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Abstract: Precipitation is an essential element in earth system research, which greatly benefits from
the emergence of Satellite Precipitation Products (SPPs). Therefore, assessment of the accuracy of the
SPPs is necessary both scientifically and practically. The Integrated Multi-Satellite Retrievals for GPM
(IMERG) is one of the most widely used SPPs in the scientific community. However, there is a lack of
comprehensive evaluation for the performance of the newly released IMERG Version 07, which is
essential for determining its effectiveness and reliability in precipitation estimation. In this study,
we compare the IMERG V07 Final Run (V07_FR) with its predecessor IMERG V06_FR across scales
from January 2016 to December 2020 over the globe (cross-compare their similarities and differences)
and a focused study on mainland China (validate against 2481 rain gauges). The results show that:
(1) Globally, the annual mean precipitation of VO7_FR increases 2.2% compared to VO6_FR over land
but decreases 5.8% over the ocean. The two SPPs further exhibit great differences as indicated by the
Critical Success Index (CSI = 0.64) and the Root Mean Squared Difference (RMSD = 3.42 mm/day) as
compared to VO6_FR to VO7_FR. (2) Over mainland China, VO6_FR and V07_FR detect comparable
precipitation annually. However, the Probability of Detection (POD) improves by 5.0%, and the RMSD
decreases by 3.7% when analyzed by grid cells. Further, the POD (+0%~+6.1%) and CSI (+0%~+8.8%)
increase and the RMSD (—11.1%~0%) decreases regardless of the sub-regions. (3) Under extreme
rainfall rates, VO7_FR measures 4.5% lower extreme rainfall rates than V06_FR across mainland China.
But V07_FR tends to detect more accurate extreme precipitation at both daily and event scales. These
results can be of value for further SPP development, application in climatological and hydrological
modeling, and risk analysis.
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1. Introduction

Precipitation is the key driver of the Earth’s hydrological system, which can substan-
tially affect societies and ecosystems [1]. Specifically, precipitation is a pivotal element
in climate modeling, natural disaster emergency responses, and water resource manage-
ment [2-5]. Therefore, the precise estimates of precipitation across scales hold great promise
to improve scientific understanding and better risk management. Generally, three primary
techniques are used for precipitation measurement: ground gauges, weather radars, and
satellite-based remote sensing [6]. Satellite Precipitation Products (SPPs) harness data
acquired from various sources, including the geosynchronous-Earth-orbit infrared instru-
ments, passive microwave (PMW) sensors, and spaceborne radars onboard low-Earth-
orbiting satellites [5]. SPPs exhibit advantages over the other two types of measurements
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in large-scale applications due to their wide coverage and unprohibited views and are now
widely used in areas such as hydrology, climate change, and agriculture [7,8].

There are two consecutive satellite precipitation missions for global precipitation
monitoring. The National Aeronautics and Space Administration (NASA) and the Japan
Aerospace Exploration Agency (JAXA) first initiated the Tropical Rainfall Measuring Mis-
sion (TRMM) satellite in 1997. The TRMM was launched to thoroughly explore the evo-
lution of tropical precipitation aided by the first spaceborne precipitation radar (PR) and
microwave imager (MI). As the successor of TRMM, the Global Precipitation Measurement
(GPM) mission started in February 2014 and covers a greater extent (i.e., 65°N-S). The
GPM Core Observatory (GPM CO) also demonstrates superior capabilities over the TRMM
in monitoring instruments, carrying the Dual-Frequency Precipitation Radar (DPR) and
the multichannel GPM Microwave Imager (GMI). Equipped with advanced monitoring
devices, the GPM CO is capable of extending the measurement scope of precipitation,
including light rainfall and falling snow [9]. With these precipitation monitoring missions,
numerous quasi-global SPPs have been developed [10-12]. Of all the SPPs, the level-3
product Integrated Multi-Satellite Retrievals for GPM (IMERG, [13]) released by NASA has
gained widespread interest within the hydrological community [14]. Each IMERG version
comes with three runs, namely the Early Run (ER), Late Run (LR), and Final Run (FR), with
different latencies to accommodate user needs. The IMERG system has been updated five
times since its inception, starting with the IMERG V03 to the latest IMERG V07, which was
released in July 2023.

Among all the versions of IMERG, the IMERG V06 has gained substantial attention in
the current scientific community due to its superiority over former versions. Evaluations of
IMERG V06 span global and regional scales. Globally, Li et al. [15] conducted a comprehen-
sive 20-year comparison of V06_ER and VO06_FR, revealing distinct application scenarios
for each product. Regionally, Hamza et al. [16] assessed V06_FR, along with three other
SPPs, at varying temporal resolutions in a mountainous area of Pakistan. Similar regional
assessments were conducted by Moazami and Najafi [17] in Canada and Yu et al. [18]
in China. Beyond overall precipitation rates, precipitation at specific rates has also been
evaluated. For example, Li et al. [19] analyzed the capability of VO6_FR in detecting light
rainfall and identified the potential error sources. With regard to extreme precipitation
events and recognizing their significant social and economic implications, the performance
of V06 products under extreme precipitation rates has undergone extensive evaluation,
such as by Zhou et al. [20] over Hubei province, China, and Aksu et al. [21] over Tiirkiye.
With the increasing expansion of validation efforts, the application of IMERG V06 has
emerged in various fields, especially FR, due to its accuracy through calibration. For ex-
ample, Ang et al. [22] demonstrated the superiority of VO6_FR in simulating streamflow
and evaporation in Southeast Asia compared with a series of re-analysis products and
SPPs. Ham et al. [1] detected the trend of climate change employing IMERG as one of
the precipitation datasets. What is more, numerous related studies, including catchment
modeling and environmental pollution, have been carried out in different regions of China
due to a lack of high spatial-temporal forcing data or the urgent need for future risk
mitigation [23-25].

