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ABSTRACT

Drought, flood, hail, low temperature, and frost (LTF) are the main agrometeorological disasters (AMDs) in
China; however, comprehensive and quantitative studies on cropland damage induced by AMDs across the
whole country in terms of long-term trends are still lacking and urgently needed. Based on historical statistical
data from yearbooks and bulletins, the overall characteristics of cropland damage by AMDs during 1978-2018
were analyzed using a pre-whitening procedure and a Mann-Kendall trend test at yearly and provincial scales
in China. The results showed that drought was the most severe, with an average covered area of 22.2 million
ha and an affected area of 11.2 million ha every year during 1978-2018, followed by flood, hail, and LTF. A de-
creasing trend was observed in covered area and affected area by drought, flood, and hail, while only LTF showed
an increasing trend. On provincial scale, more than 70% of the covered area by AMDs was induced by drought and
flood in most provincial districts. In all provincial districts of northern China, more than 50% of the covered area
was induced by drought. In most provincial districts of southern China, more than 40% of the covered area was
induced by flood. Hail disasters were prominent in Xinjiang, with significant increasing trends among all param-
eters. Compared with the other three AMDs, LTF covered and affected the smallest cropland area, but significant
increasing trends were observed in the northwest and middle parts of China. The results of this study systemat-
ically display the characteristics of damage to cropland by four main AMDs, which are critical and necessary for
disaster risk reduction and adaptive strategy development.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Meteorological conditions are one of the most important factors
influencing agriculture worldwide. Agriculture is particularly vulnera-
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climate, land, and water (Food and Agriculture Organization of the
United Nations, 2018). Agrometeorological disasters (AMDs) such as
continuous drought, severe flood, hail by strong convective systems,
and low temperature and frost (LTF) can significantly change the essen-
tial crop growth conditions, thereby reducing grain production over a
large spatial range (Yao et al., 2017; Xu et al,, 2017). World Meteorolog-
ical Organization Statement on the State of the Global Climate (World
Meteorological Organization, 2020) concluded that food security con-
tinues to be adversely affected by climate variability and extreme
weather. Increasing temperatures and changing rainfall patterns have
significantly changed terrestrial ecosystems, including agricultural
lands and crop yields (Intergovernmental Panel on Climate Change,
2019). In accordance with the estimation of Food and Agriculture
Organization of the United Nations (2018), agriculture (crops, livestock,
forestry, fisheries and aquaculture) in developing countries experienced
26% of the total loss and damage incurred during medium- and large-
scale climate-related disasters between 2006 and 2016. Approximately
two-thirds of the damage to crops was associated with floods, and al-
most 90% of the damage to the livestock sector was attributable to
drought. With the exception of agricultural losses, these disasters can
also induce significant population effects and severe economic losses
worldwide (Crompton and John McAneney, 2008; Guan et al., 2015;
Wu et al.,, 2014; Liu and Yan, 2011; Zhou et al.,, 2014; Klomp, 2016;
Tang et al., 2019).

In the past decades, the characteristics of extreme weather events
have changed with respect to their frequency, magnitude, duration,
and spatial range because of an increasingly extreme weather under cli-
mate change (Intergovernmental Panel on Climate Change, 2012; Sisco
et al,, 2017; Roxburgh et al.,, 2019; Tang, 2020). The rising incidence of
weather extremes will have increasingly negative impacts on agricul-
ture because critical thresholds are already being exceeded, thus creat-
ing an increasing trend of AMDs worldwide (Alcantara-Ayala, 2002;
Piao et al., 2010; Konisky et al., 2016; Stott, 2016; Wang et al., 2017).
Such increased AMDs can reduce cropland production, causing direct
economic losses to farmers and affecting rural livelihoods (Jin et al.,
2016; Yan et al.,, 2017; Parisse et al., 2020). Moreover, these increased
AMDs will also have long-lasting and multi-pronged consequences
such as loss of harvest and livestock, disease outbreaks, and destruction
of rural infrastructure and irrigation systems (Wu et al., 2015; Qiu et al.,
2018; Lietal,, 2018; Ye et al., 2020). Thus, there is an urgent need to bet-
ter understand the characteristics of AMDs and their damage to crop-
land for their adaptive management.

