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Abstract: Droughts frequently occur in Yunnan province, the southwest of China, which leads to
crop loss, ecosystem degradation, and difficulties in drinking water for people. In order to assess
and compare the extremeness for different drought events, this study quantified it by utilizing
the joint return period of drought multi-characteristics. Three characteristics at the regional scale:
drought duration, severity, and affected areas were obtained by a simple regional drought process
methodology, and their relationship was considered based on three types of Archimedean Copulas.
Standard Precipitation Evapotranspiration Index at a six-month time scale was selected as the optimal
drought index based on actual drought impact data. Results showed that drought events in Yunnan
province were mostly short drought duration, low severity, and high drought-affected areas. By
comparing the historical reported droughts’ loss, the return periods of drought events calculated by
the combination of duration and severity and drought-affected area are much more suitable to reflect
the real drought situations than those calculated by one- or two-dimensional drought characteristics,
especially for extreme drought events. On average, the drought in Yunnan province was almost
shown a return period of ~10 yr. The frequency of droughts in Yunnan province has gradually
increased due to climate change, and droughts with ~100 yr or even larger return periods occurred in
2009-2010 and 2011-2013.

Keywords: drought duration-severity-affected area; joint return period; Copula; regional drought
event; Yunnan province

1. Introduction

Drought is the main natural disaster that causes global grain production reduction.
It also causes ecological disasters such as forest fires and vegetation degradation, as well
as basic livelihood problems such as water storage for people in ecologically fragile areas.
What’s more, it has caused millions of deaths throughout human history [1]. Human
activities” impact on the global climate has resulted in an increase in severe drought events,
and changes in climatic parameters are expected to escalate the severity of droughts. Being
influenced by climate change, it is projected that the severity, duration, and affected area of
drought may increase continuously in the future [2,3].

Droughts are generalized water deficit phenomenon that can be characterized quanti-
tatively by different indices. Reasonably, the precipitation anomaly percentage (Pa) (Henry,
1906) [4] was initiated and used widely to assess the degree of drought for several decades.
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After the Standardized Precipitation Index (SPI) was developed by McKee et al. [5], it
was demonstrated to be suitable for drought comparison at different spatial and temporal
scales. In addition to precipitation factors, temperature, evapotranspiration, vegetation,
soil moisture, etc., are also significant factors reflecting drought. Thus, drought indices
considering multiple factors were developed one after another, such as Relative Moisture
Index (MI) [6], Palmer Drought Severity Index (PDSI) [7], Standard Precipitation Evap-
otranspiration Index (SPEI) [8], Multivariate Standard Drought Index (MSDI) [9]. With
the development of remote sensing technology, drought indices based on remotely sensed
data are mushrooming [10,11]. These drought indices have been developed for drought
monitoring throughout the world or regions [12,13]. However, the applicability of the
indices varies across regions for reflecting the real drought impact [14]. Therefore, it is
necessary to assess drought events for one designated study area based on the optimal
drought index, which shows a higher link with actual drought impact [15].

To a certain extent, the drought index only reflects the severity of the drought. To
properly evaluate or compare any changes in drought events, additional characteristics
of droughts are required. Due to the need to incorporate these characteristics into any
modeling, an analysis based on drought frequency alone is not enough if it is not quan-
titatively related to other information such as duration, severity, and areal extent [16].
Assessing the risk of drought events by integrating different drought characteristics is
relevant. The Copula joint probability function can establish a dependence model for
multidimensional random variables and is widely used in the study of multidimensional
drought characteristics. Due to the dynamic nature of the spatial and temporal evolution of
drought impact areas, previous research often used the run theory to identify the drought
duration and severity at the site scale and then conducted bivariate drought return period
analysis using the Copula [17-19]. Although site-based drought return period analysis can
provide useful local information, these results seem to embed with high uncertainty in
drought management or drought risk assessment in a wide area. During the development
progress for one drought event, the timing and location of the drought both influence its
consequences. Droughts are considered regional when the spatial extent exceeds a certain
threshold [20], so it is crucial to include the affected area of drought with duration and
severity in the drought risk studies [21-23].

Droughts can occur in both arid and humid areas across the world. Despite being
located in the humid climate zone, the region of Southwest China has frequently been
hit by exceptional and sustained droughts in recent years, with the summer of 2006, the
autumn of 2009 to the spring of 2010, the summer of 2011, and the winter of 2019 to
the spring of 2020 [24-26]. As one of the five regions that make up Southwest China,
Yunnan Province (YP) suffered from frequent and the most severe drought disaster since
2006 [22,27,28]. The drought disaster record in YP indicated that the crop area affected
by droughts reached a total of 308,349 km? during 1972-2020 [26]. Wang and Yuan [29]
indicate that anthropogenic climate change increased the risk of hot and dry extremes in
2019 over YP by 123-157% and 13-23%, respectively. Many researchers have paid attention
to the drought evolution in YP. For instance, Li et al. [30] analyzed the drought trend and
drought coverage area at various timescales over YP, and the results showed that droughts
in YP occurred frequently, and the change point was detected in 2002. Wang et al. [31]
used Copulas to analyze the joint return period of drought events by considering two-
dimensional drought characteristics: duration and severity. Due to the impact of climate
change, extreme events occur frequently in different regions, and it is particularly important
to combine multiple characteristics to evaluate the extremity of drought events. However,
the joint return period of three-dimensional drought characteristics that include the drought
duration, severity, and affected area has been few explorations in YP.

