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Abstract: Obtaining accurate precipitation data in mountainous regions is important but challenging.
In ungauged areas, remotely sensed precipitation products are useful supplements and alternatives
to measured precipitation products. However, their ability to detect solid precipitation and light
precipitation in mountain areas is still unclear. The primary objective of this study is to evaluate two
satellite precipitation products, Global Precipitation Measurement (GPM) and Tropical Precipitation
Measuring Mission (TRMM)), in the headwaters of an inland river on the northeastern Tibetan Plateau
(the Heihe river basin), with a specific focus on their performance regarding light precipitation
and solid precipitation. The achieved results reveal that both GPM and TRMM perform poorly
over the Heihe river basin, with low Correlation Coefficient value and Critical Success Index value,
particularly in winter. Based on the coupled Time-Variant Gain Model-Degree Day Factor Model
(TVGM-DDF) initiated in this paper, the GPM is more applicable in terms of running hydrological
models. With the aim of detecting solid precipitation, the GPM is more capable of detecting solid
precipitation but still unsatisfactory at two stations. In the case of light precipitation, both products
underestimate light precipitation. In general, the performance of the two products in the Heihe river
basin is not satisfactory and should be enhanced in upcoming explorations. This study provides a
strong foundation for choosing alternate precipitation data for related research in the mountain basin.

Keywords: solid precipitation; light precipitation; Heihe river basin; TRMM; GPM; TVGM-DDF

1. Introduction

Precipitation is a significant component of the hydrological cycle and is essential
forcing data for many applications including hydrology [1,2], agriculture [3] and extreme
precipitation events research [4]. Among them, extreme precipitation research has attracted
much attention because of its impact on disaster assessment and risk management. Com-
monly, due to the significant regional and temporal variability of precipitation, reliable
data on precipitation at high spatial and temporal resolutions are crucial when studying
extreme precipitation events.

Conventional observations from rain gauge stations usually provide the most direct
and precise measurements at the gauge locations. A shortcoming is that the spatial rep-
resentation of precipitation patterns is frequently subpar in mountain locations due to
the moderately sparse distribution of rain gauges [5,6]. Additionally, the precipitation
time series gathered from rain gauges typically has gaps and inhomogeneity. On the other
hand, remote sensing precipitation has become the most promising potential precipitation
product, with constant and high spatial and temporal resolutions. Precipitation datasets at
various spatial and temporal resolutions at the world or quasi-global scale are now more
readily available as a result of the sustained efforts undertaken over the past decades to
develop satellite remote sensing precipitation datasets [7].
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The Tropical Precipitation Measuring Mission (TRMM) is the first meteorological
satellite to use passive microwave (PMW) and infrared remote (IR) to observe large-scale
precipitation in tropical and subtropical regions [8]. These data have been employed in nu-
merous former investigations, including precision evaluation, driving hydrological models,
supporting reservoir operations, and managing water resources [9-12]. As the successor to
TRMM, Global Precipitation Measurement Integrated MultisatellitE Retrievals (IMERG) ex-
hibits a higher spatial and temporal resolution. Developers claim that ability to detect both
light precipitation (the minimum detectable rainrate is 0.5 mm-h~!) and solid precipitation
are the most essential characteristics of the Global Precipitation Measurement (GPM) [13],
which present crucial precipitation characteristics in high latitudes and mountain regions.

Regional differences may exist in how well satellite-based precipitation products (SPPs)
work. Thus, before using SPPs, they should be fully and thoroughly realized. Several
explorations have focused on the GPM and TRMM in various spatial scales. The few studies
investigating IMERG performance on a worldwide level produced conflicting findings.
Liu et al. displayed how the IMERG monthly product is capable of properly capturing
major heavy precipitation areas [14]. The discrepancies between the IMERG products
and those of the 3B42V7 vary with the surface type (land or ocean) and the precipitation
rate in summer and winter [14]. Derin et al. found that Global Satellite Mapping of
Precipitation(GSMaP) outperforms the performance of IMERG for practically all regions
in terms of systematic and random error metrics [15]. At the regional scale, most of the
earlier investigations associated with the TRMM and GPM have focused on assessing their
precision and applications. However, not many studies have elucidated these two products’
ability to identify light and solid precipitation, specifically in mountain regions of China.
Tang’s research revealed that the IMERG results underestimate snowfall when compared
to gauge and reanalysis data, which somewhat degrades the IMERG performance in cold
climates [16]. Chen believes that the IMERG exhibits poor performance in winter as the
TRMM 3B43, even if the GPM improves its capability to detect frozen precipitation more
accurately [17]. The achieved results by Li indicated that the IMERG performs poorer and
has a somewhat greater miss bias for light precipitation in regions with a complicated winter
precipitation phase [18]. Ma et al. explained that the IMERG could be potentially employed
in detecting solid precipitation, which is not retrieved from the 3B42V7 products [19].

