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Abstract: The monitoring of extreme precipitation events is an important task in environmental
research, but the ability of the Integrated Multi-satellitE Retrievals for Global Precipitation Mea-
surement (IMERG) precipitation products to monitor extreme precipitation events remains poorly
understood. In this study, three precipitation products for IMERG version 6, early-, late-, and
final-run products (IMERG-E, IMERG-L, and IMERG-F, respectively), were used to capture extreme
precipitation, and their applicability to monitor extreme precipitation events over Hubei province in
China was evaluated. We found that the accuracy of the three IMERG precipitation products is incon-
sistent in areas of complex and less complex topography. Compared with gauge-based precipitation
data, the results reveal the following: (1) All products can accurately capture the spatiotemporal
variation patterns in precipitation during extreme precipitation events. (2) The ability of IMERG-F
was good in areas of complex topography, followed by IMERG-E and IMERG-L. In areas of less
complex topography, IMERG-E and IMERG-L produced outcomes that were consistent with those of
IMERG-F. (3) The three IMERG precipitation products can capture the actual hourly precipitation
tendencies of extreme precipitation events. (4) In areas of complex topography, the rainfall intensity
estimation ability of IMERG-F is better than those of IMERG-E and IMERG-L.

Keywords: extreme precipitation; precipitation monitoring; GPM; precipitation products evaluation

1. Introduction

Precipitation is one of the most important meteorological variables used for investiga-
tions in the hydrological cycle context [1]. The Fifth Assessment Report of the Intergov-
ernmental Panel on Climate Change (IPCC AR5) stated that extreme precipitation events
over most mid-latitude land masses are becoming increasingly intense and frequent as the
global mean surface temperature increases [2]. Extreme precipitation events can exert con-
siderable social, economic, and environmental impacts. In this context, monitoring extreme
precipitation events is of great significance for flood forecasting and disaster mitigation.

Accurate precipitation measurement is a precondition for monitoring extreme pre-
cipitation events. How to obtain appropriate precipitation data sources is key due to the
rainfall patterns and the characteristics of rainstorms [3]. In the past, extreme precipita-
tion monitoring mainly depended on the rain gauge network, but this network can only
directly observe some discrete point precipitation information; its monitoring capability is
affected by the density and spatial distribution of the gauge network [4–6]. Weather radars
can also provide near-real-time precipitation data with continuous changes in time and
space. However, the accuracy of weather radars is easily affected by some factors, such as
the terrain environment affecting the transmission of radar electronic signals [7,8]. With
the rapid development of remote sensing technology and the continuous improvement
in satellite-based precipitation retrieval algorithms, satellite precipitation products, with
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large coverage area and high spatiotemporal resolution, exhibit considerable application
potential in extreme precipitation monitoring. The commonly used satellite precipitation
products at present include the Tropical Rainfall Measuring Mission (TRMM) Multi-satellite
Precipitation Analysis (TMPA) [9]; the Climate Precipitation Center MORPHing technique
(CMORPH) [10]; the Precipitation Estimation from Remotely Sensed Information Using
Artificial Neural Networks (PERSIANN) [11]; the Global Satellite Mapping of Precipitation
(GSMaP) [12]; and the Integrated Multi-satellitE Retrievals for Global Precipitation Mea-
surement (IMERG) [13]. Past studies have shown that these satellite precipitation products
have a good correlation with gauge observations on long-term scales, such as monthly,
seasonally, and yearly scales [14–21].

As the successor of TRMM, the Global Precipitation Measurement (GPM) mission,
which was launched on 27 February 2014, was designed to obtain global satellite precipi-
tation estimates [22]. The newly released IMERG provides global precipitation products
at half-hourly and 0.1◦ spatiotemporal scales, which offers the opportunity for capturing
finer local extreme precipitation variations in space and time. The IMERG precipitation
products include three modes of runs, near real-time: early-run (IMERG-E) and late-run
(IMERG-L), and post-real-time: final-run (IMERG-F) [23]. Current research has also focused
on the application of the IMERG precipitation products on long-term scales [8,24–26]. The
research on extreme precipitation events on short-term scales is scarce. For example, Zhang
et al. [27] merely evaluated the performance of IMERG-F version 5 during an extreme
precipitation storm over Southern China and found that IMERG-F V5 could capture the
trend in hourly area-averaged precipitation. However, the capability of IMERG-E and
IMERG-L to monitor extreme precipitation and the performance of the three precipitation
products in the extreme precipitation events remain poorly understood. IMERG version
6 (V6) was released on 13 March, 2019 [17,28]. To the best of our knowledge, few stud-
ies have evaluated the performance of IMERG V6 in extreme precipitation events, and
a systematic and comprehensive evaluation has not yet been conducted. Therefore, an
updated evaluation of the IMERG V6 is required to determine its applicability to monitor
extreme precipitation.

The province of Hubei, which is the center of the Central China economic zone,
has suffered from serious flood disasters. Estimating extreme precipitation based on
high-spatiotemporal-resolution satellite precipitation products is crucial because of the
limited number of rain gauge stations in Hubei province. In this study, we evaluated the
ability to use the IMERG V6 early, late, and final precipitation products for monitoring
extreme precipitation events by applying three statistical (Pearson correlation coefficient,
root mean square error, and relative bias) and three categorical (probability of detection,
false alarm ratio, and critical success index) metrics (introduced in detail in Section 2.3).
The capability of the three IMERG precipitation products to estimate variation patterns in
extreme precipitation was assessed using the spatiotemporal level, statistical metrics, and
precipitation detection capability (Section 3). Additionally, the influence of topography
and extreme rainfall indexes on IMERG precipitation products in extreme precipitation
events were discussed (Section 4).

