸𝐸𝑖𝑖 −𝑄𝑄𝑖𝑖� (3)
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where Q is the net discharge across basin boundary. During irrigation season, the total available water 
𝐴𝐴 𝐴𝐴 ′

𝑖𝑖
= 𝑃𝑃𝑖𝑖 − ∆𝑆𝑆𝑖𝑖 = 𝐸𝐸𝐸𝐸𝑖𝑖 +𝑄𝑄𝑖𝑖 includes precipitation and complementary water supply from aquifer pumping. As 

∆Si is negative due to pumping induced catchment storage depletion, increased total water availability 𝐴𝐴 𝐴𝐴 ′
𝑖𝑖
 is 

partitioned between ET and runoff Q (including natural runoff and irrigation return flow). During non-irrigation 
season, aquifer storage recovers from recharge (i.e., ∆Si is positive) and there is less water available for ET and 
runoff. Explicitly considering catchment storage change allows us to incorporate complete water balance (e.g., 
pumping from aquifer) in each time period into Budyko's energy-water partitioning.

Following Han et al. (2011) and Zeng and Cai (2015), we replaced the P in Equation 1 by P′. By applying Budyko 
curve in Equation 1 for each time periods, the basin wide evapotranspiration is

𝐸𝐸𝐸𝐸𝑖𝑖 = 𝑓𝑓
(

𝑃𝑃 ′
𝑖𝑖 , 𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖

)

= 𝑓𝑓 (𝑃𝑃𝑖𝑖, 𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖,∆𝑆𝑆𝑖𝑖)� (4)

The ETi can be expressed as deviation from the long-term average 𝐴𝐴 𝐸𝐸𝐸𝐸  from the Taylor expansion of Equation 4 
near long-term climate condition 𝐴𝐴

(

𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃𝑃

)

 in Equation A1 in Appendix A.

Taking the expected value of 𝐴𝐴 𝐴𝐴𝐴𝐴𝑖𝑖 in Equation A1, and noticing 𝐴𝐴 𝐴𝐴(𝑃𝑃𝑖𝑖) = 𝑃𝑃  , 𝐴𝐴 𝐴𝐴(𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖) = 𝑃𝑃𝑃𝑃𝑃𝑃  , 𝐴𝐴 𝐴𝐴(∆𝑆𝑆𝑖𝑖) = ∆𝑆𝑆 , the 
long-term average ET is:

�� = �
(

� , ��� ,∆�
)

+ 1
2
[

� ′′
� �

2
� + � ′′

��� �
2
��� + � ′′

∆��
2
∆� + 2� ′′

� ,∆����(� ,∆�)

+ 2� ′′
��� ,∆����(��� ,∆�) + 2 � ′′

� ,��� ���(� , ��� )
]

� (5)

where 𝐴𝐴 𝐴𝐴 𝐴𝐴𝐴𝐴(𝑋𝑋) = 𝐸𝐸

[

(

𝑋𝑋 −𝑋𝑋

)2
]

 and 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴(X,Y) = 𝐸𝐸[(X −𝑋𝑋)(Y − 𝑌𝑌 )] denote the variance and covariance, 

respectively. The expressions (Equation A2 in Appendix A) of the second order derivatives (i.e., 𝐴𝐴 𝐴𝐴 ′′
𝑋𝑋𝑋𝑋𝑋

 ) in Equa-
tion 5 present the contributions of climate variability and catchment storage variation to long-term ET.

Equation  5 is an extension to the original Budyko curve and states that the long-term average 
ET (i.e., 𝐴𝐴 𝐸𝐸𝐸𝐸  ) depends is affected by (a) long-term climatic conditions (i.e., the 𝐴𝐴 𝐴𝐴

(

𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃𝑃 𝑃∆𝑆𝑆
)

 
term); (b) climate variability (e.g., seasonality, represented by represented by the variance/covari-
ance terms 𝐴𝐴 𝐴𝐴 ′′

𝑃𝑃
𝜎𝜎2
𝑃𝑃
+ 𝑓𝑓 ′′

𝑃𝑃𝑃𝑃𝑃𝑃
𝜎𝜎2
𝑃𝑃𝑃𝑃𝑃𝑃

+ 2𝑓𝑓 ′′
𝑃𝑃 𝑃𝑃𝑃𝑃𝑃𝑃𝑃

𝐶𝐶𝐶𝐶𝐶𝐶(𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃𝑃 ) ); (c) catchment dynamic responses to climate 
(e.g., vegetation water use and groundwater change, represented by the variance/covariance terms 

