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Precipitation is one of the most important climatological data for global
hydrothermal cycle and climate change. The accuracy of precipitation data not
only directly affects the hydrological processes, but also plays an important role in
the climate and hydrology at regional and global scales. According to the in situ
datasets, the precipitationmeasurement in automatic weather stations for Geonor
T-200B was corrected by the World Meteorological Organization Solid
Precipitation Intercomparison Experiment (WMO-SPICE) transfer functions. The
parameters of transfer functions were tested and recalibrated by the local
datasets. The results showed that the transfer functions showed better
performance after recalibrating parameters by the local datasets. The root-
mean-square error (RMSE) and mean bias decreased by an average of 34% and
42%, respectively. The corrected snowfall increased by 7% (14 mm) at the test
station. Then, the new parameters were used in other automatic weather stations
to correct precipitation, and it was found that solid precipitation was
underestimated by 13% on the glacier surface affected by wind speed.
Moreover, according to the corrected precipitation datasets observed in
automatic weather stations and national meteorological stations, the
precipitation–altitude relationship in the Urumqi River Basin was analyzed. The
annual precipitation gradient was 115 mm km-1, and the maximum seasonal
altitude occurred in summer with a value of 35 mm km-1 and in autumn with
the lowest value of 1 mm km-1. When considering precipitation on the glacier
surface, the yearly precipitation gradient was increased with the value of
158 mm km -1 in 2019.
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1 Introduction

Precipitation plays a crucial role in atmospheric and land surface processes at a variety of
spatial and temporal scales (Kidd and Huffman, 2011; Yang and Luo, 2014; Tang et al., 2016;
Lu et al., 2019). Accurate precipitation data are critical for research in the fields of hydrology
and meteorology, and for improving accurate weather predictions in high altitudes and cold
mountainous regions (Lu et al., 2019; Zhao et al., 2021). However, due to the complex
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topography and sparse monitoring stations, it is difficult to obtain
accurate precipitation data in high mountain areas (Daly et al., 2007;
Wang et al., 2017). The most important environmental factor
affecting solid precipitation measurements is the wind speed
(Yang et al., 1995). The first precipitation measurement
intercomparison was conducted by the World Meteorological
Organization (WMO) in 1955. The third precipitation
measurement intercomparison was carried out from 1986 to
1993, recommending the Double-Fence Intercomparison
Reference (DFIR) as the standard for solid precipitation
measurement (Goodison et al., 1998).

In addition, it is widely recognized that measurements of solid
precipitation are influenced by the size and shape of the gauge types,
local climate conditions, different wind shields, and snowflake
characteristics (Sevruk et al., 1991; Sevruk and Nespor, 1994; Yang
et al., 1995; Smith, 2009; Thériault et al., 2012; Zhao et al., 2021). Solid
precipitation measurements are subjected to large measurement errors
resulting primitively from the undercatch caused by wind (Jia et al.,
2020). The fact that wind induces a bias on solid precipitation
measurements is well established (Wolff and IsaksenPetersen-
Overleir, 2015). Previous studies have indicated that snowfall errors
caused by wind using different precipitation gauges can reach 20%–80%
in high-latitude and -altitude regions (Sugiura et al., 2006; Pan et al.,
2016; Smith et al., 2020). In recent years, research on adjusting solid
precipitation measurements has been developed (Zhao et al., 2021).
Many studies have been carried out on the undercatch of solid
precipitation by using different gauges (Weiss, 1961; Larson and
Peck, 1974; Goodison et al., 1998; Yang et al., 2000; Sugiura et al.,
2006; Hanson, 2007).

The WMO Solid Precipitation Intercomparison Experiment
(WMO-SPICE) was initiated in 2010 to evaluate the automated
precipitation gauges and correct the effects of wind-induced errors
on automated solid precipitation measurements, as well as to
evaluate new and existing precipitation and snow depth sensors
in different configurations and climate regimes (Goodison et al.,
1998; Nitu et al., 2012). The WMO-SPICE transfer functions were
used to correct the underestimation of precipitation measurements
caused by wind and describe the precipitation catch efficiency for
systems with shielded gauges. It has been derived as a function of
wind speed and air temperature, applied over shorter periods. The
results of the transfer function have been tested and verified in many
experimental sites (Wolff and IsaksenPetersen-Overleir, 2015;
Kochendorfer et al., 2017a; Pierre et al., 2019; smith et al., 2020).

