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Abstract: The intensity and frequency of droughts in Poyang Lake Basin have been increasing due to
global warming. To properly manage water resources and mitigate drought disasters, it is important
to understand the long-term characteristics of drought and its possible link with large-scale climate
indices. Based on the monthly meteorological data of 41 meteorological stations in Poyang Lake Basin
from 1958 to 2017, the spatiotemporal variations of drought were investigated using the standardized
precipitation evapotranspiration index (SPEI). Ensemble empirical mode decomposition (EEMD)
methods and the modified Mann-Kendall (MMK) trend test were used to explore the spatiotemporal
characteristics and trends of drought. Furthermore, to reveal possible links between drought variations
and large-scale climate indices in Poyang Lake Basin, the relationships between SPEI and large-scale
climate indices, such as North Atlantic Oscillation (NAO), El Nifio—Southern Oscillation (ENSO),
Arctic Oscillation (AO), Indian Ocean Dipole (IOD) and Pacific Decadal Oscillation (PDO) were
examined using cross-wavelet transform. The results showed that the SPEI in Poyang Lake Basin
exhibited relatively stable quasi-periodic oscillation, with approximate quasi-3-year and quasi-6-year
periods at the inter-annual scale and quasi-15-year and quasi-30-year periods at the inter-decadal scale
from 1958 to 2017. Moreover, the Poyang Lake Basin experienced an insignificantly wetter trend as a
whole at the annual and seasonal scales during the period of 1958-2017, except for spring, which had a
drought trend. The special characteristics of the trend variations were markedly different in the basin.
The areas in which drought was most likely to occur were mainly located in the Poyang Lake region,
northwest and south of the basin, respectively. Furthermore, relationships between the drought and
six climate indices showed that the drought exhibited a significant temporal correlation with five
climate indices at restricted intervals, except for IOD. The dominant influences of the large-scale
climate indices on the drought evolutions shifted in the Poyang Lake Basin during 1958-2017, from the
NAO, Nifio 3.4, and the Southern Oscillation Index (SOI) before the late 1960s and early 1970s, to the
AO and PDO during the 1980s, then to the NAO, AO and SOI after the early 2000s. The NAO, AO and
SOl exerted a significant influence on the drought events in the basin. The results of this study will
benefit regional water resource management, agriculture production, and ecosystem protection in the
Poyang Lake Basin.

Keywords: drought characteristics; ensemble empirical mode decomposition (EEMD); standardized
precipitation evapotranspiration index (SPEI); large-scale climate index; cross-wavelet transform
(XWT); Poyang Lake Basin
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1. Introduction

Drought, one of the most complex and widespread natural disasters, has serious impacts on
water resources, agriculture, natural ecosystems, and socio-economic development [1,2]. According to
the Intergovernmental Panel on Climate Change (IPCC)’s fifth assessment report, the global average
temperature has risen by about 0.85 °C in the past 120 years, and global warming will continue [3].
Various studies have shown that the intensity and frequency of droughts are increasing in many parts
of the world as a result of changes in precipitation patterns and rising temperatures in the context of
global warming [4-7].

To precisely monitor and assess drought for the purpose of risk management, various indices,
such as the Palmer Drought Severity Index (PDSI) [8], the Standardized Precipitation Index (SPI) [9],
Relative Humidity Index [10], China-Z index [11], prevalence of precipitation anomalies (P) [12],
and the Effective Drought Index (EDI) [13], have been developed and applied to explore drought
characteristics (e.g., duration, severity, and spatial extent). Among them, the SPI and PSDI are the most
widely used. The PSD], an index based on precipitation, temperature, and soil moisture that considers
water supply and demand, has been successful in long-term drought monitoring. However, it is weak
at demonstrating the effects of short-term drought and cannot assess the intrinsic multi-scalar nature of
drought [14]. The SPlis based solely on precipitation by means of a probabilistic precipitation approach.
Due to the simplicity of calculations and multi-scalar characters, the SPI is widely used around the
world [15-17]. However, one weakness of the SPI is that it only uses precipitation, without considering
temperature and evaporation, while the latter two play an increasingly important role in drought in
the context of global warming [18,19]. Recently, the Standardized Precipitation Evapotranspiration
Index (SPEI) [20] was proposed for drought assessment. The SPEI combines simple calculation and
the multi-scale features of the SPI with the sensitivity of the PDSI to changes in evaporation demand
caused by temperature fluctuations [20]. Therefore, it is good at detecting, monitoring and exploring
the characteristics of drought in the context of climate warming [21]. In recent years, the SPEI has been
used frequently to monitor drought under the current climate in different regions. In China, the SPEI
has been applied to investigate spatiotemporal variations of droughts in a number of important
regions [22-24].

Poyang Lake Basin (PLB) is one of the major agricultural areas in the country and plays an
indispensable role in national food security as well as water security and ecosystem security for the lower
reaches of the Yangtze River [25]. The basin is influenced by the East Asian monsoon, with significant
annual and seasonal variations in precipitation [26], which lead to frequent floods and droughts causing
severe damage to the agricultural economy and ecosystem [25,27,28]. Thus, to effectively monitor and
predict drought occurrences and minimize socio-economic losses, many studies have been conducted
on the characteristics of drought in PLB. Min et al. [29] studied the climate evolution characteristics of
drought in the Poyang Lake area over the past 1000 years, and found that the Poyang Lake area was
currently in a period of frequent drought. Liu et al. [30] systematically analyzed the causes of frequent
extreme drought events around the Poyang Lake region in the past 10 years from the perspective
of water budget balance. Hong et al. [31] and Wang et al. [32] used the SPI and SPEI to analyze the
spatiotemporal characteristics of drought in PLB and its correlation with the water levels in the lake.

