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Abstract: Paprika pepper, as one of the main vegetable crops, is originated in the tropics and now widely planted in the
world for its dietary therapy and medicinal functions. For its typical physiological properties referring to low tolerances
to flood, drought and cold, paprika pepper often suffers from one or several disasters during its growing period,
especially under tropical climate. Paprika pepper in Hainan, as a typical region of tropical climate in China, sustains
flood, chilling and drought disaster risks induced by varied weather systems. This study was to develop and employ
appropriate indices to assess hazard, sensitivity, vulnerability and prevention capability for major disasters during
paprika pepper growth period, using long-term meteorological data from 1998 to 2011, actual disasters record from
1999 to 2011, production and socioeconomic statistics from 2002 to 2011 at 18 weather stations. Based on the Analytic
Hierarchy Process and Entropy method, the combined weight was given to each disaster factor, thus an integrated
disaster risk assessment model was developed and applied at regional level. High flood hazard mainly occurred in
eastern Hainan, high chilling hazard in north and central mountain areas, and high drought hazard in the western part of
Hainan. Drought and chilling sensitivity had a similar spatial distribution which decreased from central to coastal
regions while flood sensitivity was the opposite. High vulnerability of the disasters mainly occurred in central regions,
similar to low prevention capability. Eastern Hainan suffered from high integrated damage risk. The predicted damage
occurrence showed a good agreement with the occurrence of actual disasters. We concluded that an integrated damage
risk assessment model could provide a new tool to assess major meteorological disasters and help farmers and policy
makers to alleviate the risks of major meteorological disasters for paprika pepper, which seems also suitable for other
crops.
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1 INTRODUCTION

Meteorological disasters cause enormous economic
loss, taking up about 38% of total production in the
world and more than 15% in China during the period
from 1900 to 2014 (Emergency Events Database [1]).
Resulting from climate change, an increasing trend was
found in intensity and frequency of meteorological
disasters (Zhang et al.[2]), which damaged 5 billion ha of
crops per year with the loss of economic values as high
as 200 billion Chinese Yuan per year in the whole of
China (Jia et al.[3]).

Paprika pepper, as one of the important vegetable
crops with high contents of vitamin C, E and protein,
originates in tropical Latin America and widely grows
in many countries in Asia, Africa, Europe, South and
North America. Paprika pepper is mainly produced in
warm and sunny climate in the southern area of China.
As a ‘winter vegetable basket’ of China, Hainan
province has unique climatic advantage and topographic
environment. As a major vegetable crop, paprika pepper
developed quickly since 1980s, accounting for almost
30% of total vegetables at present in Hainan. Owing to
various weather systems interaction, meteorological
disasters such as rainstorms, floods, droughts and
chilling severely threaten paprika pepper production. For
example, about 0.41 million ha of vegetable crops were
damaged by droughts in the spring of 2005, and 0.14
million ha by the flood in October 2010. 20% to 30%
of vegetable yields were lost due to chilling conditions
in the winter of 2008. It is therefore imperative to
assess the disaster risk in vegetable production to help
farmers optimize their crops by minimizing disaster
losses.
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Risk assessment of meteorological disasters is to
quantify the hazard, sensitivity, vulnerability and
prevention capability of disasters by developing and
applying various assessment measures. A lot of studies
have been done to assess the impact and risk of
meteorological disasters on agriculture at the field level
(Luedeling et al.[4]; Aghdam and Mohammadkhani[5]; Bi
et al. [6]) and at the regional level by using different
spatial-temporal scales (Deo [7]; Varazanashvili et al.[8];
Glade and Nadim[9]; IPCC[10]). Using an appropriate index
in the assessment of disaster risk is the pivotal issue,
however, the current indices are very different and
difficult to apply in paprika pepper because several
disasters often occurred simultaneously. Drought
probabilities for precipitation (Petr et al.[11]), soil electric
conductivity (Delin and Berglund[12]) and surface runoff
(Quan et al. [13]) were used to assess drought and flood
risk. Indices e.g. period of precipitation (Zhang [14]) and
consecutive rainless days (Xu et al.[15]) were also used to
assess the drought risk without taking account of actual
damages. Indices derived from water supply and
demand, e.g. relative severity index (Todisco et al. [16]),
standardized precipitation index (Yu et al. [17]), palmer
drought severity index (Dash et al. [18]), multi-scale
standardized precipitation index (Potopová et al. [19]),
reconnaissance drought index (Tsakiris et al.[20]), drought
vulnerability index (Shahid and Behrawan [21]), daily
composite drought index (Li et al.[22]) and standardized
precipitation evapotranspiration index (Vera et al. [23]),
are often used and reasonable results are obtained.
However, these indices are calculated based on
numerous data sheets and difficult to parameterize. To
assess chilling risk, the indices are generally grouped
into two categories: (a) average cold temperature
without considering crop chilling requirement like
consecutive cold days (Liu et al. [24]), and (b) crop
biological characteristics-based indices depend on
biological minimum temperature (Megias et al. [25]), i.e.
relative accumulated chilling (Rebecca et al. [26]) and
weighted cumulated degree days (Giulia et al.[27]).

