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Abstract: This study focuses on the intensity, duration, and frequency of meteorological droughts
in Ningxia, northwest China, from 1960 to 2016. The analysis was conducted using the interannual
characteristics of droughts, which were studied by the standardized precipitation evapotranspiration
index (SPEI) at different timescales. Additionally, the correlation, mutability, and periodicity of two
series in both the time and frequency domains in multi-time scales were scientifically analyzed using
the wavelet analysis method. The results showed that the occurrence of drought had increased at
different timescales (i.e., SPEI1, SPEI3, and SPEI12) during the past 57 years. The autumn drought had
the largest share; spring is the high-occurrence season of extreme drought and the overall drought
intensity increases towards the north. The periodical change of droughts was described with the
wavelet coefficient real part value, wavelet power spectrum, and wavelet variance. The results
showed that the 13- and 8-year time scales had the strongest oscillation and energy, and they were
the first and the second major periods of drought. Moreover, the drought mutational fluctuations are
in better agreement with that characterized by the SPEI12 and actual conditions. The results help to
understand the occurrence and evolution of droughts in Ningxia, and to provide a scientific basis to
reduce and prevent the drought disaster.

Keywords: SPEI; wavelet analysis; drought characteristics; drought periodical; drought trend;
drought spatial-temporal evolution

1. Introduction

Drought is one of the many critical meteorological disasters that threaten human survival.
In China, the influence of drought is growing and the losses are becoming more prominent. Since 1951,
the expansion rate of the arid regions in China increased by 3.72% per 10 years [1]. Since the
1990s, especially in northern China, the frequency and intensity of the droughts have dramatically
increased [2]. In the scope of understanding the severity of droughts, combating the resulting disasters,
and for ensuring a healthy agricultural development, a quantitative description of the spatial-temporal
evolution of droughts and revealing the trends of the drought cycles have become vital [3]. Ningxia
lies in the northwest inland of China. This area has sandy soils of a low viscosity, and lacks water
resources [4,5]. Moreover, Ningxia is located on the edge of the Mu Us Sandy Land and the ecological
environment is fragile. The frequency of droughts in this region is the topmost and accounts for more
than half of the total disasters [6]. The area influenced by drought is relatively large, which makes the
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agricultural production low and unstable; consequently, the development of the agricultural economy
is seriously restricted in Ningxia. Hence, the study on the drought occurrence and evolution in Ningxia
has significant theoretical and practical importance.

Nowadays, research studies are focusing on the selection of indicators for the analysis of drought
characteristics and for the exploration of analytical methods. According to the statistics of the World
Meteorological Organization in 1980, there are as many as 55 kinds of drought indices in use [7].
The Palmer drought severity index (PDSI), proposed by Palmer [8], is one of the most widely used
indices in the world; it can be used to quantify the drought severity in diverse climate zones [8].
There are subjective factors in the definition of the drought levels, which may lag several months
when judging the extreme drought. Karl [9] has established an indicator system that can analyze the
degree of drought. This indicator has been applied to drought research all over the world for half a
century [10]. Kite [11] proposed the precipitation Z index, which is not solely related to precipitation,
but also includes the spatial and temporal distribution of precipitation. The standardized precipitation
index (SPI), developed by McKee et al. [12], can reflect droughts at different timescales and is purely
dependent on precipitation [13]. Tsakiris and Vangelis [14] proposed the reconnaissance drought index
(RDI), which is widely used in many regions of the world because of its low requirement for data
and its high sensitivity and adaptability [15]. Vicente-Serrano et al. [16] proposed a standardized
precipitation evapotranspiration index (SPEI), which is based on SPI; moreover, the SPEI is based on
the precipitation and potential evapotranspiration. In addition to retaining the temperature-sensitive
characteristics of the PDSI (considering evapotranspiration), the SPEI has the advantage over SP1 by
being suitable for multi-scale and multi-spatial comparisons. The SPEI is particularly suitable for
detecting and monitoring the characteristics of drought changes in the context of global warming;
indeed, this has been used in various aspects of drought research [17]. Vicente-Serrano et al. used this
index to establish a data set of global drought trends between 1901 and 2006 [18]. In China, the main
meteorological drought indices include the precipitation anomaly (Pa), Palmer index, SPI, precipitation
Z index, relative moisture index (MI), composite drought index (CI), and finally, SPEI [19].

Chinese scholars have made progress in the selection of indicators for drought characterization
and the exploration of analytical methods, especially in northern China. In 2005, Zou et al. [20] used
the PDSI index to analyze the changing trend of droughts in China between 1951 and 2003. In 2007,
Li et al. [21] used the PDSI to construct a drought assessment system in northern China. In 2015,
Li et al. [22] used SPI to characterize the indicators of drought evolution and hazard factors in the
Lu’an River Basin, northern China. Chen et al. [2] used the SPEI to study the changing drought trends
in China. Zhang et al. [23] used the Penman-Monteith and Morlet wavelet methods to analyze the
temporal and spatial changes of the reference crop evapotranspiration, precipitation, and aridity index
(AI), in addition to their influencing factors. In 2016, Liu et al. [24] applied the SPEI to study the 53 year
drought evolution pattern in the Inner Mongolia Autonomous Region in northern China. In 2017,
Liang et al. [3] used the SPEI to study the temporal and spatial distribution characteristics of drought
in northeastern China. Ming et al. [25] chose the SPEI to partition the spatial distribution of drought in
northeastern China. Finally, Wu et al. [26] studied an assessment of agricultural drought vulnerability
in the Guanzhong Plain, China.