Therefore, this study addresses the spatiotemporal variations of drought duration,
severity, and affected areas, using the regional drought characteristics extraction method,
and discusses the drought extremeness of YP based on the return periods analysis. The
objectives of this study are (1) to select the optimal drought index for the assessment of
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drought events in YP, (2) to identify the spatiotemporal characteristics of drought events
and verify by the actual records of drought events, and (3) to discuss the joint return periods
of droughts using Copulas, as well as the differences of return period combining drought
characteristics in different dimensions.

2. Materials and Methods
2.1. Study Area

YP is located in Southwestern China, covered with a total area of 3.94 x 10° km?2.
The main types of land use in the province are forest land, grassland, and cultivated land,
which account for 57%, 23%, and 18%, respectively (Figure 1). This region is the river
source or the upstream of many major rivers, such as the Nujiang River, Lancang River,
Red River, Yangtze River, and Pearl River. Precipitation is spatially and temporally uneven
across the region (ranging from 560 to 2300 mm) due to the influences of the monsoons
and complex terrain and is primarily concentrated from May to October [32]. Therefore,
droughts occur more frequently and severely in winter, spring, or early summer in YP and
have a serious impact on agricultural production and human life [30,33]. For example, the
severe drought in northern and central YP from November 2002 to early May 2003 affected
10.53 million people and 0.86 million hectares of crops, which led to a direct economic
loss of 1.98 billion yuan [34]. The drought from November 2009 to May 2010 resulted
in 24.98 million people affected, with 2.96 million hectares of crops affected and direct
economic losses of 27.33 billion yuan [35].
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Figure 1. The location of meteorological stations in the YP.

2.2. Data

Three types of data were used in this study: meteorological and remotely sensed data
used for the calculation of drought indices, actual drought impact data used for the optimal
drought index selection, and drought event records used for the verification of whether the
theoretical drought events extracted in this study are consistent with the drought events
that actual occurred.

Meteorological data includes daily observations of precipitation and temperature at
101 stations from 1961 to 2020 (Figure 1), which were obtained from the China Meteorologi-
cal Data Sharing Service System (http://data.cma.cn, accessed on 1 May 2022). Remotely
sensed data mainly comes from Moderate Resolution Imaging Spectroradiometer (MODIS)
productions to extract Land Surface Temperature (such as LST) and Normalized Difference
Vegetation Index (NDVI). The included MODIS11A2 and MODIS13A2 productions ranging
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from 2002 to 2020 with 1 km spatial resolution, 8 and 16 days respective synthesis periods
were used in this study. The data were obtained from the Land Processes Distributed Active
Archive Center (LPDAAC) of NASA (https:/ /ladsweb.modaps.eosdis.nasa.gov/, accessed
on 20 September 2022).

The actual drought impact data were obtained from the drought statistics reporting
system in China. In general, drought impact data are collected after the event has ended;
and no data are collected if there is no drought event. Once the drought emergency
response levels are triggered, the statistical frequency of drought impact data will increase,
such as in the range of 3 weeks or even every day [15]. Six types of drought impact data
during the period of 2003-2017 were available and used in this study (listed in Table 1).
Considering that these impact data were reported by administrative units, this study will
select the optimal drought index by calculating the correlation coefficient based on the sum
of drought impact data and mean of drought indices in the sixteen cities (Figure 1) in YP
during 2003-2017.

Table 1. Six types of drought impact data used in this study.

Impact Type Abbreviation Unit
Crop area affected by light drought CA_LD 10% ha
Crop area affected by severe drought CA_SD 103 ha
Crop area affected by extreme drought CA_ED 10% ha
Water shortage and moisture shortage area of paddy fields WMA_P 103 ha
Water shortage and moisture shortage area of dryland WMA_D 103 ha
Population with drinking water difficulties due to drought P_D 10* persons

The drought event records data were obtained from the China Meteorological Disaster
Yearbook (https:/ /data.cnki.net/yearBook/single?id=N2023020114, accessed on 15 August
2022) and the literature of Zhang et al. [36], which were available from 1949 to 2020 and
used to verify whether the theoretical drought events extracted in this study are consistent
with the drought events that actual occurred.

2.3. Methods
2.3.1. Alternative Drought Indices

Drought indices are an effective way to quantify drought phenomena, but there are
a variety of drought indices currently available, as mentioned above. In view of this, this
study selected six commonly used drought indices (Table 2) as candidates. Then, the rank
correlations (Equation (1)) between the values of the indices and the actual drought impact
data were calculated to find the optimal one for drought analysis in YP. Until this section;
we finished part I of Figure 2.

6y d?

n(n?—1)

where d; is the rank difference between the drought index and drought impact data series.
The drought index series is the mean of the drought index at each station within one city.
The drought impact data series is the sum of drought impact data at different counties
within one city. 7 is the length of the used data series.

Re=1- 1)
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Figure 2. The flow chart of this study (Part I: Optimal drought index selection, Part II: Regional
drought and drought characteristics extraction, Part III: Joint return periods based on different
drought characteristics).

Table 2. The drought indices candidates used in this study.

