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Abstract: Drought is a prominent disaster in Chinese history. Analysing the spatial 26 

and temporal evolution laws of drought could provide decision supports for drought 27 

prevention and control. However, fewer studies were applied to investigate the 28 

long-term evolution rules of drought events on different spatial and temporal scales. 29 

In this paper, the spatio-temporal changes patterns of drought in China were analysed 30 

with geostatistical methods based on the 1470–2000a drought datasets in China, and 31 

then the possible future drought trend was predicted. Results showed that :(1) The 32 

drought risk in the northern region was the highest during the past 500 years. And, the 33 

drought intensity index showed an overall increasing trend with detail pattern of 34 

weakening->strengthening-> weakening-> strengthening; (2) The drought condition 35 

in the north was server than that in the south, but the drought trend in the south was 36 

significantly aggravated. (3) The drought gravity centres were mainly distributed in 37 

the north, but it showed a tendency to move southward. (4) From 1470 to 2000, the 38 

study area showed a significant drought enhancements, which was predicted to show 39 

an increasing trend of drought after 2000. 40 

Keywords: Drought; Gravity model; Temporal and spatial evolution; Prediction 41 

1 Introduction 42 

The fifth assessment report of the Intergovernmental Panel on climate change 43 

(IPCC) pointed out that under the stress of global warming, the frequency and 44 

intensity of extreme weather and climate events, such as drought and extreme high 45 
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temperature, are increasing in the global scope (Bai et al, 2020;Guo et al.,2020c). In 46 

recent 50 years, the annual average surface temperature warming in China is about 47 

1.1℃, and the warming rate is close to 0.22℃/(10 a), which is significantly higher 48 

than the global or hemispherical average warming rate in the same period (Ren et al., 49 

2005; Shi,2011; Guo et al., 2020d). Drought is the most prominent environmental 50 

problem in northern China, while that of southern and eastern parts is also aggravating 51 

(Shi, 2009; Liu et al., 2012; Chen et al.,2013; Hu et al., 2015). Revealing the spatial 52 

and temporal change rules can provide important decision supports for the drought 53 

prevention and control (Xu et al., 2015; Sergio et al., 2020). However, most previous 54 

studies were applied to investigate evolution rules of drought in short period or small 55 

time scale. The large time scale monitoring of drought was fewer.  56 

The research on drought in foreign countries started early and produced 57 

abundant results and advanced theoretical methods. For example, SÖNmez et al. 58 

(2005) used the standardised precipitation index to analyse drought change 59 

(Bonaccorso et al., 2003; Patel et al., 2007; Li, 2015;Guo and Wen, 2020). Stewart et 60 

al (2020) examined the equity of drought impacts in the watershed between the 61 

agricultural, and different urban sectors, and environmental needs. Sam et al (2020) 62 

utilized the information on households' perceptions about drought impacts and local 63 

adaption and coping measures to analyse the potential determinants that affect the 64 

household's preferences for future adaptation and coping strategies. Garcia et al (2017) 65 

modified the Thornthwaite scheme to improve the representation of the intra-annual 66 

variation of the potential evapotranspiration and improved the low flow simulation in 67 
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hydrological modelling to better characterize the hydrological droughts. Kim et al. 68 

(2019) proposed a method to evaluate spatial-temporal droughts based on the water 69 

quality risk and to monitor environmental droughts using the probability of exceeding 70 

the target water quality to facilitate a resilient proactive response. Greene (2018) 71 

examined the drought vulnerability of farmworkers both in the fields and in their 72 

communities by analysing how changes in water resources and agricultural practices 73 

impact socioeconomic drought. Michael and Lance (2015) found that climate system 74 

had warmed sufficiently so that drought should be assessed with the combination of 75 

low precipitation and abnormal warmth. Most of the above studies were conducted in 76 

small region at a single time scale. However, the spato-temporal rules of drought 77 

would be different with the change of time scales, while fewer studies were applied to 78 

investigate the difference. 79 

During the past decades, many scholars utilized the satellite images to explore 80 

the condition or change patterns of drought. Using TM images, Yang et al. (2011) 81 

applied two drought monitoring methods of vertical drought index (PDI) and 82 

improved vertical drought index (MPDI) to monitor the drought condition. Guo et al. 83 

(2013) analysed the dynamic change of drought in the Yarlung Zangbo River Basin by 84 

using the vertical drought index model and the gravity centre model based on MODIS 85 

and meteorological data. Zhang et al. (2009) combined the MODIS data and ground 86 

observation data to retrieve the actual soil water content. Sun et al. (2010) utilized the 87 