China is one of the countries experiencing the most sever AMDs
worldwide because of its monsoon climate conditions and dense
disaster-bearing bodies (Zhang et al., 2014a,b). The damage induced
by metrological disasters can account for more than 70% of all natural
disasters (Qin, 2007; Shi and Ying, 2016). Every year, more than 50 mil-
lion hectares of agricultural land are affected by AMDs, which has been
the main barrier for stable grain production (Zhang et al., 2014a,b;
Huang et al., 2017; Wang et al., 2017). During the past decades, a num-
ber of studies have concentrated on AMDs in China. Wang et al. (2006)
comprehensively analyzed the characteristics of natural disasters in
China, including spatial distributions, temporal dynamic processes and
impacts on social economy. More detailed studies have been conducted
on different aspects of meteorological disasters, such as hazard-causing
environments (Yin et al., 2009; Su et al., 2011), risk assessment (Zhang,
2004; Hao et al,, 2012; He et al,, 2013; Zhou et al., 2015), temporal and
spatial distribution characteristics (Fang et al,, 2011; Zhang et al., 2014b;
Guan et al,, 2015; Fu et al.,, 2018; Wang et al., 2019a), and disaster im-
pact assessments (Liu and Yan, 2011; Huang et al., 2019; Guo et al,,
2020). Recently, the impact of meteorological disasters on agriculture
has been summarized and analyzed (Hao et al., 2012; Zhang et al,,
2014a,b; Fu et al., 2018; Wang et al.,, 2019a; Liu et al., 2019; Huang
etal,, 2019; Guo et al., 2019). However, their results are limited without
comprehensive summaries on the spatiotemporal characteristics of
cropland damage caused by AMDs in China. Most of these studies
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have been conducted at regional scales (Wang et al., 2017; Xu et al.,
2017; Huang et al., 2017; Fu et al., 2018; Liu et al., 2019; Huang et al.,
2019). There have also been some nationwide and provincial-level
studies on single crops (Zhang et al., 2014a,b; Huang et al., 2019) by sin-
gle or limited types of AMDs (Fang et al., 2011; Liu and Yan, 2011; Hao
etal, 2012; He et al,, 2016; Yao et al., 2017; Liu et al,, 2019; Chou et al,,
2019; Wang et al.,, 2019a; Guo et al., 2020). Although previous studies
provide a detailed understanding of specific crops and disasters, com-
prehensive and quantitative studies on the impact of AMDs on cropland
losses over entire country in long-term trends are still lacking and ur-
gently needed.

The main objective of this study is, therefore, to display the spatio-
temporal variations in damage to cropland by four different AMDs in
mainland China during 1978-2018. The results can provide a scientific
basis for studies on AMDs, and help decision-makers and local govern-
ments adjust their adaptive strategies. Adaptive measures can help mit-
igate the impact of AMDs and improve food security and poverty
prevention in China.

2. Data and methodology
2.1. Data

Historical cropland damage data induced by different AMDs (includ-
ing drought, flood, hail, and LTF) were used to display the spatiotempo-
ral variations in the last four decades from 1978 to 2018 at both national
and provincial scales. The covered and affected area data from drought
and flood were collected from the Bulletin of Flood and Drought
Disasters in China (The Ministry of Water Resources of the People's
Republic of China, 2018) and the China Agricultural Statistical Report
(The Ministry of Agriculture of the People's Republic of China, 2018).
The covered and affected area data by hail and LTF were collected
from China Agricultural Statistical Report. In these yearbooks and statis-
tical reports, the covered area and affected area of cropland in each year
for each provincial district were collected. Covered area was defined as
the sown area with over 10% (including 10%) crop losses due to AMDs,
while the affected area was defined as the sown area with over 30% (in-
cluding 30%) crop losses due to AMDs (Table S1). These data were used
to illustrate the long-term changing trends of cropland losses by AMDs
during the past four decades. The cropland sown area of each province
in each year was acquired from the Chinese Statistical Yearbook
(National Bureau of Statistics of China, 2018). Then the covered percent-
age and affected percentage were calculated as covered area and af-
fected area divided by cropland sown area for each provincial district
in each year from 1978 to 2018. Table S1 summarizes the definitions
of indexes used in this study.

