
ARTICLE OPEN

Changes in land-atmosphere coupling increase compound
drought and heatwaves over northern East Asia
Ye-Won Seo 1,2 and Kyung-Ja Ha 1,3✉

Compound drought and heatwaves (DHW) events have much attention due to their notable impacts on socio-ecological systems.
However, studies on the mechanisms of DHW related to land-atmosphere interaction are not still fully understood in regional
aspects. Here, we investigate drastic increases in DHW from 1980 to 2019 over northern East Asia, one of the strong land-
atmosphere interaction regions. Heatwaves occurring in severely dry conditions have increased after the late 1990s, suggesting that
the heatwaves in northern East Asia are highly likely to be compound heatwaves closely related to drought. Moreover, the soil
moisture–temperature coupling strength increased in regions with strong increases in DHW through phase transitions of both
temperature and heat anomalies that determine the coupling strength. As the soil moisture decreases, the probability density of
low evapotranspiration increases through evaporative heat absorption. This leads to increase evaporative stress and eventually
amplify DHW since the late 1990s. In particular, seasonal changes in soil moisture and evapotranspiration between spring and
summer contributed to the amplification of DHW by enhancing land-atmosphere interaction.
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INTRODUCTION
Compound extreme events have been steadily increasing over
recent decades, leading to significant environmental and social
impacts1–5. For instance, the 2012 drought in the central U.S.,
accompanied by high-temperature anomalies, cost at least $30
billion in large agricultural damage6. The heatwaves have been
delivering havoc across Europe in 2022, causing droughts,
wildfires, and deaths. These compound extreme events could
contribute to the onset of wildfires as well as the onset of rapidly
developing droughts, and their frequency is expected to increase7.
Moreover, compound temperature and precipitation extreme
events have decisive effects on the probability of increased crop
losses8. Extreme temperature and precipitation events such as
heatwaves and droughts have been widely investigated world-
wide9–11. Therefore, understanding and investigating compound
heat and precipitation extreme events is critical to mitigating
significant social and economic risks.
Regional differences in temperature and hydrological variables,

including precipitation, result in disparate spatial patterns for
compound extreme heat events12,13. Compound droughts and
heatwaves (DHW) develop according to the modulation of the
variety of land surface fluxes affected by surface dryness, climate
patterns, and anthropogenic forcing14,15. Relevant large-scale
effects of external forcing on extreme heat events include net
increases in temperature induced by changes in the enhanced
moisture content of the atmosphere, radiation, and circulation
patterns. Additional feedback processes related to land-
atmosphere interactions associated with soil moisture or snow
can modulate global changes in extreme heat events10,16–20.
Previous studies have shown that dry soil moisture conditions can
significantly affect the severity of heatwaves and droughts by
coupling the soil moisture and the atmosphere19,21. Soil
moisture–temperature coupling could account for heatwaves in
summer climates. Modeling experiments have focused on
identifying strong coupling regions and determining how climate

change affects these regions16,22. Changes in the balance of soil
moisture are increasingly being discussed in the recent climate
change studies because of the important role of soil moisture in
the land–atmosphere system.
Numerous studies have focused on the role of the interaction

between land and atmosphere to examine the simultaneous
occurrence of heatwaves and droughts17,21,23. Land surface states
can contribute to extreme temperature events such as heatwaves, in
particular, the number of heatwave days, through the surface energy
balance coincident with soil moisture deficits16,24,25. For instance, Li
et al.26 highlighted the role of soil moisture–atmospheric feedback in
future climate change, leading to increased temperature amplitude
and interannual variability. In addition, previous studies using
simulations of the Global Land-Atmosphere Coupling Experiment-
Coupled Model Intercomparison Project Phase 5 revealed that drying
trends in soil moisture tend to intensify high-temperature extremes
and dryness27,28.
Soil moisture is a major variable of the land climate system

