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Abstract: Precipitation is one of the integral components of the global hydrological cycle. Accurate
estimation of precipitation is vital for numerous applications ranging from hydrology to climatology.
Following the launch of the Global Precipitation Measurement (GPM) Core Observatory, the Inte-
grated Multi-satellite Retrievals for GPM (IMERG) precipitation product was released. The IMERG
provides global precipitation estimates at finer spatiotemporal resolution (e.g., 0.1° /half-hourly) and
has shown to be better than other contemporary multi-satellite precipitation products over most parts
of the globe. In this study, near-real-time and research products of IMERG have been extensively eval-
uated against a daily rain-gauge-based precipitation dataset over India for the southwest monsoon
period. In addition, the current version 6 of the IMERG research product or Final Run (IMERG-F
V6) has been compared with its predecessor, version 5, and error characteristics of IMERG-F V6 for
pre-GPM and GPM periods have been assessed. The spatial distributions of different error metrics
over the country show that both near-real-time IMERG products (e.g., Early and Late Runs) have
similar error characteristics in precipitation estimation. However, near-real-time products have larger
errors than IMERG-F V6, as expected. Bias in all-India daily mean rainfall in the near-real-time
IMERG products is about 3-4 times larger than research product. Both V5 and V6 IMERG-F estimates
show similar error characteristics in daily precipitation estimation over the country. Similarly, both
near-real-time and research products show similar characteristics in the detection of rainy days.
However, IMERG-F V6 exhibits better performance in precipitation estimation and detection of rainy
days during the GPM period (2014-2017) than the pre-GPM period (2010-2013). The contribution of
different rainfall intensity intervals to total monsoon rainfall is captured well by the IMERG estimates.
Furthermore, results reveal that IMERG estimates under-detect and overestimate light rainfall inten-
sity of 2.5-7.5 mm day~!, which needs to be improved in the next release. The results of this study
would be beneficial for end-users to integrate this multi-satellite product in any specific application.

Keywords: multi-satellite precipitation estimate; Global Precipitation Measurement mission; south-
west monsoon; rain gauge; error characteristics

1. Introduction

Precipitation is one of the key components of the global water and energy cycles,
and a robust constellation of precipitation-related satellite sensors could provide reliable
global distributions of precipitation at distinct spatiotemporal scales [1-3]. Following
the launch of the Tropical Rainfall Measuring Mission (TRMM) satellite in November
1997, satellite-based precipitation estimation techniques received an unprecedented boost.
The TRMM satellite carried the first space-borne active microwave radar, the Ku-band
(13.8 GHz) Precipitation Radar (PR), to provide a three-dimensional structure of the tropical
precipitation. A nine-channel conically scanning passive microwave radiometer, namely,
the TRMM Microwave Imager, was paired with the PR and placed in a unique non-
sun-synchronous orbit to capture the diurnal variability of the tropical precipitation [4].
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Several global or quasi-global multi-satellite precipitation products were developed and
made available to users during the TRMM-era [5,6]. These precipitation products take
relative advantages of the passive microwave imagers onboard the low-Earth orbiting
satellites and infrared sensors onboard the geostationary satellites. In addition, these
multi-satellite precipitation products provide precipitation information at uniform spatial
and temporal scales even over the regions where rain gauge observations are unavailable
or meager [7]. Some of the popular TRMM-era multi-satellite precipitation products
are TRMM Multisatellite Precipitation Analysis (TMPA [8]), Climate Prediction Centre
Morphing (CMORPH [9]), Precipitation Estimation from Remotely Sensed Information
using Artificial Neural Networks (PERSIANN [10]), and Global Satellite Mapping of
Precipitation (GSMaP [11]). These multi-satellite precipitation products have rather large
uncertainties over several regions of the globe at multiple timescales [6]. However, among
the TRMM-era multi-satellite precipitation products, TMPA was generally shown to be
superior to other products at global and regional scales [12,13].

The TRMM satellite was decommissioned in April 2015, after 17 years of uninterrupted
service. In order to continue the objectives of the TRMM satellite with some further ad-
vancement, the Global Precipitation Measurement (GPM) Core Observatory was launched
in February 2014. This satellite carries Dual-frequency Precipitation Radar (DPR) paired
with a 13-channel passive microwave radiometer, namely, GPM Microwave Imager (GMI),
which enables more accurate precipitation estimation and its phase detection [14]. Both
TRMM and GPM are collaborative missions between the United States (US) National
Aeronautics and Space Administration (NASA) and the Japan Aerospace Exploration
Agency (JAXA). After the successful launch of the GPM Core Observatory, two GPM-based
multi-satellite precipitation products, namely, Integrated Multi-satellite Retrievals for GPM
(IMERG [15,16]) by NASA and GSMaP version 6 by JAXA were released. There are three
kinds of IMERG products (e.g., Early, Late, and Final Runs) available depending upon their
applications and latency times. Early (e.g., IMERG-E) and Late (e.g., IMERG-L) Runs are
available in near-real-time, whereas Final Run (e.g., IMERG-F) is a research product avail-
able in post-real-time and includes rain gauge observations over land. IMERG products
are available at finer spatial and temporal resolutions (0.1° /half-hourly) as compared to
TMPA (0.25° / three-hourly).