There is a general county-prefecture-province three-level system for
statistics and reporting processes of damage caused by different disas-
ters. Disaster information reporting procedures are divided into initial
reports, renewal reports, and verification reports. There are also some
quality control processes after the central government receives a report.
Thus, the disaster data quality used in this study is convincing and com-
prehensive, with no data gaps. They are quality controlled by the statis-
tical organization at the national level and an on-site inspection by local
and central governments. In this study, cropland damage by four types
of AMDs (drought, flood, hail, and LTF) was included. During the statis-
tical processes of cropland damage caused by drought, the damage in-
formation was continuously updated for a single agricultural drought
event. Thus, a drought event was counted when cropland damage
data were no longer reported and updated by the three-level disaster
reporting system, and the total cropland damage was recorded. Then,
the cropland damages induced by all events in one year were added to-
gether and included in the annual cropland damage data series. Crop-
land damage data for other AMDs were also calculated using the same
method. Flood disasters include the disasters induced by an increase
in water volume of rivers, lakes, and coastal areas, the flooding of
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water levels, and the outbreak of mountain torrents as a result of heavy
rainfall, melting of ice and snow, ice slush, dike breach, storm surge, etc.
Hail disasters refer to disasters caused by strong winds, hail, tornadoes,
and lightning caused by a strongly convective weather. LTF disasters in-
clude low-temperature continuous rain, low-temperature cold damage,
frost, and cold waves. Snowstorm disaster was merged with LTF disaster
as they were always accounted together. Overlapping effects of different
AMDs occurring in the same area for one year were also considered:
when the crops in the same area suffered more than one disaster
event, only the severest one was counted (Table S1).

For the spatial distribution, it should be noted that Taiwan province,
Hong Kong and Macao were not included in the analysis because of in-
complete data. Hainan province was separated from Guangdong prov-
ince in 1988, and Chongqing municipality was separated from Sichuan
province in 1997. Thus, the data of Hainan province and Chongqing mu-
nicipality were collected from 1988 and 1997 onward, respectively.
When conducting the trend analysis, the values of Hainan province
and Guangdong province were added as one value, and the values of
Chongqing municipality and Sichuan province were also added, to en-
sure the consistency of the data collection area. Thus, the changing
trends in Hainan, Guangdong, Chongqing and Sichuan have the same
value.

2.2. Methodology

The non-parametric Mann-Kendall test was applied to detect time
series trends of indexes from 1978 to 2018 (Mann, 1945; Kendall,
1975). This method is suitable for data that do not follow a normal dis-
tribution, and are less sensitive to outliers. It has been widely used and
recommended by the World Meteorological Organization as a standard
procedure for examining trends in hydro-meteorological data that are
serially independent (Hamed and Ramachandra, 1998; Tabari and
Talaee, 2011; Song et al.,, 2015; Dawood, 2017; Shiru et al,, 2019).

The null hypothesis H, is that the dataset X; (xy, ..., X,) of a generic
variable is independent and identically distributed. The alternative hy-
pothesis H; is that a monotonic trend exists in the dataset. Then, the Z
value is used to judge the direction of the trend and is calculated by
using the following formula:

5—1
Var(S)
zZ= 0
S+1
Var(S)

S=0, (1)

The test static S is calculated using Eqgs. (2) and (3), while the
variance is computed using Eq. (4).

S = Yk Xk sgn (X—x), 2)
1 lf(Xj—Xk) >0

sgn (Xi—x¢) =< 0 if(xj—x) =0, 3)
-1 if(Xj—X,() <0

[n(n—1)@2n +5)= T ti(t—1)(26+ 5)
18 ‘ @)

Var(S) =

where the distributions of x and x; are not identical for all k, j < n with
k #j,n>10 is the length of the dataset, m is the number of tied groups
(a tied group is a set of sample data having the same value), and t; is
the number of data points in the i-th group. If |Z| > Z; _/», then the null
hypothesis is rejected, and a significant trend exists in the series at the
set level of a. Positive values of Z indicate upward trends, whereas neg-
ative values of Z show downward trends. The greater the absolute value
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of Z, the more significant the trend of the sequence. In this study, a sig-
nificance level of a« = 0.05 was applied.

