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The risk of concurrent heatwaves and
extreme sea levels along the global
coastline is increasing

Check for updates

Mo Zhou1 & ShuoWang 1,2

Concurrent heatwaves and extreme sea levels could pose a serious threat to coastal communities
under climate change; however, the spatiotemporal characteristics and dynamic evolution of them
along global coastline remain poorly understood. Here, we use reanalysis datasets and model
projections to assess historical and future changes in global concurrent heatwaves and extreme sea
levels. We find that 87.73% of coastlines experienced such concurrent extremes during 1979–2017.
There is an average increase of 3.72 days in the occurrence during 1998–2017 compared to
1979–1998. A one-percentile increase in heatwave intensity is associatedwith a 2.07% increase in the
likelihoodof concurrent extremes.Global coastlines are projected to experience38daysof concurrent
extremes each year during 2025–2049 under the highest emission scenario. The weakening of
geopotential height associated with a surface low-pressure system may serve as an important
indicator for the occurrence of extreme sea levels during heatwaves.

Coastal areas are the frontlines of climate change1–3. Both heatwaves over
land and extreme sea levels pose a serious threat to coastal communities in
the face of climate change4–7. Global and regional studies demonstrate that
the increasing heatwaves have resulted in, and will continue to result in,
severe socioeconomic andecological consequences in a changingclimate8–13.
For example, the 2006 California heatwave resulted in over 600 deaths,
disproportionately affecting densely populated coastal areas8,14. Coastal
communities are also periodically exposed to extreme sea levels15, which
result from the combination of storm surges and high astronomical tides.
And extreme sea levels are expected to increase even further due to the long-
term rise in sea levels16,17. Extreme sea levels can cause coastalfloodingwhen
flood defenses are overtopped, threatening life and property in coastal
communities5. It is estimated that on average 0.8–1.1million people per year
around theworld are affectedby coastalflooding18. The high vulnerability of
affected areas to heatwaves and extreme sea levels can also exaggerate their
dangers, as global population and economic activity tend to concentrate in
low-lying coastal areas19.

Concurrence of heatwaves and extreme sea levels (CHWESL) in the
same location constitutes an emerging compound event that could lead to
larger impacts than the sum of impacts due to individual hazards striking
alone. Specifically, CHWESL events can pose unexpected flooding and
drowning risks, posing a threat to coastal residents and tourists during
heatwaves. An example of this phenomenon occurred in August 2021:

extreme sea level-induced flooding struck the Mediterranean region while
local temperatures reached approximately 50 °C20,21. In addition, acting as
different stressors, concurrent heatwaves and extreme sea levelsmay exceed
the coping capacity of an affected system like other compound events22.
Despite the substantial impacts, CHWESL events have received far less
attention compared to other types of compound events. There is currently a
lack of global picture of CHWESL dynamics and evolution in response to
the changing climate. The physical mechanisms behind CHWESL events
also remain unclear. Thus, there is an urgent need for a comprehensive
assessment of CHWESL events from a global perspective, particularly given
the projected increases in both the intensity and frequency of heatwaves and
extreme sea levels16,22,23 as well as the projected growth of coastal population
and urbanization24–26.

In this study, we aim to provide an in-depth assessment of historical
patterns and future changes in the characteristics of concurrent heatwaves
and extreme sea levels on a global scale, based on reanalysis datasets and
Coupled Model Intercomparison Project Phase 6 (CMIP6) projections. We
will also investigate the sensitivity of CHWESL events to the intensity of
individual extremes and the underlying mechanisms of such extreme events.
This study will not only contribute to a deeper understanding of the emerging
type of compound extremes (CHWESL events), but also provide crucial
insights into the implementation of adaptation and early warning systems
that can help mitigate the negative consequences of such extreme events.
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Results
Characteristics of concurrent heatwaves and extreme sea levels
The occurrence of CHWESL events is defined as the number of CHWESL
days within a year. Using extreme sea levels derived from the ERA5 rea-
nalysis dataset (ESL reanalysis), we calculated the total occurrence of
CHWESL events during 1979–2017. Most of the coastlines (87.73%) have
been affected by CHWESL events during the period of 1979–2017, with a
concentration of these events in the tropical region (Fig. 1a). Specifically,
tropical coastlines, which account for only 47.09% of the total coastal area,
have experienced 70.30% of all CHWESL events worldwide. For each grid
cell in the tropical region, the average total occurrence of CHWESL events is
75 days during 1979–2017. In contrast, subtropical and temperate zones
show a lower occurrence of CHWESL for only 39 and 11 days, respectively.
Results derived from the GESLA observation dataset (ESL observation)
support the same finding that lower-latitude regions are more prone to
CHWESL events (Supplementary Fig. 2c–d).

