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Abstract In this paper, Kalpana-1 derived INSAT Multispec-
tral Rainfall Algorithm (IMSRA) rainfall estimates are com-
pared with two multisatellite rainfall products namely, TRMM
Multisatellite Precipitation Analysis (TMPA)-3B42 and Glob-
al Satellite Mapping of Precipitation (GSMaP), and India Me-
teorological Department (IMD) surface rain gauge (SRG)-
based rainfall at meteorological sub-divisional scale over In-
dia. The performance of the summer monsoon rainfall of 2013
over Indian meteorological sub-divisions is assessed at differ-
ent temporal scales. Comparison of daily accumulated rainfall
over India from IMSRA shows a linear correlation of 0.72
with TMPA-3B42 and 0.70 with GSMaP estimates. IMSRA
is capable to pick up daily rainfall variability over the mon-
soon trough region as compared to TMPA-3B42 and GSMaP
products, but underestimates moderate to heavy rainfall
events. Satellite-derived rainfall maps at meteorological sub-
divisional scales are in reasonably good agreement with IMD-
SRG based rainfall maps with some exceptions. However,
IMSRA performs better than GSMaP product at meteorolog-
ical sub-divisional scale and comparable with TMPA data. All
the satellite-derived rainfall products underestimate
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orographic rainfall along the west coast, the Himalayan foot-
hills and over the northeast India and overestimate rainfall
over the southeast peninsular India. Overall results suggest
that IMSRA estimates have potential for monsoon rainfall
monitoring over the Indian meteorological sub-divisions and
can be used for various hydro-meteorological applications.
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Introduction

India receives about 80 % of its annual rainfall from the south-
west or summer monsoon spanning from June to September
which has paramount socio-economic impacts (Gadgil 2003;
Gadgil and Srinivasan 2010; Revadekar and Preethi 2010;
Prakash et al. 2014). The Indian summer monsoon rainfall
(ISMR) exhibits a regionally heterogeneous variability at dif-
ferent time scales such as interannual, seasonal, intraseasonal,
etc. (Goswami and Ajayamohan 2001; Gadgil 2003;
Krishnamurthy and Shukla 2007). The spatial and temporal
variability of ISMR highly influences the agricultural
production of India which is supposed to be backbone of the
Indian economy. Recently, Revadekar and Preethi (2010)
showed the significant impact of extreme monsoon rainfall
on food grain yield over India through statistical analysis.
Hence, reliable information of ISMR and its variability is cru-
cial for a wide range of applications including agricultural,
water resources and hydrological applications. Meteorological
satellites provide comprehensive global maps of retrieved
rainfall at homogeneous spatial and temporal resolutions
which is used for various hydro-meteorological and climato-
logical applications (Tapiador et al. 2012; Kucera et al. 2013).
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The rainfall estimation techniques from the host of meteoro-
logical satellites have advanced quite rapidly in the recent
decade. With the advent of meteorological satellites, our per-
ceptions about the physics of the Indian monsoon and mech-
anisms leading to its variability at different time scales have
changed dramatically and hence prediction skill of the mon-
soon is also improved substantially (Srinivasan and Joshi
2007; Gadgil and Srinivasan 2010).

As the geostationary satellites provide frequent updates of
the weather systems at high spatial resolution, it is supposed to
be viable source of information for the monsoon monitoring.
Following the launch of the first Indian dedicated meteorolog-
ical satellite Kalpana-1 in late 2002 by the Indian Space Re-
search Organisation (ISRO), it is now possible to monitor the
onset, progress and performance of ISMR consistently for
various applications (Kaila et al. 2002). The recently devel-
oped Indian National Satellite System (INSAT) Multispectral
Rainfall Algorithm (IMSRA) uses Kalpana-1 satellite data for
rainfall estimation at 0.25° latitudex0.25° longitude resolu-
tion and 3-hourly time interval. This rainfall product takes
advantages of high spatial and temporal coverage of
Kalpana-1 satellite and accurate rainfall measurements from
the first active microwave precipitation radar (PR) onboard the
Tropical Rainfall Measuring Mission (TRMM) satellite
(Prakash et al. 2009; Gairola et al. 2010a, b). This rainfall
product is validated with other standard multisatellite rainfall
datasets and in situ observations over the Indian land and
oceanic regions and used for various hydro-meteorological
applications (Prakash et al. 2010, 2012; Roy et al. 2012; Das
et al. 2013; Mahesh et al. 2014; Gairola et al. 2014). Prakash
etal. (2010) validated this rainfall product at daily and month-
ly scales from rain gauges and buoys data over the Indian
monsoon region for 2008 and 2009 and reported reasonable
agreement of this satellite-based rainfall product with in situ
observations, although IMSRA underestimates orographic
rainfall along the west coast of India and foothills of the
Himalayas. More recently, Roy et al. (2012) independently
evaluated this rainfall product with standard multisatellite
rainfall estimates for the southwest monsoon season of 2010
and depicted that IMSRA performs reasonably well for short-
term rainfall estimation. This rainfall product is operational at
the India Meteorological Department (IMD) and Meteorolog-
ical & Oceanographic Satellite Data Archival Centre
(MOSDAC), ISRO for user community.