Despite its current widespread use, certain limitations still exist in IMERG V06, such as
the potential orographic effects on the motion vectors and the risk of introducing artifacts
in the propagated estimates in high-latitude regions [26]. The IMERG V07_FR has been
continuously released since July 2023, and data were processed in retrospect ranging from
January 2000 to May 2023. There are several upgrades of the newly released version 07,
i.e., updating the IR quality assurance and the IR precipitation algorithm and assessing the
applicability of the Goddard Profiling Algorithm Microwave (GPROF MW) estimates over
snowy surfaces [27]. Some existing deficiencies of IMERG V06 have been addressed in the
V07 product to improve the level of global precipitation measurement [28]. However, to
the best of our knowledge, a thorough assessment of IMERG V07_FR with its predecessor,
IMERG VO06_FR, is still lacking either at the global scale or the regional scale. This study
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provides an early assessment of IMERG V(07 as compared to V06 on a global scale and is
also validated against rain gauges in mainland China. Notably, in addition to evaluating the
entire product, an extra assessment is also conducted specifically for extreme precipitation
to consider its practical implications.

Therefore, we compare the performance of IMERG V06_FR and V07_FR across scales
since the start of GPM era. The objectives of this study are: (1) investigating the differences
between IMERG V06_FR and V07_FR products over the globe at 0.1° x 0.1° spatial and
daily temporal resolution; (2) evaluating and comparing IMERG V06_FR and V07_FR
over mainland China against ground-based observations; (3) assessing the performance
of these two products under extreme precipitation rates on the regional basis. This paper
is organized as follows: Section 2 introduces the study region, datasets, and statistical
methods. Section 3 compares IMERG V06_FR and V07_FR at the global, national, and
regional scales. Section 4 discusses the reasons for the similarities and differences between
the upgraded V07_FR and its predecessor VO6_FR. Section 5 concludes the study and
proposes potential suggestions for future work.

2. Materials and Methods
2.1. Study Area

Global precipitation covers 90°N-S at a daily time interval, considering the improve-
ments of IMERG V06 and V07 in data coverage [15]. As for nationally based analysis, the
mainland China was chosen as a study focus (Figure 1a). Eight sub-regions were further
divided by distinct climatic characteristics, as shown in Figure 1b, namely the western arid
and semi-arid (WAS) region, the Qinghai-Tibet (QT) region, the eastern arid (EA) region,
and the southern (S), central (C), northern (N), northeastern (NE), and southwestern (SW)
region of mainland China [29,30]. The regional analysis was conducted according to the
sub-region division to further investigate the performance of different versions of satellite
products. To completely assess the precipitation products, the southeast coastline area
of mainland China (Figure 1c) was chosen as the target area to evaluate the precipitation
estimation during typical typhoon events. The selected southeast coastline area can be
referred to Sui et al. [31], and this area tends to be attacked by typhoon events, such as
Meranti (2016) and Khanun (2017).
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(b)

Gauge count
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Figure 1. The eight climatic sub—regions across China (a), the ground gauge distribution (b), and the
southeast coastline area of mainland China (c). Partly cited from Shen et al. [32].
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2.2. Datasets
2.2.1. IMERG

The IMERG precipitation data were used in the current study. The IMERG product in-
tegrates various data sources, including satellite-derived microwave precipitation estimates,
microwave-calibrated infrared estimates, ground gauge measurements, and other potential
datasets, at spatial and temporal resolutions of 0.1° x 0.1° and half-hourly intervals [33].
This dataset contained three stages with different latencies: early run (ER, 4 h), late run (LR,
12 h), and final run (FR, 3.5 months). ER and LR both provided near-real-time estimates
without gauge calibration, while the FR was calibrated using the monthly Global Precipita-
tion Climatology Center dataset (GPCC). The FR is considered to be of high accuracy and
designed for scientific research purposes [33]. Therefore, the current mostly used IMERG
VO06_FR and the latest IMERG V07_FR are used for global, national, and event precipitation
assessment. The IMERG V06 was initially released in March 2019, over 4 years prior to
IMERG V07. It is noteworthy that the V06 product underwent self-upgrades due to data
correction, evolving from its original version VO6A to V06B in May 2019 [34]. Consequently,
all references to IMERG V06 in this study pertain to IMERG VO06B. It is also important to
mention that all references to IMERG V07 refer to IMERG V07A, as the newly released
product has not undergone upgrades.

