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Dynamics and characteristics of dry and moist heatwaves over
East Asia
Kyung-Ja Ha 1,2✉, Ye-Won Seo 1,3✉, Ji-Hye Yeo1,2, Axel Timmermann 1,3, Eui-Seok Chung 4✉, Christian L. E. Franzke1,3,
Johnny C. L. Chan 5, Sang-Wook Yeh 6 and Mingfang Ting 7

The increasing frequency of heatwaves over East Asia (EA) is impacting agriculture, water management, and people’s livelihood.
However, the effect of humidity on high-temperature events has not yet been fully explored. Using observations and future climate
change projections conducted with the latest generation of Earth System models, we examine the mechanisms of dry and moist
heatwaves over EA. In the dry heatwave region, anticyclonic circulation has been amplified after the onset of heatwaves under the
influence of the convergence of anomalous wave activity flux over northern EA, resulting in surface warming via adiabatic
processes. In contrast, the moist heatwaves are triggered by the locally generated anticyclonic anomalies, with the surface warming
amplified by cloud and water vapor feedback. Model simulations from phase six of the Coupled Model Intercomparison Project
projected display intensification of dry heatwaves and increased moist heatwave days in response to projected increases in
greenhouse gas concentrations.
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INTRODUCTION
Against the backdrop of global warming, heatwaves have become
a major meteorological disaster1. They have severe impacts on
human health2, agriculture3, and energy consumption4. Exposure
to extreme heat is already a significant public health problem that
is often related to cardiovascular problems5 and is a leading cause
of weather-related mortality in the United States6, Asia7, and
Europe8. In 2013, China experienced long-lasting and widespread
heatwaves that affected more than half a billion people in over
nine provinces9. In 2018, a record-breaking heatwave occurred on
the Korean Peninsula causing heat-related illnesses in 4508 people
and 48 deaths10. The frequency and duration of heatwave events
are increasing globally11,12. In the Northern Hemisphere, warm
days (defined as the number of days above the 90th percentile of
daily mean temperature over the 1961–1990 period) increased by
2.18 days per decade from 1948 to 200613. According to climate
model simulations, heatwaves are expected to further intensify in
response to increasing concentrations of greenhouse gases14. The
study of Sun et al.15 showed that the number of heatwave days in
eastern China reached a historical high of 31 days in the summer
of 2013, and they suggested that more than 50% of summers in
the 2030s will reach daily mean temperatures higher than the
maximum temperature in 2013 due to anthropogenic effects. It
has recently been documented16 that global warming has already
increased the frequency of extreme high temperature events in
China leading to an increasing trend of heat-related mortality.
The World Meteorological Organization distinguishes two types

of meteorological heatwaves: dry and moist heatwaves. Dry
heatwaves are characterized by stable conditions, clear skies, and
a large input of solar radiation, whereas moist heatwaves are often
accompanied by very oppressive, humid conditions during the
day and night, often with nocturnal cloud cover17.

Dry summer heatwaves, an example of a “compound extreme”,
can have severe impacts on agriculture, ecosystems, water
supplies, and local economies18–20. Zhang et al.21 reported that
the sudden increase in dry and hot extremes over inner East Asia
over the last two decades is associated with persistent soil
moisture deficits. Zscheischler and Seneviratne22 found that the
frequency of simultaneously occurring hot and dry summers will
increase 10-fold during the 21st century as compared to the
historical time period (1870–1969). Although recent studies23 have
reported that there is no statistically significant trend in drought
risk in the southern and western United States, the risk of co-
occurring severe droughts and heatwaves has increased sharply.
In addition, over the last few decades, northern China has
experienced frequent summer heatwaves that are associated with
drought and desertification trends24–26, and Kong et al.27 found
that heatwave and drought events were more frequent in the
North and South of eastern China and less frequent in the central
region during 1962–2015.
Globally, the atmosphere is expected to become moister in

response to global warming28,29, however, moisture availability
and the moisture-holding capacity of the atmosphere exhibit
distinct regional patterns. Some studies have considered the
connection between high humidity and heatwaves30, because of
their combined effect on human thermoregulation31 and loss of
labor productivity32. In Chicago in 1995 and China in 2003, the
magnitude of heatwaves and maximum temperatures were
strongly amplified by the effect of humidity33. By analyzing
climate model simulations under the RCP4.5 and RCP8.5 scenarios
for the period 2070–2100 in CMIP5, Kang and Elfahir34 suggested
that the North China Plain will likely experience severe heatwaves
with increasing humidity due to irrigation. Ha and Yun35 further
emphasized that surface water vapor acts to trap more heat from
the surface at nighttime. Therefore, the combination of high
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temperature and humidity is a powerful stressor for terrestrial
ecosystems and human health.
There are few studies that compare and analyze dry and moist

