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Abstract Drought severity was simulated with four drought indices to examine the
impacts of climate change on drought conditions in Shaanxi province over the period 1951
to 2012. The drought metrics analyzed were based on the original Palmer drought severity
index (orPDSI), self-calibrated PDSI (scPDSI), the standardized precipitation index (SPI)
and the standardized precipitation evapotranspiration index (SPEI). Both Thornthwaite
(Thor) and Penman—Monteith (PM) parameterizations were used to calculate potential
evapotranspiration (PET), and the differences between two PET estimators were studied.
Nonparametric Mann—Kendall monotonic test was used to examine the trends of hydro-
climatic data. Series of drought indices were compared at five meteorological stations with
different climate characteristics, located in the north, central and south parts of Shaanxi
province, respectively. Effects of climate change in drought conditions were investigated
with hypothetical progressive precipitation decrease (—15 %) and temperature increase
(2 °C). The results showed that there was discrepancy between PET estimated using the
Thor and PM parameterization estimators, while the SPEI calculated with the two PET
estimators are found to be similar. The SPEI has the combined advantages over the scPDSI
and the SPI, considering the effect of temperature variability on drought severity and its
multi-scalar characteristic, while scPDSI has an inherent approximately 12-month time
scale. The Pearson’s correlation is used to compare the three pairs of drought indices
combinations at different time scales. Under climate change conditions, the drought
severity increases with the decline of precipitation and higher water demand as a result of
the temperature increase based on the metrics of the scPDSI, the SPI and the SPEL
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1 Introduction

Drought can be considered as a period of water deficit for an extended period of time as a
result of a deficiency in its water supply (e.g., atmospheric, surface or ground water;
Dubrovsky et al. 2009) and is one of the most severe and frequently occurred natural
hazards which have substantial impacts on economic, agricultural, ecological and envi-
ronmental activity across the world (Begueria et al. 2010; Li et al. 2013; Vicente-Serrano
et al. 2010a). The large spatial coverage and long-duration characteristics make it one of
the most widespread and costliest natural disasters (Sheffield et al. 2009). The definition of
drought has been one of the most important issues for drought detection, monitoring and
analysis (McKee et al. 1993) because of its complex features (Vicente-Serrano 2007).
Wilhite and Glantz (1985) clustered droughts into four types: meteorological, hydrologic,
agricultural and socioeconomic droughts according to their delimiting criteria based on
their leading causes and impacts. Drought severity can be measured according to its
intensity and duration. Intensity represents the magnitudes of the drought indices, and
duration can be identified by the onset and end of the drought episodes (Vicente-Serrano
et al. 2010a). However, it is difficult to determine the onset, end and severity of the
drought, which make it difficult to identify and quantify the effects of drought on economy,
society and environment.

Many subjective indices have been proposed to quantify, monitor and analyze drought
for the past twentieth century due to the difficulties in objectively identifying drought
characteristics according to the intensity, duration and spatiotemporal patterns (Begueria
et al. 2010; Vicente-Serrano et al. 2010a). Drought indices, such as Palmer drought
severity index (PDSI) (Palmer 1965), crop moisture index (CMI) (Palmer 1968), drought
area index (DAI) (Bhalme and Mooley 1980), standardized precipitation index (SPI)
(McKee et al. 1993), standardized precipitation evapotranspiration index (SPEI) (Vicente-
Serrano et al. 2010a), etc. (Li et al. 2013), have been frequently used to quantify drought
severity (Table 1). However, those drought indices probably lead to some differences in
values and change patterns, especially at relatively small scales, which are mainly caused
by the availability and the resolution of the data set (Vicente-Serrano 2007; Vicente-
Serrano et al. 2010a; Dai 2013). It is postulated that algorithm of drought indices with
hydroclimatic variables such as precipitation, temperature and soil water-holding capacity
should be helpful to drought analysis if we detect the main explanatory variable for drought
indices. Further, research on the differences of drought indices should be useful to analyze
drought severity (Wilhite and Glantz 1985; Vicente-Serrano et al. 2010a).

