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Abstract: The Integrated Multi-satellitE Retrievals for Global Precipitation Measurement Final Run
(IMERGF) product has now been upgraded to Version 4 (V4), which has been available since March
2017. Therefore, it is desirable to evaluate the characteristic differences between the V4 and the
previous V3 products. A comprehensive performance evaluation of the errors of the successive V3
and V4 IMERGEF products is performed with a comparison of the China daily Precipitation Analysis
Products (CPAP) from March 2014 to February 2015. The version 6 Global Satellite Mapping of
Precipitation (GSMaP) research product (which is another Global Precipitation Measurement (GPM)
based precipitation product) is also used as a comparison in this study. Overall, the IMERGF-V4
product does not exhibit the anticipated improvement for China compared to the IMERGF-V3 product.
An analysis of the metrics of annual daily average precipitation over China for the IMERGF-V3 and
IMERGF-V4 products indicates a decrease of the relative bias (RB) from 3.70% to —7.18%, a decrease
of the correlation coefficient (CC) from 0.91 to 0.89, an increase of the fractional standard error (FSE)
from 0.49 to 0.56, and an increase of the root-mean-square error (RMSE) from 0.63 mm to 0.72 mm.
Compared to the IMERGF-V3 product, the IMERGF-V4 product exhibits a significant underestimation
of precipitation in the Qinghai-Tibetan plateau with a much lower RB of —60.91% (—58.19%, —65.30%,
and —63.74%) based on the annual (summer, autumn, and winter) daily average precipitation and
an even worse performance during winter (—72.33% of RB). In comparison, the GSMaP product
outperforms the IMERGF-V3 and IMERGEF-V4 products and has the smallest RMSE (0.47 mm/day),
highest CC (0.95), lowest FSE (0.37), and best performance of the RB (—2.39%) in terms of annual
daily precipitation over China. However, the GSMaP product underestimates the precipitation more
than the IMERGEF-V3 product for the arid XJ region.

Keywords: IMERG; version 3; version 4; GSMaP; evaluation; precipitation; China

1. Introduction

Satellite-based precipitation products with broad spatial coverage and continuous global
observations have achieved enormous success in various applications [1-8]. Quantitative and
systematical precipitation estimations from satellite-based precipitation products have been used
in hydrology, climatology, and water-resources management [9-13]. However, it remains a worthy
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challenge to produce accurate satellite-based precipitation estimations due to the great temporal and
spatial variability of the products, acquisitions at different scales, inhomogeneous distributions of rain
gauges, complex topography, and cold weather [14-23].

Since the Global Precipitation Measurement (GPM) Core Observatory satellites were launched
in 2014, satellite precipitation observations have entered the GPM era [24]. The GPM mission draws
on the success of the Tropical Rainfall Measuring Mission (TRMM) and provides next-generation
global rainfall observation products based on the constellation of research satellites [6]. A ‘Core
satellite in the GPM mission is used to measure the rainfall rate from space and the obtained data
serves as a reference to consolidate rainfall measurements from an international network of satellites.

7

The measurement instruments include a multi-channel GPM Microwave Imager (GMI) and the first
space-borne Ku/Ka-band Dual-frequency Precipitation Radar (DPR) both of which are carried on the
‘Core’ satellite [25]. The GMI scans a swath of 885 km and has 13 microwave radiometer channels
covering a frequency range of 10-183 GHz; the DPR includes Ku-band and Ka-band precipitation
radars with 13.6 GHz and 35.5 GHz frequencies, respectively [26]. The instruments measure the
three-dimensional structure of precipitation in 25-km and 245-km swaths, respectively, for both
radar instruments.

The Integrated Multi-satellitE Retrievals for Global Precipitation Measurements (GPM) (IMERG)
algorithm was released in early 2015 [27,28] and the IMERG version 3 (V3) precipitation products have
been provided by NASA since March 2014. The algorithm was derived by integrating the existing
TMPA (TRMM multi-satellite precipitation analysis [29]), CMORPH-KF (climate prediction center
morphing—Kalman filter [30]) and PERSIANN-CCS (precipitation estimation from remotely sensed
information using artificial neural networks—cloud classification system [31]) algorithms. The IMERG
products include Early, Late, and Final Run model precipitation products based on accuracy and latency.
All three products have spatial resolutions of 0.1-degree and 0.5-h temporal resolutions. The IMERG
Early and Late Run datasets are near real-time. The Early Run uses only forward propagation of the
microwave data while the Late Run uses forward and backward propagation of the microwave data.
Unlike the Early and Late Runs, the Final Run data is a post real-time research product. In addition to
the processing and calibration in the Early and Late Runs, the Final Run data uses monthly observed
gauge data.

Recently, the algorithm for the gauge-adjusted IMERG research product has been upgraded from
version 3 (V3) to version 4 (V4), and the corresponding V4 IMERG product was released in March
2017. For IMERG product validation on land, comparisons to the fine-scale NOAA Multi-Radar
Multi-Sensor (MRMS) analyses and to the Precipitation Measurement Missions (PMM) Kwajalein
radar archives are considered key, at the snapshot level; the performance at larger space-time scales
is being assessed via accumulations of these three datasets, as well as CPC daily gauge analysis,
the International Precipitation Working Group (IPWG) validation sites (Australia, CONUS, Japan,
South America, and Western Europe), and the GPCC global monthly gauge analysis; for higher-latitude
validation, the GPCC data can be used to validate satellite-only products [32]. According to a report
in previous study [33], the accuracy of the V4 IMERG supersedes the accuracies of all prior IMERG
versions. The V4 IMERG data prior to March 2014 will also be processed retrospectively in late 2017.
To date, researchers have identified both the uncertainty and error characteristics of the V3 IMERG
datasets [34—41]. At present, a quantitative evaluation of the similarities and differences between the
successive V3 and V4 products and of the global improvements of V4 over V3 are urgently required.
This comprehensive assessment will contribute to the improvement of the IMERG algorithm as well
as to hydrological and climatic studies. Few studies have quantitatively evaluated and identified
temporal and spatial errors over Mainland China for the new IMERG V4 products since the algorithm
was updated from the V3 product.

