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Abstract: In this work, rain totals from 1960-2014, obtained during the warm season (May to October)
from 52 meteorological stations, over Xinjiang, China were classified as either light, moderate, or
heavy rain in two sub-regions (northern and southern). Spatial and temporal trends for rain amounts
and days for the three rain classes were determined. All light, moderate, and heavy rain amounts
displayed increasing trends over the two sub-regions. Furthermore, heavy rain amounts contributed
the most to changes in total rain amounts. Light rain days in northern Xinjiang significantly decreased,
in contrast to increasing light rain days in southern Xinjiang and moderate and heavy rain days
within two sub-regions. Results obtained from correlation and relative weights analyses implied that
lower-tropospheric specific humidity was the main factor responsible for light rain day trends in
Xinjiang. Increasing temperatures were not found to have a significant effect.
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1. Introduction

In Xinjiang, the most arid region in China, precipitation is a critical water source for both human
livelihoods and ecosystems. Tremendous significance has been imparted to the study of precipitation
variations. In recent decades, global mean annual precipitation has exhibited increasing trends that are
thought to be related to global warming [1-4]. In the context of global warming, a good understanding
of precipitation variations over Xinjiang is essential for hydrology, climatology, and ecology research.

In recent years, a significant increasing trend in annual precipitation, with rates of 0.4-0.5 mm-year~!
across Xinjiang, have been documented [5-9]. Furthermore, studies have noted variations in extreme
precipitation that may lead to local flooding over short periods of time, resulting in tremendous
economic loss. In general, extreme precipitation is defined as annual total precipitation with daily
precipitation > 95th percentile, named P95, which is one of the thirteen extreme precipitation indices
introduced by the ETCCDI (the Expert Team on Climate Change Detection and Indices) [10,11].
Recent research indicates that extreme precipitation in Xinjiang also exhibits increasing trends [12-16],
consistent with regional and global studies [17-19]. Global warming has been projected to lead to large
increases in extreme precipitation [20-24]. Such increases are based on the Clausius-Clapeyron (C-C)
equation that roughly describes a 7% increase in atmospheric moisture storage potential per degree
Kelvin [2,18,25-27].

To date, few studies have explored changes in light precipitation over Xinjiang. Light precipitation
requires additional time to soak into soils, leaving less water for surface runoff [2], and this
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characteristic of light precipitation is important for abating droughts in the arid region of Xinjiang.
In the past, studies have focused on decreasing light precipitation days over eastern China [28-33].
Of all of the potential causes for decreases in light precipitation, an increase in lower-tropospheric
temperatures is considered to be the main factor. Lower-tropospheric temperature increases the
dew-point temperature, causes a rise in the condensation height of precipitable clouds, and reduces
cloudiness, weakens atmospheric stability, and strengthens upward motion [28,29,32,34]. A study by
Wau et al. [33] for eastern China indicated that both lower-tropospheric warming and specific humidity
were responsible for variations in light rain days during the warm season. The main factor influencing
the trend for light rain days over Xinjiang is still unknown.

For the purpose of this study, in order to comprehensively analyze trends for classified
precipitation amounts and days, especially light rain, precipitation was divided into three classes:
light, moderate, and heavy precipitation. Additionally, to be consistent with previous studies that
have analyzed factors for changes in rain amounts and types during summer, this work only analyzed
the features of rain during the half of the year containing the summer season, also referred to as the
‘warm season’, from May to October.

The objectives of this study were, as follows: (1) to divide summer rain in Xinjiang into three
classes; (2) to detect spatial and temporal variations in summer rain amounts and days for the three
classes; (3) to calculate the contributions of light, moderate, and heavy rain to changes in total rain
amounts; and (4) to explore the causes for changes in light rain over Xinjiang.

2. Material and Methods

2.1. Study Area

Xinjiang is located in northwest China between 34° N—48° N and 73° E-96° E and comprises an
area of 1.66 x 10° km?2. The topography of Xinjiang is shaped by three mountain ranges (the Altai
Mountains, the TianShan Mountains, and the Kunlun Mountains) and two basins (the Junggar Basin
and the Tarim Basin) with altitudes ranging from —154 m and 7260 m. Xinjiang is divided into two
sub-regions, northern Xinjiang and southern Xinjiang (Figure 1), by the TianShan Mountains. Climate
in the region is typically continental, with mean annual precipitation of 155 mm and mean annual
temperatures ranging from less than 10-13 °C.
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Figure 1. The geographical distribution of the 52 weather stations in Xinjiang, as well as the sub-regions
(northern and southern Xinjiang).

