

  Temporal-Spatial Variation of Drought Indicated by SPI and SPEI in Ningxia Hui Autonomous Region, China




Temporal-Spatial Variation of Drought Indicated by SPI and SPEI in Ningxia Hui Autonomous Region, China







Atmosphere 2015, 6(10), 1399-1421; doi:10.3390/atmos6101399




Article



Temporal-Spatial Variation of Drought Indicated by SPI and SPEI in Ningxia Hui Autonomous Region, China



Chunping Tan 1,2, Jianping Yang 1,* and Man Li 3





1



State Key Laboratory of Cryospheric Sciences, Cold and Arid Regions Environmental and Engineering Research Institute, Chinese Academy of Sciences, Lanzhou 73000, Gansu, China






2



University of Chinese Academy of Sciences, Beijing 100049, China






3



College of Geographical Science, Shanxi Normal University, Linfen 041000, Shanxi, China









*



Author to whom correspondence should be addressed; Tel.: +86-931-496-7147.







Academic Editor: Robert W. Talbot



Received: 18 June 2015 / Accepted: 22 September 2015 / Published: 30 September 2015



Abstract:

 The Ningxia Hui Autonomous Region of China (Ningxia) is an important food production area in northwest China severely affected by drought. The Standardized Precipitation Index (SPI) and Standardized Precipitation Evapotranspiration Index (SPEI) were calculated based on monthly meteorological data to explore climate change and variation in drought intensity, duration, frequency, and spatial extent in Ningxia during 1972–2011. Results show that the SPEI is more applicable than the SPI for exploring climate change and drought variation in Ningxia. The Ningxia climate experienced a significant drying tendency. Annual SPEI decreased about 0.37 decade−1 during 1972–2011. Drought was exacerbated by this drying tendency. Regional average duration, maximum duration, intensity, and frequency of drought identified by the SPEI increased by one month, three months, 0.15%, and 36.1%, respectively, during 1992–2011 compared to the period of 1972–1991. The spatial extent of drought identified by the SPEI increased about 14.4% decade−1 in the spring during 1972–2011. Spatially, drought frequency increased from north to south. Average intensity (maximum duration) of drought calculated by the SPEI increased (decreased) northward and southward from the central arid area.
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1. Introduction

Drought is the most complex and damaging natural disaster. It has severe impacts on natural ecosystems [1], water resources [2], agriculture production [3], and society [4]. Drought differs from other extreme events in many ways, especially because it is very difficult to identify when it starts and predict when it will end [5,6,7].

Many drought indices have been developed to monitor, predict, and assess the severity of drought, such as the Palmer Drought Severity Index (PDSI) [8], Standardized Precipitation Index (SPI) [5], Standardized Precipitation Evapotranspiration Index (SPEI) [9], Vegetation Condition Index (VCI) [10], Effective Drought Index (EDI) [11], Reconnaissance Drought Index (RDI) [12], Soil Moisture Index (SMI) [13], Integrated Surface Drought Index (ISDI) [14], and Multivariate Standardized Drought Index (MSDI) [15], and so on. Among these, the SPI and PDSI are the most widely used. The SPI is based solely on precipitation, is easy to calculate, and has multi-scale features that identify different types of drought [1,5,6,7,8,9,10,11,12,13,14,15,16,17]. The PDSI is based on soil water balance and its data requirements are relatively high. It also lacks flexibility to adapt to the intrinsic multi-scalar nature of drought [7,9]. The SPEI was recently developed by Vicente-Serrano et al. [9] and is based on a monthly (or weekly) climatic water balance (the difference between precipitation [P] and evapotranspiration [PET]) [18]. The SPEI combines the multi-scalar features and simple calculation of the SPI with the PDSI’s sensitivity to changes in evaporation demand caused by temperature fluctuations and trends [7]; the main advantage of the SPEI is its ability to identify different drought types. This is applicable for monitoring and exploring drought characteristics in a global warming context [17,19].

China is one of the countries most seriously affected by drought. The total farmland area affected by drought in China is about 21.56 million ha, which is about 60% of the total amount affected by all types of meteorological disasters [20]. Drought occurs frequently in Northern China, especially in Northwest China [21]. Moreover, most parts of Northern China experienced increased drought frequency during the years 1980–2000 and 2004–present [22]. Previous studies have suggested that the entire area of Northwest China experienced a drying tendency during years 1960–2007 [23]. However, there were significant spatial differences in drought variation in Northwest China. Some studies indicated a wetting tendency occurred in the western part of Northwest China [24]. Meanwhile, no significant trends were detected in drought area [25] and a decreasing trend in drought severity was identified [26]. Most studies observed a significant warming and drying trend in eastern Northwest China [27] and an increasing drought tendency [26]. Drought frequency also had an increasing trend in eastern Northwest China, especially after the mid-1990s [28].

