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ABSTRACT

Substantial storage reductions by irrigation pumping in many of the world’s major aquifers jeopardize future
food production. As a result, new conservation measures are being utilized to reduce pumping and extend aquifer
lifespans. The key question is how effective are these practices in attaining true water conservation (i.e., water
use reduction) for a given area? Relationships between pumping and precipitation help provide an answer, as
precipitation explains most of the variation in annual irrigation water use for aquifers in semi-arid to sub-humid
climates when surface water supplies are limited. Our objective is to utilize correlations between radar precip-
itation and irrigation groundwater use at a range of spatial scales to assess the effectiveness of conservation
approaches in the High Plains aquifer in the central USA. Linear regressions between pumping and precipitation
for a conservation area established in 2013 in northwest Kansas indicate that water use and water use per
irrigated area were over 27 % less and 25 % less, respectively, during 2013-2021 compared to the same climatic
conditions during 2005-2012. Similar regressions found over a 38 % reduction and 23 % reduction in irrigation
water use and use per irrigated area, respectively, during 2018-2021 compared to the same conditions during
2005-2017 in a west-central Kansas county with conservation areas. A decrease in irrigated area accounted for
most of the difference between these reductions. Higher R? values after conservation area establishment imply
that irrigation tracks precipitation better due to use of soil moisture sensors and other measures as part of
increased irrigation efficiency and enhanced water management. The precipitation and water use relationships,
which are statistically significant for a wide range of spatial scales, have great potential for assessing the

effectiveness of conservation practices in areas with high-quality water use and precipitation data.

1. Introduction

Substantial water-level declines in many of the world’s aquifers
imperil future food production (Butler et al., 2021a; Cotterman et al.,
2017; Gleeson et al., 2012). In response, new conservation measures are
being implemented to reduce pumping (Ajaz et al., 2020; Deines et al.,
2019). A challenge is determining the effectiveness of these practices for
achieving true water conservation (i.e., water use reduction) for a given
area.

Meteorological conditions, primarily precipitation, are usually the
major drivers of variation in the annual volume of groundwater pumped
for irrigation in sub-humid to semi-arid conditions, particularly in areas
with limited surface water supplies. As a result, relationships between
precipitation and water use appear to have great potential for demon-
strating the effectiveness of conservation measures. We have previously
shown that correlations between climatic indices and annual water use
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can be valuable tools for assessing the response of the High Plains
aquifer (HPA) in the central United States (US) to various climatic
conditions in the semi-arid and sub-humid portions of the state of Kansas
(Whittemore et al., 2016). Precipitation coverages, such as radar pre-
cipitation and PRISM (http://prism.oregonstate.edu/), also yield good
correlations with water use for a range of spatial scales (Whittemore
etal., 2021). We use precipitation for correlations in this work because it
explains a high degree of the variability in irrigation water use and does
not require additional data and calculations. Thus, the correlations can
be readily applied by state and local agencies over a range of spatial
scales for groundwater management. We used radar rather than PRISM
precipitation data because it can be more accurate at smaller scales as
explained in the methods section.

Reliable measurements of annual pumping are required for correla-
tions with precipitation. Although water-level measurements are often
available over aquifer areas in the US and elsewhere, accurate water-use
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data are not (Foster et al., 2020). Water use is typically estimated with a
variety of approaches, such as energy use for groundwater pumping and
evapotranspiration estimates from remotely sensed images of cropland.
However, considerable uncertainty can be introduced into analyses
based on those pumping estimates. Kansas is an outlier in this regard as
it has some of the best water use data for aquifers in the US (USDA,
2019) and, likely, the world. These data, along with high-quality pre-
cipitation records available online, provide the basis for the precipita-
tion and water use correlations discussed in this paper. We use radar
precipitation because of its ease in scaling and spatial detail, allowing
application from large regions down to areas as small as irrigated fields
surrounding an individual well (Butler et al., 2015; Whittemore et al.,
2021). The objective of this paper is to demonstrate a simple approach
for assessing the effectiveness of water conservation efforts based on
precipitation and water use correlations that could be used in other areas
with sufficient data for its application.

