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Abstract: Climate warming will cause differences in precipitation distribution and changes in hydrological cycle 
both at regional and global scales. Arid lands of Central Asia (ALCA), one of the largest arid regions at the middle 
latitudes in the world, is likely to be strongly influenced by climate warming. Understanding the precipitation varia-
tions in the past is an important prerequisite for predicting future precipitation trends and thus managing regional 
water resources in such an arid region. In this study, we used run theory, displacement, extreme deviation theory, 
precipitation concentration index (PCI), Mann-Kendall rank correlation and climatic trend coefficient methods to 
analyze the precipitation in wet and dry years, changes in precipitation over multiple-time scales, variability of pre-
cipitation and its rate of change based on the monthly precipitation data during 1950–2000 from 344 meteorological 
stations in the ALCA. The occurrence probability of a single year with abundant precipitation was higher than that of a 
single year with less precipitation. The average duration of extreme drought in the entire area was 5 years, with an 
average annual water deficit of 34.6 mm (accounting for 11.2% of the average annual precipitation over the duration). 
The occurrence probability of a single wet year was slightly higher than that of a single dry year. The occurrence 
probability of more than 5 consecutive wet years was 5.8%, while the occurrence probability of more than 5 consecu-
tive dry years was 6.2%. In the center of the study area, the distribution of precipitation was stable at an intra-annual 
timescale, with small changes at an inter-annual timescale. In the western part of the study area, the monthly variation 
of precipitation was high at an inter-annual timescale. There were clear seasonal changes in precipitation (PCI=12–36) 
in the ALCA. Precipitation in spring and winter accounted for 37.7% and 24.4% of the annual precipitation, respectively. 
There was a significant inter-annual change in precipitation in the arid Northwest China (PCI=24–34). Annual precipi-
tation increased significantly (P=0.05) in 17.4% of all the meteorological stations over the study period. The probability 
of an increase in annual precipitation was 75.6%, with this increase being significant (P=0.05) at 34.0% of all the me-
teorological stations. The average increasing rate in annual precipitation was 3.9 mm/10a (P=0.01) in the ALCA. There 
were significant increasing trends (P=0.01) in precipitation in Kazakhstan, Kyrgyzstan and Tajikistan, with rates of 2.6, 
3.1 and 3.7 mm/10a, respectively. 
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Global warming has become an indisputable fact 
(IPCC, 2007). The spatio-temporal distribution of pre-
cipitation and its trends and variability, associated with 
climate change caused by global warming and human 
activities, has received much attention, particularly in 
arid and semi-arid areas where precipitation is an ex-
tremely important environmental factor. In these areas, 

the distribution and variation of precipitation can have 
a significant impact on the local ecological systems 
and environment (Lioubimtseva et al., 2005; Li-
oubimtseva and Henebry, 2009). Precipitation in arid 
lands of Central Asia (ALCA) is largely influenced by 
westerly circulation and the North Atlantic Oscillation, 
especially in winter and spring (Rogers and Van 
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Loon, 1979; Aizen et al., 2001). Chen et al. (2009) 
proposed the concept of “westerly mode” to describe 
the climate changes controlled by westerly circulation in 
Central Asia. Lioubimtseva and Henebry (2009) and 
Hedi et al. (2011) confirmed that precipitation in the 
western part of Central Asia displayed a continuous 
variation gradient, over which the annual precipitation 
tended to increase slightly. Temporal rainfall-NDVI re-
sponse patterns show a temporal lag (1–3 months) be-
tween precipitation anomalies and vegetation activity 
(Ursula, 2013). In the desert area of North China, al-
though precipitation is expected to increase in spring and 
summer and gradually decrease in winter, the annual 
precipitation is expected to rise (Xu et al., 2010). The 
probability of precipitation increasing in the extremely 
arid and arid areas of North China was 83% and 70%, 
respectively (Wang et al., 2013a). The largest 5-day pre-
cipitation, average precipitation concentration index 
(PCI) and daily precipitation in the Tianshan Mountains 
of Central Asia have risen rapidly at the rates of 1.18, 
0.09 and 6.75 mm/10a, respectively (Wang et al., 2013b). 
Further, results of most models have suggested that pre-
cipitation in the Qinghai-Tibetan Plateau will increase 
(Wang et al., 2008; Xu et al., 2008; Li et al., 2013). 
ALCA is different from other arid areas in the world 
because of its diverse landscapes with high mountains 
and basins. Precipitation in the mountain areas is rela-
tively abundant, which provides water resources to the 
surrounding arid areas by means of runoff, while pre-
cipitation in the basin areas is scarce (Chen et al., 2011). 
Due to global warming, great changes in precipitation 
have occurred in the ALCA, which have had significant 
impacts on local industrial and agricultural production. 

