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Abstract

:

Detecting the characteristics and variability of droughts is of crucial importance. In this study, Guizhou Province in China is selected as the target area, and the dataset there covering daily precipitation and drought records from 1960 to 2016 is adopted. The spatial and temporal differences in yearly and seasonal Dnp (the drought indicator of continuous days without available precipitation) values and longest Dnp as well as their trends are examined. Then the Dnp values and droughts are classified into different categories, and the relationships between Dnp and droughts are revealed. There was a steep increasing trend in yearly Dnp with a rate of 6 d/10a, and the Mann–Kendall (MK) value was estimated to be 5.05 in the past 56 years. The seasonal Dnp values showed significant increasing trends. Yearly and seasonal Dnp varied significantly in the space domain. There were slight increases in yearly and four seasonal longest Dnp values in the time domain. Although the increases in the spring and summer were not significant, heavy droughts tended to occur at this time. As to the Dnp values corresponding to different levels of droughts, there was only a decrease in mild drought, while there were significant increases in mild, moderate, and heavy droughts. The mild droughts increased significantly in summer, and the moderate droughts increased significantly in spring. Different levels of Dnp also varied in the spatial domain. The elevation effect is not obvious in Guizhou province.
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1. Introduction


Under a changing climate, both the frequency and intensity of extreme weather events are increasing substantially worldwide, posing high risks to people’s safety and social sustainability. Among the losses caused by various meteorological disasters, the losses caused by drought make up a large proportion [1]. Due to its high frequency, long duration, and wide range, drought disaster may cause huge losses to the agricultural production and social economy [2]. It may even force people to temporarily reduce dependency on local resources or to relocate to a different location [3,4]. Therefore, it has been receiving world-wide attention, and much research has been conducted on droughts from different continents [5,6,7,8,9,10], including basic scientific research [11], drought identification [12], drought indicators [13,14], drought monitoring [13], drought planning, and prediction and mitigation [15], as well as studies on how to mitigate drought [16] and assessment [17].



The root cause of drought is little precipitation for a long time and/or increased evapotranspiration [9]. However, identifying or quantifying drought hazards is not that easy, due to the diverse spatial and temporal distribution and the demand placed on water supply by human-used systems [18]. In general, the drought conditions are usually measured or assessed through drought indicators [19], which are developed as the most fundamental components to quantitatively measure drought characteristics, such as severity and spatial extent [20,21]. Due to the differences in climatic and geographical environment, it is hard to adopt an identical indicator in different areas. Therefore, many indexes for assessing droughts are proposed, such as Standardized Precipitation Index (SPI), Streamflow Drought Index (SDI), and Normalized Vegetation Supply Water Index (NVSWI), which can also be synthesized into a single indicator [13,14].



Guizhou province is selected as the target area, and the drought indicator of continuous days without available precipitation (Dnp) is adopted to detect the drought changes. Guizhou province has abundant rainfall, but the distribution is extremely uneven in the time and space domains. In addition, Guizhou has special karst landform structure. Due to the thin soil layer and the poor vegetation in a karst region [22], the water cannot easily be stored where the ecological environment is vulnerable without effective precipitation for a long period. In addition, the rising temperature [23,24] is also recognized as one of the main factors causing drought disaster in the southwest of China. For example, the severe droughts during 2006 and 2009–2010 were caused by decreases in the precipitation and anomalous high temperatures, leading to drastic decreases of soil moisture. Other factors, such as the karst topography, the uneven distribution of water resources, the effects of warming, and anthropogenic impacts in the region, will also aggravate the droughts [25,26]. Global climatic change may also lead to further aggravation of droughts. Under a warming climate, the precipitation in Guizhou was predicted to be decreasing slightly, while the temperature is increasing significantly [23]. Extreme weather events, such as drought and flood, occurred frequently in recent years [25,27]. The high temperature is one of the root causes of drought in the region [24]. The region is becoming warmer and drier in general [25,27,28]. Therefore, it is essential to detect how it has altered the temporal distribution of precipitation, which has led to the changes of days without effective precipitation. Studying the characteristics of droughts from different aspects is of great significance for further understanding of drought and timely designation of drought and mitigation measures. Droughts can be inferred from daily precipitation [21], which has been identified as a local standard method for estimating drought in Guizhou province [29]. The continuous days without available precipitation (Dnp) refer to the number of days when the precipitation is less than the critical value of the effective precipitation. This index combines the factors of precipitation and precipitation days and is positively correlated to the duration and intensity of a regional drought event [30,31,32,33,34].