To assess whether the occurrence of CHWESL events is purely a
coincidence, we used a bootstrap-resampling-based significance test27 to
generate random CHWESL events and compared these with the detected

CHWESL events based on the ERA5 reanalysis dataset (see Supplementary
Methods and Supplementary Fig. 4). The total occurrence of detected
CHWESL events is significantly higher than the CHWESL events expected
due to random coincidence at a 95% confidence level. Assuming heatwaves
and extreme sea levels are concurrent by chance, the average total occur-
rence of CHWESL events would drop from 41 days to 23 days. This indi-
cates that the interaction between heatwaves and extreme sea levels
contributes an additional 78.26% to the total occurrence of CHWESL
events.

We divided the period from 1979 to 2017 into two 20-year periods
(1998–2017 and 1979–1998) and calculated the changes in the occur-
rence of CHWESL events during these two periods. Our findings indi-
cate that 39.12% of the world’s coastal areas have experienced a
significant increase in the occurrence of CHWESL events in recent 20
years, with an average increasing occurrence of 3.72 days (Fig. 1c).
Lower-latitude regions, such as West Africa (WAF), Southeast Asia
(SEA), East Africa (EAF), and the Pacific Islands Region (PIR),
show a more pronounced increase in the occurrence of CHWESL
events (Fig. 1d).

Fig. 1 | Characteristics of CHWESL events during 1979–2017. a Total occurrence
(day) of CHWESL events during 1979–2017. b Total occurrence (day) of CHWESL
events for grid cells at different latitudes. The shading spans an anomaly of ±1 s.e.m.
To enable comparisons between grid cells at different latitudes, the total occurrence
of all grid cells is averaged for each latitude. cDifferences in theCHWESLoccurrence
(day) between 1998–2017 and 1979–1998. Statistical significance of the difference is
estimated by the Student’s t test at a 95% confidence level. Grid cells with

insignificant differences are excluded from the change analysis. d Occurrence dif-
ference (day) for each divided region. Each box represents the distribution of
occurrence difference across all grid cells within that region. The box is bounded by
the 25th and 75th percentiles of the data, and the whisker is bounded by the 5th and
95th percentiles of the data. The order of coastal regions is determined by the average
latitude of each region.
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Sensitivity of CHWESL events to the intensity of individual
extremes
Given that regions with a higher risk of CHWESL events are primarily
concentrated in the tropical region, which is typically characterized by
hotter and more humid conditions, we hypothesize that these conditions
may be associated with the occurrence of CHWESL events. To test this
hypothesis, we conducted sensitivity experiments by categorizingheatwaves
into 20 levels based on their intensities and examined the likelihood of
CHWESL events during heatwaveswith varying intensities. The intensity of
aheatwaveday is determinedby thepercentile of the equivalent temperature
on that day. Equivalent temperature is derived from air temperature and
specific humidity. Therefore, a higher intensity indicates higher air tem-
perature and higher specific humidity, corresponding to hotter and more
humid conditions, respectively. The likelihood of CHWESL events during
heatwaves of a specific intensity is determined by calculating the ratio
between the number of heatwave days that are concurrent with extreme sea
levels (i.e., CHWESL events) and the total number of heatwave days with
that specific intensity.

Generally, our findings indicate a significant increase in the likelihood
of CHWESL events as heatwaves become more intense (Fig. 2a and Sup-
plementary Fig. 7a). On average, a one-percentile increase in heatwave
intensity corresponds to a 2.07% increase in the likelihood of heatwaves that
are concurrent with extreme sea levels. Specifically, we observed that
16.67–37.50% of heatwaves with the 90.0th percentile intensity is con-
current with extreme sea levels, while this likelihood increases to
28.57–50.00% for heatwaves with the 99.5th percentile intensity. These
findings suggest that more intense heatwaves, characterized by higher air
temperature and higher specific humidity, are more likely to occur simul-
taneously with extreme sea levels, thereby amplifying the risk of CHWESL
events. This is particularly concerning considering that heatwaves with the
99.5th intensity are already unbearable for coastal communities. Addi-
tionally, we calculated the absolute number of CHWESL days during
heatwaves with varying intensities (Supplementary Figs. 6a and 7c). Our
analysis reveals a notable increase in the number of CHWESL days as
heatwaves becomemore intense.This verifies ourfindings thatmore intense
heatwave could amplify the risk of CHWESL events.