Therefore, studies on precipitation in the ALCA and 
its trends and variability in the future are of practical 
and theoretical significance.  

1  Materials and methods 

1.1  Study area and data analysis  

The study area covered Kazakhstan, Uzbekistan, 
Turkmenistan, Kyrgyzstan, Tajikistan and the arid 
Northwest China (ANWC; ANWC includes Xinjiang, 
northern Qinghai, Hexi Corridor in Gansu and western 
Inner Mongolia; Fig. 1). As the hinterland of Eurasia, 
the study area lies between 46°30'–96°22'E and 
34°20'–55°26'N, and has a total area of 563.8×104 km2, 
accounting for one third of the entire arid land in the 
world. As a typical inland arid area, the fragile ecosys-
tem and environment in the study area is sensitive to 
climate change. Most of the study area is desert, 
semi-desert and grassland, and therefore precipitation is 
essential to the local environment and ecological systems. 
There are 344 meteorological stations in the ALCA with 
47 stations in Kazakhstan, 53 in Kyrgyzstan, 40 in Taji-
kistan, 14 in Turkmenistan, 95 in Uzbekistan and 95 in 
ANWC. Due to geographical restrictions, most of the 
meteorological station data only covered up to 2000. 
Moreover, there were a few stations with data covered up 
to 2008 and one station with data only extended to 1995. 
To ensure the representative and reliability of data, we 
produced a series of data that covered up to 2000 in this 
study. Some data which did not cover the period up to 
2000 were extended by a linear regression method using 
data from surrounding regions. 

 

 
  

Fig. 1  Sketch map of the study area and distribution of meteorological stations 
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1.2  Study methods  

1.2.1  Run theory 

Run theory refers to the continuous appearance of the 
same events. Annual precipitation (Pi, i=1, 2, …, n) 
can be considered to be a discrete sequence. The mean 
annual precipitation (P0) was regarded as the threshold 
value. If Pi>P0, there is a positive variation, i.e. a pe-
riod with abundant precipitation; if Pi≤P0, there is a 
negative variation, i.e. a period with little precipitation. 
When Pi>P0 or Pi≤P0 occurs more than twice in suc-
cession, the period is referred to as continuous wet or 
dry years, with the former being referred to as positive 
runs and the latter as negative runs, thereby analyzing 
the variations in precipitation (Kan, 1986). The prob-
ability of a run can be calculated based on the follow-
ing formulae. 

P=ρ(K–1)×(1–ρ),             (1) 
ρ=(S–S1)/S.               (2) 

Where, P is the probability of K wet or dry years in a 
row; K is the number of continuous wet or dry years; 
ρ is a parameter of model distribution; S is the occur-
rence of wet or dry years in the statistics; and S1 is the 
number of times when continuous wet or dry years 
occurrence.  

1.2.2  PCI and standardization  

PCI shows the differentiation of precipitation and can 
be calculated by Eq. 3 (De et al., 2000).  
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Where Pi is the monthly precipitation at each site. 
When PCI<10, the precipitation is distributed evenly 
within the year; when 11≤PCI≤20, the precipitation 
displays seasonal changes; and when PCI>20, the pre-
cipitation displays large changes. 

We calculated the coefficient of variation of pre-
cipitation (CVP) and the coefficient of variation of 
precipitation concentration index (CVPCI) according 
to the annual precipitation at each station and the value 
of PCI, to reflect the changes in the temporal sequence 
of precipitation. The larger the coefficient of variation 
is, the more the sequence changes. Furthermore, we 
also calculated the standard annual precipitation (SAP) 

and the standard precipitation concentration index 
(SPCI) based on the improved data standardization 
formulae (Eq. 4 and Eq. 5, respectively) to reveal the 
characteristics of annual precipitation variations.  

( ) ,zi zi z zSAP P P P             (4) 

       ( ) .zi zi z zSPCI PCI PCI PCI        (5) 

Where, Pzi is the annual precipitation of the i-th year at 

station Z; zP is the average annual precipitation at 

station Z; PCIzi is the PCI of the i-th year at station Z; 

and zPCI  is the average PCI at station Z.  

