Weather and Climate Extremes 40 (2023) 100566

Contents lists available at ScienceDirect =
EATHER
g ZCLIMATE
Weather and Climate Extremes EXTREMES

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/wace

Check for

Quantifying hazard of drought and heat compound extreme events during @&
maize (Zea mays L.) growing season using Magnitude Index and Copula

a,b,c,” a,b,c
)

Ying Guo "¢, Jiquan Zhang , Kaiwei Li ™€, Han Aru ™", Zhi Feng "¢, Xingpeng Liu

ss a,b,c
Zhijun Tong *”
@ School of Environment, Northeast Normal University, Changchun, 130024, China

b State Environmental Protection Key Laboratory of Wetland Ecology and Vegetation Restoration, Northeast Normal University, Changchun, 130024, China
¢ Key Laboratory for Vegetation Ecology, Ministry of Education, Changchun, 130024, China

ARTICLE INFO ABSTRACT

Keywords:
Compound event
Hazard assessment

Hazard assessment is the basic work in the field of disaster risk. For the agricultural field which is seriously
affected by extreme events, it is necessary to carry out hazard assessment of compound extreme events (CEEs) to
increase the accuracy of risk assessment. First, in this study, the SMDI and TCI were used to characterize the

}Dlre(::ght spatial and temporal distribution patterns of agricultural drought and heat, respectively, and the drought and
Copula heat compound extreme events (DHCEEs) were identified by characterizing the drought and heat events based on

runs theory. Then, the compound event magnitude index (CEMI) was constructed by fitting the non-transcendent
probabilities. next, the optimal copula function of severity and duration of DHCEEs was screened, and the fitted
probabilities were used in the hazard assessment. The hazard assessment model of DHCEEs is constructed by
considering the occurrence probability, severity, and duration. We evaluated the hazard of all DHCEEs identified
in the Songliao Plain from 1990 to 2020. The results show that the whole study area is affected by agricultural
drought, and heat mainly affects the western region. CEMI can effectively determine the severity of DHCEEs. In
the study area, 46.51% of the DHCEEs have a hazard less than 0.1, and 2.71% have a hazard greater than 0.5.
The event that had the biggest hazard occurred in 2001, and the proportion of high hazard compound events
gradually increased after 2000. Similar compound extreme events are gaining attention in important food-
producing regions around the world, and the hazard assessment model constructed in this study can be used
to assess crop damage from compound extreme events in real-time, increasing the relevance and accuracy of risk
assessment.

Conditional cumulative probability

planted and harvested acreage, yields, planting boundaries, and result-
ing economic losses (Haqiqi et al., 2021; Sanchez et al., 2014; Teixeira

1. Introduction

As one of the most typical extreme compound events, drought and
heat compound extreme events (DHCEEs) bring escalating threats to
agricultural production (Hammer et al., 2020; Lobell et al., 2015;
Mehrabi and Ramankutty, 2017), but the extent to which current risk
assessments of compound extreme events (CEEs) can reflect such im-
pacts is unclear (Curt, 2021; Kappes et al., 2012). With regional and
global warming, drought and heat events are becoming more frequent,
causing significant impacts on crops including, but not limited to,

et al.,, 2013; Wagqas et al., 2021). Therefore, risk assessment of crops
affected by DHCEEs is widely concerned (Hao and Singh, 2020). For
vulnerable long-term rain-fed agricultural mechanisms, targeted hazard
assessment of CEEs is more accurate to understand the impact of climate
change on crops, which is important for early warning and prevention
and control of extreme events (Merz et al., 2020; Ward et al., 2020).
Drought, a common agro-meteorological disaster, is a key climatic
extreme that causes food production losses and thus spikes in food prices

Abbreviations: DHCEEs, drought and heat compound extreme events; CEEs, compound extreme events; SMDI, Soil Moisture Deficit Index; TCI, Temperature
Condition Index; CEMI, Compound event magnitude index; H, Hazard of compound extreme events; ts, start time; te, end time; GOF, goodness of fit; AIC, Akaike

Information Criterion; RMSE, Root Mean Squared Error.

* Corresponding author. Northeast Normal University, 2555 Jingyue Street, Changchun City, Jilin Province, China.
E-mail addresses: guoy471@nenu.edu.cn (Y. Guo), zhangjq022@nenu.edu.cn (J. Zhang), likw395@nenu.edu.cn (K. Li), arh690@nenu.edu.cn (H. Aru),
fengz853@nenu.edu.cn (Z. Feng), liuxp912@nenu.edu.cn (X. Liu), gis@nenu.edu.cn (Z. Tong).

https://doi.org/10.1016/j.wace.2023.100566

Received 18 July 2022; Received in revised form 18 April 2023; Accepted 27 April 2023

Available online 27 April 2023

2212-0947/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:guoy471@nenu.edu.cn
mailto:zhangjq022@nenu.edu.cn
mailto:likw395@nenu.edu.cn
mailto:arh690@nenu.edu.cn
mailto:fengz853@nenu.edu.cn
mailto:liuxp912@nenu.edu.cn
mailto:gis@nenu.edu.cn
www.sciencedirect.com/science/journal/22120947
https://www.elsevier.com/locate/wace
https://doi.org/10.1016/j.wace.2023.100566
https://doi.org/10.1016/j.wace.2023.100566
https://doi.org/10.1016/j.wace.2023.100566
http://crossmark.crossref.org/dialog/?doi=10.1016/j.wace.2023.100566&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Y. Guo et al.