Moreover, the multisatellite rainfall products take the rela-
tive advantages of a rich constellation of precipitation related
sensors (both infrared and microwave) aboard the meteorolog-
ical satellites. TMPA estimates available at 0.25° latitude/
longitude (Huffman et al. 2007) and Global Satellite Mapping
of Precipitation (GSMaP) available at 0.10° latitude/longitude
(Ushio et al. 2009) are among them. TMPA research monitor-
ing product uses additional rain gauge observations over land
along with multisatellite rainfall estimates and performs better
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than other contemporary multisatellite rainfall products over
the Indian monsoon region (Prakash et al. 2014). The retro-
spective processed version 7 of TMPA performs better than its
predecessor and used for various hydrological applications
across the globe (Huffman and Bolvin 2013; Tobin and Ben-
nett 2014; Yong et al. 2014; Zulkafli et al. 2014). GSMaP
integrates passive microwave radiometer data with infrared
measurements based on a Kalman filter model at rather higher
spatial and temporal resolutions and is comparable to the other
multisatellite products (Ushio et al. 2009).

In this paper, the performance of ISMR is assessed at me-
teorological sub-divisional scale for the summer monsoon of
2013 using three satellite-derived products namely, IMSRA,
TMPA and GSMaP. Rainfall at meteorological sub-divisions
from satellite-derive products is computed using the Geo-
graphic Information System (GIS) tools. Recently, Mahesh
et al. (2014) generated rainfall maps for 2009 at different
meteorological sub-divisions using Kalpana-1 IMSRA data
and suggested that IMSRA technique can act as a complemen-
tary tool for the monsoon monitoring. Since IMSRA is devel-
oped for Indian monsoon region and uses Kalpana-1 measure-
ments, rainfall estimates from this algorithm is compared with
independent multisatellite rainfall products at meteorological
sub-divisional scale. The satellite-derived rainfall is also com-
pared with gauge-based rainfall maps produced by the IMD to
assess the capability of each rainfall estimate. The southwest
monsoon 2013 was unique in many ways. The onset over the
Kerala state took place at its normal data of 1st June, but the
advance of monsoon was very fast and it covered the entire
country by 16th June which was about a month earlier than its
normal date of 15th July (IMD 2013; Srivastava et al. 2014).
During this season, 2 depressions and 16 low pressure areas
formed and no typical break condition developed. Even if the
seasonal rainfall for the country as a whole was normal, it
showed a large spatial and temporal variability. The east and
northeast India received below normal rainfall and three out of
the four geographical regions (central India, northwest India
and south peninsula) received above normal rainfall (IMD
2013).

Data and Methods
Kalpana-1 Data

The very high resolution radiometer (VHRR) onboard the
Kalpana-1 satellite operates in three wavelength bands namely
visible (VIS; 0.55-0.75 um), water vapour (WV; 5.70—
7.10 um) and thermal infrared (TIR; 10.50-12.50 pum). In
WYV and TIR bands, the spatial resolution is 8 km where as
in VIS band spatial resolution is 2 km. More specifics of the
Kalpana-1 satellite are given by Kaila et al. (2002). For rainfall
estimation from IMSRA, TIR channel data of Kalpana-1 are
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used. IMSRA is developed after a proper cloud classification
using TIR and WV channels data and calibration with near-
simultaneous TRMM-PR data, similar to Mishra et al. (2010)
used for rainfall estimation from Meteosat measurements over
the Indian region (Prakash et al. 2009; Gairola et al. 2010a, b).
The detailed description of this algorithm and its validation is
outline by Gairola et al. (2014). Daily IMSRA product for the
entire monsoon period of 2013 is obtained from the website at
http://www.mosdac.gov.in/.

GSMaP Data

The GSMaP project was established by the Japan Science and
Technology Agency (JST) in 2002 to produce global precip-
itation products with high resolution and precision from
multisatellite measurements. The GSMaP_MVK estimates
are developed by integrating the data from microwave radi-
ometers and infrared radiometers. It uses a Kalman filter to
update the rainfall rate after propagating the rain pixels along
the atmospheric motion vector derived from the successive
infrared images (Ushio et al. 2009). This rainfall product is
properly validated with independent in situ observations and
found to be comparable with other contemporary
multisatellite products. The near-real time (NRT) daily rain
rate product is used for the southwest monsoon season of
2013.

