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Abstract

Water management and risk hazard analysis demand high-resolution (spatially and temporally) rainfall. The present study
evaluates recently developed high-resolution satellite precipitation products such as global precipitation measurement (GPM),
Indian National Satellite System (INSAT) multi-spectral rainfall algorithm (IMR), INSAT hydrometer estimation method
(HEM), and Tropical Rainfall Measuring Mission (TRMM) for Indian summer monsoon during 2014-2019 against India
Meteorological Department (IMD) gridded product. Overall, the GPM is remarkably captured spatial distribution of seasonal
mean rainfall over India and monsoon dominated zones (i.e. western ghats, eastern and central India). Most satellite products
overestimated the seasonal rainfall except the GPM (6.8 mm day~'), closely matched with IMD rainfall (6.5 mm day™}).
GPM is skillful for different rainfall categories such as light (<7.5 mm day~!), moderate (7.6-64.4 mm day~'), and heavy
(> 64.5 mm day~!) on monthly and seasonal scales over all homogeneous regions. In case of INSAT products, the HEM
showed improved results than the IMR for all the rainfall thresholds in all homogeneous regions. Similarly, the evaluation
of satellite products for (deficit-year (2015) and normal-year (2016) reveals that GPM is superior to both the INSAT and
TRMM rainfall products. The analysis of daily rainfall extremes indicates that GPM rainfall could replicate the same for the
lowest, normal and highest rain categories compared with the others. The performance of INSAT rainfall can be improved
by merging with rain-gauge data, suitable bias corrections, and providing hydrometeors information.

1 Introduction

Precipitation is an essential meteorological parameter not
only in the view of energy generation, and water manage-
ment but also in the view of socio-economic impact over
India (Gadgil and Kumar 2006). During the summer mon-
soon season (June—September, hereafter JJAS), the Indian
landmass receives a maximum amount of rainfall (~80%
of the annual total rainfall) with significant spatio-temporal
variability (Krishnamuthy and Shukla 2007, Turner and
Annamalai 2012, Guhathakurta and Rajeevan 2008). The
variability of Indian summer monsoon rainfall IMSR) at the
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regional scale is necessary for the hydrological cycle (Liu
et al. 2017; Larson and Peck 1974; Jiang et al. 2012) and
demands a good observational network. The conventional
rain gauges are limited and irregularly spaced with irregular
maintenance over India. Though radars are providing high-
resolution information, it has failed to cover a large area
(confined to a few hundred km (250-500 km), Tapiador et al.
2012). The satellite measurements overcome this problem
and providing rainfall data continuously as a substitution to
the in situ data at reasonable temporal and spatial resolu-
tion (Huffman et al. 2015). Accurate and reliable rainfall at
possible high spatio-temporal resolution boosts hydrological
studies and numerical weather prediction (NWP) at various
temporal scales (Krishnamurthy and Kinter 2003).
Worldwide, many operational centres develop and
improve satellite-derived rainfall products at various tem-
poral and spatial resolutions (Sun et al. 2018). The Tropical
Rainfall Measuring Mission (TRMM) is the one that has a
significant contribution to the scientific community in pro-
viding rainfall data by combining both Infrared and micro-
wave information (Kummerow et al. 1998). The improved
TRMM product uses rain-gauge observations (Huffman
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et al. 2007) that has been widely accepted and used by the
research, scientific, and real-time application purposes
(Dinku et al. 2008; Nair et al. 2009; Rahman et al. 2009;
Mitra et al. 2009; Houze 2012; Mitra et al. 2013; Uma et al.
2013; Gairola et al. 2014; Derin and Yilmaz 2014; Mei et al.
2014; Prakash et al. 2015b, c,a). This rainfall estimation is a
well-accepted data set and widely used in monsoon studies
(Prakash et al. 2015a, b) and tropical cyclones (Ankur et al.
2020, Osuri et al. 2020), etc.

In recent years, Huffman et al. (2015) developed Inte-
grated Multi-Satellite Retrievals for Global Precipitation
Measurement (IMERG/GPM, hereafter GPM) by merging
the precipitation information from the satellite network. It
is known that GPM is the successor of the TRMM satellite
with significant improvement both in spatial (0.1°x0.1°)
and temporal (30 min) resolution. Due to its high spatio-
temporal resolution, recent studies have widely used the
GPM in the field of weather forecasting (Bushair et al.
2019), validation of model outputs (Mukhopadhyay et al.
2019), hydrological cycle management (Lakshmi Kumar
et al. 2014; Singh et al. 2018) and decision-making applica-
tions (Reddy et al. 2019; Thakur et al. 2020). Recently, the
Indian Satellite Research Organization (ISRO) has started
developing rainfall products such as Indian National Satellite
System (INSAT) Multispectral Rainfall Algorithm (hereafter
IMR), and INSAT Hydrometer Estimation Method (hereaf-
ter HEM) using INSAT-3D information over land and ocean
(Kumar and Varma 2017). Mitra et al. (2018) demonstrated
that the IMR product is better for light to moderate rainfall,
while HEM is good for heavy rainfall over India.

