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lkj & bl 'kks/k i= esa eq[;r% varfj{k ls fuf"Ø; vkSj lfØ; lw{e rjax ekiksa ls gky gh dh dqN lwnwj 

laosnh rduhdksa dk foospu o"kkZ ds vkdyu gsrq fd;k x;k gSA bZ-lh-,e-MCY;w-,Q- ls izkIr vk¡dMksa vkSj 
eslksLdsy ds fun'kksZa  dk mi;ksx djrs gq, fofdjf.kr  varj.k ekWMfyax dk vuqlj.k djrs gq, mUur i)fr;ksa 
ij vk/kkfjr laosnh fo'ys"k.k dks ;gk¡ izLrqr fd;k x;k gSA mixzg lw{e rjax ekiksa] eq[;r% cgqlekJ;.k vkSj 
U;wjy latkyksa ls izkIr o"kkZ dh izfrykseh i)fr;ksa dh laosnh fo'ys"k.k ds vk/kkj ij ;gk¡ ppkZ dh xbZ gSA Vh-
vkj-,e-,e-&Vh-,e-vkbZ] Mh-,e-,l-ih-,l-,l-,e-@ vkbZ- vkSj Hkkjrh; vkbZ-vkj-,l-&ih-4&,e-,l-,e-vkj- 
jsfM;ksehfVªd pSuyksa ls vusd pSyuksa dks ekius ds fy, vuqdj.k dk mi;ksx fd;k x;k gS vkSj okLrfod izs{k.kksa 
ds lkFk mudk ewY;kadu fd;k x;k gSA o"kkZ ds iSVuksZa ds dqN uewuksa dh ppkZ dh xbZ gS vkSj mudh rqyuk Vh-
vkj-,e-,e- jsfM;ksehVj vkSj jsMkj ls ekud mRiknksa ds lkFk dh xbZ gSA yxkrkj rhu o"kksZa ds fo'ys"k.k esa ls 
ekulwu _rq ds fo'ks"k vxLr ds eghus esa o"kkZ dh deh ls ,e-,l-,e-vkj- ls izkIr o"kkZ dh ekfld njksa ds 
uewuksa ls Hkh xq.kkRed vkSj ek=kRed :Ik dk irk pyrk gSA ;|fi o"kkZ vkdyu dk Lrj lokZxiw.kZ ugha gS rks 
Hkh Hkfo"; ds es?kkVªkfiDl vkSj HkweaMyh; o"kkZ fe'ku tSls fe'kuksa ds fy, rS;kjh dh n`f"V ls bls ;gk¡ izLrqr 
fd;k x;k gSA 

 
ABSTRACT.  The present paper deals with some of the recent remote sensing techniques for the estimation of 

rainfall, mainly from passive and active microwave measurements from space. The sensitivity analysis based on forward 
approach following the radiative transfer modelling using data from ECMWF and mesoscale models is presented. The 
inverse methods of retrieving rainfall from satellite microwave measurements mainly from the multiple regression and 
neural networks are presented based on the sensitivity analysis. The simulations are carried out for the multichannel 
measurements from TRMM-TMI, DMSP-SSM/I and Indian IRS-P4-MSMR radiometric channels and are assessed with 
the actual observations thereof.  A few examples of the rainfall patterns are described and compared with some of the 
standard products from TRMM radiometer and radar. The examples of monthly rain rates derived from MSMR, are also 
shown qualitatively and quantitatively, for a typical monsoon month of August for brevity out of three consecutive years 
of analysis. Though the status of rainfall estimation presented is not exhaustive one, it is presented in view of the 
preparedness for the future missions like, Megha-Tropiques and Global Precipitation Mission. 
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1. Introduction  

 
The spaceborne measurement and monitoring of 

rainfall is a topic of major interest since it influences the 
global hydrological cycle and the nature of climate 
variability. Rainfall is also associated with various 
atmospheric phenomena both in small and large scale. 
Assessment of precipitation contributes to improved 
weather forecasting, in small and large spatial scales.  
Rainfall is a highly discontinuous process both in space 
and time. Accurate and reliable measurements of rainfall 
over extensive areas of oceans still present a formidable 
challenge to meteorologists. With best efforts, the ground 
based measurements cover only a small fraction of the 
globe (< 10%). In addition to large uncertainties in the 
derived estimates, there are problems related to non-

uniformities of coverage, quality and logistics of 
operations etc. The global observations and monitoring of 
clouds from space using remote sensing techniques, has 
the potential of providing global rainfall information on 
desired time and space scales. 

 
The development of rainfall estimation techniques 

based on remote sensing measurements from space has 
registered tremendous progress and realistic achievements 
over the last three decades. Like any other fields of 
endeavor, however, there are limitations too and newer 
and better measurement and estimation techniques are 
developed on a continuous basis. The ability of space 
based measurements to provide a 2-D distribution of 
rainfall over large areas with sufficiently frequent 
sampling in time, especially over data sparse oceanic 
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regions, facilitates us with a tremendously powerful tool 
to detect, closely monitor monsoon system and study the 
genesis and evolution of the furious tropical cyclonic 
storm. 

 
Most tropical rainfall that has an impact over more 

than world's two-third population occurs as a result of 
convective processes. For years, the need for diabetic 
initialization of precipitation in numerical models had 
been fulfilled by the infrared measurements by polar and 
geostationary satellites, since IR/VI measurements are 
continuously available with larger viewing areas and high 
space-time resolution. In general, techniques are based on 
an empirical relation between cloud top albedo, cloud top 
temperature and rainfall measured at the ground. 
Combining positive features of different techniques, it 
may be possible to provide rainfall estimation with 
accuracies approaching 30-40 %, when estimates are 
averaged over sufficiently large time and space scales. 
However, due to the intrinsically indirect nature of sensing 
rainfall, the visible/IR algorithms are not portable from 
one season to another, or from one region of globe to 
another etc. Over the Indian region, monthly/daily average 
rainfall information in the form of quantitative 
precipitation estimate (QPEs) maps with spatial resolution 
of 2.5  2.5 are produced on a regular basis since 1986 
using INSAT-VHRR IR images collected eight times 
daily (Arkin et al., 1989, Kelker, 1994). These maps are 
produced following the Arkin and Miesner (1987) 
technique. 

