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Abstract

Hot and dry conditions pose a substantial risk to global crops. The frequency of co-occurring heat
and drought depends on land—atmosphere coupling, which can be quantified by the correlation
between temperature and evapotranspiration (r(7, ET)). We find that the majority of global
croplands have experienced declines in r(T, ET) over the past ~40 years, indicating a shift to a
more moisture-limited state. In some regions, especially Europe, the sign of r(T, ET) has flipped
from positive to negative, indicating a transition from energy-limitation to moisture-limitation
and suggesting a qualitative shift in the local climate regime. We associate stronger declines in r(7T,
ET) with faster increases in annual maximum temperatures and larger declines in soil moisture
and ET during hot days. Our results suggest that shifts towards stronger land—atmosphere coupling
have already increased the sensitivity of crop yields to temperature in much of the world by
12%-37%, as hot days are not only hotter, but also more likely to be concurrently dry.

1. Introduction

Crop yields have rapidly increased since the mid-20th
century due to improvements in agricultural techno-
logy, fertilizer, pest control, irrigation, and in some
places, favorable climate conditions (Pingali 2012,
Mueller et al 2016, 2017, Butler et al 2018, Coffel
et al 2022b). However, many studies project large
declines in crop yields in a warmer climate (Schlenker
and Roberts 2009). While global yields are still rising,
since 1980 rates of growth in agricultural productiv-
ity (in terms of yield and total factor productivity)
has been declining in much of the world, a trend that
has been partly attributed to climate change (Ray et al
2012, 2019, Ortiz-Bobea et al 2021).

Hot and dry conditions are particularly harmful
for maize, soy, and wheat (Matiu et al 2017, Coftfel
et al 2019, Rigden et al 2020, Hamed et al 2021, Lesk
et al 2022, Heino et al 2023). The extent to which hot
and dry conditions co-occur is partially determined
by land—atmosphere feedbacks which may be chan-
ging in magnitude as the world warms (Fischer et al
2007, Coffel et al 2019, Kornhuber et al 2020). The

© 2024 The Author(s). Published by IOP Publishing Ltd

correlation between daily maximum temperature and
evapotranspiration (ET) (referred to as r(T, ET)) can
be used to measure land—atmosphere coupling and
to classify locations as either moisture- or energy-
limited (Seneviratne et al 2006, 2010, Lesk et al 2021,
2022, Denissen et al 2022). If r(T, ET) < 0, an increase
in temperature results in a decrease in ET, suggest-
ing that soil moisture is low and vegetation is water
stressed. In these conditions, when soil moisture rises,
ET rises (supplementary figure 1). In contrast, if 7(T,
ET) > 0, an increase in temperature results in an
increase in ET, suggesting that there is sufficient water
available for vegetation to increase transpiration in
response to an increased vapor pressure deficit. In
these energy-limited conditions, when surface short
wave radiation (energy input) rises, ET rises (supple-
mental figure 2).

Previous studies have highlighted the predict-
ive nature of (T, ET) for local crop yield sensitiv-
ity to temperature, with lower or more negative val-
ues of r(T; ET) indicating greater crop yield declines
in response to hot temperatures (Lesk et al 2021).
However, little is known about whether (T, ET)
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has changed over global croplands during the recent
decades of rapid warming, and how such changes
may affect heat-drought co-occurrence and crop yield
sensitivities to higher temperatures. Here, we provide
evidence of a shift towards moisture-limitation over
global maize, soy, and wheat growing regions over
the past four decades. This shift has resulted in an
increase in the strength of land—atmosphere coup-
ling, raising the risk of concurrent heat and moisture
shortage and increasing the apparent sensitivity of
maize, soy, and wheat to high temperatures. The shift
towards more moisture-limited conditions affects a
substantial fraction of global food production, high-
lighting the potential impact of climate change on
food security.

2. Data and methods

2.1. Calculating seasonal-scale r(T, ET)

We extract monthly mean daily maximum temperat-
ure (Tx) data from ERA5 (Hersbach et al 2020) and
monthly mean ET data from ERA5-Land (Munoz-
Sabater et al 2021) over the period 1961-2021. ERA5-
Land uses time-invariant maps of land cover types
to estimate roughness height, albedo, and water
and energy fluxes, but there is no direct represent-
ation of agriculture. However, the effects of crop
growth will be reflected in the atmospheric paramet-
ers assimilated into the reanalysis, including temper-
ature, humidity, and surface fluxes (Rodell et al 2004,
Munoz-Sabater et al 2021, Coffel et al 2022a).

