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Abstract: The accelerated global warming and heterogeneous change in precipitation have been
resulting in climate system shifts, which plays a key role in the stability of ecosystem and social
economic development. Central Asia is account 80% of the temperate desert, characterized by fragile
ecosystem; however, it has experienced the fastest warming in recent decades and projected warming
in future. The Koppen-Geiger climate classification is a useful tool to assess the potential impacts
of climate change on regional ecosystem. The spatial shift and temporal evolution of each climatic
zone based on Koppen-Geiger climate classification are analyzed in historical and future period
under different scenarios (RCP2.6, RCP4.5 and RCP8.5), high risk regions that might experience more
frequent climatic zone shifts are delimited in this study, which could provide the useful information
for developing mitigate strategies in coping with the warming threat. The hotter and dryer subtypes
of arid climatic zone and warmer subtypes of temperate climatic zone expanded their coverage in
Central Asia, corresponding to the tundra climatic, cooler subtype of arid and temperate climatic
zone contracted. Based on a method defining the climate-sensitivity, high risk regions are mainly
distributed in northern Kazakhstan and Tianshan Mountains region.

Keywords: Central Asia; Koppen-Geiger climate classification; climatic zone shifts

1. Introduction

In recent decades, the change of climate associated with global warming has received
more attention worldwide [1], since it is expected to have direct or indirect effects on the
local or regional energy and water exchange between the atmosphere and biosphere [2].
The rising global temperature accelerated and heterogeneous change of precipitation
accompanied by changes in climate system [3]. Although climate system is not exact
boundaries for all species, it limits the distribution and phenology of plant and plays a key
role in maintaining ecological stability and social-economic developments [4]. The region
of Central Asia, accounting for one third of the temperate deserts, nurtures 65 x 106
people in these fragile ecosystems [5], which is especially sensitive to climate change.
The sustainability of the fragile ecosystem lies under the threat of dramatic climate change,
which was among the regions that experienced the fastest warming of the world in recent
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decades (0.4 °C/decade) [6,7]. If those changes become more pronounced in the future,
they would likely change the climatic zone by disappearance or appearance of some climatic
types and would have more serious impacts on ecosystem, environment and society [8].

One simple, but frequently used method to assess the impact of climate change
on ecosystems is climate classification by scientifically quantifies the climatic resources
in order to classify the regional climate type [9]. Climate classification is a basic tool
to study climate conditions and utilized to estimate possible effects on vegetation and
ecosystem [10]. Among the existing climate classification methods, the Képpen scheme
only needs temperature and precipitation (and their annual cycle pattern) to define, and has
strict classification standard, clear boundary, which allowed it to become one of the most
widely used methods [11]. The Koppen climate classification has been used to produce
climatic zone maps [12] and applied to assess the climate change in specific regions [13,14].
During the past 60 years, the arid and tundra climatic zones are more sensitive to climate
change; the area covered by arid zones expanded over the past 60 years, which caused
a significant increasing risk of regional desertification [8,15]. A downward trend in the
coverage of tundra climatic zone during the first 40 years of the twentieth century was
followed by two increases during 1940s and early 1960s, and then a rapid decrease took
place in the last 20 years [16]. Koppen classification has been wildly used to investigate
the climate change in global scale, low-latitude region (tropical desert climatic zone),
high-latitude region (Arctic tundra climate) and several countries, involving Central Asia;
however, detailed analysis of spatiotemporal variation characteristics of climatic zone
shifts in Central Asia seldom received individual attention. Due to the scarcely available
observational data, to date the understanding of climate change, especially combined
temperature and precipitation analysis in Central Asia, remains uncertain [17]. Efforts
are needed in comprehensively investigating synthetic climate effect of multiple climate
variables change and employ more data sources to minimize the uncertainty.

Therefore, the spatial shifts and temporal evolution of climatic zones of Central Asia
based on the updated Koppen-Geiger climate classification criteria [18] were assessed for
the period 1980-2016 and 2020-2100 by adopting multiple data sources in this study. Firstly,
the historical (1980-2016), near future (2030-2066) and far future (2060-2096) climatic
zone maps (under RCP2.6, RCP4.5 and RCP8.5 scenarios) were generated by using the
ensemble dataset as base-map in following analysis and publicly for other research pur-
poses. Secondly, the spatiotemporal shifts and annual change trends of each climate types
were analyzed by least square regression, Mann-Kendall method and partial correlation
analysis, which are used to estimate coverage of climatic zone expansion/construction
and corresponding changing rate and explored the mainly contribution of climate factors
to climatic zone shifts during historical and future periods. Finally, a climate-sensitivity
index defined method was adopted, the climate-sensitivity intensity of both ensemble
dataset and each isolated data source were calculated to delimit the high-risk regions
that experienced or might face frequent climatic zone shifts, which could provide useful
information for developing mitigating strategies in coping with the projected warming
threat in fragile ecosystem.