 
The microwave measurements from satellites have 

been recognized for more applications due to their 
penetration capability of clouds and to some extent rain, 
and thus provide another source for rainfall estimation 
over both land and oceans. The applications that benefit 
from microwave rainfall estimates include weather 
forecasting, climate analysis and hydrological studies. The 
successful use of passive microwave-based rain estimates 
in applications from various fields encourages the 
continuation of efforts toward the development of more 
advanced rain retrieval algorithms, despite obvious 
limitations associated with the low sampling frequency of 
orbiting platforms carrying PM sensors. The recent 
availability of detailed precipitation observations jointly 
obtained by the first space-borne precipitation radar (PR) 
and a multifrequency passive microwave radiometer, the 
TRMM Microwave Imager (TMI), on NASA-USA and 
NASDA-Japan’s Tropical Rainfall Measuring Mission 
(TRMM) satellite offers an excellent opportunity for 
understanding several atmospheric processes. It can also 
supplement the observations from the IR/VIS 
measurements if properly integrated/unified and brings 
out the finer details than any one alone. The series of 
Defense Meteorological Satellite Program (DMSP) – 

SSM/I as an important microwave sensor offers yet 
another source for the rainfall estimation with almost 
similar frequencies from 15 to 85 GHz range. The higher 
frequency in recent microwave radiometers (37 and 85 
GHz) offers to capture the scattering properties of liquid 
hydrometeors. The 10 GHz frequency in TRMM-TMI is 
of an additional advantage both for the retrieval of rainfall 
and surface parameters. This opportunity of lower MW 
frequencies have also been provided in Indian Remote 
Sensing (IRS-P4) satellite having sensitivity to both 
rainfall and sea surface roughness. In their recent study, 
Aonashi and Liu (2000) also found the importance of 10 
GHz in heavy precipitation retrievals using radiative 
transfer model by Liu (1998). Present paper highlights the 
recent developments in the rainfall estimation mainly from 
microwave remote sensing measurements from Indian and 
International satellites. 
 
 
2. Microwave measurements of rain 

 
Satellite microwave radiometers have been 

successfully used to monitor the temporal and spatial 
variations of sea surface and atmospheric properties on 
global scale since the launch of the Soviet Cosmos-243 
instrument in 1969. Grody (1993) provided a complete 
review of past, present and planned future satellite 
microwave instruments, including their operational 
characteristics and applications.  Microwaves, due to their 
long wavelengths achieve better penetration and interact 
strongly with the raindrops present in the cloud. These 
measurements provide a direct physical basis for rain 
estimation. Also microwaves are largely intensive to the 
presence of ice in thin cirrus clouds.  

 
For the retrieval of rainfall from passive microwave 

radiometers, a variety of theoretical approaches have been 
utilized. These includes the radiative transfer simulation 
of variety of atmospheres and then followed by 
development of retrieval algorithms. Despite various 
attempts in this direction, still there are differences in 
rainfall estimates  - followed from different rainfall 
algorithms (Smith et al. 1998, Wilheit et al. 1994). There 
are differences in treating the attenuation and scattering in 
the signal, separating rainfall response from surface 
variability, accounting for rainfall inhomogeniety in the 
radiometric field of view; and distinguishing between rain 
events and non precipitating cloud liquid water. The 
vertical structure of precipitation is extremely important in 
determining upwelling microwave radiances and it cannot, 
unfortunately,  be easily characterized in terms a single 
unknown variable. Predefined cloud structures, however, 
may be utilized to overcome this problem. Cloud 
resolving models such as the Goddard Cumulus Ensemble 
model (GCE), which is a cloud microphysical model 
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developed mainly by Tao and Simpson, (1993) or Tripoli, 
(1992), are used to supply the required cloud structures. 
For each cloud model time step, radiative transfer 
computations are performed at high resolution. This Tb 
field is then convolved with the approximate sensor 
antenna gain function to produce a large set of possible 
cloud profiles along with their respective passive 
microwave Tb’s.  

 
The precipitation monitoring capability of 

microwave sensors have been demonstrated by many 
investigators. The utilization of microwave brightness 
temperature was initiated with the launch of Electrically 
Scanning Microwave Radiometer (ESMR) instruments on 
Nimbus-5, with a center frequency of 19.35 GHz.  Allison 
et al. (1974) used ESMR to map rainfall areas in the 
hurricane and tropical disturbances.  Later, Olson (1989) 
used Nimbus-7 SMMR for physical retrieval of rainfall 
rate during the tropical cyclones. Earlier Katsaros et al. 
(1989) and Gairola et al. (1988, 1992, 1994) have used 
SSM/I, Nimbus and Seasat SMMR data for locating the 
deep depressions, cyclonic storms and atmospheric fronts 
using satellite derived parameters like perceptible water, 
liquid water, rainfall rate, sea surface temperature and 
surface wind speed. There are numerous studies and 
investigations reported using SMMR measurements 
(Prabhakara et al., 1989; Spencer et al., 1989). Wilheit et 
al. (1991) used multichannel microwave measurements 
for the rainfall retrieval using SSM/I. Negri et al. (1989) 
discussed meteorological interpretations with the false 
color images of 85 GHz (HH, VV) and 37 GHz (VV) for 
precipitation processes and clarification of land, ocean and 
sea ice types with SSM/I. Berg and Chase (1992) 
estimated and analyze interannual variations in the 
tropical oceanic rainfall using data from SSM/I. Further 
studies (Rao and MacArthur 1994; Rao and McCoy, 1997; 
Rodgers  and Piers, 1994 ) have related information from 
microwave data to tropical cyclone intensity and intensity 
change with varying degrees of success. Liu and Curry 
(1998) investigated the relationship between emission and 
scattering signal in SSM/I data. Currently, various 
techniques are used for rainfall retrieval like non-linear 
regression (Bauer and Schlussel, 1993; Ferraro and Marks, 
1995, Varma et al., 1999, etc.), Bayesian approach e.g. 
(Kummerow and Giglio, 1995) and neural network 
approach (Tsintikdis et al., 1997; Gairola et al., 2001; 
Bauer et al., 2001, etc.). So far, microwave sensor’s 
capabilities are limited due to their observations only in 
low orbiting satellites and non-portability to the 
geosynchronous orbits. Thus utilizing the frequency and 
polarization discrimination of passive microwave 
measurements from space, it has been successfully 
demonstrated that satisfactory rainfall retrievals both over 
land and oceanic areas are feasible. It has been seen that 
satellite estimates based on passive measurements portray 

the rainfall as accurately as radar both in terms of relative 
intensity and spatial distribution. 