1.1. Study area and aquifer regulation

The HPA is one of the world’s largest aquifers and covers parts of
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eight states in the Great Plains region of the US (Fig. 1). The aquifer
primarily provides water for irrigation with much smaller amounts for
drinking, stock, and industrial water supplies. It is the most heavily
pumped aquifer in the US, accounting for nearly 15 % of the nation’s
annual groundwater use (Lovelace et al., 2020). However, pumping
from much of the HPA greatly exceeds inflows, which has caused large
water-level declines in many areas (McGuire and Strauch, 2022). The
current withdrawal rates cannot be sustained and will be further exac-
erbated by projected climate change (e.g., Rosenberg et al., 1999, 2003,
Brunsell et al., 2010, Logan et al., 2010, Ou et al., 2018). Irrigation
pumping, which made up almost 95 % of total withdrawals in 2015
(Lovelace et al., 2020), is the main driver of water-level changes in the
HPA. Irrigation water primarily supplements precipitation for
fall-harvested row crops, thus pumpage is concentrated during the
summer growing season.

The Kansas HPA, which is the focus of this work, can be divided into
two regions (Whittemore et al., 2018). The Ogallala region of the aquifer
covers much of the western third of Kansas (Fig. 1) where three
groundwater management districts (GMDs) are located (GMDs 1, 3, and
4). The climate is semi-arid with mean annual precipitation in the range

Fig. 1. The High Plains aquifer in the US and
Kansas (inset). The five groundwater manage-
ment districts (GMD# labels) are bounded by
dashed lines and the area of the Sheridan-6
LEMA by a solid white line in GMD4 in north-
west Kansas. The Kansas HPA also displays the
percent change in aquifer thickness from pre-
development to present (2020-2022 average;
modified from Butler et al., 2018). Counties are
bounded by thin black lines. The crosshatched
area is the portion of Wichita County in GMD1.
The stippled area is Thomas County (discussed
in the supplemental material). Substantial
development started in the 1950s. The blue
areas in GMDs 1, 3, and 4 have little aquifer
thickness.
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330-620 mm. The depth to water is generally substantial (>10 m to
~100 m) and most rivers and stream courses are ephemeral; those that
did flow in the past are now usually dry due to substantial water-level
declines in the aquifers that originally supplied them with water
(Zipper et al., 2021). The thickness of the aquifer in the Ogallala region
has substantially decreased in the last seven decades as shown in Fig. 1.
Fig. 2 displays the thickness change starting with the mean for
2004-2006 and then for each individual year to 2021 for the three GMDs
in the Ogallala region of western Kansas based on the water-level surface
for wells with continuous annual winter measurements and the bedrock
surface generated from well logs. The absolute thickness decline for
GMD1 (2.6 m) during the period resulted in a decline of 20.4 %. The
thickness drop for GMD4 (2.1 m) was smaller than for GMD1 and
resulted in a decline of 8.9 %. Although the absolute thickness decrease
for GMD3 (8.6 m) was substantially greater than for the other two
GMDs, it amounted to a drop (16.1 %) that was less than that for GMD1.
The absolute aquifer thicknesses remaining in 2021 for GMDs 1, 3, and 4
were 10.1 m, 44.9 m, and 21.1 m, respectively. No surface water is used
(based on water right permits) in GMDs 1 and 4, and average surface
water use comprised 2.1 % of total (groundwater and surface water)
water use in GMD3 during 2005-2021. Irrigation groundwater use was
95.1 %, 93.7 %, and 97.6 % of total use in GMDs 1, 3, and 4, respec-
tively, in 2005-2021 (Division of Water Resources of the Kansas
Department of Agriculture [KDA-DWR]).

The Quaternary region of the aquifer in south-central Kansas (Fig. 1)
has a sub-humid climate with mean annual precipitation in the range
620-880 mm. The depth to water is generally shallow (<20 m) and
rivers and streams still flow in most of the region, providing active
stream-aquifer interaction. Two GMDs (2 and 5) cover the Quaternary
region. Although the aquifer thickness has decreased appreciably in
some areas, the thickness has not changed significantly in most of the
region, but fluctuates depending on extended wet and dry periods
(Whittemore et al., 2018). The absolute thicknesses remaining in 2021
in GMDs 2 and 5 were 28.6 m and 33.1 m, respectively, which were
greater than for GMDs 1 and 4. The thickness decreases during
2005-2021 were very small for GMD2 (0.3 m, 1.0 %) and GMD5
(0.08 m, 0.2 %). Surface water use was 1.1 % and 2.7 % of total water
use in GMDs 2 and 5, respectively, in 2005-2021. Irrigation ground-
water use comprised 65.2 % and 96.0 % of total use in GMDs 2 and 5,
respectively, during 2005-2021 (KDA-DWR).

