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Pronounced spatial disparity of projected
heatwave changes linked to heat domes

and land-atmosphere coupling
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Heatwaves are projected to substantially increase at a global scale, exacerbating worldwide heat-
related risks in the future. However, understanding future heterogeneous heatwave changes and their
origins remains challenging. By analyzing the output of various climate models from the Coupled
Model Intercomparison Project Phase 6, we found pronounced spatial disparity of projected heatwave
increases in the Northern Hemisphere, even outstretching seven-fold inter-regional differences in
extreme heatwave occurrences, attributed primarily to future changes in heat-dome-like circulations
and soil moisture-temperature coupling. Specifically, we found that by the end of the 21st century, the
modulations of combined Pacific El Nifio and positive Pacific Meridional Mode on magnified heat-
dome-like circulations would be translated into summertime hotspots over western Asia and western
North America. Amplified soil moisture-temperature couplings then further aggravate the heatwave

intensity over these two hotspots. This study provides support for formulating impact-based
mitigation strategies and efficiently addressing the potential future risks of heatwaves.

Continuously increasing heatwave frequency and intensity over time at a
global scale could bring about overwhelming social and economic con-
sequences across continents'~. While widespread increasing trends of the
heatwave are detected in large parts of the Northern Hemisphere''™, a
spatial disparity characterized by accelerated changes identified in hotspots
and relatively weaker increases expressed as mitigated changes are also
noticeable. Understanding this spatial disparity of heatwave changes and its
origins, which is far from clear, can provide impact-based decision-making
support for stakeholders. Hotspots, such as Europe'' ™" and western North
America'™"®, have attracted an explosion of interest for the frequent record-
breaking extreme heatwave events occurring in recent years. In addition to
the relatively uniform warming associated with external forcing, the origins
of hotspot centers were attributed to the changes in atmospheric circula-
tions, including increasing persistent double jets", intensified Silk Road
pattern teleconnections'*"”, and changing heat-dome-like circulations'*™"".
It was suggested that the accelerated heatwave trends over Western Europe
are considerably bound up with more persistent double jets over Eurasia'".
Heat domes, on the other hand, can explain half of the magnitude of the

anomalous temperature over western North America in the summer of
2021'°. This feature hints that atmospheric circulation may play consider-
able roles in the heterogeneity of the increase in heatwaves during the past
several decades based on historical observations. Up to now, there hasbeen a
lack of unified investigation of the spatial heterogeneity in future projected
heatwaves and their linkage to changing atmospheric circulations. In this
study, we find that a pronounced disparity in extreme heatwave occurrences
between different regions can outstretch 7-fold discrepancy (Fig. 2f), much
more striking than those shown in commonly used metrics including
heatwave cumulative intensity (Fig. 1a). This highlights the necessity to
disentangle the origins of the spatial pattern in projected heatwave inten-
sifications, in particular for the potential influences of future changes in
atmospheric circulations, oceanic temperature, and land-atmosphere
coupling.

Oceanic warming/cooling can significantly modulate atmospheric
teleconnections via triggering/suppressing convection activity and henceis a
crucial driver of global heatwave variability'*". El Nifio-Southern Oscilla-
tion (ENSO), as the dominant mode of tropical Pacific sea surface
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Fig. 1 | Multi-model mean of long-term future summertime heatwave and eddy
2500 changes in the Northern Hemisphere under the SSP585 scenario. Future
changes are calculated as the averaged difference between 2071-2100 under the
SSP585 scenario and the reference period 1991-2020 (combined historical simu-
lation and SSP585 scenario) for a eddy heatwave cumulative intensity (eddy HWI
identified as HWI being removed zonal mean; shadings; units: K), HWI (green
contours shown at 100, 150, and 200 K) and b eddy z500 (geopotential height at 500
hPa being removed zonal mean; units: gpm). Hatched areas in b show where at least
11 models (>78% of the total 14 models) project the eddy z500 changes with same
signs. ¢ Correlation coefficient between projected HWI and eddy z500 changes in
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420 summers during 2071-2100 by 14 models. Hatched areas in ¢ show where the
inter-model correlation coefficient between projected HWI changes and eddy z500
changes (2071-2100 average minus 1991-2020 average) exceeds the 95% confidence
level. Future HWT changes (units: K) versus eddy z500 changes (units: gpm) for

d western Asia and e western North America. The red boxes in a-c present the
domain of western Asia (15°-30°N, 40°-60°E) and western North America
(40°-60°N, 125°~100°W). The inter-model explained variances (R?) between
heatwave changes and eddy z500 changes for western Asia and western North
America are also shown in (c). The labels denoting the 14 models are shown in the
bottom right corner.

