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Abstract The standardized precipitation evapotranspira-

tion index (SPEI) was widely used in climatology and

hydrology studies, because its combination the sensitivity

of the PDSI to the changes in ET (caused by air tempera-

ture fluctuations and trends) with the simplicity of calcu-

lation, but also has the robustness of the multitemporal

nature of the SPI. In this article, the temporal and spatial

pattern of drought based on SPEI was explored in the Inner

Mongolia during 1960–2013. The results showed that SPEI

can effectively reveal the multiscalar feature of drought,

and the effect of air temperature rising on drought severity

and cumulative effect of drought itself. SPEI is suitable for

those longer time scales such as 6-month or longer, and

better in semi-humid and semi-arid areas than in arid area,

due to much zero values or extreme maximum values at

shorter time scale or in arid area. Generally, there is a

drying trend in the whole Inner Mongolia, and a very

severe drought was revealed at multi-time scales during the

2000s. Annual SPEI change at 6-month scale from APR to

SEP indicated that drought in plant-growth season is very

frequent and increasingly serious, and it should be given

more attention. The severities of drought vary in different

sub-regions. A significant abrupt change point of drought

change trend in the whole Inner Mongolia at 12-month

time scale was diagnosed in late 1990s, while this abrupt

point in the middle-west subarea is a little earlier than those

in the northeast subarea and the southeast subarea. This

lasting severe drought should be the result of joint action of

increasing air temperature and obviously decreasing pre-

cipitation since 2000s. At the same time, the most severe

and frequent drought mainly occurred along the Sino-

Mongolia border and the Horqin Sandy Land, while the

continuous belt along the Da Hinggan Ling Mountains, the

Yinshan Mountains, the Hetao Plain and the Mu Us Sandy

Land is the area with relative slight drying trend during the

last decades. Drought spatial pattern indicated by SPEI was

supported by spatial distribution of temperature vegetation

drought index based on remote sensing.

Keywords Drought variability � Abrupt change �
Standardized precipitation evapotranspiration index

(SPEI) � Inner Mongolia

Introduction

Drought is a major natural hazard that can have devastating

impacts on regional agriculture, water resources, the

environment and land desertification, with farreaching

impacts in an increasingly globalized world (Keyantash

and Dracup 2002; Svoboda et al. 2002; Romm 2011;

Sternberg 2011), causing tens of billions of dollars in

global damages, and collectively affecting more people

than any other form of devastating climate-related hazards

(Wilhite 2000). With the increasing global warming,

drought became more frequent and showed an obvious

increasing trend (Giorgi 2006; Lehner et al. 2006; Gian-

nakopoulos et al. 2009). Widespread drying has occurred

over Africa, East and South Asia, and other areas from

1950 to 2008, and most of this drying is due to recent

warming (Dai 2011). Although global drought might be
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overestimated (Sheffield et al. 2012), the role of warming-

induced drought stress is evident in recent studies that have

analyzed drought impacts on net primary production and

tree mortality (Martı́nez-Villalta et al. 2008; Williams et al.

2011; Linares and Camarero 2011; Diro et al. 2014).

Droughts directly influences local agriculture and pasture

production in the Mongolian Steppe (Goudie and Middle-

ton 1992; Shinoda et al. 2010), and accelerate desertifica-

tion process and even induce severe dust storms (Schubert

et al. 2004). It is very important to monitor and assess

drought for decreasing loss and ensuring human lives and

property safe.

Drought has been studied based on its frequency,

duration and severity, and spatial extent in terms of a

region or application-specific index. A number of drought

indices such as palmer drought severity index, PDSI

(Palmer 1965; Mishra and Singh 2010), surface water

supply index, SWSI (Shafer and Dezman 1982), stan-

dardized precipitation index, SPI (McKee et al. 1993),

and effective drought index, EDI (Byun and Wilhite

1999), have been developed and widely used in various

parts of the world (Wilhite et al. 2000). Of these, SPI has

received much attention since its introduction by McKee

et al. (1993). Known as a simple and objective mea-

surement of meteorological drought, it has been applied

effectively to dry regions (Hayes et al. 1999; Wu et al.