Substantial data exist for water use across the HPA in Kansas. The
reported water use data and their accuracy over the HPA in Kansas are
estimated to be the best for any large aquifer in the US based on the high
percentage of wells with totalizing flowmeters (now ~98 %) and the
supporting regulatory framework (Butler et al., 2016; USDA, 2019).
Kansas has used water right permits, based on the prior appropriation
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Fig. 2. Percent change in HPA thickness starting from the 2004-2006 mean
and then for each individual year to 2021 for the GMDs in the Ogallala region of
the HPA.
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system, for water use since 1945; the filing of annual water use reports
for these permits became mandatory in 1988 (Peck, 1995). The
KDA-DWR, which receives the water use reports, began a program of
reviewing the reports for accuracy in 1990; annual water use reports for
all permitted wells are available since then. Stiff penalties exist for
failure to provide accurate data, including tampering with flowmeters
(KDA-DWR, 2021). This dataset provides an excellent basis for exam-
ining precipitation as the meteorological driver of irrigation pumping.

Irrigation efficiency has substantially increased in recent decades,
but this has not often led to true water conservation because pumping
was not reduced either due to irrigating more water-needy crops or
expanding the irrigated area (Ward and Pulido-Velazquez, 2008; Pfeiffer
and Lin, 2014; Sears et al., 2018). In response to continued declines in
the water table in the Ogallala region of the Kansas HPA, the two GMDs
for which the estimated usable lifetime of the aquifer is the shortest
(GMDs 1 and 4; Buchanan et al., 2023) began to implement water
conservation measures using new management frameworks established
by the Kansas Legislature (Butler et al., 2018; Griggs, 2021). The first
was the Local Enhanced Management Area (LEMA) program established
in 2012 to facilitate pumping reductions. A LEMA is initiated by stake-
holders who propose a plan for pumping reductions. The plan is
approved by the GMD in which the LEMA is located and then accepted
(or rejected) by the Chief Engineer of the KDA-DWR after hearings. A
LEMA includes regulatory oversight to ensure that all irrigators in the
area follow the agreed-upon reductions. A later legislative initiative
established the Water Conservation Area (WCA) program, which allows
any water right owner or group of owners to develop a management plan
to reduce pumping. A WCA is typically smaller than a LEMA, indepen-
dent of a GMD, and only needs the approval of the Chief Engineer.

The first LEMA, the Sheridan-6 (SD-6) LEMA, started in 2013 in a
255 km? area in GMD4 in northwest Kansas (Fig. 1). The goal was to
reduce the average annual groundwater use by 20 %. In 2018, a district-
wide LEMA was initiated in GMD4 with a more modest reduction goal
that varied among townships (area of a township is ~93 km?). A series
of WCAs were established in Wichita County in GMD1 (crosshatched in
Fig. 1) starting in 2017, followed by a county-wide LEMA in 2021. The
formation of a four-county LEMA in GMD1 is currently in the hearing
process of the KDA-DWR. The effectiveness of these LEMAs and WCAs
will be assessed in the following sections.

2. Methods

The methods involved selection and retrieval of precipitation and
irrigation water use data (including irrigated acreage) for determining
the correlations of radar precipitation with water use and water use per
irrigated area, estimating the relative importance of water savings from
improved water efficiency compared to those from decreases in irrigated
area, and assessment of linear regressions of precipitation versus water
use by statistical models.

We used monthly values of multi-sensor precipitation observations
(primarily radar data) that are available for download from the
Advanced Hydrologic Prediction Service (AHPS) of the National
Weather Service (NWS) (http://water.weather.gov/precip/) for the US.
These data have been served online since 2005 for the conterminous US,
Puerto Rico, and Alaska in spatial images and digital coverages. Pre-
cipitation data are based on hourly estimates from WSR-88D NEXRAD
that are compared to and then corrected for ground rainfall gauge re-
ports. Where radar coverage is not available or limited, precipitation
estimates incorporate satellite observations. The radar data are available
at a spatial resolution of ~4 x 4 km (gridded values for 2005-2016;
raster format thereafter), thereby capturing the spatial variability in
precipitation that can occur between precipitation gauges.

