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Abstract: Precipitation data with fine quality plays vital roles in hydrological-related applications.
In this study, we choose the high-quality China Merged Precipitation Analysis data (CMPA) as the
benchmark for evaluating four satellite-based precipitation products (PERSIANN-CCS, FY4A QPE,
GSMap_Gauge, IMERG-Final) and one model-based precipitation product (ERA5-Land), respectively,
at 0.1°, hourly scales over the Zhejiang province, China, in summer, from June to August 2019. The
main conclusions were as follows—(1) all other products demonstrate similar patterns with CMPA
(~325.60 mm/h, std ~0.07 mm/h), except FY4A QPE (~281.79 mm/h, std ~0.18 mm/h), while, overall,
the PERSIANN-CCS underestimates the precipitation against CMPA with a mean value around
236.29 mm/h (std ~0.06 mm/h), and the ERA5-Land, GSMap_Guage, and IMERG-Final generally
overestimate the precipitation with a mean value around 370.00 mm/h (std ~0.06 mm/h). (2) The
GSMap_Gauge outperforms IMERG-Final against CMPA with CC ~0.50 and RMSE ~1.51 mm/h, and
CC ~0.48 and RMSE ~1.64 mm/h, respectively. (3) The PERSIANN-CCS significantly underestimates
the precipitation (CC ~0.26, bias ~—35.03%, RMSE ~1.81 mm/h, probability of detection, POD,
~0.33, false alarm ratio, FAR, ~0.47), potentially due to its weak abilities to capture precipitation
events and estimate the precipitation. (4) Though ERA5-Land has the best ability to capture precip-
itation events (POD ~0.78), the largest misjudgments (FAR ~0.54) result in its great uncertainties
with CC ~ 0.39, which performs worse than those of GSMap_Gauge and IMERG-Final. (5) The
ranking of precipitation products, in terms of the general evaluation metrics, over Zhejiang province
is GSMap_Gauge, IMERG-Final, ERA5-Land, PERSIANN-CCS, and FY4A QPE, which provides
valuable recommendations for applying these products in various related application fields.

Keywords: precipitation; evaluation; satellite-based precipitation products; reanalysis precipitation
product; CMPA; Zhejiang province

1. Introduction

Precipitation plays critical roles in the global water cycles and gridded precipitation
data with fine quality is greatly needed in various application fields, such as hydrological
models, and climate research [1-5]. Currently, there are three main manners for obtaining
rain information, e.g., rain gauge stations, ground-based weather radars, satellite-based
sensors [6-9]. However, measuring precipitation by rain gauges is easily limited by the
number of ground stations, especially over remote regions, e.g., the Tibetan Plateau [1-3],
and the beams of ground-based weather radars are also obscured by the mountains, which
is relatively more suitable for plain areas, therefore, the ground-based weather radars could
not provide spatio-temporal continuous precipitation observations on a global scale [10].
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Over the past five decades, remotesensing techniques and satellite-based precipita-
tion retrieval algorithms improved greatly [11]. A series of satellite-based precipitation
products with various spatio-temporal resolutions were developed. For example, the
PERSIANN-CCS (for the details of the abbreviations, please see Table 1) [12,13], FY4A
QPE [14], GSMap_Gauge [15], and IMERG-Final [16-18]. In addition, reanalysis precipita-
tion products were also more and more popular, and even outperformed satellite-based
precipitation products in some regions.

Various studies explored the qualities of these satellite-based and model-based precip-
itation datasets against ground observations at regional scales. For instance, Lu et al. [19]
evaluated the accuracy of IMERG against rain gauge data in 2017 over the Yunnan-
Kweichow Plateau, China, and found that IMERG could capture large-scale rainfall distri-
butions, but had weak abilities in detecting the precipitation events, resulting in significant
overestimations. Meanwhile, Xu et al. [20] also found that IMERG had overestimated the
precipitation by about 12% through assessments on IMERG from June to August 2018,
at an hourly scale, over Mainland China. Nevertheless, IMERG demonstrated reason-
able qualities at daily and seasonal temporal scales in the Mexican region [21]. As for
PERSIANN-CCS, it could generally capture the spatiotemporal patterns and the timings
of the diurnal convective rainfall events, while the elevation-dependent biases existed,
which brought great uncertainties for the qualities of PERSIANN-CCS, e.g., in the complex
terrain region of Northwestern Mexico [12]. In terms of GSMap, Fu et al. [22] concluded
that it underestimated precipitation against the gauge-based precipitation measurements
across the Poyang Lake Basin. Among the model-based precipitation datasets, the quality
of the latest generation of ERA5 was greatly improved, as compared to those of previous
versions, e.g., ERA-Interim, which even outperformed the Tropical Rainfall Measuring
Mission (TRMM) Multi-satellite Precipitation Analysis (TMPA) in some regional areas [23].