In China, the solid precipitation measurement intercomparison
was first carried out in the Urumqi River Basin in the third WMO
precipitation measurement intercomparison experiment
(1985–1987), and the Chinese standard precipitation gauge
(CSPG) and the Hellmann gauge were initially compared using the
DFIR shield as a reference configuration in this area. The wetting loss,
evaporation loss, wind-induced undercatch, and trace precipitation of
the CSPGs were well quantified based on themassive observation data
(Yang, 1988; Yang et al., 1991). In 2018, an experimental site for the
precipitation intercomparison measurement was established in the
Hulu watershed of the Qilian Mountains and it compared the CSPGs
equipped with different wind shields and created correction functions
for unshielded CSPGs and single-alter-shielded CSPGs under
different precipitation types (Chen et al., 2014; 2015). Zhao et al.
(2021) corrected the precipitation measured with Geonor T-200B by

the World Meteorological Organization Solid Precipitation
Intercomparison Experiment transfer functions, recalibrating the
coefficients using local datasets. The results showed that the
transfer functions fitted to the local datasets showed better
performance than those using the original parameters.

Cold regions are the major research frontiers of atmospheric and
hydrologic sciences (Woo, 2008; Chen et al., 2014). In these regions,
meteorological stations are generally located in the lowlands because
of accessibility considerations, thus under-representing in the
highlands. The Urumqi River Basin spans plain and alpine cold
zones to glacierized regions, which is conducive to atmospheric
research. For the correction and gradient of precipitation in the
Urumqi River Basin, some studies have been conducted in low-
altitude regions in the basin (Yang et al., 1988; Kong and Pang,
2016; Li et al., 2018). Only a few studies have been conducted in high-
altitude regions, especially in glacierized regions, due to the shortage of
synchronous measured data. In this study, the observed precipitation
data at high altitudes of the Urumqi River were corrected by the
World Meteorological Organization Solid Precipitation
Intercomparison Experiment transfer functions and applied to
explore the precipitation gradient. It is the first time to
systematically correct the precipitation data observed at the glacier
terminus and the surface, and explore the precipitation gradient in the
glacierized region in the Urumqi River Basin. The precipitation
gradient was analyzed based on six meteorological data from
different elevations ranging from 935 m to 4,025 m. The study will
greatly improve our understanding of the meteorological mechanisms
in the glacierized catchment of cold regions in central Asia.

2 Study area

The Urumqi River (43°00′–44°07′N and 86°45′–87°56′E) is
located on the northern slope of the Tianshan Mountains in the
Xinjiang Uygur Autonomous Region of Northwest China. The river
originates fromUrumqi Glacier No. 1 (UG1) on the northern side of
Tianger Peak No. II and flows to the northeast. The basin is
characterized by continental temperate arid climate and is
influenced by westerly circulation. The precipitation mainly
occurs from April to September. Cold winter temperatures and
precipitations are caused by the Siberian anticyclonic circulation.

Following themainUrumqi River Basin, sixmeteorological stations
were installed between 935 m a.s.l. and 4,025 m a.s.l., spanning the plain,
forest zone, alpine cold zone, middle mountain zone, alpine meadow,
and glacier surface, with significant vertical characteristics (Figure 1).
The precipitation mainly occurs in high-altitude mountainous areas.
We define the six stations as S1–S6 from upstream to downstream.
S1 was built on the glacier surface at an elevation of 4,025 m near its
central flowline in a relatively flat area with a slope of about 2°. The
average temperature was −12.9°C, and the mean precipitation was
790 mm during 2018–2020. S2 was located on a flat glacial moraine
ridge at the snout of UG1, with an altitude of 3,835 m. Surrounded by
mountain ridges in three directions with an average temperature of −5.1
°C and an average precipitation of 787 mm during 2011–2020, S3, S5,
and S6 were national ordinary meteorological stations run by the China
Meteorological Administration (CMA). S3 was located in the alpine
meadow and started to operate in 1959 with an elevation of 3,539 m.
The average temperature and precipitation were −4.2°C and 550 mm,
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respectively. S4 was located on the meadow at an elevation of 2,130 m.
The average temperature and precipitation were 1.6°C and 425 mm,
respectively. S5 was located in the middle mountain forest zone with an
elevation of 1,930 m. The average temperature and precipitation were
0°C and 488 mm, respectively. S6 was located in Urumqi city with an
elevation of 935 m. The climatic environments may be different from
those stations in the mountains. The average temperature and
precipitation were 8.1°C and 305 mm, respectively. The details of the
stations are given in Table 1.

