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ABSTRACT. An attempt has been made to examine the dynamo@al(if any) played by the Western Ghats
(WG), in the distance effect of vortex over the B#fyBengal (BOB) on the rainfall enhancement ovené during
southwest monsoon season (SWMS). To examine iynamdical model of airflow over a meso-scale barhias been
used. Six cases have been studied, in which enfmamteof rainfall over Pune in presence of vortegrahe Head Bay
are noticed. Out of these six cases, in four cagesound that the dynamical model can captutdeast qualitatively,
the observed fluctuation (rise and fall) of raihtaler Pune. In these four cases westerly along eesst was strong with
considerable depth in vertical. In one of the otiagr cases, the model has been able to captulegstqualitatively, the
observed rise in rainfall but failed to capture thigserved fall in rainfall. In the other case thedel has failed
completely to capture, even qualitatively, the fliation in observed rainfall over Pune. In the &gt cases, westerly
along west coast station was weak and shallow.

Key words— Distance effect, Orographic rainfall.

1. Introduction enhancement of rainfall on the lee side under fealue
condition of moisture supply. Sarker (1967) haswsho
Qualitatively much has been discussed aboutthat lee waves produced by the WG can give goadati
orographic effect of the Western Ghats (WG) in on the leeward side.
enhancing precipitation. Generally orographic
enhancement of rainfall due to the WG is more ateer It has been observed that whenever a vortex forms
windward side. Rainfall enhancement on the windward over Head Bay during southwest monsoon months, the
side of western ghats is mainly due to forced @apbic west coast experiences heavy rainfall. Observatitiosy
lifting (Sarker 1966, 1967). It is known that bemid that, not only the west coast, in many occasiomsrgex,
lifting, the WG plays another crucial role by prathg lee formed over the head-Bay of Bengal during southwest
waves under favourable conditions of the south-svst monsoon season (SWMS), causes an enhancement in
(SW'ly) moist air stream during SWMS. Sometimes rainfall over Pune also. This has been termed bljeea
updraft associated with these lee waves may canse aworkers as ‘Distance effect'.
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TABLE 1

Selected casesfor rainfall enhancement over Punein the presence of a vortex over the Bay of Bengal

Case No Period of rainfall Period of RS/RW data

1 From 14 June 2004 to 16 June 2004 From 13 Jubve 2015 June 2004

2 From 6 June 2004 to 8 June 2004 From 5 June ®0D4une 2004

3 From 27 July 2003 to 29 July 2003 From 26 JuR2® 28 July 2003

4 From 31 July 1997 to 2 August 1997 From 30 J@§71to 1 August 1997

5 From 22 August 1990 to 25 August 1990 From 21ust1d990 to 24 August 1990
6 From 16 August 1990 to 18 August 1990 From 15ust1d 990 to 17 August 1990

There are many qualitative and synoptic studies western ghats on the rainfall enhancement over ,Fune
addressing the distance effect of vortex over thag Bf presence of a vortex over the Bay of Bengal (BOB).
Bengal on the enhancement of rainfall over Pune.

Mukherjee and Sinha Ray (1983) studied the Objective of the present study is to examine the

characteristics of July rainfall, over the dissicin dynamical role (if any) played by the western gi{sivss),

Madhya Maharashtra adjoining the WG. In this stutg, in the distance effect of vortex over Bay of Ben@@0DB)

observed difference of rainfall characteristiconsstn the  on the rainfall enhancement over Pune, during seegh

western and eastern parts of the above districtee we monsoon season (SWMS).

attributed to the orographic influence. In the gtuaf

Mukherjee & Shyamla (1985), the increased rainfall

activity over Konkan - Kerala coasts was attributeca 2. Data

monsoon depression over northwest Bay along with an

active trough line at 850-700 hPa level. Saxenaal. For the present study, cases are selected when

(1988) attributed the strengthening of monsoonvigti  enhancement in rainfalls are observed over Pune in

over Madhya Maharashtra and Marathwada to thepresence of a vortex over BOB during SWMS. The six

monsoon depressions over Bay and north-south teoingh  cases selected are shown in Table 1. For these dagyg

the monsoon westerlies. rainfall data of Pune and corresponding RS/RW d#ita
Santacruz (SCZ), a station far upstream of the Wawe

