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Abstract
The distribution of precipitation in alpine regions with cold climates, such as Upper Reach of Shule River Basin (URSRB),
northeastern edge of the Tibetan Plateau, is notoriously difficult to estimate from conventional measurements. Nine precipitation
products, including CMFD, CMORPH, ERA-Interim, GPCC, GPCP V2.3, JRA-55, TRMM 3B43, HAR, and CAPD, were
evaluated by six alpine ground-based measurement stations from 2001 to 2013 on yearly, seasonal, and monthly scales, respec-
tively. The precipitation gradients of the nine precipitation products in rainy period were calculated by linear regression and then
compared with recently observations during 2013–2016 from numerous total precipitation gauges. CMFD has the best overall
performance in both yearly, seasonal, and monthly precipitation because it is primarily based on the merged precipitation product
from surface measurements and satellite remote sensing data, followed by GPCC and TRMM 3B43. It is also found that
CMORPH shows the worst overall performance due to only derived from remote sensing data. Nine precipitation products all
showed obvious precipitation gradients. The absolute precipitation gradient of GPCC exhibited the greatest similarity to obser-
vations, followed by JRA-55 and CAPD. Although HAR obviously overestimated precipitation, it had an accurate pattern of
monthly distribution and relative precipitation gradients in alpine areas, indicating that it has some advantages for applying on
Tibetan Plateau. The evaluation suggested that the uncertainty in estimated alpine precipitation has largely decreased in some
precipitation products, which will help to comprehensive understanding the climate change and its impact on hydrology of
northeastern basins of the Tibetan Plateau.

1 Introduction

Precipitation is a major component of the global water and
energy cycle, in which it helps regulate the climate (Kidd
and Levizanni 2010), and provides key input data for ecolog-
ical and hydrological model studies (Daly et al. 1994;
Running et al. 1987). Therefore, strengthening the observa-
tions on distribution, volume, time, and duration of precipita-
tion is pertinent for fully understanding Earth’s hydrological
processes. A ground-based rain gauge is an effective means to
measure precipitation at a meteorological or hydrological site,
where observations of intense rain gauge networks can

provide accurate precipitation data for a specific region.
However, alpine areas, such as the Tibetan Plateau, generally
lack enough rain gauges to represent the spatial features of
complex topography and heavy precipitation (Ciach 2003)
and have very limited meteorological stations, where only a
few are above 4000 m a.s.l. Therefore, spatial interpolation
only based on ground-based measurements of precipitation is
problematic (Zawadzki 1975).

The development of satellite remote sensing has broadened
the field of human observation and provides technical support
for the temporal and spatial distribution of precipitation. In
such technology, a variety of precipitation products with dif-
ferent temporal resolution and spatial resolution are available,
including Tropical Rainfall Measuring Mission (TRMM)
3B42, Climate Prediction Center (CPC) MORPHing tech-
nique (CMORPH), and so on. There are also many reanalysis
precipitation products that assimilate observation data with
satellite observation data, such as the Interim European
Centre for Medium-Range Weather Forecasts (ECWMF)
Re-Analysis (ERA-Interim), China Meteorological Forcing
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Dataset (CMFD), 55 Japan Reanalysis Project of Japan
Meteorological Agency (JRA-55), National Centers for
Environmental Prediction (NCEP) Climate Forecast System
Reanalysis (CFSR), National Aeronautics and Space
Administration (NASA) Modern Era Retrospective-analysis,
Research and Application (MERRA), Global Precipitation
Climatology Project (GPCP), and Climate Prediction Center
Merged Analysis of Precipitation (CMAP).

Since the performance of different precipitation products
varies at different regions (Ebert et al. 2010; Hirpa et al. 2010;
Jiang et al. 2012), it is necessary to evaluate products at the
local region before application in hydrological modeling, even
it had been evaluated for large-scale (Wang et al. 2017b). The
distribution of precipitation in alpine regions with cold cli-
mates is notoriously difficult to estimate. For example, Yin
et al. (2008) found that TMPA 3B42 consistently
overestimated the monthly precipitation on the Tibetan
Plateau. Ma et al. (2009) determined that CMAP-1 and
GPCP-2 had better correspondencewith adjusted observation-
al precipitation in general compared with ERA-40, NCEP-1,
NCEP-2, and CMAP-2 in China. Zhao (2013) reported that
although TRMM 3B42 efficiently describes the spatial
patterns and seasonal changes in the rainy season in most
parts of China, it underestimates the precipitation in most of
western China, especially the western part of the Tibetan
Plateau. Tayeb et al. (2011) revealed that the GPCC is a useful
tool for drought monitoring on the Iranian Plateau. Chen et al.
(2014) found that JRA-55, ERA-Interim, NCEP CFSR, and
NASA MERRA can proficiently represent the interannual
variation in the daily cycle of precipitation in East Asia, while
JRA-55 captures the early and late rainfall over the Tibetan
Plateau. Wang et al. (2017a) suggested that CMFD has better
performance compared to CMORPH, GPCP-2, TRMM
3B43, and Global Precipitation Climatology Centre (GPCC)
in Qinling-Daba mountain areas on the east edge of the
Tibetan Plateau. Wu et al. (2019) reported that CMFD has
better performance than GPCC, ERA-Interim, GPCP2.3,
JRA55 both in upper reach and middle and lower reaches of
Shule River Basin, and the performance of these datasets in
upper reach is higher than in middle and lower reaches. These
results indicate that the performance of different products
varies greatly on different spatial–temporal scales; thus, it is
critical to evaluate different precipitation products on regional
scale before applying them to studies on climate change or in
hydrological simulations.

Located on the northeastern edge of the Qinghai-Tibet
Plateau, the Upper Reach of the Shule River Basin
(URSRB) is the main water resource of the whole basin and
has important impacts on the regional climate and hydrology.
However, no national meteorological station exists in the
URSRB, and only some automatic weather stations and total
rain gauges were set up at different altitudes after 2010. Due to
limited resources for data collection, it is very important to

obtain the spatial–temporal characteristic of precipitation from
different precipitation products. In 2013 and then 2015, the
High Asia Refined Analysis (HAR) (Maussion et al. 2013)
dataset, which focuses on alpine regions and with high-
resolution reanalysis data of the Tibetan Plateau, and the
China Alpine Precipitation Dataset (CAPD) (Chen et al.
2015), which integrates more short-term ground-based precip-
itation measurements in alpine regions, were developed and
released, respectively. As more precipitation products in al-
pine regions are developed, enhanced and accurate spatial and
temporal characteristics of precipitation in the mountainous
URSRB can be obtained.