In addition to the V3 IMERG and V4 IMERG products, the version 6 Global Satellite Mapping
of Precipitation (GSMaP) research product is also used for comparison in this study. The GSMaP
has been distributed by the Japan Aerospace Exploration Agency (JAXA) since late 2014 and uses
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a newly developed algorithm for the GPM mission to retrieve rain rates [42]. The major characteristic
of the version 6 GSMaP algorithm is the use of various attributes derived from all available passive
microwave radiometers except for the Dual-frequency Precipitation Radar (DPR).

Mainland China has a complex topography and precipitation regime. Flat plains dominate
the geographic features of eastern and northern China; hilly regions dominate the south-east of
China, deserts characterize the north-west, and high-altitude mountain areas are distributed in the
south-western Chinese plateaus. The precipitation regime of China is mainly influenced by the Asian
monsoon, which causes a spatially uneven distributed precipitation; the precipitation events are mainly
short-term and intense rainstorms are common. The large spatial variability of the topography and
precipitation distribution renders mainland China a good testing ground to validate satellite-based
precipitation products.

The objective of this study is to evaluate and compare the successive V3 IMERG Final Run product
(hereafter referred to as IMERGF-V3) and the V4 IMERG Final Run product (hereafter referred to as
IMERGF-V4) using the China daily Precipitation Analysis Products (CPAP) and to illustrate the error
characteristics associated with both products over mainland China. Additionally, the validation results
of the gauge-adjusted version 6 GSMaP product (hereafter referred to as GSMaP) over China are also
used in comparison to the IMERGF-V3 and IMERGF-V4 products. The results serve as a reference for
applications of GPM-based satellite data in high-altitude and mountainous regions of Asia and help to
improve the spaceborne retrieval algorithms used by GPM algorithm developers.

The study area and datasets are described in Section 2. Section 3 introduces the methodologies
used for the evaluation. The results and discussion are presented in Sections 4 and 5. A brief conclusion
is provided in Section 6.

2. Study Area and Data Products

2.1. Study Area

China has a vast territory and a complex terrain with considerable variation. Flat plains
(e.g., the North-east Plain, the North China Plain, and the Yangtze Plain) are distributed in the
south and east of China along the coastline. Deserts (e.g., the Taklimakan Desert, the Tengger
Desert, and the Qaidam Desert) are dominant in the north-west of China and high-altitude
plateaus (e.g., the Qinghai-Tibet and the Yun-Gui plateaus), and mountain ranges (e.g., the Qilian
mountains and the Himalaya mountains) exist in the south-west of China. Chen [43] proposed
eight sub-regions in mainland China (Figure 1). These include inland Xinjiang (X]), the high-altitude
Qinghai-Tibetan plateau (QZ), North-western China (XB), North-eastern China (DB), Northern China
(HB), the Changjiang (CJ) River Plain, the South-western Yungui Plateau (YG), and South-eastern
China (HN). The extents and abbreviations of these eight sub-regions are shown in Figure 1 and the
abbreviations are used hereafter.

The precipitation distribution of the south and east of China is influenced by the Asian monsoon.
Considerable humid air originating from the Pacific Ocean is transported by the monsoon to produce
heavy rainfall, called Mei-Yu, from June to July in southern and eastern China [44,45]. The precipitation
distribution regime over south-west China is mainly influenced by the monsoon between the QZ
region and the Indian Ocean. The X] region has a semi-arid climate and the moisture provided by
mid-latitude westerlies generated from the North Atlantic Ocean significantly impacts the precipitation
distribution [46]. In general, the number of precipitation events increases gradually from the north-west
to the south-east of China due to the complex terrain.
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Figure 1. Distribution of sub-regions in China.

2.2. Gauge-Observed Data

Since hourly precipitation data from rain gauges are not publicly released in China, the CPAP
with a spatial resolution of 0.25° x 0.25° is used as ground reference data in this study. This dataset
is developed by the National Meteorological Information Center and the China Meteorological
Administration and can be downloaded from http://data.cma.cn/data/cdcdetail /dataCode/SEVP_
CLI_CHN_PRE_DAY_GRID_0.25.html. This dataset is aggregated from 00 h UTC to 24 h UTC,
which is temporally consistent with the daily satellite-based products. For the CPAP, 2419 daily
rain gauge-station observations are interpolated to produce a gridded product using an optimal
interpolation (OI) technique, in which the orographic errors are calibrated via the Parameter-Elevation
Regression on Independent Slopes Model (PRISM [47]). Compared to other interpolation algorithms,
the OI technique results in a higher correlation with the ground-based rain gauge observations [47].
Additionally, a previous study has indicated that the relative bias (RB) of the CPAP is about 3% when
compared to individual gauge measurements at a 0.5° scale, which can be used to validate the satellite
precipitation accuracy at 0.25° [35,43].

2.3. Satellite-Based Precipitation Products

2.3.1. IMERG Products

To compare the satellite products with the CPAP at a daily scale, we aggregated the IMERGF
30-min products into daily datasets for the range of 00 h UTC to 24 h UTC. To prevent errors due to
missing CPAP data, the IMERGF products from March 2014 to February 2015 are used to validate the
accuracy of this study.

The IMERG algorithm is a unified U.S.-developed algorithm that provides the Day-1 multi-satellite
precipitation product for the U.S. GPM team [27]. It blends various precipitation-relevant satellite
passive microwave (PMW) and infrared (IR) sensors to produce quasi-global quantitative precipitation
datasets with high spatiotemporal resolution. The PMW sensors include the DPR, Special Sensor
Microwave Imager/Sounder (SSMIS), GMI, TRMM Microwave Imager (TMI), Microwave Humidity
Sounder (MHS), and the Advanced Technology Microwave Sounder (ATMS) (only in V04). The IR
sensors include all available geosynchronous-based infrared imagers (GOES, METEOSAT, GMS,
MTSat, and Himawari series). The precipitation estimates from the PMW are computed via the GPM
Goddard Profiling Algorithm (GPROF), which are gridded, intercalibrated to the GPM combined
instrument product, and combined into half-hourly 0.1° x 0.1° fields. In parallel, the Climate Prediction
Center (CPC) assembles the zenith-angle-corrected, intercalibrated “even-odd” geo-IR fields and
forwards them to the Precipitation Processing System (PPS) for use in the CMORPH-KF Lagrangian
time-interpolation scheme as well as the PERSIANN-CCS computation routines. The PERSIANN-CCS
estimates are computed and sent to the CMORPH-KF Lagrangian time-interpolation scheme that uses
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the PMW and IR estimates to create half-hourly estimates. The IMERG system is run twice in near
real-time to yield Early and Late Run multi-satellite products. However, the Final Run product can
only be provided once after the monthly gauge analysis (which is used to adjust the multi-satellite
half-hour estimates) has been received. Therefore, both the IMERGF-V3 and V4 products include Early,
Late, and Final Run products.