Sen and Sunder (1994) have attributed the heavybeen collected from the National Data Centre (N)D.C
rainfall over Pune to the combined effect of thetemn India Meteorological Department, Pune.
from head bay moving over the central peninsula and
nm%r:]r;;]sst')uth trough off the west coast during thensamn 3. Methodology

To examine the dynamical effect of the WG on the
Lal and Sunder (1998) used easterly wave model togh4ye mentioned ‘Distance effect’, a 3-D meso-scale
study the effect of monsoon depressions on thefalain  jinear dynamical model for orographic rainfall as
enhancement at some distant region in the westir The developed by Dutta (2005) has been used.

study inferred that depending on the intensity loé t
system over Bay and easterly wave's extended paositi
the quantity of rainfall over the region varies rfro
moderate to heavy and from scattered to widespread.

This orographic rainfall model has two pang,., a
dynamical part and a thermo dynamical part. In the
dynamical part the model computes the vertical cigfo

. . . . (w) due to perturbation induced by the orographic barri
From the foregoing discussions, it appears that . . . .
though there are many studies addressing the distan @nd in the thermo dynamical part it computes thefal
effect of vortex over the Bay of Bengal on the intensity, using the perturbation vertical velocity ),

enhancement of rainfall over Pune, but there may bePasic state densityq) and basic state saturation mixing
hardly any study to investigate the dynamical ¢ftéc¢he ratio (q).



DUTTAet al : WESTERN-GHATS DYNAMICAL ROLE IN MONSOON R/F OVE PUNE 569

The model considers a saturated adiabatic, non- Equation (6) is further simplified to :
rotational, Boussinesg and laminar basic westelidy f

under a steady-state condition. Under the above
assumptions the linearised governing equationgaen 020 [N2K2+12) 1dU 1do 1dU
below : S N Tt T T oo
oz UK Ud? g U &z @®)
Linearisedu-momentum equation : 2 2
K1)+ 1 ( 1 dp
40,7\ dz dz2
(auj (de _i(a_pj @) & »
0x dz Po \ 0x

Linearisedv-momentum equation :

(5155

Linearisedw-momentum equation :

()82

Linearised continuity equation :

(GG

Linearised saturated adiabatic equation :

§] % +w dge =0
ox dz

The above equations are subjected to 2-D Fourier
transformation. The Fourier transformed equatiafter

Here, W(k,l,2) is the 2-D Fourier transformation of
perturbation vertical velocity/'(x, y, z) ,

@) N9 )
B, A+q,) dz
—1- LOs [8+70Qs
3) pe Cp-l_-( e+ (s ] 4o

Here,y is the ratio between two specific heats of gas,

€ is the ratio between dry and moist gas constants a

gsis the basic state saturated mixing ratio of water

) vapour. Sarker (1966, 1967) had shown that thecbasi

southwesterly flow during the SWMS across the WG is
almost neutral with respect to saturated adiabapse

rate,i.e., dé. 0. Hence,N,>=0.
d

z
®)

Following Dutta (2003, 2005), the Eqn. (8) is salye
quasi numerically for wy(k,l,z), at each grid level
(separated by 0.25 km) for a giverk,[), using the
following boundary conditions:

some algebraic simplification, are reduced to the

following vertical structure equation :

%W, 1 dpg av‘v{N,i(kzﬂz)_ 1d%U

0> po dz 0z Uk U dZ?
_i%id_u_(kzﬂz)v”v:o
P dz U dz

Using the substitution,

Wik 2)= 29 Gl 2)
pPo(2)

(i) At the lower boundarye., at the surface, airflow is
tangential to the ground surface. Soz at0

W(x,y0)=U (0%

Therefore, w(k,I,0) = w,(k,1,0) = kU (O)ﬁ(k,l). In
6) the dynamical model the barrier has been approxichby
a 3-D elliptical barrier with following analytical
expression :

