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Unstable permafrost regions experience
more severe heatwaves in a warming

climate
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Heatwaves are causing catastrophic consequences on natural and socioeconomic systems yet they
remain under-investigated in permafrost regions. Using simulations from the Coupled Model
Intercomparison Project Phase 6 (CMIP6), we present a comprehensive assessment of recent and
future heatwaves across the permafrost regions of the Northern Hemisphere (PRNH). Our focus is on
the characteristics of summer and winter heatwaves as well as their potential implications for
infrastructure stability. Results show that the PRNH has experienced increasing heatwaves over the
past decades and is projected to face more frequent and intense heatwaves, especially under higher
warming levels. Globally, summer heatwaves occur more frequently, whereas winter heatwaves
exhibit higher intensity, with distinct regional behaviors. Both summer and winter heatwaves in the
Arctic and the Qinghai-Tibetan Plateau (QTP) occur more frequently than that in mid-latitude regions.
The mid-latitudes present the strongest summer heatwaves, while the Arctic endures the most severe
winter heatwaves. Historically, the Arctic and the QTP have been more affected by winter heatwaves
due to their longer heatwave days and stronger intensity compared to summer heatwaves. Under
warming scenarios, the Arctic is projected to continue facing greater winter heatwave pressure on
account of the quick-enhancing intensity. Conversely, the QTP will be more affected by summer
heatwaves due to their longer and rapidly growing heatwave days. Further analyses indicate that
permafrost regions with high geohazard potential (GP) will come under greater summer heatwave
stress, particularly in the Arctic and QTP, associated with longer heatwave days. The high-GP regions
in Eurasia, however, are expected to bear more severe winter heatwaves driven by higher intensity.
These findings deepen our understandings of heatwaves in PRNH and highlights the potential impacts

of heatwaves on geohazards in permafrost regions.

Permafrost is soil and rocks below the Earth’s surface whose temperature is
less than 0 °C for at least two consecutive years, which covers ~20% of land
area of the Northern Hemisphere (Fig. 1a)". In the context of climate warming,
permafrost is experiencing significant degradation over the past decades,
resulting in soil warming’, active layer thickening’, shrinkage of permafrost
extent’, and formation of various thermokarst landforms™. Permafrost areas
are featured with year-round freeze-thaw cycles’, abundant ground ice’, and
giant soil organic carbon’, whose disturbances not only profoundly affect local
hydro-eco-geomorphology processes'®' and infrastructures”, but also
change the climate dynamics and global carbon cycles".

Heatwaves is a period of abnormally high temperatures lasting several
days', which is extensively reported and exerting important implications
across permafrost regions>'*. In summer with abnormally high tempera-
tures, the permafrost area generally shows higher temperature and deeper
active layers'. And such thermal response maybe detectable at deep layers
and last for years”*". In situ observations indicated that the 2003 heatwave
across the Europe has deepen the active layer in the year, and since then
caused long-term degradation of permafrost in the Swiss Alps™. Studies in
the permafrost regions of Tanggula on the Qinghai-Tibetan Plateau (QTP)
indicated a positive relationship between soil temperature and the duration
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Fig. 1 | Study area and the conceptual diagram of heatwave identification. The
hatching indicates the permafrost region over the Northern Hemisphere (a), which
is divided into three parts by dashed lines: the Arctic, the Mid-latitude, and the

Qinghai-Tibetan Plateau (QTP). Geohazard potential displayed here is the projected
result for the middle of the century (2041-2060) under the RCP 8.5 scenario'"’. The
conceptual diagram of the determination of Ty, (b) and heatwave metrics (c).

and intensity of heatwaves, and heatwaves explained ~13% of seasonally
thawing depth”**. Heatwaves, superimposed on a warming trend, are also
likely to cause hazardous irregular acceleration in permafrost thawing by
heating soil temperature rapidly and melting ground ice in a very short
period™. This favors a variety of abrupt thaw events in ice-rich areas, such as
ground collapse, detachment slides, retrogressive thaw slumps and
rockfalls” ", leading to the further exposure and degradation of deep
permafrost”™”’. When the permafrost thaw abruptly, substantial amounts of
carbon stored frozen in soils are emitted to the atmosphere quickly”'. For
example, the atmospheric concentration of methane in northern Siberia
increased remarkably since June during the 2020 heatwave and remain
elevated until the spring of 2021 in spite of the following low temperature
and snowfall”>. The carbon emissions from permafrost in turn are expected
to amplify the rate of climate change and thus the degradation of
permafrost™”.

