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ABSTRACT. Standard upper air analyses, such as delineation of thermal thickness patterns on isobaric surfaces,
computation of ‘development’, vertical component of absolute vorticity of geostrophic winds and horizontal wind
velocity convergénce were made in relation to the nor'wester thunderstorms over northeast India and East

Pakistan. For the thickness analysis, the s

ial Dine's meteorograph observations taken in April 1944 at shorter

intervals of time and from a closer network of stations than in 1953 were used, while all the above-mentioned
analysi®were made for eight consecutive days in May 1953. No significant medium-range J;mynmuc value was
found in any of the analyses based on the available network of radiosonde and upper wind data for forecasting
the nor'westers 12 to 36 hours ahead of their actual occurrence. Nevertheless, the parfia! thickness patterns of
the 700/500 mb-layer, the field of ‘development’ and the lower level wind velocity convergence, based on the
evening data for a particular day, appeared to influence the nor’wester development on the same evening and night,

1. Introduction

Of all weather phenomena, there is none so
welcome, yet so much dreaded, by the people
of Bengal, as the summer thunderstorms
of northeast India, popularly called the
Nor'westers or Kalbaisakhis—welcome be-
cause they bring the much needed relief after
a hot sultry day and provide rain so beneficial
for the crops and dreaded because of their
destructive violence. One of the most im-
portant phases of weather forecasting in
India has, therefore, been to develop such
technical aids as will enable the meteorologist
to forewarn the public with some degree
of confidence, about the time and place of
occurrence, severity and approximate track
of these storms. A number of studies about
the nor'westers have been made. Notable
among them are Das (1933), Sen (1931),
Normand (1935), Desai and Mull (1938),
Sur and Chatterji (1938), Ramanathan and
Ramakrishnan (1938), Malurkar (1949) and
Roy (1949). It is, however, quite clear from
the literature so far aVailable, that the best
which the meteorologist has so far been able
to do, {from an analysis of thermodynamic
diagrams, the surface synoptic charts and
the lower tropospheric wind circulation pat-
terns on a particular day, is to forecast the
conditions under which nor’westers are
possible over a certain large region, without
any specific suggestions as to the exact time
and place of outbreak, intensity and track.

r

As the thunderstorms are characterised
by marked instability and are highly localised
in nature, it was believed that they could
be treated quantitatively from thermodyna-
mic consideration of the buoyancy forces
in an atmosphere in labile equilibrium.
Attention was accordingly bestowed upon
the analysis of upper air soundings plotted
on thermodynamic diagrams, for i
the extent and nature of convection and the
possibility of local development of thunder-
storms resulting therefrom. The parcel
method and later the slice method were tried
with the hope of finding a quantitative aid to
thunderstorm [orecasting. A little experience
of working with these diagrams, however,
made it very clear that this tool alone was
insufficient for the purpose, since other causes
of atmospheric instability, which also con-
tributed to the thunderstorm cculd not be
foreseen from them. The analysis of synoptic
surface and upper air charts has, therefore,
been the chief aid for nor'wester forecasting,
In a review of the existing ideasabout the
mechanism and the factors for the prediction
of nor’westers, which are chiefly based on the
contributions by Sur and Chatterji (1938)
and Desai and Mull (1938), Newton
(1951) has fortified the validity of these
principles by adducing evidence obtained
by Byers and Braham (1949) in their
studies of the thunderstorms of Ohio an
Florida. ;
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In recent years, meteorologists have in
addition to the above analyses, given their
attention to detailed studies of upper air
charts, for finding some prognostic factor or
factors for thunderstorm forecasting. Namias
(1940) introduced the isentropic chart,
suggesting that one of the factors for the
occurrence of thunderstorms was the pre-
sence of a moist ‘tongue’ on an isentropic
surface corresponding to a potential tempera-
ture of nearly 315°A. For a successful appli-
cation of this method of analysis, the availabi-
lity of reliable upper air humidity data over
the isentropic surface was very essential.
Owing to the fact that atmospheric processes
are often considerably non-adiabatic in nature
and that reliable humidity observations are
not available, the isentropic analysis is not
likely to yield the desired result; in fact,
this analysis did not prove fruitful in India.

