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Multiscale Comparative Evaluation of the GPM and
TRMM Precipitation Products Against Ground
Precipitation Observations Over
Chinese Tibetan Plateau

Qiong Li", Jiahua Wei

Abstract—This study aims to evaluate the performances of two
latest released global precipitation measurement (GPM)-era satel-
lite precipitation final run products (integrated merged multi-
satellite retrievals IMERG-V06B and Global Satellite Mapping
of Precipitation GSMaP-V(07) and one tropical rainfall measuring
mission (TRMM)-era product (TMPA-3B42-V(07) at hourly, daily,
and monthly scale over the Tibetan plateau (TP), with special focus
on the performances at different rain intensities, subbasins, and
elevations at daily scales. Besides, hourly scale evaluations were
carried out for one grid box value of IMERG-V06B and GSMaP-
V07 versus 15 rain gauges on the rainy season, 2019. Results
indicated that: First, GSMaP-V07 outperformed TMPA-3B42-V(7
and IMERG-V06B with higher correlation coefficient and lower
relative bias, mean absolute error, and root-mean-squared error
values at daily and monthly scale. Second, satellite products showed
overestimation during light rain and underestimation throughout
moderate rain, heavy rain, and rainstorm; Third, satellite products
have performed relatively better in lower elevation (<3000 m)
regions, but they greatly overestimated the precipitation (more than
50%) at high-elevation (>4000 m). Fourth, satellite precipitation
products performed better in the source region of the Yellow
River, Yangtze River, Lancang River, and Nujiang River basins,
whereas the products greatly overestimated the precipitation in the
source region of the Yarlung zangbo River basin. In arid climate
regions (Qiangtang Basin and Qaidam Basin), GSMaP-V07 had
better performances than other products; and finally, although
GSMaP-V07 showed higher overestimation than IMERG-V(06B
product at hourly scale, it has better consistency with rain-gauge
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observations. For satellite precipitation data application within
the TP, we recommend the GSMaP-V07 over the IMERG-V06B.
Furthermore, improvement on the multisatellite rainfall retrieval
algorithm is required.

Index Terms—Global Satellite Mapping of Precipitation
(GSMaP), integrated merged multisatellite retrievals IMERG),
satellite precipitation products, Tibetan plateau (TP), TMPA.

1. INTRODUCTION

HE Tibetan plateau (TP) is located in central Asia and has

T an average elevation of about 4000 m (above sea level)
and an area of approximately 2.5 million km? [1]. The TP is
China’s largest and the world’s highest highland, which is well
known as the “Third Pole”. The TP plays a crucial role in the
Asian monsoon system and for atmospheric circulation at the
hemispheric scale through thermal and orographic forcing [2],
[3]. Present atmospheric circulation patterns over the TP and
surroundings are under the combined and competitive influences
of the East Asian and South Asian monsoons and the westerlies
[4]. Precipitation is a vital hydrometeorological variable that
plays a key role in the hydrological cycle, the energy balance of
the earth as well as in the ecological environments [5]. Rainfall
and snowmelt dominate the hydrological budget of the TP [6],
but the paucity of meteorological data, especially precipitation,
limits the in-depth understanding of the water cycle over the TP.
Precipitation measurement over a variety of spatial and tem-
poral scales has always been a challenging topic in the past
decade. To date, there are three dominating methods to mea-
sure precipitation, which include rain gauges, weather radars,
and satellite remote sensing. Rain gauges provide the most
accurate and direct physical measurement of precipitation at
the point scale [7]. Generally, interpolation algorithms such
as the Thiessen polygon, inverse distance weighting methods,
MicroMet [8] and precipitation lapse (PrecLaps) algorithms
have been typically used together with rain-gauge measurements
to derive spatially distributed precipitation [9]-[11]. The perfor-
mances of the interpolation algorithms mainly depend on the
gauge density and the topographic features. Over the TP, the
rain gauges are scarce (0.6/10000 km? at most) and unevenly
distributed [12], [13], consequently, the interpolation algorithms
have obvious lower performances at the regional scale. Besides
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rain-gauge, weather radar can also observe the internal structure
of precipitation and obtain real-time rainfall data with high
temporal and spatial resolutions over large areas [ 14]. Moreover,
radars may have difficulty to cover the whole region in mountain
area, because the mountains can block the signals [15], [16]. The
satellite remote sensing can obtain high spatio-temporal resolu-
tion precipitation measurements at regional and global scales
[17]-[19]. Therefore, satellite remote sensing has emerged as a
promising approach for research and application over the TP.

In recent years, many quasi-global and high spatio-temporal
resolution satellite precipitation datasets have been produced.
These datasets include the Tropical Rainfall Measuring Mis-
sion (TRMM) multisatellite precipitation analysis (TMPA)
[20], Climate Prediction Center MORPHing technique [21],
Precipitation estimation from remotely sensed information
using artificial neural networks (PERSIANN) [22], Global
Satellite Mapping of Precipitation (GSMap) [23], and inte-
grated multisatellite retrievals for global precipitation mea-
surement GPM (GPM-IMERG) [17]. Previous studies have
found that the latest version of TMPA precipitation product
outperforms other satellite products in many regions around
the world in terms of lower errors and biases [14], [24],
[25]; however, it has inherent flaws in measuring solid or
light precipitation over higher latitudes and altitudes [14],
[17], [19], [20].

As asuccessor for the TRMM, which was launched in Novem-
ber 1997, the GPM core observatory (launched in February
2014) marked a transition from the TRMM to the GPM era.
The GPM core observatory consists of a dual-frequency pre-
cipitation radar (DPR) and a GPM microwave imager (GMI)
with enhanced capabilities to measure light rain (less than
0.5 mm/hour) and solid precipitation [26]. The GPM mission has
two rainfall products, Level-3 IMERG (the Integrated Merged
Multi-satellite Retrievals) and GPM-era GSMaP, provided sep-
arately by the American National Aeronautics and Space Ad-
ministration (NASA) and the Japanese Aerospace Exploration
Agency (JAXA).

IMERG had better performance than TMPA-3B42-V7 at both
subdaily and daily time scales in almost every subregion of main-
land China [27], United States (US) [28], Africa [29], Central
Amazon [30], Iran [31], and in the Mekong River basin [32].
For hydrological utility, the Day-1 IMERG outperformed TMPA
products during the forcing of the coupled routing and excess
storage hydrological model to simulate streamflow at a daily
scale in Ganjiang River basin [33]. The GSMaP-gauge (gauge-
adjusted GSMaP) performed slightly better than IMERG-C
(gauge-calibrated IMERG) during the forcing of the variable
infiltration capacity (VIC) model in the source region of the
Yellow River (SRYR) [34]. Summarily, the IMERG and GSMaP
considerably performed better than TMPA, showing GPM as a
good successor of the TRMM product.

Nonetheless, the GPM IMERG and GSMaP datasets have not
been widely and thoroughly validated in regions having complex
topography, especially high elevation areas such as the TP. Xu
et al. [12] evaluated the performances of GPM-IMERG-V5
and TMPA-3B42-V7 products based on a high-density network
of rain gauges over southern TP during the rainy season of
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2014 (May to October), and found that GPM showed better
detecting ability for light rainfall (0—5 mm/d) events but there is
no detection skill for both GPM and TRMM at high-elevation
regions (>4500 m). Previous studies [12], [27], [35] have found
that IMERG product overestimates maximum rainfall intensity
within the TP and besides, the evaluation of IMERG product at
elevations below 3500 m was much better than those above 3500
m. Currently, the evaluation and comparison of these products
have only been performed for less than two years, which cannot
reflect seasonal error distribution. Besides, few researchers have
assessed the accuracy of the latest version of the GPM-era
products over the TP. In addition, previous researchers evaluated
the performances of IMERG and GSMaP products over the TP
only at regional scale but not at the basin scales [34], [36],
[37], which might notably influence their applications during
hydrological modeling and extreme weather impact assessment.