IMD has been preparing the gridded rainfall dataset based
on a variable network of rain gauge stations. Rajeevan et al.
(2006) developed the gridded daily rainfall at a spatial reso-
lution of 1° X 1°. With the increase in the rain gauge net-
work, the rainfall dataset has been updated from time to
time to 0.5°x 0.5° (Rajeevan et al. (2009), and then recently
to 0.25°x0.25° resolution (Pai et al.2014). The dataset has
been widely used to estimate/validate remote sensing, anal-
ysis/re-analysis, and modelled rainfall products (Prakash
et al. 2015b, c, a; Uma et al. 2013; Rajeevan et al. 2006).
This dataset has also played a vital role in understanding the
hydrological cycle and climate variability of a region (Pai
et al 2015; Lakshmi Kumar et al. 2014). IMD data showed a
correlation of more than 0.80 against the global dataset (Pai
et al. 2014). The performances of satellite rainfall products
compared with the Indian Meteorological Department (here-
after IMD) rainfall are examined over central India (Prakash
et al. 2015b, ¢, a; Kumar et al. 2019; Thakur et al. 2020).

The objective of the study is to assess the accuracy and
reliability of recently developed satellite (GPM and INSAT-
3D) rainfall products against IMD gridded rainfall (Pai et al.
2014, 2015) as well as established TRMM rainfall. Besides,
the study also addresses the performance of the satellite
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products for (1) different monsoon homogeneous regions of
India at different temporal (daily and inter-seasonal) scales
and (2) extreme (deficit and normal) monsoon years during
2014 —2019. This study identifies the reliability of satellite
products for hydro-meteorological applications and valida-
tion of high-resolution models over the Indian region.

2 Data

IMD collects rainfall information from the dense network
of rain gauge stations (about 6955) maintained not only by
IMD but also by academic and research organisations of
India. Each rain gauge data undergoes two types of tests:
the verification of station location and the second one is
the quality control test of rainfall. During quality control,
check for the extreme value, duplicate station, typing, and
coding errors, missing data, etc. The quality controlled data
are interpolated to the regular grids using Shepard inter-
polation method (Shepard et al. 1968) to prepare gridded
product (Rajeevan et al. 2006, 2009; Pai et al. 2014, 2014).
The dataset mainly covers Indian landmass (6°N-35°N and
66°E — 95°E). Thus, the IMD dataset has been chosen as a
reference to evaluate the satellite rainfall products.

The GPM version 7 rainfall data was jointly developed by
the National Aeronautics and Space Administration (NASA)
and the Japan Aerospace and Exploration Agency (JAXA)
for global converge of 60°S—60°N at 0.1° X 0.1° spatial res-
olution and half-hourly temporal resolution and launched
in 2014. GPM is a merged product of passive microwave
(PMV) and Infrared (IR) sensor estimators. IMERG data
are available as early (IMERG-E), late IMERG-L) and final
(IMERG-F) products after 4 hourly, 18 hourly, and 3 months
from the observation time, respectively (Huffman et al.
2020). For the present study using a half-hourly IMERG-F
product. The daily rainfall product of TRMM Multi-satellite
Precipitation Analysis (TMPA-3B42, Huffman et al. 2007) is
estimated from the Thermal Infrared (TIR) and Microwave
sensors information (given in Tablel). TRMM is available
in 3 hourly, daily, and monthly manner with an interval of
0.25° % 0.25° spatial resolution with a spatial coverage of
50°S-50°N and 0°-360° E.

The Indigenous INSAT-3D, from the INSAT series of
satellites, was launched in July 2013 by ISRO. The HEM and
IMR rainfall products have been preparing using different
algorithms at a spatial resolution of ~0.1°x0.1° in differ-
ent time intervals (half an hour, daily, weekly and monthly)
and available at https://www.mosdac.gov.in. The IMR uses
TIR and water vapour (WV) sensors to classify the cloud
categories, such as convective, deep convective, low-level
clouds, and cirrus clouds (Roca et al. 2002). The IMR algo-
rithm is carried out with two-step procedure with a spa-
tial coverage of 40°S—40°N and 30°E-120°E. In the initial
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Table 1 Temporal and spatial resolution of satellite rainfall estimation products

S.no Satellite precipitation Channel used

Spatial resolution Temporal

Spatial coverage Data availability (years)

product (degrees) resolution (degrees)
(minutes)
1 Hydro estimator TIR and NWP model 0.1°x0.1° 30 81°S — 81°N and 2014 — present
3°-163°E
2 INSAT multi-spectral TIR and WV 0.1°x0.1° 30 30°E —120°E and 40°S 2014 — present
rainfall algorithm —40°N
(IMR)
3 Tropical rainfall IR and MW 0.25°x%0.25° 180 50° S-50° N and 0°-360° 1997 — 2019
measurement mission E
(TRMM)
4 Integrated multi-satellite IR and MW 0.1°x0.1° 30 60° S — 60° N and 2014 — present
retrieval for global 0-360°E

precipitation measure-
ment (IMERG)

step, the rain/no rain areas are identified based on IR-based
Cloud Top Brightness Temperature (CTBT) and optimizes
rain clouds’ nature and location (Ba and Gruber 2011). In
the second step, a relationship is established between TIR
and Precipitation Radar (PR) observation, called the power
law regression equation.

