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A B S T R A C T   

The latest Integrated Multi-satellite Retrievals for Global Precipitation Measurement (IMERG) dataset version 6, 
which is the successor of the multi-satellite 3B42 dataset from the Tropical Rainfall Measuring Mission Multi- 
satellite Precipitation Analysis (TMPA), is now recommended for many purposes. It is unclear how the quality of 
the latest IMERG data products compares to that of the delisted TMPA series data sets. This study evaluated the 
accuracy of TRMM 3B42 version 7 and IMERG final version 6 products at 677 stations in the 7 subregions of 
China over 2000–2019 at the daily, monthly and annual timescales based on gauge-observed precipitation data. 
The performance of TMPA and IMERG precipitation products was assessed by six statistical indices. The product 
with the best performance was corrected based on the linear relationship of monthly precipitation between 
remote sensing products and ground-observed precipitation. The correction was then used for the predicting and 
mapping of precipitation in July 2019. The results showed that (1) IMERG outperformed TMPA at all three 
timescales, and the accuracy increased with the expanding timescale. (2) IMERG exhibited better performance in 
all subregions than TMPA and performed best in the mid-temperate semihumid zone and worst in the mid- 
temperature arid zone. (3) IMERG showed higher accuracy than TMPA in all months for most subregions and 
mainland China but performed worse in dry (December, January and February) and wet (July, August and 
September) months. (4) The linear relationship between remote sensing products and ground-observed pre
cipitation could be used to correct and predict satellite precipitation data without up-to-date gauge observations, 
the predicted map indicated the good spatial variation in precipitation and better accuracy than the original 
IMERG data. In conclusion, the IMERG dataset was more accurate and could be used for precipitation in
vestigations at large scales in China.   

1. Introduction 

Precipitation (Pr) is a key element of the global climate and a ne
cessary condition for the formation of regional weather. Pr is also an 
indispensable part of the global water cycle and the key to maintaining 
the balance of energy in nature (Prakash et al., 2015). Therefore, it is of 
great significance to understand the temporal and spatial characteristics 
of Pr accurately and reliably. 

At present, the Pr observation methods mainly include weather 
radar, ground rainfall gauges, and satellite remote sensing (Jiang et al., 
2014). Among these methods, ground rainfall station observations are 
the most common and reliable. These observations are accurate but 
limited to the distribution and number of stations, which are both af
fected by geographical conditions (Liu et al., 2011; Zhang et al., 2011a). 
As a result, the spatial representativeness of station observations is in
sufficient (Gu et al., 2010). Moreover, gridded precipitation data 
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retrieved from interpolation methods based on gauge observations may 
not be reliable, especially in regions with only a few gauges and com
plex topography (Darand et al., 2017; Zhao et al., 2018). Compared 
with ground station observations, satellite remote sensing observations 
have certain spatial resolutions and can achieve point-to-surface ex
pansion. The Pr information obtained by satellite technology has wider 
spatial coverage than that obtained by conventional observation 
methods. Therefore, remote sensing observations have become a pre
ferred choice for obtaining large-scale Pr data. 

The Tropical Rainfall Measuring Mission (TRMM) was launched on 
November 27, 1997, and was designed to improve our understanding of 
the distribution and variability in Pr within the tropics as part of the 
water cycle in the current climate system (Kummerow et al., 1998;  
Kummerow et al., 2000; Kidd and Huffman, 2011). Regrettably, the 
instruments on TRMM were turned off on April 8, 2014, and the 
spacecraft re-entered the Earth's atmosphere on June 15, 2015. As a 
successor of TRMM, the Global Precipitation Measurement (GPM) Core 
Observatory was launched on February 28, 2014, and provided im
proved estimates of light and solid Pr (Hou et al., 2014; Kirschbaum 
et al., 2017). The products had different temporal-spatial resolutions 
and time limits, were generated using multiple available sensors in the 
TRMM and GPM eras and were processed with TMPA (the Tropical 
Rainfall Measuring Mission Multi-satellite Precipitation Analysis) or 
IMERG (the Integrated Multi-satellite Retrievals for Global Precipita
tion Measurement) algorithms. A variety of versions of data sets were 
continuously updated in the Goddard Earth Sciences Data and In
formation Services Center (GES DISC). A large number of studies have 
shown that among satellite-retrieved precipitation products, the TMPA 
and IMERG products are relatively accurate for Pr measurements (Gao 
and Liu, 2012; Shen et al., 2010). 