MODIS data, normalised difference vegetation index (NDVI) and land surface 88 

temperature (LST) to construct feature space and then calculated the TVDI to monitor 89 
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the drought condition. Bai et al. (2019) explored the inter-annual variation 90 

characteristics of drought frequency in Northwest China by using the daily 91 

meteorological observation data of meteorological stations. Liu (2018) utilized the 92 

monthly SPEI dataset from 1901 to 2015 to identify the drought area and drought 93 

intensity through the spatial drought feature recognition method. However, the time 94 

scale of the most above researches is small because of the limited data sources 95 

(remote sensing images and meteorological station data), causing restrictions in 96 

revealing the spatio-temporal evolution rules.  97 

Some domestic scholars have explored the drought and flood evolution rules for 98 

hundreds of years on the basis of historical documents, opening the possibility of 99 

studying the long-term drought events in China. However, fewer studies were 100 

investigated to analyse the spatial-temporal change patterns of drought from different 101 

time scales. In order to reveal the evolution laws of drought at different time scales, 102 

this study introduced the wavelet analysis, Mann–Kendall (M–K) test, and gravity 103 

centre model to analyse and discuss the spatio-temporal evolution patterns of drought 104 

in China basing on the 1470–2000 long-term series drought dataset of China, and then 105 

forecast the possible future drought trend. 106 

2 Data sources and research methods 107 

2.1 Study area 108 

The study area, located between 18.1°N–45.2°N, 95.9°E–128.3°E,mainly 109 

includes the Liaohe River Basin, the Haihe River Basin, the Huaihe River Basin, the 110 

Yellow River Basin, the Yangtze River Basin (excluding the Shigu River Basin of 111 
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Jinsha River), the Southeast River Basin, the Pearl River Basin and the Qinghai Lake 112 

Basin (Figure 1). The climate of the study area is largely affected by the monsoon, 113 

with the precipitation ranging 200-1600mm.In addition, the temporal distribution of 114 

precipitation differ greatly, which mostly occurs in summer. There is a decreasing 115 

trend of precipitation from southeast to northwest in spatial distribution. The aridity in 116 

northern part is larger than that of southern part. 117 

2.2 Data source and pre-processing 118 

The 113 station datasets of 530-year (1470-2000a, year by year) drought and 119 

flood grades in China were obtained from the atlas of drought-flood distribution in 120 

China in recent 500 years and China Meteorological Data Network 121 

(http://data.cma.cn/) (Figure 1). The detail information  mainly includes station name, 122 

latitude(°/N) ,longitude(°/E), recorded time and its drought degree(Table 1). And the 123 

drought data were gridded into images with a spatial resolution of 10km utilizing the 124 

interpolated method of Krigering. The overall interpolated accuracy was 87.2% with 125 

the cross validation method. 126 

2.3 Methods 127 

Drought intensity index can better indicate the drought condition in a certain 128 

period. Drought risk index can reflect the drought susceptibility in a certain period. 129 

The mitigating distance and direction of gravity centre can reflect the imbalance 130 

degrees of drought variation inner the study region. Mann–Kendall test can indicate 131 

the change trend of the drought during certain period. The Hurst index that derived 132 

from rescale range analysis is a measure of time series correlation and trend strength. 133 
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Wavelet transform can be utilized to analyse multiple frequency characteristics of 134 

non-stationary time series. Because of its good local properties in both time and 135 

frequency domain, we can analyse the local characteristics of the periodic changes of 136 

time series to reveal the change of each period with time more clearly. 137 

2.3.1 Drought intensity index 138 

Drought intensity index refers to the average drought degree of the whole study 139 

region in year t (Hu et al., 2015). The calculation formula of drought intensity index is 140 

as follows: 141 

N

Z

S

N

i
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t

∑
== 1

, (1) 142 

where tS  represents the drought intensity index of the whole region in year t, 143 

itZ  represents the attribute value of grid i in year t, and N represents the total number 144 

of grids in the region. 145 

2.3.2 Drought risk index 146 

Drought frequency in a certain area reflects whether or not the area is prone to 147 

drought to a certain extent (Zhang et al., 2009; Chen et al., 2013). Drought risk index 148 

can be used to express the concept of hazard factors based on gridded datasets. The 149 

calculation formula is as follows: 150 
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where iP  represents the drought risk index of grid i from the m-th year to the m 152 

+ k year and itZ  represents the attribute value of grid i in year t. 153 

2.3.3 Regional gravity centre model 154 
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The gravity centre of a region is iz  defined as the attribute value of the i-th 155 

plane space element (Guo et al., 2020c). Given its Cartesian coordinates as ( ix , iy ), 156 

then the spatial mean value of the region composed of N plane space elements is 157 

defined as a Cartesian coordinate point ( x , y ), and the calculation formula is as 158 

follows: 159 
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2.3.4 Mann–Kendall test 162 

