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ABSTRACT. Meso-scale convergence and vertical velocity weoenputed using Bellamy technique from
rawindsonde and pibal data obtained from thre@statThese stations formed the vertices of a reeale triangle around
Kharagpur (22.3° N, 87.2° E) - a region of moigtwertion located near the eastern end of the martsoogh, where the
monsoon trough boundary layer experiment (MONTBLEX)s conducted during the Indian summer monso86. e find
that the total rainfall over the meso-triangle dejgeon the proximity and intensity of the largelsgaessure system forming
in the head Bay and moving W/NW towards the lanihduthe onset and active phase of the monsoonn\Wieelarge-scale
flow showed cyclic circulation extending to midgasphere, the rainfall over the triangle does setrsto be affected by the
meso-scale divergence. However the rainfall atikafala (KKA) -an airforce station near KharagpuGiR) correlates with
meso-scale divergence/convergence. Surface hgadflimated using sonic anemometer at 8m AGL at K@®large during
meso-scale convergence. It increased with winddspbée the momentum flux showed large variation.

Key words— Monsoon, Meso-scale, Boundary layer, RainfallxFfDonvergence.

1. Introduction scale convective activity occurs during the monssesson
along the axis of the monsoon trough and to itéhsou
The onset of monsoon over peninsular India is
heralded by increased cloudiness over south AraSim Earliest study on divergence and vertical velooty
and south Bay of Bengal and increased low levebro monsoon circulation focused attention on synopt@les.
equatorial flow from south Indian Ocean (Ananthstimnian Bellamy (1949) developed the technique of computing
et al.,, 1968, Rao, 1976, Kutzbach, 1987). It is also divergence within a triangle and computed the oaiti
associated with the frequent formation of a trdpicatex in velocity by integrating the divergence values wihpect to
the Bay of Bengal or Arabian Sea. Another typiealtfire is  height. The technique is applied in this papemimpute the
the large-scale east-west oriented cloud band ewath divergence and vertical velocities in the boundager. A
Arabian Sea (Keshavamurty and Sankar Rao, 1992). network of meso-scale triangle was constructedralt{GP
and the divergence and vertical velocities were prded
Dense multi-layer convective clouds characterize th over the triangle for the case of onset and agihase of the
active monsoon conditions over the central partthaf summer monsoon. Rainfall over the triangle, at KgiAd
country, the eastern Arabian Sea and the Bay ofj@eh is the surface fluxes at 8m AGL at KGP have been stlit
also marked by a strong low-level (W/SW) flow ovhe relation to meso-scale convergence and the moveofent
Arabian Sea, often with a low level jet of 25-3GMLarge- large-scale pressure system originating in tlae lBay and
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Fig. 1. Map showing stations forming the Bellamy triangtel micrometeorological tower site at

Kharagpur

moving N/NW during the onset (June) and active (4stp
phase of Indian summer monsoon.

2.  Meteorological conditions during the onset and
active phase of MONTBLEX

Normally 6-10 cyclonic disturbance occur during the
summer monsoon (Rao, 1976). In the year 1990, thase
one depression in June and September, none inahdywo
in August (Gupta, 1990, Srivastav, 1995). Activensaon
condition prevailed on a number of days in JulyeTh

IST on June 13. The low pressure system concedtirgtea
deep depression, intensified, moved northwestwar$
crossed the West Bengal coast on June 14 afterribon.
weakened into a depression over Gangetic West Banda
adjoining Orissa on 15 and into a low-pressureesystver

the central part of east Madhya Pradesh dh tebecame
less marked over this area on 17 June. We notelthiig
onset phase of the monsoon, the large-scale syatem
low/depression was close to the boundary layer
measurement site at Kharagpur on 13 and 14 Jure. Th
movement of the center of the system was very coskto

the south of the experimental site. On 15 June, the

movement of trough-ridge-trough pattern marked the depression center was located more than 2° SWeadité.

beginning of August in the upper westerly north tioé

The center of low on June 16 was far SW of Kharagpd

country that disturbed the monsoon circulation. The it moved far NW on 1¥. Dense cloud cover existed over the

monsoon trough was not discernible for a numbestays.
The cloud belt shifted to the south and a weak oams
prevailed mostly over the country. However the noomns
revived with the formation of a depression duringgAst 13
to 15 in west, central and northwest Bay of BenBalking
the later half of August till early September, tmmnsoon
depressions and a well marked low formed over thehN
Bay. They gave rise to synoptic situations corradpg to
active monsoon over the Kharagpur region (Reiudl.,
1995). So the period June 13-17 of the onset pliadel 8-
20 and 27-31 August of the active phase were select
study meso-scale divergence, vertical velocitied #me
associated boundary layer fluxes.

