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Abstract: Climate change and climate extremes and their impacts on agriculture, water resources,
and ecosystems have become important issues globally. Agricultural sustainability and food security
are facing unprecedented challenges due to the increasing occurrence of extreme climatic events,
including, notably, extreme droughts in recent years in China. In this study, a threshold determination
model of extreme agro-climatic droughts (EADs) was built based on the cumulative probability
distribution functions (CDF) of an agricultural drought index—the consecutive days without available
precipitation (CDWAP). The CDWAP was established by combining meteorological data with the
characteristics of cropping patterns and the water requirement in different growing periods of crops.
The CDF of CDWAP was obtained based on the relationship of CDWAP and its occurrence frequency.
Based on the model, the spatial pattern of the thresholds of EADs and the threshold exceedance time
series of EADs in 500 meteorological stations were obtained, and then changes in the frequencies
and intensities of EADs in China and their impacts on grain yields in rain-fed regions during the
past 50 years were analyzed. The results follow: (1) The threshold value of EADs in China gradually
increased from southeast to northwest. The stations of the highest value were located in the Northwest
China, with the CDWAP more than 60 days, while the lowest value was in the middle reaches of the
Yangzi River, with the CDWAP less than 16 days. (2) The frequencies and intensities of the EADs
increased mostly in the east areas of the Hu Huanyong line, which was also the main agricultural
production region in China. The North China (NC) and Southwest China (SW) regions showed
the highest increasing rates of the EADs; their frequencies and intensities were 11.3% and 2.2%,
respectively, for the NC region, and 9.3% and 2.7%, respectively, for the SW region. (3) Case studies
in the NC, SW, and SE regions indicated that there was a negative correlation between grain yields
and EAD frequency and intensity; i.e., the low grain yields often occurred in the year with relatively
higher frequency or/and stronger intensity of EADs. The correlation coefficients of grain yield and
EAD were generally greater than that of merely extreme climatic droughts; therefore, the study of
EAD is necessary when researching the impacts of extreme drought events on grain yield.

Keywords: extreme agro-climatic droughts; CDWAP; grain yield; North China; Southwest China;
Southeast China

1. Introduction

According to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC), climate extremes are occurring worldwide at a rapidly increasing rate in

Atmosphere 2022, 13, 4. https://doi.org/10.3390/atmos13010004 https://www.mdpi.com/journal/atmosphere

https://doi.org/10.3390/atmos13010004
https://doi.org/10.3390/atmos13010004
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://doi.org/10.3390/atmos13010004
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos13010004?type=check_update&version=2


Atmosphere 2022, 13, 4 2 of 22

an enlarged scope during the 21st century [1]. The climate models predict that the global
water cycle will strengthen under the accelerating global warming, with more frequently
occurring and intensified climate extreme events in many areas globally, both in extreme
precipitation and extreme drought [2]. This has attracted the worldwide attention of the
scientific community, governments, and the public. Among all climate extremes, extreme
droughts are more prone to cause destructive disasters to agriculture, water resources,
food security, and human life since they are accumulative, hidden (liable to be ignored
at the initial stage), durative, seasonal, frequent, widespread, severe, and highly influen-
tial [3,4]. Statistics show that drought-induced loss accounted for more than 15% of the
total loss caused by various natural disasters every year in China. According to statistics,
the occurrence of droughts accounted for about one-third of the total five types of cli-
mate disasters (droughts, floods, typhoons, freezing, and dry–hot winds) in China during
1949–2005, with droughts ranked first among various climate disasters [5]. Zhang et al.
(2014) also concluded that drought was the most frequent disaster during 1991–2009, with
the highest proportion, 79%, among all the agro-meteorological disasters [6].

Research on frequency and intensity of extreme drought climate events generally first
needs to determine the drought index [7,8]. Many studies refer to drought index, which
can be divided into two categories. The first are drought indices based on the average state
of the climate change or on the relationship between regional water supply and demand.
The representative indices include Palmer drought severity index [9,10], standardized
precipitation evapotranspiration index (SPEI) [8,11], Bhalme and Mooley drought index [12],
standardized precipitation index [7,13], among others. These drought indices are generally
defined from the perspective of meteorology, agriculture, and hydrology, but they mostly
reflect the average state of a certain period of time in the region, so the meaning of extreme
events is weak. The second type of drought index mainly refers to the index adopted
based on the definition of the probability of extreme climate events, e.g., consecutive dry
days (CDD) in a year [14–17]. Although the second type of index is defined based on the
probability of extreme events, it only belongs to the climate index and not combined with
the characteristics of crop water demand in different growth periods.

As the research on global climate change expands, the impacts of climate change on
food security have attracted much attention and many studies have reported the impacts
of climate change and climate extremes on crop yield and food safety [18–31]. At present,
the studies on the influence of climate change on agriculture mainly focus on the effects of
temperature, atmospheric precipitation, and carbon dioxide on agricultural production,
and most explore the effects of changes of climate mean state on food security and crop
yields [23,31–39]. The research methods primarily include field experiments and crop
simulation models [40–43]. Since the former is time- and finance-consuming, the latter
is gradually regarded as an effective method for researching the potential influence of
climate change on crops [39,44–47]. Although many studies show that global warming is
favorable for the improvement of agricultural yields to a certain extent and thus has positive
effects, the increase in climate extremes (i.e., extremely high temperatures, especially the
extreme consecutive precipitation absence) make agricultural yields unstable and thus
reduce average crop yields [4,48,49]. Thus, it is necessary to introduce the parameters
of crop growth into the threshold determination of extreme drought events; otherwise,
the threat of the climate change-induced drop in yields would be underestimated. Yang et al.
(2010) [48] also pointed out that the changes in the frequency of climate extremes would
possibly increase the instability and risks of agriculture in China and thus directly influence
the sustainable development of agriculture in China. However, extreme droughts may not
occur in the growing periods of crops. In this case, it may be difficult to discover their
impact on agricultural droughts or food production [50,51]. For instance, if nonprecipitation
days occur in the growing period of crops (especially in critical periods of crop water
requirement) in North China, the crops may suffer droughts in the case of consecutive
precipitation absence for about ten or more days. However, if nonprecipitation days happen
in winter or the nongrowing period of wheat in North China, the yields of wheat may not
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be affected by the precipitation absence for only ten or more consecutive days. Instead,
the soil moisture content may be only affected by the precipitation absence for multiple
consecutive months before the wheat enters into the regreening period.