R =16.6614 x exp [~(CTBT) — 204.57)/16.52688],

where R is the rain rate (in mm h™"), and BT is the cloud top
brightness temperature of the TIR channel (in K). The major
source of error in this scheme could be the incorporating
cirrus clouds that produce ice crystals that evaporate before
reaching the ground (Barret and Martin 1981).

HEM is an operational product with a spatial coverage
of 81°S-81°N and 3°E-163°E. The HEM algorithm uses
TIR information and numerical forecasts at high spatial and
temporal resolutions. The algorithm is improved by several
corrections such as (1) warm rain correction, (2) orogra-
phy correction, and (3) dry Atmospheric correction using
relative humidity data from NWP model output (Kumar and
Varma 2017). The detailed information on satellite products
is given in Tablel.

3 Methods

The spatial scales of satellite products are different; hence
they are interpolated to the IMD rainfall grids (~25 km)
using bi-linear interpolation for homogeneous comparison.
The ocean/sea region is masked in all the satellite products.
Various traditional statistical metrics (bias, correlation coef-
ficient (CC), and root-mean-square error (RMSE)) are used,
along with skill metrics for different rainfall categories.
A 2x2 contingency table (Table 2) is constructed for the
number of hits (occurrence in both satellite and observed),

Table 2 Contingency table for satellite and observation data

Satellite Observation
Rain No rain
Rain Hit False alarm
No rain Miss Correct negative
Total Hit + miss + false alarm + correct negative

misses (occurrence in observation but no occurrence in sat-
ellite), false alarms (occurrence in satellite but no occur-
rence in observation) and correct negative (no occurrence in
both). Based on these metrics, accuracy (ACC), probability
of detection (POD), false alarm ratio (FAR), and equitable
threat score (ETS) are estimated as follows:

ACC = hits+correct negative/total

POD = hits/hits + misses

FAR = false alarm/hits+ false alarms

ETS = hits — hits random/hits + misses + false alarms

Hits random = (hits + misses) X (hits + false alarms)/N.

The POD represents the correctly detected events of a
particular rainfall threshold and ranges from O to 1, 0 means
no skill and 1 is a perfect score. FAR describes the fraction
of rainfall detected by satellite but not present in observa-
tion, ranging from O to 1, O indicates a perfect score. ETS is
the fraction of both observed and satellite captured events
(captured correctly). It is sensitive to hits and ranges from
—1/3 to 1, O indicates no skill, and 1 is a perfect score.

The performance of satellite rainfall products is also veri-
fied for different categorical rainfall activities over India.
In this analysis, IMD defined rainfall categories (based on
seasonal rainfall and their inter-annual variations during
the summer monsoon) are used. According to IMD crite-
ria, the rainfall thresholds considered in the study are light
(<7.6 mm day_]), moderate (7.6 — 64.4 mm day_]), and
heavy (> 64.5 mm day_') rainfall (Mitra et al. 2018). Note
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that the heavy rainfall category includes heavy, very heavy,
and extremely heavy rainfall values.
4 Results and discussion

4.1 Spatial and temporal distribution of seasonal
rainfall

The spatial and temporal distribution of seasonal rainfall
from different satellite products is evaluated against IMD

Fig. 1 Spatial distribution of

rainfall over India from 2014 to 2019 and presented in
Fig. la—e. The observational (IMD) rain revealed, during
the season, the maximum rainfall (> 16 mm day_l) received
along the west coast of India and some parts of the north-
eastern parts of India. A minimum rainfall (<4 mm day™!)
received in the north, northwest, and south peninsular
regions (Fig. 1a). Around 4-16 mm day ™' rainfall is received
over central India and along the foothills of the Himalayas,
which can be attributed to the movement of the monsoon
trough (Fig. 1a). There is a strong gradient in JJAS rainfall
from the southeast (more rainfall) to northwest (less rain) is

summer monsoon rainfall using 40N
a IMD, b GPM, ¢ TRMM, d
HEM, and e IMR over India
during 2014-2019. Numbers
in the top-right corner of each 30N
subplot indicate all-India sea-
sonal mean rainfall and standard
deviation. There are six mon-
soon homogeneous regions such 20N -
as Hilly, North West (NE), West
Central (WC), Central North
East (CNE), North East (NE),
and Peninsular India (PEN) are 10N
represented in the subplot (a)
70E 80E 90E 100E
(b) GPM (c) TRMM
40N 40N
30N 30N
20N 20N
32
16
10N — 10N —
8
T T T ‘ T T T
70E 80E 90E 100E 70E 80E 90E 100E 4
(e) IMR
40N 40N 2
1
30N 30N ~0.5
20N 20N
10N 10N —
T T T T T T
70E 80E 90E 100E 70E 80E 90E 100E
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observed in the IMD observations (Fig. 1a). The boundaries
shown in Fig. 1a are representing the six different monsoon
homogeneous regions, namely Hilly, North West (NE), West
Central (WC), Central North East (CNE), North East (NE),
and Peninsular India (PEN).