For the IMERG products, the major updates from V3 to V4 are summarized as follows: the GPROF
V4 was used to estimate precipitation using all microwave sensors as input and the GPROF-ATMS
precipitation estimates were added. The spatial coverage of the high-quality (HQ) precipitation field
was increased from 60°N-S to 90°N-S. The GPM combined instrument dataset (2BCMB) was calibrated
using the Global Precipitation Climatology Project (GPCP) V2.3 over the ocean (at middle and high
latitudes) and the land (globally) to compensate for a low (high) 2BCMB bias over non-tropical oceans
(land). The four 1° grid box adjustment coefficients were averaged to calibrate the GPROF-GMI
to 2BCMB in each IMERG 0.1° grid and to eliminate the blockiness in regions with high-gradient
differences. The grid box volume adjustment used by the Global Precipitation Climatology Centre
(GPCC) was removed to eliminate the blocky gauge adjustment for the final run. More detailed
introductions can be found in previous study [33].

2.3.2. Version 6 GSMaP Products

The new version 6 GSMaP products with the latest algorithm for the GPM mission to retrieve
rain rates were released in September 2014 and provide retrospectively-processed data starting from
March 2014. The version 6 GSMaP product provides three product types: near real-time, microwave-IR
re-analysis, and gauge-adjustment. All three products have a 0.1° x 0.1° spatial resolution and
a 1 h temporal resolution. The near-real-time product has a latency of 4 h and synergistically uses
available microwave imagers and sounders, including GPM. Compared to the near real-time product,
the microwave-IR re-analysis product also uses IR to correct the satellite estimates, except for using
various PWM imagers and sounders; thus it has a 3 d latency. In addition to the PWM and IR,
the observed global rainfall data from the CPC are used to adjust the bias in the GSMaP product.
These three types of version 6 GSMaP products cover the latitude region from 60°N to 60°S and
the longitude region from 180°W to 180°E. More documents on version 6 GSMaP products can be
obtained through the G-Portal data service system (http://www.gportal.jaxa.jp). To evaluate the
satellite products using the gauge observation dataset, all daily satellite precipitation products are
re-sampled to a spatial resolution of 0.25° x 0.25°.

3. Evaluation Metrics

To assess the performances of the IMERGF-V3 and IMERGF-V4 satellite-based precipitation
products, the bias, RB, root-mean-square error (RMSE), Pearson linear correlation coefficient (CC),
and fractional standard error (FSE) were used as statistical metrics in this study. The details for
calculating the five statistics have been provided by previous studies [35,43]. The metrics are calculated
at the pixel scale over China to determine the spatial distribution of errors.

In addition to the aforementioned spatial statistical metrics, the probability of detection (POD),
frequency bias index (FBI), false-alarm ratio (FAR), Peirce skill score (PSS), and total error (TE) were
also used to evaluate the ability for detection of the four GPM-based products compared to the
CPAP. The POD, FAR, and PSS range from 0 to 1. Additionally, 1, 0, and 1 are the ideal values
for POD, FAR, and PSS, respectively. Although the range of FBI can exceed 1, the ideal value is
also 1. Based on previous study [48], the TE is composed of three independent components of H,
-M, and F. H is called the hit bias and is the difference in the detected rain rate between satellite and
gauge-based observations; it may be either positive or negative. -M represents missed precipitation
and refers to the rain rate not detected by the satellite estimates; it has always a negative value. F refers
to false precipitation detected by the satellites but not observed by the gauges; it is always positive.
The calculations for these five metrics are provided in Appendix A [49]. To show the spatial distribution
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of the errors, all metrics used in this study were calculated at the pixel scale over China. The equations
for the metrics are listed in Appendix B.

4. Results

In this section, we describe the results of using the statistical metrics to compare the IMERGF-V3
and IMERGF-V4 products over China and the eight sub-regions at annual, seasonal, and daily
time scales.

4.1. Annual Daily Average Precipitation

Figure 2 shows the spatial distributions of the rain gauges and the daily average precipitation
for CPAP, IMERGEF-V3, IMERGF-V4, and GSMaP over China from March 2014 to February 2015.
Compared to the dense distribution of the rain gauges in eastern and southern China, the rain
gauge distribution is relatively sparse in the western regions, which are dominated by plateaus,
mountains, and deserts (e.g., QZ and X]) as well as the northern high-latitude regions (e.g., XB and DB)
(Figure 2a). The IMERGF-V3 and IMERGEF-V4 products arrive at similar spatial precipitation patterns;
the precipitation gradually increases from north-west to south-east China. However, both products
heavily underestimate the precipitation in the XJ region. Compared to the IMERGF-V3 product,
the IMERGF-V4 product significantly underestimates the precipitation in the QZ region. Figure 2
shows that the GSMaP product results in a more accurate spatial precipitation pattern than the
IMERGF-V3 or IMERGEF-V4 products.

76 E 92°E 108° E 124°E 76 E 920E 108° E 124°E

(a) Rain gauges (b) GSMaP-CPAP
o
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30°
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Figure 2. Spatial patterns of annual daily average difference precipitation for gauge-observed and
satellite-based datasets from March 2014 to February 2015 (mm/day).