Fig. 2 | Sensitivity of CHWESL events to the intensity of individual extremes.
a Changes in the likelihood of CHWESL events during heatwaves with increasing
intensities. Intensity of a heatwave day is determined by the percentile of the
equivalent temperature on that day. We have defined 20 levels of intensity ranging
from the 90th to the 99.5th percentile, with an interval of 0.5th percentile. Heatwaves
with a 90th intensity refer to those where the equivalent temperature on that day is
equal to or greater than the 90th percentile but less than the 90.5th percentile.
Boxplots show the distribution of CHWESL likelihood during heatwaves with a
specified intensity across all grid cells. Boxes in the boxplot are bounded by the 25th
and 75th percentiles of the data, and the whiskers represent the 5th and 95th

percentiles of the data. The red dashed line represents the fitted linear regression
between the heatwave intensity (x-axis) and the median values of CHWESL like-
lihood (y-axis). b Same as a but CHWESL likelihood is calculated during extreme sea
levels with increasing intensities. Intensity of an extreme sea level day is determined
by the percentile of the total water level on that day. c Sensitivity of CHWESL
likelihood to the intensity of heatwaves (yellow) and extreme sea levels (purple) for
each grid cell. Grid cells where the CHWESL likelihood shows significant sensitivity
to the intensities of both heatwaves and extreme sea levels will bemarked in red. Grid
cells with insignificant trends are excluded from the sensitivity analysis.
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We also examined the sensitivity of the likelihood of CHWESL events
to the intensity of extreme sea levels (Fig. 2b and Supplementary Fig. 7b),
using analogous percentile-based intensities. This likelihood was deter-
mined by calculating the ratio between the number of extreme sea level days
that are concurrentwithheatwaves and the total numberof extreme sea level
days at a specific intensity. We find that the likelihood of CHWESL events
increases by 1.77%when the intensity of extreme sea levels increases by one
percentile. This implies that bothmore intense heatwaves andmore intense
extreme sea levels can increase the likelihood of CHWESL events. Notably,
SEA, EAF, PIR, and the Central America and Mexico (CAM) are particu-
larly exposed to the synergistically amplified risk (Fig. 2c). The results
obtained from the ESL observation consistently demonstrate the sensitivity
of CHWESL events to the intensity of two individual extremes, as shown in
Supplementary Fig. 5c, d. These synergistic amplification effects are further
evident in the correlation between the intensities of heatwaves and extreme
sea levels (Supplementary Fig. 8).

Future projection of CHWESL events
To assess the potential impacts of climate change on CHWESL events, we
projected the occurrence of CHWESL events during the future period of
2025–2049under the SSP585 scenario based on an ensemble of theCoupled
Model Intercomparison Project Phase 6 (CMIP6) model outputs. Our
findings reveal that global coastal communities are expected to experience
38 days of CHWESL events each year during the future period of
2025–2049, representing an average increase of 31 days compared to the
historical period of 1989–2013 (Fig. 3a, b). This increase is primarily
attributed to a warming climate under the highest-emission scenario
(SSP585). Particularly, the tropical coastal regions, such asWAF, SEA, and
Amazon (AMZ), witness the strongest increase in the occurrence of

CHWESL events (Fig. 3b and Supplementary Fig. 10). These findings imply
that coastal communities will face a disproportionably increasing risk of
CHWESL events, with tropical regions facing the most serious threat from
such a concurrent extreme.

The projected increase in the likelihood of CHWESL events during
heatwaves is statistically significant and most climate models agree on the
changes in each region (Fig. 3c and Supplementary Fig. 14). On average, the
likelihood of globalCHWESL events during the future period is projected to
increase by fivefold compared to the historical period. This increase is
particularly prominent in lower-latitude coastal regions. For instance, in
SEA, the likelihood of CHWESL events is expected to be up to eight times
higher than that in the historical period. This indicates that under a warmer
climate, heatwaves are more likely to be concurrent with extreme sea levels,
which is consistentwith ourfindings that hotter andmore humidheatwaves
may amplify the risk of CHWESL events.

Atmospheric conditions associated with CHWESL events
The days experiencing heatwaves and extreme sea levels were categorized
into three groups, including CHWESL days, heatwave days that are not
concurrent with extreme sea levels (referred to as “HWN days”), and
extreme sea level days that are not concurrentwith heatwaves (referred to as
“ESLN days”). We used the composite of large-scale atmospheric
variables28,29 to disentangle the influence of atmospheric conditions on
CHWESL events (Supplementary Figs. 15–17).