temperature (SST) variability, could modulate heatwave variations over
Europe™, North America’, East Asia”, South Asia”, and Australia”*. In
addition, the European heatwaves in 2003*° and 2015” were thought to be
driven by SST anomalies in the Indian Ocean and the North Atlantic,
respectively. The Pacific SST anomaly identified as the Pacific Extreme
Pattern as a precursor was observed even 50 days in advance of the
occurrences of hot days over the eastern United States™. Those oceanic
signals are projected to change remarkably in the future, but their potential
influences on the nonuniform heatwave trends have received little atten-
tion by far.

The impacts of atmospheric circulations on heatwaves can be further
modulated by the in situ soil moisture-temperature coupling, which has
been emphasized increasingly in recent studies” . By altering the surface
latent heat flux and thereafter reducing the evaporative cooling, soil
moisture deficits could promote the occurrences of extreme local heat,
especially in the mid-latitudes™ . For example, the hot extreme over
western North America in 2021 was amplified by a soil moisture deficit,
which can enhance the intensity and prolong the duration of heat-dome-like
circulations'. In future projections, intensified soil moisture-temperature
feedback will additionally increase the likelihood of extremely high
temperature’>™. It is certainly to suppose that together with atmospheric

circulations, land-atmosphere feedback will provide insights for hetero-
geneous changes in heatwaves.

In this study, future changes with accelerated and mitigated areas for
heatwave and their linkage to heat-dome-like circulation changes are
investigated based on the output of various climate models from the Cou-
pled Model Intercomparison Project Phase 6 (CMIP6)”. The amplified risks
of climate model-projected hotspots, compared with other regions in the
same latitudes, by heat-dome-like circulation changes, are quantified. Fur-
thermore, the roles of tropical asymmetric SST in heat-dome-like circula-
tion changes and additional effects of land-atmosphere coupling trends on
the nonuniform spatial pattern of projected heatwave intensifications are
identified.

Results

Connection between projected future changes in heatwaves and
heat-dome-like circulations

Before examining the future changes projected by CMIP6 climate models,
we evaluate the models’ performance in simulating historical features of
heatwaves. The outputs of 14 CMIP6 models are validated with respect to
their fidelity in simulating heatwave cumulative intensity (HWT), which is
identified as summertime accumulated margins of T', . exceeding the 90th
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percentile (see the “Methods” for details). By comparing the probability
density function (PDF) of HWI in the ERAS5 reanalysis dataset™ and that in
the historical simulations by 14 CMIP6 models for the period 1950-2014,
we find that the models can indeed basically reproduce the observed PDF in
HWI, although the multi-model mean of the 14 models slightly under-
estimates the frequency of high-HWT events (see Supplementary Fig. S1).
With pattern correlation significant at a 99% confidence level, the multi-
model mean could basically simulate the spatial pattern of ERA5 HWI
trends in 1950-2014 (see Supplementary Fig. S2). In particular, the his-
torical hotspot over Eastern Europe can be well reproduced in the multi-
model mean and most of the models (see Supplementary Figs. S2, S3).

Taking advantage of the models’ reasonable performance, the pro-
jected future changes in heatwave by the multi-model average of the 14
CMIP6 models are examined. Contrasts in HWI between the long-term
future (2071-2100) under the SSP585 scenario and the reference period
(1991-2020; combined historical simulation and SSP585 scenario) are
displayed in Fig. 1a. Pronounced spatial disparity of the projected changes in
heatwave intensity is exhibited, although heatwave intensity generally
increases (Fig. 1a). An accelerated increase in heatwave intensity is pre-
sented by the multi-model mean and most of the 14 CMIP6 models over the
Mediterranean, western Asia, and western North America (Fig. la, see
Supplementary Fig. S4). We identify western Asia and western North
America as the hotspots over the subtropics and the mid-latitudes in the
long-term future, respectively. In contrast, relatively weaker changes are
projected over northern Europe, South Asia, East Asia, and Greenland (Fig.
la, see Supplementary Fig. S4). The spatial pattern of HWI changes is
similar to which of summertime surface temperature change (Fig. 1a, see
Supplementary Fig. S5). For the two hotspots, highly inter-model correla-
tion coefficients up to 0.9 are observed between projected HWI trends and
surface temperature changes (see Supplementary Fig. S6a, d), since
increasing in mean temperature could exacerbate the cumulative intensity
of extreme heatwaves.