China is located in East Asia and is affected greatly by the monsoon climate from the Pacific Ocean, and monsoon instability results in frequent droughts [20]. Precipitation has decreased from the southeast coast to the northwest region of China’s mainland and causes more severe droughts in Northern and Northwest China [20]. Precipitation variation is a major factor in drought occurrence, so atmospheric circulation effects on precipitation may have similar effects on drought [29]. Previous studies indicated that weaker East Asian Summer Monsoon (EASM) was the main cause responsible for decreasing northward propagation of water vapor flux, causing different wet (dry) tendency in South (North) China [30]. Guo et al. [31] found a positive correlation between the EASM and precipitation in North China. Ding et al. [32] pointed out that the EASM greatly weakened, thus leading to much deficient moisture supply for precipitation in North China. In addition, the climate is also affected by the North Atlantic Oscillation (NAO). Some studies discovered that the summer precipitation over the Eastern Tibetan Plateau (TP) is closely related to the NAO [33,34]. Lee and Zhang [35] also indicated that drought disaster in Northwest China is correlated negatively with the NAO.

The Ningxia Hui Autonomous Region (Ningxia) is located in the eastern part of Northwest China. Ningxia is a very important food production area in Northwest China that has been severely affected by persistent drought. A crop area of about 26.69 × 104 hm2 was impacted by drought each year in Ningxia during the years 1978–2010 [36]. The evolutionary characteristics of droughts should be comprehensively analyzed to identify the potential drought risk. Previous studies identified a tendency for drought intensification in Ningxia in recent decades [37,38,39,40,41,42], especially in the 21st century [40]. In Ningxia, droughts mainly occurred in the spring [37,43]. Spatially, the trend magnitude of drought intensification decreased northward and southward from the central arid area [39]. Although the drought evolutions have been explored in Ningxia, most previous researches have only used precipitation data [37,38,39,40] and mainly concentrated on variation in the SPI, Z-index, and percentage of precipitation anomalies (Pa). Wang et al. [41] and Li et al. [42] investigated drought variation in Ningxia with the Compound Index of Meteorological Drought (CI), which is based on both precipitation and evapotranspiration. However, they did not explore the primary causes of drought variation.

The objective of this study is to examine the applicability of the SPEI, the temporal-spatial variation of drought, and potential causal factors of drought in Ningxia. Monthly precipitation and mean air temperature were used to explore drought intensity, duration, frequency, and spatial extent in Ningxia during the years 1972–2011 by calculating the Standardized Precipitation Index (SPI) and the Standardized Precipitation Evapotranspiration Index (SPEI). Trends in the SPI/SPEI and drought station proportion series were detected by the nonparametric Mann–Kendall (M–K) test. Correlation between atmospheric circulation and drought indicators was tested to identify potential causal factors of drought variation in Ningxia.



2. Study Area, Data and Methods


2.1. Study Area

Ningxia (35°14′–39°23′N, 104°17′–107°39′E) is located in Northwest China (Figure 1), which is in the Eurasian hinterland far from the sea. It spans 456 km from north to south and only 250 km from west to east and has an area of about 6.6 × 104 km2 [44]. Ningxia has a temperate continental climate with hot summers and cold winters. It also belongs to the arid climates region according to Köppen–Geiger climate classification [45]. It is largely arid and semi-arid region with low rainfall, high evaporation, and uneven distribution of water resources [46]. Multi-year average annual total precipitation is from 169 to 630 mm in Ningxia, during years 1971–2011. Meanwhile, the precipitation is greatest in summer (100–400 mm), while lowest in winter (3–24 mm). The summer (winter) precipitation in Ningxia is mainly affected by the convective events (winter wind from the northwest).

Figure 1. Location of study area and distribution of meteorological stations.
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As a result, the ecosystem is very fragile and sensitive to climate change [47]. Ningxia is typically divided into three sub-regions according to climate conditions, farming, and animal husbandry distribution, and the eco-environment: the Yellow River irrigation area (North NX), the central arid area (Middle NX), and the southern mountain area (South NX) (Figure 1) [48,49]. Annual precipitation is less than 200 mm in the North NX, 200–400 mm in the Middle NX, and more than 400 mm in the South NX.



2.2. Data and Processing

Monthly precipitation and monthly mean air temperature data were collected from 22 meteorological stations (Figure 1) maintained by the Ningxia Meteorological Administration for the SPI and SPEI calculations. The complete time series of both precipitation and air temperature for each station were chosen from January 1971 to December 2011. The Ningxia Meteorological Administration strictly controlled data quality, and missing data values were substituted with average values. The regional value is the average value of all station values in Ningxia. The same data calculation method was used for each sub-region and the region as a whole.

