
 
 
 
MAUSAM, 56, 1 (January  2005), 107-120 
 

551.577.37 : 551.46.072 (267.37)           

 (107) 

 
Study of heavy rainfall event over West Coast of India using analysis  

nudging in MM5 during ARMEX-I 
 

A. ROUTRAY, U. C.  MOHANTY†,   ANANDA  K. DAS*  and  N. V. SAM 

Indian Institute of Technology,  New Delhi - 110 016, India 

*India Meteorological Department,  New Delhi - 110 003, India 
†e mail : mohanty@cas.iitd.ernet.in 

 
 
 
 
 

lkj & eslksLdsy ekMqyu ra= ¼,e- ,e- 5½ dk mi;ksx djds Hkkjr esa if’peh rV ds lkFk 7&9 vxLr 
2002 ds nkSjku izsf{kr Hkkjh o"kkZ dh ?kVuk dks la[;kRed :Ik esa vuqdjfr djus dk bl 'kks/k&i= esa iz;kl 
fd;k x;k gSA bl v/;;u dk eq[; mn~ns’; eslksLdsy ekWMy esa mPp foHksnu ij fy, x, ijEijkxr vkSj 
vijEijkxr  izs{k.kksa dk mi;ksx djds uftax fo’ys"k.k ds izHkko dh tk¡p djuk gSA 

 

bl Hkkjh o"kkZ dh ?kVuk dk v/;;u djus ds fy, 60 fd- eh- ¼LFkwy½ vkSj 20 fd-eh- ¼Hkhrjh½ ds Mcy 
usLVsM iz{ks= okys ,e- ,e- 5 ds lkFk nks la[;kRed iz;ksx fd, x, gaSA igys iz;ksx esa] uker% fu;a=.k 
vuqdj.k ¼lh- ,u- Vh- ,y-½] vkjafHkd vkSj ifjlhek ifjfLFkfr;ksa ds :i esa  HkweaMyh; fo’ys"k.k dk mi;ksx 
fd;k x;k gSA ;g ns[kk x;k gS fd ;g ekWMy O;ofLFkr laoguh; izfØ;kvksa ls laca) eq[; y{k.kksa dks O;kid 
:Ik ls n’kkZus ds ;ksX; ugha gSA nwljs iz;ksx esa] uker% uftax vuqdj.k ¼,u- ;w- Mh- th-½] izs{k.kkRed vk¡dM+ksa 
dks ’kkfey djus ds ckn ekWMy vkjafHkd vkSj ifjlhek ifjfLFkfr;ksa esa lq/kkj gqvk gSA rnqijkar] ekWMy dk eqDr 
lekdyu djus ls igys] mldh vkjafHkd fLFkfr esa vkSj vf/kd lq/kkj ykus ds fy, 12 ?kaVs ds uftax fo’ys"k.k 
dk Hkh vuqiz;ksx fd;k x;k gSA ifj.kke n’kkZrs gSa fd tc uftax fo’ys"k.k dk mi;ksx djds pkj foeh; 
vk¡dM+k laxzg.k dk fu"iknu fd;k x;k rc vuqdj.kksa esa lq/kkj gqvkA 

 
 

ABSTRACT.  An attempt is made to numerically simulate one heavy rainfall event observed during 7-9 August 
2002 along the west coast of India using mesoscale modeling system (MM5). The prime objective of the present study is 
to investigate the impact of analysis nudging using conventional and non-conventional observations at high-resolution in 
the mesoscale model. 

 
 Two numerical experiments are carried out with MM5 having a double nested domain viz. 60 km (coarse) and         

20 km (inner) to study this heavy rainfall event. The first experiment, namely the control simulation (CNTL), global 
analyses is used as initial and boundary conditions. It is noticed that the model is not able to comprehensively capture the 
prominent features associated with organized convective processes. A second experiment, called the nudging simulation 
(NUDG), is carried out where the model initial and boundary conditions are improved after the insertion of observational 
data. Thereafter, 12 hrs analysis nudging is also applied to further improve the initial condition, before the model is 
allowed for free integration. Results indicate that the simulations are improved when four dimensional data assimilation 
using analysis nudging is performed.  

