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Abstract

:

The source region of the Yellow River Basin (SRYRB) is not only sensitive to climate change and the vulnerable region of the ecological environment but also the primary runoff generating region of the Yellow River Basin (YRB). Its changes of drought and wetness profoundly impact water resources security, food production and ecological environment in the middle and downward reaches of YRB. In the context of global warming, based on daily precipitation, maximum and minimum temperature of 12 national meteorological stations around and within SRYRB during 1960–2015, this study obtained standardized precipitation index (SPI) and reconnaissance drought index (RDI) on 1-, 3-, 6- and 12-month scales, and then compared the consistency of SPI and RDI in many aspects. Finally, the temporal and spatial variation characteristics of drought and wetness in the SRYRB during 1960–2015 were analyzed in this study. The results showed that SPI and RDI have high consistency on different time scales (correlation coefficient above 0.92). According to the average distribution and change trend of the RDI, SRYRB presented an overall wetness state on different time scales. We found an increasing trend in wetness since the early 1980s. In terms of wetness events of different magnitudes, the highest frequency for moderate and severe ones was in June (12.7%) and February (5.5%), respectively, and for extreme wetness events, both September and January had the highest frequency (1.8%). Among the four seasons, the change rate of RDI in spring was the largest with a value of 0.38 decade−1, followed by winter (0.36 decade−1) and autumn (0.2 decade−1) and the smallest in summer (0.1 decade−1). There was a greater consistency between RDI values of larger time scales such as annual and vegetation growing seasonal (VGS) scales in SRYRB. There was generally a growing trend in wetness in the VGS time scale. These findings presented in this study can provide data support for drought and wetness management in SRYRB.
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1. Introduction


Drought and flood are two of the most severe meteorological disasters to impact human society and occur widely and frequently in China [1,2], causing considerable damage to the living environment of humans [3]. They have become stronger in frequency, severity and duration under the rapid development of the economy and society [4,5]. The drought or flood disaster is a complex and multivariate phenomenon influenced by diverse physical and biological processes [6], and its spatial variation characteristics vary significantly with geography and climate [7,8]. With global warming and the acceleration of the water cycle, the spatiotemporal pattern and structure of precipitation have changed significantly [9,10], which can undoubtedly increase extreme precipitation events, further resulting in increased frequency and intensity of droughts or floods in many regions [11]. There were 7870 meteorological disasters in the world during 1970–2009, which caused 1.86 million deaths and USD 195.4 billion in direct economic losses [12]. According to Shi et al. [2], the population, affected by floods and droughts, increased at rates of 8.7 million and 3.8 million persons/decade, respectively, only in 637 counties (districts) in East China during 1984–2010, and the direct economic losses increased at rates of CNY 12.6 billion/decade and CNY 1.9 billion/decade, respectively. Therefore, it is of great significance to study and understand drought and wetness variability to avoid and mitigate losses caused by drought and flood disasters and to ensure the safety of people’s lives, property and the living environment, especially in mountainous basins.



Originating from the arid Qinghai–Tibet Plateau (QTP) and as the second largest river in China [13], the Yellow River Basin (YRB) is the crucial supply of water resources in northern China, which supports about one-third of the total population [14]. As the global and regional climate has been changing for the past decades, the drought in the YRB has increased significantly at the basin scale [3,15,16]. However, no detailed analysis of drought and wetness variations in the source region of YRB (SRYRB) was reported. SRYRB constitutes only 15.4% of the total YRB area, whereas the annual runoff at Tangnaihai station can hit 35% of the total YRB runoff [17]. As a semi-arid and semi-humid region of the QTP subfrigid zone, the drought or wetness of SRYRB was extremely susceptible to precipitation and temperature [14,18]. In recent decades, the annual precipitation over SRYRB exhibited a significant increasing trend [19] and presented an increasing gradient from the northeast to southwest in spatial patterns [14]. In terms of temperature, the overall trend has been rising with a particularly significant warming trend has existed since the late 1990s. In detail, it can be divided into three stages, namely a cool stage (approximately 1961–1980), a fluctuating stage (approximately 1981–1997) and a warm stage (approximately 1998–2010) [18]. Therefore, under these conditions, the drought and wetness state in SRYRB need to be further studied.



The characterization of drought and wetness is generally analyzed using different drought indices, which are effectively continuous functions of precipitation and other hydrometeorological variables (e.g., temperature and soil moisture) [20]. Among various drought indices, the most widely used is the standardized precipitation index (SPI) based on a probabilistic precipitation approach [21], the Palmer drought severity index (PDSI) based on the soil moisture balance equation [22], the standardized precipitation evapotranspiration index (SPEI) [23] and reconnaissance drought index (RDI) [24,25] based on the water balance (deficit or surplus) probabilistic method. Each of these indices is relevant for a specific drought type (i.e., meteorological drought, hydrological drought and agricultural drought) [26], in which SPI, SPEI and RDI are generally employed in meteorological drought. Xu et al. [27] proved the merits and limitations of SPI, RDI and SPEI through a comprehensive analysis of their spatiotemporal variation in China during 1961–2012, and the results showed that these three drought indices have almost the same performance in humid regions, while SPI and RDI were found to be more appropriate than SPEI in the arid regions. Moreover, the uses of SPI and RDI were validated worldwide [26]. Therefore, the two complementary indices (SPI and RDI) were employed in this study.