The Heihe River is an inland river in the northeastern Tibetan Plateau of China.
The Heihe river basin (HRB) has attracted substantial attention in China due to growing
pressures on the water supply and a fragile ecological environment [20]. The shortage of
water resources in the basin has become a restrictive factor in controlling the ecological
balance and economic development of the basin. Therefore, it is important to evidentially
explore precipitation in the HRB. The main objective of the current investigation is to assess
how well the TRMM 3B42V7 precipitation product (abbreviated as TRMM below) and the
newly released GPM IMERG precipitation product (abbreviated as GPM below) perform in
terms of daily estimated precipitation over the HRB. More significantly, we discuss their
performance to estimate light and solid precipitation. This study is aimed at providing
a solid reference for the application of the GPM and reliable input data for the study of
extreme precipitation events in mountain areas.

The paper is organized as follows. Section 2 introduces the study area, the datasets,
and the employed methodology. Sections 3 and 4 present the evaluation results and discuss
their implications, respectively. The significantly obtained results are also provided in
Section 5.

2. Materials and Methods
2.1. Study Area

The Heihe river is the second largest inland river in China, with a total length of
821 km. It originates in the Qilian Mountains, travels through the Hexi Corridor in the
middle reaches, and finally flows north into Juyanhai Lake (Figure 1). The upstream
of the Heihe River is above Yingluoxia hydrological station, with the elevation range of
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1800-5000 m and a drainage area of 10,009 km?. In the upper HRB, the mean annual
air temperature fluctuates between —9 and 5 °C, while the annual precipitation ranges
from 200 to 700 mm [21]. The elevation of the upper HRB has a significant impact on
precipitation and temperature, and it also causes significant geographic variation in land
use and cover [22-24]. A few glaciers and permafrost are primarily visible above 4000 m.
The entire glacier area was about 80 km?, and the associated water reserve was almost
0.5 billion m3 as of 2010 [25]. Nearly 70% of the runoff that enters the HRB originates from
its headwaters [26], and the average annual runoff measured at the Yingluoxia station in
the 2000s was roughly 1.58 billion m>.
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Figure 1. (a) Geographical location of the HRB and its headwaters. (b) Locations of meteorological
and hydrologic stations in the HRB headwaters as seen on a Digital Elevation Model (DEM).

2.2. Data
2.2.1. Reference Data

As areference dataset for the current investigation, we use the China gauge-based daily
precipitation analysis (CGDPA) published by the China Meteorological Administration.
The CGDPA is interpolated from roughly 2400 stations in mainland China based on an
optimal interpolation method and has undergone rigorous quality control. Research has
demonstrated that the CGDPA is accurate when compared to the Climate Prediction Center
(CPC) Global Precipitation and the East Asia gauge analysis [27]. The CGDPA has been used
extensively as reference data that can be regarded as the “real value” of precipitation [28,29],
and as input data for hydrological models [30]. The CGDPA data from 2014 to 2020, which
have a daily temporal resolution and a spatial resolution of 0.25° x 0.25°, are used in this
investigation.