Climate of China shows a warm and dry trend and drought events occur more frequently
because of the global warming, and this is much apparent during the past several decades
(Cai et al. 2008). The long-term drought events in northern China starting 2000 and the
severe drought in Yunnan province, southwestern of China in 2010, have caused devas-
tating effects on regional agriculture, environment and socioeconomic (Qiu 2010; Sheffield
et al. 2012). Several studies have investigated the drought in northern China over the past
decade (Li et al. 2013; Xin-Gang et al. 2005; Zhao and Wu 2013; Zou et al. 2005). Zou
et al. (2005) found the drought area in northern China had increased significantly since the
late 1990s, the drought in 2000, for example, affected agricultural areas of up to 40 million
hectares. At the meantime, unprecedented severe droughts took place in part of this region
accompanied with severe economic losses such as Hebei and Shanxi provinces. However,
few studies have analyzed the drought severity in Shaanxi province (northwestern China).
This is probably due to the complexity in climates and landscapes in Shaanxi, which
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Table 1 Several commonly used drought indices and references

Drought indices References

Palmer drought severity index (PDSI) Palmer (1965)

Crop moisture index (CMI) Palmer (1968)

Drought area index (DAI) Bhalme and Mooley (1980)
Standardized precipitation index (SPI) McKee et al. (1993)

Vegetable health indices (VHIs) Kogan (1997)

Self-calibrated PDSI (scPDSI) Wells et al. (2004)

Standardized precipitation evapotranspiration index (SPEI) Vicente-Serrano et al. (2010a, b)

consists of three main types of landscapes of different climates ranging from dry, cold
desert in the north, mild plain in the middle, wet and warm mountains in the south. It
provides us a great opportunity to investigate the drought severity and possible climate
change impacts, which should be great beneficial to drought prevention and control in this
region.

To provide a better understanding of different drought indices quantifying drought
severity and possible climate change impacts on drought in Shaanxi province, four com-
monly used metrics of drought indices, Palmer drought indices including original PDSI
(orPDSI) and self-calibrated PDSI (scPDSI), SPI and SPEI were selected to analyze the
drought severity. Further, given that PET is one of inputs of drought indices, it is necessary
to compare the results of PET based on different estimators since the PET values are not
usually measured but estimated with empirical models (PET estimators). PET estimators
result in different PET that may influence the calculation of drought index, but Droogers
and Allen (2002) and Mavromatis (2007) showed that some of the drought index(e.g.,
PDSI) or different study areas may be insensitive to PET estimators. Therefore, it is
necessary to test the impacts of different PET estimators on the drought predictions in
Shaanxi. Climate change impacts on drought indices are investigated using hypothetical
progressive precipitation decrease and temperature increase in this study. The results
presented may provide more scientific support for drought detection, monitoring, pre-
vention and control.

The primary objectives of this study are to: (1) compare the differences of two PET
estimators and drought indices based on Thornthwaite (Thor) and Penman—Monteith (PM)
parameterizations; (2) investigate the characteristics of drought severity as simulated by
the orPDSI, scPDSI, SPI and SPEI; and (3) assess the sensitivity of climate change impacts
using hypothetical progressive hydroclimatic changes on the drought severity.

The paper is organized as follows: A brief introduction of the study area and data are
given in Sect. 2, two PET estimators and four metrics of drought indices are described in
Sect. 2, results and discussion in Sect. 3, summary and conclusions in Sect. 4.

2 Materials and methodology
2.1 Study area and data

Shaanxi province, situated in the northwestern part of China, locates between
31.42°N-39.35°N latitude and 105.29°W-111.15°W longitude (Fig. 1). It homes to about
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Fig. 1 Shaanxi province and the distribution of meteorological stations

205,800 km?, and nearly 40 % is in the region of loess plateau (wind deposited, lack of
vegetation cover and susceptible to wind and water erosion) that mostly lie in the north.
Shaanxi province is divided into three parts according to the administrative zone, Shaanbei
Plateau in the north, Guanzhong Plain in the central, and Qinling-Dabashan Mountains in
the south. The landscapes range from windy desert region in the north to plain region in the
central and mountain region in the south of Shaanxi province (Liu et al. 2013). The
hydrological conditions of Shaanxi province are multifarious due to the diversity of its
physiographic features and climate, which vary seasonally and regionally. The mean
annual temperature is about 13 °C, nearly 10 °C in Shaanbei Plateau, 13 °C in Guanzhong
Plain, 15 °C in Qinling-Dabashan Mountains, which decreases from southern to northern
Shaanxi province. The mean annual precipitation is about 580 mm, most of which con-
centrates in the monsoon (May—October), nearly 400 mm, which also decreases from
southern to northern. The altitude ranges from nearly 350 to 3,500 m, varied for different
regions, with the mean altitude of approximately 1,127 m (http://english.shaanxi.gov.cn).

