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Abstract: Precipitation has been considered to be a critical water source for both human livelihoods
and ecosystems in Central Asia. Using observational data and gridded datasets, we studied the
regional and seasonal differences of precipitation climate characteristics and variations in precipitation
over Central Asia. Using observational data obtained from the China Meteorological Administration,
Global Historical Climatology Network (V3.02), we divided Central Asia into four subregions (North,
Center, Southwest, and Southeast) based on the differences in seasonal cycles of precipitation. ‘Single
peaks’ were detected as types of seasonal cycles over the North and the Southeast, while ‘two peaks’
was the type that occurred in the Southwest. For the Center, the zone of transition between the
North and the Southwest, each monthly precipitation value was higher than the Southwest’s and
less than the North’s. GPCC (R2 of 0.89, RMSE of 64.5 mm/year) was proven to be the most suitable
dataset of the four datasets (CRU, GPCC, MERRA, and TRMM) to describe precipitation in Central
Asia, based on validation against observational data, and used to detect the spatial and temporal
trend of precipitation in Central Asia and four subregions during 1960–2013. No significant trends
were observed for annual precipitation in Central Asia, while precipitation in winter displayed a
significant increase (0.11 mm/year). Additionally, significantly increasing trends (0.16, 0.27, 0.13,
and 0.13 mm/year) were detected in spring, summer, autumn, and winter over the Southeast
during 1960–2013.

Keywords: Central Asia; Global Historical Climatology Network; seasonal cycle; precipitation
change; global warming

1. Introduction

Precipitation is considered to be a critical water source for both human livelihoods and ecosystems
of Central Asia, which comprises one of the largest arid and semiarid areas in the world [1–3].
In recent years, earth’s global mean surface temperature has significantly increased and warming has
been estimated to lead to large increases in atmospheric water vapor content and acceleration of the
hydrological cycle [4–6]. In the context of global warming, a sound understanding of precipitation
climate characteristics and variations in precipitation is essential for successful management of water
resources in this arid and semiarid region.

A Synthetic Assessment of the Global Distribution of Vulnerability to Climate Change published
by CIESIN (Center for International Earth Science Information Network) declared that no data were
available in Central Asia [7]. For a long time, a satisfactory detection of precipitation variations over
Central Asia was hampered by the lack of observational data. Large parts of Central Asia are sparsely
populated steppes, deserts and mountain systems where the density of meteorological stations is very
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low [8]. Moreover, the density of meteorological stations decreased significantly after the collapse of
the Soviet Union in the beginning of the 1990s [9].

Due to lack of observational data, most previous research concentrated on gridded datasets
(output of climate model, climate reanalysis, spatial-interpolation, or remote sensing) to detect
the region’s climate variations even though large uncertainties have been noticed in these datasets.
Small, et al. [10] used the National Center for Atmospheric Research (NCAR) regional climate model
(RegCM2) to simulate the mean precipitation in Central Asia and indicated that RegCM2 was not
versatile enough to simulate the full range of precipitation. Using output from the Climate High
Resolution Model (CHRM) and three reanalysis datasets, Schiemann, et al. [9] analyzed precipitation
climate (mean spatial distribution, seasonal cycle, amplitude of interannual variability) over Central
Asia, but the accuracies of datasets were problematic. An increased trend of precipitation and
regional differences during 1930–2009 were detected by Chen, et al. [11] based on a dataset from
the Climatic Research Unit (CRU). Bothe, et al. [12] presented a descriptive large-scale atmospheric
circulation climatology model related to the precipitation climate over the Tianshan Mountains of
Central Asia based on the ERA-40 reanalysis data. In much detail, Huang, et al. [13] discussed
the various climatic characteristics and climate change based on CRU data. Recent studies focused
on the evaluation of gridded datasets for Central Asia. Guo, et al. [14] pointed out that both the
satellite-only and gauge-adjusted products had poor performance in Central Asia. A dataset released
by CRU was widely used in previous investigations, but the root-mean-square error (RMSE) against
observational data was larger than those derived from the University of Delaware, Global Precipitation
Climatology Centre (GPCC), and National Oceanic and Atmospheric Administration (NOAA) in
Xinjiang [15]. Results presented by Hu, et al. [16] showed that Modern-Era Retrospective Analysis for
Research and Applications (MERRA) data have higher accuracy than ECMWF Interim Re-Analysis
(ERA-Interim) and Climate Forecast System Reanalysis (CFSR), although they all overestimate the
observed precipitation in Central Asia.

