Pol. J. Environ. Stud. Vol. 28, No. 3 (2019), 1651-1663

DOI: 10.15244/pjoes/89853

ONLINE PUBLICATION DATE: 2018-12-12

Original Research

Effect of Sunny/Shady Slopes on Phases

of Precipitation in China’s Tianshan Mountains

Xuewei Fan', Hailong Liu**, Xi Chen®, Ling Wang*

'College of Water Resources and Architectural Engineering, Shihezi University, Shihezi, China

2School of Resources and Environment, University of Electronic Science and Technology of China, Chengdu, China

3Xinjiang Institute of Ecology and Geography, Chinese Academy of Sciences, Urumgqi, China
*College of Architecture and Civil Environment, Xihua University, Chengdu, China

Received: 10 December 2017
Accepted: 10 April 2018

Abstract

Precipitation is an important element in the hydrological cycle in mountainous regions. Temporal
and spatial variations in precipitation and in its two phases — rain and snow — over the northern and
southern aspects of the slopes of the Tianshan Mountains are compared and analyzed using 55-year data
(1961-2015). The results of the analysis are as follows:

1) The average annual precipitation shows an upward trend: rainfall on the northern slopes increase
by 6.7 mm per decade and that on the southern slopes by 6.4 mm per decade; the corresponding figures
for snow are 2.0 mm and 4.2 mm; and the ratio of snowfall to precipitation (S/P) showed a weak
decreasing trend on both the slopes.

1) At a confidence level of 0.05, the M-K test shows that rain, snow, and S/P increased after
the change point, while rain and snow change significantly in the proportions,but S/P does not.

2) On the northern slopes, the periodicity of major changes is 25 years for rain and 30 years for snow,
whereas on the southern slopes the pattern is the exact opposite, the periodicity of major changes being

25 years for rain and 30 years for snow.

Keywords: change point, precipitation phase, Mann-Kendall test, periodicity analysis

Introduction

Even a minor change in the two phases of
precipitation — rain and snow — can have a major impact
on the environment as well as on people [1-2]. Globally,
more than 50% of meteorological disasters are closely
related to the transition phase of precipitation [3-4].
Snow greatly increases albedo, substantially altering the
land surface energy budget, whereas rain has the exact
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opposite effect [5]. In addition, rain data are modified
depending on the phase of precipitation, because the
data from a precipitation gauge are derived from
rain or snow [6]. Especially in mountainous regions,
precipitation is a major source that replenishes water
resources; thus, different watersheds respond very
differently to different phases of precipitation: during
and after a rainfall event, water first seeps into the
soil and then replenishes groundwater or goes away
as runoff, whereas snow gets stored as snowpack until
it gradually melts [7-8]. Correctly determining the
phase of precipitation is thus crucial to both simulating
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hydrological processes and managing water resources
rationally in the mountains. However, our present study
is limited to differentiating between the two phases of
precipitation by using temperature as a critical factor in
hydrological modelling.

The IPCC’s Fifth Assessment Report concluded that
global warming over the last hundred years is beyond
doubt, and that the trend to an increasingly warmer
climate in China is consistent with that seen worldwide
[9]. Global warming has become a major challenge for
human survival because it accelerates the water cycle,
exacerbates extreme hydrological events such as floods
and droughts, and reduces water efficiency [10]. Rising
temperatures not only lead to changes in the amount of
precipitation, but also to changes in its phases, thereby
changing the processes involved in the water cycle in
mountainous regions [11-13]. At higher elevations in
China’s mountainous regions, where temperatures are
markedly low, solid precipitation could account for a
large part of the total volume of both runoff water and
stored water [14]. The main runoff in the Tianshan
Mountains comes from the thaw from higher elevations
and from rainfall [15]. When rainfall increases in
summer, rivers are recharged, leading to floods during
summer and autumn; when snow increases in winter,
the snow accumulates on the surface initially and then
melts in the following spring, thereby increasing the
amount of water (snowmelt) in mountain areas and
contributing to the peak runoff in spring [16]. Although
extreme precipitation events have been the focus of
a great deal of research over the past few years, more
studies are needed to investigate the characteristics and
impacts of different phases of precipitation.

