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ABSTRACT

The arid and semiarid region in central Asia is sensitive and vulnerable to climate variations. However, the

sparse and highly unevenly distributed meteorological stations in the region provide limited data for un-

derstanding of the region’s climate variations. In this study, the near-surface air temperature change in central

Asia from 1979 to 2011 was examined using observations from 81 meteorological stations, three local ob-

servation validated reanalysis datasets of relatively high spatial resolutions, and the Climate Research Unit

(CRU) dataset. Major results suggested that the three reanalysis datasets match well with most of the local

climate records, especially in the low-lying plain areas. The consensus of the multiple datasets showed sig-

nificant regional surface air temperature increases of 0.368–0.428Cdecade21 in the past 33 years. No significant

contributions from declining irrigation and urbanization to temperature change were found. The rate is larger

in recent years than in the early years in the study period. Additionally, unlike in many regions in the world,

the temperature in winter showed no increase in central Asia in the last three decades, a noticeable departure

from the global trend in the twentieth century. The largest increase in surface temperature was occurring in

the spring season. Analyses further showed a warming center in the middle of the central Asian states and

weakened temperature variability along the northwest–southeast temperature gradient from the northern

Kazakhstan to southern Xinjiang. The reanalysis datasets also showed significant negative correlations be-

tween temperature increase rate and elevation in this complex terrain region.

1. Introduction

The arid and semiarid region in central Asia covers

53 106km2, includingKazakhstan, Kyrgyzstan, Tajikistan,

Turkmenistan, Uzbekistan, and Xinjiang province in

northwest China. The region is especially sensitive and

vulnerable to climate change (UNDP 2005; Parry et al.

2007). Rising air temperatures increase the surface

evapotranspiration, stimulate substantial glacial retreats,
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and exacerbate water shortage in the region (UNDP 2005;

Siegfried et al. 2012; Sorg et al. 2012). Because of the

critical dependence on climate of the water resources,

ecosystems, and societies in this massive inland region, it is

crucial to understand its climate variation and change in

order to support sustainable development policies. Our

review has found few studies that examined climate var-

iation in central Asia (e.g., Houghton et al. 2001;

Lioubimtseva et al. 2005; Lioubimtseva and Cole 2006;

Lioubimtseva and Henebry 2009), especially its temper-

ature variation. The Intergovernmental Panel on Climate

Change (IPCC; Houghton et al. 2001) reported that the

region’s averaged near-surface air temperature rose by

18–28C during the twentieth century. However, the report

provided no specific information about its temporal (e.g.,

the time of abrupt temperature changes) or spatial (e.g.,

areas of substantial temperature rise or fall) variations.

Meanwhile, large uncertainties have been noticed existing

in these previous studies, arising from either using obser-

vational records from a few meteorological stations (e.g.,

Kharlamova and Revyakin 2006; Mamtimin et al. 2011) or

using a single spatially interpolated dataset of the Climate

Research Unit (CRU) time series from New et al. (1999,

2000) and Mitchell and Jones (2005) in the region. As

pointed out by Lioubimtseva and Cole (2006), the spatial

interpolation or extrapolation was particularly prone to

errors in this region of very complex terrains with rather

sparse and highly skewed spatially distributed meteoro-

logical stations. In comparison with other regions, the

limited weather stations in central Asia are clustered in

and around the oases. Moreover, long-term climatic ob-

servations are rare (Lioubimtseva and Cole 2006). Most

stations outside China stopped functioning in the 1990s

after the dissolution of the former Soviet Union (Chub

2000), losing continuation of data for analysis of regional

climate variations in the recent decades (Schiemann et al.

2008). These problems in data pose severe challenges for

the study of climate in central Asia and limit our un-

derstanding of the spatial and temporal variations in

temperatures in the region.

The National Centers for Environmental Prediction

(NCEP)–National Center for Atmospheric Research

(NCAR) reanalysis dataset (Kalnay et al. 1996) pro-

vided an alternative data source and helped overcome

some of the data issues. While the reanalysis data have

been widely used in regional climate studies (e.g.,

Marshall 2002; Blender and Fraedrich 2003; Bromwich

and Fogt 2004; Bordi et al. 2006; Bromwich et al. 2007;

Song and Zhang 2007; Grotjahn 2008; Dessler andDavis

2010; Bao and Zhang 2012), the data have rarely been

used in climate studies for central Asia except for a few

studies on the region’s precipitation (e.g., Schiemann

et al. 2008), partially because the spatial resolution of

the dataset (2.58 3 2.58 of latitude and longitude) was

considered too coarse to describe important details in

regional climate in central Asia.

In the last few years, a new generation of reanalysis

datasets has been developed with improved accuracy

and spatial resolution [#(0.758 3 0.758) of latitude and

longitude]. These new datasets include the NCEP Cli-

mate Forecast System Reanalysis (CFSR; Saha et al.

2010), European Centre for Medium-Range Weather

Forecasts (ECMWF) InterimRe-Analysis (ERA-Interim;

Dee et al. 2011), and Modern-Era Retrospective Analysis

forResearch andApplications (MERRA;Rienecker et al.

2011). These data could be suitable for regional climate

studies in central Asia. However, as cautioned by the

data producers, few evaluations have been made so far

and the suitability and accuracy of these global datasets

for regional studies are not yet fully understood (https://

climatedataguide.ucar.edu/reanalysis/climate-forecast-

system-reanalysis-cfsr). Because of the differences in

the models and methods used in these reanalysis pro-

jects these datasets may, for example, describe near-

surface air temperatures (Pitman and Perkins 2009).

Thus, before using them their suitability or accuracy

to describe the regional climate features needs to be

evaluated against available field observations (Ma

et al. 2008).

In this study, we first examine the accuracy of the

three relatively high spatial resolution datasets, CFSR,

ERA-Interim, and MERRA, in describing the regional

temperature variations in central Asia by comparing the

reanalysis data with observations from stations in the

region. After the evaluation these datasets are used to

examine temperature variations in central Asia for the

period from 1979 to 2011.