This paper is organized as follows: the overview of the study area, available monthly
temperature and precipitation datasets, Koppen-Geiger criteria, definition of the climate-
sensitivity index and statistical methods adopted in this study are described in Section 2.
The results of mapping climatic zone in different period, spatial shift characteristic and
temporal evolution trend of each climate type, the contribution of different climate factors
in climatic zone shifts and high-risk regions in which frequent climatic zone shifts are
present in Section 3. The discussion about spatiotemporal variation in temperature and
precipitation are analyzed in Section 4. Section 4 also compares our work with other
findings and lists the uncertainties in this study. These conclusions are illustrated in
Section 5.
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2. Materials and Methods
2.1. Study Area

The study region extends between 34°-56° N and 45°-98° E and mainly consists of
the Xinjiang Uygur Autonomous Region, China (Xinjiang) and five central Asia states:
Kazakhstan, Kyrgyzstan, Tajikistan, Uzbekistan and Turkmenistan (Figure 1). We will refer
to this region as Central Asia (CA) [19]. This region is located in the hinterland of Eurasia,
has a distinctive continental arid and semiarid climate with hot and dry summers and
relatively warm, moist winters in the northwestern part and Xinjiang, while cold winters
occur (with an even monthly precipitation) in northwest [20]. The topography of CA is
complicated with elevation between 152 m below the sea level to 8238 m above sea level,
it appears characterized by a special mountain-basin geomorphology [21]. CA contains
many of the highest-altitude mountains, which generates the strong gradients in both
temperature and precipitation. CA is controlled by the westerly circulation in the middle-
high latitudes and the polar air mass [22]. The precipitation depends on Atlantic humid
air mass and the seasonal pattern of precipitation is influenced by the polar air mass
from north and Arabian Sea air mass for south [20]. The weak humid air mass carried
by westerly circulation from the Arctic and Atlantic to CA intercepted by mountains,
which provides dynamic lifting condition for precipitation on the windward slopes [23].
Therefore, the spatial distribution of precipitation in CA is that the maximum rainfall
layer on the windward slopes, while on the vast inner Tianshan Mountains leeward slopes,
the plains and basins appear scarce precipitation. The temperature is inversely proportional
to the latitude and altitude in CA. The spatial distribution of the temperature depends on
latitude; it decreases from south to north.
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Figure 1. The study area, temperature and precipitation’s annual cycle of four subregions in Central
Asia. The subregions referred to a cluster method [24]. The temperature and precipitation were
derived from Climate Research Unit dataset (CRU) during the period 19802016.
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2.2. Data

In order to study the variation of CA’s climatic zones in the historical (1980-2016) and
future (2020-2100) periods, three types of datasets (containing both precipitation and 2 m
temperature) have been adopted. The latest version V3.1 of Climate Research Unit dataset
(CRU) [25] and data from University of Delaware (UDel) [26] are based on interpolation of
observational data (abbreviated as OBS). The European Centre for Medium-Range Weather
Forecasts Interim Reanalysis data (ECMWF ERA-Interim) [27], the fifth generation of atmo-
sphere reanalysis produced by ECMWE (ERA5) [28] and combination of CRU and National
Centers for Environmental Prediction (NCEP) reanalysis data (CRUNCEP) [29] account for
reanalysis data (abbreviated as REA) also used in this study, which were applied to investi-
gate the climatic zones shift in historical period. The output of eleven general circulation
models (GCMs) during 2020-2100 from Phase 5 of the Coupled Model Intercomparison
Project [30] for the low greenhouse gas (GHG) emission scenario RCP2.6, median GHG
emission scenario RCP4.5 and high GHG emission RCP8.5 were applied to analyze the
future changes in climate zone. Some details on these datasets are provided in Table 1.
Those datasets were resampled into 0.5° x 0.5° grids so as to unify the spatial resolution.

Table 1. Main parameters of the datasets.

Dataset Resolution Origin
o o The Climatic Research Unit at the
CRUV3 057 > 0.5 University of East Anglia
UDel_AirT_Precip 0.5° x 0.5° University of Delaware
ERA-Intreim 0.25° x 0.25° ECMRWF
ERA5 0.25° x 0.25° ECMWF
CRUNCEP 0.5° x 0.5° NCEP
CanESM2 2.185° x 2.815° Canadian Centre for Climate, Canada
CNRM-CM5 1.40° x 1.40° Centre National de Recherches

Meteorologiques, France
Commonwealth Scientific and

CSIRO-Mk3.6 1.875% < 1.875 Industrial Research, Australia

GFDL-CM3 2.5° x 2.0° Geophysical Fluid Dynamics Laboratory, USA

GISS-E2-R 2.5° x 2.0° NASA Goddard Institute for Space Studies, USA
HadGEM2-ES 1.875° x 1.875° Met Office Hadley Centre, UK

IPSL-CMbHA-LR 3.75° x 3.75° Institute Pierre-Simon Laplace, France
MIROC5 1.40° x 1.40° Atmosphere and Ocean Research Institute, Japan

MPI-ESM-LR 1.875° x 1.875° Max Planck Institute for Meteorology, Germany
MRI-CGCM3 1.125° x 1.125° Meteorological Research Institute, Japan
NorESM1-M 2.5° x 1.875° Norwegian Climate Centre, Norway

2.3. Methodologies

(1) Képpen-Geiger climate classification. The classification scheme identifies 5 major
climate types using letters A to E: A tropical (3 subtypes), B dry climate (4 subtypes),
C subtropical (9 subtypes), D temperate (12 subtypes) and E polar/mountain climate
(2 subtypes). The criteria for each climate types listed in Table 2. Following Peel [18],
the Arid climate (B) is identified firstly because of the fact that any locations that satisfy
the arid climate criteria could also satisfy the criteria for one of other climate types (A, C,
D or E). The other major climate types are mutually exclusive because they are based on
temperature only. We also follow the criteria to classify sub-climate types.
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Table 2. Description of the Képpen-Geiger symbols and their defining criteria.

