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A B S T R A C T   

In additon to temperature, heatwaves are also closely related to humidity. In this study, daily wet-bulb tem
perature was used to define heatwaves (WBHWs) with a unified threshold for more than 2000 meteorological 
stations throughout China. The climatic averages of summer heatwaves and changes from 1961 to 2021 were 
investigated. WBHWs primarily occur in three key subregions, namely North China, South China, and Yangtze 
River valley (YRV). Humidity makes heatwaves in South China more severe, with an average of 25 days per 
summer. Over the past decades, the frequency and intensity of WBHWs in China considerably increased 
accompanied by decreasing relative humidity (RH) and increasing temperature. South China experiences the 
strongest increase in WBHWs, with change rate fivefold higher than the national average. The occurrence of 
WBHWs in YRV is dominated by temperature, whereas in North and South China it is controlled by RH. The long- 
term increases in WBHWs for China and its three key subregions are primarily caused by temperature changes, 
but RH affects WBHWs at interdecadal time scales and generally exerts a negative contribution. The average 
contribution rates of temperature and RH to the increase in WBHWs in China for the period 1991–2021 are 2.3 
days and − 0.6 days. Changes in WBHWs in North China are almost completely controlled by temperature, since 
the opposite phases of specific humidity and temperature result in a negligible effect of RH. Temperature and RH 
in other two subregions have substantial positive and negative effects, respectively. The negative effect of RH in 
South China is mainly attributed to the indirect effect of temperature, while that in YRV, particularly in the lower 
reaches, is a combination of specific humidity and temperature.   

1. Introduction 

Heatwaves, one of the most severe extreme meteorological disasters, 
can reduce agricultural production, increase forest and grassland fires, 
cause a shortage of electricity and water, and affect the incidence of 
various diseases, directly jeopardizing the growth of the national 
economy as well as the safety of people’s lives and property (Smoyer- 
Tomic et al., 2003). Currently, 30% of the global population is affected 
by extreme heatwave events lasting at least 20 days per year (Mora et al., 
2017). Along with the climate warming, the frequency, intensity, and 
duration of global heatwaves have increased significantly (Meehl and 
Tebaldi, 2004), especially after the 1990s when heatwaves surged 
(Perkins et al., 2012). Even during the warming hiatus, heatwave events 
still show a clear increasing trend (Li et al., 2021). However, the vari
ability of heatwaves is highly localized and characteristics based on 

different indices exhibit discrepancies (Qian et al., 2011; You et al., 
2017), with the most pronounced and consistent rises in Europe and 
eastern China (Perkins et al., 2012). 

Since the mid-20th century, heatwaves in China have generally 
increased and intensified, with obvious interdecadal variability (Sun 
et al., 2014a; Wei and Chen, 2009, 2011) and regional differences in the 
long-term trends (Hu et al., 2017). Climate projections suggest that 
China will experience more severe heatwaves without mitigation efforts 
(Ma and Yuan, 2023; Wang et al., 2020; Wang and Yan, 2021). The 
occurrence and increase of heatwaves are especially stronger in highly 
urbanized and densely populated areas like the Yangtze River valley 
(YRV) and South China, due to the urban heat island effect (Luo and Lau, 
2017, 2018; Yao et al., 2022). Unprecedented heatwave events in these 
regions, such as 2013 heatwave over a vast area of southern China 
(Peng, 2014) and the 2017 YRV heatwave (Zhou et al., 2019), have been 
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more frequent for recent 20 years, causing cascading economic losses 
and a significant impact on mortality (Sun et al., 2014b). In the summer 
of 2022, the strongest heatwave event since 1961 swept through most 
parts of eastern China, lasting 79 days and covering more than 5 million 
square kilometers (Jiang et al., 2023). This high temperature led to the 
rapid development of meteorological drought in the middle and lower 
reaches of YRV, Sichuan and Chongqing (Hao et al., 2023). Moreover, 
Northeast and North China have also frequently affected by heatwaves 
in recent years. For example, Northeast China experienced multiple 
consecutive days of high temperatures in late July and early August 
2018, with the maximum temperature anomaly exceeding 6 ◦C (Tao and 
Zhang, 2019). In June 2023, a record-breaking heatwave event occurred 
in North China, with daily maximum temperatures exceeding 40 ◦C at 
124 stations (Qian et al., 2024). By the end of the century, the North 
China Plain may become uninhabitable due to extreme heatwaves (Kang 
and Eltahir, 2018). Since eastern China is the most economically active 
region in China, with a high urbanization rate and dense population 
distribution, the impact of heatwaves here is more severe. Therefore, 
understanding the characteristics and mechanisms of heatwaves in 
eastern China is of great significance for regional disaster prevention 
and mitigation. 

Heatwaves are primarily assessed using temperature alone, including 
extreme temperatures or temperature-based indices. However, it is 
equally essential to characterize heatwave events by considering hu
midity, which is directly related to the heat exchange between human 
body and external environment (Yuan et al., 2020). As humidity in
creases, the body’s ability to dissipate heat will decrease, resulting in an 
increase in morbidity and mortality of related diseases (Mora et al., 
2017). The most deadly heatwaves are more likely to occur in high 
humidity conditions. The severity of some heatwaves, exemplified by 
Chicago heatwave in 1995 and China heatwave in 2003, have been 
strongly amplified by humidity and the percentage of area where hu
midity amplifies heatwaves expands with increasing warming levels 
(Russo et al., 2017). Regional humidity varies tremendously in China 
due to the vast diversity in geographical location and topography (Niu 
et al., 2020). Therefore, it is more essential to consider both temperature 
and humidity while studying heatwaves in China. To describe the joint 
impacts of temperature and humidity, some thermal comfort indices 
have been proposed and characteristics of heatwaves are explored 
accordingly. For instance, Luo and Lau (Luo and Lau, 2019a) explored 
the climatological pattern and long-term trends of summer heat stress 
occurrences in China during 1979–2014 by using apparent temperature 
that is derived from temperature and relative humidity (RH). Ding and 
Qian (2011) investigated geographical patterns and temporal variations 
of dry and wet heatwave events in China during 1960–2008 with a heat 
index from the United State National Climatic Data Center. Among the 
wide variety of composite temperature-humidity indices, wet-bulb 
temperature (Tw) is an effective and widely used index for character
izing heatwaves due to its clear physical interpretation (Lin and Yuan, 
2022; Raymond et al., 2017; Wang et al., 2019; Yu et al., 2021). It is 
closely linked to the human body’s core temperature and can be easily 
calculated from temperature and relative humidity (RH). Using daily Tw 
from reanalysis dataset, Yu et al. (2021) investigated the spatial- 
temporal variation of wet heatwaves in Eurasia for 1979–2017. In 
their study, East Asia was treated as a whole at a coarser spatial reso
lution, without considering the regional differences. Ning et al. (2022) 
investigated the dominant modes of summer Tw in China during 
1960–2017 from 746 weather stations. 

