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Dry soil moisture on the Tibetan plateau
drives synchronous extreme heatwaves
in Europe and East Asia
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Recently, extreme heatwaves have frequently concurrently swept across Europe and East Asia,
causing severe cascading socioeconomic consequences. However, the nonlinear synchronization
relationship between these heatwaves and their underlying physical mechanisms remains poorly
understood. Utilizing the event synchronization climate network method, atmospheric dynamic
diagnostics, and numerical experiments, we revealed robust synchronization between heatwaves
over Europe and East Asia, strongly associated with dry soil moisture conditions over the Tibetan
Plateau from the preceding winter to summer. Dry soil moisture triggers an equivalent barotropic
anticyclone north of the Tibetan Plateau, coinciding with the subtropical westerly jet waveguide and
initiating circumglobal atmospheric Rossby waves propagating westward and eastward.
Consequently, an equivalent barotropic anticyclone develops over Europe. These anticyclones induce
simultaneous heatwaves across Europe and East Asia by increasing downward solar radiation and
adiabatic sinking, amplified by positive land-atmosphere feedback. Our findings significantly enhance
the understanding and predictive capabilities of these synchronous heatwaves across Eurasia.

Synchronous extreme heatwaves in the Northern Hemisphere have sig-
nificantly increased since 1979 as global warming intensifies', with projec-
tions indicating a continued upward trend due to anthropogenic forcing™.
These synchronous heatwaves strike multiple regions simultaneously,
exacerbate disasters, and substantially affect lives and socioeconomic
development’. For example, the summer of 2022 exhibited concurrent
extreme heatwaves over Europe and Southern China, causing heavy wild-
fires and energy shortages™™*. The co-occurrence of European and East Asian
heatwaves was also observed during the summer of 2010™". Two pivotal
questions emerge when considering the significant impact of synchronous
extreme heatwaves on social well-being and environmental sustainability:
To what extent do heatwaves occur simultaneously over Europe and East
Asia, and what are the underlying physical mechanisms driving this
synchronization?

To address the first question, our study utilized the event synchroni-
zation climate network method to uncover robust and significant syn-
chronization in the occurrence of heatwaves between Europe and East Asia.

A climate network is a mathematical framework that represents the complex
interactions between various components of a climate system'"". Specifi-
cally, the event synchronization climate network method'"", which defines
synchronized events as occurrences that closely align within specified time
intervals, has been used extensively to analyze synchronous extreme weather
and climate events'>'*". For example, it has elucidated global synchroni-
zation patterns of extreme precipitation in South Asia'’. Previous studies
have identified synchronous extreme heatwaves over South Europe and
Northeast Asia, as well as over East Europe and North China, using
Empirical Orthogonal Function analysis'**’. Our study revealed a strong
synchronization between Europe and central East Asia. This finding high-
lighted the advantage of employing the event synchronization climate
network method, revealing previously unknown extreme heatwave syn-
chronous patterns between Europe and central East Asia.

To address the second question, our study investigated the linkage
between synchronous extreme heatwaves over Europe and East Asia and
dry soil moisture conditions over the Tibetan Plateau (TP), elucidating the
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associated physical mechanisms through atmospheric dynamics diagnostics
and numerical experiments. Previous studies predominantly identified the
role of high-amplitude waves resulting from planetary wave resonance’ ™
and large-scale atmospheric teleconnection’ as contributors to synchronous
events in the Northern Hemisphere. However, what causes the anomalous
planetary waves or teleconnections and studies on the role of the TP are
relatively limited. The TP’s unique geographical characteristics are crucial in
the weather and climate patterns across East Asia and globally”*™*. Its
impact extends widely, influencing extreme precipitation and drought in
East China**** and shaping the temperature and precipitation in West Asia,
North Africa, and South Europe via Rossby wave trains and zonal over-
turning atmospheric circulation’ . Importantly, the influence of the TP
extends upstream and downstream™, affecting extreme heatwaves over
South Europe and Northeast Asia”’. The summer snow cover over the
western TP notably impacts the variability of concurrent compound heat-
waves in the Northern Hemisphere™. We emphasized that dry soil moisture
conditions over the TP lead to simultaneous extreme heatwaves over Europe
and East Asia by initiating circumglobal Rossby waves; this synchronization
pattern is facilitated by a positive land-atmosphere feedback loop involving
atmospheric circulation, soil moisture, and temperature over the heatwave
regions.

