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Abstract: There are limited literature on the impacts of drought on crop yields in warm 34 

regions such as southwest China. Drought vulnerability of four different crops (wheat, 35 

rice, maize and sugarcane) cultivated in three provinces (Sichuan, Guizhou and Yunnan) 36 

within southwest China were investigated in this study. It was based on the drought index 37 

of standardized precipitation evapotranspiration index (SPEI) for -3- and -6-months 38 

timescales (SPEI-3 and SPEI-6). The correlation between the SPEI and the standardized 39 

yield residuals series (SYRS) index for the individual crops was estimated for the period 40 

from 1960 to 2018. The highest drought duration was recorded in the southern part of the 41 

study area especially in the Yunnan Province. For SPEI-3, 60% of the total area was 42 

affected by drought mainly during the months from August to December for about 13 43 

years (2005-2018). In terms of SPEI-6, the total affected area by the drought exceeded 44 

80% during the timeframe from 2009 to 2013. Among the studied crops, winter wheat 45 

had the highest annual crop yield losses particularly in 2010 when the loss exceeded 46 

50%. The results of this study have implications for agricultural management and climate 47 

policymaking in minimizing the influence of drought under the warming climate in 48 

southwest China. Further, it provides greater insight into crop–climate interactions and 49 

sustainable crop production. 50 

Keywords: SPEI; drought; crop yield losses; crop resilience; standardized yield 51 

residuals series; climate variables. 52 

53 
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1. Introduction 54 

The world’s population is increasing at a rate of 1.13% per year, and is expected to 55 

reach 9.6 billion by 2050 (Tripathi et al., 2019). Thus, there is a need to increase crop 56 

production to meet the expected global food demand. However, global and regional 57 

climate change poses a major threat to food security and sustainability of land resources 58 

(Godfray et al., 2010, Kang et al., 2009). In the last few decades, studies on the direct and 59 

indirect impacts of climate change on terrestrial ecosystem and water balance, e.g., on 60 

agriculture (Chandio et al., 2020) and potential evapotranspiration (Dinpashoh et al., 61 

2019), have become some of the major interests of scientists. Extreme climate events 62 

such as floods and drought, which significantly correlates with global warming, have led 63 

to major environmental damage and extinction of some animal species and agricultural 64 

sectors (Hansen et al., 2019, Wang et al., 2017, Lobell et al., 2011a, Mehrabi and 65 

Ramankutty, 2017). For example, at the global scale, (Lesk et al., 2016) estimated the 66 

loss of 1820 million Mg of maize, rice and wheat due to drought events during the past 67 

four decades. Climate change caused a decrease in yield of around 3.8% and 5.5% for 68 

wheat and maize respectively, during the period of 1980-2008 (Lobell et al., 2011a). 69 

(Mehrabi and Ramankutty, 2017) estimated a loss of $237 billion in global crop 70 

production due to drought and heat related events between 1961 and 2014.  71 

More than 150 drought indices have been developed for drought assessment, 72 

classification and monitoring (Svoboda and Fuchs, 2016). Some common indices are the 73 

Palmer Drought Severity Index (PDSI) (Palmer, 1968), Standardized Precipitation Index 74 

(SPI) (McKee et al., 1993), Standardized Precipitation Evapotranspiration Index (SPEI) 75 

(Vicente-Serrano et al., 2010), Rainfall Anomaly Index (RAI) (Van Rooy, 1965), and 76 
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Precipitation Evapotranspiration Difference Condition Index (PEDCI) (Tian et al., 2020). 77 

A detailed review of drought indices can be found in (Mishra and Singh, 2010). Among 78 

the indices, the SPEI has been proposed for detecting and monitoring drought (Vicente-79 

Serrano et al., 2010). This index combines the sensitivity of the PDSI to changes in 80 

evaporation demand under a warming climate and the multi-temporal nature of the SPI. 81 

Moreover, SPEI is one of the most widely used indices for tracking drought evolution at 82 

different time scale of interest (Vicente-Serrano et al., 2010, Potop and Možný, 2011). 83 

Examples on the global use of SPEI are in China (Gao et al., 2017), Hungary (Alsafadi et 84 

al., 2020), southern Africa (Manatsa et al., 2017), Bangladesh (Miah et al., 2017), India 85 

(Das et al., 2016), and Poland (Somorowska, 2016). However, there is no general 86 

consensus on the most suitable drought index for studying the impact of drought on crop 87 

yields (Esfahanian et al., 2017). Moreover, only a very few investigations (Peña-Gallardo 88 

et al., 2018, Tian et al., 2018) have compared drought indices for the identification of 89 

their appropriateness for monitoring drought impacts on various crop types. Some 90 

previous studies have recommended applying SPEI index to study the relation between 91 

drought and global agricultural production (Peña-Gallardo et al., 2019, Chen et al., 2016, 92 

Wang et al., 2018, Potopová et al., 2016). Since our study focuses mainly on 93 

meteorological drought during the whole crop growth period, SPEI was selected to 94 

characterize the drought events in the study area. 95 

In China, drought poses a major threat to the sustainability of socio-economic 96 

activities, costing more than US$12 billion between 1949 and 1995 (Jia et al., 2016). Xu 97 

et al. (2015) reported that drought covered more than half of the non-arid areas in China 98 

between 1963 and 2011. Southwest China has been projected to be the most drought 99 
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prone area under the current (Zhai et al., 2010) and future climate scenarios (Wang and 100 

Chen, 2014). Recently, southwest China experienced serious drought episodes which 101 

severely impacted the socioeconomic, ecosystems, and agricultural sector, especially in 102 