 
Key words − ARMEX, Analysis nudging, Heavy rainfall, MM5. 
 

 
 
1.  Introduction 
  

Several heavy rainfall episodes are observed over the 
west-coast of India during Arabian Sea Monsoon 
Experiment (ARMEX-I) 2002. One of the main objectives 
of ARMEX-I (20 June to 15 August, 2002) was to study  

the Arabian Sea convection and intense rainfall events 
often associated with off-shore trough along the west 
coast of India. 
 

Most of the heavy rainfall episodes along the west-
coast of India and other parts of the country are caused by  
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TABLE 1 
 

MM5 model overview 
 

Dynamics Non –hydrostatic 

Main  prognostic variables u, v, w, T, p' and q 
Number of domain 2 
Central point of the domain 18.0° N, 76.0° E 
Horizontal grid distance 60 km (coarse) and 20 km (inner)  
Number of grid points Domain-1 

• Y-direction  95 (7° S, 44° N) 

• X-direction  121 (43° E, 109° E) 

Domain-2 

103 (12° N, 31° N) 

103 (62° E, 81° E) 
Map projection • Mercator 
Horizontal grid distribution • Arakawa B-grid 

• Multiple nested moveable grids are also possible 
Vertical co-ordinate • Terrain-following sigma co-ordinate 
Time scheme • Leapfrog scheme (time split technique) 
Spatial differencing scheme • 2nd order centered 
Lateral boundary condition • Relaxation (domain-1) 

• Time dependent (domain-2) 
Top boundary condition • Rigid Lid (non-hydro.) 
Radiation scheme • Dudhia’s long and short wave radiation 
Surface layer parameterization • 13 land-use category 
Cumulus parameterization schemes • Grell scheme 
PBL parameterization • MRF (Hong & Pan 1996) 

 

 
 
organized meso-convective systems. Sikka and Gadgil 
(1980) studied the intense convection over the Arabian 
Sea resulting in heavy rainfall over the west coast of the 
India. The nature of the mesoscale convection embedded 
in the larger scale convection during onset phase of the 
south-west monsoon in the year 1979 over the eastern 
Arabian Sea was elucidated using wealth of aircraft data 
collected during MONEX-79. Benson and Rao (1987) 
showed that several convective bands were embedded in 
the synoptic scale cloud cluster over the Arabian Sea on 
20 June 1979. They had also suggested that these bands 
formed and decayed as a result of the complex interactions 
between the low-level westerly flow, and the upper-level 
tropical easterly jet-stream and the mesoscale convective 
features. Roy Bhowmik and Prasad (2001) have used the 
operational limited area model (LAM) of the India 
Meteorological Department (IMD) to study the spatial and 
temporal pattern of monsoon rainfall. However, their 
study is unable to quantify the orographic rainfall along 
the Western Ghats of India. Roswintiarti et al. (2001) 
carried out similar modeling studies of convective 
episodes leading to heavy rainfall events over the Arabian 
Sea off the west coast of India during the Indian Ocean 
Experiment (INDOEX). From the above mentioned 
studies it becomes appropriate and suitable to predict 

meso-convective systems that produce heavy rainfall 
events using a mesoscale model. One of the Intense 
Observation Period (IOP) from 7 to 9 August, 2002 during 
ARMEX-I when heavy rainfall was observed along the 
west coast of India is considered for the present study. The 
initial and boundary conditions are provided to the 
mesoscale model from large scale global analyses. 
However, the model is not able to comprehensively 
capture the prominent features associated with organized 
convective processes when large scale global analyses are 
used as initial and boundary condition. Therefore, an 
acceptable improvement in the large scale analyses is 
essential through assimilation of additional observations. 
The prime objective of the present study is to investigate 
the impact of analysis nudging using conventional and 
non-conventional observations at high-resolution in the 
mesoscale model.  
 