1.2.3  Mann-Kendall rank correlation method  

The Mann-Kendall rank correlation method (Yue et al., 
2002) was used in this study to explain the sequences 
in the trends and variability of precipitation. The fun-
damental principle of this method is that in the tem-
poral sequence Pi (i=1, 2, …, n) or any of its allelo-
morphs (Pi, Pj , j>i), if Pi>Pj, the sequence is ascend-
ing, and vice versa. We also defined another parame-
ter (m) for evaluating precipitation tendency if the 
sequence is not clearly ascending or descending. 
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Where, n is the length of precipitation data series, and 
f is the log of an ascending allelomorph. If m>0, the 
sequence will ascend, but otherwise the sequence will 
descend. The larger the absolute value of m is, the 
more significant the sequence changes become. The 
critical testing value of m was ±1.96 when P=0.05. 

2  Results  

2.1  Characteristics of precipitation in wet and dry 
years in the ALCA  

2.1.1  Variability of precipitation  

We analyzed the characteristics of precipitation in wet 
and dry years from 1950 to 2000 in this study in terms 
of run theory (Cai, 2003) based on the annual precipi-
tation series in the ALCA (Table 1). The longest wet 
period was smaller than the longest dry period in each 



 XU Ligang et al.: Precipitation trends and variability from 1950 to 2000 in arid lands of Central Asia 517 

 

area of the ALCA, with drought developing into the 
main feature of the climate in this region. The average 
dry period in the entire area was 5 years, with an av-
erage annual water deficit of 34.6 mm (accounting for 
11.2% of the average annual precipitation over the 
period). In terms of each geographical area, the long-
est dry period in Kazakhstan was up to 10 years, with 
an average annual water deficit of 47.4 mm (account-
ing for 13.8% of the average annual precipitation over 
the period). The longest dry period in Tajikistan (3 
years) was the shortest, with an average annual water 
deficit of 72.4 mm (accounting for 15.8% of the aver-
age annual precipitation over the period). In the other 
areas, the longest dry period lasted for 5 to 7 years, 
and the average annual water deficit accounted for 
9.17%–17.92% of the average annual precipitation 
over the period. With regard to the average annual 
water deficit, Turkmenistan experienced the most se-
rious water shortage (17.92%) and then followed by 

Tajikistan (15.80%), while the ANWC had the least 
water shortage (9.17%).   

2.1.2  Occurrence probability of wet and dry years 

Displacement theory was used to determine the oc-
currence probability of continuous wet or dry years at 
each site (Table 2). The occurrence probability of a 
single year with abundant precipitation was higher 
than that of a single year with less precipitation. The 
model parameter ρ reflects the occurrence probability 
of continuous wet or dry years. If the parameter rep-
resenting continuous dry years is larger than the one 
for continuous wet years, it is more likely that a series 
of continuous dry years will be experienced. The oc-
currence probability of a single year with abundant 
precipitation in the ALCA was 41.0%, while it was 
40.0% in a single year with less precipitation (Table 2). 
Turkmenistan was the country with the largest occur-
rence probability of a single year with abundant pre-
cipitation (60.7%), and the occurrence probability of 

 
Table 1  Characteristics of precipitation in wet and dry years in the ALCA 

Positive run-length Sum of positive runs Negative run-length Sum of negative runs 

Longest 
wet period 

Mean Mean MSD 
Abundant 

precipitation
Longest 

dry period
Mean Mean MSD 

Water 
shortage

Area 
Annual 

precipitation 
(mm) 

(a) (mm) (a) (mm) 

Kazakhstan 342.5 6 2.1 106.6 103.23 1,278.7 10 2.3 106.6 226.69 47.4 

Kyrgyzstan 442.1 5 2.0 108.3 111.95 1,299.9 5 2.3 108.3  93.33 48.1 

Tajikistan 458.1 4 2.4 138.1 129.53 1,519.5 3 1.8 126.6 192.98 72.4 

Turkmenistan 179.7 4 1.8  64.4  44.26 837.0 7 2.0 64.4  70.68 32.2 

Uzbekistan 368.2 4 2.0 119.4  95.74 1,313.8 5 2.7 119.4  81.97 43.8 

ANWC 137.4 4 1.7 30.6  20.50 428.8 7 2.4  30.6  28.56 12.6 

ALCA 308.5 5 2.7 86.4  64.13 864.3 5 2.5  86.4  71.79 34.6 

Note: ANWC, arid Northwest China; ALCA, arid lands of Central Asia; MSD, mean square deviation. 
 

