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lkj lkj lkj lkj & bl 'kks/k Ik= esa ekulwu _rq ds iwoZ ds eghuksa ds nkSjku mRrj Hkkjr esa ok;qeaMy dh m/oZ?kj 
lajpuk vkSj xgu laogu ¼o`f"V½ dh ifjorZu'khyrk ds ijLij laca/k dk vUos"k.k o"kZ 2001 ds vk¡dM+ksa dk 
mi;ksx djrs gq, fd;k x;k gSA iwohZ Hkkjr dk izfrfuf/kRo djus okys dksydkrk vkSj mRrjh if'peh Hkkjr dk 
izfrfuf/kRo  djus okys fnYyh ds fy, fun'kZ fo'ys"k.k {ks= ds dsi vkSj vU; rkixfrdh; izkpyksa dk ifjdyu 
fd;k x;k gSA bu nks LVs'kuksa ds m?oZ/kj Hkzfeyrk fu"iknu dk Hkh vkdyu fd;k x;k gSA bl v/;;u esa 
dksydkrk vkSj fnYyh nksuksa esa o"kkZ dh jkf'k ds lkFk dsi ds {kh.k lglca/k dk irk pyrk gSA fdUrq fQj Hkh 
vk'kktud ifj.kke ;g jgs gSa fd ckn ds fnu esa laoguh lfØ;rk dh ?kVuk vFkok ?kVuk ds u  ?kVus dks 
le>us ds fy, blesa mi;qDr vPNs fLdy Ldksj ¼ok;l vkSj FkzsV Ldksj½ gSaA ok;qeaMy dh m/oZ/kj lajpuk ds 
le; ds fodkl ls ;g Kkr gksrk gS fd ekulwu _rq ds vkxs c<+us ds  le; dksydkrk esa laoguh 
lfØ;rkvksa dh izÑfr esa ifjorZu vkrk gSA  fuEu {kksHkeaMyh; Hkzfeyrk ij o"kkZ vkSj vf/kd fuHkZj gks tkrh gS 
rFkk xgu laogu ds fy, vknzrk okyh fLFkfr;k¡ lapkkfyr gksus yxrh gs vkSj fuEu {kskHkeaMyh; Hkzfeyrk  esa 
egRoiw.kZ o`f) ds  dkj.k ekulwu o"kkZ _rq ds vkxs c<+us ds lkFk&lkFk Å¡ps laoguh es/k cuus yxrs gSaA 
ekulwu iwoZ _rq ds flukWfIVd iSVuksZa ds dkj.k laoguh o"kkZ ds xfrdh; lg;ksx ds lqn`<+hdj.k ls _rq dh 
izxfr ds lkFk&lkFk ;s vkSj lqLi"V gksus yxrs gSaA fnYyh esa ekulwu o"kkZ _rq ds vkjaHk esa o"kkZ vknzrk ij 
vf/kd fuHkZj djrh gSA bl ekeys esa  dksydkrk esa tSls tSls fuEu {kksHkeaMyh; Hkzfeyrk okys {ks= esa o"kkZ dh 
c<rh gqbZ fuHkZjrk ds lkFk&lkFk _rq dh izxfr  gksrh tkrh gS oSls oSls laogu dh izÑfr  esa Hkh ifjorZu 
vkrk tkrk gSA rFkkfi fnYyh  esa xfrdh; lg;ksx ds laogu egRoiw.kZ izor̀d  ugha gSA bl v/;;u ls ;g 
rF; Hkh lkeus vkrk gS fd dksydkrk esa fuEu Lrj esa fnu ds izfr fnu ok;qeaM+y esa 'kq"drk Åijh lrg esa 
'kq"d gok ds deh ds dkj.k gksrh gSA tcfd fnYyh esa {kSfrth; vfHkogu eq[;r% ok;qeaM+y dh vknzrk dh 
ek=k esa ifjorZu ds fy, mRrjnk;h gSA 
 