Drought Index Time Scales References
Percentage of precipitation anomaly (Pa) monthly [4]
Standardized precipitation index (SPI) 1, 3, 6, 12-month [5]

Standardized precipitation and

evapotranspiration index (SPEI) 13,6, 12-month (5]

maximum days without

Days without continuous rain (CDD) continuous effective rain [37]
in one month

Relative moisture index (MI) monthly [6]

Vegetation Supply Water Index (VSWI) monthly [38]

2.3.2. Regional Drought and Drought Characteristics Extraction

The occurrence of drought events is not limited to a single point, and the duration (D),
severity (S), and affected area (A) are the main characteristics generally used to describe
regional drought events from the temporal and spatial perspective. Previous research
usually extracted D and S by the run theory method at a single site scale [31,39]. A
is difficult to synthesize simultaneously with D and S to describe a drought event at a
regional scale.

In order to obtain these three drought characteristics simultaneously, we referenced
a regional drought process assessment methodology from Liao et al. [40]. Firstly, we
determined the regional average drought index (I;) and drought impact area (A;,) for
each month:

k
Iy = %Z Indexopt i, if Indexop;; < drought threshold 2)
i=1
k
Ay = s 1 3)

where k means the number of stations with optimal drought index under the threshold and
n is the total number of stations in the study region. The drought threshold value is given
as —0.5 in this study.
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Secondly, based on the run theory, the I, series was used to extract the regional D
and S based on a threshold value (—0.5). D is the sum month when I, less than —0.5 for a
drought spell, and S is the cumulative sum of the difference between the I, value and its
threshold value in the drought spell. If a certain two drought events were adjacent to each
other for only one month, the two events would be combined as a single event (Figure 3).

° @ Stations with drought index under drought threshold

S

- Iy =

k
Zlndexom_[ if Index,p, < drought threshold
i=1

k
Ap = ~x100%

v

Y

Time/ month

Figure 3. Schematic diagram of the drought event and characteristics extraction process (The bule
dots mean the stations with drought index larger than the threshold).

Finally, the drought-affected area (A) for a drought event during the drought duration
is calculated as follows, and until this section, we finished part II of Figure 2.

YD L Aw

A= D

(4)

2.3.3. Framework of Copula-Based Joint Return Period

The joint return period of different drought characteristics is defined as the average
time elapsing between two successive realizations of the drought events and can be used to
compare the comprehensive risk of drought events. To a certain extent, the larger return
period corresponds to the more extreme drought event, the higher the risk of damage it
may cause.

The joint return period is calculated as the inverse of exceedance probability of different
variables, and the Copulas functions are usually used for this calculation due to their
flexibility in modeling the dependence structure among random variables based on their
marginal distributions [19,31,41]. After obtaining the appropriate Copula joint distributions,
we can proceed with the analysis of drought return periods (as shown in part III of Figure 2).

Copula is defined as the multivariate distribution function of multidimensional ran-
dom variables (x1,x2,...,Xy). It could be served to connect m-dimensional marginal
distributions (F(x1), F(x2), ..., F(xm)) to form a multivariate distribution function on [0, 1]:

F(x1,x2,...,%m) = C(F1(x1), F2(x2),..., Fm(xp)) = C(uy, ua, ..., Um) )

where C is the cumulative distribution function (CDF) of Copula, and Fm(xy,) is the marginal
distribution for random variable xy,, i.e., the marginal distribution.
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The formula for the return period of one drought characteristic is expressed as:

oo _EL) _ EQD)
one=d = p(X >x) 11— Fx(x)

(6)

where E(L) is the expectation of the average drought interval and P(X > x) is the CDF of a
given value x. Fx is the marginal distribution of variable X.
The joint return period of two or three drought characteristics is expressed as:

. B E(L) _ E(L) @)
word T P(X>xNY >y)  1-Fx(x) — Fy(y) + Cxy(Fx(x), Fy(y))
E(L
Tinree—a = m = 3
b ®)

1—Fx(x)=Fy(y) —Fz(2)+Cxy (Fx(x), Fy (y)) +Cxz (Fx(x) F2(2)) + Czy (F2(2),Fy (y)) - Cxvz (Fx(x),Fy (y) F2(2))

where Cxy is the optimal Copula describing the joint distribution of random variables X
and Y. Cxyz is the optimal Copula describing the joint distribution of random variables X,
Y, and Z.

e  Marginal distribution

Before the establishment of the joint distribution, the optimal marginal distribution of
random variables should first be identified. Six distribution functions (Table 3) were used
to fit and optimize the marginal distribution for each of the three drought characteristics
(D, S, and A). Kolmogorov—Smirnov (K-S) method [42] was used to test the theoretical
distribution and empirical distribution in order to determine the optimal one.

Table 3. Alternative marginal distribution functions for a one-dimensional variable.

Distribution Formula Parameters
Exponential (EXP) F(x)=1—¢"7,x>§ 0
Weibull (WBL) F(x)=1- e_(%y, x>0 a,b
Gamma (GAM) F(x) = I!i:) fOx t“—le_%dt, x>0 a, B

(In.\'—;n/)z
Log-normal (LOGN T2 %
& ( ) F(x) :fox xayi/ﬁe ¥ dx, x>0 Hy: Ty
X—Hu 2
Normal (NOR) F(x) = [* —L—e” e dx, —00 < x < o
—® 027 1
Logistic (LOGC) F(x) = (1 4 ef*;”‘) ,—00 < x < 00 m,a

e  Copula functions

In this study, three common Archimedean Copula functions: Clayton Copula, Gumbel-
Hougaard Copula, and Frank Copula, were used. Details are shown in Table 4, where d in
the formulas denotes the variable dimensionality. The parameter estimation of the Copula
function is performed by the method of great likelihood estimation. The optimal Copula
function is tested by using the Akaike information criteria (AIC) and Bayesian Information
Criterions (BIC) based on the joint empirical and theoretical probability of the random
variables [43]. The smaller the statistic value of AIC and BIC, the better the corresponding
Copula function fitting.
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Table 4. Basic information of commonly used Archimedean Copula functions.
Copula Type Formula Parameter Value Range
d
Clayton Cop= (Zlulfs_d_'_l)% 0>0
1=
1
- d 4
Gumbel-Hougaard Cp = exp{ _ {Z (—lnui)e} 0>1
i=1
d —0u; _q
Frank C(;:—%ln[l—i—n’ (e )] 0 eR