2006 where 0.3 million hectares of crops failed and about 18 million people faced water 103 

scarcity (Yang et al., 2012b, Zhang et al., 2012, Wang et al., 2015a). The main objectives 104 

of this research were (1) to detect and characterize the temporal–spatial distribution of 105 

drought characteristics (duration, intensity, and severity) from 1960 to 2018, (2) to 106 

identify the temporal response of four crops (maize, wheat, rice, and sugarcane) to 107 

drought, and (3) to evaluate the resilience and yield sensitivity of the four crops to 108 

drought events in southwest China.  109 

 110 

 111 

2. Material and methods  112 

2.1 Study area 113 

The study area covers 105.5×104 km2 of southwest China, consisting of Yunnan 114 

(39.4×104 km2), Guizhou (17.6×104 km2) and Sichuan provinces (48.5×104 km2). The 115 

Sichuan basin is surrounded by mountains with elevation between 1000 and 3000 m, 116 

while the Yunnan-Guizhou plateau has an average elevation of 2000 m (Figure 1). 117 

Southwest China has a typical monsoonal climate which frequently fluctuates in the 118 

climate variables. The average annual temperature is 140C but has a significant increasing 119 

trend, especially in the south of the Yunnan province. The slope change of precipitation 120 

has decreased during the last five decades (Mokhtar et al., 2020a). The mean annual 121 

precipitation is 1000 mm, and with a significant decreasing trend (Mokhtar et al., 2020a, 122 
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Zhang et al., 2019a), further, it is reported that the spatial distribution of precipitation was 123 

varied over the study area with increasing from north to south, especially, in southwest 124 

Yunnan province that reached 2200mm/year (Mokhtar et al., 2021a). Forest is the 125 

dominant ecosystem type, occupying about 46% of the study area. Grass ecosystem is the 126 

second major ecosystem type, accounting for about 28% of the study area (Table 1). The 127 

third major ecosystem type of agriculture occupies an average area of 23% (Mokhtar et 128 

al., 2020a, Zhang et al., 2019b).  129 

 130 

2.2 Data sources 131 

The climate datasets were retrieved from stations data which capture local conditions 132 

and show the deviation between the local station (high resolution to meet spatial 133 

resolution requirement). Further, rain gauges are universally considered as the reference 134 

data for precipitation observations as they provide a direct physical record of the 135 

precipitation at a given station. In the same study area, (Mokhtar et al., 2020a) used the 136 

Penman-Monteith equation ET0 values that were calculated based on climate variables 137 

for each meteorological station during the period 1960-2016. Moreover, the SPEI index 138 

has been calculated based on meteorological station over the Tibetan Plateau, China, 139 

during the period 1980-2018 (Mokhtar et al., 2021b). Thus, the daily precipitation; 140 

minimum, maximum and average temperature; sunshine hours; wind speed and relative 141 

humidity were obtained from 90 meteorological stations (1960–2018) through China 142 

National Meteorological Data Sharing Platform (http://data.cma.cn/en). The monthly 143 

evapotranspiration was calculated over the study area using the Penman-Monteith 144 

http://data.cma.cn/en
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equation (Allen, 2000, Suleiman et al., 2007, Suyker and Verma, 2009, Fan and Thomas, 145 

2013, Mokhtar et al., 2020a).  146 

Rice, winter wheat, maize and sugarcane crops were selected for the study because 147 

of their dominance in the region. Rice, winter wheat and maize compose of 75% of all 148 

calories consumed by humans (Lobell et al., 2011b, Leng and Hall, 2019). Wheat is the 149 

second most important grain crop after rice, and the third highest crop produced for food 150 

in China, its production and sown area being 12.74×106 ton and 22.62×106 ha, 151 

respectively (China Statistical Yearbook, http://www.stats.gov.cn/). Southwest China is 152 

one of the five major ecological regions for wheat production in China (Li et al., 2019). 153 

The planting area of wheat in Southwest China is about 2.2 million ha, accounting for 154 

about 9.2% of the national total of China, nearly 80% of which come from Sichuan and 155 

Yunnan provinces (National Bureau of Statistics of China, 2009). Rice and maize are the 156 

dominant crops accounting for about 90% of the total cereal grain output and around 83% 157 

of the food crop sown in the area in 2017 (Fan et al., 2020). The crop yield and sown area 158 

data were extracted from the National Bureau of Statistics of China 159 

(www.epschinadata.com/). The growing season for winter wheat in southwest China is 160 

from November to April, for summer maize is from May to September, for sugarcane is 161 

from January to October, and for rice is from May to September. The land use cover 162 

change with 1 km resolution was retrieved from earthdata.nasa.gov/ 163 

(MCD12Q1.A2013001.h26v05.051).  164 

 165 

2.3 Methods 166 

2.3.1 SPEI calculations and characteristics  167 

http://www.epschinadata.com/
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Southwest China is characterized by increasing temperature and reducing total 168 

precipitation, resulting in more frequent and severe drought episodes (Mokhtar et al., 169 

2020a, Li et al., 2011b, Zhen-Feng et al., 2013, Liu et al., 2015). Moreover, the region 170 

has experienced an increase in reference crop evapotranspiration (ET0) with a gradual 171 

warming trend (Mokhtar et al., 2020a, Yang et al., 2015). Thus, it is important to 172 

combine the increasing temperature with increasing ET0 in order to better understand the 173 

characteristics and the spatial–temporal variabilities of drought within the southwest 174 

China under a warming climate using the SPEI.  175 

The detailed calculation steps of SPEI are as follows. Firstly, we calculated the 176 

monthly potential evapotranspiration using the Penman-Monteith model and climate data 177 

for 90 stations during the study period from 1960 to 2018. Secondly, we calculated the 178 

monthly water balance (Di) as the difference between the total monthly precipitation (Pi) 179 

and the potential evapotranspiration (PETi) for each month (i) as: 180 

(1)i i iD P PET= −   181 

SPEI was calculated from the standardized values as: 182 

 
2

0 1 2
2 3

1 2 3

(2)
1

c c W c WSPEI W
d W d W d W

+ +
= −

+ + +
  183 

( )2ln 0.5 (3)W P for P= − ≤  184 

where the constants are c0=2.5155, c1=0.8028, c2=0.0103, d1=1.4328, d2=0.1892, 185 

d3=0.0013 and P is the probability of exceeding a determined D value (Vicente-Serrano, 186 

