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1.  INTRODUCTION

In recent years, an international consensus has
been achieved among the scientific community con-
cerning climate variability and change and its effects
on the environment (Philandras et al. 2011 and refer-
ence therein). The importance of investigating re -
gional climate changes associated with global warm-
ing is increasingly being recognized. Moreover, the
warming trend is significant over arid and semiarid
areas, especially semiarid regions, which have taken
up approximately 44% of the global annual mean

land surface temperature trend (Huang et al. 2012).
Any change in climate may provoke extreme
weather events, such as heat waves, drought and ex -
treme rainfall events, some of which have the poten-
tial to trigger natural disasters.

The Mongolian Plateau is located in an arid to
semiarid area in northeastern Asia, consisting of the
whole area of Mongolia and the Inner Mongolia
Autonomous Region of China in our study. It lies in
the transition zone between the westerlies and the
East Asian Monsoon, which makes it climatically
sensitive (Tian et al. 2014). In addition, this transition
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zone is very sensitive to climate changes due to its
geographic location and geomorphological features
(Sato et al. 2007). The economy of the Mongolian
Plateau relies heavily on livestock, which requires
pastures. However, the pastures are strongly affected
by climate conditions (Bolortsetseg & Tuvaansuren
1996). Therefore, climate has a significant effect on
economic development and local residents’ lives.
Given that large changes in climate have occurred
and are expected to continue in the future (Ni 2003),
understanding climate variability and change is an
important issue. Our review found few studies on cli-
mate variation in this region (e.g. Sato et al. 2007,
Kynicky et al. 2009, Davi et al. 2010). In addition, as
far as we know, no published research has specifi-
cally examined long-term temporal and spatial varia-
tions in temperature and precipitation over the Mon-
golian Plateau. Therefore, it is essential to perform a
systematic study in this region.

The Climate Research Unit (CRU) time series data-
set (Harris et al. 2014) provided an alternative data
source to in situ and remotely sensed data, and helped
overcome some of the data issues (e.g. short periods of
data coverage, low resolution, inhomogeneity, etc.).
These reanalysis data have been widely used in re -
gional climate studies (Sen Roy & Sen Roy 2011, Chou
et al. 2012, Ferguson & Villarini 2012, Landman & Be-
raki 2012, Haslinger et al. 2013) or utilized as valida-
tion references (Bastola & Francois 2012, Pavlik et al.
2012, Dong et al. 2013b, Gomez-Navarro et al. 2013,
Hao et al. 2013, Wang & Zeng 2013).

The Coupled Model Intercomparison Project Phase
5 (CMIP5) provides a unique opportunity to assess
the scientific understanding of historical climate vari-
ability and possible future change (Wuebbles et al.
2014). The models participating in CMIP5 contain
historical simulations and future predictions under
different representative concentration pathways
(RCPs). RCP4.5 is a stabilization scenario, where total
radiative forcing is stabilized before 2100 by employ-
ment of technologies and strategies to reduce green-
house gas (GHG) emissions. RCP8.5 is characterized
by increasing GHG emissions over time, representa-
tive of scenarios with high GHG concentration levels
(Moss et al. 2010, Meinshausen et al. 2011, Taylor et
al. 2012). More information about the RCPs can be
found in Moss et al. (2010). Multi-model ensembles
are nearly always better than any single model; they
can counteract deviations of individual models and
thus provide statistically superior estimates by en -
abling pointwise averaging over the multi-model
ensemble of simulations (Phillips & Gleckler 2006,
Landman & Beraki 2012 and references therein). In

this context, using a multi-model ensemble helps
improve predictive capabilities for future climate
change and provide reliable evaluation results.

In this study, there are 2 principal questions to be
addressed: (1) What were the climate conditions of
the Mongolian Plateau over the past hundred years,
how did the surface air temperature and precipita-
tion change over this period and did these variables
rise along with the global trend or show any special
characteristics? (2) How will the climate change in
the 21st century, and will temperature and precipita-
tion patterns be very different from those in the past?