In this study, a dataset covering daily precipitation and drought records from 1960 to 2016 is adopted. The objectives of this study are as follows: (1) to examine the spatial and temporal differences in yearly and seasonal Dnp values and the changes during the past 60 years; (2) to detect the temporal and spatial variability of longest Dnp from the point of drought events, as well as the possible impact thereof; (3) to classify the Dnp values and droughts into different categories and reveal the relationships between Dnp and droughts; and (4) to discuss the relationship between Dnp and elevation.




2. Study Area and Data Resources


2.1. Study Area


Guizhou province lies on the eastern Yunnan-Guizhou Plateau of Southwest China, which is bordered by the Qinghai-Tibet Plateau. It covers an area of about 176,200 square kilometers, spinning more than 560 km from east to west and about 515 km from north to south. In general, Guizhou province is mainly composed of plateau, canyon, and mountains, with an average elevation of about 1000 m. The terrain is in general high in the west and low in the east (in Figure 1). A total of 73% of Guizhou is karst landform. Guizhou has long been restricted by its rough topography and capricious weather, and it was recognized as an isolated place with wild and barren. However, with the continuous improvement of infrastructure, such as transportation, it has been becoming an important land transportation hub and playing a pivotal role in China in recent years.



Guizhou enjoys a unique geographical environment with low latitude and high altitude. It has the mild and humid subtropical monsoon climate, with annual average temperature of roughly 10 to 20 °C. The rainfall is plentiful, with an annual average of 900 to 1500 mm, but quite uniform, with a trend decreasing toward the north and west. There is great spatial variability in climate. Four seasons can be found in one mountain at the same time, and different climates are distributed within ten miles. In addition, the weather is changeable. Different hazards including droughts, heat waves, hailstorms, and freeze disasters occur frequently. The inter-annual and inter-decadal variability of precipitation is very large [6], posing high risks to social and economic development and agricultural production. In recent years, the drought events in the region have increased year by year with an increasing affected area and intensities. In particular, there were 26 serious droughts in Guizhou province during 1960–2016. The frequency of extreme drought events increases quickly, with a frequency of 10 such events since 2000 [25,35]. The droughts caused huge damage and loss to industrial and agricultural production every year, which affect the urbanization and social sustainability in Guizhou seriously.




2.2. Data Resources


The precipitation data was provided by the National Meteorological Administration of China. The rain gauge network in Guizhou comprises 19 stations. The installation location of the 19 rain gauges was well designed (as shown in Figure 1), which were expected to represent the spatial variations of rainfall in Guizhou. Though the rain gauges have been maintained well, there were still some missing data during 1951–1959. Therefore, the network finally yielded a set of daily precipitation data from 19 rain gauges covering the period from 01 January 1960 to 31 December 2016 in this study. These rain gauges are maintained according to the standard methods of the National Meteorological Administration of China. Three quality control methods have been applied to ensure the data quality before they can be released, including climate limit value inspection, station extreme value inspection, and internal consistency inspection. The collected data were organized, classified, analyzed, and interpreted using statistical techniques.



In this study, Dnp is defined as continuous days without available precipitation or precipitation amount <0.1 mm in one day (24 h) for a station [36]. To be specific, if there was no continuous precipitation or the precipitation amount was less than 0.1 mm in a day (24 h), the occurrence of no effective precipitation was counted for 1 day. Similarly, if there was no continuous precipitation or the precipitation amount was less than 0.1 mm in two days (48 h), it was quantified as no effective precipitation for 2 day. The yearly and seasonal mean values of Dnp were calculated, and then further divided into four categories to detect the drought trends, which were no drought (1–5 d), mild drought (6–10 d), moderate drought (11–15 d), and heavy drought (>16 d). The maximum value of consecutive dry days with precipitation below 0.1 mm during the study period at a certain station is denoted as the longest Dnp (LDnp), which is also considered as the longest dry spell or longest consecutive dry days.





