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This study analyzed the temporal precipitation variations in the arid Central Asia (ACA) and their regional differences during 
1930–2009 using monthly gridded precipitation from the Climatic Research Unit (CRU). Our results showed that the annual 
precipitation in this westerly circulation dominated arid region is generally increasing during the past 80 years, with an appar-
ent increasing trend (0.7 mm/10 a) in winter. The precipitation variations in ACA also differ regionally, which can be divided 
into five distinct subregions (I West Kazakhstan region, II East Kazakhstan region, III Central Asia Plains region, IV Kyrgyz-
stan region, and V Iran Plateau region). The annual precipitation falls fairly even on all seasons in the two northern subregions 
(regions I and II, approximately north of 45°N), whereas the annual precipitation is falling mainly on winter and spring (ac-
counting for up to 80% of the annual total precipitation) in the three southern subregions. The annual precipitation is increasing 
on all subregions except the southwestern ACA (subregion V) during the past 80 years. A significant increase in precipitation 
appeared in subregions I and III. The long-term trends in annual precipitation in all subregions are determined mainly by trends 
in winter precipitation. Additionally, the precipitation in ACA has significant interannual variations. The 2–3-year cycle is 
identified in all subregions, while the 5–6-year cycle is also found in the three southern subregions. Besides the inter-annual 
variations, there were 3–4 episodic precipitation variations in all subregions, with the latest episodic change that started in the 
mid- to late 1970s. The precipitations in most of the study regions are fast increasing since the late 1970s. Overall, the re-
sponses of ACA precipitation to global warming are complicated. The variations of westerly circulation are likely the major 
factors that influence the precipitation variations in the study region. 
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There is a general consensus that the 20th century is the 
warmest during the past thousand years and the recent 30 
years is the warmest in the 20th century [1–3]. The warming 
has caused a tremendous impact on global and regional wa-
ter resources and precipitation. However, the responses of 
regional precipitation and water resources to global warm-
ing differ regionally [4]. For example, Ma et al. [5] reported 
that the variations of precipitation and humidity in each  

continent are considerably different during the past 50 years. 
The Eurasia is generally drying due to decreasing precipita-
tion. By analyzing the precipitation variations over nine 
major arid regions in the global land area during 1900–1994, 
Hulme [6] found that the relationships between temperature 
warming and precipitation variations differ on different arid 
regions. In general, the precipitations in the arid regions are 
decreasing, while the global average precipitation is in-
creasing [6]. The Arid Central Asia (ACA) is one of the 
largest arid regions at the middle latitudes. The ACA, the 
major part of the arid Central Asia, ranges from approxi-
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mately 35°–53°N, and stretching from Caspian Sea to the 
western China border. This region covers Kazakhstan, Kir-
ghizstan, Tajikistan, Turkmenistan, Uzbekistan, northern 
Iran and Afghanistan. The precipitation variations are sug-
gested to be controlled by westerly circulation and North 
Atlantic Oscillation [7, 8]. The annual precipitation falls 
mainly in winter and spring, which is distinctly different 
from that in the middle latitude Eastern Asia influenced by 
summer monsoon circulation with major rainfall in summer. 
Our previous studies suggested that the humidity (precipita-
tion) variations in ACA are opposite to those of the summer 
monsoon dominated East China during the Holocene and 
the last 1000 years [9–11], suggesting that there is a west-
erly circulation dominated climate regime in the mid-   
latitude Asia [12]. This “westerly-dominated climate re-
gime” describes the opposite precipitation/humidity changes 
between the arid Central Asia and the summer monsoon 
dominated regions [12]. 

