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Abstract 11 

Spatial and temporal distributions and influencing factors of extreme precipitation are important 12 

bases for coping with future climate change. The spatiotemporal variability and affecting factors of 13 

extreme precipitation indices (EPIs) in East of northwest China (ENW) during 1961-2015 were 14 

investigated using a series of approaches such as modified Mann-Kendall trend test, Hurst exponent, 15 

Ensemble empirical mode decomposition (EEMD), and geodetector model. The results showed that 16 

CDD and CWD decreased significantly (P<0.01), with rates of 1.4 days/decade and 0.07 17 

days/decade, respectively. EPIs in ENW exhibited an obvious heterogeneity. CDD gradually 18 

increased from the southeast to the northwest. The remaining EPIs generally showed the opposite 19 

trend. Some stations in ENW may experience more extreme precipitation events in the future. 20 

Geodetector results demonstrated that large-scale circulation factors had a significant impact on 21 

EPIs in ENW. The influence of large-scale climate factors on EPIs was concentrated in nonlinear 22 

enhancement, and Nino3.4 and SO were the dominant driving factors that played a major role in the 23 

variability of EPIs. The results of this study provided a reference for ENW and other arid and semi-24 

arid regions to cope with extreme climates and develop corresponding strategies.  25 

Keywords: ENW, EPIs, spatiotemporal characteristics, trend, large-scale circulation factors 26 

 27 

1 Introduction 28 

 29 

Climate change has been an indisputable fact (IPCC, 2013). It could lead to a series 30 

of catastrophic consequences in ecosystems, agriculture, and human health (WMO, 31 

2021). Moreover, climate change profoundly affects the frequency and intensity of 32 

extreme climate events (Ahsan et al. 2022; Gudmundsson et al. 2021; Rafatnejad et al. 33 

2022). In recent years, heat, flood, and drought records have been repeatedly broken in 34 

several countries (Rastogi et al. 2020; Schiermeier, 2021). Numerous rare extreme heat 35 

wave events have been reported in China, the United States, and most European 36 

countries over the past few years (Kendon et al. 2021; Lhotka and Kyselý, 2022; Lu et 37 

al. 2023; Marengo et al. 2022). Since June, July, and August 2022, there had been 38 

numerous widespread, long-lasting, polarized, and high-impact regional heat processes 39 

across much of China (Lu et al. 2023). More alarmingly, the heat wave continued in 40 

much of southern China until mid-September. In addition, severe droughts, which are a 41 



common accompaniment to heat waves, hit southern China. Persistent high 42 

temperatures and droughts would have caused power shortages, reduced crop yields, 43 

and heat exhaustion in many parts of China. 44 

In addition to direct losses, extreme weather events such as torrential rains, high 45 

temperatures, heat waves, and droughts can trigger wildfires, flash floods, and 46 

mudslides, further exacerbating economic losses and societal casualties. As a result, 47 

scientists all around the world have launched comprehensive research on global climate 48 

change and extreme events (Descals et al. 2022; Donat et al. 2016; Fischer and Knutti, 49 

2015; Kirschbaum et al. 2020). So far, climate scientists now agree that carbon 50 

emissions from human burning of fossil fuels are warming the planet, aggravating the 51 

risk and severity of droughts, heat waves, and other extreme weather events (Perkins-52 

Kirkpatrick et al. 2022; Sun et al. 2021; Yang et al. 2022). 53 

Extreme weather events are influenced by many conditions (Ali et al. 2018; Berg 54 

et al. 2009; Li et al. 2020). Among them, large-scale circulation is considered one of 55 

the most important factors (Das, 2021; Zhang et al. 2021). Sun and Zhang (2017) found 56 

that the Northwest Pacific Subtropical High (WNPSH) affects extreme precipitation by 57 

triggering changes in tropical cyclones, and its intensity and location are closely related 58 

to precipitation in southern China. Liu et al. (2021) demonstrated that the positive 59 

Pacific meridional mode (PMM) phase is accompanied by suppression of extreme 60 

precipitation in the middle and lower reaches of the Yangtze River (MLYRB) and 61 

enhancement of extreme precipitation in North China (NC). ENSO has a significant 62 

impact on extreme precipitation events around the world (Wang et al. 2014). In the Gulf 63 

Coast (GC), East Coast (EC), and SW (Southwest Coast) of the United States, extreme 64 

storms (one-in-20-year storms), which occur on average only once every 20 years, 65 

occur on average half the time under persistent El Niño conditions (Schubert et al. 2008). 66 

Zhang et al. (2020) reported that the combination of a positive PDO (+PDO) and a 67 

negative AMO (-AMO) changing to a negative PDO (-PDO) and a positive AMO 68 

(+AMO) has a great impact on the interdecadal shift in extreme high temperature in 69 

North China in 1996. In addition, PDO and AMO also have an important impact on the 70 

impact of ENSO on extreme climate events. When in phase with PDO, dry-wet changes 71 

induced by ENSO are amplified relative to the standard model. Wang et al. (2014) 72 

concluded that the effect of ENSO on wet-dry changes varied with the PDO stage. 73 

 China has a large area and a multiplicity of terrain, which leads to a complex 74 

and diverse climate, including both monsoon and non-monsoon climate types, and 75 



obvious heterogeneity of precipitation. The complex climate has made China one of the 76 

countries severely affected by meteorological disasters. In the context of global climate 77 

change, the frequency of extreme weather events with extreme weather and climate 78 

events with great destructive influence in China has also increased significantly, such 79 

as heat waves, cold waves, heavy rains and severe droughts, sandstorms, floods, and 80 

compound extreme climate events (Liao et al. 2021; Yin et al. 2022; Zhou et al. 2022). 81 

The above phenomena are also consistent with previous research results. For example, 82 

Liu et al. (2015) reported that although total precipitation in rural and urban 83 

meteorological stations in eastern China does not change much, light precipitation 84 

decreases significantly, and heavy precipitation increases significantly. Average annual 85 

precipitation in southwest, northwest, and east China increased significantly, and annual 86 

precipitation in central, northern, and northeastern regions decreased significantly 87 