heatwaves. Some previous studies examined the spatial distribu-
tion and trends of two types of heatwaves. For instance, Ding and
Qian (2011)36 investigated the geographical patterns and tem-
poral variation of regional dry and wet heatwaves in China. Fu
et al. (2021)37 examined the regional trends of dry and moist
heatwaves in different sub-regions of China, and An and Zou
(2021)38 identified different circulation types associated with dry
and moist heatwave in North China using the Self-Organizing
Map. Despite these previous studies, they did not focus on the
mechanisms to understand the occurrence of heatwaves. There-
fore, further investigations are needed to better understand the
underlying mechanisms of the two types of heatwaves. Our study
focuses on the regional trends and features of dry and moist
heatwaves over East Asia (EA) from 1958 to 2019 and their
underlying physical causes. Our aim is to elucidate the dynamical
and thermodynamical mechanisms involved in different types of
heatwave events. We then determine the heatwave trends using
the Japanese 55-year reanalysis dataset (JRA-55)39 data and future
human-induced heatwave trends using multi-model projections
from the Coupled Model Intercomparison Project phase 6 (CMIP6).

RESULTS
Distinguishing dry and moist heatwaves
In order to characterize the dynamics of heatwaves over EA, we
analyze the total duration (days year−1) of heatwaves during the

warm season (from May to October) (see Methods). To determine
the causes of heatwave events with humidity conditions, we
define dry and moist heatwaves as heatwaves having relative
humidity below 33% and above 66%, respectively. Regional trends
in the duration of heatwaves over 1958–2019 showed that dry
heatwaves increased and were dominant over northwestern EA
adjacent to the main desert regions, whereas the occurrence
frequency of moist heatwaves increased, especially, over southern
EA and closer to the maritime moisture sources (Fig. 1a, b). The
duration of heatwaves defined only by temperature without
consideration of the humidity condition increased over both of
these areas (Supplementary Fig. 1). The relationship between
temperature and relative humidity was investigated over the
region where dry and moist heatwave trends were above 0.15 days
year−1 for all heatwave events from 1958 to 2019. Hereafter, these
regions are referred to as dry and moist heatwave regions,
respectively. In the dry (moist) heatwave regions, dry (moist)
heatwaves accounted for 68% (79%) of all heatwave events. There
is an uneven distribution of water sources between the South and
North of EA: water is abundant in the South and less so in the
North. Therefore, regional differences exist in terms of relative
humidity.
To characterize the simultaneous effects of moisture and

temperature on human health, we calculated a heat stress
index40,41 (HI) for EA (see Supplementary Methods). Over the past
62 years dry heatwaves in EA (Fig. 1c) have reached the category
of the heat stress “caution” level, whereas numerous moist
heatwaves occurred in the southern part of EA for which the HI
index reached levels of “extreme caution” and even “danger”

Fig. 1 Linear trends of dry/moist heatwave durations and scatterplot of temperature and relative humidity during heatwave days.
a Trend of dry heatwaves and b trend of moist heatwaves [days year−1]. Heatwaves were defined as periods in which the daily mean
temperature was above the 90th percentile for at least 3-days (based on JRA-55 data from 1958 to 2019). The dots indicate the 90%
confidence level using P-values; hatched lines represent geopotential height above 2000m; red and blue contours represent areas with trend
above 0.15 days year−1 during 1958–2019 for a dry and b moist heatwaves, respectively. Scatterplots of 2m air temperature and 2m relative
humidity (obtained from JRA-55) during heatwave events over regions where the trends of c dry and d moist heatwave durations were above
0.15 days year−1, respectively. The green, yellow, red, and dark red colors indicate heat stress categories: safe, caution, extreme caution, and
danger, respectively. The purple boxes in c and d are the ranges of the heat stress index (HI) during dry and moist heatwave days, respectively.
The different percentiles depicted in each box are, respectively, the 75th, 50th, and 25th percentile values and the upper and lower lines
denote the 90th and 10th percentile values, respectively.
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Fig. 2 Anomaly composites for heatwave days over dry/moist heatwave regions. Anomaly composites relative to long-term daily mean
(climatology) of a, d 2m air temperature (shading) [°C] and precipitation (contours) [mm day−1], b, e geopotential height at 500-hPa (shading)
[m] and wind at 850 hPa (vectors) [m s−1], and c, f specific humidity at 850 hPa (shading) [g kg−1] and omega at 500 hPa (contours) [Pa s−1] for
a–c dry heatwave days and d–f moist heatwave days. Dry and moist heatwave days were determined as days on which the heatwaves
occurred simultaneously in more than 40% of the regions where the trend was more than 0.15 days year−1 for dry and moist heatwaves,
respectively.
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(Fig. 1d). This further illustrates the necessity to analyze dry and
humid heatwaves separately.