 
As far as the applications are concerned, the 

microwave remote sensing of rainfall and humidity 
profiles is being recognized as tremendous success in 
providing a comprehensive description of climate systems. 
Most recently, Hou et al. (2000, 2001) demonstrated that 
assimilating both precipitation and total precipitable water 
from TRMM can significantly improve the quality of 
global analysis. Particularly in the tropical areas, the most 
intensive energy exchanges occur through the radiative 
exchanges, latent heat exchanges, transport of constituents 
and energy through dynamic processes. Microwave 
measurements from satellites have shown to provide 
rainfall, water vapour and humidity profiles 
simultaneously for these purposes over the tropical 
regions (Gairola et al. 1985, 1996 Basu et al., 1995). 
Precipitation from the algorithm by Gairola and 
Krishnamurti (1992), that uses different satellites co-
registered spatially and temporally (about 1   1 grid) 
have  been used by Krishnamurti et al. (1994) with global 
spectral model. A very large impact in the initialization 
and medium range forecast was observed when the 
microwave data from spaceborne radiometers were 
assimilated.  The most important results found were the 
improved now-casting skill from the physical initialization 
and in generating mesoscale rain structures  (Krishnamurti 
et al., 1996) when SSM/I data was included.  It has further 
demonstrated a major improvement in the one day rainfall 
forecast over the global tropics from physical initialization 
with improved rainfall by integrated IR and microwave 
observations by satellites.  More recent applications of the 
rainfall from various microwave sensors of TRMM 
includes, the diurnal variation of rainfall over the global 
tropics (Imaoka and Spencer, 2000), characterizing the 
1997-98-El Nino signatures in Pacific and Indian Ocean 
by Gairola et al. (2002) to name a few. 
 
3. Microwave characteristics of rainfall – land and 

oceans 
 

The issue of rainfall estimation over the land and 
oceans is of high importance due to the large differences 
in monitoring capabilities even as on today. While the 
ocean surface has a low microwave emissivity ~0.5 that 
produces good contrast of atmospheric phenomena against 
a low brightness temperature background, the land surface 
emissivities are usually close to unity, making 
atmospheric features much more difficult to identify 
against a higher brightness temperature background. In 
addition, the land surface emissivities are not only 
variable in space and time but also very complex to model 
since they are modulated by vegetation, topography, 
flooding and snow, among other factors. Further 
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limitations also originate in the multiple hydrometeor 
profiles that can be associated with a set of multifrequency 
microwave measurements (i.e., lack of unique solution). 
The indeterminacy over land retrievals is also due to the 
warm background brightness temperatures that limit the 
use of lower-frequency observations (i.e., 10, 19 and 22 
GHz).  Three different approaches to retrieving rainfall 
from passive satellite microwave measurements are 
utilized: emission based algorithms, scattering based 
algorithms and retrievals utilizing a radiative transfer 
model (which combine emission and scattering).  
Emission based rainfall retrieval utilizes the fact that rain 
cloud emit more radiation than does the background ocean 
and cloud–free atmosphere. In certain rainfall range the 
brightness temperature will increase with rainfall rate. 
Scattering-based rainfall retrieval techniques utilize the 
scattering by ice particles at the rain cloud top, implicitly 
assuming that a large amount of ice particle at cloud top is 
associated with the heavier rainfall. The polarization 
diversity of passive microwave measurements from space 
(polarization from surface and de-polarization from 
hydrometeors) has been utilized satisfactorily for rainfall 
retrievals both over land and oceanic areas. 

 
In total, the applications that benefited from 

microwave rainfall estimates include weather forecasting, 
climate analysis and hydrological studies. Many 
investigators have successfully attempted rainfall retrieval 
over the oceans. In the beginning an algorithm for oceanic 
rainfall was developed for 19.35 GHz observations from 
Nimbus-5 Electrically Scanning Microwave Radiometer 
(ESMR) by Wilheit  et al.(1977). Further modification to 
the algorithm was made by using statistical technique for 
multichannel data in the Nimbus-7 Scanning Multichannel  
Microwave Radiometer  (SMMR) data (Wilheit and 
Chang 1980). Wentz and Spencer (1998) presented an all 
weather unified ocean algorithm for rain retrievals. Some 
of the recent research related to the retrieval of 
geophysical parameters over land could be followed from 
Aires et al., 2001 and Yao et al. 2001. The 85 GHz 
channel in DMSP-SSM/I (F10, F11, F13 and F14) and 
TRMM-TMI offers better possibilities of rainfall 
estimation.  Despite the obvious limitations associated 
with the low sampling frequency of orbiting platforms 
carrying PM sensors and well known “beam filling 
problem” which is assumed to be largest error source in 
instantaneous rainfall retrieval (Petty, 1994; Wilheit et al., 
1994), the successful use of passive microwave-based rain 
estimates in applications from various fields, encourages 
the continuation of efforts towards the development of 
more advanced rain retrieval algorithms. The recent 
availability of detailed precipitation observations jointly 
obtained by the first space-borne precipitation radar (PR) 
and a multifrequency passive microwave radiometer, TMI 
on NASA and NASDA’s TRMM satellite (Simpson et al., 

1996) offers such an excellent opportunity for studying 
three dimensional structures of rainfall. 

 
Some algorithms, referred to as physically based, are 

derived using radiative transfer calculations through 
cloud-model simulated fields (Smith et al., 1994a, 
Kummerow and Giglio 1995, Haferman et al., 1997). The 
GCE model by Tao and Simpson (1993) has been used in 
estimating rainfall over both land and oceans and the 
algorithm is popularly known as Goddard Profiling 
(GPROF) algorithm. The profiling algorithm being used 
by TMI makes use of Bayesian methodology to relate the 
multichannel brightness temperatures to the hydrometeors 
provided in a pre-existing database. The pure physically 
based algorithms were mainly investigated in over ocean 
retrievals. Such physically based retrieval over land are 
few and have not indicated better performance relative to 
purely statistical algorithms (Druen and Heinemann 
1998), which are conceptually simpler and more practical 
for applications. 
 
