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Abstract. Heat extremes have severe implications for human health, ecosystems, and the initiation of wildfires.
While they are mostly introduced by atmospheric circulation patterns, the intensity of heat extremes is modulated
by terrestrial evaporation associated with soil moisture availability. Thereby, ecosystems provide evaporative
cooling through plant transpiration and soil evaporation, which can be reduced under water stress. While it
has been shown that regional ecosystem water limitation is projected to increase in the future, the respective
repercussions on heat extremes remain unclear.

In this study, we use projections from 12 Earth system models to show that projected changes in heat extremes
are amplified by increasing ecosystem water limitation in regions across the globe. We represent the ecosystem
water limitation with the ecosystem limitation index (ELI) and quantify temperature extremes through the dif-
ferences between the warm-season mean and maximum temperatures. We identify hotspot regions in tropical
South America and across Canada and northern Eurasia where relatively strong trends towards increased ecosys-
tem water limitation jointly occur with amplifying heat extremes. This correlation is governed by the magnitude
of the ELI trends and the present-day ELI which denotes the land–atmosphere coupling strength determining
the temperature sensitivity to evaporative cooling. Many regions where ecosystem functioning is predominantly
energy-limited or transitional in the present climate exhibit strong trends towards increasing the water limitation
and simultaneously experience the largest increases in heat extremes. Sensitivity of temperature excess trends to
ELI trends is highest in water-limited regions, such that in these regions relatively small ELI trends can amount
to drastic temperature excess trends. Therefore, considering the ecosystem’s water limitation is key for assessing
the intensity of future heat extremes and their corresponding impacts.
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1 Introduction

Heat extremes affect ecosystems and society through their
implications on human health, crop yields, and tree mortal-
ity, as well as the initiation of wildfires (Anderegg et al.,
2013; Goulart et al., 2021; McDowell and Allen, 2015; O
et al., 2020; Orth et al., 2022; Ruffault et al., 2020; Vogel et
al., 2019). In the recent past, temperature extremes have in-
creased in intensity, duration, and frequency; these changes
are related to climate change (Seneviratne et al., 2021), and
they have even accelerated in recent years in many regions
(Seneviratne et al., 2014). In the future, heat extremes are
projected to intensify further alongside the ongoing global
warming (Seneviratne et al., 2021).

Hot temperatures can be fueled by dynamic and thermo-
dynamic processes (Trenberth et al., 2015; Harrington et al.,
2019). The relevance of atmospheric dynamics for recent
heat waves has been highlighted for the case of large-scale
blocking patterns which support heat accumulation across
consecutive dry days (Cassou et al., 2005; Jézéquel et al.,
2018), as well as the entrainment of warm air aloft (Mi-
ralles et al., 2014). Also, large-scale circulation patterns ad-
vecting warm air, or air from regions with dry soils, have
been suggested to contribute to heat waves (Schumacher et
al., 2019). Additionally, thermodynamic processes can am-
plify heat extremes; the land surface determines the parti-
tioning of incoming radiative energy into sensible heating
and latent heat (Seneviratne et al., 2010). Changes in this
flux partitioning can be induced through soil moisture drying
as water-stressed vegetation tends to reduce transpiration; in
this way, a larger fraction of the incoming energy is available
for sensible heating, which can lead to elevated temperatures
(Budyko, 1974; Vogel et al., 2017; Denissen et al., 2021).
As a consequence, circulation-induced rainfall deficits are
translated by ecosystem water limitation to reduced evapo-
rative cooling and amplified local temperatures (Miralles et
al., 2012; Quesada et al., 2012; Teuling et al., 2010; Ukkola
et al., 2018).

It has been shown that climate change may involve
regional long-term trends in soil moisture and land–
atmosphere coupling (Berg et al., 2017; Berg and Sheffield,
2018; Denissen et al., 2022; Seneviratne et al., 2021; Sippel
et al., 2017) and that these can contribute to amplified heat
extremes (Vogel et al., 2017; Lorenz et al., 2016; Seneviratne
et al., 2006), especially in the case of the depletion of soil
moisture preceding the warm season (Rasmijn et al., 2018;
Stegehuis et al., 2021). In this study, we revisit and comple-
ment this previous research with novel indices and by analyz-
ing output from the latest generation of Earth system models
from the Coupled Model Intercomparison Project Phase 6
(CMIP6) (Eyring et al., 2016). In particular, we use (i) a re-
cently introduced ecosystem water stress index, namely the
ecosystem limitation index or ELI (Denissen et al., 2020).
This is a correlative index that directly evaluates the im-
portance of water versus energy stress for terrestrial evap-