(Wang and Zhou 2005). In addition, rising trends in the fractional contribution of hot 88 

weather to extreme precipitation events over most parts of China have accelerated in 89 

more recent decades (Ning et al. 2022). 90 

Northwest China has a complex topography, belongs to arid and semi-arid 91 

climate zones, and the temporal and spatial distribution of precipitation is uneven. 92 

Therefore, when studying the northwest region, it is often divided into east and west 93 

separately from the perspective of climate. The eastern part of Northwest China is 94 

adjacent to Northeast China and North China, so the study of changes in the extreme 95 

precipitation index is of great significance to local agriculture and ecosystems. Previous 96 

studies have shown that precipitation days in the eastern part of the Northwest 97 

Territories have shown a decreasing trend over the past half century (Chen and Dai, 98 

2009; Wang et al. 2021; Yao et al. 2017). However, until now, few scholars have 99 

analyzed the precipitation variation characteristics of ENW from the perspective of 100 

EPIs. Therefore, this study calculated the 10 EPIs in ENW recommended by the World 101 

Meteorological Organization (WMO)’s Expert Team on Climate Change Detection and 102 

Indices (ETCCDI), and analyzed their change characteristics, trends, and possible 103 

influencing factors, in order to provide a basis for local agricultural production and 104 

meteorological disaster prevention and better design of local climate change adaptation 105 

strategies. 106 

 107 

2 Study area 108 

 109 

With reference to Mao et al. (2010), China was divided into eight subregions, 110 



according to the geographical area and monsoon specificity. East of northwest China 111 

(35.25-42.75°N, 97.25-110.25°E) was chosen as the study area in this study (Fig. 1).  112 

Located on the northeastern side of the Qinghai-Tibet Plateau, the whole region of 113 

northwest China has vast and complex terrain, which is a sensitive area to climate 114 

change. The study area is East of northwest China including most of Gansu, 115 

northeastern Qinghai, all of Ningxia, western Inner Mongolia, and northern Shaanxi. 116 

The terrain mainly consists of the plateau and flat land. It is an arid and semi-arid region, 117 

and the water vapor conditions inside the region are poor, where water vapor formation 118 

mainly depends on transport outside the region (Zhu et al. 2013). Stations are evenly 119 

distributed except for areas such as deserts.   120 

 121 

3 Data Source And Methodology 122 

3.1 Data source 123 

 124 

In this study, the daily precipitation data of 63 meteorological stations in the 125 

eastern part of northwest China from 1961 to 2015 were selected from the daily dataset 126 

of ground climate data in China (Dataset V3.0), which is a common data source in 127 

remote sensing, GIS, hydrology, climate change, and other research fields 128 

(http://data.cma.cn/) (Guo et al. 2019; Liu et al. 2019; Qian, 2016). Dataset V3.0 129 

contains 699 benchmarks and basic weather stations in China. Since many stations were 130 

not established before 1961, the data start time for this study is 1961. A small amount 131 

of missing data in individual stations was completed by forward and backward 132 

interpolation methods to ensure data continuity. Meanwhile, some stations with very 133 

short period of data or more than 5% of missing data were deprecated. The spatial 134 

location of these 63 meteorological stations is shown in Fig. 1 and their attributes are 135 

shown in Table 1. 136 

The atmospheric circulation indices were downloaded from the National Oceanic 137 

and Atmospheric Administration of the United States (https://www.noaa.gov/), 138 

including the Pacific Decadal Oscillation (PDO), Tripolar Index for the Interdecadal 139 

Pacific Oscillation (IPO), Arctic Oscillation (AO), North Atlantic Oscillation (NAO), 140 

Atlantic Multidecadal oscillation (AMO), Nino3.4 and Southern Oscillation (SO). 141 

 142 

3.2 EPIs selection 143 

 144 

The ETCCDI first developed and recommended 27 extreme climate indices for the 145 



objective measurement and characterization of temperature and rainfall variability and 146 

change. In this study, a total of 10 precipitation-related climate indices were calculated 147 

and analyzed for a better understanding of historical change characteristics (Table 2). 148 

 149 

3.3 Methodology 150 

3.3.1 Modified Mann-Kendall trend test 151 

 152 

A Mann-Kendall trend test (sometimes called the MK test) is a non-parametric 153 

method and can be applied to all distributions (i.e. the data do not have to satisfy the 154 

assumption of normality). It has been widely used as a statistical technique in analyzing 155 

the increasing or decreasing trend of time series data (Kendall, 1957; Mann, 1945). In 156 

addition, the advantage of the MK test is that it is not affected by missing data or outliers, 157 

which are common in meteorological data. The modified Mann-Kendall test was used 158 

to analyze consistently increasing or decreasing trends (monotonic trends) of EPIs in 159 

this study, which has the ability to eliminate the influence of serial correlation on the 160 

MK test (Yue and Wang, 2004). 161 

 162 

3.3.2 EEMD 163 

 164 

The EEMD method is an improved version of empirical mode decomposition (Wu 165 

and Huang, 2009). It is based on the principle of multiple averaged measurements, by 166 

adding different series of white noise into the signal in the original observation data to 167 

overcome modal aliasing (Qian et al. 2011). It is a powerful tool for denoising variable 168 

signals and is suitable for analyzing non-linear and/or non-stationary time series. 169 

 170 

3.3.3 R/S method for calculating Hurst index 171 

 172 

Hurst exponent was originally established by the famous hydrologist Harold 173 

Edwin Hurst to quantify the relative trend in the time series of reservoir storage capacity 174 

(Hurst, 1951). It is a judgment index and is widely applied to other natural systems to 175 

measure the long-term memory of time series, such as finance, meteorology, remote 176 

sensing, and other fields (Onali and Goddard, 2011; Rivas-Tabares et al. 2021). In this 177 

study, the rescaled range R/S method was adopted to calculate the Hurst index of 178 

different extreme precipitation indicators at each station. 179 

Suppose there is a time series named 𝜉(𝑡), and t = 1, 2, 3, … .For any positive 180 



integer 𝜏 ≥ 1, a mean sequence is as follows: 181 〈𝜉〉𝜏 = 1𝜏 ∑ 𝜉(𝑡)𝜏𝑡=1 𝜏, 𝜏 = 1, 2, . . ..                                                   (1) 182 