because it can alter the transmission and distribution of water and
energy on the land surface by changing the surface evapotran-
spiration, albedo, and soil thermal capacity. Previous studies have
shown that land-atmospheric feedback processes induced by soil
moisture anomalies participate in intensively controlling near-
surface heat and dryness via high-pressure structures in the mid-
troposphere19,20,25. Soil moisture continues to decrease in dry
regions, and the temperature increases sharply, with a strong
negative correlation. According to previous studies, arid and semi-
arid regions will be more severely stressed by climate change12.
Moreover, soil moisture/temperature interactions enhance tem-
perature variability in summer, causing extreme temperature
events as the soil moisture is dry16–20. Some studies have shown
that dry soil with continuous anticyclonic circulation enhances soil
moisture–temperature feedback, thereby increasing the surface
temperature29–31. Recently, Zhang et al.10 showed that the sudden
increase in dry and hot extremes over inner East Asia has been
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associated with persistent soil moisture deficiency over the last
two decades.
Increased land-atmosphere coupling is associated with persistent

soil moisture deprivation, which exacerbates surface warming and
anticyclonic circulation anomalies. Moreover, it strengthens the
heatwaves that affect soil deficiency. Thus, land–atmosphere
interactions could lead to large-scale heatwave events, suggesting
that extreme temperature events intensify. Therefore, a better
understanding of the relationship between soil moisture and
temperature can help reduce the uncertainty in extreme heat
projections. However, these studies have primarily been limited to
Europe, with a gradually expanding scope of regional research. In
particular, there are relatively few studies on the relationship
between the soil moisture and temperature over East Asia, and how
they affect changes in land–atmosphere interactions over East Asia
has not been well discussed. At present, there are abrupt changes
in compound extreme events related to severe heat during boreal
summer over East Asia. This region was often severely affected by
heatwaves and droughts and was been concentrated as a hotspot
in DHW3,4. Some studies have attempted to suggest possible causes

from the connection with large-scale atmosphere circulation2.
Some studies have explored the land–atmosphere interaction;
however, their understanding has not been fully elucidated.
Accordingly, this study aimed to identify the significant changes
in compound heat events over East Asia using reanalysis datasets.
In addition, this study explores the soil moisture–temperature
coupling associated with heatwave events, and the relationship
with evapotranspiration related to changes in soil moisture
affecting compound heat events over East Asia.

RESULTS
Abrupt changes in compound droughts and heatwaves
Recent changes in land–atmosphere coupling can be quantified
using soil moisture–temperature coupling diagnostics32. This
metric quantifies the relationship between near-surface tempera-
ture anomalies and soil moisture deficiency in the surface energy
balance. In the past two decades, the soil moisture–temperature
coupling strength has strengthened significantly over East Asia
(Fig. 1c, d). The most robust changes occurred where there was a

Fig. 1 Linear trends of DHW and CS, and time series of DHW based on dryness category. Climatology of (a) dry heatwave (DHW) during
warm season (MJJASO) (days year−1) and (c) soil moisture-temperature coupling strength index (CS) during summer (JJA) for the period
1980–2019 and (b), (d) their linear trends. The dots in (b) and (d) denote the 90% confidence level using the P value. Time series of (e)
heatwave days based on dryness category and (f) its percentiles during the period 1980–2019 over Eats Asia [105–130°E, 45–55°N]. The
dryness categories are distinguished based on scPDSI; severely dry (scPDSI < -3), dry (−3 < scPDSI < –0.5), normal (−0.5 <scPDSI <0.5), wet
(0.5 <scPDSI <3), and severely wet (scPDSI >3).
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significant increase in DHW, including in northeastern Mongolia
(Fig. 1a, b). Hereafter, we focus on the specific regions (blue box in
Fig. 1b, d) where heatwaves and soil moisture–temperature
coupling strengthened for the period from 1980 to 2019 (Fig. 1b,
d) (See “Methods”). The total number of heatwave days under
various dryness conditions (severely dry, dry, normal, wet, and
severely wet) indicates that heatwaves occur more frequently in
dry conditions than in wet conditions over northern East Asia (Fig.
1e, f). These characteristics reflect the geographic nature of the
region near the Gobi Desert. Heatwaves under dry conditions occur
frequently, and severely dry conditions have intensified since the
late 1990s. Following the change point detection (See “Methods”),
we investigated the differences in land–atmosphere interactions
during two periods based on the detected change point, 1999
(Supplementary Fig. 1). Hereafter, the two periods are named the
BEF1999 (1980–1998) and AFT1999 (1999–2019). The heatwaves in
dry and severely dry conditions in the AFT1999 period have
occurred about 1.2 and 5.3 times more than in the BEF1999 period,
respectively (Fig. 1e). This implies that recent heatwaves in
northern East Asia are more likely to take the form of the DHW,
which is closely related to drought. We obtained results similar to
Fig. 1 by conducting the same analysis using ERA-Interim datasets
(Supplementary Fig. 2). These results are consistent with previous
studies based on a tree-ring-based reconstruction of heatwaves10.
They suggested that the intensified land–atmosphere interaction
related to persistent soil moisture deficiency enhances surface
warming and an anomalous high system, and it plays an important
role in amplifying heatwaves that exacerbate soil drying.