Because of the global warming, the air temperature in 
ACA is also increaseing (0.18°C per decade) during the last 
100 years [13]. The change in temperature in this region, 
however, is of greater magnitudes than other regions in 
China and is approximately twice the rate of temperature 
increase in the Northern Hemisphere [13]. The climate in 
arid northwestern China, especially the Xinjiang region, has 
changed from warm-dry to warm-wet regime since the mid-
dle 1980s [14], which is also supported by the fact that pre-
cipitation and soil moisture increased in the recent 50 years 
[15–17]. The monsoon dominated northern China and east 
northwestern China, however, are becoming warmer and 
drier in the recent 50 years [17–19]. The tree-ring recon-
structed drought index in east Tianshan Mountains (located 
in arid northwestern China) and Helan Mountain (located in 
the Asian summer monsoon boundary) also supports the 
observed opposite humidity changes between the arid and 
monsoon regions in the recent 50 years [20, 21]. Addition-
ally, Wang et al. [22] analyzed the variations of humid in-
dex in the mid-latitude Asia from Caspian Sea to East China. 
They identify a generally warm and dry tendency during the 
past 100 years, with most noticeable warm and dry trends 
appeared in the Asian summer monsoon boundary regions. 
The changes in temperature, precipitation, land use, and 
land cover, as well as regional climate changes, in certain 
areas of the Central Asia are studied using observations and 
climate models (e.g. [23]). However, the ACA is a strongly 
heterogeneous area, comprising both the high mountains 
and its surrounding low lands. Related to the complexity in 
terrain is the inhomogeneous climates and in particular, the 
precipitation across the ACA. Snow cover, forest, grassland, 
oasis, and desert are dominant landscapes in these regions. 
The precipitation is scarce over the vast inland basins, while 
the precipitation over the mountainous regions is quite 
higher, which is also the major water resources that supply 
the water usage in the arid region. Therefore, understanding 
the variations of precipitation and the related water re-

sources in the context of global warming is of paramount 
importance for the regional agriculture and economy. 
However, there are no previous studies that analyzed the 
precipitation variations and their regional differences spe-
cifically for the ACA. The physical mechanisms that influ-
ence the precipitation variations remain unexplained. This 
study evaluated the annual and seasonal precipitation varia-
tions and their regional differences in ACA during 
1930–2009. The physical mechanisms that influence the 
precipitation variations are also discussed. 

1  Data and method 

1.1  Data 

The data used in this study are the high spatial resolution 
gridded (0.5° × 0.5°) monthly precipitation data during 
1901–2009, obtained from the Climate Research Unit, Uni-
versity of East Anglia (http://www.cru.uea.ac.uk). This da-
taset represents an advance over other datasets because the 
homogeneities of the observed precipitation in individual 
weather stations have been checked and adjusted by various 
statistical methods before constructing the girded dataset 
[24]. The dataset also has higher spatial resolution and 
longer temporal coverage than other available products. 
This dataset has been widely used to investigate climate 
changes and variations regionally and globally (e.g. [5, 
25–27]). This study focuses on the arid area of the Central 
Asia (35.25°–52.75°N, and between 46.25°E to the west 
border of China, see the shaded region of Figure 1). Before 
using the CRU data, we evaluate the quality of the data by 
checking the available observations that were used to con-
struct the gridded data. Our examination showed that there 
were very few observations available in the study regions 
before 1930s. In areas around the Caspian Sea, there were 
no observations during the 1920s. Therefore, this study only 
analyzed the precipitation during 1930–2009 because of the 
unreliable data before 1930. 

1.2  Empirical orthogonal function and rotated empir-
ical orthogonal function 

The empirical orthogonal function (EOF) decomposes   
the climate data from different locations into a set of or-
thogonal spatial patterns (EOF modes) along with a set of 
associated un-correlated temporal variations (principal 
components). A few EOF modes may account for the ma-
jority of the total variances included in the original climate 
data [28]. Therefore, the EOF is a powerful method for di-
mensionality reduction and pattern extraction. However, the 
EOF modes tend to reveal structures over most of the study 
domain and with a significant magnitude, which may not  
be able to distinguish the localized pattern we are interested 
in. The rotated EOF (REOF) is thus introduced to overcome 
those weaknesses [29]. The major advantage of REOF  
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Figure 1  The ACA and five subregions. Histograms show the monthly average precipitation (mm/month) in each subregion during 1961–1990. 

compared to the standard EOF is that it can accurately de-
scribe localized structures of the meteorological fields by 
rotating the expansion coordinates. In this study, REOF 
analysis is used to investigate the spatial features in precipi-
tation variations in ACA. 