3 Data

3.1 Precipitation data analysis in S2

The datasets from S2 in 2019 were used to test transfer functions.
Geonor T-200B was mounted on a steel pole at about 1.6 m above the

surface, which was surrounded by a single-alter shield. Geonor T-
200B was used to observe precipitation with a resolution of 0.1 mm
SWE and an accuracy of 0.1% (He et al., 2009; Zhang et al., 2015),
which had been used by the WMO for the solid precipitation
measurement in the SPICE project. A present weather sensor
(PWS100) was collocated 4 m beside Geonor T-200B to quantify
the precipitation type with a resolution of 0.0001 mm. PWS100 can
classify precipitation into nine types, such as rain and snow. The
meteorological data were collected every 30 min in this study. The
average precipitation intensity and precipitation type data were
recorded by PWS100 every 1 min to quantify the precipitation
type. Quality control is needed for all data. The process of quality
control was also studied by Kochendorfer et al. (2017a) and Zhao et al.
(2021). A total of 1,834 events were selected to test the transfer
functions and recalibrate the parameters during the study period in
2019, including 907 events (49%) of snowfall, 29 events (2%) of
rainfall, and 898 events (48%) of mixed precipitation.

FIGURE 1
Maps showing (A) locations of meteorological stations in the Urumqi River Basin and (B–G) photographs of the observation site for S1–S6.

TABLE 1 Details of the six meteorological stations.

Meteorological station Code Elevation
(m)

Latitude
(°N)

Longitude
(°E)

Average
temperature (°C)

Average
precipitation (mm)

AWS2 S1 4,025 43.106 86.807 −12.9 790

AWS1 S2 3,835 43.119 86.818 −5.1 787

DXG S3 3,539 43.113 86.843 −4.2 550

HX S4 2,130 43.212 87.117 1.6 425

MSZ S5 1,930 43.45 87.183 0.0 488

Urumqi S6 935 43.783 87.65 8.1 305
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3.2 Datasets from other stations

The datasets from S3, S5, and S6 were obtained from the China
Meteorological Data Service Center (http://data.cma.cn). The data
require strict quality control in its data management. At S1 and S4,
precipitation was observed from the same Geonor T-200B with
S2 and corrected by the transfer functions. S1 began to be observed
in April 2018. Due to the asynchronicity of the data series among the
six stations, we selected consistent observation periods during
2011–2019 at the other five stations to calculate the average
annual and seasonal precipitation gradient. To cover precipitation
at high altitudes, the datasets, in 2019, from the six stations were also
used to calculate the precipitation gradients.

4 Materials and methods

4.1 Precipitation types

PWS100 recorded the precipitation types and precipitation
intensity data every 1 min. It can classify precipitation as drizzle,
freezing drizzle, rain, freezing rain, snow grains, snowflakes, ice
pellets, hail, and graupel. According to the same period temperature
measured at AWS in S2, we used 30-min accumulated data recorded
by PWS100 to determine the minimum threshold temperature that
caused rain and the maximum threshold temperature that caused
snow. We assume the temperature between the maximum and the
minimum threshold is when mixed precipitation (sleet) occurred.