Cumulative deviation could be calculated as follows: 183 𝑋(𝑡, 𝜏) = ∑ (ξ(𝜇) − 〈𝜉〉𝜏) 𝑡𝜇=1 , 1 ≤ 𝑡 ≤ 𝜏.                                   (2) 184 

The range could be calculated as follows: 185 𝑅(𝜏) = max1≤𝑡≤𝜏 𝑋(𝑡, 𝜏) − min1≤𝑡≤𝜏(𝑡, 𝜏), 𝜏 =  1, 2, . ..                             (3) 186 

The standard deviation could be calculated as follows: 187 𝑆(𝜏) = [1𝜏 ∑ (𝜉(𝑡) − 〈𝜉〉𝜏)2𝜏𝑡=1 ]12                                         (4) 188 

The ratio of range to standard deviation could be calculated as follows: 189 𝑅(𝜏)/𝑆(𝜏) ≜ 𝑅/𝑆.                                                   (5) 190 

After long-term theoretical analysis and simulation test research, Hurst found the 191 

following empirical scaling relationship: 192 𝑅(𝜏)/𝑆(𝜏) = (𝜏2)𝐻.                                                   (6) 193 

Where H is the Hurst exponent and could be calculated. 194 

The trend could be judged by Hurst Value. A Hurst index between 0.5 and 1 195 

suggests that the returns are persistent. At 0.5, the index suggests returns are completely 196 

random. Between 0 and 0.5, it suggests that the returns are mean reverting. 197 

 198 

3.3.4 Geodetector Model 199 

 200 

The Geodetector Model, also known as a geographical detector, consists of a series 201 

of statistical tools for measuring spatial stratified heterogeneity (SSH) and attribution 202 

for/by SSH (Wang et al. 2016), which refers to phenomena within strata that are more 203 

similar than that between strata. This method has been widely used in various fields 204 

such as ecology, medicine, and meteorology (Li et al. 2017; Li et al. 2020; Yin et al. 205 

2019). In this study, the factor detector was used to discover large-scale climatic 206 

teleconnections factors.  207 

The contributions of factors (q value) can be calculated by the following formula: 208 𝑞 = 1 − ∑ 𝑁ℎ𝜎ℎ2𝐿ℎ=1𝑁𝜎2  , and 𝑞 ∈ [0,1].                                  (7) 209 

Where N and s2 stand for the number of units and the variance of Y in a study area, 210 

respectively; the population Y is composed of L strata (h = 1, 2, …, L); Nh is the layer 211 

h in the whole study area; 𝜎ℎ2  is variances of the dependent variables within the whole 212 



area and layer h, respectively. The value of q corresponds to the degree of contribution 213 

of each influencing factor to the dependent variable. Before reading data in Geodetector 214 

software, the explanatory variables must be a certain category of quantity through the 215 

natural break point classification. 216 

Meanwhile, the interaction detector was used to determine the effects of 217 

interactions between large-scale teleconnection factors on EPIs. The interaction results 218 

in Table 3 represent the interaction relationship between the two factors. It has 5 219 

intervals (Table 3) and the interaction relationship is determined by the location of 220 

q(x∩y) in the 5 intervals. 221 

 222 

4 Results 223 

 224 

In this study, extreme climate indices in ENW over the 1961-2015 period were 225 

calculated. 10 EPIs were selected for variations in spatial and temporal characteristics, 226 

which exhibited the frequency and intensity of rainfall characteristics. 227 

 228 

4.1 Temporal variations of EPIs 229 

 230 

We calculated all EPIs for each station and derived the annual regional EPIs in the 231 

study area. The interdecadal trends of each extreme precipitation index were fitted with 232 

a low-pass filter and their general trend lines were plotted (Fig. 2). Overall, CDD and 233 

CWD decreased significantly (P<0.01) at 1.42 days/decade and 0.07 days/decade, 234 

respectively. R95p and RX5day decreased non-significantly at 0.66 mm/decade and 235 

0.01 mm/decade, while PRCPTOT, R10, R20, R25, R99p, and RX1day increased at a 236 

non-significant rate (Table 4). The mean values of CDD and CWD were 99.34 and 4.13 237 

days, respectively. There was a significant synchronization between peak and trough 238 

values for both CDD and CWD metrics, and the overall trend for both was a 239 

considerable decrease. Although the low-pass filtered results of CDD showed a 240 

significant downward movement of the peak at a time than at a place, the low-pass 241 

filtered results of CWD displayed a rebound after the wave peak decreased. The 242 

distribution of PRCPTOT ranged from 210.00 mm to 406.84 mm, and the very low 243 

value represented a severe drought in the region during that year. The distribution 244 

characteristics of PRCPTOT and R10 in both raw data and low-pass filter results and 245 

trend lines were highly similar. From the changes in the two low-pass filter indicators, 246 

both were slowly decreasing and then rebounding, and the rebounding time occurred 247 



after 1990. 248 

 249 

Similarly, R20 and R25 have extremely similar time-varying characteristics, both 250 

slowly decreasing and then slowly rebounding, but the turning point for their rebound 251 

occurred in 1982. R95p, R99p RX1day, and RX5day had similar time-varying 252 

characteristics and general trends. Unlike the other indicators, these four indicators 253 

tended to had a clear downward trend after a slow rebound, and the last decline was in 254 

2010. The overall change results of the above indicators demonstrated that the change 255 

rates of the extreme precipitation indicators were not consistent. Combining the time 256 

series characteristics and change trends of all indicators, it can be found that although 257 

the frequency and intensity of ENW extreme precipitation events moderated in the 258 

1980s and 1990s and began to intensify around 2010, the peaks of PRCPTOT, R10, 259 