2.  Methodology 
  

The MM5 model is a fifth generation Pennsylvania 
(PSU)/National Centre for Atmospheric Research 
(NCAR) limited area mesoscale model, non-hydrostatic, 
terrain-following sigma co-ordinate, designed to simulate 
mesoscale   and   regional   scale   atmospheric  circulation  
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TABLE 2  
 

Description of data used in the assimilation cycle 
 

         Types of Data                 Stations 

Surface 
Automatic Weather System (AWS) Cannore (11.8° N, 75.4° E) 

Goa (14.7° N, 74.1° E) 
Harnai (17.8° N, 73.1° E) 
Mumbai (19.1° N, 72.8° E) 
Ratnagiri (16.9° N, 73.3° E) 

Quick Scatterometer (QSCAT)  Cover oceanic region   
Upper-air 

Radio Sonde (RS) Ahmedabad (23.0° N, 72.4° E) 
Amini Devi (11.1° N, 72.7° E) 
Mumbai (19.1° N, 72.8° E) 
Goa (15.0° N, 74.1° E) 
Kochin (9.9° N, 76.2° E) 
Mangalore (12.6° N, 74.5° E) 

Meteorological Satellite (Meteosat) Aerial coverage (5° S-30° N and 65° E-105° E) 
Global Telecommunication System (GTS)  -do- 
ORV-Sagar Kanya Off the west coast of India 
Hansa-Goa (RS/RW) Indian Naval station (Goa) 

 
 
(Dudhia et al., 2002). A logical combination of multiple-
nest-domain configuration, variety of physical 
parameterization schemes and four dimensional data 
assimilation technique makes the model capable of 
simulating a meteorological event on any scale. The 
performance of a numerical model while simulating any 
heavy rainfall event depends mainly on parameterization 
of different meso-scale convective systems (MCSs). In 
this study the model is run using the Grell scheme (Grell 
et al. 1993) for cumulus parameterization and a non-local 
closure (Hong and Pan, 1996) scheme for the boundary 
layer parameterization. The MM5 model configuration 
used in the present study is given in Table 1. 
 

The initial condition and lateral boundary conditions 
are obtained from National Centers for Environmental 
Prediction (NCEP) global analysis. The quality of model 
simulation depends upon the initial and boundary 
condition provided to the model. The initial condition can 
be improved with the insertion of additional observations 
through objective analysis. This is very crucial and 
important in the numerical model data assimilation cycle. 
It is also used as a tool to interpolate and smooth the 
unwarranted spikes in the observed data. To develop a 
high-resolution analysis from special observations 
obtained from field experiments and satellite data, the 
meteorological community often uses an objective 
analysis technique of successive corrections. However, 
from the analysis done by Benjamin & Seaman (1985) it 

can be noted that these methods have strong scale 
dependency, as mesh size is decreased, which introduces 
relatively large errors. Hardy (1971) developed a 
mathematical method referred to as multiquadric 
interpolation (MQD) that produces a more accurate 
analysis. This method has been implemented for actual 
meteorological observations by Nuss and Titley (1994). 
The basic theory of multiquadric interpolation is reviewed 
by Hardy (1990). The multiquadric technique involves 
inverting a symmetric observation correlation matrix, 
where the correlation is based upon distance (the distance 
between each observation). The diagonal elements are 
based on information such as variable type and number of 
observations. This inverse is pre-multiplied by a 
rectangular matrix which has as elements the distance of 
every observation to every grid point and post multiplied 
by the perturbation observation vector. This provides an 
influence array for each grid point by each observation. In 
this paper MQD technique is used to develop a high-
resolution analysis for the initial and boundary inputs of 
MM5. 
 
3.  Data  
  

The meteorological data sets used in this study are 
categorized into regular and special observations 
(ARMEX-I). Heavy rainfall was observed during 7-9 
August 2002 seemingly the result of an off-shore trough 
that extended from Kerala to Maharashtra along the west 
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coast of India. A cyclonic circulation (somewhat like a 
mid-tropospheric cyclone) was noticed between 2.1 and 
7.6 km over the Saurashtra, Kutch and its neighborhood. 
   