3. Methodologies


3.1. Nonparametric Mann–Kendall (MK) Trend Detection Test


The nonparametric Mann–Kendall (MK) trend test has been widely used to assess the significance of monotonic trends in climatological [37,38], meteorological, and hydrological data time series [39,40], which is recommended by the World Meteorological Organization. To avoid serial auto-correlation complications, MK’s test is applied on a monthly scale. This implies that the over-year correlation between the data of the same month is assumed to be negligible. The test statistic Z, at a certain station in a certain month, is calculated by following formula [41,42,43]:


  Z =  {      ( S − 1 ) /   V a r ( S )       i f     S > 0      0    i f     S = 0       ( S − 1 ) /   V a r ( S )       i f     S < 0       ,  



(1)




where


  S =   ∑  i = 1   n − 1      ∑  j = i + 1  n   S g n (  x j  −  x i  )     ,  



(2)




where


  S g n ( θ ) =  {     1    i f     θ > 0      0    i f     θ = 0       − 1     i f     θ < 0       ,  



(3)




where x is the variable, i; j is the synth of the time series with length of n; {Xi| i = 1, 2, …, n − 1}; {Xj| j = i + 1, i + 2, …, n}; n is the sample size; the statistical S is the value of the standard normal distribution with a probability of exceedance of√(Var(S))/2, when n ≥ 8, with the mean and the variance as follows:


  E ( S ) = 0 ,  



(4)






  V a r ( S ) =   n ( n − 1 ) ( 2 n + 5 ) −   ∑ t   t ( t − 1 ) ( 2 t + 5 )     18   ,  



(5)




where t is the extent of any given tie (length of consecutive equal values).



In particular, the MK test provides a trend statistic (Z) indicating the monotonic increasing (positive Z values) or decreasing (negative Z) trend. If the value of the Z statistic is non-significant at a given alpha level, the absence of a trend in the time series can be inferred.



In addition to identifying whether a trend exists, we also used a linear trend analysis method to determine the magnitude of a trend. The trend magnitude β, an estimator developed by Hirsch based on Sen [41,43], can be defined as follows:


  β = m e d i a n (    x j  −  x i    j − i   ) ,  



(6)




where, 1 < i < j < n. β is the median over all possible combination of pairs for the whole dataset [41]. A positive value of β indicates an “upward trend”, i.e., increasing with time, whereas a negative value of β indicates a “downward trend”, i.e., decreasing with time [42]. n is the length of the dataset, or the number of years in the dataset [43,44].




3.2. Inverse Distance Weighting (IDW)


The inverse distance weighting (IDW) [45,46,47]. method can be used to interpolate scatter data into a smooth raster surface. The raster cell values are calculated by averaging the values of station data in the vicinity of each cell. The closer an observation is to the point of estimate, the higher its influence. Such influence is based on a weighted average (wi) of the station values. IDW interpolation is computed as


  f ( l ) =  {        ∑  i = 1  N    w i  ( l ) f (  s i  )       d ( l ,  s i  ) ≠ 0       f (  s i  )     d ( l ,  s i  ) = 0       ,  



(7)




where N is the number of locations used to perform the interpolation, and wi(l) = 1/d (l, si) is the weight given to feature of the i-th location. d (l, si) is commonly computed as the Euclidean distance between locations l and si in 2D geographic space.




3.3. The Relationship Analysis


The relationships between the days of droughts and elevation are studied by scatter plot, regression analysis, and coefficient of determination (R2) based on excel software.





4. Results and Discussion


4.1. Temporal and Spatial Variation of Yearly Dnp


Figure 2 and Table 1 show the temporal and spatial distribution of yearly Dnp. There was a sharp increase in yearly Dnp with a rate of 6 d/10a during the past 60 years. The increasing trend had a 99% confidence, and the MK value was 5.05 with three distinctive stages. The total number of average Dnp was 184 days during 1960–2016 (Figure 2). The annual average Dnp values were 171, 197, and 168 days during 1961–1983, 1984–2013, and 2014–2016, respectively. In general, the two-stage anomalies of 1961–1983 and 2014–2016 were negative, while the anomaly of 1984–2013 was positive. The maximum difference among the three stages was up to 29 days. There was a total of 14 years with an annual average Dnp of more than 200 d/a, which all occurred after 1985. Among them, there were 11 years with an annual average Dnp of more than 200 d/a since 2000. The findings are consistent with previous studies on the spatial and temporal characteristics of precipitation in Guizhou province [48], which indicated that precipitation decreased since the 1960s, especially since the start of the 21st century.