TMPA-3B42 Data

Another satellite-derived rainfall product used in the study is
the TMPA-3B42 which is a standard merged infrared and
microwave rainfall product developed to take the advantage
of rich constellation of satellite-borne precipitation sensors. In
this algorithm, the available passive microwave and infrared
estimates are combined by calibrating the infrared measure-
ments, however the microwave estimates are taken as prefer-
entially and remaining empty grids are filled with infrared
estimates (Huffman et al. 2007, 2010). TMPA is available in
both near-real-time and delayed-time modes, based on calibra-
tion by the TRMM Microwave Imager precipitation and
TRMM combined instrument products, respectively. The re-
search monitoring TMPA-3B42 version 7 daily rainfall data
for the summer monsoon period of 2013 is obtained from the
website at http://disc2.nascom.nasa.gov/tovas. Detailed
description of this rainfall product can be found in Huffman
and Bolvin (2013).

Gauge-Based Rainfall Maps

For the validation of the satellite-derived rainfall products
over the Indian meteorological sub-divisions, gauge-based
rainfall maps developed by IMD are used. IMD uses a
large network of surface rain gauge (SRG) stations across

the country to calculate all-India rainfall at different spa-
tiotemporal scales and also generates meteorological sub-
divisions wise rainfall maps for the assessment of prog-
ress and performance of monsoon over India. IMD has
categorized the Indian sub-continent into 36 different me-
teorological sub-divisions based on their climatic and geo-
graphic features (Parthasarathy et al. 1987). The SRG-
based near real-time weekly, monthly and seasonal rain-
fall maps (Srivastava et al. 2014) are obtained from the
IMD website at http://www.imd.gov.in.

Methodology

IMSRA and TMPA daily rainfall products are available at
0.25° latitude/longitude resolution whereas GSMaP rainfall
is available at 0.10° latitude/longitude. For the comparison
of IMSRA with TMPA and GSMaP products at daily scale,
GSMaP daily rainfall data set is re-sampled in 0.25° latitude/
longitude grids using linear averaging method. Since satellite-
derived rainfall products are available over land as well as
oceanic regions and IMD SRG-based rainfall maps are avail-
able only over the mainland of India, rainfall over Indian land
is extracted from the satellite products through overlay analy-
sis in the GIS. Political boundary of India and meteorological
sub-divisions has been spatially digitized with reference to
IMD maps. Daily rainfall estimates are accumulated for a
given week, month or season to find the weekly, monthly or
seasonal rainfall, respectively. Finally, the meteorological sub-
division wise rainfall is computed by area-weighted average
using GIS tool for the comparison with gauge-derived rainfall
maps. The procedure for the computation of meteorological
scale rainfall using satellite-based data sets is similar to the
method used by IMD using SRG observations (Parthasarathy
et al. 1987). The normal rainfall given by IMD is used as
reference for satellite-based rainfall data to compute departure
due to non-availability of long-term data from these products.
The IMD criteria are adopted for the classifications of excess
(20 % or more), normal (—19 to 19 %), deficient (=20 to
=59 %) and scanty (=60 to —99 %) rainfall from the satellite-
based rainfall products over the meteorological sub-divisions.

Results and Discussions

As IMSRA is based on region-specific algorithm and uses
infrared only measurements for rainfall estimation, this rain-
fall estimate is compared with multisatellite GSMaP and
TMPA rainfall products at meteorological sub-divisional scale
over India. The comparison is done at different temporal
scales for the entire monsoon season of 2013.
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Fig. 1 Spatial distributions of daily accumulated rainfall (mm) from a Kalpana-1 IMSRA, b GSMaP-NRT and ¢ TMPA-3B42 data sets for 22 July 2013
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Assessment of ISMR at Daily Time Scale

In this section, Kalpana-1 derived IMSRA estimate is
compared with GSMaP and TMPA rainfall products at
daily scale. One example of daily accumulated rainfall
over the Indian monsoon region for 22 July, 2013 is
shown in Fig. 1. The monsoon was active over the
entire country during this period. All the three rainfall
products show similar rainfall features over the land and
oceanic regions qualitatively. Widespread rainfall over
the central India, western India and along the Himala-
yan foothills and over the Bay of Bengal is captured
well by the satellite-derived rainfall products. However,
there are some differences in magnitude between these
rainfall products.
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Fig. 2 Density scatter plots of daily accumulated rainfall (mm) over the
Indian monsoon region from a IMSRA and GSMaP-NRT b IMSRA and
TMPA-3B42 for 01 June to 30 September 2013. Correlation coefficient
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For the quantitative comparison, daily accumulated rainfall
from 01 June to 30 September over the Indian monsoon region
is used. Figure 2 shows the density scatter plots comparing
IMSRA with GSMaP and TMPA estimates. The linear corre-
lation of 0.70 and 0.72 are observed with GSMaP and TMPA
estimates, respectively. The positive biases in IMSRA as com-
pared to GSMaP and TMPA show that IMSRA overestimates
ISMR. It is mainly due to overestimation of daily rainfall
below 10 mm by IMSRA estimates. In general, IMSRA is
comparable with both the global multisatellite rainfall prod-
ucts which are commensurable with the earlier studies. The
daily rainfall from these satellite-based products is also com-
pared over the monsoon trough region bounded by 20°N—
25°N and 75°E-85°E. This region receives reasonably good
amount of monsoon rainfall associated with the passage of
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Fig. 3 a Time-series of domain-mean daily rainfall (mm) over the
monsoon trough region from Kalpana-1 IMSRA, GSMaP-NRT and
TMPA-3B42 data sets. Correlation coefficient () with respect to