There are three major questions to be addressed in

this study. Was there a warming trend in central Asian

climate in recent decades? If there was, how does it

compare to the temperature changes in the mid- and

early-twentieth century, and how does it compare with

temperature changes in other regions in the Eurasian

continent? Were there changes in seasonal temperature

variation in central Asia and which season experienced

the strongest temperature change? Were there signifi-

cant differences in temperature change among different

subregions of central Asia and how does the tempera-

ture change rate vary with elevation?

2. Study area, data, and methodologies

a. Study area

Our study area consists of Xinjiang Uygur Autonomous

Region, China (Xinjiang), and five central Asian states

(CAS):Kazakhstan,Kyrgyzstan, Tajikistan, Turkmenistan,
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FIG. 1. The study area and distribution of meteorological stations. (a) The location, elevation, country boundary, subregions, and

major water and orographic features in central Asia. The dashed-line rectangle delineates the Tian Shan region (408–44.58N, 698–
908E). Climate stations are represented by circles filled with different colors, indicating different data quality. The country boundary

and major rivers were drawn with the Environmental Systems Research Institute, Inc. (ESRI) Basemap Services (http://www.esri.

com/software/arcgis/arcgis-online-map-and-geoservices/map-services). (b) Distribution of the meteorological stations and their

temperature change from 1979 to 2011. The identification (ID) numbers of the stations are labeled (station descriptions are found in

Table S1 in the supplementary material). The size of each circle is in proportion to the rate of change. An open circle indicates no

significant change at the station. A filled circle indicates significant temperature change, and the color of the filling indicates the

turning point (in a time span of 5 yr) of temperature change in 1979–2011 according to the M-K test.
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and Uzbekistan (Fig. 1a). We will refer this region as

central Asia. There have been discrepancies and dis-

cussions about the usage of the term ‘‘central Asia.’’ In

some publications, central Asia refers to western China

and Mongolia (Le Houerou 2005); in others, it refers to

the five CAS in the former Soviet Union (e.g., Mayhew

et al. 2004). Our definition agrees with Goudie (2002)’s

description, in which central Asia consists of two parts

separated by high mountains, including the Pamirs, the

Tian Shan Mountains, Kunlun Mountains, and Altai

Mountains (Fig. 1a): ‘‘To the west lie the deserts of the

former Soviet Union and to the east are the deserts of

China’’ (Goudie 2002).

According to the topography and climate character-

istics, the CAS are usually divided into three climatic

subregions: the northern Kazakhstan region in the

north, the Turanian plain in the central and southeast,

and the mountainous region in the southwest [defini-

tions of these climatic subregions also can be found in

Schiemann et al. (2008) and Small et al. (1999)]. In ad-

dition, Xinjiang consists of two climatic subregions: the

northern Xinjiang and the southern Xinjiang. The for-

mer consists of the Junggar basin and the Altai Moun-

tains to its north and the northern slope of the Tian Shan

Mountains to its south and west. The latter consists of

the Tarim basin and the southern slope of the Tian Shan

Mountains to its north and the Kunlun Mountains and

Pamir Plateau to its south and west (Fig. 1a). To in-

vestigate the relationship between elevation and tem-

perature change, we further outline the Tian Shan

region (408–44.58N, 698–908E) (Fig. 1a) according to

Chen (2012).

b. Data

Daily observational records of near-surface (2m

above the ground) air temperatures from 365 meteoro-

logical stations in the study region were collected in this

study. Among them, 295 stations are in the five central

Asian states, and their temperature records were ob-

tained from the National Climatic Data Center (NCDC)

of the U.S. National Oceanic and Atmospheric Ad-

ministration (NOAA). The remaining 70 stations are in

Xinjiang, China, and their records were obtained from

the National Meteorological Center of China Meteo-

rological Administration and from Xinjiang Meteoro-

logical Agency. The data history of these stations is

shown in Table 1. These data are referred to as OBS in

the following sections.

Among the reanalysis data, we used themonthly CRU

time series 3.1 (TS3.1) dataset (New et al. 1999; Mitchell

and Jones 2005) from 1901 to 2009. We also used the

NCEP CFSR, ERA-Interim, and MERRA datasets.

Some details of these reanalysis datasets are provided in

Table 1. These datasets were first examined by com-

parisons with observations from the ground stations for

their accuracy in describing the near-surface air tem-

perature, and then to aid the analysis of spatial varia-

tions in the near-surface temperature. For the analyses

that require elevation information (see below), the

30-arc-s resolution digital elevation data (GTOPO30;

downloaded from http://eros.usgs.gov) were resampled

to match the spatial resolution of each reanalysis dataset.

The elevation at each reanalysis data grid was calculated

as the mean of the digital elevation data within that grid.

To assess the potential impacts of climate change on the

dryland ecosystems and water resources in central Asia,

we further evaluated changes in temperature in vege-

tated and glacial areas in central Asia. The glacial and

vegetated areas were determined with the 300-m resolu-

tion European Space Agency global land cover dataset

(GlobCover 2009; Arino et al. 2010), which has been

evaluated and used for environmental studies in the study

region (Chen et al. 2013). The ‘‘glacier area’’ in the

GlobCover 2009 includes permanent snow and glacier.

Boundaries of northern Kazakhstan and the Turanian

plain in the CAS region were digitized based on the maps

provided by Small et al. (1999) and Schiemann et al.

(2008).

c. Methodologies

Quality control of the OBS involves three steps.

1) Stations whose climate records did not cover the

analysis period were excluded. 2) Stations with missing

observations for more than 5 consecutive days or with

20% observation missing in any 30-day period were

excluded. Otherwise, the missing values in the climate

records were filled with 30-day running means. 3) Sta-

tions that failed to pass the standard normal homoge-

neity test were excluded (Alexandersson 1986). This

homogenization test aims to preserve the climatic signal

and eliminate or reduce the effects on nonclimatic fac-

tors from such changes in instrumentations, observing

practices, and station locations (Aguilar et al. 2003; Li

et al. 2004; DeGaetano 2006). For example, among the

365 meteorological stations under study, only 191 cover

the period between 1979 and 2011, among which 59 have

too many missing values to pass the quality control (step

2). Of the remaining 132 stations, only 81 stations passed

the homogeneity test and were used in climate change

analysis for the period of 1979–2011 (Fig. 1a). The longer

the study period, the fewer number of stations passed

quality control. Compared to the period of 1979–2011,

only 62 stations are qualified for climate change analyses

for the period of 1960–2011 (Table 1).