Satellite precipitation products are the most basic and impor-
tant data sources over regions with sparse meteorological sta-
tions such as the TP. Since there are few stations in the hinterland
of the TP; therefore, the satellite precipitation products remain
the only source of precipitation observation. Hence, it is very
important to evaluate the accuracy and regional applicability of
satellite precipitation products. We evaluated the performances
of the TRMM (TMPA-3B42-V07) and the newest GPM (GPM-
IMERG-V06B and GPM-GSMaP-V07) era rainfall products
from 2015 to 2019 by considering rainfall intensities, elevation
effect, and different river basin over the TP region. Most im-
portantly, we conducted a two-month trial rainfall monitoring
in one grid box of IMERG-V06B and GSMaP-V07 with 15
rain-gauges. It is worth mentioning that the density of the
rain-gauge networks (15/100 km?) used for evaluation in this
study was by far the highest over the TP. Our evaluation will be
based on the “final” run products, which are corrected by NOAA
CPC global rain gauge data.

The article is organized as follows. The regional character-
istics of the study area, data sources, and various statistics for
validating satellite rainfall products against rain gauges are pre-
sented in Section II. The performances of the GPM and TRMM
era products based on geographical effect, rain intensities, differ-
ent river basins, are analyzed and discussed in Section III. The
discussions are presented in section IV. Lastly, key summary
and conclusion are presented in Section V.

II. MATERIALS AND METHODS

A. Study Area

Known as the “Asian water tower”, the TP is the source
of major Asian rivers, such as the Yellow, Yangtze, Lan-
cang (Mekong), Nujiang (Salween), Indus, and Yarlung-zangbo
(Brahmaputra-Ganges) river (Fig. 1). The TP region is domi-
nated by the Plateau mountain climate, characterized by complex
topography and high elevation, and showing great precipitation
variability. The average annual rainfall ranges from about 1500
to 100 mm with an obvious southeast to northwest gradient.
The TP has an average annual temperature below 0 °C and
approximately 130-140 frost-free days.
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TABLE I
CHARACTERISTICS OF SATELLITE PRECIPITATION PRODUCTS

Name Temporal Spatial Coverage Dates period Correction
resolution resolution
GPM-IMERG-V06B 0.5 hourly 0.1° 60°N-S  2000.6 - present GPCC monthly data

GPM-GSMaP Gauge 1 hourly 0.1° 60°N-S  2014.3 - present CPC daily data
-vVo7
TMPA-3B42-V07 3 hourly 0.25° 50°N-S  1998.1 - 2019.12 GPCC monthly data
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Fig. 1. Geographical map of the study location showing the digital elevation
model (DEM), distribution of rain-gauges, and river basins within the TP. The
source region of the (1) Yellow River (SRYR); 2) Yangtze River (SRYZR); 3)
Lancang River (SRLCR); (@) Nujiang River (SRNR); (5) Yarlung zangbo River
(SRYLZB); (6) Qiangtang Basin (QTB); (7) Qaidam Basin (QDMB).

B. Ground Gauge Data

The rain gauge network used for validation comprises 91
meteorological stations over the TP and are maintained by the
China Meteorological Administration. A high-density network
of rain gauges (15 tipping-bucket rain gauges installed in one
GPM grid box) is established in the SRYR. The layout of these
rain gauges is shown in Fig. 1. The red dots represent the
91 meteorological stations while the red square is where the
high-density network of rain-gauges is located.

Daily precipitation from the 91 meteorological stations are
available in the SURF CLI MUL DAY V3.0 dataset' and are
retrieved from 2015 through 2019. These datasets were com-
piled by the National Meteorological Information Center and
subjected to a series of quality controls.

Hourly precipitation from 15 tipping-bucket rain gauges is
available from August 1, 2019 to September 30, 2019. Although
in-situ observation of precipitation is only two months of the
rainy season and all rain gauges are in one GPM grid box, it
is useful to evaluate the subhourly performances of the GPM
products and estimate whether the spatial resolution of the
remote sensing precipitation products could satisfy the research
demand in the complex mountain area.

C. Satellite Precipitation Product

The characteristics of TMPA, GPM-IMERG, and GPM-
GSMaP products used in this study are described in Table I.

l[Online]. Available: http://data.cma.cn/

For daily and monthly scale evaluation, the IMERG, GSMaP,
TMPA daily scale data from January 2015 to December 2019
were used, while for hourly scale evaluation, the IMERG and
GSMaP hourly scale data of the grid box in SRYR from August
1, 2019 to September 30, 2019 were employed for the analysis
over the TP.

IMERG is a level 3 multisatellite precipitation algorithm of
GPM, which combines all available microwave precipitation
estimates, infrared (IR) satellite estimates, and monthly gauge
precipitation data. The calibrated IMERG final run product
provides more accurate precipitation because it is adjusted by
GPCC monthly gauge data [38]. The GPM IMERG final run
version 06B product (first released to the public since August,
2019) is the latest level-3 GPM precipitation dataset and is used
in the current study.

GPM-GSMaP was developed in Japan toward the GPM mis-
sion and it combines various available microwave and infrared
sensors, intending to develop high-precision precipitation prod-
ucts. The GSMaP-gauge is a gauge-calibrated product that ad-
justs the GSMaP-MVK estimate with NOAA/CPC gauge-based
analysis of global daily precipitation [39]. The latest released
GSMaP-gauged V07 daily and hourly scales data are used in
the study.

TMPA is one of the TRMM precipitation measurement prod-
ucts combined from multiple satellites and calibrated IR data.
The TMPA data products adjusted with GPCC monthly precipi-
tation gauge data and ensures that the 3-hourly averages in 3B42
sum to the monthly totals in 3B43 [20]. The TRMM launched
on November 1997 is a joint space mission between NASA
and JAXA and has been widely used in hydrometeorological
research during the past decade. The data used in this study are
TMPA-3B42-V07 daily data over the TP. As the long-record
IMERG products are now available, the TMPA and TMPA-RT
products have ended up on December 31, 2019.

The TMPA, GPM-IMERG, GPM-GSMaP products used in
this study are calibrated by CPC daily or GPCC monthly data.
The data of 194 China’s International Exchange Stations are
used in CPC and GPCC dataset production, 23 of which are
distributed over the TP. Considering that 91 stations over the
TP are used to evaluation and comparison, about 75% gauge
stations are independent.