Mechanisms for the two types of heatwaves over East Asia
To determine the underlying mechanisms of dry and moist
heatwaves, we calculated the anomalous composites of atmo-
spheric variables during heatwave days over the dry and moist
heatwave regions (Fig. 2; Supplementary Fig. 2), where anomalies
for each variable are defined relative to the long-term daily means
values over the period of 1958–2019.
Dry and moist heatwave days were determined as days during

which the heatwaves occurred simultaneously in more than 40%
of the regions with trend above 0.15 days year-1 for dry and moist
heatwaves, respectively. In the dry and moist heatwave regions,
warm anomalies and less precipitation are prevalent, which is
consistent with anomalous anti-cyclonic flow and a sinking motion
(Fig. 2; Supplementary Fig. 2). The descending motion provided
sunny weather, which enabled solar radiation to reach the land
surface unimpeded. These features, which usually prevail during
heatwave activity, are evident over dry heatwave regions. The
moist heatwaves are accompanied by additional moisture to
southern EA through the moist advection from the adjacent ocean
(Supplementary Fig. 3b).
Previous studies have shown that heatwaves are affected by

synoptic-scale systems such as blocking high or Rossby
waves10,42,43. For instance, studies of heatwaves over China have
found that the regions where heatwaves occurred vary depending
on the synoptic-scale atmospheric circulation structures25,44.
Therefore, we identified the origin of the anticyclonic circulation
on the synoptic-scale influencing the formation of heatwaves
through the corresponding spatiotemporal evolution of atmo-
spheric circulation and the wave activity flux (WAF) (see
“Methods”; Fig. 3).
For dry heatwaves, the WAF is mainly directed eastward in the

middle and high latitudes in accordance with the wave train from
Europe (Fig. 3a–e). From three days prior to the heatwave’s
occurrence or earlier, prominent positive anomalies of geopoten-
tial height at 700 hPa develop over Central Asia. The WAF analysis
suggests that the wave propagation originating from Western
Europe acts to amplify anticyclonic anomalies over northern EA
and thus contributes to the formation of dry heatwaves (Fig. 3a–e).
Through anomalous WAF convergence and divergence can be
analyzed the growth or decay characteristics of the ridge45. It
means that the anomalous WAF convergence in the upstream
develops the ridge. The anomalous WAF convergence in the
northern EA amplified the ridge in the dry heatwave region
(Supplementary Fig. 4a–e). Moreover, the mid-latitude wave train
is related to 500 hPa geopotential height composite anomalies
during all dry heatwave days (Supplementary Fig. 5a). Our analysis
reveals that the anticyclonic anomalies induced by the atmo-
spheric wave trains are the main cause of dry heatwaves. This
wave structure is still maintained up to 3 days after the onset and
it is bound up with the development of heatwaves (Fig. 3d, e;
Supplementary Fig. 4d, e).
Anticyclonic anomalies are located over the moist heatwave

region from a day before the onset (Fig. 3g, h). This anomalous
high is induced by convergence of the anomalous WAF onto
Bangladesh (Fig. 3h–j; Supplementary Fig. 4h–j) and provides
favorable conditions for surface warming through increasing
downward solar radiation. This result has led to heatwaves over
the moist heatwave region. Moreover, the composite anomalies of
the SST and the 500 hPa geopotential height show that moist
heatwaves are related to warm SST anomalies over the warm pool
region and the Indian Ocean (Supplementary Fig. 5b).
To further elucidate the contribution from dynamic and

thermodynamic effects to the development of dry and moist
heatwaves, we calculated the composite of the energy budget