The three reanalysis data products are evaluated by

comparing their temperatures against the OBS at or
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near the reanalysis grid points for the 1980s, 1990s, and

2000s1 (2000–11). For each meteorological station, its

closest grid in a reanalysis dataset is identified. Then, the

temperature of the reanalysis data at that grid is ad-

justed according to the lapse rate and the elevation

difference between the grid and the station. This ele-

vation difference was calculated using the GTOPO30

developed by the U.S. Geological Survey (USGS; http://

eros.usgs.gov). Annual and seasonal temperature lapse

rates [8C (100m)21] in central Asia were calculated

based on the 1979–2011 mean temperature in the Tian

Shan region (408–44.58N, 698–908E) (Fig. 1a) (see Table

S2 in the supplementary material). The seasonal mean

lapse rates were then linearly interpolated to derive the

daily lapse rate, which was used for the temperature

adjustment.

Following Ma et al. (2008) and You et al. (2010), the

absolute errors (AE) or bias, two-tailed Pearson corre-

lation coefficients (CC), mean absolute errors (MAE),

and root-mean-square error (RMSE) were calculated

to measure various aspects of the differences between

the observed air temperatures and those from the three

reanalysis datasets. The reanalysis products were eval-

uated separately for mountainous and plain areas.

The definition of mountainous area by the United Na-

tions Environment Programme (UNEP) was used; that

is, a mountainous area should have elevation .2500m,

or between 1500 and 2500m and with a slope .28, or
between 1000 and 1500m and with a slope.58 or local
elevation range .300m (Blyth et al. 2002). Infor-

mation of topography was derived from the USGS

GTOPO30 elevation dataset. For each grid in the

USGS GTOPO30 dataset, the local elevation range

was derived from a 5 3 5 km2 buffer around the grid.

Areas outside of the mountainous area were treated as

plain areas.

Temporal variations of the temperature were com-

pared between the OBS and the CRU, and between the

OBS and each of the three reanalysis datasets. In these

comparisons, eachmeteorological station or each grid in

the spatial datasets was treated as a sample point, and

the mean values for the study region were analyzed and

compared. Trends of temperature variation were eval-

uated using linear trend fit and the nonparametric

Mann–Kendall method (or M-K test) (Mann 1945;

Kendall 1948). A trend was considered statistically sig-

nificant when it is at the 95% confidence level. The M-K

test also was used to detect the time of significant or

abrupt climate changes. Temperature changes in the

four seasons, spring [March–May (MAM)], summer

[June–August (JJA)], fall [September–November (SON)],

and winter [December–February (DJF)], as well as the

annual (ANN) change were examined. Furthermore, we

analyzed the OBS and the CRU data to examine the

temperature variation and trend for the past five de-

cades (1961–2011) and also from 1901 to 2009. These

long-term variations in temperature were compared to

the variation from 1979 to 2011 to put the recent changes

in context. The method used to study temperature

change at the turn of the twenty-first century was by

comparing and contrasting the differences (DIF) of the

change from the 1980s to the 1990s and the change from

the 1990s to 2000s1 (i.e., 2000–11):

DIF1990s-1980s5T1990s2T1980s

DIF2000s1-1990s5T2000s1 2T1990s . (1)

In the above, T (8C) is a decadal mean temperature.

To compare the spatial pattern of surface temperature

change derived from the CRU, CFSR, ERA-Interim,

and MERRA datasets, we applied empirical orthogonal

function (EOF) analyses (Lorenz 1956) to their annual

temperature anomalies (from the average of 1979–2011).

EOF analysis finds a set of orthogonal variables to de-

scribe the observed variance in the data, whereby large-

scale variability will be shown in the low-order EOFs

while the higher-order EOFs contain low-amplitude

spatially incoherent noise. The EOF method can iden-

tify the dominant spatial pattern of the variation in

temperature and also produces its index time series,

the principal component (PC), which explains the mag-

nitude of the variation of each EOF mode of the tem-

perature. Following North et al. (1982), a significance test

is applied to distinguish the physical signal from the noise

in the EOF.

Dependence of the change in near-surface temperature

on elevation is examined for the Tian Shan mountain-

ous region, which is the major mountain area in central

Asia (Fig. 1a). Although the Pamirs in Tajikistan are

as important for the Amu Darya as the Tian Shan

Mountains are for the Syr Darya and other rivers, they

are not investigated because no valid stations in the

Pamirs are available for this analysis (Fig. 1b). Pepin

and Lundquist (2008) suggested that a reliable analysis

of the relationship between temperature change and

elevation should be based on observations from mete-

orological stations in the mountain summit or freely

draining slopes. To identify such meteorological sta-

tions, we overlay the location map of the stations on

the topographic maps (relief map and slope map)

derived from the USGS GTOPO30 dataset and the

high-resolution (about 1–10m) remote sensing maps

retrieved from http://www.google.com/earth (last vis-

ited by the authors on 4 July 2013). A visual check

showed only three stations meeting the criteria of Pepin
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andLundquist (2008): Turgart (station ID269), Balgantai

(station ID 343), and Akqi (station ID 298). Station

information is found in Table S1 of the supplementary

material. Because of the lack of qualified stations, in

this study only the three reanalysis datasets are used

in analyzing the elevation effect on temperature

change.

Since these reanalysis datasets have different spatial

resolutions, we also resampled the CFSR and MERRA

datasets to match the coarser resolution (0.758 3 0.758 in
latitude and longitude) in the ERA-Interim dataset to

examine, by comparing the results to the original data-

sets, whether the analysis results could be influenced by

scaling or spatial resolution.