Several research studies showed that the GPM-era multi-satellite precipitation prod-
ucts (e.g., IMERG) usually perform better than the TRMM-era products (e.g.,, TMPA).
IMERG products show better performance than the TMPA-3B42 product in the estimation
and detection of extreme precipitation over China [17], India [18], and Nepal [19]. IMERG
was also shown to be marginally better than TMPA over the southeastern United States by
Tan et al. [20], and they noticed better precipitation detection and reduction in errors when
scaled up to larger area (from 0.1° to 2.5°) and longer time periods (from 0.5 h to 24 h).
Sunilkumar et al. [21] evaluated IMERG-F estimates against rain-gauge-based gridded rain-
fall dataset (e.g., APHRODITE-2) over Japan, Nepal, and Philippines regions for 2014-2015.
They showed that IMERG is able to capture diurnal to intraseasonal variability of precipi-
tation and be improved in the detection of extreme precipitation events compared to the
TMPA-3B42. The differences between IMERG and TMPA precipitation products are larger
over the ocean as compared to land due to similar gauge adjustment [22]. Furthermore, the
GPM-based GSMaP precipitation product showed similar performance as IMERG [23,24].
Based on statistical and hydrological assessments, Yuan et al. [25] demonstrated that
IMERG-F (VO05B) is better than TMPA-3B42 and GSMaP products over Myanmar. IMERG
is also shown to be better than TMPA in orographic precipitation estimation over the Ti-
betan Plateau at multiple timescales [26]. These studies revealed the superiority of IMERG
products over other contemporary or TRMM-era multi-satellite precipitation products.

Three Runs of IMERG products (with different release versions) were extensively
evaluated over several parts of the globe. For instance, the IMERG-F V6 product was
shown to be in good agreement with the radar-based Stage IV product in the representation
of seasonal spatial distribution and diurnal cycle of mesoscale convective systems over
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the central and eastern US for the period of 2014-2016 [27]. Although the amplitude of
the precipitation diurnal cycle has been overestimated by the IMERG suite, the near-real-
time IMERG-L product has shown better performance than the IMERG-F product in the
representation of precipitation diurnal cycle over Brazil during 20142018 as compared
against 1261 rain gauge observations [28]. An evaluation of IMERG-F V6 product over
China at a daily scale for 20142018 revealed that the multi-satellite product has limited
capability in the detection of light rainfall of less than 5 mm day~!, which becomes further
worse over the regions with complex winter precipitation phase due to large miss bias [29].
A comparison of three Runs of IMERG over the Sichuan basin of China for 2016-2018
revealed that all three Runs perform better during summer precipitation than autumn
precipitation; however, IMERG-E underestimated wet precipitation substantially [30].
A comprehensive analysis of versions 5 and 6 products of the IMERG suite over Iran for
June 2014 to June 2018 against 76 rain gauge observations showed an improvement in V6
than V5, especially for near-real-time products [31]. The IMERG-E product unexpectedly
showed a higher correlation with rain gauge observations than IMERG-F over the arid
regions of the United Arab Emirates for the period of 2015-2017 [32]. Better performance
of IMERG-E than IMERG-L and IMERG-F was also reported for a tropical storm “Imelda”
over the southeast coastal regions of Texas in the US when compared with Stage-IV radar
precipitation estimates [33]. In addition, it was observed that IMERG-F V5 was better than
V6 over the global mountainous regions in the estimation of light and heavy precipitation
because V6 utilizes total column water vapor to derive a motion vector [34]. Although the
IMERG-F V6 product was shown to be one of the best multi-satellite precipitation products
over the Hindu Kush mountains of Pakistan, it has large uncertainty in the detection of
light and moderate precipitation events [35].

However, there are limited studies to comprehensively evaluate the IMERG precipita-
tion products over India owing to distinct topographical characteristics (e.g., Figure 1a).
IMERG-F showed notable improvement over TMPA-3B42 in systematic error at basin scale
over India across all precipitation intensities [36]. In addition, IMERG-F showed better
performance than TMPA-3B42 at a sub-daily scale across India [37]. However, similar to
other satellite precipitation products, IMERG has a rather larger bias over the orographic
regions of the Western Ghats and foothills of the Himalayas [38]. But, all these studies over
India utilized an earlier version of IMERG products (e.g., V4 or V5) for a limited period
(e.g., one monsoon season or few specific rain events). IMERG products were upgraded
to VO6B in 2020, and IMERG-F was retrospectively processed for TRMM-era as well. As
IMERG V06B supersedes all prior IMERG versions [39], it becomes imperative to assess the
accuracy of the recent version of IMERG products for the Indian monsoon precipitation.
Hence, the objectives of this study are as follows:

(1) To quantify error characteristics of VO6B near-real-time (IMERG-E and IMERG-L) and
research (IMERG-F) products;

(2) To assess the changes in error characteristics of the IMERG-F product from V05B
to V06B;

(3) To assess the consistency of error characteristics of IMERG-F V06B for pre-GPM and
GPM periods.
This study is carried out over India at different spatial scales such as at the grid scale,

sub-regional scale, and country scale for the southwest monsoon season spanning from

June to September.
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Figure 1. (a) Topography (m) distributions across India, and (b) locations of 2725 reporting IMD rain gauges for a typical day

in July 2014. Two rectangular boxes shown in Figure 1a indicate central India (CI) and west coast (WC) of India considered

for detailed analysis.

