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ABSTRACT

This study aims to create a 21-year, high spatiotemporal resolution Global
Satellite Mapping of Precipitation (GSMaP) rainfall product adjusted by rain
gauge measurements over the Indian mainland. The targeted resolutions of the
GSMaP are hourly and 0.1°× 0.1°. The National Oceanic and Atmospheric
Administration (NOAA) Climate Prediction Center (CPC) daily gauge analysis
(0.5° × 0.5°) and Indian Meteorological Department (IMD) daily gridded rainfall
product (0.25° × 0.25°) were utilized to generate two long-term rainfall prod-
ucts, GSMaP_CPC and GSMaP_IMD rainfall, respectively. After preliminary
verification of the GSMaP_CPC and GSMaP_IMD rainfalls with IMD gauges,
these rainfall products are evaluated for the Indian Summer Monsoon (ISM) pe-
riods of 2000–2020 with comparisons of other merged rainfall products such as
the Integrated Multi-satellitE Retrievals for Global Precipitation Measurement
(IMERG). The results suggest GSMaP_IMD has a smaller root-mean-square dif-
ference (RMSD) and higher correlation than GSMaP_CPC, evaluated against
independent rainfall products. In the three-hour mean analysis with space-
borne precipitation radar data, it is found that the value of RMSD decreases in
GSMaP_IMD with respect to GSMaP_CPC throughout the day. The statis-
tics against the hourly dense rain gauge network in Karnataka suggests that
the GSMaP_IMD is more effective in capturing large spatiotemporal rainfall
variation over India. Thus, validation results with the independent sources sug-
gest that GSMaP_IMD rainfall generally improved over GSMaP_CPC rain-
fall. These improvements are significant in orographic regions with high rainfall
amounts, mainly the western Ghats and northeastern parts of India.
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1. Introduction

Precipitation is the primary source of fresh water globally and a key component
of the global water budget (Kidd et al. 2021). The physical processes of pre-
cipitation occur on diverse spatiotemporal scales and drive its highly variable
intermittency, intensity, areal extent, and duration. This large variability poses
challenges to observations, specifically by spaceborne sensors (Adler et al. 2001;
Ebert et al. 2007; Kirstetter et al. 2020; Varma and Liu 2006, 2010; Varma et
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al. 2004). Further, converting satellite measurements into precipitation poses
challenges due to large spatial heterogeneity, rain, no-rain, and rain type (e.g.,
convective, stratiform, warm, and orographic) classification, the indirect nature
of measurements from thermal infrared (TIR) and high-frequency microwave
(e.g., >85 GHz) passive instruments, the sensor resolution and sensitivity, and
the retrieval algorithm (Kubota et al. 2007, 2009; Maggioni et al. 2016, 2022;
Piyush et al. 2012; Varma 2018; You et al. 2022). Hence, satellite precipita-
tion retrievals often suffer from poorly characterized and quantified sources of
uncertainty, which currently limit their applications (Beck et al. 2017; Kumar
and Varma 2017; Sun et al. 2018; Yamaji et al. 2021).

To overcome these issues partially, precipitation retrievals from active and pas-
sive microwave (PMW) sensors onboard Low Earth Orbiting (LEO) satellites
(having higher accuracy but limited spatial and temporal resolution) are com-
bined with infrared (IR) precipitation estimates from Geosynchronous Earth
Orbiting (GEO) satellites. The merging takes advantage of their higher spa-
tiotemporal resolution and lower latency (Joyce et al. 2004; Ushio et al. 2009;
Kubota et al. 2020; Huffman et al. 2020). Further rain gauge observed rain-
fall is crucial to calibrate IR-MW retrieved precipitation products (Mega et al.
2019; Tashima et al. 2020). Although satellite precipitation estimates, adjusted
by rain gauge data, were improved, but the spatial variability of precipitation is
inadequate to characterize because of the sparse distribution of gauges. Earlier
studies also showed that high-resolution precipitation products calibrated with
daily gauge measurements are more accurate than those calibrated with monthly
gauge measurements (Beck et al. 2019; Sharifi and Brocca 2022; Sharifi et al.
2019 and references therein).

The large spatiotemporal rainfall variations over India’s mainland during the
Indian Summer Monsoon (ISM) period make this region a unique testbed to
access the quality of various global rainfall products (e.g., Brown 2006). Fur-
ther, a large part of India’s population depends on ISM rainfall data, which
plays a vital role in its economy and agriculture. The localized heavy rainfall
events in strong wind shear associated with monsoonal systems are often tilted
(Sharma et al. 2022; Shige and Kummerow 2016) and also play a vital role that
complicates rainfall estimation further. The study of ISM variability is also
of interest to weather and climate modeling researchers who need precise long-
term rainfall estimates. The large uncertainties are reported for various merged
rainfall products, largely over western Ghats and the northeastern parts of India
(Brown 2006; Kumar et al. 2021; Prakash et al. 2018; Shige et al. 2014).