A portion of the cropland damage data series included in this study
exist the serial correlation of time series. To eliminate the influence of
serial correlation on the Mann-Kendall test, a pre-whitening method
was applied in this study. This method was first suggested by Von
Storch (1995) and was further applied to detect trends in hydrological
series (Yue et al., 2002; Yue and Wang, 2002). The pre-whitening pro-
cess was conducted using the following equation:

Y =Xe—rXe—1, (5)

where Y, is the new dataset without the serial correlation of time series,
which is applied in the Mann-Kendall test, and ry is the lag 1 serial cor-
relation coefficient of data.

Sen's slope (Sen, 1968) was used to estimate the cover and affected
area changes per year using four AMDs. The slope was estimated using
Eq. (6) as follows:

SL— Median ("]fﬁ:z">, 6)

where SL is the estimate of the slope of the trend.
3. Results and discussion

3.1. Temporal changes of cropland covered and affected by AMDs at
country scale

The temporal variations of areas covered and affected by drought,
flood, hail, and LTF across the whole country during 1978-2018 are
shown in Fig. 1.

Cropland areas covered and affected by drought have generally de-
creased over the last four decades (Fig. 1a). The average covered area
and affected area by drought are 22.2 million and 11.2 million ha, re-
spectively. The covered area and affected area of drought both show sig-
nificant decreasing trends with slopes of —428.6 and —160.8 thousand
ha per year, respectively (p < 0.05). The average covered area and af-
fected area by flood are 11.4 million and 6.2 million ha, respectively,
and they decrease at a rate of —41.7 and —20.3 thousand ha per year
without any significant trend (Fig. 1b).

The cropland area covered and affected by hail and LTF showed op-
posite trends. From 1978 to 2018, the average covered area and affected
area by hail are 4.4 million and 2.3 million ha, respectively (Fig. 1c). The
cropland area covered and affected by hail significantly decreased from
1978 to 2018 with slopes of —70.9 and —31.0 thousand ha per year (p <
0.05), respectively. The average covered area and affected area by LTF
are 3.1 million and 1.4 million ha, respectively (Fig. 1d), and they both
show significant increasing trends with slopes of 55.9 and 16.0 thou-
sand ha per year (p < 0.05), respectively. In 2008, a severe LTF disaster
hit the south part of China (Hui, 2009), which induced 14.7 million and
8.7 million ha of cropland covered and affected by the LTF, respectively.

3.2. Spatiotemporal variations of sown area on provincial scale

The cropland area covered and affected by AMDs are not only related
to natural phenomena, but also to the total sown area. The spatial distri-
bution and temporal trends of the sown area of each provincial district
during 1978-2018 are shown in Fig. 2. In the last four decades, Henan
province has shown the largest mean annual sown area of 12.78 million
ha, with a significant increasing slope of 103 thousand ha per year. Large
sown areas of over 8.5 million ha are also found in Shandong, Heilong-
jiang, Sichuan, Hebei, and Anhui provinces, all of which have a high
grain production. Qinghai and Tibet provincial districts have large terri-
torial areas but small sown areas of less than one million ha because of
poor planting and crop growing conditions on the Tibetan Plateau. The
changing trends of sown area were significant in most provincial
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Fig. 1. Temporal variations of cropland areas covered and affected by drought (a), flood (b), hail (c), and LTF (d) of mainland China. Dashed lines represent the trends of covered and af-

fected areas by four AMDs.

districts during 1978-2018 and correlated with economic development
and government policy. Southeastern coastline provinces, such as
Jiangsu, Zhejiang, Fujian, and Guangdong, showed significant down-
ward trends because of rapid economic development, with the largest
downward slope displayed in Zhejiang province. Shanxi and Shaanxi
provinces also showed downward trends that might have been caused

by the Grain for Green Project implemented in 1999 (Feng et al.,
2005; Chen et al., 2015). Among the four municipalities directly under
the central government, the sown areas of Beijing, Tianjin, and Shanghai
showed a significant decreasing trend as these cities rapidly expanded
during 1978-2018. The sown areas of Jiangxi, Hebei, and Hainan prov-
inces showed a slight decrease with no significant trend. Except for
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Fig. 2. The mean annual sown area on provincial scale (a) and changing trends from 1978 to 2018 (b). The provincial names are labeled in panel (a).

the provincial districts mentioned above, other provincial districts
showed significant increasing trends, with slopes ranging from 1.2 to
115.7 thousand ha per year. Among them, Heilongjiang, Henan, Inner
Mongolia, and Yunnan showed the highest increasing slopes of approx-
imately 100 thousand ha per year.

