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Abrupt shift to hotter and drier climate over inner
East Asia beyond the tipping point
Peng Zhang1,2, Jee-Hoon Jeong1*, Jin-Ho Yoon3, Hyungjun Kim4, S.-Y. Simon Wang5,
Hans W. Linderholm2, Keyan Fang6,2, Xiuchen Wu7,8, Deliang Chen2

Unprecedented heatwave-drought concurrences in the past two decades have been reported over
inner East Asia. Tree-ring–based reconstructions of heatwaves and soil moisture for the past 260 years
reveal an abrupt shift to hotter and drier climate over this region. Enhanced land-atmosphere coupling,
associated with persistent soil moisture deficit, appears to intensify surface warming and anticyclonic
circulation anomalies, fueling heatwaves that exacerbate soil drying. Our analysis demonstrates that
the magnitude of the warm and dry anomalies compounding in the recent two decades is unprecedented
over the quarter of a millennium, and this trend clearly exceeds the natural variability range. The
“hockey stick”–like change warns that the warming and drying concurrence is potentially irreversible
beyond a tipping point in the East Asian climate system.

G
lobal warming has led to a shift in the
probability distribution of summer tem-
peratures (1), causing more frequent
summer heatwaves in the Northern
Hemisphere midlatitudes (2, 3). Diverse

and complex regional or global feedbackmech-
anisms determine the magnitude of changes
in heatwave frequency and regionality (4–9).
In addition to the emergence of heatwave-
prone atmospheric stagnation, soil moisture
deficit before or during droughts has been
identified as a key factor exacerbating heat-
waves through the land-atmosphere coupling
(10–14). This drought-heatwave interaction is
particularly pronounced in semiarid regions such
as southern Europe, western North America,
and inner East Asia (Mongolia and northern

China), where the land-atmosphere coupling
is strong (15–20).
Although increasing concentration of green-

house gases may enhance soil moisture defi-
cits and heatwave occurrences in a warmer
climate (21–23), the extent to which summer
heatwaves are affected by the global warming–
induced soil moisture reduction in a long-term
context remains unclear. In this study, we used
tree-ring data to reconstruct both heatwave
frequency and soil moisture variability in in-
ner East Asia, centered over Mongolia, for the
past 260 years. We found a robust tendency
toward a hotter and drier climate, with a
stronger coupling of heatwave and drought in
recent decades that was not observed before
the 1990s. This trend, whichwas found in both

observations and reconstructions, is likely as-
sociated with an enhanced land-atmosphere
coupling associated with persistent soil mois-
ture deficit.
Inner East Asia, including Mongolia and its

surroundings (Fig. 1), features arid and semi-
arid climates where annual precipitation is
<300 mm. It is one of the hotspots showing
the strongest warming in the latter part of the
20th century (24). The frequency of summer
heatwaves in this region has increased signif-
icantly during the past two decades (Fig. 1A).
Concurrently, soilmoisture content has shown
a significant drying trend (Fig. 1B), which is
consistent with previous studies based on ob-
servation and land surface modeling (25–27)
(also see fig. S1).
To determine whether this modern-era dry-

ing fallswithin or outside the range of long-term
natural variability, we reconstructed summer
heatwave and soil moisture variations based
on independent tree-ring chronologies sam-
pled in inner East Asia (see the supplementary
materials).
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Fig. 1. Trends of hot day frequency and soil moisture content. (A and B) Trends of July-August mean extremely hot day frequency (A) and soil moisture
content (B) in 1979–2017. Black frame marks the defined domain of inner East Asia. Black dots mark the grids where the trends are significant at the P < 0.05
level. Triangles and circles mark the locations where the tree-ring data were used to reconstruct the extremely hot day frequency and soil moisture variability
on interannual and above-interannual time scale, respectively.
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The heatwave reconstruction in Fig. 2A,
explaining 74% of the variance in the ins-
trumental heatwave record for the period
1967–2002, shows a weak long-term change
before the 20th century. Subsequently, it
displays a gradual increase until the 1950s,
followed by a phase of pronounced increase
since the 1970s. The elevated heatwave fre-
quency in recent decades appears to exceed
that of natural variability in the context of the
past 260 years. This result echoes previous
summer temperature reconstructions in the
same region (28).
The soil moisture reconstruction in Fig. 2B,

which explains 76% of the variance in observed
soil moisture over the period 1948–2002,
shows a negligible trend until the end of the
20th century, after which its accelerated de-
cline becomes evident. It should be noted that
the reconstructed and simulated soil moisture
records reveal periods of reductions in the
1900s, 1920s, 1940s, and 1970s that are in good
agreement with documented megadrought
events in Mongolia (29–31) (also see fig. S2).
However, the post–20th-century reduction of
soil moisture reached a record low, plum-
meting below the –2 SD level. This is consist-
ent with other soil moisture datasets and a
satellite-based total water storage observation
(Fig. 2B; also see the supplementarymaterials),
suggesting an abrupt and unprecedented dry-
ing trend.
When the reconstructions of heatwave fre-