This study examined a long-term (21-year) high spatiotemporal resolution
Global Satellite Mapping of Precipitation (GSMaP) rainfall product developed
for the Indian landmass using the rain gauges of the Indian Meteorological
Department (IMD). The details of various rainfall data used in this study for
developing and verifying new GSMaP rainfall products and the methodology
to generate new GSMaP rainfall products are given in Section 2. The results
are summarized in Section 3 and concluded in the last Section.
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2. Data and Method

2.1. IMD Gauge Rainfall
This study used the dataset for IMD daily gridded rainfall over the Indian
mainland (0.25° ×0.25°, Table 1) for 2000–2020 (Pai et al. 2014, 2015). To
develop this rainfall product, Pai et al. (2014) utilized 6955 gauges in India
with varying observing intervals, available from the National Data Centre, IMD,
India. The IMD data for the last 24 hours (ending at 0830 Indian Standard
Time (IST) [0300 UTC {Universal Time Coordinate}]) are used for multi-stage
quality control of rain gauge observations before releasing the daily gridded
rainfall dataset (Pai et al. 2014). In addition to the daily gridded rainfall
dataset, station-measured rainfall was also utilized in this study for verification
(Table 1).

2.2. JAXA GSMaP Rainfall
GSMaP is a precipitation product that uses combined data from the PMW sen-
sors in low Earth orbit and IR radiometers in geostationary Earth orbit (Kubota
et al. 2020; Table 1). The GSMaP_MVK product was also created, based on
a Kalman filter model that refines the precipitation rate propagated and based
on the cloud-moving vector derived from two successive IR images (Ushio et
al. 2009). GSMaP was developed by the Japan Aerospace Exploration Agency
(JAXA) for the Global Precipitation Measurement (GPM) mission as the stan-
dard Japanese GPM product. The product Version 03 (algorithm Version 6)
data were used in this study. The horizontal resolution is 0.1˚ × 0.1 ˚ on a
lat/long grid, and the temporal resolution is one hour. The operating system of
the JAXA GPM mission adjusts the GSMaP product with a three-day latency
based on the NOAA/CPC unified gauge-based analysis of global daily precipita-
tion (Kubota et al. 2020). The algorithm used an optimal estimation scheme, in
which the solution is calculated by maximizing the probability density function
defined in the system model (Mega et al. 2019). In this paper, the GSMaP
product adjusted by the CPC rain gauges is referred to as “GSMaP_CPC” to
distinguish it from the GSMaP product adjusted by the IMD rain gauges (Table
1).

2.3. Integrated Multi-satellitE Retrievals for GPM (IMERG) Final
Rainfall
The IMERG rainfall product was developed as the standard US GPM product
(Huffman et al. 2020) and is one of the products used for corrected rainfall data
over the globe (Table 1). This rainfall product uses microwave sensor data and
IR-based observations from all constellations of geosynchronous satellites. The
monthly gauge precipitation data from Global Precipitation Climatology Centre
(GPCC) rain gauges (Schneider et al. 2014) are utilized in the final IMERG
product to correct for the bias of satellite retrievals over the land (Huffman et
al. 2020). This gauge-adjusted rainfall product provides post-real-time rainfall
estimates after four months of data retrieval. This rainfall product is available
at the 0.1° spatial and half-hourly temporal resolutions.
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2.4. TRMM/PR and GPM/DPR rainfall
The independent reference data for validation was from spaceborne precipita-
tion radar products derived from precipitation radar aboard the Tropical Rain-
fall Measuring Mission (TRMM/PR, Kummerow et al. 1998; Kozu et al. 2001)
and Dual-frequency precipitation radar onboard the GPM Core Observatory
(GPM/DPR, Hou et al. 2014; Skofronick-Jackson et al. 2017). We used pre-
cipitation rate data at the estimated surface level from the TRMM/PR and
GPM/DPR (Ku-band precipitation radar algorithm) Version 06A product (Seto
et al. 2021) for June to September (JJAS) of 2000-2020. In Version 06A, better
continuity of the TRMM/PR and GPM/DPR data was realized by reconsider-
ing calibration coefficients and applying common precipitation estimation algo-
rithms. The orbit-basis rainfall data from level-2 products are re-gridded for
0.1° spatial resolution, the same as the GSMaP resolution used for comparisons.
It should be noted that the TRMM/PR and GPM/DPR rainfall data are not
directly input to the GSMaP algorithm. However, physical precipitation mod-
els based on the TRMM/PR and GPM/DPR observations are incorporated into
the radiative transfer model calculation for generating look-up tables (Kubota
et al. 2020).