at the surface and the temperature budget at 975 hPa during
the five days before and the onset day of the heatwave (see
“Methods”; Fig. 4; Supplementary Fig. 6). In the dry heatwave
regions, a greater amount of solar radiation than 5 days before
the onset can reach the surface associated with anticyclonic
anomalies, leading to an increase in the surface air temperature.
As the surface dries, latent heat flux decreases despite fewer
changes in evapotranspiration (Fig. 4a; Supplementary Figs. 6a
and 7a, c). The latent heat not used for evaporation contributes
to heating the surface. The sensible heat flux does not change
much between 5 days before and onset days. However, as the
median value of sensible heat flux is about 3.4 times larger than
that of latent heat flux on onset day, it is expected to play a role
in warming the surface (Supplementary Fig. 6a). A further
temperature budget analysis at 975 hPa showed that adiabatic
heating, which likely is caused by downward motion, plays a
role in warming the dry heatwave region (Figs. 2e, 4c;
Supplementary Fig. 6c). The local temperature tendency is
0.82 °C day−1 higher (median value) during the onset day than
5-days before.
In the moist heatwave region, the enhanced downward solar

radiation and surface-to-atmosphere latent heat flux are mainly
due to anomalous subsidence anomaly (Figs. 2f, 4b; Supplemen-
tary Figs. 6b, 2f). The latent heat flux due to the increase in
evapotranspiration increases on the onset day compared to
5-days before (Fig. 4b; Supplementary Figs. 6b, 7b, d). However,
the diabatic heating associated with anomalous latent heat flux
increase is largely compensated by the sum of the advection and
adiabatic terms induced by strong northwesterly anomalies and
anomalous sinking motion (Figs. 2e, f, 4d). Therefore, the local
temperature tendency is increased by about 0.02 °C day−1

(median value) on the onset day compared to 5-days before
(Fig. 4d). The distinctive characteristics and underlying physical
processes for the different regions indicate that we have to
account for both humidity and temperature to properly assess the
impact of heatwaves for instance on agriculture and human
health.

Feedback attribution on dry and moist heatwaves in EA
We further investigated partial changes in surface land
temperature between the strong and normal dry/moist
heatwave years resulting from several individual feedback
processes through the climate feedback-response analysis
method (CFRAM) analysis (Eq. (6) in the “Methods”). Total
temperature changes related to the dry heatwave represent
warm anomalies over the dry heatwave regions (Fig. 5a), and
the latent heat flux and surface dynamics are major drivers of
the heatwave-related temperature pattern (Fig. 5g, h). The
sensible and latent heat fluxes play opposite roles in surface
temperature change in the dry heatwaves. The partial tem-
perature changes caused by the latent heat flux are due to the
decrease in the surface-to-atmosphere latent heat flux. It is
associated with decreasing evaporative cooling or transpiration
of water at the land surface, thus it contributed to the warming
of the surface by reducing heat release from the surface to the
atmosphere46. Surface dynamics processes provided positive
temperature anomalies over dry heatwave regions. It is mainly
caused by changes in soil heat diffusion or heat storage. In
contrast, the water vapor, sensible heat flux, and atmospheric
dynamics processes give a negative contribution to the
warming of the total temperature change (Fig. 5c, f, i).
Meanwhile, cloud feedback and water vapor feedback are

primary drivers of significant warming anomalies over the moist
heatwave region (Fig. 5l, n). Since the moist heatwave regions are
affected by summer monsoon, these have many clouds in
summer. However, the decreased cloud amount and reduced
precipitation occurred due to subsidence motions during the
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heatwave events. Hence, less cloud cover related to enhanced
anticyclonic anomalies makes positive contributions to the surface
warming over moist heatwave regions by increasing the insola-
tion. The positive water vapor feedback associated with increased
surface-to-atmosphere latent heat flux contributes to the warming
of the surface, reflecting the moistening of air.

Projected dry and moist heatwaves in EA
We estimated the multi-model ensemble (MME) changes in the
linear trend of dry and moist heatwaves from the CMIP6 historical
simulation for the period 1958–2014 and Shared Socioeconomic
Pathway 2–4.5 (SSP2–4.5) scenario for the period from 2015 to
2100 (Fig. 6a–d; Supplementary Table 1). We calculate the 90th