D. Methodology

To quantitatively compare GPM-era (IMERG and GSMaP)
and TRMM-era (TMPA-3B42) precipitation products, several
widely used statistical metrics were applied in this study. The
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TABLE II
EQUATIONS OF THE INDICATORS

Statistic metrics Equations Unit Perfect value
n —G G
e > NOEHICED! . |
JE G- 62 TG - 97
n (S —G;
RBias RB=—J:éH——J2 % 0
i=1Gi
RMSE mm 0
RMSE =
n
MAE 1 mm 0
MAE = ;ZKS} -Gl
i=1
H
POD POD = - 1
H+M
F
FAR FAR = —— - 0
H+F
H
CSI CSI = - 1
H+M+F
H—-H,
ETS ETS = - 1

H+M+F —H,

y =(H+M)(H+F)

n

equations and perfect values of these metrics are listed in Ta-
ble II. The correlation coefficient (CC) describes the agreement
between the satellite and gauge precipitation observations. If
there is no linear correlation or a weak linear correlation, CC is
close to zero. The relative bias (RBias) describes the systematic
bias of satellite precipitation products. A positive bias indicates
an overestimation while a negative bias means an underestima-
tion of the satellite precipitation. The root-mean-squared error
(RMSE) corresponds to the square root of the average of the
squared differences between the estimates and the observed
rainfall and is used to measure the average error magnitude.
RMSE gives greater weight to larger errors relative to the mean
absolute error (MAE). The MAE is chosen to measure the
average difference between the satellite estimates and gauge
observations.

The probability of detection (POD), false alarm rate (FAR),
frequency bias index (FBI), critical success index (CSI), and
equitable threat score (ETS) were calculated at daily and sub-
daily scale to quantitatively examine the detection capabilities
in rain events of satellite estimates. POD measures the fraction
of occurred precipitation events that are correctly detected by

satellite products. FAR measures the fraction of events in which
satellite detects precipitation but precipitation does not occur.
FBI is the ratio of the frequency of satellite estimates to the
frequency of gauge-based precipitation. It ranges from 0O to
oo with an optimum value of 1. FBI greater than 1 shows an
overestimation while FBI less than 1 presents an underestima-
tion in rainfall detected from satellite estimates as compared
to gauge-based observations. CSI gives the overall fraction of
events that are correctly diagnosed by satellite estimates. ETS
answers the question of how well the satellite estimated pre-
cipitation events correspond to the gauge observed precipitation
events.

where N is the number of samples; G; and G stand for individual
and averaged gauged observation; S; and S indicate individual
and averaged satellite precipitation estimation; Contingency
table metrics in Table III is used to calculate H, F, and M. H
represents the observed rain by gauge, which is detected by
satellite correctly, F is not the observed rain but detected falsely,
whereas M is the observed rain not detected. The rain and no
rain thresholds are set to 0.1 mm for both hourly and daily
scales.
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TABLE III
CONTINGENCY TABLE SHOWS HOW THE FOUR EVENTS ARE IDENTIFIED BY SATELLITE PRECIPITATION AND RAIN GAUGE PRECIPITATION

Rain Gauge
Rain(= 0.1mm/h)) No rain(<0.1 mm/h))
Satellite Rain(= 0.1mm/h)) Hit(H) False(F)
product No rain(<0.1 mm/h)) Miss(M) Non event

E 0

GPM.IMERG-VO6B v GPM-GSMaP-V07

Legend (mm)

/\\fo
. ’
o0 S0 s S0 0 700 T B 0 oW 5% 10 T2 460 6 1300 2000 2200 2400 7600 800 3100

T

Fig. 2. Spatial distributions of mean annual precipitation for rain-gauges,
TMPA-3B42-V07, IMERG-V06B, and GSMaP-V07 from 2015 to 2019 over
the TP.

Probability density function is used for comparing the charac-
teristics of different precipitation datasets in terms of precipita-
tion intensity and estimation sensitivity [40]. Probability density
function by occurrence (PDFo) and Probability density function
by volume (PDFv) are used to describe rainfall distributions
from the perspectives of frequency and volumes, respectively.
PDFo is computed as the ratio of the number of rain events under
different rainfall intensities to the total number of rain events,
whereas PDFv is estimated as the ratio of the relative volumetric
contribution of the rain rates under different rainfall intensities
to the total rainfall volume.

Taylor diagrams are plotted to graphically summarize how
well the three different precipitation estimation matches the
gauge observations in terms of CC, standard deviation, and
centered RMSE. Each point in the 2-D Taylor diagram can
represents the three statistics simultaneously that are related by a
formula similar to the law of cosine [41]. On the Taylor diagram,
the radial coordinate is the magnitude of the normalized standard
deviation while the uneven angular coordinate denotes the CC.
The closer the marker gets to the observation, the better the
precipitation product performs.

III. RESULTS
A. Similarity of Spatial Rainfall Patterns

The spatial distribution of mean annual precipitation for rain
gauges, TMPA, IMERG, and GSMaP are shown in Fig. 2. Over
the TP, the mean precipitation rate for rain gauges calculated by
the Thiessen polygon method was 0.86 mm/d. The mean precip-
itation rates for TMPA, IMERG, and GSMaP were 1.2, 1.09, and

1.05 mm/d, which were about 39.53%, 26.74%, 22.09% higher
than rain gauges mean precipitation, respectively.

All products showed a decreasing trend from the southeast to
the northwest, which are generally consistent with rain gauges
precipitation. The maximum rainfall occurred in the Himalayan
region with mean annual precipitation of more than 2000 mm for
satellite precipitation products, but the rain gauges precipitation
in this area were about 1200 mm. Lower precipitation occurred
in the west and north of the TP (Qiangtang Basin (QTB) and
Qaidam Basin (QDMB)), where the Westerlies do not prevail
and the Indian monsoon was relatively weak during the warm
period [41].

B. Statistical Performance of Satellite Precipitation Estimates

1) Probability Density Function of Precipitation Intensity:
Fig. 3 shows the PDFo and PDFv for TMPA-3B42-V07,
IMERG-V06B and GSMaP-V07 at a daily scale with different
precipitation intensities over the TP. The smallest threshold to
measure the precipitation is 0.1 mm, so the rain in the bin 0.1~1
mm represents no rain events. The bin 0~0.1 mm/d of daily
PDFo was displayed separately in the top right corner of Fig. 3(a)
because most precipitation (more than 60%) falls in the bin
0~0.1 mm/d representing no rain events. On the daily scale,
TMPA-3B42-V07 demonstrated better ability in capturing light
precipitation events (0.1~10 mm/d) than IMERG-V06B and
GSMaP-V07 however TMPA-3B42-V07 showed an underes-
timation in the rainfall volume of light rainfall (0.1~10 mm/d).
For moderate and heavy rainfall (10~50 mm/d), TMPA-3B42-
V07 appears to have more precipitation than rain gauges obser-
vation and showed an overestimation in the rainfall volume.

IMERG-V06B showed obvious overestimation in light rain-
fall (0.1~10 mm/d) considering PDFo and PDFv. IMERG-
VO06B produced more precipitation than rain gauge observations
in light rainfall and showed an overestimation. As for moder-
ate and heavy rainfall (10~50 mm/d), GSMaP-V07 had less
precipitation than rain gauges observation and showed an under-
estimation in rainfall volume. For heavy rainfall (25~50 mm/d)
and rainstorm (50~100 mm/d), TMPA-3B42-V07 and IMERG-
VO06B had more precipitation than rain gauges observations and
showed an overestimation in rainfall volume. Overall, TMPA-
3B42-V07, IMERG-V06B, and GSMaP-V07 products overes-
timated the total precipitation volume.

2) Statistical Evaluation of Satellite Products: Fig. 4 dis-
plays the spatial distributions of selected evaluation metrics
(CC, RBais, MAE, RMSE, POD, FAR, CSI, and ETS) for the
daily TMPA-3B42-V07, IMERG-V06B, and GSMaP-V07 data
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Fig. 3. PDFo (a) and by volume (PDFv) (b) for rain-gauges, IMERG, GSMaP, and TMPA with different intensities at daily scale for the 5-year study period

(January 2015-December 2019).

against the rain-gauges observations during 2015 to 2019 ateach
gauge station over the TP.