2.5. NCMRWF merged satellite gauge rainfall
The National Centre for Medium-Range Weather Forecasting (NCMRWF)
Merged Satellite Gauge (NMSG, Table 1) rainfall product developed by Mitra
et al. (2013) is a merged daily rainfall product with 0.25° spatial resolution
using background rainfall from real-time GPM (earlier TRMM multisatellite
precipitation analysis [TMPA]) and IMD gridded rainfall over India. The
authors used successive correction methods to produce the analysis on a uniform
latitude-longitude grid. The authors found that the NMSG daily rainfall has
additional information due to the inclusion of IMD gauge observations. In the
absence of TMPA, Reddy et al. (2019) used the GPM-based GSMaP-NRT
rainfall as a background for generating merged rainfall data.

2.6. KSNDMC Dense Gauge Network
The Indian state of Karnataka is located between 11°50� N and 18°50� N and
74° E and 78°50� E and is enclosed by a dense rain gauge network that is
a unique testbed for verifying rainfall products (Kumar et al. 2021). This
state has a tableland region, coastal plains, and mountain slopes in the western
part of the Deccan Peninsula of India. The Karnataka State Natural Disaster
Monitoring Centre (KSNDMC) deployed gauges whose data were utilized in this
study to validate daily and hourly rainfall products. This study used data from
the dense rain gauge network of the KSNDMC (6502 stations in 2018 with an
average rain gauge density of �5800 stations during JJAS of 2016–2020) during
ISM 2016–2020. The rain gauge sensor in this network is a tipping bucket with
low tolerance made of polycarbonate or industrial standard metal (Kumar et al.
2021). The instrument’s precision is 1 % rainfall intensity up to 50 mm day−1

and 2 % rainfall intensity of 50 – 100 mm day−1. The original time resolution of
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the observations was every 15 min using a tipping count method (0.2/0.5 mm
per tip) with an operating range up to 600 mm hr−1, but in this study, hourly
and daily (defined as rainfall observed from the last day 0830 IST to the current
day 0830 IST) were used for verification purposes.

2.7. Methodology
Recently, Kumar et al. (2021) demonstrated the importance of the gauge den-
sity and adjustment (or merging) technique for generating more trustworthy
merged rainfall products for wider applications. This study was prompted by
the need to improve the current gauge-adjusted daily rainfall prepared by an
objective analysis (e.g., Cressman) over India. The authors showed that the
maximum likelihood estimation (MLE) method based merged rainfall provide
the optimal solution over an objective analysis method. Moreover, the current
merged rainfall products over India are at coarser spatial (0.25° × 0.25°) and
temporal (24-hour) resolution (e.g., NMSG rain). These concerns have encour-
aged the improvement of the merged rainfall products over India using an IMD
gridded gauge-based rainfall product.

To achieve these objectives, identical experiments were conducted to adjust
GSMaP_MVK rainfall using NOAA CPC rainfall analysis and IMD gridded
rainfall for 2000–2020 based upon the method of Mega et al. (2019). The
NOAA CPC and IMD gridded rainfall adjusted GSMaP rainfall products are
GSMaP_CPC and GSMaP_IMD, respectively. This way, we could take ad-
vantage of the IMD gridded rainfall data generated by many gauges than the
GSMaP_CPC rainfall product calibrated by NOAA CPC gauge analysis. The
following steps were implemented to calibrate GSMaP_MVK rainfall using IMD
gridded rain data: (1) First, due to a mismatch in spatial resolution, the IMD
gridded rainfall was linearly interpolated at NOAA CPC spatial resolution (0.5°
× 0.5°) from its original resolution (0.25° × 0.25°) over India. (2) In the next
step, the MLE method was executed to update hourly GSMaP rainfall at a finer
spatial resolution (0.1° × 0.1°) using daily gridded gauge analysis at a coarser
0.5° resolution from March 1, 2000 to December 31, 2020. Thus, the GSMaP
hourly data with the 0.1° × 0.1° resolution are adjusted using the data of daily
rain gauges with 0.5° × 0.5° resolution. The details of the adjustment of GSMaP
rainfall using NOAA CPC analysis are given in Mega et al. (2019).