More detailed information of how average Dnp vary from one weather station to another could be inferred from the spatial distributions of trends at the stations (Figure 3). In general, Dnp value is large in the southeast while is low in the northwest, and Guiyang-Xingyi is in the transition zone. To be specific, the south corner (Wangmo and Luodian) has the largest values, followed by southeast corner (Rongjiang) and northeast corner (Sinan). Smaller values (less than 160 d) were found in the north (Bijie and Xishui), where there are mountainous areas. The mountainous areas (Bijie-Xianning and Xishui-Tongzhi) are recognized as less rainy areas; while the low-lying areas in Southwestern, Southeastern and Northeastern Guizhou are rainy areas. The spatial distribution of yearly Dnp could not be represented by that of the rainy or less-rainy areas in Guizhou province. This finding is consistent with the previous study [49], which indicated that there was more rainfall in the south than that in the north, while there were less precipitation days in the south than in the north in Guizhou province. This finding is consistent with the previous study [50], which indicated that there was more rainfall in the south than in the north, while there were less precipitation days in the south than in the north in Guizhou province.




4.2. Temporal and Spatial Variation of Seasonal Dnp


All the four seasonal average Dnp increased significantly, with the rates of 0.82, 1.2, 2.96, and 0.98 d/10a and the MK values of 1.92, 2.13, 5.04, and 1.78 for Spring, Summer, Autumn, and Winter, respectively (in Figure 4 and Table 1). The average numbers of Dnp in the four seasons are relatively close to each other. The average number of Dnp in summer is the smallest, with a value of 42 days, followed by the one in spring (44 days). The average number of Dnp in autumn and winter was 49 days. But there were obvious internal differences in each season. The shortest Dnp is 33, 33, 35, and 35 days, the longest Dnp is 58, 57, 76, and 63 days in spring, summer, autumn, and winter, respectively. During 1960–2016, there were 9, 7, 26, and 29 years with the Dnp exceeding 50 days in the four seasons, respectively. Among them, there were 5, 4, 14, and 10 years with the Dnp exceeding 50 days in spring, summer, autumn, and winter, respectively, since 2000s. There is an obvious increase in the Dnp exceeding 50 days in all the four seasons (Table 2). The Dnp with large numbers mainly occurred in autumn and winter. But the occurrences of Dnp in spring and summer cannot be ignored, as the crops are sown in spring and grown in summer in this region. No effective precipitation in the long term can seriously affect agricultural production.



The variable “number of Dnp” exhibited different spatial patterns in different seasons. In spring, the average number of Dnp, in general, decreased from southwest to northeast. The lowest number of Dnp occurred in the Xishui area. The distribution of Dnp in summer was just opposite to that in spring, which increased from southwest to northeast. The low-value areas appeared in western parts of Guizhou, such as Panxian, Xingyi, and Xianning areas. The distributions of Dnp in autumn and winter were almost identical, which did not exhibit an obvious trend over entire Guizhou. The southwestern part (Wangmo and Luodian) is at the foot of the mountains, where the Dnp values were not large in summer, while those were quite large in the other three seasons. The distributions at Xishui in the northern part and the Dushan in southern part were just opposite to those at Wangmo and Luodian. There are low-value centers in the spring, autumn, and winter (Figure 5).




4.3. Temporal and Spatial Variation of Annual Longest Dnp


The longest Dnp in Guizhou province showed a slight increase trend with the rate of 1.6 d/decade. The average period of the longest Dnp in 1960–2016 was 26 days. The longest period was up to 51 days, while the shortest Dnp was only 17 days. There were 25 years with the average period exceeding 26 days from 1960–2016. Furthermore, the longest continuous non-effective precipitation days period was differentiated into two stages at a juncture of 1982. There was a stepwise rising trend in the two stages (Figure 6a). In the previous time interval, from 1960 to 1982, the average was 22 days, while the average in the latter time interval from 1983 to 2016 was 29 days. For the seasons and frequencies of the longest period of consecutive days without effective precipitation during 1960–2016, there were 27 times, 16 times, 9 times, and 5 times in the winter, fall, spring, and precipitation-rich summer (Figure 6b).