Zone Type\Sub-Type Criteria
A Tropical Tcold > 18
Af Rainforest Pdry > 60
Am Monsoon Not(Af) & Pdry > 100-MAP/25
Aw Savannah Not(Af) & Pdry < 100-MAP /25
B Arid MAT < 10*Pth
BW Desert MAT < 5*Pth
BWh Hot Desert MAT > 18
BWk Cold Desert MAT < 18
BS Steppe MAT > 5*Pth
BSh Hot Steppe MAT > 18
BSk Cold Steppe MAT < 18
C Temperate Thot > 10&0 < Tcold < 18
Cs Dry Summer Psdry < 40&Psdry < Pwwet/3
Csa Hot Summer Thot > 22
Csb Warm Summer Not (Csa) & Tmon10 > 4
Csc Dry Summer Not (Csa or Csb) & 1 < Tmon10 < 4
Cw Dry Winter Pwdry < Pswet/10
Cwa Hot Summer Thot > 22
CwbWarm Summer Not (Cwa) & Tmon10 > 4
Cwc Cold Summer Not (Cwa or Cwb) & 1<Tmon10< 4
Cf Without Dry Season Not (Cs) or (Cw)
Cfa Hot Summer Thot > 22
Cfb Warm Summer Not (Cfa) & Tmon10 > 4
Cfc Cold Summer Not (Cfa or Cfb) & 1 < Tmon10 < 4
D Cold Temperate Thot > 10 & Tcol <0
Ds Dry Summer Psdry < 40 & Psdry < Pwwet/3
Dsa Hot Summer Thot > 22
DsbWarm Summer Not (Dsa) & Tmonl10 > 4
Dsc Cold Summer Not (Dsa, Dsb or Dsd)
DsdVeryColdWinter Not (Dsa or Dsb) & Tcold < 38
Dw Dry Winter Pwdry < Pswet/10
Dwa Hot Summer Thot > 22
Dwb Warm Summer Not (Dwa) & Tmonl10 > 4
Dwc Cold Summer Not (Dwa, Dwb or Dwd)
Dwd Very Cold Winter Not (Dwa or Dwb) & Tcold < 38
Df Without Dry Season Not (Ds) or (Dw)
Dfa Hot Summer Thot > 22
Dfb Warm Summer Not (a) & Tmon10 > 4
Dfc Cold Summer Not (a, b or d)
Dfd Very Cold Winter Not (a or b) & Tcold < —38
E Polar Thot < 10
ET Tundra Thot >0
EF Frost Thot <0

Note: MAT = Mean Annual Temperature (°C), MAP = Mean Annual Precipitation (mm/yr). Thot = Temperature
of the hottest month, Tcold = Temperature of the coldest month, Tmon10 = number of months where the
temperature is above 10, Pdry = Precipitation of driest month, Psdry = Precipitation of the driest month in
summer, Pwdry = Precipitation of the driest month in winter, Pswet = Precipitation of the wettest month in
summer, Pwwet = Precipitation of the wettest month in winter, Pth = varies according to the following rules
(if 70% of the MAP occurs in winter then Pth = 2 x MATmm, if 70% of the MAP occurs in summer then 2 x (MAT
+ 14) mm, otherwise Pth =2 x (MAT + 7) mm). Summer (winter) is defined as warmer (colder) six months period
of AMJJAS (ONDJFM).

(2) The precipitation, temperature and their annual cycle in all datasets were firstly
averaged to generate the ensemble dataset in both historical and future periods. Then,
based on the Koppen-Geiger classification criteria, we calculated a map of climate zones
for each year from 1980 to 2016 and 2020 to 2100 by using ensemble datasets. Once the
time series of the grid numbers of each climate zone were determined, we proceeded to
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the temporal variability analysis according to three methods: firstly, the long-term trend
analysis of the area of each climatic zone is using least square regression [31].

nYy i XiVi— Y Xi Yl XY
nyily X2 — (X Xi)z

)

slope =

where X; and Y; represent the values of the independent variables and dependent variable
in the ith year, respectively. n is the cumulative number of years. Where the slope <0
reveals downward trend of dependent variable, slope > 0 exhibits upward trend of depen-
dent variable.

Secondly, the Mann-Kendall method to test the significance (99% levels of confidence)
of climatic zone area changing trend. Due to the abnormally distributed temperature and
precipitation, the nonparametric Mann-Kendall test proposed by the World Meteorolog-
ical Organization has been wildly used for detecting the climate change tendency [1,32].
The Mann-Kendall method is based on the correlation between the ranks of a time series
and their time order.

n—1 n
S=) < Y sign(xj— xi)> ()
i=1 \j=i+1
where
1if (x]'—xi) >0
sign(xj — x;) = 0if (xj—x;) =0 3)
-1 Zf (x] — xi) <0

List the data in the order in which they were collected over time, x1, x2, ..., x, and
positive S means an increasing trend for the time series, while negative S means decreasing
trend. If the null hypothesis H_0 is true, there is no trend in the data. Then, S can be
assumed to be approximately normally distributed with:

u=20
{ o= n(n—1)(2n +5)/18 @

The Z score of S is computed from Z = S/c%. According to the Z score, the p value
can be obtained. In this study, the level of p is 0.01.

Thirdly, so as to explore the contribution of the temperature, precipitation and their
annual cycle pattern concerning the climatic zone changes/shifts, a partial correlation
analysis method [32,33] was handled in the historical and future periods for each climate
type. This method could measure the strength and direction of relationship between
two variables, while controlling the other variables that may affect them. Through this
mechanism, it is possible to attribute the climatic zone area trend in timing measures to
trends in climate variables. The significance of the confident was computed by Student’s
t test distribution at significance level of 99%.

