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With the global warming, frequencies of drought are rising in the humid area of southern China. In this
study, the effects of meteorological drought on the agricultural water resource based on the agricultural
water resource carrying capacity (AWRCC) in southern China were investigated. The entire study area
was divided into three regions based on the distributions of climate and agriculture. The concept of
the maximum available water resources for crops was used to calculate AWRCC. Meanwhile, an agricul-
tural drought intensity index (ADI), which was suitable for rice planting areas, was proposed based on the
difference between crop water requirements and precipitation. The actual drought area and crop yield in
drought years from 1961 to 2010 were analyzed. The results showed that ADI and AWRCC were signif-
icantly correlated with the actual drought occurrence area and food yield in the study area, which indi-
cated ADI and AWRCC could be used in drought-related studies. The effects of seasonal droughts on
AWRCC strongly depended on both the crop growth season and planting structure. The influence of mete-
orological drought on agricultural water resources was pronounced in regions with abundant water
resources, especially in Southwest China, which was the most vulnerable to droughts. In Southwest
China, which has dry and wet seasons, reducing the planting area of dry season crops and rice could
improve AWRCC during drought years. Likewise, reducing the planting area of double-season rice could
improve AWRCC during drought years in regions with a double-season rice cropping system. Our findings
highlight the importance of adjusting the proportions of crop planting to improve the utilization effi-
ciency of agricultural water resources and alleviate drought hazards in some humid areas.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Climate warming and increased climate variability have led to a
greater number of drought events in many river basins around the
globe, particularly at intermediate and high latitudes (Mishra et al.,
2009; IPCC, 2013; Zhao et al., 2016). Climate change has increased
the frequency of droughts (Gleick, 1987; Karl and Riebsame, 1989;
Lettenmaier and Gann, 1990; Panagoulia, 1992; Vimal et al., 2010).
Moreover, future climate change may lead to more frequent and
severe droughts (Quiring, 2015). Droughts are now a major threat
to crop production in many areas of the world. In recent years,
droughts have been a focus of study for environmentalists, ecolo-
gists, hydrologists, meteorologists and agricultural scientists
(Wilhite, 2000; Bola et al., 2014; Zhao et al., 2016).
Agriculture, which strongly depends on water resources, will be
affected by climate change and increasing drought frequency.
Droughts are caused by a precipitation deficiency. Studying the
effects of droughts on the carrying capacity is important to opti-
mize crop management and agricultural planning. The term ‘‘carry-
ing capacity” has been used since the late 1880s (Seidl et al., 1999)
and was clearly defined by Park and Ernest (1921). Carrying capac-
ity has been typically defined as the maximum population size that
can be supported indefinitely by a given environment. This concept
has since been widely used in many fields. Meadows et al. (1972)
built a model of the world for economy growth by using the con-
cept of carrying capacity. This research was the first indirect study
of water resource carrying capacity. Harris and Scott (1999) stud-
ied agricultural production and regional agricultural water
resource carrying capacity. These authors investigated the yield
growth patterns of major cereal crops, soil degradation, water
overdraft, and other ecosystem stressors and concluded that the
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world was close to its agricultural carrying capacity and that
specific resource and ecological constraints were very importance
at the regional level. Many studies on water resource carrying
capacity have been incorporated into strategies for sustainable
development. The definition of water resource carrying capacity
varies (Hixon, 2008). In this study, the agricultural water
resource carrying capacity (AWRCC) is defined as the maximum
crop production that a regional water resource can support with-
out environmental degradation. If deficits in precipitation and
soil moisture continue, these phenomena can reduce AWRCC.
When agricultural water needs are not met by precipitation,
AWRCC will be overloaded without changes in agricultural struc-
ture or the introduction of blue water with water (Falkenmark,
1995). Although irrigation is an effective way to reduce agricul-
tural drought, research of Leng et al. (2015a) showed that irriga-
tion would increase vulnerability to drought, and the combined
effect of increased irrigation water demand and amplified
temporal-spatial variability of water supply may lead to severe
local water scarcity for irrigation. Therefore, the role of adjust-
ment of agricultural planting structures for increasing AWRCC
to adapt to climate change needs investigation.

Southern China, located in the humid subtropical climate zone
(Peel et al., 2007), is an important agricultural region. Water
resources are relatively abundant here, but seasonal droughts can
drastically affect crop growth (Xu et al., 2012) and dramatically
affect the AWRCC. Climate warming is projected to continue along
with more frequent droughts in China (Gao et al., 2012). In the
future, agricultural drought in southern China tends to increase
with severe intensity, longer duration and higher frequency
(Leng et al., 2015b). Southern China is especially at risk (Chen
et al., 2013) for two major reasons. First, Global Climate Models
generally indicate that precipitation will decrease at low and
mid-latitudes and will be less than evapotranspiration in mid-
continent regions. Therefore, more severe, longer-lasting droughts
may occur in these areas. Second, the temperatures in southern
China are now at the upper limit of the optimal temperature for
plant growth, whereas the temperatures in other regions of China
are at the middle point of the optimal temperature for plant
growth, which provides more buffer space. Therefore, continued
global warming may induce more detrimental effects on crops in
southern China than on crops in other regions.

Huang and Yang et al. (2010) studied the evolutionary charac-
teristics of seasonal droughts in southern China during the past
Fig. 1. Study area, distribution of meteorological stati
58 years based on a standardized precipitation index. Huang
(2011) evaluated the characteristics and causes of droughts in
China from 1949 to 2007. Fang et al. (2011) studied the trends
and distributive characteristics of agrometeorological disasters in
China over the past 30 years. Sui et al. (2012a, 2012b) documented
changes in precipitation and the spatiotemporal characteristics of
droughts for wintering grain and oil crops in southern China based
on a crop water deficit index. Consequently, the need for drought
assessment is crucial to minimize socio-economic losses. To date,
however, the potential effects of meteorological droughts on the
agricultural water resources in the humid regions of southern
China have not been uniformly evaluated.