oration, thereby moving beyond the nonlinear relationship
between soil moisture and evaporative cooling alone. Fur-
thermore, as this index directly captures evaporative cool-
ing, it links more mechanistically with heat waves than gen-
eral aridity or land–atmosphere coupling indices. Thereby,
other factors affecting water limitation can be functionally
addressed (e.g., groundwater, hydraulic failure as a lag ef-
fect, and CO2). Furthermore, the ELI can be used to pinpoint
regime transitions, as positive values are indicative of water-
limited conditions, while negative values denote ecosystem
energy limitation. In addition, for analyzing heat extremes,
we (ii) focus on the difference between warm-season mean
and maximum temperatures, hereafter referred to as tem-
perature excess. While temperature excess is known to be
affected by land–atmosphere coupling (Vogel et al., 2017;
Ukkola et al., 2018; Sippel et al., 2017; Lorenz et al., 2016;
Dirmeyer et al., 2021; Donat et al., 2017; Seneviratne et al.,
2006; Schwingshackl et al., 2018), the average temperature is
largely driven by large-scale circulation (Cassou et al., 2005;
Miralles et al., 2014; Schumacher et al., 2019). In this way,
we assume that by focusing on the difference between mean
and maximum temperatures, we can isolate the thermody-
namic component from the dynamic component in heat wave
development. As such, we jointly assess trends in ecosystem
water limitation and heat extremes in fully coupled CMIP6
simulations from 12 state-of-the-art Earth system models at
the monthly timescale and 2°× 2° spatial resolution from
1980–2100 (Eyring et al., 2016) in order to determine the
thermodynamic contribution of the land surface for present
and future heat extremes.

2 Materials and methods

2.1 Ecosystem limitation index

The ecosystem limitation index (ELI), formerly referred to
as the correlation difference metric (Denissen et al., 2020), is
adapted as follows:

ELI= cor
(
SM′,ET′

)
− cor

(
T ′a |SW′in,ET′

)
. (1)

The prime denotes monthly anomalies of root zone soil mois-
ture (SM), terrestrial evaporation (ET), air temperature (Ta),
and incoming shortwave radiation (SWin). cor(SM′,ET′) is
a proxy for water limitation, whereas cor(T ′a |SW′in,ET′) is a
proxy for energy limitation. In this context, the | symbol in-
dicates the use of either Ta or SWin anomalies in the second
term on the right-hand side of Eq. (1), as ET in some re-
gions is limited more strongly by the lack of incoming short-
wave radiation (Nemani et al., 2003) and in other regions
more strongly by cold temperatures. Therefore, we test for
each grid cell which energy proxy yields the highest corre-
lation with ET cor(T ′a ,ET′) vs. cor(SW′in,ET′) and is hence
the most relevant in this location in order to then use it in the
computation of ELI in the respective grid cell (Fig. S1 in the
Supplement). Between energy- and water-limited conditions,
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the ELI expresses different typical sensitivities to the energy
and water supply. High and positive cor(T ′a |SWin,ET′) is in-
dicative of energy-limited conditions, whereas high and pos-
itive cor(SM′,ET′) indicates water-limited conditions. The
ELI combines both the relevance of the energy and water
supply for evaporative cooling by taking the difference be-
tween those two correlations so that positive values denote
water-limited conditions and negative values indicate energy-
limited conditions. Thereby, the ELI can be used to pin-
point transitional areas where regime shifts occur frequently,
where ELI is approximately zero. Furthermore, in contrast to
other traditional indices, such as the aridity index that rely
on climatological means, the ELI can be used to study (parts
of) the seasonal cycle. For a more extensive assessment of air
temperature or incoming shortwave radiation and soil mois-
ture as the choices for energy and water proxies, as well as a
detailed elaboration on the interpretation of ELI, please refer
to Denissen et al. (2022).

2.2 CMIP6 data

In this study, we use data from the Coupled Model Intercom-
parison Project (CMIP6) (Eyring et al., 2016), of which the
most important information on the used data is summarized
in Table 1. We only selected models that provide (i) histor-
ical (1980–2015) and “worst-case” SSP5-8.5 (2015–2100)
(O’Neill et al., 2016) simulations, (ii) the necessary variables
(Table 1), and (iii) sufficient spatial (2°× 2° or finer grid cell
resolution) and temporal (monthly) resolutions. The maxi-
mum daily temperature denotes the maximum daily average
temperature per month. By taking the SSP5-8.5 scenario, we
intend to focus on the climate scenario most influenced by
human activity and related emissions of greenhouse gases.