Previous works have assessed the performance of TMPA and IMERG 
products, and the results illustrated that these products have high ac
curacy and applicability in most studied regions and could be used in 
wide fields. Especially, the IMERG dataset has been improved in spatial 
resolution and monitoring of small precipitation than TMPA. However, 
since the IMERG products started after 2014, the limitation of short 
study periods for these studies would be a great drawback. Su et al. 
(2008) tested TRMM data from 1998 to 2006 in the La Plata Basin of 
South America. Their results showed that the daily TRMM Pr data were 
well correlated with the observed data, and the monthly data agreed 
well with the observed data with correlation coefficients > 0.95. Asong 
et al. (2017) evaluated the IMERG products over different terrestrial 
eco-zones of southern Canada from 12 March 2014 to 31 January 2016. 
They found that IMERG tended to overestimate high monthly Pr over 
the Pacific Maritime eco-zone. Li et al. (2018) suggested that the GPM 
daily Pr product supplies more accurate results than near real-time 
products (early and late run products) and was widely adopted in hy
drology and climate research. Tarek et al. (2017) analyzed the applic
ability of annual TRMM 3B42 V7 data in the Bengal region during 
1998–2010 and commented that the TRMM data were in good agree
ment with the ground-station-measured Pr data. Ma and Zhao (2019) 
assessed the accuracy of IMERG final run products at 78 ground stations 
in the Tibetan Plateau from April 2014 to December 2017. They illu
strated that IMERG provided more accurate Pr data when its search 
algorithms were improved over complex terrain and in arid regions.  
Yang et al. (2019) obtained a correlation coefficient above 0.85 be
tween the TRMM 3B43 V7 and station-observed annual Pr in the 
Beijing-Tianjin-Hebei region from 2006 to 2015, satellite Pr data have 
played very important roles in characterizing the large-scale char
acteristics of Pr. 

However, the update of the TMPA data products by GES DISC ended 
on December 31, 2019, and the IMERG data products are regarded as 
the substitute; the latest version of the IMERG dataset currently dates 
back to June 2000. This represents the first time that both the TRMM 
and GPM data are available at the same time and could both be applied 
in most areas. In order to better investigate the performance of the 

latest dataset, the primary issue is to determine how the products 
perform when compared to the TMPA dataset. 

Since the IMERG V06 dataset were released just recently, only a few 
studies have evaluated it, especially at long-term, multi-temporal scale 
and diverse seasons in different climate regions of mainland China. For 
example, Anjum et al. (2019) evaluated the IMERG V06 in the Tianshan 
Mountains, but the study period was just from June 2014 to December 
2017. Hosseini-Moghari and Tang (2020) assessed the validity IMERG 
for versions 06 and compared with versions 05 products across Iran at a 
daily scale, but they didn't compare it with the TMPA products in multi- 
timescale in China. Yang et al. (2020) evaluated the accuracy of the 
latest IMERG V06 for hourly, daily and monthly timescales but only in 
the hilly Shuaishui River Basin in east-central China. 

Moreover, most previous studies found that although the TMPA and 
IMERG data sets had good performance, there were still rectifiable er
rors (Darand et al., 2017; Yong et al., 2016; Mahmoud et al., 2018). 
Some state-of-the-art studies corrected the satellite precipitation de
viation mostly on the satellite-gauge merging approaches (Lin and 
Wang, 2011; Wang and Lin, 2015; Wu et al., 2018; Bai et al., 2019). 
Previous studies found the TMPA and IMERG Pr products have good 
correlations with the ground-observed Pr (Wang et al., 2017; Liu et al., 
2020). Hence, as a perfection and expansion of the study, using the 
correlation obtained from long-term satellite and ground-observed data 
series to correct and predict the satellite Pr without up-to-date gauge 
observations is useful for researchers to apply more accurate Pr data in 
China. 

To narrow these gaps, long-term, seasonal and multi-temporal scale 
assessments of TMPA and IMERG in diverse climate regions of mainland 
China are necessary. The correction and prediction of the satellite 
products is useful in applications. Our objectives were (1) to investigate 
how the latest version of the IMERG dataset performed at daily, 
monthly and annual time scales and in diverse subregions of China 
compared with TMPA products and (2) to correct and predict the 
monthly satellite Pr data with the best performance based on a linear 
relationship between satellite products and ground-observed pre
cipitation in China. This study provides useful guidance for the appli
cations of IMERG products in China. 

2. Materials and methods 

2.1. Study area 

China is located in eastern Asia, on the west coast of the Pacific 
Ocean, between longitudes of E73°41′-135°02′ and latitudes of N18°10′- 
53°33′, with a land area of 9.659 million km2. Due to the obvious in
fluence of the monsoon climate and complex terrain, the spatio
temporal distribution of Pr is uneven, with low values in western re
gions and winter and high values in eastern regions and summer. Since 
there are typical differences in seasonal and regional Pr (Zhang et al., 
2011b), China is divided into 7 climate zones (Zhang, 1983). The cli
matic characteristics and average annual Pr information for each sub
region are given in Table 1. 

2.2. Data 

Two satellite datasets, namely, TRMM 3B42 V07 and GPM IMERG 
final V06, obtained from GES DISC were selected and verified by 
ground-station-measured Pr information to analyze and compare their 
applicability in diverse subregions and time periods. 