In general, TMPA-3B42-V07 and IMERG-V06B products
showed limited capability in estimating daily rainfall within the
TP, with average CC values of about 0.24 and 0.31, respectively.
GSMaP-V07 agreed better with the rain-gauge data over the
TP, with an average CC value of 0.47. The CC values of all
the satellite products were lower than 0.2 in the arid region
like Qaidam and Qiangtang Basin. Overall, TMPA-3B42-V07,
IMERG-V06B, and GSMaP-V07 products showed an overesti-
mation of nearly 35.85%, 33.94%, and 20.34%, respectively at
the daily scale. However, several negative RB values for these
satellite rainfall estimates were detected in the Qaidam Basin. As
for RMSE and MAE, the satellite products decreased gradually
from the southeast to northwest across the TP. The average values
of MAE were 2.12, 1.91, and 1.54 mm while that of RMSE
were 0.14,0.13, and 0.1 mm, respectively for TMPA-3B42-V07,
IMERG-V06B, and GSMaP-V07.

Concerning POD, GSMaP showed much better performance
than TMPA-3B42-V07 and IMERG-V06B in most regions ex-
cept in Qaidam and Qiangtang Basin, while IMERG-V06B was
better than TMPA-3B42-V07. Meanwhile, CSI and ETS had
very similar distribution patterns with POD. The mean POD
values were 0.5, 0.69, and 0.81, whereas the mean FAR values
were 0.47,0.47, and 0.40 for TMPA-3B42-V07, IMERG-V06B,
and GSMaP-V07, respectively. Moreover, the mean CSI values
were 0.35, 0.43, and 0.53 while that of ETS were 0.18, 0.23, and
0.35 for TMPA-3B42-V07, IMERG-V06B, and GSMaP-V(7,
respectively. This demonstrated that GSMaP had better detection
accuracy and all the satellite rainfall products had about half of
the FAR.

Hence, comparing the satellite rainfall products, GSMaP-V07
demonstrated better estimation over the whole TP with higher
CC, POD, CSI, ETS as well as lower FAR, RBias, MAE, and

RMSE. IMERG-V06B had very similar distribution patterns
with TMPA-3B42-V07, but IMERG showed better quality than
TMPA within the TP.

Fig. 5 displays the spatial distributions of selected evaluation
metrics (CC, RBais, MAE, RMSE) for monthly satellite pre-
cipitation against rain-gauge observations from 2015 to 2019
at each gauge station over the TP. Overall, TMPA-3B42-V07,
IMERG-V06B and GSMaP-V07 showed an overestimation at a
monthly scale, though the monthly precipitation performances
were satisfied over the TP, having average CC values of 0.893,
0.916, and 0.924 respectively. As for the spatial distributions of
selected metrics, monthly scale metrics showed similar distribu-
tion patterns with the daily scale metrics. The evaluation metrics
of the satellite rainfall products at the monthly scale demon-
strated that GSMaP-V07 had better estimation over the whole
TP, with higher CC and lower RBias, MAE, and RMSE values.
The performance of IMERG-V06B was close to GSMaP-V07,
and showed better quality than TMPA over the TP.

Fig. 6 shows the box plot of rain-gauge station-based statistics
for TMPA-3B42-V07, IMERG-V06B, and GSMaP-V07 at a
daily and monthly scales over the TP. For each box, the cen-
tral mark represents the median while the edges of the box
are the 25th and 75th percentiles. On a daily scale, GSMaP-
V07 performed better than TMPA-3B42-V07 and IMERG-
VO06B with higher CC and lower RBias, MAE, and RMSE
values. Meanwhile, there were fewer outliers in GSMaP-V07
than TMPA-3B42-V07 and IMERG-VO06B. For contingency
statistics, IMERG-V06B and GSMaP-V07 had much higher
POD, CSI, ETS, and lower FAR values than TMPA-3B42-V07,
whereas GSMaP-V07 showed better performance.

On a monthly scale, the satellite products showed simi-
lar performances with each other. However, GSMaP-V(7 re-
vealed a more reliable performance than TMPA-3B42-V(07 and
IMERG-V06B using CC,RBias, MAE, and RMSE values. Fig. 7
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Fig. 4. Maps of CC, RBias, MAE, RMSE, and POD, FAR, CSI, ETS for the TP of IMERG, GSMaP, and TMPA 3B42 against rain-gauges data at daily scale
(January 2015 to December 2019) over the TP.
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Fig. 5.

Fig. 6.

Maps of CC; RBias; MAE; RMSE against rain-gauges data at monthly scale (January 2015 to December 2019) over the TP.
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Fig. 7.

shows the scatterplots of TMPA-3B42-V07, IMERG-V06B,
and GSMaP-V07 versus rain-gauge measurements at daily and
monthly scales from 2015 to 2019 over the TP. From this figure,
all the satellite precipitation products showed lower consistency
ata daily scale, with small CC values (0.24 for TMPA-3B42-V7,
0.31 for IMERG-V07, 0.47 for GSMaP-V06). The CC values
significantly increased from daily scale to monthly scale (0.893,
0.916, 0.924), meaning that the performances of TMPA-3B42-
V07, IMERG-V06B, and GSMaP-V07 significantly improved
at monthly scale.

3) Performance Analysis by Rain Intensity: Detailed statis-
tics of the error characteristics for TMPA-3B42-V07, IMERG-
VO06B, and GSMaP-V07 products regarding different rain in-
tensities are provided in Table IV. Besides, Taylor diagrams
(Fig. 8) are plotted to graphically summarize how well the
three different precipitation datasets estimates. The rain-gauge
observation is marked with ared dot, and the closer the marker of
satellite precipitation estimates is to the rain-gauge observation,
the better performance the product has.

For all rainfall events, more than 85% of the precipitation is
light rain (0.1~10 mm/d), and rainfall volume of light rain ac-
counted for about 50%. Satellite precipitation products showed
an overestimation of light rain, and the RBias were 18.20%,
21.73%, and 25.54% for TMPA-3B42-V07, IMERG-V06B, and
GSMaP-V07, respectively. GSMaP had higher CC (about 0.26),
POD (0.83) and lower MAE (2.89), RMSE (0.02), FAR (0.17)
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Scatterplots for precipitation products versus rain-gauge measurements from 2015 to 2019 over the TP: (a—c) daily and (d—f) monthly, respectively.

showing a relatively better performance in detecting light rain
events.

As for moderate rain, heavy rain, rainstorm, and large rain-
storm (10~25, 25~50, 50~100, and >100 mm/d), the satellite
products had an obvious underestimation, with RBias values less
than —50%. The POD and FAR has significant improvement in
moderate rains, heavy rains, rainstorms, and large rainstorms
detection than light rain, but the errors were increasing signif-
icantly. It can be seen that GSMaP-V07 has relatively better
performance in detecting moderate rain (10~25 mm/d) with
higher CC (0.13), POD (0.96), and lower MAE (8.82), RMSE
(0.15), FAR (0.04) values.