Altitude is the main variable that controls the spatial distri-
bution of precipitation in mountainous areas (Wang et al.
2017b). As precipitation increases with altitude, a precipita-
tion gradient is formed, which is one of the key parameters for
simulating hydrological processes in mountainous areas.
However, precipitation gradients are very difficult to obtain
due to the alpine environments, and different estimated
precipitation gradients exist in the Qilian Mountains, which
include the URSRB. Tang (1985) reported that the precipita-
tion has an “S” shape distribution with altitude, while Zhang
et al. (2008) pointed out that the precipitation increases with
altitude in the Qilian Mountain areas. In this area, maximum
precipitation is observed in the windward slope at 2910 m
a.s.l. The field observed rainfall at an altitude of 2600–3800
m in the Heihe Basin suggests that the annual precipitation
increases by 4.55%, and the maximum precipitation altitude is
about 3650 m a.s.l. (Chang et al. 2002). Kang et al. (1999)
reported that the precipitation gradient fromMarch to October
is 12.4 mm/100 m at the Heihe Basin. Lan and Zhang (2017)
classified the precipitation gradients in whole TP as five sub-
regions, where the precipitation gradient of URSRB is esti-
mated by 19 mm/100 m in wet season (May–September).
Wang et al. (2009) found that the maximum precipitation
altitude is on the northern slope of the middle section of
Qilian Mountain at 4670 ma.s.l. and has seasonal fluctuation,
where the summer precipitation gradient is 11.5 mm/100 m.
This study also suggests that a statistical relationship between
the maximum precipitation height and the amount of precipi-
tation should be established in different climatic regions at this
altitude. These above-mentioned studies indicate that the pre-
cipitation gradient varies greatly at different observation sta-
tions, altitudes, and seasonal periods.

The update precipitation products in alpine regions provide
good opportunity to investigate the spatial pattern and gradient
of precipitation in URSRB, among which the precipitation
gradients were rarely reported in alpine areas. In this study,
nine precipitation products, including CMFD, CMOPRH,
ERA-Interim, GPCC, GPCP V2.3, JRA-55, TRMM 3B43,
HAR, and CAPD, and their precipitation gradients were eval-
uated by ground-based measurements in the URSRB and sur-
rounding areas during 2001–2013. This paper is organized as
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follows: the study area, nine precipitation products, and eval-
uation indicators are introduced in Section 2; evaluation re-
sults of the nine products and their precipitation gradients on
annual, seasonal, and monthly scales are shown in Section 3;
reasons for the different performance of the nine precipitation
products and uncertainties in the evaluations are discussed in
Section 4; and conclusions about the findings are presented in
the final section.

2 Study area and methods

2.1 Study area

URSRB lies at the northeastern margin of the Tibetan Plateau,
which ranges between 96.7° E–99.0° E and 38.3° N–39.9° N.
URSRB refers to the upstream mountainous area above
Changmabao at the outlet of the mountain areas and has an
area of 1.14 × 104 km2 (Gao et al. 2013) (Fig. 1). There is no
national meteorological station in the URSRB, so two national
meteorological stations near the URSRB were involved in the
study. URSRB is mainly composed of the Shulenan
Mountain, Tuolenan Mountain, and the valley of the Shule
River. The terrain is high and steep with obvious vertical
landform zones (Sheng et al. 2010; Xie et al. 2010). The alti-
tude of the URSRB is between 2081 and 5764m a.s.l., and the

alpine area above 4500 m a.s.l. is always covered by glacier.
URSRB is in the westerly zone climate, where precipitation is
mainly affected by the Atlantic vapor carried by the westerly
circulation. The URSRB is characterized by a dry and cold
climate with less rain, much wind, and an obvious vertical and
horizontal distribution of precipitation (Gao et al. 2013). The
average annual rainfall is about 378.4 mm, of which 80%
primarily occurs during the growing season (May–
September).

2.2 Data

The temporal resolution, spatial resolution, periods, space
span, and data sources of CMFD, CMOQPH, ERA-Interim,
GPCC, CPCP V2.3, JRA-55, TRMM 3B43, HAR, and
CAPD are summarized in Table 1.

CMFD is a set of reanalyzed datasets of near-surface me-
teorological and environmental elements, which is developed
by the Institute of Tibetan Plateau Research, Chinese
Academy of Sciences. The dataset is based on the existing
Princeton reanalysis data, Global Land Data Assimilation
System (GLDAS) data, Global Energy and Water
Exchanges Surface Radiation Budget (GEWEX-SRB) data,
and TRMM precipitation data and is made by combining the
weather observation data of the China Meteorological
Administration (Chen et al. 2011; Jin et al. 2003).

Fig. 1 Location and the distribution of rain gauge stations in the Upper Reach of Shule River Basin and surrounding areas
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CMORPH includes products inversed from low-orbit
Defense Meteorological Satellite Program (DMSP) satellites
(F13 to F15, NOAA-15 to 18, Aqua, and TRMM), and
Infrared Radiation (IR) data provided by relative geostation-
ary satellites, combined by the Lagrangian interpolation meth-
od (Joyce et al. 2004).

ERA-Interim is the latest global atmospheric reanalysis
dataset of ECWMF that replaced ERA-40 (MRP and Arkin
2009). The ERA-Interim uses data assimilation technology to
improve the radiative transfer model (Lindsay et al. 2014).

GPCC was established in 1989 to analyze the global
monthly precipitation, which is measured by rain gauges to
assess global energy and water cycles (Prakash et al. 2015).
This database includes precipitation data through the Global
Telecommunication System (GTS), Synoptic Weather Report
(SYNOP), and Monthly Climate Report (CLIMAT) and is
generated within 2 months after the end of the observation
month. The dataset collects more meteorological stations with
respect to other datasets during processing, which also pro-
vides system errors and other data information (Wan et al.
2013).