2. Materials and Methods
2.1. Study Areas

Hubei province is located in Central China at 29◦05′–33◦20′N and 108◦21′–116◦07′E,
with a total area of 18.59× 104 km2. The average annual precipitation is 800–1600 mm/year,
which decreases from southeast to northwest over the entire province. The precipitation
exhibits apparent seasonal changes and is mainly concentrated in summer, especially
in the main rainy season (mid-June to mid-July). Our analysis focused on precipitation
comparisons in four cities in Hubei province: Enshi, Jingzhou, Shiyan, and Wuhan, from
which four extreme precipitation events of different time series (Events 1, 2, 3, and 4) were
selected. Figure 1 shows a map of these regions, and Table 1 presents an overview of each
region’s basic characteristics, timing of the events, and the number of rain gauge stations.
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Figure 1. Location of the Shiyan (a), Enshi (b), Jingzhou (c), and Wuhan (d) regions in Hubei province and spatial
distribution of the meteorological ground stations in each region.

Table 1. Information about the main regions during the four different extreme precipitation events.

Event Region Time Longitude Latitude Number of Stations Rainfall Centers

Event 1 Enshi 18–20 July 2016 109.08◦–109.98◦E 29.83◦–30.65◦N 260 Hefeng, Jianshi
Event 2 Jingzhou 9–13 June 2017 111.25◦–114.08◦E 29.43◦–31.62◦N 114 Jianli
Event 3 Shiyan 23–24 June 2016 109.48◦–111.27◦E 31.50◦–33.53◦N 260 Fangxian
Event 4 Wuhan 30 June–6 July 2016 113.68◦–115.08◦E 29.97◦–31.37◦N 102 Jiangxia, Caidian

2.2. Datasets
2.2.1. Gauge-Based Precipitation Data

The meteorological department built a high-density rain gauge observation network
in Hubei province. The hourly precipitation data from four periods (Table 1) measured at
2224 rain gauge stations over Hubei province were used as the reference data in this study
(Figure 1). The historical data of the daily datasets were collected from 736 separate rain
gauge stations (260 stations in Enshi, 114 stations in Jingzhou, 260 stations in Shiyan, and
102 stations in Wuhan) operated by Wuhan Regional Climate Center and National Meteo-
rological Information Center of the China Meteorological Administration. Gauge-based
precipitation data underwent strict quality control following relevant Chinese industry
standards before being published [18]. The quality control of gauge-based precipitation
data included format check, missing data check, range check, main change range check,
internal consistency check, temporal consistency check, spatial consistency check, quality
control analysis, and data quality identification [29]. We performed a quantitative evalu-
ation by comparing IMERG pixels with the corresponding rain gauge observation data.
Based on rain gauge observation data, an inverse distance weighting (IDW) method was
used for spatial interpolation, and a ground precipitation field (1 h and 0.1◦ × 0.1◦) was
generated to evaluate the qualitative accuracy of the three IMERG precipitation products.
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2.2.2. Satellite Precipitation Products

IMERG is the Level 3 multi-satellite precipitation algorithm of GPM, which combines
all available constellation microwave precipitation estimates, infrared satellite estimates,
and monthly gauge precipitation data, with the intention of creating a new generation
of global precipitation products [22]. More detailed descriptions of the IMERG precipi-
tation products and the precipitation retrieval algorithm can be found in Tan et al. [30].
IMERG precipitation products include three types of products: early run (IMERG-E, ~4 h
after observation time), late run (IMERG-L, ~14 h after observation time), and final run
(IMERG-F, ~3.5 months after observation time). IMERG-E and IMERG-L are near-real-time
precipitation products, and the IMERG-F represent a post-real-time precipitation product
that combines the Global Precipitation Climatology Center (GPCC) gauge data [31].

Nowadays, the IMERG precipitation products have been upgraded from version 5
(V5) to version 6 (V6) by reducing biases based on the new GPCC monthly precipitation
records. For example, the displacement vectors in V6 are computed using the Modern Era
Retrospective Reanalysis 2 (MERRA-2) and Goddard Earth observing system (GEOS) model
forward processing data instead of the previously used infrared data, which helps ensure
consistency in the vectors between the IMERG-F and the IMERG-E and IMERG-L [26]. The
generation times of IMERG precipitation products and gauge-based precipitation data are
all universal time coordinated (UTC). In order to make their temporal resolution the same
(IMERG is half-hourly data and gauge-based is hourly data), IMERG precipitation products
need to be processed into hourly products before being evaluated. In addition, we also
evaluated the daily performance of IMERG precipitation products in extreme precipitation
events by comparing the accumulated IMERG and gauge-based daily precipitation data on
a daily scale.

2.3. Methods

Three commonly used statistical metrics are adopted to evaluate the performance of
IMERG-E, IMERG-L, and IMERG-F in these four different extreme precipitation events
(Table 1). Three categorical metrics can be further used to evaluate their capability to
estimate different precipitation intensities. Simple descriptions of the six metrics are
provided below.