ABSTRACT.  This paper explores the relationship between the vertical structure of the atmosphere and variation 
of deep (precipitating) convection over north India during pre-monsoon months using data for the year 2001. From the 
model analysis field, CAPE and other thermodynamic parameters for Kolkata, as representative of east India and Delhi, 
as representative of northwest India, are computed. The vertical vorticity profiles for these two stations have also been 
calculated. The study reveals that both for Kolkata and Delhi CAPE is poorly correlated with the rainfall amount. 
However, the encouraging result is that it has reasonably good skill score (bias and threat scores) to explain occurrence or 
non-occurrence of convective activity on the subsequent day. Time evolution of vertical structure of atmosphere indicates 
that nature of convective activities over Kolkata changes as the season advances. The rainfall becomes more dependent 
on lower tropospheric vorticity and moisture conditions become conducive for deeper convection and taller convective 
clouds to form with the advance of the season due to a significant increase in the lower tropospheric vorticity.  This 
strengthening of the dynamic support to convective rainfall may be because of the pre-monsoon synoptic pattern 
becoming more pronounced with the progress of the season. Over Delhi, rainfall dependence on moisture is more at the 
beginning of the season. As for Kolkata, in this case also character of convection changes as season progresses, with 
increasing dependence of rainfall on lower tropospheric vorticity field. However, dynamic support is not an important 
initiator of convection over Delhi. The study also suggests that, the day to day drying of the atmosphere in the lower 
levels over Kolkata is due to subsidence of upper layer dry air while over Delhi, horizontal advection is mainly 
responsible for the change in moisture content of the atmosphere. 
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1. Introduction 
 

Southwest monsoon sets over India around the first 
week of June. However, the build up of energy, moisture 

and different dynamical parameters start much before the 
monsoon season. An important mechanism by which 
thermodynamic changes take place over India during the 
pre-monsoon season is through convective activity. 
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Therefore, a study of the thermodynamics of the 
atmosphere during pre-monsoon season provides a 
window of opportunity for understanding the monsoon 
processes. Pre-monsoon season over India extending from 
March to May is characterized by very good convective 
activity all over the country. Convective activity 
progressively increases from March onwards as the season 
advances. Though thunderstorm activity may continue 
over the country even during the monsoon season, the 
severity of thunderstorms is marked only in the pre-
monsoon season, when they, on a number of occasions, 
are accompanied by squalls and hails. (Srinivasan et al., 
1973). 
 

East India, is one of the regions in India with high 
incidence of thunderstorm activity. In the region of 
Gangetic West Bengal, majority of the thunderstorms is in 
the afternoon (Rao and Boothalingam, 1957). These 
thunderstorms generally develop over Bihar plateau and 
adjoining areas and subsequently move in a southeasterly 
direction. Climatologically, in this region, it has been 
observed that, as the lower tropospheric moisture 
increases, the chance of thunderstorm activity also 
increases. Moisture supply in the lower troposphere 
boundary layer is provided by the shallow layer of 
southerlies and southwesterlies from the anticyclonic cell 
over the Bay of Bengal (Srinivasan et al., 1973). 
Convective activity in this region is known as 
“Nor’wester” or “Kalbaisakhi”. 
 

Northwest India, is a region where a heat low 
develops gradually as the early summer season progresses. 
The heat low is very shallow and no associated upper air 
cyclonic circulation is observed. Spells of convective 
activity are due to the passage of western disturbances or 
its associated lows over Pakistan, northwest India and 
adjoining areas or due to boundary layer moisture supplies 
from the anticyclone over Arabian Sea. In general, 
convective activity in this region is called duststorm or 
"Aandhi".  

 
Due to the contrasting nature of the synoptic 

conditions over the two regions, the two stations - (a) 
Kolkata as representative of east Indian weather 
conditions and (b) Delhi as representative of northwest 
Indian weather conditions, have been selected in this study 
for computation and analysis of various thermodynamic 
and dynamic processes in relation to the convective 
activities. 
 

It has long been realized that deep convection 
requires the troposphere to be convectively unstable for 
the ascent of a moist parcel through a relatively deep 
layer. A particularly useful measure of the energy 
available for convection in the tropical atmosphere is 

Convective Available Potential Energy (CAPE). CAPE 
provides a measure of the maximum possible kinetic 
energy that an unstable parcel can acquire assuming that 
parcel ascends without mixing with the environment and 
instantaneously adjusts to the local environmental 
pressure (Srivastava and Sinha Ray, 1999). CAPE has 
been shown to play an important role in mesoscale 
convective systems (Moncrieff and Miller,1976) and 
(Dutta and De., 1999). 