(e0—1)""

3. Results
3.1. Optimal Drought Index Selection

The rank correlation coefficients between drought indices and drought impact data
in 16 cities of YP are shown in Figure 4. It can be seen that SPI, SPEI, Pa, MI, and VSWI
drought indices show a negative correlation with drought impact data, and CDD shows a
positive relationship. This phenomenon is consistent in 13 out of 16 cities in YP, while the
three cities of Nujiang, Dehong, and Xishuangbanna are not consistent. The topography
of YP is complex, with an area of 1000-3500 m accounting for more than 90% of the total
area, showing large change in elevation. For example, the area of Nujiang with elevation
above 2000-3500 m accounts for ~66% (weaker correlation results shown in Nujiang), and
the area of Baoshan with elevation below 2000 m accounts for ~66% (higher correlation
results shown in Baoshan); agricultural drought in high altitude areas is not easily assessed
by drought index. The proverb says that the weather varies within 10 miles of YP, which is
the main result of topographic influence, and coupled with the different drought resistance
for different cities, synthetically leading to different drought impacts in adjacent cities even
under the influence of the same drought degree.

It is worth noting that for drought indices at longer time scales such as SPI, SPEI
indices at 3-, 6-, and 12-month time scales, and VSWI, their negative correlation with
drought impact data is more significant with the time scale increasing. While for the
drought impact data of CA_ED and WMA_P, the VSWI shows a weaker correlation in the
16 cities compared with SPI and SPEI For drought indices at shorter time scales, such as SPI
and SPEI at a one-month time scale, CDD, Pa, and MI indices, the correlations are weaker,
which indicates that using the current month drought index does not fully reflect the actual
cumulative damage effect by drought. Although a remotely sensed-based drought index
VSWI could indicate a drought situation at a relatively high spatial resolution, sometimes
the lower values of VSWI are usually not only affected by drought but may also be affected
by a combination of other factors, such as pest disease, forest fire, and human logging.
Moreover, the remotely sensed data still have the problem of missing data due to the
weather; this will result in drought events not being fully identified.

Based on the coefficient of variation (Cv) of the rank correlation coefficients for 16 cities
(Table 5), we could see that the absolute Cv values of SPI and SPEI indices at a 6-month time
scale (SPI6 and SPEI6) for different drought impact data are smaller than other drought
indices, especially for the drought impact of CA_ED, CA_SD, P_D, and WMA_P (the
Cv values are —0.53, —0.54, —0.48, —0.84, and —0.55, —0.55, —0.48, —0.75, respectively),
indicating that SP16 and SPEI6 can generally reflect the drought spatial distribution in YP.
We initially suggested to select SPI6 or SPEI6 as the appropriate index to assess the drought
situations in YP. Considering that the SPI index has only precipitation data as input, while
the SPEI index takes into account the effect of temperature. Therefore, the following study
will analyze the drought return period based on SPEI6.
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Figure 4. Rank correlation coefficients between drought indices and drought impact data in 16 cities
of YP.

Table 5. The coefficient of variation of different drought indices for different drought impact data.

SPI1 SPI3 SPI6 SPI12 SPEI1 SPEI3 SPEI6 SPEI12 CDD Pa MI VSWI

CA_ED —1.55 —0.55 —0.53 —0.64 —1.41 —0.59 —0.55 —0.64 1.68 —-1.29 —1.94 —0.75
CA_LD -1.68 —0.60 —0.64 -0.79 -1.35 —0.55 —0.63 -0.79 0.39 —0.60 -1.39 —0.55
CASD -—-171 —0.60 —0.54 —0.69 —1.48 —0.56 —0.55 -0.70 0.80 -0.76 -1.69 —0.64
P_D —1.44 —0.53 —0.48 —0.53 —1.29 —0.51 —0.48 —0.55 0.92 —0.87 —1.64 —0.57
WMA_ D -2.05 —-0.57 -0.79 -0.89 —1.47 -0.57 -0.72 -0.91 0.87 —-0.90 —1.86 -0.73
WMA_ P —-228 —0.86 —0.84 —-0.91 -1.85 —-0.82 -0.75 —0.91 16.74 —2.64 —4.15 —0.91

3.2. Drought Events and Drought Characteristics in YP

Based on the method in Section 2.3.2, we extracted 41 drought events in YP during
1961-2020 (Table A1). Averagely, a drought event in YP generally lasts 5 months; cumulative
Sis almost 4.2, A is about 60% of the total stations, and drought starts mostly in February
or December and ceases in March (Figure 5d). Since the turning point of climate change in
China is thought to have occurred around 1990 [44], we compared the difference of drought
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characteristics before and after No. 20 drought event (~the year of 1990). Before 1990, the
average D of drought in YP was 4 months, with an average S of 2.7 and an average A of 59%;
while after 1990, the average D increased to 6 months, the average S increased to 5.6, and
the average A was 61% (Figure 5a—c), this is main caused by the drought No. 35 and No. 36,
which shows higher D and S than other events. However, the affected areas of these two
droughts do not stand out among other events. This well illustrates the multidimensional
spatiotemporal nature of drought events. Therefore, in order to facilitate comparison and
assessment of the extremeness of a drought event among multiple events, it is necessary to
analyze a drought event by jointing different drought characteristics.