2.3.1. Statistical Metrics

Three statistical metrics used in this work are as follows [32,33]: the Pearson correlation
coefficient (CC) describes the agreement between IMERG precipitation estimates and
gauge observations (Equation (1)); the root mean square error (RMSE) reflects the average
absolute error of IMERG precipitation estimates (Equation (2)), and the relative bias (BIAS)
represents the systematic bias of IMERG precipitation estimates (Equation (3)). A positive
BIAS indicates an overestimation of IMERG precipitation, whereas a negative value implies
an underestimation. The closer the CC value to 1 and the closer the RMSE and BIAS values
to 0, the better the IMERG precipitation products performance [34].

CC =

n
∑

i=1
(xi − x)(yi − y)√

n
∑

i=1
(xi − x)2

√
n
∑

i=1
(yi − y)2

, (1)

RMSE =

√√√√√ n
∑

i=1
(xi − yi)

2

n
, (2)
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BIAS =

n
∑

i=1
(xi − yi)

n
∑

i=1
yi

× 100%, (3)

where n is the total number of ground stations, xi represents the numerical value of the
IMERG precipitation products at station i, yi represents the numerical value of the gauge-
based precipitation data at station i, x represents the mean value of the IMERG precipitation
products at all stations, and y represents the mean value of the gauge-based precipitation
data at all stations.

2.3.2. Categorical Metrics

Three categorical metrics used in this work are as follows [35–37]: the probability of
detection (POD) denotes the proportion of the actual precipitation intensity levels correctly
detected by IMERG precipitation products (Equation (4)); the false alarm ratio (FAR)
reflects the ratio of the actual precipitation intensity levels falsely detected by IMERG
precipitation products (Equation (5)), and the critical success index (CSI) describes the
overall proportion of the actual precipitation intensity levels correctly detected by IMERG
precipitation products (Equation (6)). These metrics are widely used to quantify the capacity
of satellite precipitation products to detect precipitation events or precipitation intensity
levels [14,15,34].

POD =
H

H + M
, (4)

FAR =
F

H + F
, (5)

CSI =
H

H + F + M
, (6)

where H and F represent the number of actual precipitation intensity levels correctly and
falsely detected by IMERG precipitation products respectively, and M refers to the number
of precipitation intensity levels observed by ground stations rather than by IMERG pre-
cipitation products. Several scholars have classified precipitation intensity level intervals
using daily precipitation: 0.1–9.9 mm/day as light rain, 10.0–24.9 mm/day as moderate
rain, 25.0–49.9 mm/day as heavy rain, and >50.0 mm/day as rainstorm [38]. In this study,
four threshold intervals (i.e., 0.1–9.9, 10.0–24.9, 25.0–49.9, and >50.0 mm/day) were used
as different precipitation levels. Table 2 shows the definition of the hit (H), false (F), and
missed (M) for different precipitation thresholds observed by gauge-based precipitation
data and IMERG precipitation products.

Table 2. Definition of the hit, false, and missed for different precipitation thresholds.

IMERG Precipitation Estimates
in Threshold Interval

IMERG Precipitation Estimates
Not in Threshold Interval

Gauges in
Threshold Interval Hit (H) Missed (M)

Gauges Not in
Threshold Interval False (F) —

3. Results

In this section, results of the performance of IMERG-E, IMERG-L, and IMERG-F
against the gauge-based precipitation data are presented. We evaluate the effectiveness
of the three IMERG precipitation products to monitor extreme precipitation events over
Hubei province at the hourly and daily time scales. Specifically, this section sought to
evaluate the ability of the three IMERG precipitation products to (1) estimate the spatial
distribution of precipitation on the daily scale and the temporal variation of precipitation
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on the hourly scale in extreme precipitation events and (2) detect different precipitation
intensity levels.

3.1. Spatial and Temporal Assessments

In Event 1, the spatial distribution of mean daily precipitation for gauge-based precip-
itation data (Figure 2a) showed that precipitation was mainly centered on Southeastern
Enshi. These three IMERG precipitation products all captured the precipitation center, but
they presented significant underestimation in Enshi, especially IMERG-E and IMERG-L
(Figure 2b–d). Similarly, in Event 3, IMERG-F (Figure 2l) was the closest to the gauge-based
precipitation data (Figure 2i), while IMERG-E and IMERG-L (Figure 2j,k) significantly
overestimated mean daily precipitation in the Southeastern Shiyan. In Events 2 and 4, the
performance of these three IMERG precipitation products to estimate mean daily precipi-
tation was consistent, and they all exhibited moderate underestimation in most areas of
events 2 and 4 (Figure 2f–h,n–p). Figure 2p shows that IMERG-F performed poorly in
event 4. Furthermore, a temporal assessment was conducted based on the average hourly
precipitation in the four events separately.
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Figure 2. Spatial distribution of mean daily precipitation for gauges (a,e,i,m), IMERG-E (b,f,j,n), IMERG-L (c,g,k,o), and
IMERG-F (d,h,l,p) over four regions and periods during the four extreme precipitation events, which are Event 1 (a–d),
Event 2 (e–h), Event 3 (i–l), and Event 4 (m–p).