The monthly average precipitation and temperature for the period of 1951-2012 were
extracted from the China National Climate Center (CNC) (available at http://ncc.cma.gov.
cn), which have been under rigorous quality control and no filtering or modification were
made for this study. The hydroclimatic data including precipitation and temperature are
used to calculate the drought indices for five selected stations due to the availability of the
long-term comprehensive data set and the climate features of Shaanxi province (Fig. 1),
and those stations include Yulin and Yan’an in the Shaanbei Plateau, Xi’an in the
Guanzhong Plain, Hanzhong and Ankang in the Qinling-Dabashan Mountains of Shaanxi
province. The available water-holding capacity (AWC) of the soil at the selected stations
used to drive the scPDSI was extracted from a global data set of water-holding capacity at
the resolution of 1° (available at http://daac.ornl.gov/SOILS/guides/Webb.html), complied
by Webb et al. (2000). The data sets (wind speed, vapor pressure and cloud cover, expect
precipitation, temperature) used to calculate the SPEI were obtained from the Climatic
Research Unit (CRU) TS3 global data set (available at http://badc.nerc.ac.uk/browse/badc/
cru/data) (Begueria et al. 2010).

@ Springer


http://english.shaanxi.gov.cn
http://ncc.cma.gov.cn
http://ncc.cma.gov.cn
http://daac.ornl.gov/SOILS/guides/Webb.html
http://badc.nerc.ac.uk/browse/badc/cru/data
http://badc.nerc.ac.uk/browse/badc/cru/data

Nat Hazards (2015) 75:2885-2903 2889

2.2 PET estimators

Different methods have been used to estimate the PET from measured meteorological
parameters (e.g., temperature, soil incoming radiation and heat fluxes). The commonly
used methods are Thor parameterization (Thornthwaite 1948) and PM parameterization
(Allen et al. 1998). The Thor parameterization only requires monthly average temperature
and latitude of the station. This method is easily applicable, and the data are easily to be
obtained. However, the PM parameterization method requires additional information such
as wind speed, solar radiation and relative humidity, which are not usually available for
majority of regions. The PM method is approved to provide better estimation of PET and
has been adopted by several international organizations, such as the American Society of
Civil Engineers (ASCE) and the Food and Agriculture Organization (FAO), to calculate
PET.

The Thor parameterization of PET estimator for month i is given by Vicente-Serrano
et al. (2010a),

PET; = 16K;(10T;/I)" (1)

where T; is the monthly average temperature (°C). [ is the heat index, computed as the sum
of monthly index values from monthly average temperature,

12

I — Z (7}/5)1‘514 (2)

i=1

m is a coefficient based on heat index,
m = (6.75e07)I° — (7.7105)I* + (1.79¢02)I + 0.492 (3)
K; is a correction coefficient derived from the latitude and month i using the formula,
K; = (ni1/12) x (n/30) (4)

np in the formula is the number of days for the month i; n;; is the maximum number of sun
hours for month i, which is compute by,

ny = (24/7) x arccos(— tan ¢ tan ) (5)
where ¢ is the latitude of the station and J; is the solar declination using the formula,
0 = 0.4093sen(27J; /365 — 1.405) (6)

where J is the average Julian day of the month i.

The PM parameterization determines the PET using the rate of evapotranspiration from
a hypothetical reference crop using assumed height of 0.12 m, a fixed surface resistance of
70 s/m and an albedo of 0.23 to represent the evapotranspiration of an united height of
green grass surface that shade the ground totally, and with adequate water. The PM-based
PET is calculated as follows (van der Schrier et al. 2011).

_ 0.4084(R, — G) +7[900/ (T + 273)] Us(e, — ea)

PET
A+ (1 +0.340,)

(7)

where 4 and y are the slope of vapor pressure curve and psychrometric constant (kPa/°C);
R, and G are the net radiation of crop and the soil heat flux (MJ/m?d); T and U, are the
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average monthly temperature and the wind speed (m/s); e, — e, represents the deficit of
vapor pressure (kPa).

2.3 Drought indices

Four metrics of drought index, two Palmer drought indices including orPDSI and scPDSI,
SPI, and SPEI are briefly introduced as follow.

1. Palmer drought indices (orPDSI and scPDSI)

The PDSI is computed based on the demand and supply of the water balance equation,
which is a rather complex water budget system, using precipitation, temperature and soil
characteristics (van der Schrier et al. 2011). It has a fixed 9- to 12-month temporal scale
although it does not explicitly defined, and it does not consider different drought types
(e.g., meteorological, hydrological and agricultural) (McKee et al. 1993; Vicente-Serrano
et al. 2010b). The PDSI related the severity of drought to the accumulated weighted
differences between actual precipitation and precipitation which are used to retain a normal
water balance level (Wells et al. 2004), and different categories related to the PDSI values
were identified to classify the dry and wet events (Palmer 1965). The orPDSI is probably
the most widely used drought index in the USA and globally, which is commonly used to
estimate the extended periods of abnormally dry or wet weather (Wilhite and Glantz 1985).
However, it has several shortcomings, e.g., the effects of calibration period and areas used
for calibration of parameters, lack of multiscalar characteristic, definition of PDSI values
correlated to drought conditions, and spatial comparability (Vicente-Serrano et al. 2010a).

