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Abstract. Compound extreme wind speed and extreme precipitation days (CWPDs) can significantly 11 

impact production and living, socio-economies, and human health. However, most previous studies have 12 

used fixed percentile thresholds to determine wind speed and precipitation extremes. This study 13 

investigated the characteristics and dynamics of CWPDs during 1981–2022 in mainland China based on 14 

the time-varying daily thresholds by using daily maximum wind speed and precipitation observation data. 15 

The results indicated that CWPDs were most likely to occur in southeastern South China (SC), Hainan 16 

Province, the northwestern parts of the middle and lower reaches of Yangtze River (YR), some scattered 17 

areas in the central and eastern YR. Annual CWPDs decreased in mainland China during 1981–2010, 18 

and then showed an obvious upward trend after 2010. Different percentile thresholds had effects on the 19 

spatial pattern and change trend of CWPDs. Spatially, CWPDs decreased more in parts of eastern 20 

Southwest China (SWC), YR, southeastern North China (NC) and central Northeast China (NEC), but 21 

less in mid-northern NC and most of Northwest China (NWC). In most areas of mainland China, the 22 

CWPDs frequencies under the four thresholds all showed decreasing trends, as the threshold increased, 23 

the trends of decreased for CWPDs frequencies decreased. With the increase of the threshold, the range 24 

of CWPDs with stronger intensity further reduced. CWPDs intensities were more severe in eastern 25 

coastal areas of YR, mid-eastern SC, parts of eastern SWC, parts of central NEC, parts of northwestern 26 

NWC and mid-northern in Hainan Province. Annual CWPDs intensities changed obvious around 27 

early-to-mid 2010s in under four different thresholds. With the increase of the threshold, the weakening 28 

trends of annual CWPDs intensities further weakened and even slightly strengthened during 1981-2022. 29 

The CWPDs intensities under the four thresholds all showed decreasing trends in most areas of mainland 30 
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China except for parts of central SC, a few scattered areas of YR, several scattered areas of NC and NEC, 31 

a few scattered areas of NWC, individual areas of eastern SWC. As the thresholds increased, the trends 32 

of weakened for CWPDs intensities decreased and the scopes with a slight strengthening trend expanded. 33 

The changes of extreme wind speed days were consistent with those of CWPDs during 1981–2010 and 34 

2011–2022, but the changes of extreme precipitation days and CWPDs were not corresponding. Due to 35 

the increase of extreme wind speed days and the accelerated increase of extreme precipitation days after 36 

2010, the CWPDs changed from decrease before 2010 to increase after then. We conclude that the annual 37 

cumulative value obtained through time-varying thresholds and the latest daily observations can yield 38 

new insights into compound extremes. 39 

Key words. Concurrent, extreme wind speed days, extreme precipitation days, characteristics, trends, 40 
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1 Introduction  70 

The increase in the frequency and intensity of weather and climate extremes (e.g. drought, flood, heat 71 

wave, cold wave) has been shown to be associated with global warming (Stocker et al., 2013; Naumann 72 

et al., 2018; Trenberth et al., 2014), which can pose huge risks to socio-economic and natural 73 

biophysical systems. Compound extremes are triggered by the simultaneous appearance of multiple 74 

climate disasters or drivers and may generate amplified impacts than individual extreme. Compound 75 

wind speed and precipitation extremes as the typical combined extreme events, induced flooding and 76 

strong winds can damage public transportation, cause power shortage, and destroy construction, which 77 

can also increase the vulnerability of the influenced areas to subsequent extremes, even moderate 78 

compound extremes (Chen et al., 2021; Yaddanapudi et al., 2022). Hence, Compound wind speed and 79 

precipitation extremes are the aspects that the insurance industry is very interested in, as the extremes 80 

can cause losses beyond the designed insurance coverage (e.g., Hamid et al., 2011). Compound 81 

extremes can occur by accident and be causally irrelevant, or they can be caused by the same 82 

underlying weather process or system (Seneviratne et al., 2012). Simultaneous precipitation and wind 83 

speed extremes are often relevant. In the areas of subtropics and midlatitudes, for instance, they can be 84 

related with strong extratropical cyclones (Liberato, 2014; Raveh-Rubin and Wernli, 2015). In the 85 

areas of subtropics and tropics, simultaneous precipitation and wind speed extremes can be triggered by 86 

tropical cyclones (Federal Emergency Management Agency, 2013; Rodgers et al., 1994). Thus, the 87 

analysis of the change characteristics of wind speed and precipitation-related extremes can provide a 88 

decision-making reference for rational planning and allocation of grain resources, maintaining regional 89 

stability, protecting the transportation and electricity, actively coping with the risks brought by future 90 

climate change, and reducing the impact of natural disasters on human life.  91 

Some studies have devoted to spatio-temporal variation (Martius et al., 2016; Li et al., 2022), 92 

future projections (Yaddanapudi et al., 2022; Ridder et al., 2020, 2022; Zscheischler et al., 2021) or 93 

develop new methodology (Tilloy et al., 2022; Zscheischler et al., 2021) to evaluate the compound 94 

wind speed and precipitation extremes over various regions of the world. Other studies have 95 

investigated the mechanisms and impacts of compound extremes (Li et al., 2022; Waliser and Guan, 96 

2017). Martius et al. (2016) made the first global quantification of compound precipitation and wind 97 

extremes, indicating that compound precipitation and wind extremes mainly happen in coastal regions 98 

those frequently affected by tropical cyclones (TCs). Zscheischler et al. (2021) analysed concurrent 99 

wind and precipitation extremes in different high-resolution simulations and reanalysis data for central 100 

Europe, and found the key factor in explaining differences in the dependence behavior between strong 101 

wind and heavy precipitation between simulations might be the boundary conditions in WRF, and 102 

offered new method to assess climate model simulations with respect to compound extremes. Li et al. 103 

(2022) showed that the areas that the most frequent, strongest, and longest-lasting affected by 104 

concurrent wind and precipitation extremes in summer in recent decades occur in northwestern Pacific 105 

Ocean and its coasts, which are caused by cyclones, and compare to increasing trends in equatorial 106 

tropical regions, the number of concurrent wind and precipitation extremes over southern China shows 107 

a significant downward trend. Yaddanapudi et al. (2022) indicated a remarkable rise in extreme 108 
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precipitation compared with individual extreme wind events under climate change. The likelihood of 109 

compound wind and precipitation extremes events under climate change shows an increase (about 110 

40%–50%) in most coastal areas in East, and South Asia, and North Atlantic. Waliser and Guan (2017) 111 

discerned strong relation between individual extreme wind or extreme precipitation and atmospheric 112 

rivers (ARs) across broad swathes of midlatitudes from the perspective of univariate, indicated that of 113 

ARs as a potential driver of compound wind and precipitation extremes. 114 

Although there have been some studies on the spatial and temporal characteristics and dynamics of 115 

compound wind speed and precipitation extremes, most of them are based on grid data, for instance, 116 

the Gridded data from the model simulations (Van den Hurk et al., 2015; Yaddanapudi et al., 2022; 117 

Zscheischler et al., 2021), or climate reanalysis data (Raveh-Rubin and Wernli, 2015; Martius et al., 118 

2016; Ridder et al., 2020; Zscheischler et al., 2021), so the results are less accurate than ground-based 119 

observations. Meanwhile, some studies have focused only on a single season (Li et al., 2022; 120 

Zscheischler et al., 2021), in fact, hot and dry conditions can also occur in all seasons. In addition, most 121 

of the previous studies have calculated the compound extremes according to the stable relative 122 

percentile thresholds, and the analysis of the compound wind speed and precipitation extremes base on 123 

the time-varying thresholds is lacking.  124 

Therefore, the objective of this study is to investigate the changes in the spatial and temporal 125 

characteristics of compound extreme wind speed and extreme precipitation days (CWPDs) over 126 

mainland China base on the time-varying thresholds using the ground observation data of daily time 127 

scale. The time-varying thresholds of extreme wind speed day and extreme precipitation day at each 128 

station were first calculated. The spatial and temporal characteristics and changes of CWPDs over 129 

mainland China were then assessed, and finally, the results were discussed and compared and a 130 

summary of the main conclusions was provided. 131 

2 Data and methods 132 

2.1 Data  133 

Two long-term daily historical observation datasets of daily maximum wind speed and daily total 134 

precipitation from 1686 meteorological stations over mainland China were used. These datasets were 135 

from the National Meteorological Information Center of the China Meteorological Administration 136 

