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Abstract: The Haihe Plain is the largest component of the agriculturally vital North China Plain, and
it is characterized by serious water shortage and frequent droughts, which lead to crop reduction and
have adverse effects on agriculture and ecology. We used daily precipitation data from 1955–2017;
the region’s spatiotemporal characteristics of drought were analyzed by using the standardized
precipitation index (SPI), drought probability, and Mann–Kendall test for seasonal scale including
two main crops growth seasons for the region’s main crops. Furthermore, a cloud algorithm model
was established to analyze the dispersion and instability of the SPI. The annual drought frequency is
28.57%; the SPI for spring has an increasing tendency, while summer shows a significant decreasing
trend (p < 0.05); the Haihe Plain has had a tendency towards drought over the last 63 years. The SPI
in northwest is the smallest and increases gradually toward the south; the severity of drought in dry
years increased from southeast to northwest. The cloud model shows that the SPI randomness of each
site decreased significantly and tended to be stable and uniform. The deterministic and stable SPI of
each station is stronger in dry years, and the randomness and instability are stronger in wet years.
The inter-annual differences of the characteristic values of the SPI cloud model are bigger than the
differences among sites, and the inter-annual randomness and inhomogeneity of the SPI are higher.

Keywords: standardized precipitation index; spatiotemporal characteristics; cloud model; homo-
geneity and stability; Mann-Kendall test

1. Introduction

Drought is one of the major causes of agricultural yield losses globally and in China.
Due to global warming, extreme drought events have increased in recent years and gener-
ated profound socio-economic and environmental impacts [1–3]. Of the total area affected
by various meteorological disasters, drought accounts for 60%. In China, the average
area of cultivated land that is affected by drought is 2.07 × 107 ha, and approximately
1.0 × 1010 kg of grain is lost due to drought every year [3,4]. The Haihe River Catchment is
one of the seven biggest catchments in China. It is important because of the fact that two
mega cities, Beijing and Tianjin, are located in the catchment. With the rapid development
of agriculture, local economy, and population, the area has changed from a once dominant
flood plain to a drought plain with acute water shortages exacerbated by quick declines of
surface and sub-surface water levels [5].

Several studies have assessed the potential impact of climate change using different
indicators depending on drought types [6]. Precipitation is the most common variable
used in such studies, and it is frequently used in combination with other variables such as
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temperature and soil moisture. In the 1960s, the Palmer Drought Severity Index (PDSI) was
proposed as a drought index, which considered precipitation, temperature, soil moisture,
evapotranspiration, and other factors. The PDSI, modified PDSI, Palmer Hydrological
Drought Index (PHDI), and Z Index have all been used in previous drought research [7,8].
In the 1990s, the standardized precipitation index (SPI) was proposed by McKee et al. [1].
The SPI is based on the precipitation record and was first fitted to a probability distribution,
then transformed through an equal-probability transformation into a normal distribution.
This standardization ensures that SPI values can be compared across different locations.
Moreover, SPI can be calculated at different timescales, ranging from 1 month to several
years. This index is promoted by the World Meteorological Organization for global applica-
tions because it is simple to calculate, has multiple timescales, and can be applied in most
places of the world. Based on SPI, the standardized precipitation evapotranspiration index
(SPEI) was proposed afterward, which also considers potential evapotranspiration [9,10].
By calculating the difference between these two indexes, the characteristics of drought and
flood variation can be objectively obtained.

Because of its simple and probabilistic nature, the SPI was recommended as the
primary drought index for agricultural applications [11]. In 1996, Hayes et al., used the
SPI to monitor a severe drought in the Southern Great Plains in the southwestern United
States [12]. In this study, the SPI identified the drought onset and severity 1 month in
advance of the PDSI. Lloyd-Hughes and Saunders [13] compared the abilities of the SPI
and PDSI in monitoring droughts and concluded that the SPI provided a more appropriate
spatial standardization. Following this serial comparison, the SPI has been widely used in
drought event analysis [2], drought risk analysis [14], and to analyze the spatiotemporal
variation characteristics of drought in different regions [3,15,16].

