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lkj & bl 'kks/k i= esa o"kZ 2006] 2007 vkSj 2008 ds xzh"e ekWulwu _rq ds nkSjku orZeku le; ds 
lQy mixzgksa ¼3 ch 42 vkj- Vh-] 3 ch- 42 oh&6] dYiuk&1½ ls Hkkjrh;  {ks=ksa ds ckjs esa izkIr lwpukvksa dks 
laf{kIr vkSj la’ysf"kr fooj.k izLrqr fd;k x;k gSA mixzg ls izkIr vk¡dM+ksa dk o"kkZekih izs{k.kksa ds lkFk ijLij 
rqyuk djus ls irk pyrk gS fd Vh- vkj- ,e- ,e- 3 ch- 42 oh&6 ds mRikn xzh"e ekulwu dh fo’ks"krkvksa dks 
lgh&lgh idM+ ik, gSa] tSls fd if’peh ?kkV ds Hkkjh o"kkZ okys mRrj nf{k.kh Hkkx esa ewlyk/kkj o"kkZ gqbZ vkSj 
iwoZ esa of̀"V Nk;k {ks= cuk jgk] ns’k ds iwokZRrj Hkkxksa ds ekulwu nzsk.kh ds {ks=ksa esa dqN LFkkuksa ij Hkkjh o"kkZ 
gqbZ] iwoksZRrj Hkkjr esa fgeky; ds rjkbZ okys {ks=ksa esa rFkk caxky dh [kkM+h ds mRrjh Hkkx esa Hkkjh o"kkZ gqbZA 
dYiuk&1 vkSj 3 ch- 42 vkj- Vh- ls izkIr vk¡dM+ksa ls dsoy ekulwu _rq dh vkSlr o"kkZ dh foLrr̀ tkudkjh 
izkIr gksrh gSSA Hkkjr ds if’peh ?kkV ds ioZrh; {ks= esa gqbZ Hkkjh&o"kkZ ds vk¡dM+s okLrfod le; ij 3 ch 42 
vkj- Vh- vkSj dYiuk&1 ls de vkdfyr fd, x, gSaA Vh- vkj- ,e- ,e- 3 ch- 42 oh-&6 ls izkIr vk¡dM+ksa dks 
tc iwjh _rq ds vk¡dM+ksa ds lkFk feyk dj vkdfyr fd;k x;k rks bls izsf{kr vk¡dM+k iSVuZ ds djhc ik;k 
x;kA gkykafd Vh- vkj- ,e- ,e- 3 ch- 42 vkj- Vh- vkSj dYiuk&1 ls izkIr vk¡dM+s ns’k ds vf/kdrj Hkkxksa esa 
_rq ds nkSjku izsf{kr o"kkZ vk¡dM+ksa ls vis{kk—r de FksA bu vk¡dM+ksa dk ,d nwljs ds lkFk rqyuk djus ls irk 
pyrk gS fd Vh- vkj- ,e- ,e- 3 ch- 42 oh-&6 ds vk¡dM+s iwjs Hkkjr esa rFkk Hkkjr ds le:ih {ks=  esa Hkh 
nSfud rFkk _rq dh vkSlr o"kkZ dk vkdyu djus esa vf/kd lgh fLFkfr dks n’kkZr gaSA  

 
 
 

ABSTRACT. The study provides a concise and synthesized documentation of the current level of skill of the 
satellite (3B42RT, 3B42V-6, KALPANA-1) products over Indian regions based on the data gathered during the summer 
monsoon seasons of 2006, 2007 and 2008. The inter-comparison of satellite products with the rain gauge observations 
suggests that the TRMM 3B42V6 product could distinctly capture characteristic features of the summer monsoon, such 
as north–south oriented belt of heavy rainfall along the Western Ghats with sharp gradient of rainfall between the west 
coast heavy rain region and the rain shadow region to the east, pockets of heavy rainfall along the location of monsoon 
trough, over the east central parts of the country, over north-east India, along the foothills of Himalayas and over the 
north Bay of Bengal. The KALPANA-1 and 3B42RT products reproduce only the broadest features of mean monsoon 
seasonal rainfall. The near real-time products 3B42RT and KALPANA-1 underestimate the orographic heavy rainfall 
along the Western Ghats of India. The precipitation estimates from TRMM 3B42V6 product, when accumulated over the 
whole season, could reproduce the observed pattern. However, the TRMM 3B42RT and KALPANA-1 estimates are 
comparatively lower than the observed rainfall over most parts of the country during the season. Inter comparison reveals 
that the TRMM 3B42V6 product showed better skill in estimating the daily and seasonal mean rainfall over all India and 
also over four homogeneous regions of India.  

 
Key words  ‒   TRMM, NWP, 3B42V6, 3B42RT, Rainfall estimate, QPE, Indian summer monsoon, Rainfall 

estimation skill. 
 
 

 
1.  Introduction 
  

Accurate estimation of rainfall is crucial for a wide 
range of applications extending from the real time 

monitoring and prediction of flood events to initialization 
and validation of Numerical Weather Prediction (NWP) 
models. Prior knowledge of the structural characteristics 
of varying rainfall systems is very  essential  for  real  time  
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TABLE 1  
 

Characteristics of the data sets used in this study 
 

Data Set Name Spatial resolution Temporal resolution Duration 

Rain gauge (IMD) 1 × 1 degree (gridded) Daily (0300 UTC – 0300 UTC) 2006-2008 (June – September) 

KALPANA-1 
1 × 1 degree 

0.25 × 0.25 degree 

Daily (0000 UTC – 0000 UTC) 

Daily (0000 UTC – 0000 UTC) 

2006 -2007 (June -September) 

2008 (June-September) 

TRMM 3B42RT 0.25 × 0.25 degree 3 Hourly 2006- 2008 (June-September) 

TRMM 3B42 V6 0.25 × 0.25 degree 3 Hourly 2006- 2008(June-September) 
 

 
 
monitoring and prediction of flood events. Excess rainfall 
causes severe flooding, property and lives loss. Extended 
absence of rainfall lead to droughts, which can devastate 
crop yields and limits human consumption. India is 
heavily dependent on rain-fed agriculture, hence excess or 
insufficient rainfall can be devastating to the national 
economy and the livelihood of its people. A better 
understanding of the spatial and temporal rainfall 
distributions is therefore essential for the Indian economy.  
  