4. Satellite systems and data 
 

4.1. TRMM – TMI and PR 
 

TRMM  was launched on 27 November, 1997, by 
United States and Japan, to carry out a systematic study of 
tropical rainfall required for major strides in weather and 
climate research. The TRMM includes three principal 
types of instruments. The first and most innovative of the 
three is the first quantitative precipitation radar (PR) in 
space, providing height profile of precipitation content 
from which the profile of latent heat release can be 
estimated. The second type of instrument is a combination 
of cross track scanning multichannel dual polarization 
passive TRMM Microwave Imaging radiometer (TMI). 
The radiometers give relatively better measurement of 
rainfall rates over oceans than over land where the 
inhomogeneous surface emissivity makes interpretation 
difficult. A complementary Advanced Very High 
Resolution Radiometer (AVHRR) is also included in the 
TRMM instrument, which is a VIS and IR sensor for rain 
estimation called VIRS.   Additionally, the TRMM 
satellite also carries two related instruments viz. Cloud and 
Earth's Radiant Energy System (CERES) and the 
Lightening Imaging System (LIS). The space segment of 
TRMM is a satellite in 350 km (now augmented to ~402 
km) circular orbit with 35 inclination angle. The 
combination of satellite borne passive and active sensors 
deployed on TRMM  provides critical information 
regarding the three dimensional distribution of 
precipitation and heating in the tropics (Simpson et al., 
1996). The complete description of sensor package of 
TRMM and some of the performance characteristics of the 
TMI channels are provided   by Kummerow et al., 1998. 
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4.2. SSM/I 
 

A major milestone was achieved in the satellite 
based rain rate estimation when DMSP-F8 in June 1987, 
carried onboard a Special Sensor Microwave/Imager 
(SSM/I) (Hollinger et al., 1987). Since then all series of 
DMSP-SSM/I has been carrying seven separate total 
power radiometers at frequencies of 19.35, 22.235, 37 and 
85.5 GHz, respectively. Polarization measurements are 
taken at 19.35, 37 and 85 GHz and only vertical 
polarization is observed in 22.235 GHz.  The advantage of 
polarization at lower and higher frequencies is that their 
difference characterize the emission and scattering 
signatures from the hydrometeors in atmosphere. The 
spatial resolution at these frequencies of SSM/I ranges 
from 69  43 km at 19.35 GHz to 15  13 km at 85 GHz. 
The SSM/I had a conical scan with a swath width of about 
1400 km on the Earth’s surface and the antenna beam 
intersect the Earth’s surface at an angle of 53. Local 
sampling occurs approximately twice a day, during early 
morning and late afternoon. Currently there are three 
SSM/I sensors operational on F11, F13 and F14  DMSP 
series of satellites which provide very important data sets 
for rainfall estimation in different equatorial crossing 
times. Several algorithms have been developed for SSM/I 
sensors. One of the algorithms for SSM/I rainfall retrieval 
was recently used by Varma et al. (2002). Precipitation 
retrievals using SSM/I, however, proved to be less 
accurate for strong precipitation (Smith et al., 1998). 
 

4.3. IRS-P4-MSMR 
 

The Oceansat-1 also known as Indian Remote 
Sensing Satellite (IRS-P4) was launched by India on 26 
May, 1999. This satellite carried a Multichannel Scanning 
Microwave Radiometer (MSMR) and an Ocean Colour 
Monitor (OCM) onboard. MSMR provides measurements 
of brightness temperatures at 6.6, 10, 18 and 21 GHz 
frequencies in both horizontal and vertical polarizations. 
The operational geophysical parameters available from 
MSMR measurements are wind speed, cloud liquid water, 
water vapour and surface temperatures over the global 
oceans (Gohil et al., 2001; Varma et al., 2002). MSMR 
frequencies and channels are similar to those of a 
radiometer flew on Nimbus satellite. Sensitivity of the 
MSMR channels to rain rate is studied using radiative 
transfer simulations by Gairola et al. (2002). MSMR 
covers a swath of about 1350 km and it achieves a 
complete global coverage in 2 days. MSMR brightness 
temperature data used in this study is provided by 
National Remote Sensing Agency (NRSA), Hyderabad, 
India as daily global data files on three different resolution 
grids of 50, 75 and 150 km, which are referred as grid 1, 
grid 2 and grid 3 respectively.  The 150 km grid data file 
contains brightness temperature from all 8 channels, 

whereas 75 km grid data file contains brightness 
temperatures (Tbs) from 6 channels (all channels except 
6.6 GHz) and 50 km grid data file contains Tbs from 4 
channels (all channels except 6.6 and 10.65 GHz). Data 
values in each grid points are provided with corresponding 
time tag, geo-location and quality flag etc. Present study 
uses Grid 2 data that does not contain 6.6 GHz brightness 
temperature values. Attempts have been made for rainfall 
estimation from MSMR, taking advantage of the signal 
dominantly from microwave absorption/emission of 
clouds and rain systems (Varma et al., 2002).  Rainfall 
from MSMR has also been used for the study of inter-
annual variations of rainfall over the Indian Oceanic 
regions (Varma et al., 2002). 
 