 
Studies of McBride and Frank (1999), Thompson    

et al. (1979) and Bhat et al. (1996) and Williams and 
Renno (1993) also demonstrated the role of CAPE in 
tropical atmosphere. However, no study exists to correlate 
the daily values of CAPE with those of convective 
activities over Indian region during the pre-monsoon 
season.  

 
The goals of this study are: 
 

(i) To determine the relationship between CAPE (for air 
originating at the surface) and convective activities  and  

 
(ii)  Evolution of vertical  structure of atmosphere with 
reference to deep convection. 

 
Our interest is to investigate the local environment 

conditions that cause the rain producing mesoscale 
systems. The diagnostic understanding of such a 
phenomenon will be of much help in the future 
development of forecast models for predicting local 
rainfall. 
 
2. Data 
 

In the present study, data for the pre-monsoon season 
of  2001 for the period from 15 March to 31 May is 
considered. The primary data used are from the daily 
analysis fields (at resolution of  1° × 1° Lat./Long.) of 
India Meteorological Department's operational forecasting 
system known as Limited area Analysis and Forecasting 
System (LAFS). The LAFS is a complete system 
consisting of real time processing of data received on the 
Global Telecommunication System (GTS), decoding and 
quality control procedure handled by AMIGAS software, 
3-D multivariate optimum interpolation scheme for 
objective analysis and multilayer primitive equation 
model. The first guess field for running the analysis 
scheme is obtained from the global forecast (T 80) of the 
National Centre for Medium Range Weather Forecasting 
(NCMRWF), New Delhi. To derive the parameters for the 
stations Kolkata and Delhi, corresponding nearest grid 
point data are considered. Rainfall data for the two 
stations on any day is the 24 hours total rainfall for a day 
as reported on 0300 UTC of the next day.  
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3. Methodology  
 

According to the parcel theory, CAPE is a measure 
of the energy realized when conditional instability is 
released. Only surface values of CAPE have been used in 
analyses, as it has been observed in the Gulf of Carpentria 
during the AMEX experiment, that air parcels raised from 
above 900 hPa in the deep tropics rarely become 
positively buoyant (McBride and Frank, 1999). Following 
the method described by Williams and Renno (1993), 
 

( ) ( )∫ −−=
LNB

LFC

lnd..CAPE e

P

P

vvp PRdTT  

     
where  PLFC  :   is the pressure level of free convection 

for parcel raised from                        
1000 hPa level  

          
PLNB  :  is the pressure level of neutral buoyancy 

for parcel raised from                      
1000hPa level 

          
Tve  :  is the virtual temperature of the 

environment at pressure level P through  
which parcel rises 

  
          
Tvp :  is the virtual temperature of the parcel at 

pressure level P through                    
which  parcel rises 

           
Rd   :  is the dry gas constant 
 

In cases when PLNB was not found, the above integral 
was extended from PLFC to 200 hPa (Dutta and De, 1999). 
Condensation, precipitation, freezing of liquid water and 
level of parcel origin, influence the virtual temperature of 
the air parcel and hence CAPE, as the parcel undergoes 
undiluted ascent in the atmosphere (Emanuel, 1994). 
 

Several procedures have been suggested for 
evaluating CAPE depending on certain thermodynamic 
and microphysical assumptions. However, it has been 
demonstrated that, for a deep cloud, in which 
icing/glaciation takes place, estimated CAPE is almost 
independent of microphysical processes within the cloud 
and a pseudoadiabatic process will be sufficient to 
estimate CAPE (Williams and Renno, 1993). Also, cloud 
tops calculated by pseudoadiabatic process are closer to 
observation and for such processes uncertainties in 
evaluating CAPE values due to measurement errors are 
negligible compared to CAPE values (Fu et al., 1994). 
Hence, in this case, CAPE is evaluated assuming the 
pseudoadiabatic process of parcel ascent. 

As a possible barrier to the initiation of conditional 
instability in the presence of high CAPE values, Williams 
and Renno considered a parameter - the Convective 
Inhibition Energy (CINE) (Williams and Renno, 1993). 
CINE, from the same data set, is evaluated as follows, 
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where    PSFC :  is the surface pressure level i.e.    
1000 hPa.  