2.2.2. GPM

GPM is a satellite-based precipitation measurement program developed by NASA on
the basis of the TRMM [14,31]. GPM adopts a dual-frequency radar observation system
for the first time and combines active radar observation technology [31]. It is also capable
of providing physical information on cloud precipitation particles from various angles,
enhancing the capability of capturing lightweight precipitation and snowfall [31]. The GPM-
based products are divided into four levels according to their data inversion algorithms.
Integrated Multi satellitE Retrievals for GPM (IMERG) are the Level 3 multi-satellite
precipitation product of the GPM [32]. The temporal and spatial resolutions in order are
0.5hand 0.1° x 0.1°. According to the various calibration accuracy, the IMERG products
are divided into three types: “early run”, “late run”, and “final run” (IMERG-E, IMERG-L,
and IMERG-F). The IMERG-E and IMERG-L products are near real-time products, releasing
4h and 14h after observation, respectively [33]. However, the IMERG-F represents a post-
processing product, which has been calibrated for the deviation of monthly observation data
of ground precipitation stations and is usually released two months after observation [32].
In continuing, IMERG-F V6 products are selected in the present research.
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2.2.3. TRMM

The TRMM 3B42V7 is a post-real-time product based on the TRMM multi-satellite
precipitation analysis (TMPA) algorithm [8]. The TMPA estimations commonly have four
steps: (i) calibrating and combining the PMW precipitation estimates; (ii) creating the
IR precipitation estimates based on the calibrated PMW precipitation; (iii) appropriately
combining the predicted results of PMW and IR; and finally (iv) incorporating the data from
the rain gauge [8]. The daily accumulated TRMM 3B42V7 products with a 0.25° x 0.25°
spatial resolution are utilized in the present study.

2.2.4. Other Data for Hydrological Model

The grid meteorological data driving the hydrological model are provided by the
daily surface temperature grid dataset (0.5° x 0.5°) in China. The hydrological data are
provided by the administration associated with the HRB. The snow cover product used
in this paper is specified by MOD10A2. The daily dataset of China’s surface climate data,
(V3.0) including the station temperature and precipitation data, are used to investigate how
well SPPs can detect snowfall.

2.3. Methodology
2.3.1. Statistical Analysis

In the current investigation, seven common statistical criteria (Table 1) are employed
in assessing the accuracy of the TRMM and the GPM at a daily scale and 0.25° x 0.25°
grid spatial scale. The bilinear interpolation method, which uses the distance-weighted
average of the four nearest pixel values to estimate a new pixel value, is used to convert
the GPM from 0.1° x 0.1° resolution to 0.25° x 0.25° resolution [19]. More information on
evaluation metrics can be found in the related paper [28].

Table 1. The statistical index of SPPs evaluation.

Statistical Metrics Formula Optimal Value Value Range
n PR— G . — n)
Correlation Coefficient (R) R= i=1 (GL G)(hi—P) 1 [-1,1]
VI (G =Gy /T, (P — PP
n_p.
Relative Bias (BIAS) BIAS = =i=1 Gl -1 0 (=00, +00)
i=1 i
n P —G;
Mean Absolute Error (MAE) MAE = M 0 [0, +00)
2
Root Mean Squared Error (RMSE) RMSE = iz1 (P = Gi) 0 [0, +0c0)
n
H
o . _ 1 [0,1]
Probability Of Detection (POD) POD Ht M
F
i = 0 [0,1]
False Alarm Ratio (FAR) FAR HTE
Critical Success Index (CSI) csr=—H 1 [0,1]
H+M+F

where 7 is the sample size, G; is the reference precipitation data, and P; is the i-th value of SPPs. The lowest
amount of precipitation that may be measured in a precipitation gauge station is 0.1 mm, hence 0.1 mm/day is
the threshold value for determining if a precipitation event has been measured [34,35]. In addition, H refers to
the number of precipitation events that are simultaneously detected by the reference precipitation dataset and
the SPPs. M stands for the number of precipitation events observed in the reference dataset but not detected
by the SPPs, and F stands for the number of precipitation events detected by the SPPs but not detected in the
reference dataset.
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2.3.2. Hydrologic Model

In order to simulate runoff for glacier and snow-characterized watersheds such as
the HRB, we coupled the Time-Variant Gain Model (TVGM) for simulating rainfall runoff
with the Degree Day Factor Model (DDF) for simulating ice and snow melting runoff,
namely the so-called Time-Variant Gain Model-Degree Day Factor Model (TVGM-DDF).
The coupling process is as follows and is demonstrated in Figure Al.

The forcing data of the TVGM-DDF model are temperature, precipitation, and Snow-
Covered Area (SCA). The model calculates the rainfall generated runoff and glaciers snow
melting runoff separately, and the sum is taken as the total runoff in Equation (1).

R(t) = Ryain(t) + Rice,snow(t) )

in which R is the total runoff, R,y is the runoff generated by rainfall, and Rjce, snow is the
runoff caused by glaciers and snow melting.

