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Abstract: The farming-pastoral ecotone of northern China (FPENC) provides an important ecological
barrier which restrains the invasion of desert into Northwest China. Studying drought and flood
characteristics in the FPENC can provide scientific support and practical basis for the protection of the
FPENC. Based on monthly precipitation data from 115 meteorological stations, we determined the
changes in climate and the temporal and spatial variations of drought and flood occurrence in the FPENC
during 1960-2020 using the Standardized Precipitation Index (SPI), Morlet wavelet transform, and inverse
distance weighted interpolation method. Annual precipitation in the FPENC showed a slightly increasing
trend from 1960 to 2020, with an inctreasing rate of about 1.15 mm/a. The interannual SPI exhibited
obvious fluctuations, showing an overall non-significant upward trend (increasing rate of 0.02/a).
Therefore, the study area showed a wetting trend in recent years. Drought and flood disasters mainly
occurred on an interannual change cycle of 2—6 and 9-17 a, respectively. In the future, a tendency towards
drought can be expected in the FPENC. The temporal and spatial distribution of drought and flood
differed in the northwestern, northern, and northeastern segments of the FPENC, and most of the
drought and flood disasters occurred in local areas. Severe and extreme drought disasters were
concentrated in the northwestern and northeastern segments, and severe and extreme flood disasters were
mainly in the northeastern segment. Drought was most frequent in the northwestern segment, the central
part of the northeastern segment, and the northern part of the northern segment. Flood was most
frequent in the western part of the northwestern segment, the eastern part of the northeastern segment,
and the castern and western parts of the northern segment. The accurate evaluation of the degrees of
drought and flood disasters in the FPENC will provide scientific basis for the regional climate study and
critical information on which to base decisions regarding environmental protection and socio-economic
development in this region.
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1 Introduction

With the acceleration of global warming, the intensity and frequency of extreme climate events in
China have changed significantly, resulting in frequent meteorological disasters such as drought
and flood (Yang et al., 2008; Li et al., 2014). Studies have shown that drought and flood disasters
are the meteorological disasters that occur most frequently, affect most extensive areas, and exert
the greatest impact on crop production; the economic losses caused by drought and flood disasters
are far more than other disasters (Gao et al., 2016; Cao et al., 2021). There are many drought and
flood disaster evaluation indices currently in wide use, including the Standardized Precipitation
Index (SPI), the Palmer Drought Severity Index (PDSI), and the Standardized Precipitation
Evapotranspiration Index (SPEI) (Kalisa et al., 2020; Anandharuban and Elango, 2021).
Therefore, it is crucial to select the most appropriate index for disaster assessment in regional
drought and flood prevention and control.

At present, there are many studies (e.g., Wu et al., 2001; Shahabfar and Eitzinger, 2013; Yu et al.,
2019; Zhou et al., 2019; Salehnia et al., 2020; Xu et al., 2020; Elouissi et al., 2021; Li et al.,
2021) on the characteristics and impact of drought and flood disasters, with a variety of research
methods. The SPI values over different time-scales can be applied to different types of drought
and flood events, making SPI the most widely used index, applicable to all climate conditions in
practice (Xu et al., 2020). Moreover, the SPI is easy to calculate based on precipitation data,
requiring fewer data than other indices. Yu et al. (2019) calculated the SPI at different scales
based on precipitation data from 10 meteorological stations in Heilongjiang Province of China
during 1953-2015, and showed that precipitation is the main factor influencing drought. Zhou et al.
(2019) investigated the temporal and spatial evolution of meteorological drought in the Poyang
Lake Basin of China, based on the SPI. Elouissi et al. (2021) used the SPI to analyze the extreme
drought and flood disasters at 42 meteorological stations in the Macta Basin, northwestern
Algeria, during 1970-2011. Li et al. (2021) discussed the temporal variation, periodic variation,
and spatial differentiation characteristics of drought and flood in Northeast Guangdong Province
of China using the calculated SPI values and other methods such as wavelet analysis and
correlation analysis.

