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Depletion and response of deep groundwater to
climate-induced pumping variability
Tess A. Russo1,2* and Upmanu Lall2,3

Groundwater constitutes a critical component of our water resources. Widespread groundwater level declines have occurred
in the USA over recent decades, including in regions not typically considered water stressed, such as areas of the Northwest
and mid-Atlantic Coast. This loss of water storage reflects extraction rates that exceed natural recharge and capture. Here,
we explore recent changes in the groundwater levels of deep aquifers from wells across the USA, and their relation to indices
of interannual to decadal climate variability and to annual precipitation. We show that groundwater level changes correspond
to selected global climate variations. Although climate-induced variations of deep aquifer natural recharge are expected to
have multi-year time lags, we find that deep groundwater levels respond to climate over timescales of less than one year. In
irrigated areas, the annual response to local precipitation in the deepest wells may reflect climate-induced pumping variability.
An understanding of how the human response to drought through pumping leads to deep groundwater changes is critical to
manage the impacts of interannual to decadal and longer climate variability on the nation’s water resources.

Water use has increased by approximately 300% globally
since the 1950s1. Many of the major aquifers in arid and
semi-arid regions are experiencing rapid groundwater

depletion2. In the USA, groundwater accounts for over 40% of
water consumed for irrigation, livestock, and domestic water use
(Supplementary Fig. 1)3. The percentage of irrigation demands met
with groundwater rose significantly over the twentieth century, in
many cases leading to extraction exceeding natural aquifer recharge
rates4. In the USHigh Plains Aquifer, fossil groundwater is extracted
for irrigation at nearly ten times the rate of recharge, resulting in the
largest groundwater depletion in the country5–7. In locations that are
not typically regarded as water stressed, groundwater may be used
to make up the difference under drought conditions8, leading to a
potentially strong, asymmetric response to precipitation variability.

Shallow groundwater is present for a majority of the land
surface, sustaining river baseflow and ecosystem functions9. Deeper
groundwater serves as a valuable resource in regions lacking
reliable access to surface water and often provides an essential
buffer during dry seasons and droughts. Groundwater supplied
for municipal, agricultural, or industrial purposes is drawn almost
exclusively from wells >30m in depth. Despite broad reliance on
deep groundwater resources, measurements and assessments of
groundwater availability are typically limited to individual basins,
aquifers, or are skewed by the inclusion of shallow aquifers which
are often not used for water supply.

Groundwater depths and trends
Groundwater level data for this study were obtained from the US
Geological Survey10. Depth-to-water values were downloaded for
15,148 wells having at least 100 observations with records between
1940 and 2015 (Supplementary Fig. 2). Wells were classified by
screen depth: S (0–30m; n= 6,974), M (30–150m; 5,707 wells),
D (>150m; 2,467 wells). Wells classified as M and D are herein
referred to as ‘deep’.

Recent average depth to groundwater varies regionally in deep
(>30m) wells across the USA (Fig. 1). Over 50% of the monitored

deep wells have water tables or piezometric surfaces greater than
20m below land surface. The deepest groundwater levels are
typically found in arid and semi-arid agricultural regions, except
for some parts of the humid southeast. Statistically significant
water level declines are observed in parts of most major aquifers,
especially in irrigated agricultural areas (Fig. 2). The Mississippi
Embayment and North Atlantic coast aquifer systems have seen
recent groundwater depletion6,11 associated with dramatic growth
in irrigated area12. These aquifers show declines that are comparable
to the more frequently discussed water-stressed regions of the High
Plains and western United States. Rising groundwater level trends
weremost notable in parts of the northern California Central Valley,
southern Nevada, and the northern High Plains Aquifer (Fig. 2).
Trends in the 3,441 shallow (S) wells (Fig. 2a) found to be significant
(p<0.1)were evenly split between rising (51%) anddeclining (49%),
although a majority of all trends were near zero. Of the 5,743
deep (M and D) wells (Fig. 2b) with significant (p< 0.1) trends,
3,906 (68%) had declining trends and 1,837 (32%) had rising trends
between 1940 and 2015. Shallow groundwater level increases and
declines in deeper aquifer layersmay appear to co-occur for adjacent
wells screened in a multi-layered aquifer system.