This study was designed to 1) establish the agricultural drought
intensity index (ADI), which was suitable for rice planting areas for
agricultural drought evaluation in southern China; 2) investigate
the effects of meteorological droughts on the agricultural water
resource carrying capacity (AWRCC) in different regions in south-
ern China from 1961 to 2010; 3) explore the effects of meteorolog-
ical droughts on agricultural water resource in southern China; and
4) present countermeasures for drought prevention and provide a
scientific basis for sustainable agricultural production in southern
China to adapt to future climate change.
2. Materials and methods

2.1. Study area

The southern China study area is located between 20–30� N and
100–120� E (Fig. 1). This area has a warm temperate climate with
hot summers (climate type C, temperature type a, Koppen-Geiger
climate classification; Kottek et al. 2006). The seasonal distribution
of precipitation differs in the eastern and western portions. The
eastern portion is mainly affected by the East Asian summer mon-
soon, which originates from the Pacific Ocean, while the western
portion is mainly affected by the South Asian monsoon, which orig-
inates in the Indian Ocean. The South Asian monsoon begins signif-
icantly later than the East Asian monsoon. The most obvious
characteristic of a monsoon climate is the simultaneous rainy
and hot season. Winter and summer have distinctive climate char-
acteristics. Monsoon climates are conducive to good crop growth
and high yields, but monsoon climates can vary greatly. The onset
of the summer monsoon determines the length of the rainy season,
ons and the three sub-regions of southern China.
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which can lead to either droughts or floods, with consequent agri-
cultural losses.

The eastern portion can be further divided into two regions
based on the different timings of major summer monsoon rainfall.
Monsoon rainfall mainly occurs during April and May in the south-
ern part and during June and July in the northern part. In this
study, the southern part is termed the South China (SC) and the
northern part is referred to as the South of the Yangtze River
(SYR). The western portion of the study area is called the South-
west China (SWC) (Fig. 1). The SC region consists of the Fujian,
Guangdong, Guangxi and Hainan coastal provinces. The SYR region
covers the Zhejiang, Jiangxi, and Hunan provinces. The SWC region
includes the Yunnan, Sichuan, and Guizhou provinces and Chongq-
ing City. The terrain is relatively flat, mixed with plains and hills in
SC and SYR, but is very complex in SWC, which contains the
Sichuan Basin, Yungui Plateau, and West Sichuan plateau. Agricul-
ture in SWC mainly occurs in the Sichuan Basin and surrounding
uplands.

Regional crop pattern differences are significant because of the
diversity in the climate, soil, and dietary patterns among these
regions in China. In southern China, the most important crop is
rice (Wang et al., 2014). Although sequential cropping systems
are used in all three regions, the crop species and their growing
seasons differ in each region. In SC and SYR, growing two rice
crops is common in paddy landscapes. Early rice is planted from
February to April and harvested in June and July. Late rice is
planted immediately after the early rice harvest. The major crops
in SWC are winter wheat and middle season rice. Winter wheat is
grown from November to the following April. The middle-season
rice growing season lasts from May to September. The water
demand at each crop growth stage is different. Monsoon rainfall
variability and seasonal droughts have different effects on the
crops within the three regions (Huang, 2004), so improving our
understanding of these seasonal droughts and their effects on
crops is important.

2.2. Data

The data used in this study include meteorological observations
and agricultural statistics. In order to investigate the interannual
climate variability, 50 years of continuous data from 256 meteoro-
logical stations in the study area were selected. These stations are
located in the main agricultural areas. Daily meteorological data
were from 1961 to 2010. The variables included the temperature,
precipitation, water vapour pressure, wind speed and sunshine
hours.

Agricultural data were collected from the National Bureau of
Statistics of China. The data include the planting area, drought area,
and crop yields. Data for drought-affected areas and crop yields
were available only for the years 1978–2010, while data for the
other variables were available from 1961 to 2010.

2.3. Methods

The main effect of meteorological droughts on agriculture is the
reduction of available agricultural water resources, which causes
crop water stress and decreases the yield. We used anomalous
agricultural water budgets and the actual drought area as the
drought index and the crop yield from water consumption as the
water carrying capacity index to analyze the effects of meteorolog-
ical droughts on AWRCC and agriculture.

2.3.1. Agricultural drought indices
Agricultural droughts are a deficiency in water availability for

crop or plant growth, as defined by the UNCCD (2003). Several
drought indices have been developed to quantitatively evaluate
drought intensity. The most common is the Palmer Drought Sever-
ity Index (PDSI) (Palmer, 1965). The PDSI was the first drought
indicator to comprehensively assess moisture status. This index
primarily reflects long-term drought. The Crop Moisture Index
(CMI) reflects short-term moisture supply across major crop-
producing regions and identifies potential short-term agricultural
droughts. Huang et al. (2015) applied the variable fuzzy set theory
to develop an Integrated Drought Index (IDI) combining meteoro-
logical, hydrological, and agricultural factors across the Yellow
River basin in North China. The Integrated Drought Index (IDI)
has a better performance compared with Standardized Precipita-
tion Index (SPI) and Standardized stream flow Index (SSFI), and it
is more sensitive and effective to capture drought onset and persis-
tence. However, drought indices that are related to soil moisture
are inappropriate in humid regions where paddy rice is the main
crop. Therefore, three alternative drought indices were defined
based on statistical data in this study, which are drought hazard
rate and extent index, and agricultural drought intensity index
based on meteorological environment and crop water demand.

(a) Drought hazard rate

The drought hazard rate (DHR) is defined as the ratio of the crop
planting area affected by droughts (Ada) to the crop planting area
covered by droughts (Adc), where the crop planting area affected
by droughts is the area in which crop yield is reduced over 30%
by droughts and the crop planting area covered by droughts is
the area in which the crop yield is reduced over 10% by droughts
(Yan et al., 2009) in the same year. DHR is given by

DHR ¼ Ada

Adc
� 100% ð1Þ

Both Ada and Adc were from the Chinese Statistical Bureau. The
DHR can be used to describe the degree of actual damage from
droughts.

(b) Drought Extent index (DEI)

The drought extent index (DEI) is defined as the ratio of Adc

divided by the crop planting area As in the same year:

DEI ¼ Adc

AS
� 100% ð2Þ

As was also from the Chinese Statistical Bureau. DEI can be used
to describe the actual intensity of droughts.

Both DHR and DEI are based on statistical data. However, Ada,
Adc and As are not available before 1978 or for the current year,
while meteorological data are available from 1961.