The farming-pastoral ecotone of northern China (FPENC) is located in the transition zone
between the semi-humid agricultural areas and the arid and semi-arid pastoral areas in northern
China (Gao et al., 2021). The agricultural system varies significantly in the FPENC (Li et al.,
2018). Due to its sensitivity to climate change and variations in the impact of human activities,
the FPENC has formed a fragile ecosystem. Therefore, the study of drought and flood
characteristics based on climate data is essential for agricultural development and the structural
adjustment of stockbreeding in the FPENC, and even for the sustainable development of the entire
national economy of China. The methods for studying regional drought and flood characteristics
are becoming more and more mature, and the SPI provides a widely used and highly applicable
way. However, most studies have been conducted on a short time-scale, with few studies on the
important agricultural and pastoral areas of the FPENC.

Therefore, this paper used various indices and methods, including the SPI, inverse distance
weighted interpolation method, and Morlet wavelet transform analysis to study the temporal
characteristics, periodic features, and spatial patterns of drought and flood disasters in the FPENC
on a long time-scale. Specifically, this study aims to: (1) study the temporal variation
characteristics of drought and flood as well as the cycle fluctuation characteristics in the FPENC;
(2) reveal the spatial distribution characteristics of drought and flood in the FPENC; and (3)
explore the spatial variation characteristics of drought and flood frequency in the FPENC. The
results can not only lay a foundation for the climate change and the temporal and spatial changes
of drought and flood disasters in the FPENC, but also provide scientific support and practical
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basis for environmental protection, policy development, regional sustainable management in the
FPENC.

2 Materials and methods
2.1 Study area

The definition of the boundaries of the FPENC varies according to the requirements of each
particular study, but most studies share a broadly common definition of its core area. In this paper,
the study area is located between 34°49'—48°32'N and 100°57'-124°43'E (Liu et al., 2018) (Fig. 1),
with a total area of about 0.726x10° km®. The study area extends from the southwest of
Heilongjiang Province in the north to the east of Qinghai Province in the south, passing through
ten provinces (autonomous regions) in the northwest, north, and northeast of China (Heilongjiang,
Liaoning, Jilin, Hebei, Shanxi, Shaanxi, Gansu, and Qinghai provinces, as well as Inner Mongolia
Autonomous Region and Ningxia Hui Autonomous Region). It lies in the semi-humid continental
monsoon climate and typical dry continental climate transition zone. The average annual
temperature is 2°C—8°C, and the annual precipitation is 250-500 mm. The elevation of the study
area increases from northwest to southeast. Farmland and grassland are their main land use types
(Liu et al., 2018; Fang et al., 2020). The northern FPENC is an important ecological barrier,
which prevents the invasion of deserts into Northwest China. However, due to the changeable
climatic conditions in the region and the impact of untoward human farming activities, the
FPENC experiences severe soil erosion and frequent natural disasters.
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Fig. 1 Overview of the farming-pastoral ecotone of northern China (FPENC). The dotted line divides the
FPENC into three parts: northwestern segment, northern segment, and northeastern segment.

2.2 Data sources and processing

The monthly precipitation data for the FPENC during 1960-2020 were obtained from the China
Meteorological Data Network (http://data.cma.cn/site/index.html); the distribution of
meteorological stations is shown in Figure 1. First, the data from each meteorological station were
sorted to ensure their accuracy. In addition, the precipitation data of the stations within and
around the study area were strictly screened to eliminate repositioned stations during this period.
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Finally, the data from 115 meteorological stations were retained. In order to ensure the integrity
and continuity of the data, we performed linear interpolation to estimate the small numbers of
missing data, based on the precipitation data for adjacent months at the same station.

2.3 Methods

2.3.1 Standardized Precipitation Index (SPI)

The distribution of precipitation data is usually skewed rather than normal, and the Gamma (I')
distribution probability is often used to describe changes in precipitation. The SPI can calculate
the I' distribution probability of precipitation over a certain period. A normal standardization can
then be performed on the skewed probability distribution, and finally the standardized cumulative
precipitation frequency distribution can be used to determine the drought or flood grade (Yu et al.,
2019). The steps taken in calculating the SPI are as follows (China Meteorological
Administration, 2006).