𝐴𝐴 𝐴𝐴 ′′
∆𝑆𝑆
𝜎𝜎2
∆𝑆𝑆

+ 2𝑓𝑓 ′′
𝑃𝑃 𝑃∆𝑆𝑆

𝐶𝐶𝐶𝐶𝐶𝐶(𝑃𝑃 𝑃∆𝑆𝑆) + 2𝑓𝑓 ′′
𝑃𝑃𝑃𝑃𝑃𝑃 𝑃∆𝑆𝑆

𝐶𝐶𝐶𝐶𝐶𝐶(𝑃𝑃𝑃𝑃𝑃𝑃 𝑃∆𝑆𝑆) ), and (d) catchment static characteristics (e.g., slope, 
soil type, vegetation type, represented by the parameter in Budyko equations as studied in Yang et al. (2007) 
and Zhang et al. (2001)). If the long-term catchment storage change is negligible (i.e., 𝐴𝐴 ∆𝑆𝑆   = 0) and ignoring 
the climate variability and catchment storage dynamics, Equation 5 reduces to the original Budyko equation 
in Equation 1.

We further applied Equation 5 to evaluate the contribution of climate seasonality (e.g., in-phase and out-of-phase 
between P and PET) and catchment storage change (e.g., snow and soil moisture) on long-term ET for water-
sheds in US detailed. In this study, we use Equation 5 to explicitly consider the impacts from pumping induced 
catchment storage change on ET over the High Plains. The empirical parameter n (in Equation 2 and Equation 5) 
is fixed at 1.58 for all sub-basins by fitting points on the Budyko curve with ET estimated as the differences 
between P and runoff with records during 1945–1970 (pre-development condition). It is noted that some studies 
fitted a time-varying parameter in the Budyko curve based on water balance data in different time periods, and 
attributed vegetation's dynamic control on ET to the parameter. Based on our experience, the calculated (rather 
than calibrated) parameter in Budyko curve suffers from the water budget error (especially the estimation of 
catchment storage ∆S) during each time period. Instead, this study represents catchment dynamic control (e.g., 
vegetation dynamics, subsurface water storage change) on ET through the variance/covariance terms related to 
∆S in Equation 5 and catchment static controls through the empirical parameter of the Budyko curve. Therefore, 
the empirical parameter can also be estimated from the static catchment prosperities (Yang et al. (2007); Zhang 
et al. (2001)).
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2.2.  Impacts of Irrigation on Seasonal ET Variability

The ET variability is calculated based on the Evapotranspiration Temporal VARiance Decomposition (ETVARD) 
framework (Zeng & Cai, 2015, 2016):

𝜎𝜎2
𝐸𝐸𝐸𝐸

= 𝑤𝑤𝑃𝑃𝜎𝜎
2
𝑃𝑃
+𝑤𝑤𝑃𝑃𝑃𝑃𝑃𝑃 𝜎𝜎

2
𝑃𝑃𝑃𝑃𝑃𝑃

+𝑤𝑤Δ𝑆𝑆𝜎𝜎
2
Δ𝑆𝑆 +𝑤𝑤𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑐𝑐𝑐𝑐𝑐𝑐𝑃𝑃 𝑃𝑃𝑃𝑃𝑃𝑃𝑃 +𝑤𝑤𝑃𝑃𝑃Δ𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑃𝑃 𝑃Δ𝑆𝑆 +𝑤𝑤𝑃𝑃𝑃𝑃𝑃𝑃 𝑃Δ𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑃𝑃𝑃𝑃𝑃𝑃 𝑃Δ𝑆𝑆� (6)

where the ET temporal variance (𝐴𝐴 𝐴𝐴2

𝐸𝐸𝐸𝐸
 , at seasonal scale in this study) is decomposed into components from 

climatic fluctuations (i.e., 𝐴𝐴 𝐴𝐴2

𝑃𝑃
 and 𝐴𝐴 𝐴𝐴2

𝑃𝑃𝑃𝑃𝑃𝑃
 ), seasonality between water and energy supply (i.e., covP,PET), ground-

water storage variation (i.e., 𝐴𝐴 𝐴𝐴2
Δ𝑆𝑆

 ), and the responses of groundwater storage change to climate (i.e., covP,ΔS and 
covPET,ΔS). The weighting factors (w), quantifying the contribution from each source to 𝐴𝐴 𝐴𝐴2