(NMIC/CMA) (http://data.cma.cn/). The data had undergone strict quality control before release and 137 

had been widely applied in related research (Li et al., 2015; Yu and Zhai, 2020). To ensure the 138 

consistency and integrity of the daily sequences, if the percentage of missing daily records at a station 139 

exceeded 20% of the total daily records from 1981 to 2022, the meteorological station would be 140 

removed from the dataset of this study. Ultimately, 1686 meteorological stations were selected for 141 

analysis (Fig.1). Among the 1686 stations, there were 1292 stations with the missing rate of daily 142 

maximum wind speed records of less than 3%, and 1654 stations with that of daily precipitation records 143 

of less than 3% during 1981–2022. The missing records of wind speed and precipitation in any station 144 

were retained. 145 
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 146 

Figure 1. The locations of 1686 meteorological stations (a) and the boundaries of the divided six regions (b). NEC, 147 
NC, NWC, SWC, YR and SC represent Northeast China, North China, Northwest China, Southwest China, the 148 
middle and lower reaches of Yangtze River and South China, respectively, the same as below. 149 

2.2 Definition of compound extremes 150 

CWPDs were defined as simultaneous occurrence of extreme wind speed day and extreme precipitation 151 

day on the same day at a given station. Since there are significant differences in wind speed and 152 

precipitation among different seasons in China, it is obviously inappropriate to choose a fixed threshold 153 

for extreme wind speed and extreme precipitation to analyze the climate changes caused by extreme 154 

wind speed and extreme precipitation. Therefore, we use the time-varying threshold to define extreme 155 

wind speed and extreme precipitation. When the weather state deviates significantly from its climate 156 

average state, it is considered an event that is unlikely to occur, that is, an extreme event. Similarly, 157 

because the wind speed and precipitation vary greatly in different parts of China, it is obviously 158 

inappropriate to use the same fixed extreme wind speed threshold and extreme precipitation threshold 159 

for all stations across the country to analyze climate change caused by extreme wind speed and extreme 160 

precipitation. Therefore, we used spatial change thresholds, that is, different extreme wind speed and 161 

extreme precipitation thresholds have been defined for different stations to analyze the climate change 162 

characteristics of local extreme wind speed and extreme precipitation. 163 

The sliding average method was employed to determine the thresholds sequences (Wang et al., 164 

2021). We use time-varying thresholds sequences to define extreme wind speed and extreme rainfall. 165 

The percentage on a daily basis is calculated from a 15-day time window centered on each calendar day 166 

(7 days before and after a given day) from 1981-2010 (i.e., total daily sample: 15 x 30 = 450 days). The 167 

time windows slide on a day-length basis, so the time windows overlap, connecting the end of one year 168 

to the beginning of the next, and when calculating the thresholds for the beginning of 1981 and the end 169 

of 2010, the data for 1979 and 2011 are used. Concurrent extreme wind speed and extreme 170 

precipitation days (CWPDs) were defined in this study as simultaneously meeting the conditions of 171 

extreme maximum wind speed and extreme rainfall for the same day at a given station. We separately 172 

used the 85th, 90th, 95th and 98th percentiles of daily maximum wind speed values during 1981–2010 as 173 

extreme wind speed thresholds, the 85th, 90th, 95th and 98th percentiles of daily precipitation values 174 
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during 1981–2010 as extreme precipitation thresholds. Percentiles were defined based on the non-zero 175 

values of daily maximum wind speed and precipitation from 1981 to 2010. One compound day defined 176 

when the daily maximum wind speed higher than the percentile and the daily precipitation amount 177 

higher than the percentile at the same time. Four combinations of wind speed and precipitation 178 

thresholds were used in this study, including 85th and 85th (W85∩P85), 90th and 90th (W90∩P90), 95th 179 

and 95th (W95∩P95), 98th and 98th (W98∩P98). 180 

To measure the intensity of concurrent days, we established the CWPD index (CWPDI) as a 181 

combination of wind and precipitation extremes (Zhang et al., 2021). For each station, we applied a 182 

range normalization formula to normalize daily maximum wind speed (RWNDi) and precipitation 183 

(RPCPi) during 1981–2022 to a range of 0–10, respectively. 184 

𝑅𝑖 =
𝑥𝑖 − 𝑥𝑚𝑖𝑛

𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛
· 10 185 

where Ri and xi are the ith range normalized result and input data, respectively. xmax and xmin are the 186 

maximum and minimum values of the input data series, respectively. For one CWPD (one day) at a 187 

given station, CWPDI can be calculated as follows: 188 

𝐶𝑊𝑃𝐷𝐼𝑖 = 𝑅𝑊𝑁𝐷𝑖 ∙ 𝑅𝑃𝐶𝑃𝑖 189 

where i is the time step (i =1, 2, 3, …, n) of a certain variable at each station; RWNDi and RPCPi 190 

are respectively the ith normalized maximum wind speed and precipitation values that meet the CWPD 191 

criterion. For a given station, the annual CWPDI is the total CWPDI of all CWPDs within a year. For 192 

all stations of China at the same day, cumulative CWPDI summarizes the total CWPDI of CWPD at 193 

each station. We summed the CWPDI values of all stations in China on each day (1981–2022) to 194 

determine the daily cumulative CWPDI values in descending order, ultimately isolating the top 10 195 

concurrent extremes for further analysis. 196 

2.3 Regional division and linear trend 197 

The meteorological observation stations in mainland China are dense in the eastern region but sparse in 198 

the western region. In order to eliminate the spatial sampling error in regional statistics, the means of 199 

grid area weighting (Jones and Hulme, 1996) was utilized when calculating the regional sequences of 200 

the concerned regions. This method separated the corresponding region into 2.5° × 2.5° longitude and 201 

latitude grids, and calculated the internal mean of each grid. The regional sequences were then obtained 202 

by weighting the latitude values of the center points of all grids.  203 

To analyze the changing characteristics of CWPDs in different regions of China, with reference to 204 

the previous commonly used climate division methods (Xu et al., 2011; Shi et al., 2016), the mainland 205 

China was divided into six regions (Fig. 2), namely Northeast China (NEC), North China (NC), 206 

Northwest China (NWC), Southwest China (SWC), the middle and lower reaches of Yangtze River 207 

(YR) and South China (SC). The long-term linear trends of the concerned sequences were estimated by 208 

utilizing the Sen-Theil method (Sen, 1968; Theil, 1992), and the significance was tested via the 209 

Mann-Kendall method (Mann, 1945; Alizadeh et al., 2020). Mann-Kendall trend test is a 210 
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nonparametric test, which is widely applied to statistically evaluate whether a monotonic trend exists in 211 

the time sequences of the given variables. A linear trend was regarded statistically significant when it 212 

passed the significant test of the 95% confidence level (p < 0.05). 213 

The changes in compound extremes are closely related to the trend changes of individual variables 214 

and the changes in the dependencies among variables (Zscheischler and Seneviratne 2017). The 215 

dependency relationship among variables directly affects the occurrence probability of compound 216 

extremes (R. Wang et al. 2021). To further explore the dependence of CWPDs on individual extreme 217 

wind speed or extreme precipitation days, considering the sample size and representativeness 218 

comprehensively, the threshold combination of W85∩P85 was selected, and the interannual and spatial 219 

patterns of the frequency ratios of CWPDs to extreme wind speed days and extreme precipitation days, 220 

as well as the spatial trends of the frequencies of CWPDs, extreme wind speed days, and extreme 221 

precipitation days were compared. 222 

3 Results  223 

3.1 Characteristics of CWPDs frequency at different thresholds 224 

In mainland China, different percentile thresholds had certain effects on the spatial pattern of the 225 

frequency of CWPDs. In general, CWPDs were more frequent in southeastern SC, Hainan Province, 226 

northwestern YR, some scattered areas in the central and eastern YR, but less in most of NWC, SWC, 227 

NEC and NC (Fig. 2).  228 

Under the threshold of W85∩P85, annual mean CWPDs were more in most SC and YR, Hainan 229 

Province, a small area in eastern SWC, a few area in southeastern NC, a small area in northern NWC 230 

and northern NEC from 1981 to 2022, with frequencies of 5-9 days, among which the most annual 231 