For the spatial distribution of the longest Dnp, the maximum number of days without continuous precipitation was 51 days in the southeast (Wangmo). In general, the numbers of longest Dnp were smaller in the northeast, while larger in the southwest. To the north of the Wujiang River, the longest Dnp were all less than 30 days. The minimum Dnp was in Xishui with the number of 20 days. The southern part of Guizhou was the largest concentrated area with the longest number of Dnp (Figure 7).



On the decadal scale, there were longest Dnp twice in 1960s with an average of 27 days each time; 5 times in 1980s with an average period of also 27 days each time; 3 times in 1990s with an average of 32 days; since 2000s, there was 9 times, with an average of 35.6 days; the average period was up to 37 days each time since 2010s. As to the occurrence time, the longest Dnp start time was mainly in February (in winter), March (in spring, growing season) with 7 times, and October–November (in autumn, harvest time) with 6 times. There was no longest Dnp found during May–June (Table 3). The aggravation of drought had seriously affected agricultural production during these two periods. According to data, the seasonal distribution of drought tends to be severe, and it will become drier in winter and spring in China, affecting crop growth and restricting agricultural production [24,50], especially in southwestern China, where 24% of agricultural areas are affected by drought [51,52]. In Northeast China, drought is accompanied by the spring maize growth period, and long-term drought will make it impossible to recover the physiological functions and yield of maize [53]. In Ethiopia, seasonal droughts have severely affected the production of corn and sorghum [54]; in Afghanistan, this species is now more pronounced. Drought often occurs during the growing season of rice and corn. In the southwestern region of the country, drought affects the growth of wheat [55].




4.4. Temporal and Spatial Variation of Seasonal Longest Dnp


For the longest Dnp of the four seasons, the increasing trend of other seasons was not obvious except for the slight increase trend in autumn and winter with the rates 1.78 d/10a and 1.09 d/10a, respectively (Figure 8). Overall, in the case of spring, although the longest Dnp changed little, only maximum values appeared in several years, and the longest Dnp was up to 51 days in 2010, with a resulting drought that has been referred to as the worst in a century in southwestern China. For the summer, the longest Dnp change of summer is similar to that of spring, and except for individual years, the overall fluctuations were not large. The longest Dnp in 1966 was 32 days, leading to more serious drought in Guizhou province.



Compared with Dnp values in spring and summer, those in fall and winter fluctuated much more. The longest Dnp values were 42 days in autumn and 38 days in winter, while the shortest Dnp were 11 days in autumn and 11 days in winter, respectively. For the Dnp values exceeding 30 days, most of them appeared since 1980. There were 5 times in autumn since 1980s and 7 times in winter since the 1980s among the total number of 8. As to the longest Dnp that were longer than 30 days and have occurred since 2000, there were 2 in spring (out of a total of 2, hence both since 2000); 2 in autumn (among a total of 5); and 4 in winter (among a total of 8). The droughts in Guizhou province have intensified since the 1980s, and the more obvious increasing trend of droughts in the 21st century have tended to aggravate harm to people in Guizhou. This finding is consistent with the previous research [24]. The increase in the spring and summer season was not that obvious. Once large values of Dnp occur in spring or summer, which will do severe harm to the crops, causing irreparable damage to agricultural production. For example, a large drought event happened in 2009–2010 in which 73 counties in Guizhou province suffered extra-severe to extreme drought, and the direct economic losses due to this disaster were up to 13.999 billion Chinese Yuan. The spatial distribution of the 2009–2010 southwestern drought was similar to that of the longest Dnp.



Figure 9 shows spatial distributions of average longest Dnp in Guizhou province during different seasons. In general, there were obvious spatial variations. During spring, more than half of the area had average longest Dnp of less than 8 days, and the Dnp were declining from southwest (Wangmo and Panxian) to northeast. While the Dnp distribution in summer was just opposite to that in spring. More than half of the areas had average longest Dnp of more than 8 days, and the area with low Dnp value was only distributed in a small part of the west. The spatial distribution of Dnp in autumn and winter were in general similar. In autumn, the high values centered in the southeast (Rongjiang) and northeast (Tongren), declining from southeast to the northwest. In the winter, the values of Dnp were slightly smaller than those in autumn, and the center was in southern (Luodian) Guizhou province.