In practice, as drought is a dynamic cognitive process influenced by many factors,
uncertainties often exist in a more complex, composite format. The SPI has considerable
uncertainty because it is derived from precipitation. To quantify this uncertainty, the
cloud model can be used; this model was put forth by Li et al. [17]. It is based on the
uncertainty (randomness and fuzziness) of a human-defined concept and describes the
connotation of an uncertain concept quantitatively through three digital characteristics [18]:
Ex (Expectation), En (Entropy), and He (Hyper-Entropy). To date, the cloud model has been
widely applied in many aspects, solving decision-making programs associated with various
uncertainties [19–23], evaluation of water resources’ carrying capacity [24], or classification
and clustering [25,26]. It is also applied in the research of spatiotemporal distribution of
random variables in many places in China. Yin et al. [27] used a cloud model to analyze
the spatiotemporal distribution characteristics of reference crop evapotranspiration in
Gansu Province, China. Cheng et al. [28] used the Z index and cloud model to analyze
the drought characteristics of 22 meteorological stations in the hills of central Sichuan,
China for a 60-year period. Long et al. [29] used the relative humidity index and cloud
model to analyze the drought characteristics of eight meteorological stations in the hills of
central Sichuan for a 51-year period. Jin et al. [30] analyzed the drought characteristics of
14 meteorological stations in Anhui Province, China for a period of 51 years by using the
precipitation anomaly percentage and cloud model. The application of the cloud model in
the analysis of the spatial characteristics of the eigenvalues, especially in the study of the
spatiotemporal distribution of drought, shows that the method is effective for studying the
spatiotemporal uniformity and stability of droughts.

While there has been extensive work on both the SPI and cloud models in China, there
has not been work on applying these approaches to the Haihe Plain, which is a critical
agricultural region of China, and which is both susceptible to drought and experiencing
current water overuse. In this study, we calculated the spatiotemporal distribution charac-
teristics of SPI at a seasonal scale across the Haihe Plain to analyze the temporal and spatial
distribution trends of drought. We used the cloud model to understand the uniformity and
stability of the drought. The results are expected to provide a reference for water resource
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management, drought resistance, and ecological protection in the Haihe region of the North
China Plain.

2. Materials and Methods
2.1. Study Area

The Haihe Plain is located in the north portion of the North China Plain and is the main
agricultural area in the region. It includes Beijing and Tianjin cities, and Hebei, Shandong,
and Henan provinces (Figure 1). The region covers an area of approximately 12.8× 105 km2,
with an altitude ranging from ~100 m above sea level (in Shijiazhuang) to approximately
3 m (along the Bohai Sea). With a high population density and frequent double cropping
cultivation practices with supplemental irrigation, this area experiences the most serious
water shortage in China. The Haihe Plain has a warm humid or semi-humid climate. The
spring is dry with little rain and has strong evaporation. The summer is rainy and the
winter is dry and cold. The annual average precipitation is 400–700 mm, and seasonal
drought is a typical occurrence [31].
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2.2. Data Acquisition

The data used for this study were daily precipitation data from 1955 to 2017 from 20
basic meteorological stations in the Haihe Plain (Figure 1). These data were obtained from
the Chinese Meteorological Science Data Sharing Service Network (http://data.cma.cn;
accessed on 25 June 2020). After a consistency test and missing data processing, the dataset
could be used as the calculation basis of the SPI [32].

According to the general division of meteorology and the climatic characteristics of the
Haihe Plain, the corresponding periods of each season are spring (March–May), summer
(June–August), autumn (September–November), and winter (December–February). Sum-
mer maize in the Haihe Plain is usually sown in the middle of June and harvested in late
September; therefore, the growth period of maize (MGP) is from June to September. Wheat

http://data.cma.cn
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is generally sown in October and matures at the end of May of the following year, thus, the
growth period of wheat (WGP) extends from October to May of the following year.

