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Some noteworthy features shown by soundicgs wnade in the field of a
depression or'ginating in the north Bay of Bengal during the southwest wonsoon
season in India.

BY
N. K. SUR AND §. YEGNANARAYANAN.
(Received on 6th September 1940 and in vevised form on I7th November, 1943).

Abstract.—The chief results obtained from meteorograph ascents made when adepression formed in
the Bay of Bengalin July 1937 and moved through Orissa, the Central Provinees and cast Rajputana are
(1) that the tiopopause over places Iving ahead of the central region of the depression en the ground
waslifted op, but it appreciably lowercd over the regions in the immediate ne ghbourhocd of the depres.
sion as well as over the regions to the north of it ; («0) quick fluctuationsin the level of the tropopause
and mts strueture were found to take place after the lowest level was reached ; and (iil) very low tem-
peratures viz, 183-5°, 186-5° and 138°A were registered over some places affected by 1t.

1. Introduction.— In the southwest monsoon season in India depressions which
develop in the Bay of Bangal during July and August travel gencrally from cast to
west.  Inthe present paper some peouliar features of the thermal structure of such a
depression have been studicd in some detail.

9. Data.— The isobaric chart of 8 hrs. [.T. on the 10th July 1937 indicated that
the weather was markedly unsettled off the Orissa-Circars coast. By the evening of
the same day a depression had formed with central region near Lat. 19'N Long. 8°K.
1t erossed the coast between Puri and Chandbali by 11 hrs. LS. T. on the 11th July
1937. It lay over the east Central Provinces on the morning of the 12th, over the west

‘entral Provinces on the morning of the 13th and filled up near Kotah in east Raj-
putana by the morning of the 14th. (Sce Fig. J).

For the synoptic situation on these dates the Indian Daily Weather Reports of
July 1937 may be referred to.

To study the structure of this depression meteorographs of the Dines type were
sent up from a number of places. The number of ascents at various places during the
period of activity of the depression and the number of records recovercd are given in
Table 1. Two hourly ascents were made only at Sambalpur on the 12th July 1937.
The data from these ascents have been published by the India Metcorological Depart-
ment in the Upper Air Data, Vol. 10, Part B, 1937.

Tasee 1L
No. of No. of
Station. ascents, records
recovered.

Calcutta (Alipore) .. .. . . .. . 6 1
Gaya .. . . . . .o . 6 3
Allahabad .. .. . . . .. .. 9 7
Vizagapatam (Waltair) . . . e . 8 1
Sambalpur .. . . .. . . . 18 7
Jubbulpore .. . . . . . 9 b
Hyderabad (Deccan) . . . . .. b 3
Agra . .. .. .. . . .. 12 6
Jodbhpur .. . . . . . . 8 1
Total c 81 ¥ 34

N.B.—~The unusually low levels and temperatures of the tropopauses recorded in the present paper aro
noteworthy although the reason for them is not clear. One source of uncertainty is thatin the Dines
meteorographs sent up from Allahabad at 1800 hrs. on the 12th, from Sambalpurat 1413 hrs.on the 12th
and from Hyderabad at 1050 hrs. on the 13th, there were largish zero-shifts of the pressure scale and
although corrections have been made for these shifts in the sume way as for smaller shifts, there is
some uncertainty about them,

Editor,
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3. Lowering of the tropopause.—In two previous papers! by one of the authors it
has been shown froni data of metcorograph soundings at Agra when two depressions
moved from the Bay of Bengal through the ecntral parts of India in Angust 1929 and
September 1932 and rcaclied the neighbourhood of Agra, there was & lowering of the
tropopause over Agra accompanicd by arise of temperature in the lower stra-
tospbere. In these two cases the upper air over Agra was the outer (probably the
outermost) region of the atmosphere affceted by the respective depressions which
bad begun to fill up at the time of the soundings. In the present case soundings at
difierent places, and therefore in the upper air differently affccted by the dpression,
have been made. The soundings confirm the conclusions arrived at in the previous
two papers. The results are asfollows.  (Sce Figs. 2 aud 3).

The curves for Sambalpur show the fluctuations in the tropopause as the depres-
sion moved westwards.  The ascent at 1200 hrs. on the 12th went up to only 106 mb
(16-1 gkm). Though it cannot be fixed with certainty, it is very probable that the
level of the tropopause is at 15+9 gkm. (108 mbs). But the next asccnt at 1413 hrs.
shows that the tropopause has lowered to 14-35 gkm. The unmistakable perturba-
tions in the levels near the tropopause shown by this record are apparently caused by
the depression.

