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The risk of drought in the Yangtze River Delta Region (YRDR) was assessed using the method of natural disaster risk assessment.
Based on the index of disaster risk, the assessment results of risk elements such as drought hazard and vulnerability were calculated
in the YRDR. The division of relative drought risk levels in the YRDR was produced at the scale of county (city, district) and
township. The results indicated that the areas of highest hazard of drought are located in the northern area of the YRDR. Areas
with the greatest vulnerability of drought included Shanghai, Jiaxing, Wuxi, and Hangzhou. The highest risks of drought were
mainly distributed in the north of the YRDR; the proportion of slightly high and extremely high risk areas in Shanghai, Nantong,
Zhenjiang, Yangzhou, and Taizhou (Jiangsu province) is over 95%. The lowest-risk areas included the southeast coastal area of the
YRDR, especially in Hangzhou, and Taizhou (Zhejiang province), where the proportion of slightly high and extremely high risk
areas is below 5%. Based on this drought risk assessment, it is critical to establish a drought assessment system including both

guarding against and addressing drought.

1. Introduction

In its series of assessment reports, the IPCC noted that
drought is the most common natural disaster in the world.
According to estimates, global economic losses of $6-8
billion per year are caused by drought. Not only are drought
costs much higher than the costs of other meteorological
disasters, but drought risk has also shown an increasing trend
[1]. To confirm the impact of drought in the future, the
governments of various countries have implemented large
numbers of engineering-based and non-engineering-based
disaster mitigation actions. However, mitigation actions gen-
erally involve adjusting huge capital investments or affect
a wide range of social systems. Uninformed mitigation
actions will inevitably lead to misuse of human, material,
and financial resources, which is contrary to the original
goal of mitigation. To avoid the blindness that can lead to
misuse of resources, it is important to perform scientific and
systematic analyses of disaster preparation, occurrence, and
development [2, 3].

A conceptual framework, which emphasizes the com-
bined role of hazard and vulnerability in defining risk, is
used for the study [4]. Based on the framework, the relative
drought level or the absolute risk is calculated for the purpose
of disaster risk zoning and risk management [5, 6]. Regarding
techniques, some studies use information diffusion theory,
GIS, and remote sensing techniques to identify the degrees
and levels of drought risk, drought evaluation, or drought
monitoring [7-9]. These studies of drought risk assessment
have built a solid foundation.

There are two stages of research on drought risk assess-
ment. The first stage (1990-2000) focused on responses to cri-
sis and risk management awareness. Several global droughts
triggered a new understanding of the harm of drought, as
people began to realize that drought was associated with
not only a natural process but also the measures taken to
address such disasters. Investigating the factors that affect
drought based on a summary of past disasters, scientists
became aware of the existence of drought risk, recognized
the role of some nonnatural factors in drought, and began
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taking the initiative to ascertain the effects of drought.
Consciousness of risk management became stronger [10, 11].
The second stage (since 2001) has focused on the occurrence
of drought and highlighted the role of nonnatural factors in
its mitigation. With the deepening study of global climate
change, people’s awareness of risk became more and more
intense and addressing future disaster risk became a subject
of study [12]. A series of studies examined climate change and
the development of drought, the vulnerability of drought, and
the risk assessment methods of drought. Most of these studies
were from a quantitative or semiquantitative perspective; they
explored the laws of drought development and emphasized
the roles of human society, the economy, and environment
in the face of drought pressure and the response to drought.
These studies also actively tested measures to address future
drought risk [13-15].

The Yangtze River Delta Region (YRDR) is the alluvial
delta by the Yangtze River and the Qiantang River, which cov-
ers 210 thousand square kilometers and includes the south-
east of Jiangsu province (8 cities: Nanjing, Suzhou, Wuxi,
Changzhou, Zhenjiang, Nantong, Yangzhou, and Taizhou),
Shanghai, and the northeast of Zhejiang province (7 cities:
Hangzhou, Ningbo, Huzhou, Jiaxing, Shaoxing, Zhoushan,
and Taizhou). YRDR is one of the most developed areas in
China, but drought has a huge impact on society in this
region. Disaster risk assessment is an important way for
scientifically and systematically analyzing disaster risk and
is a key process in the formation of disaster prevention and
mitigation policies. Therefore, it is critical to study the process
of drought risk assessment.