Fig. 3 Wave propagation from 3 days prior to onset up to 3 days after onset of heatwaves. Composite maps of geopotential height
anomalies at 700 hPa (shading), geopotential height at 500 hPa (red contours), and wave activity flux (WAF) at 500 hPa (vectors) before and
after the occurrence of a–e dry heatwaves and f–j moist heatwaves. To computed the WAF, the definition proposed by Takaya and Nakamura
(2001, JAS) was used. The normal state of the geopotential height is represented by the daily mean for the period 1958–2019.
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percentile threshold of daily mean temperature from historical
climate simulation, and the dry and moist heatwaves are identified
using this threshold (Supplementary Fig. 8). Most of the CMIP6
models exhibit dry heatwave trend patterns that are very similar
to those of the observations, but some models show large
discrepancies in the moist heatwave trends (Supplementary Figs.
9, 10). The regions exhibiting a positive trend are projected to
expand over much of EA in response to increasing concentrations
of greenhouse gases (Fig. 6a–d). The results of the
SSP5–8.5 scenario are similar to the low emission scenario, but
their amplitudes are higher (Supplementary Fig. 11a, b). In
particular, dry and moist heatwave trends are projected to
increase by up to 0.3 days (0.41 days and 0.83 days) and 0.54 days
(1.53 days and 2.19 days) per year, respectively, for historical
simulation (SSP2–4.5 and SSP5–8.5) (Fig. 6a–d; Supplementary Fig.
11a, b). At the end of the 21st century for SSP2–4.5 (SSP5–8.5), dry
heatwaves are projected to occur for 44.2 days (70.6 days) and
moist heatwaves for 73 days (122.1 days) during the warm season
(Fig. 6e, f; Supplementary Fig. 11c, d). The number of heatwave
days over the moist heatwave region more than doubles
compared to the dry heatwave region. We show that heat

extremes will become more frequent in the future for high
emission scenarios, and 38.4 and 66.4% of warm seasons will be
hotter than the present in the dry and moist heatwave regions
under the SSP5–8.5 scenario, respectively. The trend patterns of
dry and moist heatwaves for the SSP1–1.9 scenario are similar to
the SSP2–4.5 and SSP5–8.5 (Fig. 6c, d; Supplementary Figs. 11a, b
and 12a, b). The number of both dry and moist heatwave days
increases in the middle of the 21st century, then drops back by
2100 due to the large-scale deployment of negative emissions
technologies (Supplementary Fig. 12c, d).
To quantify changes in dry and moist heatwaves in response to

anthropogenic warming, we examined the timing of heatwaves
from March to October of individual years within the 1958–2100
period based on historical climate simulations (Fig. 6g, h). It
indicates the heatwave activity including the occurrence, duration,
starting date of the first episode, and amplitudes.
The historical simulations showed that dry heatwaves occurred

more frequently than moist heatwaves (Fig. 6g, h). In the dry
heatwave region, the severe heatwave (>3.0 °C) will gradually
increase after 2047 (Fig. 6g). About 20.1% of the warm season in
2100 is projected to experience extreme heatwaves due to

Fig. 4 Anomalies of surface energy budget and temperature budget at 975 hPa for dry/moist heatwave days. Amomalies of surface
energy budget (left axis) including downward longwave (↓LW) and shortwave radiation flux (↓SW) [W m−2], upward longwave (↑LW) and
shortwave radiation flux (↑SW) [W m−2], surface sensible (SHF) and latent heat flux (LHF) [W m−2] associated with a dry heatwaves and bmoist
heatwaves during the 5-day period before the onset (left boxes) and on onset-day (right boxes). Note that positive values of latent and
sensible heat fluxes denote heat flux tranfer from the surface to the atmosphere. Temperature budget terms at 975 hPa during the 5-days
before onset (left boxes) and on onset-day (right boxes) associated with c dry heatwaves and d moist heatwaves [°C day−1]. * denotes the
mean value, and the different percentiles depicted in each box are, respectively, the 75th, 50th, and 25th percentile values. The upper and
lower lines denote the 90th percentile and the 10th percentile value, respectively.
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anthropogenic effects under SSP2–4.5 scenario. However, our
findings suggest that future moist heatwave events become more
frequent and will last longer. In particular, the total days of moist
heatwaves are expected to increase. In the moist heatwave region,
82% of the warm season in 2100 will experience heatwave
conditions (Fig. 6h). They will start in March and persist until late
September (or even October; Fig. 6h; Supplementary Fig. 11f),
especially enhanced heatwave (>1.5 °C) will frequently occur in
early summer after 2039 under SSP2–4.5 scenario. The intensity of
both dry and moist heatwaves will be enhanced. The amplitude of
dry heatwaves will increase up to 4.9 K (8.2 K) for SSP2–4.5
(SSP5–8.5) compared to the 90th percentile of daily mean
temperature for the historical scenario (Fig. 6g; Supplementary
Figs. 8 and 11e). The result that the intensity of the hottest days
over extratropical regions and the frequency of extremely hot
days over the tropics are projected to increase is consistent with

the results of Almazroui et al.47. Despite projected reductions in
greenhouse gas emissions, the intensity and duration of
heatwaves will become amplified over dry and moist heatwave
regions for SSP1–1.9 (Supplementary Fig. 12e, f). In summary, the
MME results show that dry heatwaves will become more frequent
with enhanced amplitudes (Fig. 6g), and moist heatwaves will
occur for prolonged periods with an earlier start and a later end of
heatwave seasons (Fig. 6h).