(c) Agricultural drought intensity index (ADI)

Agricultural drought intensity index (ADI) is defined as

ADI ¼ DWBr ¼ WBr �WBr

WBr

 !
� 100% ð3Þ

where WBr ¼ P�ET0
ET0

is the relative difference between the water sup-

ply from precipitation (P) and the crop water demand or require-
ment as measured by evapotranspiration (ET0). WBr is the average
of WBr over the period from 1961 to 2010. ET0 was estimated by
the FAO Penman-Monteith equation (Allen et al., 1998).

ADI reflects the degree to which water requirements are met. A
large negative ADI indicates a local water deficit and an inability to
meet water demands for normal crop growth and development.
ADI can be divided into four levels: (1) no drought (ADI � �20);
(2) mild drought with no obvious crop effects (�20 > ADI � �45);
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Fig. 2. Relationships between ADI, SPI and DEI for the study area from 1978 to
2010. Top panel – ADI vs SPI; Bottom panel – ADI vs DEI.
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(3) moderate drought that produces some crop damage
(�45 > ADI � �70); and (4) severe drought that reduces crop yield
(ADI < �70).

2.3.2. Agricultural water resource carrying capacity (AWRCC)
Water resources can be divided into blue water and green water

(Falkenmark and Rockström, 2006). Blue water refers to the water
in surface water bodies and groundwater, while green water is
essentially rainfall that (after infiltration into the unsaturated soil
zone) is directly used by plants to produce biomass (Falkenmark
and Rockström, 2006; Liu and Savenije, 2008; Savenije, 2000). Crop
production mainly relies on green water. In this study, the precip-
itation during the growth season was used to evaluate AWRCC.
Many factors affect AWRCC, including the climate, non-
agricultural water use, crop varieties, fertilizer applications, etc.
Only the climate conditions (drought) and plant type were consid-
ered in this study. Three indices were calculated for AWRCC: the
water resource carrying capacity for a single crop (WRCCC) in a
region, the water resource carrying capacity for all crops in a region
(WRCCR) and the anomaly of the water resource carrying capacity
(AWRC) for the WRCCC and WRCCR.

2.3.2.1. WRCCC. WRCCCmeasures the green water resources during
the growth season that could produce the maximum yield of crops
under the current cropping patterns. This index indicates the
potential water productivity under limited agricultural water
resources. WRCCC is calculated based on the Jensen model
(Jensen, 1968):

WRCCCj ¼ Pj � CWPj �
YI
i¼1

ETPi

ETpmi

� �ki

ð4Þ

where the subscripts i and j are the crop growth stage and crop
type, respectively, and the letters i are the corresponding total num-
ber of growth stages of crop j. WRCCCj is the water carrying capacity
of crop j, and Pj is the total precipitation (m) in the growth season of
crop j, which represents the largest green water resource. CWPj is
the agricultural water productivity (kg m�3) of crop j. The value
of CWP for each crop was taken from data by Huang and Li
(2010a). ETpi and ETpmi are the actual and maximum crop evapo-
transpiration (m) in growth stage i, respectively, and are calculated
according to the FAO Irrigation and Drainage Paper No. 56 (Allen
et al., 1998). k is a water sensitive index at the growth stage i of a
crop, which reflects the influence of water stress during a growth
stage of a crop on the yield. The values of k and ETpm were from
Xiao et al. (2008) and Tao (1998).

2.3.2.2. WRCCR. WRCCR is the maximum agricultural production
that is supported by the current water resources under the current
technical, economic and social conditions. Regional agricultural
water resources could carry the largest crop planting area under
the specific regional climate, which is a constant or slightly varying
value. WRCCR is the sum of WRCCCs for all the crops in a region:

WRCCR ¼
XJ

j¼1

Qf �WRCCCj ð5Þ

where Qj
Aj
A is the weighting factor of crop j, Aj is the acreage (hm2) of

crop j, and A is the acreage (hm2) of all the food crops.

2.3.2.3. Anomaly of the water resource carrying capacity. The anom-
aly of the water resource carrying capacity (AWRC) is used to mea-
sure the influence of droughts on water resources. AWRC is
calculated as follows:

AWRCi ¼ WRCi �WRC
WRC

� 100% ð6Þ
where AWRCi is the deviation in the water resource carrying capac-
ity in year i (%). WRCi is WRCCCj or WRCCRj in year i. WRCWRC is the
average of WRCCCj or WRCCRj from 1961 to 2010.
2.3.3. Meteorological yield of crop (MY)
Crop yield is affected by many factors, among which the agricul-

tural technology and weather conditions are two significant ones.
The development of agricultural technology is a steady and gradual
process, while weather conditions have remarkable inter-annual
and inter-decadal variations. Agricultural technology is developed
to enhance crop production and increase crop yield, while weather
conditions can cause significant fluctuations in crop yields from
year to year. Therefore, the crop yield can be divided into two
parts: the time trend yield (TY), which is related to the effect of
agricultural technology on crop production, and the meteorological
yield (MY), which is related to the effects of weather conditions on
crop growth and developments. The time trend yield always
increases over time, while the meteorological yield can be positive
or negative at different times. However, crop yield variations that
are short-lived are not necessarily related to environmental condi-
tions. Before the effect of weather conditions can be assessed, it is
necessary to remove the trend (that is, to ‘‘detrend” the time ser-
ies) and other non-weather factors. Several detrend methods exist
to separate these two factors (World Meteorological Organization,
2010). In this study, the methods of linear and quadratic regres-
sion, the moving average over seven, five, three consecutive years
and the difference between the two adjacent years were used to fit
trend yield. We found that the method of moving average over
three consecutive years was the best for different regions and all
crops. Therefore it was used to get the time trend yield. The mete-
orological yield is the difference between the actual yield and the
time trend yield, which was also used in other drought assess-
ments (Larissa et al., 2015). Positive MY values indicate that the



Fig. 3. Relationships between the WRCCR and average yield of food crops (top) and
the total area covered by drought (bottom) for the study area from 1978 to 2010.
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weather conditions are favorable for crop production, while nega-
tive MY values indicate that the weather conditions are unfavor-
able for crop production. The MY was used to estimate the
effects of droughts on crops during typical drought years:

MYi ¼ yi � yti
yti

� 100% ð7Þ

whereMYi represents the meteorological yield of a crop in the year i
(%). yi and yti are the actual crop yield and the trend yield of a crop in
the year i (kg/hm2), respectively.
3. Results

3.1. Verifications of the ADI and WRCCC

Meteorological drought is the basis of agricultural drought. The
Standardized Precipitation Index (SPI) (Hayes et al., 1999) is a tra-
ditional meteorological drought index. By comparing SPI and ADI
in three regions, we found that the correlation between SPI and
ADI was very significant, which indicated that ADI was consistent
with the meteorological drought index in drought intensity
(Fig. 2). The reliability of ADI was also verified by DEI in three
regions from 1978 to 2010. The results indicate that ADI was sig-
nificantly related to DEI for the study region (P < 0.1%), which
proves that ADI could be used to identify droughts (Fig. 2).

