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This paper has developed a general Ts-NDVI triangle space with vegetation index time-series data from
AVHRR and MODIS to monitor soil moisture in the Mongolian Plateau during 1981–2012, and studied
the spatio-temporal variations of drought based on the temperature vegetation dryness index (TVDI).
The results indicated that (1) the developed general Ts-NDVI space extracted from the AVHRR and
MODIS remote sensing data would be an eﬀective method to monitor regional drought, moreover, it
would be more meaningful if the single time Ts-NDVI space showed an unstable condition; (2) the
inverted TVDI was expected to reﬂect the water deﬁcit in the study area. It was found to be in close
negative agreement with precipitation and 10 cm soil moisture; (3) in the Mongolian Plateau, TVDI
presented a zonal distribution with changes in land use/land cover types, vegetation cover and latitude.
The soil moisture is low in bare land, construction land and grassland. During 1981–2012, drought was
widely spread throughout the plateau, and aridiﬁcation was obvious in the study period. Vegetation
degradation, overgrazing, and climate warming could be considered as the main reasons.
Keywords. General Ts-NDVI space; aridiﬁcation; Mongolian Plateau; remote sensing.

1. Introduction
In recent decades, the ecological-environment
problems in the Mongolian Plateau have become
more and more visible, such as the excessive
exploitation, utilization and consumption of
resources, diverse land use/land cover (LUCC),
fragile ecological system, and unfavourable climatic
conditions, in which drought has been considered
as one of the most serious disasters (Seneviratne
et al. 2002; Li et al. 2004; Shu et al. 2011; Shi
and Liu 2012). The Mongolian Plateau has been

considered to be an important dust source for
global dust release (Zhang et al. 1996; Li and Liu
2012). As the largest arid and semi-arid plateau
in Northern Hemisphere, the Mongolian Plateau
plays an important role in the climate changes and
sustainable development of the ecological environment in Northeast Asia and East Asia (Shi and
Shen 2002; Wang et al. 2008; Han et al. 2011; Liu
et al. 2013; Wang and Feng 2013). The vegetation degradation in the Mongolian Plateau would
aﬀect the regional atmospheric circulation (Xue
1996; Liu et al. 2013), temperature-increase in
1
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north China, temperature-decrease in the central
China (Ma et al. 2005), and precipitation-increase
in the Yangtz-Huaihe River Basin in China (Zhang
et al. 2005; Wang and Feng 2013). Therefore, there
have been a number of studies focussed on the
climate changes, degradation and drought monitoring in the Mongolian Plateau and its surrounding
regions. However, former studies mainly focussed
on drought monitor in northwest China (Yang et al.
2011), north China (Bi et al. 2011) and some
regions of the Mongolian Plateau (Tian et al. 2012).
Studies focussed on the drought variations in the
whole Mongolian Plateau have relatively lack of
reports.
Drought is a serious disaster, which might turn
pastures brown, threaten shrubs and trees, and
results in low vegetation cover and high land surface temperature (Ts) (Gao et al. 2011). Soil moisture (SM) is used as a key variable in several applications such as drought severity and duration, soil
erosion, etc. (Wang et al. 2004; Xu 2006; Parinaz
et al. 2012; Rahimzadeh et al. 2013), and it could
be used to monitor the regional drought with water
characteristics of strong absorption in shortwave
infrared band (Gao et al. 2011). Since the 1980’s,
various indices, such as normalized diﬀerence vegetation index (NDVI) (Tucker et al. 1981; Malo
and Nicholson 1990; Anyamba and Tucker 2005;
Vicente-Serrano et al. 2006), the vegetation condition index (VCI) (Kogan 1995; Steven and Srinivasan 2010), the normalized diﬀerence water index
(NDWI) (Mcﬀters 1996), etc., were developed to
investigate vegetation conditions and amount of
soil moisture for drought monitoring (Fensholt and
Sandholt 2003; Sun et al. 2013; Zhang et al. 2013;
Chandrasekar and Sai 2015). However, a single
vegetation index (VI) would be easily aﬀected by
various natural conditions, and cannot reﬂect the
surface condition comprehensively. A more sensitive indicator is required to develop reﬂect water
stress monitoring (Rahimzadeh et al. 2013). Based
on the negative correlation between the Ts and
NDVI (Goetz 1997), Sandholt proposed the vegetation index/temperature trapezoid eigen space
(VITT) and developed the temperature vegetation
dryness index (TVDI) (Sandholt et al. 2002). The
follow-up studies simpliﬁed VITT as the Ts-NDVI
triangle space (the Ts-NDVI space) to express the
negative correlation more clearly (ﬁgure 1) (Price
1990; Carlson 2007; Liu et al. 2008). Researchers
have monitored regional soil moisture using TVDI
based on various remote sensing data, such as
AVHRR (Rhee et al. 2010; Huber and Fensholt