In this study, we investigated the characteristics of summer heat
waves during 1961–2021 using Tw from 2007 meteorological stations 
and quantified the contributions of temperature and RH. This study aims 
to provide insights into regional differences of heatwaves in China from 
the perspective of humidity, and to quantify the contributions of tem
perature and RH to heatwave variability in different regions. This is of 
significance for the risk management of heatwaves and can provide a 
theoretical basis for the improvement of heatwave prediction in China. 

The remainder of this paper is organized in the following manner: The 
materials and methods are described in Section 2. Section 3 presents the 
results of our analysis. A conclusion and discussion is provided in Sec
tion 4. 

2. Materials and methods 

2.1. Data and methods 

The data used here are the daily mean temperature, RH, and air 
pressure of 2479 meteorological stations located throughout China for 
summer (June–August) of 1961–2021, provided by the China Meteo
rological Administration. These original data have been made initial 
quality control by the National Meteorological Information Center of 
China (Li and Dong, 2009; Li et al., 2004). Based on the quality control, 
the error values were deleted. Considering the consistency and repre
sentativeness of the data, one missing value in the summer of a given 
year was allowed and all the data for the whole season were set as 
missing values if two daily missing value existed. Then the station was 
removed if there are more than four summers with more than two 
missing days. 2007 out of 2479 stations were selected under this con
dition. Among the 2007 stations, 24.8% of stations have no missing data 
and 40.0% only have one missing year in the 61-year period. In view of 
the fact that missing data can constrain the definition of heatwaves, 
missing values for one day duration are interpolated with the average 
values of the day before and the day after, while missing values lasting 
two days or more are interpolated with the climatological period of 
1961–1990. 

Daily Tw (units: ◦C) was calculated from daily temperature (T; units: 
◦C) and RH (units: %) values using the following formula (Stull, 2011). 

Tw = T × atan
[
A(RH + B)

1
2

]
+ atan(T +RH) − atan(RH − C)

+D(RH)
3
2 × atan(E ×RH) − F (1)  

where A, B, C, D, E, F are constants (A = 0.152, B = 8.314, C = 1.676, D 
= 0.004, E = 0.023, F = 4.686), obtained by fitting functions (Stull, 
2011). According to this equation, Tw is positively related to tempera
ture and RH. It means for a given temperature, the higher the RH, the 
higher the Tw. That is the reason why wet conditions results in less 
human thermal comfort. However, temperature exhibits a significant 
negative correlation with RH (correlation coefficient: − 0.92), implying 
that the highest Tw does not occur at the maximum value of temperature 
or RH (Fig. S1). According to the equation of RH, RH is a function of 
specific humidity, air pressure and temperature. 

RH =
e
es
× 100 =

q × P
0.622 × es

× 100 (2)  

es = 6.1078× exp
(

17.269 × T
T + 273.15 − 35.86

)

(3)  

where e, es and P are water vapor pressure, saturated water vapor 
pressure, and air pressure (units: hPa), q is specific humidity (units: g/g). 

It should be noted that the equation of Tw is an empirical fit, which is 
not valid for situations having both low humidity and cold temperature 
(such as high altitudes). Wet bulb globe temperature is a more 
comprehensive index for defining heatwaves, combining temperature, 
humidity and radiation (Heo et al., 2019). The number of stations with 
radiation data (about 50) is far fewer than those for temperature and 
humidity in China, limiting the use of this index. Thirty-two stations 
containing simultaneously temperature, humidity, and radiation ob
servations were selected to evaluate the relationship between Tw and 
wet bulb globe temperature. The monthly and inter-annual variations of 
the two indices in China are highly consistent, and only two stations on 
the Tibetan Plateau exhibit correlation coefficients less than 0.7 
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(Fig. S2). Besides, Tw shows a remarkable resemblance with apparent 
temperature spatially and temporally, with correlation coefficients 
larger than 0.7 in most areas of eastern China (Figs. S3 and S4). This 
suggests that Tw can be used to characterize heatwaves in eastern China. 

Probability density function was adopted to describe the variable 
distribution. It is a function that specifies the likelihood of a random 
variable falling within a particular range of values in the sample space 
(Kumaraswamy, 1980). Besides, regression analysis and correlation 
analysis were used in this study to calculate linear trends and linear 
correlation coefficients. The statistical significance of trends and corre
lation coefficients were determined according to the two-tailed proba
bility of the Student’s t-test. 

2.2. Identification of heatwaves 

Heatwaves are defined as prolonged periods of excessive heat, 
measured by a threshold (Perkins and Alexander, 2013). In previous 
studies, the thresholds for defining heatwaves based on Tw are usually 
localized, i.e., different thresholds for different regions (Raymond et al., 
2017; Wang et al., 2019; Yu et al., 2021). Due to the large geographic 
extent of China, the climatic characteristics of different regions vary 
greatly, with cold climatic environments in some areas. Localized 
thresholds may yield heatwave events with relative low temperatures, 
though the temperatures are extremes for the certain region. As shown 
in Fig. 1a and b, the 90th percentile of daily summer temperature and 
Tw varies dramatically among stations in China, with temperature 
ranging from 7.4 ◦C on the Qinghai-Tibet Plateau to 34.8 ◦C in southern 
China, and Tw ranging from 4.9 ◦C to 27.6 ◦C. Using this localized 
threshold and a duration of more than 3 days as the definition of heat
waves, the total number of heatwave days per summer (HWN) for the 
period 1961–2021 is shown in Fig. 1c and d. It demonstrates that 
heatwaves based on temperature are concentrated along the eastern 

coastal regions and on the Tibetan Plateau. Heatwaves based on Tw 
(WBHWs) are more frequently occurred in northwestern and north
eastern China, with more than 10 days per summer, while in southern 
China they are less than 4 days. This is unreasonable. In fact, the defi
nition based on localized threshold refers to abnormal temperatures, 
instead of heatwave events, which should be accompanied by high 
temperatures. Thus, the threshold in this study is unified as the 90th 
percentile of daily summer Tw for all meteorological station in China for 
the base period 1961–1990, which is 25.9 ◦C. A WBHW event was 
defined as three or more consecutive days during summer with a daily 
Tw above the threshold. Meanwhile, a heatwave event based on tem
perature (THW) was defined the same as WBHW, but using daily tem
perature with a threshold of 29.2 ◦C. 

