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Abstract

Inner East Asia (IEA) is an important component of the global grassland ecosystem and has
experienced a more rapid increase in extreme surface air temperatures compared to the summer
mean in recent decades (2001-2020, relative to 1971-1990). This excess hot-extreme warming
(EHEW) is particularly pronounced in the southern IEA, where extremely hot temperatures have
increased twice as quickly as the summer mean warming, which itself already exceeds global-land
warming by more than threefold. A quantitative analysis based on a Lagrangian
temperature-anomaly equation along air-parcel backward trajectories initiated on hot days across
IEA reveals that the observed EHEW is primarily attributable to increased diabatic heating, which
predominantly occurs from 2 days before to the hot days. Meanwhile, changes in heat-prone
synoptic-scale circulation only exert a limited influence on the excess warming. Soil drying within
IEA appears to be a critical factor contributing to increased diabatic heating through soil
moisture—atmosphere coupling, as it limits evaporation and enhances sensitive heat flux, thereby
triggering positive soil moisture-temperature feedback. Our analysis underscores the significant
impact of local soil moisture deficits on the intensified extreme heat. Urgent implementation of
grassland and livestock management strategies, coupled with drought mitigation measures, is
essential for adaptation and ecosystem conservation.

1. Introduction

Inner East Asia (IEA), including Mongolia and its
surroundings (figure 1(b)), is a crucial part of the
global grassland ecosystem and exerts vital influ-
ences on East Asian and global carbon cycles (Gang
et al 2014). It has supported pastoralists for thou-
sands of years and currently sustains approximately
70 million livestock, providing livelihoods for 29%
of Mongolia's working-age population, contributing
about 15% of the national GDP (Nandintsetseg et al
2021). However, these grassland ecosystems are fra-
gile and particularly vulnerable to climate change and
human activities due to their presence in arid and
semi-arid climate regions (Na ef al 2021, Zhao et al
2021). Since the early 2000s, IEA has experienced

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

dramatic warming in the boreal summer, poten-
tially reaching a tipping point and implying irre-
versible regional climate change (Dong et al 2016,
Zhang et al 2020b, Cai et al 2024). Along with this
rapid warming, extremely high temperatures have
remarkably increased, often occurring concurrently
with extreme dryness (Zhang et al 2020b, Seo and Ha
2022). This combination can have severe and complex
impacts on biological systems, particularly affecting
grasslands including decreased biomass, plant mor-
tality, and potential shifts in ecosystems from car-
bon sinks to carbon sources (Easterling et al 2000,
Chen et al 2023, Zhang et al 2024a). In fact, these cli-
mate changes, compounded by the effect of overgraz-
ing, have led to widespread degradation of grasslands,
environmental deterioration, and desert expansion
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on IEA, threatening long-term livestock production
and food security (Bouwman et al 2005, Hilker
et al 2014, Zhang et al 2020c, Nandintsetseg et al
2021). Therefore, understanding the physical pro-
cesses behind the abrupt increase in the extremely hot
temperatures in this century is critical to mitigating
ecological and social risks.

IEA summer warming could shift the daily air
temperature distribution toward higher values, res-
ulting in increased hot-extreme temperatures (Donat
and Alexander 2012, Lewis and King 2017). This
summer's warming is driven by both external for-
cing and internal climate variability. Specifically,
increased anthropogenic greenhouse gas emissions
and decreased anthropogenic aerosols explain more
than half of the observed rapid warming (Dong et al
2016, Zhou et al 2020, Hua et al 2021, Zhang et al
2024b). Additionally, both observations and model
simulations have demonstrated that the changes in
the phase of two interdecadal sea surface temperature
variabilities, the interdecadal pacific variability (IPV)
and the Atlantic multidecadal variability (AMV),
have decisively influenced the recent warming (Cai
et al 2019, 2024, Zhang et al 2024b). These changes
trigger or contribute to atmospheric Rossby wave
trains across the northern mid-latitudes, thereby con-
tributing to an anticyclonic circulation anomaly over
IEA, which could intensify surface warming through
adiabatic heating and increased surface solar radi-
ation (Hong et al 2017, Piao et al 2017, Zhang et al
2020a, Sun et al 2022).