The data used in the current study span from January 2016 to December 2020, within
the range of the GPM era. The IMERG V06_FR and V07_FR products can be accessed at
https:/ /disc.gsfc.nasa.gov/datasets/ GPM_3IMERGDE_06/summary?keywords=IMERG
(accessed on 14 August 2023) and https://disc.gsfc.nasa.gov/datasets/ GPM_3IMERGDF_
07/summary?keywords=IMERG (accessed on 14 August 2023), respectively.

2.2.2. Rain Gauge Dataset

The ground rain gauge dataset was obtained from the National Meteorological In-
formation Center of the China Metrological Administration (CMA). This dataset cov-
ered 2481 gauges over mainland China and measured precipitation at daily resolution
(Figure 1a). This dataset was independent of the IMERG dataset, so it was chosen as the
reference data for evaluating the performance of the target satellite products. The used
ground gauge dataset shared the same temporal coverage as the selected IMERG products.
Notably, the gauges were organized into 0.1° x 0.1° grid cells to conform to the IMERG
products’ spatial resolution. Evaluation was limited to grid cells containing at least one
gauge. In cases where a grid cell contained multiple gauges, the average value was used
for analysis.

2.2.3. Extreme Precipitation Dataset

The dataset, for extreme precipitation was derived from the IMERG and rain gauge
datasets over mainland China, adopting the threshold of greater than 50 mm/day, re-
spectively. The extracted datasets were also processed to conform to the 1° x 1° spatial
resolution, as described in Section 2.2.2. At the event scale, 5 typical typhoon events were
selected based on their features, including start and end date, duration, and maximum
rainfall amount.

2.2.4. Earth Surface Data

Considering the different climatic and topographic conditions between lands and
oceans, the coastline data were used to investigate the performance of land and ocean areas,
respectively. It can be accessed at https://www.naturalearthdata.com/downloads/10m-
physical-vectors/10m-coastline/ (accessed on 7 September 2023).

2.3. Statistical Analysis

A list of evaluation metrics, corresponding equations, and the best values is summa-
rized in Table 1, in which IMERG V07_FR and ground gauge serve as the estimated values
for global and national assessment, respectively. The IMERG products were examined from
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two perspectives. First, the detectability of SSP was qualitatively evaluated by categorical
indices, including the probability of detection (POD), false alert ratio (FAR), and critical
successful index (CSI). The analysis employed a widely accepted threshold of 1 mm/day
to distinguish between precipitation and non-precipitation events [35,36]. Second, the
SSPs’ accuracy in precipitation estimation was analyzed quantitatively using continuous
indices containing relative bias (RB), mean absolute difference (MAD), root mean squared
difference (RMSD), and normalized root mean squared difference (normalized RMSD).
The RB and RMSD reflect the systematic and random components of errors. MAD quan-
tified the mean difference between the target SSP and reference data. The normalized
RMSD was especially calculated to reduce the error raised by rainfall rates over seas and
lands, respectively.

Table 1. A list of statistical metrics in evaluation IMERG Final Run with the benchmark product.

Metrics Formula Best Value
. Probability of Detection (POD) = 1”+“n01 1
Ca’ii%(:;:cal False Alarm Rate (FAR) n11n+10n1o 0
ey n
Critical Success Index (CSI) m 1
Relative Bias (RB) N (FRi=B;) 0
Y, B

Continuous Mean Absolute Difference (MAD) %Zf\i 1|FR; — B 0
index Root mean squared difference (RMSD) \/ % le\i L(FR; — Bi)2 0
Normalized root mean squared LyN (FR—B;)? 0

difference (normalized RMSD) Y S—

FR; refers to the value of selected final run (FR) product, while B; refers to the corresponding value of selected
benchmark product, i.e., IMERG VO07_FR or gauge value in the present study. N is the number of samples;
nq; refers to the number of precipitation events observed by selected FR product and its benchmark product at
the same time; 711 is the number of precipitation events observed by selected FR product not by its benchmark;
np1 is the opposite of 11.

Taylor diagrams [37] were adopted in the current study to assess the performance
of IMERG products against the ground gauge. The Taylor diagram was essentially an
integration of three statistical metrics, including the correlation coefficient (CC), standard
deviation (SD), and RMSD, into a polar plot based on the cosine relationship between
them. In the polar plot, both IMERG products and ground gauge data are represented as
data points. The proximity of the IMERG point to the ground gauge point is indicative
of the product's performance quality. Specifically, the closer the IMERG point is to the
ground gauge, the better the performance of the product is. A flowchart with the main
research objectives and methodology discussed above is sketched in Figure 2. Notably,
results for global analysis are conducted using data from all 0.1° x 0.1° grid cells unless
otherwise specified.
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Figure 2. Flowchart of IMERG intercomparison across scales.