This study focuses on spatiotemporal changes of drought and wetness in SRYRB with statistical analyses in three aspects: (1) investigating the consistency of SPI and RDI on monthly, seasonal, vegetation growing seasonal (VGS) and annual scales; (2) analyzing the spatiotemporal variation characteristics of RDI on different time scales; (3) characterizing the variations of drought and wetness events at different levels on monthly, seasonal, VGS and annual scales. Most studies regarding the wetness and drought in the Yellow River Basin have considered the entire region while neglecting the importance of the source region in providing water to the growing population and economy of the downstream area. They have found contrasting and heterogeneous changes in the area given its diverse topography. Therefore, focusing on a specific region of the basin will provide a more accurate picture of water status over the past and future.




2. Materials and Methods


2.1. Study Area


SRYRB (Figure 1) is the catchment of the Yellow River Basin (YRB) above the hydrological station of Tangnaihai, located on the northeast Qinghai–Tibet Plateau (QTP) between 32°10′–36°7′ N and 95°54′–103°24′ E [28]. The drainage area is 120,900 km2, occupying approximately 16% of the YRB [29]. It is bound by the Buqing Mountains in the north, the Bayan Har Mountains in the south and the Yueguzonglie highlands in the west [18], of which the elevation ranges from 2667 m in the east to 6247 m in the west, with the average value of 4129.3 m. Therefore, climatologically, the area belongs to the semi-arid and semi-humid alpine of the QTP subfrigid zone, with long cold and short warm seasons [18]. The climate of SRYRB is greatly influenced by the southwest monsoon and the East Asian summer monsoon, resulting in 75–90% of the annual precipitation in this area falling within June to September [30,31]. The annual precipitation ranges from 300 to 750 mm with the characteristics of low intensity (<50 mm/day) and long duration (10–30 days) [17,30], of which snowfall accounts for less than 10% primarily during November to March [29]. The annual average temperature varies between −3.6 °C and 3.4 °C from southeast to northwest, with the lowest temperature of −36.3 °C in January and the highest of 24.7 °C in August. According to Liang et al. [13], the potential evapotranspiration (PET) is approximately 1300–1400 mm/yr. There are large areas covered with grassland, lakes and swamps in SRYRB, among which grassland accounts for 80% of this area. However, due to a combined effect of long-term overgrazing and climate change, the grassland has experienced severe degradation [32].




2.2. Data Sources and Analysis


In this study, data used for drought indices calculation, including daily series of precipitation, maximum and minimum temperature, were derived from the Daily China Surface Climate Dataset (Version 3), and it was observed and published by the National Meteorological Information Center (NMIC) and China Meteorological Administration (CMA). Within and around the study area, 12 meteorological stations (Figure 1) were selected for their low missing rate of observations. In addition, three meteorological stations around SRYRB were also selected for the proximity of location and similarity of terrain, compared with the nearby region of SRYRB. The details of these meteorological stations used in this study can be observed in Table 1. All observations of the 12 meteorological stations have been filtered with strict quality control (QC), including missing data interpolation, extrema detection and internal consistency check [33], before the calculation of drought indices. Then, daily precipitation was aggregated to monthly precipitation during the hydrological year of 1960/1961 to 2014/2015, and the monthly maximum (Tmax) and minimum (Tmin) temperatures were calculated for each month during the study period based on daily Tmax and Tmin, respectively. A hydrological year is set from September to the next August based on the hydroclimatic regime.



For 12 meteorological stations, Pearson’s correlation and significant test were employed to obtain the correlation coefficients (CC) and significance level, respectively, between SPI and RDI on different time scales.




2.3. Methods


2.3.1. Calculation of Drought Indices


Standardized Precipitation Index:SPI, based on a long-term precipitation series, quantifies the difference in precipitation over a certain period, deficit or surplus, compared to the average during the same period [21]. This index has multiple time scales, from one month to one year. In the calculation procedure of SPI, precipitation series x is generally supposed to obey gamma distribution, and probability density function g(x) and cumulative distribution function G(x) can be described as Equation (1) and Equation (2), respectively:


  g ( x ) =  1   β α  Γ ( α )    x  α − 1    e  −  x β           ( x > 0 )      



(1)






  G ( x ) =  1   β α  Γ ( a )      ∫ 0 x    t  α − 1    e  −  t β       d t        ( x > 0 )      



(2)




in which α and β are the shape and scale parameters, respectively, and can be calculated by the maximum likelihood estimation (MLE). Due to the discontinuity of precipitation over time, Equation (3) is used to account for such physical features of precipitation:


  H ( x ) = q + ( 1 − q ) G ( x )  



(3)




in which q represents the probability of zero, and it can be estimated by using a ratio between the number of zeros and the length of the series. Then, SPI is obtained by Equation (4):


  S P I =  φ  − 1   ( H )  



(4)




in which  φ  stands for the standard normal distribution.