2010). Detailed information on the principle and definitions of SPEI can be found in 187 

Vicente-Serrano, (2010), Liu et al. (2018), Gao et al. (2017). In this study, the monthly 188 

water balance was developed by calculating the difference between monthly precipitation 189 
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and potential evapotranspiration. The R package SPEI (http://cran.r-190 

project.org/web/packages/SPEI ) was used to calculate the SPEI values at multiple time 191 

scales. 192 

While SPEI can be calculated for multiple monthly timescales (i.e. 1, 3, 6, 9, 12 193 

month) (Wang et al., 2015c, Wang et al., 2015b), we restricted our study to 3 (SPEI-3) 194 

and 6 (SPEI-6) months. SPEI-3 and SPEI-6 are generally used to represent agricultural 195 

drought where rainfall shortage for a short period is the main cause of drought (Park et 196 

al., 2018). In order to detect changes in SPEI-3 and SPEI-6 series, the non-parametric 197 

Mann-Kendall statistic (M-K) was applied (Mann, 1945, Kendall, 1948), while the Sen’s 198 

slope method was used to estimate the change value by time (Sen, 1968). Table 2 199 

presents the SPEI category classification (Agnew, 2000). 200 

Once a specific drought event was identified over the three provinces, the drought 201 

characteristics of duration (DD), intensity (DI), and severity (DS) were analyzed (Wang 202 

et al., 2015b). DS is the absolute sum of SPEI values during a drought event calculated 203 

as: 204 

1
(4)

DD

i
i

DS SPEI
=

= ∑  205 

where SPEIi is the value in month i, and DI is the lowest SPEI values during the specific 206 

drought event. The total drought duration (TDD) for all drought events having SPEI < 0 207 

over the whole study period is given as (Alsafadi et al., 2020):  208 

(%) 100 (5)i

i

nTDD
N

= ×209 

where ni is the number of drought events for location i, Ni is the total number of months 210 

http://cran.r-project.org/web/packages/SPEI
http://cran.r-project.org/web/packages/SPEI
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for the study period. The percentage spatial extent of drought (SEoD) was determined for 211 

the different drought categories as (Li et al., 2012, Tan et al., 2015): 212 

 (%) 100 (6)i

i

mSEoD
M

= ×   213 

where mi is the number of drought time points when SPEI < 0 for month i, and Mi is the 214 

total number of points of the timeseries. 215 

 216 

2.3.2 The Standardized Yield Residuals Series (SYRS)  217 

Crop yield is affected by many variables besides climate, and shows a positive trend 218 

(Vicente-Serrano et al., 2010, Potopová et al., 2016). Moreover, mechanization and 219 

innovation in agriculture have increased in the last century due to the following factors 220 

(Potopová et al., 2016): 221 

• non-climatic factors, such as new varieties, fertilizers, mechanization and water 222 

management practices, which have created a growing trend in the yield;  223 

• agro-meteorological conditions (e.g., dryness and wetness episodes) during the 224 

growing season;  225 

• the yield sensitivity to dryness/wetness conditions; and  226 

• residual error.  227 

To remove bias introduced by non-climate factors, and to enable comparison of yields 228 

between the four crop types, the original yield timeseries were transformed to 229 

standardized yield residuals series (SYRS) (Lobell and Asner, 2003, Wu et al., 2004). 230 

The indicator of agricultural drought risk is given by the residuals of the detrended 231 

yield T
iy  as (Potopová et al., 2016): 232 
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 0 ( ) (7)T
i i iy y y τ= −   233 

where 0
iy  is the observed crop yield and ( )

iy τ is the value of the fitted quadratic 234 

polynomial regression model. The SYRS is computed as: 235 

( )

(8)
T

iySYRS µ
σ
−

=  236 

where 𝜇𝜇 is mean of the yield residuals and 𝜎𝜎 is the standard deviation of the yield 237 

residuals. Table 2 shows the yield categories according to the SYRS (Potopová et al., 238 

2016). 239 

The percentage of annual yield loss was based on equation 8. SPEI-3 and SPEI-6 240 

were analyzed to assess the effect of drought severity and to evaluate the vegetation 241 

response to drought  (Tigkas et al., 2019). To assess the impacts of drought on crop 242 

yields, changes in the percentage of annual yield loss (YL%) was estimated as: 243 

 
0 ( )

( ) 100 (9)i i
L

i

Y YY
Y

τ

τ

−
= ×   244 

 245 
2.3.3 Resilience Analysis  246 

Crop resilience is the ability of a crop to tolerate external disturbances (drought) and 247 

sustain the same structure and functions under changing conditions (Sharma and Goyal, 248 

2018a). A dimensionless index (Rd) was used to quantify crop resilience to drought as: 249 

 ( ) (10)
o
i

d
i

yR
y τ=   250 

The value of Rd is classified into four categories; slightly non-resilient for 0.9 < Rd < 1, 251 

moderately non-resilient for 0.8 <Rd<0.9, and severely non-resilient for Rd < 0.8. (Guo 252 
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et al., 2019, Sharma and Goyal, 2018a, Sharma and Goyal, 2018b). Figure 2 shows the 253 

schematic diagram of the methodology. 254 

 255 

3. Results  256 

3.1 Spatiotemporal characteristics of drought over the past decades 257 

In order to establish drought episodes which have characterized the southwestern 258 

China, and to detect the temporal evolution of dry-wet events, the SPEI-3 and SPEI-6 259 

were analyzed for the 90 sstationclimatic  using the M–K test  and Sen’s slope estimator. 260 

The M-K test results showed a positive trend in 29 stations (32%) that covered the east of 261 

Guizhou and the northwest of Sichuan provinces (Fig. 3). A negative trend prevails in the 262 

rest of the studied stations which concentrated within the Yunnan province. However, the 263 

significant positive trend (p <0.05) resulted from only 11 stations (12%). For SPEI-6, the 264 

significant trend (p <0.05) occurred in 9 stations (10%). Furthermore, the SPEI-3 and 265 