However, there was almost no investigation of precipitation products in Zhejiang,
China, especially the evaluation for Chinese FY4 series satellite precipitation products.
As one of the most exposed regions to the extreme rainfall events and floods, it is great
meaningful to characterize the quality of the most popular precipitation datasets, especially
in the emergence of the FY4 QPE. Therefore, this paper aimed at assessing five precipitation
products (PERSIANN-CCS, ERA5-Land, FY4A QPE, GSMap_Gauge, and IMERG-Final)
against CMPA, in terms of the amounts, and the occurrences of the precipitation events at
0.1° and hourly scales, over the Zhejiang province, in summer of 2019.

2. Study Area and Materials
2.1. Study Area

Zhejiang province (27°02'-31°11' N and 118°01’-123°10’ E) is located in Southeastern
China along the East Sea, with elevation varying from 0 to 1800 m (shown in Figure 1),
with an area of around 105 km?, of which the mountainous regions account for ~74.63%.
Generally, the Zhejiang province is mainly controlled by the East Asian Monsoon climate,
with unevenly distributed precipitation varying from 1200 mm/year to 2000 mm/year,
and 70% of the annual rainfall is concentrated in the rainy season, from April to September,
which easily results in extreme flood disasters [24].
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Figure 1. Spatial patterns of digital elevation model (DEM) over the Zhejiang province, China.

2.2. CMPA

The China Merged Precipitation Analysis (CMPA, 0.1°/hourly) was produced by
merging hourly rain gauge data, from >30,000 automatic weather stations in China, and
the microwave-based CMORPH precipitation dataset, which was provided by the National
Meteorological Information Center of the China Meteorological Administration (http:
//data.cma.cn) [25]. First, CMORPH data (8 km, 30 min) were resampled into those at
finer resolutions (0.1°, 1 h). Then, the optimal interpolation method was used to predict the
gridded precipitation pattern based on gauge observations with corresponding interpolated
CMORPH data, and the result was called CMPA [26]. The quality of CMPA was mainly
affected by the gauge densities, which meant it could be used as the benchmark over
Eastern China, e.g., the Zhejiang province, to evaluate the satellite-based and model-based
precipitation estimates.

2.3. Satellite-Based and Model-Based Precipitation Products

Detailed information of the four satellite-based (IMERG-Final, GSMap_Gauge,
PERSIANN-CCS, FY4A QPE) and one model-based (ERA5-Land) precipitation products
are listed in Table 1. For instance, the IMERG-Final dataset is a level 3 precipitation product
in the GPM era, which was calibrated on the basis of the monthly gauge analysis dataset,
and it could be obtained through NASA from the website: https://pmm.nasa.gov/data-
access/downloads/gpm. Meanwhile, the GSMap products is also a popular microwave-
based precipitation product, and was calibrated using gauge analysis at a daily scale, which
could be acquired through the website: https://sharaku.eorcjaxa.jp/GSMap/index.htm.
As for the PERSIANN-CCS, it was generated based on local and regional cloud features
from infrared observations aboard geostationary satellites at the bands ~10.7 um, which
was characterized by finest resolutions (0.04°and 30 min) among the current satellite-
based precipitation product, and PERSIANN-CCS can also easily be downloaded through
http://chrs.web.uci.edu/SP_activitiesO1l.php. The Fengyun 4 (FY4) are the second genera-
tion of geostationary meteorological satellite launched by China, following the Fengyun
2 series, and FY4A represents the first satellite of the Fengyun 4 series, which provides
32 estimates, including Quantitative Precipitation Estimation (QPE). FY4A QPE (4 km,
30 min) could be acquired from National Satellite Meteorological Center (NSMC), China
(www.nsmc.org.cn). The PERESIANN-CCS and FY4A QPE were linearly resampled to
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those (0.1°), and accumulated to hourly rainfall estimates, to be consistent with the resolu-
tions of CMPA datasets. As for the model-based precipitation estimates, the latest version
of ERA from the European Centre for Medium-Range Weather Forecast (ECMWF), ERA5-
Land, was used in this study by considering its quality and resolutions (0.1°, 1 hourly),
which could be obtained from the website: https://cds.climate.copernicus.eu/cdsapp#!/
dataset/10.24381/cds.e2161bac?tab=form.