Such a spatial disparity of projected heatwave intensifications seems
to be closely linked to the future changes in heat-dome-like circulation
depicted by zonally asymmetric geopotential height at 500 hPa'® (eddy
2500; see the “Methods” section for details). An accelerated heatwave
increase coincides with intensified heat-dome-like circulations, while
mitigated heatwave changes coincide with weakened eddy z500 (Fig. 1a, b,
see Supplementary Figs. S$4, S7). Across all land regions in the Northern
Hemisphere, projected heatwave intensifications are significantly corre-
lated with the changes in eddy z500 in a total of 420 months in the long-
term future by all 14 CMIP6 models (Fig. 1c), possibly due to a well-
recognized hydrostatic balance relationship that thickness between pres-
sure levels is proportional to layer mean temperature. In particular, the
2071-2100 averaged HWI changes are found to be highly dependent on
eddy z500 changes for the two hotspots (Fig. 1d, e), because 53% (51%) of
the inter-model variances in HWI changes over western Asia (western
North America) are explained by eddy z500 changes. Significant rela-
tionships between summer-mean eddy z500 and cumulative intensity of
extreme heatwaves are mediated by summer-mean surface temperature
(see Supplementary Fig. S6a, b, d, e). The close linkage between surface
warming and middle-upper tropospheric anticyclones is consistent with
the hydrostatic relationship. These results suggest that the heat-dome-like
circulation changes are significantly linked to the heatwave accelerations
over western Asia and western North America. Similar features can be
obtained by the projection under the SSP245 scenario, although with a
relatively weaker magnitude (see Supplementary Fig. S8). It is noteworthy
that the inter-model dependence between simulated HWI and eddy z500
over the two hot spots are significant for the long-term future (2071-2100),
but not significant for the mid-term future (2036-2065) as shown in
Supplementary Fig. S9. Accelerated heatwave changes are also discovered
over western Asia and western North America as depicted by other heat-
wave metrics, including heatwave cumulative frequency and heatwave
averaged intensity, under both SSP585 and SSP245 scenarios (see Sup-
plementary Figs. 10, 11).

Future climate change includes (i) a spatially uniform component,
known as thermodynamic change and (ii) a zonally asymmetric component
caused by dynamic change'*". The first component may be interpreted as
global uniform warming, which is accompanied by a homogeneous HWI
increase and a geopotential height rising globally (Fig. 2a versus c¢). In
contrast, intensified eddy z500, probably induced by atmospheric tele-
connection alterations, is characterized by a magnified gradient between
relatively high- and low-pressure centers which facilitates the spatial dis-
parity (the second component) (Fig. 2a versus b). Here, western Asian
accelerated warming is used to further epitomize the roles of global uniform
warming and intensified heat-dome-like circulations. We analyze the daily
distribution of near-surface temperature maximum (7' ,.) over the sub-
tropics during the reference period (1991-2020), the mid-term future
(2036-2065), and the long-term future (2071-2100). Global uniform
warming is dominant over all regions because the PDF of T, over each
place shifts towards a high-temperature state from the beginning to the end
of the 21st century, which remarkably increases the probability of record-
shattering heatwaves (Fig. 2d, see Supplementary Fig. S12a-€). Given the
well-recognized global uniform warming, we focus on the connection
between the projected changes in heat-dome-like circulations and related
heterogeneous HWI in this study. A marked disparity between the fre-
quencies of heat extremes over western Asia and other places in the sub-
tropics is projected. In particular, the likelihood of extreme heat days
(>5.5 std above the historical conditions) over western Asia (10.3%) could
become three times as high as that over the other subtropical land areas
(3.9%), and even nearly seven times as high as that over South Asia (1.5%) by
the end of the century under the SSP585 scenario (Fig. 2e, f, see Supple-
mentary Figs. S12, 13). In addition to increases in mean temperature,
accelerated HWT increases over western Asia are also attributed to increases
in the variances of T, . In particular, extreme temperature increases faster
compared with the mean temperature changes, especially over western Asia,
by an amplified ratio of ~18% (see Supplementary Fig. S14). This spatial
disparity in extreme heatwave occurrences, closely connected to heat-
related risks, is more pronounced than that shown in heatwave cumulative
intensity or averaged intensity (Fig. la, see Supplementary Fig. S10b). It is
necessary to identify the patterns as well as the origins of the extreme
heatwave risks with significant spatial variations. Similar amplified occur-
rences of extreme heat days are also projected over western North America
compared with the other mid-latitude land areas, although the spatial dif-
ference is much weaker over the mid-latitudes compared with the subtropics
(see Supplementary Fig. S12d-f).