3. Results and analyses

a. Evaluating the reanalysis datasets with climate
records

We used the observational data to evaluate the

reanalysis datasets for their accuracy in describing the

near-surface temperature in central Asia. In this

evaluation, we first collected data from 365 meteoro-

logical stations in our study region. Of the 365 stations,

there are 107, 112, and 114 with continuous surface

temperature records in the 1980s, 1990s, and 2000s1,

respectively. The increasing number of stations in

those decades is attributable to new stations added to

the network. Although new stations were added, the

addition could not compensate for the damages done

by stopping observations at some historical stations in

the early 1990s after the former Soviet Union dis-

integrated. There are only 81 and 62 stations that have

continuous climate observations in the periods of

1979–2011 and 1960–2011, respectively. The spatial

distribution of the stations is shown in Fig. 1a. It should

be noted that the long-term stations (covering the

1979–2011 period), from which the climate trend is

derived, were not evenly distributed in central Asia

(Fig. 1b). Many areas, such as the Pamirs, the deserts in

the middle of the Tarim and Junggar basins, and the

northern part of the Turanian plain have very low

station density. Such poor station coverage makes it

difficult to use the station data to investigate climate

change in those areas. The gaps in station observations

can, however, be filled with information provided by

spatially explicit reanalysis products that utilize model

simulation outputs. To assure that the model simula-

tions are reasonable in describing the climate in the

regions it is necessary to first evaluate the reanalysis

datasets using the quality-controlled station records

(i.e., OBS).
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Comparisons between the observed and reanalysis

results of variations in near-surface air temperature

show rather encouraging results: no significant differ-

ences in the annual and seasonal temperatures between

the OBS and each of the three reanalysis datasets. As

shown in Table 2, the surface temperatures in CFSR,

ERA-Interim, and MERRA are significantly correlated

with the OBS, with high correlation coefficients of 0.82–

0.87. Compared to the OBS the average absolute error

ranges from 20.598C for ERA-Interim to 1.68C for

MERRA. As also expected, all three reanalysis datasets

show closer match with the OBS in the plains region

(with CC of 0.90–0.92) than in mountainous areas (with

CC of 0.63–0.79) (Table 2). The CC between the OBS

and the three reanalysis datasets decreases slightly from

0.87 in the 1980s and 1990s to 0.81 in the 2000s1. These

statistics indicate that the three reanalysis datasets can

faithfully describe the temperatures and their variations

in central Asia. In particular, the CSFR had the lowest

AE, MAE, and RSME and highest CC among the three

reanalysis datasets. Noticeably, CSFR also has the

highest spatial resolution among all the three datasets

(Table 1).

b. Temporal variation in surface temperature based
on multiple datasets

The OBS, the CRU, and the three reanalysis datasets

all show that central Asia has experienced a significant

rise in surface temperatures from 1979–2011. Most areas

in our study region, about 75%–90% according to linear

least squares fitting and 60%–85% according to the M-K

test, have experienced a significant (at the 95% confidence

level) increase in annual mean temperatures in the period

from 1980 to 2011 (Figs. 2a and 2b). Areas experiencing

TABLE 2. Evaluating three reanalysis products using annual mean temperature recorded by meteorological stations in central Asia.

Period Region Reanalysis product

Statistics

AE (8C) CC MAE (8C) RMSE (8C)

1980s Plain area (74 stations) CFSR 0.4 0.93 1.27 1.73

ERA-Interim 0.25 0.92 1.19 1.9

MERRA 1.79 0.92 2.08 2.71

Mountain area (33 stations) CFSR 21.19 0.83 2.54 3.44

ERA-Interim 22.12 0.68 3.47 4.62

MERRA 1.59 0.85 3.22 4.03

All areas (107 stations) CFSR 20.09 0.89 1.66 2.37

ERA-Interim 20.48 0.84 1.9 2.99

MERRA 1.73 0.89 2.43 3.16

1990s Plain area (80 stations) CFSR 0.37 0.95 1.18 1.65

ERA-Interim 0.11 0.93 1.2 1.89

MERRA 1.72 0.92 2.07 2.68

Mountain area (32 stations) CFSR 21.63 0.78 2.85 3.84

ERA-Interim 22.43 0.61 3.62 4.80

MERRA 1.35 0.79 3.23 4.02

All areas (112 stations) CFSR 20.21 0.89 1.66 2.46

ERA-Interim 20.61 0.85 1.89 3.00

MERRA 1.62 0.89 2.4 3.11

2000s Plain area (81 stations) CFSR 0.66 0.88 1.78 2.42

ERA-Interim 0.16 0.85 1.99 2.75

MERRA 1.97 0.85 2.69 3.47

Mountain area (33 stations) CFSR 22.05 0.75 3.17 4.15

ERA-Interim 22.72 0.6 3.82 5.1

MERRA 0.18 0.69 3.43 4.46

All areas (114 stations) CFSR 20.13 0.84 2.18 3.0

ERA-Interim 20.67 0.78 2.52 3.57

MERRA 1.45 0.81 2.91 3.76

1979–2011 average Plain area CFSR 0.48 0.92 1.41 1.93

ERA-Interim 0.17 0.90 1.46 2.18

MERRA 1.83 0.90 2.28 2.95

Mountain area CFSR 21.62 0.79 2.85 3.81

ERA-Interim 22.42 0.63 3.64 4.84

MERRA 1.04 0.78 3.29 4.17

All areas CFSR 20.14 0.87 1.83 2.61

ERA-Interim 20.59 0.82 2.10 3.19

MERRA 1.60 0.86 2.58 3.34
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cooling are rare. Results from linear fitting analysis

show that the region’s annual mean temperatures have

increased at an average rate of 0.398C decade21 (ranging

from 0.368–0.428Cdecade21) from 1979 to 2011 (Figs. 3

and 4a). This rate is higher than the average warming rates

of 0.308 and 0.158Cdecade21 in the last 5 decades (1960–

2011) and 11 decades (1901–2009), respectively, based

on the OBS and CRU datasets (Figs. 3b,c and 4a), as

FIG. 2. Percentage of stations and study area (according to the CRU, CFSR, ERA-Interim, and MERRA datasets) showing no change

(white) or significant (at the 95% confidence level) warming (stippled) or cooling (gray) in surface temperature during 1979–2011. Results

in are derived based on (a) linear trend fit and (b) the M-K test. Along the abscissa, ANN indicates annual, MAM spring, JJA summer,