Table 2  The occurrence probability of wet and dry years in the ALCA 

Wet year Dry year 

1 
year 

2 
years 

3 
years

4 
years

>5 
years

1 
year

2 
years 

3 
years 

4 
years

>5 
yearsArea 

ρ 
Mean 

continuous
years (a) (%) 

ρ 
Mean 

continuous
years (a) (%) 

Kazakhstan 0.52 2.1 48.5 25.0 12.9 6.7 3.5 0.52 2.1 48.4 25.0 12.9 6.7 3.4 

Kyrgyzstan 0.48 1.9 52.0 23.0 12.0 5.8 2.8 0.60 2.5 40.0 24.0 14.4 8.6 5.2 

Tajikistan 0.67 3.0 33.3 22.2 14.8 7.3 6.0 0.56 2.3 44.4 24.7 13.7 7.6 6.2 

Turkmenistan 0.39 1.6 60.7 23.9  9.4 3.7 1.4 0.47 1.9 53.1 24.9 11.7 5.5 2.6 

Uzbekistan 0.66 2.9 36.5 22.6 14.8 9.7 6.4 0.65 2.8 35.5 22.9 14.8 9.5 6.7 

ANWC 0.45 1.8 54.2 24.2 11.4 5.2 2.4 0.59 2.4 41.2 24.2 14.2 8.4 4.9 

ALCA 0.63 2.7 41.0 23.3 14.1 9.2 5.8 0.60 2.5 40.0 24.0 14.4 9.6 6.2 

Note: ρ is a parameter of the run testing model.  
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a single year with abundant precipitation in ANWC 
was 54.2%. In Turkmenistan, the occurrence probabil-
ity of a single year with less precipitation was 53.1%, 
while the occurrence probability of 4 and 5 consecu-
tive dry years was 5.5% and 6.7%, respectively, which 
suggested that Turkmenistan has experienced frequent 
drastic climate changes. Conversely, Uzbekistan was 
most likely to experience a continuous dry climate for 
more than 3 years. 

2.1.3  Variability of the intensity of continuous 
drought  

We calculated the Hurst coefficient (H) in each area 

and for each meteorological station based on the R/S 

method (Feng et al., 2008), and divided the intensity 

of continuous drought into weak (0.55<H≤0.65), 

strong (0.65<H≤0.75) and pretty strong (0.75<H≤0.80) 

categories according to the study of Qing and Liu 

(2003). The distribution of Hurst coefficient in the 

ALCA is shown in Fig. 2. It can be seen from Table 3 

that the Hurst coefficient in the study area was be-

tween 0.58 and 0.72. The intensity of continuous 

drought in ANWC, Kyrgyzstan and Uzbekistan was 

strong, while it was weak in Kazakhstan, Turkmeni-

stan and Tajikistan. The precipitation sequence in the 

study area has been determined over a long period, 

and the general climate change in the future is ex-

pected to be consistent with the trends and variability 

in the past. According to Fig. 2, the values of Hurst 

coefficient in ANWC and Kyrgyzstan were higher, 

while they were lower in Kazakhstan and Tajikistan. 

2.2  Changes in precipitation at multiple-time 
scales in the ALCA 

2.2.1  Characteristics of inter-annual and annual 
changes of precipitation 

Contour maps of the parameters related to the temporal 
and spatial changes of precipitation in the ALCA were 
produced (Fig. 3). These parameters reflected the annual 
and inter-annual changes of precipitation. The average 
annual precipitation from 1950 to 2000 in the ALCA 
was 308.5 mm, and the average annual precipitation in 
central Kyrgyzstan and Tajikistan was relatively high 
with the values between 400 and 700 mm. The aver-
age annual precipitation in Uzbekistan, Turkmenistan 
and ANWC was low. Especially, the average annual 
precipitation in Turpan of China was only 36.1 mm 
(Fig. 3a). High values of CVP indicate very large in-
ter-annual variations of precipitation. As shown in Fig. 
3b, the values of CVP were quite small in Kyrgyzstan 
and Tajikistan. The inter-annual changes of precipita-
tion were greater in Uzbekistan and Turkmenistan  

  
Table 3  Hurst coefficient (H) and intensity of continuous drought 
in the ALCA 

Area H Intensity level 

Kazakhstan 0.64 Weak 

Turkmenistan 0.62 Weak 

Kyrgyzstan 0.69 Strong 

Uzbekistan 0.66 Strong 

Tajikistan 0.58 Weak 

ANWC 0.72 Strong 

ALCA 0.72 Strong 

 

 
 

Fig. 2  Contour map of the Hurst coefficient in the ALCA (arid lands of Central Asia)
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Fig. 3  Contour maps of precipitation parameters in the ALCA. (a) annual precipitation (AP); (b) coefficient of variation of precipitation 
(CVP); (c) precipitation concentration index (PCI); (d) coefficient of variation of precipitation concentration index (CVPCI). 