2.2.1. Station-observed precipitation data 
The ground-station-observed daily Pr data at the 839 meteorological 

stations were collected from the China Meteorological Data Network 
(http://data.cma.cn), and a total of 677 sites were selected to guarantee 
the integrity of the Pr series with missing ratios limited to 1% from June 
1, 2000 to June 30, 2019. Missing data were interpolated from 10 most 
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adjacent sites collected on the same calendar day. The observation data 
were subjected to strict quality control, including climate limit value 
inspection, station extreme value inspection, and spatiotemporal con
sistency inspection using nonparametric tests, including the Kendall 
autocorrelation test and Mann-Whitney homogeneity tests (Helsel and 
Hirsch, 1992). The daily Pr data were recorded from 8:00 to 8:00 of the 
next day in Beijing time (8 h ahead of coordinated universal time (UTC) 
time), so in UTC time it was from 00:00 to 24:00, which synchronize 
with the satellite data. The digital elevation model of China and the 
locations and distribution of weather stations are shown in Fig. 1. 

2.2.2. TMPA data 
The TRMM satellite was launched in 1997 as a joint space mission 

between the National Aeronautics and Space Administration (NASA) 
and the Japanese Aerospace Exploration Agency (JAXA) to provide 
satellite-based monitoring of global Pr (Zhao et al., 2015), flying at a 
low orbital altitude of 240 miles (400 km), with several instruments to 
detect rainfall, including radar, microwave imaging, and lightning 
sensors; unfortunately, it was turned off on April 8, 2015, with the 
spacecraft reentering the Earth's atmosphere on June 15, 2015. Al
though TRMM terminated, the multisatellite TMPA data sets that con
tinued to update could be retrieved from January 1998 to the present 
using input data from other satellites in the constellation. 

Since the algorithm applied in the TRMM series is the Version 7 

TRMM Multi-satellite Precipitation Analysis (Huffman et al., 2007, 
2010), the datasets are called “TMPA”. Within the TMPA datasets, 3B42 
processing is designed to maximize data quality and is strongly re
commended for many studies. The TRMM 3B42 V07 dataset is freely 
available at (disc.gsfc.nasa.gov) with spatial coverage from −180°, 
−50° to 180°, 50° and temporal coverage from 1998 to 01-01 to 2019- 
12-31. In the current study, Pr estimates obtained from TRMM 3B42 
V07 were used from June 30, 2000, to June 30, 2019, with a spatial 
resolution of 0.25° × 0.25° and temporal resolution of 1 day, which 
were recorded from 0:00 to 24:00 in UTC (processed by accumulating 
3-h TMPA products between 00:00 to 24:00, which is consistent with 
ground-station-observed and IMERG Pr recording time). The monthly 
and annual data were cumulated from the daily data product. 

2.2.3. IMERG data 
The GPM is an international satellite network that was built upon 

the success of TRMM. GPM has approximately 10 constellation sa
tellites and a “core” satellite that was launched on February 27, 2014, 
from the Tanegashima Space Center, Japan, carrying the multi-channel 
GPM Microwave Imager. The GMI utilizes a set of frequencies and the 
first space-borne Ku/Ka-band dual-frequency Pr radar as a reference 
standard to unify Pr measurements from a constellation of research and 
operational satellites. The frequencies have been optimized over the 
past two decades, and the DPR is highly sensitive to light rain rates and 

Table 1 
The climatic characteristics and average annual Pr information of the seven subregions.       

Subregions I II III IV  

Climate Mid-temperate arid Mid-temperate semiarid Plateau sub-frozen semiarid Mid-temperate semihumid 
Average Pr 
(mm year−1) 

175.95 321.89 511.98 598.02 

Subregions V VI VII  
Climate Warm temperate semihumid North subtropical humid Tropical humid  

Average Pr 
(mm year−1) 

571.02 1422.47 1707.99  

Fig. 1. Map of weather stations, digital elevation and TMPA and IMERG grids in China.  
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snowfall (Hou et al., 2014). 
The IMERG algorithm applied to the product is designed for inter

calibrating, merging, and interpolating “all” satellite microwave Pr 
estimates, including microwave-calibrated infrared satellite estimates, 
together with sedimentation analysis and potential Pr estimates at fine 
temporal and spatial scales for the TRMM and GPM eras over the entire 
globe. Currently, IMERG final V06 was retrospectively processed back 
through the TRMM era, initially starting in June 2000 and continuing to 
present. This product has a fine spatial resolution of 0.1° × 0.1°, spatial 
coverage from 60°S to 60°N, was recorded from 0:00 to 24:00 in UTC, 
was derived from the half-hourly GPM_3IMERGHH, and was released 
after an approximately two- or three-month delay in the final estimate 
of the real-time daily cumulative Pr (https://disc.gsfc.nasa.gov/ 
datasets/GPM_3IMERGDF_V05/) (Li et al., 2018). 

The research period of evaluation was from June 1, 2000, to June 
30, 2019, and the duration of the prediction was July 2019. 

To maintain the consistency of the spatial resolution with TMPA 
(Tang et al., 2016; Ma et al., 2016), the resampled IMERG data were 
obtained from Goddard Earth Sciences Data and Information Services 
Center (GES DISC) with a resolution of 0.25° × 0.25°, which was cre
ated using a distance-weighted remapping of the four nearest neighbor 
values of fields between grids in spherical coordinates with the Climate 
Data Operator (CDO) software (Zender, 2008); the specific process of 
data computation is shown at the website (https://code.mpimet.mpg. 

de/projects/cdo embedded/cdo.pdf). 