Drought severity

10 20 30 40 10 20 30 40

No. of drought cvents No. of drought events

12 [ 1Drought onset time
Drought ending time

10 20 30 40
No. of drought cvents

Figure 5. Changes of different drought characteristics in 41 drought events ((a): Drought duration,
(b): drought severity, (c): drought affected area, (d): drought onset and ending time).

3.3. Optimal Marginal Distribution and Joint Distribution for Different Drought Characteristics

The statistical results of the K-S test of marginal distributions for drought character-
istics D, S, and A are shown in Table 6. We can see that the marginal distribution to fit
the one-dimensional drought characteristic was not unique, so the optimal distribution
based on the minimum statistical value of K-S (D) was selected. The optimal marginal
distributions for D, S, and A in YP were WBL, LOGN, and LOGN, respectively (Table 6).

Table 6. The optimal marginal distributions for one-dimensional drought characteristics.

Distribution Parameter D S A
0 0.193 0.237 0.016
EXP K-5(D) 0.147 * 0.132* 0.521
Pass or not Yes Yes No
a 1.149 0.947 6.932
b 5.467 4.093 64.098
WBL K-S(D) 0.105 * 0.128 * 0.094 *
Pass or not Yes Yes Yes
o 1.433 1.016 45.05
[8) 0.277 0.241 0.749
GAM K-S(D) 0.112* 0.135* 0.086 *

Pass or not Yes Yes Yes
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Table 6. Cont.
Distribution Parameter D S A
Hy 1.255 0.871 4.085
oy 0.882 1.061 0.148
LOGN K-S(D) 0.114 * 0.107 * 0.082 *
Pass or not Yes Yes Yes
U 5.171 4212 60.132
o 5.240 5.349 9.035
NOR K-S(D) 0.204 * 0.244 0.096 *
Pass or not Yes No Yes
m 4.346 3.237 59.754
a 2.334 2.236 5.276
LOGC K-S(D) 0.185 * 0.227 0.091 *
Pass or not Yes No Yes

Note: * means that p-values of K-S test larger than the significant level of 0.05 and the variable is obeyed the
corresponding distribution. The optimal marginal distribution is selected when the corresponding value of K-S(D)
is minimal.

For the joint distribution of multidimensional drought characteristics, the statistical
results are shown in Table 7. Based on the minimum statistical values of AIC and BIC, the
optimal joint distributions for D and S, D and A, S and A, and D and S and A in YP were
Frank, Frank, Gumbel-Hougaard, and Frank Copula, respectively (Table 7).

Table 7. The optimal joint distributions for multidimensional drought characteristics.

Drought
Copulas Characteristics’ Parameter AIC BIC Accepted
Combination
Dand S 14.067 —52.444 —50.730
Clayton Dand A 1.734 —8.546 —6.832
Sand A 2.357 —4.118 —2.405
Dand S and A 1.600 —56.428 —54.715
Dand S 29.904 —120.319 —118.605 Yes
Dand A 4.513 —16.367 —14.653 Yes
Frank Sand A 5.226 —23.823 —22.109
D and S and A 6.636 —73.887 —72.173 Yes
Dand S 5.546 —99.423 —97.710
Gumbel- Dand A 1.600 —14.207 —12.493
Hougaard Sand A 1.897 —26.404 —24.690 Yes
Dand S and A 2.069 —72.625 —70.911

3.4. Return Period of Drought Events in YP

According to the optimal distribution for different dimensional drought characteristics

(Tables 6 and 7) and Equations (6)—(8), we calculated the return periods (RP) for the 41
drought events. We can see that from Figure 6, although the fluctuation of RP assessed
by one-dimensional drought characteristics is consistent with those assessed by three-
dimensional characteristics, the results based on D are different from those based on S or A,
and the assessment results for specific events are significantly different. For drought events
with relatively small RPs, the assessment results based on three-dimensional drought
characteristics are similar to those considering only one-dimensional characteristics. For
example, the four drought events (No. 12-15) that occurred during 1982-1985, which lasted
1-3 months, with severity between 0.52 and 1.82, and affected areas less than 60%, all of
which were lower than the average drought characteristics of YP.
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Figure 6. The comparison of return period based on one- and three-dimensional drought characteristics.

Since the significant correlation between D and S, the drought RPs assessed based on
D or S are very close, but the results of RPs based on A differ significantly from D or S. For
example, the No. 4 (March 1969-July 1969) drought event’s RP assessed only by A was
117 yr, while the RPs of these two drought events of No. 35 (May 2009-November 2010) and
No. 36 (July 2011-November 2013) were only 19 yr and 27 yr. However, the actual impacts
of the latter two drought events were more severe according to the relevant records of the
China Water and Drought Disaster Bulletin. As for extreme drought events, only using one-
dimensional drought characteristics to assess the RP has a large discrepancy for each other;
and for the common drought events, the RP based on three-dimensional characteristics was
larger than those based on one-dimensional. This indicates that there is an overestimation
or underestimation of the extremeness of a drought event if the characteristics are not
fully considered.