We use time-invariant crop calendars provided by
(Sacks et al 2010) to select Tx and ET data for months
during the local maize, soy, and wheat growing sea-
sons for each global grid cell. We linearly detrend the
Txand ET data and then we calculate r(T, ET) for each
grid cell as:

r(T,ET) = corr(detrended mean growing season Tx,

detrended mean growing season ET).
We calculate changes in (T, ET) as:

Ar(T,ET) = r(T,ET) perioa.r — "(TET) period1-

We calculate r(T, ET) for the maize, soy, and
wheat growing seasons over the time periods 1961—
1980, 1971-1990, 1981-2000, 1991-2010, and 2001—
2021. To assess the significance of changes in r(T, ET),
we upscale our grid cell-level Ar(T, ET) map into
5 x 5 grid cell boxes. For each box of 25 grid cells,
we use a t-test to assess the significance of the change
in the mean r(T, ET) between 1981-2000 and 2001—
2021.

We classify (T, ET) transitions between each time
period at each global grid cell into one of four groups:
(1) r(T, ET) > 0 in both time periods; (2) r(T, ET) < 0
in both time periods; (3) 7(T, ET) > 0 in time period 1
and (T, ET) < 0in time period 2;and (4) r(T, ET) <0
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intime period 1 and r(T;, ET) > 0 in time period 2. For
each time period, we calculate the fraction of global
grid cells falling into each r(T; ET) transition group.

2.2. Relating seasonal-scale r(T, ET) changes to
changes in daily-scale temperature, soil moisture,
and ET

We relate changes in 7(T, ET') to changes in local cli-
mate conditions, restricting our analysis to global grid
cells between 60°S and 60°N. For each grid cell, we
find the single hottest Tx value during the maize,
wheat, and soy growing seasons—denoted TXx—for
each grid cell in each year between 1981 and 2021. To
assess changes in growing season TXx, we calculate
the average growing season TXx in 1981-2000 and
in 2001-2021, again considering each crop’s grow-
ing season separately. We also identify the mean daily
soil moisture and ET on the day of the growing sea-
son TXx for each grid cell, year, and crop, and sim-
ilarly calculate averages over 1981-2000 and 2001—
2021. We use the soil layers 1 and 2 in ERA5-Land,
representing the first 28 cm of soil. We convert mean
daily soil moisture and ET to percentile values relative
to the local 1981-2021 climatology.

We use a global map of crop area from 2005
(Ramankutty et al 2008) to group grid cells into crop
fraction deciles, ranging from 0% to 100% crop cover.
For each crop fraction decile, we calculate the average
r(T, ET) over 1961-2021 and the average change in
r(T, ET) between 1981-2000 and 2001-2021.

We relate changes in (T, ET) to changes in the
growing season maximum temperature (TXx), as well
as to changes in soil moisture and ET occurring
on the same day as the growing season maximum
temperature. Our use of these metrics captures the
concurrently hot and dry events that most strongly
impact crop yields, enabling us to link trends in
land—-atmosphere coupling regimes to observed crop
impacts (Lobell et al 2013, Coffel et al 2019, 2019,
Schlenker and Roberts 2009). We conduct this ana-
lysis for all cropped grid cells and for bins of grid cells
grouped by crop fraction. We group grid cells with
crop fractions between 0%-1%, 1%—2%, to 99%—
100%, for a total of 100 bins. For all grid cells in each
crop fraction bin, we calculate the average change in
growing season TXx, and soil moisture and ET val-
ues on the growing season TXx days over the 1981—
2000 and 2001-2021 periods. We then use ordinary
least squares regression to associate the average (T,
ET) change in each crop fraction bin to the average
change in growing season TXx, soil moisture, and ET
on the TXx day. This analysis is conducted separately
for each crop’s growing season.

2.3. Calculating the sensitivity of maize, soy, and
wheat yields to growing season mean Tx at each
global grid cell

We calculate crop yield sensitivity to growing season
mean temperature using the following procedure:
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1. We calculate a crop-specific mean Tx during the
local growing season for maize, soy, and wheat,
using a crop calendar from (Sacks et al 2010).
We exclude all grid cells with zero crop fraction
for the selected crop, and we restrict our data
to 1981-2016, matching the availability of global
yield data.