In Event 1, in accordance with the statistics from the Disaster Department, we found
that precipitation was mainly concentrated in Southeastern Enshi city (Figure 2a), where
Hefeng and Jianshi counties are located (Table 1). On the hourly scale, three IMERG precip-
itation products showed the same temporal variation patterns as gauge-based precipitation
data and consistent occurrence time of precipitation peaks and valleys. We determined a heavy
rainfall period (between 23:00 on 18 July and 12:00 on 19 July) in Event 1 (Figure 3a) based
on gauge-based precipitation data. IMERG-E and IMERG-L underestimated precipitation
compared with the gauge-based precipitation data during this heavy rainfall period. In
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contrast, IMERG-F was almost consistent with the gauge-based precipitation data. Mean-
while, the performance of IMERG-F is slightly better than that of IMERG-E and IMERG-F
during this heavy rainfall period, as shown in Figure 3b,c.
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Figure 3. Average hourly precipitation of the three IMERG precipitation products and gauge-based precipitation data in
Event 1 over Enshi (a), Hefeng (b), and Jianshi (c) regions between 18 and 20 July 2016.

In Event 2, according to the statistics from the Disaster Department, we found that
precipitation was mainly concentrated in Jianli county (Table 1), in the south of Jingzhou
city (Figure 2e). Three IMERG precipitation products displayed the same variation patterns
as the gauge-based precipitation data in both regions and had a consistent occurrence
time of precipitation peaks and valleys (Figure 4a,b), which indicated that IMERG-E and
IMERG-L produced no significant difference compared with IMERG-F over Jingzhou.

In Event 3, in accordance with the statistics from the Disaster Department, we found
that precipitation was mainly concentrated in Southeastern Shiyan city (Figure 2i), where
Fangxian county is located (Table 1). Figure 5a shows that three IMERG precipitation
products had similar variation patterns as the gauge-based precipitation data in Shiyan,
and the occurrence time of precipitation peaks and valleys was in agreement. For a
heavy rainfall period between 11:00 a.m. and 4:00 p.m. on 23 June, IMERG-F was almost
consistent with the gauge-based precipitation data (Figure 5b). However, IMERG-E and
IMERG-L produced obvious overestimation compared with the gauge-based precipitation
data, which indicated that IMERG-F accurately estimated hourly precipitation of the
precipitation center more than them.
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In Event 4, in accordance with the statistics from the Disaster Department, we found
that between 30 June and 2 July 2016, heavy rainfall was mainly concentrated in Southern
Wuhan city, in Jiangxia county (Table 1). Between 5 and 6 July 2016, heavy rainfall was mainly
concentrated in the southwest of Wuhan city, in Caidian county (Table 1). Figure 6a–c shows
the average hourly precipitation in Wuhan, Jiangxia, and Caidian in Event 4. As indicated
in Figure 6a, three IMERG precipitation products displayed similar variation patterns as the
gauge-based precipitation data in Wuhan. They also captured the rainfall variation patterns
during two heavy rainfall periods (Figure 6b, c) in Event 4. However, in Caidian (between
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15:00 p.m. on 5 July and 2:00 a.m. on 6 July), three IMERG precipitation products were
significantly underestimated hourly precipitation compared with gauge-based precipitation
data, especially IMERG-F.
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Figure 6. Average hourly precipitation of the three IMERG precipitation products and gauge-based precipitation data in
Event 4 over Wuhan (a) region between 30 June and 6 July 2016, Jiangxia (b) between 30 June and 2 July 2016, and Caidian
(c) between 5 and 6 July 2016.

By analyzing the spatial distribution of precipitation on the daily scale and the tempo-
ral variation of precipitation on the hourly scale in four extreme precipitation events, we
found that the accuracy of IMERG-E, IMERG-L, and IMERG-F was basically the same in
Jingzhou and Wuhan, while IMERG-F performed better than IMERG-E and IMERG-L in
Enshi and Shiyan.

3.2. Statistical Assessments

In this section, we evaluated the three IMERG precipitation products against gridded
gauge-based precipitation products on the hourly and daily scales in four different extreme
precipitation events. In order to ensure a more accurate comparison, only grid pixels with
gauge stations were taken to calculate the statistical metrics.

As shown in Figure 7a–c, the CC and RMSE values of three IMERG precipitation
products were similar on the daily scale in Event 1. IMERG-E, IMERG-L, and IMERG-F
had relatively high CC (0.84, 0.88, and 0.87, respectively). Concerning BIAS, IMERG-E,
IMERG-L, and IMERG-F displayed a consistent result, that is, they had negative BIAS
values (−43.74%, −42.11%, and −28.25%, respectively), and considerably underestimated
precipitation, but IMERG-F had a higher value than the others. Event 3 (Figure 7g–i)
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had comparable results to those of Event 1. In general, IMERG-F had a relatively higher
CC (0.70) than IMERG-E and IMERG-L (0.64 and 0.66, respectively) and relatively lower
RMSE and BIAS (15.67 mm and 5.36%, respectively) than those of IMERG-E and IMERG-L
(18.48 mm, 19.91 mm; 11.57%, 24.50%, respectively).
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Figure 7. Statistical metrics for daily precipitation from IMERG-E (a,d,g,j), IMERG-L (b,e,h,k), and IMERG-F (c,f,i,l)
compared with the gauge-based precipitation data for Event 1 (a,b,c), Event 2 (d,e,f), Event 3 (g,h,i), and Event 4 (j,k,l). The
red dotted line denotes the 1:1 line.