The GPM and HEM satellite products have reasonably
captured the spatial pattern of seasonal rainfall over India
as in the observation (Fig. 1b, d). However, a slight overes-
timation in HEM rainfall is noticed (Fig. 1d) and could be
attributed to the HEM product considering numerical fore-
casts to combine TIR and WV channels information (Singh
et al. 2018). Another reason could be the lack of appropriate
hydrometeor information in this product. The orographic
rainfall along the west coast, northeast and foothills of the
Himalayas were captured in GPM (16-32 mm day "), while
scattered rainfall of a similar amount is noticed in HEM.

On the other hand, the TRMM and IMR products are
unable to capture orographic rainfall, particularly along the
west coast of India (Fig. 1c, e). Previous studies have also
highlighted the difficulty in estimating precipitation over
complex topography/orography regions and is attributed to
the TRMM rainfall algorithms (Dinku et al. 2008; Derin and
Yilmaz 2014). Unlike other products, the IMR overestimates
rainfall in the monsoon-core region (central parts) of India
by 10-12 mm day~' as compared to the IMD rainfall. IMR
rainfall estimation scheme depends mainly on the CTBT
temperature. TIR and WV sensors are getting information
from the rainfall producing CTBT and CTBT of cirrus (high
level) clouds. Since the cirrus clouds are wispy and contain
ice crystals will enhance CTBT temperature. These clouds
are produced ice crystals that evaporate before landing on
the ground. The algorithm which is using only CTBT for
detecting rainfall areas without analysing the cloud system
results, either overestimation or underestimation of rainfall
over aregion (Vicente et al 1998). Therefore, the algorithm
is showing more rainfall estimation. All the products exhib-
ited the southeast to northwest rainfall gradient during the
season.

The probability density function (PDF) of bias (obtained
as satellite minus IMD rainfall), RMSE, and CC of satel-
lite products against IMD rainfall are shown in Fig. 2a—c.
It reveals that the GPM rainfall shows less bias (close to
zero at 75% frequency), less RMSE (7 mm day~! at 50%
frequency), and higher correlations (0.37 at 20% fre-
quency) for all India rainfall. The TRMM and HEM fol-
low the GPM rainfall in capturing all India rainfall. It is
to be noted that the IMR exhibited a broader PDF for bias
(10-15 mm day~! at 15%), higher RMSE (10-30 mm day~!
at 15%, and less CC (0.21 at 25% frequency). GPM has cap-
tured the all-India seasonal rainfall (6.8 mm day_l) and its
inter-annual variability (standard deviation, 3.1 mm day_l)
and close to that of the IMD rainfall (6.7 mm day~' and
3.0 mm day !, respectively) (Fig. la—e). While the seasonal

60 ==GPM==IMR
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Fig.2 The probability functions of seasonal mean a bias (obtained as
satellite minus IMD), b RMSE and ¢ CC for GPM (green), TRMM
(blue), HEM (orange), and IMR (red). These error statistics are calcu-
lated against IMD rainfall

all-India rainfall is overestimated in TRMM (7.6 mm day_l),
HEM (8.4 mm day~!), and IMR (14.2 mm day~!) products.
More substantial inter-annual variability of these products
indicates that all these satellite products could identify
extreme rainfall in India. The mean error statistics of sat-
ellite rainfall are computed against IMD along with 99%
confidence intervals (Table 3). Among four satellite prod-
ucts, GPM shows less bias (0.21 +£0.2) mm day‘l, RMSE
(7.4+0.36) mm day!, and higher CC (0.7 +0.01). The
TRMM rainfall also exhibits fewer errors; RMSE ranges
9.1+0.55 mm day~', and CC ranges 0.56 +0.11. How-
ever, TRMM and HEM rainfall bias is slightly higher
(> 1.5 mm day_'). On the other hand, the IMR rainfall has
exhibited noticeably higher errors than the other products.
Figure 3 illustrates the PDF (%) of categorical (light,
moderate, and heavy) rainfall on a monthly scale from four
satellite products. The frequency of light rainfall is slightly
higher in GPM throughout the JJAS months (Fig. 3a). The
HEM is consistently better than the others for light rain
in all the months, exhibiting a similar frequency as that
of observation (Fig. 3a). The TRMM is better in June
and September (onset and withdrawal months), while
it is underestimated in July and August (active) months
(Fig. 3a) for all rainfall categories. The IMR frequency
is consistently less in all the months (Fig. 3a). In the case
of moderate rainfall category, GPM, HEM lacks the fre-
quency of occurrences in all the months, while the TRMM
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Table 3 Statistical errors of Indian summer monsoon rainfall are given along with 99% significance