𝐸𝐸𝐸𝐸
 , are derived from the 

sensitivity of ET to land surface moisture or energy constraints based on the long-term climatic conditions (i.e., 
the aridity index from long-term average PET/P and the derivatives in Budyko curve in Zeng and Cai (2015)). 
When farmers respond to low rainfall with groundwater-fed irrigation, the activity is captured via strong correla-
tion between P and ΔS. At the same time, the arid and semi-arid climate condition yields a high value of weight 
wP,ΔS, which also reflects the irrigation impact via terrestrial storage change. Therefore, Equation 6 can be used 
to quantify the contribution attributed to both climatic and storage change factors (especially via irrigation in this 
study). The function forms for the six weight factors and detailed discussion for 𝐴𝐴 𝐴𝐴2

𝐸𝐸𝐸𝐸
 under the various climate and 

storage change conditions are documented in Zeng and Cai (2015).

ET temporal variability exhibits different magnitudes and contains different components depending on the time 
scale (e.g., annual, seasonal and monthly) (Zeng & Cai, 2016). This study focuses on ET temporal variability 
at the seasonal scale (i.e., crop growing season from May to October and non-growing season from November 
to April) for two reasons. First, in the crop growing season, aquifer water storage change is the main source of 
terrestrial water storage change; while other forms of water storage change such as soil moisture and snow cover 
are negligible. In addition, direct observations on soil moisture are not available for any large spatial extent and 
temporal span, and soil moisture from land surface model simulations may suffer from significant bias and 
uncertainty as irrigation is not well represented in existing ET models. Second, agricultural pumping is a seasonal 
event, and its impacts on ET patterns conform with a seasonal scale.

2.3.  Climatic and Hydrologic Data

Monthly climate data from 1940 to 2010, including P, maximum temperature and minimum temperature, were 
obtained from PRISM Climate Group with a spatial resolution of 30 arcsec (∼800 m) (Daly et al., 2008). PET is 
calculated from the Hargreaves temperature-based method (Hargreaves & Samani, 1982). The temperature based 
PET is further adjusted by PET calculated from a modified Penman scheme (Mahrt & Ek, 1984) in the North Amer-
ican Land Data Assimilation System-2 (NLDAS-2) from 1980 to 2010. With annual P ranging from 328 to 830 mm 
and annual PET from 995 to 1538 mm, the High Plains have an arid or semi-arid climate, where the aridity index (i.e., 
PET/P) varies between 1.4 and 4.7. The monthly P and PET are aggregated to seasonal scale for later calculation.

The water table change is interpolated from groundwater well measurements over the Ogallala Aquifer by ordi-
nary kriging and the interpolation converted to a raster at a resolution of 250 m, following methods detailed in 
Haacker et al. (2016). On average, about 12,000 measurements in each season are used for spatial interpolation. 
In addition, elevations from 1984 stream locations are incorporated to filter out the interpolated water table values 
that are above the terrain surface. Note that the observed groundwater table change captures the net change of 
aquifer storage caused by both vertical and lateral fluxes, such as pumping, recharge, groundwater regional flow 
and baseflow discharge. Since most of the regional aquifer is unconfined, the water table change is multiplied 
by specific yield (Gutentag, 1984; McGuire et al., 2012) to obtain the aquifer water storage change (ΔS), which 
is calculated for both growing season (i.e., May to October when pumping wells are active) and non-growing 
season in this study.

Furthermore, to account for the hydroclimatic and anthropogenic heterogeneity, the USGS hydrologic unit code 
(HUC) 1:250000-scale Hydrologic Units (HUC250k) map (Seaber et al., 1987) is used to delineate the High 
Plains overlaying with the Ogallala Aquifer into 120 sub-basins. The PRISM climate data and USGS groundwater 
storage change are aggregated to the sub-basin level based on HUC250k boundary.