Although several studies concerning the temporal evolution and spatial distribution of droughts
in northern China have been done, studies in Ningxia are rather limited. Furthermore, most studies
merely used data from individual weather stations in a certain period or a certain area, and some
other studies primarily focused on the relationship between drought and reference crop growth, or on
a certain feature of drought. However, the full coverage and long time-series studies on the entire
Ningxia region have not been covered, according to our knowledge. The research on the periodicity,
mutability, and change trend of drought mainly depends on the artificial discrimination, and the
scientific content is poor. In this paper, the SPI and SPEI were selected for preliminary analysis
based on observed meteorological data of the monthly mean temperature and precipitation from
24 surface meteorological stations covering the entire region since 1951; reference was made to the
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actual situation recorded in “China 500-year Drought and Flood Rating Data Set”, “The Ningxia
Agricultural Meteorological Disaster Value Data Set”, and “China Drought Disaster Data Set” [27]
for verification. It was confirmed that the effect of the SPEI on the Ningxia drought characteristics
analysis was superior to that of the SPI, in which the dry and wet conditions were more accurately
reflected. Finally, the SPEI was used to analyze the evolution of the spatial and temporal characteristics
of droughts in Ningxia between 1960 and 2016. Moreover, the wavelet analysis was developed
based on the Windowed Fourier Transform, a new method for analyzing signals [28]. Drought is
a time-dependent series that is usually unstable but can present a periodic trend. Using wavelet
decomposition to perform a time-frequency variation and multi-scale analysis of the drought index,
the high and low flow alternating change process of drought can be obtained; thus, the changing trend
of droughts can be predicted [29].

This paper uses the SPEI, which is calculated by the meteorological data from 24 meteorological
stations over a period of 57 years, to describe the interannual characteristics at different timescales in
Ningxia. The attributes of drought, such as the scope, intensity, and frequency were analyzed. To our
knowledge, it is the first time that the correlation, mutability, and periodicity of two series in both
the time and frequency domains in the multi-time scales were scientifically analyzed via the wavelet
analysis method. The coverage and period of this research data set are more comprehensive than those
of previous studies; studies including the SPI and SPEI make the research findings more certain and
accurate; the subjectivity of drought mutability and periodicity that was identified by the wavelet
analysis was avoided effectively. This article provides a remarkable theoretical improvement in the
field of research. Furthermore, it has significant information regarding drought prevention and relief;
accordingly, the scientific information can be of benefit to the Ningxia government with regards to
drought warning and the formulation of drought relief policies.

2. Data and Methods

2.1. Study Area

The Ningxia Hui Autonomous Region is located in the eastern part of northwestern China
(104°17'-107°39" E, 35°14’-39°23" N, and has total area of 66,400 ka). The region extends in the
north—south direction, which becomes relatively narrower towards the north and the south; the terrain
is of a higher altitude in the south; the variation in elevation is larger in the west in comparison
to the east. Ningxia can be divided into plains, mountains, loess areas, hilly areas, and sand dune
areas [30,31]. The climate of the study area is a typical continental climate [32]. The average annual
temperature is 8.22 °C; the average annual temperature increase rate is about 0.3 °C per 10 years.
The average annual evaporation and the average annual precipitation are 2075.1 mm and 276 mm,
respectively. The precipitation is very unevenly distributed throughout the year; the precipitation
accounts for 14-18%, 51-65%, 20-28%, and 1-2% in spring, summer, autumn, and winter, respectively.
There is a great variation in the interannual precipitation in the whole region, with a slight increasing
trend (0.08% per 10 years). The precipitation in the region increases from the north towards the south,
with higher variations in the former. In the southern region, the land is arid and has relatively low
rain events; therefore, higher evaporation and dryness are witnessed, which indicates a region prone
to meteorological disasters [33-35]. According to the multi-year average precipitation in the 200 mm
and 400 mm contours of the study area, in combination with the topographic and geomorphological
features, the study area is divided into three regions, which are the northern, middle, and southern
regions. The northern region has a long-standing irrigation agricultural system, the middle region
is arid and acts as a transitional region of the agro-pastoral ecotone, and the southern mountainous
region is dominated by broad regions known for extensive crop production (Figure 1).
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Figure 1. The location of Ningxia. The main map shows meteorological stations, the Yellow River,
and sub-regions of the study area.

2.2. Data

The meteorological data were obtained from the Meteorological Bureau of the Ningxia Hui
Autonomous Region. The multi-year monthly meteorological observations, covering January 1960
to January 2016 (57 years or 684 months), were used from 24 surface meteorological stations;
the distribution of the meteorological stations is shown in Figure 1. The meteorological data include
the monthly mean precipitation, monthly average temperature, and monthly average evaporation.
These data have been strictly managed by the Ningxia Meteorological Bureau; therefore, the data
are confidently accurate. In this paper, the meteorological criteria for the seasonal division were
used; the divisions include spring (March to May), summer (June to August), autumn (September to
November), and winter (December to February).