2. Data and Methods
2.1. Rain Gauge Data

India has a network of about 7000 rain gauges installed and maintained by the In-
dia Meteorological Department (IMD). A daily gridded rainfall dataset using these rain
gauge observations has been prepared by the IMD [40]. This gridded rain-gauge-based
rainfall dataset is developed using inverse distance weighted interpolation method after
rigorous quality check and also takes care of barriers and directional effects. This pre-
cipitation dataset is available at 0.25° spatial resolution since 1901 and reproduces the
mean southwest monsoon rainfall features and spatial gradient of orographic rainfall more
realistically and comparable with other existing daily gauge-based rainfall data sets such
as earlier versions of IMD gridded products with coarser spatial resolutions and the Asian
Precipitation-Highly Resolved Observational Data Integration Towards Evaluation of the
Water Resources (APHRODITE) product [40]. Earlier versions of IMD gridded products
and APHRODITE use a fewer number of rain gauges as compared to this gridded precipi-
tation product. This daily gridded dataset showed a very high correlation coefficient of
0.99 and root mean square error (RMSE) less than 1 mm day*l in the southwest monsoon
precipitation estimation as compared to APHRODITE and coarser spatial resolution IMD
datasets. More detail about the procedures of development of this gridded rainfall dataset,
such as quality control, spatial interpolation, rain gauge distribution, and its variability,
can be found in Pai et al. [40]. This rain-gauge-based daily gridded rainfall dataset for
the monsoon period of 2010-2017 is considered as a reference in this study. The spatial
distribution of rain gauges for a typical day is shown in Figure 1b. The rain gauge density
is highest over the southern parts of the country, while northern and northeastern parts
of India have rather poor rain gauge density. It is also to be noted that the number of
daily reporting rain gauges varied with time, and it is between 2500 and 3000 during the
study period. Although this gridded rain-gauge-based rainfall dataset might have some
uncertainties due to spatial interpolation over rain gauge sparse area, it would mitigate the
spatial representativeness error due to comparison of point observations from rain gauges
and larger footprints of satellites. This gridded daily rain-gauge-based rainfall data has
been widely used for the evaluation of multi-satellite precipitation products over India and
for hydrometeorological and climatological applications [13,23,38,41-46].
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2.2. IMERG Data

The IMERG is a unified US algorithm that benefits from CMORPH, PERSIANN, and
TMPA algorithms [15,16]. IMERG suite provides global precipitation estimates at half-
hourly interval and at 0.1° spatial resolution. There are three Runs of this product intended
for different user requirements based on latency and accuracy. Early Run or IMERG-E is
available after 4 h of acquisition time and relevant for flash flooding, whereas Late Run or
IMERG-L product is available after 14 h of satellite acquisition time and is supposed to be
good for crop forecasting. Final Run or IMERG-F is intended for research and is available
after 3.5 months. IMERG-F utilizes monthly rain gauge information over land from the
Global Precipitation Climatology Center (GPCC) for bias adjustment. However, the number
of rain gauges utilized in IMERG-F through GPCC is less than 300. It indicates that IMERG-
F uses about one-tenth of the total number of rain gauges used in the IMD rain-gauge-based
gridded rainfall data. In addition, IMERG-F uses monthly rain gauge observations and
further downscales the precipitation estimates to half-hourly scale. In V6, IMERG has
been computed for the first time for both TRMM- and GPM-era. Thus, IMERG V6 is
available since June 2000. A detailed description of the changes in V6 from V5 is provided
by Huffman et al. [39]. Version 06B (V6 hereafter) of half-hourly IMERG-E, IMERG-L,
and IMERG-F, and version 05B (V5 hereafter) of IMERG-F for the southwest monsoon
season of 20142017 has been used in this study. Additionally, IMERG-F V06B for June
to September of 20102013 has been used to compare the changes in error characteristics
during pre-GPM (e.g., 2010-2013) and GPM (2014-2017) periods. All IMERG products
(e.g., near-real-time versus research product, V5 versus V6 research product, and pre-GPM
versus GPM periods) have been considered for an equal 4-year period for consistency.

2.3. Evaluation Methodology

In India, daily rainfall is computed by accumulating rainfall observations ending at
0300 UTC. For a fair comparison, daily rainfall from half-hourly IMERG products has
been computed using the same time convention. As spatial resolution of the IMD gridded
gauge-based rainfall data is 0.25°, daily IMERG datasets have been re-sampled at the same
spatial resolution of 0.25° for the study period, and daily precipitation across India is
extracted. As India receives precipitation in the form of rainfall alone during the southwest
monsoon season, the terms “rainfall” and “precipitation” were interchangeably used in
this manuscript.

In order to quantify the error characteristics of IMERG products against the IMD
rain-gauge-based dataset, several continuous and categorical error metrics were used.
Table 1 outlines the definitions/formulae of continuous error metrics used in this study
to quantify the accuracy of IMERG in precipitation estimation. Mean, bias, correlation
coefficient, and RMSE are the most commonly used continuous error metrics for the
evaluation of any satellite-based precipitation product. Correlation coefficient has no
unit, whereas mean, bias, and RMSE have been expressed in mm day’l. To express bias
and RMSE in percentage, these quantities have to be normalized against the observed
mean (e.g., rain-gauge-based data) and multiplied by 100. Coefficient of variation (CV)
is used to compare the temporal variability of monsoon precipitation from IMERG and
IMD datasets. Moreover, modified Kling-Gupta efficiency (KGE) has been used to assess
the reliability of IMERG products for hydrological applications. This KGE score combines
correlation coefficient, bias, and variability and has proven to be very useful statistical
metric in hydrology [47]. Furthermore, the errors in the satellite-based precipitation
estimates can be decomposed into systematic and random components, which is vital
for algorithm development and improvement [42,48]. In this study, both systematic and
random components of errors have been computed using Equations (1) and (2), respectively.