Based on the analysis above, the goal of this study was to build a threshold deter-
mination model of the extreme agro-climatic droughts (EADs) based on the cumulative
probability distribution function (CDF) of an agricultural drought index—the consecutive
days without available precipitation (CDWAP). The CDWAP was established by combining
meteorological data with the cropping patterns and the characteristic of water requirement
in different growing periods of crops. Additionally, the CDF of CDWAP was obtained
based on the relationship of CDWAP and its occurrence frequency. In this study, based on
the threshold exceedance series, the changing trends of the frequency and intensity of EADs
for 500 meteorological stations were detected by relative change rate in six climatic regions
of China over the past 50 years. Finally, the responses of grain yields to the frequencies and
intensities of EADs in several rain-fed agricultural regions were analyzed in the case study.

2. Study Area

China is located in the southeast of the Eurasian continent and extends from the west
bank of the Pacific Ocean to the arid area in the middle part of Central Asia. In the east–
west direction, it stretches across several regions with different moisture regime, including
humid, semihumid, semiarid, and arid regions. In the south–north direction, it spans
several regions with different temperatures, including tropical, subtropical, temperate,
and subfrigid regions. China has a complex and varied terrain, and the relief of China is
high in the west and low in the east. The ground surface consisting of three steps and the
different moisture and thermal conditions jointly determine the differences of agro-climatic
zones in China. In this study, China was first divided into three major natural regions
according to terrain and moisture conditions, namely the monsoon region in the east,
the northwest arid region in the northwest (NW), and the Qing–Tibet Plateau (QT). Among
them, the monsoon region in the east serves as the primary agricultural region in China.
It was further divided into four regions since it spans several thermal zones, namely the
Northeast region (NE), Huang–Huai-Hai River Basin in North China (NC), Southeast region
(SE), and Southwest region (SW) (Figure 1). The division concept of these six subregions
was consistent with that of the Köppen–Geiger climate classification [52], which was mainly
based on the hydrothermal conditions. Furthermore, the division of these six subregions
also considered the characteristics of complex terrain and multimonsoon in China. It was
in accordance with much previous research [8,17]. The SE and SW regions include the
areas with abundant water and thermal conditions to the south of the Qinling–Huaihe line
(i.e., the annual precipitation isoline of 800 mm), with paddy fields serving as the primary
farmland form [53]. The atmospheric precipitation in the SE region mainly originates from
the water vapor of the Pacific Ocean transported by the southeast monsoon, while that in
the SW region primarily sources from the water vapor of the Indian Ocean transported
by the southwest monsoon. In contrast, the farmland in the areas to the north of the
Qinling–Huaihe line (including the NE and NC regions) is dominated by dryland fields [54].
The agricultural differences between the north and south are also reflected by the differences
in suitable crops and cropping systems. The crops in the NE region are dominated by
spring maize, rice, and spring wheat, allowing one harvest in one year. The NC region
lies in a warm temperate zone and the crops in the area primarily include winter wheat
and summer maize, which allow three harvests every two years or two harvests each year.
In comparison, the SE and SW regions mostly have a subtropical climate, where the crops
are dominated by double- or triple-crop rice.
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Figure 1. Study area (1–6 represent the six climatic regions of Northeast China, North China, South-
east China, Southwest China, Qing–Tibet Plateau, and Northwest China; P represents the annual
mean precipitation).

3. Data and Methods (Description of the EAD Threshold Model)
3.1. Data

The meteorological data used in this study were sourced from 680 meteorological
stations of the China Meteorological Administration. Observations mainly include daily
precipitation and daily temperature from 1 January 1961 to 31 January 2008. There are
six types of daily precipitation readings: (1) no precipitation; (2) zero precipitation (trace
precipitation, daily precipitation reading less than 0.1 mm); (3) precipitation from rainfall;
(4) precipitation from snow and rain; (5) precipitation from pure snow; and (6) precipitation
from frost, fog, and dew. All days with the latter type of precipitation are regarded as
nonprecipitation days because precipitation from frost, fog, and dew is considerably low in
our analysis. Data in this study were quality controlled; if there were missing observations
longer than 6 days, the data series of the meteorological station was not used; for stations
with missing observations less than 6 days, the missing ones were interpolated by inverse
distance weighted interpolation. After filtering data for missing observations, 500 stations
were considered in this analysis. Since drought events are always related to consecutive
dry days, we put the data in a time-consecutive order.