CWPDs were 9-13.4 days, occurred in mid-southern SC, a small number of stations in the western and 232 

mid-eastern YR, some individual stations in the eastern SWC and northern NWC (Fig. 2a). CWPDs 233 

were less in most NWC, SWC, NEC and NC, with values ranging from 0.4 to 5 days. Under the 234 

threshold of W90∩P90, the frequency distribution is similar to the threshold of W85∩P85, but the 235 

areas with higher frequencies have decreased. CWPDs were more in southeastern SC, Hainan Province, 236 

northwestern YR, some scattered areas in central and eastern YR, a small area in eastern SWC, a small 237 

area in northern NWC and northern NEC, with annual values ranging from 3 to 8.5 days (Fig. 2b). 238 

CWPDs were less in most NWC, SWC, NEC and NC, ranging from 0 to 3 days.  239 

Under the threshold of W95∩P95, the frequency distribution is similar to the threshold of 240 

W90∩P90, but the areas with higher frequencies have further decreased. Annual mean CWPDs were 241 

more in southeastern SC, Hainan Province, northwestern YR, some scattered areas in central and 242 

eastern YR, a small area in eastern SWC, a small area in northern NWC and northern NEC, ranging 243 

from 1 to 3.6 days (Fig. 2c). CWPDs were less in most NWC, SWC, NEC and NC, with a range of 0 to 244 

1 days. Under the threshold of W98∩P98, annual mean CWPDs were more in southern SC, Hainan 245 

Province, a small area in northwestern YR, a small area in the eastern coastal areas of YR, a small area 246 
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in eastern SWC, with annual values ranging from 0.4 to 1.36 days (Fig. 2d). CWPDs were less in most 247 

NWC, SWC, NEC, NC and YR, with a range of 0 to 0.4 days. 248 

249 

 250 

Figure 2. Annual average (Units: days per year) of CWPDs frequencies at different thresholds in mainland China 251 
during 1981–2022. (a: W85∩P85; b: W90∩P90; c: W95∩P95; d: W98∩P98) 252 

 253 

Annual CWPDs decreased in mainland China during 1981–2010, and then increased more quickly, 254 

that is, CWPDs showed a more obvious upward trend after 2010 (Fig. 3). From 1981 to 2022, The 255 

CWPDs under the four thresholds of W85∩P85, W90∩P90, W95∩P95 and W98∩P98 decreased 256 

significantly at a rate of 0.54, 0.18, 0.10 and 0.02 days per decade, respectively, with the annual 257 

average of 4.08, 2.22, 0.74 and 0.20 days. With the heightening of the threshold, the decreasing trend 258 

of the frequency of CWPDs had slowed down. 259 

In different periods, the change characteristics of CWPDs were different, and even in the same 260 

period, the change trend of CWPDs and its significance level were also related to the selection of 261 

threshold. During 1981–2010, annual CWPDs under the thresholds of W85∩P85, W90∩P90, 262 

W95∩P95 and W98∩P98 decreased at a rate of 0.96, 0.57, 0.22 and 0.07 days per decade, respectively 263 

(Fig. 3a-3d), and all the trends were statistically significant. During 2011–2022, CWPDs under the 264 

threshold of W85∩P85, W90∩P90, W95∩P95 and W98∩P98 increased significantly at a rate of 1.17, 265 

1.92, 0.32 and 0.10 days per decade, respectively (Fig. 3a-3d). 266 

 267 

268 
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 269 

Figure 3. Inter-annual changes of CWPDs frequencies at different thresholds in mainland China during 1981–270 
2022. The colored dashed lines are linear trends estimated by the Sen-Theil method, the same as below. 271 

 272 

From 1981 to 2022, the CWPDs frequencies under the four thresholds all showed decreasing 273 

trends in most areas of mainland China, CWPDs decreased more in parts of eastern (Southwest China) 274 

SWC, YR, southeastern North China (NC) and central Northeast China (NEC), but less in mid-northern 275 

NC and most of Northwest China (NWC). In most areas of mainland China, as the threshold increased, 276 

the rates of decreased for CWPDs frequencies decreased (Fig. 4). Under the threshold of W85∩P85, 277 

the declining trends of 1-3.9 days per decade of CWPDs frequencies mainly occurred in most YR, most 278 

NEC and SWC, northwestern and southeastern NWC, parts of northern and southern NC. The CWPDs 279 

frequencies decreased at rates of 0-1 days per decade mainly occurred in central NWC, parts of central 280 

and southern NC, a little parts in mid-southern NEC. The rising trends more than 1 days per decade 281 

mainly including central NC, central SC, eastern of Hainan Province, a small area in eastern SWC, and 282 

a few scattered areas in YR (Fig. 4a). Under the threshold of W90∩P90, the spatial distribution of 283 

changing trends for CWPDs frequencies were similar to the threshold of W85∩P85, the decreasing 284 

trends of 0.7-2.7 days per decade of CWPDs frequencies mainly occurred in most YR, parts of NEC, 285 

parts of eastern SWC and southern NC, and parts of northwestern and southeastern NWC. The CWPDs 286 

frequencies decreased at rates of 0-0.7 days per decade mainly occurred in most NC, central NWC, 287 

parts of mid-southern NEC. The rising trends of 0.7-1.7 days per decade mainly occurred in a few 288 

scattered areas in mid-southern NC and northwestern YR. The increasing trends more than 1.7 days per 289 

decade mainly including central SC, eastern of Hainan Province, a few scattered areas in YR (Fig. 4b).   290 

Under the threshold of W95∩P95, there weren't many obvious changes for the spatial pattern of 291 

changing trends of CWPDs frequencies compared with the threshold of W90∩P90, the reducing trends 292 

of 0.3-1.3 days per decade of CWPDs frequencies mainly occurred in most YR, parts of eastern SWC, 293 

northwestern NWC, western of Hainan Province, a few scattered areas in NEC. The CWPDs 294 

frequencies decreased at rates of 0-0.3 days per decade in most NC, parts of mid-eastern NWC, parts of 295 

eastern SC, and a few scattered areas in NEC. The increasing trends more than 0.8 days per decade 296 

including central SC, a few scattered areas in YR, some individual areas in eastern SWC and southern 297 

NC. The increasing trends between 0.3-0.8 days per decade including some individual areas in southern 298 

NC, some scattered individual areas in YR (Fig. 4c). Under the threshold of W98∩P98, the number of 299 

stations showing an increasing trend has significantly increased compared to the threshold of 300 

W90∩P90. The CWPDs frequencies decreased at rates of 0.1-0.5 days per decade in most YR, a little 301 

parts eastern SWC, parts of northwestern NWC, parts of southern NC and western SC, central of 302 

Hainan Province, a few scattered areas in NEC. The CWPDs frequencies decreased with trends of 303 
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0-0.1 days per decade showed in parts of central and southwestern NC, parts of mid-eastern NWC, and 304 

a few scattered areas in NEC. The increasing trends of 0.1-0.2 days per decade mainly including some 305 

individual areas in central NC, some scattered individual areas in YR. The rising rates more than 0.2 306 

days per decade occurred in central SC, a few scattered areas in YR and mid-southern NC, some 307 

individual areas in eastern SWC, some individual areas in southern NEC and northern NEC (Fig. 4d).  308 

 309 

 310 

 311 

Figure 4. Spatial trends (Units: days per decade) of CWPDs frequencies at different thresholds in mainland China 312 
during 1981–2022. (a: W85∩P85; b: W90∩P90; c: W95∩P95; d: W98∩P98) 313 

 314 

In mainland China, for the CWPDs frequencies during 1981-2022 under the threshold of 315 

W85∩P85, 76.8% of the stations showed decreased trends, 51.9% of the stations showed significant 316 

decreased trends, 23.2% of the stations showed increased trends, 7.9% of the stations showed 317 

significant increased trends. Under the threshold of W90∩P90, 74.8% of the stations showed decreased 318 

trends, 47.2% of the stations showed significant decreased trends, 25.2% of the stations showed 319 

increased trends, 9.6% of the stations showed significant increased trends. Under the threshold of 320 

W95∩P95, 73.5% of the stations showed decreased trends, 35.7% of the stations showed significant 321 

decreased trends, 26.3% of the stations showed increased trends, 6.3% of the stations showed 322 

significant increased trends, 0.2% of the stations showed stationary trend. Under the threshold of 323 