When considering a combination of two drought characteristics to assess the RP for a
given drought, we found that the assessment results were more consistent with the results
by considering three-dimensional drought characteristics for the drought events where the
magnitude of drought characteristics was small (Figure 7). For example, the RPs assessed
by two-dimensional drought characteristics for the No. 11 to No. 25 drought events were
more consistent with the results assessed by three-dimensional characteristics, but there
were still differences for certain drought events with larger drought features. The No. 4
drought event lasted for 5 months, with a severity of 5.78 and a drought-affected area of
82.77%. The RP of this event was 7 yr assessed based on the combination of D and S, but
after considering the drought-affected area, the RPs based on D and A, and S and A were
assessed to be 119 yr.

Similarly, the D, S, and A of the No. 40 drought event (April 2019-March 2020) were
12 months, 13.06, and 75.91%. Although A was smaller than the No. 4 drought event, it
was larger in D, and S. The RP assessed by D and S was 32 yr, while the RPs assessed by
D and A, and S and A was 101 yr and 49 yr, respectively, which were larger than the RP
assessed by D and S and A. This suggested that drought characteristic A was an important
factor for assessing the extremeness of one drought event since it is associated with the
impact degree of drought disaster, such as cropland areas affected by different severity
of drought, population with drinking water difficulties due to drought. As we can see
that when we combined other drought characteristics with variable A, the RP assessed by
two-dimensional characteristics for the 41 drought events was most consistent with RP
assessed by three-dimensional characteristics, especially for the common drought events
(No. 11-25). The RP assessed by D and A were all higher than RP assessed by three-
dimensional characteristics. If RP assessed by D and S or D and A was used to assess the
extremeness of the No. 36 drought event, the result was higher than 1000 yr; it might be
overestimated since the A was the same as the event of No. 35.
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The above joint RP analysis indicates that extreme drought events do not imply that all
features are large in magnitude; it is possible that they are the combined result of multiple
features with different magnitudes. The identified drought events also show that it is rare
for different drought characteristics to reach the maximum magnitude at the same time. In
a word, a comprehensive assessment of the extremeness of a drought event using the joint
RP based on spatial and temporal multidimensional characteristics is more reasonable.

[ D&S—¥D&A—--S&A-*D&S&A (Return period:
[ D&S: 32 yr
3 D&A: 101 yr
10° 3 (Return period: S&A:49yr 3
C (Return period: 119 yr) D&S: 215 yr D&S&A: 34 yr)
/ D&A: 215 yr_

S&A: 75 yr
D&S&A: 96 yr) ¢ 3

<
-

<

Return period of drought / yr
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No. of drought events

Figure 7. The comparison of return period based on two- and three-dimensional drought characteristics.

3.5. Case Validation

In order to prove the credibility of the RP assessed by three-dimensional drought
characteristics, we verified the results based on the actual drought-affected area, grain loss
rate, and the textual description of the drought events in YP.

The change of RPs was consistent with the grain loss rate, and the correlation coeffi-
cient was 0.74, which indicates that RP could reflect the real damage caused by droughts,
especially by the extreme drought in 2009-2010, 20112013, and 2019-2020 (Figure A1l).
There were night years the crop area affected by drought exceeded 1 million hectares since
1961, which were all reflected in the theoretical drought events extracted in this study
(Table 8). With the exception of the drought event in 2005, for which the RP was less than
10 yr, the RPs of all other high-impact drought events were greater than 10 yr, and the actual
textual description of drought events is also consistent with the expression of RP size.

For the three drought events (No. 4, 35, 36) with more controversial RP results (in
Figures 6 and 7), No. 4 was recorded as few major drought spells since 1949; it was more
reasonable to assess this event with RP of 40 yr rather than 10 yr or 100 yr (RPs assessed by
one- or two-dimensional characters).

The No. 35 drought occurred during 2009-2010 and was recorded as the most harmful
extreme drought since meteorological records began. Not only did the textual material
show how serious this drought was at that time, but the research published afterward may
also indicate the severity of the drought’s impact on society. The ratio of actual drought-
affected area to total sown area was 44%, which were highest during 1972-2020. Therefore,
the RP of 96 yr was reasonable to describe the extremeness of this drought event.

The No. 36 drought extracted from this study showed that the drought event lasted
for nearly three years (July 2011-November 2013). The actual drought process had inter-
ruptions during the three years, so the final impact extent was not as severe as the drought
in 2010, but the actual drought-affected area exceeded 1 million hectares each year, which
indicates the cumulative damage effect formed by the three-year drought. Similar to the
drought in 2009-2010, the RP of No. 36 drought in 2011-2013 should also be on the century
scale rather than the millennium scale.
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Table 8. Comparison of drought record information and theoretical drought event in this study.