The ascent at Allahabad at 1013 hrs. on the 12th (Fig. 3) gives the level of the
usual inversion at 100 mb (16-98 gkm). characteristic of the tropopause in north India
during the monsoon scason; but perturbations below that level at about 16 gkm. are
clearly noticeable,  The fluctuations in the tropopause as scen from the series of as-
cents at Allababad are fairly similar to what occurred at Sambalpur. The ascent at
1430 Lrs. shows a lowering of the trppopause to 16-33 gkm. The lowering is more
striking in the next ascent at 1800 hrs.  The height of the tropopause as shown by this
record viz, 14-1 gkm. (145 mbs) is unusually low for this season in north India.

The ascent at Caya on the 12th July at 18 hrs. (Fig. 3) shows two rather mor: thn
vsually separated traces at ascent and descent. This record may at first sight be
regarded as quite doubtful. The metcorograph which was sent up {from Gaya was
found just south of Benares at a distance of about 115 miles to the west of Gaya and
only about 8¢ miles to the cast southeast of Allahabad.  In one of the traces the level
of the tropopause is at 1574 gk (112 mbs) and in the other at 13-67 gkm. (158 mbs).
The trace which shows the higher tropepause may be taken to correspond to the con-
ditions of the atmwosphere in the neighbourbood of Gaya and the other to those near
Renares.  Considering that the ascent at Allahabad at about the same time indicated
the level of the tropopause at 14-1 gkm. the height of 1367 gkm. for the tropopause
near Benares, a place nearer to Allahabad than Gaya is quite possible.

A few words here are necossary regarding the accuracy of the data over Allahabad
as obtaine d from the record of the ascent at 18 hirs. onthe 12th.  The record showed a
large zero shift of prossure.  Hence it is possible that the height of 14-1 gkm. for the
tropopause deduced from this record may be slightly in error ; but the occurrence of
the low temperature of 188°A need not be regarded as doubtful. A particle cf air
from the region of the tropopause which is at 1367 gkm. and 200°A as shown by one
trace of the Gaya record would have to be raiscd adiabatically only to 14-85 gkm. to
attain 188"A if no other pliysical process but adiabatic asccnt alone was op.rating,
i.e. only 0-75 gkm. Ligher than the lcvel at which the same temperature occurred over
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Allahabad. The occurrence of the superadiabatic lapse-rate just below the tropo-
pause over Allahabacl is also quit» probable as the Gaya trace with the 'lowm.: tropo-
pause also shows the same teuture. Also, the vccurrence of superadiabatic. lapse
rat s over nort India in the scuthwest monsoon season 13 not an unconunon featurs
as a number of records over Agra and some over Alipore during this season show the
same. The possibility of both the records over Gaya and Allahabad being much in
error is therefore a remote one.

" The occurrence of the superadiabatic lapse rates just below the level of tropo-
pause cannot be the result of any adiabatic process alone. Ifthe Allahabad and Gaya
records are plosted on any acrological diagram one can casily sce that the tempcraturcs
ab the tropopause as recorded by the two ascents cannot be the result of asc nt of air
from aav part of the troposphere over the two places. Hence the superadiabatic
lapse-rates and the occurrenee of low temperatures at the tropopause therefore
point to cau es otlier than cooling by adiabatic ascent of air. This 18 again referred
to ina later scetion,

The ascent at Hyderabad (Decean) on the 13th at 1050 hrs. gives the height of the
tropopause at 15-4 gkm. (126 mbs).  Tropopause over Hyderabad has been occasion-
ally found in Ju'y at about this level. As this is the on y aseent penctrating into the
stratospicre during this dopression it is not possible to say whether the level of the
tropopause and the structure of the stratosphere were affccted by the depression.

Some of the records from the ascents at Jubbulpore which would have been itn-
portant for knowing the effect of the dopression on the upper air during its different
stages of development have not baen recovered.  Consequently information re garding
the the rmal structure over the place is comparatively scanty. Of the available ones
the ascents at 0206 and 1417 hrs. on the 12th Ju y (F4g. 4) give the level of the tro-
popausc at 17-54 gkm. (80 mbs) and 17:56 glim. (805 mbs) respective’y. On the 13th
at 0606 hrs. the Icvel of the tropopause w. s at 16+45 gkm. (103 mbs). The change in the
structure of the tropopause as shown by this ascent as compared to the two on the
previous day is noticeable.

The record of the asecnt at 1803 hrs. of the 17th July after the depression has
disappearcd on the ground Las been reproduccd giving both the curves at ascent and
descent. A record showing more than one upward and downv ard movement in the
neighbourhood of the tropopause as in this case Las not been obtained previously in
India. Wlhetier tuis is due to icing over the balloon or to some wave like disturb-
ance cannot be determined at present,

Though apparently the depression had filled up on the ground near Kotah in east
Rajputana by tLe morning of the 14th. its effe ot on the upper atmosphere over Agra
even on subscquent days is clearly scen (Fig. ). Over Agra the most common type
of stratosphere during this scason commenees with a sharp inversion at about 16-5 to
17 gkm.  But in the four ascents 1eproduced murked fluctuations in the tropopause
dre noticrable.  The ascent at 1500 hrs. on the 15th shows a Jow tropopause at 15-2
gkm. with a super-adiabatic lapse rate for about a km. below this level.