2.4. The Definition of Climate-Sensitivity Region

Our research adopted a method to classify the Central Asia climate-sensitivity regions
presented by Li [33,34] based on both spatial distribution and temporal variation of climatic
types. Comparing the grid’s climatic type to its in last year in each grid, if changed,
the record for change plus 1, the accumulation change is m, so the climate sensitivity could
be defined as:

k=m/yr (5)

When in historical period (1976-2005), yr is 36; in future period (2020-2100), yr is 80.
If k < 0.25, this grid is being defined as climate stable region, if 0.25 < k < 0.5, this grid is
defined as low climate sensitive, if 0.5 < k < 0.75, this grid is classified as middle climate
sensitive, otherwise, as high climate sensitive.
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3. Results
3.1. Spatial Distribution of the Koppen-Geiger Climate Types in CA

Figure 2 shows the spatial distribution of the Képpen-Geiger climate types for three
periods based on the different data sources and scenarios. The CA is mainly occupied
by arid climatic zone (B), cold temperate climatic zone (D) and polar climatic zone (E)
during all periods. The cold desert (BWk) and cold steppe (BSk) is mainly distributed in the
Turan lowland, Tarim Basin and Junggar Basin, the hot desert (BWh) and hot steppe (BWk)
gradually appeared in Turkmenistan. The cold temperate (without dry season) climatic
zone (Dfb and Dfc) is distributed in northern and eastern of Kazakhstan and in the lower
mountainous regions. The polar climatic zone (ET) is spread over the Tianshan Mountain,
Pamirs and Kunlun Mountains.

Near Future (2030-2066)

S0°E

Far Future (2060-2096)
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Figure 2. Spatial distribution of climatic zone in Central Asia based on Képpen-Geiger climate classification. (a—c): for his-
torical period derived from observational datasets (OBS), reanalysis datasets (REA) and ensemble dataset (All), respectively.
(e—g): estimated climatic zone for near future (2030-2066) under RCP2.6, RCP4.5 and RCP8.5 scenarios based on ensemble
GCMs, respectively. (i—k): estimated climatic zone for far future (2060-2096) under RCP2.6, RCP4.5 and RCP8.5 scenarios
based on ensemble GCMs, respectively. (d,h,1) are relative area of each climate type in total area during historical period,
near future and far future, respectively. The different transparency represents the different data source or Representative
Concentration Pathway. The color scheme was adopted from Peel et al. [18].

Regarding the historical period, the spatial distribution differences of ensemble OBS
and ensemble REA is mainly reflected in climatic zone D and B difference in the southern
Kazakh Hills and subtype difference of B over the Turan lowland. That might explain
by the precipitation in OBS is lower than in REA approx. 15 mm/month, while the 2 m
temperature is warmer 0.26 °C, which induced more regions to be classified as dry climatic
zone or drier subtype, the B climatic zone derived from the OBS accounts for 17% of total
area more than in REA (as shown in Figure 2d).
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The spatial distributions of climatic zone under the RCP2.6 scenario for future (2030-
2066) and far future (2060-2096) are very similar. However, the scenario of RCP4.5 and
RCP8.5 show more hot subtypes and less cold climatic types (or subtypes) in far future.
To be specific, the relative area of BWh increases by 2.42% and 5.9% and mainly shifts from
BWZKk, correspondingly it decreases by 1.89% and 5.01% under the RCP4.5 and RCPS8.5,
respectively. The Dfa augments by 0.92% and 2.14%, mainly transfers from Dfc, which de-
creases 2.08% and 3.86% under RCP4.5 and RCP8.5, respectively. Due to the priority of
B type in Koppen-Geiger criteria, climatic zone ET falls by 0.39% and 1.95% mainly con-
tributed by BSh increase with 0.36% and 2.59% in the lower mountainous regions under
RCP4.5 and RCP8.5, respectively (as shown in Figure 2h,1).

3.2. Statistical Analysis of the Evolution of Climate Zones” Extent

According to the least square regression trend analysis (as shown in Table 3), from 1980
to 2016, the B type exhibited increasing trends, of which BWh and BSh significantly in-
creased at a rate of 2.41 and 3.92 x 10* km?/decade, respectively, while ET however
significantly declined (p < 0.01) at a rate of 2.87 x 10* km?/decade. From 2006 to 2100
(under RCP2.6 scenario), relative hot subtypes of B and D climatic zone showed a rising ten-
dency, of which BWh, BSh and Dfa increased at rate of 0.36, 0.48 and 5.76 X 10* km?2/decade,
respectively, while Dfb, Dfc and ET declined at rate of 2.48, 2.20 and 0.93 x 10* km?/
decade. Under RCP4.5 scenario, dry climatic zone exhibited expansion trend, the area
of BWh, BWk and BSh risen with rate of 6.24, 4.48 and 1.78 x 10* km?/decade, respec-
tively. The D climatic zone had similar shifts with RCP2.6, the Dfa increased at rate of
6.78 x 10* km?/decade while Dfb and Dfc declined at rate of 2.99 and 7.41 x 10* km?/
decade. ET contracted at rate of 2.42 x 10* km?/decade. Under RCP8.5 scenario, most cli-
mate types exhibited more pronounced change. The shift of B climatic zone consistent with
scenario RCP4.5, BWh, BWk and BSh expanded at rate of 16.53, 12.70 and 7.97 x 10% km?2/
decade, while BSk decreased with rate of 0.60 x 10* km?/decade. It is noteworthy
that temperate climatic zone, Csa increased at rate of 2.39 x 10* km?/decade. Dfa ex-
panded 9.78 x 10* km?/decade, corresponding to Dfb and Dfc shrunk about 3.01 and
14.38 x 10* km?/decade, respectively. ET still contracted with rate by 6.07 x 10* km?/
decade (as shown in Table 3).