2.2. Data

Daily precipitation data from 1960-2014 was obtained from the China Meteorological
Administration (CMA) (http://data.cma.cn/). These data were examined prior to the release from the
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CMA in order to ensure consistent observation and standardized instrumentation. According to the
method introduced by Zhai et al. [35], stations with too many missing values were deleted. A year
is considered to be missing if data for more than 5% of the days in the year (18 days) are missing.
A station was retained only if it had more than 45 years of intact data. Then data from 52 meteorological
stations were selected. Station distribution is provided in Figure 1.

Lower-tropospheric specific humidity (SH) and temperature, required for analyzing the factors
influencing rain changes in Xinjiang, were obtained from the ERA-Interim. The ERA-Interim is the latest
global atmospheric reanalysis produced by the European Centre for Medium-Range Weather Forecasts
(ECMWEFE) [36,37]. Due to the high accuracy and good suitability of ERA-Interim data for China, this
dataset has been utilized in the past for studying scientific issues in meteorology and climatology over
China [38,39]. SH and temperature from the ERA-Interim are available monthly from 1979-2015 at 16
pressure levels (from 1000 to 500 hPa), with a spatial resolution of 0.75° x 0.75°. All of the data used for
this work were obtained for the warm season that includes May to October. In Xinjiang, rain that occurs
during the warm season contributes to approximately 72.6% of the annual precipitation.

2.3. Methodology

The definition of precipitation intensity is key when determining spatial and temporal variations
for classified precipitation. For this study, the method introduced by Song et al. [40] was employed
for classifying precipitation. Daily precipitation at each station from 1960-2014 was first sorted
from smallest to largest. The sums for precipitation amounts were then equally divided into three
fractions and two threshold values were determined. Precipitation less than the first threshold
was defined as light precipitation, precipitation greater than the first threshold and less than the
second threshold was defined as moderate precipitation, and precipitation greater than the second
threshold was defined as heavy precipitation [40]. The approach can be used to determine different
thresholds in dissimilar regions. However, many studies have used fixed threshold values for
classifying precipitation. For example, the widely used China Meteorological Administration standards
divide daily precipitation into five groups: light (0.1-10 mm per day), moderate (10-25 mm), heavy
(25-50 mm), storm (50-100 mm), and downpour (>100 mm). Such a fixed threshold approach may
not be suitable for the Xinjiang region because annual average precipitation in this region can vary
dramatically from the TianShan Mountains to the Tarim Basin.

Lower-tropospheric elements (specific humidity and temperature) from the surface to 500 hPa
were averaged according to the mass-weighted average equation:

500 500
e=) eAp/) Ap @D
ps ps

where e indicates lower-tropospheric elements.

The relative weights calculation method ‘rlw” in the R package ‘yhat’ was employed for comparing
influencing factors in regards to light rain day changes. The relative weights approach can eliminate
correlations between independent variables [41,42].

The Mann-Kendall test was employed to test the significance of trends (at the 95% confidence
interval). Trend rates were calculated using the Sen-Thiel method. In addition, we have tested and
found no auto-correlation in the series of trend.

