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Abstract. Accurate and reliable drought monitoring is of primary importance for drought mitigation and reduc-
tion of social-ecological vulnerability. The aim of the paper was to propose a short-term/long-term composited
drought index (CDI) which could be widely used for drought monitoring and early warning in China. In the
study, the upper Huaihe River basin above the Xixian gauge station, which has been hit by severe droughts fre-
quently in recent decades, was selected as the case study site. The short-term CDI was developed by the Principle
Component Analysis of the self-calibrating Palmer Drought Severity Index (sc-PDSI), the 1- and 3-month Stan-
dardized Precipitation Evapotranspiration Index (SPEI), Z Index (ZIND), the Soil Moisture Index (SMI) with
the long-term CDI being formulated by use of the self-calibrating Palmer Hydrology Drought Index (sc-PHDI),
the 6-, 12-, 18- and 24-month SPEI, the Standardized Streamflow Index (SSI), the SMI. The sc-PDSI, the PHDI,
the ZIND, the SPEI on a monthly time scale were calculated based on the monthly air temperature and precip-
itation, and the monthly SMI and SSI were computed based on the simulated soil moisture and runoff by the
distributed Xinanjiang model. The thresholds of the short-term/long-term CDI were determined according to
frequency statistics of different drought indices. Finally, the feasibility of the two CDIs was investigated against
the scPDSI, the SPEI and the historical drought records. The results revealed that the short-term/long-term CDI
could capture the onset, severity, persistence of drought events very well with the former being better at identi-
fying the dynamic evolution of drought condition while the latter better at judging the changing trend of drought
over a long time period.

1 Introduction

Drought is one of the most damaging natural hazards and
often results in devastating effects to social and ecological
systems (Hao and Aghakouchak, 2014). The annual eco-
nomic damage of severe droughts across China is estimated
to be 2.5-3.5% of the gross domestic product. The fre-
quency of severe and extreme droughts in China increased
significantly from 26.8 % during 1950-1990 to 47.6 % dur-
ing 1991-2011, and the drought percentage area increased by
3.92 %/10a from 1990s (Yu et al., 2014). Thus, accurate and
reliable drought monitoring and prediction is of critical im-

portance for risk assessment and decision making. Different
drought indices have been developed and applied for drought
monitoring and assessment. The Palmer drought severity in-
dex (PDSI; Palmer, 1965), self-calibrating PDSI (Wells et
al., 2004) are widely used for drought characterization. The
standardized precipitation index (SPI; McKee et al., 1993)
and the standardized precipitation evapotranspiration index
(SPEI; Vicente-Serrano et al., 2010) are commonly used
for meteorological drought monitoring. The standardization
concept was also applied to other drought indices such as the
standardized soil moisture index (SMI) and the standardized
streamflow index (SSI, Vicente-Serrano et al., 2012). How-
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ever, the performance of different drought index differs in de-
tecting the drought onset, persistence and termination. Wil-
hite (2005) concluded that using of a single index to reveal
the diversity and complexity of drought conditions and im-
pact is one of the major limitations to drought monitoring.
Due to the fact that no single index can represent all aspects
of meteorological, agricultural and hydrological droughts, a
multi-index approach should be proposed for drought mon-
itoring, assessment and prediction (Hao and Aghakouchak,
2014). The aim of this paper is to introduce and evaluate a
short-term/long-term composited drought index (short-term
CDI/ long-term CDI) in the upper Huaihe River basin. Lo-
cated in a transition zone between the climates of North and
South China, the Huaihe River basin was determined to be
the region being easily hit by floods and droughts frequently.
The output of the study could provide valuable references
for the drought monitoring and early warning system devel-
opment in the Huaihe River basin and other regions/basins in
China.

2 Short- /long-term CDI development

2.1 Selection of CDI components

Based on the differences in time scales and drought types
of drought index, the self-calibrating Palmer Drought Sever-
ity Index (scPDSI), the 1- and 3-month Standardized Pre-
cipitation Evapotranspiration Index (SPEI), Z Index (ZIND),
the Soil Moisture Index (SMI) were selected to develop the
short-term CDI by using the Principle Component Analysis
(PCA), while the self-calibrating Palmer Hydrology Drought
Index (scPHDI), the 6-, 12-, 18- and 24-month SPEI, the
Standardized Streamflow Index (SSI), the SMI were cho-
sen to formulate the long-term CDI. The dynamic evolution
of drought condition can be obtained by the short-term CDI
while the changing trend of drought over a long time period
could be known by the long-term CDI.

2.2 Principle component analysis

The principal component analysis (PCA) method is a tech-
nique applied to multivariate analysis for dimensionality re-
duction. The original intercorrelated variables could be re-
duced to a small number of new linearly uncorrelated ones
that explain most of the total variance.