3.3. Spatial distribution of covered and affected percentages by the four
different AMDs

The summation of covered and affected percentages by the four
AMDs and their component parts is shown in Fig. 3. The total covered
and affected percentages are relatively higher in northern provincial
districts than in the provinces of South China (Fig. 3a, b), indicating
that croplands in these provinces have higher chance of being covered
or affected by the AMDs, that is, they are vulnerable to AMDs induced
by harsh natural conditions. It can also be concluded that the covered
percentage and covered area are different among provincial districts
(Fig. 3a, c), because the total sown area of each individual province is
different (Fig. 2), and also because the natural climate conditions and di-
saster proofing ability of each province are different. In northwest
China, such as Qinghai province, the covered percentage is higher than
35%, but the total cover area is approximately only 0.2 million ha be-
cause of a small sown area, where the natural conditions are not suitable
for agriculture; similar conditions are observed in Tibet, Xinjiang. The
total covered areas by AMDs are the highest at around 3.0 million ha
in the provinces with large sown areas, such as Heilongjiang, Henan,
and Shandong (Fig. 3c).

The components of the four AMDs varied among different provincial
districts (Fig. 3¢). In most provincial districts, drought and flood were
the two main AMDs, comprising more than 70% of the covered area dur-
ing 1978-2018. In all provincial districts of northern China, more than
50% of the covered area was induced by drought, and this percentage
reached approximately 75% in province such as Shanxi. The spatial dis-
tributions of cropland damage by drought were influenced by the pre-
cipitation and temperature distribution patterns. Among the four
AMDs, drought covered and affected a larger percentage of croplands
in northern China, suggesting it to be highly vulnerable to drought.
This was also observed in other countries with similar climate zones
such as Nigeria (Shiru et al., 2019). It should be noted that cropland
damage induced by drought phenomenon is not only typically associ-
ated with the actual severity of the natural phenomenon; other factors

such as applied agricultural practices (e.g., irrigation) can significantly
reverse the disadvantages of drought. An improvement in drought
proofing may have also contributed to the general decrease in cropland
damage by drought over the last four decades, as displayed in Fig. 1a. In
the southern part of China, floods occupied more than 40% of the cov-
ered areas in most provincial districts. The spatial distribution charac-
teristics of cropland damage caused by floods corresponded well to
the spatial distribution of precipitation and water resources because
the southern part receives a larger amount of precipitation during
long wet seasons (Wang and Zhou, 2005; You et al., 2011).

The affected percentage and affected area (Fig. 3b, d) displayed sim-
ilar spatial trends as the cover area and covered percentage at a provin-
cial scale. The largest affected area can be found in Heilongjiang and
Inner Mongolia with more than 1.5 million ha, followed by the prov-
inces located on the North China Plain and South-Central China with
large sown areas.

3.4. Temporal changes of cropland area covered and affected by four
different AMDs

The covered area and its temporal change slope are displayed to
show the combined impact of changes in sown area and the probability
of being covered by AMDs. The covered percentage and its temporal
change slope are also displayed to show the impact of changes in the
probability of being covered by AMDs, by eliminating the influence of
the sown area. The same comparisons are also made with the affected
area and affected percentage by the four AMDs.