quency and soilmoisture are compared (Fig. 3A),
a substantial shift toward a “drier-hotter” re-
gime from the late 20th century onward is
apparent. This latter regime is unusual be-
cause before the 1950s, the two variables
shared a more or less coherent long-term
change in which both were increasing. In
summer, a dry soil condition can exert heat
into the lower atmosphere through sensible
heat flux while suppressing evaporative cool-
ing, so positive feedback between droughts
and near-surface warming can be triggered
by the soil moisture deficit reaching certain
thresholds. Over multidecadal time scales,
heatwave frequency and soil moisture exhibit
a weak anticorrelation (r = –0.05, P > 0.1) until
the mid-20th century (thick lines in Fig. 3A).
In the past 260 years, only the recent dec-
ades show a significant anticorrelation between
heatwave frequency and soil moisture, along-
side a radical decline in soil moisture (Fig. 3B).
The observation of the compoundwarming and
drying is unprecedented in inner East Asia,
implying a regime change in the regional
land-atmosphere coupling. The upshot of
this result is that the regional near-surface
air may have increased its sensitivity to soil
moisture fluctuation. A series of recent heat-
wave events in Europe (32) and North America
(18) have revealed this phenomenon, suggest-
ing that the semiarid climate of this region has
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Fig. 2. Tree-ring width–based reconstructions. (A and B) Tree-ring width–based reconstructions of July-August
mean extremely hot day frequency (A) and soil moisture anomaly (B) in 1750–2002 in inner East Asia (solid black
curves) and their uncertainty (gray bars, defined as 2s of reconstruction ensembles). The red and blue
curves in (A) are the extremely hot day frequency variability derived from ERA interim and station datasets. The
red, cyan, blue, and pink curves in (B) are the soil moisture anomaly derived from the JULES-Sheffield
(1948–2010), JULES-JRA55 (1979–2017), and GLDAS-1 (ensemble mean, 1979–2017), and total water storage
anomaly (relative to a value of –35kg/m2) derived from the Gravity Recovery and Climate Experiment (GRACE)
mission over 2002–2016 (for details, see the supplementary materials; note that there are data missing in
August of 2013 and July of 2014), respectively. Dashed horizontal lines represent the long-term mean and
±2s over the period 1750–2002. The correlation coefficients (r) are calculated between the reconstruction and the
reanalysis data in (A) and between the reconstruction and JULES-Sheffield soil moisture in (B). r1diff is the
correlation coefficient of the first difference of time series.

Fig. 3. Comparison of data over the past 260 years. Shown is a comparison between the July-August mean
extremely hot day frequency variability and soil moisture variability in inner East Asia over the past 260 years.
(A) Variability of the reconstructed extremely hot day frequency (black) and soil moisture content (blue) and their
low-frequency variations over the past 260 years. (B) Thirty-one-year running correlation between hot extreme
frequency and soil moisture over 1750–2005 based on the reconstructions (black curves) and over 1967–2011
based on reanalysis and JULES-Sheffield data (red curve), where the light dashed lines indicate the P < 0.05
significance level. The blue curves are the soil moisture reconstruction; bold curves are their low-frequency variations.
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entered a new regime in which soil moisture
no longer mitigates anomalously high air
temperature.
To attribute the apparent increase in the

heatwave-drought concurrence to regional cli-
mate variability, we investigated the changes
in the large-scale atmospheric circulation and
the impact of the land feedback. Figure 4, A
and B, show composite maps of geopotential
height (GPH) and wind anomalies at 500 hPa
for the years of unusually high heatwave fre-
quency for two periods, 1979–1998 and 1999–
2017. In both periods, a large-scale wave train
spanning northern Eurasian continent is re-
vealed, with prominent high-pressure ano-
malies over the study area, which has been
noted previously (33). In the latter period,
the pattern of amplified high-pressure ano-
malies is consistent with the observed trends
in the summer upper-air circulations (34).

