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Sketching the spatial disparities in heatwave
trends by changing atmospheric
teleconnections in the Northern Hemisphere

Fenying Cai 1,2, Caihong Liu 3, Dieter Gerten1,2, Song Yang 4,5 ,
Tuantuan Zhang 4,5 , Kaiwen Li1,6,7 & Jürgen Kurths 1,8,9

Pronounced spatial disparities in heatwave trends are bound up with a diver-
sity of atmospheric signals with complex variations, including different phases
and wavenumbers. However, assessing their relationships quantitatively
remains a challenging problem. Here, we use a network-searching approach to
identify the strengths of heatwave-related atmospheric teleconnections (AT)
with ERA5 reanalysis data. This way, we quantify the close links between
heatwave intensity and AT in the Northern Hemisphere. Approximately half of
the interannual variability of heatwaves is explained and nearly 80% of the
zonally asymmetric trend signs are estimated correctly by the AT changes in
the mid-latitudes. We also uncover that the likelihood of extremely hot sum-
mers has increased sharply by a factor of 4.5 after 2000 over areas with
enhanced AT, but remained almost unchanged over the areas with attenuated
AT. Furthermore, reproducing Eastern European heatwave trends among
variousmodels of the CoupledModel Intercomparison Project Phase 6 largely
depends on the simulated Eurasian AT changes, highlighting the potentially
significant impact of AT shifts on the simulation and projection of heatwaves.

Increasing and intensifying heatwaves observed in historical records
and projected for the warming future have drawn worldwide
concerns1–8. In particular, overwhelming social and economic con-
sequences were caused by the recent more frequent record-breaking
heatwaves over the regions with acceleratedwarming9–17. Over 60,000
heat-related deaths were estimated in 35 European countries when
wide-spreading extreme heatwaves occurred in the summer of 20229.
Record-breaking temperature in July 2021, even 20°C above normal in
some American cities, caused >1,400 deaths, numerous large-scale
wildfires, and spreading smoke pollution over Western North
America10–13. Such disproportionate threats of heatwaves6,15–17 highlight

the necessity of disentangling the origin of amplified warming risks
over the hotspot regions.

Pronounced spatial dissimilarities of heatwave trends have been
detected recently15–18 (also see Supplementary Fig. S1a). For the hot-
spot regions such as Europe and Western North America, increasing
trends inheatwave intensities are twice as strong as in the zonalmeans,
whereas decreasing trends are observed in Eastern North America and
northern India (see Supplementary Fig. S1a). The spatially nonuniform
heatwave trends have been largely attributed to the changes in
atmospheric circulation patterns16–18. In particular, the trends toward
accelerated heatwaves in Europe appear to be tightly linked to more
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persistent Eurasian double jet streams16 and intensified Silk Road
pattern17,18. Double-jet configurations, characterized by a split in the
Eurasian jet stream into twoseparated zonalwind centers, are linked to
high occurrences of blocking anticyclones and substantial positive
trends in heatwave intensity over Europe16. Similar blocking antic-
yclone over Eastern Europe, as a part of alternative Eurasian antic-
yclonic and cyclonic circulation anomalies during the negative phase
of the Silk Road pattern, is conducive to surface warming over
Europe17,18.

Previous studies have been focused mainly on the impacts of a
specific atmospheric circulation phenomenon13,16,19, in particular
blocking anticyclones or double jets, or a fewwell-known atmospheric
teleconnection patterns17,18,20–23 (AT; e.g. the Silk Road pattern and the
circumglobal Rossby waves with wavenumbers 3, 5, and 7). However,
climate extremes over different areas are in a complexmanner related
to a diversity of atmospheric signals with dissimilar variations and
changes17,18,24,25. It is hard to examine thoroughly the large-scale het-
erogeneous heatwave trends in the Northern Hemisphere based on a
single AT system. Furthermore, state-of-the-art climatemodels cannot
reproduce the accelerated heatwave trends over some hotspots like
Western Europe26. Until now, we lack a universal and quantitative
understanding of the linkage between spatially heterogeneous sum-
mertime heatwave intensity trends and nonuniform AT changes in the
Northern Hemisphere.

The framework of complex networks has been widely used in
extreme weather analysis, including the synchronization and propa-
gation analysis of extreme rainfall27–29, heatwaves30–32, and droughts33.
However, only few of the extreme weather network analysis have
involved the complex atmospheric circulation changes. In this study,
the geographical features of heatwave-related AT are investigated by
analyzing heatwave and atmospheric geopotential height extreme
networks, using daily maximum near-surface temperature (Tmax) and
geopotential height at 500 hPa during the time period of 1979–2022
from the ERA5 reanalysis dataset34 (see Methods for details). For each
heatwave grid cell, we search two most-connected high-pressure grid
cells and two low-pressure grid cells, which indicate the information
about heatwave-related AT. The searching algorithm for most-
connected grid cells is based on the strongest interannual correla-
tions and the highest daily concurrences between heatwaves and
pressure extremes. A quantitative heatwave-related AT index is
retrieved at each grid cell by averaging themost-connected local high-
pressure and remote low-pressure intensities (see Methods for
details). A flow chart (see Supplementary Fig. S2) including several
stepswithdetails provides a comprehensive understandingof network
analysis. The contribution of AT shifts to the spatially heterogeneous
trends inheatwaves is quantifiedwith ERA5dataset and further verified
by the Coupled Model Intercomparison Project Phase 6 (CMIP6)
models35. This framework enables us to retrieve the quantitative link-
age between heatwave trends and AT changes. It will provide sub-
stantial insights into the simulation and even the future projection of
heatwaves.