With the development of GIS and RS technologies,
some indices have been derived for extending disasters
analysis (Cheng et al.[28]), with a temperature condition
index (Belal et al.[29]) based on the information of land
surface temperature versus NDVI scatter plots falling
into a triangular shape, a water supplying vegetation
index defined as the ratio of the fourth channel
brightness temperature of NOAA AVHR to NDVI, and
a vegetation condition index based on the status of
vegetation cover as a function of NDVI minima and
maxima (Sanjay et al.[30]). However, the vegetation data
is not easy to be precisely monitored. It is therefore
necessary for a scientific and simple index for single
and multiple disasters to be developed and applied to
specific vegetable crops addressing their specialties and
the meteorological disasters they suffer from.

Most often than not, there is more than one

disaster occurring in one crop growing season, however,
we have limited knowledge to assess multiple disasters
by using one simple and practical measure. Our
objectives were to (1) develop appropriate indices for
the assessment of hazard, sensitivity, vulnerability and
prevention capability for each single disaster, i.e. flood,
chilling and drought for paprika pepper; (2) integrate
indices of each single disaster into a combined
assessment model to assess the risk of overall major
meteorological disasters; and (3) apply the integrated
risk assessment model in paprika pepper production in
Hainan, China, and generally compare the results of the
assessment with the actual severity of meteorological
disasters in the studied region.

2 MATERIALS AND METHODS

2.1 Study area and data source
The current study was performed in Hainan Island

in the north of South China Sea (18°10’N-20°10’N,
108° 37’E -111° 03’E), the second largest island in
China with a total area of 34 ha (Wen and Wu[31]). The
climate of the studied region is tropical. Yearly mean
air temperature ranges from 22.8 to 26.7 ℃ , total
rainfall per year is from 960 to 2,500 mm, and yearly
sunshine duration varies from 1,800 to 2,811 h.

Paprika pepper in the studied region was sown in
September and harvested during April and May. During
the growing season of paprika pepper, flood, chilling
and drought occurred singly or jointly. Three periods
corresponding to the development stages of paprika
pepper, i.e., October to November in the preceding year
in the seedling stage, preceding December to February
during vegetative growth, and March to April during
flowering, were analyzed. The data included
meteorological data, disaster damage records, production
data and socioeconomic statistical data. Daily
meteorological data including mean and minimum air
temperatures and precipitation from 1998 to 2011 at 18
weather stations near the studied sites (Fig.1) were
obtained from Institute of Meteorological Science of
Hainan Province. To ensure the coherence of records,
individual missing climate data (less than 5% ) of
weather stations were replaced by mean values of the
same time during 1998-2011.

Disaster damage data were extracted from Chinese
Meteorological Disasters Service (Wen and Wu [31]) and
from Institute of Meteorological Science of Hainan
Province from 1998 to 2011. Production data of paprika
pepper from 1999 to 2011, i.e., yield and planting area,
were obtained from Vegetables Institute of Hainan
Academy of Agricultural Sciences. Socioeconomic
statistical data (net income per capita in rural areas and
agricultural machinery gross power) were extracted
from Hainan Agricultural Statistics Yearbook from 2002
to 2011. Digital Elevation Model (DEM) was used in
topographic analysis (Masood and Takeuchi [32]) for the
distribution of the disasters. The DEM data of Hainan
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Table 1. Correlation coefficients between every two factors and accumulative contribution rate of the first two principal
components of the four factors for flood and drought at each station.