Past studies on the phases of precipitation have
concentrated mainly on the temperature profile and
geopotential thickness to explore the conditions that
govern the precipitation phase [17-20] and on the
microphysical aspects of the transformation between
rain and snow [21-22]. Studies on the precipitation
phases in the Tianshan Mountains are confined mainly
to analysis of the characteristics of snow and the process

of melting [23-25]: a systematic analysis of the phase
transformation in the Tianshan Mountains has received
little attention.

The present study seeks to fill that gap by systematic
analysis, taking the Tianshan Mountains as the research
region, and explores the temporal and spatial variations
in the two phases of precipitation, as well as their relative
proportions, by comparing the north-facing slopes and
the south-facing ones. The study can further get our
understanding of the impact of climate change on the
phases of precipitation and on the hydrological processes
and would play a decisive role in rational allocation and
sustainable development of water resources in Xinjiang
and Central Asia.

Material and Methods
Study Region
The Tianshan Mountains lie in northwestern
China (Fig. 1), covering the entire Xinjiang region,

and stretching for 1700 km along the east-west axis.
The average elevation is 4000 m [26]. The mountains
block large amounts of water vapour and form ‘wet
islands’ amidst arid arcas. The Tianshan Mountains
are the origin of 373 rivers in Xinjiang, accounting for
more than 50% of the total run-off in Xinjiang [27].
The average annual precipitation of about 410 mm is
distributed unevenly across the Tianshan Mountains,
with greater precipitation in the northern slopes and in
the west than in the southern slopes and in the east. The
proportion of the two phases of precipitation, solid and
liquid, also varies with altitude and season [28-29].

Data

Data of daily mean temperature, precipitation, and
relative humidity over a 55-year period (1961-2015) from
30 weather stations in the Tianshan Mountains were
disposed from the Meteorological Administration of
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Fig. 1. Study area and distribution of meteorological stations.
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China (www.cma.gov.cn). The data passed strict quality-
control checks. The precipitation data for 1961-1979
include marks for the phases of precipitation.

The data from some stations (Yiwu, Dabancheng,
and Shihezi) are incomplete for some years, and the
gaps were filled by using correlation analysis and
interpolating the data from adjacent stations for the
corresponding years.

Methods
Precipitation Trend Analysis

The trends in precipitation were analysed using the
tendency analysis method. A linear regression equation
between X and ¢ was established by using X, to represent
the climate variable of time ¢, [30]:

X, =a+bt;(1=1,2,...,n) 1)

...where b is the regression coefficient (tendency rate)
reflecting the trend of the variable and a is the regression
constant.

To reduce random error and to eliminate noise,
the moving average method was used with a 10-year
moving average to reflect the trends in precipitation.
The following formula is commonly used for calculating
moving averages:

i

SRS

i+m—1
X, =2
i=j

@

...where Xj is the sliding average for m consecutive years
starting from j. Here, m = 10.

The Mann-Kendall Test

The Mann-Kendall (M-K) test is a non-parametric
test recommended by the World Meteorological
Organization, which has been applied to trend analysis
of hydro- meteorological time series [31]. The results
of the M-K test are not affected by a few extreme or
abnormal values; the test is, therefore, widely used —
especially in trend analysis and mutation testing in
hydrology and meteorology. The detailed steps of the
test are described by [32].

In the M-K test, the null hypothesis, H, is that the
data in a time series (x, i = 1, 2, ..., n) has seen no trend
in precipitation over time. The alternative hypothesis,
H,, is that the series shows a monotonic trend. The rank
sequence S, is constructed as follows:

i=1 3)

j .
= @

...and the statistical variables are defined as follows:
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UF, is the standard normal distribution; for a given
level of significance o (generally taken a = 0.05), if
UF,> U the original hypothesis was accepted, namely
the trend is insignificant. Meanwhile, the statistics
UF, was used to judge the extent of the time series
trend. The greater |[UF)| indicated the more remarkable
changing trend (increase or decrease). The sequence
of times is inverted in order to x , and the same
operation is repeated to get UB, while ensuring that
UB= —UF, (k= 12, ..., n). And if the intersection of
UF, and UB, was between the critical values, then the
intersection point is a starting point of initial trend
changing.