A well-marked low-pressure area lay over the
northwest Bay (21° N, 89° E) with associated cyclic
circulation extending up to mid troposphere leatl8830 hr

entire North Bay and adjoining areas during thisebphase.
The monsoon trough was apparently established glthia
period. Surface observations at Kharagpur showeat go
cloud cover (5-8 octas) over the site during 13Jlnhe
respectively.

The period 18-20, 28, 30-31 and 18-20 and 31 August
was marked with monsoon depressions and low-preessur
systems. The axis of the monsoon trough lay testgh of
Kharagpur. A low to the SE of Kharagpur on 19 Audgus
developed into a deep depression and crossed t co
down south of Kharagpur on 21.

On 18 August, cloudy region extended from north
Arabian Sea to northwest Bay. It was more marked®n
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August, from Gujarat and adjoining NE Arabian Sea t A good fetch (aspect ratio > 30) was available for
west central Bay and Andaman Sea. On 20 Augustmeasurements when winds were SE-S-SW.
organized clouds over northwest Bay was extendirthe

south to the central Bay. At the experimental ste Field was covered with jungle type grass (30-60 cm
Kharagpur, amount of cloud cover varied from 2-@asc  high) during the experiment. Scattered trees arldibgs
during 18-20 and 31 August. could be sighted at far west and North of tower.

Instrumentation on the tower consisted of cup
Another low pressure system developed over theanemometer, wind vane, Gill propeller anemometet, h
northwest Bay and the neighbourhood on 27 Augast, | wire anemometer, sonic anemometer (orthogonal array
as a well marked low over northwest and adjoiniagp  Applied Tech. Inc., USA) at 8 m AGL, thermistor aRt
of west central Bay, south of Kharagpur on 28 andua  wire sensors, Lymamx humidity sensor and humicap
300 km southwest of Kharagpur on29t crossed the sensor, fitted at various levels (1,2,4,8,15 and n30
coast, lay over coastal Orissa and continued itstwe nearly logarithmically spaced. Complete details tioé

northwestward movement. On 3Imorning, the well- instrumentation and data acquisition procedure are
marked low-pressure area was far SW of Kharaggur. | contained in the report Prabhe al. (1990) and
weakened later. Rudrakumar et al. (1991a, 1991b, 1997). Sonic

anemometer data at 8 m AGL, sampled at 8.42 HzGer
15 min, has been utilized in the present studyocimpute

3. Experimental details the flux of sensible heat and momentum by eddy
correlation technique. Lymaro sensor did not function
3.1. Meso-scale network well and hence the water vapour flux could not be
computed.

During MONTBLEX, the India Meteorological
Department (IMD) took upper air observations. In 4. Theory
addition to these routine observations, speciabtpil

balloon observations were taken at certain desighat 4.1. Horizontal velocity divergence
stations around the regions of the monsoon trodgh.
study the meso-scale features in and around Kharagp Bellamy technique assumes a linear wind variation

we selected Jamshedpur (22.8° N, 86.2° E), Calcuttagcross the meso-scale triangle. Using the RW andiiRé
(22.4° N, 88.3° E) and Balasore (21.6° N, 87.1tddprm  velocity data available from surface (6 m) up t®©00500

the vertices of the triangle so that Kharagpur is m above ground level, partial divergences were cieth
approximately at the center of the triangle, Fig.At using this technique at each 300 m incrementalhheif
Calcutta we have routine RS/RW data at 0530 and 173 observations (Vachalak, 1987) at each station. The
IST. In addition, special observations were takdn a divergence at station A forming one of the vertiogshe
Calcutta using low-level sonde at 1130 hr IST oecsjed triangle ABC is written as :

dates. Corresponding to these observations we pidote

balloon observations at Jamshedpur and BalasonéalAe Aa =nalha (1)
distance of these three stations from Kharagpur is
Balasore : 80 km S, Jamshedpur: 130 km NW and  \Where n, is the normal component of wind at the
Calcutta: 110 km NE. The area of the triangle fafrbg  vertex A, andh, is the length of the altitude through the
these stations is 15862 km vertex A to its opposite side. The total divergeim¢hen
written as :
3.2. Micrometeorological observation
. . Div = AA +AB +AC (2)

