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lkj &nf{k.kh if’peh ekulwu _rq ds nkSjku] Hkkjr ds if’peh rV ds lkFk lkFk virVh; nzksf.k;k¡ 

vfHklj.k ds mFkys {ks= esa cuha jgrh gSA mRrjh dsjy ls ysdj nf{k.kh xqtjkr rd QSys Hkkjr ds if’peh rV 
ij ;s nzksf.k;k¡ izk;% fodflr vkSj de gksrh jgrh gSaA vkdkj esa ;s nzksf.k;k¡ fof’k"V izdkj dh gksrh gSa ftldk 
{kSfrth; foLrkj 100 fd-eh- ds Øe esa rFkk yxHkx 900 gSDVkikLdy ls ifjlhek Lrj ds ,dne Åij rd 
ns[kk tkrk gSA ekulwu dh lfØ; voLFkk ds nkSjku vkSj blh izdkj detksj voLFkk ds nkSjku rVh; LFkkuksa esa 
;s Hkkjh o"kkZ djrh gSaA 

 
bl 'kks/k&i= esa iwohZ vjc lkxj ij ok;q&leqnz baVjQsl ds ikj /kjkryh; QyDlksa ds varj.k ds i'pkr~ 

rhoz virVh; nzks.kh ds vuqlj.k dh tk¡p dh xbZ gSA ;g nzks.kh 7&9 vxLr 2002 ds nkSjku if’peh rV ls 
nwj fodflr gqbZA leqnzh Lrj pkVZ ij bl virVh; nzks.kh ds flukWfIVd lapkyu ds laca/k esa izkIr gq, 
ifj.kkeksa dh ppkZ dh xbZA 

 
 
ABSTRACT.  During southwest monsoon season, the off-shore troughs along the west coast (WC) of India 

occupy shallow zones of convergence. These troughs frequently develop and decay off the WC extending from North 
Kerala to South Gujarat. They are typical in size, horizontal extent being of the order of 100 km and are discernible from 
just above the boundary level to about 900 hPa. They produce heavy rainfall over the coastal stations during active phase 
of the monsoon and vice-versa in weak phase.  

 
In the present study the transfer of surface fluxes across the air–sea interface over eastern Arabian Sea following an 

intense off-shore trough is examined.  This trough has developed off the WC during 7-9 August 2002. The results are 
discussed in relation to synoptic movement of this off-shore trough on the sea level chart.  
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1.  Introduction  
 

The southwest monsoon, which gives 80 % of the 
annual rainfall of India during four months June to 
September, is the most outstanding feature of Indian 
meteorology (Ananthakrishnan et al. 1983).  The 
northward advance of south west monsoon is usually 
associated with some synoptic weather disturbances. In 
June and July a trough of low pressure off the west coast 
of India, running north to south is often seen in the surface 
charts, which is called as off-shore trough (Raj 2003). 
Ananthakrishnan  et al. (1968) have found that about 75% 
of occasions the advance of monsoon is associated with 
some synoptic scale systems, feeble troughs (off-shore 

troughs) on the low level charts (surface and 850 hPa) 
accounting for about 50% and depressions and storms for 
about 25%. The frequency of the off-shore troughs is 
observed to have decreased in August and September as 
compared with June and July. The associated rainfall 
along the west coast becomes less in August and 
September.     
                 

The west coast trough frequently develops and 
decays off the WC extending from North Kerala to South 
Gujarat. Small vortices develop within this trough. George 
(1956) has named these vortices as off-shore vortices. 
Mukherjee et al. (1978) have documented the off-shore 
vortices for the month of July for the period 1974 to 1976.  
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Figs. 1(a-c).  ARMEX Phase-I Cruise track ORV Sagar Kanya SK-179,   

(a) during 17 July to 18 August 2002, in situ cruise track 
during    (b) 7 & 8 August and (c) 9 & 10 August 2002 

 

 

 
 
Figs. 1 (d-f).   Synoptic charts at 0300 UTC during, 

(a) 7August (b) 8 August and         
(c) 9 August 2002 
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Fig.  2.  Meteosat-5 satellite imagery during active Phase of off-shore 

trough 
 

They concluded that these vortices form just south of    
15° N, prominent in July and have a tendency to form in 
series. Heavy rainfall over the coastal stations is 
associated with these vortices. Shah (1978) noticed that 
these vortices are associated with normal or active 
monsoon conditions and not seen with weak monsoon 
conditions over the Arabian Sea.  By analyzing the 
dropsonde wind data during MONEX 1979, Mukherjee 
(1980) found that the off-shore vortices have diameter of 
about 150 km and height about 1 km from the surface. 
These systems are typical in size and occupy shallow 
zones of convergence. They produce heavy rainfall 
activity over the coastal stations. De (1991) has studied the 
dynamical properties of the off-shore vortices over the 
western India. 
            