We also collected streamflow data from all 212 USGS streamflow gauges within the High Plains. The gauge 
stations have varying record lengths, and we included 178 gauges with records before 1975. It is noted that the 
USGS gauges may record streamflow from several HUC250K sub-basins, since some sub-basins are nested.
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The 70-year (1940–2010) seasonal time series of P, PET and ΔS are divided into two periods (i.e., pre-1975 and 
post-1975, with the equal length for both periods) to calculate ET mean and temporal variance, respectively. For the 
long-term average in each period, we calculate mean annual ET using the long-term average hydroclimatic data (i.e., 

𝐴𝐴 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃𝑃 𝑃∆𝑆𝑆 ) and the contributions from temporal variability terms in Equation 5. The ET seasonal variances are 
calculated by Equation 6. It is noted that large scale groundwater-fed irrigation development in this region occurred 
at different periods in this region, ranging from 1930s in the South High Plains and 1970s in the North High 
Plains (Haacker et al., 2016; McGuire, 2009; Scanlon, Faunt, et al., 2012). Although the two periods (pre-1975 and 
post-1975) are not accurately referred to “pre-development” and “development” conditions, the degree of intensive 
and extensive groundwater pumping after 1975 provides a comparative case of human interferences on ET patterns.

3.  Results
3.1.  ET Mean Change Over the High Plains

Using the 1940–1975 “pre-development” period as baseline, the annual PET remains unchanged (Figure 1b). 
Most of the sub-basins have increased P (35.0 mm on average) (Figure 1a) in the post-1975 period.

Most of the sub-basins yield a greater mean ET post-1975 than pre-1975, as shown in Figure 1a. While ET is 
expected to increase as P increases in the semi-arid High Plains, it is also possible that the enhanced ET from 
groundwater irrigation contributed to the increase of P especially during growing seasons.

The average annual ET in the 120 sub-basins increases by 74.1  mm from 399.6  mm pre-1975 to 473.7  mm 
post-1975, and the ET increase is more than 100 mm in some sub-basins (Figure 2a). Therefore, P alone cannot 

Figure 1.  Mean annual (a) P and (b) PET of the 120 sub-basins in the High Plains during pre-1975 and post-1975 periods.

Figure 2.  Histogram of (a) mean annual and (b) seasonal standard deviation of ET pre-1975 and post-1975 in 120 sub-basins 
over the High Plains.
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fully explain the ET increase, even if all increased P is partitioned into ET. Therefore, irrigation from ground-
water pumping contributes to at least more than half of the ET increase. We also checked all USGS gauging 
stations in this region with at least 10-year length records pre-1975 and found mixed changes in streamflow. More 
interesting, some gauging stations show increased streamflow during growing season and decreased streamflow 
during non-growing season. This change pattern may be caused by irrigation return flow from upstream (mainly 
happening in growing season) and stream depletion by long-term groundwater decline trend. Streamflow change 
due to irrigation shows both local (e.g., surface water withdrawal, stream depletion by nearby pumping well) and 
non-local (e.g., irrigation return flow in the upstream) impact of human activities. Therefore, the more detailed 
studies in this region should focused on the spatial and temporal patterns of streamflow change in this region 
(Szilagyi, 1999; Wen & Chen, 2006; Zipper et al., 2018).

Spatially, the average ET exhibits a clear east-to-west gradient pre-1975 as captured by the left map of Figure 3a. 
ET is relatively large in sub-basins in the east and small in the west, following the P gradient. Under significant 
irrigation practices post-1975, the east-to-west gradient in ET is no longer obvious in the Central High Plains 
(CHP) and the Southern High Plains (SHP). The increase of mean annual ET is consistent with the groundwater 
depletion map. As shown in the right map of Figure 3a, most areas of the CHP and the north part of the SHP show 
a significant ET increase. These regions also experienced the most significant decline in water table (Haacker 
et al., 2016; McGuire, 2014; Scanlon, Faunt, et al., 2012). In the Northern High Plains (NHP), ET increases are 
mainly located in the Republican River Basin and Lower Platte River Basin, while ET in the Upper Platte River 
Basin and the Sand Hills region has little change since agricultural development in these regions is not intensive 
due to the sandy soils (Istanbulluoglu et al., 2012; Wang et al., 2009). Therefore, the ET east-to-west gradient 
remains in the NHP without significant anthropogenic interferences.