2.3 Pre-processing data

All data are regridded to a common 2°× 2° grid cell res-
olution using bilinear interpolation after applying a model-
specific land–sea mask. After data acquisition, several steps
are taken to assure a meaningful selection of data for the anal-
ysis. First, to pinpoint the hottest heat extremes, we focus
on the 3 hottest months in a year (warm season), defined as
the 3 months of year with the highest maximum daily tem-
perature averaged decadally. The advantage of considering
only the warm season lies in the comparison of concomitant
trends of ELI, evaporative fraction (EF), and temperature ex-
cess, as these might be subject to seasonal variability. Sec-
ond, to additionally assure that we are investigating the ac-
tive vegetation periods during the warm season, which would
elicit vegetation responses to anomalies in energy and wa-
ter supply affecting the surface flux partitioning, all months
with Ta< 10 °C and leaf area index (LAI) < 0.2 m2 m−2 are
excluded from the analysis. Thereby, we disregard mainly
grid cells in the most sparsely vegetated regions in northern
Africa and western China and cold regions in the northern

latitudes but retain major drylands including parts of the Sa-
hel and the Australian interior (Fig. S2). This selection of
data results in what we refer to in this work as the “warm
vegetated land area”. Furthermore, root zone soil moisture
is computed as a weighted average of the total water con-
tent per soil layer present in the top meter of soil. These data
are then used to compute the decadal time series of the de-
sired diagnostics, which are ELI, EF, and temperature excess.
EF is computed as the fraction of the net surface radiation
(the sum of all radiative components) that is used to evapo-
rate water. Temperature excess is computed for each grid cell
and decade as the difference between the means of (i) the 10
warm-season mean temperatures from the individual years
and (ii) the 10 temperature maxima in the individual years.
Next to this, we assess ecosystem water limitation with the
ELI (Eq. 1) (Denissen et al., 2020).

2.4 ERA5-Land analysis

Reanalysis data, including the variables of 2 m tempera-
ture, soil moisture layers 1–3, latent heat flux, LAI for
high and low vegetation, and downward solar radiation,
from ERA5-Land from 1950–2020 were used to validate the
CMIP6-based results (Muñoz Sabater, 2019; Muñoz-Sabater
et al., 2021). All data have been aggregated to the monthly
timescale and 2°× 2° spatial resolution. Maximum daily
temperature was computed as the maximum average daily
temperature per month. The root zone soil moisture encom-
passes the soil moisture in top meter of the soil and is com-
puted as a weighted average of soil moisture layers 1 (0–
7 cm), 2 (7–28 cm), and 3 (28–100 cm). The same method-
ology as applied to the CMIP6 data to compute temperature
excess and ELI has been applied to the reanalysis data. Veg-
etated conditions were assumed when the LAI of either high
or low vegetation > 0.2.

2.5 Computing Theil–Sen slopes and slope significance

The trends shown in Figs. 1, 2, and 6 and Figs. S3, S4, and
S5 in the Supplement are based on Theil–Sen slopes (Sen,
1968; Theil, 1992). This approach is insensitive to statistical
outliers, as the median slope from a range of slopes through
all pairs of points is selected as the best fit. The significance
of these slopes is determined based on Kendall’s τ statistic
from Mann–Kendall tests.

3 Results

We identify increased temperature excess trends across over
75 % of the warm vegetated land area from 1980–2100
(Fig. 1a). Model confidence is higher for increasing than for
decreasing temperature excess (inset plot Fig. 1a), as in al-
most half of the area with increasing temperature excess at
least 8 out of 12 CMIP6 models agree, while this is much less
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for decreasing temperature excess (see also Fig. S3). This re-
veals high confidence in an accelerated increase in the heat
extremes compared with warm-season mean temperatures.

There is a widespread increase in incoming shortwave ra-
diation in about 71 % of the warm vegetated land area, with
high inter-model agreement (Fig. S4) which can directly af-
fect near-surface temperature through the surface energy bal-
ance. These trends could result from projected decreases in
aerosol emissions (Nabat et al., 2014) or from changes in
cloud cover. As daily maxima of incoming shortwave radi-
ation roughly co-occur with daily temperature maxima, in-
creased incoming shortwave radiation links more strongly to
increased in maximum temperatures rather than mean tem-
peratures (Qian et al., 2011), which are more strongly gov-
erned by the longwave radiation budget.