If the mean temperature of a day is higher than the critical temperature of solid-liquid
separation (T, set to 0 °C in the proposed model), the precipitation of that day is considered
as rainfall; otherwise, it is considered as snowfall. If the rain falls on bare land, it is regarded
as effective rainfall and further forms rainfall runoff. The R4y, is calculated by the broadly
utilized lumped hydrological model TVGM.

In the TVGM, the relationship of how rainfall converts to runoff is considered to be
nonlinear. The surface runoff coefficient changes with time and is noticeably influenced by
the antecedent soil moisture [36-38],

Grain(t) =81+ 82X API(t) )

where Gr,in(t) denotes the time-variant rainfall-runoff coefficient, g; and g, are parameters
related to Grqin(t), and API(t) represents the antecedent precipitation index function which
is commonly employed as an index of catchment wetness.

Then, the process of rainfall-runoff generation could be evaluated by multiplying the
effective rainfall P(¢) and runoff coefficient Gr,in(t), which is simply expressed by:

Rrain(t) = GGrain(t) X P(t) 3)

If the rain falls on the snow-covered area, it is considered to increase the water-holding
capacity in the snowpack. The snowfall directly enters the snowpack. If the mean tempera-
ture exceeds the melting-point threshold (T ey, set to 0 °C in the model), the DDF model [39]
is used to calculate the glacial and snow melting runoff (Rjce snow) (see Equation (4)).

Rice,snow(t) = DDF X (T(t) - Tmelt) (4)

where Rjce snow denotes glacial and snow melting runoff, DDF stands for the degree-day
factor, T(t) represents the average temperature of the day, and Ty is the temperature
threshold for judging whether melting has occurred, and it is herein set as 0 °C.

When the average temperature is below the critical melting temperature, the storage
water of the snowpack refreezes. The snowpack retains the melting water until it exceeds
10% of the water equivalent of the snowpack [40]. After calculating the total runoff collected
by rainfall runoff and glaciers snowmelt runoff, the streamflow is generated by the Nash
unit hydrograph [41].

The shuffled complex evolution method developed at the University of Arizona (the
SCE-UA algorithm) [42] is implemented to optimize the parameters of TVGM-DDF, and
the Nash-Sutcliffe efficiency (NSE) [43] and BIAS are employed as objective functions to
assess the model performance.
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Based on the experience, the values of Ty and T\ in the TVGM-DDF model are
set equal to 0°C and do not participate in the parameter optimization. The parameters
involved in optimization are the rain runoff parameters, namely, g; and g», snowmelt runoff
parameter DDEF, and flow parameters, namely # and k. Table 2 display the ranges of the
above five parameters.

Table 2. Upper and lower limits of the parameters associated with the TVGM-DDF model.

Parameter Precipitation Runoff Snowmelt Runoff
e e Flow Parameters
Classification Parameters Parameter
Name g1 0 DDF n k
Lower range 0 0 0 0 0
Upper range 1 1 10 20 20

Since the TVGM-DDF is a novel model, this paper first examines the validity of the
established model. The area chosen for model validation is the Hexi inland river basin. This
basin is placed in the northwest arid region and at the edge of the Qinghai-Tibet Plateau.
From east to west, such a basin includes Shiyang River Basin, Heihe River Basin, and Shule
River Basin, respectively [44]. The regional overview is illustrated in Figure A2, and the
basic information of each basin can be readily found in Table A1.

We use the data from 1991 to warm up the model. The calibration period of the model
is set as from 1992 to 2004, and the validation period is considered from 2005 onwards until
2015. The runoff simulation results are carefully presented in Figure A3. Results reveal
that the accuracy of the TVGM-DDF model in each watershed is moderately high. The
average NSE of the calibration and validation periods reached 0.84 and 0.83, respectively.
In general, the TVGM-DDF model suitably simulates the runoff process of the typical
mountain watershed of the Hexi inland river, indicating that this is a capable-efficient
model for predicting the hydrological aspects of the mountain watershed.