Table 3. Partial correlations between the shifts of climate type and climate variables.

Trend
Climate Type (10* km?/ MAP MAT Thot Teold Pdry Psdry Pwdry Pswet Pwwet Tmo10
Decade)
His 241+ 0.13 0.43 ** —0.05 —0.28 —0.15 —0.09 ~0.16 —0.14 0.08 —0.18
RCP2.6  0.36** —0.014 20.02 0.34 *** 0.06 0.01 0.01 —0.02 —0.02 0.04
BWh  RCP45 624 % 0.04 0.43 ** Z0.01 0.018 —0.08 0.1 —0.03 ~0.26 —0.01
RCPS5  16.53 ** ~0.10 0.33 *** 0.16 0.15 —02* 0.20 * 0.11 —0.22% 0.09 0.1
His 463 —0.5 % 0.36 ** —0.02 —0.04 017 0.20 0.15 —0.20 0.11 —0.27*
swk  RCP26 0.04 —0.31 % 0.06 0.25 ** 0.11 0.08 0.06 0.17 —018*  —028*
RCP45 448 —0.35 %+ 0.14 ~0.12 —0.05 —0.02 0.05 0.12 —0.22 % —0.10
RCPS5  12.70 *** —0.26** 0.08 0.22 ** 0.01 0.08 —0.06 0.01 —0.06 —0.1 —0.07
His 3.92 +*+ 0.01 0.67 *** —0.03 —0.50 *** —0.00 0.14 0.00 0.30 * —0.02 0.10
o, RCP26  0.48* 0.25 ** —0.20* 0.65 *** 0.05 —0.01 —0.02 ~0.19* 0.12 0.12
B RCP45  1.78*** 0.20 * 0.32 *** 20.09 0.08 0.00 0.01 —0.15 0.01 0.00
RCP85  7.97** 0.01 0.15 0.05 0.00 —0.01 0.03 —0.06 0.13 0.01 0.63 ***
His 6.89 —0.39 ** 0.13 0.22 0.34 ** 0.25 0.16 0.20 0.18 —0.08 0.38 *
sk RCP26 —0.19 —0.21* —0.02 0.19* 0.20* —0.09 —0.01 —0.02 0.05 0.10
RCP4.5 —0.09 —0.28 **+ —0.05 0.09 —0.03 —0.01 —0.03 0.12 0.36 *** 0.07
RCP85  —0.60* —0.08 0.06 0.09 —0.19 0.10 011 0.07 20.02 —0.14 —0.35 %+
His 137 0.56 —0.08 0.07 0.43 ** 0.16 —0.24 —0.30 * —0.14 —0.08
c RCP2.6 0.50 * 0.15 —0.04 —021* 0.37 **+* ~0.13 0.10 —0.13 0.28 *** 0.27 ***
sa RCP45  1.65%* 0.27 #*+ ~0.13 0.02 0.42 *** —0.06 0.04 —0.08 0.06 0.04
RCP85  2.39 % 0.12 —0.19* 0.07 0.38 *** 0.06 ~0.09 0.08 0.12 0.19* —0.01
His —3.68 —0.24 0.21 —0.71 —023 —028  —034* 0.06 0.23 033 * —0.17
Dy RCP26  —0.29* —0.00 0.09 —0.32 %%+ 0.07 0.03 —0.08 —0.00 0.15 0.10
s RCP45  —0.86**  —035** 0.14 —0.12 —0.05 —0.02 0.05 0.12 —0.10 0.22 **
RCPS5  —17.76 *** 0.16 —0.41 ** 0.11 0.20 —0.08 0.06 0.06 0.11 0.14 0.16
His —4.36 0.02 —0.15 033 * —0.13 0.11 027 0.11 —0.07 —0.09 —0.01
D RCP2.6  5.76** 0.19 * 0.06 0.65 *** —0.36 *** 013 0.30 *** 0.00 —0.20 0.16
A RCP45 678 0.20 * —0.09 0.32 *** —0.14 0.09 0.02 —021 013 * —0.02
RCP85  9.78*** 0.33 *** —0.20* 0.39 *** —0.11 0.035 0.00 —0.19 —0.15 —0.12 —0.27*
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Table 3. Cont.
Trend
Climate Type (10* km?/ MAP MAT Thot Tcold Pdry Psdry Pwdry Pswet Pwwet Tmo10
Decade)
His 791 0.14 0.47 *** —0.30 * —-0.27 0.19 0.22 —0.02 0.035 —0.11 0.05
Dfb RCP2.6 —2.48 *** 0.19* —0.25 ** —0.66 *** —0.07 —0.08 0.060 0.01 0.18 * —0.05
RCP4.5 —2.99 *** 0.03 0.30 *** —0.48 ** —0.06 0.13 —0.07 0.09 —0.01 —0.07
RCP8.5 —3.01 *** —0.14 0.23 ** —0.29 *** 0.00 0.09 —0.05 0.10 —0.08 0.05 0.038
His 1.30 —0.25 —0.06 0.17 0.28 0.14 0.30 * 0.28 0.10 0.05 0.01
Df RCP2.6 —2.02 *** -0.14 0.09 —0.41 *** —0.04 0.29 ** —-0.23* 0.02 -0.18 * —0.08
¢ RCP4.5 —7.41 % 0.01 —0.33 *** —0.09 0.10 —0.04 0.02 -0.11 -0.12 0.09
RCP8.5 —14.38 *** 0.01 —0.20 * —0.45 ** 0.02 -0.11 0.1 —0.06 -0.01 —0.01 0.04
His —2.87 *** —0.03 —0.49 **+* —-0.10 0.34 ** 0.11 0.10 0.07 -0.21 —0.02 —0.03
ET RCP2.6 —0.93 *** —0.07 0.10 —0.76 *** 0.016 -0.13 0.15 0.08 —0.06 -0.17
RCP4.5 —2.42 0.04 —0.47 *** —0.29 *** 0.038 —0.06 0.04 —0.06 —0.01 0.05
RCP8.5 —6.07 *** 0.03 —0.42 *** -0.13 —0.10 0.02 —0.02 —0.10 —0.05 0.12 —0.38