2.  DATA AND METHODOLOGY

2.1.  Observational data

Monthly near-surface temperature and precipita-
tion from the most accurate global database, namely,
CRU time series 3.21 (CRU TS3.21), were used to
reconstruct the temperature and precipitation pat-
terns from 1911 to 2010 in the study area (given in
Fig. 1). The near-surface temperature data include
mean temperature, maximum temperature and mini-
mum temperature. CRU TS3.21 is a set of monthly
climate grids at a resolution of 0.5° × 0.5° and pro-
vides best estimates of month-by-month variations
(Immerzeel 2008) over a long time span. The data are
publicly available on line at www.cru.uea.ac.uk/cru/
data/ hrg.

2.2.  Model simulations

Monthly surface air temperature and precipitation
data from 16 different models from 2006 to 2099−
2100 are used to analyze future climate projections
under the RCP4.5 and RCP8.5 scenarios. The data
were downloaded from the BADC node of ESGF
(http://badc.nerc.ac.uk/browse/badc/cmip5/data;
note that an application for access to the data is
required). Al though some models performed multi-
ple runs starting from different initial conditions,
only the first realization (i.e. r1i1p1) from each model
was used for the purposes of this study.

2.3.  Methods

Observational temperature and precipitation data
were calculated on a grid cell-by-grid cell basis for
the annual mean and the 4 seasons: December to
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February, March to May, June to August and Sep-
tember to November. These gridded data were then
averaged (equal weight) across all grid cells in each
layer to get regionally averaged data. Trends of tem-
perature and precipitation variation were evaluated
according to Yue et al. (2002). A serial correlation and
pre-whitening method was applied to remove the ef-
fect of correlation on the Mann-Kendall test. The
Mann-Kendall test was then applied to the pre-
whitened series with the Theil-Sen’s slope estimator

to obtain the trend and magnitude. A
trend is considered significant if it is
statistically significant at the 5% level.

To evaluate the model’s perform-
ance, simulated historical tempera-
ture and precipitation for the period
1961−1990 were compared with CRU
data. Several statistical measures
such as spatial resemblance, long-
term mean climatology, correlation
co efficients and standard deviation
(SD) were used to assess the relative
performance of models. The Taylor
diagram has been used to provide a
concise statistical summary of the SD,
correlation coefficient and root mean
square difference (RMSD) in a single
diagram (Taylor 2001).

Different CMIP5 model outputs are
available at different spatial resolu-
tions, as shown in Table 1. First, these

model data were regridded to a 0.5° × 0.5° spatial res-
olution for consistency via bilinear interpolation, and
then all climate data ware bias corrected based on
CRU TS3.21 1961−1990 climatology. Temperature
data were corrected by using the delta change
method (Eq. 1) and precipitation by using relative
anomalies and multiplication (Eq. 2) (Terink et al.
2010, Ahlstrom et al. 2012, Berg et al. 2012). The pro-
jection data were obtained by averaging across the
multi-model ensemble.

3

Model Institute Resolution Reference
(lon × lat) period

ACCESS1.3 Australian Commonwealth Scientific and Industrial Research 192 × 145 1850−2100
Organization (CSRIO), Australia

BCC-CSM1.1M Beijing Climate Center (BCC), China 320 × 160 1850−2100
BNU-ESM Beijing Normal University (BNU), China 128 × 64 1850−2100
CanESM2 Canadian Centre for Climate Modelling and Analysis (CCCma), Canada 128 × 64 1850−2100
CCSM4 National Center for Atmospheric Research (NCAR), USA 288 × 192 1850−2100
CESM1-CAM5 Community Earth System Model Contributors, NSF-DOE-NCAR, USA 288 × 192 1850−2100
CSIRO Mk3.6.0 Commonwealth Scientific and Industrial Research Organization/Queensland

Climate Change Centre of Excellence, Australia 192 × 96 1985−2100
CMCC-CM Centro Euro-Mediterraneo sui Cambiamenti Climatici (CMCC), Italy 480 × 240 1850−2100
CNRM-CM5 Centre National de Recherches Meteorologiques, France 256 × 128 1850−2100
EC-EARTH European Consortium (EC) 320 × 160 1850−2100
GFDL-ESM2M Geophysical Fluid Dynamics Laboratory, USA 144 × 90 1861−2100
HadGEM2-ES Hadley Centre for Climate Prediction and Research/Met Office, UK 192 × 145 1859−2099
IPSL-CM5A-MR L’Institut Pierre-Simon Laplace, France 144 × 143 1850−2100
MIROC-ESM-CHEM Center for Climate System Research, National Institute for Environ- 128 × 64 1850−2100

mental Studies, and Frontier Research Center for Global Change, Japan
MPI-ESM-LR Max Planck Institute for Meteorology, Germany 192 × 96 1850−2100
MRI-CGCM3 Meteorological Research Institute, Japan 320 × 160 1850−2100