3. Results
3.1. Comparison of IMERG V06_FR and VO07_FR at Global Scale
3.1.1. Global Analysis of Annual Precipitation Rate

IMERG V07_FR exhibits differences compared to VO6_FR from January 2016 to De-
cember 2020 at a global scale (Figure 3). The mean global annual rainfall for V07_FR
(775.7 mm/year) is slightly lower than that of the VO6_FR (800.1 mm /year), and the spatial
distribution of estimated precipitation is comparable as for the two IMERG products. Simi-
lar precipitation among different versions of Final Run products is a frequently observed
phenomenon, as introduced by Wang et al. [14]. This consistency is primarily attributed to
the gauge correction process, which incorporates data from the GPCC dataset. However, the
maximum annual mean rainfall for VO7_FR (11,698.8 mm/year) is much greater than that
of VO6_FR (9455.0 mm/year), both inside the intertropical convergence zone (ITCZ). The re-
sult of zonal maxima aligns with previous findings by Wang et al. [14] and Li et al. [15]. The
mean annual rainfall over the ocean tends to be higher than that over land, whatever the
SPP version. Further, VO7_FR is higher than V06_FR over land (487.0 vs. 476.3 mm/year)
but has lower annual mean rainfall over the ocean (915.8 vs. 957.2 mm/year). However,
both maxima over land and ocean for IMERG V07_FR were larger than those for IMERG
V06_FR (land: 8295.3 vs. 7403.3 mm/year; ocean: 11,698.8 vs. 9455.0 mm/year), all located
near the coastline of Columbia, South America, contingent with the North Pacific Ocean.

The spatial differences between IMERG VO07_FR and V06_FR are shown in Figure 3c.
Although the annual mean difference between these two products is around 30 mm/year,
the greatest difference between them is up to 5049.6 mm/year (VO6_FR = 0 mm/year and
V07_FR = 5049.6 mm/year), located in the Lare glacier, Alaska, the USA. This discrepancy
is attributed to the detection of precipitation for this region by V07 FR but not by V06 FR.
In comparison to V06_FR, V07_FR estimates lower precipitation for nearly 60% of the grid
cells globally, mainly located within the Antarctic Ocean. It is interesting to observe that
IMERG V07_FR tends to overestimate V06_FR over the equator. This phenomenon can be
attributed to the uncertainties arising from the abundant local precipitation.
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Figure 3. Spatial distribution of global annual mean precipitation estimated by IMERG V06_FR (a),
V07_FR (b), and their differences (c).

3.1.2. Statistical Analysis of Daily Precipitation Rate

Figure 4 illustrates the global distribution of the statistical metrics described in Table 1
using the daily precipitation dataset. Figure 4a—c provides the categorical index distribution
of precipitation revealed by IMERG V06_FR compared with V07_FR. The values of POD,
FAR, and CSI indicate both V06_FR and V07_FR are capable of successfully detecting
precipitation globally. However, these three metrics indicate disparities in precipitation
detection among IMERG versions (0.79, 0.24, and 0.64). The differences are still evident for
dry regions (characterized by mean annual rainfall below 500 mm), specifically in areas
such as the Pacific Ocean close to the western coast of South America and the Atlantic
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90°
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30

Ocean close to the western coast of South Africa, where the POD falls below 0.5, and the
FAR exceeds 0.6. The categorical indexes over lands and ocean surfaces exhibit a similar
level, with slightly better performance over lands than over oceans (POD: 0.80 vs. 0.79,
FAR: 0.23 vs. 0.24, and CSI: 0.65 vs. 0.63).
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Figure 4. Maps of statistical description, POD (a), FAR (b), CSI (c), RB (d), MAD (e), RMSD (f),
normalized RMSD over land (g), and normalized RMSD over ocean (h), of the differences between
IMERG V06_FR and V07_FR.

As for the precipitation quantification metric, the global mean value of RB between
VO06_FR and V07_FR is less than 0.1 (Figure 4d). Within the latitudinal range of 60°N to
60°S, the average RB closely aligns with the global value, showing a deviation of only
—2.4% from the latter. What is more, IMERG V07_FR in the 60°N-S band records a slightly
reduced estimate of rainfall than IMERG V06_FR, covering less than 40% of the total
land and ocean area. The maximum RB (262.3) is located in North Greenland (81.35°N,
55.05°W) due to the much lower rainfall estimated here by IMERG VO07_FR. The local
climate, topography condition, and the enhanced algorithm may jointly contribute to
this estimation bias. The global mean MAD (0.93 mm/day) and RMSD (3.42 mm/day)
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between these two versions is unignorable considering the daily mean precipitation value
(2.19 and 2.12 mm/day for VO6_FR and V07_FR, respectively) (Figure 4e,f). Especially, the
MAD demonstrates significant variations in response to changes in precipitation (Figure 5).
The global mean MAD increases from 0.59 to 9.3 mm/day as regions shift from daily
precipitation levels between 1-2 to 20-40 mm/day. The MAD further shows a significant
difference (0.16 vs. 2.17 mm/day, p < 0.01) between dry (annual precipitation <500 mm)
and wet regions (annual precipitation >1500 mm). Accordingly, the normalized RMSD is
presented for land and ocean to eliminate the system bias reduced by precipitation amount.
Results show that the normalized RMSD over land and ocean is similar in quantity (with
the mean value being 1.90 for the land and 1.98 for the ocean), indicating a noticeable
adjustment of V07_FR. The aforementioned results indicate the capacity of IMERG V06_FR
and V07_FR to quantify precipitation time series on a global scale. Thus, a more targeted
assessment of IMERG's raw spatial resolution should be carried out within our research
focus area, mainland China.

