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Abstract Droughts are natural disasters that pose significant
threats to agricultural production as well as living conditions,
and a spatial-temporal difference analysis of agricultural
drought risk can help determine the spatial distribution and
temporal variation of the drought risk within a region.
Moreover, this type of analysis can provide a theoretical basis
for the identification, prevention, and mitigation of drought
disasters. In this study, the overall dispersion and local aggre-
gation of projection points were based on research by
Friedman and Tukey (IEEE Trans on Computer 23:881-890,
1974). In this work, high-dimensional samples were clustered
by cluster analysis. The clustering results were represented by
the clustering matrix, which determined the local density in
the projection index. This method avoids the problem of de-
termining a cutoff radius. An improved projection pursuit
model is proposed that combines cluster analysis and the pro-
jection pursuit model, which offer advantages for classifica-
tion and assessment, respectively. The improved model was
applied to analyze the agricultural drought risk of 13 cities in
Heilongjiang Province over 6 years (2004, 2006, 2008, 2010,
2012, and 2014). The risk of an agricultural drought disaster
was characterized by 14 indicators and the following four
aspects: hazard, exposure, sensitivity, and resistance capacity.

P4 Qiang Fu
fuqiang0629@126.com

School of Water Conservancy & Civil Engineering, Northeast
Agricultural University, Harbin 150030, China

Collaborative Innovation Centre of Promote Grain Production in
Heilongjiang Province, Harbin 150030, China

Key Laboratory of Water-saving Agriculture of Regular Institutions
of Higher Education in Heilongjiang Province, Harbin 150030,
China

The spatial distribution and temporal variation characteristics
of'the agricultural drought risk in Heilongjiang Province were
analyzed. The spatial distribution results indicated that
Suihua, Qigihar, Daqing, Harbin, and Jiamusi are located in
high-risk areas, Daxing’anling and Yichun are located in low-
risk areas, and the differences among the regions were primar-
ily caused by the aspects exposure and resistance capacity.
The temporal variation results indicated that the risk of agri-
cultural drought in most areas presented an initially increasing
and then decreasing trend. A higher value for the exposure
aspect increased the risk of drought, whereas a higher value
for the resistance capacity aspect reduced the risk of drought.
Over the long term, the exposure level of the region presented
limited increases, whereas the resistance capacity presented
considerable increases. Therefore, the risk of agricultural
drought in Heilongjiang Province will continue to exhibit a
decreasing trend.

1 Introduction

Drought is a major natural disaster that affects human socie-
ties, the environment, and regional economies. Drought not
only affects agriculture but also affects industrial production,
urban water supplies, and the environment, and these disasters
directly threaten regional economic development, food secu-
rity, ecological security, etc. Because of the impact of human
activities and other factors, global climate change, increased
temperatures, and rainfall variability probabilities have be-
come increasing concerns. Even in areas with steady rainfall
patterns, drought may occur because of extreme weather, and
the frequency and intensity of droughts in these areas are
increasing. Freshwater resource deficits are a direct cause of
drought disasters in water circulation systems. In recent years,
climate change and environmental degradation have increased
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the seriousness of water shortages, and the risk of drought
hazards has subsequently increased. Social economic devel-
opment and population expansion increase the risk of expo-
sure to drought, and a greater potential for loss is observed for
these factors when a disaster occurs. A drought disaster de-
velops when a disaster factor develops into a drought loss
because of vulnerability to a disaster body (Chen and Chen
2011), with vulnerability represented by exposure, sensitivity,
and resistance capacity. Exposure refers to the quantity and
value of the disaster body and exposure to drought hazard,
sensitivity refers to the loss response of different disaster bod-
ies after a drought, and resistance capacity refers to the ability
and capacity of a region to resist drought (Jin et al. 2014).
Agricultural drought risk represents the comprehensive inter-
actions between natural factors and social attributes, including
disaster factor hazards, disaster body exposure, and resistance
capacities. Hazards represent the direct cause of damage, ex-
posure and sensitivity determine the potential loss or impact,
and the resistance capacity determines the portion of the po-
tential impact that becomes an actual (net) impact (Fontaine
and Steinemann 2009). Since the beginning of the twenty-first
century, a shift has been observed from traditional passive to
active drought and drought risk management, and drought risk
analyses are the core concept of drought risk management
(Wilhite et al. 2000). A drought risk analysis is a quantitative
process used to determine the risk of drought by assessing the
potential for drought using a comprehensive evaluation meth-
od. The spatial and temporal components of an agricultural
drought risk analysis are helpful for understanding differences
in the regional drought risk and the law of variation of drought
risk in different regions. This type of analysis can be used as a
guideline for decision making to establish forecasting, moni-
toring, and early warning mechanisms and as a theoretical
basis for identifying drought disasters and determining disas-
ter prevention and mitigation measures.