   
Computational steps of CAPE and CINE are as 

follows. 
 
 
(i) From the 1000 hPa values of temperature and 
moisture, the Lifting Condensation Level (LCL) of a 
surface parcel is calculated, presuming the conservation of 
dry static energy. 
 
(ii) For the vertical integration purpose the environment 
vertical profile of temperature and moisture were 
interpolated and smoothened at 10 hPa intervals using the 
Cubic Spline Technique. 
 
(iii) Above the LCL pressure level, the moist adiabat 
values of the parcel temperature and moisture were 
calculated for the 1000 hPa parcel. This was calculated at 
10 hPa intervals, presuming the conservation of moist 
static energy. 
 
(vi) Using the two sets of values of temperature and 
moisture, the parcel PLFC and PLNB pressure levels were 
calculated. 
 
(v) Then, the above integrands calculated at 10 hPa 
intervals and summed over – from PLFC to PLNB to 
calculate CAPE and from PSFC to PLFC for calculating 
CINE.      

 
The original vertical resolution of the model analysis 

field consists of 14 pressure levels, i.e., 1000 hPa,         
925 hPa, 850 hPa, 700 hPa, 600 hPa, 500 hPa, 400 hPa, 
300hPa, 250 hPa, 200 hPa, 150 hPa, 100 hPa, 70 hPa and 
50 hPa. In the present study, we used the analysis field 
based on 1200 UTC observation only. Initially, we 
attempted to compute thermodynamical parameters based 
on RS/RW observations. But later, it was realised that on 
many occasions CAPE/CINE could not be computed due 
to non-availability of 200 hPa (PLNB) sounding data. 
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Figs. 1(a-c). (a) For Kolkata, day to day variation of CAPE(J/kg) values for the period from 15 March to 30 May, 2001,     
(b) for Kolkata, day to day variation of CINE(J/kg) values for the period from 15  March to 30 May, 2001, 
(c) same as  Fig. 1(a) except for 24 hours observed rainfall (mm) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figs 2(a-c). Same as Figs. 1(a-c)  but for Delhi 
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4. Results and Discussion 
 

Figs. 1(a&b) represents the daily variation of CAPE 
and CINE respectively for Kolkata from 15 March to 31 
May 2001. A few days on which 1200 UTC data could not 
be downloaded due to computer problem are excluded. 
Figs. 2(a&b), similarly, represents the daily variation of 
CAPE and CINE respectively for Delhi for the same 
period. Fig. 1(c) and Fig. 2(c) represents the daily rainfall 
for the same period over Kolkata and Delhi respectively. 
 

According to the definition, CAPE is calculated for 
the air parcel when it ascends beyond the PLFC and CINE 
is calculated for the same air parcel rising from surface 
(1000 hPa) to PLFC . This implies that when PLFC is not 
obtained, value of CAPE becomes zero and CINE 
becomes arbitrarily large(negative). As such large 
negative values of CINE do not make any sense, these 
may be ignored in Figs. 1(a&b) and Figs. 2(a&b). 
 

As the season progresses, the winter synoptic pattern 
is replaced by the pre-monsoon synoptic pattern. 
Consequently, the dependence of convective activity on 
the various parameters changes. To bring out the evolution 
of the convective activity, the season has been arbitrarily 
divided into two parts - from 15 March to 22 April and 
from 23 April to 31 May. Correlation coefficient (CC) 
between rainfall with the thermodynamic and dynamic 
parameters has been calculated separately for each half of 
the season to bring out the evolution of the nature of the 
convective activity.  

 
4.1.  CAPE in relation to convective activity 
 
Table 1 represents the correlation coefficient (CC) of 

CAPE with the rainfall amount for Kolkata and Delhi, for 
each half of the season. As it is evident from the Table 
that for Kolkata, CC of CAPE with rainfall amount in the 
first half of the season is poor (CC = −0.03). This 
correlation improves in the second half of the season    
(CC =  0.152) but is, nevertheless not very good. For 
Delhi, the CC in the first half of the season is 0.08 and 
improves slightly to 0.14 as the season advances. 