T o1 |
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[e]e]

MAD (mm/day)

P O T«

2-5 5-10 10-20 20-40 Dry region Wet region
Precipitation (mm/day) Precipitation (mm/year)

Figure 5. Boxplot of Means Absolute Difference (MAD) between IMERG V06_FR and V07_FR under
ranges of different daily precipitation rates (a) and regions with different wetness (b).

3.2. Comparison of IMERG 06_FR and 07_FR in Mainland China
3.2.1. Nation-Wide Evaluation

The performance of IMERG V06_FR and V07_FR is evaluated against the independent
ground gauge observation (Figure 6) in precipitation estimation. The annual mean precipi-
tation for IMERG V06_FR and V07_FR is 675.9 and 679.8 mm /year, respectively. This value
is relatively higher than multi-year mean precipitation, i.e., 630 mm/year (China Climate
Change Blue Book, 2022). National precipitation revealed by these two products exhibited
similar spatial distribution features as compared with the gauge observation, i.e., higher
precipitation in the southeast and lower precipitation in the northwest. The comparable
spatial pattern indicates the capability of both IMERG V06_FR and V07_FR to capture pre-
cipitation characteristics. The IMERG V06_FR and V07_FR exhibit great spatial differences
despite their comparable average values (Figure 6d). IMERG V07_FR detects more precipi-
tation than V06_FR over 55.6% of grid cells across mainland China. Most of the differences
larger than 100 mm/year are found in the southeast and southwest region while most of the
negative variances are scattered in the Tibetan Plateau. Notably, the maxima of difference
between IMERG V07_FR and V06_FR is 1915.9 mm/year (VO6_FR = 2027.5 mm/year and
V07_FR = 3943.39 mm/year), located near Nyingchi County, Tibet, China. The lack of local
ground gauges, along with the correction bias, collectively contribute to this estimation bias.
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Figure 6. National-based evaluation of gauges (a), IMERG V06_FR (b), VO7_FR (c), and differences
between V07_FR and V06_FR (d) in annual mean precipitation estimation.

3.2.2. Grid-Based Evaluation

The selected IMERG products are further analyzed to evaluate their performance in
estimating precipitation over mainland China. Notably, a direct comparison of gridded
product and point-based product is subject to scale mismatches. The probability density
functions (PDF) at a daily resolution for precipitation of the ground gauge and the two
SPPs are presented in Figure 7. Ground gauge observations and the two IMERG FR
products exhibit good consistence as for the precipitation distribution shape, reflecting
IMERG's capability to reproduce precipitation of various categories. However, notable
differences in precipitation detection exist when the daily precipitation rate falls below
5 mm/day. Both IMERG VO06_FR and V07_FR within this range tend to detect more
occurrences of precipitation than those of ground gauges: The satellite products both
capture nearly 1.5 times and 1.3 times more of the precipitation occurrence than the ground
gauge when precipitation ranges from 1 to 2 mm/day and from 2 to 5 mm/day, respectively.
Nevertheless, the PDF shape of satellite products converges with gauge observations as
the daily precipitation increases. The differences in PDF of different versions of IMERG
products suggest that biases may exist where light rainfall tends to take place.

—e— IMERG_V06_FR
—%— IMERG_VO7_FR
B Gauge

PDF (%)

5-10 10-20
Precipitation (mm/day)

Figure 7. Probability density function (PDF) of gauge, IMERG V06_FR, and IMERG V07_FR of daily
rainfall intensities from January 2016 to December 2020.
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Gauge observation is selected as the benchmark product to calculate the statistical
metrics of SPPs across mainland China. IMERG V07_FR shows slight improvement com-
pared with VO6_FR as for categorical indexes (Figure 8a—i). The POD increases by 5.0% as
IMERG V07_FR compared with its predecessor, with the enhancements mainly observed
in Southern China. The two versions of SPPs not only share a close national mean FAR
(Figure 8d,e), but they also exhibit a similar spatial distribution as revealed by their differ-
ence (Figure 8f). The CSI shows similar trends with FAR, indicating that IMERG V06_FR
and V07_FR are of comparable capability in precipitation detection and accuracy over the
target region. As for the quantitative measurement metrics, IMERG V07_FR diverges more
from the gauge values than V06_FR, as indicated by the RB (0.90 vs. 0.81). What is more,
the overestimation is mainly observed in the North China Plain and the Guanzhong Plain
(Figure 81). However, MAD and RMSD both reveal a reduction in error as the IMERG
version transitions to VO7_FR, exhibiting decreases of 1.4% and 3.7%, respectively, in com-
parison to VO6_FR. The estimation errors are primarily concentrated in the southeastern
regions of China (Figure 8m,n,p,q), where relatively abundant precipitation is common.
Simultaneously, a significant improvement in precipitation accuracy is also evident in the
same region (Figure 8o,r). This phenomenon indicates that areas with high precipitation
levels tend to exhibit not only elevated MAD and RMSD values but also enhancements in
measurement accuracy as for IMERG V07_FR.