The various statistical methods (Wilks, 2006) were computed to validate the
gauge-adjusted GSMaP rain against observations (e.g., gauges, satellite). The
mean error (bias), the root-mean-square difference (RMSD), and the correlation
coefficient were estimated for different rainfall products. Bias is an error that is
used to find how gauge-adjusted rain deviated from observations and is defined
as

𝐵𝑖𝑎𝑠 = 1
𝑁 ∑𝑁

𝑖=1 (𝐺𝑖 − 𝑂𝑖)
where N is the number of samples; O and G are observed and gauge-adjusted
GSMaP rainfall, respectively. Positive (negative) bias values indicate that esti-
mates are overestimated (underestimated). RMSD measures the average error
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magnitude and gives greater weight to the larger errors.

𝑅𝑀𝑆𝐷 =
√√√
⎷

( 1
𝑁 )

𝑁
∑
𝑖=1

(𝐺𝑖 − 𝑂𝑖)
2

The correlation coefficient shows the relationship between Observation and
gauge-adjusted rain products and measures the degree of linear association
between the gauge-adjusted rainfall and observations.

Correlation Coefficient (𝑟) = [(∑𝑁
𝑖=1 (𝑂𝑖 −𝑖)(𝐺𝑖 −𝑖) ]

√∑𝑁
𝑖=1(𝑂𝑖 −𝑖)

2√∑𝑁
𝑖=1(𝐺𝑖 −𝑖)

2
, Range: -1 to +1

Here, 𝑖 is the average of actual values, and 𝑖 is the average of gauge-adjusted
rainfall. Furthermore, various forecast accuracy scores were also computed using
a contingency table (Bhomia et al. 2019). The Probability of Detection (POD),
False Alarm Ratio (FAR), and Critical Success Index (CSI) present the ability
of the gauge-adjusted rain products for different rainfall thresholds.

3. Results and Discussions

3.1. Verification of GSMaP rainfall against IMD gauges
Figure 1 shows the spatial distribution of the mean JJAS daily rainfall from IMD
gridded rainfall, IMERG Final, GSMaP_CPC, and GSMaP_IMD for 2000–
2020. The figure shows that the IMERG Final (Fig. 1b), GSMaP_CPC (Fig.
1c), and GSMaP_IMD (Fig. 1d) rainfall can capture low rainfall values over
northwestern India, the rain-shadow region of the southern peninsula, and north-
ern India when verified against IMD gridded rainfall (Fig. 1a). The IMERG
Final and GSMaP_CPC rainfall capture high rainfall over western Ghats to
some extent, but miss the spatial distribution of high rainfall over northeast In-
dia and foothills of the Himalaya. GSMaP_IMD rainfall (Fig. 1d) most closely
replicates the high rainfall over these regions, showing the successful adjustment
of the GSMaP rainfall with IMD gauges.

Similar to figure 1, the spatial distribution of the mean JJAS 2000–2020 daily
rainfall from IMD gauges (gridded data), IMERG Final, GSMaP_CPC, and
GSMaP_IMD rain products for the 36 heterogeneous meteorological zones
shown in Figure 2. The IMERG Final (Fig. 2b) underestimated rainfall in the
western Ghats regions. The distribution of rainfall is closer to IMD gauges (Fig.
2a) in GSMaP_IMD rain (Fig. 2d) than in GSMaP_CPC rainfall (Fig. 2c).
These results reconfirm that the adjustment of IR-MW rain data using daily
gauges is more accurate than data calibrated using monthly gauges. Overesti-
mates were noted over northern India in a few rain regions. The figure shows
larger uncertainties over northeast India when compared with IMD gridded
gauge rainfall (Fig. 2a). The high rainfall over Sikkim, West Bengal, Assam,
and Arunachal Pradesh was missing from IMERG Final and GSMaP_CPC
data. Overestimates were noted over the Meghalaya, Tripura, and Assam states
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in IMERG Final rain (Fig. 2b). The precise values of satellite rainfall retrieval
over the northeast part of India are still problematical, and gauge-based
adjustments are required for further application. The GSMaP_IMD rain can
capture these large variations over this region after adjusting with IMD gauges
(Fig. 2d). Overall, average rainfall values in different meteorological zones
suggested adjustments to GSMaP_IMD data produce more accurate data.