The geographical distribution of crops mainly refers to An Atlas of Physical Geogra-
phy of China (Version 2) [55], Agricultural Regionalization in China [56], Crop Cultivation
(Version 2) [57], Crop Cultivation: Book of Southern Part (Version 2) [53], Crop Cultivation:
Book of Northern Part (Version 2) [54]. Meanwhile, the data about the growing periods and
the critical period of crop water requirement in each agricultural region were obtained by
comprehensively considering the surveys and interviews of local peasants, advice offered
by agriculture experts, and the reference books above. Moreover, the irrigation rate data
was sourced from the Digital Global Map of Irrigation Areas (version 4.1) of the FAO’s
Global Information System on Water and Agriculture [58].

In this study, the areas with dryland fields (mainly in northern China) or paddy
fields (mainly in southern China) without agricultural irrigation or irrigation rates of less
than 20% were selected as rain-fed agricultural regions. Owing to the lack or incomplete
grain yields per unit area, six typical rain-fed agricultural regions were selected in this
study, including Yushe and Yangcheng counties in Shanxi Province, representing the NC
region with a semiarid/semihumid climate, Bijie and Anshun cities in Guizhou Province
representing the SW region with a humid climate, and the Meixian District and Wuhua
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County in Guangzhou Province representing the SE region with a humid climate (Figure 2).
No rain-fed agricultural regions in the NE region were selected due to inadequate data on
grain yields. This is also applicable to the NW and QT regions since they are not major
grain-producing regions. The data on grain yields per unit area have a time span of 19 years
maximally and they were mainly sourced from Guangdong Statistic Yearbook, Guangdong
Rural Statistic Yearbook, Guizhou Statistic Yearbook, and Shanxi Statistic Yearbook of 1990–2008.
Among them, the data in 2008 statistic yearbooks cover the statistics of 2007; the data in
2007 statistic yearbooks cover the statistics of 2006, and so on.
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3.2. Methods
3.2.1. EAD Threshold Model

1. Principle and structure of the model

The EAD threshold model built in the study mainly included three modules, which
were individually used to (1) select the agricultural drought index; (2) determine crop types,
cropping patterns, growing periods, and critical periods of crop water requirement, and (3)
determine EAD thresholds using cumulative probability distribution functions. They are
described as follows.

(1) The module used to select the agricultural drought index

Agricultural drought is mainly related to the factors such as available precipitation,
previous soil moisture, crop growing periods, crop water requirement, and the accumula-
tion of previous water deficits. In this study, the CDWAP stated in a national standard of
China titled Grade of Agricultural Drought (solicit opinion draft) was referred to. Mean-
while, the calculation period of CDWAP was extended to the nongrowing periods in this
study since the wet or dry conditions in nongrowing periods can be used as the previous
soil moisture content before crop growing, which would produce considerable influence
on crop growth. Available precipitation in the nongrowing period was assumed to be
greater than 1 mm since the nongrowing period may partially occur in winter. Meanwhile,
the season-based adjustment coefficient of available precipitation was set at 0.2 for winter
according to evapotranspiration characteristics in winter and the contribution of previous
soil moisture content to the whole growing period of crops. The CDWAP was selected as
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the agro-climatic drought index after the calculation period was extended and relevant
parameters were adjusted; the equations follow:

Dnp = ∑n
i=1 a · Dnpi (1)

Dnpi =

{
1
0

P < P0
P ≥ P0

(2)

where Dnp refers to CDWAP; a is the season-based adjustment coefficient, which was set at
1, 1.4, 0.8, and 0.2 for spring (March, April, May), summer (June, July, August), autumn
(September, October, November), and winter (December, the next January and February),
respectively; P0 denotes the available precipitation, which was set at 3, 5, and 1 mm for
growing period, critical periods of crop water requirement, and other periods, respectively.
In other words, a day with precipitation less than 5 mm in a critical period for crop water
requirement was recognized as a day without available precipitation, and would be entered
into the CDWAP calculation.

(2) The module used to identify crop types, cropping patterns, growing periods, and critical
periods of crop water requirement

China boasts various widespread grain crops and they greatly differ in different
geographical regions. Among them, over 20 types of common grain crops are dominated
by paddy rice, wheat, and maize, which are the most widespread and their total production
accounts for more than 86% of the national grain yield. Therefore, only these three crops
were considered in the model to simplify calculations. To calculate CDWAP in a certain
region, it was necessary to initially determine the crop types and cropping patterns in the
region since growing periods and critical periods of crop water requirement vary with crop
types and cropping patterns.

Crop types and cropping patterns are closely related to geographical locations and
thermal conditions. Based on the daily temperature data during 1971–2000 (the World
Meteorological Organization standard climate period [59]), the authors analyzed the spatial
pattern of the mean annual temperature of meteorological stations across China and simpli-
fied it into five major grain cropping pattern regions, as follows (Figure 3). 1© The area with
a mean annual temperature of ≤10 ◦C in Northeast China. It is the major producing region
of spring maize, and the cropping pattern is generally monocropping with one harvest per
year. 2© The major producing area of spring wheat with a mean annual temperature of
≤10 ◦C. It includes areas with a mean annual temperature of ≤10 ◦C, except for Northeast
China, and its cropping pattern is generally monocropping with one harvest per year.
3© The major producing area of winter wheat and summer maize rotation system with a