2.3. Methodology 

2.3.1. Resampling of Pr for the grids of satellite data 
Since interpolating the station-observed data to spatial values may 

have caused some errors (Jin et al., 2016), this study compares and 
evaluates the accuracy of TMPA and IMERG Pr data based on the scale 
of stations. The coordinates of the meteorological stations are used to 
extract the satellite Pr data from the corresponding grid (Chen et al., 
2018). The station-observed Pr data were averaged if there was more 
than one site in each grid. In addition, if the station coordinates fell on 
the boundary lines between two grids, then the Pr data from both sa
tellite grids that contain the ground station were used. 

2.3.2. Evaluation of the performance of TMPA and IMERG products 
Six indicators are selected for assessing the data-retrieving perfor

mance: root mean square error (RMSE), relative bias (RB), relative root 
mean square error (RRMSE), coefficient of determination (R2), detec
tion rate (POD), false alarm ratio (FAR) and critical success index (CSI). 

= = S G
n

RMSE
( )i

n
i i1

2

(1)  

Fig. 2. The main flowchart of this research.  
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where n represents the number of stations; Si and Gi represent satellite- 
retrieved and station-observed Pr (mm), respectively; H represents 
observed rain correctly detected; M represents observed rain not de
tected; F represents rain detected but not observed (detailed explana
tions of POD, FAR, and CSI are provided in Ebert et al. (2007) and 
generally suitable for daily scale). The six evaluation parameters can 
reflect the performance of satellite products. For example, better 

performance is obtained when the RMSE, RRMSE and RB are close to 0 
or the R2 value is close to 1. The higher the POD value is, the smaller the 
leakage rate of satellite Pr data. As FAR values are close to 1, there is 
low error in the satellite data. The larger the CSI value is, the stronger 
the comprehensive prediction ability of satellite data. 

Three timescales of daily, monthly, and yearly are compared for the 
two satellite products. The comparison between TMPA, IMERG and 
station-observed data is conducted at each station, in 7 subregions and 
over mainland China, for the daily, monthly and annual timescales, 
particularly in different months. 

2.3.3. Calibration and validation of precipitation based on satellite products 
In order to correct and predict the satellite products, linear regres

sion analysis is conducted for each station between pairs of the TMPA, 
IMERG, and ground-station-measured Pr using the 20 years of data to 
obtain the calibration parameter a and b. The relationship is written as 
follows: 

= +Pr a Pr bsatobs (7)  

where Prsat is satellite-retrieved Pr; Probs is station-observed Pr, a is 
slope and b is intercept. To compare the performance of the two satellite 

Fig. 3. Density scatter plots of gauge-measured versus TRMM- or IMERG GPM- retrieved daily Pr values in different subregions and mainland China from June, 1, 
2000 to June, 30, 2019. 
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products and assess the reliability of calibration parameters, the R2 

value is obtained. Only the monthly timescale is evaluated using Eq. 7. 
To validate the reliability of prediction with observed stations, the 

monthly Pr from June 2000 to May 2017 was chose for calibration and 
the remain was used for validation. 

2.3.4. Prediction of monthly precipitation 
The parameters a and b in Eq. 7 could be further utilized to predict 

the satellite Pr data, which have been validated and showed better 
performance in different months of the coming years for all grids in 
mainland China. Based on previous researches (Dinku et al., 2010;  
Wehbe et al., 2017;Macharia et al., 2020), the ordinary kriging method 

Fig. 4. Comparison of the temporal variations of the observed, TMPA- and IMERG- retrieved mean daily Pr in 2018 for different subregions and mainland China.  

Q. Ma, et al.   Atmospheric Research 249 (2021) 105304

6



is chosen to interpolate parameters a and b from sites to grids at a re
solution consistent with that of the satellite data. Then, the monthly 
satellite Pr could be predicted in the studied area of China using the 
relationship of Eq. 7, namely, PrPre= aPrsat + b. 

Ten-fold cross-validation was conducted for prediction of Pr after 
interpolation. The Nash–Sutcliffe efficiency (NSE) and standard error of 
estimates (SEE) were selected to characterize the validation perfor
mance (Nash and Sutcliffe, 1970; Gravetter and Wallnau, 2006): 

= =

=

Pr Pr
Pr Pr

NSE 1
( )
( )

i
n

obs pre

i
n

obs obs

1
2

1
2 (8)  

= = Pr Pr
n

SEE
( )

2
i
n

pre obs1
2

(9) 

where n represents the total number of stations; Probs is station-observed 
Pr; Prpre is predicted Pr; Probs is mean station-observed Pr; Probs′ is sta
tions-observed Pr representing the regression line. NSE ranges from–∞ 
to 1. Values of NSE within the range 0–1 are considered acceptable, 

NSE  <  0 are unacceptable, N = 1 means perfect. The smaller the SEE 
value, the less deviations of the predicted Pr from regression line. 