GPCP was established by the World Climate Research
Program (WCRP) in 1986. The GPCP2.3 integrates the ground
observation of rain gauges and the inversion results of satellite
remote sensing data. One of the main GPCP data sources is
infrared radiation data from LEO satellites, including GOES,
GMS, Meteosat, and NOAA AVHRR, where the microwave
satellite data comes from SSM/I on the DMSP satellite. The site
observation data mainly come from the GPCC, and the month-
ly precipitation analysis data are a basic product.

JRA-55 used data from ERA-40 (Uppala et al. 2005) and
JMA (Kobayashi et al. 2015). JRA-55 uses the JMA global
operational prediction model with good spatial resolution
(Yokoi 2015) to provide long-period data, which

simultaneous implements four-dimensional variational
methods for assimilation.

TRMM 3B43 incorporates precipitation estimates from
multiple satellites as well as possible measurement analysis
(Huffman et al. 2010). TRMM uses five instruments, includ-
ing Precipitation Radar (PR), TRMM Microwave Imager
(TMI), Visible Infrared Scanner (VIRS), Cloud and Earth
Radiation Energy System (CERES), and Lightning Imaging
Sensor (LSI). The final data product reflects monthly multi-
satellite satellite estimates scaled to rain gauge data (Karaseva
et al. 2012) (https://climatedataguide.ucar.edu/climate-data/
trmm-tropical-rainfall-measuring-mission). TRMM 3B43 is
derived from the average TRMM 3B42 V6 precipitation
product (Wang et al. 2017a).

HAR generates dynamic downscaling of global analytical
data through the atmospheric model Weather Research and
Prediction Model (WRF) V3.3.1 to prepare a 10-km grid for
the Qinghai-Tibet Plateau and surrounding areas (Maussion
et al. 2013). It simulates a continuous run with 36 h of time
integration, where the last 24 h of the model output provides
information for 1 day of the final dataset.

CAPD includes monthly precipitation datasets in the Qilian
Mountain (1960–2013). The product involves observed pre-
cipitation from the NationalMeteorological Station, hydrolog-
ical stations, and observation stations above 4000m a.s.l. from
the Chinese Academy of Sciences. CAPD establishes a rela-
tionship between precipitation and altitude, longitude, and lat-
itude (Chen et al. 2015) and generates monthly precipitation
datasets by kriging interpolation with a 1-km scale.

2.2.1 The gauge data

The precipitation data of 2 national meteorological stations
during 2001 to 2013, including Toule and Yeniugou in the

Table 1 Information of nine precipitation products in the Upper Reach of Shule River Basin and surrounding areas

Produce Temporal resolution Spatial resolution Periods Space span Data sources

CMFD Monthly 0.1° × 0.1° 1979–2015 18.2° N–53.6° N
73.4° E–135° E

http://westdc.westgis.ac.cn

CMORPH Half-hourly 0.07277° × 0.07277° 2002–present 60° N–60° S http://www.cpc.ncep.noaa.gov

ERA-Interim Daily 0.75° × 0.75° 1979–present 90.0° N–90.0° S
0.0° E–360.0° E

https://www.ecmwf.int

GPCC Monthly 1.0° × 1.0° 1982–present 90.0° N–90.0° S
0.0° E–360.0° E

http://ftp.dwd.de

GPCP V2.3 Monthly 2.5° × 2.5° 1979–2018 88.75° N–88.75° S
1.25° E–358.75° E

https://www.esrl.noaa.gov

JRA-55 Monthly 1.25° × 1.25° 1958–present 90.0° N–90.0° S
0.0° E–360.0° E

http://jra.kishou.go.jp

TRMM 3B43 Monthly 0.25° × 0.25° 1998–present 50° N–50° S https://mirador.gsfc.nasa.gov

CAPD Monthly 1 km 1960-2013 30.06° N–45.06° N
81.17° E–104.53° E

http://westdc.westgis.ac.cn

HAR Monthly 10 km 2000–2014 Tibetan Plateau https://www.klima.tu-berlin.
de
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surrounding area of the URSRB, were obtained from the
National Meteorological Information Center of the China
Meteorological Administration (CMA, http://data.cma.cn/
site/index.html). Other data were acquired from four
Automatic Weather System stations in the URSRB from
2008 to 2013. The related information of each stations is
listed in Table 2.

Total bucket gauges were set up in the URSRB for short-
term observations, but observation of total rain gauges was
limited to the rainy period due to observation difficulties dur-
ing winter. We define the rainy period fromMay to October in
the URSRB, which accounts for more than 80% of the annual
precipitation. The precipitation gradient in the rainy period
was obtained by integrating short-term observations from 40
total bucket gauges during 2013 to 2016. The observed pre-
cipitation gradient in the rainy period was determined to be 12
mm/100 m, and no maximum precipitation altitude was
observed.

2.2.2 DEM

The Advanced Spaceborne Thermal Emission and Reflection
Radiometer Global Digital ElevationModel (ASTERGDEM)
with 30 m resolution (http://gdex.cr.usgs.gov/gdex/) was used
to calculate the precipitation gradients in the URSRB.

2.3 Evaluation method

2.3.1 Date preprocessing

Since seven of the nine types of precipitation products have a
monthly resolution, the evaluation time scale was determined
on a monthly scale. The seasonal and annual precipitation
were calculated from monthly precipitation. Spring, summer,
autumn, and winter are defined as March–May, June–August,
September–November as autumn, and December–February of
next year, respectively.

Considering the area of URSRB, the spatial resolution of
the evaluation was taken as 0.25° × 0.25°. Bilinear interpola-
tion, which is commonly used for estimating precipitation,
was employed as the interpolation method. The monthly data
of each precipitation product was compared with the

precipitation observed by rain gauges on the grid. Since
HAR data is stored with point features, the meshless method
based on moving kriging interpolation (Ge and Cheng 2014)
was used to convert point features into raster when prepro-
cessing HAR data. The GPCC was corrected by using the
correction factor provided by the metadata before evaluation.

The following formula was applied to calculate the precip-
itation gradient G, which is expressed as:

G ¼ P2−P1

H2−H1
� 100 ð1Þ

where P1 and P2 are precipitation measurements (mm) of
different stations or grids; and H1 and H2 are altitudes of
different stations or grids.