Despite the significant influence of heatwaves on permafrost, a
comprehensive understanding of heatwaves in permafrost regions is still
lacking. One reason is the limited sampling of heatwaves in these areas
due to the sparse and uneven observations, as well as the rarity of such
events by its definition’*”. Consequently, large uncertainties persist in
our current knowledge of heatwaves. Additionally, given the faster
warming rates during winter in cold regions®”, winter heatwaves are
increasingly reported”*’. However, few studies have focused on winter
heatwaves, which is also of great impacts on permafrost*"**. Furthermore,
extreme climate and weather events often have greater impacts on
environmental and human systems than climate averages“, little is
known about the role of heatwaves on the stability of permafrost and
infrastructure.

To address these research gaps, this study conducts an in-depth
assessment of recent and future hotspots and the evolutionary processes of
heatwaves during both summer and winter across the permafrost regions of
the Northern Hemisphere (PRNH), using downscaled and bias-corrected
CMIP6 data. Further analyses are conducted in regions with varying geo-
hazard potentials (GPs, Fig. 1a) to reveal the possible implications of
heatwave on infrastructure stability. The research outcomes are expected to
shed light on a better understanding of heatwaves in PRNH and provide
scientific guidance for preparedness, mitigation, and adaptation to such
devastating heatwave pressures.

Results

Heatwaves in the recent climate

Figure 2 depicts the spatial patterns and temporal variations of heatwave
metrics from 1980 to 2014. Permafrost regions in high-latitudes and high-
altitudes (e.g., Alaska, western Canada, southern QTP and far eastern
Siberia) were generally hit by more heatwaves in the past decades, with the
average heatwave days ranging from 9 to 15 days per year (Fig. 2a, b, k).
Moreover, winter heatwaves occurred more often than summer heatwaves
in high-latitude and high-altitude regions (Fig. 2k). For average intensity, the
summer heatwaves were more sever in the mid-latitudes, while winter
heatwave magnitude dropped sharply with latitude. The winter average
intensity was significantly higher than that of summer heatwave, with global
averages of 2.6 0.9 vs. 1.6 £ 0.4 °C, especially in the Arctic (Fig. 2¢, d, 1).
Consequently, the spatial and latitudinal patterns of heatwave cumulative
intensity generally followed those of average intensity, indicating the
important role of heatwave intensity on the total heatwave pressure
(Fig. 2e, f, m). In addition, PRNH tended to bear more pressure from winter
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Fig. 2 | Spatial patterns of multi-year mean heat-
wave metrics from 1980 to 2014. The spatial dis-
tributions of a, b heatwave days (days), ¢, d average
intensity (°C), e, f heatwave cumulative intensity
(°C day), g, h the longest duration (day), i, j the peak
intensity (°C), and k-o the corresponding latitudinal
distributions. All grid cells in a—j increased sig-
nificantly with p < 0.05 except those dotted with gray
dots, and the values represent the global averages of
heatwave metrics (Mean + SD) during the summer
(red) and winter (blue) seasons. The significance of
the difference between summer and winter are
indicated by the p-value.
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heatwaves than summer heatwaves (26.6+10.6 vs. 18.6+4.9 °C day),
which is more apparent in the Arctic and southern QTP (Fig. 2m). The
longest duration and peak intensity of extreme heatwaves were spatially
consistent with heatwave days and average intensity, respectively
(Fig. 2a-d, k, 1, g-j, n, 0).

The PRNH has experienced an overall aggravation of heatwaves,
although the trend magnitude varies across seasons, regions, and metrics
(Fig. 3). In general, summer heatwave metrics increased faster than that of
winter heatwaves (Fig. 3a, e, i, m, q), which is more remarkable for heatwave
days and the longest duration (Fig. 3a-d, m-p). The increase slopes of
heatwave days were faster than that of the longest duration. Furthermore,
the growth rates of heatwave days and longest duration decreased with
latitude, while the winter longest duration did the opposite (Fig. 3b-d, n—-p).
Although 18% of the grid boxes were detected as having non-significant
trends (e.g., those in the Canadian Arctic Archipelago, eastern Siberia, and
Central QTP, Fig. 2d), winter average intensity showed a positive trend
across regions (Fig. 3e-h). As to the peak intensity, the percentage of non-
significant grid boxes reduced dramatically (Fig. 2j), leading to a 2 ~ 3 times
faster rate of increase than the average intensity (Fig. 3q—t). The regional

difference in trends in average and peak intensity were in accord with their
latitudinal distributions, i.e., faster in mid-latitudes for summer heatwaves
and declining with latitude for winter heatwaves (Fig. 21, 0), which was also
followed by heatwave cumulative intensity (Fig. 3i-1).