The main idea and procedure of this research is illustrated in Fig. 2. 

3. Results 

3.1. Performance of the TMPA- and IMERG-retrieved Pr products 

3.1.1. At the daily timescale 
The satellite-retrieved Pr values at the daily timescale from June 1, 

2000, to June 30, 2019, were compared with the ground-station-ob
served Pr values. The density scatter plots and their correlations are 
illustrated for different subregions (including data from all sites in the 
region) and mainland China (total number of sites is 677) in Fig. 3. In 
general, both TMPA and IMERG underestimated daily Pr as the re
gressive function lines were mostly below the 1:1 line. The plots 
showed low accuracy of both the TMPA and IMERG Pr products at the 
daily scale. The coefficients of determination (R2) were not high, ran
ging from 0.15 to 0.46 for TMPA and from 0.26 to 0.55 for IMERG. The 

Fig. 5. Spatial distribution of RB, RRMSE, R2, POD, FAR and CSI in China and boxplots in different subregions from June, 1, 2000, to June, 30, 2019.  
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IMERG daily Pr, which had lower RMSE and higher R2 values than the 
TMPA data, showed slightly better performance in different subregions 
and mainland China. The linear slope, intercept, RMSE and R2 values 
varied smoothly for most subregions except subregion I, which ex
hibited remarkably poor accuracy since Pr was generally low. 

The temporal variations in the IMERG- and TMPA-retrieved mean 
daily Pr values were compared with the observed values in different 
subregions and mainland China to show the differences clearly. Only 
daily Pr values in 2018 are shown (Fig. 4), of which the mean daily Pr 
values were calculated by averaging the observed and corresponding 
satellite-retrieved Pr values from all the stations in the subregion. Both 
IMERG and TMPA captured the main variation patterns, and their 
general Pr variations did not deviate from the gauge-observed daily Pr 
greatly in subregions II, IV, V, VI, and VII and mainland China. TMPA 
deviated more from the gauge data than IMERG in subregions I and III, 
where precipitation was low (< 5 mm day−1), but neither captured the 

peak values very well. In subregion I, both IMERG and TMPA exhibited 
low consistency with the observed Pr, especially in the dry months, 
when Pr values were low. In subregion III, IMERG agreed with the 
observed daily Pr prominently better than TMPA. The deviation fluc
tuated with the month. The radar plots of RB, RRMSE, R2, POD, FAR 
and CSI of the two satellite products for 12 months are illustrated in Fig. 
S-1. Generally better performance in wet months and worse perfor
mance in dry months were shown for both satellites, and IMERG out
performed TMPA for all months. For mainland China, both products 
performed well by visual comparison, especially IMERG. 

The spatial distributions of the six statistics (RB, RRMSE, R2, POD, 
FAR and CSI) used to evaluate the accuracy of TMPA- and IMERG-re
trieved daily mean Pr at all 677 sites are mapped in Fig. 5. The RB, 
RRMSE, R2, POD, FAR and CSI varied with different sites but still had 
regional characteristics (Figs. 5a to 5l). The RB values were mostly 
positive and generally low in eastern China but were negative in central 

Fig. 6. Density scatter plots of gauge-measured versus TMPA- or IMERG- retrieved monthly Pr values in different subregions and mainland China from June 2000 to 
June 2019. 
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south China (Fig. 5a and g). The RRMSE values for IMERG were com
monly lower than those for TMPA and were generally positive in 
southern China (Fig. 5b and h). The values of R2 were all positive but 
generally large in eastern China (Fig. 5c and i). The POD values for 
IMERG were generally larger than those for TMPA (Fig. 5d and j). The 

FAR values of IMERG were higher than those of TMPA and decreased 
with decreasing latitude (Fig. 5e and k). The CSI values of TMPA were 
slightly larger than those of IMERG and higher in southern China 
(Fig. 5f and l). For the 7 subregions, IMERG had small values and ranges 
of RB in all subregions except subregion I (arid and semiarid regions) 

Fig. 7. Comparison of the temporal variations in the observed and TMPA- and IMERG-retrieved mean monthly Pr (from January 2009 to December 2018) in different 
subregions and mainland China. 
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(Fig. 5m). For most of the subregions except I, the RRMSE values for 
IMERG were low (Fig. 5n). The R2 and POD values of IMERG were 
obviously larger than those of TMPA in the 7 subregions, especially in 
subregion I (arid and semiarid regions) (Fig. 5o and p). The highest FAR 
values occurred in subregion I, and the lowest FAR value was in sub
region VI (Fig. 5q). Except for in subregions VI and VII, TMPA had 
higher CSI values than IMERG (Fig. 5r). In general, the performance of 
IMERG was better than that of TMPA. 