PRISM precipitation data could also be used for the correlations.
However, a comparison to radar data found that PRISM values are
typically less than those of radar precipitation for areas within the
Kansas HPA, regardless of their size (see Supplemental material). The
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region overlying the Kansas HPA has short but intense spring through
fall thunderstorms that can have areas of influence smaller than the
distance between many of the PRISM precipitation stations. Thus, the
radar precipitation dataset may better capture the precipitation distri-
bution across the region.

Total irrigation groundwater use and irrigated area data were ac-
quired from the KDA-DWR through the online Water Information
Management and Analysis System (WIMAS) available on the Kansas
Geological Survey website (https://geohydro.kgs.ku.edu/geohydro/
wimas/). Water use and water use per irrigated area were plotted
against radar precipitation and linear regressions and confidence in-
tervals for the lines at the 95 % confidence interval were determined for
the plots.

The typical irrigation season over the Kansas HPA starts from mid-
March to the beginning of May and ends during late August to mid-
September based on water-level hydrographs from a network of moni-
toring wells (Butler et al., 2021b). However, precipitation in January
and February can also affect water use. Dry conditions during these
months can result in irrigators pumping water in March and April to
build up soil moisture before planting row crops. Substantial rain and
snow during January and February that provides ample soil moisture
obviates the need for the pre-planting irrigation. Although the primary
crops are corn, soybeans, and sorghum grown during the main irrigation
season (March—September), winter wheat and hay (such as alfalfa) may
be irrigated in January and February during especially dry periods.
Thus, the sum of January through September precipitation was
considered the most appropriate quantity for use in correlations with
groundwater pumping. Different sums of contiguous monthly precipi-
tation within the main irrigation season of March-September were also
examined for water use reductions to compare with those based on
January-September precipitation as a means of evaluating uncertainty
in the reduction values; this is discussed in the Supplemental material.

Reductions in irrigation water use have two main components; that
produced by more effective water-use strategies and that resulting from
decreases in irrigated area. The first component is evaluated by plotting
irrigation water use per irrigated area versus precipitation. The second
component is obtained by plotting total irrigation water use versus
precipitation. The relative contribution of each can be determined by
subtracting the reduction computed from the first plot from that for the
second.

Other factors besides precipitation and irrigation efficiency can
affect annual water use from year to year, most notably changes in
irrigated area and crop types. Although the mixture of crop types has not
changed substantially during the last two decades (Rogers and Aguilar,
2017), irrigated area has generally decreased in GMDs 1 and 3,
increased in GMDs 2 and 4, and remained approximately constant in
GMD5 based on data from WIMAS. The correlations were performed
with both annual irrigation water use and annual irrigation water use
divided by the irrigated area for each year (i.e., depth of applied water)
to remove the effect of changing irrigated area. The emphasis in this
paper is on the correlations for water use per irrigated area because of
the uncertainty in whether water use reductions due to decreases in
irrigated area were associated with conservation measures or due to the
abandonment of irrigation as a result of insufficient aquifer thickness.
Correlations of total irrigation groundwater use with precipitation are
also included for comparison.

We illustrate the impacts of conservation primarily through graph-
ical comparison of the water use (per area or total) versus precipitation
regressions for the pre-conservation and conservation periods in SD-6,
Wichita County, and GMD1. To support the conclusions drawn from
these comparisons, we have used F tests (Draper and Smith, 1981) to
assess the improvement in fit of two alternative models, one with
separate intercepts but a common slope for the two periods (the
parallel-slopes model) and one with separate intercepts and slopes (the
full model), over a model in which all the data are fit with a single line
(the reference model). We take the significance of this improvement as

Agricultural Water Management 287 (2023) 108408

the indication of the impact of conservation measures. The details of this
procedure are given in the Supplemental material.