Because of the limited data and locations Palmer used to derive the weighting and
calibration factors in the orPDSI algorithm, it is not comparable for diverse regions (van
der Schrier et al. 2011). To address the deficiencies of the orPDSI, Wells et al. (2004)
proposed a scPDSI algorithm that determined the factors using dynamically calculated
values to replace empirical constants in the orPDSI algorithm for any location globally,
which make PDSI values more homogeneous comparable and spatially, and represent
extreme dry (wet) conditions better with frequencies (Vicente-Serrano et al. 2010a).

Following the Palmer’s algorithm (Dai 2011; Palmer 1965; Wells et al. 2004), the
moisture departure is represented by the difference between actual precipitation and
supposed precipitation used to keep a normal soil moisture level in month i.

Di=P — P (8)

P; = w,PE; + B,PR; + /,PRO; — 6;PL; 9)

where «;, f;, /; and J; indicate water balance coefficients i, which are calculated as follows:
o = E;/PE;, p;=Ri/PR;, J; =RO;/PRO;, & =Li/PL; (10)

where E, R, RO, L represent evaporation, soils recharge, runoff and water loss of the soil
layer, and the potential values of them are PE, PR, PRO, PL, respectively. Those variables
rely heavily on the AWC of the soil. The overbar indicates the average value of those
variables over the calibration period (1951-2011). The moisture anomaly index (Z index)
for a given location and time period is compute as,

Z; = DiK; (11)

where K; is the climatic characteristic coefficient, obtained by,
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K; = KoK! (12)
K; = 1.51g{[(PE; + R; + RO;)/(P; + L;) + 2.8]/D;} + 0.5 (13)

The PDSI value X; is computed using the weighted sum of the previous PDSI X;_; and
current moisture anomaly Z; at given time i (Wells et al. 2004),

X; = pXi_1 +q7Z; (14)

where p and ¢ are the duration factors, indicating the coefficients of sensitivity of PDSI to
the Z index and autocorrelation of PDSI series. K is the scaling factor.

Palmer (1965) calculated the duration factors using the data from Kansas and Iowa, and
scaling factor using the data from nine locations in the central USA in the orPDSI algo-
rithm, while the scPDSI determined the duration factors p and ¢ and scaling factor K,
based on the local climate conditions, more details see (Wells et al. 2004).

2. Standardized precipitation index (SPI)

The SPI considers the multiscalar characteristic of drought, which allows drought to
monitor and analyze at different time scales (McKee et al. 1993). The procedure of SPI
algorithm is as follows. Monthly precipitation P; is used to calculate the SPI at the time
scale of j months (e.g., 3, 6, 12 and 24 months). The SPI is then calculated using a Pearson
IIT distribution and L-moment methods to get the probability distribution parameters
(Vicente-Serrano et al. 2010a), which are then used to determine the intensity, duration and
frequency of drought at given time scale. Different drought classifications are determined
by different SPI values (Lloyd-Hughes and Saunders 2002; Patel et al. 2007), and drought
is thought to start when the SPI falls below zero and end with positive SPI.

The calculation of SPI only needs precipitation, which is based on assumptions of
dominant precipitation variability and stationary characteristic of other variables, such as
temperature, evapotranspiration and wind speed (Vicente-Serrano et al. 2010b). Several
previous studies indicated that precipitation is the dominant variable to determine the
intensity and duration of drought. The simplicity and relatively less data demand make SPI
widely used for drought analysis.

3. Standardized precipitation evapotranspiration index (SPEI)

The SPEI combines the advantages of simplicity of calculation procedure, multiscalar
characteristic of SPI and considering the temperature variability of PDSI. It should be more
suitable for drought detecting, monitoring and analysis, especially under the climate
change scenarios. The calculation procedures of SPEI proposed by Vicente-Serrano et al.
(2010a) are introduced as follows.

The monthly climatic water balance D; of month i is computed using the difference
between precipitation P; and PET,

D; = P; — PET; (15)

Vicente-Serrano et al. (2010b) found a good fit between SPEI and the log-logistic distri-
bution using the Kolmogorov—Smirnov test at all time scales globally. The three-parameter
log-logistic distribution is used to calculate the SPEI based on the standardized D series,
and it correlates well to the D series. The probability distribution function of the log-
logistic distribution for D series is
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1+ <xfy>ﬁr (16)

where o, f§ and y are the scale, shape and origin parameters, respectively, which are
obtained using the L-moment procedure (Vicente-Serrano et al. 2010a).