Groundwater–climate connections
Correlations between groundwater levels and precipitation over
multiple timescales can help assess aquifer vulnerability to climate
change13 and the indirect influence of pumping14,15. Correlations to
multi-year or decadal climate patterns, such as the Pacific Decadal
Oscillation (PDO) and El Niño Southern Oscillation (ENSO) have
been observed in several aquifers16–19. Deep aquifers are often semi-
confined, and hence an assessment of their response to climate
must consider the attenuation of a time-varying recharge signal
as it passes through the unsaturated zone, the upper water table
aquifer20,21 and intervening clay layers. This can lead to long recharge
travel time. Groundwater response to climate varies with local
geology22, land use and land cover23, and other factors affecting
infiltration and recharge rates. Identifying groundwater–climate
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Figure 1 | Average groundwater level depth below ground surface for deep
wells. White indicates no water level data; the scale is nonlinear. Five
regional aquifer systems are outlined. CA, California.

relations is further complicated by human use14,24,25, making
numerical modelling a valuable tool for estimating the impacts of
irrigation on each major component of the hydrologic system26.

Climate factors would nominally be expected to impact shallow,
unconfined aquifers at sub-annual and annual timescales27, and
deep confined aquifers at interannual and longer timescales due
to physical constraints on recharge signal travel time. Conversely,
pumping has an immediate local impact on groundwater mass
changes even in deep aquifers28,29.Multi-year climate cycles have had
identifiable effects on groundwater levels, typically with the greatest
correlation occurring when the groundwater lags the climate signal
by more than 12 months, due to recharge travel and aquifer
response time24,30. Two studies in the High Plains Aquifer (USA)
investigated these relationships: one correlated regional pumping
with precipitation and annual groundwater level change15, whereas
the other documented moderate correlations between groundwater
level and pumping, with a less than one year lag, while correlations
between groundwater level and annual precipitation had lags
ranging from two to five years24.

We use the multivariate ENSO index (MEI, 2–7 yr period),
the North Atlantic Oscillation (NAO, 3–6 yr and 8–10 yr period),
and the Pacific Decadal Oscillation (PDO, 15–30 yr period) index
data from the National Oceanic and Atmospheric Administration31.
Annual average precipitation data were obtained from Maurer and
colleagues32. Kansas irrigation water-use data were obtained from
the Kansas Government Information (KGI) Library33.

A subset of 1,515 wells (nS = 652; nM = 665; nD = 198) with
nearly continuous groundwater level observations between 1963
and 2004 was selected for frequency analysis of groundwater and
climate indices. The shorter study duration was chosen tomaximize
spatial coverage (Supplementary Fig. 3). Groundwater level records
were clustered (Supplementary Fig. 4) and then compared to each
climate index (Supplementary Fig. 5). Of the three climate indices
analysed, the S and M groundwater records showed the greatest
coherence to ENSO and PDO, which was also previously noted
at the principal aquifer scale16. The deepest well depth category
showed a stronger coherence with ENSO and NAO, rather than to
PDO (Supplementary Table 1). Overall coherence with the ENSO,
PDO and NAO increased with depth (Supplementary Table 2),
suggesting strong groundwater–climate connections in the deep
aquifers, a finding that is somewhat counter-intuitive considering
the expected attenuation of the climate and recharge signal with
depth and traversing confining layers.

Groundwater response to local precipitation and pumping
The response of groundwater levels to local precipitation variability
was evaluated using a vector autoregression (VAR) impulse response
function estimate applied to annual time series of the two variables.
The model coefficients suggest that the groundwater response is
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Figure 2 | Average groundwater level rate of change from wells with
statistically significant trends (p<0.1) observed between 1940 and 2015.
a, Average groundwater level rate of change from shallow wells
(depth<30 m). b, Average groundwater level rate of change from deep
wells (depth>30 m). Negative trends (orange/red) indicate an average
decline in groundwater level, and positive trends (blue) indicate a rise in
groundwater level.

largest within the first year of the precipitation change for all well
depth categories (Fig. 3a). The time required for a recharge signal
to travel from the land surface to the groundwater depends on
aquifer properties and moisture content; for water tables more than
a few metres from the surface or confined aquifers, it can take
several years to respond to precipitation and groundwater recharge
variability22,24,30. However, local groundwater responses to changes
in water pumping are observable immediately.Wavelet analyses (see
Supplementary Methods) show statistically significant interannual
and decadal coherence between precipitation and deep groundwater
changes, with precipitation typically leading groundwater change.
The response may reflect rapid transmission of the recharge signal,
or a deeper groundwater response may be due to shallow aquifer
recharge causing pressure changes through well-connected deeper
aquifers, whereas in deeper and less well-connected aquifers this
signal is more likely due to climate-induced effects on groundwater
demand and pumping.