Assuming that the precipitation in a certain period is a random variable x, then the I
distribution probability density function (f{x)) is shown in the following equation:

f(x)=

(x) T
where e is the natural logarithm; f and y are the scale and shape parameters, respectively (>0 and
y>0), which can be obtained by the maximum likelihood estimation method:
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where ﬁand y are the scale and shape parameters, respectively ( ﬁ>0 and 7>0); A is the

intermediate parameter for calculating y; x; is the precipitation data sample (mm); x is the
climate average of precipitation (mm). After determining the parameters in the probability density
function, for the precipitation xo in a certain year, the probability that the random variable x is less
than xo can be calculated as:
F(x<x)=Ig f(x)dr, (5)
where F'is the event probability.
The approximate estimate of event probability after substituting Equation 1 into Equation 5 can
be calculated by numerical integration.
The event probability when the precipitation is 0.00 mm is estimated by Equation 6:
F(x=0)=m/n, (6)

where m is the number of samples with precipitation of 0.00 mm, and # is the total number of
samples.

Normal standardization: the probability values obtained from Equations 5 and 6 are substituted
into the standardized normal distribution function (Eq. 7):

F(x<x0)=ﬁﬁ)oezz/2dx, (7)

where Z is the SPL.
The SPI can be obtained by approximate solution of Equation 8:

SPl=Z—S t—(cat+cp)t+c ’
((dst+d,)e+d;)z+1.0

@®)



JOURNAL OF ARID LAND

where ¢ is the process parameter during calculation, =(In(1/F?))"?; and S is the positive and
negative coefficient of probability density. If F>0.5, then S=1; if F<0.5, then S= —1. In Equation
8, co, ¢1, ¢2, di, d2, and d; are constants, with the values of 2.515517, 0.802853, 0.010328,
1.432788, 0.189269, and 0.001308, respectively.

Based on the above method, the SPI values with time-scales of 3-months (SPI-3) and
12-months (SPI-12) were calculated to reflect the seasonal and interannual drought and flood
characteristics of the FPENC. In the national standard of classification of meteorological drought
(GB/T 20481-2006) (China Meteorological Administration, 2006), the SPI could be divided into
different grades of drought and flood (Table 1).

Table 1 Classification standard of drought and flood grades based on the Standardized Precipitation Index (SPI)

Drought/flood grade SPI
Extreme flood SPI>2.0
Severe flood 1.5<SPI<2.0
Moderate flood 1.0<SPI<1.5
Light flood 0.5<SPI<1.0
Normal —0.5<SPI<0.5
Light drought —1.0<SPI<-0.5
Moderate drought —1.5<SPI<-1.0
Severe drought —2.0<SPI<-1.5
Extreme drought SPI<-2.0

2.3.2 Wavelet transform

One-dimensional complex continuous wavelet analysis was used to extract the various change
periods during a time series, in order to fully reflect variations in the trend of the SPI values in
different time-scales and estimate the direction of drought and flood trends in the FPENC. The
wavelet basis is defined as follows (Teolis, 1998):

¢)(t) _ (TEEJ )—0.5 « eszCz > e,,Z/Fb , (9)

where ¢(¢) is the wavelet function; F} is the bandwidth parameter; e is the natural logarithm; i is
the imaginary number; F. is the central frequency; and ¢ is the time (a). Sub-wavelets are
generated by stretching and translating the wavelet basis:

1 t—b

¢a,b(t)=ﬁ¢{7}, (10)

where ¢, 5(?) is the sub-wavelet function; a is the scalability factor, and b is the time shift factor.
2.3.3 Drought (or flood) station rate

The drought (or flood) station rate refers to the percentage of weather stations in the study area
recording drought (or flood) event in the total stations in the study area. It is used to assess the
extent of the influence of drought (or flood). Its calculation follows the formula:

P =(m, /| M)x100%, (11)
where P; is the drought (or flood) station rate (%); m; is the number of weather stations recording
drought (or flood) event in the i year; and M is the total number of weather stations in the study
area (115 meteorological stations). The classification criteria for the extent of drought (or flood)
are as follows. When drought (or flood) event occurs at most weather stations, i.e., P>70%, it is
considered drought (or flood) event of the whole region. When 50%<P;<70%, 30%=<P;<50%,
10%=<P;<30%, and P;<10%, the extent of drought (or flood) event is considered to be regional
drought (or flood), drought (or flood) in partial areas, drought (or flood) in local areas, and no
obvious drought (or flood), respectively (Zhang et al., 2015).