The Global Historical Climatology Network (GHCN) is a database of temperature, precipitation,
and pressure records managed by the National Climatic Data Center, Arizona State University and
the Carbon Dioxide Information Analysis Center [17]. These records were collected from stations of
more than 30 different data sources. Over Central Asia, daily observations from 609 stations were
collected and organized by GHCN (V3.02), which was released in June 2013. However, most of the 609
stations covered the period before 1991. Even so, these data provide an opportunity to understand
precipitation climate characteristics based on observational data.

Most of previous studies were based on gridded datasets, and observational data in these studies
were only used for evaluating gridded datasets. Different from previous research, in this work, we
focus on making better use of observational data to detect precipitation climate characteristics and the
regional and seasonal differences in these characteristics and variations in precipitation from 1960–1991
based on observational data over Central Asia. These results based on observational data will provide
more accurate information about precipitation than gridded datasets, which will be essential for
hydrological, climatological, and ecological research. Therefore, the main objectives were: (1) to detect
precipitation climate characteristics based on observational data; (2) to depict regional differences of
variations in precipitation from 1960–1991 based on observational data; (3) to evaluate four gridded
datasets of precipitation against observational data; and (4) to detect regional differences of variations
in precipitation from 1960–2013 based on the most suitable datasets.

2. Data and Methodology

2.1. Study Area

Central Asia is located between 34◦N–55◦N and 46◦N–96◦N, with a total area of 4 × 106 km2.
Central Asia comprises five states of the Commonwealth of Independent States formed in 1991
after the fall of the former Soviet Union, namely Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan,
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and Uzbekistan, and the Xinjiang Uygur Autonomous Region (also called Xinjiang for short) in
northwestern China (Figure 1). The topography of Central Asia is complicated with altitudes
between −154 and 7443 m, and includes the Kazakh Hills, the Turan Lowland, the Tianshan Mountains,
the Junggar Basin, and the Tarim Basin (Figure 1). The climate is typically continental with mean annual
precipitation ranging from less than 20 mm to more than 1000 mm and mean annual temperature
ranging from −5 to 15 ◦C.
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Figure 1. The study area and the geographical distribution of meteorological stations.

2.2. Data

Observational data obtained from meteorological stations and four monthly gridded precipitation
datasets were used in this study. Stations located in Xinjiang are from the China Meteorological
Administration (CMA), while stations located in the five states are from the Global Historical
Climatology Network (GHCN).

Considering data integrity, consistency, and the time duration of measurements, we selected
52 stations from 1960–2013 from CMA, and 289 stations from GHCN. Of these 289 stations from
GHCN, 155 stations cover the period from 1960 to 1991, 33 stations cover the period from 1960 to 2005,
and there are 101 stations with more than 15 years worth of records from 1960–2013, but these years
are not continuous (Figure 1). The main uses of these data were: (1) all the 341 stations extended
dataset—used to describe the spatial distribution of the mean annual precipitation and seasonal cycle
and to validate gridded datasets; (2) 240 stations covering 1960–1991—used for trend analysis from
1960–1991; (3) gridded dataset - used for trend analysis from 1960–2013.

Table 1 displays the information on the four monthly gridded datasets including the spatially
interpolated dataset developed by the CRU [18], the spatially interpolated dataset developed by the
GPCC [19,20], reanalysis by MERRA [21], and the satellite-retrieved dataset developed by the TRMM
project [22].