1.3  Piecewise linear fitting 

Finding the overall linear trend is a common method in 
studying the changes in climate variables. However, fitting 
the linear trend only has a relevant meaning because it 
smoothes out the low frequency variations within the long 
climate time series. To reveal the low frequency behaviors 
in the precipitation data, the newly developed piecewise 
linear fitting method, named Piecewise linear fitting [30], is 
used. This method objectively computes the trend changing 
points in the climate time series. In particular, the method 
assumes that there are 1–12 breakpoints in the analyzed pre-
cipitation series. For each of these cases the method computes 
the best fitted trend in each segment of the analyzed precipi-
tation series. This procedure obtains all the partial solutions 
with fewer break points and allows us to build a series of  
the sum of the square residuals of the best fit with one, two, 
and up to a maximum of twelve breakpoints. At the end,     
the solution that minimizes the residual sum of square is 
chosen, and the trend in each segment is estimated. 

1.4  Multi-tape method and wavelet analysis 

The multi-tape spectral analysis (MTM, [31]) is used to 
analyze the cycles in precipitation in ACA. The MTM pro-

vides a novel means for spectral estimation of a time series 
containing nonlinear and strong short noises. This method 
has been widely applied to problems in climate signal anal-
ysis, including analyses of temperature and precipitation 
data. Additionally, the Mexico hat wavelet is also used in 
this study. Compared to conventional Fourier analysis and 
MTM, the wavelet analysis is able to decompose a time 
series into time-frequency spaces, which help determine 
both the dominant cycles of the analyzed time series and 
how those cycles vary in time [29]. 

2  Results 

2.1  Changes in area averaged precipitation 

To understand the temporal precipitation variations in ACA 
as the whole, the average annual and seasonal precipitations 
are calculated over the entire domain. The annual and sea-
sonal precipitations are all increasing during the past 80 
years (Table 1). The annual precipitation is increasing at a 
rate of 1.2 mm/10 a. The increasing trend is the strongest in  

Table 1  Linear trends of precipitation in different periods in ACAa) 

 1930 to mid-1970s Late 1970s to 2009 1930–2009 

Annual  3.8* 1.3 1.2 

Spring  2.6* 0.2 0.1 

 Summer 0.7 2.1 0.2 

 Autumn 0.6 0.8 0.3 

Winter 0.3 0.4 0.7* 

a) * indicates that the trend is significant at 95% confidence level. The 
unit is mm/10 a. 
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winter, with a rate of 0.7 mm/10 a (significant at 95% con-
fidence level), followed by autumn (0.3 mm/10 a), summer 
(0.2 mm/10 a), and spring (0.1 mm/10 a). The piecewise 
linear trend fitting results suggested that the precipitation 
variations differ seasonally. During 1930–1970, the spring 
precipitation is significantly increasing at a rate of 2.6 
mm/10 a, while the summer precipitation is increasing since 
the late 1970s. Superimposed on the long-term trends are 
interannual variations and extreme wet/dry fluctuations. 
Some extreme dry years recorded in the observations (e.g. 
1943– 1945 and 1974–1975) are also recorded by tree ring 
chronologies (e.g. [20, 32–34]). 

2.2  Subregions of the annual precipitation in the ACA 

To better understand the regional characters of the precipi-
tation variations, we used the REOF method to divide the 
study area into several subregions. The first 10 loading EOF 
modes explain 70.9% of the total variance of the annual 
precipitation (Table 2). According to North et al. [35], the 
remaining EOF modes are random noises and should be 
ignored. The first two EOF modes explained 25.3% and 
12.9% of the total precipitation variations. These two modes 
describe the difference of precipitation variations between 
the north and south, and west and east of the study region, 
respectively. To reveal the localized precipitation pattern, 
the first 10 EOF modes were subjected to an REOF expan-
sion. After rotation, the accumulated percent variance of the 
first 5 rotated loading vectors explained 46.5% of the total 
variance, which can well describe the regional features of 
the precipitation variations. By taking 0.5 as a threshold 
value for the rotated loading vectors in the REOF, we di-
vided the entire region into five subregions (Figure 1). De-
tails of the five subregions are listed below. 

Subregion I, termed the West Kazakhstan region. The 
topography in this region is characterized by vast plains, 
low lands and hills. The precipitation is relatively high in 
the south. The average annual precipitation in the region is 
261 mm. The precipitation falls fairly even on all seasons, 
with two small peaks in June and November (Figure 1). 

Subregion II, termed the East Kazakhstan region. This 
region includes central and northeastern Kazakhstan, with 
high mountains and low lands. The average annual precipi-
tation in the region is 269 mm. Though the summer precipi-
tation is slightly more than other seasons, the annual precip-
itation falls fairly even on all seasons. 