SPEI-6 results indicated a significant change during the periods from 2009 to 2013 and 266 

from 2014 to 2018. The temporal evolution of SPEI series at 3- and 6-months timescales 267 

fluctuated during the study period. During the period from 2009 to 2015 the drought can 268 

be classified as extreme. For SPEI-3, the drought covered 63.5% of the study area during 269 

2009-2013 and 52% during 2014-2018, while for SPEI-6 the spatial extent was 66% and 270 

54%, respectively. During the two periods of 2009-2013 and 2014-2018, extreme and 271 

very extreme droughts combined reached 19% and 14% of the study area, respectively, 272 

for SPEI-3 and 22% and 15% for SPEI-6. More than 28% of the total area can be 273 

categorized as mild and moderate drought (Fig. 4).  274 
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Figures 4c and 4d show the spatial extent of drought (SEoD) of the monthly SPEI-3 275 

and SPEI-6 series. During the last two decades (2000 to 2018) more than 80% of the total 276 

area was subjected to drought (i.e., SPEI < 0), especially from August to December. 277 

Meanwhile, high SEoD values > 80% was observed between spring and early summers 278 

within the last half of the 20th century. This result indicates that drought extent spatially 279 

will not only change in severity, intensity and frequency, but also in the period of 280 

occurrence and duration in a vast majority of the study area. 281 

Five drought events (DS) within the period of study were extracted and mapped 282 

(D1:1960-1964, D2:1966-1970, D3:1983-1987, D4: 2009-2013, and D5: 2014-2018) for 283 

assessment (Figure 5). D4 is ranked as the worst drought episode to hit the study area. It 284 

has the highest total drought duration, more than 80% (> 50 months) occurring in the 285 

southern part (largely in central Yunnan). The drought duration for D5 ranged from 40% 286 

to 60% of the total duration for SPEI-3 and SPEI-6 but limited to 70% in the western 287 

parts of study area. The spatial distribution of TDD of the DS over the Sichuan province 288 

ranged from 20 to 40%. The TDD was higher in the southern part than in the northern 289 

part, and reached 70% in the central Yunnan during the highest drought event of D4. For 290 

the drought intensity, the highest values occurred in the southeast regions during D4. D1 291 

and D2 events seem to have similar drought characteristics. 292 

 293 

3.2 Variability of crop yields  294 

As shown in Figure 6, the crop yield exhibits a significant increasing trend from 295 

1960 to 2018. More than 75% of the crop yield variability is explained by the year 296 

variable. Wheat yield increased remarkably during the first and second periods by 0.154 297 
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and 0.004 t/ha per decade, respectively, for the Guizhou province. Meanwhile, wheat 298 

yield decreased during the second period by 0.008 and 0.006 t/ha per decade for Sichuan 299 

and Yunnan provinces, respectively. By contrast, maize yield declined on the second 300 

period within Guizhou and Sichuan provinces by 0.011 and 0.005 t ha-1 per decade, 301 

respectively. However, the yield of rice and sugarcane sharply increased during the first 302 

period but showed a declining trend during the second period for all provinces.  303 

Within Guizhou province, the highest wheat yield losses occurred in 2003, 2016 and 304 

2018, while maize yield losses were observed in 1988, 2011 and from 2013 to 2015 305 

(Figure 6 and Table 3). On the other hand, the years with high yield increment of wheat 306 

were 1993 followed by 2015 and 2014, whereas they were 2002 and 1961 for maize (Fig. 307 

6b). For rice, the high yield increment was in 1998 and 2004, but for sugarcane the 308 

highest yield occurred in 1984 followed by 2012 and 2014.  In Yunnan province, the high 309 

yield losses were documented in 1986 and 2010 for wheat, in 2008 and 2010 for maize, 310 

in 1977 followed by 2002 for rice, and from 1975 to 1979 for sugarcane. Within Sichuan 311 

province, the highest yield losses of wheat were recorded in 1975 and 1977, in 1961 for 312 

maize, and for rice the yield losses were highest in 1976 followed by 2006. Also, there 313 

was sharp losses in 1976 and 1977 for sugarcane. The highest yield increments occurred 314 

in 1960, 1965, 1980, and 1984, for wheat, maize, rice, and sugarcane, respectively, in 315 

Sichuan province.  316 

 317 

3.3 Crop yields respond to occurrence of droughts over the past decades 318 

The correlation coefficient between SYRS of winter wheat and SPEI is the highest 319 

among all crops, revealing that winter wheat yield is more prone to drought (Fig 7b). For 320 
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example, in Yunnan, the Pearson correlation coefficient r for SYRS-wheat vs. SPEI-6 321 

reached 0.58 (p≤0.05; R =0.61), with a maximum value occurring during (February, 322 

March and April as 0.49, 0.58 and 0.42, respectively). In Sichuan, r for SYRS-wheat vs. 323 

SPEI-3 ranged from -0.24 to 0.27, with the highest value for February. For Yunnan, the 324 

Pearson correlation coefficient from the first node to flowering (end of April to May) 325 

ranged from 0.36 to 0.42 for SPEI-6. A significant correlation for the SPEI-6 (r =0.29) 326 

was observed from early to mid-grain filling (June). For SPEI-3, and in anSchiu , the 327 

correlation between sugarcane and drought was significant during August and September 328 

and reached 0.35 in August (Fig. 7b3). For SYRS of rice within Sichuan, the correlation 329 

ranged from -0.01 to 0.44 during the growing season with the highest correlation in 330 

August (R = 0.44) under SPEI-3 (Fig. 7b2). For sugarcane and rice, the highest 331 

correlation was observed in August for (SYRS vs. SPEI-3) as 0.35. It was recommended 332 

that the precipitation and temperature are climatic factors that affect SPEI (Guo et al., 333 

2019). Based a critical value, the Pearson correlation coefficient can be described as 334 

significant or not. In this study, the critical value was set to 0.25, so any value more than 335 