Future projection of heatwave characteristics

Spatial patterns of future heatwaves. Figures 4 and 5 depict the spatial
and latitudinal distributions of future heatwave days, average intensity
and cumulative intensity over the PRNH across four global warming
levels under SSP126, SSP245, SSP370, and SSP585 scenarios, respectively.
As expected, heatwave metrics for both summer and winter seasons are
projected to increase with global warming levels (Fig. 4). For example, the
global heatwave days (average intensity) of summer heatwave under
SSP585 scenario is expected to soar to a level about 1.9 (1.3) times higher
than that under SSP126 scenario, leading to approximately 2.6-fold
increase in the cumulative intensity (Fig. 4a, d, i, I, g, t). Overall, the
heatwaves during summer are significantly longer than winter under four
scenarios (Fig. 4a-h). The winter heatwaves, however, are expected to see
higher average intensity than summer heatwaves (Fig. 4i-p). In
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Fig. 3 | Temporal evolution of heatwave metrics from 1980 to 2014. The variations
of a-d heatwave days (days), e-h average intensity (°C), i-1 heatwave cumulative
intensity (°C day), m-p the longest duration (day), and q-t the peak intensity (°C)
over the Northern Hemisphere, the Arctic, the mid-latitude, and the Qinghai-

Tibetan Plateau (QTP). The values represent decadal trends in summer (red) and
winter (blue) heatwave metrics. Asterisks represent that the trend is statistically
significant (p < 0.05). The shaded areas denote the interquartile range of heatwave
metrics.

particular, the heatwave intensities of winter season in the Arctic are
much more severe than those during the summer season (Fig. 5e-h). As a
result, the heatwave cumulative intensities during the two seasons show a
small difference globally (Fig. 4q-x), while the cumulative intensities
during winter in Arctic are much greater than those during summer
(Fig. 5i-1).

Consistent with the historical heatwaves, the future heatwave metrics
are distinctly latitude- and altitude-dependent (Fig. 5). Heatwave days
during both summer and winter in the Arctic and the QTP are longer than
those in the mid-latitude. Moreover, the QTP tends to exhibit longer
heatwave days compared with the Arctic, which is more apparent at high
warming levels (Fig. 5a-d). Nevertheless, contrary to heatwave days, sum-
mer heatwave intensities in mid-latitudes are generally higher than those in
the Arctic and the QTP (Fig. 5e-h). The winter average intensity, however,
shows a strong decline with latitude (Fig. 5e-h). Consequently, the cumu-
lative intensities of summer heatwave vary relatively small with latitude with
a slight peak on the QTP. The latitudinal distribution of winter cumulative

intensity basically follows the pattern of winter heatwave days (i.e., lower in
mid-latitudes while higher in the Arctic and QTP), with much higher values
in the Arctic than the QTP due to the higher average intensity in the Arctic
(Fig. 5i-1). The results indicate that the heatwave days and average intensity
of summer heatwaves play complementary roles in contributing the
cumulative intensity of summer heatwaves. In contrast, the winter heatwave
cumulative intensity is mainly driven by average intensity in higher latitudes
while by heatwave days in lower latitudes.

The spatial and latitudinal patterns of longest duration and peak
intensity generally follow those of heatwave days and average intensity,
respectively (Figs. 3, 4 S2, S3). The longest duration and peak intensity
generally increase with warming levels. Additionally, summer heatwaves
tend to exhibit a larger longest duration but weaker peak intensity compared
to winter heatwave (Supplementary Fig. 3). Consistent with heatwave days
(Fig. 5a—d), the longest duration in the mid-latitudes is shorter than that in
the Arctic and QTP (Fig. 5a—d). Nevertheless, the Arctic and QTP share
approximately similar longest durations (Supplementary Fig. 4a-d), which
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contrasts with the larger heatwave days in the QTP compared to Arctic
(Fig. 5a-d).

Changes in future heatwave metrics. Figures 6 and 7 represent the
spatial and latitudinal patterns of decadal trends in heatwave metrics
from 2020 to 2100, respectively. Almost all the permafrost regions show a
significantly increasing trends during both summer and winter seasons,
particularly under high emission scenarios (Fig. 6a-p). The exception is
the average intensity under the SSP126 scenario, where abundant areas
show a non-significant trend during summer (9.6%) and winter (47.3%)
seasons (Fig. 61, m). Despite this, the cumulative intensities of summer
(winter) heatwaves significantly increase across the PRNH with an
average rate of 6.0 (4.5) °C-day per decade under SSP126 scenario, and is
expected to rise by a factor of ~9.3 (~11.6) times under the
SSP585 scenario. Overall, the decadal trends in heatwave metrics for the
summer season are significantly faster than those for the winter season, as
illustrated in the inset boxes in Fig. 6. For example, the heatwave days in
the summer season grow 0.8, 1.3, 1.7, and 3.6 day per decade faster than
that during the winter season under the SSP126, SSP245, SSP370, and
SSP585 scenarios, respectively.