Our study highlighted the critical issue of synchronous extreme
heatwaves between Europe and East Asia in the context of global warming,
By utilizing advanced methodologies such as the event synchronization
climate network method, atmospheric dynamic diagnostics, and numerical
simulation, we revealed a robust synchronization of these events, driven by
dry soil moisture conditions over the TP. Our findings also underscored the
complex interplay among atmospheric dynamics, soil moisture, and tem-
perature, providing crucial insights for predicting and mitigating the
impacts of simultaneous extreme heatwaves in a warming world.

Results

Synchronous features of Eurasian extreme heatwaves
Conventionally, heatwave events are treated as single occurrences in event
synchronization calculations'®. However, this methodology overlooks event
duration, with extreme event indices often infrequent, potentially com-
promising synchronization accuracy owing to insufficient data points. In

this study, we introduced the “Index of Extreme Heatwave Event Days
(IEHED)” assigning a value of one to days within heatwave periods and zero
otherwise. This index quantifies the heatwave occurrence and duration in
the study region. The synchronization of heatwaves between regions was
defined by the calculated number of days with simultaneous heatwaves,
represented as the scalar product of the heatwave indices for both regions
(for detailed methodology, please refer to the Methods section). In other
words, it involves multiplying the corresponding values of the heatwave
indices for the same days in both regions and summing these products to
obtain a measure of how closely the heatwave occurrences align across these
regions. A higher scalar product indicates a stronger synchronization of
heatwaves between regions.

In this study, we constructed a series of climate networks using the
IEHED spanning from June 1 to August 31 of each calendar year for each
node in the Northern Hemisphere with a spatial resolution of 1° x 1°. Nodes
are connected if their scalar products exceed 95% of the non-zero syn-
chronization values of all pairs of nodes. A shuffle test scheme was also used
as a comparative analysis to determine the significance of synchronization,
which shows consisted results (see more in the Methods section).

The degree of each node is computed as the ratio of its connected links
relative to the total links, with higher node degrees indicating more con-
nections to other regions. Notably, the regions concentrated in Europe, key
areas of East Asia, North Africa, the Arabian Peninsula, the Indochina
Peninsula, and Eastern Siberia exhibit relatively high degrees (Figs. 1a, Sla,
2a, d). This suggests that these areas tend to experience synchronized
heatwaves with other Eurasian regions. Specifically, in the synchronous
network based on the synchronization relationship between nodes over the
entire Eurasian and key East Asian regions, high degrees are observed over
the local and European region, denoting that East Asia has a strong remote
connection with Europe (Figs. 1b, S1b, 2b, e). Conversely, when the network
is constructed based on the European region, high degrees are observed over
the local and key East Asian region (Figs. lc, Slc, 2¢, f). These findings
underscore the strong synchronization of heatwaves between these two
regions. The synchronous pathways of extreme heatwaves over the key
regions of Europe and East Asia also perfectly illustrate their interconnec-
tions (Fig. 2). Furthermore, the probability distribution of the significant
links between the key European and East Asian regions across various

Fig. 1 | Synchronization relationship between
European and East Asian summertime extreme
heatwaves. a-c Degree of synchronization network
nodes derived based on grid points over the entire
Northern Hemisphere Eurasia-African (a), key East
Asian (b), and key European (c) regions.
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d Normalized raw synchronization teleconnection
index (purple line) and its interannual component
(bar); Gray dashed lines indicate the +0.5 standard
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Fig. 2 | Synchronous pathway of European and East Asian summertime extreme
heatwaves. Synchronous pathways based on the EHEDs at 34°N, 97°E (*; a, ¢) and
57°N, 50°E (*; b, d) points for CPC (a, b) and ERA5 (¢, d) datasets. Purple dots

represent the endpoints of synchronous pathways. Pathways are shown with one
grid interval. Blue and red boxes indicate the key European and East Asian regions,
respectively. Dark blue contours show the 3000 m topographic height.

distances reveals two prominent peaks. The highest probability occurs
within a few hundred kilometers, indicating strong local synchronization,
whereas a secondary peak appears beyond 3000 km, suggesting long-range
synchronization (not shown). This pattern is consistent with previous
studies on the synchronization features of extreme rainfall events'>"".