Although many previous studies investigated the regional characteristics of drought in PLB,
such studies were based on relatively less observation stations (e.g., 13 stations by Liu et al. [20] and
Hong et al. [31] and 23 stations by Wang et al. [32]). The limited number of stations used does not
provide adequate data to explore the spatial and temporal evolutions of drought, which would make
the results of the analysis uncertain and questionable. Additionally, more work is needed to better
understand the mechanisms of drought in PLB, especially the possible links between drought and
large-scale climate indices, such as the El Nifio-Southern Oscillation (ENSO) [33], North Atlantic
Oscillation (NAO) [34], and Pacific Decadal Oscillation (PDO) [35]. To our best knowledge, such work
has rarely been conducted in the PLB.
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Therefore, based on the monthly observed data of 41 meteorological stations in PLB from 1958 to
2017, this study aimed to (1) investigate the spatiotemporal variability characteristics of drought in PLB
using the modified Mann-Kendall (MMK) trend test and ensemble empirical mode decomposition
(EEMD) and (2) explore the relationships between drought and the large-scale climate indices using
cross-wavelet transform (XWT) to identify potential causal factors of drought variation in PLB.

2. Materials and Methods

2.1. Study Area

Poyang Lake Basin lies between 24°29'-30°04" N, 113°34’-118°28’ E on the south bank of the
middle and lower reaches of the Yangtze River Basin (YRB) (Figure 1). The five major rivers (Fuhe
River, Ganjiang River, Raohe River, Xiushui River, and Xinjiang River) flow into Poyang Lake and
are injected into the YRB, forming a relatively complete Poyang Lake water system. The drainage
area is 162,200 km?, accounting for nearly 97% of the total area of Jiangxi Province and 9% of
YRB [36]. PLB has a subtropical humid climate governed by the East Asian monsoon and South Asian
monsoon. The annual average precipitation and temperature from 1958 to 2017 was 1341-1939 mm
and 16.2-19.7 °C, respectively. The spatiotemporal distribution of precipitation in PLB is uneven,
with 43% of the annual precipitation concentrated in the wet season (April-June), and only about 23.1%
of the total precipitation occurring from July to September. As PLB is affected by the subtropical high
pressure and high temperature from July to September, it is more vulnerable to drought.
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Figure 1. Spatial distribution of meteorological stations in the study area.

2.2. Data

The daily temperature and precipitation datasets were provided by the National Climate Center
(NCCQ) of the China Meteorological Administration (CMA) from the China Meteorological Service
Network (https://data.cma.cn/). The datasets covered the period from 1958 to 2017 and were collected
from 41 meteorological stations around PLB. The quality and homogeneity of the datasets from these
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stations were checked and controlled by CMA. Figure 1 shows the distribution of the meteorological
stations, while Table 1 summarizes their geographic information.

The large-scale climate indices used in this study included the Pacific Decadal Oscillation (PDO),
the Arctic Oscillation (AO), the North Atlantic Oscillation (NAO), the Indian Ocean Dipole (IOD), and
El Nifio-Southern Oscillation (ENSO). Here, ENSO was indicated by the Nifio3.4 index (5° S-5° N,
170° W-120° W) and the Southern Oscillation Index (SOI), which were obtained from the Earth System
Research Laboratory (ESRL) of the United States National Oceanic and Atmospheric Administration
(NOAA) (http://www.cpc.ncep.noaa.gov/). The IOD, AO, and NAO were derived from the Climate
Prediction Center (CPC) of NOAA. The PDO was taken from the ESRL of NOAA. A detailed description
of these indices is available from the NOAA website.

Table 1. Geographic information of meteorological stations surrounding the Poyang Lake Basin.

. Longitude Latitude Elevation
Number ID Stations (E°) (N°) (m)

1 57595 Tongshan 114.50 29.60 76.1
2 57598 Xiushui 114.35 29.02 146.8
3 59696 Yifeng 114.47 28.24 91.7
4 57780 Zhuzhou 113.17 27.87 74.6
5 57789 Lihua 113.57 27.08 194.5
6 57793 Yichun 114.23 27.48 131.3
7 57799 Ji'an 114.55 27.03 71.2
8 57889 Guidong 113.95 26.08 835.9
9 57894 Jinggangshan 114.10 26.35 843
10 57896 Suichuan 114.30 26.20 126.1
11 57993 Ganzhou 115.00 25.52 137.5
12 57996 Nanxiong 114.32 25.13 133.8
13 58414 Taihu 116.30 30.45 71
14 58419 Dongzhi 117.02 30.10 17.6
15 58500 Xinyang 115.20 29.85 45.8
16 58506 Lushan 115.59 29.35 1164.5
17 58507 Wuning 115.07 29.15 116
18 58519 Boyang 116.41 29.00 40.1
19 58520 Qimen 117.72 29.85 140.4
20 58527 Jingdezhen 117.12 29.18 80.9
21 58531 Tunxi 118.28 29.71 142.7
22 58600 Jing’an 115.22 28.52 78.9
23 58606 Nanchang 115.55 28.36 46.9
24 58608 Zhangshu 115.33 28.04 304
25 58622 Dexing 117.35 28.57 88.5
26 58626 Guixi 117.15 28.19 60.8
27 58633 Quzhou 118.90 29.00 82.4
28 58634 Yushan 118.15 28.41 116.3
29 58637 Shangrao 117.59 28.27 118.2
30 58705 Yongfeng 115.25 27.20 85.7
31 58715 Nancheng 116.39 27.35 80.8
32 58718 Nanfeng 116.32 27.13 111.5
33 58725 Shaowu 117.47 27.33 218
34 58806 Ningdu 116.01 26.29 209.1
35 58813 Guangchang 116.20 26.51 143.8
36 58818 Ninghua 116.63 26.23 358.9
37 58820 Taining 11717 26.90 3429
38 58911 Changting 116.37 25.85 310
39 58918 Shanghang 116.42 25.05 198
40 59092 Longnan 114.49 24.55 206.3
41 59102 Xunwu 115.39 2457 303.9