Further, IMERG Final, GSMaP_CPC, and GSMaP_IMD daily rainfall are also
compared with IMD gridded rainfall (0.25° × 0.25°) and IMD stations rainfall
for JJAS 2000–2020. The statistics in Figure 3(d, e, f) are based on the aver-
age of 2475 IMD stations per day during JJAS 2000–2020. The RMSD (bias)
is around 14.7 (0.2) mm day-1 and 16.6 (0.3) mm day-1 when IMERG Final
rainfall is compared with IMD gridded (Fig. 3a) and stations rainfall (Fig. 3d),
respectively. The correlations are 0.61 and 0.59, contrasting with IMD grid-
ded and IMD stations’ rainfall, respectively. Similar to IMERG Final rainfall,
GSMaP_CPC rainfall is closer to IMD gridded rainfall and presented a larger
error when compared with IMD rainfall. The RMSD (bias) is 13.5 (-0.8) mm
day-1 and 16.3 (-0.7) mm day-1 when compared with IMD gridded (Fig. 3b) and
stations rainfall (Fig. 3e). The value of correlation changes from 0.60 (against
IMD gridded rain) to 0.56 (against IMD stations rain). Results show that
GSMaP_IMD has fewer errors in RMSD (bias) of 6.7 (-0.3) mm day-1 against
IMD gridded rain (Fig. 3c) than IMD stations’ rain (Fig. 3f). The smaller er-
ror in IMD gridded rain data at 0.25° × 0.25° suggests that the GSMaP_IMD
is closer to observations that are utilized to adjust the GSMaP_MVK rain at
coarser resolution (0.5° × 0.5°). RMSD (13.4 mm day-1) and bias (-0.4 mm
day-1) are seen in GSMaP_IMD and are slightly larger when compared with
IMD stations rain (Fig. 3f). This presents the large heterogeneity of rainfall
within a grid. It suggests the need for a rainfall product with high spatial res-
olution. RMSD (bias) decreased from 16.3 (-0.7) mm day-1 in GSMaP_CPC
rain (Fig. 3e) to 13.4 (-0.4) mm day-1 in GSMaP_IMD rain (Fig. 3f) compared
to IMD stations rainfall. The correlation improved from 0.56 for GSMaP_CPC
rain to 0.73 for GSMaP_IMD rain.

Figure 4 (similar to Figure 5 in Kubota et al. 2007) shows the cumulative
rainfall using daily rainfall during JJAS 2000–2020, comparing the IMERG Fi-
nal, GSMaP_CPC, and GSMaP_IMD to IMD gridded rain. The figure shows
that the GSMaP_IMD rain is closer to IMD gridded rainfall (0.25° × 0.25°)
than IMERG Final and GSMaP_CPC rain products. The largest deviation
can be seen in GSMaP_CPC rain. The probability distribution analysis (figure
not shown) suggests that the IMERG Final, GSMaP_CPC, and GSMaP_IMD
rain overestimate weak rainfall intensities. This overestimation is the maximum
for IMERG Final rain. All rainfall products underestimate rainfall intensity,
with the largest underestimation for IMERG Final product for middle to larger
rainfall intensities. The GSMaP_IMD rain is slightly closer to IMD rain for all
ranges than IMERG Final and GSMaP_CPC rain.

Figure 5 shows the spatial distribution of POD, FAR, and CSI for IMERG Final,
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GSMaP_CPC, and GSMaP_IMD rainfall for a 0.5 mm day-1 rainfall threshold
with IMD gridded rainfall as reference. The values of POD are higher than 0.7
in IMERG Final and GSMaP_CPC rain in most regions, except rain-shadow re-
gions in the southern Indian peninsula and north and northwest India. Slightly
larger values of POD are noted in GSMaP_CPC rain (Fig. 5b) over the western
Ghats and northeastern and central India than in IMERG Final rain (Fig. 5a).
However, IMERG Final shows larger POD over the rain-shadow region in the
summer monsoon period. The value of POD is a maximum for GSMaP_IMD
rain (Fig. 5c), which shows the importance of adjustment using IMD gauges.
The smaller values of POD over Ladakh (situated in eastern J&K, India) are
largely due to the sparse distribution of IMD gauges. The spatial distributions
of FAR for IMERG Final, GSMaP_CPC, and GSMaP_IMD are shown in Fig-
ure 5(d, e, f). It shows larger FAR values over north and northwestern India,
northeast India, and rain-shadow regions of southern peninsula India in IMERG
Final (Fig. 5d) and GSMaP_CPC (Fig. 5e) rain. Generally, the value of FAR
is the minimum for GSMaP_IMD rain (Fig. 5f). Similar to POD and FAR,
CSI values show similar spatial distributions. The maximum values of CSI are
achieved over central India. GSMaP_CPC (Fig. 5h) shows larger CSI over oro-
graphic regions, largely western Ghats and northeast India. Only GSMaP_IMD
can capture IMD gauge observed rainfall over northern India satisfactorily. The
spatial distributions of POD, FAR, and CSI are considerably less at high rainfall
thresholds (15.5 mm day-1), suggesting that there are large mismatches in pre-
cisely estimating the magnitude of larger rainfall in GSMaP_CPC and IMERG
Final rain (figure not shown). These results suggest that the gauge adjustments
are crucial for IMERG Final and GSMaP_CPC rain to estimate large spatial
variations over India.