Moreover, to investigate the dynamic evolution of the synchro-
nization relationship between extreme heatwaves over Europe and
East Asia, we introduced a synchronization teleconnection index",
defined as the sum of links with non-zero synchronization values in
the network constructed based on the synchronization relationship
between heatwaves over two key regions (Methods). This index
exhibits larger interannual variability after the year 2000 than before
(Figs. 1d and S1d), with a significant difference (1.69) in the inter-
annual variance between the period of 2000-2022 (1.85) and
1979-1999 (0.16), at the 0.01 level based on the F-test (Fig. 1d). This
indicates a notable increase in the variability of synchronous extreme
heatwaves between Europe and East Asia.

To confirm the effectiveness of the synchronization teleconnection
index in representing the synchronization of the European-East Asian
heatwaves, we examined the seven strongest synchronization years based on
this index. These years are 1981, 1988, 2002, 2006, 2010, 2016, and 2022 for
CPC dataset, and the ERA5 dataset presents the results, except for one
additional year, 1998 (Figs. 1d and S1d). The percentile of total extreme
heatwave event days relative to the total days for these years, as well as the
composite of the corresponding summer mean daily surface maximum air
temperature anomalies, indeed show concurrent large values in key regions
of Europe and East Asia, suggesting that the two areas experience numerous
synchronized extreme heatwaves during these years (Figs. le, f, Sle, f). These
observations highlight the real synchronous pattern of extreme heatwaves
and the effectiveness of this synchronization teleconnection index in
representing synchronization relationships.

Relationship between Eurasian synchronous extreme heat-
waves and the TP soil moisture

What causes the synchronous extreme heatwaves over key European and
East Asian regions? We investigated various forcing factors and found that
dry TP soil moisture conditions, especially in the western TP, persist from
the preceding winter to summer and play a vital role in the occurrence of

strong synchronous extreme heatwaves (Figs. 3a-c, S3). Previous studies
have indicated that soil moisture can have local and remote impacts by
exciting anomalous large-scale circulation patterns®*. Meanwhile, land
surface factors over the TP are critically important in land-atmosphere
energy and water exchange process”*”. Thus, it is meaningful to investigate
the role of TP soil moisture.

The synchronization teleconnection index exhibits a significant
negative correlation with the TP soil moisture index, defined as area-
averaged 1-4-layer soil moisture anomalies in the region of 31°-35°N,
80°-103°E, from the preceding winter to summer, with the highest corre-
lation coefficient reaching approximately -0.65 in summer (p<0.01;
Table 1). A stable negative correlation is observed from 1995 onwards
(Fig. 3h). When the interannual TP soil moisture index is less than -1
standard deviation, it is defined as a dry soil moisture year. The seven
strongest dry years are identified as 1995, 2002, 2006, 2010, 2015, 2016, and
2022. Notably, 71% of these dry soil moisture years (excluding 1995 and
2015) coincide with strong synchronous extreme heatwaves (Fig. 3g).

The above results indicate an interannual connection between Eur-
asian synchronous extreme heatwaves and soil moisture over the TP. While
heatwaves typically occur on daily to subseasonal time scales, seasonal soil
moisture anomalies provide only background conditions for these events.
To further investigate their nonlinear relationship from a daily time scale, we
constructed a series of synchronous networks linking extreme heatwave
event days across the entire Northern Hemisphere Eurasia-African con-
tinent and extremely dry soil moisture days over the key TP region
(Methods). Prominent centers of node degree are observed over Europe and
East Asia, with higher values indicating a closer relationship between
extreme heatwaves and dry soil moisture (Fig. 3d). Interestingly, when
extremely dry soil moisture days lead by 10 or 20 days ahead of extreme
heatwaves, centers of high values still appear over Europe and East Asia (Fig.
3e, f). This suggests that dry soil moisture conditions over the TP could
develop prior to the occurrence of extreme heatwaves in Europe and East
Asia. These findings provide additional evidence of the potential role of TP
soil moisture in triggering synchronous extreme heatwaves. The consistency
of results based on different lead times also suggests the persistence of soil
moisture. Overall, both seasonal background conditions and daily-
subseasonal variability are favorable for the synchronous occurrence of
heatwaves over Eurasian regions.
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Fig. 3 | Relationship between European and East Asian summertime synchro-
nous extreme heatwaves and soil moisture over the Tibetan Plateau (TP).
Composite of December—January-February (a), March-April-May (b), and
June-July-August (c) -averaged soil moisture anomalies (unit: 10> m* m™) for the
ERAS5 dataset based on the seven strong synchronization years; d Degree of network
nodes based on the synchronization between EHEDs over the Northern Hemi-
sphere Eurasia-African region and extreme dry soil moisture days (EDSMDs;
Methods) in the key TP region (purple box); Degree of network nodes with EDSMDs

leading by 10 (e) and 20 (f) days ahead of EHEDs. g Normalized interannual
component of TP soil moisture index; Gray dashed lines indicate the +1 standard
deviation; Red triangles mark seven strong synchronization years. h The 21-year
sliding correlation coefficient between the TP soil moisture index and synchroni-
zation teleconnection index; The gray dashed line denotes 0.05 significance level.
Purple boxes in (¢)-(f) indicate the key region (31° - 35°N, 80° - 103°E) used to
define the TP soil moisture index. Dark blue contours show the 3000 m topographic
height.