 

In the present study an opportunity has arisen to 
examine the transfer of surface fluxes across the air-sea 
interface over eastern Arabian Sea following an intense 
sea level trough.  This intense sea level trough has 
developed off the WC during the period from   7 - 9 
August 2002 while during the same period the Arabian 
Sea Monsoon Experiment (ARMEX) was under progress.  
The results are presented and discussed in relation to 
synoptic movement of the off-shore trough.  
 
 
2.  Methodology 
 

The fluxes of momentum (τ), sensible heat (QH) and 
latent heat (QE) and Bowen ratio (BR) have been 
computed using the standard bulk aerodynamic   formulae 
(Seetaramayya and Master 1986) as follows : 

 
 
τ  = ρCdU2

                                                                         (1) 
 
 
QH    = ρCpCH (Ts-Ta) U                                             (2)      
 
 
QE    = ρLCE [qs (Ts)-q (Ta)] U                                                 (3) 
 
 
BR = QH/QE                                                                               (4) 

    
 

The height of the lifting condensational level (HLCL) 
has been computed following   Hsu (1998) as : 

 
HLCL = 125(Ta-Td)                                                  (5) 
       

 where ρ is the density of air   (= 1.23 kg.m-3),         
Cp  specific  heat at constant pressure [=1005 J.kg-1(°K)-1],  
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TABLE 1 
 

Rainfall in (cm) along the west coast of India during  August 2002 

                                                                

Station    Lat. (°N) Long.(°E) 
August 

07 08 09 

DHN 19.58 72.43 _ 18 3 

BMB(S) 19.07 72.51 19 _ _ 

BMB(C) 18.54 72.49 _ 10 _ 

ALB 18.38 72.53 2 _ 5 

MWR 17.56 73.40 28 _ 12 

HRN 17.49 73.06 _ _ _ 

RTN 16.59 73.20 _ _ 12 

GOA 15.25 73.47 _ _ 9 

KWR 14.54 74.18 _ 1 _ 

HNV 14.17 74.27 _ _ 13 

AGB 13.35 75.00 3 4 13 

MNG 12.52 74.51 _ 3 4 

Dhanu-(DHN); Mumbai (Santacruz)-(BMB) (S); Mumbai (Colaba)-
BMB (C); Alibag-(ALB); Mahableshwar-(MWR); Harnai-(HRN); 
Ratanagiri-(RTN); Panaji-(GOA); Karwar-(KWR); Honawar- 
(HRV); Agumbe-(AGB); Mangalore-(MNG); 
Note : (_) Rainfall not reported at particular station 

 
 
 
L is the latent heat of evaporation (= 2.45 × 106 J.kg-1), Cd, 
CH  and  CE  (= 1.45 × 10-3 )  are  the exchange coefficients 
for momentum, heat and moisture respectively, qs(Ts) and 
q(Ta) are saturation specific humidity at sea surface 
temperature (Ts)  and specific humidity of air temperature 
(Ta) at 10 m height  respectively. Hsu (1998) has derived 
HLCL to the present form based on some thermodynamic 
considerations such as dry adiabatic lapse rate and dew 
point lapse rate (Mcllveen 1986). 
 
 
 
3.  Data  
 

We have used three hourly marine meteorological 
observations collected  onboard ORV Sagar Kanya, by the 
Indian Meteorological Department (IMD), New Delhi for 
the period 7 - 9 August, ARMEX-2002. This period has 
been declared as an intensive observation period (IOP) 
during the ARMEX. The parameters such as sea surface 
temperature (Ts), air temperature (Ta), dew point 
temperature (Td), wind speed (U), mean sea level pressure 
(P) are used to compute the fluxes of heat, moisture and 
momentum.  

 

 

 

 
 

Figs. 3(a-e).  Time series of (a) Sea surface Ts and air temperature 
Ta,  (b) Wind direction dd, (c) Wind speed U,        
(d) Pressure P  and (e) Total cloud amount N during 
7-9 August 2002 

 
 
 

4.  Results and discussion 
 

The tracks of the ORV Sagar Kanya research         
ship   are  presented  in  Figs. 1 (a-c).  Fig. 1(a)  shows  the 
movement of cruise for the whole period of ARMEX -
2002, Phase I, field experiment in the Eastern Arabian 
Sea, Figs. 1(b&c) shows in situ tracks taken on 7 - 8 
August and 9 - 10 August respectively. The surface 
synoptic weather charts are   consulted in this study to 
identify the off-shore trough and the off-shore vortices. 
Figs. 1(d-f) shows the three consecutive surface synoptic 
charts showing the existence of off-shore trough in the 
Arabian  Sea  off  WC  during 7-9 August. The trough line  