J. Earth Syst. Sci. (2017) 126:58
2011), MODIS (Chen et al. 2006; Caccamo et al.
2011), Lansat TM (Gao et al. 2011), and so
on.
The Ts-NDVI space is easily aﬀected by many
factors, such as soil moisture, vegetation cover,
quality of remote sensing data, and so on, which
may lead to large diﬀerences in diﬀerent periods,
including the unstable dry/wet edges, and could
not clearly express the theoretical edges of the
space (Rahimzadeh et al. 2012). Moreover, Sun and
Kafatos (2007) pointed that the obvious negative
relationship between NDVI and Ts only happens
in the growing seasons and not in winter. Thus, a
stable Ts-NDVI space is required for a long-term
regional drought monitoring. However, studies on
the long-term regional soil moisture monitoring
mainly focused on the models established by the
remote sensing data in single time, or the comparison of a variety of drought index (Gao et al. 2011;
Dogan et al. 2012; Du et al. 2013). Yu et al. (2011)
suggested that if the vegetation did not change
greatly, based on years of remote sensing data, the
general Ts-NDVI space could be established, which
would provide a more stable dry/wet edges, and
the edges would be more closest to the theoretical
edges.
Based on the long-term remote sensing data of
AVHRR NDVI and MODIS NDVI from 1981 to
2012, a general Ts-NDVI space was developed to
estimate soil moisture in the Mongolian Plateau.
Based on the soil moisture site data and precipitation data, the accuracy of the inverted results
was analyzed. Moreover, the spatio-temporal variations of the TVDI were studied; then, the spatiotemporal variations of aridiﬁcation, and aridiﬁcation in diﬀerent land use/land cover (LUCC) in the
Monglian Plateau were deeply explored.

2. Materials and methodologies
2.1 Study area
The Mongolian Plateau (87◦ 40 −122◦ 15 N, 37◦ 46 −
53◦ 08 E) is the largest arid and semi-arid plateau in
the Northern Hemisphere. The elevation decreases
gradually from west to east, with an average value
of 1580 m. The annual precipitation is ∼300–
400 mm, and it decreases from north to south
and east to west. In south Mongolia, the annual
precipitation is almost <200 mm. The vegetation
cover from north to south consists of forest, forest steppe, typical steppe, desert steppe and the
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Figure 1. The NDVI-Ts triangle space (Sandholt et al. 2002).

Gobi desert. The study area contains the Inner
Mongolia Autonomous Region, Mongolia and the
Tuva Republic, for which the total area is about
297.36 × 104 km2 (ﬁgure 2).

covers the period from the 49th day, 2000 to the
353rd day, 2012. To unify the temporal resolution, the 16-d surface temperature/emissivity data
were calculated from the mean values of the 8-d
data.

2.2 Data and reprocessing
2.2.2 Measured soil moisture dataset

2.2.1 Remote sensing data
AVHRR 8-km NDVI composites
The 10-d ‘Twenty-year Global 4-minute AVHRR
NDVI Dataset’ (8 km) (July 13, 1981–December
21, 1999) were obtained from Chiba University.
The composites included ﬁve channels, the 10-d
NDVI dataset was calculated from the 1st and 2nd
channels (Holben 1986; Cihlar and Huang 1997).
NDVI = 1000 × (b2 − b1)/(b2 + b1)

(1)

where b1 and b2 are the 1st and 2nd channels of
the AVHRR dataset.
The 10-d Ts dataset was calculated from the
4th and 5th thermal infrared channels by splitwindow algorithms (Becker and Li 1990; Sobrino
et al. 1991; Cihlar et al. 1997).
• MODIS/Terra NDVI products
MODIS/Terra NDVI products (1 km MOD11A2
and 1 km MOD13A2) were obtained from the EOS
data Gateway (NASA-EOS 2006). The MOD11A2
product (global 8-d 1 km surface temperature/
emissivity data) covers the period from the 65th
day, 2000 to the 353rd day, 2012. The MOD13A2
product (global 1 km 16-d vegetation index data)