3. Results
3.1. Evaluation of the SPPs
3.1.1. Overall Evaluation of the HRB

Figure 2 demonstrates the statistical results of the GPM and TRMM for daily pre-
cipitation at the grid scale. As seen in Figure 2, the GPM exhibits higher R-values than
the TRMM, indicating better consistency with reference data. The GPM also has lower
MAE and RMSE values than the TRMM. Overall, the GPM and TRMM underestimate the
amount of precipitation to varying degrees, and the GPM underestimates that to a greater
extent. The GPM exhibits relatively high values of the POD and CSI, representing that the
GPM has better detection capability for precipitation events. The FAR values for the GPM
and TRMM are similar.

Table 3 presents the average value of seven evaluation metrics pertinent to the GPM
and TRMM at the grid scale. It is important to note that the R-value and CSI-value of the
two products are relatively low; that is, their performances in the HRB were not great.

Table 3. The average values of seven evaluation metrics for the GPM and TRMM at the grid scale.

Product Name R MAE RMSE BIAS POD FAR CSI
GPM 0.18 1.75 4.11 27% 0.59 0.54 0.35
TRMM 0.14 2.11 5.02 10% 0.42 0.55 0.28

Notes: the BIAS value is the absolute value.
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Figure 2. The spatial distribution of the seven evaluation metrics for the GPM and TRMM at the daily
and grid scales (a-1,a-2) R, (b-1,b-2) MAE, (c-1,c-2) RMSE, (d-1,d-2) BIAS, (e-1,e-2) POD, (f-1,{-2) FAR,
and (g-1,g-2) CSIL.
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3.1.2. Seasonal Evaluation of SPPs

For a better understanding of the performance in various seasons, we evaluate the
kinds of accuracy indicators in various seasons at the basin scale (Table 4). Specifically,
spring, summer, fall and winter refer to March to May, June to August, September to
November and December to February of the next year, respectively. In total, the accuracy
in the spring, summer, and fall is higher than that in the winter for the same product.
Specifically, in spring, summer, and fall the GPM exhibits a higher R-value than the TRMM,
while in winter the GPM is not even as good as the TRMM. It should be noticed that the
GPM underestimates precipitation to the same extent in each season, with negative BIAS
values. In particular, the GPM demonstrates an extremely negative BIAS value (—92.99%)
in winter, implying a severe underestimation of precipitation. The TRMM overestimates
summer precipitation while underestimating it during other seasons. Generally, the TRMM
products exhibit lower MAE values compared to the GPM products, while the GPM
demonstrates lower RMSE values in comparison with the TRMM.

Table 4. The four evaluation metrics pertinent to the GPM and TRMM at the grid scale in various seasons.

Season SPPs R MAE RMSE BIAS (%)
Sorin GPM 0.14 1.30 2.79 —39.81
prng TRMM 0.04 0.84 321 —21.08
5 GPM 0.15 3.59 5.60 —~16.20
ummer TRMM 0.07 3.51 6.75 9.68
Eall GPM 0.16 1.36 2.82 —36.96
a TRMM 0.07 0.81 3.12 —27.24
Wi GPM —0.04 0.19 0.70 ~92.99
inter TRMM —0.04 0.08 0.78 _53.78

Note: The optimal value is in bold.

3.2. Applicability Analysis of SPPs-Driven Hydrological Model

Through two separate parameter calibration scenarios, the streamflow simulation
capabilities of the IMERG and TRMM products are assessed based on the TVGM-DDF
model. In scenario I, the model was warmed up and simulated using observations from rain
gauges for the two time periods of January 2015 to December 2015 and, accordingly, January
2016 to December 2019. The model was then run using the IMERG and TRMM products
with model parameters calibrated by rain gauges for the period of January 2016 to December
2019. In scenario II, model parameters were recalculated by each satellite precipitation
dataset in order to examine how the hydrological model accepted and corrected the mistake
of the SSPs. Both calibrations were automatically processed by implementing the SCE-
UA algorithm.

3.2.1. Applicability Analysis of the Fixed Parameters

First, we employed the measured precipitation data to run the TVGM-DDF model,
and the simulation findings are depicted in Figure 3 (red points) and Table 5. As can be
seen from Figure 3 and Table 5, the NSE value of the TVGM-DDF reached 0.83, and the
TVGM-DDF appropriately simulated the flow. At the same time, we obtained a set of
optimized TVGM-DDF parameters. Then, the TRMM and GPM were utilized to apply
the model based on the optimized parameters, respectively. The simulation results of the
two products are demonstrated in Figure 3 (blue points and green points) and Table 5.
The simulation results revealed that, in the case of fixed parameters, both products have
a certain degree of ability to force the model. Among them, the accuracy of the GPM is
relatively high, with an NSE of 0.84, while the NSE of the TRMM applied model is only 0.77.