 
Weak negative correlation between rainfall and 

different thermodynamic parameters like CAPE in the 
tropics during Australian monsoon season around the Gulf 
of Carpentria was previously reported by McBride and 
Frank (1999) and Thompson et al. (1979). A high positive 
value of CAPE alone, without a triggering mechanism in 
the form of a synoptic system, can induce convective 
activity in the atmosphere in the vicinity of the station, if 
value of Convective Inhibition Energy (CINE) is less. 
However, for tropical regions, it has been observed that 
inhibition energy (CINE) of the order of 20 J/kg  is  strong  

TABLE 1 
 

Correlation coefficient of CAPE at station with 24 hours rainfall  
for the first and second half of   the season 

 
CAPE   at station Rainfall of first half Rainfall of second half 

Kolkata -0.03 0.15 

Delhi 0.09 0.14 
 
 
 
 

TABLE  2 
 

For Kolkata skill scores of CAPE (using threshold value as 1089 
J/kg)  with subsequent day’s occurrence of rainfall activity  

  
Station name : Kolkata            Bias score          Threat score 

CAPE Threshold value 
    1089 J/kg 

               1.3                 0.70 

 
 
 
 
enough to act as a barrier to vertical updrafts from surface 
reaching the PLFC and beyond (Williams and Renno,1993). 
In case of Kolkata as well as Delhi, on all days, even with 
high values of CAPE, values of CINE are very high, as in 
Figs. 1(a&b) and Figs. 2(a&b). This may be one reason, 
for the lack of very strong correlation over Kolkata as well 
as Delhi between CAPE and rainfall amount over the 
station. Dynamic field is essential for realization of 
thunderstorm activity at station. 

 
According to the studies of Bhat et al. (1996), high 

positive correlation was observed between CAPE and the 
frequency of the occurrence of Highly Reflecting Cloud 
cover (HRC), a measure of convection in the tropical 
regions. Encouraging results are obtained when one 
attempts to correlate the frequency of occurrence of 
convective activity at station as indicated by days of 
rainfall rather than its amount with the value of CAPE of 
the previous day. Bias and threat skill scores (Stanski      
et al., 1989) calculated for CAPE with reference to 
subsequent occurrence of convective activities are shown 
in Table 2. Using a threshold value for CAPE as 1089 J/kg  
(the minimum value associated with occurrence of rainfall 
on the subsequent day), it is observed that CAPE has 
reasonably good skill scores (bias = 1.3 and threat = 0.70) 
to predict the occurrence/non-occurrence of thunderstorm 
activity over Kolkata.  
 

Unlike for Kolkata, where majority of thunderstorms 
occurs in the afternoon (Rao and Boothalingam,1957), the 
rainfall over Delhi is not confined to any particular time of 
the day. Since the tropical atmosphere does not reveal any 
signature  of  impending convective activity, 6-12 hours in  
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TABLE  3 
 

For Delhi skill scores  of  occurrence of convective activity  on the 
subsequent day with CAPE (using threshold value as 207 J/kg ) and 
with  24  hours change  (rise)  in the value of  CAPE (using threshold  
                                           value as  521 J/kg) 
 

Station Name : Delhi Bias score Threat score 

CAPE Threshold value 
207 J/kg 

               3.3                 0.3 

CAPE rise Threshold value 
521 J/kg 

               1.26                 0.72 

 
 
 
 

TABLE 4 
 

Correlation coefficient of CAPE with equivalent potential 
temperature and specific humidity of 1000 hPa 

 
CAPE at station θe  (surface) Q  (surface) 

Kolkata 0.839 0.843 

Delhi 0.729 0.85 
 
 
 