3. Results and Discussion

3.1. Spatial and Temporal Variations for Classified Summer Rain Amounts

From 1960 to 2014, daily rain from 52 stations in Xinjiang was classified as either light, moderate,
or heavy rain based on the method proposed by Song et al. [40]. Spatial and temporal trends for rain
amounts in these three groups were determined using the Mann-Kendall test and Sen-Thiel method.
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As shown in Figure 2, total rain amounts for the 49 stations exhibited increasing trends ranging
from 0.1 to 2 mm per year, and were statistically significant (p < 0.05) at 17 stations. Only three stations
displayed a slight decreasing trend with no significance. On a regional scale, Xinjiang, northern
Xinjiang, and southern Xinjiang all displayed significant (p < 0.05) increasing trends for rain amounts,
with rates of 0.47, 0.45, and 0.48 mm-year !, respectively. Spatial trends for heavy and moderate
rain amounts were similar to the distribution of total rain. Heavy rain amounts in Xinjiang, northern
Xinjiang, and southern Xinjiang all displayed significant (p < 0.05) increasing trends, with rates of
0.26, 0.35, and 0.19 mm-year !, respectively. Significant increasing rates for moderate rain were
0.13,0.11, and 0.15 mm-yearfl, respectively, for Xinjiang, northern Xinjiang, and southern Xinjiang.
For light rain amounts, 38 stations exhibited an increasing trend and significance (p < 0.05) was
determined for 14 stations. Fourteen stations exhibited decreases, while only one station displayed a
significant increasing trend (p < 0.05). Thirteen of the fourteen stations displaying trends were located
in northern Xinjiang. On a regional scale, light rain amounts for northern Xinjiang slightly decreased
by 0.007 mm-year~! but displayed no significance. Amounts significantly increased in Xinjiang and
southern Xinjiang, with rates of 0.08 and 0.14 mm-year~! (Figures 2 and 3; Table 1), respectively.

Table 1. Trends in rain amounts (mm/year) and days (day/year) for Xinjiang, northern Xinjiang, and
southern Xinjiang during the warm season from 1960-2014. “Slope” and “p” indicate the slope and the
statistical p value, respectively. The symbols *, **, and *** represent significance at the 0.05, 0.01, and
0.001 levels, respectively. NS indicates “not significant”.

Total Rain  Light Rain  Moderate Rain Heavy Rain

Type Region
Slope p Slope p Slope p Slope p
Xinjiang 047  *  0.08 * 0.13 ** 0.26 i
Amount Northern Xinjiang 0.45 * —0.007 NS 0.11 * 0.35 ok
Southern Xinjiang 048 = 014 0.15 ** 0.19 o
Xinjiang 0.05 NS 0014 NS 0.02 ** 0.016 o
Day Northern Xinjiang —-0.02 NS 005 * 0.012 NS 0.019 ok
Southern Xinjiang 011  ** 008  *** 0.021 ** 0.01 B
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Figure 2. Spatial trends for rain amounts (mm/year) and days (day/year) for total rain and for the three
rain classes (light, moderate, and heavy rain) in Xinjiang during the warm season (May to October)
from 1960-2014. Total rain amounts; (b) light rain amounts; (c) moderate rain amounts; (d) heavy rain
days; (e) total rain days; (f) light rain days; (g) moderate rain days; and (h) heavy rain days. Solid dots
at stations indicate significance at the 0.05 level.
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Figure 3. Temporal trends in rain amounts (mm/year) and days (day/year) for total rain and the three
classes (light, moderate, and heavy rain) in Xinjiang, northern Xinjiang, and southern Xinjiang during
the warm season from 1960-2014. (a) Rain amounts in Xinjiang; (b) Rain amounts in northern Xinjiang;
(c) Rain amounts in southern Xinjiang; (d) Rain days in Xinjiang; (e) Rain days in northern Xinjiang;
and (f) Rain days in southern Xinjiang.

3.2. Spatial and Temporal Variation for Classified Summer Rain Days

In this section, spatial and temporal trends of rain days for the three classes were determined.
As shown in Figure 2, heavy rain days for all stations increased by 0.1 to 0.9 day per year and were
significant (p < 0.05) for 11 stations. Temporal trends in Xinjiang, northern Xinjiang, and southern
Xinjiang for heavy rain days significantly decreased by 0.016, 0.019, and 0.01 day-year !, respectively.
Similar to heavy rain days, moderate rain at most stations increased and temporal trends in all of the
regions significantly increased (Figures 2 and 3; Table 1).

For light rain days, different trends were noted between northern and southern Xinjiang. Most
of the stations located in northern Xinjiang decreased from 0.1 to 0.2 days per year and values were
significant (p < 0.05) for 10 stations, with a temporal trend of —0.064 day-year~! (p < 0.05). Light
rain days significantly increased by 0.08 days per year in southern Xinjiang (Figures 2 and 3; Table 1).
The results indicate that light rain days in northern Xinjiang significantly decreased. The result was
different from that of increasing light rain days in southern Xinjiang, and moderate and heavy rain
days in the two sub-regions.