The total number of heatwave days per summer (HWN) was adopted 
to characterize heatwaves in this study. HWN shows a remarkable 
resemblance with other three indices, representing the duration, in
tensity of heatwaves and stations affected by heatwaves (See supple
ment for details). 

2.3. Contributions of temperature and RH to Tw and WBHWs 

According to Yu et al. (2021), the equation for the quantitative ef
fects of temperature and RH variations on Tw is as follows. 

ΔTw = ΔT
∂Tw

∂T
+ΔRH

∂Tw

∂RH
+R (4)  

where ΔT and ΔRH are the trends of temperature and RH from 1961 to 
2021. ∂Tw/∂T (◦C/◦C) and ∂Tw/∂RH (◦C/%) are the partial differenti
ation of Tw with respect to temperature and RH. R is a residual repre
senting 2nd and higher order terms. A detailed description can be found 
in Yu et al. (2021). 

Fig. 1. The 90th percentile of daily (a) temperature and (b) wet-bulb temperature (Tw) during summer for the period 1961–1990 at each station in China. Summer 
mean HWN for the period 1961–2021 based on (c) temperature and (d) Tw. 
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Fig. 2. (Left) Summer mean (a) temperature, (b) relative humidity (RH) and (c) Tw for the period 1961–2021. (Right) Probability density functions of (d) tem
perature, (e) RH and (f) Tw in China and its three subregions. Dashed boxes from north to south denote North China, the Yangtze River valley (YRV), and 
South China. 
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Since heatwaves are defined subjectively without a certain equation, 
the contributions of changes in temperature and RH to the change in 
WBHWs were evaluated by two additional computations of Tw with 
reference to Jones’ method (Jones et al., 2015). The two computations 
are also based on Eq. (1) but using the climatological average of RH 
(temperature) over the whole period for all years, which means the 

signal of RH (temperature) change is removed from Tw. On this basis, 
HWN was calculated based on the two computations, which can be 
roughly determined as the HWN component caused by temperature or 
RH. Therefore, anomalies of the temperature-caused or RH-caused HWN 
component in each year are defined as the contribution rate of tem
perature or RH to WBHWs. Similarly, four additional Tw were calculated 
using a given variable and climatological average of all other variables, 
and thus the WBHWs were counted. These components can be treated as 
contributions of temperature, specific humidity, and air pressure. Con
tributions of temperature consists of direct effect caused by changing 
temperature and constant RH, as well as indirect effect by influencing 
RH. The sum of direct and indirect effects is the total effect of temper
ature. Theoretically, the sum of indirect effect of temperature, effect of 
specific humidity, and effect of air pressure equals that of RH. 

3. Results 

3.1. Climatological characteristics of heatwaves in China 

Fig. 2 depicts the spatial distributions of temperature, RH and Tw, 
which shows that warm temperatures and high RH mainly exit in 
southern China. According to the probability density functions, the most 
frequent daily temperature in China over the past 61 years is around 
26 ◦C (frequency: 17.4%), and 46.9% ranges from 26 ◦C to 42.3 ◦C. More 
than half of the days have a RH greater than 78%, with a peak value of 
around 80%. The hot and humid environment in southern China leads to 
high Tw, with the maximum in Guangdong and Guangxi provinces. 
Climatological average of HWN for THWs is shown in Fig. 3a. Except for 
a few stations in Xinjiang, heatwaves are mainly observed in eastern 
China that is east of 100◦E and south of 40◦N, while the summer mean 
HWN in other regions is less than 1 day. Eastern China was divided into 
three subregions, i.e., North China (112–123◦E, 34–41◦N), YRV 
(110–123◦E, 26–33◦N) and South China (105–120◦E, 18–25◦N), with 
the ranges depicted in Fig. 3. These three areas are densely populated 
areas and encompass lots of big and medium-sized cities. YRV is the 
subregion with the highest concentration of THWs, followed by South 
China and North China. The mean HWN in the three subregions are 3.7, 
19.2 and 15.1 days, respectively (Table 1). Fig. 3b displays the distri
bution of HWN for WBHWs, with high incidence also appearing in 
eastern China. However, the HWN in the coastal areas of South China is 
comparable to or even higher than that in YRV due to the warm and wet 
condition, which are distinct from the THWs. Generally, WBHWs are 
more severe than THWs in South China and Jiangsu, while THWs are 
more intense in the southern part of YRV (Fig. 3c). The mean WNHWs in 
North China, YRV and South China are 3.6, 18.6 and 25.0 days, 
respectively (Table 1). The WBHWs in South China are 9.9 days longer 
than THWs, indicating the critical role of humidity on heatwaves in this 
region. 

The regional differences in heatwaves are derived from the relevant 
variables. As shown in Fig. 2d, the most frequent temperatures in YRV 
and South China (around 29 ◦C) are identical and larger than that in 
North China (around 26 ◦C). Temperature in YRV has a wider range, 
with the 5th and 95th percentiles being 21.7 ◦C and 31.6 ◦C (24.2 ◦C and 
30.5 ◦C in South China; Table 1). The extension of the right tail in YRV 
results in the more frequent extremely high temperatures and THWs. 
Despite the larger climatology of temperature in South China, the HWN 

Fig. 3. Summer mean HWN of (a) THWs, (b) WBHWs for the period 1961–2021 
and (c) the difference in the two indices (WBHWs minus THWs). Dashed boxes 
from north to south denote North China, YRV, and South China, respectively. 

Table 1 
Climatological averages and extreme values (5th and 95th percentiles) of temperature, RH, Tw and HWN in China and its three subregions during 1961–2021.   