Generally, GSMaP-V07 showed a better representation of
precipitation than TMPA-3B42-V(07 and IMERG-V06B, having
a higher correlation and lower standard deviation ratio. Com-
paring the Taylor diagram as well as overall statistics during
the study period, it was confirmed that GSMaP-V07 showed
better results than TRMM-3B42-V7 and IMERG-V06B in de-
tecting light and moderate rain, while all satellite products had
limited capacity in detecting heavy rain, rainstorms, and large
rainstorms.

4) Performance Analysis of Elevation Impact: Variations in
evaluation metrics with increasing elevation are investigated and
reported in Table V. The Taylor diagram (Fig. 9) was plotted to
determine the impact of elevation on the accuracy of the satel-
lite precipitation products. GSMaP-V07 demonstrated better
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TABLE IV
SUMMARY OF EVALUATION METRICS FOR TMPA-3B42-V07, IMERG-V06B, AND GSMAP-V07 CALCULATED WITH ALL RAIN-GAUGES AT DAILY SCALES FOR
DIFFERENT RAINFALL INTENSITIES FROM 2015 TO 2019

Rain intensity Product CC RBias MAE RMSE POD FAR CSI ETS
Light Rain TMPA-3B42-V07 0.14 18.20% 3.98 0.04 0.51 049 051 0.51
IMERG-V06B 0.16  21.73% 3.60 0.03 0.70 030 0.70 0.70

GSMaP-V07 0.26  25.54% 2.89 0.02 0.83 0.17 0.83 0.83

Moderate Rain  TMPA-3B42-V07 0.08  -55.29% 11.73 0.19 0.72 028 072 0.72
IMERG-V06B 0.08  -52.35% 10.93 0.18 0.88 0.12 0.88 0.88

GSMaP-V07 0.13  -46.49% 8.82 0.15 096 0.04 096 0.96

Heavy Rain TMPA-3B42-V07  0.07  -70.75% 24.84 1.05 0.77 023 077 077
IMERG-V06B 0.08  -65.99% 23.95 1.02 0.90 0.10 090 0.90

GSMaP-V07 0.06  -65.55% 21.62 0.92 097 0.03 097 097

Rainstorm TMPA-3B42-V07 036  -74.73% 46.46 6.46 0.84 0.16 084 0.84
IMERG-V06B 040 -71.10% 44.39 6.19 091 0.09 091 091

GSMaP-V07 0.14  -69.63% 42.33 5.96 095 0.05 095 0095

Large Rainstorm TMPA-3B42-V07  0.15  -71.31% 87.63 3099  0.89 0.11 0.89 0.88
IMERG-V06B 0.28  -72.74% 89.38 31.66 1.00 0.00 1.00 1.00

GSMaP-V07 072  -83.11%  102.12 3426 1.00 0.00 1.00 1.00

@ TMPA-3B42-V07 @ Light Rain

Y GPM-GSMaP-v07 @ Moderate Rain
A GPM.IMERG-vosp® Heavy Rain

@ Rain Strom

@ Large Rain Strom
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Fig. 8. Taylor diagrams consisting of CC and ratio of standard deviation for
daily estimates for TMPA-3B42-V07, IMERG-V06B, and GSMaP-V07 over
the TP for different rain intensities; light rain(0.1~10 mm/d); moderate rain
(10~25 mm/d); heavy rain (25~50 mm/d); rainstorm (50~100 mm/d); large
rainstorm (>100 mm/d).

capability by adequately capturing daily rainfall events com-
pared to TMPA-3B42-V07 and IMERG-V06B, having higher
CC and POD and lower MAE, RMSE, and FAR values at

different elevations. Besides, all satellite precipitation products
overestimated precipitation at different elevations, which was
obvious at the elevations over 4000 m.

In general, these evaluation metrics with the varying topo-
graphic elevation are not obvious, mainly because the weather
stations used to evaluate the impact of elevation are not rep-
resentative. As is well known, the TP and adjacent mountain
ranges include Himalayas, Karakoram, Pamir, Kunlun, and Qil-
ian mountains. From Fig. 1, we can see that the weather stations
are sparsely distributed over the TP. To better understand the
relationship between satellite precipitation products accuracy
and elevation, the weather stations on northern slope of the
Himalayas (mainly distributed in the southern TP region and
Source Region of the Yarlung zangbo (SRYLZB) River basin)
where the stations are relatively abundant are used in evaluation.
The weather stations used to evaluate the elevation effect on the
performance of the satellite precipitation products are listed in
the Appendix (Table VIII.) There are 5, 8, and 7 stations in the
2300~3000, 3500~4000, and 4000~4500m elevation intervals,
respectively, but there is no station in the 3000~3500m interval.
The POD, FAR, CC, RBias, MAE, and RMSE in different ele-
vation intervals on northern slope of the Himalayas are showed
in Fig. 10.

The POD in 2300~3000, 3500~4000, 4000~4500 m eleva-
tion intervals are comparative similar for three products, but the
FAR are higher in 3500~4000 and 4000~4500 m elevation in-
tervals. Furthermore, CC values tends to be lower in 3500~4000
and 4000~4500 m elevation intervals than 2300~3000 m ele-
vation interval. It does show that the satellite products greatly
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TABLE V
SUMMARY OF EVALUATION METRICS FOR TMPA-3B42-V07, IMERG-V06B, AND GSMAP-V07 CALCULATED WITH ALL RAIN-GAUGES AT DAILY SCALES FOR
DIFFERENT ELEVATION FROM 2015 TO 2019
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Elevation Product CC RBias MAE RMSE POD FAR CSI ETS
<2500 TMPA-3B42-V07 0.29 14.56% 2.53 0.05 0.50 0.46 0.35 0.18
IMERG-V06B 0.36 18.74% 2.37 0.05 0.70 0.48 0.42 0.22

GSMaP-V07 0.39 28.20% 2.23 0.04 0.84 0.46 0.49 0.28

2500~3000 TMPA-3B42-V07 0.31 18.30% 2.04 0.04 0.49 0.50 0.33 0.18
IMERG-V06B 0.37 23.03% 1.89 0.03 0.68 0.52 0.39 0.21

GSMaP-V07 0.48 12.17% 1.52 0.03 0.82 0.42 0.52 0.36

3000~3500 TMPA-3B42-V07 0.28 8.99% 2.38 0.04 0.55 0.42 0.39 0.20
IMERG-V06B 0.32 4.73% 2.13 0.03 0.70 0.43 0.46 0.24

GSMaP-V07 0.51 8.88% 1.73 0.03 0.83 0.36 0.57 0.37

3500~4000 TMPA-3B42-V07 0.30 13.38% 2.28 0.04 0.58 0.36 0.43 0.24
IMERG-V06B 0.32 12.45% 2.09 0.04 0.76 0.42 0.49 0.25

GSMaP-V07 0.50 15.27% 1.68 0.03 0.85 0.33 0.60 0.39

4000~4500 TMPA-3B42-V07 0.27 30.06% 2.15 0.03 0.54 0.38 0.40 0.23
IMERG-V06B 0.30 25.61% 1.92 0.03 0.73 0.41 0.49 0.28

GSMaP-V07 0.50 17.56% 1.48 0.02 0.83 0.34 0.58 0.40

>4500 TMPA-3B42-V07 0.28 33.37% 1.83 0.04 0.50 0.48 0.34 0.19
IMERG-V06B 0.34 28.15% 1.60 0.03 0.69 0.48 0.42 0.25

GSMaP-V07 0.50 8.95% 1.19 0.02 0.80 0.39 0.53 0.38

s 0 0.1 0.2 : Z:[;Acasﬁjpvs; : ::::i»:mm overestimated the precipitation at high-elevation (>4000 m)

A GPM-IMERG-voe @ 3000~3500m
@ 3500~4000m

@ 4000~4500m
@ >4500m

Standard Deviation(Normalized)

66°0

Observation

Fig. 9. Taylor diagrams consisting of CC and ratio of standard deviation for
daily estimates for TMPA-3B42-V07, IMERG-V06B, and GSMaP-V07 over
the TP at different elevations.

regions, which had RBias values larger than 50% for all three
products. Therefore, all TMPA-3B42-V07, IMERG-V06B, and
GSMaP-V07 products have performed relatively better in lower
elevation (<3000 m) regions, with higher CC values and lower
RBias and FAR values.