3.2.  ET Seasonal Variability Due To Irrigation

The seasonal σET decreases from 205.3 mm pre-1975 to 193.6 mm post-1975 on average, and the change can 
be attributed to climate and storage components according to ETVARD by Equation  6. On one hand, some 
sub-basins experience damping in climatic fluctuation, which contributes to the decrease of σET by 20.7 mm on 
average, as shown in Figure S1a in Supporting Information S1. The damping in climatic seasonal variability is 
mainly due to a more stable P in the region, since PET variability remains almost unchanged. On the other hand, 
the storage components in σET increases by 14.2 mm on average as shown in Figure S1b in Supporting Infor-
mation S1, especially in sub-basins in CHP and SHP with significant amount of groundwater pumping. There-
fore,  the decline in the total σET results from the combined effects of less variance in P and larger variance in the 
storage components due to irrigation pumping. In terms of absolute values, the climatic components and storage 
components account for 59% and 41% change in σET, respectively.

The ET seasonal variance also followed an east-to-west gradient pre-1975 as illustrated in the left map of 
Figure  3b, where the arid sub-basins in the west exhibit higher ET variability than those relatively humid 

Figure 3.  The spatial pattern of ET (a) mean annual and (b) seasonal standard deviation in 120 sub-basins over the High Plains.
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sub-basins in the east. However, more erratic spatial heterogeneity is seen in σET post-1975 shown in the right 
map of Figure 3b. Despite a common decrease in σET climatic components, the increase of σET storage compo-
nents at some locations causes the spatial heterogeneity, especially in the Republican River Basin in the NHP 
and some sub-basins in the CHP and SHP.  The east-to-west gradient in σET only remains in the north part 
of the NHP, where groundwater pumping is negligible. The σET estimated in Figures  2b and  3b with long 
records of seasonal groundwater level observation complements the estimation using the GRACE-derived 
terrestrial storage change (Zeng & Cai, 2018), providing a comparison of σET change estimates due to extensive 
groundwater-based irrigation.

Change in ET mean and variance can be represented by the coefficient of variation (CV), a dimensionless indi-
cator for relative variability. To be consistent in the temporal scale, ET seasonal variance is normalized by the 
mean seasonal ET (i.e., half of the mean annual ET). Similar to the mean and variance, the CV of seasonal ET 
pre-1975 in the left of Figure 4a displays an apparent east-to-west gradient with lower CV in the east sub-basins 
and higher CV in the west sub-basins. However, the spatial gradient is not preserved post-1975, except for in the 
north part of the NHP in Figure 4b. There is a consistent decrease in CV in most sub-basins in the south parts of 
the NHP, CHP, and SHP. Although some sub-basins have increased σET due to irrigation, the increase in mean ET 
is more significant. Therefore, irrigation dampens ET variability in term of CV, while as shown above, irrigation 
increases the absolute value of variability (σET). Some sub-basins in the CHP and east part of the NHP have CVs 
lower than 0.6, which is not observed pre-1975.

3.3.  The Sources of σET Change

As discussed above, changes in climate and groundwater-fed irrigation are the two main sources of σET. Figure 2b 
illustrates the percentage of storage components (i.e., 𝐴𝐴 𝐴𝐴Δ𝑆𝑆𝜎𝜎

2
Δ𝑆𝑆

+𝑤𝑤𝑃𝑃𝑃Δ𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑃𝑃 𝑃Δ𝑆𝑆 +𝑤𝑤𝑃𝑃𝑃𝑃𝑃𝑃 𝑃Δ𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑃𝑃𝑃𝑃𝑃𝑃 𝑃Δ𝑆𝑆 ) in total 𝐴𝐴 𝐴𝐴2

𝐸𝐸𝐸𝐸
 . 

Note that since the components from storage change can be negative, the percentage is calculated using the abso-
lute values. Before 1975, the storage components account for less than 10% of σET in most sub-basins of the CHP 
and SHP. The east part of the NHP has a higher portion (about 20%) with the storage components than the west 
part (less than 10%). After 1975, there is a significant increase in the storage components of σET: Most sub-basins 
have more than 10% and some have even more than 40%. Sub-basins with contribution from storage components 
higher than 20% are distributed unevenly, showing spatial heterogeneity (the left map of Figure 2b). The ground-
water fluctuation (σΔS) and pumping response to rainfall deficit (covP,ΔS) increase the contribution of storage 
components to σET. The spatial heterogeneity caused by irrigation is also reflected by storage components in σET in 
the right map in Figure 4b. Thus, compared to the climatic components, the anthropogenic induced storage compo-
nents play a notable role in shaping the ET variability in this region. A higher storage component in σET represent 
a closer coupling between land surface processes and groundwater dynamics due to agricultural development.