In the trend analysis of time series, M–K test is a nonparametric method 163 

recommended by WMO and widely used (Guo et al., 2020a).Suppose there is a 164 

stationary independent sequence tx  (t = 1, 2, 3,…, n), the S statistic is defined as 165 
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where （）sgn  is the symbolic function: 167 
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When n ≥ 10, the statistic S approximately obeys normal distribution, and its 169 

mean value 0)( =SE  does not consider the equivalent data points in the sequence. 170 

The variance of the statistic S is 171 

18

)52)(1(2 +−
=

nnnσ
. (7) 172 

The standardised test statistic Z is calculated as follows: 173 
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Z > 0 indicates an increasing trend, whereas Z < 0 indicates a decreasing 175 

trend. Under the confidential level of α, if the Z is greater than 
1-

2

Z α
（ ）

,then there 176 

was a significantly increasing or decreasing trend. 
1-

2

Z α
（ ）

 refers to the value of 177 

the standard normal distribution when the probability exceeds the 1-
2

α
. 178 

Therefore, Z ≥ 1.29, 1.96, 2.56 can indicate that the change trend had reached 179 

confidence levels of 90%, 95% and 99%, respectively. 180 

2.3.5 Rescale range analysis 181 

The dimensionless ratio R/S introduced in the rescale range analysis (R/S 182 

analysis) is utilized to calculate the rescale range of each sub-sequence and the mean 183 

scale range of K subsequences ( )
n

SR  (Li and Ma, 2014): 184 

∑
=

=
K

k

kkn SR
K

SR
1

)/(
1/ ）（

. (9) 185 

By changing the value of n, different sub-sequence length n (different time scales) 186 

corresponds to different mean rescale ranges ( )
n

SR . Hurst index satisfies the 187 

relation ( ) H

n
ncSR ⋅= , and the logarithm can be obtained as follows: 188 

nHcSR n loglog)/(log += , (10) 189 

Where c is a constant, log n is the independent variable. The least square 190 

estimation is used to fit the line, and the slope of the line H is Hurst index. 191 

Hurst index is an indicator to measure the correlation and trend intensity of time 192 

series. Its value range is 0<H≦1. Whether or not the time series is completely random 193 
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or a trend component of persistence or anti-persistence can be determined depending 194 

on the size of the H value. Different H values correspond to the following situations: 195 

(1) H=0.5 indicates that the sequence is a random process, and the current trend 196 

does not affect the future. 197 

(2) 0<H<0.5 means that the time series presents anti-persistence, that is, the 198 

future trend is opposite to the past. The closer the H value is to 0, the stronger the 199 

anti-persistence will be. 200 

(3) 0.5<H<1 indicates that the time series presents continuity, that is, the future 201 

trend is the same as the past. The larger the H value is, the more obvious the trend is. 202 

2.3.6 Wavelet analysis (Morlet) 203 

Wavelet transform can be used to analyze multiple frequency characteristics of 204 

nonstationary time series. In addition, since Morlet continuous complex wavelet 205 

transform can give both phase and amplitude information of time series changes, 206 

Morlet wavelet function is usually used in the study of climate related series. 207 

( ) 2
0i-1/4 /2

0 = e e
ω η ηψ η π −

  (11) 
208 

where 0
ω

 refers to frequency, dimensionless. 209 

3 Temporal variation characteristics of drought in recent 500 210 

years 211 

3.1 Drought risk under different time scales 212 

3.1.1 Time scale of 100-year 
213 

The drought risk index of the whole study area was calculated based on five 214 

periods of 1470–1569a, 1570–1669a, 1670–1769a, 1770–1869a, and 1870–1969a, as 215 
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shown in Table 2 and Figure 2. 216 

(1) The overall drought risk in the study area during 1470-1569a was 217 

relatively high. The mean value of the drought risk index in this period was higher, 218 

and the standard deviation was the largest, indicating that the drought risk during 219 

this period had a high degree of variation, and the distribution of drought risk was 220 

extremely uneven. Figure 2(a) shows the drought risk index of the Qinghai Lake 221 

Basin, the eastern part of the Yellow River Basin, the Huaihai Plain, the Liaohe 222 

River Basin, the Jinsha River, the upper reaches of the Minjiang River and the 223 

Minjiang River Basin was larger . 224 

(2) During 1570-1669a, the drought risk degree decreased. The mean value 225 

and standard deviation of drought risk were smaller than those during the previous 226 