Figure 3a,b quantitatively show the differences between the IMERGF and CPAP products over
China based on the RB, CC, RMSE, and FSE. When the rain rates of CPAP are above 10 mm/day;,
scatterplots indicate that the three satellite-based products do not capture the high values. This may be
related to the following: (1) high-intensity storms usually happen at fine spatiotemporal scales and the
storm centers are not completely or accurately detected by satellite-based products [50]; (2) merging
algorithms in the satellite-based products likely smooth out extreme precipitation events [51]. Taking
the specific metrics into account, the performance of the IMERGF-V4 product is not superior to that
of the IMERGF-V3 product over China. Compared to the IMERGF-V3 product, the IMERGF-V4
product has a lower CC (0.91 for IMERGF-V3 vs. 0.89 for IMERGF-V4), a larger RMSE (0.63 mm/day
for IMERGEF-V3 vs. 0.72 mm/day for IMERGF-V4), a higher FSE (0.49 for IMERGF-V3 vs. 0.56
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for IMERGEF-V4), and an inferior performance of the RB (3.70% for IMERGF-V3 vs. —7.18% for
IMERGF-V4). Figure 3c shows that all statistical indicators are better for the GSMaP product than for
the IMERGEF products and have the smallest RMSE (0.47 mm/day), the highest CC (0.95), the lowest
FSE (0.37), and the best performance of the RB (—2.39%). In addition, when the rain rates of CPAP are
above 10 mm/day;, this figure also shows that the rain rates of GSMaP are closer to those of CPAP than
the IMERGEF products.
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RMSE=0.72mm/day
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FSE=0.56
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Figure 3. (a) represents the RMSE, CC, FSE and RB between annual daily average IMERGF-V3 and
CPAP. (b) represents the RMSE, CC, FSE and RB between annual daily average IMERGF-V4 and CPAP.
(c) represents the RMSE, CC, FSE and RB between annual daily average GSMap and CPAP.

Appendix C lists the values for the metrics (RB, RMSE, CC, and FSE) for the IMERGF-V3,
IMERGEF-V4, GSMaP, and CPAP products over China and the eight sub-regions. The IMERGF-V3
and IMERGF-V4 products slightly overestimate the precipitation over the DB and HB sub-regions
with respect to the RB values (11.20% and 8.51%, 13.34% and 12.35%, respectively), and considerably
underestimate the precipitation over the X]J region with negative RB values (—17.74% and —37.63%).
The overestimation over the high-latitude DB and HB regions may be due to biased snowfall estimation
in the spring and winter [35] and complex topography which a strong influence on TB and its
polarization property with varying snow cover conditions, depending on exposure and the altitude
in mountainous terrain [52,53]. Sparse and uneven rain gauge distribution, high latitude, the OI
interpolation technique, and the poor detection ability of the orographic precipitation for passive
microwave and IR satellites result in underestimation over the arid X]J region. The performance is better
for the IMERGF-V4 product than for the IMERGEF-V3 product over the XB, DB, HB, and HN regions,
while the IMERGF-V4 product exhibits a far inferior performance than the IMERGEF-V3 product over
QZ and X] based on the RB values (—60.91% and 3.32%, —37.63% and —17.74%). These results illustrate
that a newly calibrated dataset and an a priori database with a very short lead time for the IMERG
algorithm generates larger errors in arid regions with few rain gauges.

According to the quantitative statistical metrics shown in Appendix C, the GSMaP product
arrives at better performance measures (i.e., CC, RMSE, and FSE) and provides relatively better RB
performance compared to the IMERGF-V3 and IMERGEF-V4 products for most regions of China (except
for QZ and XJ). The reasons behind these results have been discussed with regard to the data shown in
Figure 2. However, a considerable underestimation of the RB (—33.61%) is observed for the GSMaP
product over XJ. The lack of DPR radar data for the GSMaP product, the sparse distribution of rain
gauges, and the Ol interpolation technique contributed to this outcome.

4.2. Seasonal Daily Average Precipitation

Figure 4 shows that the IMERGF-V3 and IMERGF-V4 products overestimate precipitation in
HN during summer. These overestimations may be caused by the erroneous discrimination between
raining and non-raining warm clouds [54-56]. In contrast, the products underestimate the precipitation
over DB and the northern XJ region during spring and winter. The sparse rain gauge distribution and
the PMW's inability to measure snowfall/rainfall over snow- and ice-covered land surfaces are the
reasons for the underestimations in these subregions [35,57]. Compared to the IMERGF-V3 product,
the IMERGF-V4 product exhibits a significant underestimation of the precipitation in the QZ plateau in
all seasons, which could mainly be attributed to the a priori database with a very short lead time and
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the newly calibrated dataset in the IMERGF-V4 algorithm. Additionally, the GSMaP product exhibits
superior performances compared to the IMERGF-V3 and IMERGF-V4 products in most regions during
the summer (Appendix D). This occurs because the missed precipitation is not a significant error
source in the GSMaP product [57].

Spring Summer Autumn Winter

CPAP
45°

30° N
z <

45° N

IMERGF-V3

30° N

IMERGF-V4
45v N

30 N

45° N

GSMaP

30° N

8 6 4 2 (10 8 6 4 2 (6 4 2 03 2 1 0

Figure 4. Seasonal daily average precipitation distributions over mainland China for the IMERGF-V3,
IMERGEF-V4, GSMaP, and CPAP products from March 2014 to February 2015 (a—p).

The scatterplots in Figure 5 show that the absolute RB values for the three satellite-based
products range from 2.04% to 28.45%, the RMSEs range from 0.25 mm/day to 1.79 mm/day,
the CCs range from 0.80 to 0.95, and the FSEs range from 0.36 to 1.00. Compared to previous
studies [34,35,40], most of the metrics remain within normal ranges with the exception of the RB
value of the IMERGF-V4 product with a larger bias (—28.45%) during winter. Compared to the CPAP
product, the three satellite-based products clearly underestimate the precipitation in the spring and
winter. The considerable underestimation of the gauge-adjusted products may be attributed (at least
partially) to the sparse rain gauge distribution and the Ol interpolation technique. Another important
reason may be that passive microwave and IR satellite sensors have difficulties detecting shallow
orographic precipitation [58-60]. In addition, land surfaces covered by snow and ice in the winter
also have an effect because the accuracy of PMW-based precipitation is influenced and degraded by
snow and ice cover [61,62]. Compared to the IMERGF-V3 product, the IMERGF-V4 product exhibits
an increased underestimation of precipitation during all four seasons and the RBs of the IMERGF-V4
product have evidently inferior performances during autumn (2.81% for IMERGF-V3 vs. —15.86%
for IMERGF-V4) and winter (—16.57% for IMERGF-V3 vs. —28.45% for IMERGF-V4). Additionally,
the IMERGF-V3 product generally has better CC, RMSE, and FSE (except for the FSE value in spring)
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than the IMERGF-V4 product in all four seasons. Among the three satellite-based products, the RMSE,
FSE, and CC of the GSMaP product are generally best in all four seasons (except for the FSE value
in spring). GSMaP has a poor RB performance (—5.90%) in spring and has a better RB performance
(2.04%) in summer than IMERGEF-V3 and IMERGF-V4 products. In addition, the absolute RB values
for GSMaP are smaller than those for the IMERGF-4 product and larger than those for the IMERGF-V3