2001; Morid et al. 2006; Sternberg et al. 2011). In the

recent years, the standardized precipitation evapotranspi-

ration index (SPEI) combines the sensitivity of PDSI to

changes in evaporation demand (caused by temperature

fluctuations and trends) with the simplicity of calculation

and the multitemporal nature of the SPI. The SPEI index

is particularly suited to detecting, monitoring, and

exploring the consequences of global warming on drought

conditions (Vicente-Serrano et al. 2010). The SPEI was

developed in 2010 and has been widely used in an

increasing number of climatology and hydrology studies

(Li et al. 2012; Zhuang et al. 2013; Yu et al. 2014; Wang

and Chen 2014; Begueria et al. 2014; Jeong et al. 2014),

and drought monitoring systems (e.g. Fuchs et al. 2012).

Wang and Chen (2014) indicated that SPEI has good

performance in measuring drought as well as flood

through the comparison between spatial distribution of

SPEI and China Historical Drought Dataset in typical

years. Moreover, an updated global gridded database had

been finished (Begueria et al. 2014). A crucial advantage

of the SPEI over other widely used drought indices that

consider the effect of potential evapotranspiration (PET)

on drought severity is that its multi-scalar characteristics

enable identification of different drought types and

impacts in the context of global warming.

In this article, the Inner Mongolia of northern China as a

typical study area was explored with the SPEI index, due to

severe desertification problem there (Wang et al. 2004).

The main objective of this article is to explore practica-

bility of SPEI in the desert zone of northern China, and to

provide more reliable natural context for local agriculture

and pasture activities, desertification control and ecosystem

reconstruction.

Data and methods

Study area and data

The Inner Mongolia Autonomous Region of northern

China covers an area of 1.18 million km2. It located

between 37�–54�N and 97�–127�E with a mean elevation

about 1000 m. Inner Mongolia, with a temperate conti-

nental monsoonal climate, has a cold and long winter and a

warm and short summer. Except for the relatively humid

Da Hinggan Ling Mountains area, the most part of Inner

Mongolia is arid, semi-arid or semi-humid from west to

east. It has an average annual temperature of -5 to 10 �C
and an annual average precipitation of 30–500 mm. This

study area include Hulun Buir Sandy Land, Horqin Sandy

Land, Onqin Daga Sandy Land, Mu Us Sandy Land, as

well as Hobq Desert, Ulan Buh Desert, Tengger Desert and

Badain Jaran Desert, which is the important grazing base

and national ecological protection shelter.

Considering data availability and the length of records,

monthly mean air temperature, total monthly precipitation,

monthly mean relative humidity, and monthly mean wind

speed dataset in all the shared meteorological stations of

Inner Mongolia during 1960–2013 were obtained from the

China Meteorological Data Sharing Service System (http://

cdc.cma.gov.cn/). According to the completeness and qual-

ity of data series, the total 46 stations with better quality

control were selected to calculate SPEI and using for drought

analysis in the whole Inner Mongolia. Fewer missing data in

specific stations were replaced by linear regression estimate

according to the closest series. SRTM DEM data with the

5� 9 5� were downloaded from (http://srtm.csi.cgiar.org/

SELECTION/inputCoord.asp). The location of the study

area and distribution of weather stations selected and several

deserts and sandy lands in this study are plotted in Fig. 1.

Calculation of ET0 and SPEI

Calculation of ET0

Here, we followed the simplest modified approach to cal-

culate ET0 (Thornthwaite 1948), which has the advantage

of only requiring data on monthly mean temperature and

latitude of the site. Following this method (Ma and Fu

2001), the monthly ET0 (mm) is obtained by
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ETi
0 ¼