Satellite precipitation product Bias (99% confidence) RMSE (99% confi- CC (99% confidence)
dence)
Integrated multi-satellite retrieval for global precipitation 0.25 (0.2) 7.2 (0.37) 0.73 (0.01)
measurement (IMERG)
Tropical rainfall measurement mission (TRMM) 2.2(0.43) 9.3 (0.55) 0.59 (0.01)
Hydro estimator 1.3 (0.53) 13.0 (0.86) 0.48 (0.02)
INSAT multi-spectral rainfall algorithm (IMR) 10.1. (1.13) 21.2 (1.68) 0.33 (0.02)
99% confidence interval is shown in the parenthesis
(a) Light (b) Moderate (c) Heavy
= 2 40+ 81
X 50+
> J 64
2 40+ 30
1]
% 304 20+ 44
= 201
10 9 24
10+
0- 0- .
June July Aug Sep June July Aug Sep June July Aug Sep
Months
I IMD I GPM N TRMM HEM I IMR

Fig.3 Month-wise probability density function (%) of all-India mean seasonal rainfall from IMD, GPM, TRMM, HEM, and IMR for a light, b

moderate and ¢ heavy rainfall categories

is relatively better in capturing the moderate rainfall when
compared with IMD rainfall (Fig. 3b). The heavy rain-
fall category is less evident in IMD when compared to
light and moderate rainfall (Fig. 3c). The GPM could
show a similar frequency of heavy rainfall episodes in all
the months (Fig. 3c). The heavy rainfall category in the
sub-season is overestimated by TRMM and INSAT-3D
rainfall products (HEM and IMR). Among the products,
the TRMM shows consistent behavior for heavy rainfall,
particularly in June and September with overestimation
in July and August months. These results are consistent
with the previous study by Mitra et al. (2018). It is wor-
thy to note that the TRMM performance is better in the
onset (June) and withdrawal (September) months than the
active monsoon months (July and August) for all rainfall
categories.

The contingency statistics for categorical rainfall are
presented in Fig. 4. Inter-comparison of the products indi-
cates that the GPM, TRMM, HEM and IMR exhibited
higher POD with relatively smaller FAR and high ETS in
identifying the light rainfall (Fig. 4a). The light rainfall
in the monsoon season is comparatively well detected in
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GPM (~70%), followed by TRMM (60%), HEM (50%),
and IMR (50%), respectively. The GPM is more skilful
about 0.35 than the other rainfall products whose ETS is
less than 0.25 for light rainfall (Fig. 4a). In the case of
moderate rainfall, the data products exhibit reduced skill
scores in terms of POD and ETS. Though the detection
of moderate rainfall in GPM is less (45%), the FAR is
minimum among all the products. The TRMM exhibits
a higher detection rate of 55% with slightly higher FAR
(~60%). Though the HEM and IMR products are rela-
tively better in detecting moderate rainfall (48-50%), the
FAR is also higher (> 60%). However, the ETS is more
or less the same for GPM, TRMM and HEM, while it
is much higher (~0.25) for IMR (Fig. 4b). The higher
ETS skill in the case of IMR for moderate rainfall could
be attributed to its overestimation. The heavy rainfall is
well detected in TRMM and HEM products at 30-35%
(Fig. 4c). The GPM is also relatively better for heavy
rainfall by ~22%. While the IMR is relatively poor for
detecting heavy rainfall episodes (Fig. 4c). Considering
the FAR, all the products show 90% of false signals for
heavy rainfall activity during monsoon season.
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Fig.5 Average rainfall Errors at daily scale for different monsoon
homogeneous regions a Peninsular (PEN), b Northeast (NE), ¢ Hilly,
d West Central (WC), e North West (NW), and f Central Northeast

4.2 Evaluation over monsoon homogeneous
regions of India

In addition, the study analyses the performance of satellite
products over the above shown six monsoon homogene-
ous regions (Fig. 1a). The rainfall exhibits high variabil-
ity in spatial and temporal scales. For example, complex
topography such as Western Ghats, Eastern Ghats and the

Days (JJAS)

(CNE) from GPM (green), TRMM (blue), HEM (orange) and IMR
(red). The error is calculated against IMD rainfall

Himalayas in India plays a crucial role in rainfall inten-
sity and distribution, while the southern peninsular region
receives less rainfall (Gadgil 1977). The classification of
homogeneous regions is based on similar rainfall charac-
teristics and regional/global teleconnections with monsoon
rainfall and is adopted from Parthasarathy et al. (1995).
The temporal variation of mean monsoon rainfall for IMD
(black), GPM (green), TRMM (blue), HEM (orange) and
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IMR (red) is shown in Fig. 5 and corresponding error PDFs
for six homogeneous monsoon regions are in Fig. 6. All
the SPPs are following IMD rainfall (gradual increasing
rainfall from June to August and decreasing from August
to September) in estimating the daily rainfall with different
magnitudes (Fig. 5 a — ). GPM captures the seasonal mean
rainfall reasonably as compared to other satellite products.
GPM is shown to have a closer relationship with IMD in six
homogeneous regions than other products. GPM over all
the regions has been shown comparatively less error (about
zero) at high frequency over most of the sub-regions (Fig. 6
a—1f).