2.3.2 Evaluation indicator

Four indicators were used to quantitatively evaluate nine pre-
cipitation products, which include the Pearson correlation co-
efficient (R), relative BIAS (BIAS), root mean square error
(RMSE), and mean absolute error (MAE):

R ¼
∑ X 1−X
� �

Y 1−Y
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑ X 1−X
� �2

Y1−Y
� �2

r ð2Þ

BIAS ¼
∑
n

i¼1
Y 1−X 1ð Þ

∑
n

i¼1
X 1

� 100% ð3Þ

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n
∑
n

i¼1
X 1−Y 1ð Þ2

s
ð4Þ

MAE ¼ 1

n
∑
n

i¼1
jX 1−Y 1j ð5Þ

where n is the number of measured and precipitation prod-
uct samples; X is the measured precipitation on the ground; Y
is the precipitation from precipitation product in the corre-

sponding time interval; and X and Y are the average of n on
X and Y, respectively.

Table 2 The information of rain
gauge stations in the Upper Reach
of Shule River Basin and
surrounding areas

Number Name Latitude Longitude Elevation (m) Record period

52633 Tuole 98.47 38.8 3367 2001–2013

52645 Yeniugou 99.58 38.42 3320 2001–2013

S1 Suli 98.31 38.42 3885 2008–2013

S2 Gahe 97.72 38.84 3443 2008–2013

S3 S3 98.36 38.56 4156 2008–2013

S4 S4 96.97 39.52 2433 2008–2013
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According to previous literature (MRP and Arkin 2009),
different values or R are defined as follows: 0.8 < R ≤ 1.0
which means extremely strong correlation and 0.6 < R ≤ 0.8
strong correlation, 0.4 < R ≤ 0.6 moderate correlation,
0.2<R≤0.4 weak correlation, and 0.0 ≤ R≤ 0.2 extremely weak
or uncorrelated (Xia et al. 2017). The statistical significance
test of the correlation coefficient was tested by the Student T
test, and BIAS reflects the degree of precipitation bias. The
closer BIAS is to zero, the more accurate the precipitation
product is. However, the positive and negative bias are prob-
ably offset, leading to relatively small BIAS. Because RMSE
reflects the precision of the precipitation product, it is very
sensitive to any large or small error in a group of data. MAE
can better reflect the actual situation of error in a precipitation
product.

3 Results

The precipitation products and precipitation gradients were
evaluated on annual, seasonal, and monthly scales, and then
the performance of products at each station was compared.

3.1 Annual scale

The R values of GPCC, CMFD, GPCP V2.3, and TRMM
3B43 were all higher than 0.8, indicating that the four precip-
itation products have extremely strong correlation with the
precipitation observations on an annual scale (Fig. 2). The R
of GPCC (0.89) was the highest correlation coefficient. The R
values of ERA-Interim, JRA-55, HAR, and CAPD were
slightly lower but greater than 0.7, suggesting that these four
precipitation products have strong correlation with precipita-
tion observations on annual scale. The R value of CMORPH
was less than 0, indicating that CMORPH has poor correlation
with observations on an annual scale.

The CMFD, GPCC, and TRMM-3B43 were closer to 1:1
line, suggesting that the annual precipitation of these products
was closer to observations (Fig. 2). HAR, CAPD, JRA-5, and
ERA-Interim overestimated precipitation compared to obser-
vations, while GPCP V2.3 and CMOPRH clearly
underestimated precipitation.

The BIAS of CMFD and TRMM 3B43 were smallest,
while BIAS of CMORPH and GPCP V2.3 were − 18.58%
and − 43.38%, respectively, suggesting that they
underestimated precipitation. The BIAS of HARwas the larg-
est by 82%, indicating that HAR largely overestimated annual
precipitation (Table 3).

The CMFD had the smallest RMSE with 60.19 mm, which
suggests that it is most similar to observed annual precipita-
tion. Following CMFD, GPCC, and TRMM 3B43 had slight-
ly larger RMSE values of 64.29 and 70.41 mm, respectively.
RMSE of the other six precipitation products were relatively

larger than 100 mm, among which the RMSE of CMORPH,
JRA55, and HAR were greater than 200 mm (Table 3).
CMFD had the lowest MAE of 35.12 mm, while MAE of
GPCC and TRMM 3B43 were slightly larger than CMFD.
HAR had the largest MAE of 274.82 mm (Table 3).

It is interesting to note that although the R between CMFD
and the observed annual precipitation was slightly lower than
that of GPCC, CMFD precipitation performed better than
GPCC with smaller BIAS and MAE. GPCC and TRMM
3B43 had good R values compared to observed annual pre-
cipitation and slightly larger RMSE and MAE values than
CMFD. After integrating the four evaluation indicates,
CMFD, GPCC, and TRMM 3B43 accurately estimated pre-
cipitation on annual scale, while CMORPH provided the
worst estimation of annual precipitation in the URSRB.

3.2 Seasonal scale

In spring, the R of all precipitation products except CMORPH
were greater than 0.4, indicating a moderate correlation be-
tween these products with ground observations. CMFD had
the highest R of 0.86, suggesting its excellent performance in
spring, which was followed GPCCwith R of 0.70 (Fig. 3a). In
spring, GPCC and CMFD had smallest BIAS values of 1.15%
and − 2.61%, respectively, while GPCP V2.3 had the largest
BIAS greater than 200% (Fig. 3b). CMFD had RMSE and
MAE values of 12.63 and 7.34 mm, followed by GPCC with
the smallest values of 15.4 and 12.7 mm, respectively.
Unsurprising, the MAE and RMSE of CMORPH were largest
(Fig. 3c, d).

In summer, the R values of the nine precipitation products
were all greater than 0.4, suggesting that all products perform
well during June–August. GPCC had the largest R of 0.86,
followed by TRMM 3B43 with R of 0.79. It is pertinent to
note that R of all products, except CMORPH and CAPD, were
larger than 0.6 in summer, which is better than other seasons,
indicating that most of the products can efficiently capture
precipitation in summer (Fig. 3a). The BIAS values of most
precipitation products were relatively smaller than 100%.
ERA-Interim, JRA-55, HAR, and CAPD overestimated sum-
mer precipitation, while other products underestimated precip-
itation in summer. The BIAS of CMFD was smallest by only
2.79%, and the BIAS of ERA-Interim, GPCC, JRA-55, and
TRMM 3B43 were less than 16% (Fig. 3b). GPCC had the
smallest RMSE of 53.22 mm, followed by TRMM 3B43 with
RMSE of 53.99 mm. CMFD has the smallest MAE of 35.68
mm, followed by TRMM 3B43 with MAE of 41.69 mm in
summer.