Reliable observations of rainfall data are also 
important for climate science because precipitation is a 
major component of the earth's water and energy cycles. 
These cycles are inherently complex, with interaction 
between land, ocean, atmosphere and cryosphere. The 
tropical atmosphere gets three-fourth of its heat energy 
from the release of latent heat associated with 
precipitation. Elevated latent heating has strong influence 
on surface pressure, surface winds in the tropics, 
evaporation and ocean circulation. Rainfall determines 
river runoff and modifies sea surface salinity, upper ocean 
stratification and mixed layer depth. Thus rainfall has very 
important direct and indirect influence on the distribution 
of tropical sea surface temperature, atmospheric water 
vapour, boundary layer moisture convergence, and 
convection. In order to make progress in the area of 
dynamical extended range prediction of monsoon rainfall, 
the first requirement is obtaining observed rainfall data 
(used in verifying the models) and understanding the 
processes involved. Finally, the distribution of water 
vapour and clouds modifies radiative fluxes in the 
atmosphere, and turbulent exchange of heat and water 
vapour with land and ocean. Due to the above mentioned 
reasons, in recent years there has been considerable 
interest among different scientific groups in the 
preparation and inter-comparison of gridded rainfall 
datasets (Huffman et al. 1997; Xie and Arkin 1997 and 
Adler et al. 2003) 
   

Rain gauge measurements are usually limited by 
their spatial coverage. A network of weather radars 

provides good spatial and temporal coverage. However, 
the problem of inter-radar calibration and blockage by 
mountains still limit its capability. Remote sensing 
techniques using space borne sensors provide an excellent 
complement to continuous monitoring of rain event both 
spatially and temporally. The launch of the Tropical 
Rainfall Measuring Mission (TRMM) satellite in 
November 1997 jointly by National Aeronautics and 
Space Administration (NASA) of US and the Japanese 
Aerospace Exploration Agency (JAXA) provided more 
than 10 years of quality rainfall data for tropical rainfall 
study. To improve the TRMM data quality, TRMM 
products are constantly reprocessed, as new information 
acquired by TRMM lead to improved algorithms. 
Recently, the TRMM reprocessing was completed using 
the Version 6 (V6) algorithms. It is necessary to quantify 
the biases of the TRMM products relative to gauge 
measurements that have been used historically to calibrate 
NWP models. Comparison of India Meteorological 
Department (IMD) rain gauges with satellite products 
enables an evaluation of the applicability of satellite rain 
estimates in India for agricultural and hydrological 
applications. 
  

There are a number of efforts to compare and 
validate TRMM rainfall products with other rainfall 
measurements (Mitra et al. 2003, Nicholson et al. 2003       
a & b). However, these studies are usually limited to 
comparisons at the monthly scale. For hydrological or 
agricultural applications, shorter periods, such as daily, 
five day (pentad) or ten day (decade) rain rates are more 
appropriate. More recently, comparison of operational rain 
products at the daily scale have been carried out for the 
Indian monsoon regions by using GPCP and TRMM 
(3B42V5 and 3B42V6) data (Rahman and Sengupta 
2007). All these rainfall products which they have taken 
for comparison are post real time research products, 
available 10 - 15 days after at the end of each month. 
Since India Meteorological Department is the operational 
center, there has been growing operational requirement for 
real time satellite products of improved quality for 

http://ams.allenpress.com/perlserv/?request=get-document&doi=10.1175%2F1525-7541(2003)004%3C0769%3ADRFTIM%3E2.0.CO%3B2#I1525-7541-4-5-769-HUFFMAN1�
http://ams.allenpress.com/perlserv/?request=get-document&doi=10.1175%2F1525-7541(2003)004%3C0769%3ADRFTIM%3E2.0.CO%3B2#I1525-7541-4-5-769-XIE1�
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monitoring and prediction of heavy rainfall events. The 
comparison study of these real time satellite products over 
Indian region is lacking. So, it is very important to know 
the performance skill of the real time satellite products 
over Indian regions. The main objective of this study is to 
evaluate/investigate the skill of both near real-time 
(3B42RT, and KALPANA-1) and post real-time 
(3B42V6) satellite products over Indian regions during the 
summer monsoon seasons of 2006, 2007 and 2008. 
 
2.  Data sources and methodology 
 

Table 1 shows the data sets and their characteristics 
used in this study. 
 

2.1.  Rain Gauge dataset (IMD) 
 

The daily observed (Rain Gauge) rainfall data from 
the India Meteorological Department (IMD) for the 
monsoon year of 2006, 2007 and 2008 are quality 
controlled and objectively analyzed to a 1° × 1° latitude -
longitude grid (Roy Bhowmik and Das 2007 and Rajeevan 
et al. 2005). The objective technique used for this rainfall 
analysis is based on the Cressman interpolation method 
(Cressman 1959). The Cressman weight function used in 
the analysis is defined by    
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Where R is the radius of influence and mir ,  is the 

distance of the station from the grid point. The analysed 
observed rainfall used for the study is accumulated rainfall 
in the 24 hours ending 0830 hrs IST (0300 UTC). It is 
used to validate daily satellite rainfall products 
(KALPANA-1, 3B42RT & 3B42V6) over Indian land 
areas for the three consecutive monsoon years of 2006, 
2007 and 2008. 
 

2.2.  KALPANA-1 QPE 
 

The KALPANA-1 is a dedicated Meteorological 
Satellite, having three channel Very High Resolution 
Radiometer (VHRR) for cloud imagery in Visible, 
Infrared and Water Vapour channels and a Data Relay 
Transponder (DRT). It was launched by India in 
September, 2002 and is still operational at 74.0° E 
Longitude. The Quantitative Precipitation Estimation 
(QPE) from the KALPANA-1 are derived at the grid 
resolution of 1° × 1° Lat./Long. for the monsoon seasons 
of 2006 and 2007 and at 0.25° × 0.25° Lat./Long. for 
2008, following the algorithm described by Arkin et al. 
(1989). The algorithm was originally developed for 
estimation of large-scale rainfall distribution over oceanic 

areas. Extension of the technique to land areas may give 
unreasonable estimates over mountainous terrain, where 
the rainfall is primarily orographic and not convective. 
The detailed description of the method is also given by 
Rao et al. (1989). The approach is identical with the one 
used to obtain such estimates for GOES (Arkin and 
Meisgner, 1987) and for INSAT-1B (Kelkar and Rao, 
1990). According to this algorithm the rainfall estimates 
are given by: 
   

R = 3 × f × h 
 

Where R is areal rainfall estimates in mm, f is the 
fraction of IR pixels with temperature less than 235° K 
and total number of pixels within the square grid, and h is 
time in hours. The constant rain rate of 3 mm/h provides 
the best correlation of the regression relation (Richard and 
Arkin, 1981). Rainfall estimates from the satellite data is 
based on the hypothesis that the coldest (brightest) clouds 
in IR (VIS) are associated with the highest rainfall.   
 