Table 1. Summary of satellite-based and reanalysis precipitation datasets used in this study.

Dataset

Full Name of the Dataset Resolution Period Reference

Precipitation Estimation from
Remotely Sensed Information using

PERSIANN-CCS Artificial Neural Networks-Cloud 0.04°, 0.5 hourly 2006—present Hong et al. [27]
Classification System
European Centre for Medium-Range o
ERA5-Land Weather Forecasts Reanalysis5-Land 0.10°, 1 hourly 1979—present Hoffmann et al. [28]
Fengyun 4A o g
FY4A QPE QuantitativePrecipitation Estimation 0.04°, 0.5 hourly 2018—present Shen et al. [25]
Global Satellite Mapping o g
GSMap_Gauge of Precipitation-Gauge 0.10°, 1 hourly 2000—present Mega et al. [29]
Integrated Multi-Satellite Retrievals
IMERG-Final for Global Precipitation 0.10°, 1 hourly 2000-present Huffman et al. [18]

Measurement-Final

3. Methods

A classical combination of statistical metrics was adopted to assess the qualities of the
gridded precipitation data against ground observations; these are listed in Table 2 [30,31].
In terms of the errors between estimates and ground observations, three classical metrics
were widely applied, which included CC, Bias, RMSE. As for evaluating the capabilities to
correctly capture the rainfall events, there were also three indices, including POD, FAR,
and CSI. CSl is a comprehensive index to consider both correct hit (POD) and false alarm
(FAR) [32]. In this study, the thresholds of 0.1 mm/h were used for discriminating the
rainfall events. Overall, all these indices should be comprehensively considered when
concluding the qualities of the precipitation estimates.

Table 2. List of the validation statistical metrics for evaluating satellite-based precipitation products

in the study.
Statistic Index Formula Best Value
Correlation coefficient (CC) cC — Y, (0-0)*(Pi—P)° 1
L1 (0:—0)"xXpy (P—P)’
Relative bias (bias) bias = 72?:1,@‘60‘) x 100% 0
i-1 O

Root mean square error (RMSE) RMSE = % Yo, (P — Qi)2 0
Probability of detection (POD) POD = il 1
False alarm ratio (FAR) FAR = HL+F 0

oy . H
Critical success index (CSI) CSl = girr 1

Notation: O; the amount of precipitation observed by the CMPA data; O, the average values of CMPA, P, the
values of the estimates; P, the average estimated precipitation; n, the number of precipitation pairs of CMPA data
and the corresponding estimates; H, observed precipitation event correctly detected by the estimates; M, observed
precipitation event not detected by estimates; F, precipitation event detected by estimates but not observed.
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4. Results
4.1. Spatial Distributions of the Precipitation over Zhejiang Province in Summer

Figure 2 shows the spatial distributions of total precipitation, in summer, from June to
August 2019, over the Zhejiang province, based on CMPA, PERSIANN-CCS, ERA5-Land,
FY4A QPE, GSMap_Gauge, and IMERG-Final. The precipitation was relatively large in
the eastern coastal area and southwest mountain area of the Zhejiang province (Figure 2a).
Compared to the CMPA, the PERSIANN-CCS underestimated precipitation with volumes
smaller than 800 mm (Figure 2b). Additionally, the FY4A QPE underestimated precipita-
tion in the north (<500 mm), while it significantly overestimated precipitation in the south
(>1000 mm). In terms of the spatial patterns, FY4A QPE could not capture the distributions
very well, compared to other precipitation products, e.g., overestimating and underestimat-
ing the precipitation volumes in the northern and southern regions, respectively (Figure 2d).
Compared to CMPA, ERA5-Land overestimated the precipitation amount in most parts of
the Zhejiang province (Figure 2c), while GSMap_Gauge and IMERG-Final overestimated
the precipitation by around 200 mm (Figure 2e,f).
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Figure 2. Spatial patterns of total precipitation based on (a) CMPA, (b) PERSIANN-CCS (c) ERA5-Land, (d) FY4A QPE (e)
GSMap_Gauge, and (f) IMERG-Final over the Zhejiang province in summer, from June to August 2019.