Events 2 and 4 produced inconsistent results compared with Events 1 and 3. As indicated
in Event 2 (Figure 7d–f), IMERG-E, IMERG-L, and IMERG-F had nearly the same CC (0.54,
0.54, and 0.55, respectively) and RMSE (14.68, 15.02, and 15.07 mm, respectively) and low BIAS
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(10.93%, 12.81%, and 16.02%, respectively). Likewise, in Event 4 (Figure 7j–l), the CC, RMSE,
and BIAS values of three IMERG precipitation products were close. However, IMERG-
F exhibited poor performance with the lowest CC (0.79) and highest RMSE (35.86 mm)
compared with IMERG-E and IMERG-L. Overall, the performance of the three IMERG
precipitation products was similar in Events 2 and 4, even IMERG-F was relatively worse
than IMERG-E and IMERG-L. To identify the different results in each region, we evaluated
the statistical metrics of hourly precipitation, including every event’s precipitation centers,
in the four specific events.

To quantitatively evaluate statistical metrics on the hourly scale in Event 1, CC, RMSE,
and BIAS were calculated from the three IMERG precipitation products, as shown in Figure 8
and Table 3. The three IMERG precipitation products considerably underestimated pre-
cipitation with the BIAS ranged from −28.25% in IMERG-F to −51.19% in IMERG-E. In
comparison, IMERG-F performed better in terms of BIAS compared with IMERG-E and
IMERG-L in three regions. As for the CC and RMSE, the three IMERG precipitation prod-
ucts had nearly the same results. The performance of the IMERG precipitation products
was less satisfactory on the hourly scale, which was different from that on the daily scale. 
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denotes the 1:1 line.
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Table 3. Statistical metrics of three IMERG precipitation products (IMERG-E, IMERG-L, and IMERG-
F) against gauge-based precipitation data on the hourly scale in four different events.

Event Region Product CC RMSE (mm) BIAS (%)

Event1

Enshi
IMERG-E 0.63 3.33 −43.74
IMERG-L 0.61 3.38 −42.11
IMERG-F 0.61 3.38 −28.25

Hefeng
IMERG-E 0.52 4.77 −51.19
IMERG-L 0.55 4.65 −48.51
IMERG-F 0.56 4.60 −45.10

Jianshi
IMERG-E 0.75 3.43 −47.39
IMERG-L 0.74 3.46 −44.45
IMERG-F 0.76 3.25 −36.68

Event2

Jingzhou
IMERG-E 0.38 2.21 10.92
IMERG-L 0.38 2.18 16.02
IMERG-F 0.34 2.27 12.81

Jianli
IMERG-E 0.46 1.97 20.99
IMERG-L 0.43 2.07 26.82
IMERG-F 0.43 1.99 15.11

Event3

Shiyan
IMERG-E 0.49 2.44 11.57
IMERG-L 0.47 2.68 24.50
IMERG-F 0.49 2.07 5.35

Fangxian
IMERG-E 0.63 4.10 60.27
IMERG-L 0.62 4.37 75.23
IMERG-F 0.64 2.68 11.30

Event4

Wuhan
IMERG-E 0.63 4.54 −15.67
IMERG-L 0.64 4.48 −11.36
IMERG-F 0.62 4.60 −12.64

Jiangxia
IMERG-E 0.41 4.79 21.25
IMERG-L 0.46 4.52 17.25
IMERG-F 0.42 4.60 11.90

Caidian
IMERG-E 0.54 6.70 −28.04
IMERG-L 0.56 6.46 −10.61
IMERG-F 0.58 6.52 −35.01

Figure 9 shows the scatterplots of the three IMERG precipitation products against
gauge-based precipitation data to provide a statistical metric comparison of average hourly
precipitation over Jingzhou and Jianli throughout the corresponding period. Different
from the performance in Enshi, the three IMERG precipitation products overestimated the
hourly precipitation in Jingzhou and Jianli. As shown in Figure 9 and Table 3, the CC and
RMSE of the three IMERG precipitation products were similar. As for the BIAS, IMERG-E
had the lowest BIAS (10.92%) in Jingzhou, but IMERG-F had the lowest BIAS (15.11%) in
Jianli. Overall, the performance of the three IMERG precipitation products was relatively
consistent in Event 2.

Figure 10 shows the scatterplots of the three IMERG precipitation products against
gauge-based precipitation data to enable a statistical metric comparison of average hourly
precipitation over Shiyan and Fangxian throughout the corresponding period. As shown
in Figure 10 and Table 3, IMERG-F had the largest CC, which was 0.49 in Shiyan and 0.64 in
Fangxian, although the three IMERG precipitation products had approximately similar CC
values. As for the RMSE and BIAS, the RMSE of IMERG-F were lower than IMERG-E and
IMERG-L. IMERG-F had a lower BIAS (5.35%) than IMERG-E and IMERG-L (11.57% and
24.5%, respectively) for Shiyan. In addition, the BIAS of IMERG-E and IMERG-L was above
60% in Fangxian, and that of IMERG-F was only 11.3%. The scatter points distribution
showed that IMERG-F is better than the two other IMERG precipitation products; the
results are similar to those for Enshi. Overall, IMERG-F had better performance than
IMERG-E and IMERG-L over Shiyan.
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Figure 11 shows the scatterplots of the three IMERG precipitation products against
gauge-based precipitation data to enable a statistical metric comparison of average hourly
precipitation over Wuhan and two other precipitation centers (Jiangxia and Caidian)
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throughout the corresponding periods. In general, the scatter points distribution of the
three IMERG precipitation products were similar in the three regions. Although the three
IMERG precipitation products overestimated precipitation in Jiangxia but underestimated
precipitation in Wuhan and Caidian, the accuracy of the three IMERG precipitation prod-
ucts was relatively consistent (Table 3). Overall, as the statistical metrics show, IMERG-F
had a relatively higher CC and lower RMSE and BIAS values than those of IMERG-E and
IMERG-L in Enshi and Shiyan. However, CC, RMSE, and BIAS values of the three IMERG
precipitation products were close in Jingzhou and Wuhan.
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Figure 11. Statistical metrics for hourly precipitation from IMERG-E (a,d,g), IMERG-L (b,e,h), and IMERG-F (c,f,i) compared
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line denotes the 1:1 line.