The East Asian Summer Monsoon Index (EASMI) [50], South Asian Summer Monsoon Index (SASMI) [51], and North Atlantic Oscillation Index (NAOI) [52,53] were used to examine the relationship between atmospheric circulation and drought in Ningxia during years 1972–2011. Monthly EASMI and SASMI are from references [54,55], and monthly mean NAOI is provided by NOAA [56].

Seasonal atmospheric circulation indices were defined as the average values for spring (March, April, May), summer (June, July, August), autumn (September, October, November), and winter (December, January, and February).



2.3. Methods


2.3.1. Calculation of the SPI and SPEI


Standardized Precipitation Index (SPI)

The SPI was developed by McKee et al. [5] to define and monitor drought events at multiple time scales (1-, 3-, 6-, 12-, and 24-month). The World Meteorological Organization (WMO) recommended the SPI as a standard drought index [1,19]. The SPI only uses precipitation and can monitor both dry and wet conditions [57]. Negative and positive values indicate dry and wet periods, respectively [58]. The SPI becomes more negative or positive as the conditions become more severely dry or wet [59]. SPI calculation requires at least 20–30 years of monthly precipitation data, and 50–60 years or more is ideal [60]. Monthly precipitation data during years 1971–2011 (41 years) was used to calculate the monthly SPI values for Ningxia. SPI computation involves fitting a gamma distribution to a precipitation series [5,61,62]. Further details of the computation have been extensively described in many works such as Edwards and McKee [63] and Almedeij [64].



Standardized Precipitation Evapotranspiration Index (SPEI)

The parameters of the SPEI are a time-series of total monthly precipitation (P) and monthly potential evapotranspiration (PET). Monthly PET was calculated by the Thornthwaite equation [65] that only relies on monthly mean temperature (T) and latitude (L) to calculate the monthly average day length. The details of the SPEI computation, more thoroughly described in Vicente-Serrano et al. [9], are as follows:

Climate Water Balance

A simple climate water balance was calculated as the differences between precipitation P and PET for month j according to:
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(1)




where monthly PET is calculated by:
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(2)




where T is monthly mean temperature (°C); I is heat index calculated as the sum of 12 monthly index values; m is the coefficient dependent on I: m=6.75 × 10−7·I3 – 7.71 × 10−7·I2 + 1.79 × 10 −2·I + 0.492; and K is a correction coefficient computed as a function of the latitude and month.
The calculated Di values are aggregated at different time scales, following the same procedure as used for the SPI. The difference [image: there is no content] in month j and year i depends on the chosen time scale k. For example, the accumulated difference for one month in a particular year i with a 12-month time scale is calculated using:
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(4)




where Di, l is the P − PET difference in month l and year i, in millimeters.
Normalize the Water Balance

The log-logistic distribution was used for normalizing the D series to obtain the SPEI. The probability density function of a three-parameter log-logistic distributed variable is expressed as:



[image: there is no content]



(5)




where α, β, and γ are scale, shape, and origin parameters respectively, for D values in the range (γ ˃ D ˃ ∞). The parameters of the Pearson III distribution can be obtained from Singh et al. [66].
Thus, the probability distribution function of the D series, according to the log-logistic distribution, is given by:
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Calculate the SPEI Series

The SPEI can easily be obtained as the standardized values of F(x). Following the classical approximation of Abramowitz and Stegun [67]:
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Where:
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(8)




and P is the probability of exceeding a determined D value, P = 1 – F(x). If P ˃ 0.5, then P is replaced by 1 − P and the sign of the resultant SPEI is reversed. The constants are C0 = 2.515517, C1 = 0.8022853, C2 = 0.010328, d1 = 1.432788, d2 = 0.189269, and d3 = 0.001308.
Monthly SPI and SPEI values for each meteorological station were computed by an SPI Calculator (NDMC) [68] and an SPEI Calculator [9,69], respectively. The SPEI follows the same classification criteria as SPI, because of the similarity in the calculation principles of SPEI and SPI [5,70,71,72,73,74] listed in Table 1. The more negative the SPI/SPEI value, the more severe the drought.

Table 1. Drought classification based on the SPI and SPEI.