4.2 Transfer functions

A transfer function of temperature and wind speed introduced
by Kochendorfer et al. (2017a) uses all the similarly shielded and
unshielded precipitation gauge measurements. Eq. 1 describes the
transfer function model:

CE � exp −a W( )( ) 1 − tan−1 b T( ) + C( ), (1)
where CE is the catch efficiency;W is the average wind speed; T is the
average air temperature; and a, b, and c are fit to be the data
coefficients. The coefficients a= 0.0348, b=1.366, and c=0.779
(Kochendorfer et al., 2017a). Eq. 2 was created for mixed
precipitation and snow, as well as the mean wind following
Kochendorfer et al. (2017a):

CE � a × exp −b × W( ) + C, (2)
where a, b, and c are also coefficients. The precipitation types
were determined by PWS100. Solid precipitation is defined as the
air temperature below −0.5°C, and mixed precipitation is defined
as the air temperature ranging from −0.5°C to 8°C (Section 4.1).
According to Kochendorfer et al. (2017a), the coefficients of solid
precipitation (a=0.728, b=0.230, and c=0.336) and those of mixed
precipitation (a=0.668, b=0.132, and c=5 0.339) were used in this
study.

The average wind speed at the gauge height was 1.09 m s-1.
Higher than 1.09 m s-1, the wind speed was replaced by 1.09 m s-1

(Kochendorfer et al., 2017a). To exclude the wind speed of 0 m s-1

(Zhao et al., 2021), local datasets were used to adjust the
parameters of transfer functions and the wind speed threshold
was reevaluated.

4.3 Assessment of the precipitation amount
from the DFIR

Since the DFIR is recommended as the standard for solid
precipitation measurement (Goodison et al., 1998), we can
calculate the precipitation amount from the DFIR to validate the
results of transfer function correction, according to the precipitation
observation comparison between the DFIR and Geonor T-200B in
Canada (Smith, 2007). The relationship is described as follows:

CE � T

DFIR
� exp −0.2Ua( ), (3)

where CE is the relative catch efficiency; T is the precipitation
amount observed from Geonor T-200B; DFIR is the precipitation
amount observed from the DFIR gauge; and Ua is the average wind
speed at gauge height (m s-1), which can be described as follows
(Goodison et al., 1998):

Ua � lg h/Z0( )

lg H/Z0( )
× UH, (4)

where h is the gauge height, Z0 is the roughness length (0.01 in
winter), H is the wind speed measurement height, and UH is the
wind speed at the height from the ground.

4.4 Transfer function testing

The tenfold cross-validation reported by Kochendorfer et al.
(2018) was applied in this paper. Here, 90% of the data were used to
derive the functional coefficients, which were then tested on the
remaining 10% of the data. This approach was repeated for
10 iterations, with the assessment results taken as the average
values over all 10 iterations (Zhao et al., 2021). The RMSE, mean
bias (difference of mean precipitation between two rain gauges),
Pearson’s correction coefficient (r), and PE0.1mm (the ratio within
the threshold of 0.1 mm to total precipitation events) were used to
quantify the corrected performance.

5 Results

5.1 Precipitation type distribution

According to the nine precipitation types determined by the
present weather sensor and the corresponding temperature data in
2019, we summarized the nine kinds of particles into rain particles
and snow particles, and then calculated the daily accumulated
particle numbers. The relationship between rain and snow
particles and temperature was analyzed. Figure 2 shows the
distribution of rain and snow particles with temperature. The
snow particles appeared when the temperature was below 8°C,
and the rain particles appeared when the temperature was higher
than −0.5°C. Therefore, the threshold temperatures of rainfall and
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snowfall were −0.5 and 8°C, respectively. The mixed precipitation
appeared when the temperature was between −0.5°C and 8°C.

5.2 Relationships between the catch
efficiency and wind speed and air
temperature

It has been found that wind speed has a very significant influence
on the catch efficiency, and many transfer functions have been
developed in previous studies to reduce this impact (Smith, 2009;
Yang, 2014; Wolff and IsaksenPetersen-Overleir, 2015;
Kochendorfer et al., 2017a; b; Zhao et al., 2021). Figure 3 shows
the relationship between the catch efficiency with the wind speed for

different precipitation types. The precipitation type was rainfall
when the air temperature was above 8°C. The catch efficiency of
rainfall ranged from 0.99 to 1.04 and was not significantly influenced
by the wind speed. The mixed precipitation appeared when the air
temperature was between −0.5°C and 8°C. When the air temperature
was above 0°C, there was still snowfall mainly because the study site
was located at a high altitude. The catch efficiency of mixed
precipitation ranged from 0.95 to 1.02. The precipitation type
was all snowfall when the air temperature was below −0.5°C and
the catch efficiency ranged from 0.86 to 1.01. As the wind speed
increased, the catch efficiency of snowfall decreased. Among the
three precipitation types, the catch efficiency of snowfall was the
lowest, indicating that the wind speed had an evident effect.