The grid-to-grid errors obtained from the GPM are low
RMSE and bias, and high correlation values (shown in
Fig. 7) over all regions. Such better performance could be
attributed to the procedure involved in developing of GPM
products, as discussed above. The rainfall estimations from
TRMM, HEM, and IMR show overestimation on a daily
scale over all regions of India. TRMM, HEM, and IMR have
shown less frequency for less rainfall error (as shown in
Fig. 5) and a higher bias, RMSE and reasonable correlation
values (shown in Fig. 7). The reason for overestimation is
that TRMM, HEM and IMR rainfall algorithm mainly uses
TIR channel rainfall information which computes the cloud
top brightness temperature (CTBT) (Gairola et al. 2015).
The CTBT is more in all homogeneous regions because

(a) PEN

1 1 1 1

the Arabian Sea and Bay of Bengal branches bring more
moisture towards India, resulting in the formation of clouds
(Gadgil and Kumar 2006). On the other hand, the HEM
is carried out with several corrections such as orographic
correction and atmospheric correction (Kumar and Varma
2017) which results in the HEM into a better analysis com-
pared with IMR in estimating the ISMR.

Figure 8 represents the frequency distribution of monthly
(JJAS) rainfall for light, moderate and heavy rainfall catego-
ries over different homogenous regions of India. Here, GPM
is performing well over all sub-regions in estimating the
light, moderate categories than other products in all months
and followed by TRMM, HEM and IMR. For heavy rainfall,
HEM and IMR have been completely overestimated. Among
the four satellite products, GPM is showing close agree-
ment in estimating JJAS rainfall with IMD for all rainfall
thresholds over all regions of India. Furthermore, the per-
formance of satellite products for light, moderate and heavy
rainfall thresholds have been estimated in terms of POD,
FAR, and ETS for the season. The averaged skill scores are
discussed in Fig. 9. It is noticed that for the light rainfall
category, GPM is showing reasonably good agreement over
all regions (with a high POD (80%), low FAR (10%), and
higher ETS (0.75) as compared to others except over the NE
region (with a poor POD (40%), higher FAR and less ETS).
A recent study by Prakash et al. (2018) pointed out that the

(b) NE

===GPM ===IMR
w==HEM ===TRMM

(c) Hilly

Frequency (%)
8

s

&

(f) CNE

Error (mm.day'1)

Fig.6 Error PDFs of seasonal rainfall of GPM, TRMM, HEM and IMR over six homogeneous regions a PEN, b NE, ¢ Hilly, d WC, e NW, f

CNE. The error is calculated against IMD rainfall
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Fig.7 Gird-wise errors of satel-
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SPPs (GPM, and TRMM) are facing difficulties in the rain
detection process over the PEN and NE regions of India.
The HEM showed better categorical verification statistics
over the NE region and could be due to orographic and
atmospheric corrections in rainfall estimation (Prakash et al.
2015b, c, a). In the case of moderate rainfall, both GPM and
TRMM estimates can capture the satellite estimated values
with slight variations between them. For instance, NE, Hilly,
and WC regions show higher POD values in the TRMM
product. Contrastingly, FAR shows the lower values for the
GPM product. It infers that both the GPM and TRMM detect
the rainfall events in more or less uniform. Considering the
heavy rainfall, GPM, TRMM, HEM and IMR products are
unable to predict the rainfall events in all homogeneous
regions. For example, TRMM and IMR products are unable
to capture the rainfall occurrence over the PEN and CNE
regions (Fig. 9). It is further noticed that for the higher rain-
fall category, all the remaining satellite products also showed
poor performance when compared to each other.