Atmosphere 2016, 7, 139 4 of 13

Table 1. Precipitation datasets used in this study.

Dataset Version Spatial Resolution Time Span Description and Data Source

Climate Research Unit (CRU) TS3.10 0.5◦ × 0.5◦ 1901–2013
Angular distance-weighted (ADW)
interpolation based on records
from 4,000 meteorological stations.

Global Precipitation
Climatology Centre (GPCC) V7.0 0.5◦ × 0.5◦ 1901–2013

Interpolation based on quality
controlled data from all stations in
GPCC's data base available for the
required month with a maximum
number of 49,450 stations.

Modern Era
Retrospective-Analysis for

Research and
Applications (MERRA)

V2.1 0.5◦ × 0.67◦ 1979–2013

NASA Re-analysis for the satellite
era using a major new version of the
Goddard Earth Observing System
Data Assimilation System
Version 5 (GEOS-5).

Tropical Rainfall Measuring
Mission (TRMM) V7.0 0.25◦ × 0.25◦ 1998–2013 TRMM satellite product.

2.3. Methodology

To better understand the regional seasonal cycle of precipitation, we used the cluster analysis
method to divide Central Asia into subregions. Cluster analysis is the task of grouping a set of objects
in such a way that objects in the same group (called a cluster) are more similar to each other than to
those in other groups (clusters). It is a common technique for statistical data analysis and is widely
used in research on geoscience. We first calculated the mean monthly precipitation for the seasonal
cycle of precipitation for each of the 341 meteorological stations from 1960–2013, then used the cluster
analysis method to classify these mean monthly precipitation data.

We used the Mann-Kendall method to test the significance (95% level of confidence) of the
precipitation trends, and the linear least squares fitting method was used to compute the trends. Due
to the robustness of abnormally distributed data, the nonparametric Mann-Kendall test [23] proposed
by the World Meteorological Organization has been widely used for detecting trends of meteorological
factors [24,25]. The Mann-Kendall method is based on the correlation between the ranks of a time
series and their time order. For a time series composed of X1, X2, ..., Xn, their ranks are R1, R2, ..., Rn,
and the Mann-Kendall rank statistic S is given by

S =
n−1

∑
i=1

(
n

∑
j=i+1

sign
(

Rj − Ri
)
) (1)

where 
sign (X) = 1 f or X > 0
sign (X) = 0 f or X = 0

sign (X) = −1 f or X < 0
(2)

Positive S means an increasing trend for the time series, while negative S indicates a decreasing
trend. If the null hypothesis H0 is true, there is no trend in the data. Then, S can be assumed to be
approximately normally distributed with:{

µ = 0
σ = n (n − 1) (2n + 5) /18

(3)

The Z score of S is computed based from

Z = S/σ0.5 (4)

According the Z score, the p value can be obtained. In this study, the level of p is 0.05.
There were only 52 stations covering the period from 1960 to 2013. Therefore, we tried to select

a most suitable dataset for Central Asia from four monthly gridded precipitation datasets to detect
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the region’s precipitation trends from 1960–2013. We used Pearson correlation coefficients (R) and
root-mean-squareerror (RMSE) as indicators to validate the applicability of the four gridded datasets
according to observational data.

3. Results

3.1. Spatial Distribution of Mean Annual Precipitation

Mean annual precipitation (MAP) distribution within Central Asia was determined based on
observations from all of the 341 meteorological stations (Figure 2). Numerically, the MAP of Central
Asia ranged from 15 mm to 1230 mm. In terms of spatial distribution, MAP was obviously uneven
with less precipitation in the Tarim Basin, the Turan Lowland, and more precipitation in the Kazakh
Hills and the Tianshan Mountains. MAP within the Kazakh Hills decreased from north (600 mm) to
south (150 mm), while MAP within the Turan Lowland located in the south of the Kazakh Hills was
only 130 mm. There was high MAP (about 700 mm) in the Tianshan Mountains, and higher MAP on
the west piedmont of the Tianshan Mountains due to its location under the influence of the westerlies.
MAP values within the Junggar and Tarim Basins ranged from approximately 100 to 200 mm.
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Central Asia.