Wavelet Analysis Periodic Test

Wavelet analysis was used for testing periodic
changes in the phase of precipitation in the study area.
This is an analytical method that shows the time change
of climate factors; it was later introduced into hydrology
[33], and can be used for analysing local variations in
time series of meteorological parameters. Based on
the characteristics of hydrological data, the Morlet
wavelet was selected as the wavelet function ¢(?);
the constant wavelet transformation of time series f{2)
was defined as follows:

t—n
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m
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...where W/(m,n) is the wavelet transformation
coefficient, ¢" ~(t) is a complex conjugate function,
m>0 is the scale factor reflecting the length of the
wavelet period, and n is the time factor reflecting
the translation time. Based on how W/(m,n) changes
by m and n, we can draw a two-dimensional contour
map about W/(m,n), with m as the ordinate and » as
the abscissa. This map can reflect the wavelet change
characteristics of that time series and reveal its local
feature on multiple timescales. ¢(?) can take different
forms; the form of a Morlet wavelet transform being
as follows:

o) = (1 — P)exp(-172) ©
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Fig. 2. Probability distribution of rain and snow for the period
1961-2015 over Tianshan Mountains.

The wavelet variance is expressed by the following
formula, which can be used to determine the main
period:

/4

s (m, ")‘2“’”

var (m)=f

Determining Precipitation Phases

(10)

The phase of precipitation depends on specific
atmospheric conditions: distribution of heat and
humidity, vertical motion, and the distribution of clouds
and ice nuclei [34]. However, data on cloud condensation
and on the distribution of ice nuclei are difficult to
acquire; the easier alternative is to use relative humidity
and temperature to forecast the precipitation phase.
In the present paper, a method of classifying the
precipitation phase was used that was based on daily
mean temperature and relative humidity, as proposed by
Koistinen and Saltikoff [35]:

Results and Discussion
Veritying the Criteria for Phase of Precipitation

The phases of precipitation over the Tianshan
Mountains were identified by the method described
in Section Determination of precipitation phases, and
the results were validated by tallying them with the data
for 1975-1979, for which the phases had been recorded.
The results of this comparison are shown in Table 1.

The classification of the precipitation phases into
rain and snow proved reasonably accurate: rain was
predicted with an accuracy of 94.6% and snow with
99.9%. The overall prediction of accuracy for total
precipitation was 96.3%. Therefore, this prediction
method is feasible. Using this method, the phases of
precipitation were identified for 1980-2015 (the phases
had not been recorded during this period), and temporal
and spatial variations in the phases of precipitation over
the northern slopes of the Tianshan Mountains were
compared with those over the southern ones.

Analyzing the Trends in Precipitation Phases

Total annual precipitation over the 55-year period
(1961-2015) was divided into its two phases, namely

Table 1. Validation of the precipitation phase as identified by a critical value.

Phase of precipitation

Forecast errors

Total number of forecast

Predict on accuracy (%)

Rain 265 4858 94.6
Snow 33 3299 99.9
Precipitation 298 8157 96.3
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rain (Fig. 3a) and snow (Fig. 3b), and the proportion of
snow in the total precipitation (S/P ratio, Fig. 3c) are
shown separately for the northern slopes (Fig. 3, left)
and the southern slopes (Fig. 3, right).