Changes in the relationship between evapotranspiration and
soil moisture
To understand the detailed soil moisture–temperature coupling
processes between the two periods, a composite analysis of
temperature and energy anomalies was performed (Fig. 2). The
figure shows the temperature anomaly (T 0) and the heat anomaly
(H0 � H0

p), which determine the soil moisture–temperature cou-
pling strength over two periods. Although the spatial distributions
of the heat and temperature anomalies were somewhat different,
their phases were identical during the two periods. Temperature
and heat anomalies exhibited negative values during BEF1999
period but changed to positive values during AFT1999 period (Fig.
2c, d). The phase changes in temperature and heat anomalies
affected the enhanced land–atmosphere interaction. In particular,
the correlation coefficient between the heat anomaly and
coupling strength changed from 0.12 in the BEF1999 period to
0.85 in the AFT1999 period (Fig. 2g). This result indicates that the
evaporative stress of AFT1999 period increased because of the
increased soil moisture deficiency32. The correlation between the
temperature anomaly and coupling strength index changed from
−0.32 in the BEF1999 period to 0.65 in the AFT1999 period (Fig.
2g). The heat and temperature anomalies show opposite
correlations during BEF1999 period and act in the direction of
decreasing coupling strength; however, since the late 1990s, both
anomalies have strengthened their connection with coupling
strength. Therefore, the phase transitions of the heat and
temperature anomalies amplified the DHW by increasing the soil
moisture–temperature coupling strength.
According to Dirmeyer et al.33, the correlation between soil

moisture and evapotranspiration can be used to represent the
land–atmosphere coupling state. The energy supply induced by
abnormal atmospheric conditions changes evapotranspiration,
which reduces soil moisture. In dry regions, soil moisture can
change evapotranspiration through evaporative heat absorption,
and weakened evapotranspiration increases temperature34. To
examine the relationship between soil moisture, evapotranspira-
tion, and soil moisture–temperature coupling strength, their
probability density functions in summer (JJA) during the two

periods were analyzed (Fig. 3). Under dry soil moisture conditions
and low evapotranspiration, land–atmosphere coupling was
insensitive to the amount of soil moisture during both periods
(Fig. 3a, b, d, e). Moreover, the probability density was relatively
high for wet soils, however, the coupling strength was rather low
(Fig. 3b, e). During AFT1999 period, the coupling strength
associated with soil moisture and evapotranspiration increased
slightly, however, the shape of the probability density was not
significantly changed (Fig. 3d, e). On the other hand, changes in
the probability density of soil moisture and evapotranspiration
were evident (Fig. 3f). Since the late 1990s, an evapotranspiration
density of less than 3 mm day–1 has increased as soil moisture has
decreased. This indicates that evapotranspiration in this region is
strongly controlled by soil moisture. Thus, the region has changed
from an energy-limited evapotranspiration regime to a soil
moisture-limited regime35. This relationship is closely linked to
the sensible heat flux, which induces an increase in surface
temperature. In addition, the increased temperature leads to soil
moisture deficiency and additional evapotranspiration demand,
and it works as positive feedback in dry regions. This corresponds
to the previous studies that suggested that the low soil moisture
plays a role in intensifying heatwaves and affects the predictability
of interannual variation in precipitation over Mongolia36,37.
Dry persistent soil conditions enhance surface sensible heat fluxes

and limit evapotranspiration, leading to increased surface tempera-
ture38. Although many studies have reported heatwave amplifica-
tion through a feedback loop between soil moisture deficiency and
summer temperature28,39, the soil moisture–temperature couplings
are strong in spring as well as in summer over northern East Asia40