2. Data

The data sources used for risk assessment and zoning of
drought in the YRDR include basic geographic information
data, social economic statistics, and basic meteorological
observation data.

Basic geographic information data consists of 1:50000
basic geographic information pieces of data in the YRDR,
including topography, water distribution, land use types, and
administrative boundaries. These data are provided by the
surveying and mapping department.

Meteorological observation data consists of meteorolog-
ical data from 105 National Weather Stations in the YRDR
from 1961 to 2014, including daily rainfall and temperature.

Social economic data consists of statistical yearbook data
from counties in the YRDR from 2000 to 2014, including
administrative region land area, arable land area, total popu-
lation, rural population, GDP, agricultural output value, local
fiscal expenditure, total power of agricultural machinery, and
social welfare statistical indicators.

3. Method
GUNRiskpAssessHentVodel From the view of the mechanism

of natural disasters, the following conditions are necessary
for disaster formation: first, factors inducing disasters, such
as drought caused by long-term lack of rain, and second,
vulnerability of disaster, composed of the disaster-forming
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TaBLE 1: Drought rank of MDCL

Rank Drought grade MDCI

1 Normal or wet -0.6 < MDCI

2 Light drought -1.2<MDCI < -0.6
3 Medium drought -1.8 < MDCI< -1.2
4 Drought -2.4 <MDCI < -18
5 Severe drought MDCI< -24

environment and the disaster-bearing bodies. The disaster-
forming environment includes topography, water distribu-
tion, vegetation cover, and other factors. The disaster-forming
environment enlarges or reduces the hazard factors. From
the perspective of the disaster-bearing body, the disaster-
forming environment is an important factor in determining
the vulnerability of the disaster-bearing body. The disaster-
bearing body, including population, economic, and other
factors, and the quantity and space distribution of the
disaster-prone environment determine the vulnerability of
hazard-affected bodies in a drought [16-18]. Referring to the
natural disaster risk index, the drought risk assessment model
is established as follows [19]:

RI = HI x VI, 1)

where Rl is the disaster risk, HI is the drought hazard, and VI
is the drought vulnerability.

The drought hazard is
the possibility of a certain intensity of drought, which is
usually determined by the frequency and intensity of drought.
The first step is to determine the index system, which can
reasonably evaluate the severity of drought.

As the cause of drought is very complex and many factors
are involved, many drought indicators are used for specific
research purposes, so the drought index has different spatial
and temporal scales [19]. Some indicators reflect drought that
is related to various physical processes (such as soil moisture
evaporation, surface runoff, and ground water replenish-
ment) through the mechanism of drought research, which
aims to improve the accuracy of predicting drought intensity
and duration [20, 21]. Other drought indexes reflect the
intensity and duration of drought using statistical methods
of precipitation distribution [22, 23].

For real-time drought monitoring and early warnings,
a drought index should be established which can not only
accurately monitor drought occurrence, development, and
termination but also match different seasons and regions.
The Meteorological Drought Composite Index (MDCI) is
used to diagnose drought hazard assessment. MDCI is the
national drought monitoring standard of china [24]. MDCI
is a comprehensive index based on Standardized Precipitation
Index (SPI) and Relative Moisture Index (RMI):

MDCI = 0.4Z, + 0.8M, + 0.4Z,, )

where Z; and Z, represent the SPI for last 30 and 90 days,
respectively, and Mj; is the RMI for last 30 days; computing
method follows Shahid and Behrawan (2008) [19]. Using
observational daily data, MDCI is calculated day by day and
the drought rank is defined in Table 1.
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Define the regional drought hazard index (HI) as follows:
NH = 0.095D; + 0.160D,, + 0.278D,, + 0.467D,

(3)
HI = M,
M
where the NH is for the annual regional drought index;
D;, D,,, D;, and D, represent the days of occurrence at a
single station for light drought, medium drought, drought,
and severe drought, respectively. HI is the regional drought
intensity index, ), NH is the sum of the annual drought index,
and M is the total number of years.