Figure 4, C and D, show the vertical sec-
tions of the high-pressure ridge across inner
East Asia in terms of GPH and air tempera-
ture, depicting the warm-core feature of the
drought-heatwave accompanying the high-
pressure anomaly that has intensified in the
latter period. Even though that amplified
upper-tropospheric wave train (34) has con-
tributed to this feature, the fact that increased
land surface warming also extends upward
into the middle troposphere in Fig. 4D sug-
gests an intensified land-atmosphere coupling.
This claim is linked to the aforementioned
soil moisture deficit trend causing the drier
land surface to produce stronger sensible
heat flux into the lower atmosphere, which
thickens the planetary boundary layer and
therefore amplifies the upper-air high pres-
sure (35). As part of the positive feedback,
the strengthened anticyclone aloft further

increases surface warming through enhanced
downward shortwave radiation. Recent mega-
heatwaves in Europe (e.g., those in 2003
and 2010) have been attributed to similar
land-atmospheric couplings and atmospheric
feedbacks that exacerbate the heatwaves
(11–13, 36–39).
The recent change in land-atmosphere cou-

pling can be quantified using the p diagnos-
tic of soil moisture–temperature coupling (13)
(see the supplementarymaterials). Thismetric
quantifies the relation between near–surface
temperature anomalies and soil moisture de-
ficits in the land surface energy balance. During
the past two decades, the strength of the land-
atmosphere coupling has been profoundly
enhanced over a large part of Asia, including
southeastern Asia, China, and Mongolia (Fig.
5, A andB). Themost extensive change occurred
over Mongolia and northern China (Fig. 5C),
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Fig. 4. Composite map. (A and B) Composite map of July-August mean
geopotential height and wind anomalies at 500 hPa for the years when extremely
hot day frequency was anomalously high (>0.4s; the results are not sensitive
to the threshold) over the period 1979–1998 [the selected years are 1980,
1987, 1989, 1991, 1996, and 1997 (A)] and 1999–2017 [the selected years are
1999, 2001, 2002, 2007, 2010, 2015, and 2016 (B)] and their corresponding
vertical structures of temperature and geopotential height. Contour lines
show climatology of the geopotential height, and black stripes mark the areas
where pressure change is significant at the P < 0.05 level calculated based on

the Monte Carlo method with 1000 iterations. Yellow dashed line denotes
the track of the wave train pattern. Black frame marks the defined domain
of inner East Asia. (C and D) Lower panels show corresponding vertical
structures of temperature (shading) and geopotential height anomalies
(contour lines in meters) along the wave train tracks in inner East Asia
over the period of 1979–1998 (C) and 1999–2017 (D). The geopotential
height, wind, and temperature data are derived from ERA interim monthly
dataset with 0.75° latitude × 0.75° longitude resolution and 23 pressure
levels from 200 up to 1000 hPa.
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where a robust trend of drier-hotter air
under the strengthened anticyclone was ob-
served. The temporal variation of the coupling
strength is almost identical to the heatwave
frequency and also matches the continuous
drying trend of soil moisture (Fig. 5D). The
uptrend of the association between heatwave
frequency and land-atmosphere coupling fol-
lows the persistent change in soil moisture de-
ficit. This feature is not as robust over southern
and coastal East Asia, where the local climate
is largely influenced by the East Asia summer
monsoon (40).
Tree-ring and observational evidence show

that the increased frequency of summer heat-
waves and the concurrent increase in severe
droughts over inner East Asia in recent dec-
ades are unique in a 260-year context. Given
the enhanced land-atmosphere interaction
associated with the continuously drying soil,
the land-atmosphere coupling over inner East
Asia might have entered a different regime in
which the soil moisture variability has become
too small and the sensitivity of evaporation
to more dryness has weakened (fig. S3). Such
a regime shift would explain why heatwaves
and droughts have become tightly coupled
and can quickly enhance each other, leading
to an increase in concurrent events of heat-
wave and drought. Although our analysis does
not include a future projection, it can be ex-
pected that the “regime shift,” which is sup-
ported by multiple lines of evidence, gives way
to a new state in which there are stronger
negative associations between heatwaves and

soil moisture that are expected to persist under
a warmer climate. The implication of these
findings is that compound extremes of sum-
mer heatwaves and heatwave-droughts may
occur more frequently and potentially become
more severe in inner East Asia, and that cor-
responding mitigation efforts should be under-
taken to cope with the associated increase in
the risk of livestock and rangeland crisis in
Mongolia.
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Fig. 5. Land-atmosphere coupling strength. (A to C) July-August land-atmosphere coupling strength over the period 1979–1998 (A) and 2000–2017 (B) and
their differences [(B) minus (A)] (C) and comparison with soil moisture and heatwave frequency variabilities. Black dots mark the grids where differences are
significant at the P < 0.05 level. The coupling strength is calculated based on the ERA interim daily dataset with 1.5° latitude × 1.5° longitude spatial resolution.
(D) Interannual variability of the coupling strength (gray), hot extreme frequency (red), and soil moisture (blue, reversed value in y-axis) over the domain.
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