product in autumn and winter.
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Figure 5. Scatterplots of seasonal daily average precipitation for the IMERGF-V3, IMERGF-V4,
and GSMaP products versus CPAP from March 2014 to February 2015 (a-1).

The RB, RMSE, CC, and FSE values for the eight sub-regions of China during all four seasons
are shown in Appendix D. The three satellite-based products underestimate the precipitation in the
winter over the XJ, QZ, XB, DB, YG, and HN sub-regions. The IMERGF-V3 and IMERGEF-V4 products
underestimate the precipitation during all four seasons in XJ and YG in the range from —1.01% to
—95.14% (except for 1.07% for IMERGF-V3 in summer over YG) and overestimate the precipitation
over HB and CJ in the range from 1.41% to 16.54%. Compared to the IMERGF-V3 product, large
underestimations of the IMERGF-V4 product occur in the XJ, QZ, and DB regions; especially in X]
and QZ, the IMERGEF-V4 product underestimates the precipitation by a factor of two compared to the
IMERGEF-V3 product. Compared to the IMERGF-V3 and IMERGF-V4 products, the GSMaP product
underestimates the precipitation based on the RB value over YG (which has complex terrain) during
all four seasons and in most sub-regions (except for XJ) during summer. In addition, the GSMaP
product also has smaller RMSE and FSE values as well as an apparent increase in the CC values in

various subregions.

4.3. Daily Precipitation

An accurate analysis of daily precipitation is significant for simulating the water-cycle processes
and predicting flood events at basin or regional scales. Pixel-based differences in daily precipitation
between the CPAP and the satellite-based precipitation products over mainland China in 2014 were
used to calculate the daily variations of the bias, CC, and RMSE; the results are displayed in Figure 6.
Previous research [63] shows that the values of gauge-based analysis grid boxes without gauges are
determined by interpolating observations over the surrounding areas. Therefore, this could change an
original grid value of zero to a non-zero value, and an original grid value of non-zero to zero. In this
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study, only the pixel pairs in which both the CPAP and satellite-based precipitation product values
were above zero were used to reduce random errors in daily analysis. To filter out high-frequency
noise, a 30-day moving window was used to create a smoothed time series dataset after calculating the

daily metrics [64].
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Figure 6. Daily bias, correlation coefficient (CC) and root-mean-square error (RMSE) between CPAP
and three satellite-based precipitation products over China and the eight sub-regions from March 2014
to February 2015. (a—c) represents the BIAS, CC and RMSE over china. (d,g,j,m,p,s,v,y) represents the
Bias values over eight sub-regions, (e,h k,n,q,t,w,z) represents the CC values over eight sub-regions,
(fil,0,1,u,x,A) represents the RMSE values over eight sub-regions, respectively. Only grid pairs with

values of both CPAP and satellite-based precipitation above zero are used.
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For the three satellite-based precipitation datasets, the daily CC and RMSE values present
generally consistent variant processes, whereas the daily bias values follow apparent fluctuations
around the zero line (Figure 6). For the IMERGF-V3 and IMERGF-V4 products, the daily CC values
gradually increase from April, while they gradually decrease from October; the highest values over QZ,
XB, HB, and YG occur between August and September and the highest values over DB and HN occur
between April and May. This is because the satellite sensors could accurately detect deep convection
rainfall during the warm season. However, heavy precipitation with higher intensity may cause
significant and frequent signal attenuation [65], which might be used to explain the RMSE variance in
Figure 6.

Compared to the IMERGF-V3 product, the CC values of the IMERGF-V4 product are lower
between April and November (except June and July) over X]J. The RMSEs for the IMERGF-V3 and
IMERGF-V4 datasets display similar variances as the CC values in most sub-regions and have the
highest (lowest) values between June and September (December and January); the highest and the
lowest RMSE values are above 12 mm/day and below 6 mm/day. However, there are very high RMSE
values for the IMERGF-V3 product in November 2015 over X]J compared to the IMERGF-V4 product.
Additionally, the RMSE values for the IMERGF-V3 product in 2014 over QZ are evidently higher than
those for the IMERGF-V4 product with the exception of December and January. It is noteworthy that the
bias values for the IMERGF-V4 product exhibit a large underestimation over QZ from April to October.
In addition, the IMERGF-V3 product exhibits higher estimations from October to November over X]J,
XB, and QZ; this occurs because the expansion to a warmer threshold in the IMERGF-V4 product can
better capture the precipitation from low clouds in dry regions [26]. Compared to both IMERGF-V3 and
V4, the GSMaP bias values exhibit underestimations during warmer seasons (from April to September)
in most regions (except for QZ) and have a better performance during colder seasons (from October
2014 to February 2015).

4.4. Probability Distribution Function (PDF) Analysis

The same precipitation amount results in significantly different flood patterns if the duration of the
precipitation event changed [64]. Therefore, it is very important to determine the accurate distribution
of rainfall frequencies with different intensities for rainfall events. The PDFc and PDFv [35,66]
provide detailed information on the inhomogeneity of precipitation events in a region; therefore,
these parameters were analyzed for the satellite products and compared to CPAP over mainland
China and the eight subregions for the entire study period (Figures 7 and 8). 2 mm/day, 5 mm/day,
10 mm/day, and 20 mm/day were used as thresholds of the rainfall intensities for the PDFc and PDFv.
To avoid random errors, only the pixel-gauge pairs where the values of both the satellite precipitation
products and CPAP above zero were used for the calculations.