3.3. Precipitation Detection Ability

In this section, we evaluated the three IMERG precipitation products against gridded
gauge-based precipitation products on the daily scale in four different extreme precipitation
events. In order to evaluate the ability of three IMERG precipitation products to detect
four precipitation intensity levels, those are, light rain (0.1–9.9 mm/day), moderate rain
(10.0–24.9 mm/day), heavy rain (25.0–49.9 mm/day), and rainstorm (>50.0 mm/day), only
grid pixels with gauge stations were taken to calculate the categorical metrics.

In Event 1, the POD and CSI values of the three IMERG precipitation products dis-
played a decreasing trend in the range of light to heavy rain, whereas the FAR values
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increased as the threshold interval of precipitation intensity increased in the range of light
to moderate rain (Table 4). The POD and CSI values of IMERG-E (approximately 0.55 and
0.51, respectively), IMERG-L (approximately 0.51 and 0.47, respectively), and IMERG-F
(approximately 0.76 and 0.68, respectively) were observed when the precipitation intensity
exceeded the rainstorm level, which indicated a recovery in rainstorm detection compared
with heavy rain from IMERG-E (approximately 0.15 and 0.10, respectively), IMERG-L
(approximately 0.20 and 0.12, respectively), and IMERG-F (approximately 0.24 and 0.18,
respectively). The highest FAR value of IMERG-E (approximately 0.80) and IMERG-L
(approximately 0.78) were observed when the precipitation intensity reached the heavy
rain level, but when the precipitation intensity reached the moderate rain level, IMERG-F
already had a relatively high FAR value of about 0.67.

Table 4. Categorical metrics of IMERG-E, IMERG-L, and IMERG-F for four precipitation intensity
levels in Event 1.

Metrics Precipitation Intensity IMERG-E IMERG-L IMERG-F

POD

Light rain 0.71 0.71 0.75
Moderate rain 0.62 0.61 0.62

Heavy rain 0.15 0.20 0.24
Rainstorm 0.55 0.51 0.76

CSI

Light rain 0.33 0.29 0.35
Moderate rain 0.21 0.22 0.28

Heavy rain 0.10 0.12 0.18
Rainstorm 0.52 0.47 0.68

FAR

Light rain 0.62 0.67 0.60
Moderate rain 0.76 0.75 0.67

Heavy rain 0.80 0.78 0.60
Rainstorm 0.10 0.12 0.12

Table 5 shows the categorical metrics for the three IMERG precipitation products
for Event 2. The POD and CSI values for IMERG-F displayed a decreasing trend as the
precipitation threshold increased, but the FAR value increased as the threshold interval of
precipitation increased in the range of light to heavy rain. The high POD (approximately
0.46) and low FAR (approximately 0.31) of IMERG-L showed that it performed the best
at the light rain level. However, IMERG-E had the highest POD value (approximately
0.54) when the precipitation intensity reached moderate rain and the highest FAR value
(approximately 0.78) when the heavy rain level was reached. Overall, the three categorical
metrics of the IMERG precipitation products for different precipitation intensity levels
were relatively close in Event 2.

Table 6 shows the categorical metrics for the three IMERG precipitation products for
Event 3. The POD and CSI values for IMERG-E and IMERG-L displayed a decreasing trend
in the range of light to heavy rain but increased when the precipitation intensity reached
the rainstorm level. All three IMERG precipitation products had the lowest FAR at the light
rain level, that was, ~0.23 for IMERG-E, ~0.25 for IMERG-L, and ~0.14 for IMERG-F. We
found that the ability of IMERG-F to detect moderate rain and heavy rain levels is better
than IMERG-E and IMERG-L.
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Table 5. Categorical metrics of IMERG-E, IMERG-L, and IMERG-F for four precipitation intensity
levels in Event 2.

Metrics Precipitation Intensity IMERG-E IMERG-L IMERG-F

POD

Light Rain 0.46 0.46 0.52
Moderate Rain 0.54 0.34 0.39

Heavy Rain 0.34 0.37 0.37
Rainstorm 0.23 0.30 0.21

CSI

Light Rain 0.41 0.38 0.45
Moderate Rain 0.31 0.21 0.24

Heavy Rain 0.15 0.15 0.15
Rainstorm 0.20 0.23 0.18

FAR

Light Rain 0.21 0.31 0.24
Moderate Rain 0.57 0.67 0.61

Heavy Rain 0.78 0.80 0.80
Rainstorm 0.42 0.48 0.47

Table 6. Categorical metrics of IMERG-E, IMERG-L, and IMERG-F for four precipitation intensity
levels in Event 3.