4.2. Spatial Patterns of Evaluations on the Precipitation Products and CMPA Data at an
Hourly Scale

Figure 3 shows the spatial distributions of CC of PERSIANN-CCS, ERA5-Land, FY4A
QPE, GSMap_Gauge, and IMERG-Final against the CMPA data, respectively, at 0.1° and
hourly scales over the Zhejiang province, in the summer of 2019. Overall, the differences
in spatial distributions of CC among precipitation products were significant. In terms of
CC, it was obvious that the GSMap_Gauge and IMERG-Final outperformed others, overall.
However, FY4A QPE showed the smallest CC values, most of which were smaller than 0.3
and even 0.1 over some areas in the Northern and Eastern Zhejiang (Figure 3c). The CC
values of PERSIANN-CCS were slightly larger than those of FY4A QPE, especially in the
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south (Figure 3a). Generally, the CC values of ERA5-Land against CMPA were between 0.1
and 0.6, with a decreasing trend from north to south (Figure 3b). GSMap_Gauge correlated
well with CMPA data, with CC values larger than 0.5 over most regions, though over
some small regions in the south CC values were smaller than 0.3 (Figure 3d). The spatial
distributions of CC values of IMERG-Final and GSMap_Gauge were similar, and most of
the CC values were larger than 0.4 (Figure 3e).

121°0'0 118°0°0"E  119°00"E  120°00"E  121°0'0"E  122°0'0"E 118°0°0"E 119°0 120°00"E  121°0'0"E  122°0'0"E

31°0°0"N

29°0'0"N 30°0'0"N

28°0'0"N

31°0'0"N
>

31°0'0"N
>

3

30°0'0"N
30°0'0"N

s
5

2090'0"N
290'0"N

¥

28°00°N
28°0'0"N

& 'FY4A QPE

Kilometers

(a)

120°0'0"E

27°0'0"N

0 50 100

118°0'0"E  119°0'0"E

Kilometers
200

©

Kilometers
200 0

(b)

120°0'0"E

27°0'0"N
27°0'0"N

0 50 100 50 100

121°0'0"E 118°%0'0"E  119°0'0"E 121°0'0"E

29°0'0"N 30°0'0"N 31°0'0"N

28°0'0"N

122°0'0"E

CC

Il 0.7-1.0
9 0.6-0.7
1 05-06
[104-05
[ 03-04
9 0.2-03
Bl 0.1-0.2
Il 0.0-0.1

29°0'0"N 30°0'0"N 31°0'0"N

28°0'0"N

27°0'0"N

27°0'0"N

Kilometers
200

O)

0 50 100

Figure 3. Spatial patterns of CC based on (a) PERSIANN-CCS (b) ERA5-Land, (c) FY4A QPE (d) GSMap_Gauge, and (e)
IMERG-Final against CMPA at an hourly scale over the Zhejiang province in summer, from June to August 2019.

Figure 4 demonstrates the spatial patterns of the performances on the five precipitation
products, in terms of bias, against CMPA data, at an hourly scale and 0.1° x 0.1°resolution,
over the Zhejiang province, in the summer of 2019. The bias values of PERSIANN-CCS
were smaller than —10% over half of the Zhejiang province, where it was significantly
lower than —30% (Figure 4a), especially in the northern area. The bias values of FY4A
QPE were almost larger than 60% in the Southern Zhejiang province and were almost
smaller than —50% in north. The spatial patterns of bias underlined that FY4A QPE
cannot capture the spatial characteristics of precipitation (Figure 4c). Meanwhile, the ERA5-
Land, GSMap_Gauge, and IMERG-Final tend to overestimate precipitation from an overall
perspective, while both positive and negative biases exist, with the bias values varying
from —30.00% to 30.00%. Figure 4b also indicates that the ERA5-Land overestimates the
magnitude of precipitation especially in the central and southern regions. On the contrary,
the GSMap_Gauge overestimated the precipitation in the surrounding area (Figure 4d).
Additionally, the spatial distributions of the bias of IMERG-Final and ERA5-Land were
similar (Figure 4e).