 
5. Microwave rainfall retrieval 
 

5.1. Forward modelling - radiative transfer models 
 

As mentioned earlier, the interpretation of rain and 
cloud remote sensing data requires, accurate radiative 
transfer calculations in order to establish the link between 
the observed radiances and the state of the atmosphere 
which causes these radiances. Many investigators have 
reviewed the basic physics of radiative transfer. However 
here we describe briefly the radiative transfer models to 
the possible extent of relevance. The simulation of 
upwelling radiances measurable by TRMM-TMI type of 
sensors are based on the equations that describe the 
transfer of microwave radiances through a horizontally 
infinite and vertically structured plane parallel 
atmosphere. It forms the basis for calculations of 
upwelling radiances measurable by radiometric channels. 
The brief description of radiative transfer is outlined 
below. The basic equation for the differential radiant 
intensity can be written as  (Chandrasekhar, 1960).  
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Where I(, )  is the radiant intensity at optical depth 

 and  = cos() where  is the zenith angle. Thus the 
basic equation  describing the transfer of monochromatic 
radiation at frequency  can be written as 
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where   ,,zI  is the radiance  at height z, 

propagating  in  the  direction  of  , ,  k  is the extinction  
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Figs. 1(a&b).  A passive remote sensing scenario. Components 
of the ocean atmosphere that contribute to the 
radiative transfer 
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function J is defined as  
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where a(z) is the albedo for single scattering, T(z) is 
the ambient temperature  of the medium, B[T(z)] is the 
Plank’s function at frequency  and temperature T(z), and 

P  '' ,;,   is the phase function for scattering of 

radiation from direction ,   into  , and P is the single 
scattering phase function. Though the phase function 
calculations  are  required  only in the presence of rain, we  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
assume that the presence of hydrometeors in the form of 
liquid water contributes to scattering. The source function 
is inherently a function of optical depth at height z. The 
equation for , the extinction optical depth at any point in 
the medium is  

(a) 

(b) 

 
Figs. 2(a&b). Simulations for raining cases : Rainfall vs TB’s 
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where the kext is the extinction coefficient , z* is the 
cloud top altitude and z, the altitude in kilometers (Olson 
1989). In plane-parallel Eddigton approximation followed 
here based on Kummerow (1993), the radiances and phase 
function are expanded in series of Legendre and 
associated Legendre functions: 

 
       cos,, 1 zIzIzI o      (5) 

  
  The ability of passive microwave radiometry to 

infer geophysical parameters, depends largely on the 
contrast between these brightness temperatures by 
multichannel dual polarized observations over raining and 
non-raining regions. In essence, the above radiative 
transfer equation states that the change in radiant intensity 
results  from  the attenuation in intensity along the path  of  
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Fig. 3. Vertical profile of temperature, humidity and other hydrometeors from mesoscale model simulations 
 

 
 
propagation due to absorption and outward scattering and 
from the change of intensity due to scattering of the 
incoming radiation and thermal emission by the 
atmospheric constituents. The schematic diagrams 
showing the radiative transfer process in the atmosphere 
and the general approaches for rainfall retrieval are shown 
in Figs. 1(a&b) respectively. 
 

5.2. RT model simulations  
 

There are series of radiative transfer model 
developments so far that has taken place specifically for 
the retrieval of rainfall. Description of the model being 
used and described  with its results, may be found in 
Weinman and Devis (1978), Kummerow (1993) and 
Viltard et al. (1998), among many others. Basically the 
Kummerow's model described here is based on the 
discrete ordinate method but with the Eddington's 
approximation, where the radiances and phase function 
are expanded in series of Legendre and associated 
Legendre functions and first few orders are selected to 
simplify the phase matrices. The resulting equation which 
is a second order differential equation has a suitable 
solution with the constants to be determined from the 
boundary conditions. In order that the above conditions 
are satisfied in each atmospheric layer, the atmosphere is 
generally divided into homogeneous layers. The fluxes at 
the top and bottom of the layer which are downward and 
upward fluxes respectively from the upper and lower 

boundary conditions. At the layer interfaces, the flux 
continuity is assumed. The radiant intensity can be 
expressed in more conventional units as the brightness 
temperature which is the thermodynamic temperature of a 
black body emitting an equivalent intensity. 

 
 

Since it is always desirable to have cross calibration 
of the different models working for the same atmospheric 
conditions, another model description is followed in this 
section. In this method the continuum of propagation 
directions is discretised  into a finite number of directions 
so that the integro-differential equations are converted into 
system of ordinary differential equations with constant 
coefficients, the solution of which are calculated by 
eigenanalysis. The discrete ordinate-eigenanalysis method 
is applicable when the medium has homogeneous 
absorption and scattering profiles. We follow here the 
DOM model developed by Moreau (2000) for the 
simulations similar as in Kummerow's model simulations 
mentioned above. The difference in two models is evident 
that later model does not use such an approximation while 
Kummerow model use Eddington's approximation. This 
approximation consists in using a simplified phase 
matrices to offer faster computation of the scattering 
coefficients. In both radiative transfer models the radiative 
properties of the atmosphere are computed using the Mie 
theory and are integrated over the drop size distributions 
for each input grid cells. 
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Fig. 4. A horizontal profile of surface parameters and hydrometeors - mesoscale model simulations 

 
 
6.  Some results of simulations 

 
The TMI instrument measures brightness 

temperatures at 5 different frequencies : 10.65, 19.35, 
21.3, 37.0 and 85.5 GHz, each being polarized both 
vertically and horizontally but for the 21.3 GHz which is 
only polarized vertically. Thus the simulations are mainly 
carried out for these frequencies here out of which many 
are going to be common in MADRAS (Microwave 
Analysis and Detection of Rain and Atmospheric 
Structures) sensor of Megha-Tropiques (with exclusion of 
10 GHz and inclusion of 157 GHz). Some of the 
preliminary results from the radiative transfer simulations 
based on the Eddington approximation are presented 
recently by Gairola et al. (2002) for TMI and IRS-P4-
MSMR frequencies.  

 
In the upper layer of clouds, a mixed population of 

ice crystals and water droplets are present. There may also 
be some drops of super cooled water.  As the ice crystals 
fall through the cloud under the force of gravity, they 
combine with other crystals and become larger. On 
reaching lower warmer regions, it melts to form raindrops, 
which eventually fall, as rain. Such raining clouds are tall 
enough to reach sub-freezing altitudes and in these clouds 
the ice phase is invariably present.  Sometimes, of course 
rain is observed to fall from clouds which do not extend 

above the freezing level. These are called warm clouds 
and indicate that it is not always necessary to have ice-
phase to produce rain. In such cases rain drops are 
produced by collision and coalescence of small cloud 
droplets into big drops. In these clouds, when the rain 
drops start falling under the force of gravity, they finally 
acquire a terminal velocity. For typical drop size 25 m, 
this works out to be approximately 10cm/s. At this rate of 
fall, the 25 m drop would take hours to fall through a 1 
km thick cloud. As larger drops fall, they grow by 
gobbling up the smaller ones on their way. Through such 
collision and coalescence, larger raindrops of mm size are 
produced. The raining clouds fall under the categories of 
cumulus, cumulonimbus and nimbostratus etc. These 
clouds show larger vertical growth, reaching as high as    
15 km on occasion.  However, the simulations above were 
first performed from the data base in the absence of the ice 
hydrometeors (Gairola, et al., 2002) (Fig. 2). For brevity, 
the results for only the lowest frequency (6.6 GHz of 
MSM) and highest frequency (85 GHz of TMI) are 
shown.   
 