Note: the number of * represent the different significance level. * represents the p < 0.1, ** represents the p < 0.05, *** represents the p < 0.01.

According to Koppen—Geiger criterion, mean annual precipitation (MAP), mean an-
nual temperature (MAT), temperature of the hottest month (Thot), temperature of the
coldest month (Tcold), number of months where the temperature is exceeds 10 (Tmon10),
precipitation of driest month (Pdry), precipitation of the driest month in summer (Psdry),
precipitation of the driest month in winter (Pwdry), precipitation of the wettest month in
summer (Pswet) and precipitation of the wettest month in winter (Pwwet) are main drivers
of climate type shifts. The spatial relation between the area change of each climate type and
the change in those 10 variables has been analyzed in both the historical and future period.

The results showed that the strengths and sign of the relation varied among the cli-
mate types during different periods and under various GHG emission scenarios. In most
cases, the trend of climatic zone’s area was attributed to the change of MAT, MAP, Thot,
Tcold and Psdry. The positive partial correlation between the BWh area and MAT trends is
significantly in historical and future periods (under RCP4.5 and RCP8.5 scenario). The cor-
relation between BWk and MAP stayed negative and strongest throughout historical and
future periods and all scenarios, while the area of BWk showed vary trends during the
historical and future period. Due to the Tianshan Mountains, the spatial distribution of
BWk was split into western and eastern part for which the precipitation exhibited varying
trends and projected change tendency are also different with historical periods. The BSh
variations were attributed to varying climate factors during different periods. The positive
relation of MAT and BSh area was stronger than the Tcold and Pwwet during 1980-2016.
However, the partial correlation of BSh and climate factors was different in future, Thot had
a stronger positive relation under RCP2.6 scenario, MAP showed stronger negative rela-
tion under RCP4.5 scenario, while Tmon10 had stronger positive under RCP8.5 scenarios.
The area change of BSk was mainly the result of the precipitation change, MAP had a
stronger negative relation during the historical and future period (under RCP2.6 scenario),
Pswet had a positive relation under RCP4.5 and Tmon10 had stronger correlation under
RCP8.5 scenario.

The increase in area of Csa shows a stronger positive correlation with Tcold. The con-
traction of Dsb demonstrates negative relation with Thot during the historical and future
period under RCP2.6 scenario, while it showed a negative correlation with MAP and
MAT under RCP4.5 and RCP8.5, respectively. The Dfa shift was dominated by change of
Thot, which illustrated a stronger positive relation during both periods and all scenarios.
In contrast, the change of Dfa showed a negative relation with Thot. A positive correlation
between Dfc and Psdry change during historical period, negative relation between Dfc and
Thot, MAT and Thot change under RCP2.6, RCP4.5 and RCP8.5 scenario, respectively.

ET contraction was mainly induced by temperature change, the MAT of historical
and future period under RCP4.5 and RCP8.5 revealed negative relation with shift of ET,
while under RCP2.6, the ET’s area change was attribute to Thot.
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50°E

climate-sensitive intensity

3.3. Climate—Sensitivity Intensity and Spatial Distribution

According to the defined method of evaluated climate sensitive, we calculated the his-
torical and future period climate—sensitivity based on ensemble datasets firstly. As shown
in Figure 3a—d, the left panel represents the intensity of the climate—sensitivity, the region
with extremely stable climate type mainly distributes in standalone Taklimakan desert
(inland of the Tarim Basin) in historical period, while in future period, the climatic zone
of Gurbantunggut desert (inland of the Junggar Basin), Karakum and Kyzylkum desert
(Turan Lowland) also maintaining stability in all scenarios. The regions under relatively
stable climatic zone are in the middle and southern Kazakhstan regarding the spatial
distribution. The regions under relatively high climate sensitivity are mainly spread over
the Kazakh Hills and northern Xinjiang. The regions under frequent climatic zone shift are
distributed over the plains at northern side of Kazakh Hills during the historical period.
Less grids showed a high climate—sensitivity and sporadically distributed in northern of
study area in future period.

Number of datasets defined

0

60°F

grid as high climate-sensitive
90°E

025 05 075 1

70°E 80°E  90°F 50°E  60°E  70°E  80°E

(a
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Figure 3. The spatial distribution of the climate—sensitivity regions based on Képpen—Geiger classification. The intensity

of the climate—sensitivity of climatic zones to climate change is shown in left panel, (a) for historical period, (b—d) for
the estimated potential climate—sensitivity regions in long—term future (2020-2100) under RCP2.6, RCP4.5 and RCP8.5
scenario, respectively. If the climate-sensitivity index is greater than 0.5, the grid will be defined as highly sensitive region.