Douglas (1947) and Rateliffe (1950) have
pointed out the importance of cold pool or
trough delineated by the ‘total’ thickness
patterns of the 1000/500-mb layer for inducing
instability type of weather. Very recently,
Ramaswamy and Bose (1953) also have
suggested the association of nor'wester
activity on a particular day with the cold
pool or trough indicated by the ‘partial’
thickness patterns of the 700/500-mb layer
and presumably also aloft, on the upper air
isobaric charts of the previous afternoon.
The fact that advection or existence of colder
air in the upper and middle troposphere, as
revealed by the presence of either a travelling
ov a stationary thermal trough or pool in the
700/500-mb layer and aloft, will aid thermal
instability is understandable. That a mass of
relatively cold air over the surface, indicated
by the trough or pool in the 1000/500-mb
layer thickness patterns will initiate insta-
bility by surface heating, is also equally
understandable. The question, however, arises
whether this kind of analysis of thickness
patterns can give the tool for forecasting the
localised thunderstorms, in space and time,
as distinet from giving an insight into the
physical conditions which induce them.

The special aim of this study is, therefore,
to find out whether some of the well-known
standard methods of upper air analysis

would yield some reliable
parameters for forecasting the nor’wester
thunderstorms, sufficiently ahead of their
occurrence. For this purpose the thermody-
namical characteristics of the thickness
patterns are studied for a few consecutive
days. A few other new methods of upper air
analysis, »iz., computation of ‘development’ _
(Sutcliffe 1947, Suteliffe and Forsdyke
1950), and velocity convergence (Bellamy
1949) and vertical component of absolute
vorticity (Cressman 1953) which are readily
adaptable into routine forecasting techniques,
are also examined. All the above-meptioned
analysis are made using all the available
radiosonde and upper wind data for all the
days during the period 1 to 8 May 1953, which
was characterised by violent thunderstorms
and squalls on some days and no thundery
activity on the other days, especially over
Calecutta (Table 1). During April-May 1944,
special Dine’s meteorograph ascents were
made at shorter intervals and from a closer
network of stations in West Bengal and East
Pakistan, in connection with the nor’wester
investigation sponsored by the India Meteo-
rological Department. These data have been
primarily utilised for the analysis of the
thickness patterns alone, since the upper
wind observations corresponding to these
ascents were very meagre.

parameter

2. Thickness patterns ox isobarie surfaces

(A4) Thermal patterns based on data for April
1944—"The Dine's meteorograph data avail-
able for the period 17 April to 2 May 1944
were used for primary study of the
thickness patterns on isobaric surfaces, ds it
was felt, that the upper air analysis bfsed on
these data would give detailed and conclusive
information about the existence, persistence,
movement and diurngl variation of intensigy
of the thermal systems over the region and
their role in influencing the thermal instability
conditions on days of actual development of
thunderstorms. Although, relevant wind
data at the appropriate heights were not
available for this period, it was considered
that the density of the available upper air
sowndings was sufficient for fixing the patterns
of the thermal systems, over the region
concerned, rather uniquely.

‘
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The charts of ‘total’ thickness patterns () The movement of the thermal

(1000/500 mb) and the ‘partial’ thickness
patterns (700/500 mb), using the data of
these ascents and of the then synchronous
radiosondes in and near the region for the
period 23 to 39 April 1944 are shown in Fig. 1
(pp. 841). The total and partial thickness
lines are drawn in full and dotted lines res-
pectively at intervals of 100 feet. The
stations for which data, for drawing the
ps;tterns, were availableare shown by circles,

It will be seen from these figures that—
* (i) the total thickness patterns show the
following features—

(a) These patterns appear to be more or less
semi-permanent seasonal features of the upper
air over northeast India; their depth
however, varies appreciatly even in the course
of 6 to 12 hours (Fig. 1, E to I, K to O).

systems (troughs, ridges or pools) does not
seem to obey the principle of geostrophic or
cyclostrophic transport of the thickness lines,
as can be judged from the average wind flow
patterns at the appropriate levels over the
region., :