DISCUSSION
Studying the large-scale meteorological patterns associated with
heatwave events provides a framework for understanding their
underlying causal mechanisms. This study is novel for two reasons:
first, it separately investigates the synoptic settings and tele-
connection patterns associated with heatwaves to better

Fig. 5 Partial temperature changes due to feedback attributions in dry/moist heatwaves. a Total temperature anomalies [K] and CFRAM-
derived partial temperature changes due to b ozone feedback, c water vapor feedback, d surface albedo feedback, e cloud feedback,
f sensible heat flux change, g latent heat flux change, h surface dynamics, and i atmospheric dynamics in composite dry heatwave summer. j–
r Same as (a–i) but for moist heatwaves. The red and blue contours represent areas with trend above 0.15 days year−1 based on JRA-55 data
during 1958–2019 for a–i dry and j–r moist heatwaves, respectively. The hatched areas indicate above 2000m in geopotential height.
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understand the underlying mechanisms; and second, it attempts
to determine heatwave onset mechanisms by linking dry/moist
heatwave trends to the surface energy budget and thermody-
namic processes.
Several previous studies have found that hot and humid events

are more detrimental to human health than hot and dry
events16,48. On the other hand, hot and dry events have a

substantial effect on water resources and agriculture49. Heatwave
projection studies34,50,51 have emphasized the relationship
between anthropogenic effects and increasing heatwaves, but
regional aspects have not previously been explored. For example,
Kang and Eltahir34 and Im et al.50 showed that irrigation is
affecting climate change, and this may increase the risk from
heatwaves in eastern China. This current study emphasizes the

Fig. 6 Heatwaves over dry/moist heatwave regions using JRA-55, CMIP6 historical, and SSP2-4.5 scenario. a Trend of dry heatwave days
per year and b moist heatwaves during the period from 1958 to 2014 based on the multi-model mean. Heatwaves were defined as days on
which the 90th percentile of daily mean temperature was reached for at least 3-days, based on the historical run simulation of each model
from 1958 to 2014. The dots indicate the 90% confidence level using the P-value. The red and blue contours in a and b represent areas with
trend above 0.15 days year−1 based on JRA-55 data during 1958–2019 for dry and moist heatwaves, respectively. The hatched areas indicate
above 2000m in geopotential height. c and d are the same as a and b but, respectively, for SSP2–4.5. Time series of heatwave durations over
e dry and fmoist heatwave regions (brown contour in (a) and blue contour in (b)). The gray lines denote the results of each model and the red
lines indicate the result of the multi-model ensemble mean. The timing of (g) dry and (h) moist heatwaves from March to October during
1958–2014 based on the historical climate simulation and during 2015–2100 based on the SSP2–4.5 scenario in the multi-model mean of
CMIP6. Data are shown for regions with trend above 0.15 days year−1 for dry and moist heatwaves, respectively. The color scale shows the
difference between the daily mean temperature and the 90th temperature percentile. For the future projection, we used the 90th temperature
percentiles based on the period from 1958 to 2014 from the historical run simulation of each model.
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fact that certain regions in China are likely to experience deadly
heatwaves with humidity conditions that exceed thresholds
stipulated in outdoor working conditions. Heat stress influenced
by combined temperature and humidity effects will increasingly
disrupt economic activity. Although the world is committed to
limiting the rise in global mean temperature to 1.5 °C by the end
of the century, according to the Paris Agreement, it is envisaged
that the accumulated financial losses associated with heat stress
will reach US$2.4 trillion by 203051. Both dry and moist heatwaves
are projected to increase over East Asia under three different SSP
scenarios, although the magnitude is different between the
scenarios. Increases in heatwaves are also expected even in the
low emission SSP1–1.9 scenario, in which the greenhouse gas
emissions meet the Paris Agreement’s 1.5 °C goal. This similarity
suggests the robustness of projected increases in both dry and
moist heatwaves over East Asia, and implies that these increases
may be unavoidable in the future. In addition, more efforts are
needed to keep the temperature below 1.5 °C to not experience
the increasing heatwave days, and these efforts may reduce our
exposure to heat stress we will face in the future52,53. We expect
that these implications provide insights into the attributes of the
dry and moist heatwaves.
It is also important to highlight the substantial differences