Correlation coefficient of factors

Haikou
Dongfang
Danzhou
Qiongzhong
Qionghai
Sanya
Lingshui
Dingan
Lingao
Dengmai
Changjiang
Wenchang
Wanning
Tunchang
Baisha
Ledong
Baoting
Tongshi

Station

-0.51
-0.40
-0.39
-0.46
-0.68
-0.46
-0.53
-0.59
-0.57
-0.57
-0.27
-0.86
-0.67
-0.65
-0.67
-0.28
-0.60
-0.64

province were obtained from Institute of Meteorological
Science of Hainan Province.
2.2 Assessing the risks of major disasters

Risk assessment was a complex process that
depends on comprehensive analysis of various climatic,
ecological, social and economical variables. First, we
developed models to assess the single index for hazard,

sensitivity, vulnerability and prevention capability for
each meteorological disaster, i.e., flood, chilling and
drought. Then, we developed an integrated damage risk
assessment model to assess the overall disasters risk for
paprika pepper by combining all indices and disasters.
2.2.1 DISASTER HAZARD

Flood and drought disaster were directly caused by
water content deviating from precipitation. Four factors,
i.e. amount of precipitation, dry days, continuous dry
days and maximum continuous dry days were selected
to characterize the drought. The amount of precipitation,
rain days, continuous rain days and maximum
continuous rain days were used for flood. Significant
correlation between every two of the four selected
factors for flood and drought at each station was at first
analyzed. Secondly, the principal component analysis
(PCA) method was used to select most important
factors, when the accumulative contribution rate of the
first two principal components accounted for more than
88% and 85% (Table 1), respectively. Thirdly, a linear
combined index of the first two principal components
multiplying by each contribution rate was taken as a
drought or flood hazard index, which was a
non-dimensional index by using standardized factors.

Figure 1. Distribution of 18 studied sites and weather stations
in Hainan province, China.

-0.43
-0.38
-0.37
-0.43
-0.60
-0.37
-0.49
-0.56
-0.56
-0.50
-0.25
-0.84
-0.63
-0.56
-0.60
-0.27
-0.52
-0.57

-0.08
-0.23
-0.10
-0.14
-0.35
-0.46
-0.41
-0.23
-0.35
-0.56
-0.38
-0.15
-0.35
-0.21
-0.43
0.44

-0.11
-0.11

0.94
0.99
0.99
0.97
0.98
0.98
0.98
0.97
0.98
0.95
0.98
0.97
0.97
0.97
0.96
0.98
0.97
0.99

0.59
0.57
0.60
0.47
0.56
0.68
0.84
0.33
0.51
0.45
0.54
0.28
0.56
0.58
0.56
0.28
0.66
0.64

0.62
0.52
0.57
0.48
0.60
0.69
0.81
0.27
0.44
0.48
0.44
0.24
0.64
0.55
0.53
0.30
0.63
0.70

0.58
0.55
0.55
0.69
0.55
0.54
0.45
0.59
0.52
0.56
0.66
0.37
0.55
0.50
0.46
0.46
0.43
0.56

0.57
0.50
0.57
0.64
0.64
0.51
0.46
0.61
0.49
0.54
0.67
0.43
0.59
0.56
0.53
0.47
0.49
0.53

0.41
0.08
0.79
0.72
0.68
0.49
0.76
0.45
0.70
0.65
0.41
0.40
0.76
0.88
0.82
0.45
0.41
0.56

0.99
0.96
0.98
0.99
0.98
0.97
0.97
0.98
0.97
0.99
0.97
0.99
0.99
0.99
0.99
0.97
0.97
0.99

0.69
0.46
0.60
0.83
0.86
0.61
0.67
0.77
0.61
0.70
0.58
0.77
0.83
0.51
0.64
0.75
0.75
0.58

0.70
0.48
0.63
0.81
0.83
0.69
0.70
0.81
0.52
0.67
0.58
0.82
0.83
0.52
0.72
0.82
0.78
0.58

90.46
88.26
94.48
94.58
95.11
88.24
94.57
93.31
92.03
91.79
89.25
93.10
96.38
96.72
96.09
92.48
91.80
88.78

89.91
85.50
88.39
85.60
89.71
89.88
94.08
85.83
85.72
87.90
85.95
94.73
90.23
90.44
87.72
90.38
92.92
95.09

Drought Flood

Accumulative
contribution
rate (%)

*CP,DD CRD,CRCP,MD CP,MRCP,CRCP,RDCCD,MDCDD,MDCDD,CD CRD,MR CCR,MR **Fl ***DrCP,CD

Note: *CP,DD indicates the correlation coefficient between precipitation (P) and dry days (DD). Similarly, CD indicates continuous
dry days, MD maximum continuous dry days for drought. CP,RD indicates the correlation coefficient between precipitation (P) and
rain days (RD), CR indicates continuous rain days and MR indicates maximum continuous rain days for flood. **Fl=flood;
***Dr=drought.