The CHWESL days along the global coastline are characterized by
simultaneous warm temperature anomalies (Supplementary Fig. 15b) and
high sea level anomalies (Supplementary Fig. 15e), similar to what is
observed during HWN days (Supplementary Fig. 15a) and ESLN days
(SupplementaryFig. 15f), respectively.Corresponding towarmtemperature

Fig. 3 | Projected changes in the characteristics of CHWESL events. aOccurrence
(day) of CHWESL events during the future period of 2025–2049 and the historical
period of 1989–2013 based on 10 CMIP6 simulation models. b Average differences
in the CHWESL occurrence (day) between the future period (2025–2049) and the
historical period (1989–2013) across 10 CMIP6 simulation models. For each
simulation model, the statistical significance of the difference is estimated by the
Student’s t test at a 95% confidence level. Only grid cells that exhibit a significant
difference across all 10 CMIP6 simulation models are included in the change ana-
lysis. c Likelihood of CHWESL events for each coastal region during the historical

and future periods. The stars represent the average likelihood of CHWESL events
during the future period in each region. The 10 stars represent the 10
CMIP6 simulationmodels. The gray shading illustrates the 95%uncertainty range of
CMIP6 historical simulations. The lower and upper bounds of the gray shading
represent the 2.5th and 97.5th percentile estimates of the likelihood of CHWESL
events across the 10 CMIP6 models, respectively. The black line is the likelihood of
CHWESL events identified based on ERA5 reanalysis data during the same historical
period of 1989–2013. The order of coastal regions is determined by the average
latitude of each region.
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anomalies, both CHWESL days and HWN days are characterized by ele-
vated geopotential height at 500 Pa (Z500) (Supplementary Fig. 16a, b) and
increased surface solar radiation (SupplementaryFig. 16d, e). ThehighZ500
in the atmosphere is typically linked to anticyclonic systems generating
warm air, and the heightened surface solar radiation supplies abundant
energy for land surface heating30,31. Despite the equivalent temperature
anomalies during CHWESL days are comparable to, and even higher than,
those during HWN days along most coastlines (Fig. 4a), we observe lower
Z500 values during CHWESL days (Fig. 4b).

Through the analysis of the evolution of atmospheric variables in the
SEA region during the 30 days prior to the CHWESL day (Fig. 4c) and the
HWNday (Fig. 4d),wefind that thediscrepancy inZ500betweenCHWESL
days and HWN days can be attributed to the different evolution of Z500
prior the CHWESL day and HWN day. Specifically, there is a decreasing
trend inZ500 starting from10daysprior to theCHWESLday, accompanied
by an obvious decrease in surface pressure (Fig. 4c). Surface pressure con-
tinuously decreases during that time, reaching its lowest value on the
CHWESL day. This indicates that the blocking highs responsible for gen-
erating warm air are weakening before the CHWESL day and transitioning
into a surface low-pressure system. In contrast, Z500 exhibits a significant
increasing trend from 10 days prior to the HWN day. On the HWN day,
Z500 reaches its peak and surface pressure remains relatively stable. These
results indicate that the distinct evolution of Z500 before the CHWESL day
and theHWNdaymaybe closely linked to the variations in surfacepressure.

This low surface pressure during CHWESL days (Supplementary
Fig. 17b) resembles what is observed during ESLN days (Supplementary
Fig. 17c). Such a surface low-pressure system is often observed during
tropical cyclones or other intense weather systems32,33, and it can contribute
to the generation of strengthening winds34 (Supplementary Fig. 17e, f).
These winds can trigger storm surges by driving water towards the coast.
Therefore, the combination of a surface low-pressure system, intensifying
winds, and the resulting storm surge can elevate total water levels, leading to
extreme sea levels35. Our findings indicate that the weakening of blocking
highs and their transition into a surface low-pressure system may serve as
important indicators for theoccurrenceofCHWESLevents. Supplementary

Fig. 18 illustrates the same analysis of atmospheric variable evolution for the
regions of EAF and PIR, and the results align with our findings.

Discussion and conclusions
The climate-induced heatwave and extreme sea level have been receiving
increasing attention in recent years due to their adverse effects on coastal
communities, but they are usually treated individually. This studyprovides a
comprehensive investigation of concurrent heatwave and extreme sea level
events along the global coastline.We identified global hotspots of CHWESL
events and explored their dynamic evolution in response to the warming
climate. We also examined the sensitivity of the likelihood of CHWESL
events to the intensity of individual extremes. In addition, we investigated
the potential physical processes linked to the occurrence of CHWESL
events.

Our findings reveal that the global coastline experienced a sig-
nificant increase in the occurrence of CHWESL events during the period
of 1979–2017. Coastlines in the tropical region are at higher risk for
CHWESL events, as evidenced by both a higher occurrence of CHWESL
events and a larger occurrence differences between two 20-year periods.
Furthermore, we find that hotter and more humid heatwaves are more
likely to be concurrent with extreme sea levels globally. More intense
heatwaves and more intense extreme sea levels may synergistically
increase the likelihood of CHWESL events in SEA, EAF, and PIR. Under
the highest emission scenario of SSP585, the global coastline is expected
to experience a higher occurrence and a higher likelihood of CHWESL
events. Weakening of geopotential height at 500hPa accompanied by the
emergence of a surface low-pressure system may serve as crucial indi-
cators for CHWESL events.