Subregion III, termed the Central Asia Plains regions. 
This region comprises Caspian Sea, southwestern Kazakh- 

Table 2  The total precipitation variances that are accounted for by the 
EOF and REOF modes 

Number 1 2 3 4 5 6 7 8 9 10 ∑ 
EOFs  25.3 12.9 8.7 5.7 4.2 3.7 3.1 2.9 2.3 2.1 70.9 
REOFs  11.3 10.8 8.3 8.1 8.0 7.3 5.4 4.7 4.1 2.9 70.9 
Increment –14.0 –2.1 –0.4 2.4 3.8 3.6 2.3 1.8 1.8 0.8 0 

stan, Uzbekistan, and Turkmenistan. This desert region is 
very dry with very low annual precipitation (125 mm). Ma-
jority of the annual precipitation (59.8%) occurs in winter 
and spring, with very little precipitation in summer. 

Subregion IV, termed the Kirghizstan region. This region 
is located in west Tianshan mountainous regions and the 
Pamir Plateau and comprises Kirghizstan, Tajikistan, and 
southeastern Kazakhstan. The average annual precipitation 
is 289 mm, with peak precipitation in April. Major precipi-
tation occurs in winter and spring and accounts for 63% of 
the annual total precipitation. 

Subregion V, termed Iran Plateau region. This region 
comprises northern Iran, southern Turkmenistan, and north-
ern Afghanistan. The average annual precipitation is 232 
mm, with 81.9% of the annual precipitation occurring in 
winter and spring and nearly no precipitation in summer. 

2.3  Periodic variations in annual precipitation 

The annual and seasonal precipitations in each subregion 
are computed by averaging the precipitation on all the grid 
points in the region during the past 80 years. Strong inter-
annual precipitation variations are identified in all the sub-
regions as well as the entire study region by MTM method 
(Figure 2). There is a significant (at 95% confidence level) 
2–3-year cycle in annual precipitation of the entire study 
region and subregions I, II, III, and V. The 2–3-year cycle 
in subregion IV is slightly weaker but it is still significant at 
90% confidence level. The 2–3-year cycle is also identified 
in seasonal precipitation data. Additionally, a significant 
5–6-year cycle is found in annual precipitation of the entire 
study region and the three south subregions III, IV and V. 
To examine how those cycles vary in time, the wavelet 
analysis is used. Our examination showed that the 5–6-year 
cycle is evident in annual precipitation of the entire region 
during the past 80 years, except for the 1930s and 1980s. 
The 2–3-year cycle is evident in annual precipitation from 
subregions I, II, III and V since the 1930s, consistent with 
the MTM results in Figure 2. Dominant 5–6-year cycle is 
observed in annual precipitation in subregion IV during the 
past 80 years. 

2.4  Linear trends in precipitation and their regional 
differences 

The annual precipitation is increasing in all subregions ex-
cept region V, which shows a weak decreasing trend. The 
trends of increasing precipitation in the four subregions I, II, 
III, and IV are 3.9, 0.7, 1.9, and 2.0 mm/10 a, respectively. 
Among them, the precipitations in subregions I and III are 
significantly increasing at 95% confidence level. Compared 
to other subregions, the magnitude of increasing precipita-
tion trend in subregion I is the highest. Though the total 
precipitation in subregion III is the lowest, the relative pre-
cipitation increment is the highest, which led to significant  
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Figure 2  The MTM power spectrum of the annual precipitation in the ACA and its five subregions during the past 80 years. Dashed lines indicate the 
cycles are significant at 95% confidence level. 

increasing trend during the past 80 years. Additionally, the 
precipitation increment in region IV is also high. Increasing 
precipitation may provide more water supplies for the agri-
culture in the oasis areas in the ACA. 

The piecewise trend fitting showed that it is generally 
wet in the 1960s followed by a dry 1970s in the ACA and 
the four subregions I, II, III, and IV with increasing precipi-
tation. Superimposed on the linear trends in precipitation 
are significant interannual variations in those four subre-
gions. A 2–3-year cycle is dominant in subregions I, II, and 
III, while a 5–6-year cycle is dominant in subregion IV. The 
variations of precipitation in subregion V are different from 
the other 4 subregions. No obvious trend is identified in this 
region. The precipitation is fluctuated mainly with a 2–3 
cycle around the mean condition. This subregion is gener-
ally dry in the 1940s and 1950s but wet in the 1970s, clearly 
different from the other four regions. Since the late 1970s, 
the precipitation variations are rather different among the 
five subregions. The annual precipitation is increasing 

step-by-step in subregions III and IV, but slowly decreasing 
in subregion V. The precipitations in subregions I and II, 
however, are first increasing rapidly followed by slowly 
decreasing. 