lows and depressions originated in the Bay of Bengal
(Goswami and Ajayamohan 2001; Gadgil 2003). Figure 3(a)
shows the time-series of daily domain-mean rainfall over the
monsoon trough region from IMSRA, GSMaP and TMPA
products, which shows that the daily rainfall variability over
this region is comparable among these products. IMSRA
shows a linear correlation of 0.89 and 0.86 with GSMaP and
TMPA products, respectively. The probability distribution
function of daily rainfall over this region is also examined
from these three rainfall products which are shown in
Fig. 3(b). It can be seen that even though IMSRA well

PDF (%)
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1.6 —— GSMaP-NRT
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Daily rainfall (mm)
IMSRA is also given. b Probability distribution function (%) of daily

rainfall over the monsoon trough region from IMSRA, GSMaP-NRT,
and TMPA-3B42 data sets for JJAS 2013

captures daily rainfall frequency qualitatively, it underesti-
mates moderate to heavy rainfall (more than 10 mm day )
and overestimates light rainfall (less than 2 mm day ') as
compared to GSMaP and TMPA products.

Assessment of ISMR at Weekly Time Scale

In this section, Kalpana-1 derived IMSRA rainfall is com-
pared with GSMaP, TMPA and IMD SRG-based rainfall data
at weekly scale over the meteorological sub-divisions.
Figure 4(a) and (b) present the scatter plots of weekly
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Fig. 4 Scatter plots of weekly accumulated rainfall (mm) from three
satellite-derived rainfall products against IMD-SRG based rainfall data
set at meteorological sub-divisional scale for (a) 11-17 July 2013, and (b)
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accumulated rainfall averaged over each meteorological sub-
division using IMSRA, GSMaP and TMPA with respect to
IMD-SRG for 11-17 July 2013 and 12-19 September 2013,
respectively. During 11-17 July, the monsoon was active over
central and southern parts of India (IMD 2013). The IMD-
SRG showed 13 meteorological sub-divisions received excess
rain and 8 sub-divisions received normal rainfall. IMSRA,
GSMaP and TMPA showed 14, 13 and 15 sub-divisions, re-
spectively with excess rainfall and 6 sub-divisions with nor-
mal rainfall by each estimate. All the three satellite-based
rainfall estimates substantially underestimate rainfall over
Coastal Karnataka, and Konkan & Goa sub-divisions. GSMaP
shows the least correlation of 0.49 and the greatest magnitude

of bias and root-mean-square difference (RMSD) as compared
to IMD-SRG based estimates. IMSRA and TMPA show rea-
sonably high correlation and lower bias as compared to IMD-
SRG based estimates. During 12—19 September 2013, the
monsoon was about to withdraw from India. Southern India
received good amount of rainfall during this period (IMD
2013; Srivastava et al. 2014). IMD-SRG showed 11 sub-
divisions received excess rainfall whereas 13 sub-divisions
received scanty rainfall. IMSRA and GSMaP showed 15
and 12 sub-divisions, respectively with excess rainfall and
10 sub-divisions by both products with scanty rainfall. TMPA
showed 12 sub-divisions with excess rainfall but only 6 sub-
divisions with scanty rainfall. Similarly, TMPA showed 11

K1-IMSRA

GSMaP-NRT

TMPA-3B42

IMD-SRG

Legend
[ |NO DATA

NO RAIN (100%)

[__] SCANTY (-60% TO -99%)
[ DEFICIENT (-20% TO -59%):
[["] NORMAL (19% TO -19%)
[[] EXCESS (20% OR MORE)

Fig. 5 Meteorological sub-divisional scale monthly accumulated rainfall (mm) and its departure from the normal (given in parentheses) using a
Kalpana-1 IMSRA, b GSMaP-NRT, ¢ TMPA-3B42 and d IMD-SRG data sets for June 2013
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sub-divisions with normal rainfall whereas it was 6 in IMD-
SRG. All the three satellite-based rainfall estimates notably
underestimates rainfall over Kerala sub-division as compared
to IMD-SRG based estimates. The complex orographic rain-
fall caused by ambient atmospheric conditions (Houze 2012)
might be one of the possible reasons behind underestimation
of rainfall from satellite-based estimates along west coast of
India. IMSRA shows comparable error statistics with GSMaP
and TMPA when evaluated against IMD-SRG based estimates
at meteorological sub-divisional scale.