2.3. Methods

2.3.1. Drought Indices: The SPI and the SPEI

Drought is essentially a deficiency of water [36,37]. The standardized precipitation index (SPI)
is one of the most prevalent meteorological drought indices, and it is mostly recommended by
the World Meteorological Organization (WMO) as a standard drought index [38,39]. The SPI is
related to the precipitation, and transforms the medium-term precipitation records into a normal
distribution [12]. It can be computed by precipitation as an only the input and for the different
timescales, and has the capability to monitor both the dry and wet spells, and is related to
probability [40,41]. For more information on the computation of the SPI values, the reader is referred
to [12,42,43]. The documentation and executable files are freely available at http://drought.Unl.edu/
Monitoring-Tools/DownloadableSPIProgram.aspx/.
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The standardized precipitation evapotranspiration index (SPEI) was proposed based on the SPI
by Vicente-Serrano et al [16]. It was invented by standardizing the difference between the precipitation
and potential evapotranspiration [44], and it is also a standardized drought index with multiple
timescales. Its computation requires a time series of total monthly precipitation (P) data as well as
monthly potential evapotranspiration (PET) [45]. The monthly PET was calculated based on the
approach presented by Thornthwaite [46,47], which only relies on the monthly mean temperature (T)
and latitude (L). Then, an update method for calculating the ETy was published. It was the FAO-56
Penman-Monteith equation [48], which combined the aerodynamic and radiative components using
the different climate variables measured at weather stations (e.g., temperature, wind speed, humidity,
and solar radiation) [49,50]. The Penman-Monteith equation methods are detailed in the literature
(see [16,17,51-53]). The Penman-Monteith method needs more data, as the Thornthwaite method only
needs the data of temperature and latitude; it was used to compute the SPEI for multiple timescales in
this paper. The documentation and executable files are freely available at http:/ /digital.csic.es/han-
dle/10261/10002/.

Both the SPI and the SPEI indices have the same classification criteria, as summarized in
Table 1 [54].

Table 1. Drought degrees based on the standardized precipitation evapotranspiration index (SPEI).
SPI—standardized precipitation index.

Drought . Extreme
Degree No Drought Mild Drought Moderate Drought Severe Drought Drought

SPI/SPEI Value  SPI/SPEI>-0.5 —1.0<SPI/SPEI< —-05 —15<SPI/SPEI<—-1.0 —2.0<SPI/SPEI< —15 SPI/SPEI <-2.0

2.3.2. Drought Assessment Index

For a better scientific and reasonable reflection concerning the scope and intensity of drought
occurrences, the regional droughts can be evaluated in terms of drought frequency, drought stations
proportions, and drought intensity [55].

P; is used to reflect the frequency of drought in a certain meteorological station within a period of
N years. The formula is as follows:

P; = (n/N) x 100% 1)

where 7 is the number of drought years at the station, N is the total number of years of precipitation
data, and i represents the weather station.
P; represents the drought stations proportions in the region, with respect to the total number of
stations. The formula is as follows:
P; = (mj/M) x 100% )

where M is the total number of meteorological stations, j is a certain year, and m i is the
number of stations where drought occurs. When P; < 10%, it indicates that there is no drought;
when 10% < P; < 30%, it indicates that local drought occurs in local areas; when 30% < P; < 50%,
it indicates drought in some areas; when 50% < P] < 70%, it indicates a regional drought; and when
P; > 70%, it indicates a full-scale drought.

It is considered that there is a persistent drought (D) if the SPEI1 < —0.5 lasts three months or
above, M is the persistent droughts occurrence year, S;; is used to indicate the drought intensity of a
persistent drought, which is usually related to the absolute value of the SPEI1. Higher absolute values
indicate more severe droughts. The formula is as follows:

1 m
Sij = ;\SPEI,-]-] 3)
1=

where m is the numbers of M; SPE;; is the SPEI value of the jth drought site in the ith year. The average
SPEI1 value of M is the SPEI value of the drought process. Then, the drought intensity of each site is
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calculated according to formula (3), and the drought intensity spatial analysis is performed using its
standardized numerical percentages.

2.3.3. Wavelet Analysis Method

The wavelet transform decomposes the time series into time and frequency domains in order to
obtain a significant fluctuation pattern of the time series (that is, a period and a time change pattern of
the period). The wavelet transform is divided into Continuous Wavelet Transform (CWT) and Discrete
Wavelet Transform (DWT). The latter is a compact representation of data and is commonly used in
noise reduction and data compression processing [56,57]. In this study, CWT, W,(s), is the basis for
wavelet analysis, which could be defined as the convolution of the data X, with a translated and
scaled version of the wavelet function, which is localized in both the frequency and time with a zero
mean [56,58].

Wi(s) = /5 Ly X g0 =) G @
where the asterisk (*) represents the complex conjugate, s represents the wavelet scale, At is the uniform
time steps, and 7 is the localized time index.

The other (i.e., CWT) is suitable for signal feature extraction. The wavelet coefficients obtained
from the CWT variation results represent the degree of approximation of the time series and the wavelet.
Currently, the Morlet wavelet function is similar to the waveforms of the time series, such as runoff,
precipitation, and air temperature; it can also detect the amplitude and phase of the time domain in a
certain time series in different frequency domains, and it clearly demonstrates the local characteristics
of the time—frequency domain. The Morlet mother wavelet was chosen because, with respect to
other functions (wavelet and e.g., sine), it describes the shape of drought index signals quite well,
while providing a good balance between time and frequency localization [59,60]. The aim of the wavelet
transformation is multiple dissociation by decomposing the data in the scaling space, thus making
it possible to reveal its self-similarity structure. As a result of such advantages, the Morlet wavelet
function is widely used in hydrometeorological and meteorological time series [58,61]. Therefore,
the wavelet transform of the precipitation time series was performed using the Morlet complex value
wavelet. Detailed methods of the wavelet transform and Morlet wavelet transform theory can be seen
in the literature [51-53,62,63].