Furthermore, over the past two decades, hot
extremes over IEA have exhibited excess warming
rates compared to the summer mean temperatures
(figure 1(d)), thereby exacerbating the ecosystem
vulnerability to abrupt warming. This excess hot-
extreme warming (EHEW) suggests alterations in the
shape of the temperature distribution and under-
scores the physical mechanisms for the intensified
extreme warming. Three physical processes have been
identified as contributing to the hot extremes: tem-
perature advection, adiabatic compression, and dia-
batic heating (Rothlisberger and Papritz 2023). The
dynamic or thermodynamic drivers that enhance
these physical processes can create conditions that
amplify hot extremes. For instance, changes in atmo-
spheric circulation that result in prolonged and
intensified heat-prone weather regimes can exacer-
bate extreme warming (Mann et al 2017, Kornhuber
et al 2019, Teng and Branstator 2019). Differential
heating rates across latitudes may lead to nonlin-
ear changes in temperature advection under vari-
ous weather regimes, facilitating the transport of hot
air in heat-prone circulation conditions and ampli-
fying extreme warming (Tamarin-Brodsky et al 2022,
Patterson 2023). Moreover, soil moisture conditions
can exert a nonlinear control over energy partition-
ing between latent and sensible heats, thereby mitigat-
ing or amplifying extreme temperatures (Seneviratne
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et al 2006, 2010, Perkins et al 2015, Qiao et al 2023,
Cai et al 2024, Zuo et al 2024). In wet energy-limited
conditions where soil moisture allows for unrestric-
ted evaporation, soil moisture depletion coincides
with enhanced latent heat, which effectively restrains
the increases in sensible heat flux and air temperat-
ure. Conversely, under water-limited conditions with
drying soils, reduced soil moisture restricts evap-
oration and decreases latent heat, which in turn
increases sensible heat and amplifies air temperatures
(Pendergrass et al 2020, their figure 3). Therefore,
soil moisture exerts opposing effects on air tem-
peratures in these two regimes. Recent studies have
highlighted significant drying and increased con-
current heatwave-drought events over IEA, poten-
tially shifting toward water-limited conditions dur-
ing hot extremes and intensifying hot-extreme warm-
ing (Zhang et al 2020b, Seo and Ha 2022). Using a
soil moisture—temperature coupling strength index,
Zhang et al (2020b, their figure 5) shows that posit-
ive soil moisture-temperature feedback existed over
IEA, which had significantly intensified in recent dec-
ades. However, the relative importance of these phys-
ical processes in the EHEW over IEA, as well as their
related drivers, remains incompletely understood.

In this article, we define the EHEW as the differ-
ence between the warming rates of daily maximum
surface air temperature in hot days (TX90p) and
summer-mean daily maximum surface air temper-
ature (Tmax) from 1971 to 1990 (P1) to 2001-2020
(P2). To build a process-based understanding of this
EHEW, we compute the 12 d air-parcel backward tra-
jectories initiated on hot days across all IEA grids,
and classify them up to six trajectories to reveal the
potential contributions of the changes in heat-prone
weather regimes to the EHEW. We then quantify the
contributions of horizontal temperature advection,
adiabatic warming, and diabatic heating to the EHEW
using a Lagrangian temperature-anomaly equation
along trajectories, further investigating the role of soil
moisture deficiency over IEA and the surrounding
regions.