Figure 5 shows the spatial distributions of RMSE of five precipitation products against
CMPA, at an hourly scale, over the Zhejiang province, in summer, from June to August
2019. It was obvious that FY4A QPE showed the largest RMSE (>2.0 mm/h in the Southern
Zhejiang province), followed by the PERSIANN-CCS (Figure 4a,c). While the RMSE
values of the GSMap_Gauge were slightly smaller than those of IMERG-Final and ERA5-
Land, at the corresponding regions (Figure 4b,d,e). Considering CC, bias and RMSE,
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GSMap_Gauge outperformed other precipitation products and FY4A QPE seemed to have
the lowest qualities.
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IMERG-Final against CMPA, at an hourly scale over the Zhejiang province in summer, from June to August 2019.
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4.3. Temporal Patterns of Evaluations on the Precipitation Products and CMPA Data at
Hourly Scale

Based on the temporal patterns of the performances of precipitation estimates, the
values of six indicators (CC, bias, RMSE, POD, FAR, and CSI) of the five precipitation
products at an hourly scale in June, July, August, and summer are displayed in Table 3.
The CC of all products showed that all precipitation products except ERA5-Land had
stable performance in June, July, and August. For instance, the CC values of ERA5-Land
in August was obviously higher than those in June and July. The FY4A QPE had the
lowest values of CC with 0.22, 0.26, 0.21, and 0.21 in June, July, August, and summer,
respectively. While the GSMap_Gauge showed the largest CC (~0.50) in summer and
IMERG-Final had the second, which was consistent with the results obtained through
spatial patterns of evaluations. In terms of bias, the bias values of all precipitation products
in August were below 0%. Specifically, the PERSIANN-CCS and FY4A QPE seriously
underestimated precipitation with bias values around —57.94% and —83.82%, respectively.
In addition, the bias of PERSIANN-CCS showed that PERSIANN-CCS underestimated
precipitation in all months in summer. The IMERG-Final showed the lowest bias values
around 1.01%, 0.28%, and —4.05% in June, July, and August, respectively. In terms of RMSE,
the GSMap_Gauge had the lowest values, as compared to other products, with around
1.40 mm/h and 1.56 mm/h in June and July, respectively, while ERA5-Land had the lowest
values in August.

Table 3. Summaries of the performances of PERSIANN-CCS, ERA5-Land, FY4A QPE, GSMap_Gauge,
and IMERG-Final, at an hourly scale, over Zhejiang in the summer of 2019.

Index Dataset June July August Summer

PERSIANN-CCS 0.24 0.27 0.29 0.26
ERA5-Land 0.29 0.32 0.53 0.39
cC FY4A QPE 0.22 0.26 0.21 0.21
GSMap_Gauge 051 0.51 0.49 0.50
IMERG-Final 0.49 0.51 0.49 0.48

PERSIANN-CCS —26.74 —23.74 —57.94 —35.03
ERA5-Land 491 15.53 —23.11 0.40

bias (%) FY4A QPE 442 13.57 —83.82 ~21.68
GSMap_Gauge 1.88 6.92 —7.71 0.82

IMERG-Final 1.01 0.28 —4.05 —0.77
PERSIANN-CCS 1.80 191 1.71 1.81
RMSE ERA5-Land 1.60 1.79 1.45 1.62
(mm/h) FY4A QPE 2.17 2.27 1.72 2.06
GSMap_Gauge 1.40 1.56 1.56 1.51
IMERG-Final 1.55 1.58 1.77 1.64
PERSIANN-CCS 0.31 0.36 0.30 0.33
ERA5-Land 0.80 0.81 0.59 0.78
POD FY4A QPE 0.46 0.41 0.23 0.39
GSMap_Gauge 0.75 0.75 0.70 0.74

IMERG-Final 0.70 0.75 0.68 0.71
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Table 3. Cont.