(Leng and Hall, 2019). between 1964 and 2007, global drought events
caused losses of 1.82 billion mg, approximately equal to global maize
and wheat production in 2013 (Leng and Hall, 2019). In agriculture,
many studies related to drought or heat have been conducted based on
deterministic and probabilistic methods. For example, Sheffield et al.
(2009) conducted a severity-area-duration (SAD) analysis of drought
events to identify and characterize the most severe events across con-
tinents and at different durations and spatial scales globally. Liu et al.
(2019) analyzed the mechanism of constructing the composite drought
index by the principal component analysis (PCA) and joint probability
distribution methods, respectively. Mirabbasi et al. (2012) analyzed the
frequency of drought events in northwestern Iran during 1967-2007
based on the standardized precipitation index combined with the
Gumbel-copula function. Teixeira et al. (2013) conducted the first
spatial assessment of global heat stress risk for four major crops, wheat,
maize, rice, and soybean, based on heat stress intensity indices.

Drought and heat events cannot be studied without the construction
of indicators, and various indices have been developed according to
different fields such as meteorology, agriculture, and hydrology (Zargar
et al., 2011). The heat indexes are centered on temperature thresholds,
harmful accumulation temperatures, and temperature cycles (El Sabagh
et al., 2019; Eyshi Rezaei et al., 2015). It is worth noting that heat and
drought are two related but distinct factors, and regional land-air in-
teractions sometimes significantly influence the development of CEEs,
resulting in mutually reinforcing positive feedback effects. In the United
States, extreme heat and drought have become two major limiting fac-
tors for rainfed corn cultivation systems (Li et al., 2022). In 2018, crop
losses reached €340 million in Germany and €116 million in Switzerland
when the continent experienced record-breaking summer heat and
extreme drought (Bastos et al., 2020). Shi et al. (2021) used the SPI
index and daily maximum temperature to investigate the spatial and
temporal variability of drought and heat compound events in China, and
found a general increase in heat wave-drought compound events in
northern, northwestern, and southwestern China. Wang et al. (2018)
used SPEI and extreme degree days to investigate the spatial and tem-
poral distribution of drought and extreme heat in the Yellow-Huaihai
Plain of China from 1981 to 2015, as well as the trends of compound
extreme events. It is of concern that previous studies have often recog-
nized and evaluated drought and heat events in isolation, without
considering their interactions. And the studies mostly stop at spatial and
temporal distribution pattern analysis or occurrence probability
analysis.

Risk is the result of the interaction of hazard, exposure, and
vulnerability. Hazard evaluation is the first step of disaster risk evalu-
ation, which mainly measures the intensity of the causative factor to the
hazard-bearing body. As a natural attribute of risk formation, hazard is
the product of the probability of occurrence of an event and its severity
(Chunyi et al., 2015). As an essential work for agro-meteorological
disaster risk assessment, Zhang et al. (2021) evaluated the heat hazard
for summer maize in the Haihe Plain by describing the severity of
extreme heat events through the continuous days and cumulative tem-
perature. Danjun et al. (2017) used the spatial vegetation drought index
(SVDI) combined with probability density curves to assess the drought
hazard in west-central Jilin Province.

Although, as the global environment changes, scientists are gradu-
ally recognizing the neglect of the field of CEEs research (Damalas et al.,
2018; Lee etal., 2020; Wang et al., 2020). Most studies have also focused
on one extreme event or described probability, duration, or intensity in
isolation. In addition, in studies of CEEs, due to confusion between the
concepts of hazard and risk, the evaluation of crop hazard often typically
ignores the association between probability and severity. This might
lead to considerable uncertainty in the subsequent risk assessment. In
this regard, it becomes more urgent to construct a hazard assessment
model for CEEs and to rapidly assess the hazard of CEEs in real-time.

In this study, we used maize as an object of study to construct
DHCEE:s hazard assessment model., combining the magnitude index and

Weather and Climate Extremes 40 (2023) 100566

the copula function, so that the model can simultaneously consider the
severity, duration, and probability of occurrence of the DHCEEs. The
study allowed: (1) Analysis of multi-year changes in drought and heat
conditions during different growing periods of maize. (2) Understanding
the occurrence of DHCEEs in maize in the Songliao Plain. (3) To
construct a DHCEEs hazard assessment model and obtain the charac-
teristics of DHCEEs hazards. The model will be applied to the Songliao
Plain, which is known as the golden corn belt in northern China. This
research result can help to understand the characteristics and patterns of
agro-meteorological disaster occurrence in-depth, and is a further
exploration of the comprehensive assessment of the risk of CEEs,
increasing the accuracy and relevance of risk assessment.

2. Study area and data
2.1. Study areas

Songliao Plain (SLP: 118°40'E to 128°00'E to 40°25'N to 48°40'N) is
located in northeast China, it covers southern Heilongjiang Province,
central and western Jilin Province, and most of Liaoning Province
(Fig. 1) (Bin et al., 2020; Ting-ting et al., 2014). It envelops an all-out
area of around 3 x 10° hm? Maize is one of the principal crops plan-
ted in Songliao Plain, representing around 1/3 of the national total
output, 1/4 of the total sown area, and more than 1/2 of the total export
volume (Guo et al., 2022). The yearly precipitation in the review region
is 500-750 mm and the yearly mean evaporation is 2-3 times that of the
yearly mean precipitation (Guna et al., 2019). The highest temperature
occurs in July and August. Farming relies essentially on rainfall. Irri-
gation and fertilization methods are single(Zhang and Hayakawa,
1999). As of late, the occurrence of extreme heat and the increase of
drought events have brought more uncertainty to maize production.