2.3.  TRMM 3B42RT and 3B42 Version 6 (V6) 
products   

   
The Tropical Rainfall Measuring Mission (TRMM) 

Multisatellite Precipitation Analysis (TMPA), a new 
dataset that continues the trend toward routine 
computation and distribution of finer-scale precipitation 
estimates. In common with the GPCP products, the TMPA 
is designed to combine precipitation estimates from 
various satellite systems, as well as land surface 
precipitation gauge analyses. The TMPA is computed 
twice as part of the routine processing for TRMM, first as 
an experimental best-effort real-time monitoring product 
(RT) about 9 h after real time, and then as a post-real-time 
research-quality product (research products) about 10–15 
days after the end of each month. 
  

The TRMM 3B42RT is as an experimental best-
effort real-time monitoring product and 3B42V6 is a post-
real-time research-quality product. Both these products are 
available at the 3-hourly, 0.25° × 0.25° latitude-longitude 
resolution. The combined microwave, microwave 
calibrated IR, and merged microwave - IR estimates, 
which are labelled 3B40RT, 3B41RT and 3B42RT 
respectively are available from http://precip.gsfc.nasa. 
gov. The research product system has been developed as 
the version-6 algorithm for the TRMM operational 
product 3B42, although that product only provides the 
final gauge adjusted merged field.  
 
3.  Results and discussions 
  

To compare the satellite estimated rainfall products 
(3B42V6,   3B42RT   and   KALPANA-1)  with  observed  
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Fig. 1.  The region of study. Different regions are shown in outline: NI-North India,             
CI-Central India, EI-Eastern India, NE-North East India and WC-West Coast of India 

 
 
Gauge rainfall, the following statistical measures are used- 
mean error (bias), root mean square Error (RMSE) and 
correlation coefficient (CC). These are defined as follows:  
 

Mean error (Bias) 
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Correlation coefficient 
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Where N is the total number of samples, i = 1, 2… N 

and X is the satellite rainfall estimation and O is the gauge 

observation at the grid. The time intervals used for 
estimating accumulated daily rain by the datasets are 
different (Table 1). The different regions used for 
comparison are shown in Fig. 1. Four representative areas 
over Indian land i.e., North India (NI), Eastern India (EI), 
North East India (NEI), Central India (CI), and West coast 
of India (WC) are chosen based on the consideration that 
daily variability of rain is more or less spatially uniform 
within each of these regions (Goswami et al., 2006). 
 

3.1.  Salient features of Indian summer monsoon 
during 2006, 2007 and 2008  

  
The seasonal (summer monsoon) rainfall pattern 

over India shows that large values of rainfall occur along 
the west coast and over the north-eastern parts of India 
where blocking effects of topography induce upward 
vertical velocity and enhance precipitation at the 
windward side and suppress precipitation in the lee side 
(Rao, 1976). The rain shadow due to the Western Ghats 
spreads over a large area of the Indian peninsula. The 
states in the northwest and southeast get the least amount 
of rainfall. The local scale features and passage of 
synoptic scale monsoon systems further modify this gross 
picture. There is an increase in daily rainfall at the 
beginning of the season that is coincident with the onset of 
the  summer monsoon over the southern tip of India, and a  

 

NI 

WC 
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Figs. 2(a-d).  Spatial distribution of cumulative rainfall (cm) from (a) Rain gauge observation and (b) KALPANA-1 (c) 3B42RT and (d) 3B42V6 
for the period from 1 June to 30 September 2006 

 
 
 
gradual increase up to July when the whole of the country 
is under the influence of the summer monsoon circulation. 
The rainfall values decrease after August because the 
monsoon circulation starts withdrawing southward from 
the west and central parts of the country. The withdrawal 
process is complete over most of the country, except for 
the east coast of the extreme south, by the end of 
September. This general trend is, however, modulated by 
events of enhanced precipitation activity that are usually 
associated with one or more synoptic-scale weather 
systems, like low pressure areas of various intensity or 
extra tropical influence due to incursions of westerly 
troughs to the north of the country. 
  

The 2006 summer monsoon was a normal monsoon 
year with the seasonal rainfall of 100% of the long term 

average normal (IMD, 2007).  The rainfall was unevenly 
distributed in space and time. Monsoon advanced over 
Kerala (extreme south-east state of India) on 26 May, 
almost a week prior to the normal date. The monsoon 
covered the entire country on 24 July, about 9 days later 
than normal date of 15 July. Withdrawal of monsoon   
from northwest India took place on 21 September, 20 days 
later than normal date of 1 September. During the season 
as many as 16 low pressure systems formed and out of 
them 8 systems were depression. One depression formed 
in July, 4 depressions in August and 3 depressions in 
September. Most of them had long track across the central 
mostly in west/northwest direction. 
   

For monsoon 2007, the total rainfall for the whole of 
the  country  was  105%  of  the  long term average normal  

  

  

 

(a) (b) 

(c) (d) 
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Figs. 3(a-d). Same as Figs. 2(a-d) but for the year 2007 

 
 
 
(IMD, 2008). Onset of monsoon over Kerala, extreme 
southwest state of India was on 28 May, 4 days in advance 
of the normal date of onset over Kerala. Further 
advancement of monsoon took place from 8 June onward 
after a hiatus of 9 days.  It covered the northeastern states 
by 10 June, peninsular India and central India by 25 June 
and subsequently the entire country on 4 July, nearly 11 
days ahead of the normal schedule. The southwest 
monsoon started withdrawing from northwest parts of the 
country on 30 September against the normal date of 
withdrawal of 15 September. 
  

In the monsoon season of 2008, the cumulative 
seasonal rainfall for the country as a whole was near 
normal and it was 98% of its long period average (IMD, 
2009). The monsoon set in over Kerala on 31 May, one 
day prior to the normal date. Further, advance took place 

quite rapidly mainly due to a depression (5 - 6 June) over 
the east central Arabian Sea and a well marked low 
pressure area (9 - 11 June) over Saurashtra & Kutch and 
neighborhood. By 16 June, southwest monsoon had 
covered most parts of the country except for some parts of 
Rajasthan. The rapid advance of monsoon could be 
attributed to the interaction of the monsoon circulation 
with mid-latitude westerly system. Subsequently, there 
was a hiatus in the further advance due to the weakening 
of the monsoon current for 23 days from 17 June to 09 
July. The monsoon covered the entire country by 10 July, 
against normal date of 15 July. There was a delay in the 
commencement of withdrawal of southwest monsoon 
from extreme west Rajasthan. The southwest monsoon 
withdrew from entire Jammu & Kashmir, Himachal 
Pradesh, Punjab, Haryana, Chandigarh & Delhi, west 
Rajasthan,  most  parts of Uttarakhand, west Uttar Pradesh  

  

  

(a) (b) 

(c) (d) 
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Figs. 4(a-d). Same as Figs. 2(a-d) but for the year 2008 
 
 
 
 
and east Rajasthan, some parts of north Gujarat State and 
north Arabian Sea on 29th September. The normal date of 
withdrawal of southwest monsoon from west Rajasthan is 
1 September. The delay was mainly due to the presence of 
systems in westerlies over northwest India interacting with 
the monsoon circulation (Kalsi et al., 1980). 
 