100 years. As shown in Figure 2(b), zones with high drought risk were mainly 227 

located in the North China Plain and Pearl River Delta and the Qiantang River 228 

Basin. In addition, the extent of high drought risk decreased during this period. 229 

(3) During 1670-1769a, the drought risk had been further reduced. The mean 230 

value and standard deviation of drought risk in this period were smaller than those 231 

in the previous period, and the mean value was the smallest among the five periods. 232 

As shown in Figure 2(c), the drought risk index of the Qinghai Lake Basin and the 233 

upper reaches of the Jinsha River was relatively larger , whereas that of the other 234 

regions was relatively smaller. 235 

(4)  During 1770-1869a, the drought risk was generally lower. The standard 236 

deviation was smaller than that of the previous period, and its maximum value was 237 
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the smallest among the five periods. As was shown in Figure 2(d), only the Qinghai 238 

Lake Basin, the upper reaches of the Jinsha River Basin and the southern part of the 239 

Haihe River Basin had higher drought risk, whereas the other areas had lower 240 

drought risk. 241 

(5) During 1870-1969a, the drought risk was generally higher. The maximum 242 

and mean values were the largest among the five periods, whereas the standard 243 

deviation was the lowest among the five periods. This result indicates that the 244 

drought risk was evenly distributed over the whole area during this period. As 245 

shown in Figure 2(e), the drought risk during this period was higher than that of the 246 

previous 400 years, indicating a higher drought degree during the past 500 years. 247 

Zones with higher drought risk were distributed in the North China Plain, the 248 

Yellow River Basin, the Liaohe River Basin, the Qinghai Lake Basin, the upper 249 

reaches of Jinsha River Basin and the eastern Pearl River Basin than that of other 250 

regions. 251 

3.1.2 Time scale of 50-year 
252 

The drought risk index was calculated based on 10 periods of 1470–1519a, 253 

1520–1569a, 1570–1619a, 1620–1669a, 1670–1669a, 1770–1769a, 1770–1819a, 254 

1820–1869a, 1870–1919a and 1920–1969a, and then the variation characteristics of 255 

the drought risk in the 50-year scale were analysed, as shown in Table 3 and Figure 3. 256 

(1) During 1470-1519a, the drought risk was generally higher. The maximum 257 

value, mean value and standard deviation in this period were the largest among the 10 258 

periods, indicating larger spatial heterogeneity of drought risk inner the study area. As 259 

shown in Figure 3(a), the drought risk was relatively higher in the northwest of the 260 
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study area, mainly distributed in the Qinghai Lake Basin, the upper reaches of the 261 

Yangtze River and the Yellow River Basin. 262 

(2)  During 1520-1569a, the drought risk decreased to some extent. The mean 263 

value and standard deviation of drought risk were lower than those of the previous 264 

period. As shown in Figure 3(b), regions with higher drought risk in the study area 265 

were distributed in the Hetao Plain, the Liaohe River Basin and the Hongze Lake 266 

Basin. 267 

(3) During 1570-1619a, the drought risk had been further reduced. As shown in 268 

Figure 3(c), the drought risk of Liao River basin and the central area of the 269 

Huang-Huai-Hai Plain was higher during this period. 270 

(4) During 1620-1669a, the drought risk showed an increased trend. The average 271 

drought risk was higher than that of the previous 50 years. As shown in Figure 3(d), 272 

the drought risk was higher in the eastern Loess Plateau, the Pearl River Delta and the 273 

lower reaches of Qiantang River. 274 

(5) During 1670-1719a, the drought risk had been reduced with the decreasing of 275 

mean value and standard deviation of drought risk As shown in Figure 3(e), the 276 

drought risk of the Qinghai Lake Basin, the upper reaches of the Jinsha River Basin 277 

and the southeast coastal areas was relatively higher during this period. 278 

(6) During 1720-1769a, the drought risk i was relatively lower. The mean value 279 

in this period was the lowest among the 10 periods, and the standard deviation was 280 

lower than that of the previous 100 years. As shown in Figure 3(f), zones with higher 281 

drought risk were mainly located in the west of the Liaohe River Basin, the north of 282 
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the Haihe River Basin and the Hetao Plain. 283 

(7) During 1770-1819a, the drought risk showed a slightly increased trend. In 284 

this period, the maximum value of drought risk was the lowest among the 10 periods, 285 

with an increase in mean value and a decrease in standard deviation compared with 286 

the previous period. As shown in Figure 3(g), zones with higher drought risk were 287 

distributed in the eastern Loess Plateau and the central Huaihai Plain. 288 

(8) During 1820-1869a, the drought risk was basically the same as that in the 289 

previous period. The mean value changed slightly, and the standard deviation showed 290 

an decreasing tend. As shown in Figure 3(h), only a small area in the south of the 291 