3.2. Subregion Division and Seasonal Cycle of Precipitation

Using the cluster analysis method, we divided Central Asia into four subregions as follows:
(1) the North, which includes the northern part of the Kazakh Hills, (2) the Center as the zone of
transition, which includes the southern part of the Kazakh Hills and the northern part of the Turan
Lowland, (3) the Southwest, which includes the main part of the Turan Lowland and a part of the
Tianshan Mountains, and (4) the Southeast, which includes the main part of the Tianshan Mountains,
the Junggar Basin and the Tarim Basin (Figure 3).

Then, we calculated regional averages of mean monthly precipitation to obtain the seasonal
cycle of precipitation for each subregion. In the North, there was maximum precipitation in July and
minimum precipitation in February. However, the seasonal cycle of the Southwest was typically a
‘two peak’ type with the first peak occurring in April, and the second peak occurring in December,
without ignoring the minimum precipitation observed in August. For the Center, the zone of transition
between the North and the Southwest, for each month, precipitation was higher than the Southwest
region’s and less than in the North. Additionally, the seasonal cycle of the Center was smooth and
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steady with maximum precipitation in July and minimum precipitation in February. For the Southeast,
the seasonal cycle was typically a ‘single peak’ type with the maximum precipitation registered in
July and the minimum precipitation recorded in January (Figure 3). Figure 4 displays the spatial
distribution of the monthly precipitation in Central Asia based on the GPCC, which is consistent with
regional patterns in Figure 3.
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Figure 4. Spatial distribution of monthly precipitation in Central Asia based on the GPCC dataset.
The twelve monthly precipitation values in each pixel were transformed into 0-1, and the minimum
value was set as 0 while maximum was set as 1.

3.3. Variations in Precipitation from 1960–1991

Observations from 240 stations covering the period 1960–1991 were used to detect trends of
precipitation over Central Asia and four subregions from 1960–1991. The annual precipitation across
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the entire Central Asia did not exhibit a significant trend but displayed significant increasing trends
in winter.

At an annual scale, the precipitation in Central Asia and the four subregions did not exhibit
significant trends (p > 0.05) according to the M-K test (Figure 5a, Table 2). At a seasonal scale, Central
Asia, the North and the Southwest displayed significantly increasing trends (p < 0.05) in winter
precipitation (Figure 5b), with respective rates of 0.49, 0.52, and 0.67 mm/year according to linear
least squares fitting, whereas the Center and the Southeast exhibited insignificant trends in winter.
No significant trends were detected for Central Asia and the four subregions in spring, summer,
and autumn (Table 2).Atmosphere 2016, 7, 139  7 of 13 
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Figure 5. Variations in precipitation (mm/year) of Central Asia (CA) and four subregions
from 1960–1991. (a) Annual; (b) Winter.

Table 2. Trends in annual and seasonal precipitation (mm/year) for Central Asia (CA) and four
subregions from 1960–1991.

Region
Annual Spring Summer Autumn Winter

Slope p Slope p Slope p Slope p Slope p

CA 0.33 NS −0.2 NS −0.11 NS 0.15 NS 0.49 **
North 0.3 NS 0.16 NS −0.87 NS 0.47 NS 0.52 *
Center 0.08 NS −0.1 NS −0.3 NS 0.07 NS 0.4 NS

Southwest 0.45 NS −0.43 NS 0.06 NS 0.09 NS 0.67 *
Southeast 0.32 NS −0.03 NS 0.08 NS 0.16 NS 0.1 NS

Symbols *, **, and *** represent significance at the 0.05, 0.01, 0.001 levels, respectively. NS indicates
“not significant”.