2. Data and methods

2.1. Data

The 12 d backward trajectories are estimated using
the horizontal winds and vertical velocity at model
levels from the ERA5 data at a 3-hourly temporal res-
olution and a horizontal resolution of 0.5° x 0.5°
(Hersbach et al 2020). Additionally, 3-hourly tem-
peratures on 137 model levels and radiation fluxes,
as well as latent and sensible heat fluxes at the sur-
face, are analyzed to investigate the physical processes
along these trajectories. Daily Tmax, soil moisture,
horizontal winds, and geopotential height at pressure
levels are also derived from ERA5 for a comprehensive
analysis.
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Figure 1. (a) Time series of summer (June-July-August) mean daily maximum surface air temperature (Tmax; °C) anomalies
relative to the climatology of 1950-2020 over inner East Asia (IEA; red solid line) and global land (blue solid line). The dashed red
and blue lines are the climatology of summer Tmax during 1971-1990 (P1) and 2001-2020 (P2) over IEA and global land,
respectively. The gray shading highlights the two periods. Spatial patterns of the differences in (b) summer Tmax and (c) daily
maximum surface air temperature in hot days (TX90p) between 2001-2020 and 1971-1990, and (d) their differences (excess
hot-extreme warming). Black dots indicate the values that are statistically significant at the 0.05 level according to the student’s
t-test. The black rectangle in (b) represent IEA (45° —55° N, 90° —125° E).

2.2. Methods

Our analysis area IEA is referred to the region within
45° —55° N, 90° —125° E (figure 1(b)). It has been
identified as a region where warming in this cen-
tury may be beyond the tipping point (Zhang et al
2020b). Hot days are defined as the days when the
daily Tmax exceeds the relative threshold, which is
calculated as the daily 90th percentile of Tmax based
on 15 d samples centered on each calendar day for
the two distinct periods of 1971-1990 and 2001-2020,
respectively. The temperature in hot days is named as
TX90p (Fischer and Schaer 2010, Donat et al 2013).
Summer is defined as June, July, and August.

To quantify the contributions of horizontal tem-
perature advection, adiabatic warming, and dia-
batic heating to the near-surface extreme heat on
hot days, we employ the Lagrangian temperature-
anomaly equation along 12 days of backward tra-
jectories, which is derived from the thermodynamic
energy equation (Rothlisberger and Papritz 2023).
These trajectories, estimated using LAGRANTO 2
(Sprenger and Wernli 2015), start from 10, 30, and
50 hPa above ground level at 09:00 UTC (the time of
daily Tmax) during each hot day at all grid points over

IEA, recorded at a 3-hourly temporal resolution. This
approach results in a substantial dataset of approxim-
ately 1.3 million trajectories.

ty th ty —
’ _ oT = kT 0T
T (x,th)——/EdT—/VthdT-‘r/ {?—a—p}
lg Ig lg
£

h
p\"Do
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For each hot day within the two periods, T is the
TX90p anomaly, which is the deviation of the model-
level temperature T from the climatological T. Here,
T is computed separately for both periods by aver-
aging over all calendar time steps on 15 day samples
centered on that hot day. x denotes the position vec-
tor in three-dimensional geographical coordinates, v
horizontal wind, w vertical velocity, ¢ time, p pres-
sure, 6 potential temperature, V}, horizontal gradient,
k dry adiabatic constant (0.286), and py = 1000 hPa.
[ ttg" dr is integrated along the backward trajectory
from the last time when the temperature anomaly
along the trajectory is zero (t;) to the hot day (1),

3



10P Publishing

Environ. Res. Lett. 20 (2025) 014022

reflecting the processes shaping T’ (Réthlisberger and
Papritz 2023, their extended data figure 7(a)). The
terms on the right-hand side of equation (1) are
referred to as seasonality T’, advective T’, adiabatic T’
and diabatic T’. Seasonality T’ arises from changes in
the temperature climatology, including the daily cycle
and seasonality, and is typically small. Advective T’
results from the horizontal advection of the air parcel
across climatological temperature gradients between
to and t;,. Adiabatic T’ creates temperature anomalies
through adiabatic heating, and may be counteracted
by vertical advection of climatological temperature
subsidence. Diabatic T arises from diabatic processes
along the trajectory, including surface sensible heat
flux and latent heat flux. Similarly, equation (1) can
be integrated between arbitrary time steps to quantify
the contribution of these processes to the evolution
of temperature anomalies. Based on equation (1), the
contributions of the physical processes leading to the
change in TX90p anomalies can be quantified as fol-
lows:

5T =T =T )

where overbar denotes the average over 1971-1990
and 2001-2020, respectively. J represents the change
from 1971-1990 to 2001-2020. We will demonstrate
that the change in TX90p anomalies is nearly identical
to the EHEW.