0.25 is considered a significant correlation. The significance of the correlation is a better 336 

indicator than high or low correlation. 337 

A stepwise regression method was applied to determine the effect of the individual 338 

climate variable on SYRS. The multivariate regression method based on historical data 339 

has been widely used, and it can capture the net climate effects of combined climate 340 

variables (Prabnakorn et al., 2018, Li et al., 2020, Zhou et al., 2020). Table 3 shows the 341 

individual effects of each climate variable on SYRS for the selected four crops over the 342 

three provinces. Based on Table 3, wheat depends mainly on four sets of climate 343 



16 
 

variables; 1) temperature, 2) precipitation 3) temperature, precipitation and sunshine, and 344 

4) temperature, wind, sunshine and drought. In Yunnan, temperature, wind and drought 345 

are responsible for wheat yield variations, while for Sichuan and Guizhou temperature 346 

and sunshine are the main responsible variables. For SPEI-3, set 4 is the most significant 347 

one impacting on SYRS of wheat (R=0.64, p<0.001) followed by SPEI-3 in Sichuan 348 

(R=0.48, p=0.000). By contrast, precipitation only affected the SYRS of wheat in 349 

Sichuan and Guizhou over the 3 months’ timescale. Maize is affected by 1) drought and 350 

temperature, 2) drought and sunshine, 3) drought and wind speed and 4) drought, relative 351 

humidity, sunshine and wind. Set 4 significantly impacted on maize SYRS for SPEI-3 in 352 

Yunnan (R=0.45, p<0.01). Rice and sugarcane show similar tendencies by depending on 353 

1) drought and relative humidity, 2) drought, relative humidity and wind speed, and 3) 354 

drought, relative humidity, temperature and sunshine. Generally, both wheat and maize 355 

show sharp response to climate variables in Yunnan especially on the 3 months’ 356 

timescale. Rice and sugarcane are highly affected by climate variables in Sichuan on 3 357 

months’ timescale as well. 358 

 359 

3.4 Resilience analysis of crop yields  360 

Table 4 presents the crop yield losses (YL) due to both drought duration (DD) and 361 

severity (DS). It is observed that the degree of yield losses varies among the crops due to 362 

drought/wet impact on the various crop stages. In Yunnan, 1977 ranked as the year with 363 

the highest failure of sugarcane and rice. Winter wheat recorded the highest crop losses, 364 

especially in 2010 when the losses exceeded 50%. The annual YL of winter wheat varied 365 

between 21% and 50%, occurring from the sowing stage to the harvest stage (9 months). 366 
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The total accumulation of the negative SPEI for the two timescales was 9.8 during the 367 

whole season. For Sichuan, the highest crop losses were noticed in 1976 and 1977, 368 

sugarcane and rice failures reaching 44.9% and 25.3%, respectively. The annual YL of 369 

winter wheat ranged from -19% to 45%, maize varied from -23% to 32%, rice ranged 370 

from -25% to 20%, and sugarcane ranged from -45% to 42% (Fig. 8d). Clearly, the 371 

drought in 2011 had the worst impact on maize, rice and sugarcane, causing more than 372 

25% of YL in Guizhou. Within this context, DD for maize was 5 months and associated 373 

with 7.3 of DS (2011). Interestingly, rice was also vulnerable to drought with the DD 374 

being 6 months and associated with 8.3 of DS.  375 

The dynamic interaction between drought and crop resilient is shown in Fig. 8e. 376 

Most of studied crops seem to be resilient or slightly non-resilient to drought having Rd 377 

greater than 0.9. With the exception of wheat (Rd = 0.49), all crops in Yunnan province 378 

were resilient or slightly affected by drought. For Guizhou, wheat was moderately non-379 

resilient to drought, maize was resilient, but both rice and sugarcane were severely non-380 

resilient to drought. The correlation matrix between drought (SPEI-3 and SPEI-6) and the 381 

affected agriculture area (%) is presented in Table 5. High negative correlation was 382 

detected in Guizhou during the summer season revealing that most of the agricultural 383 

land in Guizhou was affected by drought events that occurred between 1978 and 2018. 384 

For Yunnan, highly negative correlation is concentrated within the winter months. 385 

However, the drought impact was less pronounced over SPEI-3 and SPEI-6 in Sichuan. 386 

Within Guizhou, the highly negative correlation was reported in the autumn months for 387 

SPEI-6. 388 
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Figure 9 shows the correlation coefficient between SYRS and the SPEIs for the 389 

various drought events and crops. Winter wheat was positively correlated with SPEI-3 390 

and SPEI-6 for all DS events during September in the Yunnan province. During January 391 

and February within Yunnan there was significant positive correlation for drought events 392 

of D4 (2009-2013) and D4+D5 (2009-2018) for SPEI-3. In contrast, rice showed a 393 

significant positive correlation within Sichuan for SPEI-6 during D1(1960-1964) in 394 

August (Fig. 9c). For sugarcane, slight correlation was observed with the SPEI during all 395 

drought events except within Sichuan during D3 (1983-1987) that a highly positive 396 

correlation with SPEI-3 in September was observed (Fig. 9d).  397 

 398 

 399 

4. Discussion 400 

During the past few decades, drought events occurring in many parts of China, and 401 

globally, have resulted in severe damage to terrestrial ecosystems (Leng et al., 2015). Of 402 

particular note are the successive drought events during 1997-2003 years (Wang et al., 403 

2011), in 2006 (Li et al., 2011a) and from 2009 to 2010 (Yang et al., 2012a) that has 404 

caused tremendous damages to the ecosystems, especially in the agricultural sector (Leng 405 

et al. 2015). Southwest China is one of the vulnerable zones to climate change due to the 406 

downward airflows which is impacting on water vapor flux associated with anomalies of 407 

the atmospheric circulation (Li et al., 2011). Our results indicate clearly a significant 408 

negative trend for SPEI-3 SPEI-6 within the study period. In this regard, adaptation 409 

strategy of a national scale should be implemented to minimize the direct impact of the 410 

drought cycles.  411 
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Crop yields are mainly influenced by climatic parameters. Chen et al. (2013) 412 

highlighted the possible impact of global warming on southwest China crop production 413 

where temperature is higher than the optimal limit for plant growth (Mokhtar et al., 414 