Haihe Plain had a slightly higher drought risk than the other areas. 292 

(9) During 1870-1919a, the drought risk in the study showed an increased trend. 293 

The standard deviation of drought risk was smaller, whereas the mean value was 294 

larger. As shown in Figure 3(i), the zones with higher drought risk were mainly 295 

concentrated in the west of the Loess Plateau and the east of the Pearl River Basin. 296 

(10) During 1920-1969a, the drought risk had been further increased. In this 297 

period, the mean value of drought risk was the largest, whereas the standard deviation 298 

was the smallest among the 10 periods. This indicated that the spatial heterogeneity. 299 

of drought risk became larger. Figure 3(j) showed that zones with higher drought risk 300 

were mainly distributed in the west of the Liaohe River Basin, the Yellow River Basin, 301 

the south of the Haihe River Basin, the Huaihe River Basin, the Wujiang River Basin 302 

and the lower reaches of the Yangtze River. 303 

3.2 Variation characteristics of drought intensity 304 
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The drought intensity index can reflect the overall drought degree of the study 305 

area. The larger the index value is, the more severe the drought will be. To better 306 

analyse the characteristics of inter-annual variation of drought intensity, this study 307 

calculated the drought intensity index of different study periods. The closer the 308 

drought intensity index is to 3, the lower the drought intensity index is and vice versa. 309 

As shown in Figure 4, the drought intensity showed an overall trend of fluctuating 310 

increase during the past 500 years. The minimum value was 3.001 in 1761a, whereas 311 

the maximum value was 4.295 in 1640a, when the Ming Dynasty perished, and this 312 

drought was one of the main reasons that it fell. The estimated linear trend of drought 313 

intensity from 1470a to 2000a was 0.0004, and the upward trend was weak. However, 314 

the drought intensity index during the past 100 years was higher than that of the 315 

previous 400 years.  316 

Using wavelet analysis method to detect the periodical change of drought 317 

intensity index, and the results showed (Figure 5) that: Two high centres and one low 318 

centre corresponded to 1556a, 1919a and 1736a respectively. The chart of variance 319 

showed three obvious peaks. Among them, the maximum peak corresponded to the 320 

time scale of 270a, indicating that the periodic oscillation of 270a was the strongest 321 

and was the first main period of the change in drought intensity index. The time scale 322 

of 453a corresponded to the second peak value and the second main period. The third 323 

peak corresponded to the time scale of 99a and the third main period. This result 324 

indicated that the fluctuation of the above three periods controlled the variation 325 

characteristics of the drought intensity index in the whole time domain. 326 
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4. Spatial variation characteristics of drought in recent 500 years 327 

4.1 Spatial distribution characteristics of average drought degree 328 

The spatial distribution of average drought degree from 1470a to 2000a was 329 

calculated. As shown in Figure 6, the drought in northern parts was the most serious 330 

during 1470-2000a with a value of 3.844. Among them, the Qinghai Lake Basin, the 331 

Yellow River Basin, the western parts of the Liaohe River Basin and the Haihe River 332 

Basin was high, whereas that of the eastern part of the Liaohe River Basin and the 333 

Huaihe River Basin had more serious drought. On the contrary, the drought condition 334 

in the southeast coastal area was slight with the value of 3.5. 335 

4.2 Gravity centre of drought on different time scales 336 

4.2.1 Spatial disturbution of gravity centre of annual drought during 1470-2000a 
337 

The gravity centre of drought can effectively reflect the imbalance and bias of 338 

the spatial distribution of drought degree in the study area. Utilizing the gravity centre 339 

model, the annual drought gravity centres in the study area from 1470a to 2000a were 340 

calculated. As shown in Figure 7, the red dot represented the gravity centre of average 341 

drought from 1470a to 2000a, and the green dot represented the gravity centre of 342 

drought for each year. Most of the gravity centres of drought were concentrated in 343 