The 10-d measured soil moisture dataset was
obtained from the China Meteorological Science
Data Sharing Service (http://cdc.cma.gov.cn/home.
do). The dataset included the 10-cm relative soil
moisture of the agro meteorological stations in the
Inner Mongolian Autonomous Region from January 1992 to October 2012.
2.2.3 The land use/land cover data
The land use/land cover (LUCC) data (500 m)
of 2001, 2005 and 2009 were collected from the
National Science and Technology Basic Conditions
Platform, Earth System Science data sharing platform. The classiﬁcation accuracy is higher than
78% (http://www.geodata.cn/). The main LUCC
types were forest, shrub land, grassland, cropland,
bare land, construction land, wet land, and others
(water area) (ﬁgure 3).
2.2.4 The observed meteorological data
The observed meteorological data (1981–2010),
including the monthly precipitation data,
was obtained from the World Meteorological
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Figure 2. The study area.

Figure 3. The land use/land cover (LUCC) in the Mongolia Plateau in 2001, 2005 and 2009.

J. Earth Syst. Sci. (2017) 126:58
Organization (WMO) World Weather Watch Program. There were about 60 meteorological stations
available in the Mongolian Plateau. The annual
precipitation data was the cumulative precipitation
of the growing season (April–October).
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is good linear relationship in the NDVI and Ts
scatter plots of the two datasets, and the samples
distributed were near to the ratio 1:1. The R2 of
the NDVI and Ts value for two datasets was 0.960
(P < 0.01) and 0.963 (P < 0.01). The relationship
between the two datasets was as follows:

2.3 The methodologies
2.3.1 The comparison of the AVHRR NDVI
composites and MODIS/Terra NDVI
products
Both AVHRR dataset and the MODIS dataset
were widely used in the large scale monitoring
of surface ecological environment and vegetation
(Yu et al. 2010). Although, there are respective
advantages of the two datasets in these largescale studies, there would be more profound study
of the combination with the two datasets (Liu
et al. 2012). Due to diﬀerent spatial resolutions of
the two datasets, consistency evaluation would be
needed for the long-term analysis (Gallo et al. 2004;
Frey et al. 2012).
Based on the data of the overlapping period
(2000–2001), the linear regression models of the
two datasets were established using the annual
maximum, mean and minimum NDVI/Ts values
during April–October. The moving window of 8×8
MODIS pixels was used to get the mean NDVI and
Ts values from the two datasets to establish the
model. Figure 4 presents the two-dimensional (2D)
histogram plots of AVHRR NDVI and MODIS
NDVI (ﬁgure 4a), AVHRR Ts and MODIS Ts (ﬁgure 4b). A comparison of the plots shows that there

AVHRR NDVI = 0.912×MODIS NDVI+0.020
(2)
AVHRR Ts = 0.979 × MODIS Ts + 1.766. (3)
2.3.2 The establishment of the general
Ts-NDVI space
Sandholt et al. (2002) pointed that Ts would be
aﬀected by many factors, such as soil moisture,
evapotranspiration, the net radiation absorbed by
the land surface, etc., but the eﬀects from soil
moisture and evapotranspiration would be larger
than that from other factors under certain geographical climatic and atmospheric conditions. For
a study area, if the total vegetation cover maintains in a stable level for many years, the general
NDVI-Ts triangle space could be combined based
on the years of remote sensing data over the same
period. This method could improve the stability
of the traditional Ts-NDVI space established by
one single satellite data, which would be more
suitable for a long-term soil moisture monitoring
study.
The combination steps of the general Ts-NDVI
space are as follows (ﬁgure 5). (1) for a period
of observation, the annual Ts-NDVI space was

Figure 4. The comparison of (a) NDVI and (b) Ts between AVHRR dataset and MODIS dataset (MOD means the MODIS
NDVI dataset, and AVH means the AVHRR NDVI dataset).
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Figure 5. Flow chart composing the general Ts-NDVI space.