We ascribe the near-synchronous response between precipitation
and deep and/or confined aquifer systems to the human response
to persistent drought and wet periods that accompany interannual
climate variability. The strongest one-year groundwater response
to precipitation appears to correspond with irrigated agricultural
regions (Supplementary Fig. 1) in the western states, parts of the
High Plains aquifer, and the Mississippi Embayment (Fig. 3b).
Responses in the mostly confined aquifers on the North Atlantic
coast may be associated with municipal or energy production
water demands varying with climate34, and expanding agricultural
production. Granger causality35 results demonstrate the proposed
relationship between precipitation, groundwater level change, and
groundwater extraction available from Kansas; precipitation causes
changes in rates of groundwater pumping (p< 0.01), and likewise
groundwater pumping causes changes in groundwater levels in deep
(>30m) wells (p< 0.05). These analyses support the connection
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Figure 3 | Groundwater response to annual precipitation variability. a, Impulse response (precipitation anomaly on groundwater level change) using
vector autoregression (VAR) results: mean (solid lines) and quartiles (dashed lines) shown for S wells (blue), M wells (yellow) and D wells (red). b, First
VAR coe�cient for all wells with stable VAR results.

between climate, pumping, and groundwater suggested by the
VAR results.

Pumping for irrigation was previously shown to be comparable
to or more influential for long-term groundwater trends than
climate in central North America36,37. Their conclusions are likely
to be conservative, because they do not consider the indirect
interannual effects of climate on groundwater levels via changes in
water demand; most notably in agricultural regions where climate
influences crop water requirements. The direct effects of climate
change influencing groundwater recharge rates38 may be dominated
by those associated with groundwater pumping changes for deep
aquifers. The lack of groundwater pumping records is a critical
barrier for directly estimating these effects.

Deep groundwater resources are often not formally considered in
water balancemodels due to lack of data and a lack of understanding
of the connection to climate and water use. They normally represent
the ‘slow’ component of the hydrologic system, whereas river
flow and shallow groundwater represent the ‘fast’ components. It
appears that the nature of these dynamics may be changing by
human pumping response to structured changes in precipitation
over time. This also has implications for changes in the chemical
composition of aquifer systems, through the induced migration of
shallow groundwater to deeper aquifers and the ensuing mixing
at timescales that may be relevant for geochemical changes.
Recognizing the coupled human–natural system interactions, we
must improve methods for simulating and validating deeper aquifer
system dynamics as a critical part of the hydrologic cycle. Long-
term monitoring of deep groundwater levels and chemistry, as well
as of pumping and recharge, is critical for developing and applying
such methods and understanding the spatio-temporal dynamics
of these coupled systems. As seasonal to interannual climate
predictability improves, there may be opportunities for improved
integrated management of surface and ground waters, through
tradable forward contracts between surface and groundwater users
to improve the utilization of deeper aquifers for buffering persistent
climate exigencies, includingmanaged aquifer recharge inwet years.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
Data collection. Groundwater-use data reported by the US Geological Survey’s
National Water Use Information Program was used to identify regions of high
groundwater extraction and areas with large rates of groundwater-supported
irrigation (Supplementary Fig. 1). Groundwater levels are reported by the US
Geological Survey (USGS, NWIS). Groundwater level measurements are taken
from USGS monitoring wells, agency or state operated wells, and domestic wells
(Supplementary Fig. 2A). We used groundwater level records from 15,148 wells
with a minimum of 100 observations during the study period, 1940 to 2015.
Additional requirements were applied for generating record subsets for each
analysis. Trend analysis required wells to have at least ten years of records. The
frequency analysis required nearly continuous (defined below) records from 1963
to 2004. The VAR analysis was applied on continuous data series longer than
ten years.

