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Identification of the critical state

from drought to disaster

YAN Baowei' , XIAO Han''?, HUO Lei', YANG Wenfa®,ZHANG Jun®,XU Yinshan®

(1. School of Hydropower and Information Engineering, Huazhong University of Science and Technology, Wuhan 430074,
China; 2. Ningbo Water Conservancy & Hydropower Planning and Design Institute Co. ,Ltd, Ningbo 315192, China;
3. Bureau of Hydrology,Changjiang Water Resources Commission, Wuhan 430010, China)

Abstract: There is a critical stage in the process from drought to disaster. In order to identify the critical state of drought
disaster, a method based on principal component analysis and support vector machine is proposed. The principal com-
ponent analysis method is used to reduce the dimensionality of several indexes that can reflect the duration, severity,
and extremum of drought, and to remove the redundant information of the correlated multiple indicators. The support
vector machine is used to find the optimal classification plane based on the historical drought records. The potential
drought samples are classified into drought samples and disaster samples based on this classification plane. This classifica-
tion plane can be phenomenologically defined as the critical state plane of drought-disaster transition. The development
process and trend of drought can be revealed more intuitively, which is convenient to popularize and apply to assess
drought warnings. The sub-basin above Shiquan in the Hanjiang River basin is selected as a case study, and 107 potential
drought samples are selected according to certain principles. The above-proposed method is used to identify the disaster
samples according to the historical drought records, with accuracies of 88. 6% and 78. 6% in calibration and validation
periods, respectively.
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In recent years, affected by global climate the imbalance between the supply and demand of

change, droughts have frequently occurred in China social and economic water resources, which further

and showed a trend of intensification''*!. Drought
is usually caused by atmospheric circulation or
monsoon circulation anomaly-*). The atmospheric
circulation or monsoon circulation anomalies can
lead to persistent low precipitation and meteorologi-
cal drought, which reduces the replenishment of
surface and underground runoff and induces hydro-
logical drought., Meteorological drought and hydro-
logical drought lead to the lack of water supply and
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cause socio-economic drought'. The occurrence
and development of drought is a gradual accumula-
tion process from quantitative change to qualitative
change. To be more specific, the amount of precipi-
tation continues to decrease; the water shortage of
the social and ecological environment is gradually
increasing ; the drought has begun to appear but has
not yet caused a disaster. However, with the fur-

ther development of the drought, the shortage of
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water resources is serious, the production of crops
has been reduced or even stopped, drinking water is
in short supply in some areas, and the ecological
environment is deteriorating and in turn causes dis-
asters. Therefore,drought will become disaster on-
ly when it develops to a certain degree, namely
there is a critical state in the process from drought
to disaster. Once this critical state is broken, the
drought disaster will happen'®). In fact, the for-
mation and development process of drought in-
cludes complex dynamic processes and cycle
mechanisms of multi-scale water and energy. At

(78] analyze the

present, although many studies
mechanism of drought formation from the per-
spective of atmospheric circulation, the dynamic
mechanism of the formation of major regional
droughts is still unclear, and the mechanism and
process characteristics from drought to disasters
are still lacking better understanding'®. So far, a
complete theory has not been formed to physically
analyze the critical state from drought to disasters,
which brings difficulties to drought identification
and warning.

With the continuous development of computer
technology and artificial intelligence technology,
many statistical methods have been applied to the
field of drought identification, prediction, and
warning. Paulo et al. 1'% proposed a drought pre-
diction model based on Markov chain and SPI
They explored the possible evolution direction of
drought affected by rainfall seasonality and further
improved the accuracy of drought prediction. Lin
et al. "' used Markov chain model to predict the
probability of future drought in Hubei Province in
China, which lays the groundwork for early
drought warning. Feng et al. ['?) used artificial
neural network ( ANN) technology to propose a
drought assessment model, which provides a new
way of drought research. Belayneh et al. ['*) con-
ducted a comparative study on traditional stochas-
tic model, namely autoregressive integrated mov-
ing average ( ARIMA) and machine learning
model( ANN and support vector machine (SVR) ,
and the results showed that the latter is better