	Level
	Drought Category
	SPI, SPEI Values





	0
	Non-drought
	0 ≤ Index



	1
	Mild drought
	−1.0 < Index < 0



	2
	Moderate drought
	−1.5 < Index ≤ −1.0



	3
	Severe drought
	−2.0 < Index ≤ −1.5



	4
	Extreme drought
	Index ≤ −2.0








The SPI and SPEI can be calculated at any timescale, but typically the 1-, 3-, 6-, 12- and 24- months are used [1]. Drought at these time scales is relevant for agriculture (1-, 3-, and 6-month), hydrology (12-month) and socioeconomic impact (24-month) [75]. In addition, the 1-month SPI reflects a short-term condition [76]; the 3-month SPI provides a seasonal estimation of precipitation [76]; the 12-month SPI also reflects medium-term trends in precipitation patterns [19] and may provide an annual estimation of water condition. Therefore, this study used the SPI/SPEI values at 3- and 12-month scales to explore the drought variation at inter-seasonal and inter-annual time scales, respectively. We focused on the impact of drought disaster on agriculture because the Ningxia region is an important food production area in northwest China. Our goal was to provide some basic data for drought disaster risk assessment. Therefore, monthly SPI and SPEI values at the 3-month scale were used to identify drought events and their related indicators including duration, intensity, and frequency. The time-series of all drought indicators examined was from 1972 to 2011 and was split into two 20-year intervals (1972−1991 and 1992–2011).






2.3.2. Drought Evaluation Indicators

A drought event is defined as a period in which the SPI is continuously negative and the SPI reaches a value of −1.0 or less according to McKee et al. [5]. Drought starts when the SPI first falls below zero and ends with the positive SPI value following a value of −1.0 or less [5]. A drought event can also be defined by the SPEI based on the same criterion as the SPI, for their similarity in the calculation principles. Once a drought event with a start and end month was determined, drought-related indicators including duration, severity, and intensity were then assigned.


Duration and Intensity of Drought Events

The duration (m) of a drought event equals the number of months between its start (included) and end month (not included) [77]. Severity (Se) is the absolute value of the sum of all SPI/SPEI values during a drought event. Intensity (DIe) of a drought event refers to severity divided by duration. The larger the DIe value is, the more severe the drought. The formulas are:
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where e is a drought event; j is a month; Indexj is the SPI/SPEI value in month j; m, Se and DIe are the duration, severity, and intensity of a drought event e, respectively.


Drought Frequency

Drought frequency (Fs) was used to assess the drought liability during a study period [3]. It is calculated by:
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where ns is number of drought events, Ns is total number of years for the study period, and s is a station.


Drought Station Proportion

Drought station proportion (Pj) is the ratio of number of drought stations to total number of stations. It indicates the spatial extent of drought occurrence in a region [78]. It is calculated by:
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where j is a month, nj is number of drought stations (when the SPI/SPEI < 0) in month j, and Nj is total number of stations used.



2.3.3. Method of Trend Analysis

The rank-based Mann–Kendall (M–K) trend test, a nonparametric statistical test, is used frequently to evaluate significance in a monotonic increasing or decreasing trend in hydro-meteorological time-series [79,80,81] including a series of drought indices [58]. The M–K test is unrestricted by sample distribution and a few abnormal values compared to parametric tests. Additional details on the M–K trend test are given in Kumar et al. [80] and Sicard et al. [81].

It is well known that the M–K test, devised for independent data, rejects the null hypothesis of no trend more often than specified by the significance level applied to autocorrelated series [82,83,84]. Therefore, prewhitening should be applied to autocorrelated series before performing the M–K test to eliminate the influence of serial autocorrelation on the trend detection of data series [84]. This study used the M–K test to detect possible trends in the summer NAOI series, the annual and seasonal SPI/SPEI series, and all drought station proportion series in Ningxia, during years 1972–2011. Since the SPI and SPEI at the 3- and 12-month scales are strongly autocorrelated by definition, the M–K test with the trend-free pre-whitening performed by R package “zyp” [83] was applied in these temporal data series. However, it essentially produced the same result.





3. Results


3.1. Spatial and Temporal Variation in the SPI and SPEI

Usually, the SPI/SPEI values at the 12-month time scale for December indicate the status of year-round water deficit caused by drought [3]. Additionally, the SPI/SPEI values at a 3-month scale are appropriate indicators of the status of seasonal water deficit caused by drought. Therefore, the annual SPI/SPEI value was denoted by the December SPI/SPEI of each year. The spring, summer, autumn, and winter values were denoted by the May, August, November and February SPI/SPEI values, respectively. Figure 2 and Figure 3 show the annual and seasonal SPI/SPEI series of the entire Ningxia region during years 1972–2011. Positive and negative trends represent trends towards wetter and drier conditions.

Figure 2. Annual variation of regional average SPI and SPEI values at the 12-month time scale in Ningxia during years 1972–2011 (Blue font denotes the M–K trend per decade (including the statistical significance) in the SPI/SPEI series).
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Figure 3. Variation in spring (a), summer (b), autumn (c), and winter (d) SPI and SPEI values at the 3-month time scale in Ningxia during the years 1972–2011 (X-axis represents the year; blue font denotes the M–K trend per decade (including the statistical significance) in the SPI/SPEI series).
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3.1.1. Temporal Variation

The regional annual SPI and SPEI have decreasing trends at the inter-annual time scale in Ningxia during years 1972–2011 (Figure 2). The regional SPI decreased slightly in spring, summer and winter (Figure 3a,b,d). Meanwhile, it increased slightly in autumn (Figure 3c). However, all trends from the SPI series are not significant. The regional SPEI has decreasing trends in four seasons, and are especially significant in spring and summer (Figure 3).