0 Ti � 0 �C
16Kð10Ti=IÞm 0\ Ti � 26:5 �C
a1 þ a2Ti þ a3T

2
i Ti [ 26:5 �C

8
<

:

where Ti is the monthly mean temperature (�C); m is a

coefficient depending on I: m = 0.49239 ? 1.792 9 10-2

I - 7.71 9 10-5 I2 ? 6.75 9 10-7 I3; constant a1 =

-415.8547; a2 = 32.2441; a3 = -0.4325. I is a heat

index, which is calculated as the sum of 12 months index

values Ii (when Ti is positive value, Ii will have a positive

value, otherwise Ii take zero), the latter being derived from

mean monthly temperature using the formula

Ii ¼
Ti

5

� �1:514

and K is a correction coefficient computed as a function of

the latitude and month,

K ¼ N

12

� �
NDM

30

� �

:

Here NDM is the real number of days of the month and

N is the maximum number of sunshine hours, which is

calculated using

N ¼ 24

p

� �

-s

where -s is the hourly angle of sun rising, which is cal-

culated using

-s ¼ arccos � tanu tan dð Þ

where u is the latitude in radians and d is the solar decli-

nation in radians, calculated using

d ¼ 0:4093 sin
2pJ
365

� 1:405

� �

where J is the average Julian day of the month.

There are lots of methods to calculate ET0. Some

studies indicated that the ET0_Th (calculated with the

Thorthwaite algorithm) is biased, and it underestimated

ET0 in arid and semiarid regions (Jensen et al. 1990),

and overestimated ET0 in humid equatorial and tropical

regions (van der Schrier et al. 2011). Mavromatis

(2007) showed that the use of simple or complex

methods to calculate the ET0 provides similar results

when a drought index, such as the PDSI, is calculated.

A sensitivity analysis of the PDSI using long-term data

with both the Thornthwaite and the Penman–Monteith

parameterizations revealed minor differences in PDSI

(van der Schrier et al. 2011), indicating that choice of

PET parameterization in drought indices that use a

simple water balance such as the PDSI and SPEI may

not greatly affect the resultant values. So we still use

the modified ET0_Th, i.e. adopting N (the maximum

number of sunshine hours mentioned above), to calcu-

late SPEI and the following analysis section in this

article.

Fig. 1 Location of the study area and the meteorological stations
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Calculation of SPEI

The three-parameter log-logistic distribution has also been

used to compute SPEI (Vicente-Serrano et al. 2010;Begueria

et al. 2014). The average value of SPEI is 0, and the standard

deviation is 1. The SPEI is a standardized variable multi-

scalar, and it can therefore be compared with other SPEI

values over time and space. An SPEI of 0 indicates a value

corresponding to 50 % of the cumulative probability of Di

(the difference between the precipitation Pi and ET0 i for the

month i), according to a log-logistic distribution. Table 1 is

the Categorization of dryness/wetness grade by the SPEI (Yu

et al. 2014). For this study, SPEIwas calculated at time scales

of 1, 3, 6, 12, 24, 36 and 48 months.

Sequential Mann–Kendall test

The non-parametric Mann–Kendall–Sneyers test is a

sequential version of the Mann–Kendall rank statistic pro-

posed by Sneyers (1975). The test is based on the fact that,

under the hypothesis of a stable climate, the succession of

climatological valuesmust be independent and the probability

distribution must remain always the same (simple random

series). The efficiency of this test has been demonstrated using

aMonte Carlo technique by Goossens and Berger (1987). For

the time series xi (1 B i B n), the numbers of elements xi[ xj
(j\ i, i = 1,…,n) are counted and denoted by ri. Under the

null hypothesis (no trend), the rank series

sk ¼
Xk

i¼ 1

ri

is normally distributed with mean and variance given by

E skð Þ ¼ k � ðk þ 1Þ
4

Var skð Þ ¼ k � ðk � 1Þ � ð2k þ 5Þ
72

Let

UFk ¼ sk � EðskÞ½ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VarðskÞ

p ; k ¼ 1; 2; . . .; n

be the normalized variable that has zero mean and unit

standard deviation, which is the forward statistic sequence.

The backward sequence UBk is estimated using the same

equation but with a reversed series of data. Their proba-

bility or significance level a can be obtained from calcu-

lation or using a look-up table. If the null hypothesis has

been rejected, i.e. a change does exist somewhere in the

time series, the detection of an increasing (UFk[ 0) or a

decreasing (UFk\ 0) trend is indicated (Zhao et al. 2008).