Groundwater level observations were taken at varying frequencies, and were
rarely continuous over the entire study period. The number of observation wells
decreases exponentially with increasing depth (Supplementary Fig. 2B). Wells
included in this study ranged between 0 and 3,150m deep. Groundwater wells were
classified into the three depth analysis groups: S (<30m), M (30–150m), and
D (>150m), where S is referred to as ‘shallow’ and M and D are together referred
to as ‘deep’ wells. Note that the well depth is the depth of the borehole or installed
well, and is different than the measured depth of groundwater.

Groundwater level measurements are relatively well distributed across the
country, with notable exceptions in the eastern-central part of the country
(Supplementary Fig. 2A). Regions with the largest groundwater extraction tend to
be most densely monitored (Supplementary Figs 1 and 2A). Agriculture is a major
user of groundwater; note the high groundwater use in agricultural regions such as
the Central Valley of California, the High Plains, and the Mississippi Embayment
aquifers (Supplementary Fig. 2B).

Analysis. Groundwater depth. The annual (water year: 1 October to 30 September)
average depth to groundwater measured between 1990 and 2015 (inclusion) was
plotted for all wells deeper than 30m (groups M and D). There were 8,173 wells in
these groups with measurements between 1990 and 2015. Data from 1990 and later
were selected to represent relatively recent groundwater levels and include a broad
spatial set of wells. Average depth values were gridded at 20 km resolution and then
interpolated using Barnes analysis, with a region of interest set to 40 km (Fig. 1).

Barnes analysis (also referred to as Barnes interpolation) is an interpolation
method which uses two steps: first, generate a weighted spatial average using the
sum of Gaussian decay functions around each measurement point, then improve
the initial estimate by adding the calculated error surface (based on the latest
surface estimate and the original measurements) and repeat until a convergence
factor is met. The resulting national maps of groundwater depth and groundwater
trends (discussed in the next section) were compared to alternative interpolation
methods including inverse distance weighting (IDW) and kriging. The assumption
of stationarity of the variograms of kriging at the national scale is probably
untenable, and although this could be overcome using nonstationary variograms,
we preferred a simpler approach for our purpose here. When comparing the two
methods, we found the regions where the kriged probability was high (>90%)
showed generally the same values as seen in the Barnes analysis. Barnes analysis
was selected because it offers a weighted spatial analysis, and includes error analysis
to refine the result—providing better results than IDW.

Average groundwater trend. Annual (water year) average groundwater level
depth trends were calculated for each well with more than ten annual years of
record over the study time period, 1940 to 2015. For every well, the presence and
statistical significance of monotonic groundwater elevation trends over the study
period was evaluated using the Mann–Kendall test, a common method for
identifying trends in hydrologic time series data39. We consider groundwater
records with a p value<0.1 in rejection of the null hypothesis of no trend to be
significant (τ=0).

For all wells, the linear slope of the time trend of groundwater level was
calculated using the Theil–Sen method40. This is a trend estimator used in
conjunction with the Mann–Kendall test, and is robust to nonlinearity and outliers.
Outliers in field-collected groundwater level records may be caused by a number of
factors, including human error or measuring at a time when the groundwater level
was strongly impacted by active pumping. Average slope values are gridded at
20 km resolution and then interpolated using the Barnes method, with a region of
interest set to 70 km.

The interpolated map of groundwater level trends for shallow and deep wells is
shown in Fig. 2. Of the shallow (<30m) wells, there were 3,441 wells with
significant (p<0.1) trends in groundwater level (54% of analysed shallow wells).
There were 5,743 deep (>30m) wells with significant (p<0.1) trends in
groundwater level (74% of analysed deep wells). Large regions with generally
contiguous deep groundwater declines include the central and southern High
Plains Aquifer, the Mississippi Embayment Aquifer System, the Southwest and
central–western United States, and the mid-Atlantic coast. Rises in deep

groundwater, as seen in parts of California and Nevada, may be attributed to
changes in pumping regulations and groundwater recharge projects.

Groundwater elevation and climate indices. Groundwater and climate
connections were assessed using bivariate wavelet analysis using the Morlet wavelet
function. The study period for the frequency analysis was 1963 to 2004; it was
shorter than the full study period to increase the number of wells with continuous
records. Wells meeting the following three criteria were included in the frequency
analysis: no missing data in the first or last year of the study period; not more than
four missing records in total; and not more than one consecutive missing record
(Supplementary Fig. 3). Gaps in these records were interpolated using splines.