In recent years, an increasing number of studies have fo-
cused on drought risk (Dutta et al. 2015; Waseem et al. 2015;
Zhang et al. 2015b), and the relevant indexes for analyzing
drought risk have been quantified. Based on GIS and remote-
sensing technology, a VCI (Vegetation Condition Index) and a
SPI (Standardized Precipitation Index) were applied to assess
the drought risk of Rajasthan (India) (Dutta et al. 2015). In
addition, a drought hazard assessment index was proposed
based on the VIC (Variable Infiltration Capacity), which is
used to simulate the hydrological process of a basin, and the
PDSI (Palmer Drought Severity Index), which is used to eval-
uate and analyze the degree of drought (Zhang et al. 2013). A
new MDI (Multivariate Drought Index) was proposed using a
principal component analysis and a cumulative distribution
function (Li et al. 2015a). Using example data, MDI results
were compared with SPI and PDSI results. Moreover, a SPI
was used to analyze the spatial and temporal drought risk in
the Huaihe River Basin according to a bias interpolation
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method (Duan et al. 2014). A DHI (Drought Hazard Index),
which reflects precipitation, and a DVI (Drought Vulnerability
Index), which reflects social and economic conditions, were
used to evaluate the drought risk in 229 administrative regions
of South Korea (Kim et al. 2015). Based on an SDI
(Streamflow Drought Index), the hydrological drought condi-
tions in northern Iran were assessed (Tabari et al. 2013). An
Integrated Index was developed to evaluate the vulnerability
to drought based on the hydrology, meteorology, land use, and
other factors of a region (Safavi et al. 2014). Using precipita-
tion, runoff, evaporation, soil water content and other indica-
tor data, an MDI was proposed based on entropy theory
(Rajsekhar et al. 2015). The drought risk of the coastal semi-
arid region of south Texas was analyzed based on a SPI and
SPEI (Standard Precipitation Evaporation Index) (Hernandez
and Uddameri 2014). A weighted similarity measure that con-
sidered the agriculture, hydrology, and meteorological
drought of a region was used to propose a multivariate com-
posite drought index (CDI) (Waseem et al. 2015). A PNPI
(Percent of Normal Precipitation Index) was used to analyze
the spatial pattern of drought risk in a study area in Iran
(Masoudi and Hakimi 2014). Based on a PDI (Perpendicular
Drought Index) and an MPDI (Modified Perpendicular
Drought Index), the performances of two remote sensing
droughts were evaluated in Iran (Shahabfar and Eitzinger
2011). Additional studies have analyzed drought risks from
the perspective of hazard factors and disaster bodies. Based on
a fuzzy clustering iterative model, the vulnerability to agricul-
tural drought in the Yellow River Basin was evaluated from
the two aspects sensitivity and adaptation capacity (Wu et al.
2013). Three aspects of exposure, sensitivity, and adaptability
were selected to evaluate the risk of drought (Fontaine and
Steinemann 2009; Liu et al. 2013; Murthy et al. 2015).
Furthermore, regional meteorological, hydrological, social,
and economic data have been used to select four aspects,
i.e., hazard, exposure, sensitivity, and resilience, to evaluate
the risk of drought (Zhang et al. 2011; Qin et al. 2013; Han
et al. 2016). Scholars have combined different mathematical
models and methods to analyze drought risk. Using a DEA
(data envelopment analysis) and the AHP (analytic hierarchy
process), the risk of drought in four provinces in eastern China
was analyzed (Yuan et al. 2015b). The AHP and fuzzy com-
prehensive evaluation method were used to analyze the risk of
agricultural drought in China using quantitative calculations
and qualitative assessments. The results indicated that the risk
of drought in northern areas was higher than that in southern
areas and that the risk in the central and eastern areas was
higher than that in western areas (Qu et al. 2015). Based on
a two-stage method, a drought risk assessment was conducted
in 31 provinces of China based on spatial and temporal per-
spectives (Yuan et al. 2015a). Using the information diffusion
model, the spatial and temporal characteristics of the agricul-
tural drought and flood disaster risk in Henan Province,

www.manaraa.com



Spatiotemporal analysis of the agricultural drought risk

153

China, were studied (Zhang 2012). This model resolves the
problem of insufficient sample data and improves the accura-
cy of information processing. Additional research into multi-
variate frequency analyses led to the introduction of the
Copula method into the analysis of drought risk (Huang
et al. 2015; Li et al. 2015b; Weng et al. 2015; Zhang et al.
2015b), and this research into drought risk analyses coincided
with the increasing popularity of drought risk as a study
subject.