The method of combining the wavelet transform with the Cross Spectral Analysis is called Cross
Wavelet Transform. It is a new method that analyzes the significance of the interaction of two-time
series in different time and frequency domains from the perspective of multiple scales [64]. Based on
the continuous wavelet spectra of the two-time series, constructing the WTCs can reflect the ranges
of the same or similar power spectrum regions (of two-time series) in different time and frequency
domains. More significant interactions between the two-time series over different time—frequency
domains are indicated by larger power spectrum values [56].

The specific cross-wavelet spectrum theory methods are described elsewhere [65,66].

3. Results and Discussion
3.1. Temporal Characteristics of Droughts in Ningxia

3.1.1. Multi-Timescale Temporal Characteristics of Droughts via the SPI and the SPEI

The average SPI and SPEI at various timescales of all of the stations in Ningxia were calculated
from 1960 to 2016. Moreover, Figures 2 and 3 show the temporal characteristics of the SPI and the
SPEI at three timescales (i.e., SPI1, SPI3, and SPI12, and SPEI1, SPEI3, and SPEI12). Both the SPI and
the SPEI values at different timescales reflected the change of the drought and wet occurrence in the
regions. Because of the short timescales, the SPI1, SPI3, SPEI1, and SPEI3 values were greatly affected
by the short-term precipitation. These signals fluctuated frequently. The characteristics of the drought
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duration and periodicity were not obvious. As the timescale increases, the precipitation accumulation
was becoming more and more important, the frequency and the amplitude of the fluctuation decreased,
while the separations between the dryness and wetness became clearer.
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Figure 2. The standardized precipitation index (SPI) values at different timescales in Ningxia from
1960 to 2016. (a) SPI1 in Ningxia from 1960 to 2016; (b) SPI3 in Ningxia from 1960 to 2016; and (c) SPI12
in Ningxia from 1960 to 2016.
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Figure 3. The standardized precipitation evapotranspiration index (SPEI) values at different timescales
in Ningxia from 1960 to 2016. (a) SPEI1 in Ningxia from 1960 to 2016; (b) SPEI3 in Ningxia from 1960 to
2016; and (c) SPEI12 in Ningxia from 1960 to 2016.
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The drought represented by SPI1 and SPI3 showed a trend of a decrease, while the SPI12 showed
an increasing trend. The SPEI values at the three timescales indicated minor different fluctuation
trends, yet all the SPEI values showed a gradually increasing trend. Moreover, the characteristics of the
occurrence of different drought degrees and occurrence years at the different timescales were clearly
different between the SPI and SPEI The SPI1 and SPI3 showed that the extreme drought occurred
in September and November 1972, respectively, yet the SPEI1 and SPEI3 showed that the severe and
moderate drought occurred in the same months. There was no drought that occurred after June 2010,
which was indicated by SPI12; however, SPEI12 revealed that droughts of various degrees occurred
every year, except for 2012.

The references were made to the actual situation recorded in the “China 500-year Drought and
Flood Rating Data Set”, “The Ningxia Agricultural Meteorological Disaster Value Data Set”, and the
“China Drought Disaster Data Set” [27] for verification. The drought represented by SPEI12 is consistent
with the drought historical data of the region. For example, the typical drought years in Ningxia are
1965-1966 (severe drought), 1969-1972 (moderate drought), 1980-1983 (moderate drought), 1987-1988
(moderate drought), 1991 (mild drought), 1997 (moderate drought), 1999-2001 (moderate drought),
2003 (mild drought), and 2005-2009 (severe drought). From the frequency of the drought, based on the
SPEI12 in the whole Ningxia region, a drought occurred every 4-5 years on average, with an average
of 34 years of a drought cycle. Finally, drought has become more frequent after the mid-1990s. Then,
the SPEI was proposed based on the SPI, and it was used to reflect the extent of the drought, which relies
not only on a precipitation but also on a temperature. The reason drought become more frequent,
according to the SPEI, is due to the deficiency of water combined with an increased temperature and
PET. There is a slight increasing trend (0.08% per 10 years) of the interannual precipitation in Ningxia,
yet the average annual temperature increase rate is about 0.3 °C per 10 years simultaneously. It shows
that the temperature takes an important part in the occurrence of drought, which accounts for the high
precipitation but the low SPEI value. The slight increase in precipitation did not offset the increase in
PET caused by the rise in air temperature. The SPEI is a good reflection of the trend of drought caused
by global warming.

3.1.2. Yearly and Seasonal Temporal Characteristics of Drought in Ningxia

The drought stations” proportions were used to indicate the size and influence of the droughts
as well as to indirectly reflect the severity of the droughts. This paper analyzes the interannual and
seasonal variability of the drought stations” proportions in different regions in Ningxia; consequently,
the interannual trends of drought in the different regions in Ningxia were obtained. The SPEI12
reflected the interannual variation of the drought in Ningxia, while the drought stations proportions,
based on SPEI12 in the three sub-regions, presented a yearly increasing trend (Figure 4). In the
mid-1960s, the 1970s, the early 1980s, and the mid-1990s, the effect of drought in every region was
relatively large, and the drought stations proportions reached more than 50% (regional drought).
Interestingly, the drought stations proportions reached 100% in several years.