2.3. Methods
2.3.1. Standardized Precipitation Index (SPI)

In SPI calculations, it is assumed that precipitation variability in a sequence follows
a gamma distribution [33]. After processing the distribution probability of precipitation
through normal standardization, a standardized cumulative frequency distribution for
precipitation can be applied to classify drought levels. The SPI is computed as follows in
Equation (1) [32,33]:

SPI = s
t− (c2t + c1)t + c0

[(d3t + d2)t + d1]t + 1.0
(1)

where t = (ln((1 − H(x))−2))1/2 when H(x) > 0.5 and t = (ln(H(x)−2))1/2 when H(x) ≤ 0.5,
H(x) = q + (1 − q) G(x); q is the probability of zero, x is the precipitation (mm); G(x) is the
cumulative probability of a given timescale; s is the positive and negative coefficient of
probability density, when H(x) > 0.5 and s = 1, and when H(x) ≤ 0.5, s = −1, c0 = 2.515517,
c1 = 0.802853, c2 = 0.010328, d1 = 1.432788, d2 = 0.189269, and d3 = 0.001308 [33,34].

In China, SPI can be classified by the nine grades of meteorological drought of China
as shown in Table 1 [35]. While SPI is frequently calculated on a seasonal to annual basis on
different intervals [9], we chose to calculate the SPI of the Haihe Plain on both a seasonal
(spring, summer, autumn, and winter), annual, and cropping season (MGP and WGP) basis.

Table 1. SPI and drought classifications according to the Chinese meteorological grading system.

Category Extreme
Wet

Severe
Wet

Moderate
Wet

Slight
Wet

Near
Normal

Slight
Drought

Moderate
Drought

Severe
Drought

Extreme
Drought

SPI [2, ∞) [1.5, 2) [1.0, 1.5) [0.5, 1.0) (−0.5, 0.5) (−1.0, −0.5] (−1.5, −1.0] (−2.0, −1.5] (-∞, −2.0]

The SPIs over different timescales in Haihe Plain were calculated using the average
regional precipitation based on the Tyson polygon.

2.3.2. Drought Frequency

Drought frequency [36] is represented by number of drought years and the total
number of years Equation (2). We calculated the drought frequency of each station by
different timescales and different drought grades as shown in Equation (2):

DFi,j =
ni,j

N
(2)

where DFi,j is the drought frequency of the meteorological station; i represents the drought
grade (slight, moderate, severe, and extreme); j represents the timescales (spring, summer,
autumn, winter, MGP, WGP, and annual); ni,j is the number of years in the ith drought
grade of the jth timescales; and N is the total number of years (N = 63).

2.3.3. Mann-Kendall (MK) Trend Test

An investigation of different timescales series and trend analysis was performed for
the entire area. One of the commonly used non-parametric trend tests in climatic and
hydrologic time series is the Mann–Kendall (MK) trend test [37]. It has some advantages
such as it does not require normally distributed data and the sensitivity of the test result
is very low [38,39]. The MK trend analysis was applied to the SPI to investigate the trend
changes over many regions of the world [40–42]. It searches for a trend in a series without
specifying whether the trend is linear or nonlinear. Given a time series x(t) with a length of
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n, the null hypothesis of no trend assumes that x(t) is independently distributed. The MK
test is based on the test statistic S, which is defined according to Equation (3) as:

S =
n

∑
i=2

i−1

∑
j=1

sgn
(
Xi − Xj

)
(3)

in which Equation (4), 
sgn(x) = 1 x > 0
sgn(0) = 0 x = 0
sgn(x) = 1 x < 0

(4)

A positive (negative) value of S indicates an upward (downward) trend. The statistic
S is approximately normally distributed when n > 8, with the variance Var(S) as follows in
Equation (5):

Var(S) =
n(n− 1)(2n + 5)

18
(5)

The standardized test statistic Z follows the standard normal distribution Equation (6):
Z = S−1√

var(S)
S > 0

Z = 0 S = 0
Z = S+1√

var(S)
S < 0

(6)

The corresponding p-value (p) for the one-tailed test is respectively given by Equation (7):

p = 0.5−Φ(|Z|)

Φ(|Z|) = 1√
2π

|Z|∫
0

e−t2/2dt
(7)

If the p-value is small enough, the trend is quite unlikely to be caused by random
sampling. The trend is decreasing if Z is negative and increasing if Z is positive. At the
significance level of 0.05, if p ≤ 0.05, then the existing trend is considered to be statistically
significant.