extracted by the remote sensing data of every
year with small intervals of NDVI value (0.001),
the corresponding maximum or minimum Ts for
every NDVI value was respectively obtained by
using the maximum value composite method or the
minimum value composite method. The dry edge
was constituted by the maximum Ts values, and
the wet edge was constituted by the minimum Ts
values. (2) The combination of the general TsNDVI space with the same interval NDVI value
(0.001), by using the maximum value composite
method or the minimum value composite method,
the perennial maximum or minimum Ts for every
NDVI value was respectively obtained from the Ts
value in the dry or wet edge extracted above. The
general dry edge was constituted by the perennial
maximum Ts values, and the general wet edge was
constituted by the perennial minimum Ts values.
They were calculated by the equations as follows:
T sweti = a1 + b1 × IN DV Ii
T sdryi = a2 + b2 × IN DV Ii

(4)
(5)

where IN DV Ii was the NDVI value of the pixel i;
T sweti was the corresponding minimum Ts value of
very NDVI value (wet edge); T sdryi was the corresponding maximum Ts value of very NDVI value
(dry edge); a1 , a2 , b1 , b2 respectively means the
intercepts and the slopes of the wet and dry edges
in the general Ts-NDVI space.

2.3.3 Definition of the temperature vegetation
dryness index
Providing the design basis for VITT, diﬀerent
vegetation index, such as NDVI, ANDVI (the Airborne Normalized Diﬀerence Vegetation Index),
MSAVI (the Modiﬁed Soil-adjusted Vegetation
Index) and SAVI (the Soil-adjusted Vegetation
Index) may have diﬀerent relationships with Ts
(Heim 2002; Keyantash and Dracup 2002). Sandholt et al. (2002) reported that the simpliﬁed
Ts-NDVI triangle space may exhibit the soil moisture contours reﬂecting the spatial patterns of the
VITT, which led to the deﬁnition of the TVDI as
expressed below
TVDI =

T s − T swet
T sdry − T swet

(6)

where T sdry was the corresponding maximum Ts
value of very NDVI value (dry edge), T swet was
the corresponding minimum Ts value of very NDVI
value (wet edge).

2.3.4 The slope of TVDI
Linear regression analysis could be used to analyze
the change in every grid. Stow et al. (2003) have
used this method to estimate the Greenness Rate
of Change (GRC). This study used this method to
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Figure 6. The single time NDVI-Ts triangle space of every year.

simulate the multi-annual variation trends of the
TVDI. The formula was

ΘslopeT V DI


n× ni=1 i×T
V DIi
− ni=1 i ni=1 i×T V DIi
n 2
n
=
(7)
2
i=1 i − (
i=1 i)

where i is the year, TVDI i is the mean TVDI of
the year i. The linear regression trend line was
the whole multi-annual change trend of the simulated TVDI. The conﬁdence level of the regression
equation was signiﬁcant (95%). The regression
trend line described the changes occurring during
the study period. If Θslope > 0, TVDI during the
study period increased, and vice versa.
3. Results and discussion
3.1 The application evaluation of the general
Ts-NDVI space
3.1.1 The improvement of the Ts-NDVI space
Considering the diﬀerent spatial resolutions of two
datasets, the general Ts-NDVI space for 1981–1999

and 2000–2012 was established respectively. It
should be pointed out that, the data assimilation of the two datasets has been processed before
the TVDI was inverted according to equations (2
and 3). The results indicated that, compared to
the general Ts-NDVI spaces (ﬁgure 7), the single time Ts-NDVI spaces showed some instabilities
(ﬁgure 6). It means that there were quite a lot
of diﬀerences among the dry/wet edges in the different years. Taking the years of 1986, 1997, 2002
and 2008, for example, the dry edge and wet edge
were closer (ﬁgure 6), but in the general Ts-NDVI
space, the dry edges in these years were much
diﬀerent from the wet edges (ﬁgure 7). Moreover,
in the single time spaces, there were some points
with abnormal lower values scattering outside the
wet edge, which would reduce the ﬁtting accuracy. This phenomenon obviously occurred in the
single time spaces during 1981–1999. It may be
resulted from the low spatial resolution of AVHRR
datasets and less samples extracted in the wet
edges.
According to the combination methods in section 2.3.2, because of the use of the maximum
and minimum value composite of Ts, in the general Ts-NDVI spaces, the Ts values in dry edges
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Figure 7. The general Ts-NDVI triangle space.