Projection pursuit is an effective statistical method that can
manage high-dimensional, non-linear, and non-normal data.
The product of the total dispersion and local density was used
as a projection index by Friedman and Turkey (1974). This
projection index required a generally dispersed and locally
aggregated distribution law of the projection point. In recent
years, a number of scholars have conducted extensive research
on the projection pursuit model proposed by Friedman and
Turkey. Model-solving methods have been used to generate
a genetic algorithm and improved genetic algorithm (Wang
et al. 2006; Xiao and Chen 2012), a simulated annealing al-
gorithm (Feng et al. 2013), a bee colony algorithm (Li et al.
2013), and a firefly algorithm (Ma et al. 2015) to solve the
projection pursuit model. This model has been applied using a
flood disaster risk assessment (Zhao et al. 2014), river water
pollution evaluation (Huang and Lu 2014), water quality as-
sessment (Zhao et al. 2012), and watershed non-point source
pollution evaluation (Jin et al. 2007). Currently, studies on the
Friedman projection pursuit model are primarily focused on
methods of solving and applying the model, although few
studies have sought to improve the model itself. Moreover,
the Friedman projection index presents certain deficiencies,
including a difficult-to-determine cutoff radius, which is cru-
cial for the distribution of the projection point.

This paper applies the index selection method as detailed in
the relevant literature (Fontaine and Steinemann 2009; Zhang
et al. 2011; Wu et al. 2013; Murthy et al. 2015; Sehgal and
Dhakar 2016). This index was selected based on four aspects:
the hazard of the disaster factors, the exposure of the disaster
body, the sensitivity of the disaster body, and the resistance
capacity of the region. Combined with a cluster analysis and a
projection pursuit model, the high-dimensional data were
processed using a cluster analysis, and the results were repre-
sented by a cluster matrix. By using the cluster matrix, the
local density index was determined; thus, the cutoff radius
did not have to be determined, and an improved projection
pursuit index was proposed. The improved model was applied
in a risk analysis of the agricultural drought in Heilongjiang
Province. Thirteen prefecture-level cities were used as the
spatial scale, and 6 years (2004, 2006, 2008, 2010, 2012,
and 2014) were used as the timescale, and the spatial differ-
ences in the regional agricultural drought risk and the time
variation of the agricultural drought risk were analyzed.
Moreover, a further analysis was conducted to understand

the reasons for the spatial and temporal differences. Finally,
relevant suggestions have been provided based on the results
of the analysis to serve as a guide for reducing the losses
caused by regional agricultural droughts and improving early
warning systems.

2 Study area and data

Heilongjiang Province is located in northeastern China, and it
is the highest-latitude province in China. The north and east of
the province are bordered by the Heilongjiang and Wusuli
rivers and Russia, the west is adjacent to Inner Mongolia,
and the south is bordered by Jilin Province. The north-south
distance is 1120 km, and the east-west width is 930 km. The
terrain of the northwest, north, and southeast is higher than
that of the northeast and the south, which is relatively low. The
region has a cold temperate continental monsoon climate. The
drainage area includes 2881 rivers that are more than 50 km?.
The average total water resources are 810.33 billion m>. The
total area of Heilongjiang Province is 452,540 km?, the total
population is 38.33 million, and the agricultural population is
16.95 million. Heilongjiang Province is a major agricultural
province that is rich in land resources. The cultivated land area
covers 158,660 km? and accounts for 11.75% of the country’s
arable land area, representing a per capita arable land area of
0.41 ha. The cultivated land area and per capita arable land
area are the largest in the country. Heilongjiang Province is
one of the most important commodity grain production bases
in China, and the output of grain is the highest in the country.
A regional overview is shown in Fig. 1.

This paper selected 13 cities in Heilongjiang Province as
the study area (Fig. 1): Harbin, Qigihar, Jixi, Hegang,
Shuangyashan, Daqing, Yichun, Jiamusi, Qitaihe,
Mudanjiang, Heihe, Suihua, and Daxing’anling. A compara-
tive analysis is presented of two samples for Heilongjiang
Province and China. The data were primarily collected from
the statistical yearbook of Heilongjiang Province, the water
conservancy yearbook of Heilongjiang, and the official
websites of the relevant departments.