7 = H
@ n(xy) 1+(x/a)% +(y/b)?
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Figs. 1(a-d). (a-c) Vertical profiles of basic westerly wind@antacruz for the dates from"™1® 15" June 2004 and (d) Observed and computed

rainfall intensity at Pune for the dates froni"1d 16" June 2004

where, H’ is the maximum height of the barrier at
the center of the model domain (0, @&, is the half width
along the basic westerly flow andy’ ‘is that along the
cross basic wind direction. For the W@&= 18 km,
b=45km and H = 0.77 km (Dutta, 2003, 2005).

k=y(k2+1%). Then using Egn. (7),W(k,l,2) is
computed at each grid level and for each péirl)

following Dutta (2003, 2005). Then using numeri2aD
inverse Fourier transformatiow ( x,y, z) is computed.

(i) On and above the upper boundany(k,l,Z)
diminishes exponentially with height for any wave
w(k,l,z)0e™*

Using this perturbation vertical velocity/ (X, Y, 2)

and the saturated mixing ratio of the basic stakgajned

number  vector i.e, where from vertical temperature profile at thar fupstream
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Figs 2(a-d). (a-c) Vertical profiles of basic westerly windZantacruz for the dates frofi 8 7" June 2004 and (d) Observed and computed
rainfall intensity at Pune for the dates frofht6 8" June 2004

station, here Santacruz) the rainfall intensitgasnputed
using the following formula (Sarker 1966, 1967):

According to this method, ifg,,q,; are humidity
mixing ratios of saturated air at the bottom ang o6 a
layer between the two levels=z and z=z,,, and if ¢’

be that at the middle of the layer, then the amo@imain-

fall from the column betweerz=z and z=z, is
[PiV\/i(Qi ‘q')+Pi+1V\/i+1(Q"Qi+1)]' where p;,p;, are the
densities of basic state air az=zand z=z,

respectively. Now if density is expressed as Rgm
humidity mixing ratio as gm kfjand vertical velocity as
cm se¢ , then the rainfall intensity for any column
betweenz=2z and z=1z, is given by the expression
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Figs 3(a-d). (a-c) Vertical profiles of basic westerly wind$antacruz for the dates from™2&® 28" July 2003 and (d) Observed and computed
rainfall intensity at Pune for the dates froni"2@ 29" July 2003

| = 0.036 oW (g —q')+ 0. Waa(d —Gug)] MM hiL In direction. On 1B the deep depression remained
this way rainfall intensity in mm/hr may be compuitat practically stgtionary and 'Weaken.ed into a depoessi
any horizontal grid point. From the Mumbai-Punetigec ~ On the evening. The vertical profile of basic wegte

of the WG, as given in Sarker (1965), it is seeat fune flow a't Sanftacru'z on the corresponding dates ofelab

is approximately at about 50-60 km away from thakpe @ré given in Figs. 1(a-c) and the observed/computed
on the lee side. Hence in the present study, wee hav rainfall intensity (RFI) for those dates are showrFig.

. . . h
computed rainfall intensity only at= 55 km alongy = 0 1(d). From these figures it is seen that orl 1Rine
line. westerly at Santacruz had very shallow depth inicadr

with mean strength of only 2.08 thsOn 14" June
westerly at Santacruz had 11 km depth in vertiaéh &
mean strength of 4.04 mand also in the vertical profile
4.1. Case- | (14 —16" June 2004) there were two maxima of comparable strength. Oth 15
June westerly at Santacruz had 12.5 km depth in the

. 1 .
During this period there was a deep depression (DD)Vertical and mean strength was only 9.3 "mBut in
over the west central Bay. It moved in a northwegte the vertical profile the double maxima was abséirbm

4. Casestudy
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Figs. 4(a-d). (a-c) Vertical profiles of basic westerly wind ®&ntacruz for the dates from"30uly to ' August 1997 and (d) Observed and
computed rainfall intensity at Pune for the datesnf32* July to 2° August 1997

Fig.1 (d) it appears that in this case the abovdehbas
captured, at least qualitatively, the observedttiation of
rainfall over Pune.