 
(CVP=0.48–0.84). The average value of CVP in 
ANWC was larger than that in other areas. PCI re-
flects the distribution of annual precipitation. It ranged 

between 12 and 36 in the ALCA, indicating signifi-
cant seasonal changes in precipitation (Fig. 3c). The 
values of PCI in ANWC were between 24 and 34, 
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reflecting significant monthly changes of annual pre-
cipitation. CVPCI reflects the inter-annual changes of 
the distribution of precipitation. The inter-annual dis-
tribution of precipitation in the middle part of the 
ALCA was relatively stable with the values of CVPCI 
between 0.18 and 0.24, while it fluctuated substan-
tially in the western part of the ALCA (Fig. 3d). 

2.2.2  Characteristics of decadal and seasonal chang-
es of precipitation  

The average precipitation, accumulated precipitation 
anomaly and percentage of years with a positive pre-
cipitation anomaly in each decade from the 1950s to 
1990s were calculated for the study area (Table 4). The 
hydrography of annual precipitation in the ALCA was 
also determined to analyze the seasonal changes of 
precipitation in each decade (Fig. 4). From the 1950s 
to the early 1960s, the climate was wet with accumu-
lated precipitation anomaly reaching 286.54 mm (Ta-
ble 4). The 1970s was a dry period, with accumulated 
precipitation anomaly of only 96.51 mm. The period 
from the 1980s to the middle 1990s was also dry. 
Spring is a rainy season in the ALCA, with precipita-
tion accounting for 37.7% of the average annual pre-
cipitation from 1950 to 2000. Spring precipitation was 
lowest in the 1990s (36.1% of the average annual pre-
cipitation), and highest in the 1960s (41.4% of the av-
erage annual total). Precipitation in summer accounted 
for 18.8% of the average annual precipitation during 

1950–2000, with the 1950s being the highest (19.7%) 
and the 1970s being the lowest (15.5%). In the 1990s, 
the accumulated precipitation anomaly in summer was 
17.71 mm. Precipitation in autumn accounted for 
18.1% of the average annual precipitation. Winter is 
also a wet season, with precipitation accounting for 
25.5% of the average annual precipitation from 1950 to 
2000. Winter precipitation was lowest in the 1960s 
(22.3%) and highest in the 1970s (27.4%). 

2.3  Trends and variability of precipitation in the 
ALCA  

2.3.1  Trends and variability of annual precipitation 
and its anomaly  

In this study, the Mann-Kendall rank correlation 
method was used to analyze the annual precipitation in 
each meteorological station in the ALCA. The 
changes of annual precipitation in the areas with dif-
ferent degrees of aridity are shown in Table 5, and the 
trends and variability of annual precipitation in the 
ALCA are shown in Fig. 5. Among the 344 typical 
meteorological stations, the probability of an increase 
in annual precipitation was 75.6%, with this increase 
being significant (P=0.05) at 34.0% of all the stations. 
However, the probability of a decrease in annual pre-
cipitation was 24.4%, with this decrease being sig-
nificant (P=0.05) at 4.4% of all the stations. SAP 
tended to increase at 61.0% of all the stations, with 

 
Table 4  Decadal and seasonal changes of precipitation in the ALCA from 1950 to 2000 

Duration Item 1950s 1960s 1970s 1980s 1990s 1950–2000 

Average precipitation (mm) 328.11 338.27 309.21 327.06 302.71 313.44 

Accumulated precipitation anomaly (mm)  92.46 194.08 –96.51  81.99 –157.34  19.80 

Whole year 

Precipitation of years with a positive anomaly (%)  53.33  51.67  43.33  45.00    43.75  44.93 

Average precipitation (mm) 128.32 139.97 122.42 124.48   109.42 118.07 

Accumulated precipitation anomaly (mm)  64.37 180.88   5.38  25.91  –113.90  17.87 

Spring 

Precipitation of years with a positive anomaly (%)  58.33  63.33  51.67  50.00    30.83  47.44 

Average precipitation (mm)  64.48  59.86  50.74  59.25    61.82  58.84 

Accumulated precipitation anomaly (mm)  50.80   4.59 –86.62  –1.51    17.71  –6.79 

Summer 

Precipitation of years with a positive anomaly (%)  51.67  38.33  25.00  41.67    56.67  44.47 

Average precipitation (mm)  53.45  62.89  51.34  62.56    48.77  56.56 

Accumulated precipitation anomaly (mm) –32.61  61.77 –53.72  58.50   –77.53  –5.23 