Figure 7 shows that the IMERGF-V4 product overestimates light precipitation events (<2 mm/day),
while underestimating heavy precipitation events (>10 mm/day) over XJ and QZ in comparison to the
IMERGEF-V3 product. This effect provides a possible explanation for the significant underestimation
by the IMERGF-V4 product. In addition, the IMERGF-V3 product detects more moderate precipitation
events (2 mm/day <R <10 mm/day) than the IMERGF-V4 product over western China (XB and X]J) but
detects fewer moderate precipitation events over south-eastern China (C] and HN). Compared to the
IMERGEF-V3 and IMERGF-V4 products, the GSMaP product detects relatively more light precipitation
events in most areas in China and less heavy precipitation events over XJ, XB, DB, HB, and CJ, possibly
because the Kalman filter technique in the merging algorithms averages heavy precipitation events [51].
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Similar to the results shown in Figure 7, the IMERGF-V3 and IMERGEF-V4 products overestimate
the precipitation volume when the rainfall intensity exceeds 20 mm/day in most areas of China
(Figure 8). In addition, they estimate a higher lower precipitation volume of 2-5 mm/day and estimate
lower precipitation of 5-10 mm/day over the QZ, X]J, XB, and DB sub-regions. Complex topography,
intense evaporation, and a sparse distribution of rain gauges may have contributed to occurrences of
this phenomenon. The updated IMERGEF-V4 product heavily underestimates precipitation when the
rain rate is in the range of 5-10 mm/day and overestimates events in the range of 2-5 mm/day over
QZ when compared to the IMERGF-V3 product. The maximum precipitation volumes for the GSMaP
product occur for 5-10 mm/day and this range of precipitation volume for GSMaP is noticeably
underestimated based on a comparison with the IMERGF-V3 and IMERGF-V4 products.

4.5. Contingency Statistics

Compared to IMERGF-V3, IMERGEF-V4 does not exhibit good POD scores for most regions in
China (except HB, CJ, and HN); an especially low POD score (0.52) is observed for the IMERGF-V4
product over QZ. In addition to X]J and QZ, the IMERGF-V3 product has more false rainfall event
estimations based on FAR. In QZ, the FBI results show that the IMERGF-V3 product slightly
overestimates the rainfall events, while the IMERGF-V4 product arrives at significant underestimations.
The PSS values of the IMERGF-V3 and V4 products are above 0.5 in most subregions with the exception
of XJ and the IMERGF-V3 product has larger PSS values than the IMERGF-V4 product over QZ.
Note that the largest TE value (about —120) is observed for the IMERGF-V4 product in QZ and
is considerably larger than the value for the IMERGF-V3 product. Compared to IMERGF-V3 and
V4, the GSMaP product has generally better scores for the POD, FAR, PSS, and TE in most regions
(except for XJ). The fluctuations of the TE values are smaller for the GSMap product in the sub-regions
than for the IMERGF-V3 and IMERGF-V4 products because the GSMaP algorithm and error-correction
method are more effective in balancing the errors related to topography [57].

5. Discussion

Numerous previous studies have evaluated different satellite products over China [18,35,67,68]
and several studies have pointed out differences between different versions of the same product [43,67].
However, none of these studies cover the different versions of GPM-based satellite precipitation
products over China. It should also be noted that the performances of the successive IMERGF-V3 and
V4 products were compared over China for the first time. The comparisons of successive versions over
different sub-regions in China contribute an improvement of the spaceborne retrieval algorithms used
by IMERG developers.

In addition to the influences of satellite sensors, the land—surface complex, and precipitation type [18],
the errors of satellite precipitation estimates show evident dependency on the precipitation-retrieval
algorithm. Compared to the IMERGF-V3 product, the IMERGF-V4 product significantly underestimates
precipitation over the QZ region in this study. The calibration of the 2BCMB in the IMERGF-V4 product to
the new GPCP V2.3 dataset generated in 2016 is responsible for this underestimation [69]. Moreover, two
reasons may also contribute to this phenomenon: (1) the IMERGEF-V4 product uses the GPM-generated
a priori databases with a very short lead time, which led to insufficient testing of the GPROFV04 that
resulted in less-than-ideal retrievals [70]. A-priori databases include observed precipitation profiles and
their associated brightness temperature signals; these databases are used in conjunction with Bayesian
inversion techniques to build consistent retrieval algorithms for the Core satellite’s GMI instrument
and each of GPM’s constellation satellites [71]; (2) the IMERGF-V4 product removes the GPCC grid
box volume adjustment to smooth gauge analysis precipitation values for a particular grid to the
surrounding grids [33]. In addition, the GPROF-GMI to 2BCMB calibrations with distance-weighted
interpolations of the four surrounding 1° grid cells in the IMERGF-V4 product facilitates the capture
of more accurate peak-precipitation events with the comparison with IMERGE-V3 [32,33].
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Furthermore, it is noted that precipitation estimation of a gauge-calibrated satellite product depends
in large part on global gauge-based analysis precipitation datasets; however, these gauge-calibrated
satellite products do not always show accurate estimations, particularly over less dense gauge
regions [72]. Re-sampling and interpolation methods are used to produce these gauge-based analysis
precipitation data sets. However, spatial sampling accuracy is related to the density of the gauge [63].

With the exception of evaluation metrics, hydrological modes are also a useful tool to evaluate
satellite-based precipitation data [2,3,16,41]. Previous studies suggested that a better discharge
simulation could be performed when satellite-based precipitation products with inferior accuracy are
compared to gauges combined with appropriate hydrological models [21]. However, since there are
no records of the hydrological simulation between IMERGF-V3 and V4, further studies about their
utility in hydrology and associated uncertainty analyses should be conducted.

In this study, a further and new GPM-based precipitation product (namely the version 6 GSMaP
research product) is also used for comparison. Figure 2 shows that the GSMaP product results in a more
accurate spatial precipitation pattern than the IMERGEF-V3 or IMERGEF-V4 products. Two factors may
be responsible for this phenomenon: first, daily CPC observed data are used by the GSMaP product to
adjust the precipitation bias, which performs better than the monthly gauge analyses (GPCC) used
in the IMERGEF products; second, the Japan Meteorological Agency Global Analysis (GANAL) data
and Merged Satellite and in-situ Global Daily Sea Surface Temperature (MGDSST) are used in the
GSMaP product to calculate lookup tables, which are then used by the GSMap microwave imager
and sounder algorithms [21]. Additionally, another advantage for GSMaP is its short latency time for
release (one or two days) in comparison with IMERGF’s two to four months.