The presented results specify that the precision of the runoff simulation based on the
GPM and TRMM is relatively high under the fixed parameters condition. In the HRB, this
issue could be attributed to the fact that the glacier snow melting runoff dominated by the
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temperature played an important role. The simulation results by Wu et al. indicate that the
glacier made about a 9% contribution to the streamflow in HRB [45].

300
= Observed Flow
e CGDPA Simulated Flow
e GPM Simulated Flow
@ H e TRMM Simulated Flow
"'JE 200
g
2
(=}
&=
100 —
0

2016 2017 2018 2019

Figure 3. Plot of the simulated runoff via the TVGM-DDF with the fixed parameter.

Table 5. Precision of different SPPs driven hydrological models under different scenarios.

CGDPA GPM TRMM
Fixed parameters 0.83 0.84 0.77
Variable parameters 0.83 0.90 0.90

3.2.2. Applicability Analysis of Variable Parameters

In this subsection, the GPM and TRMM were employed as forcing TVGM-DDF models,
and the parameters were optimized using SCE-UA algorithms. The simulation results
of the two products are demonstrated in Figure 4. It can be seen in Figure 4 that the
accuracy of the two product-driven hydrological models is similar. Comparing the NSE
values of different precipitation products driving the hydrological model was subjected to
fixed and unfixed parameters, respectively, as given in Table 5. The provided data in this
table indicate that the simulation results of fixed parameters are poor. Recalibration of the
parameters could enhance the simulation accuracy of the model.

300
= Observed Flow
e CGDPA Simulated Flow
e GPM Simulated Flow
@ o TRMM Simulated Flow
¢ g 200
N—’
3
[=)
=
100
0

2016 2017 2018 2019

Figure 4. Plot of the simulated runoff via the TVGM-DDF with the variable parameter.

4. Discussion

Many studies have revealed that the accuracy of the GPM is substantially greater
than the TRMM over the Tibetan Plateau [46,47]. However, in our research, the accuracy
of the two products was not high enough, and the GPM was slightly stronger. A few
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research works have reported similar results to ours. For instance, Wang suggested that the
IMERG does not exhibit remarkable improvement compared to its predecessor TRMM, and
performs even worse when estimating the amount of precipitation in the Hexi region [48].
The reason could be that the understudied area was located in the mountains of the Tibetan
Plateau, and the remote sensing sensors did not sufficiently exhibit sensitivity. In particular,
the accuracy of the GPM products is moderately low in winter, which could be related to
its detection capabilities of solid precipitation and light precipitation. Thus, the following
part aims to mainly discuss the capabilities of two products in detecting both light and
solid precipitations.

4.1. Detection Capability of Solid Precipitation

In order to examine the capability of the GPM and TRMM in detecting solid precipi-
tation, we explored five sites in and near the HRB in the time interval of 2014-2020. The
details of the five weather stations have been provided in Table 6. In the case of the average
temperature of the station on that day being less than 0 °C the precipitation event is judged
as snowfall, and the corresponding results are explained and discussed in the following.

Table 6. Basic information of meteorological stations in the HRB.

Number Name Longitude (°) Latitude (°) Elevation (m)
52,633 Tuole 38.8 98.4 2311.8
52,645 Yeniugou 38.4 99.6 3320.0
52,657 Qilian 38.2 100.3 27874
52,661 Shandan 38.8 101.1 1764.6
52,652 Zhangye 38.9 100.4 1482.7

Table 7 presents the accuracy index of snow detection of two products. The achieved
results reveal that the POD value of the GPM is higher than that of the TRMM at all stations.
For the FAR index, the performance of the two products is similar. In general, the GPM is
more accurate, with a higher CSI value. Comparing the results obtained for different sites,
the accuracy of the two stations (52,657 and 52,652) is relatively low.

Table 7. Accuracy index of snow detection of two products.