F(x) =

2W1 — Wy

p

6W1 — Wy — 6W2

_ (WQ—ZWI)ﬂ
ra+1/pra—1/p)

e () ()

where I'(1 + 1/f) is the gamma function of (1 4+ 1/f) and wy is the probability-weighted
moments (PWMs) of order s, s = 0,1,2.

1 j—0.35\°
wx—é;(l— . )Di (18)

where 7 is the number of data points and j is the range of observations in increasing order.
SPEI is then calculated as the standardized values of F(x) following the formula,

o

2.515517 + 0.802853W + 0.010328 W?

SPEl =W —
1+ 1.432788W-+0.189269W2+0.001308 W3

(19)

W = ,/—21In(F(x)), when F(x) <0.5, and W = \/—21n(1 — F(x)) when F(x) >0.5.
SPEI value of 0 represents 50 % of the cumulative probability of D series.

2.4 Trend analysis

Nonparametric Mann—Kendall monotonic test was used for trend analysis of hydroclimatic
data. To eliminate the influence of serial correlation on the trend detection of data series,
the trend-free prewhitening (TFPW) approach proposed by Yue et al. (2002) was applied,
but it essentially produced the same results (Gobena and Gan 2013). The trend magnitude
is determined using Sen’s slope f3, defined as the median value of all possible combinations
of pairs for the whole data set (Gan 1998; Yue et al. 2002).

P = median[(Xj — X))/ (j —i)], i,j€[l,n] (20)

where X = {xi,...,X;...x,}, n is the length of X, k is the grid number, i <j. A positive
(negative) value of f§ indicates an increasing (decreasing) trend.

3 Results and discussion
3.1 Estimate of PET

Taking Xi’an station, for example, Fig. 2a shows the annual accumulated values of PET
using the PM parameterization and the Thor parameterization. The results show that the
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PM-based PET is much higher than Thor-based PET. The underestimation of Thor-based
PET should be correlated to the simplicity of the formulas (Eqgs. 1-6), which is likely as a
result of the exclusion of vapor pressure and cloud cover in the Thor-based PET algorithm.
Both vapor pressure and cloud cover may cause more evaporation. The values of PET are
assigned to zero using the Thor estimator, whereas PM-based PET can still be calculated
when the temperature is below zero, which accounts for the higher values of PM-based
PET than Thor-based PET (van der Schrier et al. 2011). On the other hand, the 12-month
SPEI based on the two PET estimators is fairly similar in magnitude, as shown in Fig. 2b.
Differences between SPEI_pm and SPEIL_thor are also computed, and the results show that
both SPEI_pm and SPEI_thor have higher values at certain periods (figure not shown). The
correlation of 12-month SPEI is 0.9287 based on two PET estimators, higher than that of
annual accumulated PET between the two parameterizations (0.8451).

Figure 2 indicates that the annual accumulated values of PET using two estimators have
large differences, while the 12-month SPEI values are quite similar, which allows us to
calculate the scPDSI and SPEI using the Thor-based PET estimator in the study. The
results are generally consistent with previous studies. For example, Droogers and Allen
(2002) found that the accuracy of PET mostly relies on the available and accuracy of
meteorological data, and Vicente-Serrano et al. (2010a) indicated that the method for PET
calculation is not critical to the drought index. Mavromatis (2007) revealed that the usage
of different approaches to compute PET gets similar results when calculating the drought
indices, such as SPI and PDSI. van der Schrier et al. (2011) investigated the sensitivity of
the PDSI to both Thor-based and PM-based PET estimators. The results showed that
annually accumulated PET varied in magnitudes, while the PDSI based on them was
similar in regional average values, trends, correlation and extremely dry or wet events
identification. Dai (2011) found that different PET algorithms have small influences on
both the orPDSI and scPDSI during the twentieth century.

3.2 Current drought conditions

Software tools obtained from the GreenLeaf Project (available at http://greenleaf.unl.edu/)
and SPEI R library (available at http://sac.csic.es/spei/tools.html) were used to calculate
the drought indices (Vicente-Serrano et al. 2010b; Wells et al. 2004). The SPI and SPEI
identify different types of drought at different time scales (ranging from 1 to 24 months),
while the scPDSI has a single time scale. Drought is thought to be a multiscalar phe-
nomenon, and the multiscalar characteristic of both SPI and SPEI makes it possible to
analyze and monitor drought at different time scales (Vicente-Serrano et al. 2010a). The
SPI and SPEI series show a short duration of negative value (drought) and positive value
(wet) periods of high frequency at short time scales (e.g., 6 months). However, as the time
period is lengthened to long time scales (e.g., 24 months), the periods with negative and
positive values become in lower frequency but in longer duration.