Fig. 3 shows that during the 55 years, although
precipitation from both phases (rain and snow) increased
over the Tianshan Mountains, the increase in the
northern slopes was greater than in the southern ones
(the increase in each case was significant at the 0.05
level). The rate of increase in rainfall over the southern
slopes (6.73 mm per decade) was slightly greater than
that over the northern slopes (6.41 mm per decade).
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Maybe the water vapour from the Indian Ocean and
Western Pacific Ocean has become stronger in southern
Xinjiang since the 1980s, which caused a rain increase
[36]. The 10-year moving average shows a synergistic
inter-annual variation in rainfall between the northern
and the southern slopes: an increasing trend after the
middle of the 1980s period. This is consistent with
a previous study [37]. As winter temperatures in the
northern slopes are higher than those in the southern
ones and snow is formed only at temperatures below
0°C, the rate of increase in annual snowfall over the
northern slopes (4.26 mm per decade) is greater than
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Fig. 3. Temporal variations in the precipitation phases and proportion of snow in the total precipitation (S/P ratio) in the northern and
southern slopes of Tianshan Mountains (a: rain, b: snow, c: S/P ratio, N: northern slopes, S: southern slopes) for the period 1961-2015.
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that over the southern slopes (2.02 mm per decade).
The 10-year moving average shows the upward trend
in snowfall in the northern slopes over 55 years.
Although the rate of change in annual rainfall in the
southern slopes was greater before 1985 and decreased
thereafter, the average snowfall after 1985 was generally
above average. The snowfall-to-precipitation ratio in
the northern slopes was greater than 0.5, whereas that
in the southern slopes was between 0.45 and 0.50.
The ratio showed a slight downward trend in
both slopes, but the change was not significant at the
0.05 level. The decrease in the proportion of snow
in total precipitation, although slight, will affect

Statistics
=
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the seasonal distribution of run-off in the Tianshan
Mountains — a conclusion that is in agreement with
that of Guo et al. [38]. The probable cause is the rising
temperature in the Tianshan Mountains as a result
of climate change [39]. The 10-year moving average
of S/P showed the following changes: the proportion
of snow in the northern slopes changed little before
1985 but increased thereafter until 1990, decreased
again, although slightly, until 2000, only to increase
again thereafter; the proportion of snow during this
period (1961-2015) was the smallest in 55 years. The
proportion of snow in the southern slopes increased
during 1961-1964 and 1971-1980, but decreased during
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Fig. 4. Results of the Mann-Kendall test for rain, snow, and the proportion of snow in the total precipitation (S/P ratio) in the northern and
southern slopes of the Tianshan Mountains (a: rain, b: snow, c: S/P ratio, N: northern slopes, S: southern slopes).
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1964-1970 and 1981-1990; after 1990, the change was
smoother.

Analysis of Mutation Variations
in the Precipitation Phases

The rain, snow, and S/P time series were tested by
the M-K method to examine the trends in the phases of
precipitation and their change point (Fig. 4).

Fig. 4 shows that the fluctuations in rainfall (the UF
curve) in the northern slopes of the Tianshan Mountains
were greater before 1977: after 1977, the UF curve
is wavy and shows an upward trend, and its value is
always greater than 0; the pattern for the southern slopes
is similar, but 1990 appears to be a threshold year.
Rainfall increased markedly after 1985 in the northern
slopes and after 1990 in the southern slopes. At a
confidence level of 0.05, rainfall in the northern slopes
recorded a mutation change of about 1985 — an increase
of 20.9 mm after the mutation, whereas rainfall in
the southern slopes shows a mutation change about
1990, an increase of 24.1 mm after the mutation.
Thus the mutational difference for the southern slopes
was greater than that for the northern ones. After the
mutation, the UF curve exceeds the significant level of
0.05 after 2000, indicating that rainfall of both northern
and southern slopes increased significantly.

Snowfall in the northern slopes fluctuated gently
during 1961-1968. After 1969, the UF curve continued
to increase, and its value was greater than 0, indicating
that snowfall increased in the northern slopes after 1969,

Timescale(a)

19651070 1975 1950 1955 1090 1995 2000 2005 2010 2015
Time(year)

Timescale(a)

1965 1070 1975 1950 1985 1990 1995 2000 2005 2010 2015
Time(year)