Physical mechanisms of dry TP soil moisture triggering Eurasian
synchronous extreme heatwaves

The following section examines the physical processes through which the
dry TP soil moisture triggers favorable atmospheric circulation conditions
for synchronous extreme heatwaves across Eurasia. Dry soil moisture over
the TP amplifies the upward sensible heat flux and subsequently warms the
atmosphere. The primary heating center is situated in the central TP
(Figs. 3a—c, S4f). Interestingly, because of the horizontal inhomogeneous
heating’, a significant maximum response in the geopotential height and
wind fields emerges at a higher latitude north of the heating center during
summer, that is, an equivalent barotropic anticyclone develops north of the
TP (Figs. 4a, S4a—c).

These strong upper-tropospheric anticyclonic disturbances coincide
with the Eurasian westerly wind-jet waveguide, facilitating the eastward
propagation of disturbances**>. Subsequently, a Rossby wave train is
initiated and propagates across the entire Northern Hemisphere
(Figs. 4a and S4a). Previous studies have demonstrated the influence of the
TP on the upstream circulation through the westward propagation of Rossby
waves”. In our study, results from the Linear Baroclinic Model experiment,
which was forced by the prescribed positive diabatic heating over the TP
(details in the Method section), verify the westward Rossby wave response
and eastward-propagating wave train along the westerly jet (Figs. 4b, c, S5),
which is consistent with previous findings™*. Initially, the 200-hPa geo-
potential height response occurs around the heating region, and then zonally
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Table 1 | Pearson linear correlation between the
synchronization teleconnection index (STI) and Tibetan
Plateau soil moisture index (TPSMI)

Correlation DJF TPSMI MAM TPSMI JJA TPSMI
coefficient

CPC STI -0.36** -0.38%* —0.64%**
ERAS5 STI —0.40%** -0.45%* -0.65%**

DJF, MAM, and JJA TPSMI represent the December-January—February, March-April-May, and
June-July-August-averaged TPSMI derived from ERA5 dataset, respectively. *, **, and ***
indicate significance at 0.1, 0.05, and 0.01 levels, respectively.

propagates westward in subsequent days. This wave reaches the key Eur-
opean region by approximately day 10 and stabilizes around day 15. The
westward propagation of Rossby waves presents the upstream development
of anomaly of the same sign as the original”. In other words, it is the
propagation of phase without the generation of new disturbances upstream
of the initial disturbance (Fig. S5c—f). While the eastward propagation of
stationary waves on a zonally varying basic flow is the propagation of Rossby
wave packets or wave energy. They can facilitate the development of new
disturbances downstream with the role of the westerly jet waveguide*** ™.
Additionally, it also can be noted that the local anticyclone center is posi-
tioned north of the TP as the response stabilizes (Fig. 4b, c).

Consequently, significant equivalent barotropic anticyclonic circula-
tions are established over Europe, together with anticyclonic circulations
over the northern TP, collectively contributing to the European-East Asian
synchronous extreme heatwave pattern (Figs. le, f, Sle, f, 4a—c). The
development of high-pressure systems decreases medium-low cloud cover,
allowing more solar shortwave radiation to reach and warm the surface
(Fig. S4d, e). The warm surface further heats the air through the upward
surface longwave radiation flux and sensible heat flux (Fig. S4f). Additionally,
anomalous easterly winds on the southern side of the upper tropospheric
anticyclonic circulation north of the TP also reduce the westerly jet over the
TP and its eastern regions, facilitating the development of upper-level con-
vergence and adiabatic subsidence, further warming the atmosphere”***
(Figs. 4a, S5a). These anomalies are consistent with the composite results of
the strong synchronous extreme heatwave cases (not shown).