Table 1. Climate models used in this study, with institute, resolution and reference period

Fig. 1. Location and topography of the study area



Clim Res 67: 1–14, 2016

(1)

(2)

where Tbc and Pbc denote the bias-corrected temper-
ature and precipitation time series, respectively; Tmod

and Pmod are the model-simulated time series
datasets; and ,, and are the aver-
age monthly temperature and average monthly
amount of precipitation of the CRU observation and
model output, respectively, during the reference
period; y is time (month−year); and m denotes loca-
tion (pixel).

3.  RESULTS AND ANALYSIS

In this section, the variability and change in tem-
perature and precipitation of the past century are
analyzed, and then, the results from projection under
different RCPs are presented. Finally, long-term
trends as well as the spatial heterogeneity of clima-
tologies during the 2 periods (1961−1990 and 2061−
2090) are compared.

3.1.  Validation of CMIP5 models

The Taylor diagram provides a convenient way to
compare different models in terms of SD, correlation
and centered RMSD (Taylor 2001). The Taylor dia-
gram shows the 3 metrics based on a comparison
between CRU observations and each model simula-
tion in turn. The circles centered at the reference
point marked CRU and the origin represent the mag-
nitude of RMSD and SD, respectively. The rays de -
note the correlation. Models with as much variance
as the CRU, the least RMSD and the largest correla-
tion are considered the best performers. Each model
is represented by a point on the diagram.

Fig. 2 demonstrates the model performance for
precipitation and temperature on a monthly basis. It
is obvious that all models show a good performance
for precipitation, although the magnitude of SD is a
little higher, especially in MIROC-SEM-CHEM and
CESM1-CAM5. However, the multi-model ensemble
is closer to the CRU than any of the individual mod-
els. IPSL-CM5A-MR and HadGEM2-ES are superior
models regarding the 3 metrics. For temperature, the
models all agree concerning the correlation coeffi-

modPobsPmodTobsT

P (y,m) P (y,m) (P / P )(m)= ×bc mod obs mod

T (y,m) T (y,m) (T T )(m)= + −bc mod obs mod

4

Fig. 2. Taylor diagrams for precipitation and temperature on a monthly scale, comparing Coupled Model Intercomparison
 Project Phase 5 models and multi-model ensemble simulations with Climatic Research Unit (CRU) observation for the period 

1961−1990. RMSD: root mean square difference
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cient and perform markedly better than for precipita-
tion. The multi-model ensemble again shows the best
performance.

The spatial patterns of annual climatology are com-
pared between the multi-model ensemble and the
CRU over the period 1961−1990. The ensemble simu-
lates the broad patterns of precipitation distribution
relatively well but overestimates the intensity, espe-
cially in the mountainous areas. The minima and
max ima are simulated well in desert areas and the
Greater Higgnan Mountains, respectively (Fig. 3a,c).
It shows the ability to reproduce precipitation over
this region. Meanwhile, the ensemble simulation is
comparable with the CRU observation concerning the
spatial pattern of temperature, and there is no promi-
nent difference between the patterns. Strictly speak-

ing, the ensemble simulation is too smooth with some-
what lower temperatures in desert areas (Fig. 3b,d).

Results suggest higher confidence for the multi-
model ensemble to predict precipitation and temper-
ature reasonably. After a bias-correction procedure,
the projections can be used to analyze the possible
future scenarios.

3.2.  Historical climate variation

We first performed an analysis of temperature and
precipitation over the period 1911−2010. Fig. 4 illus-
trates regionally averaged annual precipitation ano -
malies and monthly precipitation characteristics. The
average annual amount of precipitation was 254 ±

5

Fig. 3. Annual clima -
tology (1961−1990) of
(a) precipitation and (b)
temperature from the
multi-model ensemble
compared to CRU (c)
precipitation and (d) 

temperature
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5 mm with a slight negative trend, which is sta -
tistically insignificant (95% confidence limit [CL]).
Through a 5 yr moving average line (Fig. 4), it can be
seen that slightly higher values occurred during the
periods 1931−1940, 1952−1963 and 1989−1998. An
approximate 10 yr cycle is observed in the annual
precipitation pattern. Taking into consideration the
monthly precipitation, high precipitation mainly ap -
peared in June to August, accounting for 67.8% of
the total annual precipitation. The spring precipita-
tion trend is slightly positive (0.2 mm season−1 de -
cade−1), and there is a negative trend in summer
(−0.6 mm season−1 decade−1), which indicates a de -
crease in annual precipitation due to the large pro-
portion of total precipitation represented in summer
(54.8 to 77.8%). Autumn and winter precipitation
does not show a clear trend.