A 30 m tower was erected and fitted with
micrometeorological instruments, at the Indianitaog of n. n. n
Technology (I.1.T) campus at KGP, by the Indiartitnge =A+ B4 C (3)
of Science, Bangalore. KGP is located near theemast ha hg  he
end of the axis of the monsoon trough where thgelar
scale convection is fully moist. The topographytha site A computer program was developed to estimate the

was a gently rolling agriculture field. There wae n partial divergence at height increment of 300 me Tétal
cultivation on the East, South and West of the towe¢  divergence was determined using equation (3) ans wa
North about 100 m away a small area was cultivated.attributed to the center (which is close to KGP)tioé
Generally, winds at the site are southerly durimnsoon.  triangle.



634 MAUSANS4, 3 (July 2003)

" ONSET PHASE ACTIVE PHASE
66000 June 13 (0530 bhrs. 46000 Aug.18 (0530
S June 17 {0530 hrs. 084644 Aug.20 (0530
waatex June 17 (1130 hrs. wkksek Aug .30 (1130
1600 - 1600 oo Aug31 (1130
] 4 +
kY 4
-4 ‘\1 \
1200 ] \ 1200
—~ 4
€ G
= =
€ 800 :CJ 800
=z oy
T T
]
400 ] 400
0 N 0
-200  -100 0.0 10.0 20.0 -200 -1b 20.0
div (10E-05) /s
() (b)
’ 00600 Aug.18 (1730
June 13 (1730 03844 Aug.19 (1730
oee00 June 15 {1730 44444 Aug.28 (1730
88088 June 16 (1730 —-— Aug.30 (1730
1600 exsewx June 17 (1730 1600 Lot Aug.31 (1730
8 »
|
1200 | 1200
? ‘ 6
£ 4 £ NP
+ 800 ] \ = 800 ! ’
Reg ] o \
LY
k2 2 S i/
] 1\ \
400 1 LN 400 \ 3
i LN M
RUEN W F
0 RV . 0 \ .
-2b0 b 20.0 ~20.0 Z1b 20.0

) 00 100 G 10,07
Div.(10E-05) /s div (10E-05) /s

Figs. 2(a&b). Profile of meso-scale horizontal velocity divarge over Kharagpur during the (a) onset and
(b) active phase of monsoon

4.2. Vertical velocity Near the surface, we assume a bottom level (6m)
boundary condition ofw = 0. Equation (5) has been used to
The vertical velocityw at any level is calculated using compute the vertical velocity at i level and is ascribed

the relation to the average heighf between the two levelg) @nd {-1).
_ R _ _L4itZi,
[l 2=~ [ (Ov;)_op @ 477 ©
R4

When we compute divergence and vertical velocity in

where the subscritvaries from pressure levplto a  the region enclosed or bounded by the Bellamydtérit is

level pi.1, V is the horizontal velocity. Equation (4) can also necessary to consider whether the divergence aogiated

be expressed in discrete form as : vertical motions are perpendicular to the eartivfase over

the region. We treat that for all practical purosieat the

terrain of this region is relatively flat and thieme the

[(D'V)i +(D'V)i—1] o computed divergence and vertical motion reflect titue

Wj =i~ > [AIO],)Ll ) values perpendicular to the surface of the eardr dhvis
region.
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Figs. 3(a& b). Same as Fig. 2 but for meso-scale vertical velocit

4.3. Surfacefluxes

Fluxes of sensible heat and momentum were estimated

from the turbulent fluctuations of wind and tempera by
eddy correlation technique. The fluxes of sensitdatHs
and momenturm were determined from the relations

He=pC,w8' )

=-p uw'

(8)

Wherep is the density of ailC, the specific heat under
constant pressure, and w and @' are the fluctuations in
longitudinal and vertical wind components, and uétt
temperature respectively.
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TABLE 1

Period and number of divergence cases at meso and micro-scales

Meso-scale Micro-scale
Description ~ Onset phaskctive phase Onset phagetive phase
June 1990 August 1990 June 1990 August 1990
No. of days 4 6 4 4
Total cases 7 9 11 14
Divergence 5 2 6 6
Convergence 2 7 5 8