3. Results and discussion

Water use and precipitation relationships were first examined for the
areas in the Kansas HPA in which groundwater conservation measures
have been implemented. The SD-6 LEMA was the earliest established
management area and had the largest reduction goal. The plot of irri-
gation pumping per unit area versus precipitation for the pre-LEMA
(2005-2012) and LEMA (2013-2021) periods demonstrates that true
water conservation has been achieved (Fig. 3). The reduction in water
use as indicated by the offset in the two regression lines at the mean
precipitation during January-September for 2005-2021 is 25.0 %. The
average irrigated area decreased after the LEMA started based on irri-
gator reports (WIMAS data) and satellite information (Deines et al.,
2019). The additional water savings from the smaller irrigated area is
2.4 % based on the correlation of annual irrigation groundwater use
with January-September precipitation, giving a reduction in the total
irrigation groundwater use of 27.4 % (Fig. 4). Although some of the
scatter in the points for the pre-LEMA period could be produced by
uncertainty in the water use reporting (flowmeter performance has been
more closely checked after establishment of the LEMA), much of the
scatter is likely related to irrigators not tracking soil-moisture conditions
as well as during the LEMA. For example, simple measures, such as
cutting off pumps when it starts to rain, which were not always done in
the past, have been important (L Letourneau, Water Appropriations
Program Manager, KDA-DWR, personal communication). Deines et al.
(2019) found that farmers attained most of their pumping reductions
from increases in irrigation efficiency while generally maintaining irri-
gated area, consistent with our correlation results. Soil moisture sensors
allowed the irrigators to adjust water applications and track the pre-
cipitation variation closely as evidenced by precipitation explaining 90
% of the variation in water use during the LEMA. The water conservation
measures implemented in the SD-6 LEMA have slowed water-level de-
clines in the aquifer compared to pre-LEMA declines, especially after
adjustment for changes in annual climatic conditions (Butler et al.,
2023).

As described in the Supplemental material, formal statistical testing
confirms that there is a significant difference between the water use per
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Fig. 3. Annual irrigation groundwater use per irrigated area versus Januar-
y-September radar precipitation for the SD-6 LEMA for 2005-2021. The solid
lines are for the linear regressions. Shaded confidence intervals for the
regression lines are bounded by dashed lines for the 95 % level. The regression
equations are W/A = —0.3367 x P + 49.67 for 2005-2012 and W/A = —0.3463
x P + 42.19 for 2013-2021, where W is water use, A is irrigated area, and P is
precipitation.
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Fig. 4. Annual irrigation groundwater use versus January-September radar
precipitation for the SD-6 LEMA for 2005-2021. The regression equations are W
= —0.2952 x P + 47.54 for 2005-2012 and W = —0.3587 x P + 42.02 for
2013-2021. See Fig. 3 for explanation of solid lines, shaded intervals, and
regression equation terms.

area versus precipitation regressions for the pre-LEMA and LEMA pe-
riods. The F test assessing the significance of the improvement in fit of
the parallel-slopes model over the reference model yields a p value of
1.2 x 107° and that comparing the full model (which produces regres-
sion lines equivalent to those in Fig. 3) to the reference model yields a p
value of 9.9 x 10~° (table S4) (a smaller p value indicates a more sig-
nificant difference in fit). For total water use, the corresponding F tests
yield p values 4.1 x 107 and 3.3 x 107 (table S5), confirming a sig-
nificant reduction in total water use as well. In both cases, the full model
fails to provide a significant improvement over the parallel-slopes
model, meaning the conservation impacts can be characterized as a
constant reduction in use per area or total use with no significant change
in slope. The intercept difference estimates from the parallel-slopes
models indicate reductions of 8.0 cm in use per area and 8.7 x 10® m®
in total use.

A series of WCAs were established in Wichita County in GMD1
starting in March 2017, although the bulk of the enrolled area was after
the 2017 irrigation season. A LEMA was then approved for Wichita
County in February 2021. The plot of pumping per irrigated area versus
precipitation for January-September demonstrates that true water
conservation has again been achieved (Fig. 5). In this case, the reduction
in water use as indicated by the offset in the two regression lines is 23.4
% at the mean precipitation during 2005-2021. The irrigated area also
decreased during the study period; the additional water savings from the
smaller irrigated area is 15.1 % based on the correlation of irrigation
groundwater use with January-September precipitation, giving a total
groundwater use reduction of 38.5 % (Fig. 6).