Reconnaissance Drought Index: RDI, based on precipitation and potential evapotranspiration (PET), was developed to approach the water deficit in a more accurate manner as a sort of balance between input and output in a water system [25]. It is expressed in the initial value (αk) and the standardized form (RDIst) [34]. αk is calculated for the ith year in a time basis of k consecutive months as follows:


   α k  ( i )   =     ∑  j = 1  k    P  i j         ∑  j = 1  k   P E  T  i j              i = 1     t o     N , j = 1     t o    k                     



(5)




in which Pij and PETij are the cumulative precipitation and PET of the jth month in the ith year, and N is the total number of years of the available data.



By conducting testing, αk was found to obey both the log-normal and gamma distribution [35]. In this study, it was assumed to follow the gamma distribution, and the same procedures as those in the calculation of SPI were transplanted here to obtain RDI (RDIst), according to Equations (1)–(4).



Drought Pattern and Classification: In this study, the monthly, 3-month, 6-month and 12-month scales of SPI and RDI were calculated for each meteorological station during 1960/1961–2014/2015, which were abbreviated as SPI/RDI-1, SPI/RDI-3, SPI/RDI-6 and SPI/RDI-12, respectively. Take SPI as an example, SPI-1 means SPI calculated from September to August of the following year on the monthly scale; SPI-3 denotes the SPI value of autumn (September to November), winter (December to February), spring (March to May) and summer (June to August). For SPI-6, the vegetation growing seasonal (VGS) scale from March to August was selected; finally, the SPI from September to August of the following year was calculated as SPI-12. Then, the spatiotemporal pattern of SPI and RDI on different scales was developed using the Weighted Inverse Distance (IDW) interpolation technique from the 12 meteorological stations spread throughout SRYRB. The basin-scale SPI and RDI were obtained from the average of SPI and RDI over the entire study area, respectively.



The classification of meteorological drought is carried out according to SPI and RDI values. Since SPI and RDI follow similar methodologies, their values should have the same statistical meaning and, thus, are comparable. Therefore, the same thresholds [34,36,37] for both of them were used to classify drought–wetness conditions (Table 2).




2.3.2. Potential Evapotranspiration (PET) Assessment


Many approaches have been used to assess PET, which generally can be divided into three main categories: hydrologic or water balance methods, analytical methods based on climate variables and empirical estimates [38]. The first two categories have complicated structures and relatively high data demanding, for instance, the Variable Infiltration Capacity (VIC) model and Penman–Monteith equations [35]. In contrast, the category of empirical estimates became very popular in data-scarce areas as it is only based on temperature, which, to estimate PET, would produce satisfactory results for RDI calculation [39]. In this category, approaches of Hargreaves [40], Thornthwaite [41] and Blaney-Criddle [42] are well-known samples. From these approaches, Hargreaves requires mean (Tmean, optional), maximum (Tmax) and minimum (Tmin) temperatures, whereas the other two require only mean temperature. Therefore, the Hargreaves method was adopted to estimate PET in this study, and its equation was expressed as Equation (6) [43]:


  P E T = 0.0135 ×  R s  ×  (   T  m e a n   + 17.8  )   



(6)




in which Rs is the global solar radiation at the surface (millimeters/day), which could be computed using Equation (7) [44]:


   R s  =  K  R S   ×  R a  × T  R  0.5    



(7)




in which KRS, with the value of 0.16, is an empirical coefficient fitted to Rs/Ra versus TR data, while TR is the difference between Tmax and Tmin; Ra stands for extraterrestrial radiation, and it can be calculated according to time (Julian day in one year) and geographic location.






3. Results


3.1. Difference and Similarities of SPI and RDI


The correlation coefficients between two drought indices on monthly, seasonal, VGS and annual scale were 0.983, 0.987, 0.984 and 0.982, respectively. All CCs between SPI and RDI were more than 0.98 on different time scales and were significant at the level of 0.01. However, slight differences do exist between the two indices. The lowest CC with 0.982 on the annual scale (SPI-12 and RDI-12) was taken, for example, to check the consistency of maximum and minimum values of SPI-12 and RDI-12, which are listed in Table 3. The CCs between the maximum and minimum of SPI-12 and RDI-12 were 0.91 and 0.92, respectively, with a significance level of 0.01. Therefore, there were certain differences in the extreme values of SPI-12 and RDI-12. Moreover, the corresponding extreme values all fell into the same drought classes in Table 2 except for the corresponding maximum values at Qingshuihe, Henan and Jiuzhi stations.