Results
Concurrent weather extremes in a framework of network
analysis
Six climate networks based on the co-variability among heatwaves,
cold extremes, high-pressure extremes, and low-pressure extremes are
constructed (see Methods for details). The link strengths in the net-
works are identified as the temporal similarity among several types of
climate extremes over different grid cells. In particular, the similarity
could be calculated in two ways: the number of daily concurrences
between different extremes, and the Pearson’s correlation coefficients
between different yearly time series of extreme intensities.We analyze
the spatial features (i.e., the geographical distances) of heatwave-AT
relationships by displaying the distance distribution of the strong links

in six different climate networks (Fig. 1). The strength of a link between
two grid cells in these networks is determined by the temporal simi-
larity between climate extremes occurring in the two grid cells. For
four networks (heat-heat, heat-cold, heat-high, and heat-low), the
number of daily concurrences (see Supplementary Fig. S3) is used to
represent the similarity, while for the other two networks (heat-high
and heat-low), the Pearson’s correlation coefficients between different
yearly time series of detrended extreme intensities are calculated to
identify the link strength (see Methods for details).

According to our objective and quantitative network analysis, the
occurrences of heatwaves in the neighborhoods within 1500 km are
highly simultaneous, but the concurrences decrease sharply with
increasing distance (Fig. 1a). That is, heatwaves generally occur con-
currently with large-scale tropospheric blockings/anticyclones, which
can cause sinking motions and cloud reduction, conducive to surface
warming24,25,36–39. The concurrences ofweather extremes in two remote
grid cells are now further investigated since long-distance connections
hint at signal propagation within the atmospheric circulation system.
We do not consider time delay when counting the number of con-
currences between weather extremes over two grid cells for simplify-
ing computation (see Supplementary Fig. S3; see Methods for details),
and this is enough to retrieve themajor geographical features shown in
Fig. 1. It is noteworthy that from our results for the Northern Hemi-
sphere, the frequency of remote heatwave concurrences is higher in a
geographical distance of nearly 5200 km than for other distances
(Fig. 1a). The distance distribution of heatwave concurrences is quite
similar to that of extreme rainfall synchronizations29, implying analo-
gous AT effects on extreme weather teleconnection. On the other
hand, heatwave and cold extremes most likely appear synchronously
and remotely with a distance of about 2700 km (Fig. 1a).

Remote simultaneous occurrences of weather extremes are lar-
gely modulated by AT, featured by Rossby wave trains with alternative
atmospheric low-pressure and high-pressure anomalies21,22. From the
network analysis of daily concurrent heatwave and pressure extreme
(Fig. 1b), heatwaves tend to occur simultaneously with local high-
pressure extremes ( < 1000 km), remote low-pressure extremes with a
distance of ~2700 km, and remote high-pressure extremes with a dis-
tance of ~5700 km. The geographical distance distributions in the
interannual correlation network are similar to those in the daily con-
currence network (Fig. 1b vs Fig. 1c), implying a consistency between
daily and interannual time scales. In particular, the remote regionswith
heatwaves occurring nearly-simultaneously, such as Eastern Europe
and Eastern Asia, also exhibit high co-variability of heatwave activities
on the interannual time scales17,18,38,39.

European heatwaves could serve as examples to display physical
links between heatwaves, cold extremes, high-pressure extremes, and
low-pressure extremes. When Eastern European heatwaves occur (see
Methods for the composite analysis for regional heatwave events),
high-temperature and high-pressure anomalies are observed syn-
chronously 5200 kmawayover EasternandNortheasternAsia (Fig. 2a),
as reported in previous studies22,38,39. In the geometric region between
the two remote heatwave centers, cold extremes are observed over
Ural-central Asia (Fig. 2a). The distance from Eastern Europe to Ural-
central Asia is approximately 2700 km, which is about half of the
length for recurrent circumglobal Rossby wave patterns with wave-
numbers 5 and 7 in the northern mid-latitudes21,22. An eastward pro-
pagating atmospheric wave train (Fig. 2b), represented by alternative
high-pressure and low-pressure anomalies, bridges the concurrences
of remote heatwaves and cold extremes. Similarly, the occurrences of
Western European heatwaves (see Methods for details) are accom-
panied by a southeastward-eastward propagating Rossby wave train40,
which includes low-pressure anomalies over theNortheastern Atlantic,
the Northern Africa, and the Ural, and high-pressure anomalies over
Western Europe and central Asia-central Russia (Fig. 2d, e). The geo-
graphical distance between Western Europe and upstream low-
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pressure center over the Northeastern Atlantic is similarly close to
2700 km (Fig. 2d). Cross-degree centralities inside Western European
and Eastern European heatwaves reinforce that European heatwaves
are connected to local high-pressure extremes ( < 1000 km) and
remote low-pressure extremes in a distance of ~ 2700 km (Fig. 2c and
f). It is emphasized that the heatwave-related ATpatternwidely applies
to regions with different latitudes and longitudes in the Northern
Hemisphere (see Supplementary Figs. S4 and S5), even though the
distance for the maximum remote high-pressure center varies in a
range between 5000 km and 6000 km based on different thresholds
(see Supplementary Fig. S6). The strongest concurrences between
heatwaves and low-pressure extremes are observed with a distance of
1500–4000 km for above 85 % of the land area in the middle-high
latitudes (see Supplementary Fig. S7). Overall, the geographical fea-
tures obtained from the climate network analysis are spatially identi-
fied and visualized in realistic large-scale heatwave events, instead of
being spurious statistical characteristics.

Quantifying the contribution of AT shifts to spatially hetero-
geneous trends in heatwaves
A quantity of particular interest is to assess the strengths of grid-based
heatwave-related AT. After retrieving the AT intensity with spatial-
temporal variations, it is feasible to quantify the linkage between
zonally asymmetric heatwave trends and AT changes.

Including the geographical features of heatwave-AT linkage, we
identify the intensity of AT for heatwaves at each grid cell as the mean

intensity of local ( < 1500 km)most-connected high-pressure extremes
and remote (1500–4000 km) most-connected low-pressure extremes
(see Methods for details). The explained variances of heatwave
cumulative intensity (HWI) linked to the AT intensity after being
removed linear temporal trends are evaluated (Fig. 2g). For those
regionswith highAT-HWI correlations,ATaccounts for over 50%of the
HWI interannual variability over Europe, Northeastern Asia, northern
Africa, and Northwestern North America (Fig. 2g). For the zonal med-
ian estimate of AT-HWI relationships in the middle-higher latitudes,
approximately 45% of the heatwave interannual variability is attribu-
table to AT variations, higher than that over the subtropics (Fig. 2h).
The high linkage between HWI and AT is mainly due to the significant
relationship between HWI and local high-pressure intensities (Fig. 2h;
see Supplementary information text and Fig. S8). Nevertheless, dipolar
AT index directly including remote low-pressure intensities, exhibits a
stronger interannual linkage with heatwaves in the Northern Hemi-
sphere, compared with the only local high-pressure index (see Sup-
plementary information text and Fig. S8).