W98∩P98, 65.5% of the stations showed decreased trends, 19.0% of the stations showed significant 324 

decreased trends, 34.1% of the stations showed increased trends, 5.9% of the stations showed 325 

significant increased trends, 0.4% of the stations showed stationary trend (Table 1). 326 

 327 
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Table 1. Percentage of stations with variation trends and their significances for the frequency of CWPDs in 328 
mainland China (Units: %). 329 

Thresholds 
Positive trend  Negative trend  Stationary trend 

Total SS Non-SS  Total SS Non-SS  Total 

W85∩P85 23.2 7.9 15.3  76.8 51.9 24.9  0.0 

W90∩P90 25.2 9.6 15.6  74.8 47.2 27.6  0.0 

W95∩P95 26.3 6.3 20.0  73.5 35.7 37.8  0.2 

W98∩P98 34.1 5.9 28.2  65.5 19.0 46.5  0.4 

SS: Trend is significant at the 0.05 level; Non-SS: Trend is not significant at the 0.05 level. 330 

 331 

The percentage of stations with variation trends for the CWPDs frequencies during 1981-2022 332 

under the threshold of W85∩P85 in six climate regions over mainland China were showed in Table 2. 333 

In NEC region, 77.9% of the stations showed decreased trends, 50.7% of the stations showed 334 

significant decreased trends, 22.1% of the stations showed increased trends, 7.4% of the stations 335 

showed significant increased trends. In NC region, 76.6% of the stations showed decreased trends, 45.3% 336 

of the stations showed significant decreased trends, 23.2% of the stations showed increased trends, 7.6% 337 

of the stations showed significant increased trends. In YR region, 81.2% of the stations showed 338 

decreased trends, 63.6% of the stations showed significant decreased trends, 18.8% of the stations 339 

showed increased trends, 5.7% of the stations showed significant increased trends. In SC region, 59.4% 340 

of the stations showed decreased trends, 36.2% of the stations showed significant decreased trends, 341 

40.6% of the stations showed increased trends, 23.2% of the stations showed significant increased 342 

trends. In NWC region, 70.5% of the stations showed decreased trends, 36.6% of the stations showed 343 

significant decreased trends, 29.5% of the stations showed increased trends, 5.4% of the stations 344 

showed significant increased trends. In SWC region, 82.1% of the stations showed decreased trends, 345 

70.2% of the stations showed significant decreased trends, 17.9% of the stations showed increased 346 

trends, 4.8% of the stations showed significant increased trends (Table 2).  347 

 348 

Table 2. Percentage of stations with variation trends and their significances for the frequency of CWPDs 349 
(W85∩P85) in six climate regions over mainland China (Units: %). 350 

Regions 
Positive trend  Negative trend  Stationary trend 

Total SS Non-SS  Total SS Non-SS  Total 

NEC 22.1 7.4 14.7  77.9 50.7 27.2  0.0 

NC 23.2 7.6 15.6  76.6 45.3 31.3  0.2 

YR 18.8 5.7 13.1  81.2 63.6 17.6  0.0 

SC 40.6 23.2 17.4  59.4 36.2 23.2  0.0 

NWC 29.5 5.4 24.1  70.5 36.6 33.9  0.0 

SWC 17.9 4.8 13.1  82.1 70.2 11.9  0.0 
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SS: Trend is significant at the 0.05 level; Non-SS: Trend is not significant at the 0.05 level. 351 

 352 

3.2 Characteristics of CWPDs intensity at different thresholds  353 

In mainland China, different percentile thresholds had certain effects on the spatial pattern of the 354 

intensity of CWPDs. With the increase of the threshold, the range of CWPDs with stronger intensity 355 

further reduced. In general, CWPDs intensities were more severe in eastern coastal areas of YR, 356 

mid-eastern SC, parts of eastern SWC, parts of central NEC, parts of northwestern NWC and 357 

mid-northern in Hainan Province, but less serious in other areas, including most NEC, NWC and NC 358 

(Fig. 5).  359 

Under the threshold of W85∩P85, annual mean CWPDs intensities were most severe in central SC, 360 

southeastern YR, several scattered areas in eastern SWC with value of 85 to 106.6, more severe in 361 

mid-eastern YR and SC, a little parts of eastern SWC, a little parts of northwestern NWC, a few 362 

scattered areas of mid-eastern NEC with value of 65 to 85, severe in parts of mid-eastern and western 363 

YR, parts of eastern SWC and southeastern SC, a little parts of northwestern NWC and mid-eastern 364 

NEC with value of 45 to 65 (Fig. 5a). Under the threshold of W90∩P90, the range of CWPDs with 365 

stronger intensity were similar to the threshold of W85∩P85. CWPDs intensities were most severe in 366 

central SC, southeastern YR, a few scattered individual areas of eastern SWC with value of 65 to 82, 367 

more severe in parts of mid-eastern YR, parts of central SC, some individual areas of eastern SWC and 368 

southeastern NC with value of 50 to 65, severe in parts of mid-eastern and western YR, parts of eastern 369 

SWC and southeastern SC, a little parts of northwestern NWC and mid-eastern NEC, parts of 370 

southeastern NC with value of 35 to 50 (Fig. 5b).  371 

Under the threshold of W95∩P95, the range of CWPDs with stronger intensity had significantly 372 

decreased compared to the threshold of W90∩P90. Annual mean CWPDs intensities were most severe 373 

in a few individual areas of southeastern NWC with value of 70 to 92.3, more severe in several areas of 374 

central SC, several areas of southeastern YR and eastern SWC with value of 50 to 70, severe in parts of 375 

mid-southern SC, parts of eastern YR and western YR, a little parts of southeastern NWC, a little parts 376 

of southeastern NC and central NEC with value of 35 to 50 (Fig. 5c). Under the threshold of W98∩P98, 377 

the range of CWPDs with stronger intensity were similar to the threshold of W95∩P95. CWPDs 378 

intensities were most severe in several stations of eastern SWC and mid-eastern YR with value of 60 to 379 

77.8, more severe in individual stations of mid-eastern YR and SC, several stations of central NWC 380 

and NEC with value of 45 to 60, severe in parts of mid-southern SC, parts of mid-eastern and western 381 

YR, several scattered areas of southeastern SWC, several scattered areas of northwestern and 382 

southeastern NWC, a few scattered areas of mid-southern NC and NEC with value of 30 to 45 (Fig. 383 

5d). 384 
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385 

 386 

Figure 5. Annual average (Units: unitless per year) of CWPDs intensity at different thresholds in mainland China 387 
during 1981–2022. (a: W85∩P85; b: W90∩P90; c: W95∩P95; d: W98∩P98) 388 

   Inter-annual changes of CWPDs intensity of four different thresholds in mainland China during 389 

1981–2022 were showed in Fig. 6. As shown in the figure, with the increase of the threshold, the 390 

weakening trends of annual CWPDs intensities further weakened and even slightly strengthened during 391 

1981-2022. During 1981-2010, the CWPDs intensities under four different thresholds all showed 392 

weakened trends, but during 2011-2022, the CWPDs intensities under four different thresholds all 393 

showed enhanced trends. 394 

Under the threshold of W85∩P85, annual mean CWPDs intensities decreased significantly at a 395 

rate of 3.59 per decade in the past 42 years. During 1981-2010, the CWPDs intensities weakened 396 

significantly with a speed of 7.67 per decade, during 2011-2022, the CWPDs intensities increased 397 

significantly with a speed of 9.56 per decade (Fig. 6a). Under the threshold of W90∩P90, annual mean 398 

CWPDs intensities decreased significantly at a rate of 1.47 per decade in the past 42 years. During 399 

1981-2010, the CWPDs intensities weakened significantly with a speed of 4.60 per decade, during 400 

2011-2022, the CWPDs intensities enhanced significantly with a speed of 8.45 per decade (Fig. 6b).  401 

Under the threshold of W95∩P95, annual mean CWPDs intensities weakened non-significantly at 402 

a rate of 0.07 per decade during 1981-2022. During 1981-2010, the CWPDs intensities weakened 403 

significantly with a speed of 2.23 per decade, during 2011-2022, the CWPDs intensities increased 404 

significantly with a speed of 5.68 per decade (Fig. 6c). Under the threshold of W98∩P98, annual mean 405 