Similarly, the values of UB0
k are computed backward,

starting from the end of series. Then UBk = -UB0
k

(k = n ? 1 - k, k = 1, 2,…, n). The sequential version of

the test used here enables detection of the approximate

time of occurrence of the trend by locating the intersection

of the forward and backward curves of the test statistic. If

the intersection occurs within the confidence interval, then

it indicates a jump change point (Demaree and Nicolis

1990; Moraes et al. 1998). Critical value for 95 % confi-

dence level is ± 1.96.

Spatial interploration analysis

ANUSPLIN is a software widely using in spatial inter-

plotation analysis of climate elements (Hutchinson 2004;

Hijmans et al. 2005; Liu et al. 2008). This software was

used in this paper for spatial interplotation of SPEI. Two

important data files were required in using this software.

One is the file including SPEI data at each weather station

with accurate longitude, latitude and elevation, and longi-

tude and latitude were taken as input of independent

SPLINE variables. The other one is ASCII file of the digital

elevation model (DEM) data transformed from DEM raster

data with 1 km 9 1 km spatial resolution, and it was taken

as input of independent covariate. Thus, influence of the

elevation on the SPEI can be considered during interpola-

tion. The order of SPLINE is 2. According to statistics

result in the log file, the signal to noise ratio (SNR) is

0.2202 and 0.2234 which both are smaller than 1; and the

mean square for error (MSE) is 0.0006 and 0.0037 which

are smaller than the generalized cross validation (GCV)

that are 0.0037 and 0.0246, separately in the periods of

1960–1998 and 1999–2013. These assessment indicators

showed that simulated surface is very good for SPEI

interplotation.

Temperature vegetation drought index (TVDI)

For further test SPEI reliability in drought detection,

another important product of TVDI was adopted in this

paper. TVDI had been widely used in surface moisture

status (Sandholt et al. 2002; Sha et al. 2014). TVDI with

1 km 9 1 km spatial resolution was calculated to study

Table 1 Categorization of dryness/wetness grade by the SPEI

Categories SPEI values

Extremely dryness Less than -2

Severe dryness -1.99 to -1.5

Moderate dryness -1.49 to -1.0

Near normal -1.0 to 1.0

Moderate wetness 1.0 to 1.49

Severe wetness 1.50 to 1.99

Extremely wetness More than 2
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drought conditions of August and September during

2000–2013 in Inner Mongolia, based on MODIS (moder-

ate-resolution imaging spectroradiometer) products and

part field tests, including MOD11 A2 (Ts) and MOD13A2

(NDVI) (Fttp://ladsweb.nascom.nasa.gov). Multi-year

average TVDI in August and September was used to reflect

regional drought characteristics.

Results and discussion

Change trend of SPEI at typical sites in different

climate zones

SPEI at five typical weather stations with different annual

total precipitation range from 35 to 470 mm showed that an

obvious drought period can be found since about 2000 at

theses five stations, especially a lasting drought at Ton-

gliao, Sonid Zuoqi and Ejin Qi at longer time scale of

48 months, although SPEI strongly fluctuate during the last

50 years (Fig. 2).

Change trend of drought in the whole Inner

Mongolia and different subareas

Cluster analysis showed that 46 stations can be divided into

three big groups which have very particular geographic

features, based on similarity of SPEI time series of 46

stations during 1960–2013 (Fig. 3). They are the north-east

subarea mainly including Hulun Buir Sandy Land and the

northern part of the Da Hinggan Ling Mountains, the

southeast subarea mainly including Horqin Sandy Land and

the southern part of the Da Hinggan Ling Mountains, and

the middle-west subarea with more arid climate mainly

located to the west of the Da Hinggan Ling Mountains.