We examined the correlation among the average yields of food
crops, the total area covered by drought and WRCCR in the study
area from 1978 to 2010 to test the suitability of AWRCC. The results
(Fig. 3) showed that WRCCR had a good correlation (P < 0.1%) with
both the food crops yield and the drought area. This figure showed
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Fig. 5. Time series of the temperature (a) and precipitation (b) for the three regions from 1961 to 2010.
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that WRCCR reflects both the water production capacity and the
drought situation in the study area. Thus, WRCCR could be used
to evaluate the effects of droughts on agriculture.

3.2. Variations in climate, agricultural drought and water resource
carrying capacity in southern China

3.2.1. Climate
The annual mean temperature for the entire study area changed

during the early 1980s from slight decreasing to large increasing
trends (Fig. 4). The increasing trends became much more substan-
tial after 1997 at a rate of 0.5 �C per year. In contrast, the annual
mean precipitation (Fig. 4) was characterized by large inter-annual
variability, a feature that was consistent with other studies
(Wang et al., 2001; Gong and Ho, 2002; Wang et al., 2013). How-
ever, a large decreasing trend was observed from the early 1990s.

Substantial differences existed in the magnitudes of the tem-
perature and precipitation among the three regions (Fig. 5). The
temperature was the highest in SC (21–22 �C), with much lower
values in the other two regions (Fig. 5a). The lowest was in SWC
(approximately 16 �C). The annual mean precipitation and its
inter-annual variability were much larger in SC and SYR than in
SWC (Fig. 5b).

The annual mean evapotranspiration over the entire study area
declined until 1997, then remarkably increased at a rate of approx-
imately 5 mm/m2 per year (Fig. 6). The increasing trend after 1997
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appeared to be consistent with the large increasing trend of tem-
perature. Evapotranspiration is an important component of the
hydrologic cycle, and affects water availability and agriculture
(Burn and Hesch, 2007). The remarkable increase in evapotranspi-
ration and the large decrease in precipitation after 1997 resulted in
more frequent agricultural drought events.

3.2.2. Agricultural droughts
The decadal drought frequency and intensity for the three

regions were calculated based on ADI and are shown in Fig. 7.
Among the three regions, SWC region had 17 droughts, SC region
had 16 droughts, and SYR region had 18 droughts during the period
between 1961 and 2010. Although the number of droughts in the
three regions was almost same during these 50 years, SWC had
more moderate and severe droughts, where average of EDI during
1978 and 2010 was 16% higher than other regions. SC region had 7
mild droughts, 5 moderate droughts and 4 severe droughts. Three
mild droughts occurred in the 1980s. Droughts occurred more fre-
quently in the 2000s, including 2 severe droughts, 2 moderate
droughts and 1 mild drought. The averages of EDI and HDR in SC
were 14% and 34% in the 1980s, 14% and 46% in the 1990s, 15%
and 50% in the 2000s, respectively. In SYR region, droughts
occurred 50% of the time during the 1960s, including 3 mild, 1
moderate and 1 severe drought. The intensity of the droughts dur-
ing the 1970s was stronger than that during the 1980s, with two
severe droughts. Droughts became much less frequent from the
1980s to 1990s. The frequency was zero in the 1990s, and the
drought intensity during these 2 decades was significantly less
than that during the 1960s and 1970s. Droughts clearly increased
in frequency in the 2000s. In this region, the averaged EDI in the
1990s was 13% which is lower than that in the 1980s by three per-
centage points, and the averaged HDR in the 1990s was 41% lower
than that in the 2000s by fifteen percentage points. In SWC,
droughts occurred 40% of the time from the 1970s to the 1980s,
reduced to 20% during the 1990s, and then increased to 50% during
the 2000s. The drought intensity also intensified during the 2000s,
when the averaged EDI and DHR were 17% and 52%, respectively.
The frequency of moderate and severe droughts obviously
increased during the 2000s in all three regions (Fig. 7). Meanwhile,
the variation of actual occurrence of droughts showed that the
DHR clearly increased, especially since the late 1990s, which was
consistent with the evapotranspiration trend (Fig. 6, Fig. 7). This
result implies that droughts intensified and agricultural losses
increased to an extreme degree in the area that was covered by
drought.

The spatial distribution of the mild, moderate and severe
droughts during this 50-year period for the entire study region is
shown in Fig. 8. The eastern part of the study region had a higher
amount of mild and moderate droughts and fewer severe droughts,
while the western part had more severe droughts but fewer mild
and moderate droughts. This was consistent with Fig. 7, where
the frequency of severe drought was higher in SWC region than
that in other regions. Severe droughts were more localized than
mild and moderate droughts: some small areas, such as the
southern corner of Sichuan Province and the southwestern Guanxi
Province, had more severe droughts than the entire region.



Fig. 8. Spatial distribution of droughts from 1961 to 2010 in the study area: (a) mild drought, (b) moderate drought and (c) severe drought.

Table 1
Water resource carrying capacity for major crops in three regions.