Long time-series temperature data exhibit strong
period fluctuations and a clear upward trend (Fig. 5).
A warming trend is conspicuous throughout the
whole area, with a rate of 0.18°C decade−1 (p <
0.001). During the period 1911−2010, the increments
for minimum temperature, mean temperature and

maximum temperature are 1.90, 1.78 and 1.59°C,
respectively. It is remarkable that during the most
recent 2 decades, temperatures show a statistically
significant (99% CL) increase, which is especially
pronounced for minimum temperature (Fig. 5a). The
average monthly temperatures (Fig. 5d) show large
annual fluctuations, which can reach up to 38.7°C.
However, the temperature differences vary from
month to month. The maximum temperature differ-
ence appears in May, while the minimum appears in
December. From the perspective of mean tempera-
ture, the temperature turns positive in April and then
stays above zero until October. The warmest month
is July, while the coldest is January.

There are, however, significant seasonal differ-
ences. Table 2 shows the seasonal temperature vari-
ations. The average warming trend is largest in win-
ter, followed by spring, autumn and summer. The
warming rate of winter is twice that of autumn and 4
times that of summer. This suggests that warming is
enhanced in the cold season, indicating that temper-
ature variability in the cold season is more sensitive
to climate change. Additionally, the minimum tem-
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perature exhibits higher slopes in all seasons than
mean temperature and maximum temperature, re -
vealing that low temperature response is more sensi-
tive to global warming.

The spatial pattern of average annual precipitation
over the Mongolian Plateau for the period 1911−2010
is depicted in Fig. 6a. It is obvious that precipitation
increases from southwest to northeast. Specifically,
high precipitation totals (>300 mm) appear in the
north and east, while low precipitation occurs in the
desert areas of the centre and south, including the
Gobi Desert, the Badain Jaran Desert, the Tengger
Desert, the Ulan Buh Desert and the Otindag Sandy
Land. Most parts (65.1%) of the Mongolian Plateau
experienced a decrease in precipitation. It should be
noted that areas with higher precipitation experienced

increasing trends, while those with lower precipitation
experienced decreasing trends (Fig. 6a,b). In other
words, the wet areas got wetter and the dry areas got
drier. The areas with higher precipitation (>400 mm)
and larger rates of increase (1.5 mm decade−1) were
mainly distributed in the Eastern Sayan Mountains
and the Greater Higgnan Mountains regions.

Fig. 6c depicts the distribution of average annual
temperature. A significant latitudinal gradient can be
clearly seen, descending from south to north. The
areas with highest temperature are in the desert of
Inner Mongolia, with a smaller warming trend
(<0.12°C decade−1). In the northern part of the Mon-
golian Plateau, specifically the Khangai, Altay and
northernmost Greater Higgnan mountains, tempera-
tures are below zero. Meanwhile, the spatial pattern
of trends is also clearly distinguishable (Fig. 6d). It is
worth noting that the areas with the greatest trend in
average annual temperature (0.022 to 0.026°C yr−1)
are located in mountain regions. One such case is the
Khangai Mountains, where precipitation is low and
decreasing, showing a warming, drying climate.

3.3.  Predictions of future climate changes

For predictions of precipitation, the average
annual amounts of precipitation are 287 ± 2 and

7

Tmin Tmean Tmax
Slope Sig. Slope Sig. Slope Sig.