Roles of tropical asymmetric changes in sea surface
temperature

Heat-dome-like circulations are generally embedded in global climate tel-
econnections, which are manifested by internal variability or modulated
eminently by convective activity associated with the tropical sea surface
temperature (SST) anomaly'*". A strong consensus is projected by most of
the CMIP6 models, indicating that SST increases exceptionally faster over
the tropical and subtropical central-eastern Pacific (Fig. 3a), probably linked
to more frequent concurrences of El Nifio events and a positive phase of the
Pacific Meridional Mode (PMM-)***’. We define a tropical Pacific asym-
metric SST index as the areal-averaged zonally asymmetric SST (eddy SST)
over the Northern Hemisphere tropical central-eastern Pacific (boxes in
Fig. 3a, b; see the “Methods” section for details). The inter-model regressions
of eddy SST change onto the tropical Pacific asymmetric SST index clearly
indicate that the asymmetric SST changes over the tropical eastern Pacific
are negatively linked to eddy SST changes near the Maritime Continent and
over the Northern Hemisphere subtropical Atlantic, rather than being
isolated (Fig. 3b). The models show stronger El Nifio and PMM+- patterns
in the long-term future tends to project stronger convection and below-
average eddy z500 over the tropical central-eastern Pacific, and vice versa
(Fig. 3¢). Notably, intensified heat-dome-like circulations are projected over
western Asia and western North America as a consequence of the increased
convective activity over central-eastern Pacific (Fig. 3c). In addition,
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Fig. 2 | Accelerated increase in heatwave intensity over western Asia associated
with intensified eddy z500 under the future SSP585 scenario. Schematic diagram
of a heat-dome-like circulation and its future change depicted by b intensified eddy
2500 and ¢ global uniform warming. d Probability density functions (PDF) of T,
over western Asia (15°-30°N, 40°-60°E) for the period 1991-2020 in combined

historical simulation and SSP585 scenario (gray line with triangles), and 2036-2065
(orange line with solid circles) and 2071-2100 (red line with hollow circles) under

the SSP585 scenario. The ratio of accumulated PDFin T, over western Asia versus

max
that over e subtropical region (15°-30°N) excluding western Asia, and versus that
over f South Asia (15°-30°N, 70°-85°E). T' . is normalized by subtracting the mean
value and then dividing by the standard deviations of values during the period
1991-2020 in combined historical simulation and SSP585 scenario before calcu-

lating the PDF.

weakened heat-dome-like circulations as well as mitigated HWT changes are
found over Greenland as a response to the Rossby wave train related to El
Nifio and PMM+- patterns* (Figs. la, b and 3c).

In addition to inter-model correlations, the amplified teleconnections
related to El Nifio and PMM+- are validated by comparing the quantitative
occurrences of ocean-atmosphere coupling events among the 14 models. At
least 11 (>78%) of all 14 models show an increase or remain unchanged in
the frequencies of both El Nifio summers and combined El Nifio and
PMM-+ summers (Fig. 3d, e), in agreement with previous studies’***>*. A
high inter-model consensus is projected by the models because only three
models simulated a decrease in both El Nifio summers concurrent with
PMM+ or not (Fig. 3d, e). Correspondingly, intensified heat-dome-like
circulations are detected over western Asia during El Nifio summers (Fig. 3f,
see Supplementary Fig. S15), while an intensified eddy z500 is identified over
western North America during combined El Nifo and PMM+ summers
(Fig. 3g). The increasing frequency of El Nifio summers gives rise to more
large-scale heat-dome-like circulations over western Asia and the Arabian
Sea through the west-east shift of the tropical Walker circulations*, featured
as zonal eddy z500 dipole and upper-level stream function dipole over the
Pacific and Indian Oceans (Fig. 3f, see Supplementary Figs. S15, 16). On the
other side, the poleward-propagating atmospheric Rossby wave train
known as Pacific-North American pattern, as a response to El Nifio and
PMM-+, boosts the intensified occurrences of heat-dome-like circulations
over western North America (Fig. 3g). The changing atmospheric