To further check the consistency of the two drought indices, the similarities and differences of drought classes on different time scales were calculated in this study (Figure 2). The differences were no more than 20% for all meteorological stations on monthly, seasonal and annual scales, and the maximum was detected in Hongyuan and Zoigê stations with a value of 19%. On the VGS scale, the differences only at the two stations of Henan and Jiuzhi were 22%, which were beyond 20%. By separating the effects of drought and wetness classes, it was found that these differences were partly dominated by the wetness classes, which could be explained by the effect of temperature-based PET by using the RDI index [36]. Overall, SPI and RDI had high consistency, which simultaneously showed the robustness and applicability of SPI and RDI in SRYRB.




3.2. Spatiotemporal Variation Characteristics of RDI


Figure 3 shows the spatial distribution of the average RDI at different time scales in SRYRB. On the annual (Figure 3a) and VGS (Figure 3b) scale, the majority of RDIs are positive, except for a small part of the area located in eastern SRYRB with no change on the VGS scale, which indicates that SRYRB is generally in the wetness condition during 1960–2015. As for the seasonal scale (Figure 3c–f), in autumn (Figure 3c), a small area in western SRYRB is in a state of drought, the eastern region is neither wet nor in a state of drought and the central region is slightly wet. In winter (Figure 3d) and spring (Figure 3e) seasons, SRYRB is almost in a wet state, while in the summer, there is a significant difference between the east and the west of the study area. Specifically, the west and middle parts of SRYRB are wet, while the east part is in a state of drought, and there is an obvious dividing line between wetness and drought.



The change trends of RDI over the SRYRB at different time scales are calculated during 1960–2015, as shown in Figure 4. From Figure 4a,b, it can be seen that the spatial distribution pattern of RDI change rates is similar between the annual scale and the VGS scale, with the change rate decreasing from west to east. However, on the annual scale, the most eastern part of SRYRB underwent a decreasing trend, while on the VGS scale, RDIs almost experienced an increasing trend. The combined Figure 3a,b indicate that the average distribution and change trend of annual RDI can be explained by that on the VGS scale to a certain extent. On the seasonal scale (Figure 3c–f), there are significant differences in the spatial distribution of RDI variation characteristics. Among the four seasons, the change rate of RDI is relatively more significant in winter (Figure 3d) and spring (Figure 3e), then followed by summer (Figure 3f) and the smallest is during the autumn (Figure 3c). In winter and spring, the change rates of RDI generally exhibited a decreased gradient from southwest to northeast. It should be noted that, in the summer, the RDI in eastern SRYRB presented a decreasing trend while that in western SRYRB showed an increasing trend, indicating that the difference of drought and wetness between the east and west was gradually sharper. However, the RDI over most areas of SRYRB experienced a noticeable increasing trend at different time scales during the period of 1960–2015, which can conclude that the climate in the SRYRB is changing towards warming and wetness in the context of global warming.



As shown in Figure 5, the interannual variations of RDI at different time scales were calculated over SRYRB during the study period. According to the variation of annual RDI shown in Figure 5a, the trend of annual RDI increased significantly from 1960/1961 to 2015/2016. Two stages can be found in the course of annual RDI variations. (1) The first stage, named the drought stage, was from 1960/1961 to 1979/1980. In this stage, the values of RDI were negative except during the years 1963/1964, 1966/1967, 1971/1972, 1974/1975 and 1975/1976. (2) The second stage, named the wetness stage, was from 1980/1981 to 2014/2015. During this stage, the majority of RDI values were positive, showing a clear trend of increasing wetness in comparison to the previous period. According to the cumulative curve of annual RDI, the change from drought to wetness was evident, with the turning point being in the early 1980s. As for VGS RDI (Figure 5b), its variation is very similar to that of annual RDI. On annual and VGS scales, the average change rates of RDI over SRYRB were 0.26 decade−1 and 0.24 decade−1, respectively.



On the seasonal scales (Figure 5c–f), RDI showed an increasing trend in autumn, winter and spring, but a slight and non-significant increasing trend in the summer. Among the four seasons, the change rate of RDI in spring was the largest, with a value of 0.38 decade−1, followed by that in winter (0.36 decade−1) and autumn (0.2 decade−1), and the smallest is in summer (0.1 decade−1). In terms of the stability of RDI variations, although RDI showed an increasing trend on seasonal scales, its interannual variation and fluctuation characteristics varied greatly in different seasons. In winter and spring, RDI changed significantly from drought to wetness, with the turning point of 1979/1980. Since the turning point, SRYRB has been in a wet state almost all the time in these two seasons. However, in autumn and summer, the fluctuation between drought and wetness is obvious, especially in summer.




3.3. Variation Characteristics of Drought and Wetness Events


3.3.1. Intra-Annual Variation Characteristics of Drought and Wetness Events


As presented in Figure 6 and Table 4, the frequency of droughts was high before 1980, including mainly the mild droughts. Among 240 months during 1960–1980, there were 149 months, 40 months and 10 months undergoing mild, moderate and severe drought, respectively. Additionally, there was one month showing extreme drought in June 1966. As for wetness events, there were only five months and one month experiencing moderately and severely wetness ones, respectively. Therefore, these observations suggest that SRYRB was mainly dominated by the drought before 1979/1980. However, since 1980/1981, drought frequency decreased significantly. Among 420 months during 1981–2015, only 114 months, 7 months and 2 months underwent mild, moderate and severe drought, respectively, with no extreme drought.