Ampitude

Ampitude

and increased significantly after 2000 because the UF
curve of the northern slopes exceeds the significance
level of 0.05. The snowfall in the southern slopes
continued to increase during 1975-1995 and the value
of the UF curve shows a slight decrease after 1995;
however, the value is always greater than 0, which
means that snowfall increased during 1975-2015. The
snowfall in the northern slopes recorded a mutation
change about 1986 — an increase of 12.7 mm after the
mutation, whereas the snowfall in the southern slopes
recorded a mutation change about 1976, a 7.4 mm
increase after the mutation, and the UF curve of the
southern slopes exceeds the significant level of 0.05
after 1987, indicating that snowfall increased markedly
after this time point. The mutational difference in the
northern slopes was greater than in the southern ones.
The S/P, as seen in the UF curves for the northern
and southern slopes, always fluctuated around 0, and
the mutation change is not conspicuous. The curve for
the northern slopes shows many cut-off points during
1970-1990, indicating complicated transitions in the
phases of precipitation. Another cut-off point for the
northern slopes is seen in 2000, with the mutation value
of a decrease in snowfall being 0.003, indicating that
snowfall had begun to decrease. The value of the UF
curve for S/P for the southern slopes was more than
0 before 1969, showing that the snowfall increased
during that period; after 1969, however, no significant
mutation is seen: the value of the UF curve kept
fluctuating around 0.

Timescale(a)
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Time(year)

10
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Fig. 5. Periodic variations in rainfall and snowfall in the northern and southern slopes of Tianshan Mountains (a: rain, b: snow,
c: S/P ratio, N: northern slopes, S: southern slopes) for the period 1961-2015.
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Periodic Variations in the Precipitation Phase

To understand the periodic variations in the phases
of precipitation, the time series of rainfall, snowfall,
and S/P were analyzed by the wavelet method, and
the results are shown in Fig. 5 (periodic variations)
and Fig. 6 (variance of the periodic variations).

Fig. 5 shows the periodic oscillations in the phases
of precipitation on different timescales in the northern
and southern slopes of the Tianshan Mountains.
The northern slopes show variations in rainfall with
periodicities of 8, 15, and 25 years. The periodicity
of oscillation in rainfall was 15 years before 1985,
and a significant oscillation with a periodicity of
8 years is seen after 1985. The strongest signal is seen
with a periodicity of about 25 years, and the periodic
oscillation shows 3.5 cycles of alternation between the
minus (—) and the plus (+) phases. The southern slopes
show variations in rainfall with periodicities of 3, 8, 15,
and 30 years, the strongest signal being that with the
periodicity of oscillation of about 30 years; the periodic
oscillation shows 2.5 cycles of alternation between the
minus and the plus phases. The northern slopes show
a periodicity of 16 years for snowfall mainly since
2000, which changed to that of about 8 years thereafter.
Snowfall in the southern slopes shows periodicities
of 8 years, 12 years, and 25 years, the signal for the
25-year cycle being the strongest. The periodic
oscillation of snowfall shows 3.5 cycles of alternation

5x10"
L (aN) Rainfall

4x10*

=

()
>
o

2x10°

Variance

15 20
Timescale(a)

L (bN) Snowfall

Variance

2x10°

20 25

15
Timescale(a)

Variance

between the minus and the plus phases. The 8-year cycle
occurred mainly after 1985.

The major period of precipitation in the northern
and southern slopes of the Tianshan Mountains can be
obtained using wavelet variance (Fig. 6). In the northern
slopes, the rain had a 25-year principal period and snow
was 30 years; in the southern slopes, the corresponding
values were the other way round, at 30 years for rain
and 25 years for snow. On the whole, the contour of the
negative phase of the rainfall wavelet coefficients in
both northern and southern slopes was closed, indicating
that rainfall in both slopes will be more than normal
under the principal period after 2015. The contour of
the negative phase of the snowfall wavelet coefficient
was closed in the northern slope, whereas that in the
southern slopes is yet to be closed under the principal
period. In other words, snowfall in the northern slopes
is likely to continue being normal, whereas that in the
southern slopes will continue to be less than normal
over the next 20-30 years. Therefore, the S/P ratio in the
southern slopes will continue to decline over the next
20 years, whereas the future ratio in the northern slopes
needs further exploration.