advance (Roy, 1950), to investigate the role of CAPE in 
prediction of convective activity over the station, a time 
window of three hours just before and after 1200UTC 
observation has been selected. Thunderstorm activity over 
the station, with or without rainfall has been related to the 
value of CAPE of the previous day. The dry subcloud 
layer air in the tropical region prevents rainfall from 
reaching the ground. Due to the comparative dryness of 
mid troposphere over a continental station like Delhi, 
thunderstorm activity does not necessarily result in rainfall 
unlike Kolkata. The resultant threat and bias scores as 
indicated in Table 3 for a threshold value of 207 J/kg (the 
minimum value associated with occurrence of convective 
activity on the subsequent day), are not very encouraging. 
However, interestingly, when the parameter for predicting 
the convective activity is considered as the 24 hour change 
(rise) in the value of CAPE on the day prior to the 
occurrence of thunderstorm activity, results for a threshold 
value of 521J/kg (the minimum value associated with 
occurrence of convective activity on the subsequent day) 
are encouraging (bias = 1.26 and threat = 0.72). This is 
justified because thunderstorm activity is generally 
preceded by rise in the convective energy in the 
atmosphere as quantified by CAPE.  
 
 

4.2.  Vertical structure of atmosphere in relation to 
deep convection 

 
Previous studies have shown a very strong 

dependence  of   the  parameter CAPEsurface, on the surface  

TABLE 5 
 

Correlation of 24 hours rainfall at Kolkata with specific humidity 
and vorticity of different  levels for the first half and  

second half of the season 
 

Rainfall at  
Kolkata  

Q 
(first half) 

Q 
(second half) 

Vorticity 
(first half) 

Vorticity 
(second half) 

1000 hPa     0.09 0.19 −0.08 0.55 

950 hPa 0.05 0.04 −0.12 0.56 

850 hPa 0.03 −0.03 −0.25 0.43 

500 hPa 0.34 0.06 −0.23 −0.34 
 

 
TABLE 6 

 
Correlation of 24 hours at Delhi with moisture and vorticity of 
different levels for the  first half and second half of the season 

 
Rainfall at 
Delhi  

Q 
(first half) 

Q 
(second half) 

Vorticity 
(first half) 

Vorticity 
(second half) 

1000 hPa    0.19 0.07 0.04 0.21 

950 hPa 0.23 0.03 0.04 0.21 

850 hPa 0.26 −0.02 0.04 0.15 

500 hPa 0.13 0.09 0.16 −0.12 
 

 
 

 
moisture as well as the surface equivalent potential 
temperature (McBride and Frank, 1999). Table 4 lists the 
correlation of the parameter CAPE with the 1000 hPa 
values of moisture as quantified by the specific humidity 
(Q) and equivalent potential temperature (θe) of 1000 hPa 
for the whole season. As it is evident, a strong correlation 
does exist between CAPE, as also, with equivalent 
potential temperature. Mathematically, this seems to be 
due to the fact that, boundary layer θe values determine 
whether there will be positively buoyant air in the first 
place and which actual moist adiabat will the rising parcel 
follow.  
 

To quantify the dependence of rainfall on the vertical 
thermodynamic profile of the atmosphere over Kolkata, 
Table 5 represents the correlation coefficient of rainfall 
with moisture (specific humidity Q) and vorticity of 
different pressure levels. It is observed from the Table 
that, over Kolkata for the first half of the season, rainfall is 
more closely related to mid tropospheric (500hPa) 
moisture (CC = 0.34) than to surface moisture field      
(CC = 0.09). In addition, during the initial part of the 
season, a negative mid tropospheric (500 hPa) vorticity 
field appears to favour rainfall (CC= −0.23). However,     
as  the  season  progresses,  the  dependence of  rainfall on  
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Figs. 3(a&b).  (a) Vertical profile of specific humidity (gm/gm) field departures from the level mean over Kolkata, for the period 15 April 

to 30 May,2001. Vertical levels 1-14 indicate pressure levels (hPa) 1000, 925, 850, 700, 600, 500, 400, 300, 250, 200,150, 
100, 70 and 50 respectively and (b) Same as Fig.3(a) except for  equivalent potential temperature (°K) field  

 
 
 
 
various parameters changes. In the latter half of the pre-
monsoon season, correlation of rainfall to surface 
moisture slightly increases (CC = 0.19) and to mid 
tropospheric moisture decreases.  
 