4.2. Case Il (6"to 8" June 2004)

rainfall intensity (RFI) for those dates are shown
Fig. 2(d). From these figures it is seen that 8hJ&ne
westerly at Santacruz had 7.5 km depth in vertarad
mean strength was only 1.99 Th©n 6" June westerly at
Santacruz had 1.5 km depth in vertical and meamgth
was only 1.2 m& On 7" June westerly at Santacruz had

During this period there was a feeble low-pressure 1.0 km depth in vertical with mean strength of only

area, formed over the northwest and adjoining westral
Bay off south Orissa and north Andhra coasts. Aased
cyclonic circulation extended upto 2.1 kms overs®ai
and neighborhood. The vertical profile of basic \wdg
flow at Santacruz on the corresponding dates ofelab

1.5 ms'. The above vertical profiles show that westerly
over Santacruz on the last two days were shallo@gkw
and also did not have double maxima. From Fig. &(d)
appears that in this case the above model hagl falen
qualitatively, to capture the observed fluctuationm

are given in Figs. 2(a-c) and the observed/computedrainfall over Pune.
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computed rainfall intensity at Pune for the datesf16" to 18" August 1990

4.3. Case-lll (27" to 29" July 2003)

On 27" July, there was a cyclonic circulation lying
over west central Bay between 2.1 and 5.8 kms abese
level. On 28 July the above cyclonic circulation lay over

extended upto mid-tropospheric level. The vertical

profiles of basic westerly flow at SCZ on the
corresponding dates, given in Table 1, are giveRigs.
3(a-c). From these figures it is seen that the evigsbver
SCZ on 28, 27" and 28" July was extended up to 7.5 km

north Orissa and adjoining areas of Jharkhand andabove sea level. Mean strength of westerly on thases
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were 10.2 m$, 10.4 m&and 8.9 m3 respectively. In the
vertical profile of westerly on 27we see double maxima
of comparable strength.

The observed and computed rainfall intensities YRFI
are plotted against the dates in Fig. 3(d). Froefigure it
is seen that observed RFI has increased from 088
on 27" July to 1.5 mm ht on 28" July and then it has
decreased to 0.04 mm*hon 29" July. The figure shows
similar fluctuation in computed rainfall intension these

MAUSAM7, 4 (October 2006)

in Figs. 5(a-d). From these figures it is seen ttie
westerly over SCZ on 24, 22" 23% and 24' August was
extended up to 5.8 km, 3.5 km, 4.5 km and 7.5 km
respectively above sea level. Mean strength ofeviysbn
these dates was respectively 7.2'm8.2 ms" and 11.8
ms™. But the double maxima of equivalent strengthhie t
vertical profile ofU(z) was present only on #3ugust.

The observed and computed rainfall intensity has
been shown in Fig. 5(e). This figure indicated ihahis
case the proposed model has been able to captere th

dates, although magnitudes of computed RFI are muchfluctuation in daily observed rainfall intensity rig 22"

less than observed RFI. So in this case also theoged
model has captured, at least qualitatively, thetélation
in daily observed RFI during the above-mentionesiogke

4.4. Case-IV (3T July to 29 August 1997)

On 29" there was a depression, 220 kms east south

west of Balasore. On 30it intensified into a deep

depression and was at about 50 kms south east of

Balasore. It weakened into a depression ofi &dening
over Bihar Plateau. On 1st August it was a wellkadr
low-pressure area over Haryana and neighborhood.

The vertical profile of basic westerly flow at S@&

Figs. 4(a-c). From these figures it is seen thatvesterly
over SCZ on 28, 27" and 28' July was extended up to
7.6 km, 8.6 km and 7.5 km respectively above seal.le
Mean strength of westerly on these dates were &7
10.9 ms'and 12.5 m respectively.

The observed and computed rainfall intensities are

plotted against the dates in Fig. 4(d). From Hi@) it
appears that in this case the above model hasredptat
least qualitatively, the observed fluctuation anfall over
Pune.