2. For each grid cell, we linearly detrend maize,
soy, and wheat yield data from (lizumi and
Sakai 2020) covering 1981-2016. Linear detrend-
ing is commonly used to remove the long-
term technology-driven yield trend, allowing for
analysis of the climate-driven yield anomalies.
However, for some regions and some time peri-
ods, trends in agricultural yields may be non-
linear. We account for this by repeating this ana-
lysis and detrending via non-parametric singular
spectrum analysis, which does not assume a func-
tional form for the yield trend. Results using this
alternate detrending methodology are presented
in supplementary figures 3 and 4.

3. Welinearly detrend our crop-specific mean grow-
ing season Tx time series for each grid cell.

4. We standardize temperature and yield anomalies
by dividing the detrended anomalies by their
standard deviation for each grid cell.

5. We calculate crop yield sensitivity as the ordinary
least squares regression slope between detrended
growing season mean Tx and detrended yield
anomalies. We label this vyield sensitivity
Yeensitivity,x,y,c» where the . represents each of our
three crops: maize, soy, and wheat, and the
represents each grid cell.

2.4. Relating crop yield sensitivity to r(T, ET)
across grid cells and estimate the changes in yield
sensitivity associated with changes in r(T, ET)

We then regress grid cell-specific crop yield sensitivity
against mean growing season r(T; ET) between 1981—
2016, giving us % for maize, soy, and wheat.
To assess how changes in r(T, ET) have influenced
yield sensitivity to mean Tx, we first calculate the dif-
ference in r(T, ET) between the periods 2001-2021
and 1981-2000 for all grid cells with non-zero crop
fractions for each crop. We then calculate the change
in yield sensitivity for each crop as:

AYensitivi
sensitivityx,y.c AT’(T, ET)

AYsensi ivity,x,y,c =
iy, Ar(T,ET)

X,),C"

We calculate percent changes in global
AYensitivity,c as the change in the 50th percentile value
across grid cells. We also calculate how changes in
yield sensitivity to temperature affect production
sensitivity to temperature as:

APX,)’,C = Yx,y,c * Ax,y,c * AYsensitivity,x,y,c

where AP, . is the change in production per degree
Catagiven grid cell and for a specific crop, Y , . is the

3
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mean yield from 1981 to 2016 for the crop and grid
cell, Ay,  is the harvested area for the crop and grid
cell, and AYengitivity,x,p,c i the change in yield sensit-
ivity for the crop and grid cell associated with changes
in r(T; ET). The percentage change in production per
degree C is calculated as the sum of AP, , . for each
grid cell divided by the sum of total global production
for that crop.

3. Results and discussion

A majority of global croplands are concentrated in
moisture limited regions ((7, ET) < 0), and higher
crop fractions are associated with more moisture lim-
itation (figures 1(a), (¢) and supplementary figure
5(d)). We do not find evidence that r(T, ET) itself
is strongly influenced by the ET produced by crop
growth; rather, it is determined by large-scale climate
dynamics and regional land—atmosphere interaction
(supplemental table 1). There is substantial variabil-
ity in r(T, ET) over croplands, with some breadbas-
ket regions, such as northern Europe, being largely
energy-limited (r(T, ET) > 0) over the period 1961—
2021. Since 1961, mean r(T, ET) has declined over
61% of global croplands, with 44% and 30% experi-
encing declines of more than —0.1 and —0.2, respect-
ively (figure 1(e)). Such negative changes in r(T, ET)
indicate shifts towards greater moisture-limitation,
and have occurred over both low- and high-intensity
cropland (figures 1(b) and (d)). The majority of these
declines in r(T, ET) occurred between the time peri-
ods of 1981-2000 and 2001-2021, a time period coin-
ciding with rapid global warming. Between 1961—
1980 and 1981-2000, (T, ET) declined but by a
smaller amount in most cropped regions. Declines
in (T, ET) between 1961-1980 and 1981-2000 are
not statistically significant (t-test, p > 0.05) for
most crop fraction bins. However, between 1981—
2000 and 2001-2021, most crop fraction bins exper-
ience statistically significant declines in r(T, ET)
(figure 1(d)), representing the recent shift towards
moisture-limitation. Declines in (T, ET) are spatially
heterogeneous, with the largest declines concentrated
in northern Europe, parts of South America, and
central Africa (figure 1(b)). The former two of these
regions of predominantly declining (T, ET') are con-
sistent with projections under greenhouse gas forcing
from Coupled Model Intercomparison Project phase
6 and earlier models (Seneviratne et al 2006, 2010,
Lesk et al 2021). Regions of increasing r(T, ET) are
generally smaller in spatial extent and weaker in mag-
nitude than regions of declining r(T, ET). Globally,
we find that between 1981-2000 and 2001-2021, 61%
of cropped land experienced declines in (T, ET) and
only 39% of cropped land experienced increases.
The decline in growing season r(T; ET) has res-
ulted in some areas switching from energy-limitation
(r(T, ET) > 0) to moisture-limitation (r(T, ET) < 0),
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Figure 1. Correlation between growing season average daily maximum temperature and growing season average