Region Crop Growth season Precipitation (mm) Crop water productivity (kg/m3) Water carrying capacity for crop (kg/m2)

SWC Winter wheat Nov. to Apr. 214 1.32 0.26
Middle rice May to Sept. 832 0.71 0.55
Maize May to Sept. 832 1.70 1.38

Region Year 1136 0.73

SYR Early rice May to July 592 0.72 0.36
Middle rice June to Sept. 624 0.71 0.46
Late rice July to Oct. 468 0.63 0.26

Region Year 1489 0.33

SC Early rice Apr. to July 893 0.72 0.57
Late rice Aug. to Nov. 517 0.63 0.28

Region Year 1650 0.42
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3.2.3. Agricultural water resource carrying capacity
Table 1 shows the regional averages of WRCCR for major crop

growth seasons in the three regions. The water capacity in SWC
region was 0.26, 0.55 and 1.38 kg/m2 for winter wheat, middle rice
and maize, respectively. Winter precipitation in SWC region was
small, so the water resource carrying capacity was much lower
for winter wheat than that for middle rice and maize. Although
middle rice and maize grew during the same season, the water pro-
ductivities between the two crops were quite different. The water
productivity for rice was 0.71 kg/m2 and that for maize was
1.70 kg/m2 because maize is a C4 crop with high water use effi-
ciency. The water capacity in SYR region was 0.46 kg/m2 for middle
rice, which was higher than that for early rice (0.36 kg/m2) and late
rice (0.26 kg/m2). The water carrying capacity of early rice (0.57 kg/
m2) in the SC region was two times that of late rice (0.28 kg/m2).
Thus, the water resource carrying capacity was different among
crops in a region or for the same crops among the three regions.

The regional agricultural water resource carrying capacity was
affected by the crop types and planting proportions of each crop
and by the regional climate. On average, WRCCR in SWC region
(0.73 kg/m2) was far higher than that in SYR (0.33 kg/m2) and SC
regions (0.42 kg/m2) (Fig. 9). WRCCR exhibited a slight upward
trend in all three sub-regions because of the development of agri-
cultural technology (Fig. 9). The WRCCR in SWC (Fig. 9a) had low
values from 1961 to 1964, from 1975 to 1981, and from 1987 to
1994, which was inconsistent with the annual precipitation trend
(Fig. 5) and might be related to lower winter wheat planting pro-
portions (Fig. 10a). The WRCCR in SYR showed a phase change
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Fig. 9. Time variations of agricultural water resource carrying capacity from 1961
to 2010 in the three regions.
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Fig. 10. Planting proportions of major crops from 1961 to 2010 in the three regions.
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(Fig. 9b). Low values appeared during the 1960s and 1980s, which
was roughly consistent with the annual precipitation trend and the
greater middle rice planting area (Fig. 10b). In SC (Fig. 9c), an obvi-
ous declining trend was found during the late 1980s, which was
contrary to the changes in the degree of agricultural droughts. In
SC, the peak of WRCCR appeared during the 1970s, and low values
mainly appeared in 1963, 1992, 2003 and 2004, which coincided
very well with the variations in precipitation. The crop planting
proportions varied slightly since the 1980s (Fig. 10c).
3.3. Effects of meteorological droughts on the agricultural water
resource carrying capacity

The correlations between ADI and WRCCR in the three regions
were significant (P < 0.1%) (Fig. 11). In SWC region,WRCCR dropped
to less than 0.7 kg/m2 whenmoderate droughts occurred (Fig. 11a).
In SYR region, WRCCR dropped to less than 0.3 kg/m2 when moder-
ate agricultural droughts occurred (Fig. 11b). In SC region
(Fig. 11c), WRCCR dropped to less than 0.4 kg/m2 when meteoro-
logical droughts occurred. WRCCR in SC region dropped substan-
tially in response to droughts and exhibited the most rapid
decline among the three regions. This result indicates that WRCCR
was more sensitive to droughts in SC and SYR regions than in SWC
region during the past 50 years, where the rice planting areas were
much greater than that in SWC region. On the other hand, the dif-
ferent levels of drought in SWC region had a minimal effect on
WRCCR.

WRCCC and its sensitivity to the drought intensity were differ-
ent for different crops in the same region or for the same crop in
different regions because of differences in precipitation and crop
water use efficiency (Fig. 12). Among all the crops, the largest dif-
ference in WRCCC was found between the two upland crops. The
WRCCC for maize was much higher than that for winter wheat
and also dropped more quickly than that for winter wheat as the
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Fig. 11. Relationships between agricultural drought intensity index and agricul-
tural water resource carrying capacity in SWC (a), SYR (b) and SC (c).
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drought intensity increased. When moderate droughts occurred,
the WRCCC for maize dropped to less than 1.0 kg/m2, and the
WRCCC for winter wheat decreased to around 0.2 g/m2

(Fig. 12a, b). Regional differences in the WRCCC were significant
for paddy crops. The WRCCC for middle rice in SWC dropped more
slowly than that in SYR as the drought intensity increased. When
moderate droughts occurred, the WRCCC for middle rice in SYR
dropped to 0.4 g/m2 or less, and the WRCCC for middle rice in
SWC was reduced to around 0.55 g/m2 (Fig. 12c, d). The WRCCC
for early rice dropped more slowly than in SYR as the drought
intensity increased. When droughts occurred, the WRCCC for early
rice dropped below 0.4 g/m2 in SC and below 0.35 g/m2 in SYR
(Fig. 12e, f). The WRCCC for late rice in SC and SYR regions was
almost identical. When severe droughts occurred, the WRCCC val-
ues for late rice in both regions fell to below 0.26 g/m2

(Fig. 12g, h). Among all the crops, the ARCCC values for maize in
SWC and middle rice in SYR were more sensitive than those for
the other crops.

3.4. Effects of meteorological droughts on agriculture production

The effects of meteorological droughts on agriculture in south-
ern China were discussed in this section by analyzing drought
events in each region from 1961 to 2010. The ADI, AWRC, DEI,
DHR and MY for total food crops were computed for each drought
year and region. The AWRC and MY for single crops were also com-
puted for each drought year and region. Negative AWRCs indicate
that WRCCC or WRCCR was reduced by droughts during the crop
growth season. Negative or low values of MY indicate that the
regional agriculture or crops were affected by droughts. Mean-
while, high DEI and DHR values indicate that droughts were wide-
spread and caused serious crop losses.