3.3. Spatial-Temporal Comparison of IMERG V06_FR and V07_FR across Mainland China

The two SPPs (IMERG V06_FR and V07_FR) both exhibit different performance under
the eight sub-regions divided by climate (Table 2). Concerning the categorical indices, it is
noteworthy that, irrespective of the product version, only three out of eight regions display
higher level of POD, FAR, and CSI in relation to the national averages, both located in the
humid zone (S, C, and SW). Specifically, the CSI of region C surpasses the national mean
CSI for both IMERG V06_FR and V07_FR, with increases of 13.5% and 15.8%, respectively.
Similarly, region S also demonstrates a significantly higher CSI than the national value for
both IMERG V06_FR and V07_FR, showing respective increments of 24.3% and 26.3%. As
for region SW, the CSI exhibits an identical level with the national average for V06_FR and
a slight improvement for VO7_FR (+2.6%). On the contrary, sub-regions with lower levels
of categorical indices predominantly lie within the arid regions (WAS and EA) and the
transitional zone (NE, N, and QT). The WAS region has the lowest CSI regardless of the
IMERG version, with values less than 50% of the national average. Despite the regional
difference, IMERG V07_FR generally shows improvement across the eight sub-regions than
IMERG V06_FR in precipitation detection accuracy.

As for the quantitative results, region N exhibits the highest RB (>5.0), which is
followed by EA (>1.8). What is more, the RB of region N and EA increases by 7.8% and
10.5% as IMERG V07_FR compared with VO6_FR, respectively. The high density of ground
gauges, particularly in areas proximate to region EA, combined with specific environmental
and climatic conditions, may contribute to the elevated R) observed in Region N. Other
regions show relatively low RB (<1.0), and the differences between IMERG V07_FR and
VO06_FR vary across different regions. The QT region shows the most negative relative
difference (—25.0%), while region C turns out to have the most positive difference (7.5%).
The regional differences can be attributed to the joint effect of local topography and climate
conditions. Different from RB, the MAD and RSMD values tend to be smaller for IMERG
V07_FR than IMERG V06_FR (—6.7-0.0% for MAD and —11.1-0.0% for RMSD, respectively).
The quantitative measure results indicate that IMERG V07_FR can estimate precipitation
more accurately across mainland China than V06_FR.
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Figure 8. Spatial distribution of statistical metrics of IMERG V06_FR (a,d,g,j,m,p), IMERG V07_FR
(b,e,h k,n,q), and their differences (c,f,i,1,0,1).

The temporal comparison between the selected SPPs is investigated using the Taylor
diagrams (Figure 9) in terms of CC, SD, and RMSD. The SD of gauge observations varies
across the investigated years due to distinctive hydroclimatic features. However, the
SD of IMERG V07_FR generally exhibits a lower level than that of VO6_FR despite the
hydrological year. This result suggests that the precipitation estimated by V07_FR is of
less variability across mainland China. The CC and RMSD of V07_FR also exhibit a more
reduced magnitude than VO6_FR regardless of hydrological years. These results further
suggest that IMERG V07_FR is more reliable than VO6_FR as for precipitation estimation.
There is no evident distinction between hydrological years as for the temporal results
revealed by Taylor diagram. This phenomenon indicates that the IMERG products exhibit
a relatively stable performance across different hydrological years within the study period.
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Table 2. Summary of daily statistical metrics for IMERG V06_FR and V07_FR across all monitored
grid cells of mainland China from January 2016 to December 2020.

. MAD RMSD
Region Product POD FAR CSI RB mm/day mm/day
WAS V06_FR 0.41 0.73 0.18 0.90 0.029 0.096
VO07_FR 0.42 0.72 0.19 0.89 0.028 0.091
QT V06_FR 0.57 0.50 0.36 0.36 0.10 0.27
VO07_FR 0.57 0.50 0.36 0.27 0.095 0.24
EA V06_FR 0.58 0.58 0.32 1.9 0.16 0.58
VO07_FR 0.59 0.56 0.34 2.1 0.16 0.56
NE V06_FR 0.60 0.55 0.34 0.38 0.15 0.47
V07_FR 0.60 0.52 0.37 0.36 0.14 0.45
N V06_FR 0.59 0.60 0.31 5.1 0.34 1.3
VO07_FR 0.61 0.58 0.33 5.5 0.33 1.3
C V06_FR 0.66 0.47 0.42 0.40 0.70 1.9
VO07_FR 0.70 0.46 0.44 0.43 0.67 1.8
SW V06_FR 0.59 0.49 0.37 0.36 0.56 1.6
VO07_FR 0.62 0.49 0.39 0.38 0.54 15
S V06_FR 0.67 0.40 0.46 0.29 0.66 1.8
V07_FR 0.68 0.38 0.48 0.30 0.63 1.7
(a) All periods (b) 2016 (c) 2017
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Figure 9. Taylor diagrams consisting of correlation coefficient, normalized standard deviation, and
normalized RMSD for daily precipitation estimates from IMERG V06_FR and V07_FR during all
periods (a) and distinct hydrological years (b—f) over mainland China.
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3.4. Comparison of IMERG V06_FR and V07_FR under Extreme Precipitation