The initial first guess fields are taken from low-
resolution (1° × 1°) global AVN (USA Aviations) analysis 
except Sea Surface Temperature (SST) which is extracted 
from the FNL (Fluid Naval Laboratory) global analysis. 
The special observations obtained during this period that 
are used to refine the first guess are as follows: (a) Surface 
and upper-air data, both over the Arabian Sea off the west 
coast of India and west coast land stations; (b) Satellite 
observations from Meteosat and QSCAT. Details of the 
data sets used in the study are described in Table 2. The 
United State Geological Survey (USGS) 25-category 
global coverage data having 30 and 10 minutes resolution 
terrain, land use/vegetation, soil and land water mask are 
used in the coarser and finer domain of the model 
respectively.  
 
4.  Numerical experiments 
  

Two numerical experiments are carried out using the 
MM5 (version 3.6) model with double nested domain to 
study the heavy rainfall event observed during 7-9 August, 
2002. The model domain is centered at 18° N, 76° E. The 
coarser domain is integrated with 60 km resolution over 
India and the finer domain with 20 km resolution over 
west coast of India. During different numerical 
experiments one-way interaction is allowed between two 
domains (from outer to inner). The first experiment, 
namely the control simulation (CNTL) is carried out with 
the grid spacing of 60 km in the coarser domain and 20 
km in finer domain. The initial and boundary condition is 
provided to the model directly from the coarse resolution 
global analyses. The resulting simulations from CNTL are 
named as CNTL60 and CNTL20 for outer and inner 
domains respectively. The second experiment i.e., the 
nudging simulation (NUDG), is carried out after the 
model initial and boundary conditions are improved with 
the insertion of observational data. In this experiment     
12 hrs analysis nudging with improved analysis is applied 
upto 0000 UTC of 06 August, 2002 and then model is 
allowed to integrate freely for 48 hrs. Therefore, the initial 
condition is achieved at 0000 UTC of 06 August, 2002 for 
model free run is improved one compared to CNTL 
experiment and more close to the observation. The outputs 
from NUDG are called as NUDG60 and NUDG20 for 
outer and inner domain respectively. 
 

4.1.  Analysis nudging 
 

In the grid nudging, Newtonian relaxation terms are 
added to the prognostic equations for wind, temperature 
and moisture fields. The model linearly interpolates the 

analyses in time to determine the value towards which the 
model relaxes its solution. The model values are relaxed 
towards the analysis using the nudging terms. This process 
can be described in MM5 for any variable α with the 
following equation: 

 

)αα(ε),(),,α(α *
α

*
−+=

∂
∂

optxWGtxF
t

p     (1) 

  
),,α( txF  represents the natural meteorological 

processes. For example, if α is zonal component  of the  
wind (u), then F will include terms such as pressure 
gradient force, Coriolis force, diffusion terms and model 
physics such as momentum fluxes.  
 

αG is the analysis nudging term for a given variable 
α. According to Stauffer and Seaman (1990), the nudging 
term should be much smaller than the magnitude of the 
other terms in the given model equation. This can inhibit 
the model equations from generating the natural, 
necessary atmospheric responses. On other hand, if αG  is 
too small, the observations will have minimal effect on the 
evolution of the model state, allowing phase and 
amplitude errors to grow. 
 

),( txW is the analysis weighting function, which 
specifies the horizontal, vertical and time weighting 
applied to the analysis. The symbol ε  is defined as the 
analysis quality factor which ranges between 0 and 1, is 
based on the quality and distribution of the data used to 
produce the gridded analysis. In the present study the 
value of ε  varied from 0.5-0.8 for different parameters. 
The P* is the model atmosphere depth. The symbol α0 is 
an observed value and α represents the interpolated model 
value. 
 