3.2. Comparison of GSMaP rainfall against independent rainfall
products
After the preliminary verification of GSMaP_CPC and GSMaP_IMD derived
rainfall against IMD gauges, the GSMaP_CPC and GSMaP_IMD rainfall prod-
ucts were validated using TRMM/PR and GPM/DPR products as independent
satellite datasets. In order to compared with TRMM/PR and GPM/DPR, the
GSMaP_CPC and GPM_IMD data are extracted along with the TRMM/PR
and GPM/DPR orbits in the target domain, as shown in Fig. 1. Figure 6
shows the comparison of RMSD and correlation between GSMaP_CPC and
GSMaP_IMD in a diurnal cycle. It was found that the value of RMSD (Fig. 6a)
decreased in GSMaP_IMD compared with GSMaP_CPC throughout the day.
The mean RMSD values of GSMaP_CPC and GSMaP_IMD were 1.03 mm
hour-1 and 0.95 mm hour-1, respectively. This result indicates that adjusting
the satellite-based GSMaP rainfall with a localized gauge dataset can improve
the GSMaP quantitative accuracy by approximately 10 %, more effectively than
using the global gauge dataset of NOAA CPC. In addition, the spatial correla-
tion coefficient (Fig. 6b) of GSMaP_IMD was better than GSMaP_CPC even
though the IMD adjustment worsened the results in 15–21 LT slightly; the mean
values of the spatial correlation coefficient for GSMaP_CPC and GSMaP_IMD
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were 0.236 and 0.241, respectively. This result indicates that the spatial pat-
tern of rainfall can be detected more closely by IMD adjustment than NOAA
CPC adjustment. However, it should be noted that the spatial correlation can
vary depending on the limitation of observation sampling of TRMM/PR and
GPM/DPR overpasses.

3.3. Comparison of GSMaP rainfall against NMSG gridded rainfall
The density plots of GSMaP_CPC and GSMaP_IMD daily rainfall against
NMSG merged daily rainfall (Table 1) during JJAS 2017-2020 are shown in
Figure 7. The NMSG rainfall product is available at 0.25° spatial resolution,
requiring interpolation of GSMaP rainfall at the same resolution. The total num-
ber of collocations is 2.2 million. The value of RMSD (bias) improved from 13.9
(-0.2) mm day-1 for GSMaP_CPC to 12.5 (-0.0) mm day-1 in GSMaP_IMD rain-
fall. The correlation coefficient improved from 0.61 in GSMaP_CPC to 0.71 in
GSMaP_IMD against the NMSG merged rainfall product. The verification with
NMSG rainfall was also extended for monthly statistics. The values of RMSD
and correlation for different months during ISM suggested that RMSD values
are larger in July and August (peak monsoon months) and least in Septem-
ber. Generally, the correlation improved in GSMaP_IMD over GSMaP_CPC
rainfall for all months (figure not shown).

3.4. Comparison of GSMaP rainfall against KSNDMC dense gauge
network
The dense rain gauge network of KSNDMC was also utilized to validate daily
rainfall from IMERG Final, GSMaP_CPC, and GSMaP_IMD during JJAS
2016–2020. There was an average of 5800 gauges in Karnataka during this
period. These gauges are well distributed over Karnataka, covering rainfall
ranging from extremely high over the western Ghats to low in the rain-shadow
regions. The density plot of IMERG and GSMaP rainfalls against KSNDMC
gauges observed rainfall is shown in Figure 8. The value of RMSD (bias) de-
creased from 15.8 (-2.9) mm day-1 in GSMaP_CPC (Fig. 8b) to 14.0 (-0.8)
mm day-1 in GSMaP_IMD rainfall (Fig. 8c). Slightly fewer errors were found
in the IMERG Final rain (Fig. 8a), with RMSD (bias) values of 15.0 (-0.4)
mm day-1, than GSMaP_CPC rain. The correlation coefficient also improved
from 0.52 in IMERG Final and 0.4 in GSMaP_CPC to 0.56 in GSMaP_IMD
rainfall. These results suggested that the GSMaP rainfall data improved consid-
erably after IMD gauge adjustment in the state of Karnataka with independent
gauges.

Further, these results are also extended for hourly rainfall verifications over
Karnataka for JJAS 2018 only (Fig. 9). In general, the bias is less in IMERG
Final and GSMaP_IMD rain than GSMaP_CPC rain (Fig. 9a). These results
reconfirmed that the GSMaP_IMD rainfall has less RMSD (Fig. 9b) and a
higher correlation (Fig. 9c) than GSMaP_CPC rainfall. It is important to
note that for this period (JJAS 2018), the performance of the GSMaP_CPC
was better than IMERG Final rain, having less RMSD and higher correlation
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values. These improvements were recognized for different synoptic hours. These
statistics suggest that the GSMaP_IMD is more skilful in capturing the large
spatiotemporal variation of rainfall over India and can be extended to diverse
applications.