Considering k variables in a given time period i, Xi,1,
Xi,2,..., Xi, k, k principle components (PCs) are produced
for the same time period, Y; 1, Y2, ..., Yik, using linear
combinations of the first ones, according to:

Yiit=enXi1+enXio+...+enuXix
Yio=enXi1+texnXi2+...+exXir

Yik=enXi1texXio+...+eXik

@)
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In the applications the variables X; 4 refer to scPDSI, SPEI1,
SPEI3, ZIND, SMI, series for short-term CDI, and refer to
scPHDI, SPEI6 ,SPEI12, SPEI18, SPEI24, SSI, SMI series
for long-term CDI. k is equal to the number of drought in-
dices (5 for short-term CDI and 7 for long-term CDI) and i
represents the length of drought indices series.

In Eq. (1) the Y; 1 explains most of the variance, Y; 2 ex-
plains the reminiscent amount of variance, and so on. PCs ex-
traction could be based on variance/covariance or correlation
matrix of data with {e11, e21, ..., e1x} being the first eigen-
vector and {e11, e21, ..., e1x} being the eigenvector of k or-
der. Each eigenvector includes the coefficients of the k prin-
cipal component. Finally, the amount of variance explained
by the first PC is called the first eigenvalue A1, the second
is A2, so that A1 > Ao... > At. Since each eigenvalue repre-
sents the fraction of the total variance in the original data and
explained by each component, proportion of each compo-
nent can be calculated as A ;/ >" 2 ;. Thus, the short-term/long
term CDI can be expressed as follows:

A
CDI; = L Yii+...
MAA o+ A
+ &l Y+
MAro+.+a T

An

+ Yik, 2
MAAzt otk )
where A ; is eigenvalue of the jth principal component, ¥; ;
is the jth principal component of the ith month, CDI; is the
short-term/long-term CDI in the ith month.

2.3 Short-/long-term CDI formulation

According to Egs. (1) and (2), the short-term CDI can be
formulated as follows:

k
)".
S CDI; = / XsE
—~ lexl+xg+...+xk SEs

Xs = (xscPDSI,i» XZIND, i » XSPEIL, i » XSPEI3,i » XSMI,; );

T
Es = (escPDsl,i, j» €ZIND, i, j» €SPEIL,i, j» €SPEI3i, j» €sMLi, ;) (3)

And the long term CDI can be formulated as follows:

k
)\'.
L _CDI; = J XL E
— Zl:,\1+xz+...+xk LEL

X\ = (XSML,i» XscPHDIi » XSS, i » XSPEI6,i » XSPEI12.i
XSPEIL8,i» XSPEI24,i )
EL = (esMmLi,j» €PHDL.i. - €SSl.i. j» €SPEIG.i.
T
€SPEIL2,i, j+ €SPEIL8,i, j» €SPEI24,i, ) » 4)
where A; are eigenvalues of the jth principal component,

e; j are eigenvectors of the jth principal component of the
ith month, X; is the drought index series in the ith month,
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Figure 1. Sketch map of the upper Huaihe River basin.

S _CDIi and L_CDIi are the short-term CDI and the long-
term CDI in the ith month.

It should be noted that the monthly scPDSI, ZIND,
scPHDI and SPEI (in time scales of 1-month, 3-month, 6-
month, 12-month, 18-month, 24-month respectively) could
be obtained based on the daily air temperature and precipita-
tion from meteorological stations in/around the study basin,
while the monthly SMI and the SSI need to be calculated
by soil water volume and generated runoff based on the hy-
drological modelling. The gridded Xinanjiang model (XAJ;
Zhao, 1992) — model of runoff formation on saturation of
storage, used widely in humid and semi-humid regions in
China, was adopted to simulate the gridded soil water and
generated runoff in the upper Huaihe River basin.

2.4 Determination of the drought intensity threshold
levels of the CDI categories

The drought intensity threshold levels of the short-term
CDI was conducted as following steps: firstly, calculate the
drought event frequency F;; (i for the drought intensity
level, j for different drought index) of all the short-term
drought components with different drought intensity level in
the upper Huaihe River basin above the Xixian station; sec-
ondly, average the F; ; for the same drought intensity level,
then a series of new drought frequency f; (i for the drought
intensity level) of different drought intensity levels for the
short-term CDI was obtained; thirdly, determine the drought
intensity threshold levels of the short-term CDI according to
the f;. The drought intensity threshold levels of the long-term
CDI can also be acquired by following the above steps.