Applying standard error test and the studetsst,
significance of estimated covariance in terms obpbility
level was determined. A tolerance limit of 10% farslard
error was adopted. An eddy -correlatiprogram was
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TABLE 2

Sensitivity of vertical velocity to changein wind direction

Height
above 18 August 1990 (Con) 0530 hrs IST 20 August 1990 (Div) 0530 hrs IST 31 August 1990 (Con) 1130 hrs IST
surface

(m) ® o+ Emrr+ oo Errr— ® o  Emrr+ o Errr— ® o+ Errr+  o. Emrr-

(%) (6) (6) (6) (6) (%)
150 24 -37 -4 -11 56 186 173 7 196 -5 75 -11$H1 -107 -43

450 -109 -133 -22 -83 24 427 386 10 462 -8 320 -329-3 305 5
750 174 -203 -17 142 18 608 540 11 669 -10 509 5335 493 3

1200 245 -286 -17 200 22 1060 913 14 1200 -13 793 95220 881 -11
1800 334 -393 -18 -269 19 1290 1070 17 1490 -16

o = Vertical velocity (hPa/dayy.~ andw,. are the Vertical Velocities after rotating the R¥id direction by +10° and —10° respectively. EError

developed to estimate the fluxes using equatiorarid) (8). 5.2. Senditivity experiment
The program incorporates a subroutine to perform
coordinate rotation on wind measurements so akgio the A sensitivity study was carried out on the windadat

wind components, measured by the orthogonal aglagoss  to estimate the errors arising in vertical velocity
of the sonic anemometer, parallel to the coordiaats of  calculations due to the errors in Rawinsonde

wind. measurements. The observed wind direction at Galcut
was changed by adding +10° at all levels of obsmms
5. Reaults and the vertical velocity was estimated for thrases: 18,
20 and 31 August. The results are shown in Table¢ i2.
5.1. Convergence/divergence and vertical velocity seen that the error is within 20% in most of theesafor

which the vertical velocity is greater than 100 tRg
Table 1 shows the number of divergence/ (=1 cm s?). At the lowest level, in some cases in which
convergence cases identified using this techniquéing the vertical velocity < 100 hPa /day, the error is
the onset and active phases of monsoon. Fig. 2ssleow considerably higher+(50%).
plot of divergence/convergence profile during theset

and active phase. It is seen that the level at Hh@@picts 5.3. Rainfall distribution
convergence on 17at 0530 hr IST though the flow is
divergent from surface to about 1000 m. On 15 aéd 1 The rainfall distribution in and around the mesalsc

June 1990, the flow depicts convergence. The flaw a network as recorded by the five surface meteorcidgi
1730 hr IST on 19 August is a transition between stations of IMD considered for the period of oundst is
divergences at lower levels to convergence at 1500 shown in Fig. 4. Of these five stations, threeheit lay on
level. It was divergent on 20 August and convergem the vertices of the Bellamy triangle. The remainimgp
other daysyiz. 18, 28, 30 and 31 August. There was a stations areil Midnapur (22.9 N, 87.3 E) located on one
well-marked divergence, which increased with height of the sides (joining Jamshedpur-Calcutta) of tiengle,
0530 and 1730 hr IST on 13 June during the orisasg  which is north of Kharagpur, andii)(Contai (21.8 N,
and at 0530 hr IST on 20 August during the acikese.  87.8 E), a coastal station close to the other sideaiei-
There was no data at 1730 hr IST on 20 Augustheo t Calcutta) of the triangle, which is SE of Kharagplr
divergence/convergence could not be computed. W fi  addition to these stations, Kalaikonda (KKA), arfaace
that the large-scale low/depression lay over the B8y  station close to KGP has recorded rainfall during
to the south of the meso-scale triangle at thigtim MONTBLEX. Fig. 4(c) shows the rainfall at KKA dugn
the onset and active phase of monsoon.
Vertical velocity profiles computed over this regio