The evolution of CHWESL events varies across global coastal areas.
Approximately 39.12% of the global coastline experienced a significant
increase in the CHWESL occurrence in recent 20 years, whereas there is a
significant decrease of CHWESL events in Canada, Greenland, and Iceland
(CGI) and the West Coast of South America (WSA). The decreasing
CHWESL events in CGI corresponds to the decreasing extreme sea levels
(Supplementary Fig. 3d), which is due to the fact that the land beneath the

Fig. 4 | Anomalies of atmospheric variables during CHWESL days and
HWN days. a Difference in the anomalies of equivalent temperature (ΔTe) during
CHWESL days and HWN days. The statistical significance of the difference is
estimated by the Student’s t test at a 95% confidence level. Grid cells with insignif-
icant differences are excluded from the difference analysis. b Same as a but for the

difference in the anomalies of geopotential height (ΔZ500). c Evolution of anomalies
in atmospheric variables from 30 days before the CHWESL day to 10 days after the
CHWESL day in the SEA region. d Evolution of anomalies in atmospheric variables
from 30 days before the CHWESL day to 10 days after the HWN day in the SEA
region.
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ice sheet rises in this region as the substantial weight of ice sheet is removed
when Greenland losing ice under a warmer climate36. And the decreasing
CHWESL events in WSA is due to the decreasing humid heatwave (Sup-
plementary Fig. 3b). This agrees with the results of previous studies37,38.
Nevertheless, the WSA is expected to experience increasing CHWESL
events during the future period of 2025–2049. Thus, coastal communities
without emergency response systemsmay face a significant threat from the
increasing CHWESL occurrence in the future.

Our study primarily focused on the highest emission scenario to
evaluate the potential risks and impacts of CHWESL events. We recognize
that different emission scenarios can lead to varying outcomes. In more
optimistic emission scenarios, characterized by stronger mitigation efforts
and reduced greenhouse gas emissions, it is plausible to expect a decrease in
the frequency and intensity of CHWESL events. Future research that
explores alternative emission scenarios and their effects onCHWESL events
would be valuable in providing a comprehensive understanding of the full
range of potential outcomes.

The atmospheric conditions associated with CHWESL events sug-
gest that a weakening anticyclonic circulation and a simultaneous surface
low-pressure system may contribute to extreme sea levels during heat-
waves. These low-pressure systems, which induce extreme sea levels, are
often considered important features of tropical cyclones32,33. Previous
studies have suggested that anomalous warm and humid conditions can
precede the occurrence of tropical cyclones, as these cyclones can
modulate atmospheric circulations and trigger anomalous descending
motion39–41. As a result, hot weather conditions can persist until the
tropical cyclones make landfall. It is worth noting that surface pressure
can decrease several days before the landfall of a tropical cyclone, even if
the hot conditions are still ongoing41. Therefore, it is reasonable to
consider the potential overlap between ongoing heatwaves and upcom-
ing extreme sea levels, as these two phenomena may be interconnected.
However, the interactions between land and ocean environments are
rather complex. Further research and investigations are necessary to fully
understand and unravel the underlying physicalmechanisms that govern
the occurrence of CHWESL events.

The CHWESL event could pose a significant threat to coastal com-
munities in terms of beach activities and power supply. On the one hand,
individuals who seek relief from hot weather by engaging in beach activities
may potentially increase their exposure to extreme sea levels during heat-
waves. Low- and middle-income countries, such as Indonesia and Mexico,
are particularly vulnerable to such a risk since themajority of households do
not have access to space-cooling devices to alleviate the effects of hot
weather42,43. On the other hand, even in high-income countries where air
conditioners are more widely available during heatwaves, the flooding
caused by extreme sea levels can disrupt power supplies44, worsening the
existing thermal risks.

The potential impacts of CHWESL events for each region are also
determined by a combination of the characteristics of extreme events
and the inherent vulnerabilities of the region. Approximately 40% of the
world’s population (3 billion people) is living in the tropics45 where are the
hotspots of CHWESL events and are already experiencing the highest
temperatures and greatest sea-level rise46,47. Countries located in the tropics
are major contributors to global population growth48,49, which can further
increase exposure risk and exacerbate the vulnerability of communities in
these regions to CHWESL events. Moreover, people living in low-lying
islands in the tropics, such as those in the Caribbean, Pacific, and Southeast
Asia (i.e., CAM, PIR, and SEA) are far more likely to be harmed by
CHWESL events. This is due to many people living there have low- or
middle-incomeand reside indeveloping countries49. CHWESLevents could
impose more adverse impacts on developing countries due to a lack of
adaptive capacity50. Our findings indicate that there is a pressing need to
inform adaptation planning of CHWESL events in the tropics. Therefore,
this study is crucial in advancing our understanding of the evolution and
mechanisms of CHWESL events along the global coastline, as well as in
developing effective risk mitigation strategies.