On the contrary, the frequency of wetness events increased significantly. According to the frequency of wetness events in each month during the study period, it shows the highest value of 14.6% in February. In terms of wetness events of different magnitudes, the highest frequency for moderate and severe ones was in June (12.7%) and February (5.5%), respectively, and for extreme wetness events, both September and January have the highest frequency (1.8%).




3.3.2. Variation Characteristics of Drought and Wetness Events on Annual and VGS Scales


According to the dry and wetness event standard of RDI (Table 2), the frequency and associated trend of six levels of drought and wetness events on the annual scale in the SRYRB are illustrated in Figure 7. It should be noted that severe and extreme wetness events are combined (Figure 7f) for notably slight changes in extreme wetness events. It can be found from Figure 7 that, corresponding to the increase in RDI, drought events showed a decreasing trend, while wetness events showed an increasing trend. Except for severe and extreme wetness events, the changes of other drought and wetness events were statistically significant (p < 0.05). Among drought events, moderate drought events had the strongest change with a rate of −0.7 month/decade, followed the mild drought events (−0.6 month/decade) and severe drought events (−0.4 month/decade), and the extreme drought events had the smallest change, with a rate of −0.06 month/decade. Specifically, drought events were mainly concentrated in the period of 1960s to early 1980s. Since the early 1980s, moderate, severe and extreme drought events have rarely occurred, while mild drought events still occur over time, but its change trend is significantly decreasing. On the contrary, during 1960s to early 1980s, wetness events rarely occurred. Since the early 1980s, wetness events have increased apparently, in which the moderate wetness events mainly occurred in 1981–1993 and 2005–2012, and severe and extreme wetness events primarily occurred in 1981–1990.



Figure 8 showed the inter-annual changes of drought and wetness events on the VGS scale, from which we can observe that the characteristics were similar to those on the annual scale. For example, all drought events underwent a decreasing trend during 1960–2015, while all wetness events experienced an increasing trend at the same period; both drought and wetness events had significant change trends except for severe and extreme wetness events (Figure 8f). However, some differences also exist in them, such as since the 1980s, the fluctuation of occurrence months of mild drought events (Figure 8d) on the VGS scale is smaller compared with that (Figure 7d) on the annual scale; the occurrence periods of wetness events were different at two scales (Figure 7e,f and Figure 8e,f).




3.3.3. Variation Characteristics of Drought and Wetness Events on Seasonal Scale


Figure 9 illustrates the change trends of 6 levels of drought and wetness events in the SRYRB during 1960–2015, and the associated change rates and significances are listed in Table 5. Combining Figure 9 and Table 5, we can observe that all drought events had a decreasing trend in four seasons. However, the associated significances have great differences. Among them, the variations of frequency in four seasons were statistically significant at the levels of 0.05 for both severe and moderate drought events, while they were significant only in summer for the extreme drought event. As for mild drought events, the variations were statistically significant in three seasons, including winter, spring and summer. Notably, among four seasons, the variations of severe and moderate drought events were relatively more intense in winter and spring, while it was in the summer for extreme drought events, and in winter, spring and summer for mild drought events. In terms of four classes of drought events, the variation of frequency at the moderate level was the most dramatic, with an average of −0.2 mon/decade, followed by the mild level, with an average of −0.15 mon/decade.



Generally, the change trends of wetness events are opposite to the drought events in different seasons, which is consistent with that on the annual and VGS scales. At the moderate level, wetness events presented a significant increasing trend in four seasons during the period of 1960–2015 except for autumn, and the relatively more intense variations occurred in winter and spring. As for severe and extreme wetness events, it showed an overall increasing trend without statistical significance.






4. Discussion


The present study investigated changes in drought and wetness phases in SRYRB by employing two commonly used indices of SPI and RDI. The SPI index is solely based on precipitation while RDI is more dependent on temperature and evapotranspiration. This negligible inconsistency in methodology has resulted in small mismatch between the values obtained by SPI and RDI values, which has not been significant in any of the time intervals considered. For example, the maximum was detected in Hongyuan and Zoigê station with the value of 19% on monthly, seasonal and annual scales, while the differences only at two stations of Henan and Jiuzhi were 22% on the VGS scale. All these stations are located in the southeast of SRYRB, where the region is characterized by low altitude, high temperatures [45] and precipitation [14,19]. However, since one of the major objectives of this research was the investigation of changes in wet/dry phases in vegetation growth period, we tended to use the RDI index since it is also dependent on the vegetation cover of any region [26,46]. According to Merabti et al. [47], RDI shows smaller differences among climate zones and time scales and, therefore, provides a better representation of drought and wet years.