http://www.cpc.ncep.noaa.gov/

Sustainability 2020, 12, 3526 50f 18

2.3. Methods

2.3.1. Standardized Precipitation Evapotranspiration Index (SPEI)

The SPEI was developed by Vicente-Serrano et al. to assess and quantify drought events [20].
The index mainly used the degree of precipitation to deviate from the average state of the difference in
evapotranspiration to indicate drought. The details of the SPEI calculation were as follows:

(1) Firstly, climatological water balance (D;) was calculated as the difference between monthly
rainfall and potential evapotranspiration (PET) using the following equations:

D; = P; - PET; (1)
_ Ni %) ( Z)
PET1f16><(12)><(30 X110 X i 2)

where P; is the monthly precipitation, T; is the mean temperature, PET;, N;, and M; are the potential
evapotranspiration, the sunshine hours, and the number of days for the month i, respectively.
I and a can be calculated as:

a=1792x10"21-7.71 x 107°1% + 6.75 x 10~/ I® + 0.49239 (3)
12 1.514
Ty
=33 @
m=1

(2) The log-logistic probability density function was used to linearly fit the D; sequence.
The probability density function of a variable with a log-logistic distribution is expressed as:

fx) = E(x—y)ﬁ—1[1+(x;7/)ﬁ]‘2 )

o o

where a, p and y are the scale, shape and origin parameters, respectively.
Based on the L-moment procedure, the parameters of the log-logistic distribution can be obtained
as [37,38]:

- 2(4)1 —
p= 6w1 — wg — 6wy ©)
-2
o= (a)Ol 0)1) - (7)
r(1+3)r(-3)

1 1
=wo— 0(1"(1 + —)(1 - —) 8)

! PN B

where the s-th probability-weighted moment can be estimated as:
Inn(, 1-035\

wszﬁlz;(l— . )X, (5=0,1,2;1=1,2,3,---n) ©)

where wy, w1 and w, are the probability weighted moments (PWMs), X; and n are an ordered random
sample and sample size, respectively.
Thus, the probability distribution function of the D series is shown by:

X a -1
P = [ A=+ ()] (10)
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(3) Finally, the SPEI can be obtained as the standardized values of F(x) [39]:

2.515517 + 0.802853W + 0.010328 W?

SPEl =W —
1+ 1.432788W + 0.189269W2 + 0.001308 W3

(11)

where
W= {/-2In(p) (12)

where p is the probability of exceeding a determined D value. Whenp > 0.5,p =1 — F(x); if p < 0.5,
p = F(x), the values of the remaining parameters are the same as the SPI calculation process.

In this study, the SPEI values at 3- and 12-month scales were used to investigate the characteristics
of drought variations at seasonal and interannual scales, respectively. The 12-month SPEI of December
for each year was defined as the annual SPEI, while the seasonal SPEI for spring, summer, autumn,
and winter were denoted by the 3-month SPEI of May, August, November, and February of the
following year, respectively. In PLB, the seasons were divided as follows: spring (March to May),
summer (June to August), autumn (September to November), and winter (December to February of
the following year). The drought grade classification, based on SPEI, is shown in Table 2.

Table 2. Classification of dry conditions based on the Standardized Precipitation Evapotranspiration

Index (SPEI).
Categories Mild Drought Moderate Drought Severe Drought Extreme Drought
SPEI Values (-1.0, -0.5] (-1.5,-1.0] (-2.0,-1.5] <-2.0

2.3.2. Modified Mann-Kendall Trend Test and Sen’s Slope

To analyze the annual and seasonal variation trends of drought, the MMK trend test and Sen’s
slope were used. The MK test was a non-parametric statistical test that had been widely used to detect
trends in hydro-meteorological time series. This method was based on the assumption that the time
series were randomly independent. However, the hydrological variables may usually have serial
autocorrelation [40], which would affect the significance of the MK test. Hence, to eliminate the effect
of autocorrelation and improve the performance of the MK test, this study used the non-parametric
MMK method to identify the existence of a possible tendency towards drought episodes.

In addition, the magnitude of the trend was robustly estimated by Sen’s slope. f§ can be calculated
as follows:

L [(XiT X ..
B = Median i Vi<j (13)

where x; and x; are the data series values. A positive (negative) value of § indicates an upward
(downward) trend.

In this study, Sen’s slope method was applied to quantify the magnitude of trends of SPEI time
series in PLB, and the MMK method was used to evaluate the significance at a 5% significance level.
The details of the MMK and Sen’s slope methods can be found in Hamed [40] and Sen [41].