For use per area in Wichita County, the F tests comparing the
parallel-slopes and full models to the reference model yield p values of
45x107° and 4.0 x 10’5, respectively (Table S4), and the corre-
sponding tests for total use yield p values of 3.4 x 107%and 1.6 x 107>
(Table S5), again confirming that conservation measures have had sig-
nificant impact. As in SD-6, the full models fail to yield significant im-
provements over the parallel-slopes models, again indicating
approximately constant reduction across the range of precipitation
values. The reductions indicated by the parallel-slopes models are
5.7 cm in use per area and 24.0 x 10® m® in total use.

GMD4 established a district-wide LEMA in 2018, but legal challenges
to the LEMA were not resolved until the fall of 2019. These legal chal-
lenges possibly delayed the participation of some irrigators as the plot of
pumping versus precipitation reveals that little water conservation was
achieved in the first four years of the LEMA (Fig. 7). In addition, the
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Fig. 5. Annual irrigation groundwater use per irrigated area versus Januar-
y-September radar precipitation for Wichita County within GMD1 for
2005-2017 and 2018-2021. The regression equations are W/A = —0.3341 x
P + 40.75 for 2005-2017 and W/A = —0.3008 x P + 33.36 for 2018-2021. See
Fig. 3 for explanation of solid lines, shaded intervals, and regression equa-
tion terms.
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Fig. 6. Annual irrigation groundwater use versus January-September radar
precipitation for Wichita County within GMD1 for 2005-2017 and 2018-2021.
The regression equations are W = —1.1124 x P 4 117.8 for 2005-2017 and W
= —0.6427 x P + 70.49 for 2018-2021. See Fig. 3 for explanation of solid lines,
shaded intervals, and regression equation terms.

annual maximum rates of irrigation applications allowed during the
initial 5-year LEMA period were greater than the actual mean irrigation
water use per unit area during 2005-2021. Thus, only those irrigators
with particularly high application rates were required to reduce their
rate. Several WCAs have been established in two counties in GMD4 but
their total area is not yet large enough to significantly affect water
consumption; those WCAs with individual sizes exceeding 400 ha were
developed during 2018-2022. GMD4 includes parts or all of ten counties
in northwest Kansas. Some of these counties show a separation between
2005-2017 and 2018-2021 plots of water use per irrigated area versus
precipitation. However, a series of hailstorms during the late spring and
early summer of 2018 destroyed crops in local areas across GMD4
resulting in some cessation of pumping. Additional years of data will be
needed to determine if the apparent reductions in water use per irrigated
area are statistically significant in the individual counties.

There is no district-wide LEMA for GMD1, but the district has pro-
posed that one be established in four of the five counties in the GMD.
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Fig. 7. Annual irrigation groundwater use per irrigated area versus Januar-
y-September radar precipitation annual water use per irrigated area for GMD4
for 2005-2021. The regression equation is W/A = —0.5063 x P + 55.27. See
Fig. 3 for explanation of solid lines, shaded intervals, and regression equa-
tion terms.

Despite that, there is a separation between the 2005-2017 and
2018-2020 regression lines for GMD1 (Fig. 8). This separation is mainly
produced by the Wichita County WCAs (Fig. 5), as well as the two
counties to the east and the county to the west, which have apparently
adopted some conservation measures during this period. The conser-
vation measures appear to start in 2018 (WCAs started partway through
2017) and are likely partly driven by the relatively small thickness of the
HPA in those areas, which has forced some irrigators to reduce their
water use. The estimated reduction in the district-wide water use per
irrigated area for 2018-2021 for the same climatic condition during
2005-2017 is 10.1 % based on Fig. 8. The water use reduction based on a
correlation of irrigation water use versus January-September precipi-
tation is 24.1 % (Fig. 9); the additional 14.0 % is undoubtedly due to the
decrease in irrigated area in the district.