We also performed soil moisture sensitivity numerical experiments
using the Community Atmosphere Model version 6 (CAM6, Methods) to
understand and confirm the role of reduced TP soil moisture in the
occurrence of European-East Asian synchronous extreme heatwaves
(Figs. 4d, e, S6a). Differences between experiments forced by the global
climatological monthly mean soil moisture and the corresponding soil
moisture over the TP multiplied by 0.5 demonstrate the climate effects of
dry soil moisture conditions over the TP. Our results show the emergence
of an anticyclonic circulation north of the TP and the propagation of a
circumglobal stationary Rossby wave train, subsequently establishing an
anticyclonic circulation over Europe (Fig. 4d). A slight eastward and
northward shift is noted when the simulated wave train was compared
with the observations. This is attributed to the northward shift of the
simulated Eurasian subtropical jet (Fig. 4a, d). Generally, key European
and East Asian regions are controlled by positive geopotential height
anomalies, which contribute to the development of positive surface air
temperature anomalies (Fig. 4d, e). Significant negative temperature
anomalies are also observed over the Indian Subcontinent, consistent
with the findings of Ref. 27, who examined the temperature response to
sensible heating over the TP. Simultaneously, the establishment of
high-pressure systems inhibits precipitation, leading to dry soil
moisture in the heatwave regions (Fig. S6b). In turn, the dry soil
moisture intensifies the positive height anomalies at the upper levels,
making them more persistent. This indicates the existence of a positive
land-atmosphere feedback mechanism involving atmospheric circu-
lation, soil moisture, and temperature, which is extremely important
for the formation and maintenance of extreme heatwaves™".

Discussion

Recently, the number of synchronous extreme heatwave events across the
Northern Hemisphere has increased, often resulting in cascading
disasters"”. Precisely quantifying synchronous extreme heatwaves and
investigating their formation mechanisms are vital for addressing climate
change challenges and fortifying disaster prevention measures. Conven-
tional climatological statistical methods frequently struggle with the com-
plex nonlinear relationships between extreme heatwaves in disparate
regions. As presented in Table S1, the Pearson linear correlation coefficients
between the number of extreme heatwave events in key regions of Europe
and East Asia, as well as extreme heatwave event days, reveal an insignificant
relationship between extreme heatwaves in these two regions, with only a
weak positive correlation observed for summer mean surface air tempera-
ture. In contrast, the event synchronization climate network method
effectively captures the synchronization relationship between extreme
heatwaves in Europe and East Asia. This underscores the non-negligible
nonlinearity of the synchronization relationship between extreme heat-
waves in these regions, and the climate network method has potential
advantages for addressing this nonlinear synchronicity. Furthermore, by
combining atmospheric dynamic diagnostics and numerical experiments,
our study highlights the crucial role of dry TP soil moisture conditions in the
development of synchronous extreme heatwaves. Our findings also hold
promise for improving the prediction of extreme events. By identifying
precursor factors such as TP soil moisture anomalies, our study lays the
groundwork for enhancing predictive models. Integrating these findings
into existing prediction frameworks could lead to more accurate forecasts,
helping to mitigate the impacts of extreme heatwaves through better pre-
paredness and response strategies.

However, it is important to acknowledge several limitations and
uncertainties inherent in our approach. The event synchronization climate
network method, while effective in capturing nonlinear relationships, relies
on certain assumptions about event timing and thresholds that may influ-
ence the results. The spatial and temporal resolution of the datasets used,
particularly in capturing soil moisture dynamics over the TP, may introduce
uncertainties in our findings. Additionally, the complex interactions
between land surface processes and atmospheric circulation are not fully
captured in our study, and there may be other contributing factors or
feedback mechanisms that remain unexplored. Future studies should con-
sider these limitations and aim to refine the methodologies and datasets to
reduce these uncertainties.

Moreover, our study focuses primarily on the synchronization rela-
tionship between extreme heatwaves at a regional scale, specifically between
Europe and East Asia. Expanding this research to a hemispheric or even
global scale could uncover additional synchronization patterns, offering a
more comprehensive understanding of these phenomena across different
regions. This broader perspective is crucial for capturing the full complexity
of climate synchronization and for understanding how regional interactions
contribute to global climate dynamics.

Overall, the framework proposed in this study, which integrates
complex system dynamics with atmospheric dynamics, offers a novel
approach for quantifying the nonlinear synchronicity of extreme weather
and climate events. This approach not only enhances our understanding of
the underlying physical mechanisms but also underscores the need to
explore its application in other regions and at different spatial and temporal
scales. By doing so, we can further unravel the sophisticated physical pro-
cesses driving extreme events and develop more effective strategies for cli-
mate risk management and adaptation.