No Year Drought-Affected Records of Actual Drought in Statistical Theoretical Drought Event
) Crop Area/10* ha Yearbook of YP Extracted in This Study (RP)
1 1963 102.67 The droughts in YP in 1963 and 1969 were Decembfgr 19612‘5"Ptember
described as few major drought years since 63 (16 yr)
2 1969 — 1949 [45] March 1969-July 1969 (40 yr)
In 1979, following the winter drought of the
3 1979 12127 previous year, YP continued to receive low December 1978-August 1979
’ precipitation and experienced a rare drought in (17 yr)
its history [45]
4 2005 205.33 This year was .the worst drought disaster year May 2005-October 2005 (6 yr)
in nearly 50 years
5 2009 103.67 This drought was the longest-lasting, most May 2009-November 2010
extensive, and most harmful mega-drought (96 yr)
6 2010 283.85 since meteorological records began
YP suffered from persistent drought, with
7 2011 123.05 25 counties breaking .hl.st01.'1cal records of July 2011-November 2013
least precipitation (248 yr)
8 2012 107.27 Drought in YP continued to worsen and finally y
9 2013 117.74 affected tens of millions of people
The impacted scope, intensity, and duration of
10 2019 138.12 drought disasters in Yunnan in 2019 ranked the ~ April 2019-March 2020 (32 yr)

second severity of drought disaster since 2010

4. Discussion
4.1. Uncertainty of Regional Drought Event Identification

It is necessary and challenging to effectively and accurately identify regional drought
events. The development of regional drought identification methods has been ongoing
for nearly 20 years. Ren et al. [20] provide a systematic review of methods for identifying
regional extreme drought events, with a representative example of Andreadis et al. [46]
and Lloyd-Hughes [21], who used spatial clustering methods to extract drought patches
and propose a severity-area-duration method (abbreviated as SAD). Zhang et al. [47] used
the precipitation data from 22 meteorological stations and the SAD methods to identify
drought events with D, S, and A in YP during 1961-2018. This study took 101 meteorological
stations as the basis; we referenced the method proposed by Liao et al. [40], simplified and
combined it with the run theory to identify 41 regional drought events in YP from 1961 to
2020. And the extremeness of theoretical drought events is basically consistent with the
result of Zhang et al. [47] and the historical actual drought records (Table 8). In order to
reflect the three-dimensional dynamic evolution process of drought, quantitative analysis
of the whole process of drought events from the time-longitude-latitude has become a hot
topic [48].

The results of regional drought event identification have uncertainties due to the
optimal drought index selected, drought threshold, spatial and temporal resolutions of the
data used, the weight for each station when to calculate the regional drought index, and
the methods adopted, etc. In future work, we will use grid data with higher resolution and
set up tests with different drought thresholds to systematically analyze the joint RP risk of
drought in YP.

4.2. Comparison of Joint Return Period Based on SPI and SPEI

The correlation results in Section 3.1 show that the SPI6 could also reflect the change
of drought impact; this study wanted to detect the differences between SPI6 and SPEI6 in
the assessment of drought RPs in YP.
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For one-dimensional drought characteristics, it was found that the RPs of drought
events with shorter duration, less severe, or less affected areas (such as events of E1, E3, and
E5 in Figure 8) were similar for SP16 and SPEI6; however, with the magnitude of drought
characteristics increase, the SPI6-based RPs were higher than those of SPEI6 (such as the
events of E2, E4, and E6 in Figure 8).

10* T " T 10*
(a)
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Return period / yr

Return period / yr

Return period / yr
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Drought duration / month Drought affected area / %
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Figure 8. Comparison of the return period of one-dimensional drought characteristics based on SPI
and SPEI ((a): return period based on D, (b): return period based on S, (c): return period based on A).

The RPs’ difference is more obvious when considering two-dimensional drought
characters. As the drought characteristics magnitude increases, the SP16-based RP is higher
than that of SPEI6 (the solid line is always away from the dotted line with the same color).
For example, for drought events with D > 7 and S > 7, the RP is about 10 yr for both SPI-
and SPEl-based evaluations (Figure 9a). E (20,15) in Figure 8a means a drought event with
D > 20 and S > 15. The SPEI6-based RP of this event is shown to be 200 yr, while it is
greater than 200 years based on SPI6. The same phenomenon is also observed in the joint
RPs of D and A (Figure 9b) and S and A (Figure 9c¢).
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Figure 9. The return periods (with different colors) of two-dimensional drought characteristics based
on SPI6 (the dotted line) and SPEI6 (the solid line) ((a): the return period based on D and S, (b): the
return period based on D and A, (c): the return period based on S and A).

Figure 10 shows the RP surfaces (5 yr, 10 yr, 50 yr, and 100 yr) with three-dimensional
drought characters. Similarly, we can see that if a drought event is evaluated by SPI6, the
RP is higher than that by SPEI6. For example, the RP of the drought event (D >4 N S
> 2.74 N A > 57%) in Figure 10a is on the 5 yr surface of SPI6, while it is inside the 5 yr
surface of SPEI6, which indicates that this event is less than 5 yr return period assessed by
SPEI6. The same result is also reflected in the comparison of the 10 yr return period surface
(Figure 10b). However, for the cases with larger RPs (Figure 10c,d), instead of showing a
complete surface like 5 yr and 10 yr return periods, 50 yr and 100 yr RPs show depressions
on the sides, and top of the surface, but the red surface is still surrounded by the blue.
This means that the magnitude of drought characteristics of drought events with 50 yr
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or 100 yr RP assessed by SPI6 are less than SPEI6. For the occurrence of depressions in
RP surface, it also reflects that the correlation structure between drought characteristics
may change under extreme conditions: drought events with high RPs showing longer D,
less S, and larger A, or higher S, shorter D, and larger A is recorded in YP. However, the
drought events with large magnitude for D, S, and A have a more irregular RP surface,
which indirectly indicates the rare frequency of such events.