The Sen’s slope was used to determine the magnitude of the trends after obtaining the
direction of the trend with the MK test. A linear model was used to calculate the change of
slope [43] as shown in Equations (8) and (9):

Qi =

(
Xj − Xk

)
(j− k)

for all k < j and i = 1, . . . , N (8)

Qmed =

 Q
[
(N+1)

2

]
where N is odd

Q
(

N
2

)
+ Q

[
(N+2)

2

]
, where N is even

(9)

where Qi is the slope between data points Xj and Xk, and Qmed is Sen’s slope estimator,
which reflects the direction of the trend in the data. All the statistical calculations for the
Z, p value, and Sen’s slope of SPI for the seven timescales were conducted using Burkey’s
code [44] in Matlab.

2.3.4. Cloud Model

Cloud model is a novel cognitive model that can realize the bidirectional cognitive
transformation between qualitative concepts and quantitative data based on probability
statistics and fuzzy set theory [45]. As a response to the randomness of membership
functions development by Zadeh [46] in 1965 [47], Li et al. [17,18] proposed the concept
of the cloud model to reveal the relationship between uncertainty and certainty of many
fuzzy concepts in the natural and social sciences. By establishing the normal cloud model,
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the concept of uncertainty is transformed into explicit relations and data, and the inner
relationship between randomness and fuzziness is revealed. The cloud model includes
the forward and backward cloud transformation algorithms. The function of forward
cloud transformation is to convert the qualitative concept (connotation) expressed by
digital characteristic values into quantitative values (denotation), while the backward cloud
transformation algorithm functions to convert the quantitative values expressed by concept
denotation into the connotation of qualitative concepts expressed by digital characteristic
values. The digital characteristic values include the expected value Ex, the entropy value En,
and the hyper entropy value He, respectively. Let X be an ordinary set X = {x1, x2, . . . , xn},
and let x be the sample. The specific steps of both algorithms are shown as follows. For the
backward cloud transformation algorithm, the estimated value of expected Ex is calculated
according to the sample data x1, x2, . . . , xn, as shown in Equation (10):

Ex =
1
n

n

∑
k=1

xk (10)

Take m groups of samples randomly and reproducibly from X, and each group has
r samples (m and r are positive integers; r is not necessarily equal to n). Calculate the
variance of each group of samples separately in Equation (11):

yi
2 =

1
r− 1

r

∑
j=1

(xij−Exi)
2, i = 1, 2, . . . , m (11)

where, Exi is the average within-group sample. According to the process of forward cloud
transformation, y1, y2, . . . , ym can be considered as a set of samples from the normal
distribution N(En, He2). We then calculate the estimated values of En2 and He2 from the
sample y1

2, y2
2, . . . , ym

2 as shown in Equations (12) and (13):

En2 =
1
2

√
4(EY2)2 − 2DY2, He2 = EY2 − En2 (12)

where,

DY2 =
1

m− 1

m

∑
i=1

(y2
i−EY2)2, EY2 =

1
m

m

∑
i=1

y2
i (13)

For the forward cloud transformation algorithm, we first generate a normal random
number yi = RN (En, He) with En as the expected value and He2 as the variance. Then we
generate a normal random number xi = RN (Ex, yi) with Ex as the expected value and yi

2 as
the variance. Certainty (µ(xi)) is then calculated according to Equation (14):

µ(xi) = exp

{
− (xi − Ex)2

2y2
i

}
(14)

We then get xi with a certain degree µ(xi) as a cloud droplet and repeat the above steps
to get n cloud droplets.