(¢) The intensity or depth of the thermal
systems appears to bear no significant re-
lation to the development of thunderstorms
during the following 12 to 36 hours (Fig. 2).
Figs. 2(d) and 2(e) are particularly illustrative
of the fact that very little nor'wester activity
occurred over the region of pronounced cold
trough observed in Fig. 1(H); while fairly
widespread and active thunderstorms ac-
companied —Figs. 2(a) and 2(h)—a compara-
tively weak thermal system observed in
Fig. 1(A).
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(1) The partial thermal systems show
the following features—

(a) The thermal system delineated by the
partial thicknesses within the 700,500-mb
layer, changes radically both in position and
intensity, even in the course of 6 to 12 hours
- Figs. 1(a) to 1(z). Consequently, very little,
if any, quasi-conservatism can be attributed
to the partial patterns. Moreover, in view of
the observed apparent erratic movement of
these thermal systems, it becomes difficult to
associate systematic advection of cold or
warm air, as the case may be, or transport of
the thickness lines with these patterns.

(b) While the movement of these thermal
systems appears erratic and unpredictable
there appears to be two predominant types
of partial cold thermal systems over the
region—one to the west or northwest, shifting
in some easterly direction— Figs. 1(e) to 1(i)
and the other to the east or northeast,
shifting in a westerly or southwesterly
direction - Figs.1 (a)to 1 (d)and 1 (j)to 1 (m),

(¢) The thermal systems do not appear to
have any direct correlation with the sub-
sequent occurrence of thunderstorms over
the respective areas during a period of 24
hours or more, as can generally be seen from
Figs. 1 and 2 and particularly from Figs. 1(I)
and 1(o) and Figs. 2 (f, g, h).

(B) Thermal patterns based on dala for May
1953—In order to check the conclusions
drawn above, the charts of total and
partial thickness patterns for May 1953 have
been prepared, making full use of the close
network ‘of available pilot balloon winds.
The 500-mb pressure contours, together with
the total thicknesses (1000/500 mb) and the
¢ thermal winds’ and the charts showing the
partial thicknesses (700/500 mb) and the
corresponding ‘thermal winds’ are prepared in
the usual manner (Petterssen and Priestley)
for all the days from 1 to 8 May 1953, using
the 2030 IST radiosonde data and the 1430
IST pilot balloon winds given in the Tndian
Daily Weather Reports.

As the 500-mb surface was generally above
.19,000 ft above mean sea level, the actual

winds at 20,000 ft which formed the nearegt
standard level at which the wind was re-
ported and the vertical shear between 2000
and 20,000 ft winds, computed as vector
difference were plotted on the 500-mb charts
given in Fig. 5. The vertical shear between
10,000 and 20,000 ft winds was plotted
on the partial thickness charts given in Fig. 6.
Whenever 20,000 ft winds were absent,
the winds at 18,000 ft if available, were
utilised; such cases are indicated by placing
‘18" beside such winds. If either the 13,000 ft
winds or 20,000 ft winds at 1430 IST
were  not available for the radiosonde
stations, the radar winds at 20,000 ft at
2030 IST, if any, reported by them were
used mainly as a qualitative guide for fixing
the patterns; such winds are designated
by placing ‘R’ near them on the charts.
Furthermore, in drawing the isopleths in
Figs. 5 and 6 synoptic smoothing of the
radiosonde data has been done, whenever
justified consistent with the principle of
coutinuity, The gradients of the thicknesses
observed on a few occasions in April 1944
suggest too strong thermal winds, which are
out of all proportion with the normal flow
patterns over the region. It would, therefore,
appear that a quantitative geostrophic spac-
ing of the thickness as well as the contour
lines s0 as to account for the thermal and the
actual winds respectively may not always be
feasible, However, as the gradients in a large
number of oceasions in April 1944 were iv
conformity with the speeds of the normal
winds, geostrophic spacing of the contours as
well as the thicknesses in Figs. 5 and 6 so as to
make them conform to the observed speeds
of the actual winds and the-verti®al wind
shear respectively, has been adhered to as
far as practicable. The unavoidable disparity
between the times gf the radio onie datpat
2030 IST and those of the upper winds at 1430
IST, which are principally wsed in the analysis
of thie isobaric charts and thickness patterns,
has heen ignored for the purpose of this
study. A critical examination of the theoreti-
cal justification for the much needed geos-
trophic spacing of the lines and the corres-
pondence of the vertical wind shear with the

psetual ‘thermal winds’ as presumed in the




~ 3 - -
190 [ 125 Z 185 190

Fig. 2. Actual weather development over the region for periods of 24 hours ending 0830 IST
of each day during the period 24 April to 1 May 1944