2020a, Mokhtar et al., 2020b). Nonetheless, the negative impact of drought is highly 415 

correlated with the crop phenological stage (Mavromatis, 2007, Li et al., 2009, Wu et al., 416 

2004). Our findings revealed that extreme drought events badly affected maize yield 417 

during the different phenological stages (Table 3). Wheat yield was highly sensitive to 418 

drought from March to May within the Yunnan province, indicating that the severe yield 419 

failure could be attributed to the spring drought, corroborating the findings of (Xianfeng 420 

et al., 2018). There is a weak correlation between rice yield and drought as rice 421 

cultivation is mainly under irrigation systems (Wang et al., 2014). In contrast, the yields 422 

of maize were significantly sensitive to drought conditions during the summer period 423 

within the Guizhou province as observed by previous studies (Otegui et al., 1995, 424 

Xianfeng et al., 2018). Within the Yunnan and Sichuan provinces, the correlation 425 

between the SYRS of maize and SPEI during the growing season was low, especially at 426 

the end of the growing season, the reason being the rational allocation of water resources 427 

and progress made in drought resistance (Geng et al., 2018). In the northeast China the 428 

main climatic variables impacting on maize yield are temperature, followed by 429 

precipitation, and dryness/wetness conditions (Zhou et al., 2020). 430 

Our results are consistent with previous research which have proven that SPEI-3 is 431 

responsible for most of the yield losses or its increment during the late growth stage 432 

(Ming et al., 2015, Xu et al., 2018), especially the maturation and grain formation stages 433 

that are the key yield determinant period. It implies that short-term SPEI-3 and SPEI-6 434 
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values are strongly correlated with the rainfed wheat yield and other crops because they 435 

reflect the soil water content which influences the water balance of the crops, water 436 

absorption by roots, physiological and biochemical mechanism, and growth and yields of 437 

crops. Meanwhile, the negative correlation coefficients indicate that the main limitation 438 

factor of wheat yields in the rainy provinces is the wet stress (Xu et al., 2018, Wu et al., 439 

2012) as in some regions of Guizhou. Increased humidity and wetness events during the 440 

growth period enhance the possibility of fungal diseases. Wheat crop is susceptible to 441 

infection, such as the occurrence of wheat rust and other pathogens, especially during the 442 

growth period, causing significant yield losses (El-Orabey and Elkot, 2020). The 443 

asymmetric yield response implies a weak adaptability of crop production to water 444 

surplus in some regions as in Guizhou. Nevertheless, the low level of moisture and mild 445 

droughts may be favorable and useful to the improvement of wheat yields as reported in 446 

(Xu et al., 2018). By contrast,  Liu, 2018 reported that agricultural drought risk increased 447 

for wheat but decreased for maize within the north China Plain (Liu et al., 2018). This 448 

could be attributed to a less pronounced impacts of drought on maize yield, which may be 449 

related to rational allocation of water resources and advances in drought resistance (Geng 450 

et al., 2018), and are consistent with the results of our study. 451 

The sharp growth of water demand within the study area is due to increasing planting 452 

areas for rice and maize, and the rapid evolution of drought cycle (Xu et al., 2013). Full 453 

irrigation is not a possible solution to alleviate the impact of drought risks on crop yields 454 

due to the limited water resources and associated pumping costs. Rice consumes two to 455 

three times more water than the other cereal crops, thus reducing rice planting is one 456 

solution to mitigate the water deficit (Bouman et al., 2007). However, this option is not 457 
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valid due to growing food demand, and rice contributes to more than 60% of staple food 458 

for Chinese people. Therefore, the most economical and sustainable solution would be to 459 

develop new varieties of crops with decreased sensitivity to water deficits. 460 

 461 

 462 

5. Conclusion 463 

In this study, the key issue was to understand crop yield responses to drought within 464 

southwest China. Four crops were assessed for the period from 1960 to 2018. Drought 465 

evolution was analyzed using SPEI at 3- and 6- months timescales within the study area. 466 

The spatiotemporal variations and long-term trends of agricultural droughts and crop 467 

yields were investigated. The main findings of the study are summarized as below. 468 

• SPEI-3 and SPEI-6 were useful for assessing drought risk of crop yields within 469 

southwest China provinces of Yunnan, Guizhou and Sichuan.  470 

• In Yunnan, the highest total drought duration greater than 80% (> 50 months) 471 

occurred in the southern part during the period from 2009 to 2013. 472 

• The spatial distribution of crop yield responses to drought was clear at the 473 

provincial scale. Moreover, the relationship between SYRS and SPEI explained 474 

more than 75% of the crop yield variability for the four crops (wheat, rice, maize 475 

and sugarcane) within the three provinces. 476 

• Winter wheat has the highest annual crop losses among the crops during the 477 

study period, especially in 2010 when the loss exceeded 50%. 478 
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• Generally, both wheat and maize exhibit sharp response to climate variables in 479 

Yunnan, especially looking at the 3 months’ timescale. This is also the case for 480 

rice and sugarcane in Sichuan. 481 

One disadvantage of SPEI is that it does not account for soil water storage that can 482 

be carried over from one month to the other, thus as an additional water source for the 483 

agroecosystems. Future research should incorporate soil water storage accounting, one 484 

such approach has been demonstrated by (Feng et al., 2017). Trends in crop yield may 485 

not be wholly attributed to climatic variables. Future research should also consider model 486 

evaluations using first differences of yield and climate to ascertain whether climate is 487 

solely responsible for the observed trends in crop yield. It is recommended that future 488 

research should consider also using available global datasets for comparison since 489 

interpolating station data across space has limitations, particularly where very few 490 

stations data exist. 491 
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 Fig. 1: a) Location of the study area in southwest China showing the meteorological stations, b) land use in 2018 and c) agriculture map derived from land 

use map 2018. 