Table 1. The linear correlation coeﬃcients between the TVDI based on the single time/
general Ts-NDVI space and the measured 10-cm soil moisture.
Year

1992

1993

1994

1995

1996

1997

1998

Number of samples
R2 of the general space
R2 of the single time space

30
0.510
0.499

31
0.442
0.403

81
0.545
0.542

74
0.516
0.514

38
0.452
0.456

77
0.511
0.450

48
0.417
0.413

Year

1999

2000

2001

2002

2003

2004

2005

Number of samples
R2 of the general space
R2 of the single time space

64
0.637
0.600

49
0.345
0.346

66
0.653
0.649

74
0.435
0.356

99
0.513
0.511

90
0.406
0.408

116
0.525
0.520

Year

2006

2007

2008

2009

2010

2011

2012

Number of samples
R2 of the general space
R2 of the single time space

67
0.361
0.358

106
0.510
0.498

77
0.403
0.321

109
0.465
0.461

65
0.432
0.429

104
0.570
0.567

122
0.477
0.453

were commonly higher, and the Ts values in wet
edges were commonly lower than that in the single
time spaces. In addition, the number of abnormal
samples also reduced signiﬁcantly, and the boundaries of the general Ts-NDVI spaces were more
clear than those of the single time spaces (ﬁgures
6, 7).
3.1.2 The correlation between the inverted TVDI
and the measured 10-cm soil moisture
The 10-cm measured soil moisture (10-d) ground
validation data acquired in the study were the station data. To match the time resolution of remote
sensing dataset, the measured 10-d soil moisture
data was interpolated as the 16-d time series data.
To match the spatial resolutions of the remote sensing data, the pixels with the NDVI variance <0.005
and the Ts variance <2◦ C were obtained by the
3 × 3 pixels window. The mean TVDI values in
the 3 × 3 pixels window were calculated to establish the linear relationship with the measured soil
moisture data.

Table 1 shows a signiﬁcant negative relationship
between inverted TVDI and the measured 10cm soil moisture every year, which indicates that
TVDI could be chosen as a suitable indicator
to monitor drought and aridiﬁcation. The results
show that in 1993, 1997, 2002 and 2008, the correlations in the general Ts-NDVI spaces were better
than that in the single time spaces, but there were
no obvious diﬀerences of the correlation in other
years (table 1). It could be explored that, in the
above mentioned years, the Ts in dry/wet edges in
the general spaces was obviously diﬀerent from that
in the single time spaces (ﬁgures 6, 7). It would
be included that, if the dry/wet edge in the single time space is obviously diﬀerent from that in
the general space, the general space extracted from
years of remote sensing data would be more stable, and the inverted results of the general space
would also be more meaningful and closer to the
theoretical value. Otherwise, the single time space
shows perfect structure, there would be no diﬀerences between the inverted results of the single time
space and the general space.
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Table 2. The linear correlation coeﬃcients between the TVDI based on the single time/general
Ts-NDVI space and the cumulative precipitation.
Year

1981

1982

1983

1984

1985

1986

1987

1988

R2 of the general space
R2 of the single time space

0.506
0.487

0.479
0.481

0.487
0.476

0.504
0.493

0.531
0.528

0.458
0.325

0.527
0.482

0.496
0.398

Year

1989

1990

1991

1992

1993

1994

1995

1996

R of the general space
R2 of the single time space

0.473
0.471

0.509
0.496

0.521
0.499

0.525
0.521

0.477
0.452

0.467
0.461

0.515
0.502

0.495
0.496

Year

1997

1998

1999

2000

2001

2002

2003

2004

R2 of the general space
R2 of the single time space

0.453
0.368

0.478
0.475

0.513
0.510

0.469
0.452

0.451
0.446

0.472
0.435

0.489
0.465

0.513
0.506

Year

2005

2006

2007

2008

2009

2010

0.484
0.477

0.507
0.506

0.533
0.529

0.466
0.432

0.481
0.459

0.488
0.489

2

2

R of the general space
R2 of the single time space

The results show that, there was an obvious
inter-annual changes of the correlations between
the inverted TVDI and the measured 10 cm soil
moisture. It would have resulted from the high difference in the spatio-temporal resolutions between
remote sensing data and the measured 10 cm soil
moisture data. Although, the time interpolation
and spatial buﬀer has been processed, the differences could not be eliminated completely. In
addition, the diﬀerences of the atmospheric conditions, the sun angle, and the observation angle
of remote sensing data in diﬀerent years also aﬀect
the monitoring results.
3.1.3 The correlation between the inverted TVDI
and the cumulative precipitation
The measured precipitation data were also station
data. To match the spatial resolutions of the
remote sensing data, the pixels with the TVDI
variance <0.005 and the Ts variance <2◦ C were
obtained by the 3 × 3 pixels window. The mean
TVDI values in the 3 × 3 pixels window were calculated to establish the linear relationship with the
measured cumulative precipitation (April–October).
The results show an obvious negative relationship between TVDI and the cumulative precipitation (R > 0.65, P > 0.5) (table 2). It would be
revealed that, when the annual precipitation is
low (<400 mm), the degree of drought would be
determined by precipitation. Studies also revealed
that, in the regions with high precipitation, besides
precipitation, other factors aﬀecting the regional
energy and water balance would also inﬂuence the
occurrence of drought (Qi 2004).