SON fall, and DJF winter.
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FIG. 3. Trends of temperature change: (a) from 1979 to 2011 based on observational records from 81meteorological stations; (b) for 1979–

2011 and 1960–2011 revealed by records from 62meteorological stations; (c) for 1901–2009, 1960–2009, and 1979–2009 revealed by theCRU

dataset; (d) for 1979–2011 revealed by the CFSR reanalysis dataset; (e) for 1979–2011 revealed by the ERA-Interim reanalysis dataset; and

(f) for 1979–2011 revealed by the MERRA reanalysis dataset. In each panel, annual mean temperatures are shown by the dots along with

a linear fit to the data to show the trend in temperature variation. The yellow curve is a smoothed depiction using 5-yr moving average to

capture the variations in the data. The 95% confidence interval envelope is shown by cyan color (annual values exceed those limits).
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probably anticipated. Moreover, the decadal temper-

ature difference for seasonal and annual mean surface

temperatures between the 2000s1 and 1990s is 35%–

200% higher than the difference between the 1990s

and 1980s, indicating the warming continuing into the

twenty-first century (Fig. 4b). The M-K tests indicate

that an overwhelming temperature increase took place

in the late 1990s and early 2000s, a result again sug-

gesting strong warming near the turn of this century

(Fig. 5a).

Figure 4a also shows that the changes in seasonal

temperatures are similar among the results from the

OBS, the CRU, and the three reanalysis datasets.

Warming is most prominent in the spring, at rates

ranging 0.648–0.818Cdecade21 from 1979–2011 among

the datasets. Figure 4b further shows that the difference

of temperatures between the 2000s1 and the 1990s [Eq.

(1)] accounts for 75%–83% of the spring warming in the

last three decades, a result again indicating strong

warming near the turn of this century. Except for winter,

the other seasons also show significant warming from

1979 to 2011 (also see Fig. 2). Results fromanalysis of the

OBS and MERRA data show that 3%–4% of the study

region has experienced decrease in winter temperatures

FIG. 4. Annual and seasonal changes in near-surface air temperature (a) for 1979–2011, 1960–

2009, and 1901–2009, calculated using linear fitting and (b) from 1980 to 2011 as revealed by

decadal differences [i.e., (1990s2 1980s) vs (2000s21990s); Eq. (1)]. Note that the two periods,

1990s2 1980s and 2000s2 1990s, are stacked in (b). Error bars show 1 standard error in both

(a) and (b).
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during the last three decades. A linear fitting result of the

MERRA data (Fig. 4a) suggests a cooling rate of

0.278Cdecade21 in mean winter temperature from 1979

to 2011. Results from decadal difference analyses [Eq.

(1)] of the OBS, ERA-Interim, and MERRA show that

the average winter temperature of the 2000–11 is about

0.118–0.398C lower than that of the 1990s in central Asia,

indicatingmild winter cooling near the turn of the century

(Fig. 4b). The other two datasets, CFSR and CRU, show

a slight increase in winter temperatures (magnitude

smaller than one standard error).

c. Spatial variation in temperature changes

Although the analysis of average temperatures in the

study region shows similar variations between the OBS

and the CRU and the three reanalysis datasets, there are

dissimilarities in their spatial patterns. Figures 6b and 6c

show that theCFSR andERA-Interim have similar spatial

pattern of temperature change with relatively strong in-

crease in the northern and southwestern Turanian plain

and in eastern Xinjiang. This pattern is largely similar to

that shown in Fig. 1b from the OBS and Fig. 6a from the

CRU data, but different from the result derived from the

MERRA dataset (Fig. 6d). The major differences are in

Xinjiang, where the MERRA result shows little change in

temperature, and in northern and eastern Kazakhstan

where there is widespread increase in temperature in the

MERRA result.

We further examined and compared the evolution of

the decadal temperature change pattern from the 1980s

to 2000s1 derived from all the datasets. The differences

of the decadal averaged near-surface air temperatures in

FIG. 5. Turning point (in a span of 5 yr) in temperature trend from 1979 to 2011: (a) temperature

increase and (b) temperature decrease.
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the study region provide additional temporal details for

the 33-yr (1979–2011) temperature trends shown in

Fig. 6. The changes in surface temperature from the

1980s to the 1990s for the datasets are shown in Fig. 7.

They show that 1) different datasets have yielded similar

results in temperature change in those two decades al-

though the MERRA data have some excessive warming

in the northern tier of Kazakhstan, and 2) there was

cooling from the 1980s to the 1990s in south-central and

central CAS region with varying but small magnitudes.

The cooling trend reversed in 2000–11 as shown in Figs.

7b,d,f,h when the five central Asian states showed

warming at large magnitudes.

Figure 7 also shows big differences in temperature

variation in eastern central Asia (Xinjiang, China). The

area shows noticeable warming from the 1980s to the

1990s while part of the CAS was experiencing weak

cooling in the same period. From the 1990s to the

2000s1 Xinjiang had weaker warming with some loca-

tions showing cooling while nearly the entire CAS had

substantial warming. Results from theM-K tests suggest

that temperature warming in many areas in Xinjiang

became noticeable in the 1980s, consistent with and

supporting the results in Fig. 7.

The EOF analysis helps encapsulate the information

about the spatiotemporal variations in the near-surface

air temperature in central Asia previously described.

Results of the EOF analysis are summarized in Table 3.

Since the first EOF mode (EOF-1) contributes 63%–

73% of the spatial variability in the annual temperature

variation during 1979–2011, only EOF-1 and its co-

efficient (PC-1) are shown in Fig. 8. Significant at the

95% confidence level, EOF-1 reaffirms that the tem-

perature changes in CAS and eastern central Asia (i.e.,

Xinjiang) are different as suggested in Figs. 7 and 8.

These results suggest the importance of regional pro-

cesses in local climate across the arid and semiarid

central Asia. The EOF-1 in Figs. 9a,c,g,e further shows

that the variability of the surface temperatures in central

Asia decreases from the northwest to the southeast.

Along this gradient, northern Kazakhstan has large var-

iability in surface temperature whereas southwestern

Xinjiang has small variability.