Index 52,633 52,645 52,657 52,661 52,652
POD 0.63 0.63 0.19 0.65 0.26
GPM FAR 0.70 0.63 0.93 0.70 0.78
CSI 0.25 0.31 0.05 0.26 0.13
POD 0.32 0.36 0.09 0.31 0.12
TRMM FAR 0.69 0.56 0.92 0.69 0.81
CSI 0.19 0.25 0.04 0.18 0.08

Some investigators have examined the capability of GPM products in detecting snow-
fall events. A piece of research work by Ma on the Qinghai-Tibet Plateau revealed that the
GPM could only detect 25% of the snowfall in the experiment [19]. Meng’s research on the
Yellow River source region indicated the limitations of the IMERG products in estimating
solid precipitation [49]. This is consistent with our conclusion that the GPM’s capability in
identifying solid precipitation is enhanced compared with the TRMM, but it is still not sat-
isfactory. This issue suggests the limitations of the GPM under cold conditions and reveals
its shortcoming of retrieval and calibration algorithms for estimating solid precipitation.

Admittedly, we simply utilize 0 °C to distinguish between rain and snow, which
may have caused some errors in the results. Temperature thresholds considering the
change of different study areas [50] could favor a more precise classification of the kind of
precipitation and should be applied in future research.
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4.2. Evaluation of SPPs to Identify Extreme Precipitation Characteristics

In order to investigate the capabilities of the GPM and TRMM for detecting light
precipitation, the Probability Density Function (PDF) and Cumulative Distribution Function
(CDF) plots of precipitation in the HRB have been extracted and demonstrated in Figure 5.
The achieved results indicate that both GPM and TRMM underestimate the precipitation in
the interval of 0 to 0.1 mm/day. In the range of 0.1-2.5 mm/day, both products overestimate
precipitation. When the daily precipitation exceeds 2.5 mm, both products underestimate
precipitation again.

Some explorations on light precipitation lead to similar conclusions. Li et al. assessed
and analyzed the GPM products for light precipitation over Mainland China [18]. Wang
thought that the overestimation of the GPM in light precipitation events in the arid area
should be noticed and improved [48]. By studying the accuracy of the GPM in disparate
climatic regions of China and its capability in applying the hydrological models, Jiang et al.
came to a similar conclusion [51]. In future research, improving the ability to detect micro
precipitation should be focused, which will be helpful to drought research.
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Figure 5. (a) The Probability Density Function(PDF) plot of the average daily precipitation in the HRB.
(b) The Cumulative Distribution Function(CDF) plot of the average daily precipitation in the HRB.

5. Conclusions

We comprehensively applied the GPM and TRMM products over the HRB in China
and evaluated their accuracy based on the CGDPA as the reference data. Then, the accu-
racy of the GPM and the TRMM in different seasons and the applicability of driving the
hydrological model were analyzed. We then focused on their capabilities in detecting both
solid and light precipitations.

Our comprehensive evaluation revealed that both GPM and TRMM performed poorly
over the HRB, with 0.18 and 0.14 R value, respectively. When all indicators are taken into
account, the GPM performs better overall than the TRMM. In spring, summer, and autumn,
the GPM is superior to the TRMM. In winter, both products performed poorly. In terms of
running hydrological models, the GPM is more applicable in the fixed parameters scenario.
In addition, the recalibration of parameters could enhance the simulation accuracy of
the model.

The capabilities of the two products in identifying solid precipitation are not strong, but
the GPM is more capable of detecting solid precipitation, relatively speaking. Comparing
different sites, the accuracy of the GPM at two stations (52,657 and 52,652) is relatively low,
which suggests the limitations of the GPM under cold conditions. In addition, in the case
of light precipitation, both products underestimate light precipitation (0 to 0.1 mm/day).

The findings of this study offer a solid foundation for choosing alternate precipitation
data for related studies in the mountain basin. Upcoming research works could focus on
improving the accuracy of the GPM in mountainous areas.
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separation; and Ty represents the melting-point threshold temperature.
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Table A1. Basic situation of the Hexi inland river sub-basins.

Water System Name River Name Hydrological Station  Drainage Area (km?)
Shule River Basin Changma River Changmabao 11,600
Heihe River Basin Heihe River Yingluoxia 10,009
Zamu River Zaguji Temple 846
Shiyang River Basin Jinta River Nanying Reservoir 849
Xiying River Jiutiaoling 1088
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