(The axes of the troughs in the partial thickness patterns seen 36 and 12 hours before 0830 IST
of each day are marked in full and dotted lines respectively)
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Fig, 8. Variations of the heights of the standard isobaric surfaces and the thickness
between them in feet for the period 23 to 29 April 1944 for Calcutta

{The values of the datum line AB for the different sets of thicknesses are also shown)
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Fig. 5. 500-mb contours (full lines) with total thicknesses (dotted lines; and total

analysis, over the region and during the hot
weather season under study, is beyond the
scope of this paper and is left for future
investigation.

As no upper air sounding other than the
routine ones in the evenings at intervals of
24 hours was available for stations, except
for Calcutta itself, in and near the repion
under consideration, it has not been possible
to examine the behaviour of the thickness
patterns at smaller intervals of time than 24
hours during the period in May 1953. How-
ever, this aspect of the partial thickness
patterns has been qualitatively studied by
preparing charts showing the relative circu-
lation patterns of the vertical wind shear
between 10,000 ft and 18,000 or 15,000 ft

(Contours and thicknesses are
levels, whichever has been available, at
0730 IST of each day from 2 to 9 May 1953,
Data were absent at 20,000 ft in these obser-
vations practically on all days and tlie as-
cents at 0130 IST were shorter stifl. These
circulation patterns for four consecutive
days from 2 May 1953 are given in Fig. 7.
Although they are subject to the inevitable
limitation of being not fully representative
of the vertical shear within the 10,000 and
20,000-ft levels, corresponding to®the thiek-
ness patterns with n the 700/500-mb layer, it
is felt that they will show, though qualitative-
ly, the probable configuration of the partial
thermal systems observed on a particular
evening towards the morning of the succeed-
ing day.
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drawn at intervals of 100 ft.)

It will be seen from the thermal patterns
shown in Figs. 5, 6 and 7, that the total and
partial thickness patterns for the period
1-8May 1953 confirm in general all the con-
clusiofls drawn on the basis of the 1944 data
except that as these patterns refer only to
intervals of 24 hours, the marked changes in
the thermal systems duwring smaller intervals
of time, which are evident from the 1944
patterns, are ndt very apparent from them.
Neverthéless, it is seen from these figures,
that while the total thickness patterns are
more or less semi-permanent from day to day,
the partial thickness patterns appear to
vary both in intensity and position quite

erratically, even during intervals of 12 hours
as seen from Figs. 6 and 7. Consequently, the
partial thickness patterns cannot be consider-
ed to be guasi-couservative for periods of 12
to 24 hours.

(C) Thermal systems and actual weather
development—The actual development of
weather over the region under study during
24-hour periods ending 0830 IST of each day
for the periods 24 April to 1 May 1944 and 2
to 9 May 1953 is shown in Figs. 2 and 8 res-
pectively*. The axes of the partial cold ther-
mal systems within the 700/500-mb layer
shown in Figs. 1 and 6 are marked on these
diagrams in the following manner: those for.

*The weather developments shown in Figs. 2 and 8 refer chiefly to those which have occurred sinee the

previous afternoon and/or evening
-
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the evening of the 1st are marked in full
lines and those for the evening of the 2ud
are marked in dotted lines respectively on
the chart containing the weather remarks for
the 24-hour period ending 0830 IST of the
3rd; and similarly for the other days. This
is done with a view to examine if any cor-
relation existed between the position of the
cold thermal systems and the subsequent
development of weather recorded a little
over 24 hours or 12 hours re pectively later.