3 Methodology

Based on the regional disaster theory and the actual situation
in Heilongjiang Province, this study constructs evaluation in-
dexes of the agricultural drought risk in Heilongjiang
Province. Based on the index system, a combined cluster anal-
ysis and the Friedman projection pursuit model were devel-
oped to improve a projection pursuit model for evaluating the
regional agricultural drought risk.
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Fig. 1 Regional map of
Heilongjiang Province

China

3.1 Index system

In recent years, many scholars have constructed drought risk
index systems from different aspects: examples including risk
indexes based on the two aspects of sensitivity and adaptation
capacity (Wu et al. 2013); the three aspects of exposure, sen-
sitivity, and adaptability (Murthy et al. 2015; Sehgal and
Dhakar 2016); and the four aspects of hazards, exposure, sen-
sitivity, and resistance capacity (Zhang et al. 2011). Hazards
represent the direct cause of damage, exposure and sensitivity
determine the potential loss or impact, and resistance capacity
determines the portion of the potential impact that becomes an
actual (net) impact (Fontaine and Steinemann 2009). Based on
previous studies, in the present study, the index was selected
according to the following four aspects: the hazard of the
disaster factors, the exposure of the disaster body, the sensi-
tivity of the disaster body, and the resistance capacity of the
region. Hazard factors represent the necessary conditions for
drought, and hazards refer to the possibility of damage to
agricultural production and human life, and the annual precip-
itation and water resources per unit area were included in the
hazard evaluation index. Exposure refers to the magnitude of
the disaster body that is affected by the disaster and includes
the quantity, density, distribution, and value of the disaster
body, and the proportion of the cultivated land area, per capita
arable land area, and food yield per unit area were included in
the exposure evaluation index. Sensitivity refers to the
drought loss response, and the population density, agricultural
population proportion, and agricultural GDP proportion were
included in the sensitivity evaluation index. The resistance
capacity represents the necessary conditions for reducing the
drought hazard and the ability to withstand disasters, and the
irrigation index, rural per capita net income, agricultural irri-
gation machinery power per unit area, rural labor per unit area,
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investment in water conservancy facilities, and reservoir ca-
pacity per unit area were included in the resistance capacity
evaluation index. In summary, 14 indexes in four topic areas
are used to evaluate the risk of agricultural drought in
Heilongjiang Province. Certain indexes represent an increased
drought risk, and in these indexes, greater agricultural drought
values indicate greater risks. The abovementioned indexes are
considered positive indexes. Other indexes represent a re-
duced risk of agricultural drought; in these indexes, greater
agricultural drought values indicate smaller risks. The remain-
ing indexes are considered reverse indexes. The positive and
reverse indexes are described in Table 1.

3.2 Model steps

Step 1. Data normalization

The data are normalized as follows: {x*(i,j)|i = 1,2,..n
j=12.., p}, where x (ij) is the jth index of the ith sample
and »n and p represent the number of samples and indexes,
respectively.

For positive indexes,

X" (i, J)~min (/)

Xmax (]) “Xmin (])

For reverse indexes,

x(ivj) =

xmaX(j)_X*(iaj)

Xmax (J) “Xmin (J)

where Xpax(7) and xp,in(7) are the maximum and minimum
values of the jth index, respectively, and x(i,j) is the index after
normalization. The data were normalized by substituting X3,
X4, X5, X, X7, and Xy into Eq. (1) and X, X5, Xo, X0, X11, X12,

x(i,j) = (2)
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X13, and X1 4 into Eq. (2). After normalization, a higher value
of a single index indicated a greater drought risk in the region.

Step 2. Projection index Q(a)

a = {a(1), a(2),..., a(p)} is a p-dimensional unit vector, and
(i) is the projected characteristic value of x(i,j). The projection
is described as follows:

(i=1,2,-",n) (3)

where n samples are divided into m classes via k-means clus-
tering and denoted as A;, A,, -+ - ,A,. Assuming that the
ith sample belongs to the A, class, then the jth sample belongs
to the A, class and the cluster matrix is defined as D = (d;),, x

= {(1) i;l} “)

If the ith sample and the jth sample belong to the same
class, d;;=1; otherwise, d;; = 0. For samples of the same class,
the local density determined by the clustering matrix preserves
the projection point information; for those of different classes,
the local density discards the projection point information.

The projection index is defined as follows:

O(a) = S.D., (5)

1
33 rli)dy

i=1 j=1

and r(iy) = |z() — z()|, (i = 1,2,..., n). S, is the standard

where D, = , d;;is the element in the cluster matrix,

n n
deviation, S, = 1= ¥ (z(i)=z) 2,z =1 3 z(i). For samples
=1 =1

n n
in the same cluster, Y. Y r(i, j)d;; retains r(i,j) (for the same
=1 j=1

class of projection points, the corresponding element in the

clustering matrix is equal to 1), and for different clusters of
n n

samples, Y > r(i,j)d; abandons r(i,) (for the projection
=1 j=1

points between different classes, the corresponding element

in the clustering matrix is equal to 0). The local projection

n n
points are as dense as possible, Y > r(i,j)d; is smaller,
i=1j=1

and D, is greater. For the overall dispersion of the projection
point, S, is greater.