The disparities between IMERG V06_FR and V07_FR under the scenario of extreme
precipitation (>50 mm/day) are displayed in Figure 10. The annual extreme precipitation
for V06_FR and V07_FR is 75.6 and 72.2 mm/ year, respectively. What is more, the national
average values of POD, FAR, and CSI are comparable for these two post-real-time SPPs,
with only slight improvement observed in V07_FR. However, variations in the accuracy of
precipitation between them become evident when assessed at the grid level (Figure 10c,f,i).
Especially the decreases in CSI are mainly observed in the region C (—0.04) and S (—0.02),
which are prone to typhoon events. This phenomenon indicates that the adjustments of
IMERG V07_FR may lower the detection accuracy of precipitation along the southeast
coastal area. In terms of continuous quantitative metrics, IMERG V07_FR demonstrates
enhanced accuracy in estimating extreme precipitation compared with VO6_FR, resulting
in a 24.3% reduction in RB and a 2.3% decrease in RMSD.
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Figure 10. Spatial distribution of statistical metrics for IMERG V06 FR (a,d,g,j,m,p), IMERG V07 FR
(b,e,h,k,n,q), and their differences (c,f,i,1,0,r) under extreme precipitation rate.
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Table 3 further lists the performance of IMERG V06_FR and V07_FR during typical
typhoon events in mainland China. IMERG V07_FR shows stronger capability in both
accurately capturing and estimating precipitation during typhoon events than IMERG
VO06_FR. As for the precipitation detection metrics, the CSI values of IMERG V07_FR
are higher than the corresponding values of VO6_FR. This phenomenon is strengthened
especially during typhoon events KHANUN (+25.4%), which is mainly due to the relatively
short duration of this typhoon’s landfall. The quantitative error measurement metrics show
that the IMERG V07_FR has lower MAD and RMSD values than V06_FR for most of the
typhoon events, except the HAITANG. The relatively higher error metrics of the event
HAITANG can be attributed to its short duration (<1 day) in the current area of research
interest. The better performance of IMERG V07_FR for precipitation estimation under
extreme precipitation rates and during typhoon events indicates its capability over IMERG
VO06_FR in risk analysis.

Table 3. Statistical evaluation of IMERG V06_FR and V07_FR performance during typical typhoon
events along the southeast coastline of mainland China.

Maximum
Event Start End Rainfall MAD RMSD
Name Date Date Amount Product ~ POD  FAR  CSI RB (mm/day) (mm/day)
(mm/day)
V06 FR 034 064 024 045 187 3.04
MERANTL  2016/9/9  2016/9/10 128359  yurpp 033 0e4a 024 035 1.73 2.83
V06 FR 034 070 019 070 142 246
HAIMA  2016/10/14  2016/10/15 7743.6 V07 FR 036 063 023 054 1.38 234
V06 FR 031 052 024 158 1.51 223
MERBOK  2017/6/10  2017/6/11 9316.1 V07 FR 039 045 031 129 1.40 2.03
V06 FR 025 044 019 073 0.97 1.69
HAITANG  2017/7/27  2017/7/28 6953.6 VO7 FR 031 055 021 124 1.04 1.79
V06 FR 026 080 013 059 115 1.90
KHANUN = 2017/10/11  2017/10/12 6320.6 VO7 FR 022 080 012 084 115 1.87

4. Discussion
4.1. Similarities and Differences between IMERG V06_FR and V07_FR

Generally, the newly released IMERG V07_FR shows a stronger capability of precip-
itation estimation than its predecessor VO6_FR. VO7_FR exhibits similarities as well as
differences in comparison to VO6_FR across scales. Specifically, these two post-real-time
SPPs show similar peak precipitation locations and error distributions. However, their
differences become evident when examined at finer grid cell resolutions, such as regions
where V07_FR successfully detects precipitation that remains undetected by VO6_FR. The
similarities can be attributed to the fact that the FR product is calibrated by the same
precipitation ground reference product, i.e., the GPCC [15]. From a technical standpoint,
the disparities in precipitation estimates between different SPP versions can be attributed
to two distinct perspectives, i.e., the instruments and the algorithm. The IMERG sensors
usually consist of a spaceborne radar, PMW imagers and sounders, and geosynchronous
IR imagers [33]. The update and replacement of monitoring sensors naturally induce
alterations in the estimated precipitation by SPPs. However, since the sensor updates for
IMERG V07 were scheduled to commence in December 2021, the investigated period in
the present study is not influenced. Therefore, it is reasonable to infer that variations in
estimation and the changing error characteristics of precipitation datasets are primarily
attributed to algorithm upgrades. For example, the enhancements in GPROF MW facilitate
the detection of warm snowfall events, and the geolocation shift is corrected as well [28].
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The advantages of GPROF V07 over its predecessors were also validated in the Nether-
lands by Bogerd et al. [38]. Moreover, there are long-lasting system errors that may cause
differences among versions, such as the errors brought by snow, ice, uneven topography,
and complex terrain in precipitation retrieval [39]. The upgraded algorithm, along with
the uncertainties in monitoring precipitation in regions with certain climatic features and
topography;, jointly contribute to the distinctions among versions. These differences mani-
fest in various ways, such as spatial variations in estimated precipitation and deviations
in evaluation metrics when comparing the two IMERG versions. In future research, it is
worthwhile to explore the quantified relationship between potential influencing factors
and precipitation estimation errors.

