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Wave pattern observed in cellular clouds over the Arabian Sea
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ABSTRACT. An unusual wave pattern was observed on 8 August 1985 in the western

Arabian Sea within

the field of closed cellular clouds. The individual bands in the wave pattern were 266 km to 345 km in length and

were aligned normal to the lower tropospheric flow

pagated eastward at a speed

The wave pattern had a wave length of 103.3 km and pro-
of 28.3 ms™. The pattern appears to have fm due to shallow secon:

circulation in the field of lateral and vertical wind shears within the low

1. Introdaction

Closed cellular clouds usually occur over the central
and north Arabian Sea west of Long. 70° E during the
southwest monsoon season, at times extending upto
the west coast of India during weak monsoou activity
(Onkari Prasad ef al. 1983). The closed cells represent
a pronounced and persistent inversion (Agee ef al. 1973).
Such an inversion exists over the western Arabian Sea
during the southwest monsoon, with the level of in-
version lifting up eastward. An unusual wave pattern
was c»bscu'wed8 in satellite pictures in the field of the cel-
lular clouds over the western Arabian Seaon 8 August
1985. The wave pattern is described in this paper,
and factors responsible for its formation are discussed.
Cloud pictures received from the Indian geostationary
satellite INSAT-1B, with a ground resolution of 2.75
km in the visible channel (0.55-0.75 pgm) and 11 km
in the infrared channel (10.5-12.5 pm), have been
used in this study.

2. Unosual wave pattern in cellular clouds

The INSAT-1B visible channel pictures of 8 August
1985 showed closed cellular clouds over whole of the
Arabian Sea north of Lat. 14° N. The cloud cells were
arranged in cloud lines or streaks, which were oriented
along southwest to northeast direction close to Oman
coast and were aligned west to east further south-
eastward around Lat. 15°N. The cloud organisation
indicated southwesterly to westerly difluent flow over
the north and central Arabian Sea in the lower levels.
West of Long. 60° E, the individual cloud cells had
horizontal dimensions less than the ground resolution

of the satellite, i.e., 2.75 km in the visible channe],
so that they merged into a uniform gray shade. The
closed cells increased in width and in vertical thickness
in the downwind direction indicating progressive in-
crease in the height of boundary layer eastward.

At the southern boundary of this cellular cloud field,
a wave pattern started forming at about 0300 GMT
between Lats. 14° N to 17° N and Longs. 56°E to 62°E,
northeast of Socotra Island. The pattern developed
subsequently, and by 0600 GMT it showed cloud bands
consisting of closed cells and separated by equally
spaced cloud-free areas (Fig. 1). The cloud bands were
more distinct east of Long. 60° E as compared to those
between Longs. 56° E and 60° E northeast of Socotra.
West of Long. 60° E the individual cloud bands were
oriented northwest to southeast, while further eastward
they were more longitudinally oriented. The cloud
bands thus appeared to be practically normal to the
low level flow. Cloud cells within these bands were
similar to those occurring further north and showed a
progressive increase in their size downwind,

This wave pattern showed its peak development at
0900 GMT (Fig. 2), when 4 well developed bangs existed
between ‘A’ and ‘B’.  The length of cloud bands rang-
ed from 266 km to 345 km. Diffused wave pattern
existed on both sides of the well developed bands. The
complete wave pattern consisting of 9 waves extended
from 14°N, 57.5°E to 16.8°N, 66.5°E. The wave-
length increased from west to east and the mean wave
length was 103.3 km. The temperature of tops of
cellular clouds within the wave pattern ranged from
14°C to 18°C, as derived from INSAT-1B thermal in-
frared channel (ground resolution 11 km). The cloud

(119




120 D. K. MISHRA Anxp B. K. BASU

top temperatures decreased downwind from west to east.
However, considering that the horizontal dimension of
individual cloud cells was less than 10 km, the sate-
1lite derived cloud top temperatures could be somewhat
higher than the actual because of coarse infrared re-
solution of the satellite sensor viewing the cloud cells,
depending upon the temperature of the underlying sea
surface and the percentage areal coverage of cloud
cells. From these considerations the cloud-top heights
could have ranged from 2.0 to 3.0 km, increasing
from west to east.