To examine the spatial characteristics of IMERG Final, GSMaP_CPC, and
GSMaP_IMD rain, KSNDMC gauges were divided as being in four meteorolog-
ical zones—Malnad (the western Ghats), Coastal (a region of heavy rainfall),
NIK, and SIK (rain-shadow region). The rainfall values are maximum in the
coastal and Malnad regions and are considerably lower in the NIK and SIK rain-
shadow regions. Further details about these regions are available in Kumar et al.
(2021). Figure 10 compares IMERG Final, GSMaP_CPC, and GSMaP_IMD
rain to the KSNDMC dense gauge network for Malnad (Figs. 10(a, c, e)) and
coastal (Figs. 10(b, d, f)) regions, mostly in high rainfall regions. The values
of RMSD (bias) changed from 26.3 (-9.9) mm day-1 in GSMaP_CPC to 23.1
(-4.3) mm day-1 in GSMaP_IMD rain in Malnad regions during the summer
monsoons 2016–2020. The RMSD (bias) errors are 24.3 (-4.1) mm day-1 in
IMERG Final rain and have less bias than GSMaP_CPC rain. The correlation
values improved from 0.29 in GSMaP_CPC and 0.41 in IMERG Final rain to
0.45 in GSMaP_IMD rain for the Malnad region. The errors are slightly larger
in the coastal regions, mainly for GSMaP_CPC rain. The RMSD (bias) value is
25.7 (-6.0) mm day-1 in IMERG Final, 31.2 (-16.1) mm day-1 in GSMaP_CPC
rain and 24.6 (-3.1) mm day-1 in GSMaP_IMD products for JJAS 2016–2020.
A large negative bias (-16.1 mm day-1) in GSMaP_CPC indicates that it needs
further modifications to capture high rainfall over western Ghat regions that
decrease after IMD gauge adjustment. In general, correlation values improved
for both Malnad and the coastal regions. These results suggest that gauge
corrections are crucial over orographic and coastal regions where IR-MW re-
trieved rainfall is more inaccurate. Similar to the verification of IMERG Final,
GSMaP_CPC, and GSMaP_IMD rain in high rainfall regions, these rain prod-
ucts were also compared over rain-shadow regions where rainfall is much less
during the summer monsoon season (Fig. 11). Marginal changes are observed
in error statistics for both SIK (Figs. 11(a, c, e)) and NIK (Figs. 11(b, d, f))
regions between GSMaP_CPC and GSMaP_IMD rain. In general, IMERG
Final rain has larger errors over these regions. Moreover, bias values are negli-
gible over these regions, except in IMERG Final rain (1.2 mm day-1) over NIK
regions. The correlation is the maximum for IMERG Final rain over these re-
gions. Overall, these results suggest that the adjustment of satellite retrievals
with gauges is most crucial in mountainous regions.

4. Conclusions

This study aims to adjust the GSMaP rainfall using IMD gauges over the Indian
mainland and compare the performance of the GSMaP_IMD rainfall product to
the operational GSMaP_CPC rainfall product adjusted by NOAA/CPC rainfall.
The daily rain gauges adjust the GSMaP hourly data with a 0.1° × 0.1° reso-
lution. In the preliminary verification, GSMaP_IMD rainfall was close to IMD
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gridded rainfall and IMD stations rainfall. These verifications were performed at
different spatial and temporal scales for JJAS 2000–2020 and evaluated by vari-
ous statistical scores. In the long-term verifications of GSMaP rainfalls against
IMD gauges, the improvements were significant over orographic regions with
high rainfall amounts, mainly western Ghats and northeast India. The IMERG
Final and GSMaP_CPC rainfall captured high rainfall over western Ghats but
missed spatial distribution of high rainfall over the northeastern part of India
and the foothills of the Himalayas. However, the GSMaP_IMD rainfall that
most closely replicates the high rainfalls over these regions demonstrated the
successful adjustment of the GSMaP rainfall with IMD gauge data.