In conclusion, when the projection index Q(a) is
large, it can guarantee that S, and D, are large. A high
S, value guarantees overall dispersion, and a higher D,
value guarantees local aggregation. The projection index
O(a) satisfies the idea of projection pursuit proposed by
Friedman and Turkey (1974).
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Step 3. Projection index Q(a) optimization

According to the above expressions, the value of Q(a)
should be as large as possible:

max Q(a) =S.D,, st

Equation (6) is a non-linear constrained optimization prob-
lem and can be solved by a real-coded genetic algorithm
(RGA).

Step 4. Classification evaluation

By inputting the optimal projection direction a into Eq. (3),
the final evaluation value of each area can be obtained.

In this paper, an improved projection pursuit model is intro-
duced by the combination of cluster analysis and the projection
pursuit model. A&-means clustering is a traditional and effective
clustering method that can effectively classify high-dimensional
samples. The projection pursuit model is used to project high-
dimensional data into low-dimensional space, and samples are
classified or evaluated according to the distribution of projection
points. In this study, cluster analysis was used to construct the
local density D,. The high-dimensional samples are classified by
k-means clustering. The clustering results are represented by the
clustering matrix, and the local density D, is constructed based
on the clustering matrix. The improved projection pursuit model
combines cluster analysis and the projection pursuit model,
which offer advantages for classification and assessment, re-
spectively. The improved model enriches the theory of projec-
tion pursuit and has theoretical significance.

4 Results

To analyze the spatial and temporal differences of the agricul-
tural drought risk in Heilongjiang Province and compare this
result with the agricultural drought risk in China, we deter-
mined the cause of regional differences in the agricultural
drought risk and the underlying mechanisms for these chang-
es. Data from the six studied years (2004, 2006, 2008, 2010,
2012, and 2014) were selected. For each year, we selected 13
prefecture-level cities as well as Heilongjiang Province and
China as examples and produced 90 samples. According to
the methods of model construction in Sect. 3.2, we obtained
an evaluation value of the agricultural drought risk in
Heilongjiang Province. In this paper, the final evaluation val-
ue was decomposed according to the direction of the projec-
tion, and the comprehensive agricultural drought risk decom-
position was based on four previously defined aspects (hazard,
exposure, sensitivity, and resistance capacity), which were
separately analyzed.
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4.1 Spatial difference analysis visualization function in ArcGIS (Esri, Redlands, CA,

USA) was used to map the spatial distribution of the
To directly determine the spatial differences of the ag-  drought risk. Figure 2 shows the spatial distribution of
ricultural drought risk in Heilongjiang Province, a  the hazard, exposure, sensitivity, and resistance capacity

a

Daxing'anling

Daxing'anling

Exposure

Hazard
3046 - 3529 | 0604 - .1395
‘ ‘ 11396 - 2971
PRI
[ | ‘4669 } ‘5400 Il 4558 - .7032
[ | ‘5401 ] ‘5651 I 7033 - 8109

200 100 0

Daxing'anling

Sensitivit . .
Y Resistance Capacity

08711160 T 3060 - 4690
2164- 2673 06
2164 - 5806-

Bl 2674 - 3145

I 3146 - 4875 I 7437 -

B 3174 -.

200 100 0
200 100 0

Daxing'anling

Drought Risk

T 1.3764 - 1.4487
1.4488 - 1.7016
1.7017 - 1.8375

I 1.8376 - 2.1403

I 2.1404 - 2.5044

190 95 0

Fig.2 Spatial distribution of the agricultural drought risk in Heilongjiang Province (2014): a hazard, b exposure, ¢ sensitivity, d resistance capacity, and
e drought risk
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aspects and the integrated drought risk in Heilongjiang
Province (2014).

To analyze the reasons for the spatial differences, we con-
structed a stacked column chart that showed the percentages
of the 14 indexes according to region as shown in Fig. 3.

4.1.1 Spatial difference analysis of the hazard level

Figure 2a shows that the hazard levels in Daqing, Harbin,
Qigihar, and Heihe are high, and Fig. 3 shows that the annual
precipitation in these areas is relatively low at less than
450 mm, which is far below the province’s average of
559 mm. The hazard levels in Hegang and Yichun are low,
and the annual precipitation in these two regions is greater
than 700 mm, which indicates that the water resource supply
capacity is strong in these areas. The average water resources
in these two regions are equivalent to 32,886 m’ ha_l, which is
much higher than the value of 5468 m® ha ' in Heilongjiang
Province. The water resource reserves and the water resource
supply capacity are the main causes of the differences in the
regional hazard levels (Fig. 3).