2.3.4 Drought (or flood) frequency
The drought (or flood) frequency (Zhang et al., 2015) is used to evaluate the frequency of drought
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(or flood) event in the FPENC. Its calculation follows the formula:
P =(n,/ N)x100%, (12)

where P; is the drought (or flood) frequency at the /™ weather station (%); n; is the number of
years with a certain level of drought (or flood) recorded at the ;™ weather station; and N is the
total number of years studied (61 a in this case).

2.3.5 Inverse distance weighted interpolation

The inverse distance weighted interpolation assumes that each measurement point has a local
influence that decreases with increasing distance. Thus, the expression is as follows (Hu et al.,
2020):

[z(x):ia)[(s)y,. , (13)

where [ (x) is the eigenvalue of the interpolation point; w;(s) is the reciprocal of the distance

between the sample point and the interpolation point (or the n power of the reciprocal, where 7 is
a positive integer) function; and y; is the eigenvalue of the sample point. It should be noted that
wi(s) must satisfy the normalization condition:

y w(s)=1. (14)

After analyzing and correcting the original data, it is found that the distribution of points is
uniform and the data density can satisfy the calculation reflecting the changes in the grade of
drought (or flood). On this basis, the inverse distance weighted interpolation method was selected
for this study.

3 Results

3.1 Characteristics of precipitation change

As shown in Figure 2, the annual precipitation in the FPENC first decreased and then increased
during 1960-2020. The average annual precipitation was 445.40 mm, showing only a slight and
insignificant increasing trend on the whole (1.15 mm/a). The annual precipitation fluctuated
significantly around 1964; the peak value (592.99 mm) occurred in 1964 and the lowest value
(346.51 mm) in 1965, with a difference of 246.48 mm. Precipitation was relatively high in the
1960s, when the most extensive fluctuation range was recorded and precipitation values were
highly variable. From the 1970s to the 1990s, the annual precipitation fluctuated around the mean
value and was relatively stable. Since 2000, the precipitation values have shown an apparent
upward trend. Further, the annual precipitation in the FPENC during 2015-2020 was higher than
the overall linear trend of average annual precipitation during 1960-2020.
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Fig. 2 Annual precipitation change in the farming-pastoral ecotone of northern China (FPENC) from 1960 to
2020
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3.2 Temporal variation characteristics of drought and flood based on the SPI

The SPI values calculated for time-scales of 3-months and 12-months (Fig. 3) showed that for the
short time-scale (3-months), the variability of dry and wet cycles was high, while for the large
time-scale (12-months), the frequency of dry and wet cycles was significantly lower.

The SPI series at the 12-month time-scale (Fig. 3b) indicated that the interannual SPI in the
FPENC showed significant fluctuations during 1960-2020, exhibiting an overall non-significant
upward trend (P>0.05; increasing rate of 0.02/a). The interannual SPI under a 5-a moving average
led to prominent stage characteristics, with obvious turning points in 1972 (downward trend),
1979 (upward trend), 1983 (downward trend), 1988 (upward trend), and 2001 (downward trend).
According to Table 1, we divided the interannual SPI into different drought (or flood) grades, and
the results showed a noticeable wetting trend in the study area in recent years. There were 16
droughts in the past 61 a, with one drought occurring every 3.81 a on average. The drought
periods were mainly concentrated in the periods of 1962—-1972, 1980-1982, and 1997-2009,
among which severe drought occurred in 1965, 1972, 1982, 1997, 1999, 2000, and 2001. The
flood periods in the study area were mainly concentrated in 1961-1967, 1985-2003, and
2012-2020. They reached the severe flood level in 1964 and 2012, consistent with the changes of
the annual precipitation in the FPENC. The interannual SPI in the study area showed a downward
trend from 1960 to 2012, and disastrous drought frequently occurred during 2000-2012, which is
consistent with the research results of Du et al. (2015).
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Fig. 3 Standardized Precipitation Index (SPI) values with time-scales of 3-months (SPI-3; a) and 12-months
(SPI-12; b) in the FPENC from 1960 to 2020
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3.3 Fluctuation characteristics of drought and flood cycles based on the SPI