teleconnections, including zonal Walker circulations and poleward atmo-
spheric wave trains, bridge the tropical Pacific asymmetric SST changes and
eddy z500 intensifications over the two hotspots. Therefore, the tropical
Pacific asymmetric SST index and two-hotspot eddy z500 changes are
highly correlated among models (p < 0.005; Fig. 3h, i). Reasonably, the HWI
changes over western Asia and western North America projected by a
climate model significantly rely on the simulated tropical Pacific asymmetric
SST changes (p < 0.05; Fig. 3j, k).

Roles of changes in soil moisture-temperature coupling

The spatial disparity of future changes in heatwave can be roughly sketched
by heat-dome-like circulation changes, but some details seem to be over-
looked. For example, the strongest eddy z500 changes are projected over
western North America, much higher compared with western Asia, but
relatively weaker heatwave accelerations are projected over western North
America than that over western Asia (Fig. 1). It seems that only the circu-
lation change may be not sufficient to explain the exceptional strongest
increase in heatwave intensity over western Asia. In general, local
land-atmosphere couplings can modulate the relationship between heat-
wave and heat-dome-like circulations by changing the surface evaporative
cooling”™', which may play a role in the disproportionate relationship
between heatwave and heat-dome-like circulations. The future changes in
the strengths of soil moisture-temperature couplings are examined in the
following.

npj Climate and Atmospheric Science| (2024)7:225


www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-024-00779-y Article
a eddy SST Change (multi-model mean) f eddy 2500, El Nino
40N & © R T ) 04  4ON = 3
20N A, \% X 0.1 . P
] . ) )&fk .= -0.1 -1
0= S\ 7 LA 0.4 3
T T : =T | T |U|/‘\|’Y\|y‘| 1 T T T 7T K 45E 90E 135E —
g 100 gpm
eddy SST Inter-model Regressions 80N
(S k‘)«ﬁ%/ 4 3
1 60N &
- 1
; 40N -1
4 - -3
| T K 20N T T T T T T T T T
z500 Inter-model Correlations 180 135W 90w  x100gpm
== : o h W Asia i WN Amer
0:6 0.6 ] x| 7 X
0.53 0.4 — 20, — ¥y
-0.53 = 02 b /f/@; ] ®
0.6 < 2y ar 10P%A
0.7 0.0 :
5 1 | gr=072| { o r=0.69
| U) '02 TT I||II|II T | T | T
30 3 6 9 0 10 20
0 45E 90E 135E 180  135W  90W § eddy 2500 (gpm)
d El Nino Number 12 El Nino & PMM+ Number 2 | k
B 1991-2020 (historical+ssp585) % £ 067 *| ]
BN 9 2071-2100 (ssp585) % 9 % & 04 AE:@/O{ 5
0.2 -
6 X 00 18 r=0.58 | 1 r=0.66
3 ] v 1 v
0 -0.2 T 1 T 1 T T T T T
100 200 300 O 100 200

M 1234567 891011121314

M 1234567 891011121314

heatwaves (K)

Fig. 3 | Impacts of El Nifio and positive phase of the Pacific Meridional Mode
(PMM+) on the projected changes in eddy z500 under the future SSP585 sce-
nario. a Multi-model mean of the changes in zonally asymmetric sea surface tem-
perature (eddy SST; shadings; units: K) between 2071-2100 and 1991-2020, and
hatched areas show where at least 11 models (>78%) project the same signs. b Inter-
model regression coefficients of eddy SST changes onto tropical Pacific asymmetric
SST changes (0°-25°N, 155°-120°W, red box in (a-b); see the “Methods” section for
details), and hatched areas show where p < 0.05. ¢ Inter-model correlation coeffi-
cients of precipitation changes (shadings; p < 0.05) and eddy z500 changes (red
contours shown at 0.53, 0.6, and 0.7, and blue contours shown at —0.53, —0.6, and
—0.7) onto tropical Pacific asymmetric SST changes. Number of d El Nifio summers
and e those El Niflo summers with PMM+ during the period 1991-2020 (blue bars)
and the period 2071-2100 (red bars) by multi-model mean (M) and 14 individual