R20, and R25 around 1990 were significantly lower than those in the 1960s. After 2000, 260 

R99p and RX1day had higher peaks than all previous years, indicating an increase in 261 

the intensity of the overall short-duration intense precipitation in the region. Thus, 262 

although the overall aridity of the ENW decreased (CDD declined), the overall trend 263 

towards wetness was not significant (CWD also declined significantly but by a smaller 264 

absolute amount). The above data indicated that the overall decrease in the frequency 265 

and intensity of extreme precipitation in the region over the past few years has tended 266 

to increase again, so it is highly likely that extreme precipitation events of this tendency 267 

will change from insignificant to significant in the future. 268 

 In addition to the general trend of increasing and decreasing over time, each 269 

extreme climate index exhibited a certain periodicity. The periods of all EPIs were 270 

calculated using the EEMD method to further explore its temporal variation pattern (Fig. 271 

3). The cycles of Period 1 and Period 2 range from 1.53 to 3.06 years and 2.29 to 4.58 272 

years, respectively, reflecting the quasi-2-year and 4-5-year oscillations of the above 273 

indices. In addition, low-pass filtered results of CDD and CWD indicated an 274 

interdecadal variation cycle from 1961 to 1990 and 1990 to 2015, respectively. 275 

Interdecadal cycles of PRCPTOT, R10, R20, and R25. On the other hand, with a range 276 

of 10 to 20 years. R95p, R99p, RX1day, and RX5day had similar characteristics of 277 

interdecadal variation. The above indices had similar interdecadal periodicity. The 278 

periodic variations of the above indices are synchronized with the cycles of atmospheric 279 

circulation factors. The El Niño-Southern Oscillation (ENSO) phenomenon dominates 280 

climate fluctuations on interannual time scales, with periods ranging from 2 to 7 years 281 



(Lu et al. 2018). AO has obvious major cycle changes of 2.6-2.9 years and 3.7 years 282 

and long-term oscillations of 9-26 years, and the oscillation cycle of IPO and PDO is 283 

20-30 years. Therefore, the similarity of the above cycles initially indicated that various 284 

large-scale circulation factors may be related to EPIs. 285 

 286 

4.2 Spatial Distribution of EPIs 287 

 288 

Overall, the spatial distributions of all EPIs had both similar spatial distribution 289 

characteristics and some differences. CDD and CWD can reflect the degree of dry and 290 

wet weather in the study area, respectively. The spatial distribution of the two was 291 

highly regular (Fig. 4a and 4b). From 1961 to 2015, the CDD frequency range in ENW 292 

was 52.15-213.19 days. The lowest value of CDD occurred at the southernmost end of 293 

ENW, Luochuan in central Shaanxi; the highest value occurred at the northernmost end 294 

of the region (Ejina Banner, Inner Mongolia). Roughly speaking, the value of CDD 295 

increased from the southeast to the northwest (increasing along the direction of the 296 

vertical red and black arcs in Fig. 4a). CWD ranged from 1.69 to 7.84 days, with the 297 

lowest value of CWD still emerged in Ejina Banner, Inner Mongolia, while the highest 298 

value of CWD occurred in Yeniugou, Kangding County. The spatial distribution trend 299 

was just opposite to that of CDD, gradually decreasing from the southeast to the 300 

northwest. 301 

The annual frequency of R10 ranged from 0.58 to 18.85 days, and its highest and 302 

lowest values appeared in Luochuan, Shaanxi, and Ejina Banner, Inner Mongolia, 303 

respectively, which was just opposite to the results of high and low CDD stations. The 304 

overall spatial pattern of R10 was similar to that of CWD, i.e. high values occurred in 305 

the south, low values appeared in the north, and gradually decreased from the southeast 306 

to the northwest. Similar to R10, the distribution trends of R20 and R25 were also high 307 

in the south and low in the north, but the distribution ranges were 0.09-8.05 days and 308 

0.04-4.91 days respectively. In addition, the intensities of R20 and R25 were lower in 309 

the southwest corner of ENW, and their distributions had more obvious similarities. 310 

The spatial distribution characteristics of PRCPTOT were similar to those of CWD, 311 

with absolute values ranging from 31.31 to 601.19 mm. In particular, PRCPTOT had 312 

low values in the northern part of ENW. The distribution of this index showed that the 313 

distribution of CWD and PRCPTOT had good synchronization. 314 

R95p and R99p, which represent extreme precipitation intensity, can reflect the 315 



degree of humidity in the region, and R99p is more humid. The variation ranges of 316 

R95p and R99p were 7.20-151.64 mm and 2.21-59.49 mm, respectively. The spatial 317 

distributions of the two indices were also very similar, meaning the degree of humidity 318 

decreased rapidly from the southeast to the northwest, indicating that the northwest of 319 

the region is extremely dry. 320 

RX1day and RX5day, which represent precipitation intensity, had extremely 321 

similar spatial distribution rules. The ranges of RX1day and RX5day were 10.45-322 

60.21mm and 13.69-99.06 mm respectively, and the range of RX5day was about 1.5 323 

times that of RX1day. The spatial distribution of RX1day and RX5day showed that the 324 

southeast had the highest rainfall, while the northwest had the lowest. That said, the 325 

risk of short-term heavy precipitation in the southeast was greater than that in the 326 

northwest. The highest and lowest stations of RX1day and RX5day were Ejina Banner 327 

in Inner Mongolia and Luochuan in Shaanxi, respectively. Based on the above, it can 328 

be found that the overall trend of ENW is gradually drying from the southeast to the 329 

northwest, and there was a huge difference between the northwest and the southeast. As 330 

a result, the northern part of this area was relatively dry and lacking precipitation, while 331 

the southern part was relatively rich in precipitation. 332 

 333 

4.3 Future trends of the EPIs 334 

 335 

In order to predict the spatial variation characteristics of each extreme precipitation 336 

index in ENW in the future, the R/S analysis method was utilized to calculate the Hurst 337 

index of all EPIs. Fig. 5 illustrated that the proportion of stations with Hurst values 338 

greater than 0.5 for each extreme precipitation index in ENW stations was relatively 339 

high. Among them, stations with Hurst values of R10 greater than 0.5 accounted for the 340 

highest proportion, reaching 71.43%. For the R95p index, the number of stations with 341 