4.1.2 Spatial difference analysis of the exposure level

Figure 2b shows that the exposure of Daxing’anling and
Yichun was low, which indicates that the extent of agricultural
production exposed to drought conditions in the two regions is
relatively low. The two regions are located in forested areas
that have less arable land; furthermore, the regions belong to
the alpine zone, where the grain yield is low (Fig. 3). The
exposure levels in Suihua, Qigihar, Daqing, Jiamusi, and
Harbin are relatively high. These areas represent the main
grain-producing areas of Heilongjiang Province. Western
Qigihar, southern Harbin, eastern Jiamusi, and central
Suihua are the main soybean-producing areas in
Heilongjiang Province; Harbin, Jiamusi, Suihua, and Qigihar
are the major rice-producing areas and account for approxi-
mately 45% of the total output of the province; and Harbin,
Suihua, and Qigihar are the primary maize-producing areas
and account for approximately two thirds of the maize pro-
duction area of the province (Yun et al. 2005).

Fig. 3 Stacked column chart 100%

showing the percentages of the 14 20%
indexes according to the region 80%
(2014) 70%

60%
50%
40%
30%
20%
10%
0%
X1 X2 X3 X4 X5 X6 X7 X8 X9

4.1.3 Spatial difference analysis of the sensitivity levels

Figure 2c shows that Daxing’anling and Yichun are low-
sensitivity areas, and the primary cause of this low sensitivity
is the sparse and small population of the rural communities.
Suihua, Qigihar, and Harbin have the highest sensitivity, and
the population density in these three areas is relatively high
(Fig. 3) at 159, 131, and 186 person-km 2, respectively.
Furthermore, the proportion of the agricultural population is
larger in these regions (Fig. 3) at more than 50% of the total
population. The population, especially the agricultural popu-
lation, has a higher response to the sensitivity of agricultural
drought, which is the main reason for the difference in region-
al sensitivity (Fig. 3).

4.1.4 Spatial difference analysis of the resistance capacity
level

Figure 2d indicates that the resistance capacity of Qigihar,
Dagqing, Harbin, and Qitaihe is strong and that the reservoir
capacity of Qigihar and Qitaihe is relatively large; therefore,
the drought-resistant water resources in these areas are more
abundant (Fig. 3). The irrigation index of Daqing and Harbin
is large, and the rural per capita net income of these two
regions is higher than that of the other areas (Fig. 3). The
resistance capacity of Heihe, Suihua, Yichun, and Jiamusi is
relatively low, and the resistance capacity indexes in these
areas are lower than those of the other regions (Fig. 3).
Comparatively, the resistance capacity of Daxing’anling is
the lowest. This region is located in a cold zone, and the level
of economic development is low. The irrigation index is only
1.11%, and it is the only region with a per capita net farmer
income less than 10,000 RMB Yuan (9994 RMB Yuan). The
level of economic development is the main reason for the
difference in regional resistance capacity (Fei et al. 2013).

4.1.5 Spatial difference analysis of the drought risk level

The comprehensive drought risk is composed of the hazard,
exposure, sensitivity, and resistance capacity aspects. Figure 4

X10 X1 X12 X133 X14
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“ Suihua
® Heihe
® Mudanjiang
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Fig. 4 Spatial distribution of the drought risk; a longer drought risk bar
chart represents a higher risk. For each area, the bar was composed of the
four aspects hazard, exposure, sensitivity, and resistance capacity. For
each aspect, a longer bar represents a higher risk

describes the risk and composition of the various regions;
longer bar charts indicate a greater drought risk.

Figures 2e and 4 show that the drought risk of Daxing’anling
and Yichun is relatively low. In addition, the resistance capacity
of the two areas is weak, although the exposure and sensitivity
of the two areas are relatively low, and the number of exposed in
the disaster environment is reduced under the same impact fac-
tors; therefore, the potential losses are low. The drought risk in
Suihua, Qigihar, Daqging, Harbin, and Jiamusi is relatively high.
The resistance capacity of the two areas is strong; however,
these areas are the main grain-producing areas of Heilongjiang
Province and their exposure and sensitivity are higher, and the
number of production materials that are threatened by drought
indicates a large number of potential losses. The levels of expo-
sure and sensitivity are the main reasons for the differences in
regional agricultural drought risk.

4.2 Temporal variation analysis

To analyze the temporal variations in the hazard, exposure,
sensitivity, and resistance capacity levels and the comprehen-
sive drought risk, we drew a mosaic map to illustrate the
agricultural drought risk (Fig. 5).

4.2.1 Temporal variation analysis of the drought hazard

Figure 5a shows that the overall agricultural drought hazard in
Heilongjiang Province and each prefecture-level city is higher
than the national value. Heilongjiang has a shortage of water
resources, and the rainfall and water resources are lower than
the national average; thus, regional hydrological droughts are
easily induced (Zhang et al. 2015a). In various regions, the

regularity of the hazard pattern, which is primarily determined
by the regional climate and hydrological conditions, is not
obvious.