Figure 3 is the evolution of the orPDSI, scPDSI, SPI and SPEI at different time scales
(6, 12 and 24 months) for the period of 1951-2012 at Xi’an station. In general, orPDSI
identifies more severe drought and wet events than scPDSI. Considering that orPDSI is
calculated using the climatic characteristics based on the data from USA, scPDSI should be
more accurate than orPDSI. Using four metrics of PDSI, Dai (2011) detected that the range
of scPDSI values is slightly lower than orPDSI, and the self-calibrated climate charac-
teristics make it more precise and comparable than orPDSI. According to the scPDSI, the
most severe drought occurred in 1960, 1980, and in the decades of 1990 and 2000. These
drought episodes are also identified by the SPI and SPEI at long time scale such as 12 and
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Fig. 2 Annual accumulated PET (a) of Xi’an station using the Penman—Monteith (black line) and
Thornthwaite (red line) approaches. The correlation between PET_pm and PET_thor is 0.8451. The SPEI
calculated with the Penman—Monteith-based (black line) and Thornthwaite-based (red line) PET. The
correlation between SPEI_pm and SPEI_thor is 0.9287. Unit for PET is mm/year

24 months. The similar drought/wet periods identified by SPI and SPEI indicate the
suitability to identify and monitor drought using SPI. However, apparent differences are
also detected between scPDSI and SPI, and between SPI and SPEI series. Drought periods
identified by scPDSI and SPEI in the decades of 2000 were not evident with the SPI series,
especially at long time scales (24 months).

Table 2 shows the number of extreme (ISPIs/SPEIs| > 2, lorPDSI/scPDSII > 4) and
moderate (ISPIS/SPEIs| > 1, lorPDSI/scPDSII > 2) drought/wet months between 1951 and
2012 at Xi’an station. To further investigate the drought/wet conditions at different dec-
ades, the period of 1951-2012 is divided into two parts: 1951-1981, and 1982-2012.
Generally, for the period of 1951-2012, the total numbers of moderate drought/wet months
for different drought indices at different time scales are almost identical, while the total
number of extreme wet months is larger than that of extreme drought months. Both the
total number and the number for each drought indices of extreme and moderate drought
months tend to increase from the period of 1951-1981 to 1982-2012. Especially, all
extreme drought months are detected between 1982 and 2012 for the scPDSI and SPEI
series at time scales of 12 and 24 months. Comparing the orPDSI and scPDSI, it is evident
that orPDSI identifies more extreme and moderate drought/wet months than scPDSI, which
is also found in Fig. 3. The number of moderate drought identified by SPEI is larger than
by SPI at all time scales, while the numbers of extreme drought identified by both SPEI and
SPI are almost the same.

The results here generally concur with Dai et al. (1998), Zhao and Wu (2013), Zou et al.
(2005). Dai et al. (1998) showed that drought risk and moisture surplus have been
increased since the late 1970s as a result of global warming conditions. Zou et al. (2005)
indicated that droughts have increased for the past several decades in some regions of
northern China, especially after the late 1990s, and the drier climate in the northern China
is mostly caused by less precipitation. Zhao and Wu (2013) found that the Loess Plateau
experienced apparent increasing drought severity for the past several decades. According
to the Bulletin of Flood and Drought Disasters in Shaanxi, more severe droughts are found
after 1980s, such as 1998-2002, 2007 and 2011, which cause considerable economic
losses. For example, the crops affected by the drought reached 20.82 million km?, and the
direct economic losses reached nearly 4.73 billion RMB in 2001 in Shaanxi province.
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3.3 Differences of drought indices

Figure 3 and Table 2 indicate that drought severity varies with four metrics of drought
indices and also differs at different time scales of SPI and SPEI. Figure 4 shows the
Pearson’s correlations between the series of scPDSI and 1 to 24 months SPI and SPEI
during 1951-2012 for five stations, as shown in Fig. 1. The scPDSI was highly correlated
to SPI and SPEI between 12 and 24 months for all stations, with maximum values fluc-
tuating between 0.65 and 0.85. The correlations between the scPSDI and the SPEI (Fig. 4b)
were relatively higher than those between the scPDSI and the SPI (Fig. 4a). The corre-
lations between the SPI and the SPEI were relatively high (0.80-0.98) at different time
scales. However, the correlation decreased at longer time scales for Yulin, Yan’an and
Xi’an stations, especially for Xi’an station (Fig. 4c). The correlations between orPDSI and
scPDSI are between 0.94 and 0.98, which will not discuss further, since scPDSI is superior
to orPDSI and more accurate for drought identification as explained in Sect. 3.2 (Wells
et al. 2004).