3.1.2. At the monthly timescale 
The density scatter plots of the observed and satellite-retrieved 

monthly Pr for different climate zones and throughout mainland China 
are shown in Fig. 6. The performances of the TMPA- and IMERG-re
trieved monthly Pr were much better than those at the daily timescale, 
with R2 values generally larger than 0.79 (except for the R2 values in 
subregion I). The regressive lines were close to the 1:1 line, and the 
values ranged from 0.88–0.97 for subregions II to VII and mainland 
China. The RMSE values of IMERG were all smaller than those of TMPA 
in all 7 subregions and mainland China. The spatial distribution of the 
six evaluation metrics is shown in Fig. S-2 but is not described in detail 
here. 

The mean values of the observed and TMPA- and IMERG-retrieved 
monthly Pr in different subregions and mainland China are compared 
for the last 10 years in Fig. 7. The periodic changes in monthly Pr were 
visually observed from all three lines. Both the IMERG- and TMPA- 
retrieved monthly Pr values were visually close to the observed Pr data, 
and both showed very similar fluctuation patterns in different sub
regions. The deviations of both satellite-retrieved Pr values were large 
in semiarid and arid subregions (I to III) but generally small in wet 
regions (IV to VII). For subregions I and III, neither IMERG nor TMPA 

precisely captured peak and valley monthly Pr values, especially from 
January to March and November to December. Comparatively, the 
IMERG values seemed larger than the gauge-measured Pr values and 
TMPA-retrieved values; however, it maintained a similar pattern with 
the observed Pr values. This result would be a very useful feature for 
upscaling Pr data. In addition, when compared to the daily scale, both 
the IMERG and TMPA products showed improved performance. A de
tailed comparison with the gauge-observed monthly Pr values showed 
that in most cases, the IMERG data performed better than the TMPA 
data, except in February and March for subregions I and V. A more 
detailed comparison of the satellite-retrieved monthly Pr with the 
ground-station-observed values in the 12 months of the year for dif
ferent subregions and mainland China is plotted in Fig. S-3. The dif
ferences in performance varied with month and generally agreed well 
with Fig. 6 for different subregions, namely, IMERG performed better 
than TMPA. 

The spatial distribution of the average monthly Pr estimated from 
station-observed data and TMPA- and IMERG-retrieved data in China 
were compared over 12 months (Fig. 8). In general, both products re
flected the spatial Pr distribution patterns and overcame the shortage of 
station-based results. In the meantime, both the TMPA- and IMERG- 
retrieved Pr products showed local underestimation in May, October 
and November. The spatial distribution of the IMERG-retrieved 
monthly Pr exhibited the best performance for most months except 
April and May. 

3.1.3. At the annual timescale 
The density scatter plots of the observed and satellite-retrieved 

annual Pr for different subregions and mainland China are shown in  
Fig. 9. The TMPA- and IMERG-retrieved annual Pr deviated from the 

Fig. 8. Spatial distribution of station-observed and TMPA- and IMERG-retrieved monthly Pr in China (averaged from June 2000 to June 2019).  
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observed values more in subregion I (0.39  <  R2  <  0.5) than in the 
other subregions (0.70  <  R2  <  0.94). The IMERG data performed 
better than TMPA for most of the subregions. For mainland China, both 
performed very well. 

To compare the temporal variations, the gauge-observed and TMPA- 
and IMERG-retrieved annual Pr over 2001–2018 in different subregions 
and mainland China are illustrated in Fig. 10. For subregion I, the 
IMERG-retrieved annual Pr values were closer to the observed values 
than the TMPA-retrieved annual Pr values before 2013, and IMERG 
widely deviated from the observed Pr after 2013. For subregions II, III, 
and IV, the deviations of the two satellite-retrieved Pr curves were 
larger than those for subregions V, VI and VII, and IMERG generally had 
lower deviations than TMPA, which was especially obvious for sub
region III. For subregions V, VI, and IV, the deviations of the two sa
tellite-retrieved Pr curves from the gauge-observed Pr curves were both 
small over the period, and TMPA performed slightly better than IMERG. 
Overall, both satellite-retrieved Pr values had similar fluctuation pat
terns with the observed values. By comparing RB, RRMSE and R2 (Fig. 
S-4), the two satellite products exhibited very similar spatial distribu
tions of performance (Fig. S-4a), and IMERG performed slightly better 
than TMPA, especially in northwestern China (subregions I and II) (Fig. 
S-4b). 

For a direct comparison of the performance of satellite products for 

different subregions and different timescales, the RRMSE and R2 values 
are presented in Table 2. The RRMSE showed improved performance as 
the timescale increased from daily to yearly, while the R2 showed that 
the monthly scale exhibited better performance than the daily and 
yearly scales. The IMERG data showed lower biases and higher corre
lations with the gauge-observed Pr than the TMPA data for most sub
regions and mainland China. Therefore, IMERG data could be further 
utilized to correct and predict Pr in China. 