The decadal trends in heatwave metrics vary asymmetrically along
latitude, with a lower rate in mid-latitudes and a higher rate in the Arcticand
QTP (Fig. 7). Additionally, the trends in summer heatwave days on the QTP
are larger than those in the Arctic, whereas the winter heatwave daysriseina
comparable rate between the two regions (Fig. 7a—d). The trends in average
intensity and cumulative intensity during the winter season in the Arctic are
much faster than in other regions. In the mid-latitudes and the QTP, winter
heatwave metrics increase more slowly than summer heatwave metrics.
Conversely, winter heatwave metrics grow much faster than summer

heatwave metrics in the Arctic, particularly under the SSP370 and SSP585
scenarios (Fig. 7).

The decadal trends in longest duration and peak intensity have
broadly similar spatial and latitudinal distributions with that of heatwave
days and average intensity, respectively (Supplementary Figs. 5, 6). The
longest duration rises slower than heatwave days (Fig. 6a-h, Supple-
mentary Fig. 5a-h), indicating more frequent and short-lived heatwaves
in the future. The peak intensity is expected to increase faster than the
average intensity (Fig. 6i—p, Supplementary Fig. 5i-p), which implies us to
pay close attention to those high-intensity heatwaves. The trend in longest
duration also shows a ‘C-shaped’ curve along latitude as the trend in
duration does (Fig. 7a-d), with a comparable rate in the Arctic and QTP
(Supplementary Fig. 6a-d). The peak intensity of summer heatwave,
however, generally declines with latitude (Supplementary Fig. 6e-h),
which is different from the ‘C-shaped’ curve of summer average intensity
(Fig. 7e-h).

The rate of increase in heatwave metrics varies with time. Heatwave
metrics generally increase at a relatively stable rate from 2020 to 2050. After
mid-century, heatwave metrics experience distinct accelerations under the
SSP370 and SSP585 scenarios, while relatively stable growth or even
downturns are observed under the SSP126 and SSP245 scenarios (Supple-
mentary Fig. 7). This indicates the potential to mitigate and adapt heatwaves
and their impacts if immediate actions are taken.

Heatwaves across different levels of GPs

To investigate the possible impacts of heatwave on infrastructure in per-
mafrost regions, we further examine the behaviors of summer and winter
heatwaves over regions with different risk levels of GP for infrastructure
damage by the middle of the century (2041-2060). The analysis is conducted
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Fig. 5 | Latitudinal distribution of multi-year
mean heatwave metrics from 2020-2100. The
latitudinal distributions of a-d heatwave days
(days), e-h average intensity (°C), and

i-1 cumulative intensity (°C day) during summer
(red) and winter (blue) seasons under SSP126,
SSP245, SSP370, and SSP585 scenarios. The shaded
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over the Northern Hemisphere (NH), the Arctic, the North America
(NAM) and the Eurasia (EUA) in the mid-latitude, and the QTP.

Figure 8 shows the statistics of cumulative heatwave intensities across
the low, moderate, and high GP levels under the SSP126, SSP245, and
SSP585 scenarios. On the whole, the cumulative intensities of summer
heatwave in regions with moderate and high GPs are generally higher than
those in regions with low GPs, particularly in the Arctic and QTP as well as
under the SSP585 scenario. This is consistent with the behaviors of summer
heatwave days under different GPs (Supplementary Fig. 8). However, due to
the similar heatwave days among GP levels and lower average intensity in
high GP level (Supplementary Figs. 8, 9), the winter season generally
experience a lower cumulative intensity under the high GP conditions
compared with the other two conditions (Fig. 8a-i), except in the EUA and
QTP (Fig. 8j-0). Although both summer and winter cumulative intensities
on NAM decrease with GPs (Fig. 8g-i), the heatwave days of summer
heatwaves and the longest duration of the two seasons increase with GPs
(Fig. 9g-1, Supplementary Fig. 8g-i). The winter cumulative intensity
between the low and moderate GPs in NAM, as well as among the three GPs
in the QTP, shows no significant difference (Fig. 8g-i, m-o). This is because
the longer heatwave days in high GPs are offset by the weaker intensity
(Supplementary Figs. 8g-i, m-o, 9g-i, m-o). It should be noted that such
significance test failures of winter cumulative intensity do not mean little
impacts of heatwave on permafrost, since the heatwave days (longest
duration) in QTP (NAM) are significantly longer in high GPs than low GPs
(Supplementary Fig. 8m-o, Fig. 9i, j).