models. The models that show a decrease are indicated by red cross markers in (d)
and (e). Accumulated eddy z500 anomalies (shadings; units: 10> gpm) for f El Nifio
summers, and g the El Nifio summers with PMM+ during the period 2071-2100.
The differences in accumulated eddy z500 anomalies (red contours shown at 0.5 and
1.5; blue contours shown at —0.5 and —1.5; units: 10> gpm) between 2071-2100 and
1991-2020 are also shown in (f) and (g), respectively. Projected tropical asymmetric
SST changes (units: K) versus h and i eddy z500 changes (units: gpm), and j and
k heatwave cumulative intensity (units: K). h and j are for western Asia, and i and
k are for western North America. The results in 1991-2020 are obtained from
combined historical simulations and the SSP585 scenario, while those in 2071-2100
are from the SSP585 scenario. The red boxes in ¢, f, g present the domain of western
Asia (15°-30°N, 40°-60°E) and western North America (40°-60°N, 125°~100°W).

We investigate the dependence between near-surface maximum
temperature (T,,,,) and soil moisture based on their Pearson correla-
tions at daily time scales. The negative correlations between T’ and
soil moisture are enhanced over most of the land areas in the Northern
Hemisphere projected by the multi-model median of the 14 CMIP6
models (Fig. 4a, see Supplementary Fig. S17), which is consistent with
previous findings indicating that soil moisture-atmosphere coupling
accelerates global warming”**. The multi-model median of correlation
coefficients is adopted as multi-model estimate to minimize the spur-
ious effects from the outlier with unusually high or low correlation
coefficients. In particular, the intensification of land-atmosphere
couplings reaches the strongest over western Asia, much higher than
that over western North America (Fig. 4a, see Supplementary Fig. S17),
explaining why heatwave is projected to be more exacerbated over
western Asia compared with western North America and other areas
(Fig. 1a). Amplifications of the negative correlations between surface
temperature and soil moisture over western Asia are projected by all 14
models (Fig. 4b, see Supplementary Fig. S17), demonstrating a very high
inter-model agreement. For the Asian monsoon region with weakened

heat-dome-like circulations, intensified soil moisture-temperature
correlations over East Asia favor a relatively larger HWI increase
compared with the mitigated HWI increase and attenuated
land-atmosphere coupling over South Asia (Figs. 1, 4a, see Supple-
mentary Fig. $17).

Considering that soil moisture changes can feed back onto large-scale
atmospheric heat-dome-like circulation*™*, the changes in the relationships
between eddy z500 and soil moisture, as well as eddy z500 and T',, ten-
dency at daily time scales are also examined (Fig. 4c, d, see Supplementary
Figs. S18, S19). For western Asia, most models (at least 12 models, >85%)
project an amplified inverse correlation between eddy z500 and soil
moisture (Fig. 4c, see Supplementary Fig. S18), and an intensified positive
dependence between eddy z500 and T, tendency (Fig. 4d, see Supple-
mentary Fig. S19). Magnified feedback among eddy z500, soil moisture, and
T . facilitated the establishment of the most accelerated heatwave increase
over western Asia compared with other regions around the world. In con-
trast, weakened couplings of eddy z500-soil moisture and eddy z500-T
tendency are projected over western North America (Supplementary Figs.
S18, S19), explaining why heatwave acceleration over western North
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Fig. 4 | Amplified temperature-soil moisture-eddy z500 feedback over western
Asia under the future SSP585 scenario. a Spatial distribution of multi-model
estimated changes from reference simulation (1991-2020) to SSP585 scenario
(2071-2100) for the correlation coefficients between daily T,,,, and soil moisture.
The multi-model estimate of correlation change is the median value in the results of
14 CMIP6 models. Hatched areas in a show where at least 11 models (>78% of the

total 14 models) project the correlation changes with the same signs. Correlation

coefficients at daily time scales for western Asia between b T, and soil moisture,
¢ soil moisture and eddy 2500, and d T, tendency and eddy z500 for the period

1991-2020 in combined historical simulation and SSP585 scenario (hatched bars)

and for the period 2071-2100 under the SSP585 scenario (filled bars) by multi-model
median (M) and 14 CMIP6 models. Models showing an opposite change with multi-
model median are indicated by colored cross markers in (b-d).