To clearly illustrate the extensive trajectories and
the evolution of temperature anomalies, we apply a
curve clustering algorithm developed by Gaftney et al
(2007). The algorithm considers the geographic loca-
tions and pressure levels along the trajectories, utiliz-
ing a finite mixture model where the data distribution
is a convex linear combination of component density
functions. The clustering process involves training a
4th order polynomial regression model for each tra-
jectory, characterized by different shape parameters.
Each trajectory is then assigned to a mixture compon-
ent (or cluster) with the highest probability of gener-
ating it, based on the learned model parameters. This
method has been widely employed in grouping tracks
of tropical cyclones, atmospheric rivers, and mois-
ture channels (Mei and Xie 2016, Cheng et al 2021,
Huang et al 2022, Li et al 2023). The Matlab code for
this algorithm is publicly available at www.datalab.
uci.edu/software/CCT/.

After clustering the trajectories, the change in
TX90p anomalies from 1971-1990 to 2001-2020 can
be expressed as follows (Horton et al 2015):

K K
o1 =30 (T7i) = S {0177 + 7 +of
=1

=1

+0T] o1 | (3)

in which K represents the total number of clustered
trajectory and f; denotes the frequency of clustered

4
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trajectory L K is set to be 6 based on the small
and fluctuating gradients of the trained log-likelihood
(figure S1(b)), which effectively characterizes the tra-
jectory types and their links to large-scale circula-
tions. Thus, the change in TX90p anomalies can be
decomposed into the terms on the right-hand side of
equation (3). Specifically, it arises from the changes in
TX90p anomalies for each clustered trajectory, which
may be driven by the changes in the temperature evol-
ution of air parcels along trajectories, the changes in
the frequency of clustered trajectories associated with
variations in heat-prone weather regimes and the
interaction between these changes. A similar method
can be applied to other variables to quantify the relat-
ive impact of evaporative fraction (EF) and total sur-
face heat flux on the changes in sensible heat flux:

ppm % _ & (4)
Qe+Qh Qs
5Qp = 8Q, * (1 —ﬁ”) + 0. % (1 - 8EF)
+5Qs(1_6EF) (5)

where EF is the EF and the total surface heat flux Q;
is the sum of latent heat flux Q, and sensible heat flux

Q.
3. Result

3.1. Excess warming of extremely hot temperature
compared to the summer mean in recent decades
The summer mean Tmax anomalies averaged over
IEA exhibit an abrupt warming in recent decades,
featuring a remarkable warming during 2001-2020
compared to 1971-1990 (figure 1(a); 1.6 °C), with
the most pronounced increase in southern IEA
(figure 1(b)). This abrupt warming in IEA is not-
ably larger than that in the surrounding regions,
being twice the global land average (figure 1(a)),
and more than three times the global land aver-
age in southern IEA (figure 1(b)). Moreover, TX90p
has warmed more rapidly than the summer mean
Tmax, with an excess warming of about 0.5 °C over
IEA (figure 1(d)). In southern IEA, the warming of
TX90p is nearly twice that of summer mean Tmax
(figure 1(d)). Consequently, IEA emerges as a hot-
spot, experiencing faster warming of TX90p than the
summer mean Tmax (the EHEW) during 2001-2020
relative to 1971-1990, and aligning with the finding
from previous studies (Wang et al 2022).