5) Performance Analysis at the Basin Scale: To facilitate
researchers to use satellite precipitation data in hydrological sim-
ulation and flood forecasting at the basin scale, we considered
the basin scale analysis to evaluate performances of the satellite
products over the subbasins within the TP. Detailed statistics of
the error characteristics for TMPA-3B42-V07, IMERG-V06B,
and GSMaP-V07 products over seven subregions are provided
in Table VI. Also, Taylor diagrams (Fig. 11) are plotted to
graphically summarize how well the three different precipitation
datasets estimates.

For the GSMap-V07 daily scale, CC values (0.45~0.53)
tends to be higher than TMPA-3B42-V07 (0.11~0.32) and
IMERG-V06B (0.25~0.4), and also tends to be higher at the
Source Region of the Yangtze Rivers (SRYZR), Source Region
of the Lancang River (SRLCR), and Source Region of the
Nuyjiang River (SRNR) basins. It is worth noting that the satellite
products greatly overestimated the precipitation in SRYLZBR,
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Fig. 10.
northern slope of the Himalayas.

which had RBias values of about 49.46%, 54.02%, 19.79% for
TMPA-3B42-V07, IMERG-V06B, and GSMaP-V07, respec-
tively. High overestimation was found in QTB using TMPA-
3B42-V07 and IMERG-VO06B (50.17% and 50.47%) and in
QDMB utilizing IMERG-V06B (49.47%). GSMaP had a much
better estimation in QTB and QDMB (RBias of 16.14% and
18.26%).

The spatial patterns of POD, FAR, CSI, ETS values at
the subbasin scale for both products showed that GSMaP-
V07 performed better than TMPA-3B42-V07 and IMERG-
VO06B in all basins. Detection performance was much better
in SRYZR, SRLCR, SRNR, and SRYLZBR basins located
in the semi-humid areas than in SRYR, QTB, QDMB basins

(a) POD. (b), FAR, (c) CC. (d) RBias. (¢) MAE. (f) RMSE from TMPA-3B42-V07, IMERG-V06B, and GSMaP-V07 over different elevation ranges on

located in arid and semi-arid areas. Therefore, satellite pre-
cipitation products performed better in basins located within
the semi-humid areas than arid and semi-arid areas over
the TP.

Despite all this, when examining all the eight indices within
the seven subbasins over the TP, it was clear that the satel-
lite precipitation products performed better in SRYR, SRYZR,
SRLCR, and SRNR basins. GSMaP-V07 showed an apparent
advantage over TMPA-3B42-V07 and IMERG-V06B, while
TMPA-3B42-V07 and IMERG-V06B had comparable perfor-
mances with each other, though IMERG-V06B was slightly bet-
ter than TMPA-3B42-V07. In the arid climate regions, GSMaP
had better performance than other products.
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TABLE VI
SUMMARY OF EVALUATION METRICS FOR TMPA-3B42-V07, IMERG-V06B, AND GSMAP-V07 CALCULATED WITH ALL RAIN GAUGES AT DAILY SCALES FOR
SEVEN SUBBASINS FROM 2015 TO 2019

Basin Product CC RBias MAE RMSE POD FAR CSI ETS
SRYR TMPA-3B42-V07 0.25 5.56% 2.24 0.03 0.49 0.43 0.36 0.17
IMERG-V06B 0.28 6.41% 2.07 0.03 0.69 0.47 0.43 0.20

GSMaP-V07 0.45 18.61% 1.78 0.02 0.84 0.41 0.53 0.32

SRYZR TMPA-3B42-V07 0.30 11.57% 2.69 0.03 0.56 0.34 0.43 0.23
IMERG-V06B 0.34 6.14% 2.42 0.03 0.72 0.38 0.50 0.26

GSMaP-V07 0.47 13.17% 2.03 0.02 0.84 0.32 0.61 0.39

SRLCR TMPA-3B42-V07 0.32 23.36% 2.44 0.06 0.59 0.40 0.43 0.20
IMERG-V06B 0.40 24.32% 2.19 0.06 0.73 0.39 0.50 0.26

GSMaP-V07 0.50 9.58% 1.68 0.04 0.84 0.32 0.60 0.39

SRNR TMPA-3B42-V07 0.26 32.56% 2.38 0.09 0.56 0.41 0.40 0.21
IMERG-V06B 0.28 20.06% 2.03 0.08 0.76 0.46 0.46 0.22

GSMaP-V07 0.52 14.41% 1.61 0.05 0.83 0.39 0.54 0.33

SRYLZBR TMPA-3B42-V07 0.29 49.46% 2.34 0.04 0.56 0.44 0.39 0.22
IMERG-V06B 0.38 54.02% 2.14 0.04 0.76 0.44 0.47 0.29

GSMaP-V07 0.44 19.79% 1.66 0.03 0.84 0.41 0.53 0.34

QTB TMPA-3B42-V07 0.25 50.17% 1.39 0.04 0.48 0.57 0.29 0.18
IMERG-V06B 0.31 50.47% 1.23 0.04 0.72 0.55 0.38 0.25

GSMaP-V07 0.47 16.14% 0.86 0.03 0.78 0.43 0.49 0.39

QDMB TMPA-3B42-V07 0.11 16.23% 0.73 0.02 0.27 0.81 0.13 0.05
IMERG-V06B 0.25 49.47% 0.75 0.02 0.56 0.75 0.21 0.12

GSMaP-V07 0.53 18.26% 0.47 0.02 0.74 0.58 0.37 0.30

C. Hourly Scale Statistical Performances of Satellite
Precipitation Estimates in One Grid Box

Hourly scale statistical performances were conducted for
one grid box value of IMERG-V06B and GSMaP-V07 versus
Thiessen polygon averaged precipitation over 15 rain-gauges
from August 1, 2019 to September 30, 2019. The distribution of
high-density networks of rain-gauges is shown in Fig. 11. Precip-
itation from the 15 rain-gauges varied from 120 mm~173 mm,
with uneven spatial distributions (Fig. 12). Moreover, precip-
itation was higher in higher altitude in the grid box, which
means that satellite products cannot depict the fine distribution
of precipitation in a complex mountain area.

The two-month accumulated precipitation from the grid box
calculated by the arithmetic average and Thiessen polygon
method are 138 and 147 mm, respectively. The precipitation val-
ues of IMERG-VO06B and GSMaP-V07 were 211 and 218 mm,
which is about 43.54% and 48.3% higher than Thiessen poly-
gon’s average precipitation. In the grid-based hourly scale eval-
uation, IMERG-V06B and GSMaP-V(07 products showed an

obvious overestimation of about 43.47% and 48.24%, respec-
tively. IMERG-V06B with a CC and POD values of 0.03 and
0.26 had poor consistency with rain-gauge observations while
GSMaP-V07 having CC and POD values of 0.42 and 0.59 had
a better agreement with rain-gauge data.