ELI increases in more than 71 % of the warm vegetated
land area (Fig. 1b), signaling shifts towards water limitation.
Generally, models particularly agree on the sign of the ELI
increases (stippling in Fig. 1b), whereas more uncertainty ex-
ists with respect to the magnitude of ELI trends (Fig. S5).
Furthermore, we note that in the mid- to high latitudes,
ELI trends are generally temperature-controlled, whereas the
tropics are more sensitive to incoming shortwave radiation
(Fig. S1), thereby acknowledging and allowing that energy
proxies can vary locally.

Spatial patterns of multi-model mean trends in tempera-
ture excess and ELI are very similar. Areas with the high-
est temperature excess trends (> 0.2 K per 10 years) are
exclusively characterized by ELI increases. More impor-
tantly, also the temporal evolution of the decadal time se-
ries of temperature excess and ELI is similar in many re-
gions. This is evidenced by significant correlations in many
areas (Figs. 1c, S6), suggesting that increasing ELI con-
tributes to hotter temperature extremes. As correlations can-
not distinguish the direction of causality, we stress that hot-
ter temperature extremes can in turn further dry out terres-
trial vegetation, thereby increasing water limitation. Addi-
tionally, heat extremes and related hydraulic failure could
lead to plant mortality (McDowell and Allen, 2015), limiting
evaporative cooling even more. As such, these pathways fur-
ther strengthen positive correlations between ELI and tem-
perature excess. We also find regions with insignificant and
even negative correlations, such as parts of the Sahel, Kaza-
khstan, the Balkans, North America, and Southern Africa.
As plant transpiration scales with LAI, this limits the abil-
ity of the scarce vegetation present in such regions to pro-
vide sufficient evaporative cooling, possibly rendering cor-
relations insignificant. Further deviations from a positive re-
lationship between temperature excess and ELI might result
from alternative processes such as (changes in) the advection
of warm air masses through large-scale circulation patterns,
while positive relationships could be exaggerated by changes
in incoming shortwave radiation (Fig. S4).

Furthermore, in order to illustrate the physical link be-
tween ELI and temperature excess, which presumably is

through evaporative cooling, we analyze terrestrial evapora-
tion normalized by net surface radiation. The resulting EF
links the surface energy and water balances. The EF is de-
creasing in all regions of interest but northern Eurasia, with
high agreement between individual models (Fig. 2a). More-
over, EF is generally significantly correlated with both tem-
perature excess and ELI, respectively, suggesting the phys-
ical link between these quantities. In this way, in approxi-
mately 86 % of the warm vegetated land area, trends in the
EF fraction are negatively correlated with temperature ex-
cess, meaning that a decreasing (increasing) trend in EF, ren-
ders more (less) energy available for sensible heating, which
elevates (reduces) heat extremes (Fig. 2b). In about 69 % of
the warm vegetated land area, the correlation between EF and
ELI is negative (Fig. 2c), verifying that most shifts towards
ecosystem water limitation jointly occur with the expected
decreases in evaporative cooling. Some regions, such as cen-
tral US, the Mediterranean, and northern Mongolia, exhibit
insignificant or even positive correlations, possibly pointing
to other processes such as irrigation and/or land use changes
(Table 1).

Next, we compare the temporal evolution of temperature
excess and ELI averaged across the regions of interest and
the entire warm vegetated land area between historical and
future time periods. Figure 3a shows a steady global increase
in the temperature excess, with warm-season maximum tem-
perature experiencing an additional 0.5 K warming with re-
spect to the average warm-season temperature over 1980–
2100. In all regions of interest, the temperature excess is in-
creasing over twice as fast as the global average. Even though
uncertainty in temperature excess exists between individual
models (Figs. S3 and S7a), the majority of models agree
both globally and regionally that temperature excess is sig-
nificantly increasing.

ELI trends differ more strongly in magnitude across the re-
gions of interest than the temperature excess trends (Fig. 3b).
While underlying ELI trends from individual models gen-
erally tend to display positive ELI trends, there is a larger
spread both in magnitude and in sign (Fig. S7b). This indi-
cates different contributions of the ELI to the temperature ex-
cess trends between models (Fig. S6) and regions; while the
ELI contribution is particularly strong in NAS and SAM, as
can also be seen from the correlations in Fig. 1c, it is weaker
but still considerable in CEU and NAM, where other pro-
cesses probably play a role such as changes in large-scale cir-
culation patterns or boundary layer dynamics. Furthermore,
most significant trends in Fig. S7b are positive, underlining a
higher confidence of the model ensemble to project increas-
ing rather than decreasing ecosystem water limitation.