—Ningxia —North Ningxia —Middle Ningxia South Ningxia
—Polyomial(Ningxia) - - Polyomial(North Ningxia) - - Polyomial(Middle Ningxia) - - Polyomial(South Ningxia)
 100% 1 1 1
o

80%
60%
40%
20%

Drought Stations
Proportions (SPEI1

0% » -
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

Figure 4. The drought stations proportions of the SPEI12 in three sub-regions and the whole Ningxia
regions from 1960 to 2016.
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The SPEI3 values reflect the seasonal drought changes. The seasonal variation of droughts in
the different regions of Ningxia is shown in Figure 5. The seasonal variation trend of the drought
stations’ proportions in all of the regions showed comparable results; indeed, all of the drought
stations’ proportions fluctuated throughout the year, yet a generally increasing trend could be detected
with time. The mid-1980s to the mid-1990s showed a low drought occurrence, while it increased at
later times.
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Figure 5. Cumulative drought stations’ proportions variation in Ningxia from 1960 to 2016. (a) Drought
stations proportions in the whole region of each season; (b) drought stations proportions in the
north Ningxia of each season; (c) drought stations proportions in middle Ningxia of each season;
and (d) drought stations proportions in south Ningxia of each season.
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The northern and the middle parts of Ningxia have the highest and most influential average
annual drought stations” proportions in autumn, which is followed by summer, and winter droughts
have the least impact. The average spring drought stations’ proportions is the highest in southern
Ningxia; it also has the biggest impact, followed by autumn, and winter has the smallest influence.
Table 2 shows the different seasons in the numbers of years and the particular years of the full-scale
drought (P; > 70%) occurred in the whole and three sub-regions.

Table 2. The numbers of years and the particular years of the full-scale drought occurs in the whole
and three sub-regions of each season.

The Numbers

Region Season of Years The Particular Years
Spring Drought 9 1969, 1999, 2000, 2004, 2005, 2006, 2008, 2009, 2013
Ningxia Summer Drought 11 1969, 1971, 1982, 1997, 2001, 2005, 2006, 2008, 2009, 2011, 2015
Autumn Drought 9 1965, 1991, 1997, 1998, 1999, 2005, 2006, 2009, 2010
Winter Drought 5 1979, 1980, 1998, 2006, 2008
Spring Drought 11 1969, 1999-2001, 2004-2006, 2008-2009, 2013—2014
North ~ Summer Drought 11 1969, 1971, 1980, 1982, 1997, 2001, 2005, 2008-2009, 2011, 2015
Ningxia A ytumn Drought 11 1963, 1965-1966, 1991, 1997-1999, 2005-2006, 2010, 2013
Winter Drought 8 1979-1980, 1983, 1995, 1998, 2006, 2008, 2010
Spring Drought 10 1966, 1969, 1995, 2000, 2004-2006, 2008-2009, 2013
Middle  Summer Drought 9 1960, 1965, 1975, 1982, 2005-2006, 2008-2009, 2015
Ningxia A ytumn Drought 12 1965, 1980, 1986-1987, 1991, 19982000, 2004-2006, 2009
Winter Drought 5 1980, 1994, 1998, 2006, 2008
Spring Drought 12 1962, 1966, 1968, 1971, 1995, 2000-2001, 2004, 2007-2008, 2011, 2013
South  Summer Drought 10 1971, 1974, 1982, 1997, 2001, 2006-2009, 2011
Ningxia A ytumn Drought 10 1971, 1972, 1986, 1991, 1997-1999, 2002, 2009, 2016
Winter Drought 7 1964, 1969, 1970, 1972, 1980, 1985, 1998

3.1.3. Seasonal Temporal Evolution of Different Drought Degrees

There are seasonal differences in the occurrence of different drought degrees. The SPEI3 values at
the three sub-regions of Ningxia were classified according to the drought degrees present in Table 1.
Figure 6 shows the drought stations’ proportions, on a yearly basis, of different drought degrees during
the four seasons; the characteristics of the occurrence of different drought degrees during the different
seasons are clearly observed. In general, the proportion of drought degrees in each season showed a
yearly increasing trend. From the mid- to late-1980s until the mid-1990s, the drought degrees were
relatively low; indeed, mild or moderate droughts occurred only during several years. However,
the proportion of moderate and severe droughts noticeably increased in the mid- and late-1990s.

In spring, the years with the highest drought stations proportions are 2000, 2004, 2008, and 2013.
Different degrees of droughts occurred at all of the sub-regions, and spring was the season with the
highest occurrence of extreme droughts. In summer, the years with the highest drought stations
proportions, which were more than 80%, are 2000, 2004, 2005, 2009, 2008, and 2013. It was the highest
season for severe and mild droughts. In autumn, the highest drought stations” proportions, which were
also more than 80%, were seen in 2000, 2004, 2008, 2013, and 2009, and it was the season with the
highest moderate drought. The years 2000, 2004, and 2008 showed the highest drought stations’
proportions (more than 80%) in winter, which was the lowest season for the drought. It can be seen
that spring and summer are the seasons with the most severe and extreme droughts; both showed an
increasing trend, especially when the summer rainfall is more abundant, yet the drought is even more
serious. This is because the SPEI uses the amount of water deficit instead of the pure precipitation
as an important indicator for drought assessment, and it is a monthly cumulative data set. Finally,
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the influence of little rain during the winter (until the spring of the following year), the spring winds,
and the evaporation caused by high temperatures in summer play an important role in the formation

of droughts.
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Figure 6. Interannual variation percentage accumulation of the drought stations proportions at different

drought degrees in (a) spring, (b) summer, (c) autumn, and (d) winter.