Seventeen drought years occurred in SWC (Table 2). Among all
the typical drought years, the moderate drought years comprised
the largest proportion, specifically, 8 years, or 47% of the total
number. There were seven severe drought years which comprised
41% of the total number of drought years. In contrast, mild
droughts occurred in only 2 years, or 12% of the total number. Dur-
ing most of the drought years, the AWRC for the region was nega-
tive and the MY was less than 2.0, which indicates that WRCCR and
crop yield were obviously affected by droughts in this region. Dur-
ing the two mild drought years, drought effects on agricultural
water resource carrying capacity and crop yield were also signifi-
cant because droughts occurred during the main crop growth sea-
son, as indicated by the large DEI and DHR values. During the
moderate drought and severe drought years, droughts clearly
reduced the agricultural water resource carrying capacity and crop
yield, especially in 1972 and 2006 (Table 2). Unlike middle rice and
maize which are grown during the rainy season, the winter is
grown in the dry season and is often affected by droughts in
SWC. The AWRC for winter wheat was negative for 14 years, which
comprised 82% of the total number of drought years. When ade-
quate water storage was present during the rainy season from
the previous year, such as in 1978 and 1987, droughts had little
effect on winter wheat yield.

Eighteen drought years occurred in SYR (Table 3). Mild droughts
were dominant (9 years). The number of severe drought and mod-
erate drought years was 6 and 3, respectively, which were obvi-
ously lower than those in SWC. During most of the drought
years, the AWRCs had negative values and the MYs were negative
or less than 2.0, except in 1979. The agricultural practices in 1979
were affected by policy factors: agricultural investment increased
significantly and the drought resistant capacity increased, so the
yield of food crops obviously increased. The AWRCs matched the
ADI well during most of the drought years, and both indices were
negative during moderate and severe drought years. Reductions in
crop yield for the region and in late rice were recorded during the
three severe drought years, which suggested that the WRCCR was
reduced to a point lower than normal under severe drought condi-
tions, and caused a decrease the crop yield. Among the three types
of rice, late rice was the most vulnerable to droughts. Reductions in
the crop yield during some drought years were caused by both
droughts and heat injury, such as the yield reduction of middle sea-
son rice in 1988. Table 3 shows that more frequent consecutive
drought years occurred in SYR region; for instance, three consecu-
tive drought years occurred from 1966 to 1968 and from 2007 to
2009, and two consecutive drought years occurred from 1963 to
1964 and from 1978 to 1979. Crop yield reductions during these
consecutive drought years were not obvious during the second
year, in which the time trend yields of the crops were also affected.

Sixteen drought years occurred from 1961 to 2010 in SC, which
was the fewest among the three regions. These drought years were
classified into seven mild, five moderate and four severe drought
years based on their drought intensity. The AWRCs for the region
during all these drought years were negative, which indicates the
best correlation with the ADI among the three regions. The MYs
during the mild and moderate drought years were below those
during normal years. The DEIs and DHRs during the severe drought
years were over 22.9 and 46.0, respectively. Decreases in food crop
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Fig. 12. Relationships between the agricultural water resource carrying capacity for major crops and the drought intensity index.
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Table 2
Drought indices, AWRCs and meteorological crop yields at each drought year from 1960 to 2010 in SWC region.

Drought intensity Year ADI DEI DHR AWRC for region MY for food crops AWRC and MY for single crops

Winter wheat Middle rice Maize

AWRC MY AWRC MY AWRC MY

Mild 1979 �29.9 26.0 49.1 1.0 �1.2 �25.2 �2.0 9.0 �0.7 6.4 �6.2
1988 �40.4 20.3 40.0 �6.5 �3.3 �12.8 �5.0 0.6 �2.1 �8.4 �2.9

Moderate 1969 �66.0 – – 5.5 �2.2 �37.8 �12.0 3.3 �2.4 9.5 0.8
1978 �53.0 27.3 29.7 �1.6 0.7 �15.8 3.2 3.0 1.8 3.1 3.6
1987 �61.6 24.8 40.3 �8.3 1.9 �24.8 6.1 �1.9 1.5 �9.8 �3.4
1989 �53.1 15.5 31.1 �22.3 0.9 �10.6 �2.5 �19.1 �0.4 �24.3 2.6
1992 �49.8 26.8 58.9 �26.1 �0.5 19.7 0.3 �28.6 0.0 �29.9 �5.6
1994 �48.6 21.7 39.9 �12.5 �2.1 �14.8 �3.4 �5.4 �1.5 �11.2 �1.8
2003 �69.4 17.4 52.6 �6.3 0.7 �0.9 �1.3 �8.8 2.2 �7.6 �1.9
2005 �51.3 18.1 52.2 �4.9 2.5 4.6 �2.3 �13.5 4.0 �7.2 2.6

Severe 1963 �86.9 – – �9.5 1.8 �41.9 �1.6 �12.4 0.5 �8.1 1.5
1972 �110.8 – – �37.7 �6.7 �2.3 0.9 �21.9 �8.0 �55.7 �7.6
1975 �71.5 – – �13.1 2.0 �8.2 �7.7 �8.5 3.8 �13.7 2.5
1981 �84.0 9.0 59.0 �8.7 �2.8 �4.1 �7.4 �10.0 �2.8 �8.7 �4.8
2006 �116.5 35.5 62.1 �32.2 �5.1 �10.4 1.9 �34.4 �7.4 �41.8 �4.1
2009 �99.0 15.1 42.7 �9.0 0.7 16.8 3.8 �22.1 �0.1 �16.9 �1.0
2010 �72.3 31.5 69.6 1.0 0.0 �30.6 �8.2 �4.1 1.4 �7.1 3.8

Note: ‘‘–‘‘ indicates that no data are available.

Table 3
Drought indices, AWRCs and meteorological crop yields during each drought year from 1960 to 2010 in the SYR region.

Drought intensity Year ADI DEI DHR AWRC for region MY for food crops AWRC and MY for single crops

Early rice Middle rice Late rice

AWRC MY AWRC MY AWRC MY

Mild 1964 �41.8 – – �24.6 0.0 �11.0 �5.3 �15.4 – �25.8 4.5
1967 �36.2 – – �18.9 �1.0 5.5 �2.9 �22.1 – �37.3 �1.3
1968 �30.4 – – �8.1 2.0 3.2 �1.7 �1.6 – �11.3 4.3
1974 �35.5 – – 0.9 0.3 6.3 4.7 �7.1 – �3.8 �8.5
1985 �40.2 21.8 58.0 �14.8 �0.7 �23.3 �2.9 �13.1 �4.5 �3.9 2.2
1988 �26.9 26.3 44.6 �3.2 �0.9 �8.1 0.4 6.0 �9.3 0.2 �1.0
2004 �31.5 10.1 60.4 1.5 1.2 �0.7 1.8 �5.4 �0.7 �7.3 1.4
2005 �20.6 10.4 61.4 �5.0 �2.1 0.6 �0.4 �16.5 �1.9 �16.4 �2.1
2008 �27.1 6.7 33.8 7.1 0.7 �2.6 0.9 3.6 1.2 1.2 0.1