CWPDs intensities increased non-significantly at a rate of 0.01 per decade in the past 42 years. During 406 

1981-2010, the CWPDs intensities weakened significantly with a speed of 1.03 per decade, during 407 

2011-2022, the CWPDs intensities increased non-significantly with a speed of 0.58 per decade (Fig. 408 

6d).     409 
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410 

 411 

Figure 6. Inter-annual changes of CWPDs intensity at different thresholds in mainland China during 1981–2022. 412 

 413 

From 1981 to 2022, The CWPDs intensities under the four thresholds all showed decreasing trends 414 

in most areas of mainland China except for parts of central SC, a few scattered areas of YR, several 415 

scattered areas of NC and NEC, a few scattered areas of NWC, individual areas of eastern SWC. In 416 

most areas of mainland China, as the thresholds increased, the trends of weakened for CWPDs 417 

intensities decreased and the scopes with a slight strengthening trend expanded (Fig. 7). Under the 418 

threshold of W85∩P85, the CWPDs intensities decreased most obviously at rates of 20-47.1 per decade 419 

mainly occurred in several stations of eastern SWC and northern NEC, several stations of northwestern 420 

and southeastern NWC. The decreasing trends of 10-20 per decade of CWPDs intensities mainly 421 

occurred in most YR, eastern SWC, and mid-eastern NEC. The increasing trends of 20-38.2 per decade 422 

of CWPDs intensities mainly occurred in central SC, several scattered stations of YR, several stations 423 

of eastern SWC. The increasing trends of 0-20 per decade of CWPDs intensities mainly occurred in 424 

parts of central NC, parts of mid-southern NWC and NEC (Fig. 7a). Under the threshold of W90∩P90, 425 

the CWPDs intensities increased more obviously at rates of more than 10 per decade in parts of central 426 

SC and mid-southern YR, several areas of eastern SWC, several regions of southeastern NWC and 427 

central NC. The more obvious decreasing trends of 10-28 per decade occurred in most YR, parts of 428 

mid-southern NEC, a little parts of northwestern NWC, parts of mid-eastern SWC, a little parts of 429 

southeastern NC. The regions showed decreasing trend with rates of 0-10 per decade widely distributed 430 

in NC and YR, some parts of eastern and southern SC, some parts of central and eastern SWC, some 431 

scattered areas of NWC and NEC. In other areas, the CWPDs intensities showed rising trends of 0-10 432 

per decade (Fig. 7b).   433 

Under the threshold of W95∩P95, the stations number with increased trends of CWPDs intensities 434 

significantly increased compared to the threshold of W90∩P90, especially in the YR region. The 435 

CWPDs intensities increased more obviously at rates of more than 10 per decade in several stations of 436 

central SC, several stations of southern and western YR, several stations of central NC, several stations 437 

of southeastern NWC and eastern SWC. The most obvious decreasing trends of 10-23.5 per decade 438 
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mainly occurred in a few areas of northern and western YR, several stations of mid-eastern NEC, 439 

several stations of northwestern and southern NWC (Fig. 7c). Under the threshold of W98∩P98, the 440 

scopes with increased trends of CWPDs intensities further increased compared to the threshold of 441 

W95∩P95. The CWPDs intensities increased more obvious with a speed of 10-20 per decade occurred 442 

in several scattered stations of northern and southern YR, a few stations of southern NC, several 443 

stations of eastern SWC and central NEC. The most obvious increasing trends of 20-36.7 per decade 444 

occurred in several stations of northern SC, several stations of northern YR and eastern SWC. The 445 

most obvious decreasing trends of 20-32.9 per decade mainly occurred in several stations of 446 

southwestern and northwestern YR, several stations of northwestern NEC (Fig. 7d).  447 

 448 

 449 

 450 

Figure 7. Spatial trends (Units: unitless per decade) of CWPDs intensity at different thresholds in mainland China 451 
during 1981–2022. (a: W85∩P85; b: W90∩P90; c: W95∩P95; d: W98∩P98) 452 

 453 

In mainland China, for the CWPDs intensities during 1981-2022 under the threshold of W85∩P85, 454 

73.8% of the stations showed decreased trends, 41.7% of the stations showed significant decreased 455 

trends, 26.2% of the stations showed increased trends, 7.7% of the stations showed significant 456 

increased trends. Under the threshold of W90∩P90, 70.1% of the stations showed decreased trends, 457 

32.4% of the stations showed significant decreased trends, 29.9% of the stations showed increased 458 

trends, 9.5% of the stations showed significant increased trends. Under the threshold of W95∩P95, 459 

59.8% of the stations showed decreased trends, 22.7% of the stations showed significant decreased 460 

trends, 40.2% of the stations showed increased trends, 13.2% of the stations showed significant 461 

increased trends. Under the threshold of W98∩P98, 51.1% of the stations showed decreased trends, 462 

24.0% of the stations showed significant decreased trends, 48.9% of the stations showed increased 463 
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trends, 24.0% of the stations showed significant increased trends (Table 3). 464 

Table 3. Percentage of stations with variation trends and their significances for the intensity of CWPDs in 465 

mainland China (Units: %). 466 

Thresholds 
Positive trend  Negative trend  Stationary trend 

Total SS Non-SS  Total SS Non-SS  Total 

W85∩P85 26.2 7.7 18.5  73.8 41.7 32.1  0.0 

W90∩P90 29.9 9.5 20.4  70.1 32.4 37.7  0.0 

W95∩P95 40.2 13.2 27.0  59.8 22.7 37.1  0.0 

W98∩P98 48.9 24.0 24.9  51.1 24.0 27.1  0.0 

SS: Trend is significant at the 0.05 level; Non-SS: Trend is not significant at the 0.05 level. 467 

 468 

The percentage of stations with variation trends for the CWPDs intensities during 1981-2022 469 

under the threshold of W85∩P85 in six climate regions over mainland China were showed in Table 4. 470 

In NEC region, 77.0% of the stations showed weakened trends, 42.0% of the stations showed 471 

significant weakened trends, 23.0% of the stations showed enhanced trends, 5.5% of the stations 472 

showed significant enhanced trends. In NC region, 69.9% of the stations showed weakened trends, 32.1% 473 

of the stations showed significant weakened trends, 30.1% of the stations showed enhanced trends, 8.0% 474 

of the stations showed significant enhanced trends. In YR region, 78.3% of the stations showed 475 

weakened trends, 55.7% of the stations showed significant weakened trends, 21.7% of the stations 476 

showed enhanced trends, 6.6% of the stations showed significant enhanced trends. In SC region, 62.3% 477 

of the stations showed weakened trends, 26.8% of the stations showed significant weakened trends, 478 

37.7% of the stations showed enhanced trends, 16.7% of the stations showed significant enhanced 479 

trends. In NWC region, 73.2% of the stations showed weakened trends, 28.6% of the stations showed 480 

significant weakened trends, 26.8% of the stations showed enhanced trends, 5.4% of the stations 481 

showed significant enhanced trends. In SWC region, 83.3% of the stations showed weakened trends, 482 

59.5% of the stations showed significant weakened trends, 16.7% of the stations showed enhanced 483 

trends, 7.2% of the stations showed significant enhanced trends (Table 4).  484 

Table 4. Percentage of stations with variation trends and their significances for the intensity of CWPDs 485 

(W85∩P85) in six climate regions over mainland China (Units: %). 486 

Regions 
Positive trend  Negative trend  Stationary trend 

Total SS Non-SS  Total SS Non-SS  Total 

NEC 23.0 5.5 17.5  77.0 42.0 35.0  0.0 

NC 30.1 8.0 22.1  69.9 32.1 37.8  0.0 

YR 21.7 6.6 15.1  78.3 55.7 22.6  0.0 

SC 37.7 16.7 21.0  62.3 26.8 35.5  0.0 

NWC 26.8 5.4 21.4  73.2 28.6 44.6  0.0 
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SWC 16.7 7.2 9.5  83.3 59.5 23.8  0.0 

SS: Trend is significant at the 0.05 level; Non-SS: Trend is not significant at the 0.05 level. 487 