Fig. 2: Flowchart of the methodology adopted for this study 



Fig. 3: genhacf ode uitngma dnnds aeTr  of SPEI (a, b), temporal evolution of SPEI-3 and SPEI-6 (c, d). 



Fig. 4: Temporal evolution of percentage of areas affected by different drought categories for SPEI series at 3- 
and 6-month timescale during 1960-2018 (a, b for annually and c, d for monthly). 



Fig. 5: Spatial extent of total drought duration (TDD), drought severity (DS), and the minimum values of SPEI 
or the drought intensity (DI) for SPEI-3 and SPEI-6 for the specific drought events. 



Fig. 6: Time evolution of crop (wheat, maize, rice and sugarcane) yields with fitted quadratic trend model, and 
the temporal change of SYRS for the crops. 



Fig. 7: The Pearson correlation coefficient (r) of the linear regression between the averages of SPEIs at 3- and 6-
month timescale and the SYRS of wheat, maize, rice and sugarcane in the 3 provinces for the period of 1960–
2018 (a). The graphs denote the trends of second-order polynomial fitted to the SYRS of the crops against SPEI-
3 and SPEI-6 for March and August as illustrative examples (b1-b4). 



Figure 8 continue 



 
Fig. 8: Annual percentage of yield loss over the three provinces during the period from 1960 to 2018 (a-d) and 

the regional mean Rd for the different crops (e). 

 

 



                                                                                                                                    Figure 9 continue



Fig. 9: Pearson correlation between SYRS and drought events during the period of 1960-2018 within the three 

provinces. 



Table 1: The ecosystem cover changes (km2) in southwest China during the period from 1980 to 2015  
 
 

 Agriculture Forest Grass Wetland Others 

1980 240471 479351 289681 13163 19365 

1990 240836 480486 289704 10461 21075 

1995 234031 486652 289802 10198 21732 

2000 239472 476927 293421 10659 21550 

2005 238293 478179 292570 10721 7885 

2010 237471 478691 292299 10867 22704 

2015 235431 477852 291707 11703 10885 

Percentage % 22.93 46.22 28.06 1.07 1.72 



Table 2: SPEI drought classification and yield categories according to the SYRS (Vicente-Serrano et 

al., 2010; Potopová et al., 2015). 
 

Drought group SPEI values  Yield category SYRS  

No  drought 0 >   High yield increment ≥ 1.50  

Mild drought 0 to -0.5  Moderate yield increment 1.00–1.49  

Moderate drought -0.5 to -0.84  Low yield increment 0.51–0.99  

Severe drought -0.84 to -1.28  Normal 0.50 to −0.50  

Extreme drought -1.28 to -1.65  Low yield losses −0.51 to −0.99  

Very extreme 
drought  > -1.65  Moderate yield losses −1.00 to −1.49  

   High yield losses ≤ −1.50  

 
 
 



Table 3: Stepwise regression models developed over the three provinces for the different four crop yield 
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Wheat ), (R=0.64, p=0.0008S0.012– 4minT+ 0.0765aveT0.34–21W012.-1W1.97–23-SPEI=13.147+0.879y 

Maize ), (R=0.45, p=0.00093-SPEI0.877+1W2.725-10S0.025+5RH0.0412.36+-=y 

  Rice R=0.602, (, 5minT0.129-4P0.011+4minT0.184+7S0.015–2S160.0-2aveT0.737+9RH0.070+41.16=y
p=0.000) 

Sugarcane , (R=0.287, p=0.000)113-SPEI0.386+ 12RH0.067-=4.866y 
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Wheat 00).0=0, (R=0.43, p6W1.23-4minT0.145+ 33-SPEI1.01=1.17+y 

Maize , (R=0.39, p=0.000)21S180.0+126-SPEI0.65+12RH0.05+5W2.56-1.16-=y 

  Rice y=4.96-0.067RH11 +128Tave3 -0.043S6-0.58Tave1-0.393SPEI-310, (R=0.50, p=0.000) 

Sugarcane , (R=0.28, p=0.000)26-SPEI0.369+ 12RH0.067-=4.84y 
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Wheat (R=0.48, p=0.000) ,4minT3030.-3minT0.584+5S0.038+4maxT0.697-=5.95y 

Maize , (R=0.146, p=0.005)11S0.025*+93-SPEI0.732.696+-=y 

 Rice -11maxT0.265+3S0.024+2W1.37 -3minT0.245+4maxT0.699+12minT0.068- 86-SPEI0.838+12RH0.064-=10.96y
69, p=0.000).0, (R=5minT.0640 

Sugarcane , (R=0.55, p=0.000)6HR0710. -1W3.73-=10.51y 
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Wheat (R=0.13, p=0.004) ,7maxT0.396-=8.66y 

Maize ), (R=0.15, p=0.0057aveT0.314-96-SPEI0.76=5.1 +y 

  Rice , 0.000)74, (R=0.3W1.73-7maxT0.32-12nmiT0.091-86-SPEI0.81+1RH0.07-15.96=y 

Sugarcane (R=0.49, p=0.000) ,10S020.-4RH0.06-4W2.87-=11.62y 
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Wheat 0.001)p=, (R=0.23, 9S0.011+6minT0.162+3P0.015+2.025-= y 

Maize 152, p=0.004.0=, R83-SPEI0.378+4W1.2-= 2.879 y 

  Rice =0.211, p=0.001, R1RH60.0-33-SPEI0.446+83-SPEI0.454+4.689=y 

Sugarcane )=0.203, p=0.001R(, 1RH0.051-9S0.018–= 6.594 y 
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Wheat )=0.084, p=0.016(R, 9P0.002 + 1.516- =y  

Maize )R=0.17, P=0.002(, 216-SPEI0.363 + 5W12.2 –=4.932 y 

  Rice )=0.295, p=0.000, (R3minT0.227-1RH0.067-10S0.021-76-SPEI0.5+9.73y= 

Sugarcane )(R=0.185, p=0.001, 96-SPEI0.442+12maxT0.227-y= 4.785  

Note: Tavg-i, Tmax-i and Tmin-i are the average temperature, maximum temperature, and minimum temperature in ith month, respectively. Pi 
is the precipitation in i-th month, Si is the sunshine hours in i-th month, Wi is wind speed in i-th month, RHi is relative humidity in i-th 
month, p is the P-value and R is the adjusted R2. 