3.2.  Spatial distribution of Gauge observed and 
satellite estimated rainfall over India 

  
The spatial distribution of cumulative seasonal 

(June-September; JJAS) rainfall over India from Rain 
Gauge (IMD) and satellite products (KALPANA-1, 3B42-
RT and 3B42V6)  for the monsoon year of 2006, 2007 and 
2008 are shown in Figs. 2(a-d), Figs. 3(a-d) and Figs. 4       
(a-d) respectively. The observed seasonal total rainfall 
(IMD) distribution for 2006 [Fig. 2(a)] shows a north-
south oriented belt of heavy rainfall along the west coast 

between latitude 8° N and 20° N with two peaks ( > 250 
cm) centered near Lat. 13° N and Lat. 17° N. The sharp 
gradient of rainfall between the west coast heavy rain 
region and the rain shadow region to the east is brought 
out realistically in the observed rainfall. Two heavy 
rainfall pockets (>200 cm) one over the Gangetic plains 
and another over the extreme northeastern parts of the 
country are observed. The KALPANA-1 [Fig. 2(b)] and 
3B42RT [Fig. 2(c)] products do not show the observed 
high rainfall over the west coast and the northeast of India. 
The high rainfall over both of these west coast and north 
east of India is attributed to orography; it is captured by 
seasonal TRMM PR measurements and SSM/I data (Xie 
et al., 2006). The 3B42-V6 [Fig. 2(d)] product captures 
the pattern of orographic rain seen in the IMD data, but 
underestimates the rainfall amount. A possible reason for 
under estimation of satellite derived orographic rainfall  
by  INSAT KALPANA-1  is  partly  due  to the maximum  

  

  

(a) (b) 

(c) (d) 
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Figs. 5(a-c).  Area weighted seasonal (Jun-Sep) rain rate (mm/day) from Rain Gauge (IMD) and Satellite products (KALPANA-1, 3B42RT and 
3B42V6) over All India, North India, North East India, East India, Central India and West coast of India for the summer monsoon of 
(a) 2006; (b) 2007 and (c) 2008 

 
 
 
 
rainfall rate constant 72 mm/day which is unrealistically 
low in the context of intense Mesoscale convective 
orographic rainfall.  Large errors of orographic rainfall by 
TRMM   may be closely related to issues of hydrometeors 
vertical profile in the Passive Microwave retrievals. The 
Passive Microwave scattering associated with ice particles 
above the freezing level is relatively weak in the 
orographic rainfall, and retrieval using high frequency 
channel may be regarded as small [Takuji et al. (2009)]. 
  

During the year 2007, the observed seasonal total 
rainfall (IMD) distribution [Fig. 3(a)] shows a continuous 
north-south oriented orographic heavy rainfall along the 
west coast with a peak value of more than 250 cm. The 
heavy rainfall region over north east India shows a peak of 
250 cm. We find another region with a maximum of 150 
cm of rainfall over the Gangetic plains and south of the 
axis of the normal position of the monsoon trough. The 
west coast rainfall amount in the KALPANA-1 [Fig. 3(b)] 

and 3B42RT [Fig. 3(c)] are only 100 to 150 cm. 
Compared to the IMD observed rainfall [Fig. 3(a)], both 
the KALPANA-1 and 3B42RT products underestimate the 
rainfall over the west coast of India. The observed heavy 
rainfall [Fig. 3(a)] pockets (>200 cm) over the extreme 
northeastern parts of the country are not seen in all the 
three satellite products. Like in the year 2006, the 3B42-
V6 [Fig. 3(d)] product captures the pattern of orographic 
rain seen in the IMD gauge data [Fig. 3(a)] in 2007 also, 
but consistently underestimates the rainfall amount. This 
(3B42-V6) product also underestimates rain over the 
Gangetic plains Fig. 3(d). 
  

Like other previous years, in 2008, the large seasonal 
total precipitation due to topographical forcing over the 
west coast (>250 cm) and the north eastern parts of the 
country (200-250 cm) are seen in the rain gauge (IMD) 
seasonal total precipitation [Fig. 4(a)]. Another region of 
large  precipitation  (IMD 1981)  in  the eastern part of the  
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Figs. 6(a-c).  Correlation coefficient between domain mean observed Rain Gauge rainfall (IMD) and Satellite products (KALPANA-1, 3B42RT and 
3B42V6) over All India ,North India, North East India, East India, Central India and  West coast of  India for the summer monsoon  of  
(a) 2006 ; (b) 2007 and  (c) 2008 

 
 
 
country to the south of the seasonal average location of 
the eastern part of the monsoon trough is observed with a 
peak of 150 cm. In contrast to the other two regions, the 
large seasonal total precipitation over the eastern part of 
the country particularly over coastal Orissa and adjoining 
Gangetic West Bengal (GWB) regions is not 
topographical forcing, but is due to dynamical forcing 
produced by the generation of cyclonic circulations near 
the eastern end of the monsoon trough dipping into the 
Bay of Bengal (Rao 1976). In the IMD rain gauge          
[Fig. 4(a)] observations, we get another region of 
maximum rainfall (more than 150 cm) along the foothills 
of the Himalayas mountain range. Contours in both the 
3B42RT [Fig. 4(c)] and 3B42V6 [Fig. 4(d)] products 
indicate a region of high rainfall in that area, but the area 
of coverage and values are lower as compared to the 
observed value. This realistic rainfall is not seen in the 
KALPANA-1 [Fig. 4(b)] product. The sharp gradient of 
rainfall between the west coast heavy rainfall and the rain 
shadow region to the east, which is normally expected, is 
noticed in the observed [Fig. 4(a)] as well as the satellite 

estimated products [Figs. 4(b-d)]. The region of scanty 
precipitation over the desert to the west of the country and 
over south east peninsular India (southern part of 
Tamilnadu) with the seasonal accumulated precipitation of 
less than 20 cm are also noticed in both observed               
[Fig. 4(a)] and satellite estimated products [Figs. 4(b-d)]. 
  