4.5. Variation Trend of Drought Based on Dnp Classification


Based on the classification of longest Dnp, the trends of four types of droughts have been derived. The trend of no drought slightly decreased by 2.8 d/10a, while mild, moderate, and heavy droughts slightly increased by 3.47, 2.99, and 1.36 d/10a, respectively, in Guizhou (Figure 10). There were increases in mild, medium, and heavy droughts, which was consistent with the increasing trends of yearly Dnp (Figure 2), seasonally average Dnp (Figure 5), the longest Dnp (Figure 6), and seasonally longest Dnp (Figure 8). In particular, the increases in the longest Dnp might be the leading cause of the increasing heavy droughts. To be specific, mild droughts were observed in summer, and a significant increasing trend in moderate drought was also inspected in spring (Table 1).



The spatial variations of the four levels of droughts were also obvious, as indicated in Figure 11. The no droughts were concentrated in the northern and central parts of Guizhou province. The mild droughts were in general uniform in the spatial domain, ranging from 30.6 to 57.9 d. The spatial distribution of moderate droughts and heavy droughts were similar, which were characterized by large Dnp values in southwestern (Wangmo, Luodian, and Rongjiang) Guizhou, and followed by the northeast (Tongren). The Dnp values of moderate and heavy droughts decreased from southeast to northwest.




4.6. The Relationship between Dnp and Elevation


The terrain in Guizhou is hilly, with mountainous area accounting for 92.5% of the total. Precipitation is greatly affected by terrain, leading to three rainy centers and three less rain centers in Guizhou province. The three rainy centers, which are located in the northward channel of the southwest warm-humid airflow, are (i) the western windward slopes of the Miaoling Mountain area (Xingyi-Anshun area); (ii) the windward slopes of the eastern Miaoling Mountain area (Duyun-Dushan area), and (iii) the windward slopes of the Wuling Mountains area (Tongren-Songtao area). The three less-rain centers are located in the leeward slopes of the Wumeng mountain area (Xianning-Hezhang-Bijie area), the Daozhen-Zheng’an-Tongzhi area on the leeward slope in northwest side of the Dalou mountain area, and the Shibing-Zhenyuan area in the Wuyanghe river Basin. Due to high altitude, the climate also varies dramatically in the vertical direction. “Four seasons” could exist in a mountain, and different climates could be found within ten miles in Guizhou province. Hence, it is essential to detect the relationships between the elevation and the related indicators of Dnp (Average Dnp and Long days of Dnp in yearly and seasonal scale, and different levels of Dnp).



Figure 12 shows the correlations of Dnp and longest Dnp (d) versus elevation with fitting curves with the correlation coefficients. The Dnp related indicators are significantly negatively correlated with elevation. To be specific, the Dnp trends decreased significantly with elevation, and the correlation coefficients were between 0.5 and 0.82 based on polynomial regression analysis. Particularly, as shown in Figure 13, the correlation coefficients between Dnp, different levels of Dnp, and elevation were between 0.6 and 0.7.



The moisture in Guizhou mainly comes from southwest monsoon in summer, and the rainy season is in general from May to October. The rainy season of Guizhou starts at spring and ends at autumn every year, though the beginning and end of the rainy season are quite different in each year. Sometimes the rainy season comes early, and sometimes it ends late. Furthermore, the rainy days in spring and autumn varied significantly, but there is more moderate to heavy rainfall in summer and less rainfall in winter. Therefore, there are close correlations between Dnp and elevation in summer and winter with relatively large correlation coefficients, while there are less immediate correlations in spring and autumn. The longest Dnp were also affected by elevation, especially in summer, winter, and autumn. The correlation between the longest Dnp and elevation in spring was not close, because the longest Dnp in spring was concentrated in only a small part of the western part. Similarly, for the correlation between different levels of Dnp and elevation, only the correlation coefficient of no drought is not clear, the reason may be that the no drought of Dnp is mainly concentrated in central and northern regions where the terrain is relatively flat. Therefore, although many studies highlighted the strong control of orography on precipitation spatial distribution in mountainous areas, the elevation effect is not obvious. This is due to the complex combination of factors, which can influence the precipitation process [56,57], for example, soil production, land degradation, and sustainable land management [58,59].