3 Application of the short- /long-term CDI

3.1 Case study site

The Huaihe River Basin is one of seven major river basins
in China, and lies in the warm temperature semi-humid mon-
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Figure 2. Temporal variations of the short-term CDI and its com-
ponents.
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Figure 3. Temporal variations of the long-term CDI and its compo-
nents.

soon region, which is a transition zone between the climates
of North and South China. Special geographical location de-
termined that the Huaihe River basin was a region easily
hit by floods and droughts over many centuries, particularly
in recent decades, severe droughts occurred much more fre-
quently which caused huge economic and social loss. To pro-
pose a short- /long-term CDI which could be widely used
for drought monitoring and early warning in China, this
paper selected the upper Huaihe River basin above Xixian
gauge station as the case study site with a catchment area of
10190 km? (see Fig. 1)

3.2 Data preparation and processing

Considering the spatial unevenness of underlying conditions
and meteorological variables, the study areas were divided
into grids with a size of 0.873km x 0.873 km. Based on the
daily observed meteorological variables (precipitation and
air temperature) from closer six meteorological stations dur-
ing 1988 to 2005, the inverse distance-squared weighted
method was used to acquire the meteorological data for ev-
ery grid. Before the interpolation, digital elevation model was
used to correct the meteorological variables according to me-
teorological variable-elevation relationships. Monthly grid-
ded scPDSI, ZIND, scPHDI and SPEI (1-month, 3-month,
6-month, 12-month, 18-month, 24-month respectively) was
calculated on the basis of the gridded meteorological vari-
ables, then the monthly areal drought indices were obtained
by averaging their gridded values.
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Figure 5. The 2000 drought.

3.3 Application of the XAJ model

Based on the topography, hydrological and meteorologi-
cal data in 1988-2005, the daily gridded XAJ model was
adopted to simulate gridded soil water and generated runoff
in the upper Huaihe River basin above Xixian station.
The calibration and validation periods were 1988-2002 and
2003-2005 respectively (Yu, 2013). The result revealed that
the daily XAJ model was simulated with satisfactory accu-
racy, which indicated that the calculated gridded soil water
and generated runoff could be used for the further CDI con-
struction. The monthly gridded SMI and SSI was computed
based on the gridded soil water and generated runoff, then
the areal monthly SMI and SSI was carried out by averaging
the gridded values.

3.4 Short-/long-term CDI application

Based on the time series of areal monthly scPDSI, ZIND,
1-mon SPEI, 3-mon SPEI and SMI, according Eq. (3), the
short-term CDI in the upper Huaihe River basin above the
Xixian station was carried out. The eigenvalues and eigen-
vectors in Eq. (3) can be referred to Table 1. And the drought
intensity threshold levels of the short-term CDI were deter-
mined according to Sect. 2.4 (Table 2).

Based on the time series of areal monthly scPHDI, 6-
mon SPEI, 12-mon SPEI, 18-mon SPEI, 24-mon SPEI, SSI
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and SMI, according Eq. (4), the long-term CDI in the upper
Huaihe River basin above the Xixian station was carried out.
The eigenvalues and eigenvectors in Eq. (4) can be referred
to Table 1. And the drought intensity threshold levels of the
long-term CDI were determined according to Sect. 2.4 (Ta-
ble 2).

The short-term CDI is suggested to be adopt to the drought
assessment during drought initial period while the long-term
CDI is used after the drought persisting for a relatively long
time period.

4 Results and discussion

4.1 Temporal variations of the short-term/long-term CDI
and other drought index

The chronological comparison between the S_CDI and the
scPDSI, the S_CDI and the 1-mon SPEI time series in the
upper Huaihe River basin above Xixian station during 1988—
2005 was displayed in Fig. 2. It can been found that the three
drought index identified most dry conditions of the upper
Huaihe River basin, the drier the conditions, the lower the
drought index values and the basin was in relatively dry con-
dition in 1990s and early 2000s. Generally, the temporal vari-
ation of the S_CDI behaved similarly with that of the scPDSI
and the 1-mon SPEI, which was also verified by the Spear-
man correlation between the S_CDI and the scPDSI, and the
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Table 1. Eigenvalues and eigenvectors of the PCA for short-term/long-term CDI in the upper Huaihe River basin.

Eigenvalues
CDI A1 A2 A3

Eigenvalues eq, e5, e3

€1 e1scPDSI  €1ZIND  €1SPEIL  €ISPEI3  e1SMI
0.23 0.30 0.23 0.28 0.28
S_CDI 282 08 069 e excPDSI  €2ZIND  €2SPEIL  €2SPEI3  €2SMI
0.75 -0.21 0.48 —0.62 —0.16
€3 e3sc PDSI  €3ZIND  €3SPEIL  €3SPEI3  €3SMI
—0.65 —0.42 0.85 —0.08 0.36
e1 e1sMmI €15cPHDI  €1SSI €1SPEI6  €1SPEIL2  €1SPEIL8  €1SPEI24
0.61 0.71 0.75 0.81 0.76 0.72 0.76
L_CDI 377 124 06 e e2sMI €scPHDI €2SSI €2SPEI6  €2SPEIL2  €2SPEIL8  €2SPEI24
0.59 —0.28 0.32 —0.18 —0.48 —0.41 0.53
e3 e3sMmi €3scPHDI  €3SSI  €3SPEI6  €3SPEI12  €3SPEIL8  €3SPEI24
0.43 0.27 —-0.51 —0.27 0.09 0.08 0.03

Notes: 11, A9, A3 are eigenvalues, e1, e, e3 are eigenvectors.