-10 -05 0.0 0.5 1.0

(T, ET) change
(2001-2021 minus 1981-2000)

evapotranspiration (r(T; ET)). (a) Historical r(T, ET) averaged over maize growing seasons between 1961 and 2021. (b) Change in
growing season r(7T, ET) between 1981-2000 and 2001-2021 with only significant (p < 0.05, ¢-test) changes shown. (c) Historical
(T, ET) averaged over the maize growing season between 1961 and 2021 for all grid cells in crop fraction deciles (0% crop cover
to 100% crop cover). Black vertical lines show the 25th—75th percentile range across grid cells in each bin. (d) Historical (T, ET)
averaged over maize growing seasons between 1961-2021 and averaged over all grid cells in crop fraction deciles in three time
periods: 1961-1980 (green), 1981-2000 (blue), and 2001-2021 (red). Solid blue and red markers indicate that the (7, ET) mean
is significantly (¢-test, p < 0.05) different from the preceding period (20012021 different from 1981-2000, and 1981-2000
different from 1961 to 1980). (e) Distribution of (T, ET) changes between 1981-2000 and 2001-2021 across all cropped grid cells.

indicating a fundamental shift in a region’s land-
atmosphere coupling regime. To identify potential
regime changes, we track categorical shifts in (T,
ET) over three time periods: 1961-1980-1981-2000,
1971-1990-1991-2010, and 1981-2000-2001-2021.
The shift from energy- to moisture-limitation since

1961 has been extensive in Northern and Eastern
Europe, central Russia, and eastern India, with more
localized shifts in parts of the central US northeastern
China, parts of Argentina and Brazil, and cent-
ral Africa (figures 2(a), (c), (e) and supplementary
figure 5). Notably, we detect such regime shifts in

4
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Figure 2. Change in r(T, ET) during the maize growing season. (a), (c), (e) Historical r(T, ET) changes between (a) 1961-1980
and 1981-2000; (c) 1971-1990 and 1991-2010; and (e) 1981-2000 and 2001-2021. Green colors show grid cells where r(T, ET) is
greater than zero in both time periods, blue colors show grid cells where r(T, ET) is less than zero in both time periods, and red
colors show grid cells where r(T, ET) is greater than zero in the first time period and less than zero in the second time period.
Color intensity represents grid cell crop fraction. (b), (d), (e) Fraction of global cropped grid cells in each group (green, blue, red)
in each time period, as well as the fraction of grid cells with (T, ET) less than zero in the first period and greater than zero in the
second period (purple).

at least some portion of nearly all major crop pro-
ducing regions of the globe. The amount of global
land transitioning from energy- to moisture limita-
tion has increased from 4% to 7% to 9% over our
three time periods, respectively (figures 2(b), (d) and
(e)). At the same time, the amount of global land
transitioning from moisture- to energy-limitation
has declined from 7% to 4% to 3%. Between the
three time periods, 1.2% of global grid cells flipped
from energy-limitation to moisture-limitation and
back to energy-limitation, and another 3.9% of
global grid cells flipped from moisture-limitation to

energy-limitation and back to moisture-limitation,
indicating that we are mostly seeing a steady shift
towards moisture-limitation, with fluctuations being
less widespread. Much of the world’s croplands were
in moisture-limited regions in all time periods: these
areas experienced mean r(T, ET) declines of 0.04
between 1981-2000 and 2001-2021.