between future changes in the two types of heatwaves. The
selected 16 CMIP6 model simulations reveal that heatwave events
will become more frequent and they will last longer. In addition,
the amplitude of dry heatwaves will be enhanced and moist
heatwaves will begin to occur earlier in the year and their
durations over southern EA will increase. Our results suggest that
in-depth research involving observations and climate model
simulations is required to further elucidate the mechanisms
involved in moist and dry heatwaves. Such information can then
be further translated into the associated impacts on human
health, agricultural, and related ecosystem stress. Studies are also
required in other areas of the world focusing on how dry and
moist heatwaves will respond to anthropogenically generated
warming. In summary, these results show that characterizing
heatwaves in different regions and determining their underlying
physical processes is essential for providing more accurate
information on combined effects of humidity and temperature.
It would help to enable the development of agricultural and water
resource adaptation strategies.

METHODS
Definitions of dry and moist heatwaves
In this study, a heatwave event was defined as one in which temperatures
exceeded the 90th percentile of the daily mean temperature during the
warm season (May to October) for at least three consecutive days. To
characterize the heatwaves, we analyzed the total duration (days year−1) of
heatwaves that caused unhealthy thermal exposure and human suffering
during the total warm season. The total number of heatwaves represented
the sum of heatwave days during the considered period: 11408 days for 62
years from 1958 to 2019 (62 years × 184 days in each year). We also defined
dry and moist heatwaves by the presence of relative humidity below 33%
or above 66%, respectively, during the same days. Hereafter, we refer to
regions where the dry and moist heatwave trends are greater than
0.15 days year−1 as dry and moist heatwave regions, respectively. Dry and
moist heatwave days were selected as a day with a heatwave occurring
over more than 40% of the dry and moist heatwave region, respectively.
The analysis domain of this study is the EA region between 85°E–135°E

and 10°N–50°N. Daily mean 2m temperatures and 2m relative humidity
were used to identify heatwaves occurring over EA. We also excluded high
terrain regions (>2 km) to eliminate low-temperature heatwaves.

Wave activity flux (WAF)
To track the propagation of wave flow, we analyzed the WAF as defined by
Takaya and Nakamura45. The WAF vectors represent the movement of the
stationary wave and the anomalous WAF convergence and divergence

zone is expected to amplify or decay the ridge in geopotential height. It is
useful to track the time evolution and flow of the ridge associated with the
development of each heatwave. The WAF defined by Takaya and
Nakamura is as follows:
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where p, a, f0, N, ϕ, and λ are the pressure normalized by 1000 hPa, the
Earth’s radius, the Coriolis parameter at 45°N, the Brunt–Väisälä frequency,
the latitude, and the longitude, respectively. The geostrophic stream-
function (ψ) is defined as Φ/f, where Φ is the geopotential and
f (¼ 2Ω sinϕ) is the Coriolis parameter with the Earth’s rotation rate as Ω.

Climate feedback-response analysis method (CFRAM)
The climate feedback-response analysis method (CFRAM) was developed
by Lu and Cai54 based on the energy balance in both the atmosphere and
the surface within a column at a given horizontal location consisting of M
atmospheric layers and a surface layer. In this study, we considered the
difference in energy balance between two equilibrium states, such as
strong and normal dry/moist heatwave years. The two equilibrium states
such as strong and normal dry/moist heatwave years were selected based
on normalized time series of heatwaves over dry and moist heatwave
regions (Supplementary Fig. 13). The strong years are those when the
normalized value is greater than 1.5 standard deviations, and normal years
were chosen by excluding the strong years. The energy balance equation
can be written as:

Δ
∂E
∂t

¼ ΔS� ΔRþ ΔQnon�radiative; (2)

where Δ ∂E
∂t is the change in energy storage, S is the convergence of the

shortwave radiation flux, R is the divergence of the longwave radiation
flux, and Qnon�radiative is the vertical profile of the energy flux convergence
due to nonradiative dynamic processes. The right hand sides of Eq. (2) can
be linearized and the terms can be separated into partial differences due
to individual radiative and non-radiative processes as follows:

ΔS � ΔS wð Þ þ ΔS cð Þ þ ΔS αð Þ þ ΔS O3ð Þ; (3)

ΔR � ΔR wð Þ þ ΔR cð Þ þ ΔR O3ð Þ þ ∂R
∂T

ΔT; (4)

ΔQnon�radiative ¼ ΔQ SHð Þ þ ΔQ LHð Þ þ ΔQ atmos dynð Þ þ ΔQ sfc dynð Þ; (5)

where w, c, α, O3, SH, LH, atmos dyn, and sfc dyn represent water vapor,
cloud, surface albedo, ozone, sensible heat flux, latent heat flux,
atmospheric dynamics, and surface dynamics, respectively. ∂R

∂T is the Planck
feedback matrix in which the jth column represents the vertical profile of
changes in longwave radiative energy flux resulting from 1-K warming in
the jth layer55. Substituting Eqs. (3)–(5) into Eq. (2) we obtain

ΔT ¼ ∂R
∂T

� ��1
Δ S� Rð Þ wð Þ þΔ S� Rð Þ cð Þ þΔ S� Rð Þ O3ð Þ

n

þΔS αð Þ þ ΔQ SHð Þ þ ΔQ LHð Þ þ ΔQ atmos dynð Þ þ ΔQ sfc dynð Þ�:
(6)

It is noted that the local temperature differences between two climate
states can be decomposed into partial temperature from individual
feedback processes. The radiative energy differences and the Plank
feedback matrix are performed using the Fu-Liou radiative transfer model56.
More detailed information about the CFRAM can be found in refs. 46,54,57.

The CMIP6 models
To analyze the characteristics of model-projected heatwaves, we used data
from 16 CMIP6 climate models from historical simulations for the period
1958–2014 and from the SSP2–4.5 and SSP5–8.5 scenarios for the period
2015–2100: CanESM5, CESM2-WACCM, CNRM-CM6–1, CNRM-ESM2-1, EC-
Earth3, EC-Earth3-Veg, FGOALS-g3, GFDL-CM4, GFDL-ESM4, INM-CM4–8,
INM-CM5-0, IPSL-CM6A-LR, MIROC6, MPI-ESM1-2-HR, MRI-ESM2-0, and
UKESM1-0-LL. Details of the 16 CMIP6 models are provided in Supple-
mentary Table 1. All models were interpolated to a 2.0° × 2.0° spatial
resolution prior to analysis. It is of note that only the first ensemble
member (“r1i1p1f1”) was used for each model, but other ensemble
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members were considered if the first ensemble member was unavailable
(e.g., CNRM-CM6, CNRM-ESM2-1, and UKESM1-0-LL (“r1i1p1f2”). We also
analyzed the characteristics of projected heatwaves under a low emission
scenario (i.e., SSP1-1.9), in which the rise in global-mean temperature is
limited to 1.5 °C by 2100, using simulation output from eight of the 16
models: CanESM5, EC-Earth3-Veg, FGOALS-g3, GFDL-ESM4, IPSL-CM6A-LR,
MIROC6, MRI-ESM2-0, UKESM1-0-LL.

DATA AVAILABILITY
The datasets analyzed in this study are daily 2 m air temperature and 2m relative
humidity, geopotential height, zonal and meridional winds, vertical velocity,
precipitation rate, upward and downward shortwave radiation flux, upward and
downward longwave radiation flux, net surface latent and sensible heat flux, and top
cloud cover from JRA-55 (https://jra.kishou.go.jp/JRA-55/index_en.html)39. In addi-
tion, the National Oceanic and Atmospheric Administration (NOAA) High-resolution
Blended Analysis of Daily Sea surface temperature (SST) and Ice data (OISST) were
used from 1982 to 201958 (https://www.esrl.noaa.gov/psd/data/gridded/data.noaa.
oisst.v2.highres.html). We used ERA-Interim reanalysis datasets59 for calculating the
CFRAM (http://apps.ecmwf.int/datasets/). Input variables for CFRAM analysis are
atmospheric/surface temperature, specific humidity, ozone mixing ratio, cloud liquid/
ice water content, cloud fraction, sensible/latent heat flux, surface pressure, and
surface albedo. CMIP6 data are from https://esgf-node.llnl.gov/search/cmip6/.

CODE AVAILABILITY
The NCL and fortran codes used to run the analysis can be obtained upon request to
the corresponding authors.
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