Spring 0.0235 <0.001 0.0225 <0.001 0.0205 <0.001
Summer 0.0066 0.064 0.0051 0.159 0.0049 0.251
Autumn 0.0156 <0.001 0.0133 0.001 0.0103 0.007
Winter 0.0355 <0.001 0.0325 <0.001 0.0287 <0.001
Year 0.0190 <0.001 0.0178 <0.001 0.0159 <0.001

Table 2. Linear trends of minimum, mean and maximum 
temperature series

Fig. 6. Spatial pattern of pre-
cipitation and temperature
and changing trends during
1911−2010. (a) Average an -
nual amount of precipitation;
(b) changing trend of precip-
itation; (c) average an nual
temperature; (d) changing 

trend of temperature
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294 ± 3 mm. The Mann-Kendall test indicated that
the tendencies for RCP4.5 and RCP8.5 were statis -
tically significant at a 99% CL. Both scenarios show
positive trends, with slopes of 2.6 and 5.1 mm
decade−1, respectively, although the projected
changes show a complex pattern. The precipitation
increases are 13.3% (1.5 to 24.0%) and 16.1% (0.6
to 34.1%) for RCP4.5 and RCP8.5, respectively
(Fig. 7a,b). The processes are characterized by a
high degree of variability, which suggests uneven
inter-annual precipitation and ex treme precipitation
events.

Temperature has risen during the past 3 decades,
and the warming trend will continue (Fig. 7c,d).
Fig. 7 depicts that the changes in temperature are
relatively continuous and smooth. By 2100, it is pro-
jected that temperature will have increased by 3.5
and 7.1°C for RCP4.5 and RCP8.5, respectively, rela-
tive to the period 1961−1990. The corresponding
slopes are 0.26 and 0.64°C decade−1 (99% CL). Com-
pared to the changes in precipitation, warming is a
relatively steady process.

Fig. 8 shows the spatial patterns of future preci -
pitation under the RCP4.5 and RCP8.5 scenarios.
Under the RCP4.5 scenario, the regionally averaged
rate of increase is 2.6 mm decade−1. Large rates occur
in the eastern margin and northern margin (Fig. 8g).
Areas with precipitation <100 mm exhibit a de -
crease, and the central part of the Mongolian Plateau
exhibits an increase in precipitation, especially for
2085 (Fig. 8a,c,e). Compared to RCP4.5, the increase
in precipitation is significant under RCP8.5 at a mean
rate of 5.1 mm decade−1, and the increasing precipi-
tation rates along the eastern margin are >12 mm
decade−1 (Fig. 8h). The spatial differences are appar-
ent among 3 normals, and are especially significant
between 2025 and 2085 (Fig. 8b,d,f). Although simi-
lar spatial patterns of future precipitation can be seen
in the results from the RCP4.5 and RCP8.5 scenarios,
they are much stronger for RCP8.5 than for RCP4.5,
which suggests that future precipitation will strongly
increase under a high emissions scenario (Fig. 8).

To examine the spatial characteristics of future
temperature, Fig. 9 depicts the spatial patterns of 3
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normals and long-term trends under RCP4.5 and
RCP8.5 emissions scenarios. The warming is ubiqui-
tous, although the spatial distribution of warming
rates is complex (Fig. 9g,h). Under RCP4.5, tempera-
ture rises greatly over the northern part of the Mon-
golian Plateau, and there are discernible differences
among the 3 normals (Fig. 9a,c,e). That is to say, the
cold regions are more sensitive to climate change
and have larger warming rates (Fig. 9g). However,
the southwestern regions, i.e. the deserts, are still the
warmest and show the highest rates of warming.

Warming patterns in RCP8.5 are similar to those in
RCP4.5, but the changes are more evident and mag-
nitudes are greater. Specifically, the warming rates
are in the range of 0.25 to 0.28 versus 0.59 to 0.69°C
decade−1 under RCP4.5 and RCP8.5, respectively.

Overall, increases in precipitation and tempera-
ture can be seen under RCP4.5 and RCP8.5, with
larger amplitude changes under RCP8.5. In this con-
text, the Mongolian Plateau will experience signifi-
cant climate warming and accompanying increased
precipitation.