Decreases in seasonal-scale r(T, ET) are associ-
ated with increases in the magnitude of daily-scale
hot and dry conditions, as measured by growing sea-
son maximum temperatures (TXx) and in soil mois-
ture and ET on the TXx day (figures 3(a), (d) and




10P Publishing

Environ. Res. Lett. 19 (2024) 064065

(g)). These hot days are disproportionately import-
ant to global agriculture, as concurrent hot and dry
conditions drive substantial yield losses (Schlenker
and Roberts 2009, Lobell et al 2013, Coffel et al 2019,
Lesk et al 2022). Across global cropland, a unit decline
in r(T, ET) is associated with an increase in TXx of
0.67 °C, and a 5.7 percentage point decline in both
soil moisture and ET on the TXx day. While these
relationships are significant (p < 0.01) and relatively
large in magnitude, (T, ET) explains only a small
fraction of the spatial variability in TXx, soil moisture,
and ET change, with R? values of 0.1, 0.07, and 0.03,
respectively; the low R? values indicate the influence
of atmospheric dynamics, land use, and other factors
that drive local climate change. Change in ET has a
weaker relationship with (T, ET) change than tem-
perature or soil moisture, potentially due to the influ-
ence of strong trends in crop production on local ET
in some major breadbasket regions (Coffel et al 2022a,
2022b).

Because high-production cropped regions are
spatially concentrated, we bin our results by crop frac-
tion to show how r(T, ET), TXx, and soil moisture and
ET on the TXx day change across different levels of
cropping intensities. Binning grid cells by crop frac-
tion (100 bins, crop fractions 0%—100%) substan-
tially strengthens the relationship between r(T, ET)
and local climate variables (figures 3(b), (e) and (h)).
Across crop fraction bins, those with more negat-
ive changes in r(T; ET) see larger increases in TXx:
a decline in r(T, ET) of —0.1 is associated with an
increase in growing season TXx of about 0.6 °C,
while no change in (T, ET) is associated with an
increase in growing season TXx of about 0.3 °C
(figure 3(b)). These results suggest that the mag-
nitude of the declines in (T, ET) that occur over
many croplands are associated with an approximate
doubling of the rate of TXx warming as compared to
places with no change in (T, ET).

Grid cells where (T, ET) shifts from positive
(energy-limitation) to negative (moisture-limitation)
have the largest increases in TXx (figure 3(c)), and
places where (T, ET) shifts from negative to positive
have the smallest increases in TXx. These tendencies
are mirrored for soil moisture and ET: larger declines
in (T, ET) are associated with larger declines in soil
moisture and ET on the TXx day (figures 3(f) and (i)),
and the largest declines in soil moisture on TXx days
are found where r(T, ET) shifts from positive to neg-
ative (figure 3(f)). In these grid cells that transition
from energy- to moisture-limitation, the mean TXx
changeis 0.9 °C (range from 0.6 °Cto 1.2 °C), and the
mean soil moisture and ET percentile changes on the
TXx days are —6 and —4 percentage points, respect-
ively (with ranges from —9 to —3 and from —7 to 0
percentage points, respectively). These relationships
are similar for maize, soy, and wheat (supplementary
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figure 6), and suggest that negative r(T, ET) shifts cor-
respond to increasing concurrent crop stresses.

Across crop fraction bins, changes in r(T, ET)
loosely cluster into two broad buckets: regions with
small changes (—0.05 to 0.05) and regions with sub-
stantial declines (around —0.1, figures 2(a), (c) and
(e)). Global regions with similar crop fractions are
spatially grouped, especially for the most intensely
cropped areas like the US Midwest, eastern Europe,
northeast China, much of India, parts of West Africa,
and southeast South America (supplementary figure
5(d)). Regions with very high crop fractions (>0.8)
generally fall in the former bucket, undergoing smal-
ler and non-significant r(7T, ET) changes in the 1981—
2000-2001-2021 period. However, these high crop
fraction regions experienced earlier declines in (7,
ET) between 1961-1980 and 1981-2000 (figure 1(d)).
More recent changes in r(T, ET) in these densely
cropped bins may have partly been limited by the
crop-driven cooling induced by strong yield improve-
ments in some areas (Mueller et al 2016, 2017, Butler
et al 2018, Coffel et al 2022b). While recent trends in
r(T, ET) may have relatively spared the most densely
cropped regions, the persistence of negative (T, ET)
shifts in small portions of densely cropped regions
signals the potential for more widespread change
under continued warming (DeLucia et al 2019).