Figure 4 indicates that the scPDSI exhibits similar drought severity with SPI and SPEI
at time scale of approximate 12 months, which concurs with previous studies. For
example, McKee et al. (1993) compared the Palmer drought index (PDI) with SPI and the
results showed that the maximum correlation coefficient between PDI and SPI is 0.85,
which is found at time scale of nearly 12 months, indicating that PDI has an inherent time
scale. Lloyd-Hughes and Saunders (2002) found 12-month SPI is highly correlated to
PDSI. Vicente-Serrano et al. (2010a) indicated that the PDSI has fixed temporal scales at
9-12 months, and the SPI exhibited close correspondence to the PDSI at 6- to 12-month
time scales. The high correlation between the SPI and SPEI (Fig. 4c) shows that precip-
itation is the main explanatory variable to determine drought, especially for Ankang sta-
tion, where the temperature change is stationary for the period of 1951-2012. However,
differences between the SPI and SPEI are also detected over long time scales for Xi’an and
Yulin stations where temperature has increased significantly during 1951-2012.
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Fig. 4 Pearson’s correlations
between the scPDSI, 1- to
24-month SPI and SPEI for the
period of 1951-2012 at five
stations: a scPDSI and SPI,

b scPDSI and SPEI, and ¢ SPI
and SPEI

~
o
~
=]
©

o
©
1

o
J
1

0.6

0.5 4

0.4 -

Pearson's correlations

0.3 4
scPDSI-SPI

02 T T T T

<yl

—_
=3

~
54
©

o
(=]
1

o
3
1

0.6

0.5

0.4

Pearson's correlations

0.3

scPDSI-SPEI

02 T T T T

—a—yl

—_
)

~
N
=}

o
©
1
*\\

o
©
]

0.7

0.6

0.5

0.4

Pearson's correlations

037 SPI-SPEI

0.2

—=— ak
—e— hz|
—&— Xa
—wv—Yya
—a—yl

20

24

@ Springer



2898 Nat Hazards (2015) 75:2885-2903

Using Sen’s slope (Eq. 20), the trends of annual precipitation and annual temperature
from 1951 to 2012 for five stations are investigated, as shown in Table 3. The results
showed that annual precipitation in Ankang station has increased, while the annual pre-
cipitation in other four stations has decreased. All stations have increasing temperature
trends, and four of which (except Ankang station) exhibited statistically significant
increasing temperature trends at significant level of 5 %. To further examine the impacts
of temperature on determining the drought severity, the differences in SPI and SPEI at
12- and 24-month time scales from 1951 to 2012 at both Xi’an and Ankang stations are
computed, as shown in Fig. 5. In general, the results showed that the differences between
the SPI and the SPEI were larger at Xi’an station than at Ankang station for both 12- and
24-month time scales. More negative values were found using the SPEI with respect to the
SPI at Xi’an station, especially in the decade of 2000, while the differences between the
SPI and the SPEI at Ankang station fluctuated slightly near zero. The results indicate that
SPEI determines more drought severity due to the increasing temperature at Xi’an station.
However, the inclusion of temperature in the SPEI algorithm does not provide much
additional information at Ankang station, where temperature series are relatively stationary
(Table 3). The results agree with the correlation analysis between the SPI and the SPEI
(Fig. 4c), which reveal that the correlations between the 1- to 24-month SPI and the SPEI
are much higher at Ankang station (0.95-0.98) than at Xi’an station (0.89-0.94). Vicente-
Serrano et al. (2010a) also found that SPI exhibits little difference with scPDSI and SPEI
when the temporal trends of temperature are inconspicuous.

3.4 Impacts of climate change

The Intergovernmental Panel on Climate Change Fourth Assessment Report (IPCC AR4)
showed that the global average surface temperature has increased by 0.74 4+ 0.18 °C over
the last 100 year (1906-2005), and the warming rate has nearly doubled
(0.13 °C £ 0.03 °C per decade) over the last 50 years (1956-2005), than that of
1906-2005 (Jiang et al. 2014). In the meantime, the magnitude of precipitation decreased
in some regions from 1900 to 2005. Global warming over the twenty-first century projected
by the multi-scenario is similar to those observed for the past several decades (Pachauri
and Reisinger 2008). Precipitation decrease and temperature increase under climate change
have impacts on the intensity and duration of drought (Vicente-Serrano et al. 2010a). The
results in Table 3 show that four out of five stations have decreasing precipitation and all
the stations have increasing temperature trends under climate change for the past several
decades (1951-2012). To investigate the potential impacts of climate change on drought
conditions, hypothetical progressive precipitation decrease (—15 %) and temperature
increase (2 °C) were used to calculate the modified drought indices series, according to the
precipitation and temperature trends over the period 1951-2012, as shown in Table 2. For
example, the temperature trend is 0.0311 °C/year at Xi’an station, which means the
temperature has increased nearly 2 °C over the period 1951-2012.