3.4. Validations of the Four Gridded Datasets against Observational Data

Four gridded datasets (CRU, GPCC, MERRA, and TRMM) were validated against all of
the 341 stations observations. As Figure 6 displays, all annual precipitation from CRU, GPCC,
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MERRA, and TRMM was significantly (p < 0.05) correlated with the gauged observations,
with correlation coefficients (R2) of 0.55, 0.89, 0.69, and 0.68, respectively. The root-mean-square
errors (RMSE) of CRU, GPCC, MERRA, and TRMM against observational data were 128.9, 64.5, 107.7,
and 82.5 mm/year, respectively. In conclusion, the GPCC dataset had the highest R2 (0.89) and lowest
RSME (64.5 mm/year) among the four gridded datasets. The results indicated that GPCC was the
most suitable dataset to describe the precipitation in Central Asia.
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3.5. Spatial and Temporal Variations of Precipitation from 1960–2013

Since there were not enough observational data after 1991, the selected GPCC datasets were used
to detect the spatial temporal trends of precipitation over Central Asia from 1960-2013. The results
indicated that annual precipitation did not exhibit a significantly increasing trend, while precipitation
in winter significantly increased in Central Asia, which was consistent with the observed trends
from 1960–1991.

At an annual scale, only precipitation in the Southeast exhibited a significant increase (p < 0.05)
of 0.64 mm/year (Figure 7a, Table 3). Spatially, a significant increasing trend was observed over
most regions of the Southeast. Except for the Southeast, almost the same area with increasing
and decreasing trends was located in the North, the Center, and the Southeast (Figure 8a). At a
seasonal scale, precipitation over Central Asia displayed a significantly (p < 0.05) increasing trend
of 0.11 mm/year in winter. In the Southeast, precipitation increased significantly in all seasons, with
rates of 0.16 mm/year in spring, 0.27 mm/year in summer, 0.13 mm/year in autumn and 0.13 mm/year
in winter. In the North, the Center, and the Southwest, no significant trends were identified in any
season except for the North and the Center in spring (Figure 7b, Table 3). Spatially, an increasing trend
was observed over most regions of Central Asia. Furthermore, an area with significant increasing trends
was located in the North, the Southeast, and southern part of the Tianshan Mountains (Figure 8b).
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Table 3. Trends in annual and seasonal precipitation (mm/year) for Central Asia (CA) and four
subregions from 1960–2013.

Region
Annual Spring Summer Autumn Winter

Slope p Slope p Slope p Slope p Slope p

CA 0.22 NS 0.04 NS 0.09 NS −0.03 NS 0.11 *
North 0.3 NS 0.29 * −0.05 NS −0.08 NS 0.13 NS
Center 0.06 NS 0.24 * −0.05 NS −0.16 NS 0.04 NS

Southwest −0.07 NS −0.22 NS 0.07 NS −0.06 NS 0.13 NS
Southeast 0.64 *** 0.16 * 0.27 *** 0.13 ** 0.13 ***

Symbols *, **, and *** represent significance at the 0.05, 0.01, 0.001 levels, respectively. NS indicates
“not significant”.
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4. Discussion

The results indicated that the GPCC dataset was the most suitable dataset to describe the
precipitation across Central Asia. This is probably because GPCC uses about 30 data sources with
a maximum number of 49,450 stations [19,20]. CRU is also a station-based interpolation, but it uses
only 4,000 stations; therefore it makes sense that comparing CRU to the local stations yields worse
results. TRMM satellite data and MERRA reanalysis data are independent of local surface observations
of precipitation, and had poor performance in Central Asia, which is consistent with the research of
Guo, et al. [14]. In the study conducted by Hu, et al. [16], the RMSE of GPCC was lower than that of
MERRA, ERA-Interim, CFSR in Central Asia. In addition, GPCC also performed well in other arid
regions [26,27]. Furthermore, both GPCC and CRU are station-based interpolation datasets. There are
two major error sources (systematic measuring error and stochastic sampling error) associated with
gauge-based measurement of precipitation. Of the sources of bias, wind-induced undercatch of solid
precipitation is by far the largest [28], especially in Central Asia, where snow makes an important
contribution to total precipitation. Parameters affecting the accuracy of measurement are features
of the instrument used (shape, size, exposition, etc.) and the meteorological conditions (wind, air
temperature, radiation, humidity) during the precipitation event. However, this information is not
available to correct the measuring error for most precipitation stations [20]. There is no accounting of
snow undercatch in the precipitation for these two datasets [18,20].