4.2.2 Temporal variation analysis of the exposure

Figure 5b shows that the overall exposure levels in
Heilongjiang Province have a tendency to increase and are
slightly higher than the national average. The main reason
for increases in the exposure level is the significantly in-
creased proportion of cultivated land area and per capita arable
land in each area (Fig. 6). Driven by economic benefits, the
area of cultivated land increases each year (Song and Chen
2012). For more than 10 years, the area of cultivated land and
per capita cultivated land area has increased, the proportion of
cultivated land area in Heilongjiang Province has increased
from 21.32 to 32.65%, and the per capita arable land increased
from 0.253 to 0.394 ha-person '. Moreover, the amount of
agricultural production materials exposed to a disaster envi-
ronment has significantly increased.

4.2.3 Temporal variation analysis of the sensitivity

Figure Sc shows that the sensitivity of the trend of drought
changes is not obvious, which is primarily because the three
indicators of sensitivity showed minimal changes over time.
In areas where the population density showed almost no
change, the proportion of the agricultural population and the
proportion of agricultural GDP exhibited a decreasing trend,
although the change was not large. However, the sensitivity in
most parts of Heilongjiang Province was slightly lower than
the national value.

4.2.4 Temporal variation analysis of the resistance capacity

Figure 5d shows that the resistance capacity of various
regions exhibits an increasing trend, although the overall
resistance capacity is lower than the national level. The
increase of resistance capacity is mainly caused by eco-
nomic development and the construction of agricultural
water conservancy facilities. From 2004 to 2014, the
irrigation index, rural per capita net income, and invest-
ment in water conservancy facilities in various regions
significantly increased (Fig. 7). The rural economy in
the Heilongjiang Province developed rapidly, and the
rural per capita net income increased from 2725 RMB
Yuan in 2004 to 10,453 RMB Yuan in 2014. In addi-
tion, the investment in water conservancy facilities in-
creased from 12900 RMB Yuan/km? to 204600 RMB
Yuan/kmz, and the irrigation index increased from
11.83 to 35.91%.
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4.2.5 Temporal variation analysis of drought risk

From the previous analysis, it is clear that changes in the
integrated drought risk are mainly caused by the exposure
and resistance capacity levels. Figures 5b and 8a indicate that
before 2012, there was an increasing trend of exposure in each
area, although after 2012, a stable and even lower trend is
observed. This change was primarily caused by the policy of
returning farmland to forest and grassland in Heilongjiang
Province in recent years, which has led to stable or decreasing
amounts of cultivated land (Song and Chen 2012). Because of
improvements in the regional economic development and

Ol LAC U Zyl_i.lbl

agricultural water conservancy facilities, the resistance capac-
ity in various regions has exhibited an increasing trend
(Figs. 5d and 8b). In this study, smaller values represent a
greater resistance capacity. Based on the comprehensive ef-
fects, the risk of agricultural drought in Heilongjiang Province
initially exhibits an increasing trend and then a decreasing
trend (Figs. 5e and 8c). Currently, the development of culti-
vated land in Heilongjiang Province is stable, and the devel-
opment of the economy and the improvement of water con-
servancy facilities will continue to increase the resistance ca-
pacity of the region. Therefore, the risk of drought in
Heilongjiang Province will exhibit a further declining trend.
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Fig. 6 Temporal variation in the
proportion of cultivated land area
and per capita arable land 14

1.9

0.9

® Per capita arable land

¥ Proportion of cultivated land area

5 Discussion

The previous analysis indicates that although the risk of agri-
cultural drought in Heilongjiang Province exhibits a decreas-

ing trend, the overall trend is higher than that in China in
general. Moreover, the difference in the drought risk in differ-

ent regions is greater in Heilongjiang Province and indicates a
greater number of high-risk areas relative to the national av-
erage. According to the regional characteristics of 2.
Heilongjiang Province, the following suggestions are provid-

ed for the high drought risk areas:

1. The area of cultivated land and the conversion of cropland
to forest and grassland should be strictly controlled.
Heilongjiang Province is a major agricultural province,

and because of the need for agricultural development, a
large amount of forestland and grassland has been
reclaimed for arable land. Long-term land cultivation
and neglectful maintenance indicate the increasing con-
flict between human activity and ecological conservation.
Soil water conservation has decreased gradually, and soil
desertification is becoming increasingly serious. These
issues further intensify the risk of agricultural drought.