Worldwide increasing yet spatially heterogeneous trends in
heatwaves have been observed during the past four decades (see
Supplementary Fig. S1). In particular,morepronouncedupward trends
appear in the middle-higher latitudes with a zonally asymmetric fea-
ture (see Supplementary Fig. S1). The strong linkage between heat-
waves and AT may assist a thorough understanding of the spatially
heterogeneous HWI trends in the Northern Hemisphere. To retrieve
this spatial heterogeneity, the zonally asymmetric trends in HWI are

Fig. 1 | Geographical distances ofweather extremes. Probability density function
(PDF) for the distance of significant links in (a) heat-heat daily concurrence net-
works (red line with solid circles) and heat-cold daily concurrence networks (blue
line with hollow circles), (b) heat-high daily concurrence networks (red line with
solid circles) and heat-low daily concurrence networks (blue line with hollow cir-
cles), and (c) heat-high interannual correlation networks (red line with solid circles)
and heat-low interannual correlation networks (blue line with hollow circles).

Networks in (b, c) are constructed between weather extremes based on air tem-
perature at 2m (T2m) and geopotential height at 500 hPa (H500). The significant
p-values are shown in the upper right labels in (a–c). The links with link strengths
Lða,bÞ ≤80 for the two networks in (b) are considered as weak links and thus
removed. The vertical dashed green lines in (a–c) denote the distances of 1500 km
and 4000km.
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defined as the zonal deviations from the zonal mean (Fig. 3a; see
Methods for details), in which positive deviations signify accelerated
upward trends and negative ones indicate mitigated trends. The areas
with accelerated trends in heatwaves include Europe, Western North
America, Eastern Asia, and Northeastern Asia, while the areas with
mitigated trends comprise central Russia, South Asia, and Eastern and
Northwestern North America (Fig. 3a), in accordance with previous
studies6,15–18.

To quantify the contribution from AT, the HWI trend is further
estimated using a linear regression model based on the relationship
between HWI and AT in each grid cell (see Methods for details). The
estimated trends in HWI exhibit a high coincidence with the observed
zonally asymmetric trends in HWI, with a spatial correlation coefficient
(R) up to 0.46 (p <0.001) and same signs over nearly 80% of the mid-
latitude land areas near 50 °N (Fig. 3a, b, and d). It is interesting to
emphasize that accelerated and mitigated trends in HWI are linked to
intensified and weakened AT, respectively.

Regional averaged zonally asymmetric trends in HWI and their
estimated trends by AT changes are shown in Fig. 3c. In particular,
the amplified AT explains up to two thirds of the zonally asym-
metric trend over Europe, with a relatively higher contribution over
Eastern Europe (70%) and a relatively lower one over Western

Europe (52%). Above-observed trends are estimated by AT over
Eastern Asia (118%), probably due to the offset in AT-induced HWI
increase trends by anthropogenic aerosol emissions over Eastern
Asia41. The HWI asymmetric trend estimated by AT is very close to
the observed trend over Northeastern Asia. In addition, about one
third of the asymmetric trends are estimated over Northwestern
North America, Eastern North America, and South Asia-central
Asia due to the changes in AT. The upward and downward trends
in AT are significant over these regions, except Northeastern
Asia (Fig. 3c).

The changes in themid-latitudeHWI between 1979–2000 (P1) and
2001–2022 (P2) are further shown in Fig. 3e–g. The likelihood of high
HWI years (the normalized value >2) tripled from 5.6% in the P1 to
nearly 20% in the P2 (Fig. 3e). The changes in the occurrences of hot
summers exhibit considerable disparities between regions (grid cells)
with amplified AT (estimated HWI trends >2) and weakened AT (esti-
mated HWI trends <� 2). The likelihood of the hottest ~5% summers
(the normalized observed HWI >2) has increased sharply by a factor of
4.5 from 5.4% to 24.4% for the areas with intensified AT (Fig. 3f), but
remaining roughly unchanged for the regions with attenuated AT
(Fig. 3g). Pronounced discrepancies in heatwave changes indicate
concerns about the divergent future projections of heatwave intensity,

Fig. 2 | Linkage between heatwaves and atmospheric teleconnections (AT).
Composite anomalies of (a, d) air temperature at 2m (T2m; shadings; units: K) and
atmospheric circulations at 500 hPa (UV500; vectors; units: m s-1), and (b, e) geo-
potential height (H500; shadings; units: gpm) and wave flux activity (WAF500;
vectors; units: m2 s-2) at 500 hPa. a, b are the composite anomalies for Eastern
European heatwave events, while (d, e) are for Western European heatwave events.
Cross-degree centrality of high-pressure extremes (shadings; units:×1000) inside
(c) Eastern European heatwaves and (f)Western Europeanheatwaves. Cross-degree
centrality of low-pressure extremes (blue dashed contours) for Eastern European
heatwaves (shown at 42,000 and 50,000) and Western European heatwaves
(shown at 21,000 and 25,000) are also plotted in (c) and (f), respectively.
g Explained variance (R2) of yearly heatwave cumulative intensity (HWI) by AT, and

h the zonal median in explained variance (red solid line). R is the correlation
coefficient between the yearly detrended time series of HWI and AT at each grid
cell. The zonal median in explained variance between HWI and similar AT index
usingonly local high-pressure intensities is also plottedasorangedashed line in (h).
Significant values (p<0:05) are hatched and insignificant vectors are not plotted in
(a, b) and (d, e). The wave activity fluxes are not shownwhen both directions of the
values are less than 0.5 m2 s-2 or both wind component (u and v) anomalies are
insignificant. The red dashed lines in (a) and (d) denote the regions that are
2700km and 5200km far away from the centers of Eastern andWestern European
land areas, respectively. Yearly explained variances in (g) are positive over all grid
cells and significant (R2>0:147,p<0:01) over 99.8% of the land areas.
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which is probably related to the simulated spatial patterns of AT
changes.