The summer longest durations generally last distinctly longer in high-
GP regions than low- and moderate-GP regions, particularly in the QTP. In
contrast, the winter suffers roughly equal longest durations across all three
GP levels (Fig. 9). Moreover, the summer is projected to experience similar
peak intensities across different GP regions. However, the winter peak
intensity is expected to decline with GP levels, except in the EUA and QTP
(Supplementary Fig. 10j-o).

These results raise the alarm bells about the impacts of summer
heatwaves on the stability of infrastructure across the Northern Hemisphere
permafrost areas in the future. Additionally, the role of winter heatwaves
should not be neglected, especially in the Eurasia, where the highly unstable
permafrost regions are projected to suffer higher winter cumulative intensity
and peak intensity.

Discussion

This study characterizes and compares recent and future summer and
winter heatwaves under four SSP scenarios simulated by 18 CMIP6 GCMs
across the PRNH. The PRNH has been suffering and is anticipated to
experience exacerbated summer and winter heatwaves in the future, and
summer heatwave generally occurs more often but with less intensity than
winter heatwave (Figs. 2k, 1, 4a—p). Heatwaves in the Arctic and the QTP
occur more frequently than those in the mid-latitudes (Figs. 2k, 5a—d). The
strongest summer heatwaves are found in the mid-latitudes, while the most
severe winter heatwaves occur in the Arctic (Figs. 21, 5e-h). The Arctic has
been and will continue to be more affected by winter heatwaves on account
of their larger and rapidly increasing intensity (Figs. 2k, 1, 5e-1, 6e-h). In
contrast to experiencing more winter heatwaves in the past decades (Fig.
2m), the QTP in the future is expected to face greater summer heatwaves in
the future due to their longer and fast-growing heatwave days (Figs. 5a-d,
i1, 6a-d). Investigations on heatwaves across different GP levels demon-
strate that the PRNH with high GPs tend to face more pressure from
summer heatwaves, and the high-GP areas in Eurasia will bear more severe
winter heatwaves (Figs. 8, 9).

This study used the NEX-GDDP-CMIP6 data to characterize the
future heatwaves. The dataset is bias-corrected and downscaled from GCM
outputs of CMIP6**’, making it more realistic for reproducing heatwave
properties than its predecessor CMIP5 dataset, especially in the high
northern latitudes**””. This makes it widely used in studies of climate
change**™". In this study, we use the ensemble mean of heatwave properties

npj Climate and Atmospheric Science| (2025)8:147


www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-025-01037-5

Article

Winter Summer ©- : 5<0.05 Winter Winter
01
(e) (DR (m) (u)
1.0£0.6 0.05+0.02 0.03+0.02 4.5+4.0
& AR ENG
o
o
?
p<0.05
f - 0.1
n r \
(f) (1)) > (n) () ™ (v)
3.241.6 0.12£0.03 0.10£0.05 16.6+4.4 14.9+11.6
i Q‘Qw@@@ RY YRR
<
N
o
[}
(2]
p<0.05 % p<0.05 p<0.05
0.1 0.1 ! 0.1 1
© ™~ ! (9 () ™~ (0) ) [\ (w)
8.2+2.0 6.5+2.8 0.22+0.04 0.18+0.10 35.1£7.9 33.3+24.6
° 72_:«/« %A\ s 16 20 YA °So\e o/e &
b
X i & 'y £
[} 2
(2]
: p<0.05
(d) (0] () I (x)
11.3+2.1 °% 0.320.06"" 0.26£0.14 55.9¢11.5"" 52.4+35.7
0
©
n
&
2]
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except those dotted with gray dots. Inset boxes represent the probability distribu-
tions of trends in heatwave metrics during the summer (red) and winter (blue)
seasons, the significance of the difference between them are indicated by the p-value.
The dashed lines represent the mean values of heatwave metrics which are shown
spatial distribution maps (Mean + SD).

across 18 GCMs to further minimize uncertainties’. The exacerbated
heatwaves detected in the past decades in this study are in accord with the
rapid development of heatwaves in the NH since the 1950s"*********. Given
the continued warming of air temperature over the PRNH under future
climate change™, heatwaves are virtually certain to become more frequent
and intense, as demonstrated in this study and others™ . Moreover, the
warming trend of temperature is suggested to slow down under the SSP126
and SSP245 scenarios as climate forcing stabilizes from 2050 to 2074%, while
exhibiting a faster positive trend under the SSP585 scenario compared to
low-emission scenarios™". This aligns with the relatively stable growth of
heatwave metrics after the 2050 s under the SSP126 and SSP245 scenarios,
and an accelerating increase under the SSP370 and SSP585 scenarios
(Supplementary Fig. 7).