2.3.3. Ensemble Empirical Mode Decomposition

As an adaptive time—frequency data analysis method, empirical mode decomposition (EMD)
has been commonly used to extract meaningful information from non-linear and non-stationary data
series [42]. Using EMD, signals can be decomposed into a few intrinsic mode functions (IMFs) and
a residual component (Res), and each IMF represented a simple oscillatory mode with a variable
amplitude and frequency over time. However, one of the major drawbacks in the EMD was the
mode-mixing problem, which caused EMD to be unable to reflect the characteristics of the original time
series [42]. To overcome this issue of the EMD method, EEMD was proposed by Wu and Huang [43].
The basic principle of the EEMD is to calculate the true IMFs by means of an ensemble of trials,
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while adding white Gaussian noise to the original data to aid the EMD decomposition in each trial.
Thus, with the help of white noise, EEMD can eliminate the mode-mixing problem to some extent
and can preserve the physical uniqueness of the decomposition. Therefore, it is more stable when
decomposing non-linear and non-stationary data series [40]. Based on EEMD, the original time series
X(t) can be decomposed as follows:

X(t) = Z IMFi(t) 4 Res(t) (14)
k=1

where IMFy(t) is the kth IMF of the original data series X(t), Res(t) is the residual of the original data
series X(t) and n is the number of the IMFs. The IMFs reveal the oscillation characteristics from a high
frequency to a low frequency at different time scales, and Res reflects the trend of the original data
series X(t).

In this study, EEMD was adopted to decompose annual and seasonal SPEI time series based on
MATLARB for analyzing the multi-scale characteristics of drought in PLB. The number of ensemble
members was set to 100 and the optimal standard deviation of the white noise series was selected
to be between 0.1 and 0.2 by means of k-fold cross-validation. Furthermore, to examine whether an
IMF decomposed by EEMD contained a true signal or just a random noise component, a statistical
significance test was conducted [43], which can be calculated as follows:

N
Be= < 3 JIME () (15)
j=1
N
Ty = NPy (16)
InE; + ln(Tk)a =0 (17)

where N represents the lengths of IMF, NP is the number of peaks for each IMF, Ej represents the
averaged energy density, T is the mean period and « is the significance level (e.g., « = 0.01 or 0.05).
However, the actual application may produce a small amount of deviation. Therefore, the confidence
limits for the energy spectrum distribution of white noise can be calculated as:

InE = ~In(Ty) + ,/%ehl(m% (18)

The details of the EEMD method can be found in the study by Wu et al. [43].

2.3.4. Cross-Wavelet Transform

The XWT method, based on continuous wavelet transform, was developed to investigate
relationships between two time series in time—frequency space. For two time series: {x,} and {y,},
XWT is defined as:

W, X (s) = WnX<S)WnY*(S) (19)

where W, X(s) denotes the wavelet transform of time series {x,} at frequency scale s and W, Y*(s)
represents the complex conjugate of the wavelet transform W,, Y (s) for time series {y/,,}. The cross-wavelet
power was defined as [W,.X(s)|, which showed the covariance of two time series and was used to observe
the correlation between the two time series. The complex argument, (W, X(s)), can be interpreted as
the local relative phase between the two time series at time # at the frequency scale of s, which can
illustrate the phase relationship between the two time series in time—frequency space.

The Morlet wavelet, one of many wavelet functions, has been suggested in previous studies as
the most appropriate basis function for its good balance between time and frequency localization [44].
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Accordingly, XWT with the Morlet wavelet was used in this study to illustrate the temporal association
between SPEI and large-scale climate indices. As the wavelet was not completely localized in time,
the cross-wavelet coefficients were subject to edge effects when dealing with finite-length SPEI series,
which formed the cone of influence (COI). The results should be ignored beyond the region of the COL
More details about the XWT method can be found in the study by Torrence [45].

3. Results

3.1. Multi-Scale Oscillation Characteristics

In this study, the SPEI series in PLB from 1958 to 2017 were decomposed by EEMD to explore
the multi-scale oscillations of drought, and four IMFs and a residual component (Res) were obtained.
The illustrations of the decomposition are shown in Figures 2 and 3. Here, IMFs (IMF1-4) and the
Res contained the periodic changes and nonlinear feedback in the climate system. Furthermore,
the significance test results for all the extracted IMFs were performed based on the relationship between
the energy and the mean period of each IMF; the results are also plotted in Figure 2. According to the
oscillation amplitude and variance contribution of each IMF and Res, the importance and significance
level test of each IMF and Res to the original SPEI series were calculated, respectively, and the period
of each IMF was also calculated. The results are shown in Table 3.

As shown in Figures 2 and 3, it can be seen that €ach'IMF reflected the characteristics of fltictuation
from high frequency to low frequency at different time scales in the original SPEI series. The first IMF
(IMF1) had the highest frequency and largest amplitude. As the order number of the mode increased,
the frequency and amplitude of the following IMFs decreased. [For'éach IMF from the annual SPEI
series, a relatively stable quasi-period appeared, with mean periods of 3 years for IMF1, 6 years for
IMF2 at the inter-annual scale, 15 years for IMFE3, and 30 years for IMF4 at the inter-decadal scale
(Figure 2 and Table 3). From the significance test, it can be found that only the IMF3 fell between a
90% and 95% confidence interval, whereas other components fell below a 90% confidence interval.
This indicates that IMF3 was statistically significant at a 90% confidence interval and contained more
information with actual physical meaning. As seen in Table 3, the contribution of IMF1 to the original
annual SPEI series variance over the quasi-3-year period was the greatest, reaching 56.55%, followed
by IMF3 (21.88%), IMF2 (16.30%), and IMF4 (3.08%). The inter-annual timescale components (IMF1
and IMF2) totally explained 72.85% variances of the annual SPEI. Therefore, it can be concluded that
the inter-annual signal was the dominant component of the annual SPEI variation in PLB.
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Figure 2. The intrinsic mode functions (IMFs) and residual components (Res) of the annual SPEI in PLB
from 1958 to 2017 by ensemble empirical mode decomposition (EEMD) and their significance tests.