9

Fig. 8. Spatial patterns for pre-
cipitation. (a−f) Projected aver-
age annual amount of precipi-
tation for the 2025 (2011−2040),
2055 (2041−2070) and 2085
(2071−2100) periods; (g,h)
chan ging trends based on the 

multi-model ensemble
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3.4.  Comparison of climate normals over
1961–1990 and 2061–2090

The climatic changes in average annual tempera-
ture and amount of precipitation over the periods
1961−1990 (reference period) and 2061−2090 (future
prediction) are presented (Figs. 10 & 11). The box
chart in Fig. 10 shows seasonal changes in tempera-
ture and precipitation. All seasons exhibit an in -
crease in temperature, which is more pronounced in
the RCP8.5 than in the RCP4.5 scenario. In addition,
the differences between 25 and 75% (i.e. interquar-

tile range) in all seasons except summer decreased
for both scenarios, which means that the range in
temperature distribution has narrowed. The temper-
atures in spring and autumn are almost the same for
both base values and increments. Winter shows the
largest increase over the 2 periods for both scenarios
(3.3 and 5.4°C). Seasonal precipitation also shows
positive trends, although the frequency distribution
of precipitation is narrower. The increases in aver-
age precipitation are largest in summer for both
scenarios (23 and 28 mm), but the relative increases
are lowest (12.8 and 15.9%). However, summer pre-

10

Fig. 9. Spatial patterns for temper-
ature. (a−f) Projected average tem-
perature for the 2025 (2011−2040),
2055 (2041−2070) and 2085 (2071−
2100) periods; (g,h) changing
trends based on the multi-model 

ensemble
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cipitation is still dominant in both scenarios, making
up about two-thirds of the annual precipitation
amount.

Fig. 11 shows that the spatial patterns in precipita-
tion over the reference and future periods are similar.

However, the heterogeneity in precipitation across
the Mongolian Plateau is evident for both periods.
The spatial precipitation patterns show the largest
increase in the east (the Greater Higgnan Mountains
region) and north (the Eastern Sayan Mountains
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Fig. 11. Spatial distribu-
tion of average annual
temperature (T, °C) and
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and (c−f) the future period 
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region), as evidenced by more blue pixels in
Fig. 11c,e. Meanwhile, the southwest shows an in -
crease (fewer red pixels), although the amount of
precipitation is still low. The 2 periods show signifi-
cant spatial differences in temperature, especially in
the RCP8.5 scenario. The entire Mongolian Plateau
shows an increase in temperature, especially in the
north, with only a few blue pixels in the Eastern
Sayan Mountains area (Fig. 11d,f). Overall, the
 war m ing trend is striking.

4.  DISCUSSION

The historical analysis reveals an obvious warming
trend throughout the Mongolian Plateau at an aver-
age rate of 0.18°C decade−1, which is slightly higher
than the mean rate in Central Asia and other semi-
arid regions (Huang et al. 2012). The warming trend
in winter is 0.33°C decade−1, showing an enhanced
warming trend. This trend is in agreement with the
results of Huang et al. (2012). In addition, the varia-
tions in maximum and minimum temperatures were
asymmetric during the process of temperature rising.
From an ecosystem perspective, the asymmetry in
extreme temperatures and the induced narrow range
of temperature can have immense environmental
consequences and may even lead to cascade effects,
particularly in ecologically vulnerable regions.

No significant trend in precipitation was observed,
although variations in spring and summer were evi-
dent. A large part of the variation in annual precipita-
tion was explained by changes in summer precipita-
tion, as it accounted for a large proportion (67.8%) of
the total precipitation. Aridity substantially im pacts
the pattern and process of water and thermal condi-
tions and leads to environmental changes, such as
lake shrinkage and land degradation (Shi et al. 2013,
Tao et al. 2015). Tao et al. (2015) indicated that in
Mongolia, annual precipitation accounted for 70.4%
of lake changes. Water issues are very important to
pastoralism on the Mongolian Plateau. Many findings
showed that the pastoral nomads have changed their
strategy of livestock husbandry to adapt to climate
change, and that herders specified changes in the
spatial distribution of precipitation and its timing, fre-
quency and intensity as well as water availability as
the primary pastoral challenges (Sternberg 2008,
Marin 2010, Lkhagvadorj et al. 2013).

Our analysis of future RCP scenarios projects that
by 2100, mean annual temperature over the Mongo-
lian Plateau will increase by 3.5 and 7.1°C under the
RCP4.5 and RCP8.5 scenarios, respectively. Com-

pared to the climate normal of 3 decades in the last
half-century (1961−1990), the future temperature
normal of the half-century 2061−2090 will increase
by 3.4 and 5.2°C for RCP4.5 and RCP8.5, respec-
tively. This sharp increase merits urgent and intense
attention because it is likely to have an important in -
fluence on pastures and crops, among other things,
as well as on the natural ecosystem on the Mongolian
Plateau. Specifically, warmer conditions will affect
plant phenology, such as by altering the timing of
flowering, the length of the growing season and
other developmental events (Cleland et al. 2006).