For GMD1, the F tests comparing the parallel-slopes and full models
to the reference model for use per area yield p values of 8.0 x 10~* and
4.1 x 1073, respectively (Table S4), still significant but less so than for
SD-6 or Wichita County. For total water use, the corresponding F tests
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Fig. 8. Annual irrigation groundwater use per irrigated area versus Januar-
y-September radar precipitation for GMD1 for 2005-2017 and 2018-2021. The
regression equations are W/A = —0.3877 x P + 45.55 for 2005-2017 and W/A
= —0.3545 x P + 41.24 for 2018-2021. See Fig. 3 for explanation of solid lines,
shaded intervals, and regression equation terms.
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Fig. 9. Annual irrigation groundwater use versus January-September radar
precipitation for GMD1 for 2005-2017 and 2018-2021. The regression equa-
tions are W = —3.932 x P + 406.1 for 2005-2017 and W = —2.248 x P + 272.9
for 2018-2021. See Fig. 3 for explanation of solid lines, shaded intervals, and
regression equation terms.

yield p values of 1.1 x 107% and 8.5 x 10°° (Table S5), reflecting the
greater percentage reduction in total water use compared to use per
area. In this case, the full model for use per area still fails to yield a
significant improvement over the parallel-slopes model, but that for
total use yields a marginally significant improvement, with a p value of
0.03 (and thus significant at the 5 % level). The reductions indicated by
the parallel-slopes models are 2.6 cm in use per area and 46.3 x 10° m>
in total use.

There are no LEMAs in the other three GMDS (2, 3, and 5), and WCAs
represent a small proportion of the total area in each of these districts. As
a result, water conservation efforts do not yet appear to have had a
substantial impact. The plot of water use per unit area versus radar
precipitation for GMD3, which is also in the Ogallala region of the HPA
where large water-level declines occur, shows no statistically significant
indication of water conservation (Fig. 10); the plots for GMDs 2 and 5
are similar (Figs. 11 and 12). Plots of water use versus climatic indices
for 1996-2012 also show no indication of water conservation in these
districts (Whittemore et al., 2016). Although individual producers have
adopted water conservation measures in GMD3, and points for the years
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Fig. 10. Annual irrigation groundwater use per irrigated area versus Januar-
y-September radar precipitation for GMD3 during 2005-2021. The regression
equation is W/A = —0.3418 x P + 52.12. See Fig. 3 for explanation of solid
lines, shaded intervals, and regression equation terms.
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Fig. 11. Annual irrigation groundwater use per irrigated area versus Januar-
y-September radar precipitation for GMD2 during 2005-2021. The regression
equation is W/A = —0.3344 x P + 48.94. See Fig. 3 for explanation of solid
lines, shaded intervals, and regression equation terms.
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Fig. 12. Annual irrigation groundwater use per irrigated acre versus Januar-
y-September radar precipitation for GMD5 during 2005-2021. The regression
equation is W/A = —0.2994 x P + 50.48. See Fig. 3 for explanation of solid
lines, shaded intervals, and regression equation terms.

2019-2021 for GMD3 plot below the regression line in Fig. 10, their
impact on district-wide conditions for irrigation application rate is too
small to show a statistically significant separation from prior conditions
based on data for 2005-2021. However, points for these three years fall
appreciably below the lower confidence interval boundary in a graph of
irrigation water use versus precipitation for GMD3 (Fig. 13), indicating a
general decrease in irrigated area in GMD3 since 2018.

The water use and precipitation relationships are also useful for
comparing irrigation rates among different areas for similar climatic
conditions. Irrigation rates have ranged widely for the different GMDs,
counties, and the SD-6 LEMA in the Ogallala region of the HPA as
indicated by the relative positions of the regression lines for the radar
precipitation and irrigation water use per irrigated area correlations in
Fig. 14. GMD3 has had the largest application rate (Fig. 10) and GMD1
the smallest (Fig. 8) of the three western GMDs. The order of the irri-
gation rates is the same as the remaining aquifer thickness, GMD3 has
the greatest and GMD1 the least. The relatively small aquifer thickness
in GMD1 at predevelopment has decreased substantially as indicated in
Fig. 1, especially in Wichita County, including a decrease of over 20 %
from 2005 to 2021 (Fig. 2). This has compelled irrigators in GMD1 to
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Fig. 13. Annual irrigation groundwater use versus January-September radar
precipitation for GMD3 for 2005-2021. The regression equation is W = —23.31
x P 4 3171. See Fig. 3 for explanation of solid lines, shaded intervals, and
regression equation terms.
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Fig. 14. Regression lines for irrigation water use per area versus Januar-
y-September radar precipitation for the three GMDs in the Ogallala region of
the HPA, the SD-6 LEMA in GMD4, and Wichita County in GMD1. The
regression lines are the same as those in Figs. 3, 5, 7, 8, and 10.