than the former for drought prediction. Zhou et
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al. "' used adaptive differential evolution algo-
rithm to improve the extreme learning machine
prediction model, and selected abnormal sea
surface temperature as the input factor of the
model to construct a regional drought prediction
model, improving the prediction accuracy and sta-
bility to a certain extent. These models do not con-
sider the potential physical processes of the atmos-
phere, soil, and hydrology, but pay more attention
to the inherent characteristics of the data itself,and
try to find the characteristics and rules through
some statistical methods, and sometimes, satisfac-
tory results can be obtained. This kind of theory
that cannot be explained by the existing scientific
theories and obtains the law by summarizing exper-
imental facts is called phenomenology. The phe-
nomenological method, based on the macroscopic
nature of the system, ignores the internal mecha-
nism of the system,and directly uses the character-
istics of the system to establish the evolution equa-
tion"""), Different types of droughts have distinct
disaster-causing processes,and the critical states of
different carriers also vary. What' s more, the
effects caused by droughts are complex and di-
verse,involving many fields such as agriculture, e-
cology,and socio-economics. Studying the drought-
causing process from the perspective of physical
mechanisms will become extremely complicated.
For this reason, this paper does not go into the cau-
ses of drought, but tries to find the critical state
from drought to disaster from the perspective of
phenomenology macroscopically, and proposes a
method of identifying the critical state from
drought to disaster based on principal component
analysis and SVM, so as to provide scientific basis

for drought warning and risk prevention.
1 Selection of potential drought samples

Drought is caused by the joint action of multi-
ple meteorological and hydrological elements.
When selecting indexes to describe the characteris-
tics of drought, it is necessary to comprehensively
consider evaporation, rainfall, runoff, soil water
content, air humidity and temperature, and other

[16]

factors''®!, The commonly used indexes include
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standardized precipitation index (SPI), standard-
ized runoff index (SRI), anomaly percentage of
precipitation degree of dryness, number of consec-
utive days without rain, anomaly percentage of
runoff, and relative soil humidity!'"). In the
process of drought identification and warning, the
selection of indexes will have a great impact on the
results, and the number of indexes selected should
not be too many or too few. Too many indexes
may cause the one aspect of characteristics of
drought to be overemphasized due to the correla-
tion between the indexes, with other aspects of
the characteristics ignored, so that the main char-
acteristics of drought cannot be fully measured. If
there are too few indexes, drought characteristics
will not be comprehensively described, which will
lead to misjudgments.

In generally, drought events can be described
by the duration intensity,and peak''”’. Drought du-
ration refers to the duration of water shortage,
which can be characterized by the number of con-
secutive invalid rainfall days. At the same time, the
influence of early rainfall in the early stage of the
drought should be taken into consideration,and ad-
jacent drought events with short intervals should
be combined. Drought intensity is a reflection of the
severity of water shortage, which depends on the
amount of precipitation, runoff and evaporation. It
can be measured by the anomaly percentages of pre-
cipitation and runoffand daily average evaporation.
The drought peak reflects the extreme condition of
water shortage and can be expressed by the mini-
mum low water flow. Therefore, five indexes inclu-
ding drought duration D, anomaly percentage of
precipitation P, , anomaly percentage of runoff Q,,
daily average evaporation E , and minimum low wa-
ter flow Q,,, are selected as the characteristic inde-
xes of drought events'®!, The samples that may de-
velop into drought events are defined as potential
drought samples, and the potential drought samples
and their characteristic indexes are defined accord-
ing to the following steps.

(1) According to the classification standard of
the China Meteorological Administration, the daily
rainfall P <{ 10 mm shows light rain. Generally

speaking, this level of rainfall cannot alleviate the
regional drought. Therefore, the daily rainfall P<C
10 mm is defined as invalid rainfall. When the inva-
lid rainfall lasts for 15 days continuously namely
when the drought duration D=>15 days, the sample
is a potential drought sample.

(2) When the interval between two adjacent
samples is no more than 5 days with average daily
rainfall P<<10 mm, the short-term effective rainfall
cannot effectively alleviate the drought. Therefore,
the two adjacent samples are combined into a
drought event. After that, the start time of the first
sample is taken as the start time of this drought
sample,and the end time of the second sample is
taken as the end time.

(3) Since the previous rainfall has a certain
impact on runoff and soil water content, the select-
ed drought samples may not in a "drought" state at
the initial stage. Therefore, the start time of the
drought samples can be appropriately delayed
based on experience.,

(4) According to the start time and end time
of the selected drought samples, the above-men-
tioned characteristic indexes of the samples can be
determined. Among them, there are

D=t.—t,+1 (D
where:z, and ¢, are the start time and the end time
of the samples, respectively.

P3P,
P,=—————X100% (2)
2P,
=t
where: P, is the daily rain fall on day ¢ and P, is the
perennial average daily rainfall on day ¢.
; .
Q- 2Q
Q=""—""-X100% (3)
2Q
where:Q, is the daily runoff on day ¢ and Q, is the

perennial average daily runoff on day ¢.