Hurst >0.5 was the lowest at 55.56%. The data of the above ratios showed that the 342 

various EPIs of ENW in the future will mainly maintain the original trend. In terms of 343 

spatial distribution, stations with Hurst values <0.5 of CDD and CWD were mainly 344 

located in Gansu and Ningxia. The areas where PRCPTOT's Hurst value was less than 345 

0.5 were concentrated in Baotou, Bayannur, Yinchuan, Ordos, and Wuhai. The stations 346 

with the opposite trend of R20 were mainly concentrated in Bayannaoer, Wuhai, Ordos, 347 



and Yulin. The remaining stations with Hurst values <0.5 in the future were mainly 348 

located in Inner Mongolia, Qinghai, and southern Gansu. The spatial distribution of the 349 

above-mentioned EPIs had very similar distribution characteristics, indicating that the 350 

overall trend of various extreme precipitation was basically the same in ENW, and the 351 

above-mentioned stations with Hurst < 0.5 are more sensitive to climate change and 352 

prone to reverse trends. 353 

 354 

Using the modified MK test to detect the temporal change trend of each index at 355 

each station, and combining it with the Hurst index, the future change trends of all the 356 

stations in ENW were illustrated in Fig. 6. In the future, the CDD of 16 stations in ENW 357 

will show a significant upward trend, 16 stations will show a significant downward 358 

trend, and the rest will have no significant trend. That is to say, the drought degree of 359 

25.40% of the total num of stations will ease in the future, and the frequency of 360 

persistent drought will increase significantly in 25.40% of the total number of stations 361 

in the future. In the future, the CWD of 12 stations will increase significantly, and that 362 

of 7 stations will decrease significantly, indicating that 19.05% of the total number of 363 

stations will become more humid in the future, while 11.11% of the total number of 364 

stations will become less humid in the future. In the future, R10 and R20 will increase 365 

significantly at 26.98% and 11.11% of the total number of stations. In contrast, R10 and 366 

R20 will decrease significantly at 20.63% and 9.52% of the total number of stations. 367 

These figures demonstrated that there would be more stations with increased heavy 368 

precipitation than decreased stations in the future. In PRCPTOT, 23 stations would 369 

undergo a significant increase, 20 stations would see a significant decrease, and the rest 370 

would have no significant trend. In the future, for R95p, R99p, RX1day, and RX5day, 371 

17.46%, 17.46%, 23.81%, and 25.40% of the total number of stations will increase 372 

significantly, indicating that the intensity of extreme precipitation will increase in the 373 

future. 20.63%, 11.11%, 20.63%, and 17.46% of the total number of stations R95p, 374 

R99p, RX1day, and RX5day will decrease significantly, indicating that the intensity of 375 

extreme precipitation at these stations will decrease in the future. In conclusion, there 376 

would still be a substantial percentage of the total number of stations where the 377 

frequency and intensity of extreme precipitation increase significantly in the future. 378 

Stations with reduced intensity and frequency account for the least. Therefore, the 379 

challenges of future meteorological and water environment management will be even 380 



greater. 381 

 382 

4.4 Contribution of large-scale teleconnections to extreme precipitation variability 383 

 384 

As mentioned in the introduction, the frequency and intensity of extreme weather 385 

events are closely related to the large-scale circulation indices (Gao et al. 2017; Peng, 386 

2018). ENW is a typical arid and semi-arid region. The relationship between the 387 

intensity and frequency of extreme precipitation in this region and large-scale 388 

teleconnection factors is of great significance for understanding the causes of 389 

precipitation changes in EPIs. Geodetector was adopted to explore the extent to which 390 

large-scale climatic teleconnections affect EPIs and the interaction of the above-391 

mentioned impact factors. 392 

The magnitude of the effect of each circulation factor on EPIs is identified by the 393 

q values, which is one kind of output in GDM. On the basis of the q statistics, the impact 394 

of each circulation index on the frequency and intensity of all EPIs were illustrated in 395 

Fig. 7(a) and Fig. 7(b). In general, EPIs were all affected by all these atmospheric 396 

circulation indices due to ocean-atmosphere interaction. Among the above factors, the 397 

large-scale factors that exerted the main influence on the frequency (CDD, CWD, R10, 398 

R20, and R25) of extreme precipitation were Nino3.4, SO, AO, and PDO. In contrast, 399 

the large-scale factors that had the greatest influence on the intensity (PRCPTOT, R95p, 400 

R99p, RX1day, and RX5day) of extreme precipitation were Nino3.4, SO, PDO, and 401 

AMO. Among the factors, the contribution ratios of Nino3.4 to CDD, CWD, R10, R20, 402 

and R25 were 13.80%, 10.16%, 15.07%, 16.15%, and 22.23%, respectively. The 403 

contribution percentages of Nino3.4 on PRCPTOT, R95p, R99p, RX1day and RX5day 404 

were 15.64%, 19.86%, 23.00%, 19.14% and 17.47%, respectively. The contribution 405 

ratios of SO to CDD, CWD, R10, R20, and R25 were 4.84%, 16.89%, 13.95%, 17.57%, 406 

and 24.23%, respectively. The contribution percentages of SO on PRCPTOT, R95p, 407 

R99p, RX1day and RX5day were 15.30%, 17.18%, 12.83%, 12.11% and 17.38%, 408 

respectively. Different EPIs responded differently to each atmospheric circulation factor. 409 

For instance, AO was the second largest driving factor to CDD, with a contribution of 410 