3.2. Limited impacts of the changes in corridor

frequency on the EHEW during recent decades

As revealed in figure Sl(a), the change in TX90p
anomalies defined in equation (1) is nearly identical
to the EHEW (figure 1(d)). To understand the phys-
ical processes driving the evolution of temperature in
generating TX90p anomalies over IEA, we estimate
12 d backward trajectories for the air parcels originat-
ing near the surface during hot days in 1971-1990 and
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Figure 2. (a) Cluster mean regression curves of the 12 d backward trajectories initiated at near-surface levels on hot days during
1971-1990 and 2001-2020, shaded by the cluster mean pressure (hPa). Marks along curves indicate positions at days —3, —6, and
—9. The black numbers in brackets are the corridor frequencies during 1971-1990 and 2001-2020. The red (blue) numbers
indicate that the composite TX90p anomalies for the corridors are warmer (colder) than those for all hot days. (b) Temporal
evolution of pressure along each corridor. The x-axis represents the time (day) from the hot days.

2001-2020. The influence of physical processes on
the temperature evolution along these trajectories is
assessed using the Lagrangian temperature-anomaly
equation (equation (1)).

Six clustered trajectories are selected and named:
northwest horizontal, northwest vertical, west hori-
zontal, west vertical, southeast, and east corridors
(figure 2(a)). Air parcels descending along these cor-
ridors approach IEA and lead to TX90p (figures 2(b)
and S9). Relative to 1971-1990, the frequency of the
east corridor has increased remarkably during 2001-
2020, with a slight increase in both horizontal cor-
ridors (black bars in figure 3(b)).

To reveal how circulation changes may lead to
these frequency changes, we identify the critical pat-
terns that favor each corridor through a composite
analysis of time-evolving circulation based on selec-
ted days. These days are chosen when both the daily
number and percentage of trajectories in the corridor
exceed the 90th percentile of all days with at least
one grid experiencing a hot day during 1971-1990
and 2001-2020 (more than 28 d for each corridor).
In general, the critical patterns for different corridors
associated with the hot-extreme temperatures over
IEA are characterized by synoptic-scale waves, with a
significant local anticyclone anomaly or ridge when
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Figure 3. (a) Spatial patterns of differences in horizontal wind (m s~!, vectors) at 850 hPa and geopotential height (gpm,
shading) at 500 hPa in summer between 2001-2020 and 1971-1990. Black dots mark the values exceeding the 0.05 significance
level for changes in height. (b) Changes in TX90p anomalies (red) and frequency (black) of each corridor. (c) Changes in TX90p
anomalies (nearly identical to the EHEW), along with contributions from changes in corridor frequency, shifts in corridor TX90p
anomalies, and their interactions. (d) TX90p anomalies, its components induced by advective process, adiabatic heating, and
diabatic heating during 1971-1990 (lighter color bars) and 2001-2020 (darker color bars), as well as (e) their differences. Hatched
bar is diabatic heating along trajectories averaged from day —2 to day 0. Colored bars and gray bars in (e) represent the results
without and with the impacts of change in the corridor frequencies, respectively.
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hot-extreme occurs (t = 0). However, these waves
exhibit varying amplitudes, propagation trajectories,
wave numbers, and phase speeds (figures S2-S7).

The vertical and horizontal corridors associated
with a similar wave train propagates towards IEA
(figures S2 vs. S3 and S4 vs. S5). Among these,
the horizontal corridors are linked to more intense
wave trains, characterized by prolonged and strongly
eastward-propagating ridges over IEA, where diabatic
heating plays a more important role in warming the
parcels (figures S8(a) vs. S8(b) and S8(c) vs. S8(d)).
These prolonged and strong ridges benefit the hori-
zontal corridors by persistently heating the low-level
air, thereby shaping TX90p with weaker adiabatic
heating.

In the east corridor, air parcels descend along the
westerlies on the south side of a strong and persist-
ent anticyclone anomaly over northeast Asia, primar-
ily heated by diabatic processes (figures S7 and S8(f)).
These westerlies, shaped by the strong anticyclone
and the anomalous low pressure southeast of the anti-
cyclone, may be part of a persistent wavenumber-4
pattern.