These results show that trends in the SPEI series are generally consistent with those in the SPI series. During years 1972–2011, drying climate tendencies are observed in both the SPI and SPEI series at inter-annual scales as well as inter-seasonal scales, except for autumn. There is a drying trend in the autumn SPEI series, and a wetting tendency in the autumn SPI series. In addition, the spring SPEI exhibits the greatest trend magnitude of all the seasons.



3.1.2. Spatial Variation

Spatially, the predominant evolution of annual SPI in the entire Ningxia region decreases. This occurs despite slightly increased data from five stations and no change at two stations during the years 1972–2011 (Figure 4a). However, trends in the SPI series from all stations are not significant, except for Liupanshan. The average annual SPI values decreased about 0.03 decade−1 (P > 0.05) in the North NX, 0.02 decade−1 (P > 0.05) in the Middle NX, and 0.24 decade−1 (P < 0.05) in the South NX. The annual SPEI series from all stations have a decreased trend (Figure 4b). The average annual SPEI decreased about 0.43 decade−1 (P < 0.01) in the North NX, 0.21 decade−1 (P > 0.05) in the Middle NX, and 0.38 decade−1 (P < 0.01) in the South NX. Results from both SPI and SPEI indicate that the detection of drying tendencies in the entire Ningxia area. The trend magnitude was relatively small in the Middle NX and increased northward and southward. However, trends in the SPEI series from most stations are significant compared to the SPI, and the magnitude of all trends was much greater.

Figure 4. M–K trends of annual SPI/SPEI series at the 12-month time scale for 22 stations during years 1972–2011 in Ningxia. (a) SPI, (b) SPEI.



[image: Atmosphere 06 01399 g004 1024]





Overall, the above results indicate that trends in the SPEI series are significant compared to the SPI, and the trend magnitude is greater in the SPEI than in the SPI at the inter-seasonal scale as well as inter-annual scale in Ningxia and/or its three sub-regions, during the years 1972−2011.






3.2. Drought Duration, Intensity, and Frequency


3.2.1. Duration of Drought Events

Drought duration identified by the SPI is generally consistent with that by the SPEI in Ningxia (Figure 5 and Figure 6). During years 1972–2011, average drought duration identified by both SPI and SPEI for most (>90.0%) stations was five to six months (Figure 5), and the regional average value calculated from the SPI (SPEI) was 5 (6) months (Table 2). Maximum drought duration identified by both SPI and SPEI for most (>60%) stations was 12–24 months (Figure 6), and the regional average value was 15 months (Table 2).

Figure 5. Average duration of drought events identified from monthly SPI/SPEI values at the 3-month time scale for 22 stations during the years 1972–2011 in Ningxia. (a) SPI, (b) SPEI.
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Figure 6. Maximum durations of drought events identified from monthly SPI/SPEI values at the 3-month time scale for 22 stations during the years 1972–2011 in Ningxia. (a) SPI, (b) SPEI.
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Table 2. Regional duration, intensity and frequency of drought events identified from SPI/SPEI values at a 3-month scale for different periods in Ningxia.



	
Drought Indicators

	
1972–1991

	
1992–2011

	
1972–2011




	
SPI

	
SPEI

	
SPI

	
SPEI

	
SPI

	
SPEI






	
Average drought duration (month)

	
5

	
5

	
5

	
6

	
5

	
6




	
Maximum drought duration (month)

	
13

	
11

	
13

	
14

	
15

	
15




	
Average drought intensity

	
0.98

	
0.93

	
0.96

	
1.08

	
0.96

	
1.02




	
Drought frequency (%)

	
76.8

	
60.7

	
82.0

	
96.8

	
79.4

	
78.8













The regional average drought duration calculated from the SPEI for 1992–2011 increased from five to six months compared to the first period (1972–1991) (Table 2). Meanwhile, the regional average maximum drought duration calculated from the SPEI increased from 11 to 14 months. However, no significant change is found in values from the SPI between the two periods (Table 2).

Spatially, there is no significant difference in the average drought durations between the North NX and Middle NX, but it was relatively smaller in the South NX than that in the other sub-regions (Figure 5). The maximum duration of drought was greatest in the Middle NX, and it decreased northward and southward (Figure 6). During the years 1972–2011, the average maximum drought duration identified by the SPI (SPEI) was 15 (15) months in North NX, 18 (16) months in Middle NX, and 10 (11) months in South NX.