Table 4: Percentage of crop yield loss (Y%) due to both drought duration (DD) and drought severity (DS)  

 Wheat zeMai  Rice Sugarcane 

 Year Y (%) G DS DD  Year Y (%) G DS DD  Year Y (%) G DS DD  Year Y (%) G DS DD 

Y
un

na
n 2010 -50.8 H-S  9.8 9 1961 -29.5 H-S  0 0 1977 -13.6 F-S  161.  4 1977 -24.5 F-S  1.16 4 

1986 -40.8 H-V  2.9 7 1968 -17.7 H-S  0 0 1974 -13 H-S  0 0 1976 -22.5 F 0.4 2 

1979 -26.5 S-H 7.6 9 1977 -11.8 F-S  1. 30  3 1979 -10.2 J-S  2.5 3 1975 -21.6 H-S  2.8 6 

1969 -22.4 V-H 7.1 7 2009 -10.6 H-J  3 4      1978 -20.1 H 1 2 

1974 -21.9 V 1.1 2           1979 -18.5 F-S  2.5 4 

1970 -21 F-S  2.9 6           1961 -16.4 H-S  0 0 

Si
ch

ua
n 1977 -19.5 H 0.6 1 1961 -23 H-S  0 0 1976 -25.3 F-J  .031  3 1976 -44.9 H-F  1 3 

1975 -18.8 V-H 1.95 7 1976 -18.8 H-J  1. 30  3 1974 -20.4 H-S  0 0 1961 -34.2 H-S  - 0 

1962 -18.7 H-F  2.4 3 1994 -17.2 S-H 3.5 5 1972 -19.3 H-J  3.6 4 1977 -29.5 H-V  2.5 5 

1973 -15.8 F-S  14.  7 2001 -17.1 H-S  0 0 1975 -19 H-S  1.4 5 1975 -19.8 H-S  1.5 5 

1976 -14.1 F-V  0.8 3 1975 -14.8 H-S  1.05 4 2006 -14.7 H-S  55.1  6 1978 -18.0 H-F  .40  3 

1965 -13.4 V 0.15 1 1972 -13.7 H-J  63.  4 1977 -14.5 H-J  2.5 5 1972 -16.4 H-F  3.6 4 

1961 -12.5 V-S  2.4 5 2006 -12 H-S  .15  5 1973 -14.2 H-J  3.6 4      

G
ui

zh
ou

 1975 -30.1 V 2.4 4 2011 -31.5 H-S  37.3  5 1972 -29.6 H-F  3.1 3 1962 -36.1 H-S  1.1 6 

2018 -24.1 H 3.1 2 1988 -23.2 F-S  1.8 3 2011 -21.3 H-S  8.3 6 1961 -34.1 V-S  1.5 2 

2003 -23.4 H-S  3.2 8 1976 -22.2 H-S  0 0 2010 -21.3 H-S  1.7 6 2011 -25.2 H-S  8.3 6 

1969 -21.6 H-V  5.9 6 2013 -20.9 H-S  4.7 5 2009 -19.9 H-S  .53  6 1963 -24.7 H-S  4.7 6 



2005 -18 V-S  8.3  5 2014 -20.4 H-S  2.9 5 2007 -19 S 0.5 1 2005 -20.4 H-S  1.8 6 

2006 -17 V-S  2 4 2015 -17.9 H-S  0 0 1981 -18.1 H-S  23.  6 2010 -20.3 H-S  3.2 6 

1961 -16.5 V-S  3.4 5 1972 -17.5 H-J  3.1 4 2008 -17.4 H-S  0 0 2006 -20.2 H-S  2.2 6 

2016 -15.5 H-S  0 0 1985 -16.7 H 0.63 2 2002 -15.8 H 0.3 2 2004 -17.7 H-V  9.1  5 

2004 -15.2 V-S  2.7 3 1969 -15.3 H 0.15 1      2009 -16.8 H-S  3.5 6 

 Note: G: Growing cycle stages: S; sowing, J; joining, V; vegetative, F; flowering, H: harvest and mature. Shaded gray to represent the crop yield losses (YCL) during wet events. 

 



Table 5: Correlation matrix between agriculture area (%) affected by drought and SPEI values at the 3 and 6 monthly timescales for the period of 
1978-2018. 

Note: The critical value for Pearson Correlation is 0.31, df (40,2), significant value < 0.05.  

 

 
 Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec. 

Yunnan 

SPEI-3 -0.33 -0.37 -0.24 -0.15 -0.24 -0.28 -0.32 -0.36 -0.21 -0.04 -0.02 0.08 

SPEI-6 -0.47 -0.50 -0.41 -0.29 -0.33 -0.37 -0.36 -0.39 -0.38 -0.34 -0.29 -0.13 

Guizhou 

SPEI-3 -0.24 -0.28 -0.32 -0.31 -0.27 -0.20 -0.38 -0.48 -0.52 -0.43 -0.15 0.01 

SPEI-6 -0.22 -0.31 -0.30 -0.35 -0.38 -0.39 -0.49 -0.57 -0.55 -0.51 -0.48 -0.51 

Sichuan 

SPEI-3 -0.18 0.04 0.18 0.22 0.17 0.22 0.18 0.08 -0.04 0.02 0.14 0.16 

SPEI-6 -0.07 -0.13 0.08 0.08 0.15 0.28 0.26 0.14 0.10 0.15 0.14 0.01 
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