3.3 Dependence of concurrent days on individual ones 488 

During 1981–2022, extreme wind speed days decreased significantly at the rate of 10.13 days per 489 

decade and extreme precipitation days increased significantly at the rate of 0.74 days per decade. 490 

Extreme wind speed days decreased significantly at a speed of 16.30 days per decade during 1981–491 

2010, and then increased significantly at a rate of 13.64 days per decade. Extreme precipitation days 492 

increased non-significantly with a speed of 0.33 days per decade during 1981–2010, and increased 493 

non-significantly at a speed of 2.01 days per decade during 2011–2022. It could be seen that, 494 

precipitation had a more obvious increasing trend after 2010 (Fig. 8a), which is consistent with the 495 

results of Zhang et al. (2021). 496 

The ratio of CWPDs to extreme wind speed days declined significantly with a rate of 1.32% per 497 

decade during 1981–2022. The ratio increased significantly with a rate of 1.04% per decade during 498 

1981–2010, and increased non-significantly at a rate of 1.01% per decade during 2011–2022. For 499 

extreme precipitation days, the ratio decreased significantly at a rate of 4.21% per decade in the past 42 500 

years. The ratio of CWPDs to extreme precipitation days decreased significantly at a rate of 6.69% per 501 

decade during 1981–2010, and then increased significantly at a rate of 6.47% per decade during 2011–502 

2022. It can be seen that before 2010, the number of extreme wind speed days decreased significantly, 503 

resulting in an increase in the ratio of CWPDs to extreme wind speed days, but after 2010, the number 504 

of CWPDs increased significantly (Fig. 3a), resulting in an increase in the ratio of CWPDs to extreme 505 

wind speed days. Contrastively, after 2010, the number of CWPDs increased significantly (Fig. 3a), 506 

leading to a rapid increase in the ratio of CWPDs to extreme precipitation days (Fig. 8b). 507 

 508 

Figure 8. Inter-annual variations of extreme wind speed days (W85), extreme precipitation days (P85) (a) and the 509 
ratio of CWPDs (W85∩P85) frequencies to individual extreme wind speed or extreme precipitation days (b). 510 

Spatially, the ratio of CWPDs to extreme wind speed days increased at a rate of 0-10% per decade 511 

in most areas from 1981 to 2010, increased at a rate of more than 10% per decade only occurred in 512 

several stations of northern and southeastern YR, and several stations of southern of Hainan Province, 513 

and the regions where the ratio decreased mainly occurred in northern and western NC, parts of 514 

southeastern NWC, northeastern SWC, southwestern NEC, and a few scattered stations of YR (Fig. 9a). 515 

Meanwhile, the ratio of CWPDs to extreme precipitation days showed a decreasing trend in most of the 516 

country, and a more obviously increased trend with rate of 10-22.8% per decade only showed in a few 517 

scatter stations in central SC and NC, and northern YR (Fig. 9c). During 2011–2022, the scope of the 518 

ratio of CWPDs to extreme wind speed days showing a downward trend expanded compared to the 519 
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period of 1981-2010, the greatest downward trend of the ratio included several stations of southern and 520 

western SC, several stations of southeastern SWC, several stations of northwestern NC, and the areas 521 

with greatest increasing trend mainly appeared in parts of northeastern and northern YR, parts of 522 

southeastern NC, and parts of western NEC (Fig. 9b). The scopes of the ratio of CWPDs to extreme 523 

precipitation days showing an increasing trend expanded compared to the period of 1981-2010 in most 524 

areas, indicating that the increased rates of CWPDs more than the increased rates of extreme 525 

precipitation days in most areas. The decrease of the ratio was mainly distributed in parts of eastern 526 

SWC, parts of southeastern SC, some scattered areas in YR, parts of northern NC and southern NEC 527 

and central NWC, indicating that the precipitation in these regions tended to increase or CWPDs 528 

tended to decrease (Fig. 9d). 529 

In conclusion, from 1981 to 2010, the areas with decreasing extreme wind speed days were more 530 

widely distributed, while the regions with increasing extreme precipitation days were more widely 531 

distributed. During 2011–2022, the areas with the increase of extreme wind speed days were more 532 

widely distributed, the increased rates of CWPDs more than the increased rates of extreme precipitation 533 

days were widely distributed. The distribution of CWPDs trends was relatively consistent with that of 534 

extreme wind speed days during the two periods, but the trend value of CWPDs was smaller than that 535 

of extreme wind speed days.  536 

 537 

 538 
 539 

 540 

Figure 9. Spatial trends of ratio of CWPDs (W85∩P85) frequencies to extreme wind speed days (a, b) and 541 
extreme precipitation days (c, d) during 1981–2010 and 2011–2022.  542 

 543 

During 1981–2010, CWPDs decreased in most parts of the country, among which the decreasing 544 

trend of CWPDs was the largest in parts of eastern SWC, parts of central SC, and some scatter regions 545 

of YR, with the rate of 4-6.6 days per decade (Fig. 10a). CWPDs showed a most obvious increasing 546 

trend only in parts of central SC, a few scattered stations of YR, with the rate of 2-4.5 days per decade. 547 

The scopes of CWPDs showing an increasing trend expanded obviously compared to the period of 548 
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1981-2010 in most areas of the country, among which CWPDs in parts of western and southern SC, 549 

several stations eastern SWC, some scattered stations in western and central YR, a few stations of 550 

southern NC, several stations of southeastern NWC showed an increasing trend of 15-42.1 days per 551 

decade, which was significantly higher than that in 1981–2010 (Fig. 10b). In parts of southern SC, 552 

mid-western of Hainan Province, some scattered stations of central and southern YR, parts of eastern 553 

SWC, a few scattered areas of mid-southern NEC, central and western NC, central and eastern NEC 554 

and central SC, CWPDs showed a decreasing trend. In general, the region of YR showed the most 555 

obvious change from the obvious decreased during 1981-2010 to the obvious increased during 556 

2011-2022. 557 

The spatial trend of extreme wind speed days during 1981–2010 and 2011–2022 was consistent 558 

with that of CWPDs, though the value of the latter was obviously greater than that of CWPDs (Fig. 10c 559 

and 10d). The trend of extreme precipitation days in the period of 1981-2010 lacked obvious 560 

correspondence with that of CWPDs (Fig. 10e). From 1981 to 2010, extreme precipitation days 561 

increased more obviously at a rate of 1-4 days per decade mainly in southeastern NEC, parts of central 562 

and southeastern NC, parts of southeastern and northwestern NWC, a little parts of central and eastern 563 

YR, a little parts of central and eastern SWC (Fig. 10e). During 2011–2022, the areas with the most 564 

pronounced increase in extreme precipitation days had shifted significantly to the south, and the scope 565 

that extreme precipitation days showed an increasing trend widened further, with the increase in 566 

extreme precipitation days in most regions and the prominent upward trend (Fig. 10f). Only in 567 

northwestern NWC, the Beijing-Tianjin-Hebei region and southeastern YR, extreme precipitation days 568 

decreased obviously. 569 

 570 
 571 
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572 

573 

 574 

Figure 10. Spatial trends (Units: days per decade) of CWPDs (W85∩P85) frequencies (a, b), extreme wind speed 575 
days (W85) (c, d) and extreme precipitation days (P85) (e, f) during 1981–2010 and 2011–2022. Positive sign 576 
denotes the trends passing the 0.05 significance level, the same as below. 577 

 578 

4 Discussion  579 

The most common approach to define a compound extreme wind speed and extreme precipitation 580 

day is to determine a fixed percentile threshold of extreme wind speed day or extreme precipitation day 581 

for the year or a specific season (Zhang et al., 2021; Zscheischler et al., 2021). Whereas, in the context 582 

of global warming, extreme wind speed days and extreme precipitation days also show an increasing or 583 

decreasing trend, therefore, a time-varying daily threshold need to be adopted. In this study, a 584 

time-varying daily threshold was defined by using the daily maximum wind speed and precipitation 585 

observation data of 1686 meteorological stations covering most areas of mainland China, and the 586 

change characteristics of CWPDs under different percentile thresholds were investigated in mainland 587 

China from 1981 to 2022. 588 

The variations in individual extreme speed wind and extreme precipitation day imposed different 589 

influences on the CWPDs. For instance, the frequencies of CWPDs identified by the 90th percentile of 590 

daily maximum wind speed and the 90th percentile of daily precipitation (Fig. 2b) were comparable to 591 

those identified by the 85th percentile of maximum wind speed and the 85th percentile of precipitation 592 