The cloud bands showed  eastward “movément, as
evident from the positions of the individual cloud band
‘C’ at 0900 GMT (Fig. 2) and 1000 GMT (Fig. 3).
The average velocity of propagation of the wave pat-
tern of the cloud bands was westerly, 28.3 m/s (55 kt)
between 0600 and 11000 GMT. Although the wave
pattern moved eastward, it extenced only upto Long.
67°E.  Successive waves dissolved on reaching Long.
67°E and merged with the convective clouds which
had reached their maximum size by then and were dis-

tributed ran_domly (Figs. 2, 3)." B

No upper air observations were available from this
area for 8 August 1985, The only surface observation,
a ship at Lat. 19°N, Long..66°E reported a surface wind
of WSW/30 kt on 8th afternoon, indicating the like-
lihood of strong westerly winds in the lowest layers of
the troposphere in which the wave pattern existed. The
existence of low level jet within southwesterly monsoon
current over the central and south Arabian Sea has
been reported by several authors on the basis of obser-
vations gathered during various monsoon experiments,
e.g., 1IOE 1962, ISMEX 1973, MONEX 1977 and Mon-
soon 1979 (Bunker 1965; Pant 1978; Kuettner & Un-
ninayar 1981; Mohanty et al. 1982) wherein wind speed
upto 60 kt at 500-1500 metres above m.s.l. have been
observed.  The wave pattern appears to have moved
with this low level jo. '

3, Discussions

The cloud bands appear to have formed at the in-
terface of the boundary layer and the overlying inver-
sionfisothermal layer. As no direct observations from
these layers are available, an indirect estimation of the
thermodynamic conditions is attempted below.

The existence of the inversion in the lower tropos-
pheric layers over the Arabian Sea north of Lat. 14° N
is evident from the cellular cloud pattern over this
area, extending upto the Gujarat-Maharashtra coast.
The height of the base of the inversion layer is given by
the top of cloud cells, i.e., 2-3 km above the sea level.
The base of the cellular clouds may be taken as 500-1000
metres above sea level. ' ‘

‘From the satellite pictures the cloud pattern appears
to correspond to a fast moving (28.3 m/s) wave pat-
tern of considerable lateral extent (a4300 km). If
one assumes that this pattern is of the billow cloud type,
then the two-dimensional small amplitude theory (Scor-
er 1978) shows that the most likely wave length ‘A’ which
will appear in a vortex layer of thickness ‘4’ (Fig. 4)
is ; ; :
A=4nh (n

Thus, for a wave length of 103.3 km to become un-
stable, the depth of the vortex layer should be more
than 8.0 km. This instability cannot set in unless
the Richardson number is less than 0.25 within the
vortex layer.

Assuming the value of Richardson number R; to be
0.25 in the vortex layer and from the relationship

8B _mh
R=05=73 @

g = acceleration due to gravity,
B = (1/6).30/3z, static stability factor,

n = pufgz, vertical wind shear
and 6 = potential temperature

we get the minimum value of the vertical wind shear
required for the formation of billow clouds:

ou %
=2 Eh &

Thus, the vortex layer should have a small potential
tempeature gradient in vertical alongwith a large ver-
tical wind shear. As no upper air observations are
available from this area, the authors have tried to derive
the static stability factor § and vertical wind shear gu/az
from the mean charts for the month of August based on
International Indian Ocean Expedition (IIOE) 1963
data (Ramage & Raman 1972 ) and from observations
for Seeb airport (23.6°N, 58.3°E), the nearest station
from which upper air data are available for 8 August
1985. From the IIOE data it is seen that in the layer
between 850 and 500 mb over the area of our interest
the potential temperature gradient is 4.4°K per kmni,
correspording to a value of B equal to 13.9 x 10~ ®m—,
For Richardson number to have the proper value, the
vertical wind shear shou!d te closc to 23.3 ms™! per km
in the vortex layer. This value of cstimated wind shear
is not supported by the IIOE data which show wind
speeds of less than 35 kt at all levels below 100 mb and’
the average vertical wind shear of less than 2.5 ms—*
per km between 850 mb and 200 mb. Similarly from Seeb
observations the corresponding values are 5.0 x 16~ %m™=1
for B and 13.9 ms—1 per km for the vertical wind shear
in the vortex layer. Again, this theoretically estimated
wind shear is not supported by wind observations at
Seeb which show a vertical wind shear of only 1.4
ms—! per km between 850 mb and 200 mb. It, there-
fore, appears reasonable to assume that strong wind
shears through a vortex layer of more than 8.0 km
thickness required for the formation of billow clouds:
of this magnitude do not prevail over the area of our
interest. Climatologically, strong vertical wind shears:
are expected over the region of interest only in the lower-
troposphere below 2.0 km, where a low level jet exists
during monsoon regime. Thus, the presence of a deep
layer of strong wind shear in the vertical and small sta-
bility as required by the dynamics of billow clouds,
doas not appear to be borne out by the available obsér--
vations.
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Fig, 1. INSAT-1B visible channel picture of 0600 GMT on 8 August 1985 showing
the initial stage of development of wave pattern in the field of closed
cellular clouds in the Arabian Sea northeast of Socotra
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Fig. 2. INSAT-
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IB visible channel picture of 0900 GMT on 8}August 1985 showing the
veloped wave pattern in the Arabian Sea
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Fig. 3. INSAT-1B visible channel picture of 1000 GMT on 8 August 1985. Note the movement
A, B and C within the wave pattern since 0900 GMT (F ig. 2) movemEak of bands
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Fig. 4. A sinusoidal perturbation of the vortex layer of thickness
‘h* which may result in the formation of billows
(After Scorer 1978)