Trend in the Spatial Variation of
the Precipitation Phases

The spatial distribution of the annual average rainfall
and snowfall among the 30 meteorological stations in

L (aS) Rainfall

0 S 10 15 20 25 30 35
Timescale(a)
5x10° B (bS) Snowfall
4x10°
3x10°
2x10°
1x10°
0
0 5 10 15 20 25 30 35
Timescale(a)

Fig. 6. Variance of periodic variations in rainfall and snowfall in the northern and southern slopes of Tianshan Mountains (a: rain, b: snow,

c: S/P ratio, N: northern slopes, S: southern slopes).
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the Tianshan Mountains is shown in Fig. 7 (the first 16
stations are located along the northern slopes and the
rest along the southern slopes).

The westerly circulation is the main source of
precipitation in the Tianshan Mountains [40]. The
northern slopes of the Tianshan Mountains are
windward and face the flow of moist air, whereas the
southern slopes are leeward. Therefore, the northern
slopes receive significantly greater precipitation than
the southern ones. Because the moist air carried by the
westerly circulation is pushed upwards by the terrain,
the Yili and Zhaosu counties on the northern slopes
receive abundant precipitation: the annual maximum
rainfall and snowfall during the 55 years are 390.5 mm
and 129.5 mm, respectively. On the other hand, Turpan
and Hami counties, although along the northern slopes,
are arid: the minimum annual rainfall and snowfall
are 12.4 mm and 1.5 mm, respectively, because both
are far away from the sea and the Tianshan Mountains
block the flow of humid air. The southern slopes had
two locations of high precipitation, namely Bayinbuluk
Station (annual maximum rainfall of 232.9 mm) and
Turgart Station (annual maximum rainfall of 183.8 mm):
Bayinbuluk lies in the middle of the southern slopes and
Turgart is on the western edge (see Fig. 1). The more
arid places along the southern slopes are Kumish, Korla,
Kashi, and the surrounding area, with minimum annual
precipitation of 47.5 mm. Overall, the annual snowfall
in the southern slopes is generally below 15 mm — the
lowest (5.1 mm) being in Kumish (except Bayinbuluk,
Turgart, and surrounding areas).

Annual rainfall, snowfall, and S/P ratio were
interpolated on the ArcGIS platform to plot their spatial
distribution (Fig. 8).

The trend of changes in the phase of precipitation
was different in different arcas, but the spatial

distribution of the phases was similar in both northern
and southern slopes (Fig. 8). Except for Qijiaojing on the
northern slopes, rainfall and snowfall increased in both
slopes, although the extent of increase showed a decline
from east to west. The stations that recorded higher
rates of increase in both rainfall and snowfall were in
the central and western parts of the northern slopes:
Wenquan, at 14.2 mm per decade, recorded the highest
rate of increase in rainfall, and Urumgqi, at 13.8 mm per
decade, for snowfall. The stations that recorded lower
rates of increase in both rainfall and snowfall were in
the eastern part of the northern slopes, with Qijiaojing
at -2.8 mm per decade (rainfall) and -0.1 mm per decade
(snowfall) as the only place that recorded negative
growth.

In the southern slopes, stations that recorded higher
rates of increase in rainfall were to the west and in the
central parts of the north, with Akeqi, at 20.1 mm per
decade, recording the highest rate; the stations that
recorded lower rates of increase in rainfall were to the
east and in the central part of the south region, with
Karasahr, at 0.4 mm per decade, recording the lowest
rate. Half of the stations in the northern slopes and
57% in the southern slopes showed a significant rate of
increase in rainfall. The rate of increase in snowfall was
generally small in the southern slopes, with Bachu in
the west, at 0.3 mm per decade, recording the minimum
value and only two, Bayinbuluk (6.5 mm per decade)
and Turgart (5. mm per decade), recording moderately
high values. With respect to snowfall, 63% of the
stations in the northern slopes and only 29% of them
in the southern slopes showed a significant increase in
the rate, pointing to a marked tendency toward greater
snowfall along the northern slopes. On the whole, the
rate of increase in the S/P ratio increased from west
to east in the Tianshan Mountains, with the central
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Fig. 8. Spatial distribution of rainfall, snowfall, and the ratio of snowfall to total precipitation (S/P) in the northern and southern slopes
of Tianshan Mountains (a: rainfall, b: snowfall, c: S/P ratio) for the period 1961-2015.