2.2. Data source

Investigation of the effect of complex interaction between land and
atmosphere requires long-term observation of basic hydrological vari-
ables, such as soil moisture, precipitation, and evaporation from the land
surface (or “evapotranspiration”). The Global Land Evaporation
Amsterdam Model (GLEAM) has four fundamental modules (Potential
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Fig. 1. Sketch map of the study area.



Y. Guo et al.

evaporation module, Rainfall interception model, Soil module, Stress
module), which is a set of algorithms specially used to estimate land
evaporation and soil moisture in root zone from satellite data (Martens
et al., 2017; Miralles et al., 2011). We obtained daily data on root-zone
soil moisture (SMroot: 10-100 cm) and surface soil moisture (SMsurf:
0-10 cm) from GLEAM from 1990 to 2020. Datasets are provided on a
0.25° x 0.25° latitude-longitude grid, with a daily temporal resolution.

The temperature data comes from the China Global Land Reanalysis
System (CMA-RA) established by the National Meteorological Informa-
tion Center with the core technologies of ensemble assimilation algo-
rithm, multi-source fusion method, Noah 3.3 land surface model, and
surface parameter optimization (http://data.cma.cn/). Datasets are
provided on a 0.5° x 0.5° latitude-longitude grid, with a 3 h temporal
resolution. We use bilinear interpolation technology in ArcGIS to reduce
the data to 0.25° x 0.25° spatial scale.

We collected maize yield and growth period data for 31 prefecture-
level cities in the Songliao Plain from 1990 to 2020. The data are
mainly obtained from provincial statistical yearbooks, Weather Bureau,
and Statistical Bureau. The quadratic exponential smoothing method
was used to detrend the yield data. According to the actual growth re-
cords of maize in the study area, the growing period was divided into
April (Seeding); May (Seedling - Three-leaf stage); June (Three-leaf -
Jointing stage); July (Jointing - Silking stage); August (Silking - Milk
stage); September (Milk -Mature stage). The food crops planting area
and the drought covered area are from the National Bureau of Statistics
(http://www.stats.gov.cn/tjsj/). The standard geographical information
data came from the National Catalogue Service for Geographic Infor-
mation website (http://www.webmap.cn).

3. Method

The general flowchart of this research is presented in Fig. 2. The
following sections describe the steps in detail.

STEP 1 : Index Selection and Calculation

0N Agricultural
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3.1. Soil moisture deficit index (SMDI)

SMDI is an agricultural drought index put forward by Narasimhan
and Srinivasan in 2005 (Narasimhan and Srinivasan, 2005). SMDI is not
affected by climate types and seasons, which is suitable for describing
short-term drought conditions and has good spatial comparability. At
present, it is widely accepted and applied in agricultural drought
research (Narasimhan and Srinivasan, 2005). In this study, GLEAM daily
grid data of 0-100 cm soil layer from 1990 to 2020 are used for
calculation:

SD;

SMDI; =0.5SMDI; | +—

50 )

Where SDj is soil moisture deficit or excess (%) and can be computed as:

_ SWi, — MSW, ,

SDis = S, mingw; > 100 F5Was < MSW, 2
SW,; — MSW; ‘

SD ] L % 100, ifSW;; > MSW; ©)

Y maxSW, — MSW,

Where SWj; is the soil moisture for the i day and the j grid (m%/m3).
MSW; is the median of long-term soil moisture. MaxSW; and minSW; are
the long-term maximum and minimum soil moisture, respectively. The
scope of the SMDI esteem shifts from —4 to 4, showing extreme dry to
extreme wet circumstances.

3.2. Temperature condition index (TCI)

Before determining the degree of heat events, it is necessary to
construct an index that can reflect the influence of temperature. TCI can
more conveniently identify heat events and calculate the intensity, and
can also achieve spatial comparability.

Ti,/’ - Tm[n,/'

TCI, i =
! Tnarj — Ting

4

Where Tj; is the average temperature from 12 noon to 3 p.m. for the ith
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day and the jth grid (°C). Tminj and Tmay; represent the lowest and
highest temperatures from 1990 to 2020 respectively. The value of TCI is
between [0-1]. The higher the temperature, the value of T;; is close to
Tmax,j, and the value of TCI is close to 1, otherwise, it is close to 0.

The heat stress index is based on the extremely high temperature
threshold in the growth stage of maize. When the temperature exceeds
the threshold, morphological markers such as pollen vitality, stamen
growth, and interval between flowering and silking will be affected
(Lizaso et al., 2018; Lyakh et al., 1991). When heat occurs in the critical
period of determining grain numbers, it will lead to a huge drop in yield.
The heat threshold widely recognized by researchers is 30-33 °C from
Seedling to Jointing stage, 30-35 °C from Jointing stage to Milk stage,
30-35 °C from Milk stage to Mature stage (Xin-ying et al., 2021; Zhang
et al., 2020). Different researches on extreme events have different un-
derstandings and definitions. Extreme events may be different from
normal conditions (Abnormal), or they may be different from what the
carrier needs or can accept (Stressful). Combined with the abnormal and
stressful, and considering the actual perceived temperature, 30 °C was
selected as the heat threshold of maize in this study. The data is the daily
average temperature of 3 h (12 noon-15 p.m.). This kind of data reflects
that maize is affected by the lowest 3-h heat every day and the heat
event lasts for several days.

3.3. Theil - Sen median trend analysis and the Mann - Kendall test

Theil-Sen Median method is a robust trend calculation method for
nonparametric statistics. Mann-Kendall is a nonparametric statistical
test method used to determine the visibility of trends. The common
points of the two methods are as follows: (1) the data are not required to
obey a specific distribution; (2) Strong resistance to data outliers. (3)
High computational efficiency and insensitivity to measurement errors
and outliers (Dinpashoh et al., 2014; Jiang et al., 2015; Serrano-Notivoli
et al., 2018).