We demonstrate a latitudinal difference of heatwave behaviors
(Figs. 2, 5, 6). The ‘C-shaped’ latitudinal distributions of heatwave days are
in agreement with the distribution of warm spell duration™, which is partly
related to the fact that QTP and the Arctic have warmed approximately 2
and 4 times as fast as the global average, respectively’****. In the mid-
latitudes, heatwaves are closely associated with the disproportional
enhancement of air temperature in the Arctic—a phenomenon known as
Arctic amplification™. Arctic amplification is favorable to more occurrence
of summer heatwaves in mid-latitudes by driving atmospheric circulations
over surrounding continents>®. In winter, there is a contrast between
Arctic warming and Eurasia cooling, which has been widely identified by
observations and model simulations”***. This may partly explain the less
occurrence of winter heatwave in mid-latitudes compared with other per-
mafrost regions (Fig. 5a—d). In addition, heatwaves in mid-latitudes are also
closely linked to local land surface conditions (e.g., soil moisture, snow
cover, and deforestation), which has been shown to promote and prolong

heatwaves by disturbing the surface energy partition process and elevating
air temperatures®~*, Permafrost regions are featured with cold climate and
are home to the Earth’s cryosphere system. This region is suffering degra-
dation of permafrost and snow cover as well as significant wildfires”’*. This
may contribute to dry out and dark the surface soil”®”, and set stage for
heatwave occurrence. Those complex mechanisms suggest a difficulty in
attributing and predicting the occurrence of heatwaves over the mid-
latitudes””".

The average intensity of summer heatwaves in the past and future
follow the latitudinal distributions of the mean annual air temperature in the
PRNH™. The latitudinal decline of winter average intensity is consistent
with the strength of near-surface air temperature over the Arctic to lower
latitudes™**, as well as the projected spatial patterns of changes in annual
minimum daily minimum temperature (TNn) of the Northern
Hemisphere’®”’. The substantially high winter temperature and increase
rate at higher latitudes can be attributed to the dramatic shrinking snow
cover and sea ice™*"*,

For the first time, the study underscores the dynamics of winter
heatwaves over the PRNH. Similar to summer heatwaves, winter heatwaves
in the future are expected to become more frequent and stronger as
expected. This matches those observed in previous studies™*** and the
increasingly reported abnormal winter heatwaves in recent years™* ™.
Despite winter average temperature in the last decades is detected to warm at
a faster rate than summer over cold regions”, with general lager growth in
minimum than maximum temperaturesgg, winter heatwaves tend to have a
shorter heatwave days with a greater intensity than summer heatwaves (Figs.
2, 4). More specifically, the rapid increase in winter temperatures is not
expected to induce more frequent and stronger winter heatwaves than
summer heatwaves in the mid-latitudes and QTP, but may lead to a
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Fig. 7 | Latitudinal distribution of decadal trends
in multi-year mean heatwave metrics from 2020
to 2100. The latitudinal distributions of decadal
trends in a-d heatwave days (days/decade),

e-h average intensity (°C/decade), and

i-1 cumulative intensity (°C day/decade) during the
summer (red) and winter (blue) seasons under the

Arctic

80 80

SSP126, SSP245, SSP370, and SSP585 scenarios. The

shaded areas represent the standard deviations
across different grids on the same latitude.
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significantly high winter heatwave intensity in the Arctic (Figs. 5, 6). These
findings extended our knowledge of winter heatwave’s behavior in a
warming world. Note that, according to our definition, the temperatures
during winter heatwave days can be sub-zero, yet they still significantly
impact permafrost. A warmer winter favors higher ground temperatures at
the onset of the subsequent thawing season, allowing more energy to con-
tribute directly to soil temperature and active layer development in the
following summer. This has been verified by numerous studies in thin-snow
covered areas in polar regions such as Alaska, northern Canada, Nordic
sites, as well as mountain regions like the QTP****. In addition, abnormally
high winter temperature can rapidly melt snow, as snowpack is extremely
sensitive to temperatures exceeding -8 °C”. The resulting meltwater infil-
trates into the surface soil and influences soil thawing in the spring".
Moreover, winter heatwaves may contribute to the variations of unfrozen
water content of frozen soil (Supplementary Fig. 11), by direct heat transfer
and/or changes in snowpacks”™, which is critical for water redistribution,
deformation during freeze-thaw process, and frozen soil strength in cold
regions””’. Furthermore, carbon decomposition can occur at temperatures
well below freezing in cold soils””, releasing vast amounts of carbon
dioxide that may offset the carbon uptake by plants™. Despite the hitherto
unknown impacts of winter heatwaves on soil carbon balance, it is plausible
that winter heatwaves can be significant contributors to carbon fluxes, given
that soil temperature and unfrozen water content are the two main drivers of
winter soil carbon flux™, both closely related to winter heatwaves.