are shown in Fig. 3 for the case of onset and egihase During the onset phase when there was a low-
of the monsoon. We observe subsidence on 13 Juie a pressure system NW of Kharagpur and also over Ny Ba
20 August (0530 IST), concurring with horizontal divergence occurred. On 13 June, the total rainfas
velocity divergence in Fig. 2. On other days thetival 12.3 cm, the coastal stations contributing maximum.
velocity showing updraft agrees with convergence. There was no rain at Kalaikonda, whicteag with
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Figs. 4(a-c). Distribution of daily rainfall during the onsehé
active phase of monsoon over the stations around
the meso-scale grid (a),(b) and at Kalaikunda (c)

divergence. On 14 when the low concentrated inteep

Fig. 4. Jamshedpur received 5.5 cm rainfall as @&ld5
cm). The PB stations reported no launch due tq reince
convergence and vertical velocity could not be
determined. KKA recorded 6.5 cm rain. However from
rainfall distribution we infer that 14 June coudd a day
of convergence and hence an increase in rainfalpened

to 13 June. During 15-17 June, the system movexhéhl
and weakened. Meso-scale feature shows convergdnce
1730 hr IST on 15, 16 and weak divergence on 1@ Jain
0530, 1130 and 1730 hr IST [Fig. 3 (a)]. The vaitic
velocity was negative on 17 and nearly constantyimg
convergence. The rainfall on 15,16 and 17 is shawn
Fig. 4 (a) for different stations in and around titi@ngle.

In the case of active monsoon when a low lay over
North Bay 250 km southeast of Kharagpur, and moved
westwards developing into a depression, we find kwea
convergence (Fig. 2) on 18 It was a very weak
divergence on 19 On 20" the low developed into a
depression in the NW Bay with associated cyclic
circulation extending up to mid-troposphere levEhis
shows large-scale convergence resulting in an aserén
rainfall (5.2 cm) though the meso-scale circulatb®530
hr IST was divergent. Thundershowers were reposted
KKA on 20".

On 27" August, the trough axis passed through the
triangle and lay south of it during 28-31. Mesolsca
circulation was convergent on 28-31 August. Thees &
good rainfall during 27-29 August due to the forimat
intensification and westward movement of the loessure
system close to the triangle. On 30-31 August the- |
pressure system was moving westwards away from KGP
and hence a decrease in rain though the meso-scale
circulation showed convergence. We see that thase am
increase in rainfall during large-scale convergeduoe to
movement and intensification of low-pressure system
the Bay towards land, during the onset and acthaesgs of
the monsoon. When the pressure system lay ovengae
Bay as a well marked low/depression 200-350 km $E o
Kharagpur, meso-scale flow was divergent whereamnvith
was located S/SW/WSW/W of Kharagpur, it was
convergent. This shows that the rainfall followsy&ascale
circulation, the quantum of rain depends on thenisity and
closeness of the system to KGP.

5.4. Variation of wind and temperature

Diurnal variation of mean wind componeatand
mean virtual temperatur® averaged over a sampling
duration of about 10 min for the onset phase andnitb
for the active phase of the monsoon is shown in

depression and crossed the West Bengal coast in th&igs. 5&6. It can be seen that the temperature shaw

evening, the total rainfall increased by 4.9 cni®o9 cm.
The rainfall was well distributed over the netwairk

diurnal variation of about 2 to 2.5° C with its nraxm
mostly around 1430 hr. IST. Wind speeds were <&'m
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Fig. 7. Percentage standard error for wind and virtuapeenature

The standard errors fou, w and 6 are plotted as
percentage in Fig. 7 wherein the standard ewt/N) is
within 2% in August and 4% in June 1996;is the
standard deviation ard, the number of samples.

5.5. Variation of flux of sensible heat and
momentum

Diurnal variation of sensible heat flux is shown in
Fig. 8 for the onset and active phases of the nmmsdo is
seen that the diurnal variation of heat flux is|wiglpicted.
The maximum occurs at 1130 or 1430 hr IST durirgy th
onset and at 1130 hr IST during the active phaigg. &
shows the relative magnitude of sensible heat during
convergence and divergence. We note that theflueais
larger on a convergent day than on a divergentirdayost
of the cases. Fig. 10 shows the variation of higiat With
wind speed during convergence (a) and divergenceA(b
increasing trend in heat flux with increasing wisgked is
evident in the case of convergence though themsoiise
scatter.

Figs. 11(a&b) depicts the variation of momentunx flu
T during the onset and active phases of monsods.sken
that the diurnal variation is not very well depitia the case

of momentum transfer to the ground. The large téitiain
momentum flux during the onset could possibly be th
the shorter averaging time.