Table 2 shows that in 1981, 1986, 1993, 1997,
2002 and 2008, the correlations in the general TsNDVI space were better than that in the single
time spaces, but there were no obvious diﬀerences of the correlation in other years, which
would indicate the similar results mentioned in section 3.1.2 if the dry/wet edge in the single time
space is obviously diﬀerent from that in the general
space, the general space extracted from years of
remote sensing data would be more stable, and
the inverted results of the general space would
also be more meaningful and closer to the theoretical value. In addition, the correlations between
the inverted TVDI and the cumulative precipitation also showed major inter-annual ﬂuctuations,
which would result from the inﬂuence of the quality
and the atmospheric condition for the satellite
observation.
3.2 The spatio-temporal development
of the aridification
3.2.1 The spatial development of the aridification
The inverted TVDI in the study was classiﬁed into
ﬁve levels (table 3) (Qi 2004). Figure 8 shows that
TVDI could reﬂect the spatio-temporal changes
of drought in the Mongolian Plateau. TVDI in
the Mongolian Plateau changed according to the
changes in vegetation types, vegetation coverage
and latitude. It decreased in the areas with higher
latitude, higher vegetation cover or well-growing
vegetation, which would indicate higher soil moisture and little drought events in these areas; in
opposite, the soil moisture would be possibly lower
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Table 3. TVDI classiﬁcation standard of drought in the Mongolia Plateau.
The humid area
Extremely wet
Wet
The classiﬁcation of TVDI

[0, 0.2]

[0.2, 0.4]

The normal area
Normal

Dry

The arid area
Extremely dry

[0.4, 0.6]

[0.6, 0.8]

[0.8, 1.0]

Figure 8. The spatial distribution of the annual TVDI during 1981–2012.

in the regions with lower latitude, lower vegetation
cover or poorly-growing vegetation, indicating frequent drought events in these areas (ﬁgure 8). Most
of the plateau was covered by the extremely dry
and dry levels, the same conclusion would be found
in some earlier studies (Guo 2010; Bi et al. 2011).
The extremely dry level was mainly distributed in
the southwest Mongolian Plateau, where the vegetation cover mainly decreased (Bao et al. 2013);
the dry level was mainly distributed in the middle
and northeast plateau, where also the degradation
occurs; the extremely wet and wet levels mainly
distributed in the north plateau. Overall, drought
was widely spread in the Mongolian Plateau, which
would mainly result from the dry climate and low
covered vegetation.
Concerning the three administrative regions in
the study area, the wet and extremely wet levels
mainly distributed in the Greater Khinggan Mountains in inner Mongolia, the eastern and western
regions in the Tuva Republic, and the north Mongolia. The normal level mainly distributed in the
higher vegetation-covered grassland in the north

and west Mongolia, the surrounding areas of the
Greater Khinggan Mountains, and the cropland in
the mid-east Inner Mongolia. The extremely dry
and dry levels mainly distributed in the south Mongolia, the east, west and middle Inner Mongolia.
There were close relationship among the spatial
distribution in drought, climatic zone and precipitation. The low precipitation, high temperature in
the summer, and the low temperature in the longterm winter may also lead to the widely spread
drought in the plateau.
Figure 9 shows that the soil moisture decreased
in the west Tuva, the west and north Mongolia, the southeast inner Mongolia and increased
mainly in the south Mongolia, the south and southwest inner Mongolia, and the cropland during east
inner Mongolia. In the Greater Khinggan Mountains, the soil moisture increased during 1990–1999,
but decreased in 1981–1989 and 2000–2012. Tong
et al. (2014) also pointed that, there was good vegetation growth in 1990–1999, and poor vegetation
growth in 1982–1989. During the period of 1981–
2012, the soil moisture decreased continuously in
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Figure 9. Variations (slope) of TVDI in diﬀerent periods.
Table 4. The area of the changed TVDI in the Mongolian Plateau in three periods (×104 km2 ).