The cloud model is used to analyze the SPI index of the Haihe Plain to clarify the
uniformity and stability of drought in this region. Ex reflects the center of gravity of the
cloud drop in the cloud model diagram, and its value is the expectation of the SPI sample.
The smaller the value of Ex, the stronger the drought in the area. En is the possible value
range of the relative average deviation of SPI, which reflects the dispersion. The larger
the En, the more uneven the distribution of cloud droplets and the more scattered the
distribution of drought is.

The characteristic parameters of the cloud model are calculated based on the annual
SPI of the 20 weather stations in the Haihe Plain and are assessed using bootstrapping.
First, we randomly take 20 groups of samples, with 4 in each group. After 1000 iterations,
the median of the calculation results is stable, and the final He and En are determined. The



Water 2022, 14, 1672 7 of 16

normal cloud generator algorithm is used to draw a cloud map of the SPI membership
degree according to Ex, En, He, and the number of cloud drops Nd (Nd = 1000).

3. Results
3.1. Precipitation Change

Figure 2 shows that the average precipitation in the Haihe Plain generally decreased
gradually from the northeast to southwest. The average annual rainfall at the Chaoyang
and Nangong stations is the smallest (<500 mm/year), and the average annual rainfall at
the Miyun and Qinhuangdao stations is the largest (>640 mm/year).
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3.2. Drought Grade and Drought Frequency

Figure 3 shows different drought grades over different timescales. During the four
seasons, the DF is highest in spring, and the most probable drought types are slight (19.0%)
and moderate (15.9%). In summer, there is lower DF (<30%). The proportion of slight
drought is 14.3%; however, severe drought increased (6.4%). Except for moderate drought,
the DF of extreme drought, severe drought, and slight drought in autumn are almost similar
to those in the summer. In winter, the DF of extreme drought is the smallest at 3.7%, while
there is little difference among the DF of other grades. The DF in spring and WGP have
the same characteristics, both of them have no extreme drought and the biggest DF of
slight drought. The total of DF in summer and MGP is very close. The reason for these
phenomena is that the main growth period of wheat is in spring, whereas that of maize is
in summer. At the annual scale, the DF of slight drought (7.0%) is lower than that of other
timescales, while the DF of severe drought is higher than that of other timescales (7.9%). To
summarize, the DF in spring is the highest with slight and moderate droughts in the Haihe



Water 2022, 14, 1672 8 of 16

Plain, while the frequency of severe and extreme droughts in summer, autumn, and winter
has similar values. Compared with other timescales, the frequency of extreme drought is
the highest in WGP.
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Figure 3. Frequency of drought occurrence in different timescales.

The spatial distribution of the frequency of different drought grades in the Haihe Plain
is shown in Figure 4. The frequency range of extreme drought is under 1.6%, with the
exception of around the Nangong station (frequency of 3.3%). The spatial distribution
trend shows that the DF of the extreme grade of south is greater in the south than in the
north, and the west is larger than the east. The DF interval of severe drought ranges mostly
between 0.8 and 3.2%, with outliers at Leting (6.5%) and Botou (5.7%). The spatial trend
shows that the DF at severe grade is larger in the east than in the west. The DF for moderate
drought ranges from 0.8 to 8.1%, with larger values in the northwest and southernmost
areas in comparison to the south-central region. Concerning slight drought, DF frequency
ranges between 8 and 19%, and the overall trend of DF is increasing from the center to the
surrounding areas, especially in Langfang (26.2%) and Tanggu (22.2%).
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3.3. Characteristics of Drought Time Variation in Different Timescales

To analyze the characteristics and changing trends of SPIs at different timescales, we
used boxplots to analyze the SPI change trend of the 20 weather stations (Figure 5). The
trend line of the SPI by year was derived along with the Z, p value, and Sen’s slope by
using the trend of the MK test. In Figure 5, the SPIs of 20 stations in each year constitute a
single box. If the length of the box and whiskers is longer, this means that the SPIs of the
corresponding year exhibit greater variability.