Figure 4.  (a) The coefficient of variation (CV) of ET seasonal variability and (b) the percentage of storage components in 𝐴𝐴 𝐴𝐴2

𝐸𝐸𝐸𝐸
 (i.e., the sum of groundwater 

components 𝐴𝐴 𝐴𝐴Δ𝑆𝑆𝜎𝜎
2
Δ𝑆𝑆

+𝑤𝑤𝑃𝑃𝑃Δ𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑃𝑃 𝑃Δ𝑆𝑆 +𝑤𝑤𝑃𝑃𝑃𝑃𝑃𝑃 𝑃Δ𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑃𝑃𝑃𝑃𝑃𝑃 𝑃Δ𝑆𝑆 over the total 𝐴𝐴 𝐴𝐴2

𝐸𝐸𝐸𝐸
 in Equation 2).
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4.  Discussion
4.1.  The Overlapping of Natural Gradients and Anthropogenic-Induced Heterogeneity in ET

The spatial characteristics in the High Plains under natural conditions exhibit a clear east-to-west gradient. Due to 
the rising terrain toward the west, P decreases from east to west (Daly et al., 2008). The regional water table under 
the “pre-development” condition (or the near natural condition) also follows the east-to-west gradient (Haacker 
et al., 2016; McGuire, 2014). The north-to-south gradient of PET (following the temperature gradient) does not 
manifest in the hydroclimatic spatial pattern in the arid and semi-arid climate, since the land surface processes 
in this region are constrained by P. The ET characteristics, including the mean, seasonal variance, seasonal CV 
and storage components, also show an apparent east-to-west gradient pre-1975. Natural vegetation or rain-fed 
crops depend on soil moisture to buffer the climatic fluctuation and have limited accessibility to groundwater. 
Therefore, the ET in the region pre-1975 was mainly affected by the climate, and its spatial pattern followed the 
east-to-west climatic gradient. With substantial groundwater-fed irrigation development, localized groundwater 
depletion propagates to ET pattern changes and introduces anthropogenic spatial heterogeneity over the natural 
east-to-west gradient, as shown by the post-1975 maps of Figures 2–4. As anthropogenic-induced storage compo-
nents in σET became significant, the hydrologic system in the High Plains went beyond a “natural” system that was 
driven by climate forcings, to one that is now driven by both natural (climatic, geomorphic) and anthropogenic 
(e.g., land use and water withdrawals) factors. The High Plains has been shifted from a natural system to a CHNS 
with extensive irrigation development in the region. This study provides an observational evidence of ET spatial 
and temporal changes due to extensive groundwater-fed irrigation. However, to quantify the contribution of vari-
ous hydrologic processes (e.g., climate change) and human activities to ET change in this region with confirmed 
statistical significance, more systematic designed numerical experiments are needed to represented the irrigation 
scheme (e.g., when, where and how irrigation water are applied to the field).

The anthropogenic-induced ET heterogeneity in the High Plains highlights an indispensable issue in understanding 
hydrologic systems in the context of a CHNS, where the natural east-to-west gradient and anthropogenic-induced 
heterogeneity jointly shape the spatial pattern of ET. Our understanding of natural dynamics and capability to 
predict hydroclimatic changes have been fundamentally improved by observations across different spatial scales 
and spatially-distributed simulation models. The advances in data acquisition and model improvement enable earth 
scientists to explore the complexity of natural processes, which further supports and strengthens scientific-based 
decision-making on water resources development. However, the spatial heterogeneity on the human dimension is 
less well established in either the data or modeling aspects (Xu et  al.,  2014). Traditional water resources plan-
ning and management models generally adopt a simplified top-down and homogenous institution and overlook 
the heterogeneity in human behaviors (Yang et  al.,  2009). As evidenced in the ET pattern change in the High 
Plains, anthropogenic-induced ET components show even stronger heterogeneity than the natural gradient due to 
spatially diversified irrigation practices resulting from human behaviors. An individual farmers' irrigation deci-
sions are affected by spatially distributed environmental conditions (Noël & Cai, 2017), groundwater management 
policy (Hrozencik et al., 2017) and the farmer's response to weather forecasts (Hejazi et al., 2014). Further, Foster 
et al. (2014) found that irrigation behavior in Texas High Plains region exhibits complex nonlinear responses to 
changes in groundwater availability and well yield. Below the state level, groundwater-management authorities, such 
as Natural Resources Districts with the State of Nebraska, monitor groundwater usage and in some cases regulate 
farmers' allowable pumping volume. At the interstate level, water rights conflicts are settled by the Republican River 
Compact Administration, which allocates the water rights of the Republican River among Colorado, Kansas and 
Nebraska (Draper, 2007). These cross-scale anthropogenic complexities require a new modeling paradigm to incor-
porate institutionally-sound and behaviorally-realistic decision mechanisms to support the modeling of CHNS (Vogel 
et al., 2015). Emerging concepts, such as of socio-hydrology (Sivapalan et al., 2012) and hydro-geomorphology 
(Vogel, 2011), and the “bottom-up” approach in agent-based modeling (Bitterman & Koliba, 2020; Ng et al., 2011; 
Noël & Cai, 2017), provide promising guidelines toward strengthening the human dimension in CHNS.