Zzl'\il (Si* - Gi)2

N M

(Error)Syst =
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N . _ C* 2
(Error) gng = =151 (S;V %) @)

where S;* = a x G; + b with a and b be the slope and intercept of a linear regression error
model, respectively [48].

Table 1. Formulae for the computation of continuous error metrics used in this study. S; and G; denote precipitation
estimates from the IMERG and rain-gauge-based products, respectively, and N is the total number of colocated points.

Error Metrics Formulae
Bias=S—-G
where, S = £¥,s;/Nand G = V¥, G/N

_ £ (Gi=G)(Si=9)
Correlation coefficient "= (2N (G—G)?x N (5i—5)?]

Bias (mm dayfl)

1/2

N 2 /12
CV)g = ERC AL 5 100%
Coefficient of variation (%) (CV)s 5 *

N 2 /N1
(CV)g = Ee T 100%
1
Root mean square error (mm day ! N (5i-G)* | ?
q ( vy RMSE = {%
1
Modified Kling-Gupta efficiency 1 132 s 1)? Vs 1?2
KGE=1-|(r=1"+(§-1) + ({gF 1)

For the quantification of skill of IMERG products in the detection of monsoon rainy
days, four categorical skill metrics defined in Table 2 have been used. Daily monsoon
precipitation of less than 2.5 mm is considered as non-rainy days for India as per the
IMD convention.

Table 2. Formulae, range, and perfect score of four categorical skill metrics used in this study. H (Hits) is the number of
events when both IMERG and rain-gauge-based products detect rainy days, FA (False Alarms) is the number of events
when only IMERG detects rainy days, M (Misses) is the events when only rain-gauge-based product detect rainy days, and
CN (Correct Negatives) is the number of events when both IMERG and rain-gauge-based products detect non-rainy days.

Formulae Range Perfect Score
Probability of Detection POD = H-s-LM Oto1l 1
False Alarm Ratio FAR = % Otol 0
Frequency Bias Index FBI = ?{jﬁﬁ 0to oo 1
Peirce’s Skill Score PSS = i — FAI;% —1to1l 1

3. Results and Discussion
3.1. Spatial Distributions of Continuous Error Metrics

As India receives about three-fourths of its annual precipitation from the southwest
monsoon rainfall and it exhibits substantial spatial and temporal variability [49], this study
is restricted to the monsoon rainfall spanning from June to September. Figure 2 shows
the spatial distributions of 4-year mean monsoon rainfall from the IMD rain-gauge-based
data and IMERG estimates. In order to compare the error characteristics in IMERG-F V6
during pre-GPM and GPM periods, monsoon precipitation from the rain-gauge-based
dataset and IMERG-F V6 product for 2010-2013 has also been shown in the lower panel of
the figure. The well-known large-scale features of the southwest monsoon rainfall such
as higher rainfall over the west coast and northeast India, moderate rainfall over central
India and foothills of the Himalayas, and low or negligible rainfall over the southeast
peninsula and western parts of India are captured reasonably well by the IMERG estimates
qualitatively. However, the magnitude of monsoon rainfall in IMERG estimates differs from
the rain-gauge-based data. Near-real-time IMERG products (e.g., IMERG-E and IMERG-L)
generally show higher mean rainfall than the research product (e.g., IMERG-F). A 20-year
comparison of Early and Final Runs of IMERG V6 showed that IMERG-E provides about
12% higher annual rainfall than IMERG-F product at a global scale [50]. The differences
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between both products were found to be small in cold regions and large in arid regions.
Additionally, IMERG-E measures 33% higher extreme precipitation rates than IMERG-F.

" IMERG-L V6.
[2014-2017)

oo d

' IMERG-E V6
[2014-2017];

Mean (mm day'1)

35°N]

: [20’1*20‘171; ........ .
: 1 ol : : :
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25°N| o

20°N| T SN .......
15°N

10°N UL

70°E  80°E 90°E

IMERG-F V6.
N, [2010-2013]

. (2010-2013);

b

O=2NWHAUTON®®O

Figure 2. Spatial distributions of 4-year mean monsoon rainfall (mm day ') across India from the IMD
rain-gauge-based data and IMERG estimates for the GPM (2014-2017) and pre-GPM (2010-2013) periods.

Figure 3 presents the bias in the IMERG estimates as compared to the IMD rain-gauge-
based dataset. Near-real-time IMERG products (e.g., IMERG-E and IMERG-L) show a
larger magnitude of bias as compared to IMERG-F estimates. IMERG-E and IMERG-L show
similar bias features such as underestimation of the monsoon rainfall over the west coast,
northeast, and northern India, and overestimation over the remaining regions. However,
the magnitude of the bias is about 0.5-1 mm day ! less in IMERG-L than IMERG-E across
the country. The bias features are similar but with lower magnitude in IMERG-F estimates
as compared to IMERG-E and IMERG-L over most parts of the country except along the
west coast. The magnitude of bias in IMERG-F V6 is about 4 mm day ! less than IMERG-E
and IMERG-L estimates. However, IMERG-F V6 does not show any notable improvement
in bias from IMERG-F V5. It can also be seen that magnitude of the bias is higher by about
4 mm day~! in IMERG-F V6 over the west coast and southernmost parts of the country
during the pre-GPM period (e.g., 2010-2013) than the GPM period (2014-2017).