336

C M Y K



ZHANG Lei (张 蕾), HUO Zhi-guo (霍治国), et al.No.3

According to physiological characteristics of
paprika pepper, the plant suffered from chilling damage
when the daily air minimum temperature is lower than
12℃ (Cheng[33]). By the analysis of the continuous days
with temperature below 12℃ of each chilling event
based on historical record, we found that for every
obvious chilling event, for example the typical chilling
years in 2000 and 2008, there existed at least one period
that was more than five continuous days with minimal air
temperature below a minimum chilling temperature (Tc,
12℃). Therefore, we used two parameters, i.e. Tc and at
least last 5 days, to assess the chilling hazard. The
accumulated chilling, when the chilling event lasted
more than 5 days, was calculated by Eq.1.

X = 0.25
m

n=1
Σ（Tc - Tmin）2 /（Tmean- Tmin） (1)

where X is the accumulated chilling, Tmin is the daily
minimum air temperature, Tmean is the daily mean air
temperature, and Tc is the threshold temperature of
chilling with a value of 12℃.

The disaster hazard (H) assessment model for
drought, flood or chilling was built based on the grade
of each hazard and risk probability (Eq.2).

H =
n

i=1
ΣJi × Pi (2)

where Ji is hazard intensity referring to the mean value
of hazard index for all flood, chilling or drought
disasters at level i respectively. Here, i is divided into
three levels: 1 for light, 2 for moderate and 3 for high
damage. Pi is risk probability at a level i calculated by
soft histogram estimation (Wu et al.[34]). Hazard level for
each disaster was classified by hazard index, which was
calculated from the value of 20%-50%, 50%-80% and
above 80% of an ordered series of hazard index value
of historical disasters damage. The hazard index for
flood ranged from 0.50 to 2.65. When the hazard index
ranged from 0.50 to 1.30, based on the above
percentage of the ordered series calculated from
historical records, we characterized the hazard level as 1
(light), when it was from 1.30 to 1.80, we set it as level
2 (moderate) and when it was from 1.80 to 2.65, we
made it level 3 (high). For chilling hazard with the
chilling index ranging from 1 to 27.2℃·d, level 1 was
from 1 to 5℃·d, level 2 from 5 to 10℃·d and level 3
from 10 to 27.2℃·d . The range of drought index for
drought ranged from -2.12 to 0.5, for level 1 from
-0.15 to 0.5, level 2 from -0.70 to -0.15 and level 3
from -2.12 to -0.70. The levels 1, 2 and 3 of disaster
hazard referred to high, medium and low hazard,
respectively that was classified by natural breaks
method with the ArcGIS 9.3 software.
2.2.2 DISASTER SENSITIVITY

Sensitivity of disasters, defined as the probability
of hazard-affected body prone to disaster, was largely
determined by regional terrain and topographic
environment(Ozsahin and Kaymaz[35]). Flood was affected

by the slope gradient, which was sensitive to small
terrain slope gradient where water easily gathers around,
while drought was sensitive to large one. With the
altitude increasing, chilling sensitivity tended to increase
due to decreasing temperatures. The terrain slope
gradient and its reciprocal factor were selected as
sensitivity indices (S) for drought and flood separately
calculated by the Slope module on ArcGIS 9.3
(Environmental Systems Research Institute, America)
using the widely used DEM data. Sensitivity index (S)
for chilling was calculated by the sea level elevation
through normalization of DEM data on ArcGIS 9.3.
2.2.3 DISASTER VLNERABILITY

Vulnerability of each disaster (V) was defined as
the product of the yield reduction rate (y) and the risk
probability of disasters (f) (Eq.3). The yield reduction
rate was computed by actual yield (yi) and tendency
yield (yt) (Eq.4). The tendency yield was computed by
the method of straight line moving average(Ruiz et al.[36]).