(Supplementary Fig. 3). Therefore, this study aimed to reveal how
seasonal evapotranspiration and soil moisture changes from spring
(MAM) to summer (JJA) influence heatwaves and changes in
coupling strength. In other words, this study focused on the effect of
the persistence of soil moisture deficiency from spring. During the
BEF1999 period, the seasonal changes in soil moisture slightly
influenced the occurrence of the heatwaves; however, the seasonal
changes in evapotranspiration showed a negative relationship with
heatwaves (Fig. 4a, c). The regression coefficients of heatwave
frequency against seasonal changes in soil moisture and evapo-
transpiration show that these seasonal changes are highly related to
the occurrence of heatwaves during AFT1999 period (Fig. 4b, d). To
clarify the connection between soil moisture and evapotranspiration,
a scatter plot of the seasonal differences between soil moisture and
evapotranspiration is presented in Supplementary Fig. 4. Changes in
soil moisture were positively correlated with evapotranspiration
during AFT1999 period (Supplementary Fig. 4b). The correlation
between seasonal changes in soil moisture and evapotranspiration
was −0.30 and 0.52 during the BEF1999 period and AFT1999
periods, respectively (Supplementary Fig. 4c). This can be explained
by the impact of soil moisture on the land–atmosphere interaction
limited evapotranspiration regimes, which are linked to a dry
transitional soil moisture regime35,41. As the soil moisture decreased,
the remaining moisture became less accessible for plant uptake (and
bare soil evaporation). However, the proportion of available energy
entering the latent heat flux (and thus evapotranspiration)
decreases, increasing sensible heat16,35 and consequently feedbacks
on temperature42. Furthermore, significant linkages were identified
in areas with predominantly low vegetation, which comprised 57.3%
short grass and 35.4% crops, and mixed farming (Supplementary Fig.
5, Supplementary Table 1), where low vegetation covered more than
10% (Supplementary Fig. 4b). This implies that the change in the
relationship between soil moisture and evapotranspiration during
AFT1999 period was triggered by soil moisture deficiency. A
composite analysis was performed to examine the land–atmosphere
coupling strength according to the soil moisture amount during the
summer (Supplementary Fig. 6). The coupling strength anomalies
were higher in dry soil years than in wet soil years, and the
differences were significantly dominant. Soil moisture deficiency
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Fig. 2 Composite of energy and temperature anomalies and its normalized monthly time series during summer. Energy anomalies
(H0 � H0

p) and temperature anomalies (T 0) during the period (a, b) 1980–1998, (c, d) 1999–2019, and (e, f) its differences over East Asia,
respectively. The dots in (e) and (f) denote the 95% confidence level based on the Student’s t test. g Monthly time series of normalized soil
moisture-temperature coupling strength index (CS) (gray bars), H0 � H0

p(orange line), and T 0(blue line) in summer (June-July-August). The
regions contributing to the time series are marked in blue boxes [105–130°E, 45–55°N] in (a–f).
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strengthens the land–atmosphere interaction over northern East
Asia.
To examine the role of persistent soil moisture deficiency on the

DHW occurrence, a composite analysis was performed. We
selected seven years of persistent soil moisture deficient from

spring to summer (2002, 2006, 2007, 2008, 2011, 2016, and 2017)
and five years of only summer soil deficiency (2001, 2004, 2005,
2010, and 2015), based on the standardized soil moisture over the
region (105°–130°E, 45°–55°N; Fig. 5). In persistent soil moisture
deficient years, more frequent DHW occurred over northern East

Fig. 3 Joint probability density function of CS, ET, and SM in summer. Joint probability density function of (a) soil moisture-temperature
coupling strength index (CS) and evapotranspiration (ET) (mm day−1), (b) CS and soil moisture (SM) (m3 m–3), and (c) ET and SM in summer
(JJA) during (a) 1980–1998 over [105–130°E, 45–55°N]. d–f Same as (a–c) but for 1999–2019. The differences between two period (1999–2019
and 1980–1998) of joint probability density function of (g) CS and ET, (h) CS and SM, and (i) ET and SM.
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Asia, particularly in the regions where the relationship between
soil moisture and evapotranspiration changed (Fig. 5c). Heat-
waves, which were not considered dry, did not show any
significant differences (not shown). This shows that the persistent
soil moisture deficiency from spring strengthens of
land–atmosphere interaction over northern East Asia. Therefore,
changes in the relationship between evapotranspiration and soil
moisture due to a lack of soil moisture have amplified the
interaction between the surface and the atmosphere and
intensified dry heatwave events since the late 1990s.