Fig. 12 depicts the variation of momentum flux with
wind speed for the case of meso-scale convergencn(
divergence (b). It can be seen that for wind spegeater
than 1.5 ms', there is a tendency for momentum flux to
increase with increasing wind speed in both theegas
Fig. 13 shows the relative magnitude of momentum fibr
these cases. A large variability is seen in thee cak
divergence.

5.6. Corréelation coefficient

The correlation coefficient for heat flux,g) and
momentum flux ¥,,,) is shown in Figs. 14 (a&b). We find a
poor or negative correlation betweenand 6 during night
hours and sometimes in the evening (around 1730rhi3
occurs when stability, as ascertained from the &oni
Obukhov length L, changes from unstable (L - vestable
(L +ve).

L = -3 0 /(g o) 9)
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Hs (w/sq.m)

Hs (w/sq.m)

Fig. 8. Diurnal variation of heat flux at 8m AGL
during the onset (top) and active (bottom)

Hs (w/sq.m)

Hs (w/sq.m)

Fig. 9. Relative magnitude of heat flux during
meso-scale convergence and divergence
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Fig. 12. Same as Fig. 9 for momentum flux Figs. 13(a& b). Same as Fig. 10 for momentum flux

wherex is von Karman constant, g, the acceleration lying entirely to the south of the track (Pisharapd
due to gravityf, the mean virtual temperature at lexeind Asnani, 1957). Movement of monsoon depression a@os
u-, the friction velocity large track has a profound influence on rainfaleroa
wide area (Rao, 1976). When a low-pressure system
developed into a deep depression and moved clds€ o
(100 km SE) on 14 June, the total rainfall over the
network was considerably large (Table 3). A depogss
on 20 August, 350 km SE of KGP has resulted in good
rainfall though the meso-scale circulation was djeat.

Significant correlation between and®8 is evident in
unstable/convective conditions despite some scagigr
increases with increasing instability whergas decreases.
Similar feature was observed during the monsooivgef
1989 over the same site (Sivaramakrishetead., 1992). In
the case of divergendg, shows a poor correlation whereas

fory,., the correlation is better. Satellite (INSAT) pictures revealed heavy cloudines

over this area during the period. This shows thatrainfall
over a region depends mainly on large-scale featather
than the meso-scale circulation.

When the Bay of Bengal monsoon depression moves

W-NW, heavy rainfall (> 7.5 cm in the preceding 2% Analysis of vertical velocity at KGP using SODAR
extends to about 500 km ahead and 500 km in theofea OPservations at the site showed a weak descenditigrm

the depression center and this area has a widtbokm ~ Of ar (< 1 ms™) at 200 m AGL during 19-31 August

6. Discussion
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TABLE 3

L arge and meso-scale features and rainfall

Synoptic featuresw.r.t. KGP

Date Phase of Pressure System System center km Trough axis Meso-scale feature3otal daily rainfall
Monsoon (approx) over the triangle (cm)
13 Jun 1990 Onset *L 200 SE Through Divergent 12.3
14 Jun 1990 ” DD 100 SE ” Rain 16.9
15 Jun 1990 " D 300 SW South Convergent 51
16 Jun 1990 " L 500 SW ” ” 1.7
17 Jun 1990 “ L 800 NW Through Divergent (Weak) 33
18 Aug 1990 Active L 700 NW Through Convergent (Weak) 1.0
19 Aug 1990 " L 350 SE South Divergent (Weak) 0.3
20 Aug 1990 ” D 350 SE ? Divergent 52
27 Aug 1990 ” L 150 E Through - 4.4
28 Aug 1990 " *L 400 S South Convergent 45
29 Aug 1990 ” L 300 SW ! Rain 4.0
30 Aug 1990 " L 450 WSW " Convergent 11
31 Aug 1990 " L 900 W ” ” 0.2
L - Low pressure Area, D - Depression, DD - DBgpression, *L - Well marked Low
@
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06T 2 = 0.5
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0.44———— = 5 (B =
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Figs. 14(a& b). Correlation coefficient for (a) heat flux and thpmentum flux
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TABLE 4