Accelerated increasing trend in European heatwaves
Next, we analyze the accelerated trends over Europe to epitomize how
the heterogeneous HWI trends are linked to the complex AT changes.
Western and Eastern Europe are selected as examples because the
strong upward trends in European heatwaves reach the highest peak
among those over all subcontinents in the Northern Hemisphere
(Fig. 3a and Supplementary Fig. S1a).

Figure 4a, b exhibit the observed zonally asymmetric trends in
high-pressure and low-pressure cumulative intensities, respec-
tively. Accelerated trends in high-pressure extremes are observed
over Europe, Eastern Asia and Western North America, while low-
pressure ones increase over the Northeastern Atlantic, northern
Africa, central Asia, the Japan Sea and Eastern North America. The
acceleration of increasing trends in European heatwaves is tied to
more intense local high-pressure extremes, especially over Eastern
Europe (Fig. 4a, c, d). In addition to local co-variability between
surface warming and tropospheric high-pressure activity, the
accelerated increasing European HWI trends are also accompanied
by remote intensified trends in low-pressure anomalies. For Wes-
tern Europe, about two-third of the remote most-connected low-
pressure grid cells are located over the Northeastern Atlantic and
northern Africa, where low-pressure intensities increase sig-
nificantly (Fig. 4b, c). The intensified low-pressure anomalies over

both regionsmay result in more heatwaves overWestern Europe via
an enhanced warm advection by southerly wind42,43 (Fig. 4b). By
contrast, for Eastern Europe, 77% of the most-linked low-pressure
areas are observed over central Asia-central Russia, where low-
pressure intensity becomes higher during the last four decades
(Fig. 4b, and d). The fast-increasing heatwave intensity over Eastern
Europe is tied to magnified AT from Eastern Europe to central Asia-
central Russia in the east (Fig. 4b).

The amplified atmospheric wave trains and their linkages to
accelerated European HWI trends are further confirmed by an
empirical orthogonal function (EOF; see Methods for details) ana-
lysis. We perform EOF analysis on Western-Europe extended region
and Eastern-Europe extended region shown in Fig. 4e, f, which cover
most of the most-connected pressure-extreme grid cells for Wes-
tern European and Eastern European heatwaves, respectively
(Fig. 4c, d). The first leading mode of the 500-hPa meridional wind
(V500) over Western-Europe extended region is characterized by
cyclonic anomalies over the Northeastern Atlantic and northern
Africa, and anticyclonic anomalies over Western Europe (Fig. 4e). A
significant intensification of this mode promotes the formation of
more intense heatwaves over Western Europe but reduces the
heatwave intensity over northern Africa and Eastern Europe (Fig. 4e
and g). Similarly, the first EOF mode of V500 over the Eastern-
Europe extended region indicates a magnified atmospheric wave
train propagates eastward from Eastern Europe to central Asia-
central Russia, and favor the amplification of Eastern European HWI

Fig. 3 | Zonally asymmetric trends in heatwave cumulative intensity (HWI)
attributable to atmospheric teleconnections (AT). a Observed zonally asym-
metric trends (observed trends minus their zonal mean) in HWI. b Estimated HWI
trendsbyAT. cRegional observed (filled bars) and estimated (hatchedbars) zonally
asymmetric trends in HWI averaged over Northwestern North America (NWNA),
Eastern North America (ENA), Western Europe (WE), Europe (including Western
Europe and Eastern Europe), Eastern Europe (EE), South Asia-central Asia (SCA),
Eastern Asia (EA), and Northeastern Asia (NEA). d Proportion (units: %) of land area
(gray thin line) with the same signs between observed zonally asymmetric trend
and estimated trend, and its 11-degree running average (green thick line). Prob-
ability density function (PDF; units: 1) of normalized HWI during the periods of

1979–2000 (orange dashed lines) and 2001–2022 (red solid lines) in (e) all grid
cells, (f) grid cells where estimated trend is greater than 2, and (g) grid cells where
estimated trend is less than -2, in mid-latitude land areas (40°–65°N). Units of HWI
trend in (a–c) are K decade-1. Red (blue) hatched areas in (b) represent the areas
with correct signs estimated by AT with accelerated (mitigated) HWI trends. The
signs of negative observed zonally asymmetric and estimated trends (blue bars) are
reversed in (c). Colored solid, half solid, and hollow circles in (c) denote the trends
in AT over the corresponding regions significant at the 99%, 95%, 90% confidence
levels, respectively. See methods for the specific areas of different regions. Before
calculating PDF in (e–g), normalized HWI is standardized by subtracting the aver-
age and dividing the standard deviation obtained from the period of 1979–2000.
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trends (Fig. 4f and h). The atmospheric signals are complex because
two types of aforementioned intensified Rossby wave trains favor
opposite tendencies of European HWI. How can we evaluate the
Eastern European HWI trend, if it was intensified as one type of wave
train become stronger, but was weakened as the other type of wave
train was also enhanced? The network-based ATmeasure provides a
comprehensive understanding and quantifications. Our network-
searching results reveal that Western European HWI are most likely
linked to atmospheric variations over the northeastern Atlantic and
northern Africa, while Eastern European HWI tied to that over cen-
tral Asia-central Russia (Fig. 4c, d). Therefore, accelerated increas-
ing trends in Western and Eastern European HWI, are closely linked
to magnified atmospheric wave trains from northeastern Atlantic to
North Africa (Fig. 4e and g), and from Eastern Europe to central Asia
(Fig. 4f and h), respectively.

Role of AT changes in simulation of spatially heterogeneous
trends in heatwaves via CMIP6 models
Simulated dependences between zonally asymmetric trends in
heatwave intensity and AT changes are examined in the historical
period of 1979–2014 by 29 CMIP6 models (listed in Supplementary
Table 1).