5.3 Relationship between precipitations
observed from Geonor T-200B and DFIR

The measured liquid precipitation data from Geonor T-200B
showed a strong correlation with precipitation data derived from the
DFIR before correction with transfer functions. The R2 value was
approximately 0.99 (Figure 4B). However, the linear relationship for
all precipitation and mixed precipitation was scattered with
relatively low R2 values of 0.95. Special attention should be paid
to solid precipitation, and it is necessary to correct solid
precipitation due to the lowest R2 value. The variations in
environmental conditions will deduce the correlation coefficients
(Chen et al., 2015).

The original and new parameters (given in Section 4.4) were used
to correct solid precipitation. A comparison of the adjusted transfer
function results is shown in Figure 4. In Figure 4B, the unadjusted
precipitation observed fromGeonor T-200Bwas smaller than that from
the DFIR. After correction using Eqs 2, 3 with original parameters, the
results were more scattered than those using the new parameters.
Because the experimental configuration of the original parameters was
different from our study site, the precipitation before and after
correction was lower than that from the DFIR. This may result
from the fact that precipitation from the DFIR was calculated by an
empirical equation due to the lack of observed datasets.

5.4 Testing results of Geonor T-200B at S2

Figure 5 showed the comparison of the precipitation amount
observed from Geonor T-200B and derived from the DFIR for total
precipitation (A), liquid precipitation (B), solid precipitation (C)
and mixed precipitation (D) before correction and the comparison
between the DFIR and adjusted solid precipitation with original
parameters (E, G) using Eqs 2, 3 and new parameters (F, H). There
were significant differences between the transfer functions with
original parameters and those derived from the local datasets for
the Geonor-T200B gauge snowfall measurement (Figure 5). We
mainly compared the corrected data using the original and new
parameters. After using the new parameters, the accuracy after
correction by Eqs 2, 3 was significantly increased, and the RMSE
value decreased by 18% and 50% using Eqs 2, 3, respectively. The
bias values decreased by 17% and 67%, respectively. The r values for
both Eqs 2, 3 increased from 0.96 to 0.97, and the PE0.1mm values for

FIGURE 2
Distribution of rain and snow particles with the temperature in
2019.

FIGURE 3
Distribution of the catch efficiency for rain, snow, and mixed
precipitation with the wind speed.
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Eq. 3 decreased by 54%. The solid precipitation undercatch reached
an average of 7%.

Better performance was shown for the transfer functions driven
by the locally measured data than those using original parameters.
The parameters for Eq. 2 calibrating with local data were a=0.011,
b=1.661, and c=0.772. The parameters of snowfall for Eq. 3 were
a=0.459, b=0.009, and c=0.531 and of mixed precipitation were
a=0.665, b=0.106, and c=0.327. The new transfer function

parameters were applied to the other observation sites in the
Urumqi River Basin.

6 Discussion

6.1 Application to other observation sites in
the Urumqi River Basin

In S2, both the transfer functions with adjusted parameters were
suitable to correct precipitation. Therefore, the correction with these
parameters was applied in S1 and S4 with similar experimental
configurations and evaluated results. Since the other two stations did
not install PWS100, the precipitation type observation was missing.
The 30-min air temperature was used to determine precipitation
types. The environmental conditions and altitude of S1 were similar
to those of S2. The temperature threshold used the values of −0.5°C
and 8°C in S2. As for S4, −2°C and 2°C were used to distinguish
precipitation types, which has been widely used in previous studies
(Wolff and IsaksenPetersen-Overleir, 2015; Kochendorfer et al.,
2017a; Kochendorfer et al., 2017b).