During 1980–2020, temperature excess computed from
ERA5-Land data lies largely within the envelope of the indi-
vidual CMIP6 models (Fig. 4a). As such, the temperature ex-
cess findings from individual CMIP6 models are not implau-
sible. As the ERA5-Land dataset is supported by the com-
prehensive assimilation of available observations, the simi-
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Figure 1. Similarity of global patterns of change in temperature excess and ecosystem water limitation. Multi-model means of trends based
on decadal time series per respective CMIP6 model of (a) temperature excess and (b) ecosystem limitation index (ELI). (c) Multi-model
means of Kendall’s rank correlation coefficient between model-specific time series of ELI and temperature excess. The insets display the
fraction of the warm land area with positive or negative trends or correlations, respectively (at least 8 out of 12 models agreeing on the sign
of the trend or correlation are hued darker). Stippling indicates that at least 8 out of 12 CMIP6 models agree on the sign of the trend or
correlation. All trends and correlations are calculated over the warm season and are only displayed if at least 8 CMIP6 models have a full
time series available, such that white areas denote regions with no or insufficient data. The dashed boxes indicate regions of interest, which
are regions where temperature excess increases are particularly rapid and spatially coherent, namely North and South America (NAM and
SAM), central Europe (CEU), and northern Asia (NAS).
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Figure 2. Global multi-model mean distribution and trends of the evaporative fraction (EF). Multi-model mean of trends based on decadal
time series per respective CMIP6 model of (a) EF and (b) ecosystem limitation index (ELI). (c) Multi-model mean of Kendall’s rank
correlation coefficient between the model-specific time series of ELI and temperature excess. The insets display the fraction of the warm
land area with positive or negative trends or correlations, respectively (at least 8 out of 12 models agreeing on the sign of the trend or
correlation are hued darker). Stippling indicates that at least 8 out of 12 CMIP6 models agree on the sign of the trend or correlation. All
trends and correlations are calculated over the 3 hottest months of year, defined as the 3 months of year which have the highest average
temperature over 1980–2100. The dashed boxes indicate regions of interest.
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Figure 3. Changes in global and regional temperature excess with increasing ecosystem water limitation. Temporal evolution of (a) temper-
ature excess and of (b) ecosystem limitation index (ELI) globally and for the regions of interest. Solid lines depict multi-model mean time
series. Global and regional averages are calculated over land grid cells that have complete time series for all models and variables and are
weighted according to the surface area per grid cell.

larity of the CMIP6 model results in terms of temperature
excess demonstrates a successful validation of the models
considered here. This is further corroborated by surface air
temperature extremes from CMIP5 and CMIP6 that compare
well with observation-based datasets, although with model-
specific performance that varies in space and time (Tho-
rarinsdottir et al., 2020). At the same time, the CMIP6-based
ELI is only partly corroborated by the ERA5-Land reanal-
ysis data from 1980–2020 (Fig. 4b), as globally and in half
the regions of interest the reanalysis-based ELI exceeds the
CMIP6 envelope. In this historical time period and across
most regions of interest, the CMIP6 trends for both temper-
ature excess and ELI are generally more positive than nega-
tive, which corroborates a positive relationship between the
two, as is also seen further into the future (Fig. 3). This re-
lationship is weaker in the observation-based estimate from
ERA5-Land, where temperature excess mostly stays within
the multi-model envelope and only increases monotonically
in SAM, while ELI exceeds the multi-model envelope and
increases in all regions of interest except NAM. This indi-
cates a different coupling between ELI and temperature ex-
cess in ERA5-Land than in the CMIP6 models, which should
be further investigated in the future. Note that ERA5-Land is
only indirectly supported by data assimilation, as meteoro-
logical forcing from ERA5 assimilates observations only for
2 m temperature, relative humidity, and surface soil moisture.
Therefore, temperature excess benefits more directly from
data assimilation than ELI, which is based on ET and (root
zone) soil moisture which are not readily observed across the
globe. In this way, ERA5-Land estimates of the global ELI
evolution are subject to uncertainty, and while it provides an
independent reference for comparing the CMIP6 model re-
sults, it is based on the land surface model dynamics under-
lying the ERA5-Land dataset. Moreover, differences could

arise due to different land cover maps underlying respective
simulations from ERA5-Land and the CMIP6 models.