Non-agricultural industries and economic diversification
must be promoted, and the proportion of agricultural out-
put must be reduced. Heilongjiang’s economic depen-
dence on agriculture is relatively strong, and the risk of
agricultural drought is relatively large. The region should
focus on the development of a third industry to diversify
the regional economic structure and reduce the

Fig. 7 Temporal variation of the 12
irrigation index, rural per capita 8
net income, and investment in

water conservancy facilities 0

® Irrigation index

® Rural per capita net income
“ Investment in water conservancy facilities
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dependence of the regional economy on agriculture,
which would help avoid the risk of agricultural drought
hazards.

3. The deep processing of agricultural products should be pro-
moted, and the added value of agricultural products should
be improved. The economic value of agricultural raw ma-
terials is often low, and the added value of finished or semi-
finished products is often higher. Heilongjiang Province
should take advantage of its raw materials to actively pro-
mote the development of the agricultural product processing
industry and establish a regional brand. This will also
change the region’s economic structure and improve the
region’s ability to resist drought damage.

4. Investments in irrigation and water conservancy facilities
should be increased, and the water use efficiency should
be improved. The flat terrain in Heilongjiang Province is
conducive to the construction of irrigation and water con-
servancy facilities, and this geographical advantage should
be exploited in Heilongjiang Province to increase the irri-
gation area, improve the irrigation methods, improve the
water use efficiency, and reduce the risk of regional agricul-
tural droughts. For example, modern irrigation methods
(drip irrigation, infiltration irrigation, and sprinkle irriga-
tion) should replace traditional irrigation methods (furrow
irrigation, flood irrigation, and canal irrigation).

6 Conclusions

This paper combines a clustering analysis with the Friedman
projection pursuit model to improve the projection pursuit
model. The improved model was applied in a risk analysis
of the agricultural drought hazard in Heilongjiang Province,
and the spatial differences and change trends of the agricul-
tural drought risk in Heilongjiang Province were analyzed
from a spatial and temporal perspective. The conclusions are
listed as follows.

1. In this study, the overall dispersion and local aggregation
of projection points were based on research by Friedman

@ Springer

and Turkey (1974). The variance S, was used to measure
the degree of scatter of the projected points, and the im-
proved local density D, was used to measure the degree of
local aggregation. Cluster analysis was used to construct
the local density D,. The high-dimensional samples were
classified by k-means clustering. The clustering results are
represented by the clustering matrix, and the local density
D, is constructed based on the clustering matrix. The
method avoids the problem of determining the cutoff ra-
dius. An improved projection pursuit model was proposed
that combines cluster analysis and the projection pursuit
model, which offer advantages for classification and as-
sessment, respectively. The improved model enriches the
theory of projection pursuit and has theoretical
significance.

A spatial analysis of the drought hazard indicated that the
hazard level in Daqing, Harbin, Qigihar, and Heihe was
higher relative to Yichun, Hegang, Daxing’anling,
Shuangyashan, and the remaining regions, and the main
reason for these differences was the difference in regional
precipitation and total water resources. The trend analysis
indicated that the overall hazard level in Heilongjiang
Province was higher than that of the whole country, and
the regularity of the hazard pattern was not obvious.

A spatial analysis of the exposure levels indicated that
Suihua, Qigihar, Daqing, Jiamusi, and Harbin had a rela-
tively high degree of exposure and Daxing’anling and
Yichun had a relatively low degree. The main reason for
these differences was the different proportion of cultivated
land in these regions. A trend analysis indicated that the
exposure of each area presented an increasing trend.

A spatial difference analysis of the sensitivity levels indi-
cated that Suihua, Qiqgihar, and Harbin had higher levels
and Daxing’anling and Yichun had lower levels. The
main reason for these differences was the agricultural pop-
ulation and GDP. A trend analysis indicated that the sen-
sitivity changes in the various regions are not obvious.

A spatial difference analysis of the resistance capacity
indicated that Qiqihar, Daqing, Harbin, and Qitaihe had
a stronger capacity than Heihe, Suihua, Yichun, Jiamusi,
and Daxing’anling. The main reasons for these
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differences were differences in agricultural water conser-
vancy facility investments and water resource utilization
efficiencies, which were related to differences in the eco-
nomic development of the different regions. A trend anal-
ysis indicated that the resistance capacity of all regions
has improved, and the construction of agricultural water
conservancy facilities has increased; consequently, the
water resource utilization efficiency has significantly
improved.

6. A spatial difference analysis of the comprehensive
drought risk indicated that Suihua, Qigihar, Daqing,
Harbin, and Jiamusi had a higher risk, and Yichun,
Hegang, Mudanjiang, and Daxing’anling had a lower
risk. A trend analysis indicated that the overall risk in
Heilongjiang Province was higher than the national trend,
and the drought risk in various regions exhibited an ini-
tially increasing trend followed by a decreasing trend.
This trend was caused by the exposure and resistance
capacity levels.
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