The grid accumulates 1 if any dataset (five data sources regarding historical period and eleven GCMs for future) outlined it

as highly sensitive region, the number of data sources confirm the high sensitivity shown in right panel, (e) for the historical
period, (f—h): for future (2006-2100) under RCP2.6, RCP4.5 and RCP8.5 scenario, respectively.
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To reduce the uncertainty associated with the ensemble dataset and improve the
reliability of the climate—sensitive results, we further calculated the climate—sensitivity
of each standalone data sources. If the grid’s index greater than 0.5 in any of the datasets,
this grid will accumulate 1. The grid with a higher value indicates that more data sources
defined it as a high risk will occur climatic zone shifts. During historical period, all five data
sources defined the region in the north of 50° N as high climate—sensitivity region, and 3—4
data sources regarded approx. 500 km region in western side of the national boundary
line of China, Xinjiang and Kazakhstan and Yili River valley as high climate—sensitivity
regions (as shown in Figure 3d).

Under future scenarios, most data sources defined the plain in northern side of the
Kazakh Hills and the region over the east side of the Altai Mountains (western part
of Mongolia) as high climate—sensitivity region. More than half of the data sources
stipulated the Yili River valley as high climate—sensitivity region. One third of the data
sources considered eastern Kyrgyzstan and the south rim of the Tarim Basin as high
climate—sensitivity. Under RCP4.5 and RCP8.5 scenarios, the spatial distribution of the
regions will experience frequent climate type shifts similar to the scenario RCP2.6 but
with more data sources defined the Yili River valley as a high climate—sensitivity region
(as shown in Figure 3f-h).

4. Discussion
4.1. Projected Changes in Precipitation and Temperature

Koppen—Geiger climate classification is defined by temperature and precipitation
and their annual cycle [18]. As mentioned in Section 3.2, annual mean temperature, annual
accumulated precipitation, the temperature in hottest and coldest month and precipitation
of the direst month in summer are attributed to dominant factors in affecting each climatic
zone’s area. Therefore, the projected changes in both variables have been analyzed by
least square fitting method to capture tendency and Mann—Kendall method to test the
significance (99% level of confidence).

Figure 4 shows the spatiotemporal distribution of temperature variation during the
historical (1980-2016) and future (2020-2100) period. The entire region has experienced
quick warming-up processes (0.2-0.7 °C/decade) in historical period, which is consistent
with previous work [6,35] and projected to continue warming up in future period under
RCP4.5 (0.23-0.40 °C/decadal) and RCP8.5 (0.52-0.90°C/decadal) scenarios that is in line
with the statistical downscaling results [6,34], while the annually temperature change under
RCP2.6 illustrates a slightly warming up (0.02-0.10 °C/decadal) in CA. The warming rate
of coldest months was quicker than in hottest months. The spatial distribution of change
rates was not exactly same, the western of study area had higher warming rate than the
eastern part in historical period and temperature in southern region rose faster than in
north. However, temperature change rate in the future period had the opposite pattern,
the northern region had higher increasing rate than in south, which corresponds to previous
work that acceleration of warming rate is associated with the increase of latitudes.

The change rates of precipitation are heterogeneous (Figure 5) for both spatial and
temporal distribution. During the historical period, the rate of historical precipitation is in
range of —20-22 mm/decade. During 1980-2016, the plains located in northern Kazakh
Hills and Junggar Basin showed an obvious increasing MAP, while the southern part of
the study area illustrated decreasing rainfall. The changes in MAP have a nonuniform
spatial distribution under three GHG emission scenarios. Under RCP2.6, most part of the
region had a slightly wetting trend (0-2 mm/decadal). Under the RCP4.5 and RCP8.5,
the MAP changing rate had slight declined in the southern part of study area (including
Turkmenistan and northern Iranian plateau), while the other region illustrated increasing
tendency, especially in the northern study area. The driest precipitation in summer had
similar changing pattern but with smaller rate.



Atmosphere 2021, 12, 123

12 0of 16

1980-2016

Tcold MAT

Thot

°E 75°E

RCP2.6 RCP4.5 RCP8.5

“

85°E  95°F SS°E 65°E  75°E 85°E 95°E 5o 655 75°E 85°E  95°E SE 65°E 75°E  85°E 95°E
AT(°C/decade) IENENERERERI

0.02 0.06 0.10 0.20 0.40 060 0.80

Figure 4. The spatiotemporal distribution of temperature variation in the mean annual temperature, the temperature in

coldest and hottest month. The top panel exhibits the mean annual temperature change rates of historical and future period

under RCP2.6, RCP4.5 and RCP8.5 scenario, respectively. The middle panel exhibits the temperature in coldest month

change rates of historical and future period under RCP2.6, RCP4.5 and RCP8.5 scenario, respectively. The bottom panel

exhibits the temperature in

hottest month change rates of historical and future period under RCP2.6, RCP4.5 and RCP8.5

scenario, respectively. The hatched areas on the figures indicates statistically significant change at 99.9% significant level.

The following figures use the same manner.
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Figure 5. Same as Figure 4, but the top panel for annual accumulated precipitation and bottom panel for Precipitation of the

driest month in summer.

4.2. Comparison of This Study with Prior Studies

Regarding to the present Koppen—Geiger climate classification map, our result is
similar with most existing global maps [2—4,12,13,35,36]. However, compared to the
Koppen—Geiger climate classification map provided by Hylke et al. [5,12], our results
show less region covered by arid climatic zone but colder temperate climatic zone in north
Kazakhstan and area of tundra climatic zone is larger in Tianshan Mountains and Kunlun
Mountains. Regarding the future Koppen—Geiger climate classification map, the main
climate types in this study are similar with existing maps [6,7,12,13], while the map based
on multiple GCMs under RCP8.5 in 20702100 is poleward in spatial distribution [8] than
in our results.