3.3. The Contribution of Light, Moderate, and Heavy Rain to Changes in Total Rain

Temporal trends for rain totals and rain days for the three classes of rain intensity (i.e., light,
moderate, and heavy) in Xinjiang were determined according to the above results. Based on trend
rates from Table 1, the contributing proportions of light, moderate, and heavy rain to changes in rain
total amounts and days were analyzed. The results are discussed in this section.
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For rain amounts, contributing proportions of light, moderate, and heavy rain were 17%, 27.7%,
and 55.3%, respectively, for the entire region of Xinjiang. For northern Xinjiang, the contributing
proportions were —1.6%, 24.4%, and 77.1%, respectively. In southern Xinjiang, the contributing
proportions were 29.2%, 31.3%, and 36.5%, respectively (Figure 4a). Contributing proportions increased
with rain intensity, and heavy rain amounts contributed the most to changes in total rain amounts
within all regions. In general, this finding is consistent with the work of Song et al. [40] for all of the
regions of northwest China, including Xinjiang. Heavy precipitation contributed the most to changes
in total rain amounts.
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Figure 4. The proportions of light, moderate, and heavy rain contributing to changes in rain amounts
and days during the warm season from 1960-2014. (a) Rain amounts; and (b) rain days.

Figure 4b provides rain day contributions. Over the entire region of Xinjiang, the contributing
proportion of moderate rain was 40%, and this class contributed the most to changes in rain days.
In southern Xinjiang, the increase in light rain days contributed the most to increases in total rain days,
with a contribution of 72.7%. In northern Xinjiang, decreasing light rain days contributed —250% to
the change in total rain days, counteracting increasing contributions of 60% and 95% from moderate
and heavy rain days that resulted in a decrease in total rain days by —0.02 day-year~! (p = 0.46).

3.4. The Relationships of Lower-Tropospheric Specific Humidity and Temperature to Light Rain Days

The results presented above indicate that from 1960-2014, light rain days in northern Xinjiang
significantly decreased, a finding that is different from that of increasing light rain days in southern
Xinjiang and moderate and heavy rain days within the two sub-regions. The study by Wu et al. [33]
determined that both lower-tropospheric temperature and specific humidity (SH) were responsible for
light rain day variations. In their study, light rain days were determined to decrease when temperatures
increased, while light rain days increased when SH decreased, and vice versa.

As indicated in Figure 5a,b, lower-tropospheric temperatures increased over the entire region
of Xinjiang, with significance (p < 0.05) for the southeastern portion of Xinjiang. On a regional scale,
lower-tropospheric temperatures in Xinjiang, northern Xinjiang, and southern Xinjiang all displayed
insignificant increasing trends of 0.01 K-year~!. The spatial pattern of trends in lower-tropospheric SHs
displayed clear regional differences. SH over northern Xinjiang decreased, with a regional averaged
rate of —0.002 g/g-year ! (p < 0.05), while an increase, with a rate of 0.002 g/g-year !, was determined



Atmosphere 2017, 8, 20 7 of 11

for southern Xinjiang (p < 0.05). Furthermore, changes in SH were similar to patterns for light rain
days that decreased over northern Xinjiang while increasing over southern Xinjiang. As for the change
of temperature, increasing temperature is a universal phenomenon in the world due to the greenhouse
gas emissions [43]. Th local increasing temperature of Xinjiang was consistent with global change. SH
over northern Xinjiang decreased, while SH increased in southern Xinjiang. As for the change of SH,
local water vapor in the atmosphere is from local evaporation and transportation from other regions.
A study by Hong et al. [44] reported that the change of the annual evaporation in both northern and
southern Xinjiang followed a decreasing trend because the humidity in the air increased due to more
precipitation in recent years. This indicted that the increase in water vapor in southern Xinjiang was
due to it being transported from other regions.
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Figure 5. Spatial and temporal trends in lower-tropospheric temperatures and SHs from 1960-2014
over Xinjiang. (a) The spatial distribution for trends in temperature; (b) Temporal trends in temperature
over Xinjiang, northern Xinjiang, and southern Xinjiang; (c) The spatial distribution for trends in SH;
(d) The temporal trends for SH over Xinjiang, northern Xinjiang, and southern Xinjiang. Black dots in
the pixels represent significance at the 0.05 level.