  7 Aug                      8 Aug                      9 Aug 

Time in hours (UTC) 

(a) 

(b) 

(c) 

(d) 

(e) 
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Figs.  4(a-d). Same as Figure 3 but for (a) Temperature difference DT 
(=Ts-Ta),  (b) Specific humidity difference DQ [= qs (Ts)- 
q (Ta)] and  (c) Height of lifting condensation level HLCL 
and (d) Relative humidity RH                     

 

 
 
 
which had initially aligned along the longitude 72.5° E on 
7 August 2002 exhibits to and fro oscillation on either side 
of this longitude during next two days. It extends from 
Kerala   to   Gujarat  on  7   and  9  August  whereas, it has 
shifted further southward on 8 August. From the 
comparison of the day to day trough positions with the 
corresponding ship movements, it has been observed that 
the ship has always moved close to the trough and 
followed the trough oscillations as revealed by the tracks 
of the ship [Figs. 1(b&c)].  Fig. 2 shows the daily 
Meteosat-5 satellite imagery for the period 7 to 9 August 
2002. It is seen from this figure that cloud coverage on 7 
August is less as compared to that on 8 and 9 August, 
which show the intense active phase of the off-shore 
trough.  Table 1 shows the rainfall amount received over 
some of the coastal stations during this active phase of the  

 
 
 
 
Figs. 5(a-d).  Same as Figure 3 but for (a) Sensible heat flux QH,        

(b) Latent heat flux QE, (c) Bowen ratio BR and        
(d) Momentum flux τ 

 
 
 
 
off-shore trough. Remarkable increase in amount of 
rainfall along the west coast is clearly seen from this 
Table. On  7 August only few stations reported rainfall, 
whereas, on  8 and 9 August number of stations and the 
amount of rainfall is increased. 
 
 

Figs. 3 (a-e) shows the time series of   Ta and Ts, dd, 
U, P and N. It is observed that [Fig. 3(a)] Ts remains more 
or less constant at 28° C whereas, Ta tends to meander 
over Ts with warm air during day time and cold air during 
night time. Wind speed [Fig. 3(b)] shows prominent 
oscillations on 8 August. From Fig. 3(c) it is clear that 
wind is blowing nearly westerly throughout the study 
period. Apart from the semidiurnal oscillations, the 
surface pressure [Fig. 3(d)] shows a decreasing trend.  The  

Time in hours (UTC) 

          7 Aug                         8 Aug                      9 Aug 
           
                7 Aug                     8 Aug                       9 Aug 

τ 

Time in hours (UTC) 
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TABLE  2 
 

Daily mean values of DT, DQ, QH, QE, BR, and τ 
 

Date DT (°C) DQ (g.kg-1) QH (Wm-2) QE (Wm-2) BR τ (Nm-2) 

7 Aug -0.71 4.25 -12.95 135.86 -.095 0.162 

8 Aug 0.80 4.36 26.81 197.01 0.136 0.366 

9 Aug 0.01 4.68 -0.54 229.46 -.002 0.459 

Mean 0.03 4.43 4.44 187.44 0.013 0.329 
 
       
 
 

TABLE 3 
 

Climatological values of, QH, QE  and BR 
 

 Parameter 
Month  QH (Wm-2) QE (Wm-2) BR 

July 0 160 0 

August -2 110 -0.018 
 

 
 
 

cloud amount [Fig. 3(e)] increases to 8 oktas from 0900 
UTC  of   8  August  onwards.  On  8  August  Ts  remains 
constant at 28° C whereas, all other parameters show 
remarkable changes from 1200 UTC to 2100 UTC 
through 1500 UTC. Ta shows minimum value of      26° C 
at 1200 UTC; suddenly increases to 27.4°C at 1500 UTC 
and again decreases to 25.4° C at 2100 UTC (second 
minimum value).  Wind veers from 260° to 270°,  wind 
speed decreases from  15 ms-1 at 1200 UTC to 7 ms-1 at 
1500 UTC and again suddenly increases to 16 ms-1.  The 
surface pressure (P) has increased from 1005.2 hPa at 
1200 UTC to 1006.2 hPa at 1500 UTC. On 9 August  Ts 
remains constant around 28° C. The air temperature shows 
a decreasing trend with an increase at 0900 UTC, wind 
speed remains more or less constant with a slight decrease 
at 0900 UTC. The surface pressure decreases from 1007.8 
hPa at 0600 UTC to 1004.2 hPa at 1200 UTC.  These 
sudden changes in the above parameters from 1200 to 
1500 UTC on 8 August and  from 0600 UTC to 0900 
UTC on  9 August may be attributed to change in the 
trough’s position. 