6. Conclusions

This study presents a comprehensive and timely comparison of the errors in the successive V3
and V4 IMERG Final Run products over mainland China and eight sub-regions. A systematic and
quantitative evaluation is performed based on a comparison with CPAP data at annual, seasonal,
and daily time scales. Additionally, the gauge-adjusted version 6 GSMaP product is used for
comparison. Statistical metrics, precipitation frequency, and spatial analyses are performed in this
study. The main conclusions are as follows:

(1) Overall, the IMERGF-V4 product does not exhibit the expected superior performance compared to
the IMERGF-V3 product over China. For the annual daily average precipitation, the IMERGF-V4
product shows a significant underestimation of the precipitation in the western regions (e.g., QZ and
XJ), while the IMERGF-V3 product has a better RB performance than the IMERGF-V4 product (3.70%
for IMERGF-V3 vs. —7.18% for IMERGF-V4) over China. Additionally, the IMERGF-V3 product
has a higher CC (0.91), a smaller RMSE (0.63 mm/day), and a lower FSE (0.49); correspondingly,
the IMERGF-V4 product has a lower CC (0.89), a larger RMSE (0.72 mm/day), and a higher
FSE (0.56). In comparison, the GSMaP product performs better in terms of spatial precipitation
distribution than the IMERGF-V3 and V4 products with the highest CC (0.95), the smallest RMSE
(0.47 mm/day), the lowest FSE (0.37), and the highest RB (—2.39%) at an annual scale.

(2) For the seasonal analysis over China, the absolute RBs of the IMERGF-V4 product are slightly
improved during spring and summer but have lower values than the IMERGF-V3 product
during autumn and winter (Appendix C). The IMERGF-V3 product has a better performance
than the IMERGEF-V4 product for the CC, RMSE, and FSE during summer, autumn, and winter
but produces inferior FSE values during spring (0.63 vs. 0.41). Among the three satellite-based
products, the GSMaP product obtains the best RMSE, FSE, and CC during all four seasons and
obtains the worst RB values during spring and winter (—5.90% during spring and —17.02%
during winter).

(3) The IMERGEF-V3 and IMERGF-V4 products show a distinct underestimation over XJ and YG most
of the time. In QZ, the IMERGF-V4 product produces significant underestimations compared to
the IMERGEF-V3 product during all four seasons (Appendix D). Additionally, the IMERGF-V3
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product achieves better metrics (i.e., better RB, RMSE, FSE, and CC) during winter, especially in
the western, arid region and in the North.

For the daily statistical metrics, although IMERGF-V4 has similar performance than its predecessor
IMERGEF-V3 over southern China, eastern China and north-eastern China, it presents considerable
improvement over IMERGF-V3 during autumn and winter in the drier north-western China
(XJ and XB) regions. However, IMERGF-V4 yields a strong underestimation in the high-altitude
region (QZ) in comparison with IMERGE-V3. Compared to IMERGF-V3 and V4, the GSMaP bias
values exhibit underestimations in warmer seasons (from April to September) in most regions
(except for QZ) and perform better during colder seasons (from October 2014 to February 2015).
Compared to the IMERGF-V3 product, the IMERGF-V4 product has slightly higher POD and
PSS scores only over HB, CJ, and HN (Figure 9). In addition to XJ and QZ, the IMERGF-V3
product has more false rainfall event estimations based on FAR. In QZ, the FBI results show that
the IMERGEF-V3 product slightly overestimates the rainfall events and the IMERGF-V4 product
arrives at significant underestimations. The absolute TE value for the IMERGF-V4 product is
significantly larger than that of the IMERGF-V3 product in QZ. Among the three precipitation
products, the GSMaP product generally arrives at better scores for the POD, FAR, PSS, and TE for
most regions (except for XJ).

Judging by the PDFc and PDFv, when the CPAP rainfall intensity exceeds 10 mm/day,
the IMERGF-V4 product underestimates the precipitation events over XJ and QZ compared to
the IMERGEF-V3 product. The updated IMERGF-V4 product heavily underestimates precipitation
when the rain rate is in the range of 5-10 mm/day and has an apparent overestimation in the
range of 2-5 mm/day over QZ compared to the IMERGF-V3 product. The GSMaP product
detects relatively more light precipitation events (<2 mm/day) in most areas and less heavy
precipitation events (>10 mm/day) over X], XB, DB, HB, and CJ.

This study compares the similarities and differences between the successive V3 and V4 IMERGF
products over China and provides important reference information for future hydrological and
climatic applications. The results of the error analysis of the IMERGF-V3 and V4 products
provide helpful feedback to IMERG algorithm developers to improve product accuracies
in future. Although the IMERGF-V4 product does not show an anticipated improvement
over the IMERGF-V3 product in China, additional studies are required to evaluate the V4
product elsewhere.
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Figure 9. Contingency statistics of daily rainfall for the IMERGF-V3, IMERGF-V4, and GSMaP products
compared to CPAP over mainland China and eight sub-regions for 2014. Daily rainfall volumes below
0.5 mm are considered no-rain events.
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Appendix A. The 2 x 2 Contingency Table Used for the Computation of Categorical Metrics

Estimated Observed

Rain (Daily rain > 0.5 mm) No-rain (Daily rain < 0.5 mm)

Rain (Daily rain > 0.5 mm) Hits False alarms Estimated events

No-rain (Daily rain < 0.5 mm) Misses Correct negatives Estimated non-events

Observed events Observed non-events
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Appendix B. The Statistical Metrics Used in the Evaluation and Comparison

Metrics Equations
N o
;(Gi* )(Si=S5)
Correlation coefficient (CC) CC= ——= —
\/ L (G—G)*/ L (5:-5)°
i=1 i=1
L (5i-G)
Bias L (5i=Gi
BIAS = =
N
Z (S,'*G,)
Relative bias (RB) RB = = x 100%
i=1 G
N 2
Root-mean-square error (RMSE) L (S—=Gi)
RMSE = \| B

Fractional Standard Error (FSE)

Probability of Detection (POD) POD = _ Hits
Observed events
False Alarm Ratio (FAR) FAR False alarms

~ Estimated events

Frequency Bias Index (FBI)

Estimated events

FBl = ———+———
Observed events

Peirce Skill Score (PSS)

False alarms

PSS =POD - Observed non — events

Total Error (TE)

TE=H-M+F
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Variables: N is number of samples; S represents satellite precipitation estimate; G represents gauged observed
precipitation; and S and G represent means of satellite precipitation estimate and gauged observed precipitation.