The tendency of temperature excess to be elevated in re-
sponse to increasing ecosystem water limitation becomes
even clearer when only grid cells for which at least 8 out
of 12 CMIP6 models agree on the sign of the temperature
excess trends are included. This is evidenced by a stronger
increase in the ELI in regions with robust temperature excess
trends (Fig. S8). ELI trends are even larger for regions with
robust and positive temperature excess trends. At the same
time, no clear trends in ELI are found for regions with ro-
bust and negative temperature excess trends. This suggests
that factors other than evaporative cooling, such as changes
in circulation, render the temperature excess trends negative
in these regions.

The sensitivity of temperature excess to ELI trends is ex-
pected to depend on the initial regime and can be explained
through the nonlinear relationship between soil moisture and
EF (Seneviratne et al., 2010; Denissen et al., 2022). In ini-
tially energy-limited grid cells (soil moisture exceeds crit-
ical soil moisture), ecosystems can sustain maximum EF,
assuming sufficient available energy during the warm sea-
son. Hence, in such grid cells, shifts towards water limi-
tation, expressed by positive ELI trends or soil drying, do
not amount to large changes in surface flux partitioning or
in temperature excess, resulting in low sensitivity between
ELI and temperature excess trends. In initially water-limited
grid cells (soil moisture below critical soil moisture), fur-
ther soil drying, or shifts towards water limitation, can re-
duce EF. In this way, temperature excess trends are highly
sensitive to ELI trends in water-limited grid cells. Transi-
tional grid cells, which are characterized by a soil moisture
regime that transitions periodically from below to above the
critical moisture content, effectively switch between energy-
and water-limited conditions frequently. As such, evapora-
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Figure 4. Changes in global and regional temperature excess in
concert with the increasing ecosystem water limitation from CMIP6
models and ERA5-Land. Temporal evolution of (a) temperature ex-
cess and of (b) ecosystem limitation index (ELI) globally and for
the regions of interest. The solid black lines depict global and re-
gional time series from the CMIP6 models, while the dashed black
line represents ERA5-Land. The grey ribbon displays the envelope
which encapsulates all the CMIP6 results. Global averages are cal-
culated over land grid cells that have a complete time series for
all models and variables and are weighted according to the surface
area per grid cell. The same mask is applied for CMIP6 models and
ERA5-Land.

tive cooling and consequently temperature excess are peri-
odically sensitive to increasing water limitation. In extremely
dry and water-limited conditions where soil moisture values
approach the wilting point, hardly any moisture can be ex-
tracted from the soil, thus rendering vegetation activity and
associated EF too low to provide ample evaporative cooling.
As such, shifts towards ecosystem water limitation should
hardly decrease the evaporative cooling further in extremely
water-limited grid cells. To test this hypothesis, we classify
all grid cells based on their respective mean ELI over 1980–
2010 (Fig. 5a) to define energy-limited (ELI<−0.2), tran-
sitional (−0.2<ELI< 0.2), and water-limited (ELI> 0.2)
conditions. We analyze temperature excess trends across
these three regimes and find that over initially water-limited
areas they are below the global average, while trends over ini-
tially transitional or energy-limited areas are above the global
average (Fig. 5b). This is against our initial expectation but
can be explained by the corresponding ELI trends which are
much more pronounced in energy-limited regions (Fig. 5c),
leading to more often occurring water-limited conditions in
these areas. In initially water-limited regions, temperature

excess increases despite only marginal ELI increases over the
study period, possibly pointing a higher sensitivity of temper-
ature excess to ELI increases in such regions. Moving beyond
trends, we also analyze the sensitivity of decadal temperature
excess with respect to ELI for energy-limited vs. transitional
vs. water-limited areas and find the strongest relationship in
the case of water-limited areas (Fig. 5d), as evidenced by the
largest increase in temperature excess with ELI. This con-
firms that changes in water-limited area temperature excess
trends are most sensitive to ELI trends. This stresses that
evaporative cooling in already arid drylands is even further
reduced, increasingly limiting their ability to mitigate future
heat extremes (Feldman et al., 2023). Despite lower sensi-
tivity in transitional and energy-limited regions, ELI trends
and related reductions in evaporative cooling are much larger,
amounting to larger temperature excess trends.

To quantify the strength of the relationships displayed in
Fig. 5d, we compute correlations for the relationships shown
for the three regimes, respectively (crosses in Fig. S10a).
This suggests a more robust link between ELI and temper-
ature excess in transitional and energy-limited areas result-
ing from the strong ELI trends moving these areas towards
water limitation. To study the relevance of spatial variability
across the grid cells that are initially energy- or water-limited
or transitional for the correlation estimates, the grid-specific
time series of temperature excess and ELI are bootstrapped
and displayed as boxplots in Fig. S10a, with overall simi-
lar results. Whereas sensitivity in water-limited regions in
Fig. 4d is higher, more uncertainty exists in its relationship,
as evidenced by a larger spread of bootstrapped correlations.
Substantial variability exists across model-specific correla-
tions (Fig. S10b, c). Although the models generally agree
on the signs of the correlations, the magnitudes of correla-
tions differ strongly, possibly relating to different representa-
tions of land–atmosphere coupling and resulting differences
in trends and initial ELI states (Figs. S5 and S9).