Data and methods
Data
We used daily maximum 2-m air temperature, daily mean 2-m dew point
temperature, and daily mean surface pressure from the daily ERA5 reana-
lysis dataset51,52 to calculate the equivalent temperature (Te, °C), and then to
identify heatwave events. Large-scale atmospheric variables were also
retrieved from the ERA5 reanalysis dataset, including geopotential height at
500hPa, surface solar radiation, surface pressure, and10-mu-component of
wind and v-component of wind. The dataset has a spatial resolution of 0.25°
and covers a 39-year period from 1979 to 2017.

Weused totalwater level derived from the ERA5 reanalysis dataset and
tide gauge observations to identify extreme sea levels. The ERA5 reanalysis
total water level43 provides globally homogenized water level data for the
period from1979 to 2017. This reanalysis totalwater level is simulated based
on thehydrodynamicmodel (DeltaresGlobalTide andSurgeModel version
3.0) using climate forcing from the ERA5 global reanalysis. It is character-
ized by temporal stability, temporal continuity (no gaps or missing values),
and spatial continuity for it covers almost all the global coastline. Specifi-
cally, it has a temporal resolution of 10-minute and was aggregate to daily
mean total water level (Wt, cm) to identify extreme sea levels. It includes sea
stations with a spatial resolution of 0.1° in the near coastal area and 0.25° in
the ocean area within 100 km of the coastline.

To validate the results obtained from the ERA5 reanalysis dataset
regarding extreme sea levels, we collected tide gauge observations from the
Global Extreme Sea Level Analysis (GESLA) 3 dataset44–46. For our analysis,
we only considered tide gauges that had a minimum of 20 years of obser-
vations within the study period of 1979–2017. This selection process
resulted in a total of 864 tide gauges that were used for further analysis. To
ensure consistency, we aggregated the hourly tide gauge observations into
daily mean total water level. Approximately 40% of these 864 tide gauges
provided data spanningmore than 35 years of total water level observations.
The spatial distribution of these selected tide gauges is shown in Supple-
mentary Fig. 21, which illustrates their concentration along the coastlines of
Europe, Japan, America, Canada, and Australia.

All projection datasets used in this study are based on CMIP6 climate
projections under the SSP585 emission scenario for the future period of
2025‒2049.Multiple CMIP6models were selected based on data availability
and good performance in simulating meteorological variables to minimize
the uncertainty originating from datasets53. Simulated 2-m air temperature
and specific humidity used to calculate the equivalent temperature under
global warming are based on 10 bias-corrected CMIP6 climate projections,
including ACCESS-CM2, CanESM5, CNRM-CM6-1-HR, EC-Earth3-CC,
EC-Earth3-Veg-LR, INM-CM4-8, INM-CM5-0, KIOST-ESM, MPI-
ESM1-2-LR, and NorESM2-MM54. The simulated total water level is based
on five bias-corrected CMIP6 climate projections, including CMCC-CM2-
VHR4, EC-Earth3P-HR, GFDL-CM4C192-SST, HadGEM3-GC31-HM,
and HadGEM3-GC31-HM-SST55. All simulation datasets were gridded to
1° spatial resolution using the bilinear interpolationmethod. The reason for
the inconsistent selection of climate projections for equivalent temperature
and total water level is the absence of a single climate projection that
encompasses both variables. In this study, we identified CHWESL events
based on heatwaves derived from 10 CMIP6 simulation models of
equivalent temperature and extreme sea levels derived from the ensemble
mean of five CMIP6 simulation models of total water level (Fig. 3 and
Supplementary Fig. 10). We also detected CHWESL events based on
heatwavesderived fromthe ensemblemeanof 10CMIP6simulationmodels
of equivalent temperature and extreme sea levels derived from five
CMIP6 simulation models of total water level, as shown in Supplementary
Figs. 11 and 12. The historical period (1989–2013)was used as a reference to
analyze future changes in CHWESL events. We verified the capacity of
CMIP6 models to capture the characteristics of CHWESL events by
reproducing historical CHWESL events56,57 (Supplementary Methods and
Supplementary Fig. 13). Since the projected equivalent temperature is based
on 10 CMIP6 models and the projected total water level is based on five
CMIP6 models, we employed an ANOVA-based variance decomposition
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method to partition the total uncertainty in the projected changes of
CHWESL events (Supplementary Methods and Supplementary Fig. 22).