Moreover, various independent sources of rainfall from gauges (the KSNDMC
dense gauge network), spaceborne precipitation radar retrievals (TRMM/PR
and GPM/DPR), and merged rainfall products (IMERG Final and NMSG) were
utilized for rigorous verification at different temporal scales. In the three-hour
mean analysis with TRMM/PR and the GPM/DPR data, it was found that
the value of RMSD decreased in GSMaP_IMD with respect to GSMaP_CPC
throughout the day. The statistics against the KSNDMC hourly gauges sug-
gested that the GSMaP_IMD was more effective in capturing large spatiotem-
poral rainfall variation over India. Thus, validation results with the inde-
pendent sources suggested that GSMaP_IMD rainfall generally improved over
GSMaP_CPC rainfall. These large improvements in GSMaP_IMD rainfall are
largely due to quality control gauge observations from IMD, India. The magni-
tude of improvements was the maximum over orographic regions compared with
independent gauge observations.
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Table 1: Details of selected rainfall products.

@ >p(- 8) * >p(- 8) * >p(- 8) * >p(- 8) * >p(- 8) * @ Product name &
Spatial resolution & Temporal resolution

(in hour) & Coverage & Sensors

KSNDMC Dense Gauge Network
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& - & Hourly during JJAS 2018 and daily during JJAS 2016-2020 & Over
Karnataka only & Rain gauges

IMD Gridded Gauge Rainfall

& 0.25° ×0.25° & Daily during 2000-2020 & Indian landmass & Rain gauges

IMERG Final Rainfall

& 0.1° × 0.1° & Half-hourly during 2000-2020 & Global domain of 60° S to 60°
N & IR, MW & GPCC monthly gauge analysis

NCMRWF Merged Satellite Gauge Rainfall

& 0.25° ×0.25° & Daily during 2017-2020 & 50°E-110°E

30° S-40° N & GPM rainfall + IMD gauges

GSMaP_MVK

& 0.1° × 0.1° & Hourly during 2000-2020 & Global domain of 60° S to 60° N
& IR & MW

GSMaP_CPC

& 0.1° × 0.1° & Hourly during 2000-2020 & Global domain of 60° S to 60° N
& IR, MW & NOAA CPC daily Gauge analysis

GSMaP_IMD

& 0.1° × 0.1° & Hourly during 2000-2020 & Global domain of 60° S to 60° N
& IR, MW, NOAA CPC daily Gauge analysis and IMD gauges over India
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Figure 1. Spatial distribution of mean daily rainfall from (a) IMD gridded
rain, (b) IMERG Final rain, (c) GSMaP_CPC rain, and (d) GSMaP_IMD
rain during the Indian summer monsoons (JJAS; June to September months)
2000–2020.
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Figure 2. Same as Figure 1 but for different meteorological zones of India.
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Figure 3. Comparison of IMERG Final, GSMaP_CPC, and GSMaP_IMD
rainfall vs. IMD gridded and stations rainfall during JJAS 2000–2020. Scatter
plots (a) IMERG, (b) GSMaP_CPC, (c) GSMaP_IMD daily rainfall vs. IMD
gridded rainfall (at 0.25˚ x 0.25˚), and (d) IMERG, (e) GSMaP_CPC, (f)
GSMaP_IMD daily rainfall vs. IMD station daily rainfall.

Figure 4. Cumulative rainfall over Indian landmass during ISM 2000–2020. The
width of the bin is 1 mm day-1. This analysis is done for IMD gridded rainfall
(at 0.25˚ x 0.25˚).
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Figure 5. Statistical scores of IMERG (left), GSMaP_CPC (middle), and
GSMaP_IMD (right) with IMD gridded rainfall with 0.5 mm/day threshold
during JJAS 2000–2020.
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Figure 6. Three-hour mean values of (a) RMSD for GSMaP_CPC (dashed black
line) and GSMaP_IMD (solid gray line) with mean rainfall from TRMM/GPM
(gray boxes with right vertical axis), and (b) spatial correlation coefficient for
GSMaP_CPC (dashed black line) and GSMaP_IMD (solid gray line).
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Figure 7. Comparison of daily (a) GSMaP_CPC and (b) GSMaP_IMD rainfall
vs. NMSG rainfall for JJAS 2017–2020.
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Figure 8. Comparison of (a) IMERG Final, (b) GSMaP_CPC, and (c)
GSMaP_IMD daily rainfall vs. KSNDMC dense rain gauge network for JJAS
2016–2020.

Figure 9. The hourly (a) Bias, (b) RMSD, and (c) Correlation statistics of
IMERG Final, GSMaP_CPC, and GSMaP_IMD rainfall vs. KSNDMC hourly
gauges during JJAS 2018.
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Figure 10. Comparison of IMERG Final, GSMaP_CPC, and GSMaP_IMD
rain vs. KSNDMC dense rain gauge network for (a, c, e) Malnad and (b, d, f)
coastal regions for JJAS 2016–2020.
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Figure 11. Same as Figure 10, but for (a, c, e) SIK and (b, d, f) NIK regions.
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