Methods

Observation and reanalysis of data

The datasets used in this study include the following: (1) daily surface
maximum temperature and monthly surface soil moisture (mm) obtained
from the Climate Prediction Center (CPC) of the National Oceanic and
Atmospheric Administration (NOAA) span from 1979 to 2022 and have a
spatial resolution 0.5° x 0.5°*. We reshaped the resolution to 1°x 1° by
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Fig. 4 | 200-hPa circulation and surface air tem-
perature anomalies associated with dry TP soil
moisture conditions. a 200-hPa geopotential height
anomalies (shading, unit: gpm) and wave activity
flux (vectors, unit: m* s°) for June-July-August-
averaged composite results based on seven strong
dry TP soil moisture years from the ERA5 dataset;
200-hPa geopotential height (shading, unit: gpm)
response on day 1 (b) and 200-hPa geopotential
height (shading, unit: gpm) and wave activity flux
(vectors, unit: m’ s°) response averaged over days
15-30 (c) to the prescribed heating of key TP region
in the linear baroclinic model; d June-July-August-
averaged 200-hPa geopotential height (shading,
unit: gpm) and wave activity flux (vectors, unit: m’
s7%) response to the dry TP soil moisture condition in
the CAMBS; e June-July-August-averaged daily
maximum 2 m air temperature (shading, unit: °C)
response in the CAM6; The green contour indicates
the climatological 20 m s™' zonal wind at 200-hPa for
ERAS dataset (a) and the CAM6 result (d), indi-
cating the location of the westerly jet. Dots in (a), (d),
and (e) indicate the significance at the 0.05 sig-
nificance level. Blue and red boxes indicate the key
European and East Asian region, respectively. Dark
blue contours show the 3000 m topographic height.
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using grid points with an interval to save computation. (2) The monthly soil
moisture data (kg m™; 2000 to 2022) sourced from the Global Land Data
Assimilation System (GLDAS) Noah Land Surface Model L4 Version 2.1
were available from 2000 to 2022°". These data are at 0-10, 10-40, 40-100,
and 100-200 cm depths and have a spatial resolution of 1°x 1°. (3) The
monthly soil moisture data (m’ m™) at 0-10, 10-40, 40-100, and
100-200 cm depths were calculated from daily data from 1998 to 2020
derived from the China Meteorological Administration Land Data
Assimilation System (CLDAS)*. This dataset is at a horizontal resolution of
0.0625° x 0.0625°, covering 0°-65°N, 60°-160°E region. (4) The monthly
three-dimensional atmospheric circulation at 37 pressure levels, mean
surface heat flux, and cloud cover were provided by the fifth-generation
atmospheric reanalysis (ERA5) produced by the European Center for
Medium-Range Weather Forecasts™. Monthly and daily maximum 2 m air
temperature and soil moisture (m*m™)at depths of 0-7, 7-28, 28-100, and
100-289 cm was derived from ERA5-land reanalysis™. These datasets are at
a horizontal resolution of 1° x 1°, covering the period of 1979-2022.

Definition of extreme heatwave event days and extreme dry soil
moisture days

An extreme heatwave day was identified when the temperature on the target
day exceeded the 90th percentile threshold. This threshold was defined as
the 90th percentile of daily temperatures for a total of 660 days (44 years X
15 days, including 7 days before and after the target day) in the 44 years from
1979 to 2022. When an extreme heatwave condition persisted for 3 days or
more, it was defined as an extreme heatwave event, with each day within this
event referred to as an extreme heatwave event day'®. Only the heatwaves in
June, July, and August from 1979 to 2022 were analyzed in this study.
Considering the sensitivity of extreme events to threshold selection, we
employed the 95th percentile threshold for the comparative analysis.

An extremely dry soil moisture day was identified when the soil
moisture on the target day was less than the 10th percentile threshold. This
threshold was defined as the 10th percentile of daily soil moisture for a total
of 660 days (44 years X 15 days; including 7 days before and after the target
day) in the 44 years from 1979 to 2022 for the ERA5 dataset.
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Event synchronization climate network method

Previous studies'*'”'* have evaluated the synchronization of extreme rainfall
and heatwave events based solely on event series, neglecting differences in
event duration. However, for heatwaves, the duration of the disparate events
varies considerably. For example, the longest extreme heatwave event in the
Northern Hemisphere Eurasia-African region lasted for 74 days at 10.75°N,
47.25°E grid point for the period 1979-2022, whereas the shortest event only
persisted 3 days. In this study, we established the synchronization rela-
tionship of extreme heatwaves based on the sum of the scalar product of the
“Index of Extreme Heatwave Event Days (IEHED)” between different
regions. The specific calculation steps are as follows.