mean annual temperature of 10–15 ◦C. It consists of most of North China, Huang–Huai-Hai
Plain, Southern Xinjiang, and partial areas in Southwest China, and its cropping pattern
generally has two harvests per year. 4© The area with a mean annual temperature of
15–21 ◦C and crops dominated by double-crop rice. It mainly includes the middle and
lower reaches of the Yangtze River in Southeast China, and the region’s cropping pattern
is generally monocropping with two harvests per year. 5© The area with a mean annual
temperature of ≥21 ◦C and the crops dominated by triple-crop rice. It mainly includes
Hainan Island and the southern parts of Guangdong and Guangxi provinces, and its crop-
ping pattern is generally monocropping with three harvests per year. By comparison with
the agro-climatic zoning map in the An Atlas of Physical Geography of China (Version 2)
and the thermal condition zoning map under the cropping system of China, the simplified
geographical distribution framework and cropping patterns of grain crops described above
are reasonable and thus could be used to determine crop types and cropping patterns in
the EAD threshold model.
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Afterward, it was necessary to determine the growing periods and critical periods of
crop water requirement of major grain crops in the five agricultural regions. The growing
period of a crop generally starts when the crop begins to regreen or grow and ends when it
enters the wintering period or is harvested. The critical periods of crop water requirement
for the three major grain crops are shown in Table 1. According to surveys and interviews
of local peasants in these regions, advice offered by experts in agricultural science and
cultivation, and reference books [53–57], the authors finally determined the regional average
beginning and ending dates of the growing periods and their corresponding critical periods
of water requirement in each region (Table 2).

Table 1. Critical periods of water requirement for the three main grain crops in China.

Crops Critical Period of Water Requirement

Wheat booting stage to heading stage
Rice booting stage to flowering stage
Corn booting stage to milk-ripe stage

Note: Classification of agricultural drought category, National Standards of the People’s Republic of China, GB/T
32136—2015.

Table 2. Date determination of the growing period and the critical period of the main crop water
requirement in China.

Ta Ta < 10 10 < Ta < 15 15 < Ta < 21 Ta > 21

Crop Planting
Patterns Spring Corn (NC) Spring Wheat

(NW)
Winter Wheat and

Summer Maize Double-Crop Rice Triple-Crop Rice

Growing period St. 04–25 03–15 03–15 04–05 04–05
CPCWR St. 08–01 05–25 04–20 06–01 06–01
CPCWR E. 09–05 06–20 05–10 06–20 06–20
CPCWR St. 08–10 09–01 09–01
CPCWR E. 09–15 09–20 09–20
CPCWR St. 12–25
CPCWR E. 02–05

Growing period E. 09–10 08–05 09–30 10–20 03–05

Note: St.—start date, E.—end date; Ta—mean annual temperature; CPCWR—critical period of crop
water requirement.
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(3) The module adopted to determine EAD thresholds using cumulative probability
distribution functions

CDWAP would exacerbate the threats of drought to crops; the longer the CDWAP,
the greater the probability of developing extreme droughts. This study first established
the cumulative probability distribution function of the CDWAP in each meteorological
station, and then a supposed level of CDWAP was determined as the EAD threshold. That
was, if an observed CDWAP was longer than the supposed CDWAP, it could be called
an EAD event. The specific process was as follows. The CDWAP series was obtained by
arithmetic progression, i.e., 2, 5, 8, . . . , and the corresponding occurrence times of each
CDWAP element during 1971 to 2000 were computed. Based on the relationship between
the CDWAP series and its occurrence frequency series, the probability density function
of CDWAP could be established, and then the cumulated distribution function obtained.
The corresponding value of 95th percentile CDWAP was chosen as the EAD threshold,
i.e., if an observed CDWAP was longer than the corresponding 95th percentile CDWAP
value, it could be called an EAD event [17].

2. Calculation process of the EAD threshold model

The cumulative probability distribution function of the CDWAP of each meteoro-
logical station was established based on the drought index (CDWAP), the relationship
between the geographical distribution of major grain crops and mean annual temperature,
and the time parameters of the major grain crops in each region (i.e., growing period
and critical periods of crop water requirement). The EAD thresholds of all the stations
were then determined assuming that the EAD threshold was the CDWAP corresponding
to p = 95%. Figure 4 shows the flowchart used to calculate EAD thresholds. The input
included the station number, mean annual temperature, longitude, and latitude of each
station; precipitation data from 1 January 1971 to 31 December 2000 for each station; major
grain crops corresponding to the mean annual temperature; and the cropping patterns
and different growing periods of the crops. The output was the EAD thresholds of all
the stations.
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The flowchart can be briefly described as follows. 1© Input a meteorological station
ID. Then determine the major grain crops in the region of the station and their cropping
patterns based on the temperature range of the station. 2© Under the cropping pattern,
input the 1 January 1971 to 31 December 2000 daily precipitation data in chronological order.
Then determine whether no available precipitation occurred on the initial day according
to the water requirement of the stage in which the date falls. If yes, then calculate the
equivalent nonprecipitation days according to the season-based adjustment coefficient.
Then input the precipitation of the next day and repeat the procedure in this step until one
available precipitation day occurred. In this way, a CDWAP was obtained. 3© Repeated the
second step from the next day of the end date of the previous CDWAP calculation process,
until all CDWAPs in the whole basic period (1971–2000) are determined. 4© Establish an
arithmetic progression series of CDWAPs, count the corresponding occurrence times of
each CDWAP element during 1970–2000, and then calculate the probability density function
of CDWAP. 5©Work out the cumulative probability distribution function of CDWAP based
on the probability density function of CDWAP. Then determine the CDWAP corresponding
to the percentile p = 95%, which was the EAD threshold of the station. After this, repeat all
of the steps in turn until the EAD thresholds of all the stations are obtained.