Period
1981–1989

1990–1999

2000–2012

TVDI
variation
range
The Plateau
Inner Mongolia
Mongolia
Tuva
The Plateau
Inner Mongolia
Mongolia
Tuva
The Plateau
Inner Mongolia
Mongolia
Tuva

Drought
aggravate
obviously
<−0.2

Drought
aggravate
[−0.2, −0.005]

[−0.005, 0.005]

Drought
alleviate
[0.005,0.2]

77.53
34.34
36.18
7.01
77.67
25.32
44.67
7.67
92.52
29.85
49.75
12.91

105.33
40.29
57.43
7.61
96.25
35.89
47.51
12.84
91.34
33.61
49.99
7.73

62.34
20.76
35.41
6.17
69.15
29.96
33.46
5.72
51.75
24.25
25.14
2.35

25.94
7.69
12.64
5.61
29.93
7.95
20.59
1.38
46.78
14.51
27.10
5.16

the grassland of west and middle Mongolia, and
the meadow is mainly distributed in this area. It
could reveal that, overgrazing in this area resulted
in the decrease of vegetation coverage, which would
also lead to the decrease of soil moisture, and the
occurrence of drought. Table 4 shows that during
1981–2012, the alleviated drought area is averagely
about 82.94 × 104 km2 and the aggravated drought
area is about 116.78 × 104 km2 . In the period of
2000–2012, the aggravated drought area was the
largest (139.30 × 104 km2 ), but it was the smallest
in 1981–1989 (103.46 × 104 km2 ). It would indicate that, the drought aggravated in the Mongolian
Plateau during 1981–2012.
3.2.2 The temporal development of
the aridification
From 1981 to 2012, the dry level area (annually
130.94 × 104 km2 , 44.03%) accounted the largest

Unchanged

Drought
alleviate
obviously
>0.2
26.24
7.19
16.70
2.35
24.37
11.12
12.12
1.12
14.98
8.02
6.37
0.58

area, followed by the normal level (annually
83.18 × 104 km2 , 27.97%), the wet level (annually
43.57 × 104 km2 , 14.65%) was the third largest, the
extremely dry (annually 22.24 × 104 km2 , 7.48%)
and extremely wet levels (annually 17.44×104 km2 ,
5.86%) were the smallest. On average, 51.51% of
the plateau suﬀered by drought, indicating that
drought was widespread in this area, and was serious in some periods. The area proportion of every
level varied in diﬀerent years (ﬁgure 10). Generally, from 1981 to 1992, the dry and extremely dry
level experienced a ﬂuctuated increase (116.4×104 –
142.3×104 km2 ); the wet and normal levels showed
a slightly ﬂuctuating decrease; the extremely wet
level basically remained unchanged. The results
above indicated an obvious aridiﬁcation in the
Mongolian Plateau during 1981–2012. Li and Liu
(2012) also pointed that in the 21st century, the
extremely-dry and dry-area would show an obvious increase trend. Moreover, studies explored that
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Figure 10. The annual area proportion of the diﬀerent TVDI levels.

Figure 11. The monthly changes for the area proportion in diﬀerent TDVI levels in diﬀerent periods.

the snow cover in the Mongolian Plateau decreased
after 2000 (Sa et al. 2012). The decreased snow
cover would result in the decreased runoﬀ, which
may bring drought.
The results indicate that in one growth season,
the area proportion of every drought level varied
(ﬁgure 11). During the period of 1981–1999 and
2000–2012, it showed a similar variation tendency
in one growth season: the extremely wet, wet
and normal area increased slightly from April to
August, and decreased in September and October.
In April, drought was widely distributed in the
Plateau. From May to August, with the increasing
temperature and precipitation, vegetation begins
to sprout and grow, the soil moisture and humid
area kept on increasing, and the aridiﬁcation
appeared alleviated. In September and October,
with the end of rainy season and growth season,

the precipitation decreased, the dry and extremely
dry levels showed a slight increase. But comparing with April, drought in September and October
was lighter. Although there was drought during the
growth season, drought during the early growth
season was more serious than that at the end of
growth season. In the beginning of growth season,
more water is needed for the vegetation germination, but the precipitation is relatively low, which
would be responsible for these results.
3.3 The variation of the aridification
in the land use/land cover
Studies showed that, there are diﬀerences of soil
moisture in diﬀerent LUCC (Fu et al. 1999; Huang
et al. 2005; Wang et al. 2010; Rahimzadeh et al.
2013). Plant growth status is aﬀected by the soil
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Table 5. The area and proportion of every LUCC type in the Mongolian Plateau
(×104 km2 ).