Nanyang City, Henan Province. 344 

Coordinate system A was established with the gravity centre of annual drought as 345 

the origin to explain the spatial distribution characteristics of the drought gravity 346 

centre during the past 500 years. The numbers of drought gravity centres located in 347 

different quadrants of the coordinate system and their percentages were counted and 348 
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calculated. The results showed that (Figure8(a)): Among them, the numbers of 349 

drought gravity centres in the southeast and northwest quadrants were the largest, 350 

accounting for 29.38% and 26.93%, respectively, indicating that the drought in the 351 

southeast and northwest of the study area was more serious. Meanwhile, the numbers 352 

of drought gravity centres in the northeast and southwest quadrants were relatively 353 

small, accounting for 22.41% and 21.28%, respectively. 354 

Since China was significantly affected by the monsoon, the coordinate system A 355 

was rotated 45 ° counter clockwise to obtain coordinate system B. The number of 356 

drought gravity centres in each quadrant and their percentages were counted and 357 

calculated. The results showed that (Figure 8 (b)): The proportion of drought gravity 358 

centres in the south quadrant was the largest with 31.26%, followed by that of north 359 

quadrant (28.25%) and west quadrant (21.09%) , while the proportion of drought 360 

gravity centres in east quadrant was the smallest with the value of 19.40%. The study 361 

area could also been divided into two parts according to the coordinate axes. In 362 

particular, it should be noted that the proportion of drought gravity centres in the 363 

northeast quadrant (47.65%) was larger than that in the southwest quadrant (52.35%), 364 

which showed that the drought in the southwest of the study area was more serious 365 

than that in the northeast. 366 

4.2.2 Migration trajectory of drought gravity centres on different time scales 
367 

To further explore the spatial variation characteristics of drought gravity centres, 368 

this study analysed the migration direction of drought gravity centres on different time 369 

scales from 1470a to 2000a. Considering the influence of extreme climate and other 370 
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factors on the changes of drought gravity centres, the migration trajectories of drought 371 

gravity centres were investigated on two time scales (100a and 50a). As shown in 372 

Figure 9, on the 100-year scale, the gravity centre of the drought in 1570–1669a 373 

moved towards the southeast compared with that in 1470–1569a, while the migration 374 

directions of gravity centre of 1570–1669a→1670–1769a and 1670–1769a→1770 375 

–1869a were consistent (moving toward northwest). Meanwhile, the gravity centre in 376 

1870–1969a shifted to the southwest compared with that in 1770–1869a. In general, 377 

the gravity centre of drought moved toward the southwest. As shown in Figure 9, on 378 

the 50-year scale, the gravity centre of drought moved towards first to the northeast 379 

(1520–1569a), then to the north (1570–1619a), southwest (1620–1669a), southeast 380 

(1670–1719a), northwest (1720–1769a), southwest (1770–1819a), southeast 381 

(1820–1869a), southwest (1870–1919a), and finally to the northwest (1920–1969a). 382 

Among them, four periods of northward migration and five periods of southward 383 

migration were found, which indicated that the drought in the south become more 384 

serious than before. 385 

5. Trend predication of drought intensity on different time 386 

scales 387 

5.1 Trend prediction of drought intensity for the whole region 388 

Based on drought intensity index from 1470a to 2000a, linear trend estimation, 389 

M–K test and rescaled range analysis were carried out. The trend statistics value of 390 

0.0004 in the whole region was obtained, indicating that the increasing trend was 391 

slight, whereas the Z statistic value was 5.873, indicating that the increasing trend 392 
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reached the confidential level of 99%. Meanwhile, the Hurst index was 0.667, 393 

indicating that the drought aggravation trend would continue in the future. 394 

5.2 Trend predication of drought intensity on 100-year scale 395 

The series of drought intensity index in 1470–1569a, 1570–1669a, 1670–1769a, 396 

1770–1869a and 1870–1969a were discussed by linear trend estimation, M–K test and 397 

R/S analysis. As shown in Table 4, the drought intensity showed a decreasing trend in 398 

1470–1569a with the confidence level of 99 %(|Z|>2.56), which indicated that the 399 

decreasing trend was extremely significant during this period. During 1570-1669a, the 400 

drought intensity showed an increasing trend with the confidential level of 401 

90%(|Z|>1.29), which indicated that the increasing trend of drought was slightly 402 

significant during this period. During 1670-1769a, the drought intensity also showed a 403 

decreasing trend, and the Z statistic (>1.96) reached the confidence level of 95%, 404 

which indicated that the decreasing trend was more significant during this period. 405 