3.2.2. Change-Point Analysis

Moving t-test was employed to detect the trends and change-point years of EADs in
this study. It is one of the most commonly used methods for testing a hypothesis based on
a difference between sample means [60]. The formula for calculation follows:

t =
x1 − x2

s
√

1
n1

+ 1
n2

, (3)

in which

s =

√
n1s2

1 + n2s2
2

n1 + n2 − 2
, (4)

where xi, si, and ni are the mean, standard deviation, and length of two subsamples.
The numerator of Equation (3) is the difference between the two subsequences, the de-
nominator of Equation (3) is the estimate of the dispersion, n1 + n2 − 2 is the degrees
of freedom.

The moving t-test is done by selecting two adjacent subsamples of fixed length, then
slide backwards in turn, finally taking the best change-point [61]. Compared to the Stu-
dent’s t-test, the moving t-test can estimate multiple change-points, and estimate the main
trend of the series according to the property (positive or negative) of the maximum change-
point |t|max, i.e., when the t value of the maximum change-point is negative; it indicates
an increasing change-point, while positive indicates a decreasing one. Let the length of
the subsample series be 10, for a fixed significance level α = 0.1 in this present paper,
the corresponding critical value tα = 1.73. If the calculated value |t| > tα, it indicates a
significant trend, while |t| < tα describes a nonsignificant trend.

3.2.3. Calculation of Climatic Yield

Agricultural production and grain yields per unit area are influenced by various com-
plex factors, which could be divided into two categories, namely natural factors and human
factors. The natural factors mainly include the mean state of climate change and the ex-
treme climatic extremes, while the human factors include policies, production technologies,
management levels, cropping patterns, irrigation activities, and variety cultivation [62,63].
Since rain-fed agricultural regions are generally not affected by irrigation, the impacts of
EADs on grain yields in these regions could be analyzed after removing the trend yields
attributable to the improvement in technology, plant breeding, and cropping patterns from
grain yields. Therefore, rain-fed agricultural regions were selected to analyze the impacts
of EADs on grain yields in this study.
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Grain yields were divided into trend yield and climatic yield in this study (Figure 5).
The trend yield is mainly related to the improvement in the technologies (mechanization
and fertilization) and management level of agricultural production and the improvement
in cropping patterns and variety cultivation, which was a stable increased yield [63].
Furthermore, global warming and the greenhouse effect were also attributed to a fraction
of the stable increasing trend. The climatic yield covered the impacts of climatic elements
with interannual fluctuations and climate extremes on grain yield and the random yield.
In this study, the trend yield was removed by using linear trend fitting and then the response
of climatic yield to EADs was analyzed. Given that EADs were likely to occur in the years
with low annual precipitation, the climatic yield induced by extreme drought events
included a part of the climatic yield caused by interannual fluctuations of precipitation.
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4. Results
4.1. Spatial Pattern of EAD Thresholds

The station-based spatial distribution of EAD thresholds in China was determined by
using the EAD threshold model, the index was CDWAP, and the unit was days (Figure 6).
Generally, the EAD threshold values tended to decrease from northwest to southeast.
The maximum EAD threshold was in the desert of the northwestern arid regions, which
was generally greater than 60 days. In contrast, the minimum EAD threshold appeared
in the river basin of the middle reaches of the Yangtze River, which was less than 16 days
in general. Furthermore, the EAD thresholds of North China and humid regions were
20–40 days and 16–20 days, respectively, in general. All these were similar to the distribu-
tion pattern of extreme climatic drought (ED) thresholds obtained by Liu et al. [17], except
that the thresholds in this study were higher overall since they were determined based on
the index of CDWAP, while ED threshold was determined by consecutive dry days (CDD)
from the perspective of climatology. The ED threshold also adopted the corresponding
value of the 95th percentile of the cumulative probability distribution function of CDD.

4.2. Spatial–Temporal Pattern of EAD Variation

Once the threshold was defined, the threshold exceedance time series was estimated to
obtain EAD indices. For the frequency of EAD, we took the times of their annual occurrence
as the index. For the intensity of EAD, we chose the annual maximum consecutive dry
days without available precipitation (MCDWAP) as the index instead of the average
intensity of threshold exceedance due to the average CDWAP may weaken the meaning of
the ”extremes”.
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4.2.1. Station-Based Spatial Patterns of EAD Relative Change Rates

The EAD series (the series exceeding EAD thresholds) were divided into two periods
(1961–1984 as the reference period and 1985–2007 as the research period) to analyze the
change rates of the frequency and intensity of EADs during 1985–2007 relative to those
during 1961–1984 (i.e., the ratio of the differences in annual change rates between the two
periods to the annual change rates of the former period), as shown in Figure 7a (frequency)
and Figure 7b (intensity). Positive relative change rates in both frequency and intensity
implied EADs occurred more with stronger intensity in the research period, and vice versa.
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Generally, the frequency and intensity of EADs decreased in most areas of the NW and
QT regions during 1985–2007, where the relative decreasing rates of many meteorological
stations were greater than 10%. However, the stations with increasing EAD frequency
and intensity were distributed in the east areas of the Hu Huanyong line, including the
four regions: SE, SW, NC, and NE. In detail, the stations with increasing EAD frequency
were mainly distributed along the Hu Huanyong line (i.e., the areas around the line of Liaon-
ing, Shandong, Shanxi, Shaanxi, East Sichuan, Guizhou, Guangxi, and Yunnan provinces)
and the southern part of the NC region, with the relative increasing rates of EAD frequency
exceeding 15% in some areas. The stations with increasing EAD intensity were mainly
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distributed in Liaoning, Shandong, Shaanxi, Yunnan, Sichuan, Guizhou, Guangdong,
and Guangxi provinces, with the relative increasing rates of EAD intensity exceeding 10%
at many stations in Liaoning, Guangdong, and Guangxi provinces. Since the main crop
producing areas were distributed in the east area of Hu Huanyong line, it indicated that
China was facing more frequent extreme agricultural droughts with stronger intensity;
this was in accordance with the results of Qiu et al. [4,64], who observed that the extreme
droughts induced grain loss, and the affected and damaged area of farmland increased
during the past decades.