The isoline of the real part of the wavelet coefficients was plotted (Fig. 4a) to show the periodic
changes in the SPI values over different time-scales. The red (blue) color in Figure 4a indicated
that the real part of the wavelet coefficient was positive (negative); that is, the precipitation was
considerable (slight). The deeper the red (blue) color was, the greater the flood (drought). The SPI
value change process showed two kinds of periodic time-scale variation characteristics, namely
2—6 and 9-17 a. The central scale of 9-17 a was 13 a, and the contour map of the wavelet
coefficients had a noticeable positive and negative closed center, indicating that the SPI value of
the FPENC exhibited a periodic oscillation interval of 13 a. The 2-6 a scale variation was
relatively stable between 1960—1979 and 1984-2020, and the cycle change during 1979-1984
was weak. The scale change of 9-17 a was relatively stable during 1997-2017, and the cycle
change before 1997 and after 2017 was not remarkable.
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Fig. 4 Isolines of the real part of the Morlet wavelet coefficients (a) and the wavelet variance for the SPI-12 (b)
in the FPENC from 1960 to 2020
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A wavelet variance diagram can reflect the distribution of the wave energy of the SPI time
series with annual scale (Fig. 4b), which can be used to determine the main period of change in
the runoff process. It can be seen from the wavelet variance graph that there were three apparent
peaks in the isoline of the real part of the Morlet wavelet coefficients based on the SPI index,
corresponding to the time-scales of 13, 7, and 4 a, respectively. This result indicated that these
three cycles played a significant role in the temporal and spatial changes of drought and flood
over the past 61 a. Among them, the maximum peak corresponded to a time-scale of 13 a,
indicating that the 13-a cyclical oscillation was the strongest, and that there were alternating
cycles between positive and negative values of the SPI, with the most decisive impact on drought
and flood in the FPENC, which was the first primary cycle of the SPI value fluctuation. The 4-a
time-scale corresponded to the second peak, i.e., the second main period of fluctuation in the SPI
value. The 7-a time-scale reached the third peak, with the third main period of the SPI value
fluctuation. The fluctuation of the above three cycles controlled the variation of drought and flood
characteristics during the entire study period of the FPENC. There were about six alternate
periods of drought and flood in 13 a, and the average cycle of drought and flood changes was
almost 10 a. There were also 20 alternate periods of drought and flood occurrences in 4 a, and the
average cycle of drought and flood changes was about 3 a. About 12 alternate periods of drought
and flood existed in 7 a, and the average cycle of drought and flood change was about 5 a.
According to the above analysis, the real part of the wavelet coefficients was negative (blue) at
time-scales of less than 3 a after 2020, and it can be predicted that there will be a future trend
towards drought in the FPENC.

3.4 Spatial variation characteristics of drought and flood based on the SPI

3.4.1 Extents of drought and flood

The drought (or flood) station rate could reflect the evaluation of the extent of drought (or flood)
in the FPENC (Fig. 5). The results showed that the percentage of stations recording drought
fluctuated between 6.09% and 73.91% during the studied 61 a, with an average value of 31.36%.
There were 26 a that the drought station rate was higher than the average value and 35 a that the
drought station rate was lower than the average value. The linear trend of the drought extent of
the FPENC was described by the red line (Fig. 5) and it showed a downward trend with a
decreasing rate of about 0.11/a. This result indicated that the area of the FPENC suffering drought
decreased in the recent 61 a. In 1972, the percentage of stations that recorded drought reached its
highest value (73.91%) among the studied 61 a in the FPENC, indicating the maximum extent of
drought in this year. The percentage of stations that recorded flood fluctuated between 0.86% and
76.52% in the recent 61 a, with an average value of 31.20%. The extent of flood showed an
overall upward trend (with an increasing rate of about 0.08/a), indicating that the area of the
FPENC suffering flood increased in the studied 61 a.
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The frequencies of drought and flood occurrence are summarized in Table 2. From 1960 to
2020, the whole region drought occurred only once (in 1972), and most of the drought occurred in
local areas. Regional drought occurred for 3 consecutive years around 2000. In the first 10 a of
the 21% century (2000-2009), drought affected the FPENC extensively, with five regional
droughts occurring on average once every 2 a. Thereafter, localized drought occurred most
frequently, with eight localized droughts from 2010 to 2020 and an average of one drought
occurrence every about 1 a. From 1960 to 2020, most of the flood occurred in local areas and
partial areas, while few of the flood occurred in regions and the whole region; for example, the
whole region flood occurred only once, in 1964.