We further extended the analysis of near-surface air

temperature change in central Asia to changes in the

temperature for the vegetated (VG), nonvegetated

(NV), and glacier-covered (GC) areas in the region. The

results are summarized in Table 4. Again, the three re-

analysis datasets show significant warming in near-

surface temperatures for all land cover types. While

differences exist among rates of temperature changes

for VG, NV, and GC areas, the rates are similar for the

CFSR and ERA-Interim datasets. The results from

MERRA suggest a higher warming rate in VG areas

FIG. 6. Spatial pattern of annual temperature change rates (8Cdecade21) in central Asia from 1979 to 2011 based on linear trend fitting.

Circles show the locations of the meteorological stations and the filling color indicates the rate of change from available observational

data. Note that the white areas and circles indicate temperature changes that are insignificant at the 95% level.
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than the other two datasets. Additionally, results from

MERRA show that the warming rate of 0.418Cdecade21

in theVGarea is (statistically) significantly higher than the

warming rate of 0.248Cdecade21 in the glacier-covered

areas.

The change in the temperature trend as function of

elevation is also examined using the datasets. Figure 9

shows such elevation dependence of the annual and

seasonal near-surface air temperature in the Tian Shan

mountainous area. In general, the effect of elevation

FIG. 7. Spatial pattern of differences in decadal mean temperature (8C) for different datasets: (left) the difference between the 1990s and 1980s

and (right) the difference between the 2000s1 (2000–11) and 1990s: datasets (top)–(bottom) CRU, CFSR, ERA-Interim, and MERRA.
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damps the warming in the surface temperature. The

results from the CFSR dataset show stronger altitude

effects (with correlation coefficients as high as 0.41) than

the results from MERRA and ERA-Interim. Our fur-

ther analysis shows that this difference is not due to the

high resolution of CFSR, because even when the CFSR

and MERRA were rescaled to match the coarse reso-

lution of ERA-Interim (0.758 3 0.758) the general pat-

tern is unchanged (see Table S3 in the supplementary

material). CFSR always has stronger altitude effects

than the other two reanalysis datasets. Also shown in the

results of the CFSR data is that the effect of elevation is

most prominent in spring, when the decadal mean

warming rate is damped by 0.228C with every 1-km in-

crease in elevation.

4. Discussion

a. Comparison of this study with prior studies

Our results show a strong increase in the near-surface

air temperature at 0.398Cdecade21 averaged in central

Asia during the period from 1979 to 2011. This rate of

change is larger than the rate averaged for global land

areas (i.e., 0.278–0.318Cdecade21 from 1979 to 2005)

(Table 5; Brohan et al. 2006; Smith and Reynolds 2005)

and is about twice as large as the warming rate in Europe

(Simmons et al. 2004). This rate is comparable to the

observed warming trend in China [0.258–0.348Cdecade21

according to Ren et al. (2005) and Li et al. (2011, 2012)]

and also is in line with the central Asian averaged warm-

ing rate in the 50 years from1960 to 2009, 0.308Cdecade21.

It is worth of noting that this rate is much smaller than the

rate averaged over China, 0.528Cdecade21, reported in

Wang and Gong (2000). This difference results from dif-

ferent years used in these two studies. Wang and Gong

(2000) used data from 1979 to 1998. Because 1998 was an

extraordinarily warm year in China, ending the analysis

period in that year could have yielded a larger rate of

temperature change.

Our extension of the analysis indicates that centralAsian

temperature has increased at a rate of 0.158Cdecade21

from 1901 to 2011, which is comparable to the

0.178Cdecade21 temperature increase inRussia (Kattsov

et al. 2008) but twice as large as the global mean rate of

0.078–0.088Cdecade21 over the same period (Brohan

et al. 2006; Smith and Reynolds 2005). Additional com-

parisons of the results from our study to some relevant

previous studies are summarized in Table 5.

A breakdown of the decadal temperature change in

the recent 30 years further suggests an accelerated

warming in the past three decades (Table 4; Figs. 3b,c

and 7). This strong warming trend agrees with the pre-

dictions from global climate model (GCM) simulations,

which suggested that central Asia will have a warming

rate well above the global mean in the twenty-first

century (Trenberth et al. 2007). For example, model

simulations with eight GCMs (Pollner et al. 2008) and

four coupled atmosphere–ocean GCMs (AOGCMs;

Lioubimtseva and Henebry 2009) projected the tem-

perature in central Asia to increase with a rate of 0.298–
0.488Cdecade21 in the twenty-first century, comparable

to the recent warming rate (0.398Cdecade21) found in

this study (Table 5).

b. A shift in seasonal temperature change pattern
in recent decades and its impacts

It has been reported that temperature increase in

many regions around the world and in central Asian

countries has occurred most prominently in the winter

months. Winter warming contributed strongly to the

annual temperature increase (Zoi Environment Net-

work 2009; Huang et al. 2005; Li et al. 2011; Ren et al.

2005; Trenberth et al. 2007). Climate model projected

temperature change in the twenty-first century also

suggested that the largest temperature increase would

occur in winter in the central Asian states (e.g., Kattsov

et al. 2008; Lioubimtseva andHenebry 2009). Our study,

however, has revealed a dramatic shift of the largest

temperature increase in central Asia from its winter to

spring season. During most of the twentieth century,

surface air temperature on average has been increasing

at larger rate in winter than in other seasons. This situ-

ation has changed in the recent 33 years. From 1990s to

2000s1 the largest increase in seasonal temperatures has

been found in spring months (Fig. 4b) whereas the

winter temperature increase has been leveling off.

Our results further show that large rate of spring

temperature increase up to 1.28–2.28Cdecade21 has

TABLE 3. The eigenvalues l and variance contributions R (%) of the EOF analyses. The numeric subscripts indicate the EOF modes 1–4.

Datasets l1 R1 l2 R2 l3 R3 l4 R4

CRU 1186.55 72.50 145.25 8.88 132.28 8.08 39.34 2.40

CFSR 3490.33 62.99 577.43 10.42 355.58 6.06 280.59 5.06

ERA-Interim 521.21 69.05 77.59 10.28 64.68 8.57 17.82 2.36

MERRA 917.21 70.43 132.36 10.16 82.68 6.35 37.32 2.87
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concentrated in the central part of the central Asian

states (Fig. 10). This shift of the largest warming rate of

the seasonal temperature from winter to spring may

have started affecting the ecosystems in central Asia.