3.4.1. Drought

Agricultural drought is one of the most frequent and widespread
AMDs in China and significantly influences the crop yield and produc-
tion (Zhang et al,, 2014a; Yang et al., 2020; Shi et al., 2021). During
1978-2018, the covered area by drought in Inner Mongolia, Heilong-
jiang, Hebei, Shanxi, and Henan exceeded 1.2 million ha (Fig. 4a).
Among them, Inner Mongolia shows the only significant increasing
trend with a rate of 31.4 thousand ha per year throughout all provincial
districts (Fig. 4b). This result fits well with the drought variation results
obtained by Wang et al. (2019b) in Inner Mongolia, where the central
and eastern regions of the study area showed a drought tendency. The
spatial distribution of covered percentage indicates that cropland in
the northern part of China has a higher probability of being covered
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Fig. 3. Spatial distribution of total covered percentage (a), total affected percentage (b), components of covered area (c), and components of affected area (d) by four AMDs.

by drought than the southern part (Fig. 4c). The covered percentages of
Inner Mongolia, Qinghai, Gansu, Shaanxi, Shanxi, Jilin, and Liaoning are
all higher than 20%, which is the most severe among the four AMDs. As
for the trend slopes of covered percentage (Fig. 4d), except for Inner
Mongolia, Qinghai, and Gansu, which showed a non-significant increas-
ing trend, all others showed a downward trend. This indicates the prob-
ability of being covered by drought has decreased in most parts of China.
This probability of being covered by drought is not only related to the
natural phenomenon of agricultural drought with unusual and signifi-
cant soil or vegetation water deficiencies, but also to social and human
factors. Other studies indicated a decrease in meteorological drought
in most parts of China, except for the Mongolian Plateau and Yunnan-
Guizhou Plateau (Zhou et al., 2017). At the same time, a better allocation
of agricultural drought prevention and mitigation measures has also
contributed to this decrease (Wu et al., 2020). Among these social and
human factors, better agricultural infrastructure construction can signif-
icantly enhance the drought disaster combating ability. Moreover, the
differences in crop species and applied agricultural practices can also
lead to the variations in cropland damage. Crop species with better
drought resistance ability and irrigation practices can significantly

help a cropland mitigate a drought risk. The contributions of these fac-
tors to cropland damage variations require further detailed studies.

Compared with the spatial distribution of covered area and percent-
age, similar conditions can also be found in affected area and percent-
ages, as well as their temporal trends (Fig. S1). For the affected area,
Inner Mongolia and Xinjiang showed a significant increasing trend,
while the affected percentage showed no significant trend. This implies
the increasing affected area in Inner Mongolia and Xinjiang is primarily
because of an increase in sown area.

For future drought disaster characteristic prediction, Yao et al.
(2020) used multiple GCMs to identify the future drought characteris-
tics in China and concluded that drought conditions would worsen be-
cause of increased minimum and maximum air temperatures
although the annual precipitation increase was projected in most re-
gions. In some high-interest regions such as the Yangtze River basin,
the duration of drought was anticipated to increase in the future, espe-
cially for agricultural drought, and the headwater areas were antici-
pated to increase in agricultural drought severity (Sun et al.,, 2019).
These results call for more reasonable and precise drought adaptation
strategies in different regions when facing future climate changes.
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Fig. 4. Spatial distribution of covered area (a), covered percentage (c¢) and corresponding temporal change slope (b, d) from 1978 to 2018 by drought.

3.4.2. Flood

Flood disaster also plays an important role in reducing agricultural
production in many parts of China (Zhang et al., 2014a,b; Guo et al.,
2019). Cropland damage induced by flood disasters is mainly distrib-
uted in the middle to lower reaches of the Yangtze River basin, Songhua
River basin, and Peral River basin (Fig. 5). Covered area by flood in
Heilongjiang, Hubei, Hunan, and Anhui provinces are more than
0.7 million ha (Fig. 5a). Covered percentages larger than 10% are also ob-
served in these provinces, as well as in Chongqing, which are all located
in the Yangtze River basin and Songhua River basin (Fig. 5¢). Studies on
flood disaster risk assessment, disaster impact, and adaptation strate-
gies have also been conducted in these regions for sustainable flood
disaster management (Su et al., 2011; Liu et al., 2019; Gong et al.,
2019; Wu et al,, 2019). As for the trends of covered area and covered
percentage, Xinjiang, Tibet, and Guangxi show significant increasing
trends, while Hubei, Jiangxi and Hunan show non-significant increasing
trends (Fig. 5b, d). These results illustrate that more anti-flood agricul-
tural measures should be implemented to mitigate the possible influ-
ence of floods on croplands in these provincial districts.