During 1770-1869a, the drought intensity showed an increasing trend with the 406 

confidential level of 90%(|Z|>1.29), which indicated that the increased trend was 407 

slightly significant. In addition, during 1870-1969a, the drought intensity showed a 408 

significantly increasing trend with the confidential level of 99%. Among the five 409 

periods, only the Hurst index of 1770-1869a was less than 0.5, and the others were all 410 

greater than 0.5, which indicated that the change trend of drought intensity was not 411 

random and had inherent persistence in the 100-year scale. 412 

5.3 Trend predication of drought intensity on 50-year scale 413 

As shown in Table 5, the drought intensity showed decreasing trend in the 414 
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periods of 1470–1519a, 1620-1669a, 1720-1769a, while all the change trends were 415 

not significant with |Z|<1.29. During 1770-1819a and 1820-1869a, the increasing 416 

trend of drought intensity was not obvious with |Z|<1.29. During 1520-1569a, the 417 

drought intensity showed a decreasing trend with the confidential level of 418 

99 %(|Z|>2.56), indicating that change trend was extremely significant during this 419 

period. During 1570-1619a and 1870-1919a, there was an increasing trend with the 420 

confidential level of 90 %(|Z|>1.29), indicating that the change trend was slightly 421 

significant in this period. During 1670-1719a and 1920-1969a, the drought intensity 422 

showed a decreasing trend with the confidential level of 90% (|Z|>1.29), indicating 423 

that the change trend was slightly significant in this period. In these 10 periods, only 424 

the Hurst index during 1770-1819a was less than 0.5, and the others were greater than 425 

0.5, which indicated that the change trend of drought intensity was not random and 426 

was inherently persistent on 50-year scale. 427 

6 Discussions 428 

6.1 Impacts of East Asian Summer Monsoon 429 

Due to the difference in heat capacity between land and sea, there were 430 

differences in sea and land temperature in winter and summer. Therefore, a wide 431 

range of prevailing wind patterns with significant seasonal changes were formed in 432 

the near strata, which were called monsoons (Shi, 2011). The monsoon blowed from 433 

the sea to the land in summer and from the land to the sea in winter. China was in the 434 

East Asian monsoon region, and the East Asian summer monsoon referred to the 435 

southerly wind prevailing in the summer in East Asia (Shi, 2019). The summer 436 

monsoon in the eastern part of China was mainly easterly and southward. Many 437 

researchers analyzed the evolutions of the East Asian summer monsoon, and found 438 
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that the intensity of the east Asian summer monsoon had significant cyclical variation 439 

characteristics of 60-70a, 30-40a and 10-20a (Zhang and Liu, 1993). The intensity, 440 

onset time and duration of the East Asian summer monsoon had great influence on the 441 

distribution of summer precipitation in China. When the East Asian summer monsoon 442 

was strong, the southerly wind would transported the abundant water vapor from the 443 

ocean to the inland areas, and the precipitation in North China would increase, while 444 

there would be less precipitation and high temperature in the Jiang-Huai region. On 445 

the contrary, there would be more precipitation in the south and less precipitation in 446 

the north, and the temperature would be higher in the north than in the south. The 447 

historical drought stage and the time span of spatio-temporal clustering had a certain 448 

matching relationship with the variation period of East Asian summer monsoon. From 449 

the 16th century to the first half of the 17th century and from the 18th century to the 450 

first half of the 19th century, the northern part of the study area was prone to drought 451 

disasters, corresponding to the weak period of the East Asian summer monsoon. From 452 

the second half of the 17th century to the beginning of the 18th century and from the 453 

end of the 19th century to the 20th century, the southern part of the study area was 454 

prone to drought disasters, corresponding to the strong period of the East Asian 455 

summer monsoon. 456 

6.2 Impacts of Ocean Heat 457 

The variation of ocean thermal conditions and sea-air interaction were 458 

considered to be important factors for short-term climate change. The precursors of 459 

climate anomalies could often be found in ocean changes (Zhang et al.,2003). Among 460 

them, ocean surface temperature was one of the factors that had important influence 461 

on atmospheric circulation, which had become an important reference index for 462 

precipitation prediction. The E1 Nino-Southern Oscillation (ENSO) was a cycle 463 

process occurring in the tropical Pacific region, and its period was 2-8a. It could be 464 

indicated by the variation of SST in the eastern Equatorial Pacific Region and surface 465 

pressure in the equatorial western Pacific. ENSO had an important impact on the 466 

global climate (Hu et al., 2015). For China, when ENSO was in the development stage 467 
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and the SST of the tropical Middle East and Pacific was relatively high, the summer 468 

precipitation was relatively scare in north China and south China , where was prone to 469 

drought. Researchers found that the SST variation in the equatorial eastern Pacific 470 

Ocean had a periodicity of 2a and 3-7a. The Southern oscillation also had a variation 471 

cycle period of 2-4a. SST in the Indian Ocean could also affect the summer 472 

precipitation in China (Li, 2015). When the SST in the south Equatorial Indian Ocean 473 

was warmer, the East Asian summer monsoon would arrive later than normal, 474 

withdraw earlier, and the monsoon season was shorter and weaker(Ren et al.,2005). 475 