7_l le
E—DgiE, D

where: E, is the daily evaporation and E is the daily
average evaporation in the drought duration.
Qmin:min{Qt7t:tsNte} <5)

where: Q.. is the minimum low water flow.
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2 Principal component analysis of drought

characteristic indexes

The above drought indexes reflect the basic
characteristics of drought from different sides,and
can more comprehensively reflect the characteristic
attributes of drought, but they overlap in informa-
tion to a certain extent and have certain rele-

09) For this reason, redundant information

vance
generated by correlation of indexes should be re-
moved to avoid assigning excessive weight to the
characteristics because the selected index contains
too much information of a certain aspect, resulting
in partial information distortion and failure to truly
represent  the  characteristic  attributes  of
drought®J, Principal component analysis can con-
vert multiple measured variables into a few unre-
lated comprehensive variables (namely principal
components) through spatial reduction of high-di-
mensional variables under the principle of the least
loss of data information, thereby removing infor-
mation redundancy and noise-?”.

According to principal component analysis, the
above selected characteristic indexes need to be re-
combined,if u, (i=1,2,+,5) represents indexes
D,P.,Q., E,and Q. in turn, the reconstructed
aggregative index can be obtained

X, —ay ul_’—alg U, ‘|‘ai3u3 _’—am Uy +ai5u3 (6)
where; x; (i =1, 2, *=-, 5) are the reconstructed
aggregative indexes, namely the principal compo-
nent i of the original indicator;a; is the principal
component coefficient.

The reconstructed aggregative indexes are not
correlated with each other, and the variances de-
crease sequentially. If the cumulative contribution
rate of the variance of the first m (<(5) principal
components reaches 85% ,it can be considered that
the first m principal components basically retain
the original information. Therefore, the first m
principal components are taken as the aggregative
indexes after dimensionality reduction, which is
calculated by the following equation

fz:ﬂiru/i (D
where;x,(I=1,2,++,m) is the aggregative index

after dimensionality reduction;pu, is the feature vec-
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. . / .
tor corresponding to each eigenvalue A;; u'; is the

index after u; standardization.

3 Drought disaster identification method
based on support vector machine

Analyzed from the perspective of phenomenol-
ogy.,it is assumed that the development of drought
is a movement process of a particle in space. The
position of a particle in space depends on the coor-
dinates of the particle. When the particle crosses a
certain critical state plane, disasters are formed.
Correspondingly,a potential drought sample corre-
sponds to a particle, and the characteristic attrib-
utes of the sample correspond to the coordinates of
the particle. Therefore, the critical state plane di-
vides the potential drought sample into a disaster-
causing sample and a non-disaster-causing sample,
so the question is transformed into how to find the
critical state plane through observing the sample.

Based on the Vapnik-Chervonenkis Dimension
theory of statistical learning theory and the princi-
ple of structural risk minimization, Vapnik et
al. I proposed a SVM model. The basic idea is to
establish a classification hyperplane as a decision
surface to maximize isolated edge between the posi-
tive and negative examples of the object!®?,
Therefore, the optimal classification hyperplane of
SVM can be used to identify the critical state plane
of drought disaster. According to the historical
drought conditions recorded in the yearbook, the
potential drought samples with drought records are
marked as disaster-causing, and the absence of re-
cords means that the drought does not cause disas-
ters.and they are marked as non-disaster-causing.
We let y=1 and y=—1 represent the disaster-cau-
sing and non-disaster-causing samples,and combine
the dimensionality-reduction characteristic index to
construct a data set D={(a;,y,) [ [=1,2,,n}.
Among them,x; € R™ is the input and y, &€ {—1,1}
is the output. These n disaster-causing sample
points are taken as points in the m-dimensional
space. If these points are linearly separable, there is
an optimal classification hyperplane-?"
wix,+b6=0 (8

The classification interval (2/ || w || ) is set to the
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maximum. Among them,W is the normal vector of
the hyperplane, and 0 is the displacement term.
Therefore, the problem of seeking the optimal hy-
perplane is transformed into the following optimi-

zation problem"

miln% Il wll ZJrCilS; sty [ wix b ]1>=1—¢

(:=1,2,,n) €©))
where: parameters C and & can be optimized by
particle swarm algorithm.,

For convex quadratic optimization problems,
with Lagrangian multipliers introduced, the objec-
tive function and constraints are integrated into the
Lagrangian function, which can facilitate the solu-
tion of the extreme value. Moreover, the above-
mentioned optimal hyperplane equation can be ob-
tained through the sequential minimum optimiza-
tion (SMO) algorithm. The hyperplane equation
divides the potential drought samples into disaster-
causing samples and non-disaster-causing samples,
and further uses the critical equation to determine

whether the drought is disaster-causing, and the

discriminant equation is""

f(x)=sgn(wix+b) 10
f(x) =1 indicates a disaster-causing state;
f(x)=0 denotes a critical state; f(x) =—1 means
a non-disaster-causing state. Thus, real-time early

warning of drought can be realized.