5.  Result and discussions 
 

5.1.  Mean sea level pressure 
  

Fig. 1 represents observed and simulated mean sea 
level pressure (MSLP) valid at 0300 UTC of 7 August 
2002. Fig. 1(a) shows the subjectively analyzed MSLP 
(not perfectly scaled with other figures) by IMD,        
while Figs.1 (b-e) depicts the model simulated MSLP.         
Figs. 1 (b&d) represent CNTL60 and CNTL20 simulation, 
while Figs. 1(c&e) depict NUDG60 and NUDG20 
simulation respectively. Comparing the simulations from 
all the numerical experiments with the observations         
[Fig. 1(a)], it is noted that the general characteristics in the 
MSLP pattern over the region is fairly captured in the 
simulations. It is noticed that over the Arabian Sea, 
isobars are nearly parallel to each other and oriented along  
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Figs. 1(a-e).  Observed and forecast of MSLP (a) Observed, (b) CNTL60, (c) NUDG60, (d) CNTL20 and (e) NUDG20 valid                  
at 0300 UTC 07 August, 2002 

 
(c) (b) 

(d) (e) 
  

  

(a) 
 

La
tit

ud
e 

Longitude 

La
tit

ud
e 

La
tit

ud
e 

Longitude Longitude 

Longitude Longitude 



 
 
112                            MAUSAM, 56, 1 (January 2005) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figs. 2(a-j).  Stream lines at 850 hPa for (a) Verification analysis, (b) CNTL60, (c) NUDG60, (d) CNTL20 and                 
(e) NUDG20 valid at 0000 UTC on 07 August,2002 and (f) to (j) are same as (a) to (e) respectively but valid 
at 0000 UTC on 08 August, 2002 
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Figs. 3(a-j).  Same as Fig. 2 but for geopotential height (m) 

(a) (f) 

(b) (g) 

(c) (h) 

(d) (i) 

(e) (j) 
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Figs.  4(a-j).  Same as Fig. 2 but for 500 hPa 

(a) (f) 

(b) (g) 

(c) (h) 

(d) (i) 

(e) (j) 
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the monsoonal flow during this period. The isobars in all 
simulations show the trough formation along the west 
coast of India that extends from coastal Karnataka upto 
Konkan Goa. This feature is also clearly supported by the 
observed off-shore trough shown in the [Fig. 1(a)]. The 
manifestation of the off-shore trough is most prominent in 
NUDG20 [Fig. 1(e)]. The isobars cross the coastal line 
and run towards the southeast direction, even as the 
monsoon trough extends over head Bay and the 
orientation of isobars shifts towards southeast over the 
Bay of Bengal. Although, all the figures show a similar 
pressure pattern, but there are a definite differences in the 
pressure gradients along the west coast from Kerala to 
Gujarat. CNTL simulations establish a pressure change of 
7 hPa from southern part of the coastal Karnataka to 
Gujarat coast where as the northward decrease of pressure 
over same region is about 9 hPa in NUDG simulations. 
Correspondingly NUDG simulations generate strong 
pressure gradients along west coast of India compare to 
CNTL simulations. Henceforth, the location of isobars and 
their corresponding orientations in NUDG60 [Fig. 1(c)] 
and NUDG20 [Fig. 1 (e)] fairly match with observations. 
  

The large scale MSLP pattern for both the domains 
in two experiments are nearly similar although in the inner 
domain the resolution is increased three fold. But the 
differences in other fields e.g. wind and rainfall are 
significant for both the domains. The small-scale 
processes which modulate locally the large-scale 
circulation can be captured by the model simulations with 
an increase in resolution but their existence associated 
with the variations in large-scale pressure pattern with a 
specified time-scale can not be established as long as the 
initial condition (interpolated global analysis) does not 
reflect them. 
    

The model simulation for day-2 of MSLP field is not 
presented in this paper as the results did not show 
significant variations from that inferred during day-1. 
 

5.2. Upper-air circulation 
 
5.2.1. 850 hPa 
  
The left and right panels of Fig. 2 describe stream 

lines at 850 hPa valid at 0000 UTC of 7th and 8th August, 
2002 respectively. Fig. 2 (a) represents the stream lines 
from AVN analysis for 07 August 2002 at 850 hPa.                   
Figs. 2 (b &d) illustrate CNTL60 and CNTL20 simulated 
stream lines at 850 hPa respectively, whereas NUDG60 
and NUDG20 simulations are demonstrated in               
Figs. 2 (c&e) respectively. The right panels [Figs. 2 (f-j)] 
follow the same representations as described for the        
left panel. Fig. 3 is same as Fig. 2 but for geopotential 
height. 