The global coastline was derived from the Global Self-consistent,
Hierarchical, High-resolution Geography database (GSHHG)58. The
GSHHG is a high-resolution geography dataset amalgamated from three
databases in the public domain, includingWorld Vector Shorelines (WVS),
CIAWorld Data Bank II (WDBII), and Atlas of the Cryosphere (AC), and
has beenwidely used in coastal studies59,60.We utilized the reference regions
of the Fifth Assessment Report of the United Nations Intergovernmental
Panel onClimateChangeAR5 (IPCCAR5)61,62 withminormodifications to
examine the details of regional coastlines (Supplementary Fig. 1). The order
of coastal regions (Fig. 1d and Fig. 3c) was determined by the average
latitude of each region. The area of each grid cell is estimated using the area
of equatorial grid cell weighted by the cosine of its latitude, to account for the
different sizes of grid cells between different latitudinal zones due to the
convergence of lines of latitude towards the poles63,64. We defined the daily
anomalies by subtracting the seasonal cycle, which is the day-of-year mean
for each meteorological variable (e.g., 1979–2017)41.

Calculation of equivalent temperature
In this study, we used equivalent temperature (Te) to investigate heatwaves
along the global coastlines as it can effectively capture changes in both air
temperature andhumidity. This responds to a recent demand toaccount for
the influence of humidity on heat, as the equivalent temperature is a more
accurate measurement of thermal discomfort65. The Te is derived from the
moist static energy (H) and calculated as:

Te ¼
H
Cp

¼ T þ Lvq
Cp

ð1Þ

whereCp is the specific heat of air at constant pressure (1005 J·kg
−1·°C−1), T

is the 2-m air temperature (°C), Lv is the latent heat of vaporization (J·kg
−1),

and q is the specific humidity (kg·kg−1).
Here, q is calculated from 2-m dew point temperature (Td, °C) and

surface pressure (p, hPa) using the following equation66:

e ¼ 6:112 exp
17:67Td

Td þ 243:5

� �
ð2Þ

q ¼ 0:622e
p� 0:378e

ð3Þ

where e is the actual vapor pressure (hPa).
Lv is calculated as a linear function of T :

Lv ¼ ð2:501�0:00237TÞ× 106 ð4Þ

In addition, the relative humidity is calculated as the ratio of the e to the
saturation vapor pressure (es, hPa)

67 as follows:

RH ¼ 100×
e
es

ð5Þ

es ¼ 6:112 exp
17:67T

T þ 243:5

� �
ð6Þ

Pairing of land grid cells and sea stations in coastal areas
In our study, heatwaves occur over land, while extreme sea levels are defined
based on sea stations. To identify CHWESL events resulting from a com-
bination of heatwaves and extreme sea levels, we paired land grid cells and
sea stations using the following steps based on the minimum-distance
method:
(1) We converted the shapefile of the global coastline to a raster file with a

spatial resolution of 0.25° × 0.25°.

(2) For each grid cell in the raster file of the global coastline, we found the
nearest land grid cell in the air temperature dataset based on the
Euclidean distance.

(3) Since a land grid cell might have been assigned to multiple grid cells of
coastlines, we removed duplicates. This results in a unique set of grid
cell records for the coastal land grid cells.

(4) We assigned each land grid cell in the coastal areas to the nearest sea
station in the ERA5 reanalysis dataset of total water level based on the
Euclidean distance. The pairing of land grid cells and corresponding
sea stations is what we define as the coastal areas.

(5) To conduct analyses of physical processes using sea-related atmo-
spheric variables (i.e., 10-m wind and surface pressure), we assigned
each sea station to the sea grid cell in these datasets (with a spatial
resolution of 0.25° × 0.25°) that was closest to it.

After completing the pairing process, we identified 9492 land grid
cells (Supplementary Fig. 1a). These land grid cells were paired with the
nearest 9492 sea stations in the ERA5 reanalysis dataset of total water
level and 9492 sea grid cells in the sea-related atmospheric variables
dataset (i.e., surface pressure and 10-m wind). This pairing method
results in a promising spatial proximity between the land grid cells and
their corresponding paired sea stations (Supplementary Fig. 19). This
allows us to investigate the risk of extreme sea levels for coastal com-
munities threatened by heatwaves on the coast. The pairing of land grid
cells and sea stations for the future simulation datasets was conducted in
a similar way (Supplementary Fig. 20). All these steps were performed
using Python 3.9.

Definition, metrics, and likelihood of extreme events
Definition. Although there is no universal definition for heatwaves and
extreme sea levels, there are several criteria and thresholds that have been
extensively used and tested in the literatures. We defined an event as a
heatwave when the Te is higher than a percentile-based threshold for at
least three consecutive days64. The threshold refers to the 90th percentile
of ranking Te for the study period of 1979‒2017 using a centered 15-day
window (i.e., total samples are 39 years × 15 days = 585 days), following
the previous study68. An extreme sea level event is considered when
the Wt is higher than the 90th percentile threshold69,70 of all the Wt

records available for that station (i.e., total samples are 39
years × 365 days = 14,235 days). The 90th percentile threshold ofWt was
determined by the fitted Generalized Extreme Value distribution (GEV),
which is a commonly used method for estimating extreme sea level
events71,72. We also performed a sensitivity analysis using different
threshold levels (90th, 95th, and 99th percentiles) to identify heatwave
and extreme sea level events (Supplementary Fig. 23), which could help
inform risk management decisions on CHWESL events.