4.2.2. Spatial Patterns of Change-Point Years in Stations with Increasing EADs

The first change-point |t|max of EAD frequency and intensity series of individual
stations were detected using the moving t-test method. Meanwhile, its significance and
trend were determined. A positive t value represented a change-point with a downward
trend, and vice versa. Since areas with increasing EADs tend to suffer potential threat of
drought disaster and thus receive more attention, they were mainly analyzed in this section.
Only stations with increasing frequency and intensity of EADs were marked in Figure 8a
(frequency) and Figure 8b (intensity).
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Stations with increasing EADs were mostly distributed in the east of the Hu Huanyong
line region (except for the areas along the Yangzi River and the northern part of the NE
region), and were sporadically distributed in partial areas of southern Xinjiang, Gansu,
and Ningxia provinces in the NW region. The areas where the change-point of increasing
frequency in EAD occurred before 1984 mainly included Guangxi, Yunnan, and Guizhou
provinces in South China (significant change-points) and Shandong Province (insignificant
change-point). In contrast, the areas where the change-point of increasing frequency in
EAD occurred after 1984 mainly included the southern part of the NC region (including
Henan, Anhui, and Jiangsu provinces) and Liaoning Province. Stations where the change-
point of increasing intensity in EAD occurred before 1984 were mainly distributed in
Guangzhou, Guangxi, and Yunnan provinces (significant change-points), partial areas
of Gansu and Ningxia provinces (significant change-points), and Shandong Province
(insignificant change-point). Meanwhile, the distribution of the stations where the change-
point of increasing intensity in EAD occurred after 1984 was similar to that of stations with
EAD frequency variation occurring after 1984. This analysis indicated that the number and
distribution range of the stations with increasing EADs were less than those of the stations
with increasing EDs [65]. However, the stations with increasing EADs and increasing EDs
shared a similar change trend spatially. In detail, the change-points of the two types of
stations occurred earlier (generally before 1984, the red triangles in Figure 8) in southern
areas but generally after 1984 (the blue triangles in Figure 8) in northern areas.
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4.3. Case Study of Response of Grain Yields to EADs

Based on the analysis above, the response of climatic grain yield to the frequencies and
intensities of EADs was analyzed and compared with the response of climatic grain yield
to the frequencies and intensities of EDs in this section, aiming to account for the necessity
of building an EAD model to explore the impacts of climate extremes on crop yields.
For indices of ED, the annual occurrence times was also adopted as the frequency index,
and the annual maximum consecutive dry days (MCDD) was the index of intensity [17].

4.3.1. Case Study in the NC Region

(1) Yushe County

Owing to lag in agricultural production technology, the trend yield in Yushe County
did not show an increasing trend. Therefore, EADs were directly compared with grain
yields. According to Figure 9, there was a negative correlation between the grain yields
and the EAD frequency and intensity (MCDWAP) in Yushe County generally. In other
words, the grain yield decreased in the year when the EAD occurred more or was of longer
MCDWAP. However, there were exceptions for isolated years due to the observation that
the grain yield was also affected by various factors such as total annual precipitation and
the enthusiasm of peasants. For example, despite no EAD occurred and the MCDWAP
was relatively short in both 1990 and 1991, the grain yield was high in 1990 but very low
in 1991. Combining with annual precipitation analysis, the total annual precipitation in
1990 was 718.3 mm, which was higher than the mean annual precipitation of 535 mm.
In contrast, the total precipitation in 1991 was merely 444.4 mm, which was lower than
the mean annual precipitation. Therefore, the insufficient total annual precipitation led to
the low grain yields in 1991. Meanwhile, it was also proved that 1990 witnessed abundant
annual precipitation and favorable weather. In detail, the precipitation distribution in the
year was consistent with the water requirement in the growing period of crops, with no
obvious occurrence of extreme precipitations and EADs. Furthermore, it was necessary
to combine the EAD frequency with EAD intensity for some years. For example, despite
that two EADs occurred, the grain yields in 2005 decreased to some extent but was not
extremely low. According to the intensity, the two EADs in 2005 were low in intensity and
short in duration, with the longest one only lasting 40 days.

According to Figure 9, there was no distinct relationship between grain yields and
EDs. For example, the MCDD (annual maximum consecutive dry days) lasted for up to
more than 130 days in 1998, but the grain yields in the year were still high. This indicates
that not all EDs induced EADs and it was necessary to combine the water requirement of
crops in their different growing periods.