11.62%. PDO was the second largest driving factor to CWD, with a contribution rate 411 

of 6.95%. Overall, Nino3.4 and SO were the main climatic drivers regulating 412 

precipitation frequency and intensity in ENW. There were differences in the response 413 

of each index to large-scale circulation factors. 414 



EPIs are subjected to a combination of factors, and there are complex interactions 415 

between these factors. Therefore, it is necessary to quantify the interaction between the 416 

various atmospheric circulation factors. The results of the interaction of the various 417 

circulation factors were shown in Fig. 8. There are 5 intervals of interaction in the 418 

interaction factor detector, including “(-∞, min(q(x), q(y)))”, “(min(q(x), q(y)), 419 

max(q(x), q(y)))”, “(max(q(x), q(y)), q(x) + q(y))”, “q(x) + q(y)”, “( q(x) + q(y), +∞)”. 420 

The interaction relationship is determined by the location of q(x∩y) in the 5 intervals 421 

(Table 3).  422 

In this study, the interaction results of two driving factors on EPIs consist of two 423 

categories: nonlinear enhancement and bivariate enhancement. Therefore, the 424 

combined contribution of two factors to extreme precipitation events was larger than 425 

the contribution of individual factors. The interaction of two factors often had a greater 426 

effect on extreme precipitation than the sum of each factor and was often attributed to 427 

nonlinear enhancement. However, some exceptions existed in the following situations. 428 

For instance, Nino3.4∩SO exhibited bivariate enhancement for the indices of 429 

PRCPTOT, R10, R20, R25, R95p, R99p, and RX5day. PDO∩SO showed bivariate 430 

enhancement for R25. AO∩NAO manifested bivariate enhancement for the indices of 431 

R99p, RX1dayand RX5day. AO∩Nino3.4 revealed bivariate enhancement for RX1day. 432 

Nino3.4 and SO were both major contributors to the interaction results, which was 433 

consistent with the conclusion that Nino3.4 and SO were two of the most important 434 

factors in the univariate effects. In the majority of EPIs, most of the factors interacting 435 

with Nino3.4 and SO had greater explanatory power for EPIs. Taking CDD as an 436 

example, the explanatory power of AO was 11.62%. On contrary, the explanatory 437 

powers of AO∩Nino3.4 and AO∩SO reached 37.31% and 47.62%, respectively, 438 

indicating that the combined effect of Nino3.4 and SO can adequately affect the changes 439 

in CDD. IPOs and PDOs also strongly affect the interaction of some indicators, such as 440 

R99p, the interactions of IPO and AO had the strongest contribution to its changes. 441 

 442 

5 Discussion 443 

5.1 Spatiotemporal pattern and trend of EPIs 444 

 445 

EPIs showed strong spatial and temporal variability in ENW. In terms of temporal 446 

variability, both CDD and CWD decreased significantly in ENW. Although EPIs have 447 

an overall upward or downward trend, they also exhibit certain cyclical patterns. For 448 



instance, cycles of 1-3 years and 3-5 years, and more than 10 years (Fig. 2). 449 

The indices showed specific geographical patterns, with CDD increasing from the 450 

southeast to the northwest, while the spatial trends of the remaining indicators are 451 

opposite. At the same time, each index also exhibited obvious spatial heterogeneity. 452 

Since the climate of the region where each meteorological station is located is 453 

influenced by various factors such as geographical location, climate, and human 454 

activities, the spatial heterogeneity of meteorological element changes is prevalent, not 455 

only across regions significantly, but even between different sub-regions of the same 456 

region. Wang et al. (2022) found that regional spatial heterogeneity was also evident at 457 

Taihu Lake in the Yangtze River Delta, and that spatial heterogeneity of extreme 458 

precipitation was evident in China. Overall, total precipitation decreased in southwest 459 

and southern China, but extreme precipitation and intensity increased, making them 460 

prone to severe meteorological hazards. In contrast, EPIs will decrease in Northwest 461 

and North China. Extreme precipitation tends to increase in northern Xinjiang, China, 462 

while it tends to fall in other regions (Jiang et al. 2013). In Northeast China, frost day 463 

(FD0) decreased significantly, and SU25, TR20, and TX90 increased significantly, but 464 

the extreme precipitation index did not change significantly (Guo et al. 2019). The 465 

results of this study are constant with those of the above-mentioned studies in 466 

Northwest, Xinjiang, and Central Asia (Zhang et al. 2022). 467 

We analyzed characteristics of the spatial and temporal distribution of each 468 

extreme precipitation index and the main circulation influences in ENW from 1961 to 469 

2015. Although the average results for the whole region showed that only CDD and 470 

CWD had significant decreasing trends, and the increasing and decreasing trends of the 471 

remaining EPIs were not significant, a large percentage of stations showed significant 472 

increasing or decreasing trends. In particular, the Hurst index results combined with the 473 

improved MK test showed that for CDD, PRCPTOT, R10, and RX1day, 25.40%, 474 

36.51%, 26.98%, and 23.81% of the total number of stations with significant increases 475 

in the future, respectively, indicating that about a quarter of ENW still experience an 476 

increase in both the frequency and intensity of heavy precipitation. Climate change 477 

plays an important role in the increase in extreme precipitation events. The combination 478 

of meteorological elements itself had some spatial and temporal heterogeneity, resulting 479 

in a decrease in both the intensity and frequency of extreme precipitation at a small 480 

number of NEW stations. Some studies pointed out that both precipitation and 481 

atmospheric water content in northwest China are increasing in the context of global 482 



warming (Zhang et al. 2020; Zhang and Zhou, 2019). And some soils in northwest 483 

China are dry and have poor soil and water conservation capacity. Extreme climatic 484 

events such as short-term heavy precipitation are prone to trigger disasters such as 485 

drought, flash floods, and mudslides (Wan et al. 2021). Therefore, the increasing trend 486 

of the above-mentioned extreme climatic events has seriously challenged local land 487 

resource management. For example, on August 17, 2020, an extraordinary rainstorm in 488 

Zhouqu County, Gansu Province, triggered severe mudslides and caused huge losses. 489 

 490 

5.2 Possible driving factors of extreme precipitation variation 491 

 492 

Our results provided obvious evidence that El Niño and SO were the most 493 

important factors influencing EPIs. Although each EPI was the result of a combination 494 

of factors, it showed bivariate and nonlinear enhancement in the contributions of all 495 