It will be seen from Figs. 2 and 8, that the
actual development of weather during a
period of 24 hours or more showed no cogni-
sable correspoudence with either the earlier
location or the intensity of the cold thermal
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Partial thickness patterns and ‘thermai winds’ in
(Thickness lines are drawn at intervals of
systems (Figs. 1 and 6), whose axes are shown
in full lines. The troughs seen on the evenings
of 23, 24, 26 and 29 April 1944 and 2 apd 4
May 1953 are particularly striking ip this
respect. In spite of the fact, that the trough
was associated with a southerly ‘thermal
wind’ of about 35 knots at Calcutta at 2030
IST of 4 May 1952 (F'g. 6-d) no thunderstofim
occurred over Calcutta stafions upto 0830
IST of the €th although active ngr'westers
developed at the stations in the afternoon
evening of 4th itself (Table 1). The so-called
‘inhibiting effect’ of a warm ridge ohserved
on a particular day against the development
of thunderstorms 12 to 36 hours later, is
also not much in evidence, as can be seen
from a comparison of the thermal systems for
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5 and 6 May 1953 —Figs. 6(e) and 6 (), show-
ing a warm high over East Pakistan and
Lower y Assam, with the actual weather
development during the 24 hours ending
0830 IST of the 7th and 8th respectively—
Figs. 8(f) and 8(g), indicating a dense crop of
thunderstorms over the same areas. The
abwve findings are true of the total thickness
patterns as well.

“On the ‘other hand, the partial thickness
patterns seen on a particular evening seem to
influence the development of thunderstorm
during the same evening and night. This fact
8 evident from the partial thickness patterns,
whose axes are drawn in dotted lines for 24,
25, 26 and 28 April 1944 (Fig. 2) and 2, 4, 6,7
and 8 May 1953 (Fig. 8) and the actual

weather development over the region¥upto
0830 IST of the succeeding days. Considering
the apparently erratic movement of thermal
troughs on the partial thickness charts, as
revealed by the examination of April 1944
and May 1953 data, it is felt that, while the
development of an active Cb cell to the stage
of a full-grown nor’wester cloud may, to a
large measure, be helped by the existence at
the time of a cold pool of air in the 700-500
mb layer, it is futile to expect that we should
be able, as a rule, to forecast the thund-er-
squall activity over a given small area with
reference to any particular sector of the
thermal system, which is noticed some 24 to
36 hours earlier. Further, the fact that the
nor’wester thunderstorms oceur mostly in the
afternoon and evening, i.e., near about the




Fig. 7. Relative circulation patterns of vertical wind shear between 10,000 ft and 18,000 or
15,000 it at 0730 IST for the period 2 to 5 May 1953

epoch of maximum ground heating, indi-
cates unmistakably that they are chiefly
caused by the moisture and thermal condi-
tious in the lower layers of the troposphere,
rather than by the movement of the cold
troughs or pools aloft, although the coinei-
dence of the upper level cold thermal system
with the above-mentioned favourable con-
ditions in the lower layer may be a contri-
butory factor for the development of the
thunderstorms.

The foregoing discussion in this section
tends to show, that while the partial thick-
ness patterns of the previous day have no
fnedium-mnge prognostic value for forecast-
ing the nor’westers, they seem to influence the
development of the thunderstorms on the
same day soon after the appearance of the

thermal systems, as one would, indeed, ex-
pect from thermodynamical considerations,

(D) Partial thicknesses and thermal instabi-
lity

(7) In order to see how far the thieknesses
in the mid and upper troposphere suggest
progressive ‘advection’ of cold air at intervale
shorter than 24 hours, leading to the develpp-
ment of thunderstorms at imlividbual
stations, or vice versa, diagrams illustrating
the progressive variations of the actyal
thicknesses, as well as the heights of the
various standard isobaric surfaces observed at
(‘alcutta and Bogra during the period iz April
1944 are drawn—Figs. 3 and 4 (pp. 14-15).
The daily sequence of weather at the two sta-
tions is marked in symbols at the appropriate
hours on the time axis PP on the respective

.
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Fig. 8. Actual weather development over the region for periods of 24 hours ending 0830 IST
ol each day during the period 2 to 9 May 1953

(The axes of the troughs in the partial thickness patterns seen 36 and 12 hours before 0830 IST of
each day are marked in full and dotted lines respectively)
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diagrams. The thicklines on the time axis
indicate the duration of the occurrence of
weather shown by these symbols. The symhols
shown in circles and squares on the tine
axes marked QQ and RR represent the
sequence of the above weather developments
advanced by 12 and 36 hours respectively.
The latter are marked in order to see if the
obgerved thickness variation at a particular
time had any relation to the weather thal
occurred at the station 12 or 36 hours res-
pectively later.