ﬁ:mean(xjj.:?),Vj> i %)

Where x; and x; are time-series data of grid cells. p > 0 indicates that the
time series shows an upward trend; < 0 indicates a downward trend.

n—1 n
S= Z Z sign(x; — x;) (6)

=1 j=it1
0= Xj — X; (7)
1 6>0
sign(6) = 0 0=0 (8)
-1 6<0
E(s)=0 ©
Var(s) :%éznm (10)
S—1
\/Var(s) $>0
Z= 0 S=0 an
S+1 S<0
Var(S)

Where n is the number of days. When the absolute value of z is greater
than 1.65, 1.96, and 2.58, the indicated trend has passed the significance
test with the reliability of 90%, 95%, and 99% respectively (Table 1).
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Table 1
Theil - Sen Median trend analysis and the Mann - Kendall test trend categories.

[} Z Trend type Trend features

p>0 2.58 <Z 4 Very significant increase
1.96 < Z < 2.58 Significant increase
1.65<Z<1.96 2 Slight significant increase
Z <1.65 1 Non-significant increase

p>0 z 0 Unchanged

p>0 Z <1.65 -1 Non-significant decrease
1.65<Z<1.96 -2 Slight significant decrease
1.96 < Z < 2.58 -3 Significant decrease
258 < Z —4 Very significant decrease

3.4. Define extreme events and compound extreme events

Because one of the characteristics of stress events is related to the
spatial component, the soil moisture and temperature data are resam-
pled to the Asia North Albers Equal Area Conic with the resolution of
0.25° x 0.25°.

3.4.1. Events characteristics

In this study, it is defined that the drought event starts at SMDI < —2
and ends at SMDI > —2. The VCI value of each grid is obtained by
calculating the maximum and minimum temperature of each grid, and
the VCI threshold of each grid is calculated by taking 30 °C as the
threshold. When temperature is higher than threshold, a heat event
begins, and when it is lower than this, the event ends. Another consid-
eration in the selection of threshold is to obtain a relatively large number
of compound event records. If the time interval between two adjacent
events is one day, it will be merged into one heat or drought event, and
the disaster event with the disaster event length of one will be excluded.
When the drought event and the heat event coincide in time in the same
grid, it is recorded as a compound event.

(1) Duration: The duration of drought events, heat events, and
DHCEEs, that is, events are the time interval between the start (ts)
and the end (te) of events in the grid. The duration of the DHCEEs
is based on the one that takes a long time among the drought and
heat events.

(2) Severity: It is an expression of the severity of the incident. It re-
flects the degree to which crops are affected by specific drought
and heat events. Calculate the cumulative sum of the difference
between the indicator and the indicator threshold.

te

Ssvpi = Y _(SMDI; — SMDI,,) 12

1=ts

te

Srai= Y _(TCL;— TCl,,) 13)

1=ts

Where Sgypr and Stcy are the severity of drought and heat events, ts and
te are start time and end time of events, SMDI; and TCI; are drought and
heat index values of each grid point, and SMDI, and TCI are event
thresholds.

(3) Intensity: It is the average of the severity of the event, which
represents the intensity of the event’s development.

te+1

> SMDI

ISMDI = m (14)
te+1
S TCI

IT(‘I = (LS‘[—JITI) (15)

Where Igypr and Ircr are the intensity of drought and heat events.
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3.4.2. Compound event magnitude index (CEMI)

Compound event magnitude index is a good method to combine heat
and drought events and eliminate the difference between units and
magnitudes (Wang et al., 2021; Wu et al., 2019). After identifying the
compound events, the index is converted into non-exceedance proba-
bility by fitting the marginal distribution function (Fig. 3). In this study,
the severity and intensity values calculated by the drought index are
multiplied by a constant (—1) to become positive numbers to facilitate
calculation. The calculation formula is as follows:

CEM[:PSMDI(SSMDI) * PT(STCI) (16)

Where Pgyp; and Pr are the non-exceedance probability of drought and
heat, respectively, which fall within [0,1], with large Ssyp; and Sr¢r
corresponding to high probabilities. Detailed description of these
methods is referred to Wu et al. (2019).

3.5. Copula

Copula function is a multidimensional joint distribution function
defined in [0,1] uniform distribution, and its construction does not need
to consider the marginal distribution (Salvadori and De Michele, 2004,
2010). The appearance of copula provides an effective method to
describe various characteristics of compound events. Let X and Y be
continuous random variables, and their marginal distribution functions
are FX(x) and FY(y) individually, and the joint distribution function is F
(x, y) (Salvadori et al., 2011, 2013). If each marginal distribution
functions are continuous, there is a unique function copula function C
(u, v), which makes:

F(x,y)=C[F.(x),F,(y)] =C(u,v) a7)

fl0y) = e(u, I () (v) (18

Where, F(x, y) is the joint distribution function; C represents the Copula
Function. u=FX(x) and v=FY(y) are marginal distribution functions of
random variables X and Y, respectively. c(u, v) is the density function of
Copula. fx(x) and fy(y) are the probability density functions of random
variables X and Y, respectively.