It is interesting to note that the CC of rainfall with 
low level positive vorticity field becomes considerably 
higher (CC = 0.55) in the later half of the season. 
According to the statistics documented by Peterssen 
(1956), deep convection is mostly associated with 
cyclonic vorticity (750 hPa), while anticyclonic vorticity 
supports shallow convection. Though the data refers to 
middle latitudes, his conclusions appear to be applicable 
to the tropics as well (Srinivasan et al., 1973). This leads 
to the hypothesis that the character of the rainfall causing 
clouds changes as the season advances. Initially the clouds 
are shallow cumuli, with moisture supply mainly in the 
middle troposphere from synoptic systems in association 
with western disturbances. As the season advances, the 
Bay of Bengal anticyclone strengthens, moisture supply in 
the boundary layer increases due to prevailing southerlies 
and south-easterlies and the cumulus clouds formed are 
taller and result in good rainfall activity. The stronger 
dependence of rainfall on dynamic parameters (vorticity) 
as the season advances, signifies that rainfall is more often 
associated with some low level circulation over this region 
during the latter part of the season.  
 

For Delhi in the first half of the season, rainfall 
shows a positive correlation (Table 6) with the lower 
tropospheric moisture content (CC = 0.19). This year, the 
anticyclonic cell over Arabian Sea may have played an 
important role to provide boundary layer moisture during 
the initial part of the season. The above finding supports 

the observation. However, as the season advances, rainfall 
is very poorly correlated with the moisture content of any 
level. In the first half of the season, the CC of rainfall with 
positive vorticity field improves with height - from 0.04 at 
1000 hPa to 0.21 at 500 hPa. As the season advances, 
dependence of rainfall on lower tropospheric positive 
vorticity field increases (CC = 0.21) while the correlation 
with mid tropospheric vorticity field becomes weakly 
negative (CC = −0.12). This increased dependence of 
rainfall on the lower tropospheric positive vorticity field 
as the season advances reveals that the convection 
deepens as the season progresses. However, poorer 
correlation of rainfall to the vorticity field as compared to 
Kolkata implies that the dynamic field is not an important 
initiator of rainfall activity at the station. Lack of 
association between low level vorticity and rainfall 
activity over Delhi may be due to poor moisture supply 
over the region.  
 

In an effort to better understand the rainfall over the 
station, the vertical thermodynamic profile of the 
atmosphere over the station has been studied. Fig. 3 
represents the vertical profile of the atmosphere over 
Kolkata for the period 15 March to 31 May, 2001. 
 

Increase or decrease of the value of CAPE on a daily 
basis may be due to the fact that it is primarily dependent 
on the moisture content of the corresponding level of 
parcel origin (McBride and Frank, 1999). Deep 
convection requires moisture influx through a relatively 
deep layer and is sometimes suppressed by influx of dry 
midlevel air into areas that were previously convectively 
active. Hence, analysis of the vertical profile of moisture 
content  of  the atmosphere  is  essential  to understand not  
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Figs. 4(a&b). Same as Figs. 3(a&b)  but over Delhi 
 
 
 
only the reason for the daily variation of CAPE but also of 
rainfall. To examine the behaviour of the vertical structure 
of moisture in the atmosphere with reference to 
convection, the deviations of specific humidity from the 
level mean for this data period have been plotted in      
Fig. 3(a). In the beginning of the season, days of rainfall 
are in general associated with moisture increase in the mid 
troposphere. As the season advances, the increase in 
moisture vis a vis the convective activity is more in the 
lower troposphere as compared to the middle troposphere. 
Also, on correlating with the daily rainfall data, the 
inferences of  Table 5 are confirmed.  
 

Atmospheric drying occurs primarily through 
horizontal advection or subsidence and the cause is best 
interpreted from study of the vertical profile of the 
equivalent potential temperature. To determine which 
process is responsible, we examine profiles of the relevant 
conserved quantity, equivalent potential temperature θe in 
Fig. 3(b). The variation of moisture is investigated by 
observing the isolines of θe from the figure. It is observed 
that there is no major change in values of θe and hence of 
moisture from one day to the next. Higher values of θe at a 
level, as compared to the level mean, appear to be due to 
convection, which causes the air to be uplifted bringing 
moist air from lower regimes to the higher tropospheric 
levels. It is observed that on the days of decrease of 
moisture, lower values of θe from upper atmosphere 
subsided down. Hence, it can be concluded that the drying 
of the atmosphere was more due to subsidence of upper 
layer dry air than due to horizontal advection.  