The temporal evolution characteristics of Koppen climate types in this study are
consistent with conclusions derive from global scale analysis [4,9,10,12]. According to
the time series of relative occupied Képpen types in exiting work, arid climatic zone
rises [13,37], while tundra climatic zone declines in Asia during the second half of the
last century [11,16]. The area of B, C, D and E Koppen climate types are projected to shift
poleward in both RCP4.5 and RCP8.5 scenario [8,12,37], which present in this study is
warmer or dryer subtypes are projected shift northward.
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In recent decades, Central Asia has experienced the fastest warming (0.4 °C/decadal)
in the world and also received large amount of attention worldwide [6,7,38]. Considerable
research efforts have drawn the conclusions that warming trend in 2 m temperature
in Central Asia is based on different data sources in both historical period and future
period. The warming rates are based on three reanalysis datasets (MERRA, CFSR and
ERA —Interim), amount to 0.36 °C/decade and CRU possesses a larger rate about 0.42 °C/
decade during the period from 1979 to 2011 [6]. The study based on statistical downscaling
of GCMs under RCP4.5 reveals that the projected temperature shows an ascending trend at
a rate of 0.37 °C/decade [35]. Although different data sources have dispute in variation
strengths, the sign is similar.

In comparison, big uncertainties of the variation characteristics in precipitation have
been noticed. Annual precipitation shows an increasing trend (0.7 mm/decade) in entire
region based on CRU during 1930 to 2009, and the mountainous area demonstrates a
greater rising trend than the entire region [7,35,39,40]. However, the result that based
on Global Precipitation Climatology Center data shows no significant trend in annual
cumulative precipitation, except for the precipitation in winter which rate is 1.1 mm/decade
during 1960-2013 [24]. The study based on statistical downscaling of GCMs under RCP4.5
reveals that the projected precipitation exhibits an increasing tendency with a rate of
4.63 mm/decade [34,35]. These excellent studies describe the single variable (temperature
or precipitation) detailed variations during the historical and future period are auxiliary
evidences to prove the spatiotemporal characteristic of Képpen climate type shifts in
Central Asia.

4.3. Uncertainties

The climate classification method of Képpen—Geiger could effectively indicate the
climate—sensitivity region, where contain potential areas for ecosystem fluctuations,
changes in plant community, development strategies for agriculture, livestock and planting
structure that need to be adjusted [11]. In the arid and semiarid region, these regions should
pay more attention to ecological maintenance. However, it also should be noted that the
criteria of Képpen—Geiger have a large threshold span for different climate types [11].
Consequently, climate types that are situated near the threshold of criteria are more likely
to shift. Therefore, although the entire region experienced strong climate variability, the re-
gions of which climate types have shifted were mostly distributed in areas that are located
near the boundary of different climate types.

The spatial shifts and temporal evolution of each climatic zone are investigated based
on ensemble dataset in this study. On the one hand, the ensemble dataset results from
different members averaged together to reduce the spread of uncertainties [13,41,42]; on the
other hand, ensemble dataset masked the variability between members, which results from
different GCMs developed based on dissimilar physical laws and physical —based empirical
relationships [14,41]. We used ensemble data to assess the spatial and temporal variations
of climatic zone, which might conceal the extreme climate change [43].

5. Conclusions

The spatial shifts and temporal evolution of the surface extent of Central Asia’s cli-
matic zones as defined by Koppen—Geiger criteria were analyzed for the period 1980-2100
by adopting two observational datasets, three reanalysis datasets and eleven GCMs. In this
study, the Képpen—Geiger climatic zone maps were generated for historical, near fu-
ture and far future period and providing for other research purposes and emphasize the
potential high-risk areas that might experience frequent climate type shifts, try to pro-
vide useful information in development mitigate strategies to face the warming threaten.
Three significant findings were found in this analysis:

(1)  Although the proportions of climatic zones vary in different periods and emission
scenarios, the arid climatic zone (B) (36—43%) and cold temperate climatic zone (D)
(50-55%) dominated the Central Asia.
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(2) Inboth the historical and future period, the hotter and dryer subtypes of B (BWh and
BSh) gradually cover more surface area in Turkmenistan and the northern Iranian
Plateau, the area covered by ET shrunk in lower region of Kunlun Mountains and
Tianshan Mountains. The other trends of climate type shifts did not pass the signifi-
cant test during historical. However, under RCP4.5, the area covered by BWk declined
and altered by BWh and BSh expansion with a rate of 25.01 and 7.13 grids/decade.
The temperate climate zone and warmer subtype of D (Dfa) augmented with a rate
of 6.60 and 27.15 grids/decade, which caused the downsizing in area covered by
Dfb and Dfc under RCP4.5 scenario. The climatic zone shifts under RCP8.5 and
RCP2.6 scenario are similar to RCP4.5 but with pronounced and small magnitude,
respectively. The climate type shifts were mainly a consequence of variations of mean
annual temperature, accumulate annual precipitation, temperature in hottest month
and maximum precipitation in winter months.

(3) Inboth periods and all GHG emission scenarios, the Taklimakan, Gurbantunggut,
Karakum and Kyzylkum desert maintained stable arid climate type, while in the
Kazakh Hills and its northern region and the Ili River valley showed a higher climate-
sensitivity and might experience more frequent climatic zone shifts; the index calcu-
lated this by ensemble dataset and it was confirmed by multiple data sources.
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