Individual models capture the correct signs of asymmetric HWI
trends over some regions compared to the ERA5 reanalysis dataset,
but fail over other regions (see Supplementary Figs. S9 and S10),
probably due to the challenging reproduction of the complex
atmospheric circulation changes. For Eastern European heatwaves,
most models well reproduce the accelerated trends, whereas eight
models fail to simulate the correct signs of the asymmetric HWI
trends (Fig. 5c, Supplementary Figs. S9 and S10). Eight models
simulating the highest accelerated trends over Eastern Europe and

Fig. 4 | Accelerated increasing trends in European heatwaves linked to the
amplified atmospheric teleconnections (AT). Observed zonally asymmetric
trends (units: gpm decade-1) in (a) high-pressure intensity and (b) low-pressure
intensity. Number of most-connected high-pressure (red markers) and low-
pressure (green markers) grid cells (units: 1) for (c) Western and (d) Eastern Eur-
opean heatwaves. Normalized time series of g PCwest and h PCeast , which are the
principal components associated to the leading EOF mode for V500 over the
Western-Europe extended region (20°–70°N, 45°W–30°E) and Eastern-Europe
extended region (20°–70°N, 20°–90°E), respectively. Regressed patterns of heat-
wave cumulative intensity (HWI; shadings; units: K) and atmospheric circulations at

500 hPa (vectors; units: m s-1) onto e PCwest and f PCeast . Significant trends (p<0:1)
and significant anomalies (p<0:05) arehatched in (a,b) and (e, f), respectively. Only
the significant atmospheric circulations (p<0:05) are plotted in (e, f). Western
Europe (WE;35°–55°N, 10°W–25°E) andEasternEurope (EE; 45°–65°N, 25°–55°E) are
outlined by the red boxes in (a). Northeastern Atlantic (40°–60°N, 45°W–0°),
northern Africa (22°–38°N, 5°–25°E), central Asia-central Russia (25°–60°N,
58°–85°E, and 60°–75°N, 58°–102°E) are outlined by the blue boxes in (b–d). The
red boxes in (e, f) present the domains of Western-Europe extended region and
Eastern-Europe extended region for EOF analysis.
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the other eight model simulating the negative asymmetric trends
are picked out for a composite analysis (see Methods for details
about the high-EE-trend group and low-EE-trend group). The high-
EE-trend group is likely to reproduce an intensified atmospheric
wave train with locally increased high-pressure intensities over
Eastern Europe, and increased low-pressure intensities over north-
eastern Atlantic and Western Asia, and vice versa for the low-EE-
trend group (Fig. 5a, b, Supplementary Figs. S10–S13).

Among the 29 models, significant positive correlations of the
simulated trends in heatwaves over Eastern Europe with those in
local high-pressure intensities, and those in AT intensities, are
observed (Fig. 5c, d). Here, AT intensities are simply identified as the
average of high-pressure intensity over Eastern Europe and the low-
pressure intensity over northeastern Atlantic andWestern Asia. The
correlation between HWI and AT intensity is even higher than that
with local high-pressure trends (Fig. 5c, d), indicating that it is
necessary to include the potential influences of remote low-
pressure intensity as a part of AT when investigating the local
heatwave variability. These results suggest the critical role of the
reproduced changing AT in simulating the spatially nonuniform
heatwave trends. That is, the stronger the AT changes simulated by
a model, the higher the Eastern European HWI increase is displayed
in this model. A similar analysis, but for Western Europe, reveals
that reproducing the Western European heatwave trends also relies
on the simulations of Western-European-heatwave-related AT pat-
terns (see Supplementary information text and Fig. S14). The close
dependence between HWI and AT in historical simulations also
highlights the potential significant impacts of the simulated AT
shifts on the projected heatwaves in future scenarios.

Discussion
This study quantifies the close linkage between the heterogeneous
upward trends in heatwave intensity and the AT shifts in the Northern
Hemisphere. Bymeansof a complex network analysis,wediscover that
in addition to coinciding with local tropospheric high-pressure
extremes, heatwaves occur concurrently with remote cold and low-
pressure extremes at a distance of approximately 2700 kilometers.
Therefore, a quantitative AT index is identified at each grid cell as the
averaged intensities of most-connected local ( < 1500 km) high-
pressure extremes and remote (1500–4000 km) low-pressure
extremes.

Explicitly, about half of the HWI interannual variability is linked to
AT variations in the middle and higher latitudes, and the correct signs
of zonally asymmetric HWI trends are estimated by AT changes in
nearly 80%of themid-latitude land area. In particular, an intensifiedAT
explains nearly 70% of the zonally asymmetric accelerated HWI trends
over Eastern Europe, and above 50% over Western Europe. For other
regions, about ormore than 30%of the zonally asymmetric HWI trends
are explained by AT shifts. It is highlighted in this study that zonally
asymmetric warming caused by changing atmospheric circulations
should be given great importance, on account of which the zonally
uniform warming known as thermodynamic changes17,18 could be
doubled or offset by the modulations of AT shifts.

In contrast, a single CGT index44 could just estimate the correct
signs of about 45% land areas in all latitudes for zonally asymmetric
HWI trends and estimate regrettably an opposite trend over Western
Europe (see Supplementary Fig. S15). Only the accelerated trends over
Eastern Europe and Eastern Asia can be well estimated by this CGT
index, possibly because of the complex dominances by diverse AT

Fig. 5 | Simulated trends in Eastern European heatwaves linked to the atmo-
spheric teleconnections (AT) in CMIP6 models. Simulated differences in zonally
asymmetric trends between the high-EE-trend group and the low-EE-trend group
fora the heatwave cumulative intensity (HWI; units: Kdecade-1) andb thedifference
betweenhigh-pressure and low-pressure intensities (units: gpmdecade-1). The high-
EE-trend (low-EE-trend) group includes 8 models simulating the highest (lowest)
Eastern European asymmetric HWI trends. Significant differences (p<0:05) are
hatched in (a, b). Simulated zonally asymmetric trends in HWI versus c high-
pressure intensity, and (d) mean intensities between high-pressure and low-

pressure extremes in 29 CMIP6models. Results obtained from the ERA5 reanalysis
dataset are also provided in (c, d). The high-pressure intensity in (c, d) is averaged
over Eastern Europe (45°–65°N, 25°–55°E), while the low-pressure intensity is
averaged over the northeastern Atlantic (45°–60°N, 30°W–0°) and Western Asia
(30°–45°N, 55°–75°E). The x-axis units for (c,d) are K decade-1, while the y-axis units
are gpm year-1. The red boxes in (a, b) present the domain of Eastern Europe, while
blue boxes in (b) present the domains of Northeastern Atlantic and Western Asia.
The labels denoting the 29models and the ERA5 trends are shown in the rightmost
corner.
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signals over distinct regions. Other regions might be affected by other
atmospheric wave train indices with different phases and wave-
numbers. This emphasizes the essential role of network-searching and
grid-based measures in the investigations of complex AT variations
and their connections with the heterogeneous HWI trends.