Metrics Precipitation Intensity IMERG-E IMERG-L IMERG-F

POD

Light rain 0.65 0.61 0.57
Moderate rain 0.36 0.32 0.49

Heavy rain 0.19 0.19 0.38
Rainstorm 0.49 0.62 0.14

CSI

Light rain 0.54 0.50 0.53
Moderate rain 0.17 0.15 0.22

Heavy rain 0.13 0.13 0.20
Rainstorm 0.27 0.33 0.11

FAR

Light rain 0.23 0.25 0.14
Moderate rain 0.76 0.79 0.72

Heavy rain 0.72 0.72 0.70
Rainstorm 0.62 0.58 0.62

Table 7 shows the categorical metrics for IMERG-E, IMERG-L, and IMERG-F for Event
4. The POD and CSI values for three IMERG precipitation products displayed a decreasing
trend in the range of light to heavy rain, but the FAR values of three IMERG precipitation
products displayed an increasing trend in the same range. All three IMERG precipitation
products had the lowest POD and CSI values at the heavy rain level, that is, ~0.14 and ~0.07
for IMERG-E, ~0.19 and ~0.1 for IMERG-L, and ~0.12 and ~0.05 for IMERG-F, respectively.
They also had the highest FAR values at the heavy rain level: ~0.87, ~0.82, and ~0.91
for IMERG-E, IMERG-L, and IMERG-F, respectively (Table 7). IMERG-F had a low POD
when the precipitation intensity level exceeded heavy rain, but its FAR value was higher
than those of IMERG-E and IMERG-L, probably because IMERG-F overestimates heavy
rain. The performance of the IMERG-F in Wuhan was similar to that of the IMERG-E and
IMERG-L, but the results were different for Enshi and Shiyan (Tables 4 and 6, respectively).
In Enshi and Shiyan, the categorical metrics for IMERG-F were better than for IMERG-E
and IMERG-L.
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Table 7. Categorical metrics of IMERG-E, IMERG-L, and IMERG-F for four precipitation intensity
levels in Event 4.

Metrics Precipitation Intensity IMERG-E IMERG-L IMERG-F

POD

Light Rain 0.79 0.93 0.99
Moderate Rain 0.22 0.30 0.16

Heavy Rain 0.14 0.19 0.12
Rainstorm 0.79 0.81 0.76

CSI

Light Rain 0.42 0.55 0.54
Moderate Rain 0.14 0.21 0.12

Heavy Rain 0.07 0.10 0.05
Rainstorm 0.70 0.72 0.68

FAR

Light Rain 0.52 0.43 0.46
Moderate Rain 0.73 0.59 0.72

Heavy Rain 0.87 0.82 0.91
Rainstorm 0.14 0.13 0.13

We estimated and compared three IMERG precipitation products’ capability to moni-
tor extreme precipitation with gauge-based precipitation data in the four events in terms
of spatiotemporal scales, statistical metrics, and precipitation intensity levels detection
capability. Figures 4, 6, 7, 9 and 11 and Tables 5 and 7 indicate that the accuracies of the
three IMERG precipitation products were relatively consistent in Event 2 (Jingzhou) and
Event 4 (Wuhan). However, the accuracy of IMERG-F was higher than IMERG-E and
IMERG-L in Event 1 (Enshi) and Event 3 (Shiyan), as shown in Figures 3, 5, 7, 8 and 10
and Tables 4 and 6. According to our investigation, Enshi and Shiyan are characterized by
complex topography, including mountains, forests, and hills, and the average elevation
is about 1000 m, while Jingzhou and Wuhan are characterized by low mountains, ridges,
and plains, and the average elevation is about 40 m. We think that the inconsistent results
obtained for the four regions might be due to terrain factors (i.e., complex and less complex
topography). Enshi and Shiyan are preliminarily classified as areas of complex topography,
and Jingzhou and Wuhan are classified as areas of less complex topography. Further
comprehensive analysis is therefore necessary.

4. Discussion

Three IMERG precipitation products, IMERG-E, IMERG-L, and IMERG-F, were used
to estimate extreme precipitation and exhibited capabilities in monitoring cumulative
precipitation, variation patterns in precipitation on spatiotemporal scales, and statistical
and categorical metrics in extreme precipitation events. IMERG-F performed better than the
IMERG-E and IMERG-L in Enshi and Shiyan, but this finding was not observed in Jingzhou
and Wuhan. Li et al. [39] found that IMERG-F performed better than IMERG-E and IMERG-
L in an extreme heavy rainfall process over Nanjing city in China. Yang et al. [40] compared
the three IMERG precipitation products and found that the IMERG-F may be regarded as
a reliable data source. However, Tang et al. [23] found that the IMERG-F was not always
superior to IMERG-E and IMERG-L in several evaluations. Yang et al. [40] evaluated the
three IMERG precipitation products in extreme precipitation events over Sichuan province
in China and found that the level of the precipitation detection capability of the IMERG
precipitation products depended on the rainfall type and topography. Thus, the influence
of topography on extreme precipitation events must be determined.