The more substantial declines in (7T, ET) have
occurred in low and moderate crop fraction regions.
Since 1981, Northern Europe and Russia have had
among the largest and most widespread r(T, ET)
declines, and are also breadbasket regions with crop
fractions commonly between 0.4 and 0.8. Northern
Europe is also the region with the most pro-
nounced shift from energy- to moisture-limitation
(figures 2(a), (c) and (e)), and associated increases in
TXx and declines in soil moisture and ET on TXx days
(figure 3).

Lower (T, ET) values are associated with higher
yield sensitivity to growing season mean Tx since
1981 for maize, soy, and wheat (figures 4(a)—(c)):
in regions with lower (T, ET) values, crops lose
more yield per degree increase in temperature. We
find no relationship between annual mean temper-
ature and yield sensitivity (supplementary figure 7).
The strength of the association between (T, ET) and
yield sensitivity to temperature varies between crops,
with an R? value of 0.23 for maize, 0.45 for soy, and
0.11 for wheat. Like previous studies, we find that
soy yield sensitivity to temperature is more strongly
associated with (T, ET) than for maize or wheat
(Hamed et al 2021, Lesk et al 2021, Proctor et al 2022).
Globally, 67% of croplands have negative r(T, ET)
between 1961 and 2021. Consistent with this broad
moisture limitation, most maize, soy, and wheat (by
area) experience declining yields with higher tem-
peratures: about 66% of global maize, 59% of soy,
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Figure 3. Relationship between changes in (7, ET) and changes in climate conditions during heat extremes over croplands
between 1981-2000 and 2001-2021. (a)—(c) Change in local (T, ET) vs. change in annual maximum temperature during the
maize growing season (TXx) for (a) all global grid cells with crops; (b) grid cells binned by crop fraction; (c) grid cells binned by
r(T, ET) shift. (d)—(f) Same as for (a)—(c) but for the soil moisture percentile on the TXx day. (g)—(i) Same as (a)—(c) but for the
ET percentile on the TXx day. In (b), (e), (h) points show averages over grid cells with crop fraction percentiles between 1 and
100, with the size of the point indicating the crop fraction (larger points for higher crop fractions). Black dashed lines show an
ordinary least squares regression through points. (¢), (f), (i) show mean changes in growing season TXx and soil moisture and ET
on the TXx day for grid cells where r(T, ET) is greater than zero in both time periods (green), r(T, ET) is less than zero in both
time periods (blue), (T, ET) is greater than zero in the first time period and less than zero in the second (red), and (T, ET) is less
than zero in the first time period and greater than zero in the second (purple). Error bars show 1 standard deviation across grid
cells in each group.

and 72% of wheat crops have negative yield sensit-
ivity to temperature, indicating that warming would
likely be harmful. We use these relationships between
historical r(T, ET) and yield sensitivity to temperat-
ure to estimate the change in yield sensitivity that has
occurred between 1981-2000 and 2001-2021 due to
the observed change in r(T; ET).

We find that (T, ET) has declined over maize-
growing regions by 0.14 (from r(T, ET) = —0.31 to
—0.45), over soy-growing regions by 0.10 (from (T,

ET) = —0.14 to —0.24), and over wheat-growing
regions by 0.10 (from r(T, ET) = —0.31 to —0.41)
(figure 4(d)). We estimate that this decline in (T, ET)
has increased the standardized sensitivity of maize
to growing season mean Tx (implying more yield
loss per °C) by 23.2% (—0.095 to —0.124 SD/°C),
soy by 36.7% (—0.063 to —0.099 SD/°C), and wheat
by 12.0% (—0.144 to —0.164 SD/°C) (figure 4(e)).
To assess the impact of these changes in yield sens-
itivity on global food supply, we estimate how the

7
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Figure 4. Relationship between (T, ET) and crop yield sensitivity to temperature. (a)—(c) Historical (T, ET) vs. yield sensitivity
to growing season average Tx for maize (a), soy (b), and wheat (c) between 1981-2016. (d) Change in r(T; ET) between
1981-2000 and 2001-2021 over croplands for maize, soy, and wheat. Vertical dashed lines show the 25th—75th percentile range
across grid cells. (e) Yield sensitivity to growing season average Tx in 1981-2000 (open circles) and 2001-2021 (filled circles) for
maize (blue), soy (green), and wheat (orange). Vertical dashed lines show the 25th—75th percentile range across grid cells.
Percentages in (d), (e) show the change in the 50th percentile r(7, ET) and yield sensitivity value for each crop.