4.3. Effect of Global Warming on Drought in YP

The frequency of extreme events has changed under the background of global warm-
ing, with events previously considered to be extreme becoming more frequent and will
probably no longer be classified as extreme events [49-51]. Southwestern China has also
been particularly affected by serious droughts; this was especially true in 2009 and 2010.
The regional circulation patterns are strongly affected by the high-elevation Himalayas
Mountains, which block the flows of air masses, and the large variation in landform condi-
tions combine to increase the drought frequency [52]. Researchers have also analyzed that
anthropogenic climate change increased the drought risk in the region of Southwestern
China [53]. Global warming is the main feature of climate change. Since 1961, YP has shown
a significant increasing warming tendency (p < 0.01) either at seasonal or annual scale [30].
Meanwhile, the interval time between the end of one drought event and the beginning of
the next drought event in YP showed a decreasing trend (Figure 11a). This suggests that
YP is more and more prone to occur drought, and it is confirmed by the decreasing trend
change in the cumulative anomaly of RP of the 41 drought events (Figure 11b).
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Figure 10. Comparison of the return period of three-dimensional drought characteristics based on SPI
and SPEL ((a): 5 yr RP, (b): 10 yr RP, (¢): 50 yr RP, (d): 100 yr RP; x means D, y means S, z means A).
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Figure 11. Trends of the cumulative anomaly of drought interval (a) and return period (b) in YP.

5. Conclusions

In this study, several drought indices were first compared with the drought impact
dataset, and the optimal one was selected. Then we explored the spatial and temporal
dynamics risk of drought events in YP by considering D, S, and A. There were 41 drought
events identified during 1961-2020 in YP. Different types of RP for droughts were estimated
based on Copulas and compared with each other. The main findings can be summarized
as follows.

(1) The drought indices on a shorter time scale can only characterize the degree of water
shortage in the current month; the longer time scale drought indices can better reflect
the actual drought-impacted situation in YP, especially SPEI and SPI at more than
six-month time scale.

(2) Drought is more likely to occur in YP during the winter and spring. The fluctuations of
drought characteristics magnitude have been relatively stable over the study periods,
except for the years 2009-2013. For the 41 drought events, the optimal marginal
distribution functions for D, S, and A were WBL, LOGN, and LOGN distribution,
respectively. Frank Copula function is suitably used to construct the joint distribution
of Dand S, D and A, and D and S and A, and Gumbel Copula is the optimal joint
distribution function for S and A.

(3) Thejoint RP analysis showed that the 41 events during 1961-2020 differed in different
combinations of D, S, and A. When assessing the RP based on one-dimensional
drought characteristics only, the D-based and S-based RPs’ fluctuation was similar
and differed with A-based RP. When assessing the joint RP based on two-dimensional
drought characteristics, the D and A-based and S and A-based assessment results
show consistent fluctuations. For drought events with large differences in drought
characteristics, it is more reasonable to utilize joint RP based on D and S and A for
their extremeness assessment.

(4) The interval between drought events in YP has gradually decreased, and the risk of
drought has gradually increased since 1961. Compared with other drought events,
the extremeness of two droughts during 2009.05-2010.11 and 2011.07-2013.11 was
highest with RP larger than 100 yr.
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Appendix A

Table Al. Theoretical drought events identified in this study.

No. Drought Events D/Month S Al%
1 01/1961~02/1961 2 1.41 64.85
2 12/1962~09/1963 10 8.01 67.33
3 04/1966~04/1966 1 0.54 47.52
4 03/1969~07 /1969 5 5.78 82.77
5 02/1970~03/1970 2 1.36 60.89
6 10/1972~10/1972 1 0.66 61.39
7 02/1975~03/1975 2 1.42 66.83
8 09/1975~11/1975 3 1.62 50.83
9 06/1977~08/1977 3 1.43 44.22
10 12/1978~08/1979 9 8.12 72.61
11 04/1980~09/1980 6 4.02 57.59
12 12/1981~01/1982 2 1.44 53.47
13 08/1982~10/1982 3 1.74 52.15
14 07/1983~07/1983 1 0.52 49.50
15 12/1984~02/1985 3 1.82 59.41
16 03/1986~06/1986 4 1.83 46.29
17 05/1987~10/1987 6 4.59 64.85
18 03/1988-03/1988 1 0.53 58.42
19 06/1988~12/1988 7 4.89 60.54
20 08/1989~01/1990 6 3.68 54.62
21 12/1990~01/1991 2 1.29 56.93
22 06/1992-12/1992 7 5.79 64.36
23 07/1993~07/1993 1 0.57 53.47
24 01/1997~01/1997 1 0.53 54.46
25 03/1998~03/1998 1 0.53 51.49
26 12/1998~06/1999 7 6.17 68.03
27 02/2001~04/2001 3 222 63.37
28 02/2003~04/2003 3 1.87 60.73
29 08/2003~30/2004 8 7.69 74.63
30 11/2004~11/2004 1 0.52 49.50
31 02/2005~02/2005 1 0.50 49.50
32 05/2005~10/2005 6 3.98 57.92
33 02/2006~04 /2006 3 2.01 67.00
34 08/2006~01/2007 6 3.49 50.99
35 05/2009~11/2010 19 19.54 73.58
36 07/2011~11/2013 29 28.49 75.35
37 04/2014~12/2014 9 6.74 61.50
38 06/2015~10/2015 5 4.37 64.36
39 01/2018~04/2018 4 2.48 52.23
40 04/2019~03/2020 12 13.06 75.91
41 06/2020~12/2020 7 5.44 64.07
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Figure Al. Variations in the extent of grain loss rate and the joint return period calculated by
three-dimensional drought characteristics for 41 drought events in Yunnan province.
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