In order to further analyze the role of the magnitude of ELI
trends for the coinciding temperature excess trends, we group
the global grid cells with respect to their ELI trends and show
the multi-model mean and model-specific temperature excess
trends (Fig. 6). Higher temperature excess trends correspond
to stronger increasing ELI trends. Such strong increases in
ELI indicate that water-limited conditions occur more often,
potentially also during heat wave events, such that the tem-
perature excess gets more sensitive to ELI. Analyzing results
from individual models shows that stronger ELI trends are
associated with stronger trends in the temperature excess in
almost all models, although with substantial variability be-
tween individual models, owing to different representations
and strength of land–atmosphere coupling.
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Figure 5. Relation between temperature excess and ecosystem water limitation. (a) Multi-model mean ELI (1980–2010). Solid lines depict
the time series of multi-model means inferred from globally (black) and regionally (colored) decadally averaged model simulations for
(b) temperature excess and (c) ELI. The classification is defined based on the model-specific mean ELI over 1980–2010 (Fig. S9), namely
energy-limited (ELI<−0.2), transitional (−0.2<ELI< 0.2), and water-limited (ELI> 0.2). (d) Points denote the global (black) and regional
(colored) decadal multi-model means of ELI (x axis) and temperature excess (y axis), expressed as having changed since 1980. The lines
denote linear regressions with a shaded colored 95 % confidence interval. Land grid cells that do not have complete time series for all models
are excluded (white regions; see Sect. 2). Global and regional averages are weighted according to the surface area per grid cell.

4 Discussion

Our findings corroborate earlier research which demon-
strated the relevance of soil moisture to (future) heat ex-
tremes via its control on surface flux partitioning based on
idealized Earth system model experiments in which long-

term soil moisture trends are artificially removed (Fischer et
al., 2007; Lorenz et al., 2016; Schwingshackl et al., 2018;
Seneviratne et al., 2006; Vogel et al., 2017, 2018). While our
correlative analysis cannot establish the causal link or disen-
tangle the direction of causality between land surface dynam-
ics and heat extremes to the same extent, it benefits from fully
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Figure 6. Temperature excess trends increase with stronger trends in ecosystem water limitation. The bars denote the multi-model mean and
model-specific temperature excess trends (y axis) binned according to their respective ELI trends (x axis) for the multi-model mean trends
(black) and all individual models (colors). The numbers display the fraction of warm vegetated land area in which the respective temperature
excess and ELI trends occur. These area fractions may not add up to 100 % because values outside of the defined bins on the x axis are
possible.

coupled simulations without artificial tweaking the water bal-
ances, such that it effectively complements the existing body
of research. We note that temperature excess is not exclu-
sively driven by land–atmosphere coupling, and the findings
presented here merely stress the importance of considering
ELI in this context.

While the correlation between ELI and heat wave tempera-
tures is robust across models, we find substantial differences
between individual models in terms of the strength of this
link (e.g., Figs. 2, 6, S6, S7, and S10). This could be related
to a different representation of land–atmosphere interactions
in general, which could be due to, e.g., different soil moisture
layers and depths, as well as different underlying soil and
vegetation types. Additionally, models might use different
vegetation water stress functions, some of which are poorly
constrained by theory (De Kauwe et al., 2017; Martínez-de
la Torre et al., 2019; Ukkola et al., 2016a). Furthermore, not
all models include dynamic vegetation, irrigation, and land
use change (Table 1). Another reason might be that measure-
ments of soil moisture and terrestrial evaporation are scarce,
such that large-scale observational constraints for these key
quantities have been lacking and are only recently available
following the advent of machine-learning techniques to ef-
ficiently interpolate global gridded datasets from the avail-
able in situ measurements (Jung et al., 2019; O and Orth,
2021). Additionally, the vegetation’s response to soil mois-
ture drying is difficult to capture due to heterogeneous soil
and vegetation characteristics and limited observational con-
straints for rooting depths and soil moisture dynamics in re-
spective soil layers. Next to those processes, the effects of
ELI on temperature excess can be obscured by land use, cir-

culation change, and trends in incoming shortwave radiation
(Fig. S4). Although disentangling such effects would be in-
sightful, we consider a comprehensible analysis out of scope
for this study. At the same time, the findings in this study
are based on model-specific assumptions. Therefore, we ad-
vocate the need to reproduce the main findings in this study
(Fig. 1c, for example) with observation-based data to scruti-
nize the model-based findings in this study. However, despite
apparent differences in processes represented in the models,
we still find mostly significant positive correlations between
temperature excess and ELI in most models (Fig. S6).