There are still problems unsolved. Our results show that the
simulated asymmetric HWI trends largely rely on the fidelity in
representing the AT changes in CMIP6models. However, the spatial
heterogeneity of future projected heatwave intensifications and
their linkages to AT changes have not been investigated, although
heatwave increase in a global scale projected by almost all climate
models have been widely studied2. Considering only the future-
projected global average of heatwave trends may seriously under-
estimate the regional heatwave risks amplified by enhanced AT over
future hotspot regions.

In addition, we consider temperature extremes and atmospheric
pressure extremes, but other climate extremes have not been dis-
cussed in this study. Extreme rainfall may play a vital role in mod-
ulating the atmospheric circulation through releasing condensational
heat. Previous studies have found that extreme rainfall over Pakistan
with strong latent heat release could modulate the occurrences of
extreme heatwaves over Eastern Asia39,45. Based on a network analysis,
occurrences of heatwaves are observed simultaneously and sig-
nificantly over the east of extreme rainfall events in a distance of
roughly 2,100 km (see Supplementary information text and Fig. S16).
The nature behind the concurrent heatwaves and extreme rainfall
deserves thorough researches, which are not investigated in detail in
this paper. Furthermore, the potential impacts of soil moisture
deficit36,46–52 as well as the compound heatwave-moisture extremes53–57,
including heat-dry54,55 and heat-humid56,57 extremes, are not discussed
in this study. Soil moisture deficit is another driver that we do not
include in this study, but it can modulate heatwave variability through
altering the surface latent flux and thus reducing the evaporative
cooling36,46–48. It could even feedbackonto the large-scale atmospheric
circulation36,49–52. A thorough quantification of the spatial disparity in
compound extreme changes, probably attributed to interactive AT
shifts and soil moisture changes, is conducive to addressing the
potential risks more precisely.

Methods
Datasets
The atmospheric variables derived from the European Centre for
Medium-rangeWeather Forecasts Reanalysis v5 (ERA5) datasets34, with
a horizontal resolution of 1°× 1°, are analyzed in this study. Daily Tmax

and Tave are derived from themaximumand the average of hourly 2-m
air temperature (T2m) in each day, respectively. Apart from this, hourly
variables on 5 pressure levels (600, 500, 400, 300, and 200 hPa),
including zonal wind (u), meridional wind (v), and geopotential height,
are averaged into dailymeansbefore further analysis. The studyperiod
for the ERA5 reanalysis dataset is limited to June-July-August (JJA)
during the satellite era (1979–2022). The research area is the Northern
Hemisphere, in which the near-equatorial areas (0–10°N) are excluded
from this study because JJA is not the hottest season for these areas.

In addition, daily maximum near-surface air temperature (Tmax)
and 500-hPa geopotential height (H500) from the CMIP6 historical
simulations35 during 1979–2014 are examined in this study. The output
of each model simulation is interpolated into 1°×1° before analysis.
Twentynine CMIP6 models are included: ACCESS-CM2, AWI-ESM-1-1-
LR, BCC-ESM1, CNRM-CM6-1, CNRM-CM6-1-HR, CNRM-ESM2-1,
CanESM5, EC-Earth3-Veg, EC-Earth3, FGOALS-f3-L, FGOALS-g3, GFDL-
CM4, GISS-E2-1-G, HadGEM3-GC31-LL, HadGEM3-GC31-MM, IITM-ESM,
INM-CM4-8, INM-CM5-0, IPSL-CM6A-LR, KACE-1-0-G, MIROC6, MPI-
ESM-1-2-HAM,MPI-ESM1-2-HR,MPI-ESM1-2-LR,MRI-ESM2-0, NorESM2-
LM, NorESM2-MM, TaiESM1, and UKESM1-0-LL (see Supplementary
Table 1).

Definition of weather extremes
Heatwaves are identified over land grids when daily Tmax exceeds its
90th percentile threshold (θ90th) of the reference period of 1981–2010
for at least 3 consecutive days. The θ90th for a specific day is derived
from a total of 30 years × 15 days (7 days on either side of the target
day). For instance, the threshold value on 16 June is equivalent to the
90th percentile of Tmax on 9–23 June during 1981–2010. On the other
hand, cold extremes are recognized over the land grids when Tave

reaches below θ10th for at least 3 consecutive days. The definition of
θ10th is similar to θ90th, but for the 10th percentile threshold of Tave.
High-pressure (low-pressure) extremes are selected when the geopo-
tential height anomalies at 500 hPa (H500ano) are higher (lower) than
one standard deviation (σ). For each day, the climatology and standard
deviation σ are derived from a 30-year time series (1981–2010).

Cumulative intensities of heatwave (HWI), cold extreme, high-
pressure extreme, and low-pressure extreme are defined as the accu-
mulated valuesHWI =

PðTmax � θ90th,maxÞ,Cold =
Pðθ10th,ave � TaveÞ,

High=
PðH500anoÞ, and Low=

Pð�H500anoÞ, respectively, for the
corresponding type of extremes in each year.

Network analysis
For each network, the strength of a link between grid points a and b is
denoted as Lða,bÞ. It is defined as the total number of concurrent days
when a heatwave occurs over a and another heatwave (cold extreme)
occurs over b simultaneously, for heat-heat (heat-cold) daily con-
currencenetwork. For heat-high (heat-low)daily concurrencenetwork,
Lða,bÞ is identified as the total number of concurrent days when a
heatwave occurs over a and a high-pressure (low-pressure) extreme
occurs over b simultaneously. We do not consider time lag when
counting the number of the concurrent days between weather
extremes occurring over the two grid cells (see Supplementary Fig. S3)
in this study.