Cloud type, amount and base height at Kalaikonda during monsoon 1990

Date Type of cloud Amount (octas) Height AGL meter
13 Jun 1990 Sc, Cu, Ch, AC, Ci 6-8 750 - 900
14 Jun 1990 St, Sc, AC, AS, Ci 7-8 180 - 240
15 Jun 1990 Sc, Cu, Cb, AC, Ci 6-7 600 - 900
16 Jun 1990 Sc, Cu, Ch, AC, Ci 5-7 600 - 900
17 Jun 1990 St, Sc, Cu, AC, Ci 3-7 360 - 900
18 Aug 1990 Sc, Cu, Ch, AC, Ci 4-6 750 - 900
19 Aug 1990 St, Sc, Cu, AC, Ci 6 240 - 900
20 Aug 1990 Sc, Cu, Ch, AC, Ci 6 600 - 900
31 Aug 1990 St, Sc, Cu, AC, Ci 3-6 300-1200

(Paul et al. 1995). Cloud height measurements made atinto turbulent exchange of heat and momentum as the

KKA air force station (Table 4) showed that thegheiof
the cloud base was varying from 200-900 m duringlZ3
June and 18-20 August. On 31 August the heighedar

micro-scale of turbulence peaks around one minute
(Burroughs, 1992). In an earlier study (Sivaransdranet
al.,, 1992), we used the data from MONTBLEX-89 pilot

from 300-1200 m during the day. This shows large experiment at Kharagpur to estimate the fluxesbillent

variability due to moist convection and weak desdaam

heat flux estimated over a 10-min sampling peribdhe

motions in the ABL. However the formation of the same site during 6-8 July in the monsoon seasdlf89
depression SE of KGP and its movement from the Bay showed diurnal trend, while momentum flux showed

land appears to have resulted in an increase nfaliabver
the network on 20 August. Mostly the rainfall ovie
triangle correlates fairly well with the meso-sctdatures if
we take in to account the large-scale movementexdsore

variability but no particular trend which agreesthwihe
present study. Heat flux values are comparabldsasthe
range of momentum flux. Comparing our results with
variation of fluxes observed during pre-monsoonditmns

systems from the Bay and treat weak divergence asl987 (Ramaret al., 1990) in New Delhi and in monsoon
convergence. The position and movement of the nmonso 1987 in Bangalore, we find good agreement. Thendlur

trough result in the variation of rainfall (Rao,789 Webster
et al., 1998). Another interesting feature to note &t the
guantum of rainfall during the onset (14 June) @arthan
that of the active phase, which could be due tdritemsity
of the large-scale depression.

variations were more regular during monsoon caoorakti
over Bangalore than during pre-monsoon conditiovesr o
New Delhi. The flux values of heat and momentunthie
present study are within the normal range of thaitations
observed elsewhere.

Experiments conducted elsewhere by eddy correlation

technique to compute the surface fluxes (Dyer aradhévl
1965, Dyer, 1975, Kaimal, 1975) showed large scatte
flux values particularly in light winds. Variabyitin flux
estimates were attributed to contribution of lasgele
eddies when shorter sampling periods (5 min) ageel,usut
over longer periods (hourly) they average out tegligible
value. According to Kaimal and Finnigan (1994),raging
times of several hours are undesirable for comgutire
fluxes and variances in the presence of diurnaktian.
Hence we adopt that the turbulent fluxes estimfxted 10-
15 min sampling to be adequate enough to give sighin

7. Concluson

Position and movement of large-scale pressureragste
(low/depression) from the Bay of Bengal gives tséarge-
scale convergence and divergence and rainfall thegland.

A fair correlation exists between meso-scale cayemre
and total rainfall in the network (over the Bellaimgngle) -
an increase in rainfall during convergence.

Heat flux increases during meso-scale convergdnce.
shows, despite some scatter, an increase withaisere
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wind speed during convergence. Momentum flux shaws
similar trend with wind speed (>1 msduring convergence
and divergence. Correlation coefficient for heatd an

momentum flux shows dependence on stability and is

MAUSAM4, 3 (July 2003)

Kutzbach, G., 1987, “Concepts of monsoon physics historical
perspective: The Indian monsoon (Seventeenth tdy ear
twentieth century) in Monsoons”, Eds. J. S. Feinl & L.
Stephens, John Wiley, New York.

around 0.3 when the atmosphere is unstable duringpisharoty, P. R. and Asnani, G. C., 1957, “Rainfathund monsoon

convergence.
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