GPCC, ERA-Interim, CMFD, and TRMM 3B43 per-
formed well with higher R values in autumn, while GPCP
and CAPD had very low R values, which do not pass the
95% confidence test (Fig. 3a). The GPCC had the smallest
BIAS of − 3.2%, followed by TRMM 3B43 and CMFD,
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which had BIAS of 15.99 and 22.51%, respectively (Fig. 3b).
The RMSE and MAE of GPCC were smallest (17.31 and
13.64 mm, respectively) in autumn, followed by TRMM
3B43 and CMFD with RMSE of 21.27 and 30.58 mm and
MAE of 17.18 and 14.08 mm, respectively. The RMSE and
MAE of ERA-Interim, GPCP V2.3, and HAR were less than
40 mm (Fig. 3c, d).

All precipitation products performed poor during the win-
ter, among which CMORPH failed to pass the 95%

confidence test. HAR had the best performance with R of
0.27 (Fig. 3a). All precipitation products overestimated pre-
cipitation in winter, and their BIAS values all exceeded 100%.
TRMM 3B43 had the smallest BIAS of 132.28% and lowest
RMSE and MAE values of 5.68 and 4.9 mm, respectively, in
winter (Fig. 3c, d).

In general, R values were best in summer and worst in
winter for all precipitation products. Similar to R, the BIAS
values were smallest in summer and largest in winter. The

Fig. 2 Scatter plots of annual precipitation between precipitation
products including a CMFD, b CMORRH, c ERA-Interim, d GPCC, e
GPCP V2.3, f JRA-55, g TRMM3B43, h HAR, i CAPD, and
corresponding rain gauge data during 2001–2013 in the Upper Reach of

Shule River Basin and surrounding areas. Double asterisk denotes that
this product has passed the significance test at the 99% confidence level
on an annual scale

Table 3 BIAS, RMSE, andMAE of annual precipitation between nine precipitation products and corresponding rain gauge observations during 2001–
2013 in the Upper Reach of Shule River Basin and surrounding areas

Index CMFD CMORPH ERA-
Interim

GPCC GPCP V2.3 JRA-
55

TRMM 3B43 HAR CAPD

BIAS (%) 4.31 − 18.58 34.52 − 9.09 − 43.38 64.10 − 0.71 82 44.28

RMSE (mm) 60.19 202.00 137.81 64.29 168.74 228.87 70.41 312.75 164.97

MAE (mm) 35.12 156.12 121.47 52.41 147.66 211.79 59.27 274.82 146.30
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RMSE and the MAE of the precipitation products showed a
similar pattern (Fig. 3c, d). The performance of the nine pre-
cipitation products in different seasons varied greatly. GPCC,
TRMM 3B43, and CMFD performed well during all season.
CMFD performed best in spring, CMFD and GPCC per-
formed well in summer, GPCC performed best in autumn,
and HAR performed best in winter. CMORPH performed
relatively poor in all seasons, indicating that CMORPH cannot
accurately estimate precipitation on a seasonal scale.

3.3 Monthly scale

It can be clearly seen that all precipitation products have a
similar monthly distribution pattern with the ground-based
measurements (Fig. 4), where the precipitation from May to
September was greater with the maximum in July. The distri-
bution pattern of CMFD, GPCC, and TRMM 3B43 were
closer with the distribution of observation, suggesting that
these products have superiority in estimating monthly precip-
itation distribution. HAR significantly overestimated the pre-
cipitation each month, while CMORPH had the largest differ-
ence from the measured precipitation, and JRA-55 clearly
overestimated the precipitation in May (Fig. 4).

All precipitation products failed to pass the 95% confidence
test in December, and most of the precipitation products failed to
pass the 95% confidence test in February and November
(Table 4). Themonthly average valuesR of the nine precipitation
products were lower than the annual averages. The R of CMFD
in March, April, and May was highest, which is consistent with
its best performance in spring. GPCC had the highest R in June,
July, and August, suggesting its best performance in summer.
CMFDandCMORPHhad themaximum andminimum average
R values of 0.65 and minimum − 0.04, respectively. CMFD,
ERA-Interim, JRA-55, HAR, and CAPD overestimated the
measured monthly precipitation average, while the other four
precipitation products underestimated the average.

The minimum BIAS value of TRMM 3B43 was only −
0.27% (Table 5). The BIAS of CMFD and GPCC were also
relatively small, 4.3% and − 9.1%, respectively, suggesting
the better performance of the latter three precipitation prod-
ucts. The lowest BIAS was GPCP V2.3 of − 43.28%, and the
highest BIAS was JRA-55 of 63.7% (Table 5). The RMSE
and MAE revealed a similar pattern to BIAS. GPCC had the
smallest RMSE of 14.71 mm, and CMFD and TRMM 3B43
both had a slightly larger RMSE value of 16.2 mm. CMFD
had the smallest MAE of 6.5 mm, while HAR had the largest
RMSE and MAE.

Fig. 3 Evaluation indicators including a R, bBIAS, cRMSE, dMAE between seasonal precipitation from precipitation products and corresponding rain
gauge data in various seasons during 2001–2013 in the Upper Reach of Shule River Basin and surrounding areas
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In a short summary of the different performances on annu-
al, seasonal, and monthly scales, CMFD had the best R both
annually andmonthly and had the minimumMAE, low BIAS,
and higher RMSE on a monthly scale. Thus, CMFD per-
formed best on a monthly scale. GPCC estimated slightly
better than TRMM 3B43 when comparing their R and BIAS
values. The performance of CMFD, GPCC, and TRMM3B43
indicated that the uncertainty in estimated alpine precipitation
in URSRB has largely decreased in these products. CMORPH
has the worst indicators, suggesting its poor performance for
estimating precipitation in the URSRB, which is the same as
that in Qingling-Daba mountains at east edge of the Tibetan
Plateau (Wang et al. 2017a). HAR performed well for the
monthly distribution of R but overall overestimated the
monthly, annual, and seasonal precipitation.