and eastern parts recording a higher proportion of
snow than the western part; however, this increase was
not significant in 87% of the stations. Bayinbuluk
along the northern slopes and Hami along the southern
slopes recorded higher rates of increase in the ratio,
whereas the rates were lower in Shihezi along the
northern slopes and in Baicheng and Wugqia along the
southern slopes.

The dominant periods for each of the two phases
were calculated using wavelet analysis, and the
periods were then interpolated on the ArcGIS platform
(Fig. 9).

The dominant periods of rain and snow ranged
from 8 to 30 years. The length of the period over which
rainfall was dominant decreased from west to east in
the northern slopes and from centre to east and to west
in the southern slopes. The dominant period for the

western part of the northern slopes and for the central
part of the southern slopes ranged from approximately
18 to 30 years, whereas for the eastern parts of the
northern slopes and for the eastern and western parts
of the southern slopes, the period was shorter than
13 years (it was about 14 to 30 years in Turgart, Akeqi,
and Wugia in the western parts).

The lengths of the period over which snowfall was
dominant were similar for the northern and the southern
slopes, showing that the dominant period for the
central part (20-30 years) was longer than that for the
eastern and western parts (less than 19 years, although
in Turgart, Korla, and Bachu it was 20-30 years).
The spatial distribution of the dominant period
confirmed the overall pattern described in Section
Periodic variations in the precipitation phase. However,
more research is required on the periodicity changes at
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snowfall) for the period 1961-2015.

each station along both slopes in order to find out how
the spatial distribution of the two precipitation phases
will change in the future.

Conclusions

The temporal and spatial variations in the two
phases of precipitation (rain and snow) in the northern
and southern slopes of the Tianshan Mountains were
compared and analyzed based on 55-year-old data
(1961-2015) of daily precipitation, temperature, and
relative humidity. The results were as follows.

1) The rainfall and snowfall increased in both slopes,
and the rate of increase itself also continued to
increase. The rate of increase in rainfall in the
southern slopes was slightly greater than that in the
northern ones, whereas with snowfall the pattern
was exactly opposite. The ratio of snow to total
precipitation, however, decreased — the decrease in
the contribution of snow to total precipitation was
probably due to global warming.

The precipitation in the northern slopes was
significantly higher than that in the southern ones.
Except for Qijiaojing, which lies along a northern
slope, both rainfall and snowfall increased along both
slopes, although the rate of increase was not uniform,
being higher in the east and lower in the west.
However, the ratio of snowfall to total precipitation

2)

showed the opposite trend, with the contribution
of snow to the total precipitation in the middle and
eastern parts of the Tianshan Mountains being
greater than that in the western ones.

The Mann-Kendall test, at a confidence level of
0.05, showed that the mutation changes in rainfall
and snowfall occurred in 1985 and 1986 in the
northern slopes and in 1976 and 1990 in the southern
ones. After the mutation, both rainfall and snowfall
increased, the mutational difference in the case of
rainfall in the southern slopes being greater than
that in the northern ones. On the other hand, in the
case of snowfall the pattern was the exact opposite:
the mutational difference in the northern slopes was
greater than that in the southern ones. The ratio of
snow to total precipitation, however, showed no
marked change over the entire period.

The dominant period of rainfall and snowfall in both
northern and southern slopes was 8-30 years. Over
the next 20-30 years, rainfall throughout the Tianshan
Mountains and the snowfall in their northern slopes
are likely to be above normal, whereas snowfall in
the southern slopes is likely to be less than normal.
Therefore, it is expected that the proportion of
snowfall to total precipitation in the southern slopes
will decrease further over the next 20 years, whereas
further research is needed before any prediction can
be made about the contribution of snowfall in the
northern slopes.

3)

4
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