EPIs among the above drivers. But in all the final results, El Niño and Southern 496 

Oscillation (ENSO) were the main factors for the variation of all the EPIs. This was 497 

mainly because ENSO affected global temperature and precipitation through large-498 

scale atmospheric and oceanic heat and moisture exchange. ENSO may lead to extreme 499 

precipitation events in Northwest China by affecting spring and summer precipitation 500 

in that region. This is due to the El Niño phenomenon that warms the Indian Ocean 501 

waters and thus raises the upper tropical potential height, which leads to the southward 502 

extension of high pressure in South Asia and further leads to positive pressure low-503 

pressure anomalies over Central Asia, thus bringing water vapor from the tropical 504 

Indian Ocean into Central Asia (Lu et al. 2019). 505 

AO and NAO also had important effects on EPIs in ENW. It has been shown that 506 

NAO is negatively correlated with the drought hazard in the northwest of the country. 507 

This is because the positive pattern of NAO leads to a northward shift, stronger than 508 

the mean mid-latitude westerly belt, and enhances the latitudinal moisture gradient into 509 

the drylands of Central Asia, leading to a decrease in the frequency and intensity of 510 

droughts in Northwest China (Lee and Zhang 2011). Other large-scale circulation 511 

factors, on the other hand, may modify precipitation everywhere by affecting ENSO. 512 

For example, when El Niño occurs in the negative phase of PDO, significant positive 513 

rainfall anomalies were observed over almost the entire of southern China (Li et al. 514 

2017). In addition, the synergistic effects of multiple factors on extreme weather events 515 

were stronger than the sum of the effects of individual factors, and some studies suggest 516 



that the synergistic effects of AO and NAO may lead to a significant decrease in FD0 517 

in the Yunnan Plateau (Avila-Diaz et al. 2021). 518 

 519 

6 Conclusions And Future Perspectives 520 

 521 

In this study, ten EPIs were selected to explore the spatial and temporal variations 522 

in extreme precipitation in ENW from 1961 to 2015. The geodetector model was 523 

applied to determine the main climate teleconnection factors that affect extreme 524 

precipitation. The main conclusions are as follows: 525 

1. During 1961-2015, both CDD and CWD in ENW decreased significantly (P<0. 01), 526 

with rates of 1.4 days/decade and 0.067 days/decade, respectively. R95p and 527 

RX5day exhibited a slight downward trend. PRCPTOT, R10, R20, R25, R99p, and 528 

RX1day showed a slight upward trend. 529 

2. EPIs in ENW exhibited an obvious spatial heterogeneity. CDD gradually increased 530 

from the southeast to the northwest. The remaining indicators showed a roughly 531 

opposite trend, gradually decreasing from the southeast to the northwest.   532 

3. The Hurst exponents indicated that the trend of change at some stations in the future 533 

would be consistent with that of the past. A substantial number of stations in the 534 

future may experience more severe extreme precipitation events than in the past. 535 

The frequency and intensity of extreme precipitation in the future may decrease 536 

only at a smaller number of stations. 537 

4.  The geodetector method demonstrated that large-scale circulations have a great 538 

influence on EPIs. Among the circulation factors, Nino3.4 and SO contributed more 539 

to the EPIs than others. The interaction of two teleconnection factors had a greater 540 

effect on EPIs than the sum of all individual factors and led to nonlinear 541 

enhancement.  542 

In this study, ten EPIs in ENW and associated influencing factors were analyzed 543 

to explore the spatiotemporal pattern and associated driving mechanism of extreme 544 

precipitation. However, some limitations need to be overcome in future work: 545 

1. Due to the high spatial and temporal heterogeneity of meteorological element 546 

distribution, the northwest region is usually divided into western and eastern parts. 547 

The number of stations used in the study was only 63 due to the topographic and 548 

climatic conditions of the eastern part of Northwest China. Although the actual 549 

observation data from the stations are more realistic and reliable, their resolution 550 

is not comparable to some remote sensing products and model data. Therefore, we 551 



will strive to use some high-resolution satellites and model data in the follow-up 552 

study to make up for the lack of station data. 553 

2. In this study, we initially analyzed the spatial and temporal variability and 554 

influencing factors of the annual values of the ten EPIs, while the seasonal 555 

variability characteristics of EPIs and the spatial variability and causes of 556 

seasonality were not considered for the time being. Since the impact of climate 557 

change on extreme weather events is extremely complex, seasonality is a factor 558 

that must be taken into account. Therefore, future studies will focus on seasonal 559 

variations in EPIs and related influencing factors. 560 
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Table 1 Station locations and data availability 778 

Station name Station code Latitude (°N) Longitude (°E) The length of 
data (years)  