S4 was located at a low altitude with a low share of snowfall, and the
wind speed had less influence on it. In contrast, S1 was located on the
glacier surface and precipitation was dominated by solid and mixed
precipitation. Therefore, we mainly analyzed the corrected results in S1.
There were 1,949 precipitation eventsmeasured in S1 in 2019, including
583 snowfall events and 1,366 mixed precipitation events. The
recalibrated coefficients were applied to correct precipitation using
Eqs 2, 3. Figure 6 shows the relationship between the corrected
precipitation amount and DFIR precipitation. We found a higher
correlation for snowfall corrected with Eq 3 and for mixed
precipitation with Eq. 2. The accuracy was significantly increased
after correcting with Eqs 2, 3, and the RMSE value decreased by

FIGURE 4
Comparison of the precipitation amount observed fromGeonor T-200B and derived from theDFIR for precipitation (A), liquid precipitation (B), solid
precipitation (C), and mixed precipitation (D) before correction and the comparison between the DFIR and adjusted solid precipitation with original
parameters (E, G) using Eqs 2, 3 and new parameters (F, H).

FIGURE 5
RMSE, mean bias, r, and PE0.1mm values of snowfall for Geonor T-
200B Eqs 2, 3 were the results calculated by original parameters from
Kochendorfer et al. (2017a), and new Eqs 2, 3 were the results
calculated by the local datasets using the tenfold cross-validation
method.
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14% and 37% using Eqs 2, 3, respectively. The bias values decreased by
17% and 49%, respectively. The r values for both Eqs 2, 3 increased from
0.96 to 0.97, and the PE0.1mm values for Eqs 2, 3 decreased by 4% and
8%, respectively (Figure 7). The transfer functions and recalibrated
coefficients showed good performance in S1. On an average, the solid
precipitation undercatch can be up to 13%.

6.2 Variations of precipitation with the
altitude in the Urumqi River Basin

Precipitation data in mountainous regions have large spatio-
temporal differences, and the spatial distribution of precipitation is
closely related to elevation (Zhang et al., 2021). The precipitation
generally increases with the elevation in mountainous regions. In
recent years, altitudinal precipitation gradients have been
investigated for a large number of mountain ranges (Kotlarski et al.,
2012; Ruelland, 2020; Zan et al., 2020; Li et al., 2021). However, because
most studies still suffer from a lack of data gathered in higher
mountainous regions, the accuracy of the results is still very limited
(Marquı´nez et al., 2003; Ward et al., 2011) and the important issues
remain unresolved (Roe andO’Neal, 2010). In our study in theUrumqi
River Basin, precipitation mainly varies with altitude.

The relationship between the altitude and precipitation was
linear. At six meteorological stations, the average daily
precipitation gradient was 3 mm km-1 in 2019 (Figure 8A). On an
annual scale, the average precipitation gradient was 158 mm km-1

(Figure 8B). The precipitation gradient was subjected to seasonal
differences. The largest gradient of 116 mm km–1 (Figure 9B)
occurred in summer, and the lowest gradient of 15 mm km–1

occurred in autumn (Figure 9C). It was about 19 mm km–1 in
spring (Figure 9A) and winter (Figure 9D). The relationship
between precipitation and altitude is complex in arid and cold
seasons probably because of the changeable climate in spring and
autumn and little snowfall in winter (Chen et al., 2014).

The 1-year duration of the precipitation data is not climatic
averages, which is relatively insufficient to evaluate any climatic
characteristics. Therefore, the data from S2 to S6 during

FIGURE 6
Comparison of corrected snow (A, B) and mixed precipitation (C, D) using Eqs 2, 3 with the precipitation derived from the DFIR.

FIGURE 7
RMSE, mean bias, r, and PE0.1mm of snowfall in S1 Eqs 2, 3 are the
results calculated by recalibrated parameters in S1.
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FIGURE 8
Variations of average daily precipitation (A) and annual precipitation (B) along with an altitude in 2019 and daily mean precipitation (C) and annual
mean precipitation (D) during 2011–2019.

FIGURE 9
Variations of precipitation in Spring (A), Summer (B), Autumn (C) and Winter (D) along with elevation in 2019.
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2011–2019 were used to recalculate the precipitation gradient.
However, precipitation is not covering the glacier surface. From
2011 to 2019, the average daily precipitation gradient was
0.3 mm km-1 (Figure 8C) and the average annual gradient was
115 mm km-1 (Figure 8D). As for the seasonal scale, the largest
gradient of 35 mm km–1 (Figure 10B) occurred in summer and the
lowest gradient of 1 mm km–1 occurred in winter (Figure 10D). It
was about 8 mm km–1 in spring (Figure 10A) and 2 mm km–1 in
autumn (Figure 10C).