For affected area by flood, Hubei, Hunan, Anhui and Heilongjiang
provinces also show larger values of more than 0.5 million ha
(Fig. S2a), while for affected percentage, Chongqing, Hubei, Hunan,
Anhui, and Jiangxi show more than 6% (Fig. S2¢). According to the
trend analysis results from 1978 to 2018, the affected area by flood in
many southern provincial districts show significant upward trends in-
cluding Yunnan, Guizhou, Guangxi, Hubei, Hunan, and Jiangxi
(Fig. S2b), which corresponds well with the results reported by Liu
et al. (2019). The affected percentage by flood in Hubei, Hunan, and
Jiangxi show significant increasing trends (Fig. S2d), demonstrating
the increased probability of being affected by severe flooding of crop-
lands in the middle reach of the Yangtze River basin. The same situa-
tions can also be observed in Xinjiang, Tibet and Qinghai. In coastal
provinces such as Zhejiang, the covered/affected area decreases,
whereas the covered percentage increases, suggesting that the decrease
in sown areas has contributed to the decrease in the covered/affected
area. Even when agricultural hazard-bearing bodies are decreasing,
the coastal flood risk in China is expected to increase in the future
(Fang et al., 2020), necessitating appropriate strategies to adapt to an
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Fig. 5. Spatial distribution of covered area (a), covered percentage (c), and corresponding temporal change slope (b, d) from 1978 to 2018 by flood.

uncertain environment (Chen et al.,, 2020), and better deal with the re-
lationship between agriculture and flood risk management (Kenyon
et al., 2008).

3.4.3. Hail

The spatial distribution and trend analysis results of cropland dam-
age caused by hail disasters during 1978-2018 are shown in Fig. 6. Com-
pared with the absolute values of covered and affected areas by drought
and flood, the values of hail disasters are relatively smaller. As for cov-
ered area and affected area, which are influenced by both sown area
changes and the probability of being covered and affected by hail disas-
ter, most northern provincial districts show higher values than southern
provincial districts (Figs. 6a, S3a). In Hebei and Shandong, the covered
area induced by hail disasters exceeds 0.3 million ha. As for covered per-
centage and affected percentage, Qinghai shows an extremely high cov-
ered percentage of more than 8% and affected percentage of more than
4% (Figs. 6¢, S3¢), demonstrating the largest probability of being covered
and affected by hail disasters.

Trend analysis results show that a majority of provincial districts ex-
perienced downward trends during 1978-2018. Meanwhile,

parameters including covered and affected areas as well as percentages
by hail in Xinjiang all show significant increasing trends (Figs. 6b, d, S3b,
d), which displays an increasing risk of hail disasters in Xinjiang. Shi
et al. (2015) classified the severity of hail disasters and pointed out
the high-risk region in Xinjiang, which provided some directional guid-
ance for hail disaster mitigation. Extreme weather such as hailstorms is
expected to increase under future climate change, thus, the mitigation
measures should be better allocated according to risk assessment re-
sults to avoid severe agricultural and economic losses from hail disasters
(Prein and Holland, 2018).

344. LTF

Compared with the other three AMDs, the lowest values of covered
and affected area are observed with LTF (Figs. 7, S4). For covered area by
LTF, southern provinces such as Hubei, Hunan, and Jiangsu have a cov-
ered area larger than 0.2 million ha, followed by provincial districts
such as Yunnan, Gansu, Inner Mongolia, and Heilongjiang with a cov-
ered area larger than 0.15 million ha (Fig. 7a). This distribution is attrib-
uted to both sown area distribution and natural meteorological
characteristics related to LTF disasters. Trend analysis results show
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Fig. 6. Spatial distribution of covered area (a), covered percentage (c), and corresponding temporal change slope (b, d) from 1978 to 2018 by hail.

that the northwest, north and middle provincial districts have experi-
enced significant upward trends, especially in Xinjiang, Gansu, Hubei,
and Hunan; the increasing rates are all larger than 2 thousand ha per
year (Fig. 7b). The covered percentage by LTF varies among different
provinces; the largest percentage is observed in Gansu Province,
which is more than 4% (Fig. 7c). The change rate distributions of the cov-
ered percentage are similar to those of the covered area (Fig. 7d), and
the northwest and middle parts show significant increasing trends.
These increasing trends can be explained by the increasing number of
extreme cold weather conditions and more croplands with a higher vul-
nerability to LTF. Although the mean temperature increases under a
global warming background, an extremely cold weather may occur
more frequently in some regions (Tang et al., 2013; Kim and Lee, 2019).