The increased frequencies for horizontal and east-
ern corridors from 1971-1990 to 2001-2020 may be
linked to summer circulation changes over Eurasia,
characterized by an atmospheric wave train featur-
ing an anticyclonic anomaly over IEA, potentially
strengthening and prolonging the synoptic-scale anti-
cyclonic pattern in situ (figure 3(a)). These circula-
tion changes could be induced by the phase changes
in both the IPV and the AMV over recent decades,
as evidenced by both observational data and model
simulations (Piao et al 2017, Zhang et al 2020a, Sun
et al 2022, Cai et al 2024, Zhang et al 2024b). Land—
atmosphere coupling can further intensify the anti-
cyclonic anomaly over IEA by warming the land sur-
face through increased shortwave radiation related to
reduced cloud cover (Zhang et al 2020b). This warm-
ing subsequently heats the overlying atmosphere due
to increased upward long-wave radiation and sens-
ible heat flux, thereby reinforcing the anticyclone.
Moreover, Yang et al (2024) noted a phase-locking
behavior of an amplified wavenumber-4 pattern with
an anomalous ridge over IEA since the mid-1990s,
which has also contributed to the increased frequency
of the east corridor.

By linearizing equation (3), we quantify how
the increase in TX90p anomalies for each corridor
(red bars in figure 3(b)) and the changes in cor-
ridor frequencies affect the EHEW from 1971-1990 to
2001-2020. The results demonstrate that the EHEW
is primarily induced by the consistent increase in
TX90p anomalies in the recent decades (red bar in
figure 3(c)). The changes in the corridor frequency,
associated with the change in heat-prone weather
regimes over Eurasia, exert only a limited influence
on the EHEW (figure 3(c)).
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3.3. Impacts of soil drying on the EHEW in recent
decades
To better comprehend the possible mechanisms for
the EHEW, we use equations (1) and (2) to quant-
itatively estimate the related physical processes. For
both 1971-1990 and 2001-2020, TX90p anomalies
are induced by both adiabatic heating and diabatic
heating, while the advective process has a weak cool-
ing effect (figure 3(d)). However, the EHEW from
1971-1990 to 2001-2020 is predominantly driven by
enhanced diabatic heating (figure 3(e)), while the
changes in synoptic-scale circulation regimes appear
to have a limited influence (color vs. gray bars in
figure 3(e)). Notably, approximately 88.6% of the
enhanced diabatic heating occurs from day —2 to day
0 (hatched bar in figure 3(e)), with the vast majority
of air partials already situated within IEA at day —2
(figure S9(a)), suggesting that the enhanced diabatic
heating is dominated by localized processes over IEA.
We further propose a potential driver for this loc-
ally enhanced diabatic heating from 1971-1990 to
2001-2020. IEA has experienced a significant reduc-
tion in the summer soil moisture (figure 4(a)), con-
sistent with the findings of Zhang et al (2020b)
from both observations and reanalysis datasets (their
figure 2). This summer soil drying leads to hot days
under drier conditions, especially in southern IEA
(figure 4(b)). As discussed in section 1 and revealed
by the reduced EF along trajectories from day —2 to
day 0 in recent decades (figure 4(c)), this drier con-
dition could shift soil moisture-temperature interac-
tion into a water-limited regime. This result is fur-
ther supported by the positive (negative) relation-
ship between soil moisture and latent heat flux over
IEA on dry (wet) days (figure S9), with dry days
defined as the days with soil moisture below —2
standard deviations and wet days above 2 stand-
ard deviations. The drier conditions on hot days
may benefit the soil moisture—temperature feedback
under water-limited conditions, where limited soil
moisture reduces latent heat flux and enhances sens-
ible heat flux by altering surface energy partition-
ing, leading to EHEW. According to the linearized
equation (5), about 71.2% of the increased sensible
heat fluxes averaged within 2 days before the hot days
are contributed by the reduced EF, with a much smal-
ler contribution from the increased net surface radi-
ation flux (29.2%, figure 4(d)). Moreover, soil mois-
ture depletion can reduce cloud cover, allowing the
land surface to receive more solar shortwave radi-
ation, thus increasing sensible heat flux. Furthermore,
the changes in soil moisture during hot days closely
align with the spatial patterns of the EHEW across
IEA and its surroundings (figures 1(d) and 4(b)),
with a significant spatial correlation coefficient of
—0.66, underscoring the critical role of soil drying
and reduced EF in driving the EHEW during recent
decades.
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(a) Soil Moisture (P2 — P1)
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(b) Soil Moisture on Hot Days (P2 - P1)
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Figure 4. (a) Spatial patterns of differences in summer soil moisture (m> m=) between 2001-2020 and 1971-1990. (b) Changes in
soil moisture during hot days between 2001-2020 and 1971-1990. (c) Temporal evolution of shifts in evaporative fraction along
trajectories. The solid and dashed lines represent the results without and with the impacts of changes in corridor frequencies,
respectively. (d) Changes in sensible heat flux along trajectories averaged from day —2 to day 0, with contributions from shifts in
total surface heat flux (107> W m~2), changes in evaporative fraction, and their interactions. Colored bars represent results
without the impact of corridor frequency changes, while the gray bars include this impact.