4 Case study

Sub-basin above Shiquan in the Hanjiang Riv-
er basin is selected as a case study. Located at the
boundary between subtropical and warm temperate
zones, this area is a typical ecological environmen-
tally fragile and sensitive area. The basin area is
24,600 km®, and the perennial average precipitation
reaches 788 mm. Affected by the monsoon climate, the
inter-annual distribution of precipitation in the region
is uneven during the year,and droughts occur frequent-
ly. According to the data of the China Meteorological
Data Network, from 1992 to 2007, there were eight
years of moderate drought or more in the basin,and the
most severe drought took place in August 1994. The
percentage of crops affected by the disaster reached

more than 90%, which had a great impact on local life

and production. Therefore, the identification and
warning of the critical state from drought to disas-
ter in this region has important research value and
practical significance.

The data required for the identification method
of critical state from drought to disasters used in
this paper includes historical measured precipitati-
on, runoff, evaporation, and drought records. The
precipitation and evaporation data come from the
China Meteorological Data Network; the rainfall
stations include Wugong County, Taibai County,
Lueyang County, Liuba County, Hanzhong Coun-
ty, Fuoping County,and Shiquan County;the evap-
oration stations include Taibai County, Liuba
County, Hanzhong County, Fuoping County, and
Shiquan County. The runoff data of Shiquan Sta-
tion is provided by the Hydrological Bureau of the
Yangtze River Committee. The drought records are
obtained with the yearbooks of various places col-
lected. The data period is uniformly taken from 1987 to
2015. The planar average precipitation and average
evaporation are obtained by the weighted average of
Thiessen polygon.

According to the daily rainfall, runoff, and
evaporation data from 1987 to 2015, according to
the sampling method introduced in Section 2, sam-
ples with daily rainfall <{10 mm and drought dura-
tion D=>15 days are selected as potential drought
samples. If the interval between two adjacent sam-
ples is less than five days and the average daily
rainfall in the interval is less than or equal to 10
mm. The adjacent samples are merged into a poten-
tial drought sample, so a total of 107 potential
drought samples are selected. With Eqgs. (1) —(5),
the five characteristic indexes of each drought sam-
ple are obtained. Fig. 1 further shows the distribu-
tion of the above indexes in different years. On av-
erage, there are three to four samples per year.
There are more droughts in 1994, 2002 and 2014,
with six drought samples. The above drought inde-
xes have a certain correlation. Principal component
analysis is used to perform the dimensionality re-
duction on the original characteristic indexes in or-
der to eliminate the correlation between them. The

cumulative contribution rate of the variance of the
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first three principal components is close to 90%.
Therefore, the first three principal components are

used as aggregative indexes of drought samples,

and they are calculated by the following equations:
x=0. 527 6u’, +0. 557 0u’, +0. 366 3u’, —
an

0.476 1u',—0.225 0u’;

2l

y=—0.183 1u’, +0. 059 64, +0. 623 0u’, —
0.012 0u’,+0. 758 0u’, (12)
2=0. 014 6u', +0. 336 6u’, +0. 351 1’5+
0.821 1u’,—0. 298 54’ (13)
where: x, y,and = represent the first, second, and

third principal component, respectively.
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Fig. 1 The drought indicators of the samples

According to the drought records in local year-
books, there are a total of 58 disaster-causing sam-
ples among the 107 potential samples mentioned
above. Among them, the longest drought lasted 245
days from September 24, 1990 to May 26, 1991.
The linear kernel function is selected to establish

the two-class support vector machine model of the

+ 38« KXKFR

research area,and the first 79 of the 107 potential
samples are used for the training of the classifica-
tion model. The classification accuracy is 88.6%
after they are divided into disaster-causing samples
and non-disaster-causing samples as shown in
Fig. 2. Furthermore, the optimal classification plane