4.2. Varying Performance of IMERG in Different Climatic Regions

The performance of precipitation estimation by IMERG V07 varies under different
sub-regions divided by climate features. The changing performance of IMERG products
under various basins or climatic regions across mainland China has also been verified
by Wang et al. [14] and Yu et al. [18]. Generally, warm and wet sub-regions tend to
have lower RB and more accurate detection probability, while dry and high-elevation
regions have higher RB and lower detection capability. The differences in precipitation
detection and accuracy of quantification can be attributed to a combination of climatic
conditions, elevation, and orography [40,41]. It is notable that the sub-region consisting of
the northwestern region of China tends to have the lowest CSI. The local arid climate and
sparse ground gauge observations jointly contribute to this phenomenon [42].

Furthermore, the IMERG products can consistently witness the maximum precipitation
in China (the Yarlung Tsangpo Basin, located in the Southern Tibet region) since the start
of the GPM era [14], while great uncertainties in estimation still exist, as indicated by
variations between IMERG versions. The uncertainties in precipitation estimation also
apply to regions with similar climate and topographic conditions [43]. The relatively high
elevation of this region can also explain the uncertainty of precipitation estimation in the
Tibet region [18]. Despite the regional differences, the performance of IMERG V07_FR is
superior to VO6_FR across mainland China, with higher CSI and lower RMSE. The refined
KF to approximately preserve the local histogram of precipitation rates in V07_FR may
further explain the reduced error by the newly released SPPs [28].

4.3. Study Limitations

The present study comparing V06_FR with V07_FR acknowledges several limitations,
mainly when it comes to evaluation against ground gauges. Firstly, the density of gauges is
recognized as a factor influencing the evaluation metrics. The number of ground gauges
over mainland China in the present study is comparable to previous studies [39,44] and
significantly larger than those utilized by Jiang et al. [45] and Yu et al. [18]. A higher
gauge density is anticipated to yield improved performance for IMERG FR, particularly
in continuous metrics, owing to its calibration against ground precipitation products [15].
The influence of gauge density may further manifest in sub-regions divided by climate.
For instance, regions QT and WAS, characterized by sparse gauge density in the present
dataset, may exhibit larger uncertainties compared to southern regions of China with
denser ground gauges. Additionally, the spatial distribution of ground gauges introduces
potential uncertainties in evaluating SPPs. In this study, metrics are computed for grid
cells with at least one gauge, consistent with the criteria of Tang et al. [46]. However, this
approach results in an uneven gauge number per pixel, introducing potential errors due
to inherent differences in precipitation estimation between point-scale measurements by
gauges and areal estimation by satellites [41]. Furthermore, the use of data spanning only
five years in the current investigation raises considerations. Given the warming climate
and potential shifts in precipitation trends, this duration may not adequately represent
performance compared to a longer period or the full lifespan of data availability.
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5. Conclusions

In the present study, the latest IMERG V07 final run product is first compared with
its predecessor IMERG V06 final run at the global scale, and these two SPPs are further
evaluated against the ground gauge over mainland China to assess their performance
in detecting precipitation under different rates. The main conclusions of this study are
as follows:

(1) The IMERG V07_FR exhibits a slightly lower global annual mean precipitation
compared to VO6_FR, while the VO7_FR tends to detect greater precipitation in regions
with maxima annual precipitation no matter over land, oceans, or at the global scale. The
MAD is unignorable when comparing VO6_FR with VO7_FR, accounting for nearly half
of the estimated daily precipitation. The regions mainly affected by the revised algorithm
of VO7_FR include North Africa, West Asia, and the oceans along the coastline of West
Americas, West Africa, and West Oceania, as indicated by the normalized RMSD.

(2) As for the national scale, the estimated precipitation over mainland China by
VO07_FR is comparable with that by VO6_FR. However, the spatial variation exhibits an
uneven pattern. Compared to VO6_FR, VO7_FR tends to overestimate in regions along the
southeastern coastal areas and underestimate primarily within the QT region.

(3) As for the grid scale, VO7_FR exhibits improved capability over VO6_FR in both
precipitation detection and its accuracy when using the ground gauge as reference and
this phenomenon gets strengthened when investigated at sub-regions divided by climate.
However, the performance of VO7_FR exhibits spatial heterogeneity, with its estimation
accuracy generally decreasing from the southeast region to the northwest region.

(4) IMERG VO07_FR further shows a stronger ability to detect extreme rainfall rates, and
the performance varies by specific typhoon events. However, the uncertainty of V07_FR in
detecting storms still exists, as indicated by the uneven spatial distribution of its difference
with VO6_FR in POD and RB.

In summary, IMERG V07_FR exhibits significant differences in precipitation estimation
as compared with VO6_FR across scales. Future investigations should focus on conducting
comprehensive analyses of IMERG V07_FR’s performance, including extended temporal
coverage and more extensive ground gauge validation. Furthermore, there is an urgent
need to enhance the algorithms used for precipitation estimation over mainland China to
further advance the accuracy and reliability of precipitation estimation.
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