The construction of the copula function can be divided into three
processes: (1) Construct the marginal distribution of random variables;
(2) Fit of copula function; (3)Test of copula function. The Spearman
coefficient is used to measure the correlation between variables. In this
study, 17 theoretical distributions were employed to fit the univariate
probability distributions (Table SI. 1). The best marginal is chosen by
BIC value. Eight copula functions are mainly selected in the construction
of the joint probability distribution function (Table SI. 2). Markov chain
Monte Carlo simulation was utilized to work out the parameters
included in the copula function under the Bayesian framework. Akaike
Information Criterion (AIC), Bayesian Information Criterion (BIC), and
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Root Mean Squared Error (RMSE) are used as performance metrics to
judge the goodness of fit of the copula function. Detailed description of
these methods is referred to Sadegh et al. (2017).

When the severity value of the compound event is CEMIj, the dura-
tion of the compound event may be arbitrary, and the probability of
occurrence of different durations is different. Conditional distribution
can be used to predict the probability under such circumstances (Sadegh
et al., 2017). Derived from copula function, when (X, Y) is a
two-dimensional continuous random variable, its probability density
function is. For a fixed x value (duration) (Aas et al., 2009), there are:
oy =) _ IR 0)

Jx(x) Sx(x)

The conditional distribution function under the condition of X = x is

as follows:

=c(u,v)fy(y) (19)

__OF(x,y)/0x 0C(u,v)
"~ dFx(x)/dx  Ou

Fy(y) =P(Y <y|X=x) (20)

fr(y) and fx(x) represent the probability density functions of random
variables X and Y, respectively. As long as the joint distribution function
of X and Y is known, the conditional probability distribution function
Fyx(y) can be deduced. C(u,v) is copula function, and c(u,v) is the cor-
responding probability density function.

3.6. Compound extreme Event hazard assessment model

Hazard assessment is the first step of disaster risk assessment, which
mainly measures the disaster intensity of disaster-inducing factors to
disaster-bearing body. Meteorological hazard refers to the degree of
variation of meteorological factors that can cause disasters. Multi-
hazard evaluations for multiple extreme events should include two
components (1) different extreme events that threaten the same exposed
elements (with or without temporal coincidence); and (2) extreme
events that occur simultaneously. Based on the regional disaster system
theory and the formation mechanism of comprehensive risk of agro-
meteorological disasters, this study considers that the hazard is mainly
determined by the probability of disasters and the severity of disasters
(Cui et al., 2021). Generally, events with high frequency and severity are
at greater hazard.

H=CEMI x P (21

Y<yi.xcemr)
Where H is the hazard of compound events, and P represents the prob-
ability of compound events with severity xcgyy and duration less than or
equal to y;. Y is compound event duration days. Copula is used to esti-
mate the probability of compound events.
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Fig. 3. CEMI illustration based on SMDI and TCI. (a) and (b) are cumulative probability curves of SSMDI and STCI, separately. (c) The gray line is the threshold value
of drought and heat index. The blue area represents drought events, and the red area represents heat events. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)
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4. Results
4.1. Spatio-temporal distribution characteristics of extreme events

In this section, the Theil-Sen Median trend analysis and Mann-
Kendall test are respectively used to test the development trend and
significance of SMDI and TCI in different growth periods of maize from
1990 to 2020 (Fig. 4). The warming trend was most significant in the
southeastern part of the study area (Fig. 4 (al-a6)), and the most sig-
nificant increases were concentrated in June, July, and August. In July
(Fig. 4 (a4)), the area of significant and very significant areas accounted
for 49.83% of the total area, mainly concentrated in the eastern and
southern parts and a small part of the northwestern part, while the slight
significant area accounted for 12.22%. In August (Fig. 4 (a5)), 0.96% of
the regions had a very significant increase in the TCI, 10.29% had a
significant increase, and 9.00% had a slight significant increase. The
areas of significant increase are concentrated in the northeast corner,
south, and northwest corner. A significant increasing trend of TCI (very
significant, significant, slight significant) was observed in the southeast
direction in June with 21.54% of the regions (Fig. 4 (a3)). Beyond, there
is a tendency for the occurrence of low temperatures to increase in the
context of climate change (Fig. 4 (al, a2)). The regions with significantly
lower TCI (very significant, significant, slight significant) in April, May,
and September represent 30.23%, 36.33%, and 2.89% of the total re-
gions, respectively (Fig. 4 (al, a2, a6)).

SMDI is generally increasing in the Northeast, while it is trending
downward in the Southeast and Northwest (Fig. 4 (b1-b6)). Soil mois-
ture in the southeastern part of the study area was continuously tilting
toward a deficit state, showing a significant decreasing trend. Among
them, 15.76%, 4.50%, 7.72%, 7.72%, 31.19%, and 4.82% of the total
area of the study area with significant decrease (very significant, sig-
nificant, slight significant) agricultural drought from April to mid-
September, respectively. The SMDI in the northeastern part of the
Songliao Plain (southeastern Jilin Province) tends to increase from an
overall perspective because it is mountainous and belongs to the semi-
humid-humid zone.

4.2. Identification and characterization of extreme events

In this study, the number of events, duration, severity, and intensity
of all drought and heat events occurring in each grid from 1990 to 2020
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were identified separately by applying the runs theory (Fig. 5). In terms
of the number of events, the number of events in the southern region
(Jinzhou, Panjin, Fuxin, Yingkou, and Anshan) ranged from 50 to 73,
about 2 events per year. This was followed by the northwest region
(Baicheng and Fuyu) and the northeast region (Harbin), where the
number of events averaged over 40 (Fig. 5 al). Heat events were
frequent in the northwestern and southern parts of the study area. The
number of events ranged from about 11 to 26.9 (Fig. 5 a2). Judging from
the duration of the event (Fig. 5 (b1, b2)), the longest drought events are
concentrated in the north, lasting for 183 days, which is equivalent to
the whole growth period under drought stress. The shortest was 2 days.
Long-lasting heat events are mainly concentrated in the southwest and
northwest regions, with the longest duration of 13 days and the shortest
duration of 2 days. The analysis of event severity and intensity can
control and analyze the event from the perspective of cumulative in-
tensity and degree (Fig. 5 (c1, c2, d1, d2)). Areas with higher severity or
intensity were similar in distribution to areas with longer duration of
events, whether heat or drought.