CHWESL events are defined as the concurrence of heatwaves and
extreme sea levels during the extended summer season, which spans from
May to September in the Northern Hemisphere and from November to
March in the Southern Hemisphere. To identify a CHWESL day, we con-
sider any day during a heatwave that is concurrent with any day of an
extreme sea level event. A CHWESL event is defined as having at least one
CHWESL day, and consecutive CHWESL days are combined into a single
event. To separate adjacent events, we employed a window-based de-clus-
tering method with a window size of three days73.

Metrics. In this study, we used occurrence, total occurrence, and
intensity to characterize extreme events. The occurrence is the number of
days of extreme events within a year74,75. Total occurrence, as shown in
Fig. 1a, refers to the sum of occurrences over multiple years. We quan-
tified the intensity of a heatwave day as the percentile rank (ranging from
the 90th to 99.5th percentile) of the Te of that day. Te is derived from 2-m
air temperature and specific humidity. Therefore, a higher intensity
indicates higher air temperature and higher specific humidity, corre-
sponding to hotter and more humid conditions, respectively. Similarly,
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we determined the intensity of an extreme sea level day as the percentile
rank of theWt of that day. The use of a percentile-based intensity enables
more meaningful comparisons between grid cells, thereby facilitating
their integration into a unified assessment framework.

Likelihood. We used the likelihood to describe the probability of
CHWESL events. The likelihood of CHWESL events during heatwaves is
defined as the ratio between the number of heatwave days that are con-
current with extreme sea levels (i.e., CHWESL events) and the total
number of heatwave days. The likelihood of CHWESL events during
extreme sea levels was calculated analogously.

Sensitivity of CHWESL events to the intensity of individual
extremes
To further analyze the characteristics of heatwaves and extreme sea levels,
we classified them into20different levels of intensity.We then calculated the
likelihood of CHWESL events during heatwaves and extreme sea levels with
varying intensities. This approach enables us to examine the sensitivity of
the likelihood of CHWESL events to the intensities of individual extremes.
The 20 intensity levels range from90th percentile to 99.5th percentile with a
0.5th percentile interval. An intensity level of the 90th percentile represents
Te orWt greater than or equal to the 90th percentile value but less than the
90.5th percentile value. In the sensitivity analysis, the likelihood of
CHWESL events during heatwaves of a specific intensity is determined by
calculating the ratio between the number of heatwave days concurrent with
extreme sea levels (i.e., CHWESL events) and the total number of heatwave
days at that specific intensity.Weonly consider the grid cells that experience
CHWESL events during all heatwaves with 20 intensity levels. The like-
lihood ofCHWESL events during extreme sea levels with a specific intensity
was calculated analogously.

We used a linear least-squares regression analysis to examine the
sensitivity of the likelihood of CHWESL events to the intensity of individual
extremes. To assess the significance of the regression slope, we utilized the
Wald test with a t-distribution to obtain a two-sided p-value. The null
hypothesis assumed that the regression slope was zero, while the alternative
hypothesis considered a non-zero slope.

In addition, we explored an alternative classification of intensity. We
categorized the intensity into 10 levels, ranging from the 90th percentile to
the 99th percentile, with a one percentile interval. This alternative classifi-
cation did not alter the significance of our findings, as demonstrated in
Supplementary Fig. 9.

Data availability
All data used in this study are publicly available. The ERA5 reanalysis data of
2-m air temperature and large-scale atmospheric variables are accessible
through https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-
single-levels?tab=overview and https://cds.climate.copernicus.eu/cdsapp#
!/dataset/reanalysis-era5-pressure-levels?tab=overview. The CMIP6 model
outputs of 2-m air temperature and specific humidity are available at https://
cds.climate.copernicus.eu/cdsapp#!/dataset/projections-cmip6?tab=
overview. The reanalysis data and CMIP6 model outputs of total water level
are available at https://cds.climate.copernicus.eu/cdsapp#!/dataset/sis-water-
level-change-timeseries-cmip6?tab=overview. The tide gauge observation of
total water level is available at https://gesla787883612.wordpress.com/. The
GSHHG data are accessible through https://www.soest.hawaii.edu/pwessel/
gshhg/. The datasets used to reproduce the methods and findings of this
study are available at https://doi.org/10.5281/zenodo.10532021.

Code availability
The code used for this study is available at https://doi.org/10.5281/zenodo.
10532021.
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