The seasonal precipitations in subregions I and II show 
similar variations. The increment of annual precipitation in 
subregion I during the past 80 years is caused mainly by 
increasing precipitation in winter and spring. The trends are, 
respectively, 1.5 and 0.9 mm/10 a in the two seasons. The 
piecewise linear fitting showed that the precipitation varia-
tions in this region were increased in all seasons from 1930 
to the early 1960s. The winter precipitation significantly 
increased at a rate of 4.7 mm/10 a in this interval. From the 
early 1960s to the late 1970s, the precipitation decreased in 
all seasons with most significant decreased in spring (–12.5 
mm/10 a). From the late 1970s to the early 1990s, the pre-
cipitation again increased in all seasons with most noticea-
ble increase observed in spring (4.2 mm/10 a). Since the 
early 1990s, the precipitation in all seasons has been slowly 
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decreasing. In subregions II, the annual precipitation in-
creased weakly during the past 80 years (Figure 3). The 
increasing trend is also caused mainly by increasing precip-
itation in winter (Figure 4). Similar episodic trends were 
detected in this subregion as in subregion I. 

The seasonal precipitations in subregions III and IV also 
show similar variations. In subregion III, the annual precip-
itation has significantly increased during the past 80 years. 
The winter and autumn precipitation has significantly in- 
creased but the winter precipitation contributes more to the  

 

 

Figure 3  The temporal variations of annual precipitation in the ACA and its subregions during the past 80 years. For comparison, the temporal variations 
in precipitation in Xinjiang, northern China [37], the PDSI in Xinjiang [20] as well as the air temperatures in the Northern Hemisphere [36] and the arid 
Central Asia [13] are also shown in this figure. The dashed lines indicate the overall linear trend during the past 80 years and the solid lines indicate the 
piecewise fitting trend. 
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Figure 4  Variations (solid line) and trends (dashed line) in winter precip-
itation in ACA and its subregions I–V during the past 80 years. 

increment of annual precipitation because mean autumn 
precipitation is relatively small. The spring and summer 
precipitations show apparent episodic trends, which over-
ride the overall linear trend. Persistent summer droughts are 
observed in the 1940s and 1970s. The precipitation in all 
seasons has increased step-by-step since the mid-1970s. 
Therefore, the annual precipitation increment is contributed 
by increasing precipitation in all seasons in the past 30 years 
in this region. Similar to subregion III, the annual precipita-
tion in subregion IV also increased during the past 80 years, 
with majority of the increment caused by increasing winter 
precipitation. However, the precipitation increment after the 
mid-1970s is caused mainly by significant increasing pre-
cipitation in winter in this region, which is slightly different 
from subregion III. 

Compared to other subregions, the precipitation varia-
tions in subregion V show distinct regional characters. The 
annual precipitation decreased from 1931 to the late 1940s, 
and then increased until the late 1970s, followed by a slow 
but stepwise decrease. The episodic changes are nearly 
out-of-phase to that of subregions III and IV. The overall 
decreasing annual precipitation is caused mainly by de-
creasing precipitation in winter and spring. No significant 
trends are detected, however, on annual and seasonal pre-
cipitations. The episodic precipitation changes also differ 
seasonally. The winter and spring precipitations show op-
posite trend from the 1930s to the early 1960s followed by 
similar decreasing trends since the 1970s. The differences in 
winter and spring precipitation trends are likely caused by 
the north-south shift of the westerlies. The summer precipi-
tation is generally small but increased rapidly in the past 20 
years. The autumn precipitation shows no detectable trend 
but with large magnitude of interannual variations. In sum-
mary, the annual precipitation in subregion V shows a weak 
decreasing trend superimposed with a significant 2–3-year 

cycle. The winter and spring precipitation decreased while 
the summer precipitation rapidly increased during the past 
30–40 years. 