This study provides new insights into the possible behaviors and
impacts of heatwaves across different geohazard risk levels, which can be a
reference for stakeholders to identify infrastructure vulnerabilities and
implement resilient solutions in a warming world. The high-risk-level area
are mainly located in the southern part of permafrost regions (Supple-
mentary Fig. 1), where the permafrost temperature is high and sensitive to
climate change, one could expect greater impact of heatwaves on stability for
infrastructure in those regions'”. Despite less severe heatwaves can be offset

by the land surface layers, extreme heatwaves like the 2003 European
heatwave and 2020 Siberia heatwave could enhance the inter-annual var-
iations of soil temperature and seasonal thaw depth’**, which may cause
uneven ground settlement and thus instability for infrastructure'”’. Heat-
waves are expected to be more extreme and uncertain in the future, which
will put infrastructure at higher risk of failure and increase the maintenance
costs. Moreover, the nonlinear heatwaves superimposed on a gradual
warming are likely to threaten the infrastructures already in place by trig-
gering abrupt thaw events'*'”. It is noteworthy that heatwaves could also
influence infrastructure indirectly by triggering catastrophic snowmelt
floods and wildfires. They may not only cause permafrost thaw, thermokarst
development (e.g., water impoundment, talik initiation), and thus threaten
the safety of infrastructure, but also destroy roads, bridges, buildings in a
short period of time, causing massive losses'”*'””. More efforts should be
paid in the future on quantifying the implications of heatwaves on the
hydrothermal processes of permafrost. Although several studies have
extended our knowledge of the response of permafrost to heatwaves, most of
them were conducted at a site scale and/or mainly focused on the detection
of co-relationship'*********>1%!% " Sjgnificant knowledge gaps remain
regarding the processes and mechanisms of the influence of heatwave
metrics (e.g., timing, duration, intensity) on the hydrothermal conditions of
permafrost soils. Continued investigation with a broad spectrum of climate
and environmental conditions using physical numeric models is required to
make an objective, overall and rational conclusion.

Methods

Data

Daily maximum near-surface air temperature (T,,x) is employed to identify
heatwaves. T,,.x was obtained from the NASA Earth Exchange (NEX)
Global Daily Downscaled Projections (GDDP) dataset (NEX-GDDP-
CMIP6), which compiles global climate variables derived from the General
Circulation Model (GCM) runs conducted under the Coupled Model
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Fig. 8 | Heatwave cumulative intensities across

SSP126

SSP245 SSP585

different geohazard potential levels. Summer (red)
and winter (blue) heatwave cumulative intensities
over the a-c Northern Hemisphere (NH),

d-f Arctic, g-i North America (NAM), j-1 Eurasia 90
(EUA), and m-o Qinghai-Tibetan Plateau (QTP) 80
under the SSP126, SSP245, and SSP585 scenarios. 70
The limits of statistics indicate the 75% and 25% 60

percentiles, and the circles are the mean values. Fora 50

given season, all the statistics are significantly dif-
ferent from each other, except those labeled with
cross marks.
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Intercomparison Project Phase 6 (CMIP6). The NEX-GDDP-CMIP6
dataset includes climate projections (2015-2100) from 35 CMIP6 GCMs
and 4 greenhouse gas emissions scenarios known as Shared Socioeconomic
Pathways (SSPs), as well as the historical experiment for each model
(1950-2014). Each of the historical and projected time series was bias-
corrected using an observational climate data from the Global Meteor-
ological Forcing Dataset (GMFD) for Land Surface Modeling'”, and
downscaled to a spatial resolution of 0.25-degree'”.

Using the NEX-GDDP-CMIP6 data, we assessed heatwaves during
two seasons: the summer (May to September) and winter (November to
next March), across the PRNH for the recent decades (1980-2014) and
future period (2021-2100) under four combined scenarios (SSP1-2.6, SSP2-
4.5, SSP3-7.0, and SSP5-8.5). The first realization (i.e., ‘rlilplfl’) of 18
CMIP6 GCMs were adopted as listed in Table 1.

The Northern Hemisphere permafrost region was resampled from the
permafrost probability map of Obu et al.". The study area was classified as
the Arctic (66°34'N ~ 90°N), the mid-latitude (40°N ~ 66°34'N) and the
Qinghai-Tibetan Plateau (QTP, 28°N ~ 40°N) to figure out the regional
difference of heatwaves (Fig. 1a).