The inter-comparison of satellite products with the 
rain gauge observations suggests that the TRMM 3B42V6 
product could distinctly capture characteristic features of 
the summer monsoon such as north–south oriented belt of 
heavy rainfall along the Western Ghats with sharp 
gradient of rainfall between the west coast heavy rain 
region and the rain shadow region to the east, pockets of 
heavy rainfall along the location of monsoon trough, over 
the east central parts of the country, over north-east India, 
along the foothills of Himalayas and over the north Bay of 
Bengal. However, the near real-time products 
KALPANA-1 [Figs. 2(b), 3(b) & 4(b)] and 3B42RT            
[Figs. 2(c), 3(c) & 4(c)] underestimate the orographic 
heavy rainfall along the Western Ghats of India.  
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Figs. 7(a-c).  Time series of All-India area weighted rainfall (mm/day) from rain gauge (IMD) and satellite products (KALPANA-1, 
3B42RT and 3B42V6) for the period from 1 June -30 September of year (a) 2006,(b) 2007 and (c) 2008  

 
 

 
The observed and satellite estimated seasonal mean 

rain rate (mm/day) over all India and four representative 
areas over Indian land i.e., North India (NI), Eastern India 
(EI), North East India (NEI), Central India (CI), and West 
coast of India (WC) for the monsoon  year of 2006,2007 
and 2008 is plotted in Figs. 5 (a-c). It shows that all the 
satellite products underestimate the observed (IMD) 
seasonal mean rain rate in all the three years and in all the 
four areas of study. The KALPNA-1 rainfall estimates 
over East India and central India box are close to the 
observed rainfall (IMD) during all the three years. The 
rainfall due to orographic effect over north east and west 
coast of India are underestimated by all the satellite 
products in all the years of study, but the estimation by 
3B42V6 product is better as compared to 3B42RT and 
KALPANA-1 data in terms of spatial pattern and 
magnitude to capture monsoon features like heavy rainfall 
belt along the west coast and over the monsoon trough 
region. 

The correlation coefficient (cc) between daily 
domain mean observed and satellite estimated 
precipitation over all India and four representative regions 
for the monsoon years of 2006, 2007 and 2008 is shown in 
Figs. 6 (a-c). The correlation coefficient between trends in 
the satellite estimation and observation is a measure of the 
phase relationship between them. From Fig. 6(a), it is seen 
that the domain mean (cc) for all satellite products are 
consistent with each other in all the 3 years (2006-2008). 
The 3B42V6 has higher (cc) as compared to other two 
products (3B42RT and KALPANA-1) over four 
homogeneous domains (North India, Eastern India, North 
East India, Central India, and West coast of India) of 
study during the monsoon periods (2006-2008). All the 
products show lower (cc) over North East India in all 3 
years. The lower (cc) over North East India shows that the 
difference in predicted and observed daily mean rainfall 
over this region is more as compared to other regions. In 
general,  the  values  of  correlation  coefficient  for all the  
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Figs. 8(a-c).  Time series of daily spatial correlation coefficient between rain gauge and satellite products (KALPANA-1, 3B42RT and 
3B42V6) for the period from 1 June -30 September of year (a) 2006, (b) 2007 and (c) 2008 

 

 
 
satellite products are greater than 0.50 over all the four 
domains, except in 2006 [Fig. 6(a)] over NE India. 
 

3.3.  Temporal distribution of Gauge observed and 
satellite estimated rainfall over Indian land 
areas 

  
In order to examine how the satellite based rainfall 

estimation products capture time variability, we computed 
the daily area weighted all India observed (IMD) and 
satellite (3B42RT, 3B42V6 and KALPANA-1) estimated 
precipitation (mm/day) for the summer monsoon season 
(Jun-sep) of 2006 [Fig. 7(a)], 2007 [Fig. 7(b)] and 2008 
[Fig. 7(c)]. The satellites estimated mean rain rate 
(mm/day) during monsoon 2006 [Fig. 7(a)] are in phase 
with observed rain gauge (IMD) rainfall, indicating a 
consistency in the satellite estimation. The seasonal (Jun-

Sep) mean rain rates from rain gauge (IMD), KALPANA-
1, 3B42RT and 3B42-V6 for the monsoon 2006 are 10.7, 
7.0, 5.6 and 7.3 mm/day respectively. The correlation 
between the mean observed rainfall from rain gauge 
(IMD) and KALPANA-1, 3B42RT and 3B42-V6 products 
are 0.6, 0.65 and 0.68. The 3B42V6 and KALPANA-1 
show low biases compared to 3B42RT product. 
  

Fig. 7(b) shows the time series of mean rain rate 
(mm/day) during monsoon season of 2007 for rain gauge 
and satellites estimates. The seasonal mean rain rates for 
the monsoon 2007 from rain gauge (IMD), KALPANA-1, 
3B42RT and 3B42-V6 are 10.1, 8.6, 6.0 and 7.8 mm/day 
respectively and the correlation for KALPANA-1, 
3B42RT and 3B42-V6 products in monsoon 2007 are 
0.51, 0.56 and 0.69. The bias for 3B42V6 and 
KALPANA-1  are 2.6 and 1.6 mm/day. It show low biases  
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Figs. 9(a-i).  Spatial distribution of mean Error (Satellite – Gauge) rainfall (mm/day) from (a-c) KALPANA-1; (d-f) 3B42RT and (g-i) 3B42V6 for 
the period from 1 June to 30 September of 2006, 2007 and 2008 

 
 
 
in 2007 as compared to 2006. During the active monsoon 
period, KALPANA-1 estimates are close to rain gauge 
(IMD) measurement.  
  

The time series of rain gauge (IMD), KALPANA-1, 
3B42RT and 3B42-V6 rain rates for the monsoon 2008 is 
shown in Fig. 7(c). There are good agreements between 
these products. The daily average rain rate (mm/day) for 
rain gauge(IMD), KALPANA-1, 3B42RT and 3B42-V6 
are 8.2, 4.6,5.0 and 7.3 mm/day respectively.The 
correlation between rain gauge (IMD) and KALPANA-1, 
3B42RT and 3B42-V6 products are 0.71, 0.72 and 0.81 
respectively for 2008 monsoon. The bias for KALPANA-
1 and 3B42RT are 3.9 and 3.3 mm/day. The 3B42V6 
product show better correspondence to rain gauge 

observation in 2008. The bias for 3B42V6 is -0.8 mm/day, 
a low negative bias compared to 3B42RT (-3.3 mm/day) 
and KALPANA-1 (-3.8 mm/day).  
  