The above results showed that the annual precipitation in 
subregions I–IV is increasing with majority of the incre-
ments occurred in winter. The subregion V, however, shows 
weak decreasing precipitation (Figure 5(a)). In the follow-
ing, the winter precipitation in subregions I–IV is averaged 
to describe the overall precipitation changes in ACA (Figure 
4) because variations in annual precipitation are caused 
mainly by changes in winter precipitation. The subregion V 
is excluded because it is not the traditional arid area in the 
Central Asia. In particular, the winter precipitation in sub-
region I–IV was normalized first and then averaged to form 
the averaged winter precipitation in the ACA. Figure 4 
shows that the averaged winter precipitation in ACA signif-
icantly increased during the past 80 years. This suggested 
that, albeit the annual precipitations variations are different 
regionally (Figure 5), the winter precipitation, which con-
tributes most to the annual total precipitation, is consistently 
increasing. 

3  Discussion 

This study analyzed the precipitation variations and their 
regional differences in ACA during 1930–2009. Our results 
showed that the precipitation in much of the ACA had in-
creased during the past 80 years, except the southwestern 
portion of the study region (Figures 3 and 5). Those results 
are generally consistent with the dry/wet changes in Xin-
jiang, a neighboring arid region east of the study region. 
Previous studies showed that the climate in Xinjiang shifted 
from warm dry to warm wet regime in the 1980s [14]. The 
precipitation and humidity in this region are increasing [18, 
19]. Following these changes, the inland lake areas are ex-
panding, and some dried-up lakes are again refilled with 
water and changing into lakes [38, 39]. The tree-ring recon-
structed PDSI also suggested that the soil moisture had in-
creased during the past 100 years in Tianshan Mountains 
[20]. Because the arid Xinjiang is bordering the ACA, the 
increasing precipitation in both regions suggested that the 
precipitation variations in the two neighboring arid regions 
at the middle latitudes are controlled by a common set    
of forcings. It also suggested that it is better to understand 
the precipitation variations and their physical processes in 
both regions together from a larger regional perspective. 
The increasing precipitation in both regions, however, is 
opposite to the precipitation changes in the mid-latitude 
Asian summer monsoon region. The Asian summer monsoon 
is generally weakening during the past 100 years [40–42]   
and the humidity in the Asian summer monsoon boundary  
is decreasing [21]. Observations show that west northwest-
ern China is becoming wetter and northern China is becom-
ing dryer in the recent 50 years [19]. Rapid decreasing  
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Figure 5  Absolute precipitation in the ACA during 1930–2009 (a) and relative precipitation changes during 1980–2009 relative to 1930–2009 (b). The unit 
is mm/100 a. 

precipitation appeared in the monsoon boundary [18, 37] 
(see also Figure 3). The opposite precipitation changes in 
mid-latitude Arid Central Asia and the monsoon dominated 
regions suggested these ‘westerly-dominate climate regime’ 
that operated during the Holocene [9, 11, 12] also existed on 
shorter time scales. 

Central Asia is rapidly warming during the past 100 years 
following the global warming. The warming, however, is far 
higher than the averaged warming rate over the Northern 
Hemisphere [13, 36]. Compared to regional temperature, the 
responses of regional precipitation to global warming is 
complicated (Figure 5). The rapid warming in the Northern 
Hemisphere from the 1920s to the 1940s is not observed in 
the Central Asia [13], likely because this warming was not a 
global phenomenon [43–45]. Accordingly, the precipitation 
in ACA has essentially no responses to this hemispheric 
warming. The rapid warming since the 1970s is observed 
both in Central Asia and in the Northern Hemispheric tem-

peratures [13]. In response to this rapid warming, the pre-
cipitation in the major arid area of ACA (subregions III and 
IV) is increasing rapidly and fluctuated with greater magni-
tudes. The precipitation in southwest ACA (subregion V), 
however, is weakly decreasing. This suggested that the re-
sponses of precipitation in ACA to global warming differ 
regionally (Figure 5). The increasing precipitation in subre-
gions III and IV and decreasing precipitation in subregion V 
are likely caused by north shift of the subtropical high and 
westerly jet. The global warming causes the subtropical 
high to move northward, which leads to a large scale sub-
sidence of air mass in the Iran Plateau that suppresses the 
rainfall development. Observations also showed that the 
precipitation in northern Iran is decreasing following the 
global warming [46], consistent with our results in subre-
gion V. The precipitation variations in subregions I and II 
(first rapidly increasing and then stepwise decreasing, see 
Figure 3) are likely related to variations of Siberia High and 
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Arctic Oscillation. 
The annual precipitation in the major arid area of the 