There are different dry or wet periods in these three sub-

areas. Before 1999, there is almost opposite dry or wet

patterns between the two east subareas and the middle-west

subarea. However, a significant drought abrupt occurred at

the end of 1990s. Mann–Kendall test revealed that an

abrupt change point is detected about 1997 in the middle-

west subarea, and 1999 in the northeast subarea and in the

southeast subarea of Inner Mongolia, as well as 1999 in the

whole Inner Mongolia, with the confidence level of 0.05

(Fig. 4). Forty-three out of 46 stations exhibited negative

slopes in the time series of humid index, which indicates

that Inner Mongolia has become drier in the past 52 years

(Hu et al. 2015). Severe and extreme droughts have

become more serious since late 1990s for all of China (with

dry area increasing by *3.72 % per decade) (Yu et al.

2014). The drought patterns in different subareas and their

abrupt change might be highly related to intensities of

Eastern Asia monsoon and the westerlies and their changes

under global warming (Wang 2001; Wang et al. 2006; Qian

and Qin 2008).

Temporal-spatial patterns of drought in Inner

Mongolia

Spatial difference of drought is huge among different

weather stations. Ejin, Guaizihu, Erenhot, Manzhouli, Xin

Barag Youqi are the stations with the most severe drought,

while Bayinmaodao, Siziwang Qi and Huade are those

weather stations with the slightest drought which are also

showed in the spatial interpolation map of SPEI (Figs. 5, 6).

The whole Inner Mongolia has a drying trend during the

last several decades. The most severe drought area mainly

located along the Sino-Mongolia border including the

Hulun Buir Sandy Land, the Xilingol grassland, the Alxa

Plateau, and the Horqin Sandy Land. The continuous belt

along the Da Hinggan Ling Mountains, the Yinshan

Mountains, the Hetao Plain and the Mu Us Sandy Land is

the area with relative slight drought (Fig. 6). This drought

pattern derived from SPEI also got the support from spatial

distribution of multi-year average TVDI based on

remote sensing in August and September during

2000–2013,especially obvious in Hulun Buir Sandy Land,

Horqin Sandy Land, Xilingol grassland and the whole Alxa

Plateau (Fig. 7). Zou et al. (2005) found that the successive

large increase in dry areas from the late 1990s to 2003 in

Northeast, North and Eastern Northwest China were

unprecedented during 1951–2003. Li et al. (2012) indicated

drying trends across the whole of China, and the most

significant drought was in the west, north and northeast of

China. Nandintsetseg and Shinoda (2013) indicated a sig-

nificant (p\ 0.05) increase in the frequency and severity

of growing-season droughts during the 2000s across the

four vegetation zones (except high mountain) in Mongolia,

and pointed out that droughts have driven a reduction in

pasture production in Mongolia. Thus, it can be seen, a

common drying trend exists in the whole Mongolian Pla-

teau especially during the 2000s.

Multi-scalar characteristics of drought in Inner

Mongolia

It is found that, at 1- and 3-month scale, there is a higher

probability of zero values within the Di water surplus or

deficit series. And no solution of SPEI is still exist in some

small number of cases (Begueria et al. 2014), although no

solution only occupied by 0.49 and 0.14 % at 1- and 3-

month time scales respectively, due to much zero values or

part extreme maximum values (Jin 2006) in the accumu-

lated difference Xk
i; j series at shorter time scale, as

commonly resulted from extreme low precipitation and
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evapotransipiration in winter. Statistics showed that the

cases without solution relatively concentrated from August

to September of 1998, and from July to October of 2013,

they occupied about 33 and 17 % of total cases without

solution at 3-month scale, seperately. This is highly related

to abnormal rich precipitation in 1998 (positive anomaly

percentage, ?49.8 %) and 2013 (positive anomaly per-

centage, ?29.7 %). Zhuang et al. (2013) indicated that lack

of precipitation and evapotranspiration during winter

months reduced confidence of SPEI values when applying

1-, 3-, and 6-month SPEIs in arid climatic regimes with

annual precipitation less than 200 mm. Edwards and

McKee (1997) indicated that, conceptually, although the

SPI has a standard normal distribution with an expected

value of zero and a variance of one, this is not always the

case for the SPI at short time scales because of the skewed

precipitation distribution. Wu et al. (2007) had pointed out

that short periods without rain would not make a drought

Fig. 2 Comparation of SPEI change trend at the 12- and 48-month time scales at five typical stations (the annual average total precipitation,

470 mm at Boketu; 369 mm at Tongliao; 270 mm at Otog Qi; 185 mm at Sonid Zuoqi; 35 mm at Ejin Qi)
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for regions with dry climates or low-precipitation seasons.