Assessment of ISMR at Monthly Time Scale

In this section, the three satellite-derived rainfall estimates are
compared with IMD-SRG based rainfall maps at monthly
scale over the meteorological sub-divisions. The monthly
rainfall maps from the four rainfall products for the month of
June are shown in Fig. 5. The country received about 34 %
more than normal rainfall during this month as per IMD-SRG
based estimates. The catastrophic heavy rainfall over
Uttarakhand state during 16—18 June also occurred in this
month (Mishra and Srinivasan 2013; Kotal et al. 2014). Only
three sub-divisions of the northeast India received deficient
rainfall. The three satellite-derived rainfall estimates shows
reasonably good agreement over the central India, but shows
an overestimation over the southeast India and underestima-
tion over Jammu & Kashmir region, along the west coast of
India. The uneven density of gauges over the northern hilly

regions and mountainous west coast might also cause uncer-
tainty in IMD-SRG based estimates.

Figure 6 presents the scatter plot of monthly accumu-
lated rainfall for the month of June from three satellite-
derived rainfall products against IMD-SRG based esti-
mates. IMSRA and TMPA show higher correlation and
smaller bias and RMSD than GSMaP estimates. GSMaP
shows an underestimation of rainfall as compared to IMD-
SRG based estimates. Better performance of TMPA data
than GSMaP is possibly due to incorporation of rain
gauge observations in TMPA research monitoring rainfall
product (Prakash et al. 2014; Tobin and Bennett 2014;
Yong et al. 2014; Zulkafli et al. 2014). The underestima-
tion of orographic rainfall by the three satellite-based
products over the meteorological sub-divisions situated
along the west coast of India like Konkan & Goa, and
Coastal Karnataka can also be seen. This analysis sug-
gests that IMSRA performs reasonably well in the estima-
tion of rainfall at meteorological sub-divisional scale ex-
cept over the orographic regions.

Assessment of ISMR at Seasonal Time Scale

In this section, the three satellite-derived rainfall estimates are
compared with IMD-SRG based rainfall estimates at seasonal
scale over the Indian meteorological sub-divisions. Figure 7
illustrates the seasonal monsoon rainfall maps over the mete-
orological sub-division of India from IMSRA, GSMaP,

Fig. 6 Scatter plot of monthly
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Fig. 7 Meteorological sub-divisional scale seasonal JJAS accumulated rainfall (mm) and its departure from the normal (given in parentheses) using a
Kalpana-1 IMSRA, b GSMaP-NRT, ¢ TMPA-3B42 and d IMD-SRG data sets for the southwest monsoon of 2013

TMPA and IMD-SRG products. The seasonal rainfall over
India was recorded as 6 % more than normal using IMD-
SRG based estimates. Most of the sub-divisions got normal
or excess rainfall during this season. From IMD-SRG out of
36 sub-divisions, 15 sub-divisions received excess rainfall and
15 received normal rainfall whereas 6 sub-divisions received
deficient rainfall. IMSRA indicates that 18 sub-divisions re-
ceived excess rainfall, 9 sub-divisions received normal rainfall
and other 9 sub-divisions as deficient. The Himalayan region
and Western Ghats regions show dissimilarities from IMD-
SRG due to underestimations of orographic rainfall, whereas
the seasonal rainfall of northeast India from IMSRA matches
well with IMD-SRG. TRMM-3B42 and GSMaP also shows
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nearly same pattern over the country. IMD-SRG, IMSRA and
TRMM-3B42 report no scanty regions during this season but
GSMaP product shows four sub-divisions as scanty. The
satellite-derived rainfall products show overestimation over
the southeast peninsular India and underestimation over the
mountainous regions.

The scatter plot of seasonal rainfall averaged over each
meteorological sub-division from the three satellite-based
rainfall products against IMD-SRG based estimates is shown
in Fig. 8. GSMaP shows the smallest correlation of 0.60 and
the largest RMSD of 627 mm. This rainfall product largely
underestimates monsoon rainfall over the Indian meteorolog-
ical sub-divisions. Higher correlation and lower bias from
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IMSRA and TMPA data sets with respect to IMD-SRG based
estimates clearly shows the potential of Kalpana-1 derived
rainfall product for monsoon monitoring at meteorological
sub-divisional scale. Furthermore, it is recently shown that
the combined use of IMSRA and rain gauge observations
provides better rainfall estimates over the Indian monsoon
region (Gairola et al. 2015). Thus, the merged satellite-gauge
rainfall product would provide better rainfall estimates at me-
teorological sub-divisional scale.