These diagrams show the following two
features —

(2) The wvariations of the heights of the
isobaric surfaces are generally in phaw even
upto the 100-mb level, almost on all the days.
This suggests that the type of advection, if
any, between the various isobaric surfaces
is sensibly the same upto the 100-mb level:
while aloft, the nature of advection may he
different. Accordingly, the presence of a cold
pool or trough within the 700-500 mb layer,
and for that matter within any other 1.!\'01
below 100-mb surface, on a particular dav
compared to a previous occasion, will mean
the existence of a corresponding cold pool
or trough aloft and hence, it need not neces-
sarily indicate thermal instability on the
day in question.

(b) The actual thicknesses vary errati-
caIIV suggesting advection of cold or warm
air, if any, at intervals smaller than 24 hours
(Figs. 3 and 4). Also, their variation does not
show any correlation with the weather
development as much in advance as 36 or
even 12 hours prior to the oceurrencs of
thunderstorms.

(i1) Asan analysis of the actual thicknesses
at shorter intervals, as done above for the
period in 1944 under review, is not possible
in 1953, for lack of observations, the thermal
instability likely to be induced by the partial
thermal systems and its utility or otherwise
for forecasting nor’westars at an individual
station is dealt with, with reference to
Caleutta (Dum Dum), which alone has an
upper air sounding at 0830 IST prior to the
outbreak of thunderstorms in the afternoon
.or evening, and 12 hours after the thermal

gvstems have been noticed at 2030 IST
of the previous day. For this purpose, it is
assumed  that the partial thicknesses age
‘quasi-conservative’ and that the coldest
portion of the thermal trough or pool, corres-
pnn-h'mf to the lowest thickness line of the
pattial thickness pagtern in the region. within
a distanes of 200 to 300 miles from Caleutta,
will be transported over the station and
consequently, the temperature, within the
700 500-ml isobarie layar over the station a;
0830 IST of the next day will be altered to
the values corresponding t& those indicated
by the lowest thickness value. This change
in the temperature distribution within the
700/500-mb  isobaric layer, which is the
marimum possible owing to the transport
over the station of the so-called’conservative’
thickness line, is also assumed to occur near
the time of oceurrence of thunderstorms in
the afternoon or evening. The results of such
analysis made for Caleutta (Dum Dum) fer
all the days from 1 to 9 May 1953 are given
1 Table 2.

Temperature (°C) given in columns 3 and
1 of this talble are these corresponding to the
lowest thickness values given in col. 2 (see Fig.
6); and are computed from the table given in
Petterssen  and  Priestley’s  memorandum
(V.T.M. No. 2); while these in col. 5 are the
temperatures at the 700-mb level obtained
by assuming the Towest thicknesses and the
ohserved  lapse rate (nearly saturation
adiabatic value) indicated by the evening
soundings. The temperatures in cols. 6, 7 and
8 are the actual temperatures picked out
from the 0830 IST ascent curves. The thermal
changes likely to be caused in the 700/500-
mb layer consequent on the trmnp(ﬁ‘n of the
lowest thickness lins over the station are given

in cols. 9, 10 and 11.

Temperature changes in cols. 10 and 11
indicate a cooling at the 700-mb level on all
the days, while a riss, instead af a fall of