The reduction of precipitation, the continuous expansion of the reduced area and the increase of Dnp, have made the future drought situation in this region become more severe, leading to great challenges in water resources management and planning. In fact, insufficient water is the root cause of drought. The indicator of the continuous days without available precipitation (Dnp) is adopted in this study to analyze the changes of drought in Guizhou province, which has been used to characterize precipitation. This method was used to evaluate the crop drought is south China [60], which was proved to be efficient. This method, however, might be subject to uncertainties since it fails in taking account of the crop water requirement and seasonal variations, which should be considered in the future work.





5. Conclusions


In this study, a daily rainfall database during 1960–2016 from 19 rain gauges stations has been compiled for Guizhou province in Southwest China. The spatial and temporal variations of yearly and seasonal Dnp and longest Dnp have been analyzed; the Dnp values and droughts have been classified into different categories; and the relationships between Dnp and droughts have been revealed. Special attention has also been paid to discuss the relationship between Dnp and elevation. The conclusions are as given below:



(1) A steep increasing trend of yearly Dnp has been observed. The seasonal Dnp shows significant increasing trends. Yearly and seasonal Dnp varies significantly in the space domain. The values of yearly Dnp in the south are larger than those in the north, and those in the east are larger than those in the west. The spatial distributions vary in different seasons. High values center on the western part in spring, while high values appear in the eastern part in summer. The distributions in autumn and winter are similar and almost identical to the annual distribution.



(2) There are slight increases in yearly and four seasonal longest Dnp values. The increase in the spring and summer season is not significant, heavy droughts tend to occur at this same time. Because spring is the season of crop planting, summer season is the key season for crop growth, it would have a high negative impact on the crop if severe drought happens.



(3) There is only decrease in no drought, while there is significant increase in the other three levels of droughts. The mild droughts increase significantly in summer, and the moderate droughts increase significantly in spring. Different levels of Dnp also vary in the spatial domain. The no drought concentrates in the northern and central parts, while the other three levels of Dnp are mainly in eastern and southern parts.



(4) The elevation effect on precipitation is not obvious in Guizhou province. The Dnp trend decreases in general as the elevation increases.



(5) This method, however, might be subject to uncertainties since it fails to take account of the crop water requirement and seasonal variations, which should be considered in future work.
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Figure 1. (a) The location of study area, (b) the topography, and (c) the distribution of annual rainfall in Guizhou. 
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Figure 2. The spatial distribution of meteorological stations in Guizhou. 
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Figure 3. The spatial distribution of yearly Dnp (the drought indicator of continuous days without available precipitation). 
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Figure 4. The temporal changes of seasonally average Dnp in (a) spring, (b) summer, (c) autumn, (d) winter. 
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Figure 5. The spatial variations of seasonally average Dnp in (a) spring, (b) summer, (c) autumn, (d) winter. 
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Figure 6. (a) Temporal variation of longest Dnp and (b) occurrences. 
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Figure 7. The spatial distribution of longest Dnp. 
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Figure 8. The temporal changes of seasonally longest Dnp in (a) spring, (b) summer, (c) autumn, (d) winter. 
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Figure 9. The spatial variations of average longest Dnp in (a) spring, (b) summer, (c) autumn, (d) winter. 
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Figure 10. The temporal changes of (a) no drought, (b) mild drought, (c) moderate drought, (d) heavy drought. 
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Figure 11. The spatial variations of (a) no drought, (b) mild drought, (c) moderate drought, (d) heavy drought. 
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Figure 12. (a) Dnp, (b) Dnp in summer, (c) Dnp in winter, (d) longest Dnp, (e) longest Dnp in summer, (f) longest Dnp in winter, (g) longest Dnp in autumn versus elevation. 






Figure 12. (a) Dnp, (b) Dnp in summer, (c) Dnp in winter, (d) longest Dnp, (e) longest Dnp in summer, (f) longest Dnp in winter, (g) longest Dnp in autumn versus elevation.