can be obtained as
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0. 664 4x+2.307 7y+0. 154 92—0. 002 3=0 (14)
This plane is the critical plane for drought disaster
in the study area. The classification of samples can be
realized according to whether the distance between the
sample point and the plane is greater than 0. The re-
maining 28 potential samples above are used for model
testing,and the classification accuracy reaches 78. 6%,
which can be used for real-time warning of drought in
the region. The critical plane equation can be used to
further determine the threshold combination of each
drought characteristic index. In theory, there will be
countless kinds of such combinations but they are not
fully given here. Assuming that the drought duration
and the daily average evaporation within the drought
duration are taken as the average of all potential
drought samples, when the minimum low water flow
threshold is 30,60, 90,120, and 150 m®/s, respective-
ly, the threshold combinations of the anomaly percent-
ages of runoff and precipitation are shown in Tab. 1. It
can be seen that under the same minimum low water
flow threshold, as the precipitation anomaly threshold
increases, the runoff anomaly threshold decreases.
For example, for Q. =30 m’/s, P, = —20% and
—40% lead to Q. =—65% and —34% , respective-
ly. Under the same precipitation anomaly threshold,
with the growth of the minimum low water flow
threshold, the runoff anomaly threshold also aug-
ments. For instance, for P, = —20%, Q... =30 m®/s
and 60 m®/s result in Q =—65% and —88%,respec-
tively. These results are obviously in line with the
development law of drought disasters. Therefore,
the thresholds of these drought indexes or the dis-
aster-causing plane equation can be used for real-
time warning of drought.

A drought that actually occurred in the region
in 2015 is selected as an example to illustrate the
process of applying the above critical plane for drought
warning. According to the above sample selection
method, the drought samples are selected,and a poten-
tial drought event from July 5,2015 to August 3,2015
is detected. The five characteristic indexes D, P,,Q,,
E.and Q.. are calculated daily from July 5 and are
transformed into aggregative indexes according to Egs.
(11) — (13). Fig. 3 presents the daily sample points

and critical planes corresponding to the aggregative in-

dexes. The size of the points in the figure gradually
goes up with time. Based on this, the development
process of this drought can be intuitively observed,
namely the process of the sample points moving
away from the beginning to gradually approaching
and finally crossing the critical state plane and
transforming into a disaster-causing state. It is con-
sistent with the record in the yearbook of "phased
low rainfall and summer droughts occurs from July
to August; precipitation continues to be low; some
areas are plagued by moderate summer droughts".
Among them, the critical disaster happened on July 13,
2015. The corresponding changes in the drought indexes
are shown in Fig. 4. Before July 13,the changes in the
anomaly percentages of precipitation and runoff are rela-
tively stable, with a decrease of about 90% and 40%
respectively over the same period of the previous year,
but the duration is relatively short,and the minimum low
water flow is still relatively high,and it is not yet a disas-
ter. After that,the number of invalid rainfall days rises, the
evaporation surges, and the runoff anomaly continues to
decrease. Although the anomaly percentage of precipitation
has risen, it is still 60% - 90% less than those in the
same period in the previous years, triggering disasters.

& [ Hapsirr-raiming ]
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Fig. 2 Classification results of the training samples

for the support vector machine model

Tab. 1 Critical thresholds of anomaly percentages of runoff Q,

in different combinations

Qmm/<n'13 . Sil>
Project
30 60 90 120 150

—20 —65 —88 —111 —134 —157

—40  —34  —57 —80 —103 —126

P./%  —60 —2 =25 —48  —71 —94
—80 29 6 —17  —40 —63

—100 61 38 15 -8 —31
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Fig. 3 A drought early warning process in July 2015
S Conclusions

Drought is the result of the combined effects
of many hydrological and meteorological factors,
and the caused disasters are also harmful in many
aspects such as society, economy,and ecological en-
vironment. However, the process from drought to
disaster might not be seen,which makes it difficult to

identify the critical state from drought to disaster. It is
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probably that decision makers may fail to seize best
time for disaster relief and have an encounter with
greater losses. This paper proposes a method for iden-
tifying critical states from drought to disaster based on
principal component analysis and SVM. On the one
hand, principal component analysis is used to reduce
the dimensionality of several indexes that reflect the
drought characteristics attributes, and to remove re-
dundant information generated by the correlation of in-
dexes. The generated aggregative index more compre-
hensively reflects the basic characteristics of drought,
thereby improving the accuracy of drought identifica-
tion. On the other hand, based on the optimal classifi-
cation hyperplane of SVM, the concept of the critical
state plane from drought to disaster is proposed, which
has strong statistical significance and geometric mean-
ing. The distance from the sample point to the critical
state plane reflects the severity of drought, thereby re-
alizing the identification and early warning of the criti-

cal state from drought to disaster.
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Fig. 4 Change process of each index
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