Conclusion

Kalpana-1 derived IMSRA rainfall was compared with two
independent multisatellite products and IMD-SRG based esti-
mates. The progress of the ISMR of 2013 was assessed by
these rainfall products over meteorological sub-divisions and
at different temporal scales. The qualitative as well as quanti-
tative comparison between IMSRA and other two satellite-
based products showed that IMSRA is able to capture rainfall
over the Indian region. IMSRA is also able to capture daily
rainfall variability over the monsoon trough region, but under-
estimates heavy rainfall and overestimates light rainfall. The
rainfall at meteorological sub-divisional scale from these
satellite-derived products was also compared with IMD-
SRG based observations. IMSRA and TMPA data sets per-
form better than GSMaP product at meteorological sub-
divisional scale over India. Even though IMSRA and TMPA
were in reasonably good agreement with IMD-SRG based

rainfall maps, satellite-derived rainfall products underestimate
orographic rainfall along the west coast and overestimate over
the southeast peninsular India. Results suggest that the
IMSRA is suitable for rainfall estimation over India with pos-
sible augmentation of separate method for rainfall estimation
along orographic regions. This methodology can be further
applied to the recently launched INSAT-3D satellite data. Nev-
ertheless, the synergistic use of satellite-based rainfall esti-
mates and ground-based observations would essentially pro-
vide better rainfall estimates at meteorological sub-divisional
scale for Indian monsoon rainfall monitoring and other
applications.

Acknowledgments The authors would like to express their thanks to
the Director of the Space Applications Centre and the Deputy Director of
the EPSA for their encouragement and keen interest for the research
carried out in this study. They also wish to acknowledge the editor and
two anonymous reviewers for constructive comments. The TRMM-3B42
data from TRMM Online Visualization and Archive System (TOVAS),
GSMaP data from JAXA and Kalpana-1 data provided by the MOSDAC,
ISRO and rainfall maps obtained from the IMD are acknowledged with
sincere thanks.

References

Das, S. K., Deb, S. K., Kishtawal, C. M., & Pal, P. K. (2013). Seasonal
prediction of Indian summer monsoon: sensitivity to persistent SST.
Journal of Earth System Science, 122, 1183-1193. doi:10.1007/
$12040-013-0351-6.

@ Springer


http://dx.doi.org/10.1007/s12040-013-0351-6
http://dx.doi.org/10.1007/s12040-013-0351-6

76

J Indian Soc Remote Sens (February 2016) 44(1):67-76

Gadgil, S. (2003). The Indian monsoon and its variability. Annual Review
of Earth and Planetary Sciences, 31, 429-467. doi:10.1146/
annurev.earth.31.100901.141251.

Gadgil, S., & Srinivasan, J. (2010). Understanding and predicting the
Indian summer monsoon. Current Science, 99, 1184—1186.

Gairola, R. M., Varma, A. K., Prakash, S., Mahesh, C., &, Pal, P. K.
(2010b). Development of rainfall estimation algorithms for monitor-
ing rainfall events over India using KALPANA-IR measurements on
various temporal and spatial scales. 38th meeting of the Co-
ordination Group of Meteorological Satellites (CGMS) 8—12 Nov.,
New Delhi, India.

Gairola, R. M., Mishra, A., Prakash, S., & Mahesh, C. (2010a).
Development of INSAT Multi-Spectral Rainfall Algorithm
(IMSRA) for monitoring rainfall events over India using KALP
ANA-IR and TRMM-Precipitation Radar observations. Scientific
Report SAC/EPSA/AOSG/INSAT/SR-39/2010, 22pp.

Gairola, R. M., Prakash, S., Bushair, M. T., & Pal, P. K. (2014). Rainfall
estimation from Kalpana-1 satellite data over Indian land and oce-
anic regions. Current Science, 107, 1275-1282.

Gairola, R. M., Prakash, S., & Pal, P. K. (2015). Improved rainfall esti-
mation over the Indian monsoon region by synergistic use of
Kalpana-1 and rain gauge data. Atmosfera, 28, 51-61.

Goswami, B. N., & Ajayamohan, R. S. (2001). Intraseasonal oscillations
and interannual variability of the Indian summer monsoon. Journal
of Climate, 14, 1180-1198.

Houze, R. A., Jr. (2012). Orographic effects on precipitating clouds.
Reviews of Geophysics, 50, RG1001. doi:10.1029/2011RG000365.

Huffman, G. J., & Bolvin, D. T. (2013). TRMM and other data precipi-
tation data set documentation. Global Change Master Directory,
NASA, 40pp. [Available online at ftp://precip.gsfc.nasa.gov/pub/
trmmdocs/3B42 3B43 doc.pdf].