Temperature (◦C) RH (%) Tw (◦C) HWN (days) 

Index 5th AVG 95th 5th AVG 95th 5th AVG 95th THWs WBHWs 

China 15.4 24.1 30.3 41 73.9 93 11.2 20.5 26.6 7.4 7.4 
North China 18.7 24.7 29.8 44 73.0 92 14.7 21.0 26.1 3.7 3.6 
YRV 21.7 27.0 31.6 63 79.7 95 19.6 24.1 27.3 19.2 18.6 
South China 24.2 27.7 30.5 69 81.9 94 22.2 25.2 27.0 15.1 25.0  
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in YRV is 4.1 days longer than that in South China (Table 1). This result 
indicates that the extremes and the average values of temperature do not 
exactly coincide. Compared with temperature, the probability density 
function of RH in the three subregions presents more resemblance, with 
the most frequent RH of roughly 83% and more consistent curves after 
the wave peak (Fig. 2e). The more concentrated range in South China 
results in a larger climatology of RH (Table 1). The probability density 
functions of Tw are similar to those of temperature, except coincident 
upper thresholds in the three subregions (Fig. 2f). As a result of the 
higher lower threshold (22.2 ◦C), South China has the largest clima
tology of Tw and WBHWs. Additionally, the curves for temperature and 
Tw are smoother than those for RH, indicating a better continuity of 
temperature indices. 

Since the maximum Tw does not coincide with those of temperature 
or RH, WBHWs are more prevalent at a certain temperature and RH 
value rather than the hottest or wettest conditions. The relationship 

between percentages of WBHWs versus daily temperature (or tempera
ture anomaly) and RH (or RH anomaly) is depicted in Fig. 4. The 
anomalies of temperature and RH in the subregions are relative to the 
national average. It indicates that WBHWs in all three subregions are 
more likely to occur close to the medians of temperature and RH and 
extend to the second and fourth quadrants. Among the three subregions, 
the conditions for the occurrence of WBHWs are more concentrated in 
South China, where more than 20% of WBHWs occur at RH of 80–85% 
and temperature of 28.5–29 ◦C. This is because of the largest concen
tration of Tw in South China. Due to the varied probability density 
functions of climate variables, the medians of temperature and RH as 
well as the climatic conditions for the high-occurrence of WBHWs are 
not in agreement in the three subregions, with higher RH in North and 
South China and higher temperature in YRV. This suggests, to some 
extent, the critical role of temperature for WBHWs in YRV, and the 
importance of RH in North and South China. 

Fig. 4. Percentages of HWN for WBHWs as a function of daily temperature (or temperature anomaly) and RH (or RH anomaly) in China and its three subregions. The 
colored boxes represent percentages of heatwave days. The anomalies of temperature and RH in subregions are relative to the average of China. The markers are the 
medians of daily temperature and RH. 
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3.2. Changes of heatwaves in China 

The time series and trends of summer mean temperature, RH and Tw 
over China from 1961 to 2021 are plotted in Figs. 5 and 6. Most land 
areas have warmed by 0.5 to 3 ◦C, with the warmest regions located over 
northern China (Fig. 6a). Rapid warming in China and its three sub
regions began in the late 1970s (Fig. 5). The long-term variability of RH 
over China exhibits decreasing trends, with rates ranging from − 0.22 to 
− 0.35%/decade for the three subregions. 54.3% of China reveals a 
significant trend (p = 0.1) and mostly is negative (97.5%) except for a 
few positive stations in Central China. The decreasing RH is due to the 
fact that the increase rate of temperature exceeds the rate of specific 
humidity, resulting in a more prominent increase in saturated water 
vapor pressure than water vapor pressure (Figs. S5 and S6). The most 
notable decrease is in Beijing-Tianjin-Hebei region and the eastern 
coastal regions, which are highly urbanized. This may be related to the 
urban dry island effect, as characterized by reduced humidity and 
increased vapor pressure deficit in the urban core area (Hao et al., 2018; 
Luo and Lau, 2019b). Three distinct periods exist for RH variability over 
China: an increasing period from 1961 to 1991, a subsequent reduced 
period until 2011, and a second increasing period in the last decade. The 
period in YRV coincides with that in China, but RH in North China de
creases continuously since the early 1990s and decadal fluctuations of 
RH in South China exist from 1961 to 1991. Affected by temperature and 
RH, Tw in China and its three subregions also exhibits increasing trends, 
but the warming rates are less than those of temperature due to the 
decreasing RH. As shown in Fig. 6c, the largest increase is mainly in 
northeast China, as it is one of the most significant warming regions and 
also characterized by increasing trend in RH. The temporal variation of 
Tw is basically consistent with temperature except that Tw decreases in 
the 2000s due to the influence of RH. The correlation coefficients be
tween Tw and temperature in China and its three subregions are all 
larger than 0.7. The upward trends of Tw in North China, YRV, and 
South China are 0.085, 0.055 and 0.079 ◦C/decade, respectively. 

Accompanied by the changes in temperature and Tw, the summer 
heatwaves also exhibit increasing trends (see Table 2 and Fig. 7). Fig. 7 
displays the time series of HWN for THWs and WBHWs in China during 

1961–2021. To emphasize the decadal characteristics, the 11-year 
moving average is shown. The nationwide THWs and WBHWs rise by 
0.65 and 0.45 days/decade for the whole study period, respectively. The 
two time series are remarkably consistent before the late 1990s, basi
cally showing a decrease followed by an increase. The correlation co
efficients between THWs and WBHWs are 0.81 during this time period. 
Subsequently, THWs continue to increase and enhance, with the average 
HWN for 2001–2010 and 2011–2021 increasing by 2.6 days and 3.6 
days compared to the 1961–1990 average. WBHWs reduce in the 2000s 
and rise in the 2010s due to the changes in RH. The average HWN for 
2001–2010 is essentially comparable to the 1961–1990 average. The 
rapid increase in heatwaves since the 2010s is closely related to the 
phase changes of El Niño–Southern Oscillation and Indian Ocean Dipole 
(Wei et al., 2023). In addation, HWN for the two types of heatwaves 
shows a remarkable resemblance with other three indices, representing 
the duration, intensity, and stations of heatwaves (Figs. S7 and S8). The 
correlation coefficients with each other all exceed 0.9. 