DISCUSSION
This study examined the changes in land-atmosphere interaction
affecting increases in compound extreme event occurrences over
northern East Asia. In particular, we focused on the seasonal
changes in soil moisture and evapotranspiration between summer
and spring. The distinctive characteristic of soil moisture and
atmosphere feedback is soil moisture persistence called soil
moisture memory43. The role of soil moisture is similar to that of
slowly changing components in triggering climate persistence,
such as ice, snow, or sea surface temperature17. Thus, soil moisture
can be a valid precursor in climate prediction because it has
relatively gradual variations, from several weeks to several
months, and sometimes several seasons33. In a further study, the
sub-seasonal approach in terms of soil moisture memory can
contribute to improving the predictions of extreme summer
temperature events.
The enhancement of land–atmosphere interactions induced by

soil moisture deficiency over the past two decades, from 1999 to
2019 has been investigated. It is clear that soil moisture declined
over northern East Asia after the late 1990s; however, the reasons
for the soil drought have not yet been elucidated. We do not
doubt that global warming is the primary factor; however, it is
necessary to distinguish the effects of anthropogenic forcing and
natural variability in decreasing soil moisture over northern East

Asia. These studies may provide a more informative and
dependable basis for the changes in compound extreme heat
events and need to be further explored in future work.
Human activities such as fertilization, cropping, and irrigation

also directly influence vegetation–soil moisture interaction.
Changes in land use by humans can strongly affect the seasonal
relationships between vegetation and soil moisture44. For
instance, in China, soil moisture deficiency has increased as
agricultural production has increased in recent decades45. Under-
standing the relationship between soil moisture and vegetation
can help in understanding land surface development processes
and biogeochemical balances, especially in dry regions.

METHODS
Definition of compound droughts and heatwaves (DHW)
A heatwave event was defined as temperatures exceeding the
90th percentile of the daily mean temperature during the
extended summer season of the Northern Hemisphere (May to
October) for at least three consecutive days46–48. We selected the
summer season, which is highly affected by such heat events.
Moreover, considering the low latitude regions where summer
starts relatively early, the extended summer was chosen instead of
June-July-August (JJA). The 90th percentile was calculated as a
single threshold for the total period from 1980 to 2019. To
characterize the heatwaves, the total duration (days year−1) of the
heatwaves that caused human suffering and unhealthy thermal
exposure during the entire warm season was analyzed. The total
number of heatwaves represents the sum of the heatwave days
per year. Compound droughts and heatwaves (DHW) were
defined as heatwaves that co-occurred with severely dry
conditions. Severely dry conditions were defined as a scPDSI is
below −3.

Fig. 4 Regression of heatwave frequency against seasonal differences of SM and ET. Regression of heatwave frequency against the
seasonal differences of (a, b) soil moisture and (c, d) evapotranspiration between summer (JJA) and spring (MAM) during (a, c) 1980–1998 and
(b, d) 1999–2019. The dots denote the 95% confidence level based on the P values.
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Soil moisture–temperature coupling metrix
Over East Asia, a diagnostic method to estimate soil
moisture–temperature coupling32 based on two energy balances
of evapotranspiration and potential evapotranspiration is used to
determine the related heating processes between land and
atmosphere. Based on daily data, this method derives the soil
moisture–temperature coupling on a daily scale, and the metric
(π) is defined as:

π ¼ e0 ´ T 0 ¼ H0 � H0
p

h i
´ T 0 ¼ ½ Rn � λEð Þ0� Rn � λEp

� �0� ´ T 0 (1)

where Rn refers to the surface net radiation, T′ represents the
anomalies of T, E and Ep denote the actual and potential
evaporation, respectively, and λ is the latent heat of vaporization.
The e′ is represented by H′− Hp′ and denotes the contribution of
soil moisture deficiency to sensible heat flux. These anomalies are

related to seasonal expectations. The climatological expectation
was calculated for each day of the year as the average of the
entire multi-year (1980–2019) dataset for that particular day of the
year, and then a 31-day moving average was applied.
The energy term e′ will be zero when the soil moisture is

sufficient for the atmospheric demand, and it may increase under
dry conditions. The positive values of π mean the stronger soil
moisture–temperature coupling. The local energy balance only
controls the atmospheric temperature if the potential effect of soil
moisture on temperature is accompanied by large anomalous
temperature values19.