 
Similarly, for Delhi, Figs. 4(a&b) represents the 

vertical profiles of specific humidity departures from level 
mean and equivalent potential temperature respectively of 
the atmosphere. It is observed that for the first half of the 

season, rainfall days are reflected by deep layer moisture 
increase in the lower troposphere. This confirms the 
findings of Table 6 with respect to moisture supply from 
the anticyclone over the Arabian Sea in the initial part of 
the season. However in the month of May, the signature 
becomes less distinct and moisture in the mid and upper 
troposphere increase irrespective of the occurrence of 
rainfall. The variation of moisture content in the 
atmosphere at a particular level may be due to either 
subsidence or advection. The dry lower troposphere as 
demonstrated by Fig. 4(a) is also reflected in Fig. 4(b) as 
exceptionally low values of θe. These values are 
substantially lower than any values existing on previous or 
later day throughout the atmosphere. Also the lowering of 
θe values are of the order of 20° C from one day to the 
next. This abrupt a change, from one day to the next, 
could not have occurred through radiative cooling alone. 
This leads to the conclusion, that the changes in moisture 
and hence CAPE from day to day is more due to advection 
of air from surroundings than a result of in-situ change in 
the atmosphere. 
 
 
5. Concluding remarks 
 

We have analyzed the thermodynamical and 
dynamical parameters of the atmosphere in relation to the 
pre-monsoon convective activity over northern India. The 
two stations selected for analyses - Kolkata and Delhi 
represent the two regimes of convective activity - namely 
eastern India and northwest India respectively.  From the 
preceding analyses, the broad conclusions that emerge 
may be summarized as follows: 

 
While the 1200 UTC value of CAPE at 1000 hPa 

over Kolkata as well as Delhi shows very poor correlation 
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with the rainfall amount at the beginning of the season, 
correlation improves slightly towards the end of the 
season. However, it is encouraging to note that  CAPE is 
better skilled in predicting the occurrence of rainfall on 
the subsequent day over Kolkata rather than the rainfall 
amount. On the other hand, 1200 UTC vertical profile of 
the atmosphere over Delhi does not reveal much of the 
convective activity over the station, if 24-hours rainfall is 
taken to be a measure of the convective activity. However, 
the 6 hours time window selected around the 1200 UTC 
observation period does reveal a very good threat score 
and bias score for thunderstorm activity around the station 
(with or without accompanying rainfall) with 24 hours 
change (rise) in the CAPE as the predictor for the 
convective activity of the subsequent day. 
 
 
 

One reason for the poor correlation of CAPE with 
rainfall amount, may be due to the presence of high value 
of CINE, which acts as barrier to the vertical updraft.  So 
for realization of CAPE as convective activity presence of 
a supportive dynamic field is found essential. 

 
 
 
The nature of the convective activity over Kolkata is 

found to change and becoming deeper and more 
dependent on the lower tropospheric positive vorticity 
field and moisture field as the season advances. Initially 
the clouds are shallow cumuli, with moisture supply 
mainly in the middle troposphere, from synoptic systems 
in association with western disturbances. Enhanced 
rainfall activity during latter part of pre-monsoon season 
is due to increased lower tropospheric vorticity field in 
presence of low level cyclonic circulation over the region 
and boundary layer moisture incursion from the 
anticyclonic cell over the Bay of Bengal.  For Delhi, the 
correlation of lower tropospheric moisture with rainfall 
amount in the initial part of the season reveals a rainfall 
dependence on moisture influx from the anticyclonic cell 
over the Arabian Sea. Like Kolkata, the character of the 
cumuli in association with the convective activity changes 
with advance of the season. An increasing dependence of 
the rainfall on the lower tropospheric positive vorticity 
field does reveal that the convection becomes deeper as 
the season advances. However, this dependence of rainfall 
on low level positive vorticity field is less than that over 
Kolkata indicating that unlike Kolkata dynamic field is 
not an important initiator of convective activity for Delhi. 
 
 

It is also evident from this study that day to day 
variation of moisture levels in the lower atmosphere and 
hence of CAPE over Kolkata, is due to atmospheric 

subsidence of dry middle layer air. This is in contrast to 
Delhi, where horizontal advection is found to be the main 
reason for daily variation in low level moisture.  
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