Table 2. Drought categories of the short-term/long-term CDI.

Drought Category ~ Short-term CDI  Long-term CDI

Normal (—0.37, +00) (—0.33, +00)
Mild drought (—0.69, —0.37] (-0.78, —0.33]
Moderate drought  (—0.97, —0.69] (—1.16, —0.78]
Severe drought (—1.36, —0.97] (—1.39, —1.16]
Extreme drought (—o0, —1.36] (—o0, —1.39]

S_CDI and the 1-mon SPEI time series with their correlation
coefficients being of 0.83, 0.72 respectively.

The chronological comparison between the L_CDI and the
scPHDI, the L_CDI and the 6-mon SPEI time series was
shown in Fig. 3. Generally, the temporal variation of the
L_CDI behaved similarly with that of the scPHDI and the
6-mon SPEI, which was also verified by the Spearman cor-
relation between the L_CDI and the scPHDI, and the L_CDI
and the 6-mon SPEI time series with their correlation coeffi-
cients being of 0.75, 0.82 respectively.

Clearly, the variation trend of all the drought index are
consistent with each other, however, the drought assessment
details by the drought index differed for some typical drought
events.

4.2 Drought assessment of critical drought events

Two critical drought events — the long-term 2000 drought and
the short-term 1996 drought were used to assess the fidelity
of the S_CDI, the L_CDI and their drought components.

4.2.1 Historical records of critical droughts

The 2000 drought, which actually began from the Septem-
ber of 1999 and developed to the severe spring and early
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summer drought in 2000, was one of the most famous ex-
treme droughts in the Huaihe River basin in history. During
this drought, the total precipitation during January—May of
2000 was less than 45 % of normal, no flow in the main river
during April and May. According to incomplete statistics,
the precipitation in Shangdong province — one of the ma-
jor provinces in the Huaihe River basin decreased 84 percent
of normal during March and April, 50 % large and middle-
sized reservoirs in the Province were operated under dead
storage level and all the small reservoirs were depleted. The
extreme drought in 1996 was also chosen to assess the feasi-
bility of the newly developed CDI. Fortunately this drought
event only persisted for a short period.

4.2.2 Droughtin 1996

From Fig. 4a, it can be found that severe and extreme
droughts in early 1996 were identified by the S_CDI, while
only moderate and severe droughts were identified by the
scPDSI and no drought by the 1-mon SPEI. From Fig. 4b,
only moderate and severe droughts were recognized by the
L_CDI and the scPHDI, and mild drought by the 6-mon
SPEI. Compared with the historical records, it can be con-
cluded that the S_CDI best described the actual dry condition
of the short-term drought event in 1996. It indicated that the
S_CDI could well capture the relative timely dynamic varia-
tion of the short-term drought evolution.

4.2.3 Drought in 2000

Both the S_CDI and the 1-mon SPEI identified extreme
droughts in March and April of 2000. However, the extreme
drought continued developing till May of 2000 and it was
only detected by the S_CDI, while no drought was found by
the 1-mon SPEI (Fig. 5a). In the meanwhile, severe drought
was detected by the scPDSI. From Fig. 5b, the L_CDI iden-
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tified extreme droughts in March—May of 2000 while the 6-
mon SPEI identified this extreme drought only in April and
May. Moreover, moderate drought was also detected from
November of 1999 to January of 2000 by the L_CDI, while
almost no drought occurred identified by the 6-mon SPELI.
Severe drought was detected by the scPHDI only in April and
May. The above comparison demonstrated that the S_CDI
and L_CDI best characterized the extreme drought in 2000.
Since this drought persisted a relatively long time period, the
L_CDI was better identifying the whole drought evolution
since the L_CDI detected the severe drought in September of
1999 while the S_CDI did not judge accurately.

5 Conclusions

The short-term/long-term CDI were developed and applied in
the upper Huaihe River basin. The performance of the short-
term/long-term CDI were compared with their drought index
components respectively. The result revealed that the newly-
built short-term CDI could better capture the drought sever-
ity, onset, and termination than the scPDSI and the 1-mon
SPEI for relatively short-term droughts, while the long-term
CDI behaved better than the scPHDI and the 6-mon SPEI
on drought persistence, magnitude for relatively long-term
droughts.
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