4. Lifting up of the tropopause.—Thc record over Agra at 1804 hrs. on the 13th
July shows a e-mparatively high level of the inversion at the trop: pause at 17-13 gkan.
A simiilar feature is met with over Jubbulp e at 0206 hrs: on the 12th where the height
af the trop spause is at 17-52 gkin. At this time the central region of the depressiin
lay to the cast of Jubbulpore. The Lieaving up of the trop-pause over places lyjr g
ahead of the depression is also shown in the records over Sambz!p ir, Jubbulp we a1 d
Allahabad reproduced in Fig. 5 (a, b and c). V. Bjerknes® and otters have ex-
plained the lifting up of the tropopause as due to the anticyclonic motion of wirds
alead of a depression.
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5. Do the tropopause and its neighbouring levels oscillate up and down ?—The
records at 0200 hrs. on the 13th at Sambalpur, at 1200 hrs. on the 13th at Allahabad
and at 0602 hrs. at Jubbulpore obtained after the tropopause over these places
reached its lowest level are significant. They show a much higher level of the tropo-
pause than the ascents just previous to these. The raising of the tropopause after
it has come down to its lowest level due to the effect of the depression is to be ex-
pected when the depression moves away from the place or dies out as the tropopause
tends to return to its normal level. But the records of the ascents subsequent to those
mentioned above at Sambalpur and Allahabad show that the tropopause was again
coming down. Thisindicatesthat a vertical oscillation of the tropopause and levels
adjacent to it (both above and below) occurs due to the activity of the depression,
causing exchange of momentum between these levels.

6. Thermal structure in some meridional cross sections of the depression.

(a) 06-11 hrs. on the 13th July 1937, Allahabad-Jubbulpore-Hyderabad (Fig. 6a).

Up to 9 gkm. temperatures over Allahabad were higher than those over
Jubbulpore and Hyderabad. This fits in with the normal relations of temperatures
prevailing between the easterly branch of the monsoon over the Gangetic valley and
the southwesterly branch over the Peninsula. Above 9 gkm. Allahabad had lower
temperatures than those over the other two places. This is due to the continuance
above 9 gkm of the low temperature and low tropopause conditions in the upper tro-
posphere which prevailed at 18 hrs. the previous evening. In the case of the Hyder-
abad record the temperature difference between the ascent and the descent traces were
rather more than usual. The dotted lines in Fig. 6 show the isopleths taking account
of the lower temperatures as given by one of the traces. In this case the temperatures
over Hyderabad between 95 and 12-5 gkm. were practically the same as those over
Allahabad but slightly lower than those over Jubbulpore.

(b) 06 krs. on 14th July 1937—Allahabad-Jubbulpore- Hyderabad (F1g. 6b).

The main features in this case are the lower temperatures level for level over
Hyderabad than over the other two places and the occurrence of higher temperatures
between 2 and 45 gkm. and between 75 and 16 gkm.. over Jubbulpore than those over
Allahabad. The latter is apparently due to heat being released by condensation.
Due to the higher ground temperature over Allahabad, the temperatures of the layers
of air up to 1-5 gkm. are higher over Allahabad than over Jubbulpore,

7. Thermal structure én some zonal cross sections.

(a) 18 hrs. on 12th July 1937— Agra-Allahabad-Gaya (Fig. 6¢).

The ascent at Agra unfortunately went up to only 7 gkm.

A progressive increase of temperature from Gaya to Allahabad to Agra is noticed
up w 7 gkm. and probably up to 8-5 gkm. though the easterly branch of the monsoon
was over all the three places. The lower temperatures over Gaya and Allahabad than
over Agra may have been caused by the admixture of air over these places with the air
from the southwesterly branch of the monsoon brought in by the depression. The
southwesterly branch normally has lower temperatures than the easterly branch up to
about 16 gkm.

Between 9 and 13 gkm. the opposite relation holds good between Allahabad and
Gaya. Thisisevidently due to the greater fall of temperaturein the vpper troposphere
over Allahabad than in the corresponding levels over Gaya. If the Gaya trace show-
ing the lower tropopause alone is taken into consideration, the temperatures are
very neerly equal between 9-8 and 10-4 gkm,
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{(bY £-10 krs. on 13th July-Agra-Allahabad-Alipore (Calcutta) (Fig. 6d.)

This cross section again shows a feature sinilar to the previous one viz. a pro-
gressive ingreage of tenxpemture level for level as we proceed from east to west {from
Culeatta, except in the layer 2-4 gkm. where Allababad temperatures are nearly the
same or even slightly hizher than those over Agra.