(2) Yangcheng County

The grain yields of Yangcheng County showed an increasing trend, and thus the
response of climatic grain yield to EADs was analyzed after removing trend yield from
the total grain yield. According to Figure 10(a1,a2), there was also a negative correlation
between the climatic yield and EADs. The climatic yield reached the minimum and
the secondary minimum in 1997 and 2001, when EADs occurred four and three times
respectively, and the MCDWAP was up to 43.2 and 54.8 days, respectively. Although
the MCDWAP in 1997 was shorter than that in 2001, EADs occurred four times in 1997.
The interval between two EADs was short and thus there was not enough precipitation
to satisfy the water requirement of crops. In 2014, although the MCDWAP was long,
only one EAD occurred in Yangcheng County. As a result, the grain yield in 2014 was
slightly affected. Similar to Yushe County, the response of grain yield to EDs was not
notable in Yangcheng County (Figure 10(b1,b2)). Therefore, the climatic yield in the rain-
fed agricultural regions in Shanxi Province was mainly influenced by EADs, and extreme
climatic droughts do not necessarily mean a drought-induced decrease in grain yields.
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4.3.2. Case Study in the SW Region

(1) Bijie City
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The grain yield in Bijie City significantly increased over the years, and thus the
response of the climatic yield to EADs was analyzed after removing the trend yield from
the grain yields. As shown in Figure 11(a1,a2), there was also a negative correlation between
the climatic yield and EADs. The climatic yield reached the minimum and the secondary
minimum in 1992 and 2003, when EADs occurred four times (the highest frequency during
the period) and the MCDWAP was also high. In 2005, although the MCDWAP was long,
only one EAD occurred in Bijie City. As a result, the grain yield in 2005 was not significantly
decreased under the impacts of droughts. On the other hand, the climatic grain yield
reached a relatively high value in 2000, when no EAD occurred and the MCDWAP was
very short. According to the response of climatic yield to EDs, there was also a negative
correlation between the climatic yield and EDs (Figure 11(b1,b2)). However, the response
of the climatic yield to EDs was poorer than the response of climatic yield to EADs in
Bijie City.
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(2) Anshun City

The grain yields in Anshun City also significantly increased over the years, and thus
the response of the climatic grain yield to EADs was analyzed after removing the trend yield
from the grain yields. Generally, there was also a negative correlation between climatic
yield and the frequency and intensity of EADs (Figure 12(a1,a2)). For example, the climatic
yield reached a minimum in 2002, when EADs occurred at a high frequency and high
intensity. The climatic yield was relatively low in 1992, when EADs occurred at a relatively
high frequency, but the MCDWAP was not long. The specific reasons are yet to be clarified.
It should be noted that the rain-fed agriculture did not account for 100% of the agriculture
in the whole Anshun City. Furthermore, Anshun has developed minor grain crops and
agricultural products with regional characteristics in recent years. Therefore, the grain
yields in the city may have been affected more by human factors, e.g., the policy factors,
thus the negative correlation between the grain yield and EADs was relatively weaker than
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that of Beijie city. According to Figure 12(b1,b2), there was no distinct relationship between
grain yields and EDs.
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4.3.3. Case Study in SE Region

(1) Meixian District

Generally, there was also a negative correlation between the climatic yield and the
frequency and intensity of EADs in Meixian District (Figure 13a), i.e., low climatic yields
often occurred in the year with relatively higher frequency and stronger intensity of EADs,
e.g., in the years 1992 and 2007. Additionally, in the years with low frequency of intensity
of EADs during 1999–2001 the climatic yields were relatively high. Furthermore, the
climatic yield showed a decreasing trend after 2000, while the frequency and intensity of
EADs increased.

(2) Wuhua County

Generally, there was also a negative correlation between the climatic yield and the
frequency and intensity of EADs in Wuhua County (Figure 14a), i.e., relatively low climatic
yields often occurred in the years with the relatively higher frequency and intensity of EADs,
e.g., in the years 1992, 1997, and 2007. Additionally, in the years with the lower frequency
and weaker intensity of EADs during 2000–2003 the climatic yields were relatively high.
Furthermore, the climatic yield showed a decreasing trend after 2000, while the frequency
and intensity of EADs increased.
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5. Discussion
5.1. Regional Mean Change Rates of EADs and EDs

For the EADs of the meteorological stations in the six climate regions, the regional
mean relative change rates were calculated and compared with ED change rates in our
previous paper [17]. Generally, the relative change rates of the EAD frequencies and
intensities in the four regions of NE, NC, SC, and WC were positive in the research period
(Table 3), and the increasing change rates of frequency were obviously greater than that of
intensity. Among the four regions, the relative increase rates reached the first two maximum
values in NC and SW regions, the values of the frequencies and intensities were 11.26% and
2.22% in NC region, respectively, and 9.27% and 2.65% in SW region respectively. These
were followed by the SE region, both in the frequency and intensity, whose values were
7.13% and 1.78% respectively. This indicated that the EADs in major agricultural producing
areas of China tended to increase in frequency with stronger intensity. However, their
relative changes rates were smaller than those of EDs (Table 3), indicating that extreme
climatic droughts do not always have a serious impact on agriculture in these areas despite
the significantly increasing frequency and intensity in ED. In contrast, the relative increasing
rates of EAD frequency and intensity in NE region were higher than those of EDs. This
indicated that climatic drought was more likely to pose threat to agriculture production
and grain yield in NE (mainly including Liaoning). These were in accordance with the
conclusion of Du et al. (2020) [64]. Overall, study on EADs is of great necessity due to
climatic extreme droughts (ED) could not represent that of EAD (extreme agro-climatic
droughts) in the research field of climate change impact and adaptation.

Table 3. Comparison of relative change rates between EADs and EDs.

Rcm of EADF (%) Rcm of EADI (%) Rcm of EDF (%) Rcm of EDI (%)

NE 5.67 0.67 4.99 −0.92
NC 11.26 2.22 26.43 2.82
SE 7.13 1.78 64.24 14.73
SW 9.27 2.65 98.08 25.93
QT −17.78 −12.00 −1.83 −11.21
NW −16.37 −10.39 −9.30 −4.51

Note: EADF and EADI represent the frequency and intensity of EAD; EDF and EDI represent that of ED.

