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Abstract:

 Southwest China (SC) has suffered a series of super extreme droughts in the last decade. This study analyzed the temporal and spatial variations of drought in SC from 1961 to 2012. Based on precipitation anomaly index (PAI) that was derived from 1 km gridded precipitation data, three time scales (month, year and decade) for the drought frequency (DF) and drought area were applied to estimate the spatio-temporal structure of droughts. A time-series analysis showed that winter droughts and spring droughts occurred frequently for almost half of the year from November to March. Summer droughts occasionally occurred in severe drought decades: the 1960s, 1980s and 2000s. During the period of observation, the percent of drought area in SC increased from the 1960s (<5%) to the 2000s (>25%). A total of 57% of the area was affected by drought in 2011, when the area experienced its most severe drought both in terms of area and severity. The spatial analysis, which benefitted from the gridded data, detailed that all of SC is at drought risk except for the central Sichuan Basin. The area at high risk for severe and extreme droughts was localized in the mountains of the junction of Sichuan and Yunnan. The temporal and spatial variability can be prerequisites for drought resistance planning and drought risk management of SC.
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1. Introduction

Drought is estimated as the most costly cause of natural disasters in the world and can lead to crop losses and economic havoc in many areas [1], affecting more people globally than any other natural hazard [2]. Drought can be regarded as regional and time-series water deficit processes, resulting in diminished water resource availability and ecosystem carrying capacity [3,4,5]. However, there is no universal definition of drought because of its large-scale spatiotemporal variability in timing and duration [6]. Typically, droughts are characterized into four categories including “meteorological”, “hydrological”, “agricultural” and “socioeconomic” [7,8]. Meteorological drought refers to atmospheric conditions resulting in the absence or reduction of precipitation; agricultural drought indicates soil desiccation that can reduce crop production; hydrological drought is defined by deficiencies in water supply; and socioeconomic drought focuses on socioeconomic effects [9].

To identify and quantify the magnitude, duration, intensity and spatial extent of a drought, numerous drought indices were formulated by integrating variables such as precipitation, evapotranspiration, temperature, Terrestrial water storage (TWS), vegetation, etc. [2,4,10,11]. However, drought is a slow-onset natural hazard and a recurrent phenomenon. To evaluate meteorological drought quantification over a region for a period of time, precipitation is the most representative parameter [12]. As an input parameter of precipitation in the hydrologic cycle, sustained deficiency in precipitation may also induce “agricultural drought”, “hydrological drought” and “socioeconomic drought” to some extent [13]. Herewith, precipitation can be considered as a direct parameter to monitor droughts and detect more realistic drought process compared to other parameters such as the vegetation index [4]. Additionally, precipitation is an essential monitoring parameter of in situ monitoring networks, such as weather stations and hydrological stations. By comparison, the monitoring of other long-term parameters (e.g., evapotranspiration, TWS, and vegetation) with in-situ networks is not straightforward due to the cost of the equipment and strict requirements of measurement [14], which hinder further application of such variable based indices in drought evaluation at the regional scale.

For the advantages of precipitation in long-term drought estimation, various indices based on precipitation have been derived to measure meteorological droughts [15]. Among these indices, the precipitation anomaly index (PAI) [4,16,17], Palmer Drought Severity Index (PDSI) [18], Z-score or standardized rainfall anomalies [19], Standardized Precipitation Index (SPI) [20], and the standardized precipitation evapotranspiration index (SPEI) [21] are the most commonly used meteorological droughts indices. However, a simple measure may be applied more easily than using complex indices to evaluate drought disaster at large scale [22]. For example, PDSI requires soil moisture, runoff, evapotranspiration, potential evapotranspiration, and other factors of plant growth in addition to precipitation to assess droughts. The retrieval difficulties of various parameters for PDSI calculation make the complicated drought assessment more dubious. Furthermore, PDSI does not allow the identification of drought at short time scales, e.g., less than nine months [18]. Compared to complex indices, such as PDSI, SPI based on precipitation alone maybe a better index, as it also compares drought conditions among different time periods and regions [20]. Unfortunately, the computation of SPI requires previously fitting the long-term precipitation to an appropriate probability distribution function (PDF) before an equiprobability transformation of the aggregated precipitation into a standard normal variable, which is a significant cause of large errors in SPI-based drought assessment [23]. Among these indices, PAI is the simplest index that uses precipitation alone; it is a dimensionless number in which negative/positive values indicate dry/wet conditions. Due to the advantages of simple computation, spatio-temporal consistency, and easy comparison to historical records, PAI is an important meteorological drought index for large area drought assessment in China [24].