V=
n

i=1
Σyi × fi (3)

y = yi - yt
yt

×100% (4)

where yi is the average yield reduction rate at grade i
from 1 to 3. The grade 1 refers to a yield reduction rate
of 5% to 10%, 10% to 20% for grade 2 and above 20%
for grade 3. fi is risk probability at grade i, which is
calculated by soft histogram estimation method (Wu et
al.[34]).
2.2.4 DISASTER PREVENTION CAPABILITY

Disaster prevention capability (P) was defined as
the production stability affected by agricultural and
economic factors (h) in relation to the contribution
weight (w) by each of the factors (Eq.5). The
agricultural factors were the variation coefficient of
yield, slope of regression between tendency yield and
proportion of paprika pepper plant area over total area
of vegetables. The economic factors were the net
income per capita in rural area and agricultural
machinery gross power. These five factors could
generally reflect the regional agriculture and economic
stability.

P =
m

i=1
Σhi × wi (5)

where hi is the prevention capability for each factor i. wi

is the corresponding weight, which is determined by a
combination weighted average of Analytic Hierarchy
Process method (wia) (Nasiri et al. [37]) and Entropy
method (wie) (Benedetto et al. [38]). wia represents a
subjective weight while wie represent an objective one.
The calculated weights of wia, wie and wi are listed in
Table 2.

wi = wia × wie
5

i=1
Σwia × wie

×100% （6）

Among the five factors of disaster prevention
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capability, the variation coefficient of yield area ratio
had the highest wia while the slope of regression of
tendency yield had the highest wie. The integrated
weight wi for the variation coefficient of yield was
higher (0.449) than that for the slope of regression of
tendency yield (0.287), proportion of paprika pepper
plant area (0.109), net income per capita in rural area
(0.078) and agricultural machinery gross power (0.076).
2.2.5 INTEGRATED RISK ASSESSMENT MODEL FOR THREE
MAJOR DISASTERS

To assess the overall meteorological disaster risk in
paprika pepper, an integrated risk (F) model was
developed based on the indices of hazard(H), sensitivity
(S), vulnerability (V) and prevention capability (P) of
three major disasters.

F=
3

j=1
ΣajHj

whj × Sj

wsjΣ Σ
wd

× V
wv ×（ 1

P
wp

） (7)

where Hj is the hazard index of disaster j. Sj is the
sensitivity index of disaster j. j indicates the disaster of
flood, chilling or drought separately, i.e. flood=1,

chilling=2 and drought=3. V is the vulnerability index. P
is the prevention capability index. whj is the weight of
hazard for disaster j, and wsj is the weight for sensitivity.
aj is the weight of the hazard and sensitivity for disaster
j. wd, wv and wp are the weight for hazard and sensitivity,
vulnerabilities, prevention capabilities of all disasters,
respectively. As listed in Table 3, whj , wsj, aj, wd, wv and
wp are the corresponding weights given by a
combination weight on average with the Analytic
Hierarchy Process method and Entropy method
mentioned in Eq. 6.

The combined weights for each disaster in the
integrated model are listed in Table 3. The combination
weight of flood (a1) was the highest (0.733) in hazard
and sensitivity, followed by drought (a3) and chilling
(a2). Disaster hazard and sensitivity had the highest
combination weight (wd) in the integrated damage risk
model, which indicated that hazard and sensitivity
played more important role than vulnerability (wv) and
disaster prevention capability (wp).

Table 2. The weights of five agricultural and economic factors determining the prevention capability against disasters.

Variation coefficient of yield
Slope of the regression for tendency yield
Proportion of paprika pepper plant area
Net income per capita in rural area
Agricultural machinery gross power

Agricultural and economic factor

0.528
0.217
0.089
0.083
0.083

0.162
0.251
0.234
0.179
0.174

0.449
0.287
0.109
0.078
0.076

*wia *wie *wi

Note: *wia indicates a weight derived from Analytic Hierarchy Process method and wie is derived from Entropy method. wi is an
integrated weight of wia and wie.

Table 3. The weight of comprehensive damage risk assessment factors.

Flood hazard (wh1)
Flood sensitivity (ws1)
Chilling hazard (wh2)
Chilling sensitivity (ws2)
Hazard (wh3)
Drought sensitivity (ws3)
Disaster vulnerability (wv)
Disaster prevention capability (wp)

Factor

0.620
0.103
0.069
0.014
0.161
0.032

Weight Factor Weight Factor Weight

Flood hazard and sensitivity (a1)

Chilling hazard and sensitivity (a2)

Drought hazard and sensitivity (a3)

0.733

0.083

0.193

Disaster hazard
and sensitivity
(wd)

0.585

0.321
0.094

In order to eliminate dimension, all factors in the
integrated model were normalized based on two
different assumptions, one was the effect of‘the bigger
the better’ (Eq.8), i.e. for V; another was the effect of
‘the smaller the better’ (Eq.9), i.e. for H. The
normalizing assumption for P and S was as the same as
for H.