In order to represent the coexistence of above large 
species of hydrometeors in the input profiles, the similar 
RT model simulations were carried out during a cyclone 
named Bret (Gairola et al., 2002), for which the input data 
base  from  mesoscale  model  was  utilized.   The  vertical  
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Fig. 5. Radiative transfer simulations for the SSM/I frequency channels 

 
 
 
profiles of the water contents and other parameters are 
shown in Fig 3. The profiles of cloud liquid water, 
rainfall, graupel and snow in 2-D and along and across 
track directions for the same cyclone are shown in Fig. 4 
which are simulations from mesoscale model. The eye of 
cyclone is clearly evident from the cross track profile of 
the PR in all the parameters. Various species of  
hydrometeors were available from the model and the RT 
simulations for the SSM/I radiometric channels which are 
nearly common in TRMM-TMI are shown in Fig. 5 
(Gairola, et al.,2002). These situations represent the global 
applicability for various kinds of hydrometeors like, 
precipitating liquid water (rain drops), non-precipitating 
liquid water (cloud droplets), precipitating ice. 

 
The dynamic ranges of brightness temperatures show 

good qualitative agreement with the emission and 
scattering characteristics of clear and cloudy/rainy 
atmospheric conditions that would show such dynamic 
ranges for the respective TRMM-TMI radiometric 
channels over the oceans. The two branches of the 
brightness temperatures in 37 and 85 GHz shows the 
increase in brightness temperature due to the emission and 
then the decrease due to the scattering and is coherent in 

both the figures.  The hydrometeors have been assumed to 
be spherical. Even though the sphericity assumption is not 
strictly proper, especially for ice particles, the average 
phase function of a randomly oriented ensemble or non-
spherical particles tends, in general, to approach that of 
polydisperson of equal-volume spheres. However the 
assumptions may introduce a bias and might limit the 
representativity of the simulated data (Moreaue, 2000). 
The gaseous absorption part is calculated based on Liebe 
et al., (1993) formulations in both the models. The 
TRMM observations are also shown for the normal and 
cyclonic conditions in order to verify the simulations for 
the similar cases both qualitatively and quantitatively  
(Figs. 6 and 7) which corresponds to tropical Atlantic 
(Florida Bay) and Indian Ocean (Bay of Bengal) 
respectively. The dynamic ranges are in quantitative 
agreement with the simulations shown in Fig. 5. 

 
ECMWF analyzed fields also provide a wide variety 

of vertical structures of atmosphere, clouds and rain but 
are found to have a limited dynamic range of the rainfall 
(up to 15 mm/hr) while the simulations or the Bret 
cyclone covers the dynamic range upto 50 mm/hr and 
together  represent  the  global  tropical  rainfall situations.  
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Fig. 6. TMI observations of a cyclone over tropical Atlantic 

 
 
Based on the above RT simulations, to accomplish 
retrieval part of study, the real data from co-located  TMI 
and PR of TRMM was simultaneously arranged in 
collocated manner. From the simulations above with two 
different radiative transfer models, it is evident that all the 
horizontally polarized channels from 10 to 85 GHz, are 
more sensitive to the rainfall. However the real 
measurements from TMI are resolution dependent. In the 
present experiment, the beam filling issues are not 
addressed here and almost all the channels are used for the 
retrieval  ahead based on the sensitivity analysis of 
simulations. 
 
7.  Inverse modelling 

 
Only microwave radiometers can provide a 

physically reasonable rainfall estimate with sufficient 
spatial coverage. However, it is equally important to adopt 
a proper retrieval technique. The most effective 
techniques that  are in operation are briefly explained 
below with some examples.  
 

7.1.  Multiple Regression approach (MR) 
  

Radiative transfer calculations can be used to 
determine a brightness temperature, Tb, given a 
temperature, water vapour and hydrometeor profile. An 

inversion procedure, however, is needed to find a rainfall 
rate, R, given a Tb. Various inversion techniques are used, 
with microwave brightness temperature data, obtained 
from remote sensing orbiting platforms, to calculate rain 
rates. Most commonly used techniques are based on 
multiple regressions. The generic empirical retrieval 
problem is essentially a mapping which maps a vector of 
sensor measurements, X (T) in  Rn, to a vector of 
geophysical parameters Y (G) in Rm. For empirical 
retrievals, this mapping is constructed using discrete sets 
of collocated vectors X and Y or matchup data sets {Xp, 
Yp}. Linear regression is an appropriate tool for 
developing many empirical algorithms. It is simple to 
apply and has a well- developed theoretical basis. There 
are several studies using this approach (Bauer, 2001 
Ferraro and Marks, 1995 etc.). 
 

7.2. Neural Network Approach (NN) 
 

Recent research has shown that Artificial Neural 
Network (ANN) techniques can be used successfully for 
the rainfall estimation from radiometric measurements 
from SSM/I type of sensors (Tsintikdis et al., 1997). NN 
is a non-parametric method for representing the complex 
relationship between satellite measurements (radar or 
radiometers) and rainfall rates for instance. The NN's are 
mathematical models that are capable of learning complex  
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Fig. 7. Example of TMI observations of Orissa super cyclone from 
85 GHz TMI channel 

 
 
relationships, such as in case of multichannel brightness 
temperatures and rainfall. They consist of highly 
interconnected, interactive data processing units. 
Multilayer  Perceptron (MLP) neural networks (Rumelhart 
et al., 1986) are computational methods of data analysis 
that are an extension of traditional statistical methods such 
as regressions and function approximation. In statistical 
regressions, the modeler has to a priori specify the 
functional form of the relationship likely to exist in the 
data set (nonlinear vs linear vs multiple regressions). The 
best functional form for the data is based on an error 
measure such as the least squares criterion.  The NN form 
an "internal weight" representation of the data as to 
minimize an error criterion (usually least squares) without 
too much a priori judgements about on the functional form 
for the data.  A simple conceptual architecture (without 
connecting all input and hidden nodes due to simplicity of 
the figure) of the NN is shown in Fig. 8.  
 