A further analysis using the RDI index showed that the early 1980s was a turning point from drought to wetness in SRYRB on annual and vegetation growing seasonal (VGS) scales. Contrary to our findings, Xu et al. [27] evaluated the trend in drought events in China during 1961 to 2012 using three indices and detected an increasing trend in the frequency of drought events. Yet this discrepancy in findings might be attributed to the scale of the analysis and study area. Zhang and Gao [48] evaluated drought/wet years in Qinghai–Tibetan Plateau of China and, similarly to our study, found a noticeable rising trend in wet years and temperature in the area.



We investigated the trend in RDI index over different time scales. In terms of monthly changes, the frequency of wetness events increased significantly. Our results show that the highest RDI value by 14.6% occurred in February. In terms of wetness events of different magnitudes, the highest frequency for moderate and severe ones was in June (12.7%) and February (5.5%), respectively, and for extreme wetness events, both September and January had the highest frequency (1.8%). In total, it seems that the autumn and spring months are becoming increasingly wetter. On the seasonal scale, the spatiotemporal variation of RDI presents the most significant increasing trend in winter and spring [49]. The highest frequencies of severe and extreme wetness events are also in winter. In contrast, the frequency and contribution of moderately heavy rainfall events to total rainfall show a significant decreasing trend in summer [49] (Figure 4 and Figure 5). Among the four seasons, the change rate of RDI in spring is the largest, with a value of 0.38 decade−1, followed by that in winter (0.36 decade−1) and autumn (0.2 decade−1), and the smallest is in summer (0.1 decade−1). Similarly, Khan et al. [50] Found an increasing trend in winter precipitation and temperature in Songhua River Basin of China. Yet they found the majority of years during 1965–2013 to be in drought conditions.



In terms of the spatial changes in drought and wetness events, we found a warming–wetting trend in northwestern SRYRB [51], which is in accordance with the findings from Tian et al. [52]. From Figure 4, it is clear that mountainous areas are becoming wetter while plain areas are becoming dryer over the decades. Zhang and Gao [48] evaluated drought/wet years in Qinghai Tibetan Plateau of China and similar to our study found a noticeable rising trends in wet years and temperature in the area. They found that mountainous areas to the west were characterized with greater increases in wetness. According to these authors, most of the arid and humid regions in the QTP faced a reduction in precipitation, while the precipitation in semiarid regions was found to be on the rise.



An interesting finding regarding long-term temporal changes in RDI values is that changes in RDI become apparently more consistent when moving from shorter to longer time steps. On the annual and VGS scales, the average change rates of RDI over SRYRB were 0.26 decade−1 and 0.24 decade−1, respectively. Therefore, for VGS RDI (Figure 5b), its variation is very similar to that of annual RDI. This clearly indicates an increasing trend in precipitation during the vegetation growth season. Therefore, vegetation cover in the study area must have become denser and richer over the time period. To support this claim, Zhang et al. [53] reported that the growing-season Normalized Difference Vegetation Index (NDVI) increased during 1982–2015 in the Yellow River Basin area of China. In their work, the response of vegetation to climate variations became more prominent as time scales increased.



In total, we found a general increasing trend in wet years over SRYRB. Climate change has resulted in a heterogeneous pattern in wetness and drought distribution in China. The state of drought or wetness is directly affected by precipitation and temperature, whereas its intrinsic mechanism is influenced by the effect of large-scale climate. Wang et al. [52] revealed that the drought in SRYRB is highly related to the El Niño-Southern Oscillation (ENSO) and the North Atlantic and Arctic Oscillations (NAO). Climate change by changing planetary scale weather patterns could result in severe changes in wet and drought years in China. According to Liu and Cui [54], climate change has resulted in great heterogeneity in precipitation and temperature changes in the Yellow River Basin area. Contrary to our findings, they reported that, during 1961–2000, precipitation decreased in most stations in the area. Yet, Khan et al. [55], by projecting the current trend in climatic parameters using the HadCM3A2 global climate change model, found a warming and wetting trend in the Heilongjiang area of China until 2099. We believe that the intensity of wetness and drought events will increase in the future under climate change. The same was reported by Cheng et al. [56] in Guizhou in China, who showed an increasing trend in the frequency and intensity of drought events in China during the 21st century. Since the Yellow River Basin is a region with economic and population importance in China, the changes in wetness and drought could directly impact China’s economy and even the global economy given the position of China’s economy in global setting. Increasing population and socio-economic development have placed great pressures on water resources at the Yellow River Basin [57]. This region is already inflicted with water scarcity, pollution and ecosystem degradation and is accompanied with biodiversity declines that have been further aggravated by anthropogenic-induced climate change [58]. Therefore, the results of our paper, even though indicating a growing trend in wetness, show an intensification in drought and wet events, which aggravates water stress in the area. This important fact must be given serious thought when devising management plans to cope with climate change in the future. This study thoroughly investigated spatiotemporal drought and wetness changes in SRYRB. However, the relevant analyses of the change mechanism of drought and wetness were not implemented in this study. Therefore, this issue will be further studied in the future.