Index Dataset June July August Summer
PERSIANN-CCS 051 0.47 0.35 0.47
ERA5-Land 0.53 0.55 0.57 0.54
FAR FY4A QPE 0.56 0.48 0.28 0.50
GSMap_Gauge 0.48 0.48 0.50 0.48
IMERG-Final 0.45 041 043 0.43
PERSIANN-CCS 0.23 0.27 0.26 0.25
ERA5-Land 043 0.41 0.36 0.40
= FY4A QPE 0.29 0.30 0.21 0.28
GSMap_Gauge 0.44 0.44 0.41 0.43
IMERG-Final 0.44 0.49 0.45 0.46

The values of indices that evaluate the detection capability of precipitation events
for five products were significantly different. It was obvious that POD of all precipitation
products in August were lower than those in June and July. The ERA5-Land showed the
largest values of POD in June, July, and summer, as compared to the other four products
(around 0.80 in June, 0.81 in July, and 0.78 in summer), but its value in August was relatively
low. While the values of POD of PERSIANN-CCS in all four periods were smaller than
0.4, however, the FAR values of PERSIANN-CCS were not significantly smaller than other
products. Though GSMap_Gauge had larger POD values than the IMERG-Final, it also
had larger values of FAR than those of IMERG-Final, which directly caused the CSI values
of GSMap_Gauge to be lower than those of IMERG-Final. In all, IMERG-Final performed
better in detecting precipitation events than the other precipitation products, followed by
GSMap_Gauge. The PERSIANN-CCS had a weak ability to judge the precipitation events.

5. Discussion
5.1. Error Source Analysis of the Precipitation Product

Figure 6 shows the numerical distributions of POD, FAR, and CSI for five precipitation
products over 939 grid pixels. The values of POD of FY4A QPE were mainly from 0.2 to
0.5 and its FAR values were from 0.4 to 0.6 (Figure 6a,b), which were determined by the
false alarm of precipitation events that mainly occurred in the Southern Zhejiang province
and the missing precipitation events that mainly occurred in the north. This phenomenon
might be caused by the inversion algorithm for generating the FY4A QPE, which needed to
be greatly improved. In all, the hourly performances of FY4A QPE were not so satisfying.
The POD of PERSIANN-CCS indicated that PERSIANN-CCS had poor abilities to capture
precipitation events, even worse than FY4A QPE. In addition, the values of bias, below
0% in each month in summer, indicated PERSIANN-CCS, seriously underestimating
precipitation. Meanwhile, PERSIANN-CCS might judge large number of non-rain events
as light rain and light rain as non-rain events. Although it is difficult to obtain high
quality inversion precipitation estimates based on infrared data, the precipitation retrieval
algorithm of PERSIANN-CCS still had room to be improved.

The values of POD of ERA5-Land, GSMap_Gauge, and IMERG-Final were almost
larger than 0.6, especially the values of ERA5-Land, which were generally larger than 0.7.
However, the number of POD values that were larger than 0.5 of ERA5-Land was more than
that of GSMap_Gauge and IMERG-Final (Figure 6a). The reason ERA5-Land had the largest
POD values was probably because ERA5-Land is a comprehensive reanalysis precipitation
product that fuses a large number of observations from multi-sources and multi-sensors,
from various platforms. As for the main reasons for the variations of the POD, FAR, and
CSI for the five precipitation products over the Zhejiang province, the inversion algorithms,
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Figure 6. The numerical distributions of (a) POD, (b) FAR, and (c) CSI for the five precipitation products over the Zhejiang

province in summer, from June to August 2019.

5.2. Calibration Procedure in IMERG-Final and GSMap_Gauge

This study showed that IMERG-Final and GSMap_Gauge data can appropriately cap-
ture precipitation events over the Zhejiang province. Considering that IMERG-Final ingests
the monthly Global Precipitation Climatology Centre (GPCC) gauge analyses and that the
GSMap_Gauge is calibrated by the Climate Prediction Center (CPC) daily gauge analyses,
the performances had significantly improved—for instance, a slight underestimation for
IMERG-Final (—0.77%) and slight overestimation for GSMap_Gauge (0.82%). On the one
hand, the performances of GSMap_Gauge and IMERG-Final in capturing precipitation
events with the values of FAR around 0.5 were not so satisfying. Therefore, how to decrease
of the proportion of false alarms would be a future research work. On the other hand,
the retrieving algorithms for estimating the satellite-based only precipitation products
still needed to be greatly improved due to the coarse network of ground observations,
especially over the remote regions, oceans, and poles.