Types

Area

Grassland
134.38
Bare land
88.45
Forest
22.90
Shrub land
19.10
Cropland
29.79
Construction land
0.42
Wet land
0.06
Others
1.94

2001
Proportion
(%)
45.24
29.78
7.72
6.43
10.03
0.14
0.02
0.64

moisture; meanwhile, the distribution of soil moisture could also be aﬀected by the LUCC types and
vegetation cover (Fu et al. 1999; Chen et al. 2006).
The Mongolian Plateau is mainly covered by grassland and bare land (ﬁgure 2; table 5). The grassland is mainly distributed in the western, northern,
and southeastern regions in the plateau (50.82% of
the total area). The bare land is mainly distributed
in the southwestern regions (27.10%). In the north
plateau, the forest (8.14%) was wildly spread.
Shrub land accounted for about 4.89%. Crop land
(8.35%) mainly distributed in the inner Mongolia.
The TVDI was expected to reveal the water
deﬁcit for the region from low NDVI (bare soil)
to high (full vegetation cover) NDVI values. The
results show that the soil moisture was higher in
forest and shrub land, and lower in grassland, bare
land, construction land and crop land (ﬁgures 2 and
8). Forest and shrub land were dominated by the
wet and extremely wet levels, followed by the normal level. In forest, the wet and extremely wet area
averagely accounted for about 81.98 and 17.50% of
the area respectively, the dry and extremely dry
area only accounted for about 0.52%. In shrub land,
the proportion of the wet/extremely wet, normal,
and the dry/extremely dry area account for about
61.48, 16.76 and 23.95%, respectively.
The soil moisture was very high in the forest,
and with almost no drought. In shrub land, the
dry/extremely dry area accounted more proportion than that in forest, suggesting the occurrence
of some droughts in the shrub land. The dry/
extremely dry area accounted for the largest proportion in grassland, bare land and construction
land, the normal level accounted for the second largest proportion. The TVDI-level allocation

Area

2005
Proportion
(%)

Area

2009
Proportion
(%)

161.49
74.03
23.41
12.84
22.99
0.42
0.12
1.72

54.37
24.92
7.87
4.32
7.74
0.14
0.04
0.60

157.02
79.03
26.23
11.65
20.8
0.42
0.19
1.69

52.86
26.61
0.0884
3.92
7.00
0.14
0.07
0.56

presented obvious diﬀerences in diﬀerent LUCC
types; aridiﬁcation was the most serious in bare
land (about 80% of the area suﬀers drought),
followed by construction land, and grassland. In
construction land and grassland, about 50% of the
area suﬀered drought. As the results obtained in
section 3.1, the TVDI was found to be in close
negative agreement with precipitation and soil
moisture, therefore it can be inferred that changes
in the TVDI are dependent on the water status
in the plateau. As cumulative precipitation for the
growing season is higher in forest and shrub land
than other LUCC types, it could be concluded that
forest and shrub land have better water availability.
The dry/extremely dry area proportion in
diﬀerent LUCC types had few annual changes (ﬁgure 12), but it had the usual monthly changes,
which mainly occurred between grassland and bare
land in September and October. From April to
August, the dry/extremely dry area proportion in
grassland was obviously larger than that in bare
land, and in September and October, the trend was
the inverse. These results indicate that, at the end
growth season, drought is relieved in some areas of
the grassland. The reasons for these results would
be considered in two parts: (1) at the end of growth
season, the drastically reduced precipitation result
in more severe drought in bare land; (2) overgrazing may lead to the appearance of bare area in
grassland, and the increasing soil moisture evaporation. Therefore, in the early and peak of growth
season, short-term drought would occur in some
area of grassland. However, there are no explicit
data to explain this phenomenon, the causes and
mechanism of this phenomenon would require an
in-depth study.
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Figure 12. The area proportion of diﬀerent drought levels in every LUCC (a) forest; (b) shrub; (c) grassland; (d) cropland;
(e) bare land; and (f) construction land.

4. Conclusion
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