To investigate the possible effects of heatwaves on infrastructure, a
map depicting the geohazard potentials (GPs) for infrastructure
damage was adopted to investigate the behaviors of heatwaves in dif-
ferent risk levels'’. The GPs were projected for the period of 2041-2060
under three climate-forcing scenarios (Representative Concentration
Pathways 2.6, 4.5 and 8.5). A pre-classification was conducted sepa-
rately using three different hazard evaluation models: the settlement
index, the risk zonation index, and the analytic hierarchy process-based
index. These indices considered factors such as climate warming, per-
mafrost conditions (e.g., soil properties, ground ice content, topo-
graphy), and expert knowledge. The results from the three indices were
then consolidated through a majority-vote approach in a consensus
index, which was used in the final classification of GPs (Supplementary
Fig. 2). The GP level (low, moderate, and high) of each grid cell was
classified based on the following criteria: if two or three of the indices
shared a hazard value, that value was recorded to represent consensus.
When all three indices had different values, the risk level was manually
set as a moderate hazard value. In this study, the datasets were upscaled
from 30 arc-second to 0.25-degree by performing a majority vote
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Fig. 9 | The longest durations of heatwaves across
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different geohazard potential levels. The longest 12
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procedure within a 30x30 window using the ArcMap’s Block Statistics
tool (Supplementary Fig. 1).

Heatwave identification
In this study, a heatwave is identified for each grid when at least three
consecutive days have maximum temperatures (Ty,.x) above the
threshold temperature. Threshold temperature is localized both spatially
and temporally. Specifically, the threshold temperatures for each calendar
day are specified as the 90th percentile (Tqy) of Tpax from the baseline
period of 1980-2014. To reduce seasonality effects, Ty, records are
constructed using a 15-day window centered around the calendar day of
interest (Fig. 1b). For example, for August 8 at a given grid, the T, values
from August 1 to August 15 over all 35 years (1980-2014) are retrieved,
resulting in a total of 525 samples (35 years x 15 days). The threshold
temperature is then calculated as the 90th percentile (Toy) of these
525 samples. This method enables the detection of both summer and
winter heatwaves''".

The conceptual diagram of heatwave metrics is shown as Fig. 1c. A
heatwave can be characterized by duration and intensity (sum of T 4~ Too),

which defines how long and how severe a heatwave event is, respectively
(Fig. 1c). For each season, heatwave is characterized by heatwave days,
average intensity, and cumulative intensity. Heatwave days are the sum of
durations of all heatwaves. Average intensity is the average intensity of
heatwaves across the season and is calculated as the sum of T}~ Tog over all
heatwave days. Cumulative intensity is the sum of heatwave intensity of all
heatwave events, which can serve as the total heatwave stress the season
bears. We also identified the extreme heatwaves, i.e., the longest and hottest
heatwaves, which are characterized using the longest duration and peak
intensity, respectively. The longest duration is the total heatwave days of the
longest heatwave event, and the peak density is the maximum T,y,,,-Tog of
the heatwave event with max intensity. Each metric is calculated for the
summer (May-September) and winter season (November to next March) at
each grid cell. For regional analysis, seasonal metrics are spatially averaged
accordingly.

All the trends are calculated at the 5% level based on the Mann-Kendall
non-parametric test and Sen’s slope estimator, which is nonparametric and
robust against outliers. A Tukey-test is used to examine the whether the
difference is significant between data series.
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Table 1 | Information of the NEX-GDDP-CMIP6 dataset from

18 GCMs

No.  Model Institution

1 ACCESS-CM2 CSIRO, Australia

2 ACCESS-ESM1-5 CSIRO, Australia

3 BCC-CSM2-MR Beijing Climate Center, China
4 CanESM5 CCCma, Canada

5 CMCC-ESM2 Fondazione Centro Euro-Mediterraneo sui

Cambiamenti Climatici, Italy

6 EC-Earth3 EC-Earth-Consortium, Europe
7 EC-Earth3-Veg-LR  EC-Earth-Consortium, Europe
8 GFDL-ESM4 NOAA-GFDL, the US

9 INM-CM4-8 INM, Russia

10 INM-CM5-0 INM, Russia

11 IPSL-CM6A-LR IPSL, France

12 KACE-1-0-G NIMS-KMA, South Korea

13 MIROC6 MIROC, Japan

14 MPI-ESM1-2-HR DKRZ, Germany

15 MPI-ESM1-2-LR DKRZ, Germany

16 MRI-ESM2-0 MRI, Japan

17 NorESM2-LM NCC, Norway

18 NorESM2-MM NCC, Norway

Data availability

Data in this study can be reached at: (a) NEX-GDDP-CMIP6: https://www.
nccs.nasa.gov/services/data-collections/land-based-products/nex-gddp-
cmip6; (b) Permafrost probability map: https://pangaea.de/10.1594/
PANGAEA.888600; (c) Geohazard potential maps: https://pangaea.de/10.
1594/PANGAEA.893881.

Code availability
The source codes of this study are available from the corresponding author
upon reasonable request.
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