3.2. Spatial Characteristics of Drought in Ningxia

3.2.1. Spatial Characteristics of Multi-Scale Drought Occurrence Times

The number of drought occurrence times in each meteorological station in Ningxia, between 1960
and 2016, showed a certain trend in terms of the spatial distribution. The interannual average values of
the SPEI12 and SPEI3 in each season were calculated; if the average value was <—0.5, it was considered
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that the drought occurred at this station one time. The inverse distance weighted interpolation was
adopted to draw the contour map of the drought occurrence times (Figure 7). The maps show that the
numbers of drought occurrence times varied throughout the different seasons. Overall, the number
of drought occurrence times in the northern region was higher than other regions, based on the
SPEI12 and SPEI3 values. Droughts happened 15-16 times on average during 1960-2016 for the
SPEI12 (Figure 7a). The largest number of drought occurrence times is in the north and the least in
the center. Indeed, the stations with the highest number of drought occurrence times are Yinchuan
in the north (20 times) and Xiji in the south (20 times), while the least number occurred in central
Xingren (13 times) and southern Guyuan (12 times). During spring (Figure 7b), a drought occurred
16-17 times on average, with the highest times in the south and the least in the middle. The highest
time appeared in Lingwu in the north (19 times) and Longde in the south (19 times), and the minimum
was detected for southern Guyuan (11 times) and central Xingren (12 times). During the summer
(Figure 7c), the average number of droughts was 16-17 times, with the highest time in the north,
namely Yinchuan, Yongning, Huinong, and Central Tongxi (19 times); the least time was detected in
a part of the north and in the south, namely Wuzhong and Guyuan (13 times). During the autumn
(Figure 7d), a drought occurred 16-17 times on average, with the most occurrences in the middle and
the least in the south. The sites with the highest and lowest drought occurrence times are Yongning
(21 times) and Helan (14 times), respectively, both located in the north. During the winter (Figure 7e),
a drought occurred 12-13 times on average, with the largest occurrence times occurring in the north
and the least in the middle. The site with the highest number of drought occurrences is Yongning in
the north (15 times), and the least is north Huinon (10 times).

SPRING SUMMER

SPEI2

Times

.15

AUTUMN

Figure 7. Spatial distribution of drought occurrence times based on SPEI12 and SPEI3 values during
1960-2016. (a) The SPEI12 values were used to calculate the interannual average values; (b—e) the SPEI3
values were used to calculate the interannual average values in each season.
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3.2.2. Spatial Distribution Characteristics of Drought Intensity

The SPEI1 reflects subtle changes in the drought situation. In order to fully reflect the spatial
distribution characteristics of the drought intensity in the whole region, the statistical analyses were
conducted throughout the duration of the drought events (SPEI1 < —0.5) at every meteorological
station. Huinong was the site with the highest number of continuous drought months, which extended
for more than three months. For 57 years, there were 29 successive droughts for three or more months
in Huinong, followed by Yongning and Haiyuan (23 times), and the least was Longde (12 times).
Yongning experienced the longest period of a continuous drought, which covered the period from
October 2008 to October 2009 (i.e., for 13 months). The number of events that a continuous drought
lasted for six or more months was 34, with the highest occurrence in Lingwu (four times), Wuzhong
(three times), Xingren (three times), Tongxi (three times), and Guyuan (three times). Most of them took
place in 1999 (four stations), 2005 (10 stations), and 2009 (8 stations). It can be seen that in 1999, 2005,
and 2009, there was a large-scale continuous drought in Ningxia, which supports the results shown in
Section 3.1.1.

The drought intensity in Ningxia shows an increasing trend from the south to the north, and the
inverse distance weighted interpolation was used to draw the spatial distribution map of the drought
intensity (Figure 8). The drought intensity ranges from 24.15 to 44.54%, and it is generally higher
in northern Ningxia, and the severest drought occurred in Zhongwei and Dawukou. The regions of
Xingren and Tongxin in the middle area have a higher intensity of disasters, while Longde and Xiji,
located in southern Ningxia, have the weakest intensity of drought.

Drought
Intensity

. 44.54%

24.15%

Figure 8. Spatial distribution of drought intensity in Ningxia.
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3.2.3. Spatial Characteristics of Drought at Different Degrees on SPEI12

Different degrees of drought on SPEI12 have different distributions in Ningxia. The inverse
distance weighted interpolation was adopted to draw the spatial distribution chart of the drought
frequency (Figure 9). The frequency of the drought in Ningxia ranged between 22.81 and 35.09% and
averaged 27.44%. In terms of the grades, the frequency ranges of mild, moderate, severe, and extreme
droughts were 8.77-24.56%, 3.51-14.04%, 0-7.02%, and 0-1.75%, respectively, and averaged 15.9%,
8.48%, 3%, and 0.07%, respectively. It should be noted that the more severe droughts showed lower
frequencies of occurrence.

Mild
Drought

Moderate
Drought

Frequency

l24A5()%

I ¢
8.77%

Extreme

Frequency

I 14.04%

|3.51%

Severe

Drought
Frequency

l35.09%

I22.81%

Drought Drought

Frequency Frequency

l7.02% l 1.75%

0 0

Figure 9. Spatial distribution of drought frequency in different degrees between 1960 and 2016 (the
drought frequency was calculated by the SPEI12 values). (a) The frequency of the drought; (b—e) The
frequency of mild, moderate, severe, and extreme droughts.