Moderate 1966 �54.8 – – �18.5 �0.6 �13.5 4.3 �19.1 – �15.9 0.4
1979 �62.4 – – �13.8 7.4 �10.5 4.2 �2.5 – �22.0 6.8
1986 �58.1 27.2 54.6 �14.1 0.3 �14.2 3.8 �12.9 �0.8 �14.2 �3.5
2003 �59.0 36.4 68.3 �20.4 �1.4 �11.9 �0.9 �25.0 0.5 �40.5 �2.4
2007 �53.7 25.4 61.4 �1.8 �0.5 �27.4 �0.2 3.2 �1.5 3.7 �0.5
2009 �53.4 14.4 40.9 �10.4 0.9 �16.8 2.8 �15.0 0.3 �14.2 0.3

Severe 1963 �89.6 – – �26.2 �0.5 �20.6 4.0 �23.6 – �19.5 �1.1
1971 �87.7 – – �22.8 �0.9 �12.6 �0.8 �12.6 – �29.2 �6.9
1978 �84.3 28.9 60.2 �27.2 �4.5 �22.0 2.1 �32.7 – �34.5 �0.5

Note: ‘‘–” indicates that no data are available.
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yields were observed when the AWRCs for each region dropped
below -19%. Table 4 shows that the decreases in the crop yield dur-
ing the drought years were less than those in SWC and SYR. This
result indicates high drought resistance capability in SC.

3.5. Relationship between the WRCCR and planting structure under
meteorological drought conditions

To investigate the inter-annual variations of natural drought,
actual agriculture drought and the relationship with planting
structure alteration, we took WRCCR scaled by the ratio of the
average planting proportions of major crops over the total planting
area of food crops in the three regions as the reference WRCCR for
each year. Comparing the WRCCRs that were based on the average
planting scale of major crops and the WRCCRs that were based on
the actual planting scale of major crops showed that the different
planting scales of the major crops resulted in different WRCCRs
during drought years (Fig. 13). In order to investigate the effects
of different planting structure on drought relief, we analyzed the
relationship between planting proportion for each crop and
WRCCR in typical drought years (Fig. 14).

The differences between the actual WRCCR and the reference
WRCCR in SWC region were positive in the 1960s and the 2000s,
but negative in the other years. The difference between the actual
WRCCR and the reference WRCCR was significantly related to the
local crop planting structure (Figs. 13a and 10a). When the plant-
ing proportion of winter wheat was reduced, WRCCRs increased
obviously compared to the reference WRCCR. Although drought
intensity in the 2000s was over that in the late of 1980s and the
early of the 1990s, only in two years actual drought (shown by
EDI) exceeded that in the 1980s and in the 1990s due to the
increase in WRCCR (Fig. 13a). During drought years, the difference



Table 4
Drought indices, AWRCs and meteorological crop yields during each drought year from 1960 to 2010 in the SC region.

Drought intensity Year ADI DEI DHR AWRC for region MY for food crops AWRC and MY for single crop

Early rice Late rice

AWRC MY AWRC MY

Mild 1962 �31.5 – – �7.6 1.3 1.2 0.2 �6.2 �1.2
1964 �22.8 – – �6.5 �2.1 �17.5 0.4 19.3 �1.2
1966 �30.1 – – �9.9 �0.2 14.0 �4.3 �42.7 3.2
1969 �29.9 – – �15.7 1.0 �7.5 �1.2 �22.1 0.2
1986 �22.4 22.9 39.1 �1.8 �3.9 5.2 �2.7 �19.2 �4.3
1988 �20.6 21.1 45.5 �7.9 �5.1 �19.8 �1.1 12.4 �9.2
1989 �42.0 17.4 51.5 �14.2 2.0 �11.2 1.0 �24.0 3.2

Moderate 1967 �51.4 – – �13.0 0.6 �21.5 6.2 4.9 �1.9
1971 �56.7 – – �10.3 1.0 �3.8 �1.1 �20.9 0.4
1977 �63.4 – – �11.8 1.6 �6.7 �4.7 �20.0 8.2
2007 �58.1 18.9 47.0 �10.5 1.3 �16.0 2.0 �2.3 0.6
2009 �47.7 15.8 41.0 �5.8 1.3 �5.9 2.4 �8.8 0.1

Severe 1963 �97.2 – – �24.1 �1.2 �24.3 �4.0 �14.0 3.8
1991 �78.7 32.1 46.0 �23.0 �0.8 �20.7 �0.7 �29.8 �0.8
2003 �82.9 22.9 50.1 �15.9 1.2 �18.7 0.4 �13.5 3.8
2004 �84.2 27.8 49.4 �19.1 �1.6 �14.1 1.9 �31.0 �5.5

Note: ‘‘–” indicates that no data are available.
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between the actual WRCCR and the reference WRCCR in SWC
region obviously decreased with the increasing of the planting pro-
portions of winter wheat, which is a dry season crop (Fig. 14a).
WRCCR significantly increased when the anomaly of the planting
proportion of middle rice decreased by 5% to 10% (Fig. 14b).
WRCCR increased as the maize planting area increased (Fig. 14c).
Therefore, the wheat and rice planting areas in SWC region should
be reduced and maize planting area should be expanded to
improve the agricultural water resource carrying capacity and mit-
igate the effects of droughts on agriculture.

In SYR region, the differences between actual WRCCR and refer-
ence WRCCR were positive in the 2000s, but negative in the 1960s.
The variation of the differences during the 1970s and the 1990s
was very small. This result was in consistent with the change of
the planting structure in this region. Large adjustments to the crop
planting structure in SYR region occurred around the year 2000,
when a sudden change was observed (Fig. 13b and Fig. 10b). When
the planting proportion of middle rice was increased, WRCCRs
increased obviously. In the 2000s, the drought intensity (shown
by ADI) was severer than that in the 1980s, but the actual drought
was not severer than that in the 1980s. The early rice growth sea-
son is the rainy season, so the water resource carrying capacity
would increase to a certain extent by planting more, and AWCCR
could be increased by 5% to 10% when the planting proportion is
substantially reduced by approximately 30% (Fig. 14d). Rainfall
during the main growth season of late rice was not as abundant
as that for early rice, so the reduction of planting area should be
reduced to increase the water resource carrying capacity (Fig. 14e).
In this region, expanding the middle season rice planting scale
could increase the water resource carrying capacity (Fig. 14f). For
a water-consumption cropping system, the water resource carry-
ing capacity would increase when the double-season rice planting
area is sufficiently reduced. Drought events in SYR region have
increased since the year 2000 drought events, so the planting scale
of single rice should be expanded to reduce the risk of droughts.