The Res can illustrate the general inherent trends of the SPEI series over time. As seen from the Res
in Figure 2, the annual SPEI series showed nonlinear variation characteristics during 1958-2017. For the
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annual SPEI series, the Res generally exhibited an increasing trend in the past 60 years, indicating
that PLB experienced an overall wetting condition during 1958-2017. Meanwhile, a gradual decrease
from the late 1980s to 2017 was observed in the overall increasing trend of the Res, suggesting that an
obvious transition period from wet to dry occurred in the late 1980s. This meant that although the
basin exhibited an overall wetting trend during 1958-2017, compared with the whole research period,
the drought trend occurred after 1990, which should be taken into consideration in terms of drought
monitoring and warning in the past 30 years.

Figure 3 illustrated the four IMFs and Res from the seasonal SPEI series of Poyang Lake Basin.
For seasonal SPEI series, the inter-annual signals (IMF1 and IMF2) had similar oscillations as those of
the annual SPEI series in the 2-3 year period for IMF1 and 5-8 year period for IMF2 (Table 3). As for
decadal scale variation, IMF3 and IMF4 showed inconsistent oscillations with those of the annual SPEI
series. In terms of IMF3, the summer and autumn SPEI showed a period of 15 years, which was the
same as the annual SPEI; while the periods of spring and winter SPEI were 13 and 24 years, respectively.
IMF4 showed a period of 30 years for the seasonal SPEI, which was similar to the annual SPEI, except
for the spring and winter SPEI, there are 20-year and 24-year periods, respectively. As seen in Table 3,
for the summer SPEI series, IMF1 had the maximum variance contribution (51.47%), followed by IMF3
(22.65%), IMF2 (12.89%), and IMF4 (12.59%), contributions which were similar to those in the annual
SPEI series. For other seasonal SPEI series, the variance contribution rate of IMF1 was the greatest
among all IMFs, accounting for more than 70% of the total variance, followed by IMF2, contributing to
approximately 12% of the variance. The rest of the IMFs (IMF3 and IMF4) contributed up to less than
14% of the variance (13.77% for autumn SPEI series, 6.36% for winter SPEI series and 4.64% for spring
SPEI series). With more than a 70% contribution to the variances of seasonal SPEI (74.12% for summer
SPEI and over 80% for other seasonal SPEI), the inter-annual timescale components (IMF1 and IMF2)
were also the dominant components in PLB, which were similar to the annual SPEIL
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Figure 3. The IMF and Res of the seasonal SPEI in Poyang Lake Basin (PLB) from 1958 to 2017 by
EEMD: (a) spring, (b) summer, (c) autumn, and (d) winter.

As seen from the Res in Figure 3, the seasonal SPEI series also showed a nonlinear and
non-stationary characteristic during 1958-2017. For the seasonal SPEI series, the spring Res exhibited
an upward trend from 1958 to 1987, and then a down trend afterwards, but in general, it showed a
decreasing trend in the past 60 years, which indicates that Poyang Lake Basin experienced an overall
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drought process in spring from 1958 to 2017. The summer Res appeared to have an increasing nonlinear
trend, slowly decreasing to the lowest value shown in the late 1980s, and then increasing. The autumn
Res increased slightly before the mid-1970s and then decreased sharply afterwards, generally showing
a drought trend in autumn from 1958 to 2017. Comparatively, the trend in the winter Res exhibited
exactly the opposite variation. An increasing nonlinear trend was observed, which went down slowly
at first and then went up, indicating that there was an overall wetting trend in PLB during winter
from 1958 to 2017. These results were basically consistent with the results obtained by Liu et al. [20].
Liu et al. analyzed the dry and wet change from 13 meteorological stations in PLB during 1958-2013
and found that there was a wet trend in PLB at the annual scale as well as the seasonal scales, except
for spring and autumn, in which a drying trend was observed.

Overall, the SPEI in PLB exhibited relatively stable quasi-periodic oscillation from 1958 to 2017.
During the past 60 years, the SPEI had approximate 3-year (IMF1) and 6-year (IMF2) quasi-periodic
fluctuations at the inter-annual scale, and 15-year (IMF3) and 30-year (IMF4) quasi-periodic fluctuations
at the inter-decadal scale. Furthermore, the inter-annual variation (3- and 6-year quasi-periods) played
leading roles in the drought variation in PLB.

Table 3. Period and variance contribution of components of SPEI series in PLB during 1958-2017.

Timescale Statistics Index IMF1 IMF2 IMF3 IMF4 Res
Annual Period (year) 3.16 6 15 30
Contribution rate (%) 56.55 16.3 21.88 3.08 2.18
Correlation coefficient 0.742 ** 0.479 ** 0.426 ** 0.131 0.079
Spring Period (year) 2.90 5.2 13 20
Contribution rate (%) 84.50 9.29 3.37 1.27 1.56
Correlation coefficient 0.905 ** 0.394 ** 0.282 * 0.261 * 0.168
Summer Period (year) 2.90 5.71 15 30
Contribution rate (%) 51.47 22.65 12.89 12.59 0.40
Correlation coefficient 0.705 ** 0.460 ** 0.419 ** 0.284 * 0.134
Autumn Period (year) 3.16 6.32 15 30
Contribution rate (%) 71.64 12.54 12.06 1.71 2.06
Correlation coefficient 0.832 ** 0.154 0.401 ** 0.165 0.014
Winter Period (year) 3.16 7.5 24 24
Contribution rate (%) 73.02 11.19 4.72 1.64 9.44
Correlation coefficient 0.836 ** 0.292 % 0.199 —0.006 0.154

Note: *, ** indicate that the results are significant at 0.05 and 0.01 probability levels, respectively.