Autumn 

Precipitation of years with a positive anomaly (%)  31.67  60.00  38.33  60.00    30.83  46.39 

Average precipitation (mm)  81.85  75.54  84.68  80.77    82.70  79.96 

Accumulated precipitation anomaly (mm)   9.94 –53.13  38.26  –0.88    16.41  13.93 

Winter 

Precipitation of years with a positive anomaly (%)  50.00  38.33  53.33  50.00    49.58  46.04 
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Fig. 4  Annual and seasonal changes of precipitation from 1950 to 2000 in the ALCA. (a) annual precipitation; (b) precipitation in spring; 
(c) precipitation in summer; (d) precipitation in autumn; (e) precipitation in winter. 
 

this increase being significant (P=0.05) at 17.4% of all 
the stations. The probability of an increase in annual 
precipitation in extremely arid, arid, semi-arid and 
semi-humid areas was 81.8% (36.4% of all the sta-
tions passing a significance test), 80.9% (37.3% of all 

the stations passing a significance test), 68.6% (28.9% 
of all the stations passing a significance test) and 
76.9% (36.3% of all the stations passing a significance 
test), respectively. The probability of a reduction in 
annual precipitation in semi-arid and semi-humid areas 
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Table 5  Changes of annual precipitation (AP) and standard annual precipitation (SAP) in the areas with different degrees of aridity 

AP change (%) SAP change (%) 
Area 

Number of  
meteorological station Increase No change Decrease Increase No change Decrease 

Extremely arid area 22 36.4 (8) 59.1 (13) 4.5 (1) 0.0 (0) 95.5 (21) 4.5 (1) 

Arid area 110 37.3 (41) 56.7 (62) 6.0 (7) 10.0 (11) 84.0 (92) 6.0 (7) 

Semi-arid area 121 28.9 (35) 66.9 (81) 4.2 (5) 23.1 (28) 70.2 (85) 7.0 (8) 

Semi-humid area 91 36.3 (33) 61.5 (56) 2.2 (2) 23.1 (21) 75.8 (69) 1.1 (1) 

ALCA 344 34.0 (117) 61.6 (212) 4.4 (15) 17.4 (60) 77.6 (267) 5.0 (0) 

Note: Extremely arid area, AP≤50 mm; arid area, 50<AP≤200 mm; semi-arid area, 200<AP≤400 mm; semi-humid area, 400<AP≤800 mm. Number in the 
parentheses represents the number of meteorological stations.  
  

 
 

Fig. 5  Change trends of (a) annual precipitation (AP) and (b) standard annual precipitation (SAP) in the ALCA. ▲, increasing tendency; 
▼, decreasing tendency. * and ** mean significance at P=0.05 and P=0.01 levels, respectively. 
 

was 31.4% (4.2% of all the stations passing a signifi-
cance test) and 23.1% (2.2% of all the stations passing 
a significance test), respectively.  

2.3.2  Trends and variability of PCI 

We analyzed the values of PCI and SPCI at each mete-
orological station using the Mann-Kendall rank corre-
lation method in this study (Table 6). The distribution 
of PCI and SPCI in the ALCA is shown in Fig. 6. 
Among the 344 meteorological stations, the probability 
of an increase in PCI was 47.1%, with this increase 
being significant (P=0.05) at 17.7% of all the stations. 
The probability of a decrease in PCI was 52.9%, with 

this decrease being significant (P=0.05) at 8.2% of all 
the stations. The probability of an increase in SPCI in 
extremely arid, arid, semi-arid and semi-humid areas 
was 45.5% (4.5% of all the stations passing a signifi-
cance test), 40.0% (9.1% of all the stations passing a 
significance test), 53.7% (21.5% of all the stations 
passing a significance test) and 47.3% (19.8% of all 
the stations passing a significance test), respectively. 
The probability of a decrease in SPCI in semi-arid area 
was as high as 72.7% (13.7% of all the stations passing 
a significance test), which suggested that inter-annual 
variation of precipitation in semi-arid area will increase. 
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Table 6  Change trends of precipitation concentration index (PCI) and standard annual precipitation concentration index (SPCI) in the 
ALCA 

PCI change (%) SPCI change (%) 
Area 

Number of  
meteorological station Increase No change Decrease Increase No change Decrease 

Extremely arid area 22 9.1 (2) 72.7 (16) 18.2 (4) 4.5 (1) 81.8 (18) 13.7 (3) 

Arid area 110 13.6 (15) 73.6 (81) 12.8 (14) 9.1 (10) 86.7 (95) 4.2 (5) 