4.2.  Correspondence Between ET Pattern and Crop Production

ET processes occur within the context of crop production management for both irrigated and rain-fed agriculture. 
Thus, the pattern of ET change can help unveil crop production variability. Figure 5a shows the evolution of ET 
pattern for the 120 sub-basins for the periods pre- and post-1975. The pairwise points (pre- and post-1975) in 
each sub-basin generally shift from upper-left (high CV and low mean) to lower-right (low CV and high mean) 
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as substantial groundwater pumping has developed over the region. Therefore, irrigation alters two aspects of 
crop water consumption by (a) increasing the mean crop water consumption (in order to mitigate the deficit in 
rainfall) and (b) damping the variation of crop water consumption (in order to buffer the climatic fluctuation). We 
may make an analogy between crop water consumption and crop yield by showing a similar pattern observed for 
crop yield as shown in Figure 5b, the rain-fed and irrigated corn yield in Nebraska based on data from the United 
States Department of Agriculture National Agricultural Statistics Service. The rain-fed corn yield has high CV 
and low mean, and the irrigated corn yield exhibits low CV and high mean, corresponding to high mean and low 
variance of ET with irrigated corn and low mean and high variance of ET with rain-fed corn. Note that due to 
the data availability, the corn yield is summarized at the county level. It would be ideal to show the crop yield 
at sub-basin level corresponding to the ET data. The analogy between ET and crop yield in Figure 5 provides a 
testable hypothesis at the system level, which can be further cross-validated with processed-based land surface 
models, statistical downscaling or integrated surface-and groundwater models.

The correspondence between ET pattern (a natural process variable) and crop yield (an anthropogenic variable) 
manifests as an emerging phenomenon of CHNS in the High Plains, as the nature and human components are 
coupled closely. Comparing the crop yield as farmers' profit and crop yield CV as the risk over time, the transition 
from high-CV-and-low-mean to low-CV-and-high-mean in Figure 5b shows that irrigation has turned the crop 
system into a state favorable to farmers (higher profit and lower risk than those from rain-fed crops). Meanwhile, 
ET pattern change (Figure 5a) reflects a hydroclimatic state shift from a natural condition to managed condition. 
However, the ET change has been accompanied by some “unintended” environmental consequences, that is, water 
table drawdown and stream depletion in the region (Haacker et al., 2016; Konikow & Kendy, 2005; Scanlon, 
Faunt, et al., 2012) as shown in Figure 6 and Figure S3 in Supporting Information S1. It is noted that streamflow 
declines in this region are observed mostly in upstream rivers (with small annual discharge) because of baseflow 
reduction, while downstream rivers (with large annual discharge) remain relatively stable. It is possible that irri-
gation return flow from in the upstream may partially compensate the baseflow decline.

An equilibrium state of the CHNS is associated with tradeoff between agricultural profit and environmental 
sustainability; upon reaching a tipping point, the tradeoff can cause a state shift of both nature and human systems 
toward a new equilibrium of the CHNS. For example, the 2002 Supreme Court final settlement on the Republican 
River Basin water allocation conflict between downstream Kansas and upstream Colorado and Nebraska ended 
with more limited pumping permits for farmers in the upstream states, especially for those who had irrigated land 
along the river. The pumping permit reduces from 20 inches in the 1980s to 13.5 inches at present (Kuwayama & 
Brozović, 2013). The regulation changes have limited the groundwater pumping for irrigation, prevented water 
depletion, and restored the streamflow to some extent (Smith et al., 2011). The USGS water use reports also shows 
that agricultural withdrawals in this region have peaked and started to decrease in recent years (Zeng & Ren, 2022).