In the present work, drought in a region of Southwest China (SC) is evaluated using the meteorological index of PAI and derived DF both on the short and the long-time scales from 1961 to 2012. The aims of this study are to estimate the temporal and spatial variability of droughts in Southwest China. Moreover, this study intends to investigate spatial patterns as estimated at different timescales and sub-regional characters of droughts on a regional scale.



2. Methodology


2.1. Study Area

Southwest China consists of the municipality of Chongqing and the four provinces of Guangxi, Yunnan, Guizhou, and Sichuan, 21°07′N to 34°14′N, 97°30′E to 112°05′E (Figure 1). The total area of FSP is more than 1.16 million km2, and more than 60% of its area is mountainous. The elevation of SC, which ranges from higher than 7150 m to below 3 m in the east, decreases from the western Yungui Plateau to the eastern Sichuan Basin. SC is dominated by a humid and semi-humid subtropical monsoon climate, with cold, dry winters and hot, humid summers. The spatio-temporal distribution of precipitation within the basin is uneven, with a multiyear average of 1000–1600 mm/year [25,26]. Recent studies have detected a significant warming trend over the western plateau, as well as decreases in precipitation in the eastern basin [25,26,27,28,29]. Severe droughts have been prevalent since 2000 (e.g., droughts in SC during the summer of 2003, spring drought in Yunnan in 2005, extreme summer drought in Sichuan and Chongqing in 2006, and a prolonged drought in SC from autumn 2009 through spring 2010). SC is located in the upper reaches of the Yangtze River and Pearl River, which is an important region for strategic water resource reserves and hydropower [30]. In Addition, SC is an ecologically fragile area with more than 242 million populations; droughts have occurred frequently in recent years, significantly affect the regional ecological and human drinking water safety [31]. It is particularly important to highlight the spatio-temporal variations in droughts in SC.

Figure 1. Location of study area.
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2.2. Data and Methods


2.2.1. Gridded Precipitation

In this study, the meteorological droughts index of PAI was used for drought analysis. PAI was calculated from the monthly precipitation data from the China meteorological data sharing service system (CMDSSS) of the China meteorological administration (CMA) [32]. The original monthly precipitation data was calculated based on observations of 756 meteorological stations in China that covered the period 1961 to 2012. To analyze the spatio-temporal variations of droughts, the software ANUSPLIN, developed by Hutchinson, Australian National University [33], was applied to generate gridded precipitation data with a spatial resolution of 1 km × 1 km. ANUSPLIN calculates and optimizes thin plate smoothing splines that are fitted to datasets distributed across an unlimited number of climate station locations, which use elevation as a third variable in the spline interpolation. It allows for regional climate variations that are associated with latitude and continentality to be taken into account simultaneously with elevation and rain shadow effects, provided that these effects are captured sufficiently by the station network [34]. ANUSPLIN has been widely applied in precipitation interpolation in China. The Gridded precipitation based on ANUSPLIN showed great precision, which was quality-checked by a number of studies [35,36,37]. Mathematical details of the interpolation process are given in the cited references [33,38,39].



2.2.2. Estimation of Droughts

For the purpose of drought estimation, the PAI from 1961 to 2012 in SC was calculated as follows:
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(1)




where P denotes the precipitation of the drought estimating period (year, month) and [image: there is no content] is the long term average precipitation of the same period as P, which is calculated using the data from all 52 years from 1961 to 2012 in this paper.
Because absolute droughts are difficult to evaluate, we used the meteorological drought level to estimate the drought severity. The relationship between the PAI and meteorological drought level is shown in Table 1. The lower PAI value represents more severe level of drought. As show in Table 1, droughts for PAI were classified in three temporal scales of month, season and year. Drought estimation in a longer time-scale exhibits a shorter PAI interval by considering the cumulated effect of precipitation for droughts.


Table 1. Drought level definition for PAI [24].