3.4 Different performance at each station

The performance of nine precipitation products varied greatly
at each station but showed similarities with the monthly dis-
tribution of measured precipitation. The patterns of CMFD,
GPCC, and TRMM 3B43 are closer with the observations,
while CMFD is most consistent with the observation. Both
GPCP V2.3 and CMORPH had an obvious mismatch with
the measured values at each station, where estimated precipi-
tation was obviously underestimated in themonths with heavy
precipitation. At the S4 site, the precipitation measured by
CMORPH in spring and autumn was abnormally large.
Although the distribution of monthly precipitation of HAR
was close to the observation, it is evident that HAR overesti-
mates the precipitation approximately twice in each month at
each station (Fig. 5). JRA-55 significantly overestimated the
precipitation in May at Tole, Yeniugou, Suli, Gahe, and S3
stations.

All precipitation products, excluding CMORPH, passed
the 95% confidence significance test at all stations. The cor-
relation between HAR and measured data was the best among
the nine types of precipitation products, especially at higher

altitude stations S1, S2, and S3 with R of 0.93, 0.95, and 0.96,
respectively (Fig. 6a). CAPD had the highest R values of 0.95
and 0.98 at Tuole and Yeniugou stations respectively, which
may be related to CAPD’s integration of observation data
from national stations during data processing, followed by
GPCC with R of 0.93 and 0.95. At the lowest altitude station,
S4, GPCP V2.3 had the highest R of 0.87. In general, all
precipitation products had their largest R values at the
Yeniugou station, while R was smaller with more variations
at the S4 station (Fig. 6b).

All precipitation products largely overestimated precipita-
tion at the S4 station. Both CMORPH and GPCP V2.3 had
negative BIAS at the other five stations except S4 (Fig. 6b).
ERA-Interim, JRA-55, HAR, and CAPD overestimated pre-
cipitation at all sites except S4. CMFD had the smallest BIAS
of − 3.09%, 0.355%, − 2.38%, and − 4.97% at Tuole,
Yeniugou, Suli, and S3 stations, respectively, followed by
GPCC and TRMM 3B43. The BIAS of − 0.11% of
CMORPH at S2 was the smallest, followed by GPCC and
TRMM 3B43. The minimum BIAS for GPCP V2.3 at S4
was 10%, followed by GPCC and TRMM 3B43.

The RMSE values of GPCC, CMFD, and TRMM 3B43
were less than 20 mm at each of the six stations (Fig. 6c), and
MAE values were less than 12mm (Fig. 6d), while RMSE and
MAE of HAR and CMORPH at each station were larger. The
RMSE of CAPD at the two national stations were the smallest,
12.6 and 15 mm, respectively, followed by GPCC, CMFD,
and TRMM 3B43. CMFD had the smallest RMSE and MAE
at Suli and S3 stations and the smallest RMSE at Tuole and
Yeniugou. At the Gahe station, GPCC had the smallest RMSE
and MAE (11.53 and 7.48 mm), and GPCP V2.3 had the
smallest RMSE and MAE of 6.55 and 4.7 mm, respectively.

Considering the four evaluation indicators, GPCC, CMFD,
and TRMM 3B43 can estimate precipitation accurately at
each station. The monthly distribution pattern of HAR is con-
sistent with the observed data, especially at high altitude sta-
tions, but shows an apparent overestimation of precipitation.
CMORPH cannot accurately estimate precipitation at most of

Fig. 4 Monthly average
precipitation in the upper reach of
the Shule River Basin and
surrounding areas

1109Evaluation of nine precipitation products with ground-based measurements during 2001 to 2013 in alpine...



stations. Although CAPD performed exceptionally at the na-
tional meteorological stations, it did not perform good at the
four other stations, indicating that the interpolation from
neighboring stations has some limitations. GPCP V2.3 per-
formed well at low altitude site S4. The accuracy of all pre-
cipitation products at the S4 site is lower than that of other
sites, while the precipitation products performed best at the
Yeniugou station.

3.5 Precipitation gradients in rainy period

All precipitation products exclude CMORPH are increased
with altitude, suggesting that there are clearly precipitation
gradients (Fig. 7). The precipitation gradient of GPCP V2.3
in all years was significantly less than other precipitation prod-
ucts, while the trend of HAR was significantly greater than
that of other precipitation products.

The average gradient values of GPCC, JRA-55, and CAPD
were closer to the measured absolute gradient 12.4 mm/100
m, which were 10.9 mm/100 m, 13.05 mm/100 m, and 10.13
mm/100 m, respectively (Table 6). The precipitation gradient

of GPCP V2.3 is far less than observed. The precipitation
gradient of HAR is approximately twice the field observed
gradient. However, the relative precipitation gradient (%/100
m) of HAR is very close to observation. It is also need to note
that the precipitation gradient of CMFD and CAPD varied
from 2001 to 2013, and precipitation gradient of CMFD was
− 0.88mm/100m in 2013while CAPDwas − 0.44mm/100m
in 2012, respectively.

In general, GPCC performed best on the precipitation gra-
dient and JRA-55 and CAPD performed better, followed by
CMFD and ERA-Interim. CMORPH cannot correctly esti-
mate the precipitation gradient.

4 Discussion

4.1 The different performance of nine precipitation
products

CMFD seems to have the best performance on yearly, season-
al, and monthly scales because it is primarily based on the

Table 4 Relationship coefficients (R) between nine precipitation products and corresponding rain gauge observation within each month in the Upper
Reach of Shule River Basin and surrounding areas

Monthly CMFD CMORPH ERA-
Interim

GPCC GPCP V2.3 JRA-55 TRMM 3B43 HAR CAPD

January 0.842** 0.039 0.413** 0.699** 0.747** 0.372** 0.466** − 0.003 0.752**

February 0.428** − 0.398** 0.146 0.277 0.145 0.174 0.14 0.522** 0.775**

March 0.788** − 0.332* 0.496** 0.297* 0.495** 0.542** 0.166 0.684** 0.610**

April 0.770** − 0.316* 0.678** 0.564** 0.603** 0.498** 0.325* 0.529** 0.831**

May 0.869** − 0.197 0.627** 0.749** 0.737** 0.651** 0.425** 0.584** 0.541**

June 0.581** 0.188 0.650** 0.601** 0.529** 0.701** 0.493** 0.644** 0.300*

July 0.686** 0.384** 0.619** 0.761** 0.665** 0.605** 0.633** 0.670** 0.459**

August 0.864** 0.507** 0.751** 0.815** 0.724** 0.589** 0.782** 0.814** 0.724**

September 0.951** 0.304* 0.717** 0.840** 0.775** 0.625** 0.804** 0.766** 0.810**

October 0.650** − 0.357* 0.773** 0.723** 0.693** 0.572** 0.392** 0.639** − 0.033

November 0.500** − 0.189 0.198 0.204 0.247 0.316* − 0.175 0.496** − 0.163

December − 0.064 − 0.106 0.064 0.069 0.246 0.075 0.127 0.142 0.208

Average 0.655 − 0.039 0.511 0.55 0.551 0.477 0.382 0.541 0.485

* denotes that this product passed the significance test at the 95% confidence level; ** denotes that this product passed the significance test at the 99%
confidence level, and no * denotes that this product failed to pass the significance test at the 95% confidence level