Huffman, G. J., Adler, R. F., Bolvin, D. T., Gu, G., Nelkin, E. J.,
Bowman, K. P, Hong, Y., Stocker, E. F., & Wolff, D. B. (2007).
The TRMM multisatellite precipitation analysis (TMPA): Quasi-
global, multiyear, combined-sensor precipitation estimates at fine
scales. Journal of Hydrometeorology, 8, 38—55. doi:10.1175/
JHMS560.1.

Huffman, G. J., Adler, R. F.,, Bolvin, D. T., & Nelkin, E. J. (2010). The
TRMM Multi-satellite Precipitation Analysis (TMPA). In F. Hossain
and M. Gebremichael (Eds.) Satellite applications for surface
hydrology (pp. 3-22). Springer Verlag. ISBN: 978-90-481-2914-0.

IMD. (2013). Monsoon 2013: A report. New Delhi: India Meteorological
Department.

Kaila, V. K., Kiran Kumar, A. S., Sundarmurthy, T. K., Ramkrishnan, S.,
Prasad, M. V. S, Desai, P. S., Jayaraman, V., & Manikiam, B.
(2002). METSAT—a unique mission for weather and climate.
Current Science, 83, 1081-1088.

Kotal, S. D., Roy, S. S., & Roy Bhowmik, S. K. (2014). Catastrophic
heavy rainfall episode over Uttarakhand during 16-18 June 2013—
observational aspects. Current Science, 107, 234-245.

Krishnamurthy, V., & Shukla, J. (2007). Intraseasonal and seasonally
persisting patterns of Indian monsoon rainfall. Journal of Climate,
20, 3-20. doi:10.1175/JCI3981.1.

Kucera, P. A., Ebert, E. E., Turk, F. J., Levizzani, V., Kirschbaum, D.,
Tapiador, F. J., Loew, A., & Borsche, M. (2013). Precipitation from
space: advancing earth system science. Bulletin of the American
Meteorological Society, 94, 365-375. doi:10.1175/BAMS-D-11-
00171.1.

Mahesh, C., Prakash, S., Gairola, R. M., Shah, S., & Pal, P. K. (2014).
Meteorological sub-divisional scale rainfall monitoring using
Kalpana-1 VHRR measurements. Geographical Research, 52,
328-336. doi:10.1111/1745-5871.12068.

Mishra, A., & Srinivasan, J. (2013). Did a cloud burst occur in Kedarnath
during 16 and 17 June 2013? Current Science, 105, 351-1352.

@ Springer

Mishra, A., Gairola, R. M., Varma, A. K., & Agarwal, V. K. (2010).
Remote sensing of precipitation over Indian land and oceanic re-
gions by synergistic use of multisatellite sensors. Journal of
Geophysical Research, 115, D08106. doi:10.1029/2009JD012157.

Parthasarathy, B., Sontakke, N. A., Monot, A. A., & Kothawale, D. R.
(1987). Droughts/floods in the summer monsoon season over differ-
ent meteorological subdivisions of India for the period 1871-1984.
Journal of Climatology, 7, 57-70. doi:10.1002/joc.3370070106.

Prakash, S., Mahesh, C., Mishra, A., Gairola, R. M., Varma, A. K., & Pal,
P. K. (2009). Combined use of microwave and IR data for the study
of Indian monsoon rainfall-2009. ISPRS Archives XXXVIII-8/W3
Workshop Proceedings: Impact of Climate Change on Agriculture.
Ahmedabad

Prakash, S., Mahesh, C., Gairola, R. M., & Pal, P. K. (2010). Estimation of
Indian summer monsoon rainfall using Kalpana-1 VHRR data and its
validation using rain gauge and GPCP data. Meteorology and
Atmospheric Physics, 110, 45-57. doi:10.1007/s00703-010-0106-8.

Prakash, S., Mahesh, C., Gairola, R. M., & Buyantogtokh, B. (2012). A
feasibility of six-hourly rainfall forecast over central India using
model output and remote sensing data. International Journal of
Hydrology Science and Technology, 2, 138—152. doi:10.1504/
IJHST.12.47409.

Prakash, S., Sathiyamoorthy, V., Mahesh, C., & Gairola, R. M. (2014).
An evaluation of high-resolution multisatellite rainfall products over
the Indian monsoon region. International Journal of Remote
Sensing, 35, 3018-3035. doi:10.1080/01431161.2014.894661.

Revadekar, J. V., & Preethi, B. (2010). Statistical analysis of the relation-
ship between summer monsoon precipitation extremes and food
grain yield over India. International Journal of Climatology, 32,
419-429. doi:10.1002/joc.2282.