Fig. 8 depicts the spatial distributions of the trends in HWN across 
China. Significant trends (p = 0.1) for THWs and WBHWs are observed 
for 33.5% and 21.6% of the stations where heatwaves occur. They are 
dominated by increasing trends at proportions of 93.8% and 92.6%, 
respectively. The most prominent trends in THWs mainly occur in 
coastal areas of South China and YRV. WBHWs in South China also 
exhibit more significant increasing trends than other areas, with a rate of 
more than 5 days/decade. It should be noted that these areas do not 
coincide with the areas with the largest increasing temperature and Tw, 
indicating that the changes in extreme temperature is not entirely 
dependent on the average temperature. The most pronounced differ
ences in trends of WBHWs and THWs are located in the west-central part 
of YRV, where WBHWs exhibit a considerable increase whereas THW 
trends are not significant at most stations. In addition, the trend of THWs 
in North China is also slightly larger than that of WBHWs. In terms of 
regional averages, South China has a substantially higher increase in 
heatwaves than the other two subregions, with trend rates of 2.57 and 
2.44 days/decade for THWs and WBHWs, respectively. The time series 
of WBHWs in the three subregions are generally consistent (Fig. 8c), 
with an overall “increasing-decreasing-increasing” pattern over the last 

Fig. 5. Time series of regional temperature, RH, and Tw in China and its three subregions during 1961–2021. The red lines are the 11-year moving average, and 
black dashed lines are the linear trends. The numbers in square bracket denote the corresponding trends in per decade. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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three decades. In contrast, the variation of THWs has obvious regional 
differences, with North China showing a decrease in the 2000s and 
basically consistent with WBHWs throughout the time period, the YRV 
region increasing from the mid-1990s to the end of the 2000s and then 
entering in a stable phase, and South China displaying a continuous 
increasing trend since the early 1970s. Moreover, the WBHWs are 
significantly larger than THWs in South China throughout the study 
period, highlighting the important role of RH on heatwaves in this 

region. 

3.3. Effects of temperature and RH to Tw and WBHWs 

To disentangle the effects of temperature and humidity on extreme 
Tw, Raymond et al. (2017) defined a index as the ratio of standardized 
temperature and standardized specific humidity. Depending on the 
index, an extreme Tw day can be classified as temperature-dominated or 
humidity-dominated. As the temperature threshold in our definition is 
uniform across all the stations, the daily temperatures during WBHWs 
are larger than the climatological average at most stations, resulting in 
the index greater than 1. In fact, THWs and WBHWs usually co-occur in 
eastern China, which means daily temperature is higher than the 90th 
percentile. Therefore, the percentages of high temperature and RH 
during WBHWs were calculated, where high temperature refers to the 
90th percentile and high RH refers to the mean RH for all summer days 
during 1961–2021 over the whole China. Fig. 9b shows that the pro
portion of high RH exceeds 60% or even 90% at most stations in North 
and South China. It means that WBHWs in this region are more likely to 
occur under wet conditions, highlighting the dominant role of humidity 
on the occurrence of WBHWs. This indicates, to some extent, that 
WBHWs are RH-dominated in North and South China. Conversely, the 
proportion of high RH in YRV is relatively lower than that in the other 
two regions, but the proportion of extreme high temperatures surpasses 
70% at most stations. This indicates that WBHWs in YRV occur mainly at 
high temperature conditions, highlighting the critical role of tempera
ture. In other words, WBHWs are temperature-dominated in YRV. In 
addation to the high values of temperature and RH, composite anoma
lies of daily temperature and RH during WBHWs are also conducted 
(Fig. 9c, d), which represents the average deviation from climatic con
ditions. To be consistency with the unified threshold in the definition of 
heatwaves, the anomalies are relative to all summer days during 
1961–2021 over the whole China. During WBHWs, coherent positive 
temperature anomalies are seen over all the subregions, and the 
anomalies in YRV are stronger than those in North China and South 
China. RH exhibits positive anomalies during most of WBHWs, with 
large values concentrated in North and South China. Composite anom
alies for different subperiods yield identical conclusions (Fig. S9), 
demonstrating the stability of the results. The anomalies are consistent 
with the conclusions exhibited by the two percentages shown in Fig. 9a, 
b. 

∂Tw/∂T and ∂Tw/∂RH can represent the sensitivity of Tw to tem
perature and RH. As shown in Fig. 10a, a 1 ◦C warming leads to a 
0.8–1.0 ◦C increase in Tw, with large values located in the southwest, 
southern China, and YRV. This implies that the Tw in southeast China is 
more sensitive to changes in temperature. A 1% increase in RH leads to a 
0.1–0.2 ◦C increase in Tw, and the highly sensitive areas are mainly 
observed in Xinjiang and parts of YRV. In general, the distributions of 
∂Tw/∂T and ∂Tw/∂RH are in agreement with that of climatological mean 
RH and temperature in Fig. 2. This is because Tw is highly positively 
correlated with temperature and RH, then a lesser change in RH (tem
perature) can lead to a larger change in Tw in the high temperature (RH) 
condition, indicating that Tw is more sensitive to changes in RH (tem
perature). TrendT*∂Tw/∂T and trendRH*∂Tw/∂RH were then calculated 
in accordance with Eq. (4) to quantitatively assess the effects of changes 
in temperature and RH on Tw. The spatial distributions are almost 
identical to the trends in temperature and RH (Fig. 10c, d), as the spatial 
variations in the sensitivity of Tw are not obvious and cannot alter the 
patterns of temperature and RH trends. Overall, the change in temper
ature contributes positively to Tw while RH has a negative impact in 
most parts of China. The increase or decrease of Tw depends on the 
contributions of temperature and RH. In 2011–2021, the effects of 
temperature and RH are positive in all the three subregions, resulting in 
a significant increase in Tw. In 2001–2010, temperature contributes 
positively and RH negatively, while the changes in Tw vary among the 
three subregions. The contribution of temperature exceeds that of RH in 

Fig. 6. Trends of summer mean (a) temperature, (b) RH, and (c) Tw over the 
period 1961–2021. Only stations with significant trend at the 0.1 level 
are shown. 

Table 2 
Trends of heatwave indices and relevant variables in China and its three sub
regions during 1961–2021. Bold font denotes significance at the 0.1 level.  