	
Classification

	
Droughts Level

	
PAI (%)




	
Month

	
Season

	
Year






	
1

	
No drought

	
−40 < PAI

	
−25 < PAI

	
−15 < PAI




	
2

	
Mild drought

	
−60 < PAI < −40

	
−50 < PAI ≤ −25

	
−30 < PAI ≤ −15




	
3

	
Moderate drought

	
−80 < PAI < −60

	
−70 < PAI ≤ −50

	
−40 < PAI ≤ −30




	
4

	
Severe drought

	
−95 < PAI ≤ −80

	
−80 < PAI ≤ −70

	
−45 < PAI ≤ −40




	
5

	
Extreme drought

	
PAI ≤ −95

	
PAI ≤ −80

	
PAI ≤ −45











Additionally, the index of drought frequency (DF) is proposed to further analyze the spatial variations of droughts occurring in SC. The DF is calculated from statistics of drought events from 1961 to 2012:
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(2)




where n is the number of years in which a drought occurred, N is number of years in the study [40]. In this paper, N is 52 for the period 1961–2012.




3. Result and Discussion


3.1. Variability of the Spatial Distribution of Drought

To investigate the spatial distribution variability of DF at different timescales, the monthly and annual time-scale variability of DF in SC were calculated and analyzed based on the above mentioned methods.


3.1.1. Monthly and Annual Scale Variability of DF

The spatial distribution variability of DF of 12 months from 1961 to 2012 in SC is shown as Figure 2. DF showed a large variability in different months. SC suffered from droughts in a large area for a period of half a year (January, February, March, October, November and December). During spring and winter, most of the drought events were reported in the study area [41]. As shown in Figure 2, the eastern (Yunnan Province) and southern (Guangxi Province) portions are severely drought-afflicted areas. The monthly variability of DF also displayed a drought pattern over time. From January to March, most of the droughts (DF > 40%) occurred in central and eastern Yunnan Province, southwestern Sichuan Province, and southern Guangxi Province. In May, the drought area rapidly narrowed. The area of DF > 40% was located in a limited extension of Yunnan Province. From June to September, the DF in the study area was low with a slightly increase. The distribution of droughts was spread from east to west. In October, droughts began to occur again in a large area, when DF > 40% and DF > 30% were detected in eastern Guangxi Province and northwestern Yunnan Province, respectively. The drought area increased rapidly from November. It is clearly found that half of study area is at a high drought risk. The DF of the entire Yunnan Province in western SC is greater than 40%. Except for the limited extension of the central portion, the DF of most of the area of Yunnan Province exceeded 50% in December, meaning that these regions suffered droughts biyearly.

Figure 2. Spatial distribution of the monthly DF in SC from 1961 to 2012.
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The annual DF of SC during period of 1961–2012 was calculated to illustrate the spatial distribution of drought variability. As shown in Figure 3, the annual droughts DF were scattered, in contrast to the monthly scale. More than 61% of the area in SC had a relatively high DF that exceeded 15%, meaning that all of SC has been a region of high drought risk for more than half century. An area with high drought frequency was identified in the southern and eastern mountain zones. In contrast, Sichuan Basin, which occupies a large portion of the study area with relatively flat and fertile grounds, suffered fewer droughts events.

Figure 3. Spatial distribution of annual DF in SC from 1961 to 2012.
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3.1.2. Decade Time Scale Variations of the Drought Severity Distribution

Decade variations in drought severity distribution were also examined by dividing the study period into four 10-year sub-periods (1961–1970, 1971–1980, 1981–1990, and 1991–2000) and one 12-year sub-period (2001–2012). The annual drought severity as estimated by the meteorological drought level was calculated based on Table 1. For the other drought severity levels, such as severe drought or extreme drought, which were not inevitable, we only plotted the spatial distribution of DF of mild drought severity for five-decade periods (Figure 4).