Strong spring warming could stimulate early leaf onset,

as observed in Europe during the last three decades

(Menzel and Fabian 1999; Menzel 2000; Menzel et al.

2006). Propastin et al. (2008) have detected a significant

FIG. 8. (left) EOF-1 of the annual temperature anomalies (8C) and (right) the corresponding time series from the four datasets:

(a),(b) CRU, (c),(d) CFSR, (e),(f) ERA-Interim, and (g),(h) MERRA.
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FIG. 9. (top)–(bottom) Annual and seasonal temperature trends from 1979 to 2011 (ordinate, 8Cdecade21) as function of elevation

(abscissa, mMSL) in the Tian Shanmountainous area (see Fig. 1a for the geographical location of this area) based on (left)–(right) CFSR,

ERA-Interim, and MERRA datasets. ANN indicates annual, MAM spring, JJA summer, SON fall, and DJF winter.
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increase (13.58%) in vegetation growth in terms of the

normalized difference vegetation index (NDVI) in

central Asian states from 1982 to 2003, which they at-

tributed largely to the increase in spring temperatures.

Furthermore, the strong spring warming in the central

Asian states was reported to have increased risks of

natural hazards such as flooding and formation and

outburst of ice dams in major rivers (Michael 2011;

Siegfried et al. 2012).

c. Elevation dependence of the near-surface air
temperature change in central Asia

A recent review by Rangwala and Miller (2012) sug-

gests that elevation dependence in temperature change

varies under spatial and temporal conditions. Some prior

studies using observational data have shown positive

correlations of the elevation with the warming rate in

the European Alps (Beniston and Rebetez 1996), Nepal

Himalayas (Shrestha et al. 1999), Yunnan Plateau in

China (Fan et al. 2011), and the Tibet Plateau (Liu and

Chen 2000). The warming is more pronounced at higher

elevations in those areas. This positive correlation of the

warming rate and elevation is also found in most model

simulation results (Giorgi et al. 1997; Chen et al. 2003).

However, our analysis shows significant negative corre-

lations (up to R2 5 0.41) between elevation and the

warming rate in the Tian Shan mountainous area of

central Asia during 1979–2011 (Fig. 9). A similar nega-

tive correlation also was found in the tropical Andes in

Vuille and Bradley (2000) and Vuille et al. (2003).

According to Liu and Chen (2000), a decrease in

spring snow cover at higher elevations could lower the

surface albedo and initiate a positive feedback on the

surface and near-surface air temperatures, leading to

more pronounced warming at high altitudes. This

mechanism has been confirmed by model simulations

(Chen et al. 2003) and was used to explain the observed

positive correlation between the warming rate and ele-

vation in the Tibetan Plateau (Liu and Chen 2000).

However, it is difficult to explain why in Tian Shan,

a region not far from the Tibetan Plateau, we found a

completely opposite pattern with warming rate decreas-

ing with elevation. Some possible factors attributing to

these differences could include the effectiveness of the

feedback as the elevation increase (into the permafrost

elevation or higher) and regional atmospheric circula-

tion. A conclusive understanding of this relationship

will require a more comprehensive network of climate

monitoring in mountainous regions and detailed mod-

eling (Rangwala and Miller 2012).

d. Effects of land-use changes

Although the temperature change in central Asia well

matched the recent warming in the North Hemisphere,

it could also be influenced by land-use changes such as

irrigation and urbanization at local scales (Lioubimtseva

et al. 2005). It has been widely observed that the oases in

our study region have lowered temperature comparing

to the surrounding desert (i.e., oasis cooling effect),

mainly due to the evaporative cooling caused by plant

transpiration and irrigation (Kai et al. 1997; Han 1999).

According to the statistics in Dukhovny et al. (2009),

both the intensity and total water of irrigation in the five

central Asian states decreased from 1994 to 2008

(Fig. 11a), possibly due to deintensification of agricul-

ture following the collapse of the former Soviet Union

(Lioubimtseva and Henebry 2009). Therefore, the ob-

served temperature rise could be partially caused by

local climate effect from declining irrigation intensity in

the CAS. To investigate this possibility, we first identi-

fied all the meteorological stations located in or within

5 km of the irrigated land in CAS based on the United

Nations Food and Agriculture Organization (FAO)

global map of irrigated land (Siebert et al. 2007). We

then paired them to the closest stations in nonirrigated

land (Fig. 11b). Although the advective effect of oases

on local climate fades rapidly with distance (Taha et al.

1991), there has been evidence that the effects could still

be considerable within 1–10 km from the vegetated

areas (DeVries 1959; Zhang and Zhao 1999), and the

typical width of the oasis–desert ecotone in the tem-

perate desert of central Asia is about 4 km (Han 1999).

Therefore, we used a 5-km buffer around the irrigated

land to identify the meteorological stations where local

conditions or observations may have been influenced by

changes in irrigation intensity since the early 1990s.

Comparisons between the temperature change rates of

those ‘‘oasis stations’’ and the control sites (i.e., the se-

lected stations outside the irrigated land) are shown in

Table 6. Although the mean warming rate of the oasis

stations was slightly higher than the mean rate of the

control sites (0.388 versus 0.348Cdecade21), the differ-

ence was not significant (p value . 0.05; N 5 14) ac-

cording to a paired t test. There was also no significant

difference between the mean warming rates of the oasis

stations and all other stations in central Asia according

TABLE 4. Rates of temperature change (8Cdecade21) from 1979

to 2011 in central Asia (CA), and in vegetated (VG), nonvegetated

(NV), and glacier-covered (GC) areas in central Asia.

Dataset CA VG NV GC

CRU 0.42 0.42 0.42 0.42

CFSR 0.36 0.37 0.34 0.33

ERA-Interim 0.36 0.36 0.37 0.33

MERRA 0.36 0.41 0.29 0.24
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to unpaired t tests. Finally, when comparing the mean

temperatures between the early 1990s (1990–95) and

late 1990s (1995–2000), we found that the warming in

the oasis stations was actually smaller than that in the

other stations (0.668 versus 0.848C). Our analysis,

therefore, detected no significant positive effect from

de-intensification of agriculture following the collapse

of the former Soviet Union in the early 1990s on the

observed temperature increase in central Asia.