Vi' =0.5+0.5× Vi-Vmin

Vmax-Vmin
(8)

Hi' =0.5+0.5× Hmax-Hi

Hmax-Hmin
(9)

3 RESULTS

3.1 Hazard
The flood hazard increased from southwest to

northeast in Hainan. High flood hazard distributed in the
eastern region(Fig.2a) where big precipitation variability
existed and rainstorm occurred frequently.
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Figure 3. Distribution of the disaster sensitivity in paprika
pepper in Hainan.

The chilling hazard increased from south to north.
High chilling hazard was located in the north
Wuzhishan mountain area of Hainan. Low chilling
hazard distributed in eastern and southern border of
Hainan (Fig.2b). High chilling in regions north of
Wuzhishan was caused by a stationary front generated
in the Wuzhishan mountain area in central Hainan when
cold air moved in, which caused an interaction between
cold air and warm air.

The drought hazard increased from central to
eastern and western Hainan (Fig.2c). High drought
hazard was located in western Hainan where less cold
air activities and south-west trough were activated. The
low drought hazard was in the central part of Hainan.
3.2 Sensitivity

The low flood sensitivity was mainly located in
central Hainan valley regions around Wuzhishan-
Yingeling-Yajiada mountains area (Fig.3a) due to the
influence of terrain characteristics prone to water
accumulation. The drought sensitivity decreased from
the central part with high slope of terrain prone to water
running off to coastal plains (Fig.3c). The high chilling
sensitivity was distributed in the central mountain area
due to the low temperature caused by high altitude(Fig.
3b).

Figure 2. The distribution of disaster hazard in paprika pepper
in Hainan.
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3.3 Vulnerability
High disaster vulnerability (see Fig.4) was mainly

located in the central part of southwest regions in
Hainan, i.e. Baisha, Tongshi and Haikou city, where
average yield losses in paprika pepper caused by overall
disasters exceeded 50%. The northeast region of Hainan
had a low vulnerability for major disasters, while
average yield loss was less than 20%.

3.4 Prevention capability
Integrating with the five factors, the overall disaster

prevention capability (see Fig.5) was high in the east
and northwest regions in Hainan where the yearly
variation of yields was lower and economic
development was higher, compared to the central part.

3.5 Integrated risk assessment of major disasters
High integrated disaster risk was mainly distributed

in the east region of Hainan, and decreased from east to

west. Yield reduction in paprika pepper reached 81.8%
due to a low tolerance and high suberification to flood,
when the flood was the major factor that caused yield
loss during 1999 -2011 according to the historical
records. Land property and conditions, i.e. hilly,
inhomogeneous reservoirs, poorly drained soil and
low-quality irrigation systems also provided
considerable influences.

4 DISCUSSION AND CONCLUSION

The series indices for assessing hazard, sensitivity,
vulnerability and prevention capability of flood, chilling
and drought disasters were built based on long-term
climatic, topographic, agricultural and economic data.
Integrating single indices into a combined disaster risk
assessment model, an integrated disaster risk assessment
model was developed to quantitatively assess the risk of
major disasters (flood, chilling and drought) in paprika
pepper in tropical climate. The calculated hazard and
risk provided good agreement with actual occurrence of
disasters and crop production. Hazard indices for the
three disasters were convenient and practical to use in
monitoring and taking precaution in paprika pepper
production. Knowing the distribution of a single risk
index for three major disasters in Hainan could help
farmers and policy makers optimize their disaster
management.

The hazard of flood was not only caused by
precipitation more than 20% above the mean (Fig.7a)
but also by over 35 rainy days in east Hainan. The crop
water requirement was also an important factor which
determined flood, when it was much lower than
precipitation during certain periods. For the hazard of
drought, except for the precipitation under mean value
merely meeting the requirement for paprika pepper in
the west parts, average dry days were more than 35
days (Fig.7c) determining high drought damage.

Figure 4. Distribution of the disaster vulnerability in paprika
pepper in Hainan.