Separate analysis of severity and intensity can capture the events in
terms of cumulative intensity and degree. Areas with higher severity or
intensity are similarly distributed to areas with longer event durations,
whether they are heat events or drought events. Some events were found
to be small in severity but large in intensity and small in duration, which
is consistent with the characteristics of flash drought and rapid warming
and needs further analysis. Statistics on the main characteristics of
drought and heat events in the Songliao Plain revealed (Table 2) that, in
terms of drought events, the duration has been increasing, while the
severity and intensity of droughts have generally increased. The years
2001-2004,2008,2015, and 2017 all experienced drought events that
lasted throughout the maize growth period. Drought events affecting
more than 50% of the total area of the study area occurred in 15 of the
31 years. The severity and intensity of heat events increased, with an
average impact area of 6% of the total area (15,114.6 km?).

4.3. Identification of compound extreme events

Seventeen theoretical distributions were selected to fit the charac-
teristics of drought and heat events within each grid. The marginal
distribution of drought severity is Birnbaum-Saunders , Exponential ,
Generalized Pareto ( gp ) , and Inverse Gaussian distribution, and heat
severity is generalized extreme value (gev) and gp. The Chi-square test
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Fig. 4. Spatial distribution of trends and significance of TCI (al - a6) and SMDI (b1l - b6) in the study area from 1990 to 2020.
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Table 2
Statistics of drought and heat events characteristics.
Evens characteristics Drought Evens Heat Evens
1990-2000 2001-2010 2011-2020 1990-2000 2001-2010 2011-2020
Duration (d) Mean 23 30 27 2 3 3
Max 155 183 183 6 9 13
Min 2 2 3 2 2 2
Severity Mean —67.17 —91.39 —81.28 1.96 2.08 2.23
Max —517.45 —724.56 —706.58 5.35 8.19 11.38
Min —4.00 —4.00 —4.00 1.74 1.74 1.75
Intensity Mean —2.56 —2.64 —2.61 0.89 0.90 0.92
Max -3.95 -3.99 -3.97 0.94 0.95 0.96
Min —2.00 —-2.00 —-2.00 0.88 0.88 0.88
Average area (km?) 104180.73 173502.00 101331.00 10935.98 18792.51 15876.00

was used to estimate the parameters of the marginal distribution func-
tion. The Kolmogorov - Smirnov method was used to evaluate the GOF.
All optimal distributions passed the a = 0.05 significance test. The CEMI
obtained by the marginal distribution function of SMDI and TCI can
reflect the intensity of DHCEEs and takes into account the effect of the
event duration on the event intensity. CEMI was significantly and
positively correlated with heat duration, drought duration, heat
severity, and heat intensity. It is significantly negatively correlated with
drought severity and drought intensity, which is due to the negative
value of the drought index. (Fig. 6).

The spatial distribution of the mean CEMI values of DHCEEs in the
study area was plotted for the selected years 1997,2001,2016 and 2018
(Fig. 7). In 1997 (Fig. 7a), DHCEEs occurred in the northwestern part of
the study area, with Zhenlai, Da’an, Qianguo, and Qian’an being more
serious, with DHCEEs concentrated in June and July. In 2001 (Fig. 7b),
CEMI was concentrated in Zhenlai, Da’an, Qianan, Changling, Qianguo,
and Tongyu, the intensity is similar to 1997, concentrated in July and
August. In 2016 (Fig. 7c), the scope of DHCEEs decreased, the intensity
of the impact was reduced, and the affected areas were Taonan, southern
Zhenlai, and Da’an, concentrated in August. The 2018 DHCEEs were
concentrated in July and August in southern Liaoning (Fig. 7d).

According to the statistics of all DHCEEs in the Songliao Plain from 1990
to 2020, it was found that DHCEEs are mainly located in Anshan, Bai-
cheng, Fuyu, Fuxin, Jinzhou, Panjin, Shenyang, Siping, Tongliao,
Yingkou, and Changchun. The months of occurrence are concentrated in
July and August, which are the jointing - silking stage and silking - milk
stage of maize.

4.4. Compound event hazard assessment

In this section, the hazard of DHCEEs in 1997, 2001, 2016, and 2018
is calculated using the compound events identified in section 2.5 and the
hazard assessment model constructed in section 2.6 combined with the
copula. The optimal marginal distribution functions for CEMI and
compound events duration were beta and gp, respectively. the optimal
copula functions were Gaussian copula (RMSE 0.5056 , NSE
0.9797). From the results, the most severe compound event hazard in
1997 (Fig. 8a), 2001 (Fig. 8b), and 2016 (Fig. 8c) were located in the
northwestern part of the study area. In 2018 (Fig. 8d), the DHCEEs
moved to the south and increased in intensity. The hazard in 2016 was
the lowest in four years, which may be related to the compounded event
characteristics of high heat severity and low drought severity in that
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Fig. 6. Heat map of correlation between CEMI and severity, intensity, and
duration of drought, and heat events. HSeverity and DSeverity are the severity
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intensity of heat and drought events; HDuration and DDuration are the duration
of heat and drought events ****, *** ** and * indicate p < 0.001, p < 0.01, p
< 0.05 and p < 0.10, respectively.

year. Combined with Fig. 5, the heat events and drought events with
higher severity and intensity occurred in the northwestern and south-
western parts of the study area, and the eastern part was not as severe as
the western part. Fig. 9 shows the conditional cumulative probability
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curves under different CMEI scenarios. The four situations have similar
patterns. With the increase of CEMI, the probability of compound events
decreases. For example, for an event with a duration of 6 days, with the
CEMI increased from 0.25 to 0.5, 0.75, and 0.9, the probability of
occurrence decreases by 2.7%, 4.2%, and 5.0% respectively.