cBmDioughmVilnerabilityRAssessiment Drought vulnerabil-

ity is composed of the disaster-forming environment and
disaster-bearing bodies [19]. The vulnerability of the disaster-
forming environment in the YRDR is analyzed mainly using
its topographic features, water system distribution, and land
use characteristics [11]. Generally speaking, areas at low
altitude are less vulnerable to drought, and higher areas
are relatively more vulnerable. In addition, there is a close
relationship between drought and topography. If there is
fluctuation in the terrain, surface runoff will be collected in
the gully and will discharge, and thus drought occurs more
easily. The river and reservoir have very important effects
on water storage and irrigation areas. Thus, the distribution
density of the river network is also an important factor that
cannot be ignored when considering drought. The degree of
drought in various types of land is different, and the impact
of drought is greatest on arable land.

In the field of disaster risk, the administrative unit
is usually regarded as the disaster-bearing body, and its
vulnerability usually reflects its population structure, social
economic structure, and other social statistical indicators
[14]. The vulnerability of a disaster-bearing body is mainly
determined by the number of disaster-bearing bodies; the
vulnerable evaluation factors of a disaster-bearing body
involve the ratio of the agricultural GDP accounted for in the
total GDP, the proportion of the agricultural population, the
average regional GDP, and the ratio of farm crop-sown areas
accounted for in land area. The sum total of each factor is
calculated after normalization.

Based on former analysis, drought vulnerability includes
7 factors: the topographic factors, the water system factors,
different types of land, the ratio of the agricultural GDP
accounted for in the total GDP, the proportion of the
agricultural population, the average regional GDP, and the
ratio of farm crop-sown areas accounted for in land area.

(1) The Topographic Factors. The topographic factors are
calculated as standard deviations of terrain in the YRDR
[25, 26], with the selected range of 100 m * 100 m (5 * 5 pitch),
by the Digital Elevation Model (DEM) with resolution of 25 m
% 25 m. The terrain vulnerability is shown in Table 2.

(2) The Water System Factors. Two factors are considered as
influencing factors in the vulnerability index of water system:
the density of river network and the buffer of rivers and lakes
[25,26]. Because of the high density of river network, the area
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TABLE 2: Assignment table of terrain vulnerability.
Terrain Top ographl.c
. standard deviation

elevation (m)

0-10 10-25 25-50 >50
<100 0.3 0.4 0.5 0.6
100-200 0.4 0.5 0.6 0.7
200-500 0.5 0.6 0.7 0.8
>500 0.6 0.7 0.8 0.9

TaBLE 3: Classification criteria for buffer widths and their suscepti-
ble index in different waters.

Type of water Buffer width (km)/impact index

First level buffer ~ Second level bufter
0.1-1km? reservoir/lake 0.5/0.3 1/0.1
1-10 km? reservoir/lake 2/0.35 4/0.15
10-100 km? reservoir/lake 3/0.4 6/0.2
>100 km? reservoir/lake 5/0.45 9/0.25
First level river 4/0.45 8/0.25
Second level river 3/0.35 6/0.15

irrigation conditions are fine and the effects of the drought
degree are light. By normalizing the river network density, the
high density area is converted to low drought vulnerability.
The river network density index is calculated, and the formula
is as follows:

Kpax — X
Den = M (4)
(Xmax - Xmin)
where Den is the river network density index, X, ., is the

maximum density of the river network, X, .. is the minimal
density of the river network, and X represents the river
network density.

For calculation of rivers and lakes’ buffer, rivers are
divided into primary rivers (such as the Yangtze River and
Huaihe River) and secondary rivers, such as tributaries and
other rivers. Lakes are divided into primary buffers and
secondary buffers, with appropriate weights of vulnerability
factors according to the water area; the principle is to use
the maximum for the primary river and large bodies of water
and the minimum for the secondary rivers and small bodies
of water. Table 3 shows the width of different buffer zones
and the corresponding impact index; when the index value
is greater, the effect of drought risk is smaller.

The vulnerability of water system is calculated by a
comprehensive evaluation method, such as the following
formula:

WF = Den * (1 — Bu), (5)

where WF represents the water system vulnerability index,
Den is the river network density index, and Bu is the buffer
vulnerability index.