Index (units/decade) China North China YRV South China 

Temperature (◦C) 0.15 0.13 0.095 0.14 
RH (%) ¡0.25 − 0.26 − 0.22 ¡0.35 
Tw (◦C) 0.10 0.085 0.055 0.079 
THWs (days) 0.65 0.42 0.99 2.57 
WBHWs (days) 0.45 0.28 0.64 2.44 
T-caused (days) 0.70 0.51 1.10 2.70 
RH-caused (days) − 0.044 0.062 − 0.040 ¡0.72  
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Fig. 7. (a) Time series of HWN in China during 1961–2021 for THWs and WBHWs. The solid lines are the 11-year moving average. (b) Average of HWN for the 
periods 1961–1990, 1991–2000, 2001–2010 and 2011–2021. 

Fig. 8. Trends of HWN over the period 1961–2021 for (a) THWs and (b) WBHWs. Only stations with significant trend at the 0.1 level are shown. (c) Same as Fig. 7a, 
but for the three subregions. 
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North China, leading to an increase in Tw, while RH dominates the 
decrease of Tw in YRV and South China (Fig. S10). In addition, the 
trends of the two additional Tw, as mentioned in Section 2.3, closely 
correspond to the results for trendT*∂Tw/∂T and trendRH*∂Tw/∂RH 
(Fig. S11). 

Fig. 11 displays the regional temperature-caused and RH-caused 
WBHWs in China and its three subregions during 1961–2021. For 
comparison, the time series of HWN for WBHWs are also given in the 
figure. When compared to HWN of WBHWs, the long-term variability of 

the RH-caused component in China is not significant, despite a declining 
tendency over the entire time span at a rate of − 0.18 days/decade. 
However, it correlates strongly with the HWN at decadal time scales. In 
contrast to the RH-caused component, the time series of temperature- 
caused component has a subtle decadal fluctuation and observable 
long-term trend. The rate is 0.69 days/decade and significantly exceeds 
the 95% confidence level. Notably, it slightly declines prior to 1987 but 
has been dramatically rising since then at a rate of 1.5 days/decade. This 
significant decreasing trend coincides with climate warming starting 

Fig. 9. Percentages of (a) temperature ≥ T90 and (b) RH ≥ RHmean during WBHWs for 1961–2021, where RHmean, T90 are the mean RH and 90th percentile of 
temperature for all summer days during 1961–2021 over the whole China. Composite anomalies of daily (c) temperature and (d) RH during WBHWs for 1961–2021. 
The anomalies are relative to all summer days during 1961–2021 over the whole China. 
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from the 1980s in China. It suggests that for the national average, RH has 
an effect on the variability of WBHWs at decadal scales, whereas tem
perature mostly drives the long-term trend on the whole. 

Time series of temperature-caused and RH-caused HWN components 
for the three subregions show significant distinction. Among them, the 
results for South China are more consistent with the national average 
than the other two regions, especially for the last three decades. In 
contrast, the temperature-caused component in YRV is dominated by 
interannual fluctuations and a stable interdecadal period in the last 15 
years due to the slowdown of temperature increase. Significantly 
different are the results for North China, where the time series of 
temperature-caused component are almost identical to the HWN of 
WBHWs, with a correlation coefficient of 0.88. Correspondingly, RH- 
caused HWN component is negligible, with values of less than 1 day 
for 41 years of the 61 years. This indicates that the change in WBHWs in 
North China is almost completely controlled by temperature, and RH 
change contributes little. Additionally, the comparison of Figs. 8c and 11 
reveals that when the effect of RH is removed, the time series of 
temperature-caused component are mostly compatible with the evolu
tion of THWs. 

Obviously, the temperature-caused component here refers to the 
direct effect of temperature, according to the definition in Section 2.3. 
Due to the climate warming, evaporation and moisture content in air 
increase, leading to a positive contribution of specific humidity 
(Fig. S12). The time series is remarkably similar to RH-caused WBHWs, 
with a more pronounced trend. Correspondingly, the indirect effect of 

temperature continues to decrease from the 1970s, suppressing the 
direct effect of temperature. The increasing trend of direct effect exceeds 
the decreasing trend of indirect effect, making the total effect of tem
perature increasing. The effects of air pressure in the three subregions 
remain almost constant. The time series of the components for South 
China and YRV show a resemblance with the national average. However, 
the phases of specific humidity in North China is completely opposite to 
the indirect effect of temperature, resulting in the negligible effect of 
RH. 

The average change in WBHWs for the last 31 year (1991–2021) and 
contributions of six components were calculated (See Fig. 12 and 
Table 3). As Fig. 12a indicates, the average change of WBHWs in the past 
31 years is remarkably similar to the HWN trends over the period 
1961–2021, with a national average of 1.3 days and considerable in
crease in South China. The warming temperature directly contributes to 
the positive change of WBHWs over most parts of China (86.3%). At the 
national level, it induces increase of 2.3 days in WBHWs. The largest 
direct contribution of temperature is in South China and the eastern 
coastal areas of YRV, reaching as high as 8 days. This is also the regions 
where the most significant increase in THWs occurs. Change of tem
perature in North China also has a pronounced direct effect on WBHWs. 
The average contribution rates from North China, YRV and South China 
are 2.0 days, 3.9 days and 7.6 days, respectively (Table 3). On the 
contrary, change in RH mainly contributes negatively to the variation in 
WBHWs, with a national average contribution of − 0.6 days. Despite 
having 44.8% positive stations, the majority contributes less than 2 days 

Fig. 10. Spatial distributions of the (a) ∂Tw/∂T, (b) ∂Tw/∂RH, (c) trendT*∂Tw/∂T and (d) trendRH*∂Tw/∂RH for 1961–2021. Only stations with significant trend at 
the 0.1 level are shown in Figure c and d. 
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to the WBHW change. The most significant negative contributions are 
located in the lower reaches of YRV and the coastal areas of South China, 
with a maximum value of more than 8 days. The average contribution of 
RH in South China (− 3.2 days) is mainly due to the indirect effect of 
temperature (− 5.9 days), while specific humidity yields a positive 
contribution of 4.5 days. The total effect of temperature basically equals 
that of specific humidity. The negative contribution of RH in YRV, 
particularly in the lower reaches, is a combined effect of specific hu
midity and temperature. For the regional average, the indirect effect of 
temperature (− 2.2 days) is obviously larger than the effect of specific 
humidity (0.7 days). RH changes in North China have a negligible 
impact, contributing − 0.1 days on average. This is consistent with the 
results in Fig. 11. In addition, the contributions of temperature and RH 
match well with the trends of HWN based on the two additional Tw 
(Fig. S13), and the direct effect of temperature is roughly equivalent to 
the changes in THWs. Note that the combined contribution of temper
ature and humidity is not equal to the change of WBHWs due to the 
nonlinearity in the equation of calculating Tw. 