From a spatial point of view, the highest frequency of drought occurred in northern Yinchuan
and southern Xiji (>35%), and the lowest occurred in central Xingren and southern Jingyuan (<23%)
(Figure 9a). The highest frequency of mild drought was seen in the southern Xiji and northern
Qingtongxia regions (>20%), while the lowest was detected in the central Xingren and Mahuangshan
regions (<10%) (Figure 9b). As for the moderate droughts, the highest frequency was observed in
northern Huinong and Yinchuan (>12%), and the lowest was detected in southern Haiyuan and
northern Lingwu (<5%) (Figure 9¢c). Moreover, Yongning in the north (7.02%) showed the highest
frequency of severe drought (Figure 9d), which occurred in 2005-2006 and 2008-2009. Extreme
droughts did not occur in most parts of Shizuishan; the extreme drought only occurred in northern
Qingtongxia (Figure 9e) in 2006 (which is consistent with the results presented in the previous section).
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3.3. Wavelet Analysis of the Temporal Evolution of Drought Based on SPEI12

3.3.1. Interannual Variable Characteristics of Regional Drought

A demy wavelet was chosen as the wavelet basis function; the wavelet decomposition
was conducted on a monthly basis by the SPEI12, from 1960 to 2016 (684 months) in
Ningxia. Therefore, the periodical and mutability characteristics of the droughts were analyzed.
To eliminate the ‘boundary-utility’possibly emerging between the two ends of the inter-sequence,
the 'symmetry-extending at both ends’ method was used to extend the original time series data forward
and backward, symmetrically, by 170 units, thus extending from 684 to 1024 points. The Morlet wavelet
function algorithm was used to conduct the nine-layer wavelet decomposition (Figure 10).

D ition at level 9:5=39 +d9 +dB + d7 + db + d5 + dd + d3 + d2 + di

&'k IR M & { Ay T A AN T I T

oA L M O 1 S R = ~\H P 4P il

oy G LT O O R D ' T i O J L =

8 AOAM W MT AR YL U A L L B
; l ! 1 | ! /|

02 T I i S | I =

a, oF B )

9 il ]
s ! ! ! | | ! !

o ‘ — e T :
dg oo — S satr==]
02 L | | 1 1 | — fr s | |
05 T T T T T T T T T T
da s esrmmmeme— = = o . ) = <, . B — B

| | | | | | B | | |

I
. : Ji | ;
d 0 e \\, A J‘ \ ” & \\t My , Al ‘Jllc.’f | L / \\ MT il I\' “I st “J - i [t IY A .-,‘Ir‘\-, ) ‘!‘ o ‘f‘r s— I“F‘f oo ff e ”P\ hr,w.,w i
| |

1 I | | 1 |
100 200 300 400 500 800 00 800 900 1000

Figure 10. Wavelet decomposition of monthly SPEI12 values in the whole region.

From the low-frequency component, a9 the general trend of droughts in Ningxia during the
past 57 years has been constant. Combined with the analysis in the previous section, it can be seen
that the overall drought situation seriously increased and severely developed in Ningxia. From the
low-frequency component, dg, it can be seen that the drought change in Ningxia includes two periods,
thatis, a long period of 28.5 years, as well as the four low-frequency components, dy — d, which contain
4.5, 8,17, and 30 cycles, respectively; therefore, the variation of drought in Ningxia has cycles of 12.7,
7.3,3.4, and 1.9 years, respectively. From the high-frequency component, d; — d3, it can be seen that
during the cycles of 4, 8, and 16 months, there is some fluctuation in the amplitude of the frequency.
At point 235-245, point 285-295, point 310-320, point 510-520, point 545-555, point 620-630, point
645-655, point 750-760, and point 820-830, the wavelet coefficients increase, which indicates that the
drought events occurred in these time points. The mutational time point corresponds to the summer
of 1965, the autumn of 1969, the autumn of 1971, the summer of 1988, the spring of 1991, the summer
of 1997, the autumn of 1999, the summer of 2008, and the spring of 2014; those findings are in line with
the actual situations.
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3.3.2. Periodicity of Drought Variations

The continuous wavelet transform (CWT) was conducted on SPEI12 in Ningxia during the past
57 years by the Morlet complex wavelet method. The real part, power spectrum, and variance of
wavelet coefficients were analyzed, which revealed the variation trends of multiple timescales of
annual precipitation.

The real part value of the wavelet coefficients reflects the periodical variation of the time series
on different timescales, and their distribution in the time domain; this can be used to anticipate
the changing trends of the time series on different timescales in the future [67-69]. There are four
scales of periodicities in the region’s droughts (Figure 11), which are 30-70 months (about four
years), 80-120 months (about eight years), 130-190 months (about 13 years), and 200-270 months
(about 20 years). For the 8- and 13-years periodicity, the heavy-light alternation of the drought is
obvious, which could be seen throughout the entire time series. The periodicity above 300 months
showed no obvious cyclical changes. From the long period of 200-270 months, the drought in
the region experienced four heavy-light oscillations, with obvious mutation characteristics. In the
whole time series, the 8- and 13-years are the scales with the most significant oscillations. Moreover,
the performance is stable, and the period is obvious and continuous, indicating that the period has
universality throughout the time series.

0.5

Time Scale
anfeA ed ey 19[eABA

-0.5

Month

Figure 11. Real part value wavelet coefficients on SPEI12.