4.5. Case-V (2%'to 258" August 1990)

During this period a monsoon depression was

formed over northwest Bay of Bengal. Initially ita
observed as a cyclonic circulation over north Bayl8th
August extending vertically up to mid-troposphdeicels.

The vertical rofiles of basic westerly flow at SG#
the corresponding dates, given in Table 1, have geen

August to 28 August 1990.
4.6. Case VI (16to 18"August 1990)

During this period there was a monsoon depression
over northwest and adjoining west central Bay ohdgsd
off the south Orissa and north Andhra Pradesh coast

Initially it appeared as a cyclonic circulation extling
ertically up to mid-tropospheric levels over thessi+
central and adjoining north-west Bay of Bengal @f 1
August 1990. The vertical profile of basic westdttyw at
SCZ on the corresponding dates, given in Tableateh
been given in Figs. 6(a-c). From these figures iséen
that the westerly over SCZ on1516" and 17" August
was extended up to 3.0 km, 45 km, and 7.5 km

the corresponding dates of Table 1, are given inrespecuvelyaboveseaIevel. Mean strength ofeviyson

these dates was respectively 10.3'nm8.2 m& and 9.6
ms?. But the double maxima of equivalent strengthhia t
vertical profile ofU(z) was present only on 7August.

The observed and computed rainfall intensity has
been shown in Fig. 6(d). The figure shows similaarp
rise in computed rainfall intensity on “17August.
However there is continuous rise in computed rdinfa
intensity though there is a fall in observed rdinfa
intensity on 18 August. Maximum computed rainfall
intensity on 18 August may be attributed to the presence
of a double-maxima in the vertical profile &f(z) on
17" August.

5. Discussions

In the earlier section we have studied the cases of
rainfall enhancement over Pune in association wattex
over the Bay of Bengal. Our objective is to invgste
whether the westerns ghats has any dynamical agiat/
in enhancing the rainfall over Pune in presence wdrtex
over the Bay of Bengal during southwest monsoosa@ea



DUTTAet al : WESTERN-GHATS DYNAMICAL ROLE IN MONSOON R/F OVE PUNE 577

or not. To achieve this objective the six casescied, (i) In these four cases westerly along west coast was
each consists of three consecutive days, with anstrong with considerable depth in vertical and vhdical
enhancement of observed rainfall over Pune in ¢oersd profile had two maxima.
day, succeeding and preceding days with reduced
observed rainfall. Out of the six cases, in fousesathe  (iv) In one case model has failed to capture obseiled
fluctuation (enhancement as well as reduction) inin rainfall intensity, although it has captured thiteserved
observed rainfall matched qualitatively with that i rise in rainfall intensity. In other case model Haded
computed rainfall. In one case enhancement in gbder completely, even qualitatively, to capture the obsé
rainfall over Pune has matched qualitatively witlattin fluctuation in rainfall intensity.
computed rainfall and in one case the dynamical ehod
has failed to capture, even qualitatively, the tihation in
observed rainfall. (v) It appears from the study that the strength asputhd
of westerly at SCZ along with double maxima in the
vertical profile of westerly at SCZ are favouralfide the
Dynamical model computes rainfall on lee side due dynamical role of the WG in the ‘Distance effect o
to updraft associated with lee waves. But lee wavevortex over the Bay of Bengal on rainfall enhanceme
generation requires certain conditions in the #ieasn over Pune.
characteristics. Mainly in a neutrally stratifiedov
(typically in southwest monsoon), the basic wegtédw
at station, far upstream of the western ghats, Idhioave Acknowledgements
two or more maxima in its vertical profile. These
conditions were met for the five earlier case& (Case I,
Case lll, Case IV, Case V, Case VI) but did not thiee Authors express their sincere thanks to Dr (Mrs.)
the Case Il. Thus in some cases following dynamicalN. Jayanthi, DDGM (WF) for providing the necessary
interaction between the vortex over the Bay of Bdtagnd facilities to carry out this study, and for the&da interest
the Western Ghats may take place to enhance raovial in this work. Authors are thankful to Dr. U. S. Oermer
lee side. Additional Director General of Meteorology (Resédgrc
for his valuable guidance to carry out this study.
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