Figure 5. Distribution of the disaster prevention capability for
paprika pepper in Hainan.

Figure 6. Distribution of integrated risk for major disasters in
paprika pepper in Hainan.
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Figure 7. Distribution of climatic characteristics in Hainan.

Although the accumulated chilling (with chilling
temperature was lower than 12℃ ) was bigger in
central-northern Hainan (Fig.7b), it did not give a good
prediction of the typical chilling year 2000 and
non-chilling year 2003 while the two years had similar
accumulated chilling. It might be caused by the days
that completed a chilling event, e.g. five continuous

days with chilling temperature below 12℃ . The
prediction results showed a good agreement with
historical records when we introduced a continuous
five-day chilling period into the index. It indicates that
the chilling damage is not additive during the whole
crop growing season, but only accumulated during a
short period.

Uncertainty is a significant component in the
hazard risk assessment. During the chilling process, low
temperature and rain always concurrently occurred as
were induced by the interaction between warm and cold
air in Hainan. Besides, flood happened when a large
amount of precipitation (Wang et al.[39]) appeared rather
than a small amount. One critical threshold value of
precipitation might exist in the flood hazard index as
well as in the drought hazard index that can be
calculated to significantly increase the precision in
hazard analysis.

For disaster sensitivity, slope gradient and altitude
were considered as the major factors which could reveal
formation environment characteristics of major disasters.
Disaster-induced elements, i.e. water content and

temperature varied on account of regional terrain and
topography, which could reflect the variation of
sensitivity to disasters on different geological units (Sun
et al.[40]; Iyalomhe et al.[41]) and be applied in analysis of
similar sensitivity induced by regional terrain. As the
consequence of climate and ecosystem, diverse soil
texture existed in regions ranging from sand to clay
(Qiu et al.[42]), i.e. loam-clay soil mainly in the east part
and sand soil in the west part in Hainan. Retention
characteristics of water varied in different soil texture
which could lead to different disaster sensitivity to
precipitation (Zhang et al.[14]). Although it is difficult to
quantify the effect of soil texture in disasters, we should
take it into account in the future for assessing the
sensitivity of disasters, especially for water-induced
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ones.
Attempts to develop the quantification of

vulnerability have progressed ahead with an increasing
emphasis on the need to describe the vulnerability of
disasters (Kahn[43]; Noriega and Ludwig[44]) based on the
accessibility of data on large scales. Vulnerability
assessments have been limited by spatial scales and the
affected body to be quantified (Jeffers[45]), using the data
pertinent to determining the potential for loss. Yield
reduction in one specific crop was often regarded as an
effective indicator for evaluating the degree of damage
caused by meteorological disasters (Zhang et al.[14]). By
combination of the yield reduction rate and its risk
probability of disasters vulnerability could be calculated
relatively easily, which comprehensively reflects the
actual damage consequences in paprika pepper induced
by major disasters. However this attempt at
quantification of vulnerability has also revealed
disagreements and the lack of other relevant indicators,
like the affected area over total crop sowing area and
disasters frequency (Wei et al.[46]), which is necessary to
be included in future researches.

In terms of the prevention capability, aggregating
available resources were adopted to mitigate the
negative effects of disasters damage (Rufat et al. [47]).
This aggregating ability could be quantified by the level
of social-economic and agricultural factors in a region,
which is referred to as an overall prevention capability
of disasters for a certain crop. The improvement of
hydraulic facility, i.e., irrigation facilities and drainage
systems (Sarkar et al. [48]), as well as public policy, i.e.,
insurance policy (Koks et al.[49]; Jain et al.[50]) to recover
from disasters and mitigation measures, had been proven
to substantially lower the damage (Hudson et al. [51]).
Considering the availability of data sources, the regional
information of net income in the rural area and
agricultural machinery gross power was easy to obtain
from national statistics, which could well reflect the
overall ability of the region to prevent and recover from
disaster damage.

The developed integrated risk assessment model
for major disasters in paprika pepper based on hazard,
sensitivity, vulnerability and prevention capability
performed well in assessment of natural meteorological
disasters in conformity with actual disasters situation in
tropical climate. This new model could be flexibly
applied for single or multiple disasters not only in
paprika pepper but also provide a good tool in other
crops around the world. The results provide a scientific
base for the improvement of agricultural management
and the implementation of disasters prevention and
mitigation measures.
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