From a mathematical point of view, the SPI values are

lower bounded when a high frequency of zero values (no

precipitation cases) occurs, leading to a non-normally

distributed SPI. Therefore, SPEI values at 6-, 12-, 24-, 36-

and 48-month scales were given in this paper (Fig. 8).

Very obvious multi-scalar droughts were indicated in

the study area (Fig. 8). At 6-month scale, there is obvious

and asymmetric a dry period and a wet period alternating

cyclical phenomenon in most cases but that continuous two

wet periods in 1998. Before 1999, those SPEI values

fluctuate generally between -1 and 1, and the most dry

6 months is in 1965. After 1999, those SPEI values fluc-

tuate generally between -2 and 1, most of those dryer

6-month SPEI values are obvious samller than -1 but

those in 2012 and 2013. At 12-month scale, there is an

obvious alternating phenomenon between a longer wet

period from 1960 to 1999 and a longer dry period from

2000 to 2012. Before 1999, there are only fewer several

short slight drought events, such as the late 1960s, early

1970s, early 1980s. After 2000, there are continuous longer

and more stronger drought events except for 2013. Long-

term moderate dryness and even severe dryness can easily

be found at 24-, 36-, 48-month scales.

Fig. 3 Cluster of 46 stations

a The middle-west subarea;

b the south-east subarea; c the

north-east subarea
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Moreover, change trends of annual SPEI at 6-month

scale from APR to SEP and from former OCT to MAR

further showed that there are huge fluctuation of SPEI and

drying trend from moderate dryness to severe dryness in

the plant-growth period from APR to OCT during

1960–2013 (Fig. 9a), while moderate wetness and little

Fig. 4 Abrupt changes detected in SPEI using the Mann–Kendall method in the whole Inner Mongolia and three different sunareas (confidence

level a = 0.05)

Fig. 5 Contrast of multi-year

average SPEI of several typical

weather stations between

1960–1998 and 1999–2013, and

the difference between the latter

and the former in Inner

Mongolia
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Fig. 6 Spatial pattern of multi-

year average SPEI before

(a) and after the abrupt change

(b), and the differences between

the latter and the former (c) in
Inner Mongolia
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Fig. 7 Multi-year average

TVDI of August and September

during 2000–2013 in Inner

Mongolia

Fig. 8 Time series of SPEI at

6-, 12-, 24-, 36- and 48-month

scales in the whole Inner

Mongolia (1960–2013)
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change in the non-growth period from former Oct to Mar

(Fig. 9b). Thus, drought events in plant-growth season are

the bigger contributor of annual drought event, and they

should be given more attention, because they directly

determine annual vegetation production and ecosystem

services. Precipitation indices analysis also showed that

Inner Mongolia is dominated by decreasing precipitation,

and precipitation deficit may further deteriorate the short-

age of water resources, and a higher risk of droughts can be

expected in summer (Huang et al. 2015).

This drought feature during 1960–2013 in the Inner

Mongolia is also showed by the percentage of total pre-

cipitation anomalies (Fig. 10a) and the percentage of

average relative humidity anomalies (Fig. 10b). After

2000, those smaller SPEI values (more severe drought)

obviously reflect the effect of significant rising air tem-

perature (Fig. 10c) (p value\0.0001, Sen’s slope is 0.036)