Table 2 Statistics of drought and flood at different spatial scales in the farming-pastoral ecotone of northern
China (FPENC) from 1960 to 2020

Period No obvious Drought in local Drought in partial Regional Drought evenF of the whole
drought areas areas drought region
1960-1969 1 5 3 1 0
1970-1979 1 5 3 0 1
1980-1989 1 4 3 2 0
1990-1999 1 4 3 2 0
2000-2009 0 2 3 5 0
2010-2020 1 8 2 0 0
Period No obvious Flood in local Flood in partial Regional Flood event pf the whole
flood areas areas flood region
1960-1969 1 4 2 2 1
1970-1979 1 4 4 1 0
1980-1989 2 4 3 1 0
1990-1999 2 1 5 2 0
2000-2009 2 7 1 0 0
2010-2020 0 3 3 5 0

3.4.2 Spatial distribution characteristics of drought and flood grades

Figure 6 shows the spatial distribution of drought and flood grades in the FPENC. In 1960, severe
drought and flood rarely occurred in the study area (Fig. 6a). Dry regions were distributed in the
eastern part of the northwestern segment, in the central part of the northern segment, and at the
junction of the northern and northeastern segments in the FPENC. Most of these parts had light
drought, with moderate and severe drought concentrated in Gansu Province and Inner Mongolia
Autonomous Region. Flooded areas were focused on the northeast of the northeastern segment. In
1970, drought and flood disasters were relatively few in the study area, with no drought or flood
occurring in most regions (Fig. 6b). Flood was mainly concentrated in Gansu Province and was
mainly light flood. Light drought mostly occurred in the northern segment, while moderate
drought occurred in Heilongjiang and Shaanxi provinces. In 1980, most regions of the study area
occurred drought except Heilongjiang Province (Fig. 6c). Regions of moderate and severe
drought were concentrated in the northern part of the northwestern segment, the eastern part of
the northern segment, and the western part of the northeastern segment. In 1990, flood occurred
more frequently in the study area as a whole and was concentrated in the central part of the
northwestern segment, and most of the regions from the northern segment to the northeastern
segment (Fig. 6d). Flood occurred mainly in light or moderate grade, and drought was only
distributed in the northwest of Qinghai Province. In 2000, the entire study area was normal with
drought only in partial areas; light drought was concentrated in the northwestern segment and in
the eastern part of the northern segment, while moderate and severe drought occurred in the
northeast part of the northwestern segment, the eastern part of the northern segment, and the most
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areas of the northeastern segment, except Jilin Province (Fig. 6e). In 2010, most parts of the study
area exhibited normal conditions. Drought mainly occurred in Gansu Province and was mostly
light, while flood was concentrated in Hebei and Liaoning provinces (Fig. 6f). In 2020, drought
was rare in the study area, and most of drought occurred in the southwest of Liaoning Province
(Fig. 6g). Light flood mainly happened in the northwestern and northern segments, with the most
remarkable occurrence in the northwestern segment being in the south of Gansu Province. In most
regions of the northern segment, flood was light or moderate. In the northeastern segment, the
degree of flood increased from west to east.
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3.5 Spatial variations of drought and flood frequencies based on the SPI