We shuffle the time series of daily extremes (presence as 1 or
absence as 0) 1000 times for each grid cell, and then calculate the 99th

percentile of Lða,bÞ for each pair of grid cells ða,bÞ from the shuffled
data. In the following, we conduct significant test for the links in the
four daily concurrence networks. When the real Lða,bÞ is lower than the
99th percentile threshold, this link is identified as insignificant and will
be removed.

For the heat-high (heat-low) interannual correlation network, Lða,bÞ
is defined as the Pearson’s correlation coefficient R between HWI and
the high-pressure (low-pressure) extreme cumulative intensity. All the
temporal linear trends of yearly time series are removed before cal-
culating R. Only the significant positive links, i.e., Lða,bÞ =R>0:297
(p <0.05), will be retained.

One of the commonly used two-layer network coefficients, cross-
degree centrality58–60 is used to quantify the topological characteristics
of heatwaves-atmospheric circulation relationships. Cross-degree
centrality inside regional heatwaves is the sum of strength of all sig-
nificant links to the grid cells within the region: Db =

P
a2RLða,bÞ. High

cross-degree centralityDb inside region-R heatwaves indicates the area
with high occurrences of pressure extremes over grid cell b when
heatwaves occur over region R. For instance, high-value shading
(contour) region indicates the area with high occurrences of high-
pressure (low-pressure) extremes when heatwaves occur within the
corresponding box regions (Fig. 2c and f).

Composite analysis for Eastern and Western European
heatwave events
Eastern European heatwave days are recognized when the number of
heatwave land gridpoints reaches above 90th percentile (i.e., ≥ 137 grid
cells, 23.4 % of the total 585 grid cells) over 45°–65°N, 25°–55°E, which
accounts for about 10% (405 days) of the total 4048 summer days.
Similarly, Western European heatwave days are identified when heat-
waves occur in no less than88 land grid points (i.e., ≥88 grid cells, 19.8
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% of the total 445 land grid cells) over 35°–55°N, 10°W–25°E, so that
about 10% (412 days) of the summer days are picked out as the regional
heatwave days.

Composite anomalies are the differences between the average of
the physical variables in regional heatwave days (406 days for Eastern
Europe and 410 days for Western Europe) and the climatology
(4048 days). The statistical significance level (i.e., p <0.05) of com-
posite anomalies is calculated by the Student’s t-test.

Eastern andWestern Europeanheatwave events basedon the 95th
percentile threshold are also analyzed (see Supplementary informa-
tion text and Fig. S17). Similar patterns of Tave and H500 are obtained
for the composite analysis of regional heatwaves based on both 90th
and 95th percentile thresholds.

Wave activity flux
Thepropagationof atmosphericRossbywaves canbedescribedby the
wave activity flux (known as TN flux61), which can be written as follows:

W=
p cosφ
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�� ��
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a2cos2φ ð∂ψ0
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∂λ2

� �
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where p= pressure (per 1000 hPa), while φ , λ , and a are latitude,
longitude, and the earth radius, respectively. Besides,ψ0 represents the
anomaly of the stream function, while U, u, and v indicate the clima-
tology of the wind speed, zonal wind, and meridional wind,
respectively.

Searching most-connected grids and identifying atmospheric
teleconnections
For each grid cell a, we search the two most-connected high-pressure
grid cells i and j, and the twomost-connected low-pressure grid cellsm
and n. For gird cell i (j), the high-pressure extreme has the highest
yearly correlation coefficient (daily concurrence) with the heatwave
over grid cell a. For gird cell m (n), the low-pressure extreme has the
highest yearly correlation (daily concurrence) with the heatwave over
grid cell a. When the strongest link between a heat-extreme grid cell
and all pressure-extreme grid cells are found, the associated pressure
extreme time series are used to measure the AT strength for the cor-
responding heatwave grid cell. Interannual correlation and daily con-
currence networks are both included to identify AT index on account
of the complicated atmospheric signals with dissimilar variations. To
guarantee the real physical representations of theATmeasure, we limit
the geographical distance of the links when searching the most-
connected grid cells. For most-connected high-pressure grid cell i (j),
the distance between a and i (j) is less than 1500 km. For most-
connected low-pressure grid cellm (n), the distance between a andm
(n) is between 1500 km and 4000 km.

distance a, ið Þ< 1500km,distance a, jð Þ< 1500km ð2Þ

distance a,mð Þ 2 1500� 4000km,distance a,nð Þ 2 1500� 4000km

ð3Þ

At each grid cell a, the strength of yearly AT is defined as the
average of high-pressure cumulative intensities over i and j and low-
pressure cumulative intensities over m and n. The zonal mean of the
high-pressure and low-pressure cumulative intensities has been
removed to excludes the potential influences of global uniform

warming.

ATa = ðHighi +Highj + Lowm + LownÞ=4 ð4Þ

In general, AT includes covariant atmospheric signals with long
geographical distances. Therefore, both local high-pressure intensities
and remote low-pressure intensities are directly included to identify
the strengths of heatwave-related AT. Nevertheless, the results for AT
measures using only local high-pressure intensities are also supplied
(see Supplementary information text and Fig. S8). Overall, the dipolar
AT index including both local high-pressure and remote low-pressure
intensities, exhibits a stronger interannual linkage with heatwaves in
the Northern Hemisphere, compared with the only local high-
pressure index.

Zonally asymmetric trends and estimated trends
The zonally asymmetric trends are the zonal deviations from the zonal
means of heatwave, high-pressure, and low-pressure intensity trends.
The zonal mean of HWI is preprocessed by conducting 31-degree
moving mean to remove the discontinuity caused probably by the
sharp changes in the land proportion at different latitudes (see Sup-
plementary Fig. S1).

In addition, we estimate the HWI trends based on AT changes at
each grid point by using a linear regression model:

TrendðHWI,estimatedÞ =RCðAT ,HWIÞ ×TrendAT ð5Þ

where RC is the regression coefficient between the detrended yearly
time series of AT and HWI.