5. Discussion and conclusion
5.1. Discussion

The occurrence of an extreme event or even a disaster may be an
extreme state of a single meteorological factor, however, it is more likely
to be a composite effect of multiple interdependent extreme events. Most
studies on CEEs tend to analyze one of these events in isolation, ignoring
the temporal and spatial overlap of the events and their persistent
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Fig. 9. Conditional cumulative probability distributions for different com-
pound event intensities.
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characteristics. Our study establishes a hazard assessment model for
DHCEEs based on regional disaster system theory and agro-
meteorological disaster risk assessment theory, combining magnitude
index and copula function, which takes into account the severity,
duration, and probability of occurrence of the CEEs. Allows for
comprehensive consideration of the developmental stages of the events
and real-time assessment of their risk. It helps to increase the accuracy
and relevance of risk assessment and better guide the formulation of risk
management and disaster mitigation countermeasures for agricultural
production.

5.1.1. DHCEEs affect the growth and development of maize

In the context of global warming, temperatures are generally rising
in China (Li et al., 2022). The heat events in the study area mainly
occurred from mid-June to mid-August, with the most frequent occur-
rence from late July to mid-August (200-240). At this time, maize grown
will be going through important stages such as jointing, teaselling,
flowering, silking and grain filling stage. Drought during the jointing
stage of maize will lead to hindered differentiation of the female ears,
affecting the normal growth and development of filaments and forming
empty poles or ears. Heat at the jointing stage will affect the synthesis
and transport of organic matter in maize plants and the differentiation of
male and female ears. The DHCEEs at this time mainly affect maize
kernel plumpness. The main causes of yield reduction due to drought
during the tasseling-silking stage were the decrease in ear length and
grain number, the shortened flowering stage, and the decrease in pollen
activity. At this time, heat will lead to obstruction of pollen dispersal and
further decrease of pollen quantity and activity (Ayub et al., 2021;
Hussain et al., 2019; Lizaso et al., 2018; Siebers et al., 2017; Wilhelm
et al., 1999). Temperature during the filling stage is the main factor
affecting photosynthesis and substance reaction enzyme activity.
Extreme heat events can cause disturbance in the output and distribu-
tion of photosynthetic products. It also accelerates leaf senescence and
reduces dry matter accumulation and nutrient formation. Heat and
drought directly affect the rate of grain filling when they occur together.
Rapid dehydration of the grain is accompanied by the phenomenon of
heat forcing maturity. Therefore, DHCEEs during the filling stage pose a
significant threat to both yield and seed quality (Sanchez et al., 2014;
Wang et al., 2022; Zhu et al., 2018, 2019).

We analyzed the growth period of maize. Only the silking stage
showed a slight tendency to advance (Figure SI. 1). We believe that the
delay of the seeding date is related to the northward expansion of middle
and late maturity maize varieties, mainly concentrated in southwest
Heilongjiang and northern Jilin. This part is also an area where drought
events and heat events occur severely (Fig. 4). And the sowing and
emergence stages of most sites in west-central Jilin Province and
Liaoning Province showed an early trend. Changes in climatic resources
affect maize phenology, and changes in phenology also reflect climate
change to some extent. The maize growth period in the study area was
extended at the seedling - three-leaf stage, silking - milk stage, and milk-
mature stage. The middle and late growth period of maize in most sites
in the study area is prolonged, which will expose more to heat (Figure SI.
2).

The variation in the length of the growth period is mainly related to
climatic factors and maize varieties. For example, in terms of varieties,
late maturing varieties had a long filling stage and relatively low filling
rate, while early maturing varieties had a short filling stage and rela-
tively high filling rate. The selection of late maturing varieties is more
conducive to offset the shortening of the filling stage due to heat. In
terms of climate factors, the relatively large annual temperature fluc-
tuations in the northern region also lead to a large variation in the cu-
mulative temperature required for each growth period of maize from
year to year, and the variation in the growth period is more unstable
(Huo et al., 2023). Combined with the analysis of previous research
results, we believe that appropriate temperature increase may positively
affect yield and grain quality by affecting the length of maize growth

Weather and Climate Extremes 40 (2023) 100566

periods. However, in the context of increasing heat and drought stress, it
is uncertain whether this kind of increase in maize yield can offset yield
losses in previous stages (Minoli et al., 2022; Zhu et al., 2018, 2019).
Risk assessment and management research in this area needs to be
further explored.

July and August is the month with the most significant warming
trend in the Songliao Plain, which corresponds to the jointing - silking
stage of maize, when maize is most sensitive to temperature (Hussain
et al,, 2019; Mayer et al., 2014; Qaseem et al., 2019).In addition,
drought events were more scattered, characterized by long duration,
wide impact, and high intensity (Li et al., 2015; Ye et al., 2019; Yue
et al., 2018). The more severe heat events were concentrated in the
northwest and southwest. The areas where the more severe compound
extreme events occurred roughly overlapped with the areas where heat
occurred. The data from the correlation analysis showed a positive
correlation between CEMI index and heat intensity (p < 0.001). In the
future, there is a trend of further temperature increase in the study area,
while most of the land areas will experience severe and widespread
drought (Dai, 2013). This makes the coincidence of heat and drought
around the flowering stage of maize likely to be a major limiting factor
for maize production in the Songliao Plain.