Appendix C. Statistical Metrics for Annual Daily Average Satellite Precipitation over the

8 Sub-Regions in China

Metrics Products XJ Qz XB DB HB CJ YG HN
IMERGF-V3 —17.74 3.32 8.44 11.20 1334 449 513 7.66

RB (%) IMERGF-V4 —37.63 —60.91 3.21 8.51 1235 712 834 757
GSMaP —33.61 —4.65 —-0.75 354 6.32 061 —4.08 216

IMERGF-V3 0.29 0.43 0.20 0.25 0.32 0.54 1.50 0.75

RMSE (mm/day) IMERGF-V4 0.36 0.84 0.21 0.27 0.31 0.54 1.50 0.72
GSMaP 0.27 0.31 0.16 0.22 0.25 0.40 1.07 0.54

IMERGE-V3 0.67 0.83 0.93 0.81 0.94 0.86 0.42 0.61

CcC IMERGEF-V4 0.50 0.75 091 0.78 0.93 0.88 0.46 0.66
GSMaP 0.83 0.92 0.94 0.81 0.94 0.91 0.79 0.78

IMERGE-V3 0.45 0.42 0.21 0.21 0.24 0.28 0.83 0.36

FSE IMERGEF-V4 0.57 0.82 0.22 0.22 0.24 0.28 0.83 0.34
GSMaP 0.43 0.30 0.17 0.18 0.19 0.20 0.59 0.26
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Appendix D. Statistical Metrics for Seasonal Daily Average Precipitation over the 8 Sub-Regions
in China

Metrics Seasons Datasets X] Qz XB DB HB CJ YG HN
IMERGF-V3 —1459  18.64 8.22 8.40 443 6.62 —8.19 11.48

Spring  IMERGF-V4 —4451 -7233 —0.66 11.33 6.12 7.41 —1555  10.30

GSMaP —46.11 —-626 —1191 -1976 —2.54 0.66 —9.95 4.83

IMERGEF-V3  —4647 —1.55 16.59 16.18 16.54 147 1.07 13.13

Summer IMERGF-V4 357 5819  15.62 15.26 15.93 6.18 —1.01 11.18

RB (%) GSMaP -16.55 —1.64 8.30 4.29 9.41 141 —0.13 5.80
IMERGEF-V3 —-12.82  10.92 3.15 15.81 15.43 7.85 -10.79 0.21

Autumn IMERGF-V4 -56.87 —6530 —1475 —0.82 2.74 2.26 —20.02 2.35

GSMaP —4219  —8.09 —5.49 —2.22 8.70 5.23 —5.57 —4.77

IMERGEF-V3  —46.89 2.72 —-59.81 -3570 13.24 412 —28.66 —16.25

Winter = IMERGF-V4 —-9514 —63.74 —79.94 5591 8.37 10.18  —32.94 —17.37

GSMaP —4924 2786 —38.14 —28.83 4.84 —-744 -1671 —10.92

IMERGEF-V3 0.46 0.51 0.23 0.33 0.35 0.90 1.65 1.23
Spring IMERGEF-V4 0.48 0.63 0.26 0.49 0.33 0.84 1.61 1.29

GSMaP 043 026 019 043 031 0.66 1.39 1.0
IMERGE-V3  0.64 103 061 078 072 126  3.86 191
Summer IMERGE-V4 067 201 062 08 074 114 395 1.73
GSMaP 045 079 047 058 067 114 278 1.45
RMSE (mm/day) a

IMERGF-V3 037 050 032 035 057 058 098 097
Autumn IMERGE-V4 050 071 034 029 048 053 105 095
GSMaP 041 037 025 028 041 048 068 071
IMERGE-V3 030 042 020 025 010 034 046 054

Winter  \ERGF-V4 035 0.48 022 033 0.11 033 0.46 0.59
GSMaP 023 023 018 021 008 025 035 037
IMERGF-V3 048 072 088 064 094 095 066 091

Spring  IMERGF-V4 048 067 083 037 095 093 070  0.89
GSMaP 070 092 093 069 095 095 080 091
IMERGF-V3 046 085 088 075 08 079 035 062
Summer  \ERGE-V4 026 0.73 0.86 0.71 0.81 0.85 0.32 0.64
cC GSMaP 072 091 092 074 079 084 079 071
IMERGF-V3 072 074 087 080 08  08& 080 083

Autumn IMERGF-V4 061 078 088 081 088 08 08 084
GSMaP 076 087 094 081 093 08 090 092
IMERGF-V3 040 040 023 035 093 091 078 062

Winter  IMERGF-V4 029 038 007 013 092 094 083 049
GSMaP 08 056 033 043 094 096 08 080
IMERGF-V3 083 069 028 030 027 041 109 051

Spring  IMERGF-V4 085 086 031 044 026 038 105 053
GSMaP 076 052 023 038 024 030 091 043
IMERGF-V3  0.81 064 046 044 044 052 148 070

Summer IMERGF-V4  0.84 124 046 049 045 047 152 063
. GSMaP 057 049 035 033 041 047 107 053
IMERGF-V3 056 058 033 033 039 035 058 059

Autumn IMERGE-V4 076 082 034 027 033 032 061 0.57
GSMaP 063 042 025 026 028 029 040 043

IMERGE-V3 0.61 0.94 0.52 0.42 0.19 0.28 0.50 0.41
Winter IMERGEF-V4 0.73 1.08 0.57 0.54 0.21 0.27 0.50 0.45
GSMaP 0.47 0.52 0.47 0.35 0.16 0.21 0.38 0.28
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