The precipitation processes in one grid-box are shown in
Fig. 13. We observed that there were relatively obvious random
errors in the IMERG-V06B and GSMaP-V07 products. Conse-
quently, the random errors resulted in severe overestimation in
the satellite precipitation estimation, which was more evident in
IMERG-V06B product. GSMaP-V07 had a better consistency
with rain-gauge observations while IMERG-V06B had an obvi-
ous overestimation of nearly 100%~500% for some light rain
processes (<5 mm/d).

Fig. 14 shows the scatterplots between satellite precipita-
tion products and Thiessen polygon averaged precipitation.
The evaluation metrics of IMERG-V06B and GSMaP-V07 ver-
sus Thiessen averaged precipitation at hourly scale are pro-
vided in Table VII. In one grid-based hourly scale evaluation,
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TABLE VII
SUMMARY OF EVALUATION METRICS FOR ONE GRID BOX VALUE OF IMERG-V06B AND GSMAP-V07 VERSUS THIESSEN POLYGON AVERAGED PRECIPITATION
AT HOURLY SCALES FROM AUGUST 1, 2019 TO SEPTEMBER 30, 2019

Station Satellite POD FAR CSI ETS CC RBias MAE RMSE
Thiessen IMERG-VO6B 0.26 0.75 0.14 0.07 0.03 43.47% 0.23 0.02
averaged GSMaP-Vv07 059 0.64 029 020 043 4824% 0.16 0.01

@ TMPA-3B42-V07 @ SRYR
% GPM-GSMaP-V07 @ SRYZR

A GPM-IMERG-vo6p @ SRLCR
SRNR
SRYLZB
QTB
QDMB

Standard Deviation(Normalized)
ceee®

660

Observation

Fig. 11. Taylor diagram showing CC, standard deviation (normalized), and
RMSE for daily precipitation estimates from TMPA-3B42-V07, IMERG-V06B,
and GSMaP-V07 over seven sub-regions.

IMERG-V06B and GSMaP-V07 products showed an obvi-
ous overestimation of about 43.47% and 48.24%, respectively.
Moreover, IMERG-V06B had poor consistency with rain-gauge
observations, with CC of 0.03 and POD of 0.26. GSMaP-V07
was in better agreement with rain-gauge data, with the CC
value of 0.43 and POD value of 0.59. Accordingly, GSMaP-V07
had better detection accuracy at an hourly scale, meaning that
hourly precipitation detection was very difficult for satellite in
a complex mountain area.

IV. DISCUSSION

GPM-IMERG-V07 and GPM-GSMaP-V06 products are es-
timated from passive microwave (PMW) sensors, geo-infrared
data source integrating the morphing technique (i.e., morph),
and DPR. Five PMW instruments contribute to IMERG-V07 and
GSMaP-V06, which includes GMI, AMSR2, AMSU-A/MHS,
SSMIS, and TMI [38], [42]. Itis noteworthy that the constitution
of the PMW sources changes with time, and PMW sensors in-
cluding imagers (GMI, AMSR2, SSMIS, and TMI) and sounders
(AMSU-A/MHS). In the GPM-GSMaP system, over 50% of
precipitation estimates are derived from the geo-IR morphing
technique (i.e.,morph), and about 45% of precipitation estimates
are derived from PMW sensors [42]. In the GPM-IMERG
system, over 65% of precipitation estimates are derived from

geo-IR morphing technique (i.e.,morph) while nearly 30% of
precipitation estimates are derived from PMW sensors [38].
This explained why GPM-GSMaP-V06 was superior to GPM-
IMERG-VO07.

The GPM combined instrument (GMI) sensor can capture
light precipitation better than the TRMM combined instrument
(TMI) [31], but GMI showed a noticeable overestimation of
light and medium rainfall. SSMIS, AMSU-A/MHS and morph
showed remarkable underestimation of heavy rainfall while TMI
exhibited slight underestimation for the medium and heavy
rainfall events. These are the main sources of overestimation
of light rainfall and underestimation of heavy rainfall for all the
three multisatellite products.

According to the evaluation metrics of the two GPM-era satel-
lite precipitation products, the performances of GPM-GSMaP-
V07 proved to be much better than GPM-IMERG-V06B over
the TP. Microwave imager/sounder, IR Imager, and precipitation
radar were the same for merging IMERG-V06B and GSMaP-
V07 products [38], [42]. The better performances shown by
GPM-GSMaP-V07 indicated that the GSMaP algorithm was
better than the IMERG algorithm. Specifically, the GSMaP-V07
algorithm improved in the microwave imager algorithm based
on the AMSR?2 precipitation standard algorithm (including new
land algorithm, new coast detection scheme, etc.), and made the
development of microwave sounder algorithm overland [39].

The capability of IMERG-V06B and GSMaP-V07 in detect-
ing rain and no-rain event in complex mountain areas could be
acceptable, but it was found that all satellite products signifi-
cantly overestimated the rain-gauge precipitation at daily and
monthly scales. This was mainly because the satellite precipita-
tion estimates usually overestimate light rain and were usually
greater than zero when the gauges show no rain. Fig. 3 showed
that no rain events and light precipitation events (0.1~10 mm/d)
accounted for about 60% and 25%, respectively.

A few extremely high positive or negative relative biases
(i.e., >100% and <—40%) and high FAR were detected in the
QDMB basin in the northern part of the TP (Fig. 4). The QDMB
basin has the arid plateau continental climate with the mean
annual precipitation 170 mm and the precipitation has larger
relative variability. High relative biases and FAR was mainly
because the satellite precipitation estimation usually greater
than zero when the gauges show no rain. The high positive
biases (>100%) were detected in SRYLZBR (the southern TP).
The positive biases in SRYLZBR may be due to the frequent
orographic-convective warm cloud processes over the southern
TP. The orographic-convective precipitation might not produce
much ice phase particles aloft [43]-[45], therefore, more wa-
ter particles in the clouds might cause the positive biases in



LI et al.: MULTISCALE COMPARATIVE EVALUATION OF THE GPM AND TRMM PRECIPITATION PRODUCTS

+ Grid Box Center

DEM(m
¢ Rain Gauge o 4754 0051 2
Grid Box Km
Tl
K 3882

2309

N
W¢E
H#11 s 9
‘ #13
#3 o
#12
#8 2
+#6
o <;.#10
#7
#14 N
#5
+ Grid Box Center Precipitation(mm)
¢+ Rain Gauge w18 0051 2Km
T ——
Grid Box -,

Fig. 12.
two-month precipitation based on spline interpolation.

Distribution of high-density network of rain gauges (15 tipping-bucket rain gauges installed in one GPM grid box) and DEM; Spatial distributions of

35
° —o— GPM-IMERG-V06B
—e— GPM-GSMaP-V07
28 I Thiessen averaged
—
g
E 21+
=
2
=
2
& 144
1)
o]
—
=%
7 -
0- I

T T T T T T T T
2019-08-02 2019-08-10 2019-08-18 2019-08-26 2019-09-03 2019-09-11 2019-09-19 2019-09-27

Fig. 13.

SRYLZBR. Orographic influences on the cloud microphysical
processes and precipitation formation are complex, thus it can
be concluded that satellite precipitation observing skills were
greatly influenced by complex topography and huge mountains.