Unlike IMERG-E and IMERG-L estimates, the IMERG-F product shows an underesti-
mation of monsoon rainfall along the west coast (location shown in Figure 1a) followed
by an overestimation. The topography, mean monsoon rainfall from the rain-gauge-based
dataset, and bias in IMERG-F V6 product over the west coast for 2014-2017 are shown in
Figure 4. The coastal region has very low elevation, and elevation increases drastically
eastward, known as the Western Ghats mountain range. The rain-gauge-based dataset
shows that higher rainfall occurs over the coastal belts (upto about 100 km to the coast)
and becomes very less or negligible eastward. The windward side of the Western Ghats
receives higher monsoon rainfall associated with low-level monsoon jet and orography,
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whereas the leeward side receives very low rainfall [49]. Heavy rainfall activities along
these coastal areas during the southwest monsoon season are also associated with offshore
troughs/vortices and offshore convective systems linked to atmospheric conditions over
the equatorial Indian Ocean [51,52]. However, warm rain events dominate over the Western
Ghats due to rather shallower clouds [53], and IMERG products have limited accuracy in
warm precipitation estimation than ice-initiated precipitation [54]. As IMERG-F utilizes
monthly rain gauge observations for bias correction, the magnitude of the bias is reduced
as compared to near-real-time products. However, highly varied topography and rather
coarser resolution of rain-gauge-based input dataset (e.g., GPCC) to the IMERG-F introduce
contrasting bias features in the IMERG-F product along the west coast. Additionally, it
was shown that rain gauge correction has no impact on the accuracy of IMERG V6 prod-
ucts over the global complex terrain areas [34]. The distinct diurnal cycle of precipitation
over the coastal and complex topographic regions associated with local-scale effects is
not adequately captured by the satellite-derived precipitation products, and this error
propagates in the daily precipitation estimates [55,56]. The combined use of satellites, rain
gauges, and weather radars would be beneficial for better precipitation estimation over
such regions [57-59].

Bias [satellite - gauge]

,. IMERG-E V6 ss IMERG-LV6 i»  IMERGF V6
w, [2014-2017] 1 [2014-2017] n [2014-2017) 6
| A,.n_
; g | -t , '_ ; i
! ‘ ," 3 ottt ' ‘ . § I 4
.‘; I | F . 3
| 12
"‘4 j - 41
: . 10
. s IMERGF V5 ‘ _." | IMERGFV6 || 1-1
* wy [2014-2017) s [0t102013) | [

3 ":ﬁ e} ""‘-" N 3

-7

Figure 3. Spatial distributions of bias (mm day ') in the IMERG estimates as compared to the rain-gauge-based dataset
over India for the GPM (2014-2017) and pre-GPM (2010-2013) periods.

The spatial distributions of CV from the rain-gauge-based dataset and IMERG prod-
ucts across India for the southwest monsoon season are illustrated in Figure 5. As expected,
a larger magnitude of CV over the lower mean monsoon rainfall regions and smaller CV
over the higher mean rainfall regions are depicted by both rain-gauge-based and multi-
satellite products qualitatively. However, three Runs of IMERG V6 generally show a smaller
magnitude of CV by 50-90% as compared to the rain-gauge-based product. IMERG-F V5
appears to be marginally better than IMERG-F V6 in terms of CV. Moreover, CV depicted
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by IMERG-F V6 during the pre-GPM period, is closer to observations as compared to the

GPM period.
Topography (m IMERG-F6 - IMD
Lo ey n ;
=B \ 1200 7
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4
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400 -2
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° 7
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Figure 4. Spatial distributions of topography (m), mean monsoon rainfall (mm day ') from the IMD rain-gauge-based data,
and bias (mm dayfl) in IMERG-F version 6 estimates for 2014-2017 over west coast of India.

The spatial distributions of RMSE and the systematic error component for IMERG
products as compared to the rain-gauge-based dataset are presented in Figure 6. As the sum
of systematic and random error components is always 100%, the random error component
can be determined by visualizing the systematic error component. Therefore, the random
error component has not been shown in the figure. In general, the magnitude of RMSE in
IMERG estimates is larger over the higher mean rainfall regions and vice versa. However,
IMERG-E and IMERG-L show higher RMSE than the IMERG-F product. Although IMERG-
F V6 does not show any notable improvement in RMSE than IMERG-F V5, the magnitude
of RMSE is notably smaller in IMERG-F V6 during the GPM period (2014-2017) than the
pre-GPM period (2010-2013). Larger systematic errors in IMERG products can be seen
primarily over the orographic regions of the west coast, northeast, and northern India.
Near-real-time IMERG products have the smallest systematic error as compared to the
IMERG-F product. However, IMERG-F V6 has a larger systematic error than IMERG-F
V5. Additionally, the systematic error is smaller in IMERG-F V6 across the country except
for the southeast peninsular India during the pre-GPM period than the GPM period. This
analysis suggests that the IMERG-F V6 product needs a suitable bias correction before its
integration in any specific application, particularly for the GPM period. However, it would
be interesting to examine the sources of errors in IMERG products using sub-daily scale
precipitation analysis. Few studies over the US region showed that passive microwave
sensors provide the most skillful estimates to IMERG, whereas infrared estimations have
rather poor skill [60-62].
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Figure 5. Spatial distributions of coefficient of variations (%) in daily monsoon rainfall across India
from the IMD rain-gauge-based data and IMERG estimates for the GPM (2014-2017) and pre-GPM
(2010-2013) periods.
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Figure 6. Spatial distributions of root mean square error (mm day ') and contribution of systematic error component (%)
to the total error in IMERG estimates as compared to the rain-gauge-based data over India for the GPM (2014-2017) and
pre-GPM (2010-2013) periods.
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3.2. Error Metrics at the All-India Scale