Enshi and Shiyan are characterized by complex topography, such as mountains, forests,
and hills, with an average elevation of about 1000 m, while Jingzhou and Wuhan were
mostly characterized by low mountains and hills and numerous ridges and plains. The
mean absolute difference between the cumulative precipitation of the IMERG precipitation
products and gauge-based precipitation data was calculated. As shown in Figure 12, in
Events 1 (Enshi) and 3 (Shiyan), the IMERG-F outperformed the IMERG-E and IMERG-
L and exhibited lower precipitation differences with the gauge-based precipitation data.
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IMERG-E and IMERG-L overestimated precipitation over the southeast of Shiyan. However,
in Events 2 (Jingzhou) and 4 (Wuhan), the IMERG-F products were close to the others. These
results indicated that IMERG-F may present a smooth trend in precipitation differences in
areas of complex topography. Therefore, it is crucial to consider different environments,
rain types, and topography when estimating the IMERG products’ capability to monitor
extreme precipitation.
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Figure 12. Mean absolute difference between the mean cumulative precipitation from gauge-based precipitation data and
from IMERG precipitation products, which includes IMERG-E (a,d,g,j), IMERG-L (b,e,h,k), and IMERG-F (e,f,i,l) over four
regions: Enshi (a,b,c), Jingzhou (d,e,f), Shiyan (g,h,i), and Wuhan (j,k,l).

The Expert Team on Climate Change Detection, Monitoring, and Indices (ETCCDMI)
recommends a total of 27 core indexes with a primary focus on extremes derived from
daily station data [41]. Yang et al. [40] used extreme indicators to evaluate the three IMERG
precipitation products in extreme precipitation events while considering the influence of
topography and rain type. In accordance with Camarasa et al. [42], who used eight rainfall
indicators (including 1, 6, and 12 h rainfall intensity) to estimate flood risk thresholds, we
selected two extreme rainfall indexes: rainfall intensity and accumulated rainfall.

The CC values of three IMERG precipitation products for different accumulation
periods, including 1, 2, 3, 6, 12, and 24 h, in areas of complex and less complex topography,
are shown in Figure 13. The CC increased with time-intensity in the four different regions,
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revealing the capacity of the three IMERG precipitation products to estimate short-term
extreme precipitation. In areas of complex topography, IMERG-F had higher CC than
IMERG-E and IMERG-L at most intensities. However, in areas of less complex topography,
the CC of the three IMERG precipitation products was similar. IMERG-E and IMERG-L had
slightly higher CC than IMERG-F at 1, 2, and 3 h rainfall intensities. Therefore, IMERG-E
and IMERG-L have a similar capability as IMERG-F to estimate extreme precipitation in
areas of less complex topography.
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Figure 13. The correlation coefficient (CC) for different accumulation periods from IMERG-E, IMERG-L, and IMERG-F
compared with the gauge-based precipitation data in areas of complex topography (Enshi (a) and Shiyan (c)) and less
complex topography (Jingzhou (b) and Wuhan (d)).

Figure 14 shows the average cumulative precipitation observed by three IMERG
precipitation products and gauge-based precipitation data over Enshi, Jingzhou, Shiyan,
and Wuhan during the corresponding accumulation periods in time. In Enshi, Shiyan,
and Wuhan, the BIASs of IMERG-F (−28.80%, −1.06%, and 0.18%, respectively) were
lower than those of IMERG-E (−43.77%, 6.12%, and −7.11%, respectively) and IMERG-L
(−42.09%, 20.39%, and 5.89%, respectively) but similar to them in Jingzhou. The three
IMERG precipitation products captured the actual hourly precipitation tendency, indicating
that IMERG precipitation products could be used for monitoring extreme precipitation
events on the hourly scale, although the capability on the hourly scale was less satisfactory
than on the daily scale [26].
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Figure 14. Average cumulative precipitation observed by three IMERG precipitation products and gauge-based precipitation
data, which for different accumulation periods over Enshi (a), Jingzhou (b), Shiyan (c), and Wuhan (d).

The three IMERG precipitation products have good applicability to monitor extreme
precipitation events. However, we also found that errors were observed between IMERG
precipitation products and gauge-based precipitation data. For example, their average CC
in the four events were 0.86, 0.54, 0.67, and 0.81, and their average RMSE was 34.27, 14.92,
18.02, and 34.26 mm, respectively. Therefore, future studies need to estimate and optimize
the IMERG precipitation products. Further validation needs to be performed in other study
areas, including those with complex or less complex topography.

5. Conclusions

GPM IMERG precipitation products are usually used to analyze long-term precipi-
tation distribution in a certain area, but their ability to analyze short-term precipitation
events, especially their capability to monitor extreme precipitation, remains poorly un-
derstood. In this study, the ability of three IMERG V6 products (IMERG-E, IMERG-L,
and IMERG-F) to monitor extreme precipitation events was comprehensively evaluated
and compared with the gauge-based precipitation data in four separate regions. Three
IMERG precipitation products captured the same spatiotemporal variation patterns of
extreme precipitation as gauge-based precipitation data over time, but the performance of
the three IMERG precipitation products varied from region to region. The three IMERG
precipitation products also captured the actual hourly precipitation tendencies during
extreme precipitation events. This assessment of the three IMERG precipitation prod-
ucts provides a valuable reference to and feedback for studies on extreme precipitation
events. Considering that the terrain environments of the study regions are different, we
found that IMERG-F presented better capability than IMERG-E and IMERG-L in areas
of complex topography, but they produced consistent outcomes in areas of less complex
topography. This finding may help other scholars when analyzing the error sources of
satellite precipitation products. However, it is still not enough to analyze the influences of
terrain factors by using only limited extreme precipitation events (four events in this study):
other evaluations of extreme precipitation events in areas of complex and less complex
topography could be conducted in future studies.
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