A comprehensive analysis of all the figures             
[Figs. 2 (a -j)] in Fig. 2 depicts a zonal flow pattern over 
the Arabian Sea, which after crossing the west coast line 
acquires a meridional component towards the south. The 
stream lines mostly follow geopotential height over the 
sea region during day-1 (0000 UTC, 07 August 2002) 
simulation [Figs. (2&3)]. Close observation of near 
surface MSLP pattern and geopotential at 850 hPa (Fig. 3) 
indicate the presence of off-shore trough. However, the 
turning of stream lines at 850 hPa (Fig. 2) is not very 
clear. At this level the wind flow is primarily 
characterized by low level jet and the strong westerlies all 
over the west coast of India. The gradual creation of a 
shear zone around the latitude 20° N due to the 
perpendicular action of northerly wind over westerly flow 
at the south-west side of the low over central India is a 
distinct feature in all simulations in day-1 and day-2         
[Figs. 2 (b-e and g-j)]. Especially, in day-1 NUDG 
simulations established this circulation characteristics 
comparatively well, which is nearly absent in the 
verification analysis [Fig. 2 (a)]. The simulated trough in 
geopotential  during day-1 by CNTL60 [Fig. 3(b)] and 
CNTL20 [Fig. 3(d)] is far off from west coast line of 
India, but they are well represented and closer to the west 
coast line of India from NUDG60 [Fig. 3(c)] and 
NUDG20 [Fig. 3(e)] simulations.  There is not much 
variability observed in day-2 (0000 UTC, 08 August 
2002) simulations, where both control and nudging 
experiments show the same location of the off-shore 
trough. The rate of decrease in the geopotential height 
during day-1 using the nudging experiment [Figs. 3 (c&e)] 
compares very well with AVN verification analysis      
[Fig. 3(a)]. The simulated geopotential heights due to the 
control experiments [Figs. 3(b&c)] are higher when 
compared to the verification analysis [Fig. 3(a)]. Also the 
rate of decrease in the geopotential height along 
increasing latitude is lower than that observed in the 
verification analysis, as the spacing between isoheights 
increases. The geopotential distribution in control 
simulation during day-1 [Figs. 3(b&d)] and day-2         
[Figs. 3(g&i)] do not show much difference. However the 
geopotential height shows a southward shift in nudging 
simulation during day-2 [Figs. 3(h&j)]. The trough like 
structure observed over central India in the verification 
analysis [Fig. 3(f)] during day-2 is well defined in the 
nudging simulations [Figs. 3(h&j)] where the movement 
of this low pressure area from central India towards west 
is noticed. The control simulations [Figs. 3(g&i)] during 
day-2 do not show this circulation feature. 
 

5.2.2. 500 hPa 
  

The left and right panels of Fig. 4 describe stream 
lines at 500 hPa valid at 0000 UTC of 7th and 8th August, 
2002 respectively. Fig. 4 (a) represents the stream lines
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Figs.  5(a-j).  Same as Fig. 2 but geopotential height for 500 hPa 

(a) (f) 

(b) (g) 

(c) (h) 

(d) (i) 

(e) (j) 
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Figs. 6(a&b). Observed precipitations (cm) (a) Day-1 (b) Day-2 valid at 0300 UTC on 07 and 08 August, 2002 respectively 

 
 
from AVN analysis for 07 August 2002 at 500 hPa.         
Figs. 4 (b&d) illustrate CNTL60 and CNTL20 simulated 
stream lines at 500 hPa respectively, whereas NUDG60 
and NUDG20 simulations are demonstrated in [Figs. 4(c 
and e)] respectively. The right panels [Figs. 4 (f-j)] of      
Fig. 4 follow the same representations as described for the 
left panels. Fig. 5 is same as Fig. 4 but for geopotential 
height. 
 