3.2. Prediction of monthly Pr in mainland China 

According to the above accuracy evaluation results, IMERG-re
trieved Pr data exhibited better performance than TMPA at the daily, 
monthly, and annual timescales and in most subregions. In particular, 
IMERG Pr at the monthly timescale showed higher accuracy than that at 
the other timescales. Thus, monthly IMERG Pr data could be applied for 
Pr prediction based on the calibrated a and b parameters in Eq. 7 over 
2000–2017 (Figs. 11). The parameters a and b varied within ranges of 
0.3–1.0 and − 25.3 to 35.7 in China. At most sites in eastern China, 
IMERG-retrieved products showed good performance (R2 ≥ 0.6). Ap
proximately 607 sites of the total 677 sites had good performance 
(R2 ≥ 0.80). Even in northwestern China, where the R2 values were 
low, most R2 values were approximately 0.6 to 0.8. This manifests the 

Fig. 9. Density scatter plots of gauge-measured versus TMPA- or IMERG- retrieved annual Pr values in different subregions and mainland China from 2001 to 2018.  
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feasibility of using the calibrated a and b parameters to predict the 
monthly Pr values based on IMERG-retrieved Pr data for the coming 
future. Furthermore, the validation statistics RMSE was 31.7 mm, RB 
was 1.5% and R2 was 0.9, which indicated the prediction was reliable. 
Since the calibration parameters were interpolated to grid scale based 
on station scale, the cross-validate of the predicted results was oper
ated, and the NSE was 0.99, the SEE was 10.21, which showed that the 

interpolation was viable and minimal error was introduced from the 
stations to the grids. 

The prediction of monthly Pr could be conducted immediately after 
the newest IMERG Pr data are available. For instance, the prediction 
result in July 2019 was analyzed in more detail. The accuracy of the 
predicted Pr data (RRMSE = 32.6%) improved compared with the 
original released IMERG Pr data (RRMSE = 35.1%), the Pr errors were 

Fig. 10. Comparison of the temporal variations in the observed and TMPA- and IMERG-retrieved mean annual Pr (from 2001 to 2018) in different subregions and 
mainland China. 
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narrowed and the spatial coverage could span the entire study area, 
which was much better than that from interpolating the ground-station- 
observed Pr data (Fig. 12). The spatial distribution patterns were highly 
similar, and the range of monthly predicted Pr was narrower after ca
libration using the original IMERG data(Fig. 12). The map of Fig. 12c is 
very useful and exhibits high data reliability, for example, for pre
cipitation monitoring or further drought assessment in mainland China. 

4. Discussion 

Previous studies have conducted performance assessments between 
ground-observed Pr and satellite-retrieved values for different sites, 
regions or countries in the world. However, most previous studies ap
plied short-term data. For example, Anjum et al. (2018) compared the 
TMPA and IMERG products using reference gauge data from 2014 to 
2016 over the northern highlands of Pakistan. Wang and Lu (2016) 
compared GPM Level 3 IMERG and TRMM 3B42V7 daily Pr data from 
2014 to 2015 over the Mekong River Basin. Wang et al. (2019) eval
uated TRMM 3B42V7 and GPM products from 2014 to 2016 in 
Guangdong Province, China. Su et al. (2019) compared IMERG and 
TMPA products against a relatively dense gauge network from 2014 to 
2018 over mainland China. Fei et al. (2018) conducted a comparative 
analysis on the quality of the TMPA 3B42V7 and the IMERG final run 
V05 Pr products and applied them in the Yellow River source region 
from 2014 to 2016. Tang et al. (2016) evaluated Day-1 IMERG and 
TMPA Version-7 legacy products over mainland China from April to 
December in 2014. This study investigated the spatiotemporal perfor
mance of the IMERG and TMPA Pr datasets at multiple timescales for 
20 years of Pr data in 7 subregions of China. The long time series made 
our results more convincing than the results of previous research. 

The reliability and accuracy of satellite data are affected by the 
climatic and geographic conditions (Zambrano-Bigiarini et al., 2017;  
Hussain et al., 2018) as well as the seasons (Darand et al., 2017). Hence, 
in this study we divided China into 7 different subregions (Zhang, 
1983), and analyzed the performance of two products in diverse sub
regions and seasons in great details, and found that two products per
formed generally good but worse in subregions I and III. Compared with 
the other subregions, the annual Pr in sub-region I (Mid-temperate arid) 
was obviously lower (Table 1), light Pr events occurred frequently and 
daily average Pr was < 5 mm (Fig. 4), therefore, low Pr events would 
affect the accuracy of the satellite data (Gao and Liu, 2012). For
tunately, the latest IMERG improved this issue than TMPA, which re
tained the original advantage. For subregion III (Plateau sub-frozen 
semiarid) which contained complex terrain, the accuracy of both 
IMERG and TMPA products were reduced for algorithm defect and 
aerosol (Kim et al., 2017), and the high elevation also strongly affected 
the products precision (Andrés Navarro et al., 2020). Furthermore, in 
winter and summer, two products exhibited relative poor performance 
due to the higher occurrence of convective Pr during the monsoon 

season, which caused higher demands on efficient detection of con
vective Pr (Vide and Olcina, 2001; Kenawy et al., 2015). 