5. Conclusions


We explored the temporal and geographical variation of drought and wetness occurrences in SRYRB at the basin scale over 1960 to 2015 in this study. Temporally speaking, prior to 1979/1980, drought events dominated SRYRB. However, the frequency of droughts has dropped dramatically after 1980/1981. Instead, the number of wetness incidents has grown considerably. An increase in the intensity of transitory drought and wetness occurrences was also found in the latter period. Based on our findings, shorter time periods, such as monthly and seasonal, revealed notable discrepancies in wetness and drought episodes. However, when addressing wider time periods, we discovered that variations in wetness and drought became more consistent. For example, yearly and vegetative growth season RDI values were highly consistent. In line with this finding, we discovered an increase in precipitation throughout the vegetation growth phase, which may result in greater plant coverage in the region. Geographically speaking, our results indicated that mountainous areas are becoming wetter while plain areas are becoming dryer. In conclusion, we think that, in response to climate change, appropriate measures should be implemented to limit the effects of future flood and drought events due to their shifting patterns.
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Figure 1. Geographical location of the source region of the Yellow River Basin and hydro-climatic stations settled in the area. 
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Figure 2. Differences and similarities (%) of drought classes on (a) monthly, (b) seasonal and (c) vegetation growing seasonal (VGS) and (d) annual scale according to SPI and RDI values. 
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Figure 3. The geographical distribution of the mean RDI in 1961–2015 over SRYRB on the (a) annual, (b) vegetation growing seasonal (VGS) and (c–f) seasonal scale: (c) autumn, (d) winter, (e) spring and (f) summer. 
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Figure 4. Changes in RDI over SRYRB during the period 1960–2015 on the (a) annual, (b) vegetation growing seasonal (VGS) and (c–f) seasonal scale: (c) autumn, (d) winter, (e) spring and (f) summer. 
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Figure 5. Time series and change trends of RDI at (a) annual, (b) vegetation growing seasonal (VGS) and (c–f) seasonal scales during 1960–2015: (c) autumn, (d) winter, (e) spring and (f) summer. 
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Figure 6. Intra-annual distribution of drought and wetness over SRYRB during 1960–2015. 
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Figure 7. Changes in frequency of drought and wetness events of different magnitudes in SRYRB during 1960–2015 on the annual scale. (a) Extreme drought, (b) severe drought, (c) moderate drought, (d) mild drought, (e) moderate wetness and (f) severe and extreme wetness. 
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Figure 8. Changes in frequency of drought and wetness events of different magnitudes in SRYRB during 1960–2015 on the vegetation growing seasonal (VGS) scale. (a) Extreme drought, (b) severe drought, (c) moderate drought, (d) mild drought, (e) moderate wetness and (f) severe and extreme wetness. 






Figure 8. Changes in frequency of drought and wetness events of different magnitudes in SRYRB during 1960–2015 on the vegetation growing seasonal (VGS) scale. (a) Extreme drought, (b) severe drought, (c) moderate drought, (d) mild drought, (e) moderate wetness and (f) severe and extreme wetness.



[image: Water 14 00861 g008]







[image: Water 14 00861 g009 550] 





Figure 9. Changes in frequency of drought and wetness events of different magnitudes in SRYRB during 1960–2015 at the season scale. (a) Extreme drought, (b) severe drought, (c) moderate drought, (d) mild drought, (e) moderate wetness and (f) severe and extreme wetness. 
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Table 1. Geographical characteristics and meteorological data of 12 sites in SRYRB during the hydrological year of 1960/1961 to 2014/2015.
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	Code
	Name
	Longitude

(°E)
	Latitude

(°N)
	Elevation

(m)
	Tmax 1

(°C)
	Tmin 2

(°C)
	P 3

(mm)