5.2. Differences in Response Relationship of Grain Yield to EAD and ED

In order to investigate the responses of grain yield to ED and EAD more clearly, we
calculated the correlation coefficients and their significances of climatic grain yield and
extreme droughts (including both ED and EAD) (Table 4). There was an inverse correlation
between the frequency of EAD and grain yield in all the regions. The correlation coefficients
between grain yields and the frequency of EAD were mostly greater than that of ED,
and the significance p values were mostly lower than that of ED. This indicated that the
EAD threshold model was more available in the study of impact of extreme droughts
on grain yield due to frequency series that were obtained based on the annual counts of
the threshold exceedance. There was also an inverse correlation between the intensity,
the correlation coefficients between grain yields and the intensity of EAD were mostly
greater than that of ED, and the significance p values were mostly lower than that of
ED in the NC and SW regions, though the correlation coefficients and the significances
were generally lower than that of frequency. This showed that the index of CDWAP was
more available than the CDD, which was merely established from the climatic prospective.
Overall, extreme climatic droughts may not necessarily cause agricultural drought, while
EAD, which was analyzed based on the index in combination with characteristics of crop
growing period and critical period of crop water requirement, was very necessary in the
research field of the impacts of extreme events on grain yield.
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Table 4. Correlation coefficient (R) and its significance (p) of grain yield and extreme droughts (both
ED and EAD).

R (p)
NC Region SW Region SE Region

Yushe Yangcheng Bijie Anshun Meixian Wuhua

Fr.
ED −0.13 (0.60) 0.08 (0.74) −0.63 (0.01) −0.14 (0.56) 0.17 (0.52) 0.08 (0.75)

EAD −0.30 (0.05) −0.45 (0.06) −0.59 (0.01) −0.37 (0.11) −0.27 (0.31) −0.29 (0.28)

In.
ED −0.23 (0.36) 0.17 (0.49) −0.15 (0.52) −0.10 (0.68) −0.59 (0.02) −0.37 (0.16)

EAD −0.47 (0.23) −0.12 (0.63) −0.24 (0.32) −0.29 (0.23) −0.27 (0.30) −0.06 (0.81)

Note: Fr.—frequency, In.—intensity. The bold values mean that R between grain yields and EAD were mostly
greater than that of ED, and the significance p values were mostly lower than that of ED.

However, the correlation and its significance of grain yield and EAD in SE region
were generally lower than the other regions, especially in intensity of EAD. The attribu-
tions may be as follows. 1© The threshold model of the EADs was yet to be ameliorated.
The regional mean values were adopted for cropping patterns and the parameters of the
different growing periods in each agricultural region, which had a small deviation from
the actual situation. Thus, the negative correlations between the grain yields and the EADs
were stronger in the agricultural areas with higher rain-fed degree and higher planting
proportion of the main grain crops, while there was a decrease tendency in the main grain
yield in SE region from around 2002 due to the rapid economic development, which in-
duced increased planting and development of a cash crop, so weaker correlations showed.
2© The increase in cash crop led to a relative decrease in the production of and attention

on the main grain yield; thus, there was no more trend of continuous growth in main
grain yield from around 2002. Therefore, this may have led to a small deviation in the
decomposition of grain yield into trend yield and climatic yield.

Furthermore, due to the climate, grain yield may include influences not only from
extreme drought, but also by the annual mean precipitation, other climate extremes,
and short-term policies [62,63]; some of the correlation coefficients were relatively low.
However, the extreme droughts accounted for the highest proportion, 79%, among all
the agro-meteorological disasters [6], and the annual precipitation was generally low in
the years with high frequency or/and intensity of EAD, so the influences of EAD on the
grain yield may partly include that of annual precipitation. Therefore, the result was
also effective.

6. Conclusions

(1) A threshold determination model of EADs was built based on the CDF of an agri-
cultural drought index—the CDWAP. The CDWAP was established by combining
meteorological data with the characteristics of the cropping patterns and the water
requirement in different growing periods of crops. The CDF of CDWAP was ob-
tained based on the relationship of CDWAP and its occurrence frequency. This model
provides a basis for the impact study of climate extremes on grain yield reduction.

(2) The threshold value of EADs in China gradually increased from southeast to north-
west. The stations of the highest value were located in the desert areas in Northwest
China, with the CDWAP more than 60 days, while the lowest value was in the middle
reaches of the Yangzi River, with the CDWAP less than 16 days. The value in North
China was between 20–40 days, and that in the southern humid area was generally
less than 20 days.

(3) The frequency and intensity of the EADs were on increasing trends in most of the
regions in China except the QT and NW regions. The NC and SW regions showed
the two highest increasing rates of the EADs; the frequencies and intensities of them
were 11.3% and 2.2% for NC region, and 9.3%, 2.7% for SW region, respectively,
but all were lower than the relative change rates of the EDs. Furthermore, the increas-
ing rate of the frequency and intensity of EADs in NE China were a little higher than
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the results of the EDs, with the increasing rates of frequency and intensity in EADs
being 5.7% and 0.7%, respectively.

(4) There was a negative correlation between the grain yields and the EAD frequency
and intensity; i.e., the low climatic yields often occurred in the year with relatively
higher frequency or/and stronger intensity of EADs. The correlation between them
became stronger in the more rain-fed areas and larger planting proportion of the main
grain crops (wheat, rice, and maize) due to the premise of the threshold model.

This was only a preliminary analysis of the impact of extreme climate drought events
on grain yield. The implication of the model will be expanded to all the agricultural areas
to analyze the quantitative impacts of extreme climate drought events on grain yield,
combining the drought extremes with the mean state of climate change, other climate
extremes, and short-term policies, among others, in future study.
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