7.3. Bayesian approach 
 

The most popular algorithm used for TRMM is 
Goddard Profiling (GPROF) by Kummerow et al. (1995).  
The GPROF is designed to retrieve rain over both ocean 
and land based on the Bayesian approach. This approach 
consists in a two step process: (i)  Building of the database 
of hydrometeor species profiles and their corresponding 
Tb’s. The initial database is supplied in nonhydrostatic 
cumulus-scale cloud models using explicit cloud 
microphysics and (ii) The retrieval process itself which 
uses the vector of the measured Tb’s as an input and go 
through the database to look for the closest Tb vectors 
based on a pre-defined definition of a distance. The profile 
associated with this (or these) Tb vector closest to the 
observations, is the solution of the retrieval. This 
algorithm was originally developed for the SSM/I and was  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. A simple neural network architecture 
showing the input and output connections 
through the hidden units (between rainfall 
and the radiometric brightness 
temperatures) 

 
simply reconfigured for the TMI to take somewhat 
different channels and higher spatial resolutions of the 
TMI into account. 
 
8.  Examples of rainfall retrievals by NN and MR 

approach 
 

In previous sections (5.1, 5.2) two different radiative 
transfer models were used for initial sensitivity studies 
and for conceptually simple consideration of spatial 
distributions of cloud and rain conditions from ECMWF 
and mesoscale model database. These models are based on 
Discrete Ordinate Method (DOM) upto N streams by 
Moreau (2000) and Eddington's approximation applied to 
DOM by Kummerow (1993). Both of these models allow 
for a full range of optical thickness and cloud 
absorptivities. The main purpose of the simulations is to 
delineate the frequencies that are most sensitive (as far as 
brightness temperatures are concerned) to the surface 
parameters and rainfall characteristics. Following these 
sensitivity analyses, a combination of passive and active 
microwave observations from TRMM Microwave Imager 
(TMI) and Precipitation Radar (PR) of TRMM satellite is 
used to estimate rainfall using NN technique. The brief   
about the data used for the  ANN are presented below. 

 
A large data base representing all the possible 

dynamical ranges of rainfall and brightness temperatures 
is the prerequisite for applying this method. Here the data 
base is generated from the collocated sets of observations 
between TMI and PR which share a common swath of 
about 200 km  on the surface. The PR is the first rain radar  
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Figs. 9(a-c). (a)The distribution of global error from NN training (continuous line) and testing (dotted 
line) between TMI-TB’s and PR-rainfall and (b&c) The scatter plot of the desired and 
estimated rainfall from NN 

 
 
 
in space. Within this area of common swath there are very 
important observations, i.e., the vertical profile of 
reflectivity from PR from rain structures and the 
brightness temperatures from TMI from almost same 
cloud and rain systems by all nine channels respectively. 
These sensors makes one of the very suitable pair of 
coherent observations for estimating rainfall. Two days of 
TMI and PR data base are used in the present study (1,2 
February, 1998).   
 
 
9.  Results of NN retrieval from TRMM 

 
From the simulations in the pervious section it is 

clear that all channels have considerable effect of rainfall 
but all measurements from TMI are resolution dependent 
(around 50 km for 10 GHz and 5 km for 85 GHz).   All 
the channels of TMI are selected for analysis. The 
collocated TMI and PR points are divided into two parts, 

first one for training the relationship between the input 
and output vectors of TMI-TB's and PR rain   and finally 
testing the relationship obtained by NN training using 
remaining points.  Various experiments were carried out 
with a number of  iterations from 1000 to 20000, with 
back propagation  approach that minimizes the cost 
function (Gairola et al., 2001).  The variation of global 
error with number of iterations, which is the evolution of 
the error during the training phase, shows the credibility 
of NN to be followed for statistical significance [Fig 9(a)]. 
The error decreases substantially after a few hundred 
iterations.  The desired versus NN retrieval of rainfall for 
both training and testing data sets are shown Figs. 9(b&c) 
respectively. The detailed error statistics could be found 
for the binned rainfall within interval of 5 mm/hr or less 
(Gairola et al., 2001). There are significant correlation's of 
0.91 and 0.90 achieved in both sets for the architecture of 
the NN that converged to minimum acceptable error in 
present case with  three hidden layers. 
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The main concern for NN to work is 
representativeness of the data in its complete dynamic 
range of both input and output vector fields while training 
the network.  This is required to achieve significant 
stability of the weighting coefficients of the NN for the 
retrieval of rain rates from TMI observations. However, 
the input data base generation can still be considered a 
multistage problem, which involves many degrees of 
freedom in case of rain and clouds. Apart from the surface 
and background atmospheric contributions to the signal, 
the cloud and rain parameters themselves impose the large 
uncertainty.  The initial success of simulations for both 
emission and scattering atmospheres and their 
corroboration with the observations from TMI and PR 
allows us for more specific and stringent experiments to 
be carried out using consistent and statistically 
representative input fields both over the land and oceanic 
regions for the treatment of the involved radiative process 
for the retrieval of rainfall from TRMM and other 
forthcoming sensors.   

 
For the similar set of data base the multiple 

regression has also been performed with a variety of the 
predictor variables that minimizes the rms error.  The rms 
error was found to vary from 2.18 to 1.5 mm/hr and the 
correlation coefficient from 0.85 to 0.78. Based on these 
experiments, it is obvious that the NN performs much 
better than the multiple regressions. Yet, one of the most 
promising techniques is based on the Bayesian Approach 
even though it works on the assumption that all the 
measurements from the radiometric channels are mutually 
orthogonal   and   they  have  no  correlation  among  each  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 10. MSMR derived rain rate (Upper panel) and PR derived 

rain rate (Lower panel) for August 2000 

 
 
Fig. 11.  Scatter plot between MSMR and PR monthly rain rate 

from Fig. 10

 
 
 
other. This assumption is only partly true and in most of 
the cases the response of the channels to the atmospheric 
water content and the surface variability are almost of 
similar nature. It is only during the rain cases that the 
behavior of the channels might be different. Recent 
studies by Bauer et al. (2001) has shown the superiority of 
this method on NN and multiple regressions.  