Therefore, Figures  5 and  6 provides a linkage among climatic fluctuation, engineering and socioeconomic 
measures, crop yield, and environmental change (i.e., water table change) in the context of CHNS. Farmers 
need to hedge their income risk against the climatic variability if groundwater pumping permit is further 
restricted, and institutional change might be needed (e.g., on crop insurance) to protect farmers' income. The 

Figure 5.  (a) Annual average ET versus CV for the 120 sub-basins in the High Plains, pre-1975 and post-1975; (b) average versus CV of rain-fed and irrigated corn 
yields in Nebraska.
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relationship between ET mean (related to crop yield) and CV (crop yield fluctuation) provides fundamental 
information for agricultural insurance policies designed to buffer against natural fluctuations (Glauber, 2004; 
Schurle, 1996).

5.  Conclusion
Extensive groundwater pumping for irrigation has caused groundwater storage and streamflow depletion in the 
High Plains. To address such a concern of sustainability, this study assesses changes in ET spatial-temporal 
patterns in the High Plains region using climate and water table observations starting from 1940 and Evapo-
transpiration Temporal VARiance Decomposition (ETVARD) framework, a tool to compute the inter-period ET 
variance. By comparing the ET patterns pre-1975 and post-1975, we find that, on average, groundwater pumping 
contributes about 39.1 mm to the total 74.1 mm increase in ET, while precipitation contributes about 35.0 mm. 
The decrease in seasonal σET is mainly due to the decline in climatic components (20.7 mm) and offset by the 
increase from storage components (14.2 mm), indicating a buffering effect of groundwater fed irrigation on ET 
variability. In terms of magnitude, groundwater-fed irrigation accounts for 41% of changes in σET after 1975. The 
substantial magnitude of groundwater irrigation makes the anthropogenic components in σET comparable to the 
climatic factors. Before 1975, the ET spatial pattern exhibits a clear east-to-west gradient following the natural 
(e.g., terrain and P) gradient. After 1975, anthropogenic-induced heterogeneity overrides the natural east-to-west 
gradient due to localized groundwater pumping, which has been caused by the various hierarchical institutional 

Figure 6.  (a) Water level change, from the predevelopment surface to 2012. (b) Hydrographs of individual wells from each of the regions of the High Plains (USGS 
site IDs: SHP, 341420101441602; CHP, 362746102364102; NHP, 404345098560001). (c) Average water level change across the three regions of the High Plains. SHP, 
CHP, NHP stand for Southern, Central, and Northern High Plains respectively. Adapted from Haacker et al. (2016).
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factors such as regional water rights, regulation by local natural resources authorities, and individual farmer's 
preferences.

We further show a statistical correspondence between the mean and CV of ET and those of crop yield, illus-
trating an analogy between ET change and crop production. Such a correspondence manifests the coupling of 
the hydroclimatic and anthropogenic components in the High Plains. The tradeoff of agriculture production 
and environmental integrity affects the stability of the CHNS, and appropriate policies (e.g., regulations on 
pumping, financial incentives, and farmers' preferences on risk) may shift the system to a more sustainable 
state.

Appendix A:  Derivation of Short-Term Variability Impacts on Mean ET
Taylor expansion of Equation 4 near the long-term average climate condition (i.e., 𝐴𝐴 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃𝑃𝑃  , the overbar denotes 
long-term average) by neglecting high order terms is:
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 and 𝐴𝐴 𝐴𝐴 ′′
𝑋𝑋

 represent the first- and second-order derivatives of Equation 1 with respect to the variable X.

When using Yang's expression for Budyko curve in Equation 2, the second order derivative terms in Equation 5  are:
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Data Availability Statement
Historical precipitation and temperature are accessible from PRISM: https://prism.oregonstate.edu/historical/. 
The potential evaporation data is from NLDAS-2 forcing: https://ldas.gsfc.nasa.gov/data. Groundwater table 
change data is from Haacker et  al.  (2016) https://ngwa.onlinelibrary.wiley.com/doi/full/10.1111/gwat.12350. 
Crop yield data is retrieved from USDA National Agricultural Statistics Service: https://quickstats.nass.usda.
gov/. The data processed by this study can be accessed from Hydroshare: http://www.hydroshare.org/resource/
fd217ef73ce04962acf45c8845a8e0d6.
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