We used a similar approach to investigate whether

urbanization in the study region may have affected the

observed temperature change. First, all urban stations in

central Asia were identified with the 500-m-resolution

global urban land map developed by Schneider et al.

(2009). Then, these urban stations were paired to the

closest rural stations in central Asia (Fig. 12a; Table 7).

In Fig. 12, the crosses mark the 22 meteorological sta-

tions located in urban areas. Although the population

increased by about 45.7% in those cities in 1980–2000

(Fig. 12b), paired t test showed no significant differences

in temperature change rates between the urban and

rural stations (p value . 0.05; N 5 22). Unpaired t test

values also indicated no significant difference in tem-

perature change rates between the urban stations and all

the other stations in the study region. These test results

thus suggest no significant effect from urbanization on

the observed temperature change in central Asia.

5. Conclusions

Temperature observations at meteorological stations,

the CRU dataset, and three recently developed high-

resolution reanalysis datasets, CSRF, MERRA, and

ERA-Interim, were used in this study to evaluate the

near-surface air temperature change in central Asia

from 1979 to 2011. The reanalysis datasets of CSRF,

MERRA, andERA-Interimwere first examined for their

accuracy in describing the temperature variations in the

study region. Comparisons of these datasets with quality-

controlled in situ observations showed that the datasets

are fairly accurate by several statistical measures, al-

though minor differences exist among these datasets and

the observations. While these test results are important

for validation of the datasets they justify the use of these

datasets in our analysis of the temperature variation in

central Asia. Their high-resolution spatial coverage

overcomes the difficulty of the ground observations

from sparse stations in the region and allows us to examine

and understand central Asian temperature variations

(Lioubimtseva et al. 2005; Lioubimtseva and Cole 2006).

FIG. 10. Spatial pattern of spring warming rate (8Cdecade21) from 1979 to 2011 in central Asia according to the four reanalysis datasets:

(a) CRU, (b) CFSR, (c) ERA-Interim, and (d) MERRA.
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FIG. 11. (a) Changes in total water for irrigation and irrigation intensity in the five central Asian states from 1994 to 2008 (Dukhovny

et al. 2009) indicating a declining irrigation in the region. (b) Pairing ofmeteorological stations located in the irrigated landwith the closest

stations outside the irrigated land.
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The consensus of these datasets and available in situ

observations indicates accelerated warming at the av-

erage rate of 0.398Cdecade21 in central Asia from 1979

to 2011, which is stronger than the mean rate of tem-

perature change for global land areas (e.g., Brohan et al.

2006; Smith and Reynolds 2005) and other regions

(Simmons et al. 2004; Ren et al. 2005; Li et al. 2011,

2012). Moreover, the warming rate in central Asia in the

first 12 years of the twenty-first century is larger than

that of the previous decades. This increase rate in central

Asia in the early twenty-first century is comparable to

that averaged for Russia and for China (Brohan et al.

2006; Smith and Reynolds 2005) and is larger than that

averaged for Europe (Simmons et al. 2004). In addition

to showing the spatial pattern of the temperature change

we further identified that the maximum rate of tem-

perature increase in central Asia occurred in the central

areas of the central Asian states.

We also found that the seasonal pattern of the rise in

near-surface air temperature has changed in central

Asia in the recent decades. While winter warming was

most prominent among all the seasons during the most

part of the twentieth century (Zoi Environment Net-

work 2009; Huang et al. 2005; Li et al. 2011; Ren et al.

2005; Trenberth et al. 2007), the winter warming has

weakened and even reversed in some areas over time.

Mean winter temperature in the early twenty-first cen-

tury is cooler than in the 1990s. Meanwhile, the spring

temperature has been steadily increasing from 1979 to

2011, with a larger increase rate in the early twenty-first

century. The spring warming has replaced the winter

warming as the major contributor to the annual tem-

perature rise. This shift of the strong warming from the

dormant winter season to the germination spring season

could result in changes in phenology of plants in the

region and also raise the risk of spring flooding (Michael

2011; Siegfried et al. 2012).

The magnitude of temperature increase is found

shrinking significantly with elevation, a result different

from the results of some previous studies in regions

surrounding central Asia (Beniston and Rebetez 1996;

TABLE 6. Comparison of the observed temperature change rates

from 1979 to 2011 between stations in irrigated land and the se-

lected stations out of irrigated land in the five central Asian states.

Stations in irrigated

land

Selected stations outside of irrigated

land

ID

Warming rate

(8Cdecade21) ID

Warming rate

(8Cdecade21)

12 0.33 23 0.31

7 0.24 19 0.10

176 0.11 151 0.28

261 0.16 106 0.20

138 0.50 109 0.41

193 0.30 106 0.20

223 0.52 241 0.37

236 0.68 224 0.34

299 0.27 260 0.39

305 0.46 273 0.42

334 0.52 350 0.57

346 0.41 260 0.39

338 0.44 260 0.39

356 0.41 224 0.34

FIG. 12. Pairs of meteorological stations located in the urban areas and the closest rural stations.
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Shrestha et al. 1999; Fan et al. 2011; Liu and Chen 2000)

and from most model simulations (Giorgi et al. 1997;

Chen et al. 2003). This different result and further un-

derstanding of underlying mechanisms for the observed

temperature change and its spatial heterogeneity in

central Asia will continue to elude us in the absence of

comprehensive networks of climate monitoring in this

vast arid and semiarid region (Rangwala and Miller

2012).

It has been suggested that the de-intensification of ag-

riculture following the collapse of the Soviet Union in

early 1990s and urbanization may be influencing the ob-

served temperature change in irrigated or urban areas

(Zhou et al. 2004; Ren et al. 2008; Lioubimtseva and

Henebry 2009). Our analysis, however, did not find sig-

nificant contributions from urbanization or declined irri-

gation to temperature change in the study region. This

finding assures the relevance of our results in describing

the surface temperature variations in central Asia.
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