Grid-scale satellite-retrieved Pr data and good liner relationship are 
crucial to the prediction of Pr with an appropriate calibration proce
dure. Previous studies have also calibrated Pr data using multisource 
satellite products. Duan and Bastiaanssen (2013) applied geographical 
differences and geographical ratio analysis for Pr value validation. They 
found that scaling reduction was further corrected with limited ground 
station data, and the overall accuracy of the corrected data was im
proved. Cheema and Bastiaanssen (2012) calibrated the TRMM Pr da
taset and compared RA (regression analysis) and GDA (geographic 
differential analysis) and found that the two methods were good for 
calibrating the satellite datasets. Previous research only calibrated or 
assessed the performance of the satellite data; however, they seldom 
used the results for Pr data prediction. In this research, we calibrated 
the IMERG-retrieved monthly Pr data and further predicted the cor
rected IMERG dataset. 

Among the various satellite-gauge merging approaches, scaling 
method was frequently adopted as a core idea (Vila et al., 2009;  
Tesfagiorgis et al., 2011; Jongjin et al., 2016). It computed the additive 
or multiplicative deviation between the satellite- and gauge-based Pr to 
rescale the original satellite Pr. This method would fail to work without 
the synchronous reference data, and insufficiently made use of the 
valuable information in long-term data. Compared with it, the linear 
regression-based method which we have applied overcame these de
fects well. The linear relationship connected the historical stations-ob
served data with simultaneous satellite data to get the function para
meters used to calculate the corrected or predicted satellite Pr. 
Furthermore, higher computational efficiency and convenience of op
eration were also vital factors in determining whether the method 
would be widely adopted. The linear regression-based method was 
simple, convenient to execute and efficient, it only needed to calculate 
once to obtain the correction or prediction parameters, then based on 
the newly released satellite data, the Pr could be predicted directly. 
With these advantages, it could be chosen as an appropriate method for 
correcting or predicting Pr based on satellite data. 

The results demonstrated that the IMERG data were more suitable 
than TMPA data for application over China, even in Northwest China 
(subregion I) and the Qinghai-Tibet Plateau (subregion III), where 
gauge stations are sparse. The correction of the Pr data to the area 
overcame this shortage and had several potential applications in hy
drology modeling, meteorological and agricultural drought analysis, 
weather forecasting, climate prediction, and even crop growth mod
eling. Further studies should correct the historical and upcoming 
IMERG data to the study area (mainland China) and use the long-term 
data for more research. 

Table 2 
The performance of IMERG and TMPA precipitation products at the three timescales in different subregions of China.             

Item Timescale Subregion I II III IV V VI VII Mainland China 
R2 Daily TRMM 0.12 0.35 0.33 0.39 0.42 0.45 0.46 0.45 

IMERG 0.26 0.50 0.43 0.55 0.54 0.54 0.54 0.55 
Monthly TRMM 0.46 0.86 0.79 0.87 0.86 0.85 0.87 0.88 

IMERG 0.50 0.89 0.83 0.91 0.88 0.87 0.88 0.90 
Annual TRMM 0.49 0.79 0.70 0.82 0.76 0.83 0.80 0.93 

IMERG 0.40 0.83 0.74 0.88 0.76 0.85 0.80 0.94 
RRMSE Daily TRMM 5.36 3.96 2.84 3.39 3.52 2.44 2.46 2.92 

IMERG 4.49 3.19 2.31 2.61 2.99 2.09 2.22 2.51 
Monthly TRMM 1.19 0.51 0.62 0.47 0.48 0.36 0.38 0.44 

IMERG 1.13 0.45 0.53 0.40 0.47 0.32 0.37 0.40 
Annual TRMM 0.64 0.19 0.33 0.19 0.17 0.14 0.14 0.17 

IMERG 0.68 0.16 0.27 0.17 0.19 0.13 0.14 0.17 
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5. Conclusions 

The performance of the TMPA- and IMERG-retrieved Pr data was 
comprehensively assessed with gauge-observed data in 7 subregions 
and mainland China at the daily, monthly and annual timescales from 
June 2000 to June 2019. The accuracy of the two satellite products 
increased with expanding timescales. At certain timescales, IMERG 
exhibited better performance than TMPA. For each time scale, the worst 
performance occurred in the mid-temperature arid zone (subregion I), 
and the best performance occurred in the mid-temperate semihumid 

zone (subregion IV). The IMERG products were slightly better than the 
TMPA products for most subregions. 

Both the performance of IMERG and TMPA differed greatly at 
12 months, and both exhibited poor performance in dry (December, 
January and February) or wet (July, August and September) seasons. 
IMERG performed better than TMPA in most subregions and over 
mainland China. The predicted map of precipitation in July 2019 
achieved higher accuracy than the original IMERG data over China and 
better reflected the distribution of Pr over China. Therefore, the IMERG 
product surpassed TMPA and can be adopted by users who need Pr data 

Fig. 11. Spatial distribution of calibration parameters a and b and the R2 values of the regression equations based on IMERG monthly Pr from June 2000 to June 2019 
in China. 
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to perform related studies in China. 
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