*:np. ratura on the 5th, 6th and 7th is indicat-
ed at the 500-mb level. Therise of tempera-
ture at the 500-mb level, it may be argued, is
cewing to the circumstanc? that the tampera-
ture at 0830 IST at this level, is already lower
than what js likely to be the result of the
transport of the lowest thickness; and may
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TABLE 2
Temperature (°C) variations within the 700/500-mb layer over Calcutia (Dum Dum)
On the evening of On the morning of Change of tem-
perature due to
transport of lowest
thickness line
p % v ) ety
2 e .4 . 2 = o, : : -
32 7 &7 8 & fz fz B §& B
g8 L B3 B OE,fF 2§ O3 3
28 = g 3= 22 o - ng.n 8 . = P ° Weather
Date | “wiE 8% 27 %7 22 g8 €8 § g 23
25 £8 ¢ ajll = ] B - o -; = <&
shr PR|Eer 2ex Rg C2| 38 e £33 LS
g2 g g-EE EEE EE EE g - o B2
55 %5 g5s5 g8% s 28 £8 3¢ g8 g
o - SRR S < - = B =
1-5-58 8800 —3 —10 3
2.5-b% 8800 —3 —10 3 —1 —85 85 —2:0 —1-5 —5'5 Thunderstorm
with  squall
62 mph
3-5.53 8900 1 —6 8 4 —3-0 13-0 —7-0 —7-0 —10-0
4-5-53 8900 1 —b6 8 4 —1-0 11-0 —3-0 —50 —3-0 Thunderstorm
with  squall
53 mph
5-5-53 8900 1 —6 8 3 70 12-:0 —2:0 1-0 —4-0 Lightning
6-5.53 8800 —3 —10 3 1 —85 10-0 0-0 2.5 —2-0 Thunderstorm
with squall
64 mph
7:5:63 (8800 —3 | —10 3 =2 =110 | £0 —1{0 10 —4:0 %
8553 8800 —3 —10 3 2 —30 120 —50 —70 —9:0 Squall37mph
9.5-53 s - alé wie 6 0-0 130 —9:0 —10-0 —10-0 Thunderstorm
with  squall
86 mph

tempt one to presume that further cooling by
‘advection’ of cold air within the layer may
proceed with progress of time. Such a pre-
sumption is obviously ill-founded for the
reason, that it tends to question the ‘quasi-
conservatism’ of the thicknesses; besides, it
dees nct take into account the equal proba-
bility of ‘warm air advection” at this level
dver the station since the 0830 IST ascent.
Taking for granted, therefore, the thermal
changes given in cols. 10 and 11 to be
consistent with the ‘quasi-conservatism’ of
th~ thicknesses, a paradox becomes evident
when the changes in the conditions of thermal
instability cansed by them are comparad with
the actual weather development over the
station given in Table 1 and reproduced in
col. 12 of Table 2.

In order tc show the resultant change io
instability, in terms of available energy
arising out of the transport of the coldest
portion of the partial thermal system within
the 700/500-mb layer over Caleutta, the
ascent curyes based on the 0830 IST sound-
ings for 3 and 6 May 1953 and their modifica-
tions owing to the transport of the lowest
partial thickness of the previous day are
shown in Fig. 9. A striking feature of Fig. 9
on comparison with the local weather develop-
ment is, that even though the increase in
instability in accordance with the assumed
transport of the lowest thickness was very
large on the 3rd, there was no thundery
uctivity or a squall over Caleutta on this day ;
while on the 6th, when a slight cooling at
the 700-mb level and a warming at the
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Fig. 9. Upper air soundings of Dum Dum at 0830 IST of 3 and 6 May 1953

(DB in full lines and WB in pecked lines.

Modifieations of the environmental curve (DB) by the

assumed transport of the lowest thickness line and the surface maximum tem perature on these days are

shown by thiC£ and double lines respectively)

500-mb level, resulting in a decrease of insta-
bility and available energy were indicated, the
station experienced a severe nor’wester with
a surface squall of 64 nph. It may be
mentioned here, that the moisture content
in the lower layers of the atmosphere over
the station was only slightly higher on the
6th ccmpared to the 3rd. Furthermore, if
the development of the nor’wester is agsumad
to be induced mainly as a result of the ‘over-
turning’ caused by the transport of the cold
pool or trough in the 700/500-mb layer and
that the downdraft of the potentially colder
air causes the ground squall, the modified
air at the 700-mb level on the 6th, being
potentially the coldest, should have desconded
to the ground in order to give rise to the
observed surface cooling and squall. Tt
will, however, be seen from Fig. 9, that,

without taking into account entrainment pro-
cesses, this modified parcel at the 700-mb level
on the 6th could sink hardly below 750-mb
level; while on  the 3rd, it could descend
even. upto the 850-mb level. And yet, there
was nor'wester and squall on the 6th and
none on the 3rd. The paradox between the
change in instability caused by the assumed
transport of the cold thermal system and the
actual weother at the station, on these twoe
representative days, becomes all the more
striking, if the lower portions of the ascent
curves below the 700-mb level are also
modified in accordance with the day’s maxi-
mum temperaturs at the surfaca level (Fig. 9).