3.2. Spatial Characteristics of Drought

Sen’s slope and the MMK test were employed in this study to detect trend variations in the SPEI
series for the individual stations from 1958 to 2017 in Poyang Lake Basin, then an inverse distance
weighted (IDW) interpolation method was applied to obtain the spatial variations in the trends.
Figure 4 illustrated the spatial distribution of the trends of the annual and seasonal SPEI using IDW
within ArcGIS software. Table 4 listed the MMK trends of the SPEI on annual and seasonal scales
in PLB.

For the annual SPEI (Table 4), it was found that the annual SPEI showed an upward trend from
1958 to 2017, indicating that Poyang Lake Basin has experienced a wetting process in the past 60 years,
which is consistent with the results of the EEMD (Figures 2 and 3). As shown in Figure 4a, 18 out of 23
stations (excluding stations not in the basin, which we continue to do hereafter) in the basin exhibited
wetting trends, while only four stations showed a drying trend, which were mainly distributed in the
southern part of PLB. However, trends in the annual SPEI series from all stations were not significant
(p <0.05).
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Table 4. Modified Mann-Kendall (MK) trends of SPEI on annual and seasonal scales in PLB during

1958-2017.
Time Annual  Spring  Summer Autumn Winter
V4 0.1636  —0.0293 0.1202 —-0.0021  0.0337
Trend 0.0006  —0.0001 0.0002 —0.0001  0.0004

At the seasonal scale, the SPEI exhibited upward trends in the summer and winter during the
period of 1958-2017, indicating that PLB experienced a wetting condition in these seasons. In contrast,
a decline trend was observed in the spring and autumn SPEI series, which illustrated that a drying
tendency dominated the whole basin in spring. Figure 4b,d showed that nearly 70% and 40% of the
stations in the basin were characterized by drying trends, and 15 and 31 stations showed a wetting
trend, which were mainly situated in the Poyang Lake region. On the contrary, the trend in other
seasons exhibited the opposite variation in space (Figure 4c,e). Most of the stations in the basin were
characterized by upward trends in summer and winter, indicating that a wetting tendency prevailed in
the two seasons, while only three to six stations displayed a drying trend within the central areas in
the Poyang Lake region, south and northwest of the basin. It should be noted that the SPEI trends in
the four seasons in PLB did not pass the 0.05 significance level test, which meant that all trends of
seasonal SPEI were not significant (p < 0.05).
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Figure 4. Spatial distribution of annual and seasonal SPEI trends during 1958-2017: (a) Annual,
(b) spring, (c) summer, (d) autumn, and (e) winter.

Generally, the above results indicate that PLB was undergoing a wetting process at the annual and
seasonal scales from 1958 to 2017, except during spring and autumn. A drying tendency dominated
the basin in the spring. Meanwhile, the special characteristics of the trend variations were markedly
different in the basin. The areas in which drought was most likely to occur were mainly located in the
Poyang Lake region, south and northwest of the basin, respectively. However, all trends in the SPI
series were not significant.
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3.3. Links between Drought Variation and Large-Scale Climate Indices

To better understand the mechanisms of droughts in PLB, the relationship between drought
and large-scale climate indices was investigated using XWT. Figure 5 presents the cross-wave power
spectrum between the SPEI and different climate indices (i.e., AO, IOD, NAO, Nifio 3.4, PDO, and SOI)
over PLB. The thin black contours display the significant zones with a 5% significance level against
the red noise. The colors from blue to red, as shown in the color bar, represent the increasing wavelet
power. The relative phase relationships between the SPEI and large-scale climate indices are denoted
by arrows. The arrows pointing to the right (left) indicate an in-phase (anti-phase) relationship between
the SPEI and climate indices, while vertically upward (downward) arrows illustrate that the climate
index led (lagged) the SPEI in phase by 90°.

From the XWT of the SPEI and AO (Figure 5a), it can be found that the SPEI and AO showed
significant common power in the 0-3 year band from 2009 to 2012, in the quasi-2-year band from
1962 to 1965, in the 6-9 year band from 1976 to 1984, and in the over 16-year band from 1972 to 2007.
At lower time scales (<3 years), arrows in the cross spectrum were observed to point towards both
the right and left, which indicates an in-phase (quasi-2-year band from 1962 to 1965) and anti-phase
(0-3 years band from 2009 to 2012) relationship between the SPEI and AQO, respectively. Comparatively,
the common power in the 0-3 year band from 2009 to 2012 was higher than that in the quasi-2-year
band from 1962 to 1965, which indicates an obvious anti-phase relationship between the SPEI and
AQ in the period from 2009 to 2012. In the 6-9 year band, arrows pointed right and in a horizontal
direction. At higher time scales (>16 years), arrows were found to point straight up, indicating that
AO led the SPEI by 90°, which meant a lag between the SPEI and AO variations.

As shown in Figure 5c¢, the cross spectrum presented two significant common power zones which
the SPEI and NAO shared with the 0-3 year band from 2009 to 2012 and the 2-3 year band from
1962 to 1965. In the 2-3 year band, arrows pointed straight up from 1962 to 1965; this indicates that
NAO led the SPEI by 90°—that is, there was a lag between the SPEI and NAO variations. Common
powers observed at the 0-3 year band were higher compared to the 2-3 year band. In the 0-3 year
band, arrows pointed left and in a horizontal direction from 2009 to 2012, indicating an anti-phase
relationship between the SPEI and NAO during this period.