Figure 6 shows the differences in scPDSI, the 12-month SPI and SPEI between the
series of the original and modified series calculated based on a hypothetical precipitation
decrease (—15 %) at Xi’an station. The results indicate that droughts increase in the
intensity, duration and magnitude due to the hypothetical precipitation decrease for all
drought indices, which especially evident for the SPI and the SPEI. For example, the
modified drought severity represented using SPI tend to increase with respect to the ori-
ginal series of SPI over the period 1951-2012, especially after 1980. The SPI has relatively
stable evolution and less difference in magnitude than the SPEI and the scPDSI. On the
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Fig. 5 Differences between 12- and 24-month SPI and SPEI during 1951-2012 at (a) Xi’an and (b) Ankang
stations

other hand, Fig. 7 shows the differences in scPDSI, the 12-month SPI and SPEI between
the series of the original and modified series calculated based on a hypothetical temper-
ature increase (2 °C) at Xi’an station. Again, the modified series of SPEI tend to decrease
with respect to original series of SPEI over the period 1951-2012, especially after 2000,
which indicates that the drought severity has increased. We do not calculate the modified
SPI based on the temperature increase because it is a precipitation based drought index.
The results show that drought severity has increased at the end of the century and early
twenty-first century generally as a result of the hypothetical temperature increase.

Figures 6 and 7 are largely consistent with previous results, Dubrovsky et al. (2009)
studied the impacts of climate change on drought conditions using PDSI and SPI. The
results showed that drought risk increased when temperature increased based on the PDSI,
and drought risk changed together with the precipitation based on the SPI. Vicente-Serrano
et al. (2010a) found that the precipitation decrease and temperature increase had effects for
drought conditions. Drought increased in intensity and duration with respect to the pre-
cipitation decrease and temperature increase.

4 Summary and conclusions

Four metrics of drought indices, including orPDSI, scPDSI, SPI and SPEI, were used to
investigate the characteristics and possible climate change impacts on drought in Shaanxi
province based on data from five weather stations over the period of 1951-2012. Our
results are summarized as follows:

1. Thor and PM parameterization methods were selected to estimate PET which in turn
was used as one of the inputs for orPDSI, scPDSI and SPEI. The results indicated that
the annual accumulated PET estimators based on Thor and PM approaches result in
different magnitudes, with correlation of 0.8451 (Fig. 2a), while the 12-month SPEI
values using the two PET estimators are quite similar, with correlation of 0.9287
(Fig. 2b). Based on the orPDSI, scPDSI, SPI and SPEI, drought and wet conditions
during 1951-2012 are identified and compared. The results show that the total number
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Fig. 7 Evolution of a modified series with hypothetical progressive temperature increase of 2 °C, and
b differences between original and modified series of scPDSI, 12-month SPI and SPEI for the period of
1951-2012 at Xi’an station

of extreme drought months is less than that of extreme wet months for the period of
1982-2012. Both the total number and the number of extreme/moderate drought
months tend to increase from 1951-1981 to 1982-2012 periods. The orPDSI identifies
more extreme/moderate drought/wet months than the scPDSI, and the SPEI determines
more drought than the SPI at all time scales. However, SPEI and SPI determine almost
the same numbers of extreme drought.

2. The correlation analysis between the scPDSIL, 1- to 24-month SPI and SPEI indicates
that the scPDSI exhibits similar drought severity with SPI and SPEI at approximate
12-month time scale (Fig. 4a, b), indicating that the scPDSI has an inherent time scale
at approximately 12 months, and the correction between scPDSI and SPEI is higher
than that between scPDSI and SPI. The correlations between SPEI and SPI are
detected relatively high at all time scales (Fig. 4c), which indicate that precipitation is
the main explanatory variable of drought severity, while the correlations decrease after
approximately 12-months time scale. However, differences exist at different stations,
such as Xi’an and Ankang stations (Fig.5), which are caused by the different
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hydroclimatic characteristics of the stations. The SPEI does not provide additional
information in comparison with the SPI when temperature of the station is relatively
stationary, as detected at Ankang station (Table 3; Fig. 4c).

3. The impacts of climate change on drought are investigated based on the hypothetical
progressive precipitation decrease (—15 %) and temperature increase (2 °C) according
to the hydroclimatic trends for the period of 1951-2012. The results at Xi’an station
indicate that the drought severity increases with the hypothetical progressive
precipitation decrease (—15 %) for all the drought indices (Fig. 6b), especially for
the SPI and SPEI. However, the SPI has relatively stable evolution and less difference
in drought magnitude. The drought severity increases because of the hypothetical
progressive increasing temperature (2 °C) are mainly detected at the end of the century
and early twenty-first century (Fig. 7b).
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