In this section, error characteristics of IMERG products have been assessed at all-India
scale against the IMD rain-gauge-based dataset. Daily all-India mean rainfall estimates for
the monsoon season (e.g., June-September) from both multi-satellite and rain-gauge-based
data have been compared for the 4-year period. Table 3 shows the different error metrics
for IMERG products at the all-India scale. Bias and RMSE are normalized with respect to
the mean rainfall obtained from the rain-gauge-based dataset and presented in percentage.
All IMERG products overestimate all-India mean monsoon rainfall as compared to the
rain-gauge-based dataset. Bias in near-real-time IMERG products is about 2-3 times more
than the research product. Biases in all-India daily mean monsoon rainfall are 10-11%
in near-real-time IMERG products, whereas it is about 3% in the research product for
2014-2017. IMERG-E shows about 1% higher bias than IMERG-L. IMERG-F V6 has a
marginally larger bias than IMERG-F V5. However, IMERG-F V6 exhibits about double
bias during the pre-GPM period (2010-2013) than the GPM period (2014-2017). Bias in
all-India daily mean monsoon rainfall in IMERG-F V6 is about 3% during the GPM period,
whereas it is about 6% during the pre-GPM period. Temporal CV indicates that the IMERG-
F V6 product is in good agreement with rain-gauge-based dataset in the detection of daily
rainfall variability, while near-real-time products slightly overestimate the all-India daily
mean rainfall variability. The correlation coefficient, RMSE, and KGE clearly indicate that
IMERG-L is marginally better than IMERG-E, and IMERG-F V6 is superior to near-real-
time IMERG products. Normalized RMSE is the minimum of about 17%, and correlation
coefficient and KGE are the largest for the IMERG-F V6 during the GPM period. The
improvement in these metrics is marginal in IMERG-F V6 as compared to IMERG-F V5.
Moreover, a better performance of IMERG-F V6 during the GPM period than the pre-GPM
period is also evident. These results clearly indicate that IMERG-F V6 during the GPM
period performs better than near-real-time, V5, and pre-GPM IMERG period products at
all-India scale.

Table 3. Error statistics in the IMERG precipitation products as compared to the IMD rain-gauge-based dataset for all-India

daily monsoon rainfall estimates.

2014-2017 2010-2013

IMD IMERG-E V6 IMERG-L Vé IMERG-F V6 IMERG-F V5 IMD IMERG-F V6
Mean(mm/day) 6.63 7.34 7.29 6.80 6.78 7.32 7.74
Bias (%) - 10.70 9.88 2.59 2.18 - 5.73
CV (%) 46.52 51.13 50.63 47.73 49.01 42.66 45.47
Correlation - 0.89 0.92 0.94 0.93 - 0.92
RMSE (%) - 28.65 2491 16.89 18.26 - 19.91
KGE - 0.81 0.84 0.93 0.91 - 0.88

Figure 7 shows the spatial distributions of correlation coefficient and KGE for IMERG
products as compared to the rain-gauge-based dataset across India. A smaller correlation
coefficient in IMERG products has generally been found over the northern and northeastern
parts of India. However, the research product of IMERG shows a higher correlation
coefficient than near-real-time products. Both V5 and V6 estimates of IMERG-F show a
similar correlation coefficient, but IMERF-F V6 has a larger correlation with the rain-gauge-
based dataset during the GPM period than the pre-GPM period. The KGE score combines
correlation, bias, and variability and gives equal weightage to each of the components.
Therefore, a smaller KGE score has been seen in IMERG products over larger parts of the
northern and northeastern parts of the country. It is also to be noted that the rain gauge
density over the northern and northeastern parts is rather poor [63], and rain gauge density
plays a key role in the evaluation of any satellite-based precipitation product. Therefore, the
error metrics over these sub-regions might have larger uncertainty. The pattern of KGE is
similar to the bias pattern over the west coast in IMERG-F estimates. IMERG-F shows better
performance than IMERG-E and IMERG-L. Overall, both near-real-time IMERG products
have similar error characteristics in precipitation estimation. There is no noticeable change
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in error metrics in IMERG-F V6 as compared to V5. However, IMERG-F V6 exhibits better
performance during the GPM period (2014-2017) than the pre-GPM period (2010-2013).
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Figure 7. Spatial distributions of correlation coefficient and modified Kling—Gupta efficiency in IMERG estimates as
compared to the rain-gauge-based data over India for the GPM (2014-2017) and pre-GPM (2010-2013) periods.