Identification of study area
To further investigate the possible associations between DHW and
land-atmosphere interaction, 105°–130°E, and 45°–55°N have been
selected as target regions for the DHW. This region is located in the
middle-high latitudes and spans northeastern China and eastern
Mongolia, features arid and semi-arid climates. The study area
exhibits a strong positive linear trend in both DHW and soil
moisture-temperature coupling strength (Fig. 1b, d). It is one of the
hotspots of regime change in land-atmosphere interaction3,4,10.

Change point detection
To identify significant change points of DHW over the region
[105°–130°E, 45°–55°N], we used the Pettitt test49. The Pettitt test,
a non-parametric statistical test, is commonly used to detect a
single change point with continuous data and is useful for
examining the remarkable changes in climatic records. Given the
time series, the change point of the time series exists at Kτ ,

Kτ ¼ max Ut;T

�� �� (2)

where

Ut;T ¼
Xt

i¼1

XT
j¼tþ1

sgn Xi � Xj
� �

; 1 � t < T (3)

Pettitt defines the approximate p value of the test as follows:

p ’ 2exp
�6K2

τ

T3 þ T2

� �
(4)

If the p value is lower than the given significance level, a
significant change point exists, and the time series can be divided
into two parts at the change point’s location.
Before change point detection, the interannual variation in

DHW was removed through the 7-year running mean (Supple-
mentary Fig. 1). The year 1999 was detected as a change point for
DHW at the 90% confidence level.

Composite analysis
To further investigate the differences in land-atmosphere coupling
strength (CS) according to soil moisture amount, the composite
analysis is performed. The wet and dry soil years are defined, if the
standardized summer soil moisture over the region [105°–130°E,
45°–55°N] are > +1 and < −1, respectively. We selected seven wet
soil years (1983, 1984, 1985, 1988, 1990, 1993, and 1998) and eight
dry soil years (2001, 2002, 2004, 2007, 2008, 2015, 2016, and 2017).
Significance levels for the composite analyses are examined by
Student’s t test.

Data
The datasets analyzed in this study are 2 m daily air temperature
and upward and downward shortwave radiation fluxes at the
surface from JRA-5550. For validation and analysis, ERA-Interim
data from the European Center for Medium-Range Weather
Forecasts was used51. Monthly self-calibrating Palmer Drought

Fig. 5 Composite map of DHW during soil moisture deficient
years. Composite maps of DHW (days year−1) for (a) persistent soil
moisture deficient years from spring to summer and (b) summer soil
moisture deficient years, and (c) difference between (a) and (b). The
dots denote the 90% confidence level based on the P values.
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Severity Index (scPDSI)52 data were obtained from Climate
Research Unit v4.05 to detect drought events. The scPDSI
automatically calibrates the behavior of the PDSI and is used to
detect relative dryness. This is the basis of the concept of supply
and demand in the water balance equation, thus integrating pre-
precipitation, runoff, moisture supply, and evaporation demand at
the surface level. A previous study validated that the spatial
comparability of the scPDSI was better than that of the PDSI in
China53, therefore, the scPDSI was used in this study. The scPDSI
data for the global land surface (excluding Antarctica) provided a
spatial resolution of 0.5° × 0.5° and a monthly temporal resolution.
The Global Land Evapotranspiration model from Amsterdam
(GLEAM) v3.5a data54 was used to examine the soil moisture
and temperature coupling metrics. The GLEAM datasets were used
to estimate the daily actual evaporation, potential evaporation,
evapotranspiration, and surface soil moisture from 1980 to 2019
using satellite data with a 0.25° × 0.25° spatial resolution.

DATA AVAILABILITY
JRA-55 renalysis dataset were accessed from https://jra.kishou.go.jp/JRA-55/
index_en.html. ERA-Interim reanalysis dataset are used from https://apps.ecmwf.int/
datasets/data/interim-full-daily/. The scPDSI data are available throught https://
crudata.uea.ac.uk/cru/data/drought/. The GLEAM data can be obtained via https://
www.gleam.eu/.

CODE AVAILABILITY
The NCL codes used to run the analysis can be obtained upon request to the
corresponding authors.
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