Table 5 BIAS, RMSE, and MAE of monthly precipitation between nine precipitation products and corresponding rain gauge observation during
2001–2013 in the Upper Reach of Shule River Basin and surrounding areas

Indicator CMFD CMORPH ERA-
Interim

GPCC GPCP V2.3 JRA-
55

TRMM 3B43 HAR CAPD

BIAS (%) 4.31 − 18.61 34.4 − 9.07 − 43.28 63.66 − 0.27 74.17 44.46

RMSE (mm) 16.2 36.31 19.86 14.71 26.5 28.19 16.73 41.83 29.17

MAE (mm) 6.5 22.94 13.18 8.86 14.37 21.69 9.95 23.85 16.05
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merged precipitation product from surface measurements and
satellite remote sensing, followed by GPCC and TRMM
3B43. ERA-Interim, JRA-55, and CAPD performed slightly
worse than TRMM 3B43, and GPCP V2.3. It is also found
that CMORPH shows the worst overall performance due to
only derived from remote sensing, which is different with that
TRMM 3B42V6 and CMOPRH performed better than
Precipitation Estimation from Remotely Sensed Information
using artificial Neural Network (PERSINN) and TRMM RT
reported by Gao and Liu (2013) over TP. The different per-
formance of same precipitation product over URSRB and
whole TP proved that it should be evaluated before
application even had been assessed in larger extent. HAR
performed well in estimating the distribution of monthly
precipitation but overestimated precipitation by nearly
double each month. Wang and Zeng (2012) suggested that
no reanalysis product is superior to others in both daily and
monthly precipitation after evaluating six reanalysis products
including MERRA, NCEP/NCAR 1, CFSR, ERA40, ERA-
Interim, and GLDAS over the whole TP. Our study indicates

that CMFD is superior to other precipitation products in
URSRB.

The main impact factors of the different performances of
the precipitation products include the number of ground-based
observation stations involved, the inverse algorithm of satel-
lite remote sensing data, the algorithm of assimilation in the
reanalysis data, and the different spatial resolution of the
product.

Since there are no national meteorological stations in
URSRB and only two national meteorological stations in the
neighboring areas, the performance of each precipitation prod-
uct at different stations varied in the URSRB. For instance,
CAPD performs exceptionally at two meteorological stations
but has poor performance at four other stations. The number of
ground stations involved in different precipitation products
varies greatly in the whole Tibetan Plateau. The data collected
by the China Meteorological Administration’s observation of
rain gauges is the key to CMFD’s best performance, which
also contributes to the relatively better performance of GPCC
(Wan et al. 2013). TRMM 3B43 incorporates multiple

Fig. 5 Monthly average precipitation chart of six sites including a Tuole, bYeniugou, c Suli, dGahe, e S3, and f S4 of the Upper Reach of Shule River
Basin and surrounding areas
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satellite and radar precipitation observations and undergoes
multiple measurements and scale corrections (Karaseva et al.
2012), contributing to its good performance in the assessment.
CMORPH is only based on microwave data and does not
merge with ground measurement data, which influences its
rather poor performance compared to the other datasets.
Although CAPD seems involved more local observation sta-
tions in the Heihe Basin of Qilian Mountains, it did not show
superiority to the other products, indicating that the precipita-
tion derived from satellite remote sensing data may help to
obtain the spatial distribution of precipitation.

There are large differences in the precipitation products
obtained from different physical process parameterization
schemes (Zhu et al. 2015). The different satellite inverse algo-
rithms and the assimilation algorithm varied greatly between
the nine precipitation products, making it difficult to assess the
impact of different algorithms, since they also varied on dif-
ferent spatial–temporal scales. For example, CMFD incorpo-
rates Princeton reanalysis data, GLDAS, GEWEX-SRB,
TRMM 3B42, and routine observation data from the China
Meteorological Administration (Huffman et al. 2010;
Karaseva et al. 2012). TRMM 3B43 inverses the precipitation

from microwave sensors of multiple satellites (including
SSMI, SSMIS,MHS, AMSU-B, and AMSR-E) and calibrates
measurements with TCI. The estimation methods of GPCC
V2.3 include the SSM/I emission algorithm, SSM/I scattering
algorithm, TOVS-based algorithm, and the GPI and OPI pre-
cipitation index method.

GPCP V2.3 performed worse, possibly due to the coarse
spatial resolution in the original precipitation product, which
distorted many details of the precipitation. In addition, the
study area is in the edge area of the HAR and CAPD range,
meaning the location may have some impacts on the accuracy
of these two precipitation products.

4.2 Poor performance in winter

All precipitation products performed poorly in winter, which
maybe attributable to two reasons. One reason is that the pre-
cipitation in winter is relatively lower than other seasons with
an average precipitation of only 3.16 mm in the URSRB, and
the main type of precipitation is snow. Less precipitation in
winter lead to the relatively large BIAS and MAE, even
though the absolute error was not so large.

Fig. 6 Indicators including a R, bBIAS, cRMSE, and dMAE ofmonthly average precipitation at each site of the Upper Reach of Shule River Basin and
surrounding areas
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The second reason is the large uncertainty in observed pre-
cipitation in winter, in which it was probably largely
underestimated. It is well-known that large biases exist in
gauge precipitation data due to wind and wetting and evapo-
ration loss, especially for snow, and corrections for the biases
are necessary to generate reliable regional and global precip-
itation datasets and climatology (Groisman and Legates 1994;
Groisman et al. 1975; Yang et al. 2009). The average correc-
tion factor is about 1.3 for snow and 1.1 for rain in Heihe
Basin in Qilian Mountain areas (Kang et al. 1999).
Moreover, snow is also affected by the re-distribution of wind,
which further impacts snow observations on a field scale.