The results shown in Table 2 revealed that only precipitation in winter displayed a significant
increasing trend over Central Asia, and that significant increasing trends were detected in all seasons
over the Southeast from 1960–2013, which is not true for the other subregions.

In recent years, the global mean surface temperature has increased significantly by 0.85 °C,
especially in winter, according to the IPCC Fifth Assessment Report [29]. Under global warming,
some previous studies suggest that there existed a ’dry gets drier, wet gets wetter’ pattern
because atmospheric moisture convergence and divergence are expected to increase with increasing
atmospheric moisture content in a warmer atmosphere [30–32]. However, a recent study by
Greve, et al. [33] found that only 10.8% of the global land area shows a robust ‘dry gets drier, wet
gets wetter’ pattern, compared to 9.5% of global land area with the opposite pattern, that is, dry gets
wetter, and wet gets drier. Globally, precipitation averaged over dry regions shows robust increases
in both observations and climate models over the past six decades [34]. In Central Asia, annual
precipitation did not exhibit any significant increasing trend, while precipitation of Central Asia
displayed significantly increasing trends in winter from 1960–2013. Chen, et al. [11] also found that the
annual precipitation in this arid region generally increased during the past 80 years, with an apparent
increasing trend (0.07 mm/year) in winter. Global warming, southward shift and intensification of
the westerly cyclones and the associated changes of water vapor at the middle latitudes are likely
the major factors that increase the precipitation over Central Asia [11,35]. The causes of the regional
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differences in variations in precipitation may be the physical and dynamic processes of precipitation
and land use/land cover changes. Due to the variation of the North Atlantic oscillation (NAO),
the column water vapor content increases above the southeast region of Central Asia, where significant
increasing trends were detected in all seasons from 1960–2013 according to the results above,
while the transient eddy activity becomes intensified in the areas with a further south route moving
from Europe, Central Asia throughout northwestern China [36,37]. Local and regional human impacts,
such as massive irrigation, may have a stronger impact on the climatic system at the regional level
than global climate change [38,39]. Because of the Soviet Union collapse in 1991, arable land decreased
sharply until 2000 in the five states of Central Asia [40], while the oasis area in Xinjiang experienced
an increasing trend especially from 1975 [41], which may cause increases in evapotranspiration and
water vapor in the atmosphere. However, the vapor source and the physical and dynamic processes of
precipitation in Central Asia still require further study.

5. Conclusions

In this work, we detected the regional and seasonal differences in precipitation climate
characteristics based on observational data from CMA and GHCN and variations in precipitation from
1960–2013 based on the GPCC dataset.

Using observational data, we divided Central Asia into four subregions (North, Center, Southwest,
and Southeast) based on the differences in seasonal cycles of precipitation. Both the seasonal cycles
of the North and the Southeast displayed a single peak pattern with a peak in July and minimum
in February over the North and minimum in January over the Southeast with a smoother curve.
The Southwest was a two peak type with the first peak in April and the second peak in December.
For the Center, the zone of transition between the North and the Southwest, each monthly precipitation
value was higher than the Southwest’s and lower than the North’s.

Four widely used gridded datasets (CRU, GPCC, MERRA, and TRMM) were validated against
observational data, and GPCC was proven to be the most suitable dataset to describe precipitation in
Central Asia and was used to detect the spatial and temporal trend of precipitation from 1960–2013.
The results indicated that the annual precipitation over Central Asia did not exhibit a significant
increasing trend, while precipitation in winter displayed a significant increase in winter from
1960–2013. Additionally, significant increasing trends were detected in all seasons over the Southeast
during 1960–2013.
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