The simulations due to both CNTL [Figs. 4 (b&d)] 
and NUDG [Figs. 4 (c&e)] experiments are able to fairly 
capture the mid trpospheric cyclone (MTC) [Figs. 4 (a&f)] 
over the Arabian Sea off the west coast of India during 
day-1 and day-2 respectively. Fig. 4 (a) and Fig. 4 (f) 
AVN verification analysis clearly depicts the presence of 
MTC circulation centered at (18° N, 67° E) in day-1 and 
at (19° N, 70.5° E) in day-2 respectively over the Arabian 
Sea. However, in Fig. 4 (f) a comparatively weak MTC is 
observed. Analyzing the day-1 and day-2 simulations for 
control and nudging experiments, it can be stated that all 
of the simulations are able to capture the MTC. Although 
the day-1 [Figs. 4 (b-e)] simulations are able to produce 
MTC circulation, its centre is shifted (by an order of 1-     
2° N, 3-4° E) towards East of North East (E-NE) from the 
central position in verification analysis [Fig. 4(a)]. 
Looking closely at the CNTL and NUDG experiments, 
during day-1 it is noted that CNTL20 [Fig. 4d)] and 
NUDG20 [Fig. 4(e)] simulations are a bit closer to the 
verification analysis. Therefore, it can be stated that at 
higher resolution the location of the MTC is simulated 
reasonably well. 
 

The structures of geopotential height (Fig. 5) also 
represent the existence of the MTC and its intensity. In the 
verification analysis [Figs. 5 (a&f)] the location of the 

upper-air cyclonic circulation is fairly away from the 
Gujarat-Maharashtra coast but contrary to this all 
simulations [Figs. 5(b-e and g-j)] show the system closer 
to south Gujarat and coastal Maharashtra. At the same 
time the geopotential heights in both the experiments 
(CNTL and NUDG) are lower by 15-20 meters compared 
to the verification analysis. This in turn establishes the 
fact that the MTC is more intense in the simulations. The 
observed circulation pattern and mainly the rainfall 
distribution (Fig. 6) validate the simulated features of 
MTC. Furthermore, the MTC is more intense in NUDG60         
[Figs. 5(c&h)] and NUDG20 [Figs. 5(e&j)], which depicts 
the impact of assimilation. 
 

The day-2 simulations [Figs. 5(g-j)] do not show 
closed contours of geopotential heights along the west 
coast of India but a trough  formation extending in E-NE 
direction can also be deciphered from the rainfall pattern 
[Figs. 7(e-h)] along the trough line. Although the trough 
formation is present in the verification analysis of day-1 
[Fig. 5(a)] but it is absent in day-2 [Fig. 5(f)].  
 

5.3. Rainfall 
 

Figs. 6 (a&b) show the observed 24 hourly 
accumulated rainfall obtained from Indian Daily Weather 
Report (IDWR) at 0300 UTC during 7th  and 8th August 
2002 respectively along the west coast of India. Highest 
rainfall of 33 and 29 cm are noticed over Mahabaleswar in 
the Maharashtra regime during 7th August 2002 and               
8th August 2002 respectively. The left and right panels of 
Fig. 7 describe day-1 and day-2, 24 hourly accumulated 
rainfalls valid at 0300 UTC during 7th and 8th August, 
2002 respectively. Figs. 7 (a&c) illustrate CNTL60              
and  CNTL20  simulated   24  hours  accumulated  rainfall 
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Figs. 7(a-h).  24 hrs accumulated precipitations (cm)  for (a) CNTL60, (b) NUDG60, (c) CNTL20 and  (d) NUDG20 valid at 0300 
UTC on 07 August, 2002 and (e) to (h) are same as (a) to (d) respectively but valid at 0300 UTC, 08 August, 2002 
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respectively, whereas NUDG60 and NUDG20 simulations 
are demonstrated in Figs. 7 (b&d) respectively. The         
right panels [Figs. 7(e-h)] of Fig. 7 follow the same 
representations as described for the left panels. 
 