3.2.2. Intensity of Drought Events

Figure 7 shows average intensity of drought events for 22 stations in Ningxia during years 1972–2011. Average drought intensity calculated from the SPEI for most (77.3%) stations were greater than those from the SPI in Ningxia. During the years 1972–2011, regional average drought intensity identified by the SPI/SPEI was 0.96/1.02.

Figure 7. Average drought intensity calculated from monthly SPI/SPEI values at the 3-month time scale for 22 stations during the years 1972–2011 in Ningxia. (a) SPI, (b) SPEI.
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Regional average drought intensity calculated from the SPEI increased from 0.93 to 1.08 during years 1992–2011 compared to the period of 1972–1991. Meanwhile, the SPI value has no obvious change (Table 2). Spatially, average drought intensity calculated from the SPI (SPEI) was 0.94 (1.06) in the North NX, 0.97 (0.97) in the Middle Ningxia, and 1.01 (1.00) in the South Ningxia (Figure 7). Results from the SPI indicate that drought intensity generally increased from North NX to South NX, while drought intensity from the SPEI increased northward and southward from Middle NX.



3.2.3. Frequency of Drought Events

Figure 8 shows that drought occurred frequently across the entire region of Ningxia. The drought frequency calculated from the SPI and SPEI for most (>80.0%) stations were more than 70.0%. The regional average drought frequency for the entire Ningxia area during the years 1971–2011 calculated from the SPI (SPEI) was 79.4% (78.8%).

Figure 8. Drought frequency calculated from monthly SPI/SPEI values at the 3-month time scale for 22 stations during the years 1972–2011 in Ningxia. (a) SPI, (b) SPEI.
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Drought frequency generally increased in Ningxia over the period of 1971–2011 (Table 2). The regional drought frequency calculated from the SPI (SPEI) during years 1992–2011 compared to the period of 1971–1991 increased from 76.8% (60.7%) to 82.0% (96.8%) in Ningxia. Spatially, the average drought frequency calculated from the SPI (SPEI) was 78.2% (74.5%) in North NX, 79.2% (80.4%) in Middle Ningxia, and 82.5% (86.0%) in South Ningxia, during the years 1971–2011 (Figure 8). Results indicate that drought frequency was the lowest in the North NX and generally increased from the North NX to the South NX.






3.3. Variation of Drought Station Proportion

The drought station proportion is used to reflect the spatial extent of drought. Monthly drought station proportion was calculated from monthly SPI/SPEI values using Equation (12). The annual drought proportion was actually the average value of monthly drought station proportions for the entire year. Seasonal values were calculated by averaging all monthly data within the spring (March, April, May), summer (June, July, August), autumn (September, October, November), and winter (December, January, and February).

Table 3 shows M–K trends in the drought station proportion series in Ningxia at monthly, inter-seasonal and inter-annual scales. On a monthly scale, during years 1972–2011, drought station proportions identified by the SPI slightly increased in April, June, August and September, and no trends were found in eight other months. Meanwhile, those calculated by the SPEI increased in all months, except February, and are especially significant in April, May, and August. At the inter-seasonal scale, drought station proportion calculated from the SPEI has increasing trends in all seasons, and is especially significant in spring and summer, with an increase rate of 14.4% decade−1 (P ˂ 0.01) and 8.2% decade−1 (P < 0.01). Drought station proportion calculated from the SPI also increased in spring and summer, and no trends were detected in autumn and winter. At the inter-annual scale, the annual drought station proportion identified by the SPEI increased significantly about 7.6% decade−1 (P < 0.01) during years 1972−2011 in Ningxia. Meanwhile, the increasing trend revealed by the SPI is not significant.

Table 3. M–K trends in drought station proportion series calculated from the SPI/SPEI values at the 3-month time scale during years 1972–2011 in Ningxia.


	Time
	SPI
	SPEI
	Time
	SPI
	SPEI
	Time
	SPI
	SPEI





	January
	0.0
	6.6
	July
	0.0
	7.0
	Spring
	4.1
	14.4 **



	February
	0.0
	0.0
	August
	6.5
	11.4 *
	Summer
	3.2
	8.2 *



	March
	0.0
	6.5
	September
	4.0
	6.5
	Autumn
	0.0
	4.4



	April
	6.5
	17.6 **
	October
	0.0
	3.6
	Winter
	0.0
	5.2



	May
	0.0
	12.2 *
	November
	0.0
	3.5
	Annual
	1.3
	7.6 **



	June
	0.7
	7.6
	December
	0.0
	4.8
	-
	-
	-





Notes: * and ** denote trends statistically significant at P < 0.05 and P < 0.01, respectively.




Results indicated the spatial extent of drought generally has increasing trends during years 1972−2011 in Ningxia, especially in the spring. However, the trend magnitude from the SPEI was generally greater than from the SPI at inter-monthly, inter-seasonal, and inter-annual scales.