4. Conclusions and discussion 

In this study, the climatology and trends of heatwaves in China as 
well as the relative contributions of temperature and RH were investi
gated by using 61-year (1961–2021) observational data. The heatwaves 
were defined using Tw, an effective metric of combining temperature 
and humidity, with a unified threshold for the whole of China. It reveals 
that eastern China experiences the most severe heatwaves, due to the 

warm and humid conditions. Eastern China was divided into three 
subregions, namely North China, YRV and South China, and more at
tentions were paid to these regions. Due to the frequent extreme tem
peratures, YRV suffers from an average of 19.2 days of THWs per 
summer, followed by South (15.1 days) and North China (3.7 days). 
When humidity is concerned, South China experiences more serious 
WBHWs because of its larger mean Tw and frequent Tw extremes, 
suffering on 25 days per summer. The fact that WBHWs in South China 
are more severe than THWs indicates the crucial role of humidity in this 
region. Since temperature and RH are significantly negatively corre
lated, WBHWs are highly frequent around the median values of tem
perature and RH, with higher temperature in YRV and larger RH in 
North and South China. 

As one of the most sensitive areas in the world, China has been 
suffering significant climate change characterized by warming and 
drying since the early 20th century (Cheng et al., 2015; Huang et al., 
2016). The changes in related climate variables were analyzed, which 
exhibits an upward trend for summer temperature and Tw during 
1961–2021. The warmest regions are located over northern China, 
which coincides with previous studies (Cheng et al., 2015). Although 
heatwaves occur in northern China for less than 1 day per summer for 
the past 61 years, they will become more frequent with substantially 
rising temperature and Tw. In fact, extreme high temperature events are 
occurring more often in Northeast China in recent years and will 
significantly increase in future projections under global warming (Wang 
et al., 2018; Yang et al., 2021). Due to the significant decreases in the 
1990s and the 2000s, RH shows a decreasing trend in most areas. 

Fig. 11. Time series of regional temperature-caused and RH-caused HWN components in China and its three sub-regions during 1961–2021. For comparison, the 
time series of HWN for WBHWs are also given. The solid lines are the 11-year moving average. The shades represent the three decades of 1991–2000, 2001–2010 
and 2011–2021. 
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Affected by the temperature and RH, heatwaves in China are suggested 
to significantly increase in frequency and intensity, with a nationwide 
increase of 0.65 and 0.45 days/decade for THWs and WBHWs, respec
tively. Of these, THWs continues to increase since the early 1970s, while 
WBHWs have a decadal reduction in the 2000s. The increasing trends 
are significantly stronger in South China than in the other two regions. 

WBHWs in North and South China primarily occur under high hu
midity, whereas WBHWs in YRV are mainly at extreme temperatures. It 
indicates the dominant role of humidity on the occurrence of WBHWs in 

North and South China, while temperature has a major role in YRV. This 
result may contrast with previous studies, because the threshold in our 
definition is uniform across the whole country, rather than being a local 
standard for each station. For example, using local temperature 
thresholds, Wang et al. (2019) demonstrated that humidity contributes 
more than temperature to the occurrence of extreme Tw, especially in 
North and Northwest China. According to ∂Tw/∂T and ∂Tw/∂RH, Tw is 
more sensitive to the changes in temperature in the southeast, while in 
Xinjiang it is more sensitive to the changes in RH. By controlling tem
perature and RH constant, the effects of RH and temperature on WBHWs 
were measured. RH has an effect on the variability of WBHWs at decadal 
scales, but temperature mainly drives the long-term trend on the whole. 
For the national average, temperature induces an increase in WBHWs of 
2.3 days, while RH causes a decrease of − 0.6 days. Among the three 
subregions, South China has the strongest effects of temperature and RH, 
with contribution rates of 7.6 days and − 3.2 days, respectively. The 
contribution rates of temperature in North and South China are 2.0 days 
and 3.9 days, and the contribution of RH are − 0.1 days and − 1.6 days, 
respectively. It means that change in WBHWs in North China is almost 
completely controlled by temperature. The opposite phases of specific 
humidity and temperature result in the negligible impact of RH. The 
negative contribution of RH in South China results from the indirect 
effect of temperature, whereas in the lower reaches of YRV it is a com
bination of temperature and specific humidity. 

In our study, heatwaves are defined by temperature and Tw, some 

Fig. 12. (a) Average change in WBHWs for the period 1991–2021 and contributions of (b) direct effect of temperature, (c) RH, (d) indirect effect of temperature, (e) 
total effect of temperature, and (f) specific humidity to the change in WBHWs. 

Table 3 
Average changes in THWs and WBHWs for the period 1991–2021 relative to the 
period 1961–1990 and and contribution rates of direct effect of temperature 
(CRdT), RH (CRRH), specific humidity (CRq), indirect effect of temperature 
(CRidT), total effect of temperature (CRT), and air pressure (CRP) to WBHWs in 
China and its three subregions.  