Tabic 2 gives the saturation potential temperatures at 6-10 hrs. on the 13th at the
three places.

TABLE 2.
Saturction Potential Temperatures °A.

Ht. Gkm. . . 0 1 2 3 4 b I 6 7 8 9

! I

|

Agra .. . 300 301 301 | 300 | 209 | 209 | 208 | .. .
Allahabad e .| 200 300| 300 300 | 200 | 200 | 208 | 208 | 2908 | 208
Calcutta .. .. | 299-6] 206 | 206 | 296 | 206 | 206 | 207 | 207 | 297 | 207

“The normual values of saturation pot ential t enlpemtures upto9g g,l\m in the wester-
ly branch of the monsoon is of the order of 295—-297°A and those in the easterly
branch 297—300°A. Usually the easterly hranch is predominant over Calcutta.’
But the saturation potential temperatures show that the westerly branch has pene-
trated over the place having been brought in by the depression. The trajectories of .
air up to 3 km. reaching Calcutta at 8 hrs. on the 13th also support this.

(¢) 04-12 Lrs. on the 13th July—-Sambalpwr-Jubbulyore-dcdhpur (Fig. Ge).

Tlumidity data are not available for the ascent at Jodbpur at 1155 hrs. on the
13th July. A\ portion of the record viz. that corresponding to the region 10-16 gkm._
shows the two traces having more than the usual difference in temperatures. The'
traces seem to be satisfactory. One of the traces shows a superadiabatic lapse-rate
hetween 12-8 and 145 gkn.. and a lower level of the tropopause at 15-64 gkm. (the
mean height from the two traces being 15-93 gkm.)

The cross section Sambalpur-Jubbulpore-Jedh:pur is roughly along the direction
of movement of the depression. The depression lay over the west Central Provinces
on the morning of the 13th July. At all levels from ground to 16 gkm. temperatures
increase from Sambalpur to Jubbulpore and from ground to 14-0 gkm. there is &
further increase frem Jubbulpore to Jedhpur. Above 14 gkm Jodhpur temperatures
are slightly lower than over Jubbulpore. If, however, we consider the trace of the
Jodhpur ascent to which attention was drawn above, the region of lower temperatures
would extend from 12-5 gkimn.

The foregoing statements regarding the distribution of temperatures over,
Jedhpur in relation to that over the other two places would be true only if the tem-
peratures at 6 hrs. on the 13th July over Jodhpur were not very different from those at .
12 hrs. the same day ; whether this was so, it is not possible to say. :

The existence of higher temperatures over Jubbulpore and Jodhpur as compared
to the temperatures over Sambalpur is due to the latter being in the westerly branch of
the monsoon while Jodhpur was affected by the easterly branch. Jubbulpore was
also affected by the easterly branch. (This is supported by the data of saturation
potential temperatures not given here).
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8. The occurrence of low femperatures near the tropopause and superadiabatio
lapse rates in the upper levels of the troposphere.—It is known that in the layers 10-14
gkm. over Agra, adiabatic or superadiabatic lapse rates are extremely rare in winter.
But in the monsoon season a good many records over Agra and a few over Calcutta
and other places show adiabatic or superadiabatic lapse rates in these levels.
Ananthakrishnan® has suggested that thiscan be explained as due to cooling by
radiation of the layers between 12 and 14 gkm.in the manner first shown by
F. Albrecht® and referred to by V. Bjerknes and others?.

It is also well known that during the southwest monsoon season a region of high
pressure exists over the Gangetic valley and to its northin the levels 8 to 18 gkm.
Data of upper winds at high levels recently collected by Venkiteshwaran® show
that in July and August winds in the layer 10-14 gkm.within this region of high pres-
sure are decidedly weaker (speeds 10-20 m.p.h.) compared to winds at same levels in
lower latitudes (40-50 m.p.h.). Consequently the effocts of radietive cocling will be
more marked in the region of weaker winds within the regicn of high pressure and it
i possible that more cooling due to radiation may result in such low temperatures at
these levels as found in the present case. Undor the influence of the depression, the
cooled air mass from this region of high pressure may either flow towards the region
affected by the depression along an isentropic surface or suffer subsidence ; in the
latter case with an increase of tempeiature.

Palmon’? bas shown that in the case of extra trepical cyclones subsidnig air
masses are not found to be as warm as one would expect them to be.  He finds that
air which had originally a temperature of—55°C duscands approximately by 4 km. toa
height of 5-1 km, the lower limit of the stratosphere, where the temperature instead of
being —15°C is actually —30°C. He suggests that this cooling by 16°C s duo to heat
radiation. Refsdal® has shown that the effect of this cooling by radiation in the
Albrecht layer of air which suffers subsidence due to cyclone activity is to force
the tropopause to assume & lower level.
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