on drought, otherwise drought should be most severe in

1965 (Figs. 8, 10a) if no considering the contribution of

higher temperature and ET0 to drought. It is noticeable that

this feature from wet to dry during 1960–2013 is more

obvious with increasing time scales from 24-, 36- to

48-month. The drought events are the strongest and the

longest during the last decade from 2000 to 2011. This

lasting severe drought is the result of joint action of

increasing air temperature and obviously decreasing pre-

cipitation since 2000s. Our results agreed with that con-

clusion that frequency of drought tend to decrease with the

increasing time scale (Mckee et al. 1993), but those

drought duration and severities are not always decreased,

and sometimes they are increased. Begueria et al. (2014)

pointed out that the magnitude of the trend increased with

the time scale of the SPEI. This is due to the cumulative

character of the SPEI, which reinforces changes as D val-

ues accumulate at long time scales. Wu et al. (2007)

pointed out that in dry climates, the analyst should focus on

the duration of drought rather than on just its severity. The

cumulative effect of drought itself and self-aggravative

feature was clearly showed in the Fig. 8.

A recent study verified that the previously reported

increase in global drought was overestimated because of

the biased ET0 calculation in PDSI, and little change in

drought over the past 60 years was found when underlying

physical principles (changes in available energy, humidity

and wind speed) were considered (Sheffield et al. 2012).

Wind speed actually had a significant decline trend (p value

\0.0001, Sen’s slope is -0.02) in the Inner Mongolia

since 1970s (Fig. 10d). This might also weaken the effect

of rising temperature on drought at some degree, due to

SPEI without considering the effect of wind speed on

drought through accelerating evaporation (McVicar et al.

2012). In addition, despite air temperature rising faster due

to urbanization effects (Hao et al. 2010), air temperature

increasing can be certainly supported by records at most

stations, including those in remote and thinly populated

area (Chun et al. 2013). Feng et al. (2014) also showed a

Fig. 9 Change trends of annual

SPEI at 6-month scale from

APR to SEP (a) and from

former Oct to Mar (b) during
1960–2013 in the whole Inner

Mongolia region
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significant increasing trend of ET0 with the aggravation of

drought in North China. Thus, our results still support the

hypothesis that there is a general increase in drought

severity under the context of global warming (Dai 2011;

Begueria et al. 2014).

Conclusions

SPEI is able to reflect intrinsic multi-scale nature of

drought and easy to calculate. SPEI is more suitable for

those longer time scales including 6-month, due to much

zero values or extreme maximum values at shorter time

scale, although those small cases with no solution only

occupied by 0.49 and 0.14 % at 1- and 3-month time

scales, respectively. SPEI is a robust and reliable index

which is more suitable for semi-humid, semi-arid areas

than arid areas. Wind as an important factor affecting ET0

was neglected in this article, but SPEI can effectively

reveal the multi-scalar feature of drought, and the effect of

air temperature rising on drought severity and cumulative

effect of drought itself. Frequency of drought tends to

decrease with the increasing time scale, but that drought

duration and severities do not always decrease and some-

times they also increase.

According to SPEI series features at each weather sta-

tion in the Inner Mongolia, the study area can be divided

into three sunareas by cluster analysis. Generally, there is a

drying trend in the whole Inner Mongolia, and a very heavy

and lasting drought was revealed at multi-time scales

during the 2000s. The severities of drought vary in dif-

ferent sub-regions. An abrupt change point of drought

variability in the whole Inner Mongolia at 12-month time

scale was diagnosed in 1999 at the confidence level

a = 0.05, while this abrupt point in the middle-west sub-

area is 1997 when is a little bit earlier than 1999 in the

northeast subarea and the southeast subarea. This lasting

severe drought should be the result of joint action of

increasing air temperature and obviously decreasing pre-

cipitation since 2000s.

At the same time, the most severe drought area mainly

located along the Sino-Mongolia border including the

Hulun Buir Sandy Land, the Xilingol grassland, the Alxa

Plateau, and the Horqin Sandy Land, while the continuous

belt along the Da Hinggan Ling Mountains, the Yinshan

Mountains, the Hetao Plain and the Mu Us Sandy Land is

the area with relative slight drought during the last decades.

Drought spatial pattern indicated by SPEI was supported by

spatial distribution of TVDI based on remote sensing

better.
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