4.3 Evaluation of rainfall products in extreme
monsoon years

In addition, the present analysis is extended to check the
reliability of satellite products in estimating the summer
seasonal rainfall during deficit and normal years. Accord-
ing to IMD, 2015 and 2016 are deficit and normal years and

L

Homogeneous regions

received the monsoonal rainfall of about 86.4 and 97%. Fig-
ure 10a—h shows the statistical analysis of JJAS rainfall dur-
ing 2015-2016. Among all the satellite products, the GPM
performs better in both deficit (2015) and normal (2016)
monsoon years with lower RMSE (18.4 mm day~! and
19.4 mm day~! respectively). The TRMM rainfall exhibits
higher RMSE (> 22 mm day~!) for both deficit and normal
years, slightly higher than the GPM. The IMR performs bet-
ter for deficit years with less RMSE (20.7 mm day "), which
is higher (37.5 mm day ™) for a normal year (Fig. 10d). The
HEM has resulted in higher errors, unlike the other prod-
ucts. Comparison of bias among the products, the GPM
shows the least bias of + 0.6 mm day~! and + 0.2 mm day ™',
respectively, for the deficit and normal years (Fig. 10a,
e). The IMR rainfall is highly biased (10.4 mm day™') to
show excess rainfall in a normal year compared to the oth-
ers (Fig. 10h). The PDFs suggest that rainfall events of
12 mm day~"! are frequent (10%) in deficit year (Fig. 10i),
while 8—10 mm day~! is common at 12% in the normal year
(Fig. 10j) as revealed from IMD. Similar rainfall occurrence
(about 10 mm day™') is seen in GPM product at a similar
frequency in deficit year and slightly higher frequency in a
normal year. In contrast, the TRMM rainfall indicates higher
rainfall activity (14—15 mm day~') with 7-10% frequency
in both deficit and normal years (Fig. 101, j). HEM shows
similar rainfall activity as seen in the IMD with less fre-
quency. In the case of IMR, the rainfall PDF in the deficit
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year is relatively better than the normal year. In the normal
year, the IMR shows higher rainfall activity (20 mm day_l)
at less frequency.

The spatial distribution of seasonal mean rainfall for light
and moderate categories for the deficit and normal years
are presented in Fig. 11. Note that there is no heavy rain-
fall (> 64.5 mm day~!) during these both deficit and normal
years. The pattern correlation for light rainfall threshold in
normal (deficit) year obtained from the GPM, TRMM, HEM
and IMR are 0.85 (0.71), 0.71 (0.54), 0.66 (0.45), and 0.60
(0.39), respectively, over India. Similarly, for moderate rain-
fall 0.71 (0.58), 0.30 (0.43), 0.15 (0.28), —0.34 (0.14). The
spatial patterns of light rainfall are well captured in GPM
for deficit (Fig. 11a—e) and normal (Fig. 11f—j) years. While
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the TRMM, HEM, and IMR appear to be better in replicat-
ing the patterns over northwest and southern parts of India
but are poor over Gangetic plains of India in deficit year.
The representation of light rain in a normal year by these
products is poorer than that in a deficit year. The moder-
ate rainfall is mainly confined to the west coast, central and
northeast parts of India as revealed in the IMD rainfall in
deficit and normal years (Fig. 11k, p). Similar spatial pat-
terns are realistically drawn in GPM rainfall in both deficit
and normal years, followed by the TRMM rainfall. Compar-
ing INSAT-3D rainfall products, the HEM appears better
than IMR in representing moderate rainfall for the deficit
and normal years. IMR overestimates the observed rainfall
noticeably.
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Fig.9 Skill scores (POD, FAR and ETS) of area averaged seasonal
rainfall (mm day~!) over homogeneous regions for a light rainfall b
moderate and ¢ heavy rainfall over Peninsular India (PEN). d-f, g-i,

4.4 Evaluation of satellite rainfall products for daily
extreme rainfall activity

Monsoon is known to produce heavy to very heavy rain-
fall across the various temporal scales starting from daily to
seasonal. The daily extreme rainfall activity causes loss of
lives and property due to flash floods, landslides, etc. There-
fore, the value of the satellite products has been evaluated
in representing the daily extreme rainfall events. Goswami
et al (2006) demonstrated that the rainfall (RF) in central
India (75.30°E-86.63°E, 16.92°N-26.43°N) represents all
India average rainfall during summer monsoon. Therefore,
this region is considered for this analysis. For this, we have

h-1, m—o, and p-r are same as a—c but for NE, Hilly, WC, NW, and
CNE regions, respectively

divided the rainfall activities as lowest rain, normal rain and
highest rains in central India based on standard deviation
(std) values. The rainfall extremes vary from place to place
within the season. Hence, the rainfall extremes are defined
as follows.

Lowest rain activity: rainfall <RF ., —RF,.

Normal rain Activity:
RF, can—RFq <Rainfall > RF .. +RF,.