A wavelet cluster analysis was performed using Ward’s agglomerative
hierarchical clustering41 applied to the global wavelet spectrum42 associated with
each well time series. The method identified clusters that represent common
frequency-domain behaviour across the set of wells considered. The number of
clusters used was selected based on parsimony and the silhouette coefficient43. The
S, M and D categories had 3, 4 and 5 clusters, respectively (Supplementary Fig. 4).
The first principal component (PC1) for the well time series in each cluster was
then used with each climate index (ENSO, NAO and PDO) time series to compute
the wavelet coherence and the wavelet cross-spectrum42 (for example,
Supplementary Fig. 5). We provide an example of the wavelet of PC1 for the M
depth wells (Supplementary Fig. 5A) which shows high power at 4- to 6-year
periods from the early 1970s to early 1980s, and for the>11-year period
throughout the study period. For this cluster, the wavelet coherence power is
greatest overall for ENSO (Supplementary Fig. 5B,E); however, coherence is also
observed with both NAO and PDO. Results show varying coherence by cluster
between groundwater levels and climate indices for all depths and indices.

Wavelet coherence results were evaluated to assess correlations between
groundwater and climate for the three well depth categories (S, M and D) over the
study period. Periods of coherence with high power and confidence were identified
over eight equal time intervals between 1963 and 2004. The percentage of
high-coherence spectrum power periods with each climate index was determined
for each well depth category (Supplementary Table 1). For the shallow wells (S), a
majority of periods with strong coherence to the climate indices occurred with
ENSO. The M wells had equal total coherence to ENSO and PDO. The D wells had
the most coherence with ENSO, followed by NAO.

High power in the wavelet coherence spectrum between groundwater and one
or more climate indices was recorded for eight time intervals between 1963 and
2004 (Supplementary Table 2). All three depths showed coherence at the longest
(>11 yr) periods between 1963 and 2004, and M and D wells also showed
consistent coherence at the 4- to 6-year periods. Overall, the number of intervals
with coherence to at least one climate pattern increased with well depth. The
number of times an individual well cluster had high coherence to a climate index
was not compared across depths due to the different numbers of clusters in each
depth category. Cross-wavelet phase difference results indicated that the climate
signal led the groundwater signal in most cases, with some variability for shorter
periods. When the phase is near half the period length, it becomes challenging to
detect the difference between leading and lagging variables.

Groundwater elevation, local precipitation, and pumping. A vector
autoregression (VAR) process for multivariate time series data was used to model
the relationship between the local annual precipitation anomaly and annual
groundwater level changes. The basic p-lag VAR model is shown in equation (1)
and is solved using the ordinary least squares method44. The subset of the model
for annual groundwater level change based on lagged groundwater level change
and precipitation values is given in equation (3):

Yt = A1Yt−1 + A2Yt−2 + ·· · + AnYt−n + εt (1)

Y1t = α
1
11y1t−1 + α

1
12y2t−1 + ·· · + α

n
11y1t−n + α

n
12y2t−n + ε1t (2)

Y2t = α
1
21y1t−1 + α

1
22y2t−1 + ·· · + α

n
21y1t−n + α

n
22y2t−n + ε2t (3)

where Yt is a vector of j time series variables, t is time, An is a (j× j) coefficient
matrix and εt is a constant. In the two-variable case with precipitation anomaly and
change in groundwater level, j=2, where Y1= annual precipitation anomaly and
Y2= annual groundwater level change.

Change in groundwater level is calculated as the change in groundwater
elevation between two subsequent years. If one (or both) of the years in the record
do not have groundwater observations then NaN is assigned. The time series of
annual groundwater level changes is then used in the analysis. County precipitation
anomaly data were used for each corresponding well. The models for Y2t were fitted
using up to a 5-year lag using wells records of at least ten consecutive years
(containing no NaN values). Y1t was not modelled, but provided data so that the
impulse response of Y2 given Y1 could be computed.