Furthermore, despite the apparent difficulty that Earth sys-
tem models experience with representing soil moisture trends
and related trends in land–atmosphere processes (Berg et al.,
2017; Berg and Sheffield, 2018; Greve et al., 2019; Albergel
et al., 2013), widespread shifts towards water limitation are
robustly projected (Fig. 1) (Denissen et al., 2022; Teuling,
2018; Ukkola et al., 2018). In further highlighting the com-
plex nature of land–atmosphere interactions, we note that
ecosystem water limitation is not only affected by climate
but also by changes in vegetation physiology (e.g., stomatal
regulation) and structure (e.g., LAI) in response to increas-
ing CO2 (CO2 fertilization) (Donohue et al., 2013; Ukkola
et al., 2016b; Walker et al., 2021; Zhu et al., 2016), which
has also been shown to modulate heat extremes (Lemordant
and Gentine, 2019). In this way, changes in both CO2 and
climate jointly affect ELI which in turn influences heat wave
magnitudes. Given this situation, future research should fo-
cus on the link between ELI and heat wave intensities using
observation-based datasets, particularly as longer-term inter-
polations or reconstructions of key variables become avail-

https://doi.org/10.5194/esd-15-717-2024 Earth Syst. Dynam., 15, 717–734, 2024



728 J. M. C. Denissen et al.: Intensified future heat extremes linked with increasing ecosystem water limitation

able. This can help to corroborate model-based findings and
to constrain the variable relevance of ELI across models.

Finally, we focus on the intensity of the heat extremes
by considering temperature only rather than more impact-
relevant indices. Heat stress for humans is dependent not only
on temperature but also on wind speed and humidity (Buzan
and Huber, 2020; Matthews, 2018). Through reduced evap-
orative cooling and increased entrainment of dry air from
above the atmospheric boundary layer, the lethality of heat
extremes above dry soils can be reduced (Wouters et al.,
2022). In this study, we find an increasing temperature excess
alongside increasing EF in 14 % of the warm vegetated land
area (Fig. 2b), which suggests potentially higher heat stress
than reflected by temperature alone, as terrestrial evapora-
tion can increase humidity and related lethality. On the other
hand, combined hot and dry conditions can lead to increased
wildfires (O et al., 2020) and can be associated with severe
impacts on agriculture and infrastructure. From that perspec-
tive, our results on the correspondence between increased
ecosystem water limitation and amplified heat waves confirm
findings from Teuling (2018) which indicate that droughts in
Europe will become hotter under future warming. This is in
line with future projections, suggesting that concurrent hot
and dry extremes will continue to increase in future (Senevi-
ratne et al., 2021; Vogel et al., 2020).

5 Conclusion

In conclusion, we show the ability of the land surface to mod-
ulate the intensity of future heat extremes. We focus on novel
indices by focusing on ecosystem water limitation and the
temperature excess between warm-season mean and maxi-
mum temperatures. In this context, the ELI is used to rep-
resent the nonlinear relationship between soil moisture and
evaporative cooling, as it considers the effect of hydromete-
orological anomalies on ecosystem response. In this way, we
find a widespread increase in temperature excess in ∼ 75 %
of our study area. We identify several regions of interest
where temperature excess is increasing more rapidly than
the global mean. In large parts of these regions, these tem-
perature excess increases jointly occur with trends towards
ecosystem water limitation which lead to reduced evapora-
tive cooling. Thereby, the relevance of trends in ecosystem
water limitation for trends in temperature excess depends on
(i) the magnitude of the ELI trends, which is largest in ini-
tially energy-limited and transitional areas, and (ii) the initial
ELI regime, as (maximum) temperatures are more sensitive
to evaporative cooling in initially water-limited regions.

Finally, identifying regions where ELI trends and related
evaporative cooling are important for future heat extremes
can inform long-term adaptation strategies. Human activities
play a key role here, as we can implement agricultural prac-
tices and/or tillage, irrigation and land cover management,

afforestation, and city greening to mitigate the impact of heat
extremes (Schwaab et al., 2021; Sillmann et al., 2017).
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