America is not as strong as that over western Asia, even though the most
intensified heat-dome-like circulation changes are projected over western
North America (Fig. 1a, b). Based on a linear regression model, we exhibit
that nearly equal contributions (~35%) to the western Asian HWT changes
are estimated from the changes in soil moisture-temperature couplings and
eddy z500 (see Supplementary Fig. S20). In contrast, for western North
American HWI changes, the contributions of eddy z500 changes (106%) are
dominant compared with the changes in soil moisture-temperature cou-
plings (8%). It is emphasized that intensified land—atmosphere couplings
play an important role in the most accelerated HWI changes over western
Asia, compared with those over western North America and other regions in
the Northern Hemisphere.

Discussion

In this study, the spatial heterogeneity of future heatwave intensity changes
and its origins are examined by comparing the output of future projections
(2071-2100) under the SSP585 and SSP245 scenarios, and historical
simulations (1991-2020). We find that pronounced spatial disparity in
heatwave changes by the end of the 21st century is projected being in
agreement by most of the 14 CMIP6 models. It is highlighted that western
Asia and western North America are projected as summertime hotspots in
the Northern Hemisphere, closely connected to intensified heat-dome-like
circulations. The likelihood of extreme heat day (>5.5 std) over western Asia
could reach three times as high as over other subtropical land area and even
seven times as high as that over South Asia. The disparity in extreme
heatwave occurrences between various regions is much higher than that

expected from the spatial differences in heatwave cumulative intensity
changes, highlighting the necessity to disentangle the responsible physical
mechanisms. It is noteworthy that the obvious shift of hot spots from eastern
Europe for historical periods to projected accelerated HWI trends over
western Asia and western North America, which provide insights for for-
mulating impact-based mitigation strategies and efficiently addressing the
potential future risks of climate extremes.

To identify the origins of regional contrasts in heatwave changes, the
influences of tropical asymmetric SST changes and land-atmosphere cou-
pling shifts are further examined. We discover that the two intensified heat-
dome centers (western Asia and western North America) are facilitated by
remote El Nifio-likeand PMM + SST changes over the tropical Pacific, both
of which can modulate the strengths of heat-dome-like circulations over the
two hotspots. Meanwhile, the local amplified surface soil
moisture-temperature couplings favor the heatwave accelerations over
western Asia and western North America. Particularly, the strongest
warming over western Asia is largely linked to the most magnified
land-atmosphere feedback over the Arabian Peninsula. Overall, the spatial
disparity of projected heatwave intensifications is generally sketched by the
changes in heat-dome-like circulations linked to increasing El Nifo and
PMM+ events and amplified local land-atmosphere feedback. The quan-
tification and attribution of future spatially nonuniform warming in this
study support addressing future climate extreme risks according to regional
distinctions.

Although the spatial disparity of future heatwave increases and its
origins are revealed by the projected changes in agreement and correlation
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analysis among CMIP6 models for heatwave intensity, eddy z500, and SST
in the current study, the underlying physical explanations of the found
patterns need to be corroborated by further studies using advanced statis-
tical techniques such as casual discovery methods™. The interpretation
regarding the relationship between the changes in the central-eastern Pacific
SST and heat domes in the future projection may have some uncertainties
due to the model’s imperfect performance. In addition, the potential impacts
of heterogeneity in heatwave changes on society and economics remain to
be discussed. During recent decades, social and economic risks caused by
heat extremes have attracted high concerns for their widespread implica-
tions and need to be quantified in term of further socioeconomic research.
Another future task is the risks associated with the spatial changes in
compound extremes’ ™, including heat-dry’”>* and heat-humid***
extremes, given their exacerbated impacts compared with the univariate
extremes. A thorough investigation of the spatial distinctions in future
projections of compound extreme events is conducive to addressing the
potential risks precisely.

Methods

Datasets

The atmospheric variables derived from the European Centre for Medium-
range Weather Forecasts Reanalysis v5 (ERA5) datasets™ with a horizontal
resolution of 1° X 1° are analyzed in this study. Daily T, is derived from
the maximum hourly 2-m air temperature (T, ) in each day. Model out-
puts of daily T, ., 500-hPa geopotential height (H500), soil moisture,
monthly H500, sea surface temperature (SST), and precipitation from the
CMIP6 historical simulations’” during 1950-2014 and the SSP585 and
SSP245 scenarios during 2015-2100 are also examined. Future changes
relative to the reference period 1991-2020 will be investigated in this study.
For future changes under the SSP585 (SSP245) scenario, the historical cli-
matology is a combination of the historical simulation 1991-2014 and the
SSP585 (SSP245) scenario 2015-2020. The output of each model simulation
is interpolated into 1° x 1° before analysis. Fourteen CMIP6 models with
output of aforementioned daily and monthly variables are included:
ACCESS-CM2, CanESM5, EC-Earth3, GFDL-CM4, INM-CM5-0, IPSL-
CM6A-LR, KACE-1-0-G, MIROC6, MPI-ESM1-2-HR, MPI-ESM1-2-LR,
MRI-ESM2-0, NorESM2-LM, NorESM2-MM, and UKESM1-0-LL (see
Supplementary Table 1).