First, we defined an IEHED, where every extreme heatwave event day is
assigned a value of “1”, and days with no heatwave occurrence are desig-
nated as “0”. ¢, and ¢/ represent the index series for the yth year at grid
points i and j, respectively. The heatwave synchronization of the yth year
between grids i and j was defined as the sum (ES] ;) of the scalar products of
e/ and ejy , as expressed in Eq. (1):

By=2d ¢ )
i

Subsequently, a climate network was constructed by treating each grid
as anode and characterizing the links between the nodes through heatwave
synchronization. We considered two nodes to be significantly connected if
their synchronization value was within the strongest 5% of all node pairs
across all years'™. If 6 represents the 95th quantile of all non-zero syn-
chronization values, the adjacency matrix of the network was defined as
follows:

A{j _ { 1, szS{j > 6; @)
0, else

To increase the credibility of the results, the statistical significance of
the links between nodes was also estimated by the shuffle test scheme. We
conducted shuffle processing for the time series of the original data and then
calculated the heatwave synchronization between node pairs after shuffle
processing”. This shuffle process was repeated 100 times, and the 95th
percentile of its distribution was considered as the significance threshold 0
for every node. Considering the consistency of the results (Figs. 1b, ¢, S7), the
significance of the synchronization shown in this study was tested using a
threshold test scheme, except for Figure S7, which was tested using a shuffle
test scheme.

The degree P;, quantifying the strength of the heatwave synchroniza-
tion between node j and the other nodes, was defined as the ratio of sig-
nificantly connected links relative to the total links:

Y N y
A

L ()
(el 5

where Y and N represent the total number of years and grids in the key
region, respectively. A larger P; value indicates that grid j has a more sig-
nificant connection with other grids. An Event Synchronization Method
with varying temporal delays within a maximum of 10 days'*"” was
employed for comparative analysis, in which the result presents less sig-
nificance than that obtained by using extreme heatwave event days
(Figs. 2 and S8).

In Eq. (3), if i and j both represent the grid points across the entire
Eurasian land region, totaling N=9199 grid points, then P; denotes the
synchronization of grid j with other grids in the Eurasian area (Figs. 1a, Sla,
2a,d). When i represents grid points in the key East Asian land region, with
N =419 grid points, P;indicates the synchronization of grid j with all grids in
East Asia (Figs. 1b, S1b, 2b, e). Conversely, for the key European land region,
which comprises N =784 grid points, the same principle applies (Figs. 1c,
Slg, 2¢, f).

Following Refs.12, 17, the probability of significant synchronization
links for a specific grid point at a given distance r was computed as:

Wh% )

where X; is the total number of edges within the distance range
ro<r<ry+1, and X, denotes the number of significant links within this
range. [ represents the separation interval distance. If P(r) = 0, then there are
no significant links at distance r for the grid point. Conversely, if P(r) = 1, all
the links are significant, indicating strong synchronization. Finally, the
average probabilities in the key European and East Asian regions are shown.

For a more intuitive representation of the synchronization of extreme
heatwaves between Europe and East Asia, a synchronization teleconnection
index (STI) was constructed as follows'”:

N M : 4
1,if ES,.>0;
st =y araty = { M1 g

pay 0, else

where N and M represent the total numbers of grids in the key regions of
Europe and East Asia, respectively, and y denotes the year. A higher STI
indicates a greater level of synchronization in extreme heatwaves occurring
over Europe and East Asia. When the STI exceeds 0.5 standard deviation, a
strong synchronization year is defined.

Additionally, based on the synchronization between the extreme
heatwave event days over the Northern Hemisphere Eurasia-African region
and extreme dry soil moisture days in the key Tibetan Plateau (TP) region,
we constructed climate networks illustrating the close connection between
Eurasian synchronous extreme heatwaves and dry soil moisture conditions
over the TP. When accounting for the lead-lag time, a climate network that
reflects the lead-lag relationship between extreme heatwaves and extremely
dry soil moisture was constructed. The calculation process is outlined above.
That is, if ejy represent the extreme heatwave index series for the yth year at
grid point j over the Northern Hemisphere Eurasia- African land region, and
€] represent dry soil moisture index series at grid points i over the key TP
regions, then P; indicates the synchronization between heatwaves at grid
point j and soil moisture in TP regions.