The affected area by LTF in Hubei and Hunan provinces is the largest
with more than 0.1 million ha (Fig. S4a); these two provinces also show
a significant upward trend during 1978-2018 (Fig. S4b). Other provin-
cial districts, such as Xinjiang Shanxi, Inner Mongolia, and Hebei, also
show significant increasing trends. The affected percentage by LTF in
all provincial districts is less than 2%, and the overall values in the north-
west are larger than those in the southeast part (Fig. S4c). The trend

analysis results show that the affected percentage of Xinjiang, Shanxi,
Hebei, and Hunan significant increase, while Chongging follows a de-
creasing trend (Fig. S4d). Owing to the special stepped topography
and different climate zones of China, the LTF disaster shows a zonal dif-
ferentiation; these distribution results correspond well with Gao (2016)
and Su et al. (2011). The increased trend detected in the central and
southern parts of China also confirm the result from Gao (2016) that
high loss regions shifted from the northwest to the southeast with ac-
celerated urbanization, rapid economic development, and facility culti-
vation. These results highlight the need to strengthen disaster
prevention in central and southern China.

4. Concluding remarks

This study analyzed the spatiotemporal characteristics of cropland
damage by four main AMDs (drought, flood, hail, and LTF) in mainland
China in the last four decades, from 1978 to 2018. The results showed
that the average covered area and affected area by drought were largest
among four AMDs, with yearly averaged values of 22.2 million and 11.2
million ha per year from 1978 to 2018, followed by flood with values of
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Fig. 7. Spatial distribution of covered area (a), covered percentage (c), and corresponding temporal change slope (b, d) from 1978 to 2018 by LTF.

11.4 million and 6.2 million ha per year. The yearly averaged covered
area and affected area by hail and LTF were all smaller than 5 million
ha. The changing trends in covered area and affected area by drought,
flood, and hail disasters all showed decreasing trends, while only LTF
showed an increasing trend with an extremely large value in 2008.

For the total covered and affected percentages by the four AMDs, rel-
atively larger values were displayed in the northern part of China than
in the southern part, suggesting that provinces in North China have a
higher probability of being covered or affected by AMDs, that is, they
have a higher vulnerability to AMDs induced by harsh natural agricul-
tural conditions. Specific to the components of the total covered area
and the components of the four different AMDs, more than 70% of cov-
ered area by AMDs were composed of drought and flooding, the two
main disasters during 1978-2018 in most provincial districts. In all pro-
vincial districts of northern China, more than 50% of the covered area
was induced by drought. In most provincial districts of southern
China, more than 40% of the covered areas were induced by floods.

The covered area by drought in Inner Mongolia, Heilongjiang, Hebeli,
Shanxi, and Henan were relatively large exceeding 1.2 million ha, and
the probability of being covered by drought has decreased in most
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parts of China. Cropland damage caused by flood disasters was mainly
distributed in the middle to lower reaches of the Yangtze River basin,
Songhua River basin, and Peral River basin. The significant increasing
trends of the affected percentage observed in the middle Yangtze
River basin demonstrated the need for implementing anti-flood agricul-
tural measures. Hail disaster problems were prominent in Xinjiang,
with a significant increasing trend among all parameters by hail. Com-
pared with the other three AMDs, LTF covered and affected the smallest
values of cropland area with the largest covered area value of around 0.2
million ha in southern provinces such as Hubei, Hunan, and Jiangsu. The
results of this study systematically display the characteristics of
four AMDs and their influence on cropland losses, which are critical
and necessary for disaster risk reduction and adaptive strategy
development.
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