The XWT of the Nifio 3.4 and SOI with the SPEI are shown in Figure 5d,f respectively. It can be
found that there were clearly common features between the two cross spectra, such as the significant
common power in the 1-4 year band from 1969 to 1972 and in the quasi-4-year band from 1999 to 2003.
Both cross spectra also had higher power in the 1-4 year band during the period from 1969 to 1972;
however, arrows pointed in the opposite direction, implying that the phase relationship between the
Nifio 3.4 and SOI and the SPEI was reversed. In the 14 year band during the period from 1969 t01972,
the change in Nifio 3.4 was ahead of the SPEI, while the SOI change lagged behind the SPEI by 90°.
In addition, another significant common power was still observed in the 1-3 year band from 2008 to
2014 between the SPEI and SOI, with the arrow pointing left. This indicates an anti-phase relationship
between the SPEI and SOI during this period.

The XWT analysis of the SPEI and PDO (Figure 5e) showed there also was significant common
power in the 5-6 year band from 1989-1999 between the two time series. Arrows in the cross spectrum
pointed upward and slightly towards the right, indicating an in-phase relationship between the SPEI
and PDO during this period. This led to a lag between the SPEI and PDO variations. For the XWT
of the SPEI and IOD (Figure 5b), common powers at different time scales were observed; however,
they were not statistically significant, indicating that there was no significant relationship between the
SPEI and IOD.

In general, the above analyses clearly demonstrate that the SPEI exhibited a significant temporal
correlation with five climate indices (NAO, AO, PDO, SOI, and Nifio 3.4) at restricted intervals.
The drought had a negative correlation with the NAO, AO, PDO, SOI, and Nifo 3.4, whereas it had
a positive correlation with the PDO. Comparatively, IOD had an unobvious link with the drought
implied by the cross-wavelet spectrum. Moreover, in the whole period of 1958-2017, the dominant
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influences of the large-scale climate indices on the drought evolutions had been shifted in PLB, from the
NAO, Nifio 3.4, and SOI before the late 1960s and early 1970s, to the AO and PDO during the 1980s,
then to the NAO, AO and SOI after the early 2000s. The NAO, AO and SOI exerted a significant
influence on the drought events in the basin.

(2) XWT: SPEI-AQ

1987 1997
Year

{e) XWT: SPEI-NAQ

1938 1967 14977 1387 197 2007 2017 1958 1967 1977 1) 87 1957 2007 017
car

() NWT: SPEIPIO

5
1 AFTEILE
1958 1967 1977 1987 1987

Year

Figure 5. Cross-wavelet power spectrum between the SPEI and large-scale climate indices: (a) Arctic
Oscillation (AO), (b) Indian Ocean Dipole (IOD), (c) North Atlantic Oscillation (NAO), (d) El
Nifio-Southern Oscillation (ENSO), (e) Pacific Decadal Oscillation (PDO) Nifo 3.4 (f) Southern
Oscillation Index (SOI)). (The thin black contour line displays the 95% confidence level against the red
noise, and the red and blue colors indicate stronger and weaker wavelet power, respectively.)

4. Discussion

Drought due to climate warming has been investigated in numerous regions over the world.
Many studies indicated that droughts had become more frequent, and dry areas had extended over
many regions of the world due to changes in precipitation patterns and the rising temperature [4-7].
Influenced by the monsoon climate and the terrain variations, drought is prevalent in China [46,47].
More specifically, since the late 1990s, droughts have become increasingly frequent and severe in
China [48,49]. As one of the most sensitive regions of climate change in YRB, the Poyang Lake area is
currently in a period of frequent drought [29]. Meanwhile, annual precipitation and temperature in
PLB is expected to increase in the future as the results of global warming [50,51] affect the balance of
surface water budget and induce more frequent drought events. However, the variations in droughts
represent more complicated spatial and temporal patterns in different climatic regions. Therefore, it is
essential to understand the spatiotemporal variations of droughts and their mechanisms in PLB for the
mitigation and prevention of natural hazards.
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This study carried out research on the spatial variation of droughts by full use of the data from
41 meteorological stations in PLB and its surrounding areas (including 23 in the basin and 18 in its
surrounding areas), going further than the 13 or 23 meteorological stations in PLB examined in previous
studies. Comparatively, a more distinct spatial variability was captured, and reliability problems in
terms of the results, caused by the limited number of stations, was avoided to some extent. Our study
indicated that the areas in which drought was most likely to occur were mainly located in the Poyang
Lake region, south and northwest of the basin.

Additionally, compared with previous studies, this study investigated the characteristics of
nonlinear variation and periodicity for the SPEI series in PLB during 1958-2017 by using the EEMD
method. On one hand, the nonlinear trends for drought in the basin were observed in the Res by
the EEMD method. This was consistent with the results of drought in other regions [52-54]. In fact,
changes in droughts were demonstrated to be partially affected by nonlinear temporal variations in
climatic variables. Therefore, with the influence of climate factors, drought often presents nonlinear
and non-stationary complex processes with periodic oscillations [54-56]. However, previous research
for drought in PLB only investigated linear trends, ignoring the nonlinear responses to climate change,
which made them unable to reveal the real variations in droughts at different time periods. Taking
annual SPEI as an example, although an overall wetting process during 1958-2017 was detected by
both EEMD and traditional trend methods, our study further indicated that the annual SPEI presented
apparent non-linear trends, with first a wetting and then a drying trend, suggesting that an obvious
transition period from wet to dry occurred in the late 1980s. On the other hand, using the EEMD
method, relatively stable quasi-periodic oscillation was also found in the IMFs over PLB from 1958 to
2017, with approximate quasi-3-, quasi-6-, quasi-15- and quasi-30-year periods. All the results indicated
that EEMD, as an efficient signal analysis method, showed an excellent ability to precisely reflect the
nonlinear characteristics of drought variations by extracting the inter-annual and inter-decadal trends
from the SPEI series.