Semi-arid area 121 23.1 (28) 72.7 (88) 4.2 (5) 21.5 (26) 76.8 (93) 1.7 (2) 

Semi-humid area 91 17.6 (16) 77.8 (70) 5.6 (5) 19.8 (18) 76.9 (70) 3.3 (3) 

ALCA 344 17.7 (61) 74.1 (255) 8.2 (28) 16.0 (0) 80.2 (276) 3.8 (13) 

Area with 11≤PCI≤20 242 22.7 (55) 71.9 (174) 5.4 (13) 21.9 (53) 75.6 (183) 2.5 (6) 

Area with PCI>20 102 6.9 (7) 79.4 (81) 13.7 (14) 1.9 (2) 91.2 (93) 6.9 (7) 

ALCA 344 18.0 (62) 74.1 (255) 7.9 (27) 16.0 (55) 80.2 (276) 3.8 (13) 

Note: Number in the parentheses represents the number of meteorological stations.  

 

 
 

Fig. 6  Change trends in (a) precipitation concentration index (PCI) and (b) standard precipitation concentration index (SPCI) in the 
ALCA. ▲, increasing tendency; ▼, decreasing tendency. * and ** mean significance at P=0.05 and P=0.01 levels, respectively. 

 

2.3.3  Variation gradient of annual precipitation 

The climate trend coefficient method (Ren et al., 2005) 
was used to analyze the change trends of annual 
precipitation and calculate the change rate of precipi-
tation at each meteorological station (Table 7). The 
trends and variability of annual precipitation in the 
ALCA is shown in Fig. 7. The annual precipitation in 
the ALCA displayed an increasing trend, with the rate 
of 3.9 mm/10a (P=0.01). The annual precipitation in 

Kazakhstan, Kyrgyzstan and Tajikistan tended to in-
crease (P=0.01), with the rates of 2.6, 3.1 and 3.7 
mm/10a, respectively. Moreover, the annual precipita-
tion in ANWC also increased at the rate of 1.8 mm/10a 
(P=0.05). Both of the variations in annual precipitation 
and PCI were insignificant. The variations of SPCI in 
Turkmenistan, Uzbekistan and ANWC were significant 
(P=0.05), and the monthly precipitations in Turkmeni-
stan and Uzbekistan were discrete.  
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Table 7  Change trends of annual precipitation (AP), standard annual precipitation (SAP), precipitation concentration index (PCI) and 
standard precipitation concentration index (SPCI) in the ALCA 

Area Precipitation 
parameter 

Calculation 
parameter Kazakhstan Kyrgyzstan Tajikistan Turkmenistan Uzbekistan ANWC ALCA 

Testing parameters 3.934 4.313 6.384 0.067 1.461 1.223 2.897 

Change trend ▲** ▲** ▲** ▲ ▲ ▲* ▲** 

AP 

Change rate (mm/10a) 2.6 3.1 3.7 0.2 4.2 1.8 3.9 

Testing parameters –0.187 0.606 –0.474 0.426 0.411 –0.101 0.114 

Change trend ▼ ▲ ▼ ▲ ▲ ▼ ▲ 

SAP 

Change rate (mm/10a) –0.2 2.8 –1.5 1.0 2.1 –0.2 0.7 

Testing parameters –0.187 0.606 –0.474 0.426 0.411 –0.101 0.114 

Change trend ▼ ▲ ▼ ▲ ▲ ▼ ▲ 

PCI 

Change rate (mm/10a) –0.2 3.8 –2.5 1.0 2.1 –0.1 0.7 

Testing parameters 0.941 1.350 0.763 1.933 1.685 –1.789 0.808 

Change trend ▲ ▲ ▲ ▲* ▲* ▼* ▲ 

SPCI 

Change rate (mm/10a) 0.4 2.1 1.1 1.5 1.3 –0.4 0.5 

Note: ▲, increasing tendency; ▼, decreasing tendency. * and ** mean significance at P=0.05 and P=0.01 levels, respectively. 