 
10.  Rainfall retrievals from MSMR 
  

Varma et al.  (2002) explored rain estimation 
capability of MSMR. MSMR brightness temperature data 
of 6 channels corresponding to three frequencies of 10, 18 
and 21 GHz were collocated with the TRMM Microwave 
Imager (TMI) derived rain rates to find a new empirical 
algorithm for rain rate by multiple regression. Further, this 
algorithm was used for generating global average rain rate 
map for month of August   (2001) (shown in Fig. 10). 
MSMR derived monthly averaged rain rates are compared 
with similar estimates from TRMM Precipitation Radar 
(PR) and was found that MSMR derived rain rates match 
well, quantitatively and qualitatively, with that from PR 
on monthly scale (Fig. 11).  
 
11.  Combined approach using microwave and IR 

 
Over the last few years, a number of groups        

have embarked on development of so-called hybrid 
techniques wherein the advantages of geosynchronous 
VHRR viz. Vast coverage and near sufficient space-time 
sampling, and polar passive microwave radiometers 
(Adler et al. 1994; Jobard and Desbois, 1994; Gairola  and  
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Fig. 12. Combined rainfall from TOPEX radar and radiometer for July 2000 

 
 

 
(b)

(d)      (c)

(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figs. 13 (a-d). Rainfall patterns using IR and MW data: 26-29 April, 1991 
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Fig. 14. Example of TRMM-TMI rainfall over the global tropics during August, 1999 and 2000 from NASA-GPROF algorithm 

 
 
Krishnamurti, 1992 Todd et al., 2001; Xu et al., 1999; 
Chen and Li, 2002). As it is clear that in IR/VIS, the 
clouds tends to be opaque and hence the rainfall is 
inferred indirectly. Being an indirect method, these 
measurements deviate from the true interpretations due to 
different cloud types. More physically based MW 
retrievals, are synergistically combined with IR 
observations to generate global maps of tropical rainfall 
on climate scales using   IR observations. The VHRR-IR 
based estimates are calibrated against the microwave 
estimates over the common areas of overlap. The required 
adjustments are then applied to IR estimates to fill the 
spatial and temporal gaps in the coverage of microwave 
measurements. The climatological scale rainfall maps 
produced in this manner represent the known features 
more closely. Recently Varma et al. (1999) and Gairola 
and Varma (2002) have presented a combined methods for 
active and passive microwave measurements of rain over 
global tropics using Topex/Poseido (T/P) microwave 
radiometer (TMR) and dual frequency radar altimeter. A 
typical example of global rainfall patterns from such 
algorithms is presented in Fig. 12 for brevity only. Varma 
et al. (2001) also explored the diurnal variability of 
rainfall from T/P. Bhandar and Varma (1995) used the 
concept of differential attenuation of the radar signal due 
to rain based on the analysis of the data of dual frequency 
T/P altimeter. 

 
Recently, one case study of a severe cyclone over 

Bay of Bengal during 24-29 April, 1991 has been made by  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 15. Vertical structure  of rain during 13 July 2000 

 
Gairola and Varma (2002) based on an approach from 
Gairola and Krishnamurti (1992) of integrated IR and 
microwave measurements using various satellite sensors.  
The combined IR and microwave rain algorithm brings 
out the finer details of the cyclone structure and 
precipitation fields (Fig. 13) and shown to be promising 
for operational applications. Finally, for brevity, the 
rainfall distribution over both land and oceans by TRMM, 
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is shown in Fig. 14 as an example of state of art GPROF 
algorithm of NASA for the month of August of 1999 and 
2000. The climatic patterns of rainfall are clearly seen 
with maxima over ITCZ of the  Pacific and Atlantic 
Oceans in the eastern Indian Ocean and over land areas in 
Brazil, Africa and Indonesia. More detail information of 
tropical rainfall from TRMM combined with other 
satellite and rain gauge information could be found in 
Adler et al. (2000). Finally, only as an example of the 
vertical profile of the rain signatures from the most 
innovative sensor, precipitation radar of TRMM is shown 
in Fig. 15, during the flash flood that occurred in 
Ahmedabad during July, 2000 (details in Agarwal et al., 
2000). Thus in future more accurate rainfall estimation 
would depend on the synergistic active and passive 
microwave measurements from satellites. 
 
12.  Conclusions 

 
The present paper is a limited overview of the 

methodologies for rainfall retrievals from microwave 
sensors and applications. With the state of art algorithms it 
has been well demonstrated over the years that passive 
microwave (PM) instruments on earth orbiting platforms 
have been providing valuable information for precipitation 
estimation and have been successfully used in various 
applications. However, the very intermittent nature of 
rainfall process, still poses the necessity for  the 
continuation of efforts toward the development of more 
advanced rain retrieval algorithms. More so the obvious 
limitations associated with the low sampling frequency of 
orbiting platforms carrying microwave sensors cant not be 
ruled out as yet. The need for the synergetic active and 
passive microwave measurements from satellites and the 
more precise algorithms thereof are required.   The recent 
availability of detailed precipitation observations by the 
first space-borne precipitation radar (PR) and a 
multifrequncy passive microwave radiometer, the TRMM 
microwave imager (TMI),   have led to continue with the 
new missions, e.g., Megha-Tropiques (M-T) satellite 
planned to be launched under Indo-French Joint 
Programme in this decade as a part of Global Precipitation 
Mission (GPM).  M-T is a satellite mission designed to 
study convective systems, focusing on the analysis of 
water cycle with water vapour distribution and transport, 
convective systems life cycle and energy exchanges in the 
tropical belt. The science goal of M-T is to increase the 
understanding of the energetic and hydrologic processes in 
the tropics and the way they influence the global 
circulation of the atmosphere and oceans and climate 
variability. The currently ongoing ADEAOS-II mission in 
conjunction with TRMM or M-T are to support climate 
predictions studies, validation of climate and whether 
models, over tropical areas, the mission will also provide 
relevant data for global earth climate understanding.   
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