Water 2022, 13, x FOR PEER REVIEW 10 of 17 
 

 

 

Figure 5. Boxplots of interannual SPI calculated for different time periods. For each box, the central 
mark indicates the median, and the bottom and top edges of the box indicate the 25th and 75th per-
centiles of 20 stations, respectively. The whiskers extend to the most extreme data points, and the 
outliers are plotted individually using the “+” symbol. 

3.4. Spatial Variation Characteristics of Drought at Different Timescales 
The years 1999 (dry year), 2015 (normal year), and 1977 (wet year) were selected as 

example years to analyze the distribution characteristics of different timescales and grades 
of drought (Figure 6). In the spring of 1999, there was a slight drought in the southern 

Figure 5. Boxplots of interannual SPI calculated for different time periods. For each box, the central
mark indicates the median, and the bottom and top edges of the box indicate the 25th and 75th
percentiles of 20 stations, respectively. The whiskers extend to the most extreme data points, and the
outliers are plotted individually using the “+” symbol.

The mean value of the SPIs in spring is −1.341, which is the lowest of all the seasons.
In other words, drought is most severe in spring. The differences of box length are large,
which means the difference of SPI between stations and between years is large. The positive
slope of the SPI trend line indicates a decreasing spring drought (Z = 1.822, p = 0.068). In
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summer, the box length increases and there are many discrete points. In other words, there
is a large difference between stations in each year. The SPI trend for summer indicates
that the drought is increasing significantly (Z = −1.992, p = 0.046). The average value of
the SPI in autumn is 0.008, which is the largest of the four seasons. The autumn box is the
most concentrated of the four seasons. The autumn SPI trend line has a non-significant,
near-zero slope. In winter, the box has higher inter-annual variability, but the trend line
is the gentlest. For the two crops, SPI in WGP is close to and slightly smaller than that of
spring. However, the boxplot of MGP is more discrete than that of summer; the SPI has
a decreasing trend (p < 0.1), which is slightly smaller than that of summer. At the annual
timescale, the SPI shows a small decreasing trend, which indicates that the Haihe Plain is
experiencing a dry trend. From 1955 to 2017, the SPI of the Haihe Plain showed a drought
trend, the drought in spring tends to weaken, while the drought in summer tends to be
serious and reaches a significant level.

3.4. Spatial Variation Characteristics of Drought at Different Timescales

The years 1999 (dry year), 2015 (normal year), and 1977 (wet year) were selected
as example years to analyze the distribution characteristics of different timescales and
grades of drought (Figure 6). In the spring of 1999, there was a slight drought in the
southern portion of the Haihe Plain, with a normal spatial pattern elsewhere. However,
by the summer of 1999, the intensity and area of drought were extensive, with smaller
areas of moderate, severe, and extreme drought. In the autumn of 1999, there was a slight,
persistent, drought in the western area of the plain. In 2015, the area of slight drought was
extensive and there were sporadic areas of severe drought. The year 1977 saw no drought,
except for a small area of slight drought near the Xingtai, Anyang, and Xinxiang stations in
summer as well as Xinxiang in winter. Summer was the season with the largest difference
in the SPI during these three typical years. In winter, the difference of the SPI over the
typical years is the smallest.

Drought in the growing season timescales exhibited slight differences from the cli-
matological seasons. During the WGP in 1999, only a mild drought occurred in most of
the western and southeastern border areas (near the Xingtai, Nangong, and Huiminxian
stations), and no drought occurred in other typical years and areas. The degree of drought
during MGP increased significantly. There were droughts of different grades in most
regions in 1999 and for about half of the regions in 2015. In 1999, the drought grades were
mainly moderate and severe, and the droughts in the north were more serious than those
in the south. There were mainly slight and moderate droughts, which were concentrated in
the south in 2015, near the Chaoyang station during the WGP. Most of the areas were near
normal and the difference between droughts was smaller in 2015, as only a small area in
the south experienced either a slight or moderate level of drought.