Roy, S. S., Saha, S. B., Fatima, H., Roy Bhowmik, S. K., & Kundu, P. K.
(2012). Evaluation of short period rainfall estimates from Kalpana-1
satellite using MET software. Journal of Earth System Science, 121,
1113-1123.

Srinivasan, J., & Joshi, P. C. (2007). What have we learned about the
Indian monsoon from satellite data? Current Science, 93, 165-172.

Srivastava, A. K., Guhathakurtha, P., & Kaur, S. (2014). Rainfall statis-
tics. In Monsoon 2013: a report (pp. 18-36), ESSO/IMD/
SYNOPTIC MET/01-2014/15.

Tapiador, F. J., Turk, F. J., Petersen, W., Hou, A. Y., Garcia-Ortega, E.,
Machado, L. A. T., Angelis, C. F., Salio, P., Kidd, C., Huffman, G.
J., & de Castro, M. (2012). Global precipitation measurement:
methods, datasets and applications. Atmospheric Research, 104—
105, 70-97. doi:10.1016/j.atmosres.2011.10.021.

Tobin, K. J., & Bennett, M. E. (2014). Satellite precipitation products and
hydrologic applications. Water International, 39, 360-380. doi:10.
1080/02508060.2013.870423.

Ushio, T., Kubota, T., Shige, S., Okamoto, K., Aonashi, K., Inoue, T.,
Takahashi, N., Iguchi, T., Kachi, M., Oki, R., Morimoto, T., &
Kawasaki, Z. (2009). A Kalman filter approach to the Global
Satellite Mapping of Precipitation (GSMaP) from combined passive
microwave and infrared radiometric data. Journal of the
Meteorological Society of Japan, 874, 137-151.

Yong, B., Chen, B., Gourley, J. J., Ren, L., Hong, Y., Chen, X., Wang, W.,
Chen, S., & Gong, L. (2014). Intercomparison of the version-6 and
version-7 TMPA precipitation products over high and low latitudes
basins with independent gauge networks: is the newer version better
in both real-time and post-real-time analysis for water resources and
hydrologic extremes? Journal of Hydrology, 508, 77-87. doi:10.
1016/j.jhydrol.2013.10.050.

Zulkafli, Z., Buytaert, W., Onof, C., Manz, B., Tarnavsky, E., Lavado, W.,
& Guyot, J. L. (2014). A comparative performance analysis of
TRMM 3B42 (TMPA) versions 6 and 7 for hydrological applica-
tions over Andean-Amazon river basins. Journal of
Hydrometeorology, 15, 581-592. doi:10.1175/JHM-D-13-094.1.


http://dx.doi.org/10.1146/annurev.earth.31.100901.141251
http://dx.doi.org/10.1146/annurev.earth.31.100901.141251
http://dx.doi.org/10.1029/2011RG000365
ftp://precip.gsfc.nasa.gov/pub/trmmdocs/3B42_3B43_doc.pdf
ftp://precip.gsfc.nasa.gov/pub/trmmdocs/3B42_3B43_doc.pdf
http://dx.doi.org/10.1175/JHM560.1
http://dx.doi.org/10.1175/JHM560.1
http://dx.doi.org/10.1175/JCI3981.1
http://dx.doi.org/10.1175/BAMS-D-11-00171.1
http://dx.doi.org/10.1175/BAMS-D-11-00171.1
http://dx.doi.org/10.1111/1745-5871.12068
http://dx.doi.org/10.1029/2009JD012157
http://dx.doi.org/10.1002/joc.3370070106
http://dx.doi.org/10.1007/s00703-010-0106-8
http://dx.doi.org/10.1504/IJHST.12.47409
http://dx.doi.org/10.1504/IJHST.12.47409
http://dx.doi.org/10.1080/01431161.2014.894661
http://dx.doi.org/10.1002/joc.2282
http://dx.doi.org/10.1016/j.atmosres.2011.10.021
http://dx.doi.org/10.1080/02508060.2013.870423
http://dx.doi.org/10.1080/02508060.2013.870423
http://dx.doi.org/10.1016/j.jhydrol.2013.10.050
http://dx.doi.org/10.1016/j.jhydrol.2013.10.050
http://dx.doi.org/10.1175/JHM-D-13-094.1

	Assessment of Kalpana-1 Rainfall Product over Indian Meteorological Sub-Divisions During the Summer Monsoon Season
	Abstract
	Introduction
	Data and Methods
	Kalpana-1 Data
	GSMaP Data
	TMPA-3B42 Data
	Gauge-Based Rainfall Maps

	Methodology
	Results and Discussions
	Assessment of ISMR at Daily Time Scale
	Assessment of ISMR at Weekly Time Scale
	Assessment of ISMR at Monthly Time Scale
	Assessment of ISMR at Seasonal Time Scale

	Conclusion
	References

	Untitled