 
 
Figs. 4(a-d) shows the time series of the DT (= Ts-

Ta), difference between sea surface and air temperature,  
DQ  = qs (Ts) – q (Ta),  difference between saturation 
specific humidity at sea surface temperature and specific 
humidity of air at 10 m height,  HLCL, height of lifting 
condensation level, and RH, relative humidity. It is seen 

from Fig. 4(a), that   DT,   values are negative on 7 August 
(0 to −2 ° C) and on 9 August (0 to − 1° C), and tends to 
+ve values (0 to 2.5° C) on 8 August. In Fig. 4(b) DQ 
varies between 3 & 7 gkg-1.  Figs. 4(c&d) show opposite 
trend in height of lifting condensation level (HLCL) and 
(RH) which suggests that as RH increases the (HLCL) falls 
down, implying   formation of clouds in the boundary 
layer during active phase of   the off-shore trough. The 
values of HLCL [Fig. 4(c)] vary from 125 m to 675 m and 
RH [Fig. 4(d)] varies between 70 & 95 %. The low values 
of HLCL coincide with high RH (≥90%) and the high values 
coincide with low RH (=60%).    
 
 

Figs. 5(a-d) shows the time series of sensible heat 
(QH), latent heat (QE), Bowen ratio (BR) and momentum 
flux (τ). It is seen from Fig. 5(a) that QH varies       
between −44 & 89 Wm-2. Two epochs (QH  < 0) on  7 and  
9 August are separated by a cooler epoch (QH > 0) on       
8 August in the trough. In general QE [Fig. 5(b)] varies 
between 104 & 384 Wm-2 with mean value 185 Wm-2. 
The lowest value (104 Wm-2) observed on 7 August at 
0300 UTC is associated with warmer air temperature  
(28.8° C), with wind speed 6 ms-1 and the highest value 
(380Wm-2) is observed at the time of coldest air 
temperature (25.4° C) with high wind speed (16 ms-1). It is 
seen from Fig. 5(c) the range of BR is −0.034 to 0.32.  
The momentum flux [Fig. 5(d)] shows maximum on         
8 August (0.595 Nm-2) and minimum on 7 August (0.077 
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Nm-2).  Vinaychandran et al. 1989 have studied the latent 
and sensible heat fluxes over the Arabian Sea during 
active and break phases of monsoon 1986. They have 
found high values of latent heat flux (≥  260 Wm-2) with 
active monsoon similar to this study, whereas they 
reported sensible heat flux in the range between 10 & 15 
Wm-2 which is comparatively lower than that of  the 
present study.  
         

Table 2 shows the daily mean values (7 - 9 August), 
of DT, DQ, QH ,QE and τ.  Table 3 shows the monthly 
mean climatological values of QH, QE and BR for July and 
August, over the study region reported by (Hastenrath, & 
Lamb, 1979).   The negative values of DT are reflected in 
QH and BR on 7 and 9 August. The high values of BR on  
8 August shows the stability of the atmosphere. The 
strong winds on 9 August lead to high value of τ.   It is 
seen from Tables 2 & 3 that QH, and QE, values are larger 
than climatological value for August. The magnitude of 
mean Bowen ratio is quite comparable with climatology.  
 
5.  Conclusions and remarks 
 

The off-shore trough and off-shore vortices are 
important monsoon systems, which contribute substantial 
amount of rainfall along the west coast and help in the 
revival of southwest monsoon. In this study we have 
examined three hourly time series of marine 
meteorological observations recorded during a very active 
phase of off-shore trough during 7 - 9 August 2002. We 
have analysed ARMEX-2002 Phase-I data, in 
consultations with the surface synoptic weather charts 
0300 UTC and Meteosat-5 satellite imageries.  The results 
of the preliminary analysis of above data reveal that there 
exists a well marked trough off the west coast of India 
during these days. However, no off-shore vortex was 
noticed. Considerable variations in the meteorological 
parameters and surface fluxes are observed with the 
intensification and oscillation of this off-shore trough. The 
trough shows oscillations on diurnal scale with regard to 
its intensity and position.  These oscillations give rise to 
changes in the surface meteorological parameters which in 
turn impact on the air-sea exchanges of sensible heat and 
latent heat. The average latent flux is about 190 Wm-2 
which is typical of  active monsoon conditions.   
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