Overall, the distribution of drought grades and areas during the four seasons is
prominently different across the 3 typical years and between regions. In a normal year, the
spatial variation of SPI is small. In a wet year, the regional differences of the SPI are large,
and SPI is larger in the north. In a dry year, the drought in the summer and the MGP is
more severe, and the drought grade of the north is higher than that of the south. In other
words, the north is drier in a dry year and wetter in a wet year. Among different seasons,
the spatial variation of the SPI is the biggest in summer and the smallest in winter, and the
drought grade distribution map of the annual scale is close to that of summer.
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3.5. Spatiotemporal Variation Characteristics of Drought Based on Cloud Mode

In order to further analyze the stability and uniformity of the SPI, the characteristic
values Ex, En, and He of each station at different timescales were calculated by the multi-
step backward cloud transformation based on sampling with replacement [48]. The cloud
droplets were then calculated by the positive cloud generator algorithm to draw the
membership degree of the SPI cloud (Figure 7).
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Figure 7 shows that in spring the Ex is the smallest (Ex =−0.0011) and En is the biggest
(En = 0.926) at different timescales. That means the drought in spring is the most serious,
and the variation range of SPIs is the widest. Summer and WGP are the next two timescales
susceptible to drought because their Ex are both negative. The He (0.4496) in autumn is the
biggest at different timescales, which means that the variation of membership grade for
some certain SPI has the widest range, and the randomness is the largest. Meanwhile, the
autumn has the thickest cloud layer in the cloud chart as the maximum of He in autumn,
which indicates that the stability of the nonuniformity of the SPI distribution in autumn is
the lowest. The winter entropy (En) and super entropy (He) are the smallest out of the four
seasons, which shows that the SPI is the most stable and uniform in winter.

To analyze the homogeneity and stability of the SPI in different stations and different
years, the SPI characteristics of each typical year and typical station were calculated, and
a membership cloud chart was drawn. Figure 8 shows the cloud map of 1999, which is
the driest year overall. The distribution of cloud droplets is relatively condensed to the
left of the figure and the cloud layer is very thin, this indicates that the drought grades
of each station are relatively concentrated in this year. Moreover, the distribution shows
that the difference of the SPI between stations is small and the stability of the SPI is strong.
In 2015, the cloud droplets were evenly distributed on both sides of “SPI = 0” and the
cloud layer became thicker. The uniformity and stability of the distribution of the 2015
drought were lower than that of 1999 (dry year). In 1977, the cohesiveness of cloud droplets
was the lowest of the three typical years, and the cloud droplets were more scattered and
moved to the right of the figure; this indicates that the data of the SPI membership degree
of each station in this year were more discrete, and the evenness and stability of drought
occurrence were the lowest. In conclusion, the greater clustering towards the left side of
the map indicates drier conditions; the more agglomerated the cloud droplets, the stronger
stability of drought, and the smaller differences among regions.

Among the three stations, the distribution of cloud droplets at the Beijing station is
the most dispersed (Figure 8). However, it has strong cohesiveness, a thick cloud layer,
the smallest entropy (En = 0.856), and the largest super entropy (He = 0.4988). Therefore,
the fuzziness and randomness of drought occurrence at the Beijing station are small, so
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it is the most unstable. The cloud droplets of the Botou station exhibit the largest Ex and
are more cohesive. The thickness of the cloud layer is significantly lower than that at the
Beijing station, so the interannual drought period is concentrated with strong uniformity
and stability. The entropy of the Chaoyang station is the largest, which shows that the
membership degree of the SPI is the most fuzzy and random. Therefore, the smaller the SPI
between stations, the more serious the drought; the higher the frequency of the drought,
the more discrete the drought, and the lower the uniformity and stability of the drought.
Compared to the typical annual cloud map, the cloud droplets of the typical station cloud
map are more scattered, less cohesive, and thicker. Therefore, the difference of drought
occurrence among the annual scales is greater than that among the stations in the Haihe
Plain, and the interannual drought occurrence is more uneven and unstable.
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4. Discussion