Figure 4. Decadal spatial distribution of DF of mild drought severity from 1961 to 2012. (a) 1960s; (b) 1970s; (c) 1980s; (d) 1990s; (e) 2000s.
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During the 1960s, most of SC suffered from mild droughts with a DF greater than 20% (Figure 4a). Whereas, droughts that were worse than moderate in nature did not occurred. Moderate droughts sporadically occurred in limited areas in Chongqing and Guangxi Provinces. In the 1970s, the mild drought area narrowed down rapidly (Figure 4b), which just occurred in northeastern and northwestern area. However, severe droughts were detected at the junction of Sichuan and Yunnan Provinces. In the 1980s, the droughts aggravated. Mild droughts spread to the eastern SC (Figure 4c). In addition to the severe droughts that occurred in some portions of Guangxi and Sichuan Provinces, extreme droughts were detected at the junction of Sichuan and Yunnan Provinces, which was the severe drought area in the 1970s. The droughts were moderated in the 1990s, when no droughts worse than moderate occurred. The mild droughts were just located in a limited area of northeastern Sichuan Province (Figure 4d). The analysis of drought severity distribution clearly indicated that the 2000s was the most severe drought period considering the magnitude, duration and extent of a negative PAI. In addition to the mild droughts that occurred in large extended areas, the four provinces of Sichuan, Yunnan, Guangxi and Guizhou in SC suffered from severe droughts and extreme droughts. The area of severe droughts and extreme droughts area peaked in 2011, which was consistent with other study [42].






3.2. Variability of Drought Areas

The droughts area is an important index for the estimation of drought magnitude. We evaluated the variations in droughts area of three time scales: decade, year and month. Figure 5 shows the decade variations in drought area from the 1960s. Similar to the result in Section 3.1.2, there is an abnormal decrease in the 1990s. The drought area in SC increased overall from less than 5% to more than 25%, indicating that the droughts of SC rapidly aggravated over 52 years, which may be caused by global change and human activities.

Figure 5. Decade drought area percentage.
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An annual analysis detailed the variability in drought area (Figure 6). Except for the highest value of 86.1% in 1963, when a severe drought occurred that last for 217 days [41], the drought area percentage remain steadily low during the 1960s and the 1970s. From the mid-1980s, several high values appeared, such as 37.5% in 1989, 34.2% in 1992, 37% in 2006, 46% in 2009 and the maximum of 57% in 2011. These results indicate the droughts have become more severe in recent years.

Figure 6. Annual drought area percentage.
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Figure 7 shows the monthly drought area variability over five decades. Region-wide droughts were not unusual from November to March, with a drought area percentage of greater than 80% in all five of the study periods. The values exceeded 90% in two severe droughts periods of the 1960s and 2000s, indicating that winter drought and spring drought were common in SC. The drought area percentage decreased rapidly from April and reached the minimum trough in May, which is the rainy period. Although the drought area increased from May, there was a wide variation in the five decades. For the 1960s, the 1980s and the 2000s, widespread droughts occurred in June, July and August, with high drought area percent of 95.1%, 96.3% and 89.5%, respectively. Occasional summer droughts also need to be noted.

Figure 7. Monthly drought area percentage over five decades.
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4. Conclusions

The present study explored the regional drought frequency and drought area analysis in SC from 1961 to 2012 considering the spatio-temporal structure of droughts. The drought tendency, affected area and severity and joint distributions were constructed at monthly, annual and decade time scales. The simple PAI approach was utilized to capture different time scales meteorological droughts over space and time in SC. This analysis result demonstrated that droughts occurred commonly in SC from the 1960s. Winter droughts and spring droughts occurred from November to March and were not peculiar, with more than 80% of the area suffering droughts. In contrast, summer droughts occasionally occurred during severe drought periods with a less temporal pattern, which can be an indicator of drought severity. The decade drought analysis showed that both the drought area and severity in SC increased except for in the 1990s. The frequency and intensity of drought became the most frequent and strongest in the 2000s and peaked in 2011 with a drought area percentage of 57%. The spatial variability analysis based on 1 km PAI gridded data showed that all of SC is at drought risk except for the central Sichuan Basin. The area at high risk of severe droughts and extreme droughts was in the mountains at the junction of Sichuan and Yunnan Provinces. These results indicate that gridded precipitation data can further the application of PAI in the estimation of the spatial distribution of drought. This study has analyzed the characteristics of regional meteorological droughts in SC. However, further research on temporal and spatial variability of droughts in SC in still warranted. Research on revealing the deterministic mechanism of droughts in SC is currently underway.
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