[image: Water 13 00660 g012]







[image: Water 13 00660 g013 550] 





Figure 13. Relationship between (a) mild drought, (b) moderate drought, (c) heavy drought and elevation. 
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Table 1. MK values for different classifications of Dnp.
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	Items
	MK Value
	Items
	MK Value





	Annual Mean Dnp
	5.05
	Annual days with slight drought
	4.82



	Mean Dnp in spring
	1.92
	Slight drought in spring
	0.83



	Mean Dnp in summer
	2.13
	Slight drought in summer
	2.30



	Mean Dnp in autumn
	5.04
	Slight drought in autumn
	3.75



	Mean Dnp in winter
	1.78
	Slight drought in winter
	2.42



	Longest Dnp
	2.98
	Annual days with moderate drought
	4.74



	Longest period in spring
	0.42
	Moderate drought in spring
	1.94



	Longest period in summer
	0.48
	Moderate drought in summer
	0.94



	Longest period in autumn
	3.29
	Moderate drought in autumn
	4.63



	Longest period in winter
	2.32
	Moderate drought in winter
	2.69



	Annual days with no drought
	−3.84
	Annual days with heavy drought
	2.64



	No drought in spring
	0.13
	Heavy drought in spring
	0.69



	No drought in summer
	0.55
	Heavy drought in summer
	0.56



	No drought in autumn
	−3.98
	Heavy drought in autumn
	3.20



	No drought in winter
	−5.02
	Heavy drought in winter
	1.84










[image: Table] 





Table 2. Changes of seasonally mean Dnp.
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	The Minimum

Dnp (d)
	The Longest

Dnp (d)
	More than

50d (a)
	60s

(a)
	70s

(a)
	80s

(a)
	90s

(a)
	Since 2000s

(a)





	Spring
	33
	58
	9
	2
	-
	2
	-
	5



	Summer
	33
	57
	7
	-
	1
	2
	-
	4



	Autumn
	35
	76
	26
	-
	1
	3
	8
	14



	Winter
	35
	63
	29
	3
	4
	7
	5
	10
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Table 3. Longest Dnp at each station.






Table 3. Longest Dnp at each station.





	
Station

	
Dates

	
Decades

	
Average Days

	
Months

	
Seasons

	
Days






	
Guiyang

	
28 February 1966 to 11 March 1966

	
1960s

	
27

	
February–March

	
Winter, Spring

	
22




	
Qixi

	
16 July 1966 to 16 August 1966

	
1960s

	
July–August

	
Summer

	
32




	
Guiyang

	
21 November 1983 to 13 December 1983

	
1980s

	
27

	
November–December

	
Winter

	
22




	
Meitan

	
24 October 1988 to 25 November 1988

	
1980s

	
October–November

	
Autumn

	
32




	
Sinan

	
25 October 1988 to 25 November 1988

	
1980s

	
October–November

	
Autumn

	
31




	
Weining

	
20 November 1983 to 18 December 1983

	
1980s

	
November–December

	
Autumn, Winter

	
28




	
Zunyi

	
20 November 1983 to 13 December 1983

	
1980s

	
November–December

	
Autumn, Winter

	
23




	
Sanhui

	
10 August 1990 to 13 September 1990

	
1990s

	
32

	
August–September

	
Summer, Autumn

	
34




	
Tongren

	
09 August 1990 to 20 September 1990

	
1990s

	
August–September

	
Summer, Autumn

	
42




	
Xishui

	
23 July 1992 to 12 August 1992

	
1990s

	
July–August

	
Summer

	
20




	
Bijie

	
05 August 2002 to 20 September 2002

	
2000s

	
35.6

(37 for 2010s)

	
August–September

	
Summer, Autumn

	
26




	
Kaili

	
29 October 2007 to 05 December 2007

	
2000s

	
October–December

	
Autumn, Winter

	
37




	
Rongjiang

	
31 September 2007 to 02 November 2007

	
2000s

	
September–November

	
Summer, Autumn

	
34




	
Anshun

	
08 February 2010 to 07 March 2010

	
2010s

	
February–March

	
Winter, Spring

	
28




	
Dushan

	
13 September 2016 to 18 October 2016

	
2010s

	
September–October

	
Summer, Autumn

	
35




	
Luodian

	
18 February 2010 to 03 April 2010

	
2010s

	
February–April

	
Winter, Spring

	
44




	
Panxian

	
22 February 2010 to 27 March 2010

	
2010s

	
February–March

	
Winter, Spring

	
33




	
Tongzhi

	
05 February 2010 to 03 March 2010

	
2010s

	
February–March

	
Winter, Spring

	
27




	
Wangmo

	
06 February 2010 to 29 March 2010

	
2010s

	
February–March

	
Winter, Spring

	
51




	
Xingyi

	
18 February 2010 to 31 March 2010

	
2010s

	
February–March

	
Winter, Spring

	
41
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