Since monsoon rainfall shows prominent interannual variability, bias and RMSE in all-
India monsoon rainfall from IMERG-F V6 for 2010-2017 has been computed for each year
separately to investigate the reason for larger bias and error in the multi-satellite estimates
during the pre-GPM period than the GPM period. Figure 8 presents yearly variations in
all-India mean monsoon rainfall from both IMERG-F V6 and IMD rain-gauge-based data
and bias and RMSE in the IMERG estimates. IMERG systematically overestimates all-India
mean rainfall except for 2017. Bias is the largest during 2010 and 2015, whereas RMSE is
the largest during 2010 and 2012. It indicates that bias and RMSE are not always linearly
dependent. Much less bias during 2016 and 2017 with an opposite sign as compared to
other years leads to smaller bias in IMERG-F V6 during the GPM period than the pre-GPM
period. However, bias and RMSE in the IMERG-F V6 estimates do not show any clear
evidence of their association with interannual variations of the all-India monsoon rainfall.

3.3. Spatial Distributions of Categorical Skill Metrics

In this section, the capabilities of IMERG products have been assessed for the detection
of rainy days over India. During the southwest monsoon period, daily rainfall less than
2.5 mm is considered as a non-rainy day according to the IMD convention. Therefore, a
threshold of 2.5 mm day ! is considered for the detection of rainy days from both multi-
satellite and rain-gauge-based data. Figure 9 shows the spatial distributions of POD and
FAR in IMERG products in the detection of rainy days across India, whereas FBI and PSS
are shown in Figure 10. In general, higher POD and PSS and smaller FAR can be seen
in IMERG products across the country except for few regions. IMERG products show
smaller POD, FBI, and PSS and larger FAR over the northern India. Both near-real-time
and research products show similar characteristics in the detection of rainy days. However,
IMERG-F V6 shows marginal improvement over the IMERG-F V5 product. IMERG-F V6
shows notably better performance in rainy day detection during the GPM period than
the pre-GPM period. Interestingly, POD is relatively smaller and FBI is rather larger in
the IMERG suite over the orographic regions than the plain regions. It clearly indicates
that satellite-based product performs better over the plain regions than orographic regions
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in the detection of monsoon rainy days. FAR in the IMERG suite is smaller over the
windward side of the Western Ghats than the leeward side, but the opposite is true in
the case of PSS. Over the hilly northern part of the country (Jammu and Kashmir region),
IMERG products show exceptionally small POD, FBI, PSS, and large FAR as compared
to the rain-gauge-based dataset. However, rain gauge density is meager over this high
altitude region, and the rain-gauge-based gridded data might have larger uncertainty over
this region.
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Figure 8. Interannual variations in all-India monsoon rainfall from the IMD rain-gauge-based dataset
and IMERG-F version 6 estimates. Bias and root mean square errors in IMERG-F product for the
same period against the rain-gauge-based dataset are also shown in the figure.
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Figure 9. Spatial distributions of probability of detection and false alarm ratio in the detection of rainy days from the IMERG
estimates as compared to the rain-gauge-based data over India for the GPM (2014-2017) and pre-GPM (2010-2013) periods.
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Figure 10. Spatial distributions of frequency bias index and Peirce skill score in the detection of rainy days from the IMERG
estimates as compared to the rain-gauge-based data over India for the GPM (2014-2017) and pre-GPM (2010-2013) periods.

3.4. Error Metrics for Different Rainfall Intensity Intervals

In this section, domain-mean daily monsoon rainfall from the IMERG products has
been evaluated against the rain-gauge-based dataset for different rain intensity intervals.
IMD categorizes daily monsoon rainfall intensity into seven intervals. In this study, very
light rainfall (or traces) of less than 2.5 mm day ! is not considered due to the sensitivity
of precipitation-related satellite sensors. Additionally, two different groups, namely, very
heavy and extremely heavy rainfall intervals, have been grouped as one category for this
study due to rather less number of such events. Therefore, five rainfall intervals defined
in Table 4 have been used in this study. The evaluation is carried out for domain-mean
rainfall for all-India, central India (20°-25° N and 75°-85° E) and west coast (10°-20° N and
73°-78° E). Two domains, namely, central India and the west coast, are shown in Figure 1a.
Central India and the west coast receive a fairly good amount of southwest monsoon
rainfall, and rain gauge density over these sub-regions is good enough (e.g., Figure 1b).
Central India is a plain region, whereas the west coast is an orographic region. Central
India receives substantial monsoon rainfall associated with large-scale features such as
monsoon trough, lows or/and depressions, whereas the west coast monsoon precipitation
process is a combination of both large-scale and local-scale features. As poor rain gauge
density leads to larger uncertainty in the error characteristics [63], northeast India is not
considered. Only three IMERG estimates (e.g., V6 of IMERG-E, IMERG-L, and IMERG-F)
for 2014-2017 have been considered for this analysis.

Table 4. Five rainfall categories based on daily rainfall amounts have been used in this study. The
daily rainfall ranges for these five rain categories are adopted from the IMD. Daily rainfall less than
2.5 mm is not considered, and two rain categories—very heavy and extremely heavy—are grouped
into very heavy rain category in this study.