The phase of all the satellite estimated rainfall           
[Figs. 7(a-c)] is in general agreement with the observed 
phase of the day-to-day variations for most of the 122 
days in the three monsoon seasons of 2006, 2007 and 
2008, indicating the possibility of predicting the all India 
average rainfall using satellite products. All the satellite 
products underestimate the observed (IMD) rain gauge 
measurement throughout most of the 122 days in the 
seasons. The satellite based products capture time 
variability of the all India average rainfall. Heavy rainfall 
events   are   in   general  underestimated  in  3B42RT  and  
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Figs. 10(a-i).  Spatial distributions of Root Mean Square Error rainfall (mm/day) from (a-c) KALPANA-1 (d-f) 3B42RT and (g-i) 3B42V6 for the 
period from 1 June to 30 September of 2006, 2007 and 2008 

 
 
 
 
KALPANA-1 data. The major active spells are picked up 
by 3B42V6 in all three years (2006-2008) of study and 
KALAPANA-1 data in 2006 and 2007 but 3B42RT tends 
to underestimate peak rainfall during active monsoon 
periods. These results suggest that among the three 
satellite products, 3B42-V6 product may be the most 
suitable for study of variability on daily and longer time 
scales.  
  

The time series of daily spatial correlation 
coefficient between rain gauge observation and the 
satellite products (KALPANA-1, 3B42RT and 3B42V6) 
over Indian land areas computed for the monsoon season 
of 2006, 2007 and 2008 is shown in Figs. 8 (a-c). Spatial 

correlation is computed from 313 grid boxes over Indian 
land areas. For almost every day during monsoon 2008, 
the 3B42V6 perform better as compared to other satellite 
products. The inter-comparison of daily spatial correlation 
coefficient (cc) of satellite products over all India is more 
consistent with the daily rainfall time series shown in            
Figs. 7 (a-c).  
 

3.4.  Evaluation skill of the satellite products 
  

We now present and discuss the results of some 
computations of Mean Error, Root mean square Error and 
correlation coefficient based on the satellite products for 
monsoon  season  of 2006, 2007 and 2008. The purpose of  
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Figs. 11(a-i).  Spatial distributions of correlation coefficient between Gauge observation and Satellite Estimation from (a-c) KALPANA-1;      
(d-f) 3B42RT and (g-i) 3B42V6 for the period from 1 June to 30 September  of 2006, 2007 and 2008 

 
 
 
these calculations is to evaluate the performance and 
examine the relationship between these measures of skill 
in a realistic context. We have used the IMD grid to mask 
out oceanic regions from the satellite products for 
computing the error statistics. 
 

(i)  Spatial distribution of seasonal mean Error 
  

In order to quantify the difference between the 
observed (IMD) and satellite estimated rainfall over land 
areas of the Indian region, spatial distributions of mean 
error (satellite-Gauge) for monsoon 2006, 2007 and 2008 
are shown in Figs. 9(a-i). The KALPANA-1 shows 
considerable underestimation of orographic rainfall             

(>10 mm/day) along the west coast of India and over 
north east India and slight underestimation of orographic 
rainfall (2-5 mm/day) along the foothills of Himalayas 
during monsoon seasons of 2006, 2007 and 2008            
[Figs. 9(a-c)], whereas it shows excessive rainfall over 
east central parts of the country, over the domain of south-
eastern end of monsoon trough. The excessive rainfall 
(overestimation) over east central parts of the country in 
2006 [Fig. 9(a)] is high and is in the order of 5-7 mm/day, 
while in 2007 [Fig. 9(b)], it reduced to 2-5 mm/day. Both 
the area and magnitude of error are further reduced 
considerably in 2008 [Fig. 9(c)]. No appreciable 
difference is noticed between observed (IMD) and satellite 
estimated rainfall over the rest of the country. 
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The 3B42RT [Figs. 9(d-f)] product underestimates 
the rainfall over the entire Indian land areas in all three 
years (2006, 2007 and 2008) of study. The 
underestimation of orographic rainfall along the west 
coast of India and over north east India is very high in 
3B42RT. It also underestimates the rainfall over the 
Gangetic plains and to the south of the normal position of 
the monsoon trough in 2006 and 2008. From Figs. 9 (d-f), 
it shows that the estimation by 3B42RT is improved 
considerably from 2006 to 2008. Like 3B42RT product, 
the 3B42V6 [Figs. 9 (g-i)] product also underestimates the 
rainfall over the entire Indian land areas in 2006 and 2007, 
but the underestimation of orographic rainfall along the 
west coast of India and over north east India is less as 
compared to KALPANA-1 and 3B42RT products. The 
spatial distribution of errors (3B42V6) is more or less 
uniform over wide areas in 2006 and 2007. The mean 
error for 3B42V6 in 2008 shows positive 
error(overestimation) over northern part and negative 
errors (under estimation) over southern parts of the 
country. But the mean error in 2008 is within the range of 
±2 mm/day over Indian land areas. 
 

(ii)  Spatial distribution of Root Mean Square Error 
  

The spatial distributions of root mean square error 
(RMSE) for KALPANA-1,3B42RT and 3B42V6 for 
monsoon 2006, 2007 and 2008 is shown in Figs. 10 (a-i). 
The RMSE for KALPANA-1 [Figs. 10(a-c)] ranges 
between 20 and 30 mm/day along the west coast, eastern 
part of monsoon trough, over north east India and over 
few pockets along the foothills of the Himalayas. The 
RMSE decreases over the remaining parts of the country 
and remains within a reasonably small range. The           
RMSE of both 3B42RT [Figs. 10(d-f)] and 3B42V6                       
[Figs. 10(g-i)] have a magnitude between 10 and 20 
mm/day over the country in 2006 and 2007 and between  
5-15 mm/day in 2008, except along the west coast and 
over the north-eastern parts of the country where the 
magnitude of rmse exceeds 25 mm/day. The inter 
comparison of satellite (KALPANA-1,3B42RT and 
3B42V6) products shows that the errors are of a more 
systematic type. 
 