As can be seen from the total drought frequency (Fig. 7a), the drought frequency was relatively
high at about 33%—42% in most regions of Gansu Province and Ningxia Hui Autonomous Region
in the northwestern segment, and in Liaoning and Heilongjiang provinces in the northeastern
segment. The drought frequency was lower at 24%-33% in Qinghai and Shaanxi provinces in the
northwestern and northern segments, except in parts of Hebei Province and most regions in the
northeastern segment. According to the spatial distribution frequency map shown in Figure 7b,
the frequency of light drought was lower (13%-28%) in most regions of the northwestern
segment, the eastern part of the northern segment, and Heilongjiang and Liaoning provinces in the
northeastern segment. Light drought occurred at low frequency in the central region of the
northern segment. It was relatively low at about 4%—13% in the southeastern parts of Inner
Mongolia Autonomous Region and Jilin Province in the northeastern segment. The frequency
distribution for moderate drought (Fig. 7c) showed that the frequency was higher in the eastern
part of the northwestern segment (at about 8%-22%) and much lower in the western part, at
3%—8%. In the northern segment, low frequency of moderate drought was concentrated in Shanxi
and Hebei provinces, while the other regions had high frequency of moderate drought. In the
northeastern segment, high frequency of moderate drought was concentrated in Liaoning and
Heilongjiang provinces, as well as the parts of Inner Mongolia Autonomous Region near Liaoning
Province. The overall frequency of severe drought (Fig. 7d) was less than 10%. At the frequency
range of 3%-10%, the values were higher in Qinghai and Gansu provinces in the western part of
northwestern segment, Shanxi and Hebei provinces in the central part of the northern segment,
and most regions in the northeastern segment, except Jilin Province. The frequency of severe
drought in Shaanxi Province and other areas was less than 3%. The spatial distribution map of
extreme drought frequency (Fig. 7e¢) showed a probability of occurrence below 7%. The
frequency of extreme drought was relatively high at 1%-7% in Shaanxi Province in the
northwestern segment, the most regions of the northern segment, and the eastern part of the
northeastern segment. The frequency of extreme drought in other regions was lower than 1%.

The flood frequency was relatively high, with values of 30%-37% in most regions of Qinghai
Province in the northwestern segment, Inner Mongolia Autonomous Region and Hebei Province in
the northern segment, and Liaoning and Heilongjiang provinces in the northeastern segment (Fig.
7f). The values of flood frequency in other regions were 22%-30%. According to the spatial
distribution map of light flood frequency (Fig. 7g), the frequency of light flood was relatively high,
at 15%-24% in Qinghai and Gansu provinces in the northwestern segment and in the northern
segment except partial regions of Shanxi Province. The flood frequency was low (4%—15%) in
Ningxia Hui Autonomous Region and Shaanxi Province in the northwestern segment and most
regions in the northeastern segment. For moderate flood, the regions with low frequency of
moderate flood (1%—10%) were concentrated in Qinghai Province in the northwestern segment and
the western part of the northern segment. The regions with high frequency of moderate flood in the
northeastern segment were concentrated in Inner Mongolia Autonomous Region (Fig. 7h). The
frequency of severe flood was less than 10%, as shown in Figure 7i. The frequency of severe flood
was higher in the eastern part of Gansu Province in the northwestern segment, the western part of
the northern segment, and most regions in the northeastern segment, with values of 5%—9%. As
can be seen from the spatial distribution map of the extreme flood frequency (Fig. 7j), the
occurrence probability of extreme flood was below 7%. The frequency of extreme flood was
relatively high in most regions of the northwestern segment, the western part of the northern
segment, and Inner Mongolia Autonomous Region in the northeastern segment, at 1%—6%,; the
frequency of extreme flood in the other regions of the FPENC was lower than 1%.

4 Discussion

4.1 Applicability of the SPI analysis

Precipitation is readily available in basic climatic data. It varies on both temporal and spatial
scales, playing an essential role in predicting seasonal and interannual regional climate (Chen et al.,
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2009). At present, many indices are used to evaluate drought and flood disasters, including the
SPI, Z index, PDSI, and SPEI. The SPI is based on precipitation data and assumes that the
regional precipitation follows a skewed probability distribution function. The advantages of the
SPI are: (1) it can be used on different time-scales, such as 1 month, 3 months, and 12 months; (2)
it reflects the severity of drought and flood in different periods and regions; and (3) its calculation
is relatively simple and requires fewer data.

Therefore, the SPI is widely used in drought and flood monitoring and climate assessment in
various regions (Wang et al., 2015; Gou et al., 2019; Yu et al., 2019; Elouissi et al., 2021; Li et al.,
2021). This paper combined the SPI with GIS spatial interpolation to analyze the drought and
flood characteristics and the temporal and spatial changes in the FPENC over the past 61 a. This
study found that the interannual SPI in the study area followed a downtrend before 2012, showing
a noticeable tendency towards aridity. After 2012, the interannual SPI in the study area followed
an upward trend and exhibited a noticeable tendency towards humidification. Disastrous drought
frequently occurred in the 2010s. During the past 61 a, drought occurred frequently in the
northwestern part of the FPENC. The degree of drought in the northern and northeastern segments
was more serious, which is basically consistent with the conclusions of the published literatures
(Du et al., 2015; Teng and Feng, 2021).