4. Discussion


4.1. Applicability of the SPI and SPEI in Ningxia

Results show that the drying climate tendency revealed by the SPI is generally consistent with those by the SPEI during the years 1972–2011 in Ningxia. The magnitude of drying trends increased northward and southward from the Middle NX. However, trends revealed by the SPEI are significant compared to the SPI, and the trend magnitude was much greater. The above differences between the SPEI and the SPI are mainly attributed to the variation of air temperature in Ningxia. Abramopoulos et al. [85] found that the efficiency of drying resulting from temperature anomalies is as high as that due to rainfall shortage. Vicente-Serrano et al. [86] confirmed that drought severity increased as a consequence of greater atmospheric evaporative demand resulting from temperature rise. Ningxia is largely arid and semi-arid region, with initially low precipitation, and the increased evaporation from the increased air temperature plays a very important role in climate change. Tan et al. [36] indicated that the annual precipitation decreased slightly by 2.1 mm·decade−1 (P > 0.05) in Ningxia during years 1971–2011, while annual mean air temperature increased significantly by 0.42 °C·decade−1 (P < 0.01). Therefore, the drying climate tendency is attributed to the synthetic action of the rapid rise in air temperature and the decrease in precipitation in Ningxia.

Results revealed by the SPI show that there was a slight decrease in drought intensity, no obvious change in drought duration, and a slight increase in spatial extent of drought in Ningxia during the years 1972–2011. Meanwhile, results revealed by the SPEI show longer drought duration (average, maximum), higher drought intensity and larger spatial extent of drought with the drying climate tendency. Li et al. [42] indicated increased trends in drought days and drought intensity calculated from the CI during years 1981–2010. Ma et al. [37] pointed out that the cropland affected by drought increased annually during years 1951–2000. Tan et al. [36] reported that the cropland impacted by drought increased significantly by 3.16 × 104 hm2·decade−1 (P < 0.01) during the years 1978–2010. Therefore, the results from the SPEI in this study are generally consistent with those from the CI reported in Li et al. [42] as well as the variation in observed situations of drought disaster in Ningxia reported in Ma et al. [37] and Tan et al. [36]. Moreover, Wang et al. [87] demonstrated that the CI is better than other drought indexes, such as the Pa, SPI, and PDSI for application examining the evolution of drought in Ningxia, because it considers both precipitation and evapotranspiration.

The above analysis indicates that the SPEI that considers both precipitation and evapotranspiration is more suitable than the SPI for applications examining climate change and drought variation in Ningxia. In addition, further studies are needed to discuss which index performs better, SPEI or CI, in exploring drought variation in Ningxia. We believe this work will be significant.



4.2. Potential Causal Factors for Drought Variation in Ningxia

Ningxia is in the eastern part of Northwest China and has largely arid and semi-arid region with low precipitation and strong evaporation resulting in frequent droughts. Precipitation is a major factor in drought occurrence. Previous studies indicated that atmospheric circulations including Asian summer monsoon and NAO have profound effects on precipitation in China [31,32,33,34]. In order to explore the relationships between atmospheric circulation and drought variation in Ningxia, the Pearson’s correlation analysis was applied. The correlation between the EASMI/SASMI and the SPI/SPEI as well as drought station proportion for summer in Ningxia, during the years 1972–2011 were tested. Meanwhile, the correlations between the NAOI and the above drought indicators for four seasons were also examined. When similar temporal trends in the data series are observed, spurious correlations may exist in these series. Therefore, linear trend removal was performed first to exclude spurious correlation.

Table 4 shows that almost no significant correlation was detected between the SPI/SPEI, drought station proportion, and the EASMI, as well as between them and the SASMI. Moist air from the Pacific Ocean is usually difficult to be transported to Ningxia because it is located in the Eurasian hinterland far from the sea. Moreover, the Tibetan Plateau (TP) usually blocks moist air from the Indian Ocean. Therefore, the EASMI and SASMI usually have less effect on drought in Ningxia.


Table 4. Pearson correlation coefficients between the EASMI/SASMI and drought indicators for summer in Ningxia during the years 1972–2011.



	
Atmospheric Circulation Index

	
Summer SPI/SPEI

	
Drought Station Proportion




	
SPI

	
SPEI

	
SPI

	
SPEI






	
EASMI

	
0.01

	
−0.09

	
0.11

	
0.22




	
SASMI

	
0.10

	
0.05

	
−0.06

	
0.03






Note: ‘−’ sign indicates negative correlation.