(iii)  Spatial distribution of Correlation Co-efficient 
  

The correlation coefficient (cc) between the observed 
and the satellite products (KALPANA-1,3B42RT and 
3B42V6) over Indian land areas for monsoon 2006, 2007 
and 2008 is shown in Figs. 11 (a-i). The magnitude of (cc) 
for KALPANA-1 in 2006 [Fig. 11(a)] lies between 0.2 
and 0.4, while over large parts of west central and 
adjoining north west India, the magnitude of (cc) exceeds 
0.6. Within this area there are regions where the 
magnitude of (cc) exceeds 0.7. The spatial pattern of (cc) 
for KALPANA-1 in 2007 [Fig. 11(b)] is similar to that in 

2006, except in pockets near the west coast where the (cc) 
values still exceed 0.6. Both the magnitude and spatial 
distribution of (cc) increases significantly in 2008                 
[Fig. 11(c)], with higher (cc) of more than 0.6 has been 
observed over many parts of Gangetic West Bengal, 
central and parts of north west India. For the 3B42RT 
product, the higher (cc) is observed over central India in 
2006 [Fig. 11(d)] and it spreads southward and along the 
west coast in 2007 [Fig. 11(e)], while it improved 
significantly with higher (cc) exceeding 0.6 over many 
parts of the country in 2008 [Fig. 11(f)]. The spatial 
pattern of (cc) for 3B42V6 [Figs. 11 (g-i)] is similar to 
3B42RT product with exceptional higher magnitude of 
(cc) over west cost of India. The inter-comparison clearly 
indicates that the post real time research product 3B42V6 
could take advantage of rain gauge observations over land 
areas where performance of satellite estimates is poor, 
particularly for orographic rainfall. This indicates that the 
trend in estimation of precipitation in the 3B42V6 product 
is in good phase relationship with the observed trend over 
a large part of the country. Note that the 3B42V6 
estimates are very close to the observed values in all 
statistics over the entire period of study. The skill of the 
product is dependent on the spatial coverage of the 
rainfall, i.e., it is easier to estimate with reasonable 
accuracy over a large area than a small one, and when the 
rainfall is widespread rather than localized. 
 

(iv)  Meridional transects of mean rainfall  
  

Figs. 12 (a-c) shows latitudinal transects of seasonal 
rainfall (mm/day) based on rain gauge (IMD) and satellite 
products (KALPANA-1, 3B42RT and 3B42V6) for the 
summer monsoon of 2006, 2007 and 2008. These were 
calculated for a longitudinal band covering Indian land 
area from 70E to 100E, using, for each dataset, the grid 
boxes or Rain Gauge stations within this area. The 
agreement between 3B42V6 and the reference rain-gauge 
(IMD) data is good for the season as a whole in 2006 and 
2007, while it is excellent for 2008. The comparisons in 
Figs. 12(a-c) thus suggest that the latitudinal transects of 
seasonal mean rainfall is in good linear relationship with 
little bias, but the seasonal estimates for 3B42V6 in 2008 
is superior to the other satellite products in all latitudes. 
The performance of 3B42RT in 2006 and 2007 is similar 
to that of 3B42V6, although there is some tendency for 
underestimation. The 3B42RT continuously underestimate 
with respect to the observed rainfall (gauge) in all the 3 
monsoon seasons (2006-2008). The over estimation 
rainfall by KALPANA-1 product over Eastern part of 
country during monsoon 2006 and 2007 are reflected in 
Figs. 12 (a&b). The results are consistent with those in       
Figs. 2-4 of the seasonal cumulative rainfall. 3B42RT and 
KALPANA-1 perform poorly, with 3B42RT markedly 
underestimating  seasonal  rainfall  nearly everywhere and  
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Figs. 12(a-c).  Latitudinal transect of seasonal rain rate (mm/day) based on Rain Gauge (IMD) and Satellite 
products (KALPANA-1, 3B42RT and 3B42V6) during the summer monsoon season of     
(a) 2006, (b) 2007 and (c) 2008  
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Figs. 13 (a-l).  (a-c) Observed (top panel) and corresponding satellite estimated rainfall from (d-f) KALPANA-1(second panel); (g-i) 3B42RT 
(third panel) and (j-l) 3B42V6 (bottom panel) for 16, 17 and 18th June 2008 

 
 
 
 
KALPANA-1 underestimating rainfall north of 
approximately 28° N and south of approximately 15° N. 
For monsoon 2008 [Fig. 12(c)], 3B42RT and KALPNA-1 

underestimate rainfall nearly everywhere along the 
latitudes and  its estimated values are also matching with 
each other up to latitudes south of 28° N. 
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TABLE 2  
 

Bias between rain gauge and satellite products 
 

  2006   2007   2008  

BIAS (mm/day) 3B42RT 3B42V6 KALPANA 3B42RT 3B42V6 KALPANA 3B42RT 3B42V6 KALPANA 

All India -5.1 -3.4 -3.7 -4.1 -2.3 -1.6 -3.3 -0.8 -3.8 

North India -5.9 -4.2 -5.7 -5.1 -3.5 -4.5 -2.5 0.13 -3.8 

North East India -7.3 -6.8 -8.7 -9.4 -7 -9.2 -5.5 -4.0 -8.3 

East India -6.9 -3.8 -1.4 -5.6 -2.8 2.1 -3.4 -0.1 -0.9 

Central India -4.7 -2.5 -1.6 -4.5 -3.2 -0.1 -2.4 -0.2 -1.7 

West Coast -12.4 -5 -11.1 -12.3 -4.3 -10.6 -12.5 -4.4 -14.8 
 
 

TABLE 3  
 

Root mean square error (RMSE) between rain gauge and satellite products 
 

  2006   2007   2008  

RMSE (mm/day) 3B42RT 3B42V6 KALPANA 3B42RT 3B42V6 KALPANA 3B42RT 3B42V6 KALPANA 

All India 6.6 5.2 5.4 6 4.3 4.7 3.3 1.4 3.8 

North India 8.6 8.6 9.4 8.6 7.7 7.8 5.0 4.8 6.8 

North East India 13.1 12.7 13.5 15.6 14 15.2 9.9 7.1 11.3 

East India 10.4 8.8 9 10.9 8.4 13.2 7.7 6.2 9.7 

Central India 6.7 5.4 6.6 6.4 5.2 7.3 4.1 2.2 4.5 

West Coast 20.2 15 19.2 20.1 15.1 22.2 20.6 13.8 24.7 
 
 
 

 
(v)  Case study; Monsoon depression of 16-18 June 

2008 
 
A low-pressure area formed over the North Bay of 

Bengal at 0300 UTC of 15 June 2008.  The system 
concentrated into a depression and lay centered at 0300 
UTC of 16 June near Lat. 21.5° N Long. 90° E. The 
system continued to move in a northwesterly direction till 
17 June morning and then moved slightly west-northwest 
wards. It further moved in a north-westerly direction till 
18th morning before it weakened into a low pressure area. 
An inter-comparison of rainfall estimations by these 
satellite products (KALPNA-1, 3B42RT and 3B42V6) 
against observed rainfall of 16, 17 and 18 June 2008 is 
shown in Figs. 13 (a-i). On 16th June, the heavy rainfall 
occurred over the sea near Lat. 20° N, Long. 88 °E. It was 
captured by all the satellite products, but the estimation by 
KALPANA-1 [Fig. 13(d)] was only 70-130 mm against 
>200 mm by both the TRMM (3B42RT and 3B42V6) 
products [Figs. 13 (g-l)]. The observed rainfall for 17th 
June [Fig. 13 (b)] shows a patch of heavy rainfall over the 
Head Bay of Bengal to the south of Calcutta with a peak 
of order 200 mm in association with this depression. The 