To further detect the relationship between lower-tropospheric temperatures and SHs and light rain
days, a correlation analysis was performed. To match ERA-Interim data, station data was interpolated
into gridded data with a spatial resolution of 0.75° x 0.75° using the IDW (Inverse Distance Weighted)
method. Lower-tropospheric temperature was determined to be negatively correlated with light rain
days in the northeastern and southwestern areas of Xinjiang, with correlation coefficients ranging
from 0 to —0.5. The correlation was 0.2 for the central area (Figure 6a). Lower-tropospheric SH were,
however, determined to be positively correlated with light rain days over the entire region of Xinjiang,
with correlation coefficients ranging from 0 to 0.8, and significance over most of the region of Xinjiang
(Figure 6¢). These results indicated a close relationship between SH and light rain days.

It is important to separate the interaction between SH and temperature, because the two are
treated as independent variables. The increasing temperature may increase local evaporation and then
impact SH in the atmosphere. However, the study by Hong et al. [44] reported that the change of the
annual evaporation in both northern and southern Xinjiang followed a decreasing trend because the
humidity in the air increases due to increases in precipitation. The impact of increased temperature
on SH may be eliminated according to this study. A relative weights analysis was also conducted in
order to explore the effects of lower-tropospheric temperatures and SH on light rain days. Figure 6b
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indicates that the relative weight of temperatures to light rain days was a mean of 0.13 and a maximum
of 0.23. As for the relative weight of SH, the value ranged from 0 to 0.52, with a mean value of 0.41
(Figure 6d). These results also indicated that the effect of SH was greater than that of temperature.

Light rain days have been determined to decrease when temperatures increase, while light rain
days have been determined to increase when temperatures decreases [33]. As a result, universal
increases in lower-tropospheric temperatures cannot explain increasing trends in light rain events over
northern Xinjiang. Over northern Xinjiang, both light rain days and lower-tropospheric SH decreased,
while they increased over southern Xinjiang. A correlation analysis indicated that SH was highly
correlated with light rain days over the entire region of Xinjiang. Additionally, a close relationship
between SH and light rain days was identified using relative weights analysis.

In conclusion, lower-tropospheric SH levels were determined to be the main factor responsible for
trends in light rain days in Xinjiang, and temperatures did not display a statistically significant effect.
In general, this finding is in conflict with the work of Wu et al. [33] who indicated that both warming
and water vapor content are responsible for light rain reductions and that warming is the primary
cause for this phenomenon in eastern China. In dry regions such as Xinjiang, lower-tropospheric SH
may be the primary cause for trends in light rain days, while lower-tropospheric temperatures are
considered to be the dominant factor in humid regions such as eastern China.
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Figure 6. The spatial distribution of results obtained from the correlation and relative weights analyses
during the warm season from 1960-2014 over Xinjiang. (a) A correlation between lower-tropospheric
temperature and light rain days; (b) A correlation between lower-tropospheric SH and light rain days;
(c) The relative weights of lower-tropospheric temperatures to light rain days; (d) The relative weights
of lower-tropospheric SH to light rain days.

4. Conclusion

Spatial and temporal trends for amounts and days of classified summer rain (light, moderate, and
heavy rain) in Xinjiang from 1960-2014 were determined in this work. The main conclusions can be
summarized as follows:

(1) In Xinjiang, all light, moderate, and heavy rain amounts displayed significant (p < 0.05)
increasing trends, with rates of 0.47, 0.44, and 0.49 mm-year’l, respectively. The contributing
proportions of light, moderate, and heavy rain to changes in total rain amounts were 14.9%, 28.5%,
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and 56.6%, respectively. The contributing proportions increased with rain intensity and heavy rain
amounts contributed most to the recorded changes.

(2) In northern Xinjiang, light rain days exhibited a significant decreasing trend of —0.064 day-year !
(p < 0.05), with a contribution of —193.9% to the change in total rain days. This finding was different
from that of increasing light rain days in southern Xinjiang, and moderate and heavy rain days in the
two sub-regions.

(3) Lower-tropospheric SH levels displayed similar patterns to those of light rain days that
decreased over northern Xinjiang while increasing over southern Xinjiang. Results obtained from
correlation and relative weights analyses indicated that lower-tropospheric SH was the main factor
responsible for light rain day trends in Xinjiang. Increasing temperatures did not result in a
significant effect.

Overall, this work may be helpful for understanding rain intensity trends in Xinjiang, and
responses to regional climate change and global warming.
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