The corresponding North China had rare precipitation and was prone to drought. In 476 

addition, the North Atlantic Oscillation and other factors were also believed to 477 

influence the summer precipitation in eastern China. The spatial pattern of drought in 478 

the study area had a significant change period of about 2-4 years and 8 years in the 479 

East-West and northeast-southwest directions, and 5-6 years in the Northwest 480 

-southeast direction. In a short time scale, the change of drought intensity and spatial 481 

pattern in the study area was mainly affected by the change of ocean heat condition. 482 

6.3 Impacts of Climate Change 483 

According to the IPCC's fifth assessment report, most of the world had 484 

experienced the process of warming in the past hundred years. During 1880–2012a, 485 

the global average temperature increased by 0.85°C (Xu et al., 2015). The frequency 486 

and intensity of extreme weather events, such as extreme droughts and high 487 

temperatures, showed an increasing trend (Wang et al., 2015). In this paper, the 488 

drought on the whole had an obviously increasing trend. The drought intensity was 489 

the most severe from 1870a to 1969a, which was also consistent with the conclusion 490 

of many scholars that China entered a warm period in the early 20th century (Zhang et 491 

al., 2003). The droughts in 1670-1769a and 1770-1869a were less severe than those in 492 

1470-1569a and 1570-1669a. Some studies in the field of climatology also believed 493 

that the climate in Qing Dynasty was wetter than that in Ming Dynasty(Li, 2015). 494 

7 Conclusions 495 

In this study, the gravity centre model, wavelet analysis, and Mann–Kendall 496 
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(M–K) test were introduced to explore the change patterns of drought on multiple 497 

spatio-temporal scales during 1470-2000a and the possible future drought trend was 498 

predicted. The main conclusions were as follows: 499 

(1) The zones with the highest drought risk were distributed in the northern parts, 500 

which mainly included the Qinghai Lake Basin, the Yellow River Basin, the Haihe 501 

River Basin, the Western Liaohe River Basin and the Huaihe River Basin. During 502 

1470-2000a, the drought intensity index showed an increasing trend. There were three 503 

main cycles from 1470 to 2000, with time scales of 99a, 270a and 453a. 504 

(2) The spatial distribution of drought was uneven during the past 500 years. The 505 

drought intensity in the north was larger than that in the south, which showed a 506 

significantly increasing trend.  507 

(3) The gravity centres of drought were mostly distributed in Nanyang city, 508 

Henan Province. The migration trajectory of the gravity centre of the drought showed 509 

some differences on the 100-year scale and the 50-year scale, but they all showed a 510 

trend of south-westward movement. 511 

(4) During 1470-2000a, there was a slightly increasing trend of drought intensity 512 

with the confidential level of 99%.And the drought aggravation trend would continue 513 

in the future. Although, the variation characteristics of drought on 50-year and 10-year 514 

scale were different, the change trend was not random and had inherent persistence. 515 
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Figures

Figure 1

Overview of the study area and distribution of statistical sites. Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.



Figure 2

Drought risk index on 100-year scale (a)1470–1569a, (b) 1570–1669a, (c) 1670–1769a, (d) 1770–
1869a, (e) 1870–1969a. Note: The designations employed and the presentation of the material on this
map do not imply the expression of any opinion whatsoever on the part of Research Square concerning
the legal status of any country, territory, city or area or of its authorities, or concerning the delimitation of
its frontiers or boundaries. This map has been provided by the authors.



Figure 3

Drought risk index on 50-year scale (a)1470–1519a, (b) 1520–1569a, (c) 1570–1619a, (d) 1620–1669a,
(e) 1670–1719a, (f) 1720–1769a, (g)1770–1819a, (h) 1820–1869a, (i) 1870–1919a, (j) 1920–1969a.
Note: The designations employed and the presentation of the material on this map do not imply the
expression of any opinion whatsoever on the part of Research Square concerning the legal status of any
country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or
boundaries. This map has been provided by the authors.



Figure 4

Temporal characteristics of annual variation of drought intensity index.

Figure 5

Real part and variance of drought intensity index wavelet analysis from 1470 to 2000.



Figure 6

Spatial distribution of average annual drought degree in recent 500 years. Note: The designations
employed and the presentation of the material on this map do not imply the expression of any opinion
whatsoever on the part of Research Square concerning the legal status of any country, territory, city or
area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.



Figure 7

Distribution of drought gravity centre from 1470 to 2000. Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.



Figure 8

Distribution proportion of drought gravity centers during 1470-2000: (a) Ortho axis; (b) Oblique axis. Note:
The designations employed and the presentation of the material on this map do not imply the expression
of any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.



Figure 9

Migration trajectory of the drought gravity centres in different time scales.