(3) Different Types of Land. Different types of land use can
reflect the distribution of social and economic value and
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TABLE 4: Weight of different land types for drought.
Cultivated land  Grassland Woodland Land for urban and rural residents ~ Wetlands and water bodies ~ Other
Influence degree 0.9 0.8 0.7 0.6 0.4 0.2

natural ecological value. According to different types of social
and natural values, a certain weight is applied based on
vulnerability to drought (Table 4).

(4) Others. The ratio of the agricultural GDP accounted for in
the total GDP, the proportion of the agricultural population,
the average regional GDP, and the ratio of farm crop-sown
areas accounted for in land area are four normalization
factors calculated based on social and economic statistical
data from each of the counties or districts.

The composite drought vulnerability index (VI) of the
integrated layers is calculated by using the following formula:

VIZTF+WF+DF+1;F+PF+GF+CF, 6)

where VI ratings are assigned to drought vulnerability; TF
ratings are assigned to the topographic factors; WF ratings are
assigned to the water system factors; DF ratings are assigned
to different types of land; AF ratings are assigned to the
ratio of the agricultural GDP accounted for in the total GDP;
PF ratings are assigned to the proportion of the agricultural
population; GF ratings are assigned to the average regional
GDP; CF ratings are assigned to the ratio of farm crop-sown
areas accounted for in land area.

3.4. Drought Risk Index Analysis. Based on formula (1) of the
drought risk index, the drought hazard and vulnerability are
calculated by the layer operation function of ArcGIS software;
the drought risk index layer is obtained.

In the YRDR, the drought risk index is divided into
five risk levels using natural break point classification in
ArcGIS, extremely high, slightly high, medium, slightly low,
and extremely low, to obtain the relative risk grade division
of drought.

4. Results

The assessment of drought hazard over the Yangtze River
Delta shows that the hazard distribution increased gradually
from south to north in the YRDR (Figure 1), with the higher
hazard region at the north of the Yangtze River and the lowest
hazard region along the coast of Zhejiang province. Due to
the complex topography and precipitation distribution, the
hazard faced by islands is higher than other areas in Zhejiang
province.

The vulnerability is generally higher in the southern
part of the YRDR (Figure 2). Because the northern part
of the YRDR is the Yangtze River estuary plain, the flat
terrain, dense river network, and numerous lakes make this
area’s disaster-forming vulnerability low overall. In contrast,
the southern part of the YRDR is a mountainous region,
where higher terrain and a sparse river network enhance

B Extremely high [ Slightly low
mmm Slightly high ] Extremely low
1 Medium

FIGURE I: Distribution of drought hazard grades in the YRDR.

the drought hazard factor and increase vulnerability. More-
over, there are developed strong economies, high population
densities, crop acreages, and a large number of industrial
enterprises in the southern part of Jiangsu, Zhejiang, and
Shanghai.

The results of calculating the grade division and relative
risk index of drought in the YRDR are shown in Figure 3.
The extremely high risk areas are mainly concentrated in
the northern part of the YRDR, including Taizhou (Jiangsu
province), Yangzhou, and most parts of Nantong. The slightly
high risk areas are concentrated in Changzhou, Suzhou,
Nanjing, Zhenjiang, and Zhoushan; Shanghai and Jiaxing are
also included. The extremely low and slightly low risk areas
are concentrated in the south of the YRDR, especially in the
southeast coastal area, Taizhou (Zhejiang province), Ningbo,
Shaoxing, and Hangzhou, while the rest of the YRDR are
medium risk areas.