Table 5 shows that statistically significant positive (negative) correlation exists between the NAOI and the SPI/SPEI (drought station proportion) for summer in Ningxia, during the years 1972–2011 (Table 5). Whereas the correlations between the NAOI and all drought indicators for other three seasons in Ningxia are not significant. This shows that drought variation for summer in Ningxia is likely to be related to the NAO over the last 40 years. Previous studies discovered that the summer precipitation over the eastern Tibetan Plateau (TP) is closely associated with the NAO [33,34]. The NAO primarily modifies the upper-level atmosphere [34]. Liu et al. [34] indicated that a cyclonic anomaly is present over and around the northeastern TP, during the positive phase of the NAO. Meanwhile, an anticyclonic anomaly exists over East Asia. Ding and Wang [88] discovered that the establishment of an anomalous high over East Asia has southeasterly flow at its southern flank that transports additional water vapour into the middle range of the Yellow River Valley, resulting in excessive rainfall to the west of the anomalous high. Furthermore, Liu et al. [34] indicated that the additional water vapor flux from oceans surrounding Asia can reach the upper range of the Yellow River Valley on the northeastern TP via the southeastern flank of the anomalous anticyclone. The northward-moving warm moist air encounters cold air masses subsequently strengthens cumulus convective activities and ultimately results in excessive precipitation over the northeastern TP [34]. In contrast, the opposite scenario occurs during the negative phase of the NAO [34]. Ningxia is just located in the upper range of the Yellow River Valley. The NAO may influence summer precipitation in Ningxia by modifying the atmosphere circulation over and around Ningxia. The significant correlation in Table 5 has provided us an important signal. However, further studies are needed to verify the relation between the NAO and summer precipitation in Ningxia, and to explore if the intensification of drought in Ningxia is closely related to the NAO variation. This would be an interesting and valuable field. Furthermore, the study of Liu et al. [34] has provided a good approach to explore the physical mechanism behind the correlation. We will focus on this issue in the following work.


Table 5. Pearson correlation coefficients between NAOI and drought indicators for four seasons in Ningxia during the years 1972–2011.



	
Atmospheric Circulation Index

	
Season

	
SPI/SPEI

	
Drought Station Proportion




	
SPI

	
SPEI

	
SPI

	
SPEI






	
NAOI

	
Spring

	
0.03

	
−0.05

	
−0.06

	
−0.01




	
Summer

	
0.42 **

	
0.41 **

	
−0.42 **

	
−0.41 **




	
Autumn

	
0.18

	
0.26

	
−0.13

	
−0.16




	
Winter

	
0.23

	
0.24

	
−0.06

	
−0.02






Notes: ‘−’ sign indicates negative correlation; ** denote correlation statistically significant at P < 0.01.









5. Conclusions

The non-parameter Mann–Kendall test and correlation analysis based on monthly SPI and SPEI were employed to analyze the spatial-temporal evolution of climate change, drought, and potential causal factors in Ningxia for the period 1972–2011. Variation and patterns in drought characteristics in Ningxia using intensity, duration, frequency, and station proportion as the main indicator. Correlation between drought indicators and atmospheric circulation were examined to explore the potential causal factors of drought variation in Ningxia.

Overall, the SPEI is more suitable than the SPI for applications examining characteristics of climate change and drought variation in Ningxia because it considers both precipitation and evapotranspiration data.

Ningxia experienced a significant trend towards drier conditions, with a decrease rate in the annual SPEI of 0.37 decade−1 during the years 1972–2011. The spring exhibits the most pronounced drying tendency of all the seasons, with an SPEI decrease rate of 0.36 decade−1 during the study period. The magnitude of drying trends generally increased northward and southward from Middle NX at the inter-annual scale.

The average drought duration for most (>90%) stations was five to six months during the years 1972–2011, in Ningxia; the maximum drought duration for most (>60%) stations was 12–24 months; drought frequencies for most (>80%) stations were more than 70.0%; and the regional average drought intensity identified by the SPI (SPEI) was 0.96 (1.02). Drought was exacerbated by the drying tendency in Ningxia. The regional average duration, maximum duration, intensity, and frequency of drought identified by the SPEI increased about one month, three months, 0.15 and 36.1%, respectively, during the years 1992–2011 compared to the period of 1972–1991. The spatial extent of drought also generally has an increasing trend in Ningxia during the years 1972–2011, especially significantly in spring with a drought station proportion calculated from the SPEI increase rate of 14.4% decade−1. Spatially, the average drought duration was relatively smaller in South NX than in North NX and Middle NX; the average maximum drought duration decreased northward and southward from Middle NX; the drought frequency generally increased from North NX to South NX; the drought intensity identified by the SPEI increased northward and southward from the Middle NX.

Almost no significant correlation is detected between drought and the EASMI and SASMI. Meanwhile drought variation for summer in Ningxia is likely to be related to the NAO over the last 40 years, but it needs further studies and to be verified.
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