Intensities of heatwaves and heat-dome-like circulations

For the future projection in the mid-term future (2036-2065) and long-term
future (2071-2100), heatwaves are identified over land grids when daily
T ax €xceeds its 99th percentile threshold (6ygy,) of the reference period of
1991-2020 for at least 3 consecutive days'*”". The Oqqy, for a specific day is
derived from a total of 30 years x 15 days (7 days on either side of the target
day). For instance, the threshold value on 21 July is equivalent to the 99th
percentile of T ., on 14-28 July during 1991-2020. Heatwave cumulative
intensity (HWI) is defined as the accumulated values > (T ... — Booq,) for
all heatwave events in each summer. Heatwave averaged intensity is equal to
HWI divided by the number of heatwave days. The main conclusions in this
study remain unchanged if future projected heatwaves are identified based
on the 90th percentile threshold of the reference period 1991-2020. In
addition, for the historical period 1950-2014, heatwaves are identified based
on the 90th percentile threshold of the period 1991-2020, because the 90th
percentile threshold is commonly used for the observed heatwaves in pre-
vious studies'***. Deviations of geopotential height at 500 hPa from the
zonal mean (eddy Z500) are adopted to indicate the intensity of atmospheric

heat-dome-like circulations'®.

El Nino summer and positive phase of Pacific Meridional Mode
(PMM-)

When June-July-August (JJA) averaged sea surface temperature anomaly
(SSTA) over the Nifio 3.4 region (5°5-5°N, 170°-120°W) exceeds 0.5 K, an
El Nifio summer is recognized. To compare the zonally asymmetric pattern
of SST between historical simulations and future projections, SSTA is

defined as the SST anomaly deviated from the period 2071-2100 for the
long-term future projections and deviated from the period 1991-2020 for
the reference period. A positive phase of the Pacific Meridional Mode
(PMM+) is identified when JJA-mean SSTA over the tropical eastern North
Pacific (15°-25°N, 150°-120°W)*® exceeds 0.3 K.

To investigate the influences of SST changes featured as more El Nifio
and PMM+ events in the future, we define a tropical Pacific asymmetric SST
index as the areal-averaged zonally asymmetric SST changes in the tropical
eastern Pacific (0°-25°N, 155°-120°W). The domain of tropical eastern
Pacific is shown by the red boxes in Fig. 3a, b. Zonally asymmetric SST (also
named eddy SST) change is identified as the SST change deviation from its
zonal mean.

Couplings among T, soil moisture, and eddy z500

Future changes in land-atmosphere couplings are investigated by
comparing the correlation coefficients between T, and soil moisture
at daily time scale for the period 1991-2020 (combined historical
simulations and SSP585 scenario) and the period 2071-2100 in the
long-term future projections. To consider the role of heat-dome-like
circulations, the correlations between eddy z500 and T, tendency,
and between eddy z500 and soil moisture are also examined at a daily
time scale. The climatological seasonal cycle and temporal linear trends
in the daily anomaly of T ,, soil moisture, and eddy z500 are removed
before further correlation analysis. To measure the synoptic variation,
T ax o0 each day (DO) is calculated as the difference between one day

max

after (DO +1 day) and one day before (D0 —1 day):

T axtendency(DO) = T, .. (DO + 1day) — T, (DO — 1day)

max max

T .y tendency on 1 June and 31 August are excluded, because one of
their adjacent dates (31 May or 1 September) does not belong to JJA.

Data availability

All data needed to evaluate the conclusions are presented in the article. The
ERAD5 single-level and multi-level variables are available at https://doi.org/
10.24381/cds.adbb2d47 and  https://doi.org/10.24381/cds.bd0915c¢6,
respectively. The outputs of CMIP6 simulations are available at https://esgf-
node.llnl.gov/search/cmip6/.

Code availability
The codes used to generate the results of this study are available on request
from the authors.
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