5.3. Overall Comparisions on the Performances of the Five Precipitation Products in Summer 2018

and 2019

This study also assessed the performances of the five precipitation products in sum-
mer, from June to August 2018, to check their stabilities (Figure 7). Overall, the relative
performances of the five precipitation products in summer, 2018, were consistent with those
in summer, 2019. Especially in terms of occurrence detections (POD, FAR, and CSI), the
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relative performances of all five products in summer 2018 were similar to those in summer,
2019. For instance, in terms of POD, GSMap_Gauge and IMERG-Final also performed bet-
ter than the others in summer, 2018, with mean values of around 0.60 and 0.59, respectively,
and the PERSIANN-CCS still performed worst, with a mean value of POD around 0.28.
Similarly, in terms of FAR, ERA5-Land performed worst with the largest mean value of
FAR (around 0.65) than the others, in the summer of 2018. Therefore, the evaluations on the
five precipitation products provided valuable references for demonstrating the quantitative
characteristics, conducted in summer, from June to August 2019.
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. I B P 1., R T . R ] g .
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Figure 7. Boxplots demonstrate the relative performances of CC, bias, RMSE, POD, FAR, and CSI of the five precipitation

products in summer, from June to August, 2018, and 2019, respectively.

6. Conclusions

Precipitation data with fine quality plays vital roles in hydrological-related appli-
cations. In this study, we chose the high-quality China Merged Precipitation Analysis
data (CMPA) as the benchmark for evaluating four satellite-based precipitation products
(PERSIANN-CCS, FY4A QPE, GSMap_Gauge, IMERG-Final) and one reanalysis precipita-
tion product (ERA5-Land), respectively, at 0.1°, hourly scales over the Zhejiang province,
China, in summer from June to August 2019. The main conclusions were as follows.

(1) All other products demonstrated similar patterns with CMPA (~325.60 mm/h,
std ~0.07 mm/h), except FY4A QPE (~281.79 mm/h, std ~0.18 mm/h), while PERSTANN-
CCS overall underestimated the precipitation against CMPA with a mean value around
236.29 mm/h (std ~0.06 mm/h), and the ERA5-Land, GSMap_Gauge, and IMERG-Final,
generally overestimated precipitation with a mean value of around 370.00 mm/h (std
~0.06 mm/h).

(2) The GSMap_Gauge outperformed the IMERG-Final against CMPA with CC ~0.50
and RMSE ~1.51 mm/h, and CC ~0.48 and RMSE~1.64 mm /h, respectively.

(3) The PERSIANN-CCS significantly underestimated precipitation (CC ~0.26, bias
~—35.03%, RMSE~1.81 mm/h, probability of detection, POD, ~0.33, false alarm ratio, FAR,
~0.47), potentially due to its weak abilities to capture precipitation events and estimate the
precipitation.

(4) Though ERA5-Land has the best ability to capture precipitation events (POD ~0.78),
the largest misjudgments (FAR ~0.54) resulted in its great uncertainties with CC ~0.39,
which performed worse than those of GSMap_Gauge and IMERG-Final.

(5) The ranking of precipitation products, in terms of the general evaluation metrics,
over the Zhejiang province was GSMap_Gauge, IMERG-Final, ERA5-Land, PERSIANN-
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CCS, and FY4A QPE, which provided valuable recommendations for applying these
products in various related application fields.

According to the results of this study, when using these products in various hydrome-
teorological related application fields, we give priority to recommend GSMap_Gauge and
IMERG-Final, rather than PERSIANN-CCS and FY4A QPE, over the Zhejiang province. As
for the other regions, the findings of this study could provide preliminary references for
related applications, while the similarities and differences of the performances of precipita-
tion products in other regions could be further exploited. In future research, two aspects
should be focused on: (1) in terms of evaluations, much more detailed error characteristics
could be revealed by applying these gridded precipitation products in the spatial dis-
tributed hydrological models; and (2) more wise inversion algorithms for generating FY4A
QPE should be developed by integrating the satellite-based radar observations, which was
not considered at the current stage.
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