(Fig. 2a), but the former resulted in smaller frequencies than the latter in almost all regions. The 593 
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characteristics of the probability distribution of two (or more) individual hazards or extremes appear to 594 

play a key role in compound extremes. Zscheischler et al. (2020) also pointed out that variations in the 595 

deviation or the change in the mean of an individual hazard or extreme could affect the changes of the 596 

concurrent event. In general, southeastern SC, Hainan Province, northwestern YR, some scattered areas 597 

in the central and eastern YR were areas where the CWPDs were frequent, and CWPDs were less in 598 

most of NWC, SWC, NEC and NC (Fig. 2).  599 

Although CWPDs frequencies decreased in mainland China before 2010, and showed an obvious 600 

increasing trend after 2010 caused by the increases in extreme wind speed days from 2011 to 2022 (Fig. 601 

3 and Fig. 8). We found that the variations in CWPDs were more consistent with those of extreme wind 602 

speed days (Fig. 8a), both decreasing in 1981-2010, and increasing in 2011–2022. This in line with the 603 

finding of Zhang et al. (2021). From 1981 to 2022, The CWPDs frequencies under the four thresholds 604 

all showed decreasing trends in most areas of mainland China. As the threshold increased, the trends of 605 

decreased for CWPDs frequencies decreased (Fig. 4).  606 

CWPDs directly drived by synoptic factors such as cyclones and atmospheric rivers (ARs). In the 607 

subtropics and midlatitudes areas, the precipitation and wind extremes are often related to cyclones 608 

(Raveh-Rubin and Wernli, 2015). Regional variations in the coexistence of the extremes are owing to 609 

differences in the relative positioning of the cyclone centers and the extremes. For instance, both spring 610 

extreme precipitation and wind events in the region of the middle and lower reaches of the Yangtze 611 

River and the Huai River Basin are typically associated with Jianghuai cyclones, such that the same 612 

low-pressure system can induce both types of weather extremes in this region (Zhu and Chen, 2024). 613 

The Yellow River cyclone is a significant precipitation weather system in the northeastern China 614 

during summer, often causing heavy rain in the southern part of the region (Miao et al., 2015), the 615 

summer strong winds in the region can be caused by the cold air from the north, which periodically 616 

moves southward as a cold front. Hence, different weather systems are responsible for precipitation and 617 

wind extremes and as a result the number of cooccurrence extremes is lower. Li et al. (2022) found that 618 

the CWPDs in the coastal areas of NC tend to be associated with tropical cyclones (TCs) accompanied 619 

by atmospheric rivers, which is possibly due to a poleward shift in storm tracks (Wang et al., 2013), the 620 

decreasing trends of the frequency of summer CWPDs in SC caused by the decreasing trends of 621 

ARs-related and cyclone-ARs-related events during 1979 to 2020, CWPDs in SC showed decreasing 622 

trends for frequency and intensity in winter related to the decreasing of ARs and cyclone-ARs events. 623 

This is agree with our findings that the decreasing trends of the frequency and intensity of CWPDS in 624 
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this region (Fig. S1 and S2). CWPDs in Hainan province in summer are mainly caused by cyclone. The 625 

CWPDs occurrence in parts of northern inland China in summer, and central and southern China in 626 

winter were dominated by the landfalling ARs (Li et al., 2022). Many previous studies also pointed out 627 

that more frequent TC occurrences associated with intense precipitation under warming conditions 628 

(Knutson et al., 2020; Yamaguchi et al., 2020; Yaddanapudi et al., 2022) in different regions, such as in 629 

southeast China (Lui et al., 2019). Sussman et al. (2020) indicated that large-scale atmospheric Rossby 630 

wave activities may contribute to CWPDs in the midlatitudes. 631 

Furthermore, topographic effects also cause regional variations in wind and precipitation extremes. 632 

For example, the precipitation on the northern slope of the Tianshan Mountains is greater than that on 633 

the southern slope. Due to the gap in the northwest of the Junggar Basin, the northern slope of the 634 

Tianshan Mountains is influenced by water vapor from the Atlantic Ocean and the Arctic Ocean, 635 

resulting in more precipitation. The northern slope of the Tianshan Mountains is a windward slope and 636 

has an uplifting effect on water vapor, hence more precipitation. The southern slope of the Tianshan 637 

Mountains is a leeward slope and is deep inland, making it difficult for oceanic water vapor to reach, so 638 

there is less precipitation. The northern slope of the Tianshan Mountains is prone to being influenced 639 

by the westerly and northerly winds coming from the Atlantic Ocean and the Arctic Ocean. The 640 

topography of the northern slope of the Tianshan Mountains may cause it to experience the 641 

"constriction effect" in certain circumstances, where the wind speed increases in the narrow passage. 642 

This can also lead to an increase in wind speed in local areas (Chen et al., 2018). 643 

In some cases, foehn effects with strong precipitation happening on the windward side and very 644 

strong downslope winds in the lee of the mountains. In the Tianshan Mountains, the weak moisture 645 

from the Arctic Ocean and the Atlantic Ocean is blocked by the Tianshan Mountains and is lifted 646 

upwards. At the mountain foothills, it forms more precipitation. After the air current passes over the 647 

mountains and descends, the katabatic wind effect intensifies the drought in the Tarim Basin (Ayitken 648 

et al., 2022). In this cases, heavy precipitation occurred only on the windward side of the mountains, 649 

while the extreme winds extended much farther northward. In other areas, local dry and intense wind 650 

systems tied to large-scale weather conditions and specific orographic settings explain the low 651 

frequencies of extreme wind and precipitation events. For example, the low-frequency events in 652 

Qinghai-Tibet Plateau, Inner Mongolia Plateau, Loess Plateau might be linked to northwest wind and 653 

high altitude. In these areas, due to its location within the Eurasian continent and its distance from the 654 
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sea, it is less affected by the summer winds. The moist oceanic air currents are blocked by the 655 

mountains and thus cannot penetrate deeply, and the strong and dry cold wave occur several times 656 

every winter (Zhang et al., 2007). 657 

Ding et al. (2020) pointed out that the average wind speed across the country decreased at a rate of 658 

0.1-0.22m/s per decade from 1961 to 2016, this is consistent with our result. Urbanization and land use 659 

has been proven to significantly affect the surface wind speed in China. Chen (2013) calculated that the 660 

difference in wind speed change rates between urban stations and rural stations resulted in a 661 

contribution rate of approximately 18% for urbanization in China's major cities to the reduction of 662 

wind speed. The increase in ground drag force will also significantly reduce the wind speed near the 663 

ground. The increase in ground drag force is mainly due to the change in the underlying surface 664 

(surface roughness). Climate warming has led to an increase in vegetation coverage in the mid-to-high 665 

latitudes of the globe, resulting in an increase in surface roughness and being an important factor 666 

contributing to the increase in ground drag force (Ding et al., 2020). Under the background of climate 667 

warming, the weakening of the thermal/pressure gradient force in the lower part of the troposphere, 668 

which also serves as the main driving force, is a key factor leading to the reduction of ground wind 669 

speed (Guo et al., 2011; Zhou et al., 2017). Xiong et al. (2019) demonstrated that the north-south 670 

pressure gradient decreased, Resulting in the weakening of the northwest wind speed in autumn in 671 

China. Zhou et al. (2017) pointed out that the simultaneous reduction of land-sea thermal differences 672 

and north-south thermal differences will undoubtedly lead to the synchronous weakening of the 673 

east-west and north-south pressure gradient forces, thereby reducing the ground wind speed. China is 674 

located in a typical monsoon region, and the variation of surface wind speed is also largely determined 675 

by the East Asian monsoon (Ding et al., 2020). Otherwise, the synergy between PDO and the Atlantic 676 

Multidecadal Oscillation (AMO) is the main driving factor for the 30-40-year oscillation of the East 677 

Asian summer monsoon (Ding et al., 2018; Ding and Li, 2016). Shi and Xu (2007) through conducting 678 

sensitivity tests using regional climate models also indicate that the interdecadal weakening of the East 679 

Asian winter monsoon might be related to the interdecadal warming in the eastern part of the East 680 