Table 5 shows the statistics of the risk levels for drought
in the YRDR cities. The relative risk level in most areas
of Shanghai is slightly high (68.59%) or extremely high
(26.47%). In the northern YRDR, the proportion of slightly
high and extremely high risk areas in Nantong, Zhenjiang,
Yangzhou, and Taizhou (Jiangsu province) is more than
95%. The overall level of risk in Zhejiang province is lower
than that in Jiangsu province especially in Hangzhou and
Taizhou, where the proportion of slightly high and extremely
high risk areas is below 5%. The level of drought risk in
Jiaxing and Zhoushan, where the proportions of slightly high
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TABLE 5: Statistics of risk levels of drought disasters in the YRDR.
Administrative region Comprehensive risk level (area/percentage, km*/%)
Provinces Prefecture level city Extremely low Slightlylow Medium Slightlyhigh Extremely high
Shanghai — 0.00/0.00 3.07/0.05 351.55/4.88 4040.27/68.59 1582.49/26.47
Nanjing 717/0.11 270.58/4.25 1606.07/25.24 3479.64/54.68 1000.33/15.72
Wauxi 12.30/0.32 354.63/9.09 901.94/23.11 897.84/23.00 1736.23/44.49
Changzhou 0.00/0.00 80.97/1.90 788.17/18.45 2722.21/63.72 680.55/15.93
Jiangsu Suzhou 0.00/0.00 112.74/1.79 1081.30/17.19 3822.99/60.76 1275.01/20.26
Nantong 0.00/0.00 0.00/0.00 36.90/0.46 2525.43/31.61 5428.03/67.93
Yangzhou 0.00/0.00 2.05/0.03 223.43/3.45 1402.10/21.67 4842.79/74.85
Zhenjiang 0.00/0.00 6.15/0.16 193.71/5.04 2004.76/52.17 1637.84/42.62
Taizhou 0.00/0.00 0.00/0.00 23.57/0.42 539.11/9.71 4988.33/89.86
Hangzhou 2985.62/18.32 7283.15/44.68 5906.67/36.24 125.04/0.77 0.00/0.00
Ningbo 2036.54/26.13 3463.24/44.44 1883.82/24.17 351.55/4.51 58.42/0.75
Huzhou 290.06/5.08 2060.11/36.07 2560.28/44.83 762.55/13.35 37.92/0.66
Zhejiang Jiaxing 0.00/0.00 16.40/0.42 314.65/8.13 2678.14/69.22 859.92/22.23
Shaoxing 548.34/7.03 3583.16/45.92 2947.70/37.77 722.58/9.26 2.05/0.03
Zhoushan 0.00/0.00 3.07/0.44 153.74/22.06 365.90/52.50 174.24/25.00
Taizhou 1487.17/17.04 3582.13/41.05 3279.78/37.58 271.61/3.11 106.59/1.22

s Extremely high 7 Slightly low
m Slightly high [ Extremely low
1 Medium

FIGURE 2: Distribution of drought vulnerability grades in the YRDR.

and extremely high risk areas are over 80%, respectively,
is relatively high compared with other cities in Zhejiang
province.

5. Conclusions

Natural disaster risk assessment is applied to drought in the
YRDR. Using this method, natural disaster risk is caused by
hazard and vulnerability. The relative level of drought risk

mmm Extremely high 7 Slightly low
mmm Slightly high 1 Extremely low
1 Medium

FIGURE 3: The risk distribution of drought in the YRDR.

zoning in the YRDR is achieved based on calculating the
drought risk index.

There is high drought hazard in the north of the YRDR,
while the coastal areas of Zhejiang face the lowest hazard.
The higher drought vulnerability in the YRDR is mainly
distributed in economically developed areas such as the
southern part of Jiangsu, the northern part of Zhejiang,
and Shanghai. Additionally, the northern part of the YRDR
consists of the Yangtze River estuary plain, flat terrain, dense



river network, and numerous lakes; the drought vulnerability
is a little low overall. In contrast, the southern part of the
YRDR is a mountainous region, where higher terrain and a
sparse river network enhance the drought factor and increase
the drought vulnerability.

The areas at extremely high risk for drought are mainly
concentrated in the northern part of the YRDR, including
Yangzhou and most parts of Taizhou (Jiangsu province).
The slightly high risk areas are concentrated in Nanjing,
Changzhou, Nantong, Zhoushan, Jiaxing, and Shanghai. The
extremely low and slightly low risk areas are concentrated in
the south of the YRDR, especially in the southeast coastal
area, Taizhou (Zhejiang province), Shaoxing, and Hangzhou,
while the rest of the YRDR are medium risk areas.

Building on the foundation of drought risk assessment,
research and development regarding drought risk manage-
ment systems are important issues for the future. At present,
because of the lack of awareness of drought risk management,
most departments focus on responses to disaster while ignor-
ing disaster prevention. An important aspect of establishing
a drought risk management system is to reduce drought
losses; this approach integrates drought risk assessment, risk
assessment, risk response strategy, and public risk awareness.
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