The alternative mechanism, which probably explains
the observed cloud pattern satisfactorily, envisages
shallow secondary cells of motion produced by the
relatively smaller vertical shear and the coriolis force
(Scorer 1978). The secondary circulation in the
y-z plane can exist when an air-stream is moving in x-
direction with static stability 8, such that the horizontal
and vertical wind shears satisfy the criteria:

2 >0 (a—2/s) 4

where, gu/gy = horizontal shear
ouoz = vertical shear
B = (1/8) 88/az = stability parameter

f = Coriolis parameter (3.8x10—3% s at
Lat. 15°N)

When the rclationship (4) is fulfilled, any parcel mov-
ing across the flow northward and upward will gain
energy from the basic flow and its motion will be sus-
tained. Same is the case for parcels moving south-
ward and downward. Such a motion, confined in
a plane normal to the basic flow, will have large hori-
zontal dimension compared to its vertical extent and
will constitute a ‘“shallow secondary cell” of motion
and is most likely to appear in the region where gu/gy is
positive, i.e., anticyclonic (Scorer 1978). Putting the
value of B obtained from the IIOE upper air data, viz.,
13.9 x 10— m~! and assuming typically aufay ~ & f
in the anticyclonic shear region, we see that the above
criteria are satisfied for vertical wind shear exceeding
8.3 ms— per km. Fven when lateral shear is zero the
critical vertical wind shear does not exceced 11.7 ms™?
per km. For larger lateral shear, i.e., gu/3y >} f thevalue
of critical vertical wind shear is less than even 8.3 ms—?
perkm. Thisvalue of wind shear islikely to be exceeded
during the southwest monsoon season below 850 mb
level due to appearance of the low level jet over the
Arabian Sea.
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Fig. 5. A schematic of shallow secondary circulaticn cells
projected inf horizontal plane. The air parcels moving
northward are simultaneously moving vertically upward.
glomilarlyr,dair parcels moving southward are also moving

wnward,

In the cyclonic shear region gu/ay is negative and its
magnitude may be as high as 10 times the value of the
coriolis parameter. In that case the minimum value of
vertical wind shear, for which the secondary circulation
may be self sustaining, is 38.7 ms™?! per km approxima-
tely. Even if the actual values of the lateral wind shear
do not satisfy this condition on the cyclonic shear side,
shallow secondary circulations can appear on the anti-
cyclonic shear side where the condition (4) is satisfied
with much smaller vertical shear gu/az. Fig.5 shows
a schematic of the secondary circulation cells, that for-
med within the field of horizontal and vertical wind
shear, projected in the x-y plane. In case such a secon-
dary circulation is present on the anticyclonic shear
side, the aspect ratio of the secondary cells, i.e., the
height to the horizontal extent is given by:

=[5 ]~

Using the same values of B and au/gy we get ¢/bas1.7 X
102, Hence, if the horizontal extent of the secondary
circulation is about 350 km then each parcel will get
vertically displaced by about 0.6 km. The cellular
circulation of individual cloud cells will be superposed on
this secondary circulation. The presence of an inver-
sion layer above the layer of small static stability will
restrict the tops of cellular clouds to the bottom of the
inversion.

One of the regions where the above kind of instabi-
lity can occur is the exit region of the jet stream and the
location of the present cloud pattern might be the region
where the low level monsoon jet decelerates. Thus,
most of the features of the cloud pattern can be explained
by assuming that the clouds formed due to secondary
circulation induced vertical velocity in a shallow layer
of small stability topped by an inversion layer. The
wave pattern, with cloud bands and intervening clear
patches corresponding to the subsidence, was carried
down wind by the low level jet.
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