Asian continent. Although the East Asian winter monsoon does not exactly match the changing trend 681 

of the winter ground wind speed in China, it still has a significant impact. Most studies suggest that 682 

global warming has an enhancing effect on the East Asian summer monsoon (Jiang and Tian, 2013; 683 

Sun and Ding, 2011; Chen et al., 2019).  684 
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  Aerosols also contribute to the weakening of the East Asian monsoon (Wu et al., 2015). Unlike 685 

greenhouse gases which favor the strengthening of the low-level circulation, aerosols mainly have a 686 

weakening effect on the low-level circulation, this is because the surface cooling effect caused by 687 

aerosols reduces the sea-land temperature difference, and the influence of the mutual conversion of 688 

potential and kinetic energy (Ma et al., 2018). Liu et al. (2019) also found that the sulfate aerosol 689 

emissions in the Northern Hemisphere might be the main factor leading to the unprecedented 690 

weakening of the East Asian summer monsoon. 691 

Lots of previous studies have confirmed that large-scale climate factors have a close relationship 692 

with precipitation extremes. Pu et al. (2024) found that during the developing summer, El Niño mainly 693 

affected eastern China, resulting in extreme precipitations in Northern China, extreme precipitations 694 

decreased in the Jiangnan region, but increased significantly in the Jianghuai region. Liu et al. (2018) 695 

found that during the year when the super El Niño event weakened, the probability of extreme 696 

precipitation events significantly increased throughout eastern China, especially in areas north of the 697 

Jianghuai region, in the summer of the same year, the probability of extreme precipitation in the 698 

Yangtze River Basin was nearly twice as high as in normal years, while it decreased relatively in the 699 

southern and northern regions of China. Wu et al. (2016) found that the long-term trend of the annual 700 

extreme precipitation index indicates that most of the extreme precipitation indices show an increasing 701 

trend in the northwest and middle reaches of the Yangtze River region (except for consecutive dry 702 

days), as well as in the southeast coast and most areas of southern China, however, in the north China 703 

region, it shows a decreasing trend, since 2000, most of the indices have shown varying degrees of 704 

increasing trends, meaning that extreme precipitation events have become more frequent since 2000, 705 

this is consistent with our findings. Wang et al. (2021) showed that when El Niño occurs in winter, the 706 

intensity of extreme precipitation in autumn in the eastern coastal areas of China, and the lower reaches 707 

areas of the Yellow and the Yangtze Rivers, will increase by 26% in the following year, when La Niña 708 

occurs in winter, the intensity of extreme precipitations in spring and summer in eastern China will 709 

increase by 8.8% and 5.1% respectively in the following year, when NAO is in a positive phase, the 710 

frequency of extreme precipitations in spring, summer and autumn is relatively high in most areas of 711 

China, and the intensity of summer extreme precipitations in East China increases by 8.5%. Chen et al. 712 

(2022) showed that the southwestern region generally showed an increasing trend in precipitation 713 

frequency and intensity, as well as an increase in extreme precipitation from 1969 to 2020, and the 714 
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extreme precipitation index in the southwestern region is closely related to strong ENSO events. 715 

Furthermore, the impact of urbanization on extreme precipitation is also increasing (Wan et al., 2013). 716 

Therefore, the variation of CWPDs were simultaneously influenced by multiple combinations of 717 

large-scale climate modes and anthropogenic warming, such as urbanization and land use. 718 

In mainland China, different percentile thresholds had certain effects on the spatial pattern of the 719 

intensity of CWPDs. With the increase of the threshold, the range of CWPDs with stronger intensity 720 

further reduced. The CWPDs intensities were more severe in eastern coastal areas of YR, mid-eastern 721 

SC, parts of eastern SWC, parts of central NEC, parts of northwestern NWC and mid-northern in 722 

Hainan Province (Fig. 5). Annual CWPDs intensities changed obvious around early-to-mid 2010s in 723 

under four different thresholds. With the increase of the threshold, the weakening trends of annual 724 

CWPDs intensities further weakened and even slightly strengthened during 1981-2022. During 725 

1981-2010, the CWPDs intensities under four different thresholds all showed weakened trends, but 726 

during 2011-2022, the CWPDs intensities under four different thresholds all showed enhanced trends 727 

(Fig. 6). From 1981 to 2022, the CWPDs intensities under the four thresholds all showed decreasing 728 

trends in most areas of mainland China except for parts of central SC, a few scattered areas of YR, 729 

several scattered areas of NC and NEC, a few scattered areas of NWC, individual areas of eastern SWC. 730 

As the thresholds increased, the trends of weakened for CWPDs intensities decreased and the scopes 731 

with a slight strengthening trend expanded (Fig. 7). This indicated that high-intensity composite wind 732 

speed and precipitation extremes have occurred frequently in the past few decades, especially in eastern 733 

coastal areas of YR, mid-eastern SC, parts of eastern SWC and mid-northern in Hainan Province, such 734 

incidents coupled with high exposure and vulnerability of the population or crops, causing huge losses 735 

in multiple aspects including water security, food security and human health. Therefore, it is necessary 736 

to enhance climate adaptability or resilience in these regions, such as increasing water conservancy 737 

development in agricultural areas, change the agricultural production mode, and introduce 738 

drought-resistant and heat-tolerant crop varieties. 739 

In this study, we mainly concentrated on the wind speed and precipitation extremes that occur on 740 

the same day, namely, the concurrent extreme wind speed and extreme precipitation days, as compound 741 

extremes are more devastating and damaging than independent extreme event. Compound wind speed 742 

and precipitation extremes are not just phenomena that occur on the same day, and other forms should 743 

also be addressed. For instance, extreme wind speed or extreme precipitation occurs a day or two after 744 
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or before CWPDs (Zscheischler et al., 2020), wind speed and precipitation extremes appear in a 745 

relatively short period of time in nearby regions (Raymond et al., 2020), and so on. Moreover, the 746 

physical process diagnosis, change attribution, risk quantification and adaptation measures of CWPDs 747 

are also not involved in this paper, which need to be explored in future studies. 748 

5 Conclusions  749 

In mainland China, CWPDs were more frequent in southeastern South China, Hainan Province, the 750 

northwestern parts of the middle and lower reaches of Yangtze River, some scattered areas in the 751 

central and eastern YR. Annual CWPDs decreased in mainland China during 1981–2010, and then 752 

showed an obvious upward trend after 2010. Different percentile thresholds had effects on the spatial 753 

pattern and change trend of CWPDs. From 1981 to 2022, The CWPDs frequencies under the four 754 

thresholds all showed decreasing trends in most areas of mainland China. As the threshold increased, 755 

the trends of decreased for CWPDs frequencies decreased.  756 

In mainland China, different percentile thresholds had certain effects on the spatial pattern of the 757 

intensity of CWPDs. With the increase of the threshold, the range of CWPDs with stronger intensity 758 

further reduced. The CWPDs intensities were more severe in eastern coastal areas of YR, mid-eastern 759 

SC, parts of eastern SWC, parts of central NEC, parts of northwestern NWC and mid-northern in 760 

Hainan Province. Annual CWPDs intensities changed obvious around early-to-mid 2010s in under four 761 

different thresholds. With the increase of the threshold, the weakening trends of annual CWPDs 762 

intensities further weakened and even slightly strengthened during 1981-2022. During 1981-2010, the 763 

CWPDs intensities under four different thresholds all showed weakened trends, but during 2011-2022, 764 

the CWPDs intensities under four different thresholds all showed enhanced trends. From 1981 to 2022, 765 

the CWPDs intensities under the four thresholds all showed decreasing trends in most areas of 766 

mainland China except for parts of central SC, a few scattered areas of YR, several scattered areas of 767 

NC and NEC, a few scattered areas of NWC, individual areas of eastern SWC. As the thresholds 768 

increased, the trends of weakened for CWPDs intensities decreased and the scopes with a slight 769 

strengthening trend expanded. 770 

After 2010, the number of CWPDs increased significantly, resulting in an increase in the ratio of 771 

CWPDs to extreme wind speed days and a rapid increase in the ratio of CWPDs to extreme 772 

precipitation days. The changes of extreme wind speed days were consistent with those of CWPDs 773 

during 1981–2010 and 2011–2022, but the change of extreme precipitation days lacked correspondence 774 

with that of CWPDs in the two periods, especially in the previous period. 775 

 776 

 777 
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