For results with stable VAR coefficients, a moving average (MA) representation
of the VAR process was used to calculate the impulse response of precipitation on
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annual groundwater level change over a 10-period (yr) duration. The response in
groundwater level change is estimated for a unit impulse in precipitation. The
impulse responses were calculated for wells in three depth categories (S, M and D).
The response strengths at each well were spatially interpolated using the Barnes
method and plotted separately for each well depth group (Fig. 3a). The quartiles of
the distribution (25th and 75th percentiles) are shown in dashed lines bracketing
the median values. Results indicate for all depths that the strongest positive
response occurs within one year from the impulse. On the basis of the results
showing the strongest impulse response within one year, the first coefficient (α1

21)
for groundwater level change (Y2) as a function of precipitation anomaly (y1) was
selected for plotting. The first coefficients for all wells were gridded at a 25 km
resolution, and interpolated using the Barnes method with a 60 km region of
interest (Fig. 3b).

A Granger causality test was used to determine the significance of the causal
relationship between precipitation anomaly and groundwater level change35,44.
Granger causality is defined where σ 2(x|F1)>σ

2(x|F2), where

F1 = xt ,xt−1,xt−2, . . . (4)

F2 = xt ,yt ,xt−1,yt−1,xt−2,yt−2, . . . (5)

demonstrating that the prediction of x is improved if y is included. The causal
model where yt is causing xt is defined as

xt =
m∑
j=1

ajxt−j+
m∑
j=1

bjyt−j + εt (6)

where εt is an uncorrelated white noise series, and we assume that bj is not zero35.
We applied this test to the groundwater level changes (x) and annual
precipitation (y). Results indicated that the models for 73% of the individual
wells found precipitation was Granger-causal for predicting groundwater level
change (p<0.1).

Following the finding of the annual response between precipitation and
groundwater in deep aquifers, the relationship between precipitation and
pumping was investigated. Pumping records are not typically published, and
generally exist only for individual wells24, sparse temporal frequencies (for example,
estimates every five years (USGSWater Use)), or short historical periods. We
obtained irrigation (groundwater pumping) data for eight groundwater
management districts in the State of Kansas (USA) from 2007 to 2013, inclusive.
The data irrigation districts were grouped into western, central, and eastern
Kansas, with a majority of groundwater use occurring in the drier western and
central regions.

The causality of precipitation on pumping—and pumping on groundwater level
change—was assessed in each of three spatial areas (western, central and eastern) of
Kansas. Precipitation anomalies and pumping anomalies were pooled for all
climate stations across each region of the state. Results indicate that precipitation
Granger causes35 pumping variability (p<0.01) in all three regions. Likewise,
pumping anomalies and groundwater level change anomalies were pooled for all
wells within each of the three regions, respectively. Results indicate that pumping
Granger causes groundwater level change (p<0.05).

In addition to the causality test, we used the Theil–Sen method to calculate the
linear slopes of the pumping anomalies versus precipitation anomalies at individual
weather stations, and pumping anomalies versus groundwater level change at
individual wells, respectively. The results suggest a correlation between
precipitation and pumping, and likewise between pumping and groundwater level
change. For all three regions of Kansas, a large majority of the precipitation stations
show negative correlations with pumping, suggesting pumping increases during
drier years (Supplementary Fig. 6). The difference in the magnitudes of the slopes
appears to increase fromWest to East across the state, also following the
precipitation gradient from lowest to highest. The sensitivity of water demand and
pumping to precipitation variability may be a function of total precipitation, and
could be worth further exploration.

Groundwater level changes at individual wells within each of the groundwater
management regions were compared to pumping anomalies, and the slopes were
averaged for each county (Supplementary Fig. 7). The results show a majority of
positive slopes, where positive slope indicates a higher irrigation anomaly
corresponding to a greater decline in groundwater. Some of the counties with
negative correlations between pumping and groundwater change may be due to
surface water contributions. The state report notes that irrigation totals do not
include surface water withdrawn under ditch irrigation rights in the southwest33.

The correlation coefficients for both sets of analyses indicate that>60% of the
sites have R>0.5, with approximately 20% of the sites having R>0.8
(Supplementary Fig. 8). Results from the exploratory analysis and the causality test
confirm a potential relationship between precipitation and pumping, which could
reasonably explain the changes in groundwater level observed in deep and poorly
connected aquifers. The limited historical data preclude us from assessing the
significance of these observations, and further emphasize the need for groundwater
extraction records to better understand climate–groundwater dynamics.

Code availability. The codes used in this study are available from the
corresponding author on request.

Data availability. The groundwater level, climate, and irrigation data that support
the findings of this study are publicly available from the sources listed in the
article10,31–33. The data sets are available from the corresponding author
upon request.
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