Wave activity flux
The horizontal wave activity flux, which can illustrate the propagation of
stationary Rossby waves, was calculated using the following formula™:

P { o2 — 9 9.) + 79,0, — 9 9,) ©

2V L H99, —99.) +79) —9'9,)

In this equation, the overbars and primes indicate the mean flows and
anomalies, respectively, relative to the climatology. P, V' = (u,v), and ¢
denote the pressure, horizontal wind velocity, and geostrophic stream
functions, respectively. Subscripts x and y represent the zonal and mer-
idional derivatives, respectively. A zonally varying basic flow is employed in
this method.

Other statistical methods

In this study, we also used composite analysis and linear correlation.
Bootstrap resampling™*° was employed to assess the statistical significance
of composite results. The significance of the correlation coefficients was
determined using a two-tailed Student’s t-test. The interannual variability of
variables was obtained using a 2-9 years bandpass Lanczos filter after
removing the linear trend. Unless otherwise stated, the boreal summer was
defined as June, July, and August.
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Models and numerical experiment designs

We employed a linear baroclinic model (LBM)”’ to investigate the daily
atmospheric circulation response to prescribed diabatic heating over the TP.
The fundamental principle of this model is to solve the primitive equations
while considering the given basic state and thermal force. Atmospheric
circulation variables and temperature data derived from the NCEP-NCAR
reanalysis were employed as model inputs, and a time integration scheme
was implemented to derive a stable response. The model features a vertical
resolution of 20 levels and a horizontal resolution of T42. The model was
integrated for 30 days and reached a steady state after approximately
15 days™.

Additionally, the atmospheric and land components of the Commu-
nity Earth System Model (version 2.1.3), namely the Community Atmo-
sphere Model version 6 (CAM6) and the Community Land Model version 5
(CLM5), respectively, were used to validate and understand the physical
mechanisms associated with dry soil moisture over the TP affecting the
European-East Asian synchronous extreme heatwaves”. The CAM6
operates at a horizontal resolution of 0.9° x 1.25° and 32 vertical pressure
levels, and the CLM5 shares the same horizontal resolution.

We performed a control run (CTL) and two sets of soil moisture
sensitivity experiments. In the CTL experiment, the F2000climo
scheme was adopted, in which the Atmosphere and Land model is
active, with prescribed sea surface temperatures and sea ice extents
derived from merged Reynolds/HADISST products from 1995 to
2005, Other external forcings were set to the climatological monthly
mean values. The CTL experiment was integrated for 30 years, and the
last 20 years were utilized for the analysis. In this configuration, soil
moisture was treated as a prognostic variable. In the climatological soil
moisture forced experiment (clm_sm), the global climatological
monthly mean soil moisture was used as the forcing field, with the
other settings maintaining consistency with those of the CTL
experiment. Furthermore, the TP reduced soil moisture experiment
(TP_sm) replicated the clm_sm experiment, except that soil moisture
values, including all layers over the TP region (28°-38°N, 80°-103°E)
during May-September, were multiplied by 0.5°'. Every case in the soil
moisture experiments began running using the initial fields on April 1
of the last 20 years of the CTL experiment and continued until August
31. Differences in the ensemble mean of 20 cases between the TP_sm
and clm_sm experiments were analyzed as climate effects of reduced
soil moisture over the TP. The significance of the differences was
evaluated using a t-test method.

Data availability

All datasets utilized in this study are publicly accessible from the following
websites: ECMWF Reanalysis V5 dataset: https://cds.climate.copernicus.eu/
cdsapp#!/search?type=dataset; Climate Prediction Center in National
Oceanic and Atmospheric Administration: https://psl.noaa.gov/data/
gridded/data.cpc.globaltemp.html; Global Land Data Assimilation System
Noah Land Surface Model L4 Version 2.1: https://disc.gsfc.nasa.gov/
datasets/GLDAS_NOAHO025_M_2.1/summary?keywords=GLDAS. Data-
set from China Meteorological Administration Land Data Assimilation
System (CLDAS): https://data.cma.cn/data/cdcdetail/dataCode/NAFP_
CLDAS2.0_RT.html.

Code availability
The data were analyzed using Python and the NCAR Command Language.
All relevant codes used in this study are available upon request from the
corresponding author.
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