4. Summary and discussion

Relative to 1971-1990, IEA has experienced a remark-
able excess warming of TX90p compared to the sum-
mer mean Tmax during 2001-2020. This EHEW
is more pronounced over southern IEA and is 2
times the summer Tmax change, making ecosystems
more vulnerable to climate change and human activ-
ities. Utilizing a Lagrangian temperature-anomaly
equation along an air-parcel trajectory, we find that
the EHEW is predominantly due to increased diabatic
heating, most of which occurs within 2 days before the
hot days and is likely to be related to enhanced sens-
ible heat flux. About 71.2% of the increased sensible
heat flux is induced by the changes in surface energy
partitioning along trajectories from 1971-1990 to
2001-2020, which could be driven by soil drying over
IEA. Additionally, curve clustering results show that
the changes in the frequency of clustered trajector-
ies have a limited impact on the EHEW, indicating
a small contribution from the changes in synoptic-
scale circulation regimes. Similar results in this paper
can be mainly achieved with 10 d or 14 d backward
trajectories.

Our quantitative results emphasize the critical
role of soil drying in leading to EHEW over IEA.

Soil drying may arise from anticyclonic circula-
tion changes over IEA, which may reduce pre-
cipitation and enhance the positive soil moisture—
temperature feedback (Piao et al 2017, Zhang et al
2020b). These circulation changes may be induced
by the phase shifts in the AMV and the IPV
(Cai et al 2024). In addition to natural drivers,
increased anthropogenic greenhouse gas emissions
and decreased anthropogenic aerosols over North
America and Europe since the mid-1970s have been
reported as the main drivers of warming over IEA
(Sprenger and Wernli 2015, Dong et al 2016, Zhou
et al 2020, Hua et al 2021, Zhang et al 2024b), which
could trigger positive soil moisture-temperature
feedback. As temperatures rise, the atmospheric
vapor pressure deficit increases, leading to soil dry-
ing and further enhancing the initial temperature
increase (Seneviratne et al 2010, Seo and Ha 2022).
Moreover, overgrazing could exacerbate soil dry-
ing by contributing to widespread grassland decline
(Nandintsetseg et al 2021, Zhang et al 2024a, Cai et al
2024).

The contributions of various drivers of this
drying require further quantitative investigations,
including the roles of natural internal variab-
ility, human-induced greenhouse gases, aerosol
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emissions, water withdrawals, and overgrazing.
Additionally, accurately simulating soil drying and
related land-atmosphere feedback is crucial for future
projections of extreme heat changes and could help
constrain hot-extreme projections in climate mod-
els. In the future, the EHEW may be amplified as
global warming could continue to dry soils and
shift land-atmosphere interactions into water-limited
conditions (Qiao et al 2023). Policymakers should
take action to sustain soil moisture, such as main-
taining ecosystem stability and controlling livestock
numbers, to mitigate the risk of severe heatwaves,
droughts, serious economic losses, and threats to
food security.
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