It can be seen from Figs. 6 and 7 that the performances of
all the products were apparently getting better from daily to
monthly scale. The CC values significantly improved when the
time scale increased from hourly and daily to monthly scale
for TMPA-3B42-V07 and GPM-IMERG-V06B, mainly because
the GPCC monthly product was used for bias-correction of
the TMPA and IMERG products [12], [46]. GPM-GSMaP-V07

Precipitation process comparison of the Thiessen averaged precipitation with IMERG-V06B and GSMaP-V07 at daily scale.

showed the best performance on a daily scale, mostly because
GSMaP products are corrected by CPC daily rain-gauges. The
phenomenon was particularly obvious in the scatter plot (Fig. 7),
that is, random errors were widespread in the scatter plot at the
daily scale, but improved favorably at the monthly scale. Unlike
systematic error, random errors are random means that they will
diminish when averaging upscale [38]. It can be inferred that
it is feasible and reliable using satellite products above a daily
scale on a regional level.

Previous research [25], [47] has shown that TMPA-3B42
products have certain potentials for hydrological simulation
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Fig. 14.  Scatterplots of satellite precipitation products versus Thiessen poly-
gon averaged precipitation over 15 rain-gauges from August 1, 2019 to Septem-
ber 30, 2019.

in the TP. GPM-era products improved based on the TRMM-
era algorithm, so the IMERG and GSMaP datasets are both
valuable for hydrological applications at basins in the TP where
rain-gauges are sparsely distributed. Lu and Yong [34] in-
vestigated the performances in hydrological utility with cali-
brated/uncalibrated IMERG and GSMaP products in the SRYR.
The research demonstrated that uncalibrated products showed
unsatisfactory performance, whereas the calibrated GSMaP
product showed a satisfactory hydrological application within
the TP.

This study showed relatively better detecting ability for lower
elevation (<3000 m) regions, but there are more than 50%
overestimation at high-elevation (>4500 m) regions for all three
satellite products. The limited detection skill at high-elevation
(>4000 m) regions might be related to not only the snow-covered
surfaces at high altitude but also the technological limitations for
the solid precipitation [48], [49]. Strong scattering induced by
snow-covered surfaces has an effect on microwave algorithms.
In addition, complex precipitation patterns over the TP and the
limited ground stations greatly restricted the evaluation of the
elevation effect on the performance of the satellite precipitation
products [50], [51].

V. SUMMARY AND CONCLUSION

This study evaluated the performances of two latest released
two GPM-era satellite precipitation products and one TRMM-
era product on a daily and monthly scale over the TP from
January 2015 to December 2019. The performances of TMPA-
3B42-V07, IMERG-V06B, and GSMaP-V07 at daily scale over
the TP for different rain intensities, subbasins, and elevations
were also evaluated. Furthermore, hourly scale statistical perfor-
mances were conducted for one grid box value of IMERG-V06B
and GSMaP-VO07 versus 15 rain-gauges from August 1, 2019 to
September 30, 2019. The main conclusion is summarized as
follows.
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1) The spatial distribution of mean annual precipitation
showed a decreasing trend from southeast to northwest
over the TP. All three multisatellite products significantly
overestimated the rain-gauge precipitation at daily and
monthly scales. The performances of the three products
significantly improved from daily to monthly scale, with
small CC values (0.24 for 3B42-V7,0.31 forIMERG-V07,
0.47 for GSMaP-V06) at daily scale to higher CC values
at monthly scale (0.893, 0.916, and 0.924).

2) In general, GPM-era satellite precipitation products
(IMERG-V06B and GSMaP-V(7) are considered a good
replacement for TRMM-era standard products (TMPA-
3B42V7). TMPA-3B42-V07 and IMERG-V06B showed
the same distribution pattern of performances, but
IMERG-V06B showed better performance than TMPA-
3B42-V07 with higher POD and CC values. At the daily
scale, GSMaP-VO07 outperforms TMPA-3B42-V07 and
IMERG-V06B with higher CC and lower RBias, MAE,
and RMSE values.

3) Satellite precipitation products showed an overestimation
of light rain and underestimation of moderate rain, heavy
rain, and rainstorm. More than 85% of precipitation over
the TP is light rain (0.1~10 mm/d), and the volume ac-
counts for about 50%. It can also be seen that all satellite
products have limited capacity in detecting heavy rain,
rainstorm, and large rainstorm.

4) The satellite products had performed relatively better in
lower elevation (<3000 m) regions and greatly overes-
timated the precipitation at high-elevation (>4000 m)
regions, which had RBias values larger than 50% for all
three products.

5) Satellite precipitation products performed better in the
SRYR, SRYZR, SRLCR, and SRNR basins. GSMaP-
V07 has enormous potential for basin-scale hydrological
applications. TMPA-3B42-V07 and IMERG-V06B had
comparable quality as GSMaP in the SRYR, SRYZR,
LCRB, and SRNR basins, but they had an obvious overall
overestimation in the arid basins (QTB and QDMB) and
humid region in southern TP (SRYLZBR).

6) In one grid-based hourly scale evaluation, satellite prod-
ucts had poor consistency with rain-gauges and showed an
obvious overestimation in two months of the study period.
GSMaP-V07 showed higher overestimation than IMERG-
VO6B at an hourly scale, but it has better consistency with
rain-gauge observations.

The evaluation of the performances of the satellite products
in this study could provide better understanding on the accuracy
characteristics within the TP. One shortcoming of our study is
the use of only one grid box for only two months at hourly scale
evaluation. Based on these findings, we recommend that future
multisatellite rainfall retrieval algorithms could focus on the
improvement of overestimation of light rain and underestimation
of moderate rain, heavy rain, and rainstorm over the TP. Further-
more, more available data from both high-density rain-gauges
in complex mountainous regions and the latest released IMERG
and GSMaP satellite products will be incorporated into the
comprehensive statistical and hydrologic assessment in near
future.
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APPENDIX

TABLE VIII
‘WEATHER STATIONS USED TO EVALUATE THE ELEVATION EFFECT ON THE PERFORMANCE OF THE SATELLITE PRECIPITATION PRODUCTS ON NORTHERN SLOPE OF
THE HIMALAYAS

No. Code Name Province Latitude Longitude Altitude
1 56434 Chayu Xizang 28.65 97.47 2328
2 56459 Muli Sichuan 27.93 101.27 2450
3 56548 Weixi Yunnan 27.02 99.28 2459
. 56227 Bomi Xizang 29.87 95.77 2736
5 56312 Linzhi Xizang 29.07 94.03 2992
6 55598 Zedang Xizang 29.25 91.77 3552
7 55591 Lasa Xizang 29.07 91.13 3649
8 56331  Zuogong  Xizang 29.07 97.08 3780
9 55585 Nimu Xizang 29.43 90.02 3809
10 55655 Nielaer Xizang 28.18 85.97 3810
11 55578 Rikaze Xizang 29.25 88.88 3836
12 55696 Longzi Xizang 28.42 92.47 3860
13 55569 Lazi Xizang 29.08 87.60 4000
14 55680 Jiangzi Xizang 28.92 89.60 4040
15 55493 Dangxiong Xizang 30.48 91.10 4200
16 55690 Cuona Xizang 27.98 91.95 4280
17 55664 Dingri Xizang 28.63 87.08 4300
18 55773 Pali Xizang 27.73 89.08 4300
19 55681 Langkazi  Xizang 28.97 90.40 4432
20 56202 Jiali Xizang 30.07 93.28 4489
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