reduce pumping to maintain sufficient aquifer thickness for irrigation,
even without a district-wide LEMA; the significant change in reduction
occurred starting around 2018. The water use application reduction
during the SD-6 LEMA (2013-2021) brought the regression line down
from above the rate for GMD4 to close to that for Wichita County and
GMD1 during 2005-2017 but still higher than that for GMD1 during
2018-2021 (Fig. 14). The irrigation water use per area in Wichita
County during 2005-2017 was already less than that for GMD1 during
2005-2017. The addition of a substantial number of WCAs then caused a
significant reduction from 2017 to 2018; the application rate during
2018-2021 is the lowest of any areas discussed in this paper. Therefore,
although LEMAs and WCAs can lead to sizable water use reductions,
diminishing aquifer thickness, particularly in areas where that thickness
was already small, can also lead to sizable reductions. Some areas of
GMD3 have seen relatively large decreases in aquifer thickness, leading
to the establishment of a number of WCAs, but the involved area is too
small relative to the size of the large district to produce a discernable
change in the overall water use rate.
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4. Conclusions

The correlation of radar precipitation and water use in heavily irri-
gated areas of the HPA in Kansas is highly statistically significant for a
wide range of scales, from groundwater management districts (several
thousand to over 20,000 km? in area) to sub-county areas of a few
hundred km?2. Although not discussed here, similar results have been
found for areas as small as a few km? around individual wells (Butler
et al., 2021b). The coefficients of determination range from about 0.7 to
over 0.9, indicating that precipitation is the main driver of variations in
water use.

The radar precipitation and water use relationship has allowed the
impact of new approaches to groundwater management in the Kansas
HPA to be assessed. We have shown that water use for a 255 km? Local
Enhanced Management Area (LEMA) has decreased over 27 % in com-
parison to the pre-LEMA use. Recently established Water Conservation
Areas (WCAs) have produced reductions of over 23 % relative to the pre-
WCA use based on application rate alone, and even more if some of the
decrease in irrigated area is related to conservation measures. We have
also found that these recent water use reductions are now becoming
apparent on a considerably larger scale than those of the LEMA and
WCAEs. This could be a product of emulation of the practices used in the
conservation areas or simply the result of the aquifer thickness getting to
a point that previous pumping rates cannot be maintained and fewer
acres are irrigated. The reduction in this case has been as large as 24 %
for GMD1. The implemented water conservation measures that are
producing significant water savings are also slowing water-level de-
clines in the aquifer (e.g., Butler et al., 2023).

The reductions in water use identified here have two components.
The reduction produced by more effective water-use strategies appears
to be responsible for more than 40 % to over 90 % of the observed de-
creases in water use. These strategies can be implemented either by
more efficient irrigation of the same crops using soil-moisture sensors
and other measures or by irrigating less water-needy and more drought-
tolerant crops. The other component is the reduction produced by de-
creases in irrigated area. The first component can be evaluated by
plotting irrigation water use per irrigated area versus precipitation.
Insight into the magnitude of the second component can be obtained by
plotting total irrigation water use versus precipitation, and subtracting
the reduction computed from the first plot from that for the second. This
approach could also be used in assessing where an increase in irrigation
efficiency leads to an increase in overall water use due to increases in
irrigated area as an example of Jevons paradox (Dumont et al., 2013;
Sears et al., 2018).

Linear regressions of water use versus precipitation allow prediction
of future water use for climatic conditions in which only mean precip-
itation changes. More importantly, however, these relationships should
allow the impact of climate change to be identified. If, as climate change
models forecast, temperatures continue to rise and the frequency and
length of arid conditions increases, resulting in more soil water stress, a
shift in the linear regression for an area will occur even without sub-
stantial changes in management practices.

These relationships are dependent on high-quality precipitation and
groundwater use data. High-quality precipitation data are often avail-
able, but reliable groundwater use data are not. As we have stressed
repeatedly in earlier publications (e.g., Butler et al.,, 2018, 2023),
greater attention needs to be placed on the monitoring of groundwater
use. We have previously demonstrated that monitoring of a subset of the
pumping wells in an aquifer can be a cost-effective strategy that yields
reliable data on groundwater use (Bohling et al.,, 2021). When
high-quality pumping data are available, we have shown here that radar
precipitation and water use relationships can provide insights of great
practical value.
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