When considering S6, the precipitation gradient became larger in
2019. This may be because S6 was installed on the glacier surface, and
the glacier, as a special underlying surface, would increase the gradient
when precipitation transitions from non-glacierized areas to
glacierized areas. The glacier surface is characterized by a low heat
transfer rate, high reflectivity, high thermal transmittance, and low
surface water vapor content (Zhang and Zhou, 2000). It affects
precipitation through a combination of cooling effects, glacial
wind, and reduced convective cloud condensation height. A
previous study found that the contribution of Urumqi Glacier No
.1 accounts for 5.6% of the total annual precipitation as a special
underlying surface (Zhang and Zhou, 2000). As a result, the
precipitation gradient increased.

The precipitation gradient of our study was higher than that of
previous studies. Liu et al. (2011) reported PG was 63 mm km-1 on
the northern slope of the Tianshan Mountains using the Tropical
Rainfall MeasuringMission (TRMM) and ground data, although the
altitudinal gradient was much lower than the observed value due to
the coarse spatial resolution of TRMM data and other reasons. Li
et al. (2018) used data gathered in the seven meteorological stations

in the Urumqi River Basin (1961–2016) to find a PG of 32.6 mm km-

1, far lower than our results. It may be attributed to the lower altitude
of meteorological stations. It was lower than the results of the Hulu
watershed in the Qilian Mountains of China in 2010 and 2011.
However, the average annual precipitation gradient during
1960–2011 of upstream regions below an elevation of 3,400 m in
the Heihe mainstream watershed was similar to our average annual
value during 2011–2019 (Chen et al., 2014).

7 Conclusion

This study explored the influence of environmental
conditions in high-altitude glacierized areas on the accurate
measurement of precipitation by applying the WMO-SPICE
transfer functions from Kochendorfer et al. (2017b) at the site
in the snout of UG1 and using the local datasets to recalibrate
parameters. The methods and recalibrated parameters have been
applied to other automatic meteorological stations built in the
Urumqi River Basin of the Tianshan Mountains to correct the
solid precipitation data. Then, the precipitation gradients were
calculated using the corrected precipitation from three AWSs and
the precipitation datasets from three national meteorological
stations in the Urumqi River Basin. The main results are
summarized in the following paragraph.

The experimental configuration and environmental conditions
influence the precipitation measurement and correction. Due to the
difference in our instrument configurations and disposition with the
standard site recommended by WMO (2014), the original transfer

FIGURE 10
Average variations of precipitation in Spring (A), Summer (B), Autumn (C) and Winter (D) along with elevation during 2011-2019.
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function parameters were not fit for our datasets. After using our
local datasets in S2 to recalibrate the parameters, the accuracy after
correction by Eqs 2, 3 was significantly increased. The RMSE values
decreased by 18% and 50% using Eqs 2, 3, respectively; the bias
values decreased by 17% and 67%, respectively; the r values for both
Eqs 2, 3 increased from 0.96 to 0.97, respectively; and the PE0.1mm

values for Eq. 3 decreased by 90%. The solid precipitation in
S2 undercatch reached an average of 7%. In S1, which was
dominated by solid and mixed precipitation, the RMSE value
decreased by 14% and 37%, respectively; the bias value decreased
by 17% and 49%, respectively; and the solid precipitation undercatch
can reach up to 13%.

The precipitation gradients were evident on annual and seasonal
scales in the Urumqi River Basin. A good relationship between
yearly precipitation and altitude was found in 2019 in the six
meteorological stations ranging from 935 to 4,025 mm with a
value of 158 mm km-1 and during 2011–2019 in five
meteorological stations ranging from 935 to 3,835 m with a value
of 115 mm km-1 in the Urumqi River Basin. On a seasonal scale, the
largest gradient of 116 mm km-1 occurred in summer and the lowest
gradient of 15 mm km-1 occurred in autumn from the six
meteorological stations. As for the average seasonal precipitation
during 2011–2019, the largest gradient of 35 mm km-1 occurred in
summer and the lowest gradient of 1 mm km-1 occurred in winter.
When considering the precipitation on the glacier surface, the
precipitation gradient was increased.
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