The Haihe Plain is a major agricultural area in Northern China and is part of the North
China Plain and Haihe River Basin. This area has experienced serious water shortages
over the last 30 years. Many scholars have studied drought in the Haihe River Basin, but
few have studied drought in the Haihe Plain alone. Fan et al., calculated the standardized
precipitation evaporation index of the Haihe River Basin and analyzed the temporal and
spatial characteristics of drought in the area [31]. We found that the frequency of all drought
grades in the Haihe River Basin is slightly lower than that of the Haihe Plain, as determined
in this study. In addition, their results show that the frequency of spring drought is the
highest in all seasons, followed by summer drought. These findings are consistent with
the results of the present study. Our results show that the frequency range of drought
occurrence is consistent with those of Zong et al. [49], who also analyzed the spatial and
temporal distribution characteristics of drought in the Haihe River Basin using the SPI. Yan
et al. [50] used a relative humidity index and a fuzzy set pair evaluation to determine the
area and annual change of different drought grades in the Haihe River Basin, and the main
frequency interval and area of drought occurrence in our study agree with their results.
Wang et al. [51] revealed the spatial and temporal distribution characteristics of drought in
the Haihe River Basin. They found that the droughts in the Haihe Basin featured spatial
distribution characteristics of “high frequency, low intensity” and “low frequency, high
intensity.” These characteristics are consistent with the results of our study; however, our
results differ to Wang’s result in that the winter drought in the basin is the most serious
and the summer drought is relatively low.

In this paper, the cloud model was used to analyze the uniformity and stability of the
SPI on time scale and spatial scale in the Haihe Plain. In terms of the cloud model algorithm,
this paper used the median value of multiple cycle results instead of the average when



Water 2022, 14, 1672 14 of 16

calculating En and He with the multi-step reverse-reverse cloud transformation algorithm.
It greatly reduced the probability of imaginary numbers in the calculation results and
enhanced the stability of the quantized results. When comparing the cloud map of the SPI
compared with that of the original precipitation, we found that the difference of each site
SPI membership cloud image decreased. Because the SPI is the relative value derived from
the rainfall, it also means that the calculating process of the SPI lost some randomness and
stability of the precipitation information.

5. Conclusions

Drought occurs with an annual drought frequency of 28.6% in the Haihe Plain. The
frequency of drought in spring is the highest across seven timescales, reaching 36.5%; it
primarily occurs at grades of slight and moderate drought. However, the frequencies of
severe and extreme drought in summer and autumn are higher. The MK trend analysis
showed that the SPI of spring, autumn, and WGP have increasing tendencies, while those
of summer, MGP, and annual showed decreasing trends; the decreasing trend reached a
significant level (p = 0.046) especially in summer. The Haihe Plain as a whole had a drying
trend over the last 63 years. In terms of spatial distribution, the SPI in the northwest was
the smallest and increased gradually toward the south; the distribution of drought varied
in different hydrological years, and the severity of drought in dry year increased from
southeast to northwest.

The results of the cloud model analysis using the annual SPI show that the drought
characteristics in the Haihe Plain has not been significant over the past 63 years. The SPI
randomness of each site decreased significantly and tended to be stable and uniform. The
deterministic and stable SPI of each station were stronger in dry years, and the randomness
and instability were stronger in wet years. Spatially, the higher the drought grade, the
weaker the randomness of inter-annual SPI and the stronger the stability. In addition, the
inter-annual differences of the characteristic values of the SPI cloud model were bigger
than the differences among sites, and the inter-annual randomness and inhomogeneity of
the SPI were higher.

Notably, only the characteristics of spatial and temporal drought in the Haihe Plain
were discussed in this article. Further study related to the causes of drought and its effect
on crops is needed to better formulate the strategy for agricultural water management in
the future.
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