sensitivity of global maize, soy, and wheat produc-
tion has changed as a result of (T, ET) changes. We
estimate that changes in (T, ET) globally increase
the sensitivity of global maize, soy, and wheat pro-
duction to growing season mean Tx by 6.1%, 23.2%,
and 6.4%, respectively. Production impacts are smal-
ler than yield impacts in fractional terms because the
highest-production regions—those with high mean
yields and high harvested area—have seen relatively
smaller changes in r(T; ET) in recent decades. Our
results are robust when excluding irrigated croplands:
removing all grid cells with more than 1% of crops
irrigated does not substantially change our main res-
ult (supplementary figure 8). We note that other
factors including agricultural management practices,
changes in soil quality, and pests may also influ-
ence the sensitivity of crops to temperature; here we
only examine the global change in yield sensitivity
associated with r(T, ET) change, irrespective of these

regional factors that may modify these relationships
locally.

A few limitations of our study signal priorities
and nuances for future research. First, we do not dir-
ectly account for the influence of rising atmospheric
CO; on crop water-use efficiency, whose magnitude
remains highly uncertain (Ainsworth and Long 2021,
Taylor and Schlenker 2021). While this water-use effi-
ciency boost may partly offset the general impact
of warming on yields, it also may enable stricter
stomatal regulation and reduced transpiration dur-
ing high temperatures, potentially enhancing local
land—atmosphere coupling. Large uncertainties on
the magnitude of these effects preclude directly estim-
ating the CO, fertilization effect in this study, but the
trend towards increasing temperature sensitivity that
we observe here has occurred in the context of rap-
idly rising atmospheric CO; levels, suggesting that the
CO;, fertilization effect is implicitly accounted for and
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may play some causative role in our results. Our study
underscores that future research should consider the
potential for enhanced water-use efficiency to both
raise yields through CO; fertilization as well as lower
them through negative r(T, ET) shifts.

Second, we use ET data from ERA5-Land, which
is a model-based product and has its own biases
relative to the real world, particularly in poorly
observed variables like ET. However, past research has
found that ERA5-Land ET data closely matches other
global ET products like GLDAS (Coftfel et al 2022a).
Nevertheless, there is likely bias introduced into our
results due to underlying ET biases in ERA5-Land.
Third, we do not consider agricultural adaptations
such as irrigation expansion (Siebert et al 2017, Zaveri
and Lobell 2019, Rosa 2022), crop migration (Sloat
et al 2020), and genetic modification (Pingali 2012),
which are already occurring and will likely continue
as climate change impacts intensify. The effects of
such adaptations are relatively well understood for
individual heat or drought stresses, but less so for
the combination thereof. For instance, yield sensitiv-
ity to drought, perhaps attributable to rising sowing
densities, may have intensified in some regions over
the period examined in this study (Lobell et al 2014,
David et al 2020). We find no relationship between
changes in r(T, ET) and changes in maize, soy, or
wheat yields (supplemental figure 9). While r(T, ET)
changes are associated with changes in yield sensitiv-
ity to temperature, yield itself is strongly modulated
by the wide variety of technological, management,
and other factors that have increased crop growth and
for which global observations are critically lacking.
Future work should consider whether these trends are
aresult or even a cause of (T, ET) changes.

We find evidence for a widespread decline in
r(T, ET), over global croplands between 1981-2000
and 2001-2021. Such changes in land—atmosphere
coupling include an outright shift from energy- to
moisture-limitation over some regions, especially in
Europe. This increasing moisture limitation has been
associated with an enhanced warming of annual max-
imum temperatures and declining soil moisture and
ET levels on hot days, changes which have increased
the sensitivity of maize, soy, and wheat yields to
growing season mean temperature. This relationship
between (T, ET) and yield sensitivity to temperat-
ure, coupled with the fact that the latest generation
of earth system models projects continued declines
of r(T, ET') across global croplands (Seneviratne et al
2006, 2010, Lesk et al 2021), suggests that the yields
of staple crops may continue to become more sens-
itive to temperature in the future, exacerbating the
effect of increasingly frequent and intense heat on
agriculture. Climate models project a global trans-
ition from energy- to moisture-limitation with neg-
ative impacts on crops in a warming world, and
our results suggest that this transition is already
underway.
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