The analysis of future precipitation shows a weak
upward trend, but the magnitude of increase is very
small compared to the warming temperature trend.
This may cause dry areas to become drier because
increased temperature generally would lead to in -
creased evapotranspiration (Huang et al. 2012).
However, the combined effects of changed tempera-
ture and precipitation are less clear; for example, the
East Asian Monsoon could be enhanced by warming
surface air temperature over the Mongolian Plateau
and could provide increased moisture to the area.
Thus, the mechanism of precipitation variation re -
quires further research.

Climate variability and change have increased the
vulnerability of herders on the Mongolian Plateau
and put pressure on their adaptation strategies
(Wang et al. 2013). Unbalanced temperature and
precipitation variation will result in pronounced spa-
tial heterogeneity of climate condition (Dong et al.
2013a). Given that the Mongolian Plateau is tradi-
tionally an area of farming and agricultural activity,
improving the capability to respond and adapt to a
warmer environment in the future is an urgent need.

5.  CONCLUSIONS

Using the CRU TS3.21 monthly temperature and
precipitation dataset, the variation and long-term
trends in climate over the past hundred years were
evaluated. Future predictions of temperature and
precipitation were also analyzed using a multi-model
ensemble to understand how the climate will change
during the 21st century. The main conclusions of this
study are summarized below.

During the past century, the climate of the Mongo-
lian Plateau has shown both warming and drying
trends. The average annual amount of precipitation
was 254 mm, with a slight decreasing trend (−0.1 mm
decade−1). High precipitation mainly occurred in
June to August, accounting for 67.8% of annual total
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precipitation. Spatially, high precipitation totals ap -
peared in the northern and eastern areas, while low
precipitation occurred in the central and southern
areas, where the land cover is mainly desert. It
should be noted that areas with higher precipitation
experienced increasing trends, while those with
lower precipitation experienced decreasing trends.
Thus, the wet areas got wetter and the dry areas got
drier. Long time-series temperature data exhibited
strong period fluctuations and a clear upward trend
at a rate of 0.18°C de cade−1. The increases in mini-
mum temperature, mean temperature and maximum
temperature are 1.90, 1.78 and 1.59°C, respectively.
Additionally, the winter minimum temperature
shows the largest warming trend of all seasons, with
a rate of 0.36°C decade−1, showing an asymmetric
pattern. A significant south-to-north spatial gradient
can be clearly seen. The mountainous areas in the
north are characterized by lower temperatures but a
higher warming trend.

For predictions of precipitation, by 2100 the in -
creases are 13.3 and 16.1% under the RCP4.5 and
RCP8.5 scenarios, respectively, which means that
future precipitation will strongly increase under a
high emissions scenario. There is an uneven distribu-
tion of precipitation, with high precipitation and
large increasing rates in the eastern and northern
margins of the Mongolian Plateau. Temperature will
increase by 3.5 and 7.1°C at the rates of 0.26 and
0.64°C decade−1, respectively, under the 2 scenarios.
The warming is ubiquitous, although cold regions
are more sensitive to climate change and show
higher warming rates than warm regions. It should
be noted that the deserts in the southwest are the
warmest and have the highest rates of warming.

Compared to the climate normal in 1961−1990,
temperature in 2061−2090 exhibits an increase in all
seasons, which is more pronounced for RCP8.5 than
for RCP4.5. In particular, winter shows the largest
increase under both scenarios (3.3 and 5.4°C for
RCP4.5 and RCP8.5, respectively). Precipitation also
shows positive trends, although the relative in -
creases are not very large (14.2 and 19.2%). The spa-
tial patterns show similar spatial be havior for temper-
ature and precipitation in both scenarios. However,
spatial heterogeneity across distinct regions of the
Mongolian Plateau is evident.

Given the wetting and significant warming on the
Mongolian Plateau, climate change poses a great
threat to the area’s inhabitants, especially those that
practice pastoral husbandry. Adaptation strategies
are needed, and adaptation initiatives should be
undertaken as soon as possible.
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