 

 
 

Fig. 7  Distribution of change rate of precipitation in the ALCA 

 

3  Discussion 

Our research indicated that annual precipitation in 
the ALCA has displayed an increasing trend, with the 
rate of 3.9 mm/10a (P=0.01). We considered how 
this result conforms to the actual situation 10 years 
later. We loaded the monthly precipitation data of 95 
meteorological stations in ANWC during 1950–2010 
from http://cdc.cma.gov.cn and analyzed the changes 
of annual precipitation in this region. The average 
annual precipitation was 136.0 mm during 1950–2000, 
but it increased to 148.2 mm for the period of 
2001–2010. This confirmed that the annual precipita-
tion in ANWC is actually increasing. In addition, 

Huang et al. (2013) reported that the temperature has 
reduced dramatically in the upper troposphere over the 
summer in Northwest China since the 1970s, and in-
creased significantly in the lower troposphere over the 
arid zone of Northwest China, which has accompanied 
precipitation increases in the region since the 1970s. 
Using a series of precipitation data from 1961 to 2010, 
Yao et al. (2013) determined an increasing trend in 
precipitation in Northwest China, with the annual and 
winter precipitation increasing significantly by 9.52 
and 2.34 mm/10a, respectively. Since the 1960s, pre-
cipitation has also displayed a tendency of increase in 
the mountainous area of the Hexi inland river basin 
(Lan et al., 2012). Lioubimtseva and Henebry (2009) 
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reported a slight decrease in average annual precipita-
tion in the ALCA. Changes in the spatio-temporal 
distribution of precipitation in the ALCA have been 
projected, with less precipitation in the central and 
southern parts, particularly during the summer, and an 
increase in winter precipitation in the northern and 
eastern parts (IPCC, 2007; Lioubimtseva and Henebry, 
2009). In addition, a general increase in the frequency 
of extreme events is very likely (IPCC, 2007). By an-
alyzing the standardized precipitation index, Oliver et 
al. (2012) found that the extreme precipitation in 
western China and Central Asia were above and below 
the normal, respectively. In Uzbekistan and Turk-
menistan, precipitation mainly occurs from autumn to 
spring next year, with the maxima in March and April, 
respectively. ALCA is characterized by an obvious 
inter-annual variability of precipitation, where both 
occasional drought events and wet growing seasons 
are common (Henkin et al., 2007; Wehrden et al., 
2010). In the ALCA, the annual and seasonal precipi-
tations have both increased during the past 80 years 
(Chen et al., 2011). The annual precipitation in the 
ALCA is increasing at a rate of 1.2 mm/10a, and the 
increasing trend is strongest in winter, with a rate of 
0.7 mm/10a (significant at the 95% confidence level), 
followed by autumn (0.3 mm/10a), summer (0.2 
mm/10a) and spring (0.1 mm/10a; Chen et al., 2011).  

In the ALCA, the strength of the westerlies and the 
associated changes of water vapor at the middle lati-
tudes are likely the major factors that influence the 
precipitation variation. The scarce water resources, 
fragile ecosystems and strong human impacts on 
natural environment mean that this region is highly 
sensitive to changes in characteristics of precipitation 
caused by temperature anomalies such as global 
warming (Trenberth et al., 2003; Narisma et al., 2007). 
However, more detailed studies need to perform on 
how these factors respond to global warming and im-
pact on the increasing precipitation as well as their 
regional differences and mechanisms. 

4  Conclusions 

In this study, we used run theory, extreme deviation 
theory and PCI method to analyze the characteristics 
of intra-annual, inter-annual, seasonal and in-

ter-decadal precipitation, and used Mann-Kendall rank 
correlation and climatic trend coefficient methods to 
discuss the tendency and change rate of precipitation 
in the ALCA. We found that precipitation in the 
ALCA is very sensitive to global warming. Precipita-
tion showed significant inter-annual variations in 
many parts of the ALCA, especially in ANWC (the 
values of PCI ranging from 24 to 34). In the past 50 
years, precipitation in spring and winter occupied 
37.7% and 24.4% of the average annual precipitation, 
respectively; however, in summer it just accounted for 
17.9% of the average annual precipitation.  

In the ALCA, the spatial distribution of precipita-
tion and precipitation tendency in the future also 
showed different regional features. Precipitation is 
expected to increase in all parts of the ALCA except 
the western Kazakhstan, with rates of 2.6, 3.1, 3.7 and 
1.8 mm/10a in major Kazakhstan, Kyrgyzstan, Tajiki-
stan and ANWC, respectively. Precipitation in west-
ern Kazakhstan displayed a decreasing trend, with the 
rate of 1.96 mm/10a. 

The landscape of ALCA is diversity, containing ice, 

forest, grassland, oasis and deserts along with the ver-

tical gradient of altitude. Precipitation is abundant in 

the mountainous areas in the ALCA, while scarce in 

the basin areas, and therefore it is of great significance 

in the sustainable development of ecological systems, 

local economy and society. Further studies are re-

quired to determine the main causes for the changes in 

local precipitation under the combined influence of 

global climate change and human activities. The in-

fluences of precipitation changes on ecological sys-

tems and development of local water and soil re-

sources also need to be studied. 
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