ACA falls mainly in winter and spring. The increments of 
the annual precipitation during the past 80 years are also 
caused mainly by increasing winter precipitation (Figures 1 
and 3). Therefore, the changes in locations and intensity of 
Siberia High likely played an important role on the varia-
tions of precipitation in the study regions, which deserves 
further investigation. Besides the changes in atmospheric 
circulations, other factors may also influence the precipita-
tion variations in Central Asia. For example, Su and Wang 
[15] found that the increasing humidity in northwestern 
China in the 1980s is closely associated with the shift of 
ENSO from a cold to warm phase at the same time. The 
changes of evaporation in upwind lakes (e.g. Caspian Sea 
and Aral Sea) and the shrinks of those large lakes may also 
influence the water cycle and precipitation in ACA. Addi-
tionally, the heterogeneous terrain and vegetation, as well as 
the local aerosols, may also play some role on the precipita-
tion changes in the study region. Modeling study [47] sug-
gested that the drought in ACA in early Holocene was 
caused by weaker and northern displacement of the westerly 
jet and reduced evaporation in upwind inland lakes (e.g. 
Caspian Sea) and the North Atlantic Ocean. Therefore, the 
strength of the westerlies and the associated changes of wa-
ter vapor at the middle latitudes are likely the major factors 
that influence the precipitation variations in ACA. More 
detail studies are needed to understand the responses of 
those factors to global warming, and the impact of those 
factors on increasing precipitation as well as their regional 
differences and mechanisms. 

The precipitation in ACA has significant interannual 
variations, which are superimposed on the long-term trends. 
Significant 5–6-year and 2–3-year cycles are detected in 
precipitation in ACA (Figure 2). The 2–3-year cycle is 
dominant in all subregions, while the 5–6-year cycle is also 
evident in subregions III–V. The 2–3-year cycle is an im-
portant interannual climate signal in the atmosphere and 
was identified on various climate variables in the tropo-
sphere (e.g. [48–52]). This cycle was also identified in 
mid-latitude westerly circulation [53] and the precipitation 
in the Asian summer monsoon boundary regions [54]. 
Therefore, the 2–3-year cycle is likely the dominant inter-
annual signal in atmospheric circulation and precipitation in 
the mid-latitude Asia, and certainly deserves further studies. 

4  Conclusions 

The average annual and seasonal precipitation in the entire 
ACA is increasing during the past 80 years. The largest in-
creasing occurred in winter. The increasing precipitation in 
ACA is opposite to that of the summer monsoon dominated 
regions in China, suggesting that the “westerly-dominant 
climate regime” [12] also existed on shorter time scales. 

The variations of precipitation in ACA also differ re-
gionally, and can be divided into five subregions. The an-
nual precipitation falls evenly on each season in the west 
(subregion I) and East Kazakhstan (subregion II) regions. 
The precipitation in the Central Asia Plains region (subre-
gion III), Kirghizstan region (subregion IV), and Iran Plat-
eau (subregion V) falls mainly during winter and spring. 
During the past 80 years, the precipitation is increasing in 
all subregions except subregion V. 

The precipitation in ACA has significant interannual 
variations. The 2–3-year cycle is dominant in precipitation 
in all subregions, while the 5–6-year cycle is also significant 
in the three south subregions (III, IV, and V). 

It is generally wet around the 1960s and generally dry 
around the 1970s in all subregions. However, the changes in 
precipitation since the late 1970s differ regionally. The pre-
cipitation in subregions III and IV has been persistently 
increasing since the late 1970s, which is likely related to the 
long-term changes in the westerly circulation at the middle 
latitudes. The precipitation in subregions I and II is first 
rapidly increasing and then slowly declining, which is likely 
related to the variations of Siberia High and Arctic Oscilla-
tion. The precipitation in subregion V is slowly but step-by- 
step decreasing, which is likely related to the northward 
shift of westerly jet stream and subtropical high. The 
mechanisms that caused the precipitation variations in ACA 
need further investigation. 
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