4.3 Uncertainty of evaluation

Uncertainty in the evaluation can be attributable to several
factors, such as the effects of latitude/longitude on the precip-
itation gradient of the precipitation products, different resolu-
tions of the original precipitation product, and the interpola-
tion method in preprocessing.

One previous study (Qi et al. 2013) suggests that the pre-
cipitation at different stations is likely affected by longitude
and latitude due to the large spatial range of site locations. To
examine the effect of longitude, a linear regression of the
measured annual precipitation and longitude (Fig. 8) suggests

Fig. 7 Relationship between average precipitation in rainy period and altitude of nine precipitation products including a CMFD, b CMORRH, c ERA-
Interim, d GPCC, e GPCP V2.3, f JRA-55, g TRMM3B43, h HAR, and i CAPD
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that R between annual precipitation and longitude is 0.98,
indicating that the annual precipitation decreases from east
to west, which is consistent with the trend of precipitation in
China. The relationships between annual precipitation mea-
surements of the nine precipitation products and longitude
(Fig. 9) imply that nearly all products agree well with obser-
vations, except CMORPH with a negative R. The largest
range of latitude and longitude are only 2.3° and 1.6°, respec-
tively, suggesting the effect of longitude on precipitation is
limited. The results indicate that the relationship between pre-
cipitation and longitude has little effect on the performances of
different products.

The altitude most likely caused some deviation in the esti-
mated precipitation gradient of DEM. The elevation of the

resampled 0.25° DEM grid has a relatively larger error with
the real altitude of the stations, especially in the peaks and
valleys in alpine regions. The 6 stations in this study were
mainly located on a plateau plane; thus, the impact of the
evaluation was relatively small.

The original spatial resolution of the nine precipitation
products varied greatly from 1 km to 2.5°, and 2.5° is
about 300 km in the URSRB. The spatial resolution of
evaluation is 0.25°, which probably lost the detail of some
precipitation product with high original resolution, such
as CAPD. The CAPD has an original resolution of 1
km, only performs good on monthly, seasonal, and annual
scales, but has an excellent precipitation gradient. It may
also explain the relatively poor performance of GPCP
V2.3, which has an original coarse resolution of 2.5°. In
addition, the interpolation method may have led to large
uncertainty in the evaluations when preprocessing to the
same spatial resolution of 0.25°.

5 Conclusions

In this study, CMFD, CMORPH, ERA-Interim, GPCC, CPCP
V2. 3, JRA-55, TRMM 3B43, HAR, and CAPD precipitation
products were evaluated by ground-based measurement data
from 2001 to 2013 in the URSRB. The following conclusions
can be made:

1. CMFD has the best performance when compared with the
ground-based precipitation measurements on annual, sea-
sonal, and monthly scales, followed by GPCC and
TRMM 3B43. CMORPH showed the worst performance,

Table 6 The precipitation
gradients in rainy periods in the
Upper Reach of Shule River
Basin and surrounding areas

Year CMFD CMORPH ERA-
Interim

GPCC GPCP
V2.3

JRA-
55

TRMM
3B43

HAR CAPD

2001 13.25 − 4.64 12.6 10.12 3.17 8.75 9.04 20.2 9.71

2002 13.74 − 5.65 15.97 12.18 3.78 12.91 9.27 27.42 9.5

2003 17.33 − 1.1 15.35 10.67 2.97 14.77 7.26 17.47 11.81

2004 11.23 − 1.61 13.53 11.88 4.06 11.97 8.91 24.84 10.43

2005 11.97 − 2.44 13.88 11.68 4.25 15.75 8.58 29.96 11.37

2006 5.42 1.4 13.75 10.51 4.15 11.67 7.11 24.12 10.6

2007 5.63 − 1.49 17.57 11.25 3.8 14.26 6.84 28.94 10.96

2008 8.16 0.66 11.6 10.61 3.75 11.67 4.88 21.76 11.58

2009 12.72 − 2.75 19.37 12.9 4.28 13.95 4.49 32.25 13.16

2010 9.53 0.001 13.95 11.72 4.46 12.44 6.72 24.18 10.91

2011 9.46 0.35 13.08 9.91 3.85 13.71 7.86 27.22 11.6

2012 4.96 − 6.33 14.83 10.08 3.37 13.72 5.77 30.38 − 0.44

2013 − 0.88 0.23 13.51 8.15 3.34 14.02 7.53 25.8 10.55

Average
gradient

9.42 − 1.80 14.54 10.90 3.79 13.05 7.25 25.73 10.13

Fig. 8 The relationship between observed annual precipitation and
longitude of the Upper Reach of Shule River Basin and surrounding areas
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while ERA-Interim, CPCP V2.3, JRA-55, HAR, and
CAPD have average performance in reproducing precip-
itation. The performance of precipitation products is better
on annual scale than monthly scale. CMFD performed
best in spring, while GPCC performed best in autumn,
and TRMM 3B43 performed best in winter. All products
simulated summer rainfall better than simulations in other
seasons.

2. All precipitation products, except CMORPH, performed
well for the monthly distribution at each site. HAR had the
best monthly distribution pattern at each site, especially
those at higher altitudes. However, HAR overestimated
precipitation in each month.

3. All precipitation products, except CMORPH, have a clear
precipitation gradient during the rainy period. The precip-
itation gradient of GPCC, JRA-55, and CAPD were sim-
ilar to observations. Although the gradient of HAR is
more than twice of observed absolute precipitation
gradient(mm/100 m), its relative precipitation gradient
(%/100 m) was very close to the observation, indicating
that it has some advantages for applying on the Tibetan
Plateau.

Some uncertainties are presented in the evaluations due to
limited precipitation observations in alpine regions. This study
provides some insight into the spatial–temporal characteristics
of different precipitation products in the UBSRB, which help
to better understand the climate change and hydrological pro-
cesses in the Tibetan Plateau. Considering the simple and
quick use of precipitation products for measuring the spatial
distribution of precipitation, further assessment of precipita-
tion products is a meaningful and continuous work for study-
ing climate change and its impact on hydrological processes in
the Tibetan Plateau, which is also needed for other areas with
limited resources and stations.
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