4.2 Spatio-temporal variations of drought and flood based on the SPI

In this paper, the temporal and spatial variations of the SPI in the FPENC could only be proved
with the addition of some data taken from the literature. Therefore, it is necessary to further
analyze the temporal and spatial variation characteristics of the SPI and verify the theoretical
results according to the observed drought and flood conditions, so as to reflect the actual drought
and flood characteristics in this region more accurately. This study showed that in 1960, drought
occurred mainly in the eastern part of the northwestern segment and the central part of the
northern segment, as well as at the junction of the northern and northeastern segments of the
FPENC (Fig. 6a—e). In 1970, there were fewer drought and flood, and light drought was more
frequent in the northern segment. In 1980, drought occurred in all provinces except Heilongjiang
Province, and the regions with moderate and severe drought was concentrated in the northern part
of the northwestern segment, the eastern part of the northern segment, and the western part of the
northeastern segment. In 1990, flood was more frequent over the entire study area and
concentrated in the middle part of the northwestern segment and most regions of the northern
segment to the northeastern segment. In 2000, the northeastern part of the northwestern segment,
the eastern part of the northern segment, and the northeastern segment (except in most parts of
Jilin Province) suffered moderate and severe drought.

The historical drought recorded in the China Meteorological Disasters Statistics
(Comprehensive Volume) (Ding, 2008) showed a serious drought in northern China in winter and
spring of 1960. The whole Gansu Province suffered a severe drought, and the drought in Inner
Mongolia Autonomous Region was extensive and prolonged. Drought occurred in autumn and
early winter of 1970 in North China, due to very little rainfall and snowfall. In 1980, the
prolonged and severe drought affected a wide area of Gansu Province. From the autumn of 1979
to the end of August 1980, there was no rainfall in Ningxia Hui Autonomous Region, and drought
was most serious in Hebei Province. The Luanhe River, Weihe River, and Chaobai River retained
low water flow, while other river channels dried up. In the farming and pastoral areas of Inner
Mongolia Autonomous Region, there had been little rainfall for a long time and the groundwater
level had generally dropped by more than 1.0 m. In Liaoning Province, there was little rainfall
after summer, and drought occurred in most regions. In 1990, rainstorm and flood affected some
regions, and heavy rainfall occurred in the eastern part of the northwestern segment, most parts of
the northern segment, and the southern part of the northeastern segment. Some regions did
experience successive rainfall with high intensity. In spring and summer of 2000, there was a
serious drought in the northern segment. Precipitation in most regions north of the Yangtze River
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was low, causing a widespread spring drought in the northwestern segment, the northern segment,
and the northeastern segment. In summer, precipitation in the northern segment, the eastern part
of the northwestern segment, and the northeastern segment were even lower, and there was
drought in spring and summer, quite severe in some regions.

By comparing the historical drought and flood recorded in the China Meteorological Disasters
Statistics (Comprehensive Volume) (Ding, 2008), it was found that in some regions, our analysis
of drought and flood characteristics in the FPENC based on the SPI was slightly different from
the actual situation. However, in most regions, the results of this study were consistent with the
historical drought and flood records. Therefore, the SPI can provide robust characterization of
drought and flood characteristics in the FPENC.

5 Conclusions

Based on the analysis of the temporal characteristics, periodic features, and spatial patterns of
drought and flood in the FPENC from 1960 to 2020, the following conclusions can be drawn. The
annual precipitation in the FPENC first decreased and then increased over the last 61 a. Overall,
the interannual SPI in the FPENC showed a slight upward trend (P>0.05), and the wetting trend
in the study area was evident in recent years, consistent with the changes in annual precipitation.
The Morlet wavelet transform results showed that drought and flood disasters had periodic
variation characteristics of 2—6 and 9-17 a, and drought and flood disasters occurred alternately.
After 2020, the FPENC will probably suffer drought. In the past 61 a, the extent of drought in the
FPENC has reduced. Drought and flood disasters occurred only once in the whole region but
frequently in some regions. The temporal and spatial distribution of the degree and frequency of
drought and flood in the FPENC showed regional differences. Therefore, this study provides a
theoretical basis for the management of the drought and flood disasters and future policy-making
in the FPENC.
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