Ejinaqi 52267 41.23 101.56 55 

Dingxin 52446 40.29 99.51 55 

Jinta 52447 40 98.9 27 

Bayannuoergong 52495 40.46 104.58 55 

Jiuquan 52533 39.76 98.48 55 

Gaotai 52546 39.36 99.83 55 

Alashanyouqi 52576 39.21 101.66 55 

Tuole 52633 38.86 98.36 55 

Yeniugou 52645 38.61 99.35 55 

Zhangye 52652 38.93 100.43 55 

Qilian 52657 38.18 100.3 55 

Shandan 52661 38.78 101.08 55 

Yongchang 52674 38.23 101.96 55 

Wuwei 52679 38.08 102.91 55 

Minqin 52681 38.63 103.08 55 

Gangcha 52754 37.33 100.16 55 

Menyuan 52765 37.45 101.61 55 

Wuqiaoling 52787 37.2 102.86 55 

Jingtai 52797 37.23 104.18 55 

Wulan 52833 36.91 98.48 15 

Dulan 52836 36.33 98.03 55 

Chaka 52842 36.78 99.06 50 

Gonghe 52856 36.26 100.3 55 

Xining 52866 36.58 101.91 55 

Guide 52868 36.36 101.36 55 

Minhe 52876 36.58 102.93 55 

Gaolan 52884 36.54 103.66 11 

Jingyuan 52895 36.56 104.68 55 

Xinghai 52943 35.79 99.66 55 

Guinan 52955 35.5 100.58 17 

Tongren 52974 35.5 102.08 25 

Yuzhong 52983 35.86 104.15 55 

Linxiadong 52984 35.58 103.18 55 

Lintao 52986 35.36 103.86 55 

Huajialing 52996 35.38 105 55 

Mandula 53149 42.48 110.13 55 

Wulatezhongqi 53336 41.66 108.8 55 

Baotou 53446 40.56 109.83 55 

Jilantai 53502 39.81 105.5 55 

Linhe 53513 40.79 107.5 55 

Huinong 53519 39.25 106.86 55 



Etuokeqi 53529 39.1 107.98 55 

Dongsheng 53543 39.83 109.98 55 

Alashanzuoqi 53602 38.86 105.56 55 

Yinchuan 53614 38.51 106.26 55 

Taole 53615 38.73 106.66 55 

Yulin 53646 38.28 109.41 55 

Zhongwei 53704 37.53 105.16 41 

Zhongning 53705 37.16 105.6 55 

Yanchi 53723 37.75 107.4 55 

Dingbian 53725 37.54 107.6 27 

Wuqi 53738 37.08 108.25 55 

Hengshan 53740 37.91 109.16 55 

Suide 53754 37.6 110.06 55 

Haiyuan 53806 36.56 105.9 55 

Tongxin 53810 36.98 106.13 55 

Guyuan 53817 35.96 106.75 55 

Huanxian 53821 36.68 107.36 55 

Yanan 53845 36.71 109.41 55 

Xiji 53903 35.93 105.96 55 

Kongtong 53915 35.54 106.66 55 

Xifeng 53923 35.73 107.63 55 

Luochuan 53942 35.83 109.51 55 

Table 2 List of EPIs in this study 779 

ID Indicator name Definition Unit 
CDD Consecutive dry days Maximum number of consecutive dry days 

(precipitation of <1 mm) 
days 

CWD Consecutive wet days Maximum number of consecutive wet days 
(precipitation of <1 mm) 

days 

PRCPTOT Annual total wet day 
precipitation 

Annual total from days >= 1-mm 
precipitation 

mm 

R10mm Number of heavy precipitation 
days 

Annual count of days when precipitation 
is >= 10 mm 

days 

R20mm Number of very heavy 
precipitation days 

Annual count of days when precipitation 
is >= 20 mm 

days 

R25mm Number of extremely heavy 
precipitation days 

Annual count of days when precipitation 
is >= 25 mm 

days 

R95p Very wet days Annual total precipitation of days in >95th 
percentile 

mm 

R99p Extremely wet days Annual precipitation of days in >99th 
percentile 

mm 

 

RX1day Max 1-day precipitation 
amount 

Annual maximum 1-day precipitation mm 

RX5day Max 5-day precipitation 
amount 

Annual maximum 5-day precipitation mm 



Table 3 Interaction patterns between explanatory variables 780 

Relationship Interaction result 
q(X1∩X2) < Min(q(X1), q(X2)) Weaken, nonlinear 
Min(q(X1), q(X2)) < q(X1∩ X2)<Max(q(X1)), q(X2)) Weaken, univariate 

q(X1∩X2) > Max(q(X1), q(X2)) Enhance, bivariate 

q(X1∩ X2) = q(X1)+ q(X2) Independent 
q(X1∩X2) > q(X1) + q(X2) Enhance, nonlinear 

Table 4 Regional decadal variations of EPIs in ENW during 1961-2015 781 

EPIs Slope  Intercept P_value Trend 

CDD -1.42 days/decade 102.08 days <0.01  Decreasing 

CWD -0.07 days/decade 4.32 days <0.01  Decreasing 

PRCPTOT 1.20 mm/decade 285.22 mm 0.37  No trend 

R10 0.09 days/decade 8.08 days 0.18  No trend 

R20 0.01 days/decade 2.38 days 0.72  No trend 

R25 0.01 days/decade 1.42 days 0.55  No trend 

R95p -0.66 mm/decade 69.81 mm 0.28  No trend 

R99p 0.04 mm/decade 20.78 mm 0.97  No trend 

RX1day 0.02 mm/decade 33.00 mm 0.93  No trend 

RX5day -0.01 mm/decade 49.78 mm 1.00  No trend 

  782 



 783 

 784 

Fig. 1 Locations of weather stations in the east of Northwest China and overview of the research 785 

area (The region names represented by each number are as follows:1. Northeast (42.25-54.75°N, 786 

110.25-135.25°E); 2. North China (35.25-42.25°N, 110.25-129.75°E); 3. Jianghuai (27.75-35.25°N, 787 

107.25-122.75°E); 4. South China (15.75-27.25°N, 107.25-122.75°°E); 5. Southwest China (21.75-788 

35.25°N, 97.25-107.25°E); 6. Tibetan Plateau (26.75-35.25°N, 77.25-97.25°E); 7. West of 789 

northwest China (35.25-49.75°N, 72.25-97.25°E); 8. East of northwest China (35.25-42.75°N, 790 

97.25-110.25°E)). 791 



 792 

Fig. 2 Temporal changes in EPIs in ENW during 1961-2015 793 
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Fig. 3 Periods of EPIs in ENW during 1961-2015 805 



 806 

Fig. 4 Spatial distribution of EPIs in ENW during 1961-2015 807 



 808 

Fig. 5 Spatial distribution of Hurst values in ENW during 1961-2015 809 

 810 



Fig. 6 The number of stations with significant trends in EPIs in ENW during 1961-2015 (Note that 811 

all the stations with trend of increasing or decreasing significantly in the figure had passed the 95% 812 

confidence test) 813 

Fig. 7 Contribution of large-scale climate factors affecting EPIs in ENW 814 
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 815 

Fig. 8 Interaction detection of large-scale climate factors on EPIs in ENW 816 