The simulations (Fig. 7) of rainfall distribution along 
the west coast of India show clearly the presence of 
organized convective activity leading to heavy 
precipitation. The effect of off-shore trough over Konkan-
Goa regime and the presence of MTC over the Arabian 
Sea off the west coast India, especially over north 
Maharashtra and Gujarat coast are the causative features 
for this heavy rainfall event over these regions. During 
day-1, well established circular structured systems are 
noticed due to NUDG [Figs. 7(b&d)] experiments, but are 
not clearly spotted from the CNTL [Figs. 7(a&c)] 
simulations. The model simulates lesser rainfall in all of 
these experiments. However, when comparison is made 
between CNTL and NUDG simulations, the nudging 
experiments produce simulations closer to the 
observations [Fig. 6(a)]. The localized distribution of 
rainfall during day-1 in 20 km simulations, from CNTL20 
[Fig. 7(c)] and NUDG20 [Fig. 7(d)] are better represented 
when compared to 60 km resolution simulations from 
CNTL60 [Fig. 7(a)] and NUDG60 [Fig. 7(b)]. The 
position of maximum rainfall (33 cm) recorded at 
Mahabaleswar (19.2° N, 73.2° E) is well represented in all 
of the simulations. This location is more accurately 
captured by NUDG20 [Fig. 7(d)] simulation. The second 
maximum rainfall (18 cm) observed at Agumbe is also 
well represented in NUDG20 simulation. Although the 
location of heavy rainfall is well simulated in NUDG20 
experiments, the amount is on the lower side. This could 
be mainly attributed to the presence of orography 
(Western Ghats) that needs a better representation in the 
model.  
 

Day-2 simulations of rainfall pattern [Figs. 7(e-h)] 
correlate well with observations shown in Fig. 6(b). It is 
seen from Fig.  4, that the MTC is bit weakened, and 
spread over a larger area. The rainfall distribution pattern 
[Figs. 7(e-h)] too shows a larger coverage over the 
Arabian Sea off the west coast of India. The overall 
representation of the rainfall pattern due to both CNTL 
[Figs. 7(e&g)] and NUDG [Figs. 7(f&h)] experiments, 
compare reasonably well with the observations [Fig. 6(b)] 
along the west coast of India. In depth analysis shows that 
NUDG simulations are able to capture the location and 
amount of rainfall better than CNTL simulations. The 
observed maximum rainfall (29 cm) over Mahabaleswar 
and second maximum (13 cm) over Surat (20.9° N,    
72.9° E) during day-2 is well brought out in all the 
experiments but is closest with NUDG20 [Fig. 7(h)] 
simulation. No marked variability is observed between 
day-1 and day-2 nudging simulations as compared to 

control simulations. It is worth mentioning here that the 
model is not able to adequately represent the rainfall 
pattern over Saurashtra region of Gujarat, in all other 
experiments except NUDG20 [Fig. 7(h)] simulation that 
shows light/little rainfall over that region.   
 
6.  Summary and conclusions 
  

The mesoscale model (MM5) with double nested 
domains 60 and 20 km resolution is used to study the 
heavy rainfall event during 7-9 August 2002 over the west 
coast of India during ARMEX-I. Two numerical 
experiments are conducted to examine the impact of  high 
resolution analysis nudging with 60 and 20 km model 
resolution using conventional (RS/RW and surface data) 
and non-conventional (satellite data) in simulating MSLP, 
wind and rainfall.  
 

The following conclusions can be drawn from the 
present study. 

 
(i) The off-shore trough observed during this period of 
heavy rainfall is well simulated by the NUDG20 
experiment.  
 
(ii) The simulations due to both CNTL and NUDG 
experiments are able to capture the MSLP pattern 
observed at 850 hPa., indicating the presence of off-shore 
trough. However, the turning of wind at 850 hPa.  for the 
off-shore trough is not manifested well. 
 
(iii) The location and the intensity of MTC is well 
represented by nudging simulations showing clearly the 
impact of additional data. 
 
(iv) NUDG20 experiment is able to capture the location 
of heavy rainfall over the west coast of India reasonably 
well when compared with the other simulations. However, 
all of the model simulations underestimate the maximum 
value of the observed rainfall as observed. There is 
definitely a need to further improve the model simulation 
by increasing the model resolution and inserting additional 
dense network surface and upper-air data. Further, the 
implementation of sophisticated assimilation technique 
like three dimensional variational assimilation system 
would produce even more realistic initial conditions for 
the mesoscale model integrations. 
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