Regional zonally asymmetric and estimated trends are averaged
over these regions: Northwestern North America (NWNA; 60°–75°N,
160°–100°W), Eastern North America (ENA; quadrangle, bottom 30°N,
92°–70°W, upper 45°N, 112°–70°W), Western Europe (WE; 35°–55°N,
10°W–25°E), Eastern Europe (EE; 45°–65°N, 25°–55°E), Europe
(Western Europe and Eastern Europe), South Asia-central Asia
(22°–45°N, 65°–80°E), Eastern Asia (EA; 28°–34°N, 100°–120°E), and
Northeastern Asia (NEA; quadrangle, bottom 50°N, 115°–160°E, upper
75°N, 140°–160°E).

Sensitivity test
Four additional definitions of pressure extremes are used to identify
the geographical distance feature and the grid-based heatwave-AT
linkage. At three pressure levels, geopotential height anomaly at 850
hPa (H850 anomaly), 500 hPa (H500 anomaly), and 200 hPa (H200
anomaly) are analyzed to recognize high-pressure and low-pressure
extremes. The four definitions include: (1) H850 anomaly exceeds one
standarddeviation, (2)H200 anomaly exceeds one standarddeviation,
(3) H500 anomaly exceeds 1.5 standard deviation, (4) H500 exceeds
the 90th percentile or 10th percentile threshold for at least 3 con-
secutive days, which are similar as the definition of heatwaves using
Tmax but for pressure extremes using H500.

The distance distributions of concurrent heatwave-pressure
extremes are similar for all the four definitions (see Supplementary
Figs. S18 and S19). The interannual explained variances between HWI
andAT reachnearly 50% in themid-latitudes for thepressure extremes
based on all definitions except for which is slightly lower ( ~ 40 %) at
850 hPa (see Supplementary Figs. S20 and S21). It is probably because
atmospheric wave trains almost propagate along the westerly jet
streams in the middle and upper troposphere.

In addition, we investigate the probability density function of
strong, medium, and weak significant links corresponding to different
thresholds (see Supplementary Figs. S6). For strong links between
heatwaves and high-pressure extremes, the second peak ( ~ 5500 km)
is much weaker than the strongest peak ( < 1500 km). Western Eur-
opean heatwaves are even not significantly correlated with the remote
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high-pressure anomalies in a distance of 5200–6000 km because the
correlation decreases rapidly when the geographical distance increa-
ses (Fig. 2d, e). Therefore, we are concentrated on the strongest local
high-pressure and the strongest remote low-pressure grid cells, and
use them to identify the strengths of heatwave-related atmospheric
teleconnection.

EOF analysis
To investigate the changes in regional atmospheric circulation pat-
terns, an empirical orthogonal function (EOF) analysis is performed for
the yearly anomalies of 500-hPa meridional winds (V500) during the
JJAs of 1979–2022. For Western Europe, the first EOF mode for the
V500overWesternEurope-extended region (20°–70°N, 45°W–30°E) is
analyzed and PCwest is the associated principal component (Fig. 4g).
For Eastern Europe, the first EOF mode for the V500 over Eastern
Europe-extended region (20°–70°N, 20°–90°E) is analyzed and PCeast

is the associated principal component (Fig. 4h). The domains of Wes-
tern Europe-extended region and Eastern Europe-extended region are
shown in Fig. 4e, f, which cover most of the most-connected pressure-
extreme grid cells for Western European and Eastern European heat-
waves, respectively (Fig. 4c, d).

In addition, a circum-global teleconnection (CGT) pattern is also
derived based on the EOF analysis, following previous studies18,44. It is
identified as the first leading mode of 200-hPa meridional winds
(V200) over 20°–60°N, 0°–150°E, given that its major characteristics
are observed near the Asian jet stream. The CGT pattern is character-
ized by alternative cyclonic and anticyclonic circulation anomalies
across the Eurasian continent18,44. In particular, blocking anticyclones
are located over Eastern Europe and Eastern Asia, while cyclonic cir-
culation anomalies over Western Europe and central Asia (see Sup-
plementary Fig. S15a). The CGT index is defined as the associated
principal component (see Supplementary Fig. S15d).

Composite analysis for simulation of the highest accelerated
and the lowest asymmetric trends over Eastern Europe
Eight models simulating the highest accelerated HWI trends over
Eastern Europe include FGOALS-g3, GFDL-CM4, HadGEM3-GC31-MM,
IPSL-CM6A-LR, MIROC6, MPI-ESM-1-2-HAM, NorESM2-LM, and
TaiESM1. The eight models are picked out into a category, which is
named as the high-EE-trend group. Similarly, the low-EE-trend group
includes eight models simulating the lowest asymmetric trends over
Eastern Europe: AWI-ESM-1-1-LR, BCC-ESM1, CNRM-CM6-1-HR, CNRM-
ESM2-1, INM-CM4-8, MPI-ESM1-2-LR, MRI-ESM2-0, and UKESM1-0-LL.
To examine the simulated dependences between HWI and AT, we
conduct composite analysis by averaging the zonally asymmetric
trends in both HWI and the difference between high-pressure and low-
pressure intensities simulated by the 16models in high-EE-trend group
and low-EE-trend group shown in Fig. 5a, b and Supplementary Fig. S13.

Data availability
The ERA5 single-level and multi-level variables34 could be freely
downloaded from https://doi.org/10.24381/cds.adbb2d47 and https://
doi.org/10.24381/cds.bd0915c6, respectively. The outputs of CMIP6
simulations35 could be freely obtained from https://esgf-node.llnl.gov/
search/cmip6/. The processed data used in this study are available in
the following Zenodo database: https://zenodo.org/records/13361912.
Source data are provided with this paper for Figs. 1–5.

Code availability
The EOF approach and Student’s t-test are provided by the NCL
functions “eofunc” (https://www.ncl.ucar.edu/Document/Functions/
Built-in/eofunc.shtml) and “ttest” (https://www.ncl.ucar.edu/
Document/Functions/Built-in/eofunc.shtml), respectively. The codes
used to generate the results of this study are available at https://github.
com/FenyingCai/heatwave_trends-AT-network.
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