	52943
	Xinghai
	99.98
	35.58
	3323.2
	9.77 ± 0.74
	−5.78 ± 0.86
	346.47 ± 75.2



	52955
	Guinan
	100.75
	35.58
	8120.0
	11.11 ± 0.76
	−4.32 ± 0.65
	396.03 ± 90.96



	56021
	Qumarleb
	95.78
	34.13
	4175.0
	5.87 ± 0.97
	−8.54 ± 0.92
	362.53 ± 109.92



	56033
	Madoi
	98.22
	34.92
	4272.3
	3.89 ± 0.98
	−9.51 ± 1.16
	284.84 ± 88.61



	56034
	Qingshuihe
	97.13
	33.80
	4415.4
	3.97 ± 0.86
	−11.22 ± 0.83
	431.68 ± 146.93



	56043
	Golog
	100.25
	34.47
	3719.0
	8.55 ± 0.75
	−7.21 ± 0.93
	473.8 ± 90.42



	56046
	Darlag
	99.65
	33.75
	3967.5
	6.92 ± 0.82
	−6.78 ± 0.88
	490.45 ± 119.44



	56065
	Henan
	101.60
	34.73
	8500.0
	8.96 ± 0.87
	−6.59 ± 1.07
	539.76 ± 96.32



	56067
	Jiuzhi
	101.48
	33.43
	3628.5
	9.41 ± 0.85
	−5.67 ± 0.96
	680.62 ± 126.81



	56074
	Maqu
	102.08
	34.00
	3471.4
	9.12 ± 0.72
	−4.52 ± 1.20
	565.75 ± 97.8



	56079
	Zoigê
	102.97
	33.58
	3439.6
	9.41 ± 0.76
	−4.97 ± 0.94
	649.92 ± 101.76



	56173
	Hongyuan
	102.55
	32.80
	3491.6
	10.27 ± 0.77
	−5.32 ± 1.01
	749.36 ± 99.67







1 Tmax stands for average maximum monthly temperature in °C ± standard deviation (SD), 2 Tmin denotes average minimum monthly temperature and 3 P represents average annual precipitation in mm ± SD.
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Table 2. Classification of drought and corresponding probability according to SPI and RDI.
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	SPI and RDI Range
	Probability (%)
	Drought Classes





	2.0 or more
	2.3
	Extreme wetness



	1.5 to 1.99
	4.4
	Severe wetness



	1.0 to 1.49
	9.2
	Moderate wetness



	0.99 to 0.0
	34.1
	Normal



	0.0 to −0.99
	34.1
	Mild drought



	−1.0 to −1.49
	9.2
	Moderate drought



	−1.5 to −1.99
	4.4
	Severe drought



	−2.0 or less
	2.3
	Extreme drought
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Table 3. Comparison of SPI and RDI at each meteorological station on annual scale.






Table 3. Comparison of SPI and RDI at each meteorological station on annual scale.





	Name
	SPI-12Min 1
	RDI-12Min
	SPI-12Max 2
	RDI-12Max





	Xinghai
	−3.41
	−3.22
	1.87
	1.79



	Guinan
	−2.88
	−2.70
	2.05
	2.06



	Qumarleb
	−2.58
	−2.66
	2.07
	2.06



	Madoi
	−2.32
	−2.32
	1.63
	1.79



	Qingshuihe
	−2.29
	−2.16
	1.56
	1.44



	Golog
	−2.79
	−2.58
	2.16
	2.30



	Darlag
	−2.34
	−2.45
	1.56
	1.67



	Henan
	−1.62
	−1.57
	1.83
	2.20



	Jiuzhi
	−2.99
	−3.60
	1.89
	2.17



	Maqu
	−3.18
	−3.00
	2.37
	2.44



	Zoigê
	−2.30
	−2.41
	2.73
	2.67



	Hongyuan
	−1.94
	−1.87
	2.56
	2.52







1 Min stands for minimum value and 2 Max denotes maximum value.
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Table 4. Intra-annual frequency (%) of drought and wetness over SRYRB during 1960–2015.
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	Classes
	September
	October
	November
	December
	January
	February
	March
	April
	May
	June
	July
	August





	Mild Drought
	34.5
	34.5
	52.7
	50.9
	41.8
	43.6
	27.3
	36.4
	34.5
	36.4
	41.8
	43.6



	Moderately Drought
	9.1
	5.5
	3.6
	0.0
	9.1
	3.6
	16.4
	10.9
	7.3
	9.1
	9.1
	1.8



	Severely Drought
	1.8
	5.5
	0.0
	0.0
	0.0
	3.6
	1.8
	0.0
	3.6
	1.8
	0.0
	3.6



	Extremely Drought
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	1.8
	0.0
	0.0



	Moderately Wetness
	7.3
	1.8
	10.9
	7.3
	7.3
	9.1
	10.9
	7.3
	3.6
	12.7
	9.1
	5.5



	Severely Wetness
	0.0
	3.6
	0.0
	3.6
	1.8
	5.5
	0.0
	3.6
	1.8
	0.0
	1.8
	1.8



	Extremely Wetness
	1.8
	0.0
	0.0
	0.0
	1.8
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0



	Totally Wetness
	9.1
	5.4
	10.9
	10.9
	10.9
	14.6
	10.9
	10.9
	5.4
	12.7
	10.9
	7.3
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Table 5. Change rates (mon/decade) and associated significances for drought and wetness events of different magnitudes in SRYRB during 1960–2015 on the season scale. Asterisks denote the significance of 0.05 level.
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Classes

	
Seasons




	
Autumn

	
Winter

	
Spring

	
Summer






	
extreme drought

	
−0.01

	
−0.01

	
−0.01

	
−0.03 *




	
severe drought

	
−0.05 *

	
−0.07 *

	
−0.06 *

	
−0.05 *




	
moderate drought

	
−0.08 *

	
−0.27 *

	
−0.37 *

	
−0.09 *




	
mild drought

	
−0.06

	
−0.21 *

	
−0.14 *

	
−0.20 *




	
moderate wetness

	
0.04

	
0.12 *

	
0.13 *

	
0.07 *




	
severe and extreme wetness

	
−0.01

	
0.02

	
0.02

	
0.02








* Represent that change rates are statistically significant at the level of 0.05.
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