5.1.2. Yield decreased linked to DHCEEs

According to previous studies and records of the disaster canon, 1997
was a typical drought disaster year in Jilin Province, and grain pro-
duction decreased by about 20% due to drought (Jia et al., 2018). 2001
was a typical major drought year in Northeast China, and the ratio of
drought disaster area to total disaster area was greater than 80% (Li and
Lyu, 2022), while 2001 was the 4th highest temperature year in Jilin
Province for the same period since the founding of the country (Xi,
2001). 2018 was a typical heat and drought year in Liaoning Province
(Min et al., 2019). To confirm the reasonableness of the hazard evalu-
ation results, we reverse analyzed the occurrence of extreme events in
years of reduced maize production. The calculation method of yield
reduction rate and the classification of the year’s harvest in yield are
shown in China Meteorological Industry Standard QX/T335-2016.
Table SI. 3 shows the years in which different levels of yield reduction
in maize occurred and the years in which the typical DHCEEs identified
in this study occurred. Typical year is defined as the year in which the
hazard calculation results are in the first 50% of the years of the
DHCEEs. In the year of maize production reduction, the frequency of
DHCEE:s is higher (Figure SI. 1). This is consistent with the calculation of
the CEMI index. Ari guna calculated the spatial distribution of maize
yield reduction rate in the Songliao Plain from 1981 to 2018, and its
results also showed that the level of yield reduction rate in the south-
western (Jinzhou, Panjin, Anshan, Liaoyang, Fuxin) and northwestern
(Baicheng, Songyuan) parts of the Songliao Plain was relatively high
(Ari et al., 2021). In general, there are cases where yield reductions are
not related to DHCEEs. However, yield reductions occurred more
frequently in years of high hazard than in other years. This indicates that
the constructed hazard assessment model better reflects the situation of
maize DHCEE:s in the study area.

Frequent heat events are generally of low intensity and are often
recorded together with drought events. Overall, we believe that heat
events do exist in the northeast, but there has not been a long-term large-
scale significant warming that has rarely had a serious impact on corn
production alone. However, the risk of compound events in the south-
western part of the study area tends to increase after 2015, probably due
to the relatively high number of heat events and significant warming
trend in the region, and the increased probability of compounding with
drought events.

There are several points to note about our study. First, our study
provides an evaluation model that can calculate the risk of compound
events dynamically in real time. However, the simultaneous occurrence
of heat and drought is only one model for the occurrence of compound
extreme events. The correspondence between meteorological factors
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and crops is more complex. Second, we takes into account both intensity,
duration, and frequency, but assumes a grid for the range of occurrence
of a single event, which may neglect the hazard at times when the range
of occurrence is wide but the intensity is low. Adding the factor of event
occurrence range can increase the accuracy of event intensity. Also, we
plan to further explore the similarities and differences between the ef-
fects of heat on crops in days and in hours.

The hazard evaluation model established in this paper combines the
magnitude index and the copula model, which can take into account the
intensity and probability of the composite event at the same time and
can show the hazard level of the event better than the simple recurrence
period calculation and occurrence probability calculation. By con-
structing a joint distribution, the hazard of a compound event can be
evaluated in real time. By combining real-time monitoring and early
warning information, we can quantify the risk of crop hazards in a
specific warning area in real time, so as to better guide agricultural
production and layout.

5.2. Conclusion

In this study, the comprehensive index CEMI of compound extreme
events of drought and heat was constructed by using SMDI index and TCI
index, and the risk evaluation model of compound extreme events was
constructed by combining copula function. The severity was determined
by the cumulative distribution function of drought events and heat
events, respectively. The fitted probability of a specific compound
extreme events is obtained from the conditional distribution probability
calculus constructed by the copula formula. The main findings are as
follows:

(1) July was the most significant warming trend in the study area,
and the increase in drought was most severe in July and August.
The northwestern and southwestern regions are the areas where
heat events occur with relatively high intensity and severity.
Drought events, on the other hand, affect the entire region of the
Songliao Plain with varying degrees of severity.

The result of CEMI is reliable. CEMI was significantly correlated
with the duration, severity, and intensity of drought and heat,
with the largest correlation coefficient with the intensity of heat,
p < 0.001. high CMEI values were mainly found in northwest and
southwest regions.

Events of high intensity have a lower probability of occurrence
compared to events of low intensity, but may have similar haz-
ards, which can be well quantified by the hazard assessment
model constructed in this study. Hazardous less than 0.1 of the
event accounted for 46.51%; greater than 0.1 less than 0.2
accounted for 17.83%; greater than 0.2 less than 0.3 accounted
for 18.60%; greater than 0.3 less than 0.4 accounted for 10.09%;
greater than 0.4 less than 0.5 accounted for 4.26%; greater than
0.5 accounted for 2.71%. Most of the high-hazard events
occurred after 2000. the most dangerous DHCEEs (H = 0.6239)
occurred in July 2001.

(2

—

3

-

Comprehensive, accurate, and rapid analysis of compound hazard
intensity and risk is essential for effective agro-meteorological hazard
risk management. Given the nutritional value, economic value, and
widespread cultivation of maize, our study can provide guiding infor-
mation with broad implications for future studies on the distribution of
compound extreme events and risk assessment. Also, it can be extended
to studies on the assessment of the risk of compound extreme events for
other crops including but not limited to food crops.
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