The modular square of the wavelet coefficient is the wavelet power spectrum, which analyzes the
oscillation energy of the time series at different periods. The Ningxia drought time series showed the
most powerful and periodic timescales on the 8- and 13-year scales (Figure 12). The most powerful
points of the two are distributed in 220-380 months (summer 1987-autumn 1991) and 150-320 months
(summer 1972—autumn 1986). The changes in the two periods are the most significant in these years.
The four-year scale has the highest power performance during the period of 20-110 months (autumn
1961-spring 1969), which is in line with the drought year analyzed previously.
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The wavelet variance map describes the various processes of the wavelet variance in a timely
manner. At a certain scale, the wavelet variance of SPEI12 represents the strength of the periodic
fluctuations in the time series (the power size) (Figure 13). It can be seen that the scales of the
amplitudes of the period, in decreasing order, are 160 months (13.3 years), 105 months (8.75 years),
54 months (4.5 years), and 238 months (20 years). Therefore, the above four scales correspond
to the major four periodicity of the drought variations in Ningxia, which controls the cyclical
fluctuations of drought throughout the entire time series. The results are similar to the wavelet
power spectrum analysis.
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Figure 12. The Morlet wavelet power spectrum on SPEI12 time series.
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Figure 13. SPEI12 wavelet variance map.
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Based on the results of the wavelet variance test, the wavelet coefficient time—frequency plots
corresponding to the scales were plotted for the first and the second major periods (Figure 14).
The average period of the time series and variation trends of the drought severity at different timescales
were analyzed. The real part value of the wavelet coefficient >0 represents serious droughts, while the
real part value <0 represents lighter droughts. On the first main cycle (13.3 years, Figure 14a), there were
approximately 6.5 drought changes, with an average period of 4.4 years. On the second main cycle
(8.75 years, Figure 14b), about 10 cycles of change, with an average period of 6.5 years, were undergone.
All of these results are consistent with those from the previous analyses.

[=-n

Wavelet Real Part Value
E b & L o - 0w s
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1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
Year Year

Figure 14. Wavelet time—frequency diagram on SPEI12. (a) Wavelet time-frequency diagram on the
first main cycle; (b) Wavelet time—frequency diagram on the second main cycle.

4. Conclusions

In this paper, the characteristics of the spatial-temporal evolution of droughts in Ningxia were
analyzed using the SPEI of multiple timescales. Through the wavelet analysis of the SPEI12 values,
the periodical change of drought was obtained. The following conclusions are revealed:

(1) The SPI and SPEI values at a one month timescale are greatly affected by the short-term
precipitation, and the deficiency of the precipitation for one month does not critically affect the drought
damage. As the timescale increases, their values at the 3 months and 12 months timescales indicated
that the precipitation accumulation was becoming more and more important, the frequency and the
amplitude of the fluctuation decreased, while the separations between the dryness and wetness became
clearer. They could show the seasonal and interannual variability of drought well, and a one month
timescale is not frequently used. Moreover, the effect of the SPEI on the Ningxia drought characteristics
analysis was superior to that of the SPI, in which the dry and wet conditions were more accurately
reflected. The SPEI was used to analyze the evolution of the spatial and temporal characteristics of the
droughts in Ningxia between 1960 and 2016.

(2) From 1960 to 2016, the SPEI at different timescales showed that the drought in Ningxia
presented a gradually increasing trend. The drought represented by SPEI12 was consistent with that
during the historical drought years in Ningxia. After the 1990s, the drought became more frequent.
The reason has come down to the deficiency of water or the increase of evapotranspiration essentially.
The temperature plays an important part in the occurrence of drought, which accounts for the high
precipitation but the low SPEI value. The slight increase in precipitation did not offset the increase in
the evapotranspiration caused by the rise in temperature. The SPEI is a good reflection of the trend of
drought caused by global warming, and the occurrence of the El Nino phenomenon further accelerated
the development of the drought conditions.

(3) From the perspective of the influence of drought, the number of drought stations” proportions
has an annual rising trend in all of the regions on the SPEI12. The autumn drought had the largest
effect on the whole region, as well as the northern and middle regions, which was followed by
summer drought, while the winter drought had the smallest impact. In the southern part, the spring
drought had the largest influence, followed by the autumn drought, while the winter drought had the
smallest influence.
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(4) The interannual variation trends of the drought occurrence at different degrees were generally
comparable; indeed, all showed a yearly increasing trend. Moreover, spring is the season with a
high incidence of extreme droughts, summer is the season with the highest events of severe and
mild droughts, and winter is the season with the least droughts. The overall drought intensity in
Ningxia was shown to increase from the south towards the north. For example, the drought intensity is
relatively higher in northern Ningxia, and the severest drought occurred in Zhongwei and Dawukou.
The regions with the weakest intensities are Longde and Xiji, which are located in southern Ningxia.

(5) The drought of different degrees on SPEI12 showed a different distribution in Ningxia. Higher
degrees of drought occurrence have lower frequencies. According to the inverse distance weight
interpolation method, the highest drought frequency occurred in Yinchuan (in the north) and Xiji (in
the south), and the lowest occured in Xingren (in the middle) and Guyuan (in the south). However,
this interpolation method does not explicitly consider the influence of the topographic factors on
drought, indicating that the results have limitations and uncertainties.

(6) The wavelet decomposition of SPEI12, for which the demy wavelet was chosen as the wavelet
basis function showed that there are 28.5, 12.7, 7.3, 3.4, and 1.9 years of drought cycles in Ningxia,
and the mutative fluctuation is in line with the actual situations. The real part value of the wavelet
coefficients reflects the periodical changes of four drought scales in Ningxia, which are about 4, §,
13, and 20 years. Among them, the scale oscillations of the 8- and 13-years are the most intense and
have a maximum impact area; the wavelet power spectrum showed the strongest and most periodic
timescales on the 8- and 13-year periods; the first and the second major periods of drought in Ningxia
described by the wavelet variance were 13.3 and 8.75 years, respectively. These two main cycles
experienced 6.5 and 10 cycles of change, respectively. The results of the three analyses were relatively
consistent, and the mutability fluctuations were in agreement with the drought variability and actual
conditions characterized by SPEI12.

This study helps to comprehend the occurrence and evolution of droughts in Ningxia,
and provides a scientific basis for further predicting the development of drought trends, and for
reducing and preventing consequent disasters.
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