Index (days) China North China YRV South China 

THWs 2.2 2.0 3.3 7.4 
WBHWs 1.3 1.3 1.6 6.1 
CRdT 2.3 2.0 3.9 7.6 
CRRH − 0.6 − 0.1 − 1.6 − 3.2 
CRq 0.8 0.6 0.7 4.5 
CRidT − 1.0 − 0.1 − 2.2 − 5.9 
CRT 1.1 0.2 2.6 4.7 
CRP − 0.1 0.0 − 0.2 − 0.8  
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other temperature indices and methodologies are also being applied to 
define heatwaves. Although using apparent temperature generates 
identical spatial distributions and time series of WBHWs (Fig. S14), it 
may generate discrepant results based on different indices. Therefore, it 
indicates the complexity of defining appropriate heatwaves and neces
sity of comparing multiple methodologies. Some previous studies have 
addressed this issue. In particular, You et al. (2017) systematically 
compared the patterns, trends and variations of 16 heatwave indices 
that were divided into two types using relative and absolute threshold 
temperatures. It exhibits significant correlations among different indices 
in the same type and contrasting trends between relative and absolute 
threshold indices. Even the characteristics of daily maximum, minimum 
and average temperatures are different. Using maximum temperature 
generates similar climatological averages and trends of HWN as tem
perature, while the results based on minimum temperature exhibit large 
discrepancies, with more apparent increasing trends in eastern China 
(Fig. S15). Previous studies have shown that minimum temperature 
increased faster than the maximum temperature in China influenced by 
the decline of sunshine duration (Shen et al., 2014). It should be noted 
that we named the heatwaves based on Tw as WBHWs instead of wet 
heatwaves, as high Tw may be caused by high temperature and low RH. 
As a result, WBHWs may occur under low RH. Therfore, THWs and 
WBHWs will co-occur in our definition. As shown in Fig. 13a, at least 
10% of the extreme Tw occurs under high-temperature and low-RH 
conditions at almost all of the stations in eastern China, especially in 
YRV. The average proportions for North China, YRV and South China are 
18.2%, 36.2% and 18.8%, highlighting the critical role of temperature 
for WBHWs in YRV. Consequently, substantial overlap of THWs and 
WBHWs exists, with 40.0%, 64.9%, 43.4% WBHWs occurring during 
THWs, and 40.8%, 64.7%, 43.4 THWs during WBHWs for North China, 
YRV and South China (Fig. 13c,d). Some studies have classfied heat
waves into dry and wet types based on strict standards (Ha et al., 2022; 
Luo et al., 2022; Xu et al., 2021). Ding and Ke (2014) defined the dry and 
wet heat events by a mean RH of 60%, and then investigated their 
interannual variability. The 60% threshold was also adopted in several 
other studies (Ge et al., 2021; Xu et al., 2021). 

We gave more attention to the three subregions, while the eastern 
part of the southwest China also has severe heatwaves and has been 
focused on in some recent studies (Deng et al., 2020; Jiang et al., 2022). 
Southwest China exhibits more severe THWs than WBHWs in terms of 
climatological averages and upward trends (Fig. S16). It suffers an 
average of 7.6 days and 3.9 days of THWs and WBHWs per summer. 
Changes in WBHWs are dominated by temperature, with contributions 
of 2.3 days and 0.4 days for temperature and RH, respectively. 

Additionally, eastern China was divided subjectively according to the 
characteristics of heatwaves. To obtain more objective classification, 
cluster analysis or empirical orthogonal function (EOF) decomposition, 
which can group similar observations into a number of clusters, can be 
used (Khan and Ahmad, 2004). 90th percentile is chosen as the 
threshold in this study, and using a relatively higher threshold (e.g., 
95th percentile) yields less frequent heatwaves as well as similar pri
mary conclusions. However, heatwaves of various intensities may pre
sent distinct characteristics based on alternative methods or indices. For 
example, Luo and Lau (2019a) found that cautionary heat stress in the 
North China Plain and parts of central China exhibits more prominent 
increasing trends, while the strongest trends of danger heat stress mainly 
appear in middle and lower YRV areas. 

The mechanism behind heatwaves is complex, involving factors such 
as global warming, anomalies in sea surface temperatures (SSTs), at
mospheric circulation, local feedbacks and human activities. Previous 
researchers have revealed that high-pressure anticyclonic systems are 
favorable circulations for the formation of high temperatures (Freychet 
et al., 2017; Luo et al., 2020; Tao et al., 2017), which can generate 
downdrafts and air thermal advection, thus resulting in clear skies and 
enhanced surface longwave radiation. SSTs can affect the high-pressure 
system in China through teleconnection. Wei et al. (2023) revealed that 
the combined impacts of the El Niño–Southern Oscillation (ENSO), 
Atlantic Multidecadal Oscillation, and Indian Ocean Dipole can explain 
approximately 60% of the heatwave intensification in China. Using 13 
high-skill climate models, Chen and Zhou (2018) showed that approxi
mately 2/3 of the heatwave variability in YRV can be attributed to SSTs, 
with one-half of the influence coming from ENSO. During the summers 
following El Niño, a stronger northwestern Pacific subtropical high was 
observed, which is favorable for more heatwaves over eastern China 
(Luo and Lau, 2019b). This correlation is more pronounced during 
positive phases of the Pacific Decadal Oscillation (Liu et al., 2019). Such 
influences of ENSO are particularly strong in southern China, whereas 
heatwaves in northern China are closely associated with the North 
Atlantic Ocean (Deng et al., 2019; Lu et al., 2020; Luo and Lau, 2019a). 
In addition, local feedbacks, including urbanization, have an important 
influence on the development of heatwaves. A recent study suggested 
that 9%–20% of the heatwaves in Eastern China in 2022 are caused by 
SSTs, and local soil moisture–temperature feedback accounts for 42%– 
66% (Jiang et al., 2023). Urbanization is also one major drivers of 
heatwaves in cities, which contributes to 30–50% of hot extremes in 
China (Kong et al., 2020; Wang et al., 2021; Wu et al., 2020). The 
contribution of urbanization is stronger in wet climates, reaching 50% in 
the Pearl River delta region (Liao et al., 2018; Luo and Lau, 2017). 

Fig. 13. Percentages of (a) high-temperature, low-RH for high Tw, (b) WBHWs during THWs, (c) THWs during WBHWs for the period 1961–2021, where low-RH 
(high-temperature) means daily RH (temperature) is less (larger) than mean RH (the 90th percentile of temperature) for all summer days during 1961–2021 over the 
whole China. 
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Nevertheless, the interaction of temperature and humidity makes the 
mechanisms of WBHWs complex. Wet heatwaves are also associated 
with the eastward extension of the South Asian high, the westward 
extension of the western North Pacific subtropical high, and low-level 
anticyclonic anomalies (Luo et al., 2022). Ha et al. (2022) revealed 
that dry heatwaves are caused by adiabatic heating under the influence 
of the convergence of anomalous wave activity flux over northern East 
Asia, while wet heatwaves are triggered by the locally generated anti
cyclonic anomalies and amplified by cloud and water vapor feedback. 
The increased water vapor during wet heatwaves in the Middle and 
Lower Reaches of the Yellow River is brought by the Western Pacific 
subtropical High from the low-latitude oceans (Ge et al., 2021). In our 
future works, it is of interests to compare the dry and wet heatwaves in 
China and explore the mechanism in different subregions. 
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