3B42RT and 3B42V6 could capture the heavy rainfall 
area and amount with slight shift in location, but 
KALPANA-1 failed to capture the correct location and 
amount of the heaviest rainfall in association with the 
depression. KALPANA-1 showed heavy rainfall in the 
order of 70-130 mm over Orissa coast to the south of the 
actual observed positions on 17th June. The heavy rainfall 
patch moved slightly northwestwards on 18th due to the 
movement of the system. The rainfall estimation for 18 
June reveals that both the 3B42RT [Fig. 13 (i)] and 
3B42V6 [Fig. 13 (l)] products could capture the 
magnitude and location of heavy rainfall in a more 
realistic way. KALPANA-1 [Fig. 13(f)] continuously 
shows some mismatch in capturing the location and 
magnitude of heavy rainfall in association with the 
depression. The inter-comparison of rainfall estimation for 
16-18 June 2008 shows that the TRMM near real time 
product 3B42RT and post real time research quality 
product 3B42V6 could capture the magnitude and location 
of heavy rainfall in a more better and a realistic way in all 
three days. The limitation of KALPANA-1 is that it 
cannot produce more than 72 mm rainfall in 24 hours, due 
to the limitation of rainfall algorithm used, which is not 
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true in the case of monsoon depression or other intense 
synoptic systems. So, it always under-estimates the 
rainfall when it becomes more than 72 mm in a day.  
 

(vi)  Error statistics 
  

Error statistics are calculated by comparing rainfall 
estimates from satellites (KALPANA-1, 3B42RT and 
3B42V6) at individual grid boxes and by using the IMD 
gauge rainfall as a reference. The analysis is based on the 
grid box domains shown in Fig. 1. For all the satellite 
products, bias and rms errors are calculated relative to the 
observed gauge dataset. The average of the errors over a 
long period of time is a measure of the systematic part of 
the error, while root-mean-square error (rmse) is a 
measure of the random component of the error in the 
satellite estimation. The TRMM (3B42RT and 3B42V6) 
and KALPANA-1 rainfall products contain both random 
errors and systematic errors (the biases). The results of 
bias and rms error are presented in Table 2 and Table 3 
respectively. For both 3B42RT and 3B42V6, the bias 
(Table 2) is relatively small and it is less than 1mm/day 
for 3B42V6 over all India in 2008, but it is little higher (2- 
3 mm/day) in 2006 and 2007. The error value (bias) of 
3B42V6 is consistently lower than the 3B42RT and 
KALPANA-1 and hence shows lower biases. The bias 
over all India indicates that the systematic error is 
relatively small for 3B42V6 product. The regional biases 
are higher for west coast of India and North East India, 
because these two regions come under the orographic 
effect. For the season as a whole the performances of the 
3B42V6 product is better and 3B42RT and KALPANA-1 
are roughly equal. The rms errors (Table 3) do not vary 
much from year to year and the values for individual years 
are more or less uniform over Indian land areas during the 
monsoon seasons of 2006, 2007 and 2008. This number 
can be interpreted as the likely range over which the 
values at individual regional domains differ from gauge-
estimated rainfall. It can be large even when the bias is 
relatively small, indicating that the errors are mainly 
random. Two features are apparent in the results. The first 
is the much greater error in the KALPANA-1 satellite 
product than in the TRMM 3B42RT and 3B42V6 
products. The second is that for the 3B42R6 and 3B42V6 
products, the bias (Table 2) and RMS (Table 3) error do 
not vary much from year to year and the values for 
individual years are similar. This is not the case for the 
KALPANA-1 product. 
 
4. Conclusions 
  

Daily satellite-based rainfall from KALPANA-1 and 
the TRMM near real-time product 3B42RT and merged 
post real-time product 3B42V6 have been validated 
against daily gridded data from rain gauges by the India 
Meteorological Department, for the summer monsoon 

seasons of 2006, 2007 and 2008. The inter-comparison of 
satellite products with the rain gauge observations 
suggests that the TRMM 3B42V6 products could 
distinctly capture characteristic features of the summer 
monsoon rainfall. The KALPNA-1 and 3B42RT products 
reproduce only the broadest features of mean monsoon 
seasonal rainfall over India. If one looks at the shape and 
size of high and low rainfall regions in any detail, 
KALPANA-1 and 3B42RT may be considered inadequate 
representations. However, the patterns of 3B42-V6 mean 
monsoon rainfall, including those related to orography 
(Xie et al., 2006), are reasonably close to the observed 
patterns from IMD rain gauge data [Figs. 2 (a-d)]. This 
may be because of the use of TRMM precipitation radar 
(PR) data in 3B42-V6. All satellite products underestimate 
seasonal mean all-India rainfall [Figs. 5 (a-c)]. The 
seasonal mean rainfall over the Central India and East 
India boxes are close to rain gauge values. The daily all 
India mean rainfall of both 3B42-V6 and 3B42RT 
products are close to the rain gauge values [Figs. 7 (a-c)] 
in most of the days. The daily all India mean rainfall 
variability in the satellite products has the right phase but 
the amplitude is generally underestimated, because of the 
underestimation of rainfall in the satellite products over 
orographic regions give rise to the underestimation of all 
India mean rainfall. The spatial distribution of daily mean 
error is reasonably less for 3B42V6 data, except over 
north East India and along the west coast of India. 
KALAPNA-1 overestimates rainfall (positive bias) over 
the Gangetic plains and parts of east Central India             
[Figs. 9 (a-i)]. At individual grid points, the RMS error 
between daily satellite and gauge rain can be high            
[Figs. 10 (a-i); Table 3], but over larger regions the 
agreement is better. The case studies illustrated show that 
the TRMM near real time product 3B42RT and post real 
time research quality product 3B42V6 could capture the 
magnitude and location of heavy rainfall in a more better 
and a realistic way in all three days during monsoon 
depression. In the KALPANA-1 estimation, the heavy 
rainfall amount is limited to 72 mm per day due to its 
algorithm, so it always under-estimate the rainfall when it 
become more than 72 mm in a day. This study with data 
of three seasons shows sufficiently promising results for 
operational applications. Availability of these real-time 
satellite products (KALPANA-1 and 3B42RT) is expected 
to benefit various user communities involved with the task 
of monitoring and prediction of monsoon activity and 
flood events. The daily satellite estimate, particularly the 
research product 3B42-V6, has greater potential for the 
study of rainfall variability on synoptic to inter annual 
time scales over the Indian monsoon region. 
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