In SC region, the differences between actual WRCCR and refer-
ence WRCCR were positive after the 1980s. These were lower than
in the other regions due to small variations of crop planting pro-
portions in this period (Figs. 13c and 10c). There is plenty of rainfall
during the early rice growth season in SC region, so no clear rela-
tionships were found between the planting proportion and water
carrying capacity (Fig. 14g). In contrast, rainfall during the late rice
growth season is much less. Thus, the water carrying capacity
could be increased by reducing the planting proportion (Fig. 14h),
which would decrease drought effects on agriculture in SC region.
This study shows that we can enhance the agricultural water
resource carrying capacity in humid southern China by adjusting
the planting structure to mitigate the effects of droughts on
agriculture.
4. Discussion

In this study, we found that the agricultural drought intensity
index ADI had a good relationship with the DEI, AWRC and MY.
Analyses for each typical drought year showed that the AWRCs
for the entire study area were negative for 88% of the drought
years. In particular, the AWRC declined significantly during severe
drought years (Fig. 15a). Meanwhile, the MYs of food crops were
less than 2.0 during almost all the drought years and negative dur-
ing 50% of the drought years (Fig. 15b). These results strongly sug-
gest that the ADI can sufficiently indicate the occurrence and
effects of droughts during most drought years and that the ADI is
suitable for drought monitoring in rice planting areas, such as
southern China.

The AWRCC was significantly correlated with the yield of food
crops and the actual area covered by droughts. The anomalies of
WRCCRs during all the drought years were less than 10% and
dropped below�20% during severe drought years (Fig. 15a). Mean-
while, AWRC had a good relationship with MY (P < 0.001). When
AWRCs were below �20%, MYs were negative (Fig. 15c). These
results showed that AWRCC could describe drought effects on agri-
culture. This index was related to the planting structure and the
crop growth season. Thus, this index is also adaptable to the study
area.

Some uncertainties existed in the correlations among the ADI,
AWRC, and MY. The agricultural water resource carrying capacity
during some severe drought years was not less than normal, which
might be related to low proportions of water consumption crops
and dry spells not occurring during the major crops’ growth sea-
sons, such as in 1963 in SWC and in 2003 in SC. On the other hand,
some mild droughts occurred during the main crop season or at a
critical stage of growth, and AWRC was low, such as in 1988 in
SWC and in 1985 in SYR. Food production was affected more
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Fig. 13. The variations of drought intensity (shown by ADI), actual drought (shown by DEI) and the difference between WRCCR based on actual crop planting proportion and
reference WRCCR based on averaged crops planting proportion in three regions during 1961 and 2010.
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Fig. 14. Relationship between the difference of WRCCR (same as Fig. 13) and the anomaly of the crop planting area during drought years in three regions.
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severely by drought in these cases. Rice is the major crop in south-
ern China. Around 50% to 70% of water consumption for rice pro-
duction is from blue water (Wang et al., 2014). Meanwhile,
southern China has good irrigation systems, and the effective irri-
gation area is approximately 30%-64% of the crop sown area
(National Bureau of Statistics of China, 2010). The MYs were not
always negative during every drought year because of irrigation.

Some uncertainties existed in the correlations among the ADI,
AWRC, and MY. We did not find any significant relationships
among the DEI, HDR and effective irrigation area in the study
region, which might be related to the uncertainty in the spatial
and temporal distributions of the droughts. The ADI does not con-
sider the effects of irrigation. We found ADI was sensitive to pre-
cipitation variations in the three regions, and is more sensitive in
SYR and SC than in SWC which has complex terrain and wet and
dry seasons.

Notwithstanding these limitations, these results offered com-
prehensive information regarding the effects of meteorological
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Fig. 15. Variations of the AWRC with ADI, the MY with ADI, and the MY with AWRC
in drought years (not including 1979 in SYR).
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droughts on the agricultural water resource in the humid regions
of southern China at regional scales and over a large time scale
(50 years). Important conclusions could be drawn to provide
greater insight into crop–climate interactions and sustainable crop
production in China.
5. Conclusions

This study investigated meteorological droughts and their
effects on the agricultural water resource in the humid regions of
southern China. The findings demonstrated that the agricultural
drought intensity index (ADI) based on rainfall and water demand
for crops was significantly correlated with the actual drought
occurrence extension index (p < 1%). ADI is suitable for drought
assessment in rice planting areas in southern China. The agricul-
tural water resource carrying capacity index (AWRCC) was con-
structed based on the concepts of carrying capacity and crop
water productivity to estimate the upper of available water
resource in crops growth season. The AWRCC was significantly cor-
related with regional average food crop yields and drought disaster
areas (P < 1%). This result confirmed that the index could reflect the
drought conditions and the upper limit for agricultural water
resource productivity. Droughts occurred approximately one third
of the years between 1961 and 2010. AWRCC was lower than nor-
mal in 88% of the total 51 drought events. This result indicated
agricultural water resources were restricted under drought condi-
tion, and thus lead to crops yield reduction. Water resource carry-
ing capacity is decided by planting structure in greatly degree.
Regional planting structure adjustment countermeasures were
proposed based on the relationship between the agricultural water
resource carrying capacity and the planting structure to improve
agricultural water resources for drought resistance. Reducing the
planting area of dry season crops and rice could improve the
AWRCC in drought years at the region with dry and wet season.
Likewise, reducing the planting area of double-season rice could
improve AWRCC in regions with double-season rice cropping
systems.

In summary, these results can provide useful insights into
developing effective and adaptive strategies of agricultural drought
defense for policymakers at a regional scale. Water resource avail-
ability and adjustment of planting structure should be considered
especially in drought resistant decision-making. In addition, other
factors such as farm practices, the adopted crop varieties should be
considered.
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