Highest rain Activity: rainfall > RF, .., + RF4

RF, .., and RF; have represented the mean and stand-
ard deviation of rainfall. Figure 12 shows the cumulative
distribution function (CDF) of daily rainfall for (a) lowest

rain (b) normal rain, and (c) highest rain from the satellite
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Fig. 10 Verification of area averaged daily JJAS rainfall from a GPM,
b TRMM, ¢ HEM, and d IMR products against IMD rainfall for defi-
cit year (2015) and normal year (2016). Respective RMSE and cor-

precipitation products (GPM, TRMM, HEM, and IMR)
along with the IMD observation from 2014 to 2019. As
observed from IMD, the mean daily rainfall over central
India during the monsoon season is ~7.1 mm, with a stand-
ard deviation of ~5.2 mm. As seen in the earlier analysis,
the GPM could capture the mean rainfall and its variation
(7.4 and 5.6 mm) as observed. The remaining products show
higher magnitudes in terms of mean and standard deviation.
For instance, the TRMM-derived mean rainfall is 8.8 mm
and the standard deviation is 6.8 mm. Similarly, the IMR
and HEM could show much higher mean rainfall activity
(21.5 and 12 mm) and standard deviation (18 and 10.3 mm,
respectively).

The CDF indicates that the lowest rains daily lie within
5 mm in the IMD observations. Though the GPM slightly
underestimates the same, it follows the IMD pattern with
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Rainfall (mmday~1)

rection are given in each plot. PDF (%) of rainfall occurrence from
GPM, TRMM, HEM and IMR products are for i deficit year and j
normal year

good agreement. The TRMM and IMR overestimate (up
to 8.5-10 mm) the lowest rains for any CDF value when
compared with IMD. The HEM appears to be better for the
rainfall up to 2.5 mm after which it overestimates the low-
est rains (Fig. 12a). Considering normal rainfall, both GPM
and TRMM replicate the observed (IMD) rainfall pattern
confining to the rainfall activity of 7-27 mm, while the
IMR and HEM highly overestimate the normal daily rainfall
(Fig. 12b). Similarly, the GPM and TRMM perform better
in capturing the highest rains in a day. There is a noticeable
difference between the IMR/HEM and IMD CDFs, indicat-
ing an overestimation of the INSAT-derived rainfall products
(Fig. 12¢). Overall analysis demonstrates that the GPM can
capture all categories of daily rainfall activity compared with
other satellite rainfall products. Higher standard deviations
in the case of INSAT-rainfall products indicate its capability
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to capture maximum extremes of daily rainfall compared to
GPM and TRMM.

5 Summary and conclusions

Satellite-derived rainfall products have been useful and
act as an alternative tool for understanding the monsoon
rainfall characteristics (Intra-seasonal oscillations) and
evaluating the model rainfall products. The present study
assesses the advantage of using high-resolution satellite
rainfall products over the Indian regions.

In this study, four satellite-derived rainfall products
namely, GPM, IMR, HEM, and TRMM were evaluated
against IMD rainfall during 2014-2019. The evaluation is

carried out at daily, monthly and seasonal scales over dif-
ferent homogeneous rainfall regions. The GPM product has
shown good performance in capturing the mean spatial fea-
tures such as orographic rainfall over India on a seasonal
scale, with less bias (0.25), RMSE (7.2) and a higher cor-
relation coefficient (0.73) as compared to the other satel-
lite products. The GPM has reasonably captured All-India
rainfall at daily, monthly, and seasonal scales than the others.
Furthermore, categorical skill scores such as POD, FAR,
and ETS reveals that GPM can identify light and moderate
rainfall better with a high POD (80%), less FAR (10%), and
high ETS (75%) than the other satellite products. The heavy
rainfall (> 64.5 mm day™") is not captured well in all the
satellite products.
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Fig. 12 The cumulative distribution function (CDF) of daily rainfall
over central India for a lowest rain, b normal rain, and ¢ highest rain
from GPM, TRMM, HEM, and IMR products along with the IMD
observation. X-axis indicates the rainfall in mm

The evaluation of satellite rainfall over six homogene-
ous regions (PEN, NE, Hilly, WC, NW, CNE) of India
reveals that the GPM has shown reasonable accuracy (high
CC, lower bias and RMSE) over all homogeneous regions
when compared with IMD. Considering categorical skill
scores over all regions, the GPM performs well for light
and moderate rainfalls with high POD, less FAR and high
ETS than other satellite products. In case of heavy rain-
fall, all the satellite products have shown poor skill scores,
however, the GPM is comparatively better.

The rainfall products are also evaluated for extreme mon-
soon years and realized that the rainfall in deficit and normal
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years is better represented by the GPM than TRMM, HEM,
and IMR. The PDF of rainfall occurrences also indicates
better GPM rainfall performance (10-14%) with that of IMD
(9-12%) in extreme years. IMR shows poor performance
for a normal year, whereas for deficit year, IMR and HEM
perform well with rainfall underestimation. The analysis of
the extremes also indicating that GPM is performing bet-
ter estimator and followed by TRMM. The HEM and IMR
products could capture extremely heavy rainfall, because of
their higher standard deviation values. Overall results reveal
that the GPM can show the spatial and temporal structures of
rainfall followed by TRMM, HEM and IMR. Note that the
accuracy may vary when considering the long-term dataset
in the verification. It is envisaged that the performance of
HEM and IMR products may be improved by merging with
rain-gauge data, adopting suitable bias correction and intro-
ducing hydrometeors information.
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