Rain Category Daily Rainfall Range (mm)
Light 2.5-7.5 mm
Moderate (Mod) 7.5-35.5 mm
Rather heavy (RHvy) 35.5-64.5 mm
Heavy (Hvy) 64.5-124.5 mm
Very heavy (VHvy) >124.5 mm
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Figure 11 presents the frequency of daily monsoon rainfall of distinct intensity inter-
vals and their contributions to the total monsoon rainfall for all-India and two sub-regions.
The frequency of light and moderate rain is altogether about 55-60% based on the rain-
gauge-based data, which are 40-42% from the IMERG estimates. Both near-real-time and
research products of IMERG V6 underestimate the frequency of light to very heavy rainfall
over all-India and two sub-regions. This is due to considerable overestimation of frequency
of very light rainfall of less than 2.5 mm day ! by the IMERG estimates as compared to the
rain-gauge-based dataset. Although the frequency of heavy to very heavy rainfall is 2-3%,
it contributes 20-23% of the total monsoon rainfall as inferred from the rain-gauge-based
dataset. Moderate rainfall contributes 40-50% of total monsoon rainfall. The contribution
of different rainfall intensity intervals to the total monsoon rainfall is captured well by the
IMERG estimates. However, near-real-time IMERG products overestimate the contribution
of moderate rainfall to the total monsoon rainfall over the west coast of India. Additionally,
IMERG-E and IMERG-L notably underestimate the contribution of heavy to very heavy
rainfall to the total monsoon rainfall over the west coast, whereas IMERG-F shows better
agreement with the rain-gauge-based dataset. It indicates that heavy rainfall over the
complex terrain is usually underestimated by satellite-only precipitation products.
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Figure 11. Frequency and contribution of different rainfall intensity intervals to the total monsoon
rainfall for all-India, central India, and west coast from the IMD rain-gauge-based data and IMERG
version 6 estimates for 2014-2017.

Bias and RMSE in IMERG estimates for different rainfall intensity intervals as com-
pared to the IMD rain-gauge-based dataset is illustrated in Figure 12 for all-India, central
India, and the west coast. The three IMERG estimates systematically overestimate light
rainfall and underestimate rather heavy to very heavy rainfall. Additionally, RMSE is the
largest for light rainfall, followed by moderate rainfall intensity. Interestingly, IMERG-F
shows the largest bias and RMSE compared to IMERG-E and IMERG-L over the west
coast in light rainfall estimation. It indicates that IMERG estimates under-detect and
overestimate light rainfall, which needs to be improved in the next release. However,
there is a notable reduction in bias in the IMERG-F product as compared to IMERG-E and
IMERG-L products over the west coast for rather moderate to very heavy rainfall intensities.
IMERG-L has a smaller magnitude of bias than IMERG-E and IMERG-F for rather heavy
to very heavy rainfall intensities for all-India and central India but has the largest RMSE.
These results clearly demonstrate the regional variations in error characteristics of IMERG
products associated with distinct topography and precipitation processes.
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Figure 12. Bias and root mean square errors in the IMERG version 6 estimates as compared to the
IMD rain-gauge-based data for 2014-2017 over all-India, central India, and west coast for different
rainfall intensity intervals.

4. Summary and Conclusions

India receives about 80% of its annual rainfall from the southwest or summer monsoon
spanning from June to September, which exhibits substantial spatiotemporal variability.
In addition, diverse topography and a fairly good rain gauge network make India a good
test-bed to evaluate any satellite-based precipitation product. However, very few studies
dealt with the evaluation of IMERG products for the southwest monsoon season over the
country. In this study, near-real-time (e.g., V6 of IMERG-E and IMERG-L) and research
products (IMERG-F V6 and V5) of IMERG were comprehensively evaluated against the
IMD rain-gauge-based dataset over India at a daily scale for the southwest monsoon
period. The evaluation was also carried out for pre-GPM and GPM periods. The spatial
distributions of different error metrics across the country showed similar performance by
both IMERG-E and IMERG-L estimates in precipitation estimation with marginally better
performance by IMERG-L over IMERG-E. However, near-real-time products had rather
larger errors than IMERG-F V6 estimates. IMERG-F V6 showed distinct bias patterns from
IMERG-E and IMERG-L estimates over the west coast associated with complex terrain and
precipitation processes. Bias in all-India daily mean rainfall in the near-real-time IMERG
products was about 2-3 times larger than the research product. However, there was no
considerable change in error metrics in IMERG-F V6 observed compared to the IMERG-F
V5 product. Both near-real-time and research products showed similar characteristics
in the detection of rainy days. IMERG-F V6 exhibited an overall better performance in
precipitation estimation and detection of rainy days during the GPM period (2014-2017)
than the pre-GPM period (2010-2013). Better performance of IMERG during the GPM
period than during the pre-GPM period might be due to the availability of the DPR after the
launch of the GPM Core Observatory, which provides better calibration than the TRMM-PR
for IMERG estimates.

Furthermore, IMERG products were evaluated at all-India and sub-regional scales for
different precipitation intensity intervals. The contributions of different rainfall intensity
intervals to the total monsoon rainfall were captured well by the IMERG V6 estimates
(e.g., IMERG-E, IMERG-L, and IMERG-F), but they underestimated the frequency of light
to very heavy rainfall intensities over all-India, central India, and west coast regions.
Additionally, results indicated that IMERG V6 products under-detected and overestimated
light rainfall intensity, which needs to be improved in the next release. Results of this
study clearly revealed that the error characteristics of IMERG products differ with region,
topography, precipitation process, and product release version.The results of this study
would be useful for both end-users and algorithm developers. Nevertheless, there is a
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need for an extensive evaluation of IMERG products at a sub-daily scale using radar and
automatic weather station datasets over India in order to assess their capabilities in the
diurnal cycle representation. The integration of ground-based weather radars and surface
parameters such as soil moisture and terrain elevation in the multi-satellite precipitation
product would further enhance its accuracy for hydrological applications.
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