Located in the lower YRB, PLB is mainly dominated by the East Asian Monsoon [57,58]. Meanwhile,
the East Asian Monsoon has also been significantly influenced by ENSO, IOD, NAO, and PDO [59-61].
Therefore, these also represent possible physical causes of droughts in Poyang Lake Basin. ENSO is
one of the most dominant oceanic-atmospheric patterns in the tropical Pacific Ocean region, exhibiting
a remarkable impact on the inter-annual variability of the climate in China. ENSO occurred between
a warm phase (El Nifio, positive index) and a cold phase (La Nifia, negative index) on a scale of
2-7 years. As reported by many studies, there was relatively less precipitation in YRB when ENSO
appeared in a cold phase [28,58], which may result in a drought. This study showed that the SPEI and
ENSO (Nifio 3.4) shared a significant common power with the 1-4 year band from 1969 to 1972 and
the quasi-4-year band from 1999 to 2003, and ENSO (Nifio 3.4) and the SPEI were mostly found in
an in-phase relationship. That is, when the Antarctic cold air invaded northward and the sea surface
temperature (SST) in the Pacific increased, the SPEI decreased, and PLB exhibited a drought trend.

PDOis another important oceanic-atmospheric pattern found in the North Pacific Ocean, which has
a modulation effect on ENSO, thus affecting the precipitation in southern China [58,59]. Similar to
ENSO, PDO has also warm and cold phases, with a cycle of around 25-50 years [62]. Our study
indicated that the SPEI and PDO showed an in-phase relationship during 1989-1999. Thus, as the
PDO decreased, the SPEI decreased and Poyang Lake Basin showed a drought trend; NAO refers to
changes in pressure systems in the Atlantic, affecting winter conditions in many parts of the Northern
Hemisphere [63]. It has a remarkable impact on the anomalous distribution of summer precipitation
over China, especially in the middle and lower reaches of the Yangtze River Basin [58]. The results of
our study were consistent with the findings of Wei et al. [64], who found there was less precipitation in
the southern Yangtze River regions and southern China regions in NAQO'’s positive phase year, while in
the NAO'’s negative phase year, much precipitation occurred in summer in these regions. AO is another
main atmospheric mode of the Northern Hemisphere atmospheric circulation [65,66]. The common
power in the 0-3 year band from 2009 to 2012 was higher than that in the other bands, which indicated
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an obvious anti-phase relationship between the SPEI and AO during this period. IOD is a coupled
ocean—atmosphere phenomenon, affecting precipitation changes in China [59,67]. In the IOD’s positive
phase year, summer precipitation increased in the southern Yangtze River regions, especially the
PLB, while in the IOD’s negative phase year, the precipitation in the PLB was less [59,68]. However,
our study showed that, although common powers at different time scales were observed, they were
not statistically significant, indicating an insignificant relationship between the SPEI and 10D.

Moreover, this study indicated that, in the whole period of 1958-2017, the dominant influences
of the large-scale climate indices on the drought evolutions had been shifted in PLB, from the NAO,
Nifio 3.4, and SOI before the late 1960s and early 1970s, to the AO and PDO during 1980s, then to the
NAO, AO and SOI after the early 2000s. The AO, NAO and SOI exerted a significant influence on the
drought events in the basin. The above results of this work could provide a better understanding of
the relationships between droughts and large-scale climate indices in PLB.

5. Conclusions

In this study, the SPEI was adopted to describe the spatial-temporal variations of droughts in PLB
from 1958 to 2017. The multi-scale oscillations of drought were investigated using the EEMD method
and the spatial distributions of the trends were analyzed by the MMK and IDW methods. Furthermore,
the relationships between the SPEI and large-scale climate indices in PLB were explored through the
XWT method. The main conclusions were as follows:

(1) By using the EEMD method, the SPEI over Poyang Lake Basin exhibited relatively stable
quasi-periodic oscillation from 1958 to 2017. The oscillation showed approximate quasi-3-year and
quasi-6-year periods at the inter-annual scale, while quasi-15-year and quasi-30-year periods were
detected at the inter-decadal scale. Moreover, the inter-annual timescale components (IMF1 and
IMF2) contributed up to 70% of the variance in the annual and seasonal SPEI, which implied that the
inter-annual variation played a leading role in drought variation in PLB.

(2) As estimated by Sen’s slope and MMK methods, PLB as a whole was undergoing a wetting
process at the annual and seasonal scales from 1958 to 2017, except for spring and autumn, which showed
a drought trend, although all trends in the SPEI series were insignificant. The special characteristics of
the trend variations were markedly different in the basin. The areas in which drought was most likely
to occur were mainly located in the Poyang Lake region, northwest and south of the basin.

(3) The XWT analysis of the SPEI with different climate indices showed that the SPEI exhibited
a significant temporal correlation with five climate indices (NAO, AO, PDO, SOI, and Nifio 3.4) at
restricted intervals. The drought had a negative correlation with the AO, NAO, Nifio 3.4 and SOI,
whereas it had a positive correlation with the PDO. Comparatively, IOD had an unobvious link with
the drought. In the period of 1958-2017, the dominant influences of the large-scale climate indices on
the drought evolutions had been shifted in PLB, from the NAO, Nifio 3.4, and SOI before the late 1960s
and early 1970s, to the AO and PDO during 1980s, then to the NAO, AO and SOI after the early 2000s.
The NAO, AO and SOI exerted a significant influence on the drought events in PLB.
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