It is to be noted, that there are obviously
many restrictions in adopting the above pro-

cedure for estimating the change in instability




censequent on the thermal changes in
tha 700/500-mb layer by the transport of the
earlier cold thermal system on the day when
thunderstorms are expected to occur over
the station. The apparent erratic movement
of the partial thickness patterns, as already
mentioned earlier, does not, in the fir:t
instance, lend any support for asswming
systematic transport of the thermal system.
Secondly,theactual thickness values observed
over the station, day by day, do not even
remotely suggest the possibility of such a
progressive change in the thermal structure
of the isobaric layer (Fig. 6), as also borne
out by the actual variation of the partial
thicknesses at shorter intervals of time on
the basis of the 1944 data (Figs. 3 and 4).
Further, changes of temperature above and
below the 700/500-mb isobaric layer have
not heen considered for the purpose of the
ahove assessment of thermal instability.

Notwithstanding the above-mentioned
limitations, the above analysis brings out
conspicuously the maximum change in the
thermal instability characteristics owing to
the transport over a station of the lowest
thickness observed in its neighbourhood on
the previous day and the unreliability as
well as the inefficacy of the partial thickness
patterns alone to produce thermal instability
resulting in nor’westers. It also draws pointed
attention to the risk of failure involved in
forecasting the nor'westers, especially at
individual stations, on the basis of the partial
thickness patterns noticed carlier.

Similar analysis in respect of the total
thicknesses has not been attempted, on
account of the obsarved semi-permanence of
these patterns on days of nor'westers and
of Jo nor'westers,

3. Dynamies of the thermal system and the resulting
development patterns

With a’view to see whether the thermal
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divergence depending on the thermal vorki-
city at the 500-mb level and the resulting
cyclogenetic field has had any effect on the
occurrence of thunderstorms, the ‘develop-
ment’ after Suteliffe (1947, 1950), over the
northeast India and East Pakistan region is
computed from the 500-mb charts (Fig. 5)
for all the days, using the method given by
Sawyer and Matthewman (1951). The rela-
tive* development patterns based on compu-
tations at a close network of points are
reproduced in Fig. 10. Isopleths of positive
development (marked C) are drawn in full
lines and those of negative development
(marked D) are drawn in dotted lines in units
of 10-2 hr-2. Taking into account the field of
development and the times of commencement
of the thunderstorms at the various stations
in northeast India, as reported in their
Monthly Meteorological Regis'ers, arrows are
marked on these diagrams indicating the
places of first outbreak of the thunderstorms
and the probable course followed by them.

These development patterns at 2030 ISTf
of each day (Fig. 10) bring out the following
galient points, on comparison with the
weather charts in Fig. 8 —

(a) Greater density and intensity of
weather development appear more or less to
coincide with the regions of the recent posi-
tive development, except over sub-montane
regions, where orography seems to have
decidedly influenced the weather develop-
ment, in spite of the observed fields of
negative development over these regions.

(b) Weather, which has occurred over
other regions of negative development, may
perhaps be attributed either to the travel
of the earlier thunderstorms initiated over
ths neighbouring areas of positive develop-
ment and/or high grounds, as indicated in
most cases by the arrows marked on the

*The values of development as cumputred are only relative, though they are qumntiﬁtiVO, in so far as the cor-
rection for variation of gravity and coriolis parameter from Lat. 50° to those ab Lat. 20° for which the grid scale has

been used, has not been applied to them

+Though the 500-mb surface refers to 2030 IST radiosonde data, the patterns of development may also be con.
sidered to refer more to 1430 IST than to 2030 IST, as the winds used to fix the geometry of the contours as weil

as the thicknesses refer to 1430 IST




. i (]
26 S. MULL, M. GANGOPADHYAYA ano C. A. GEORGE
L ]
L]
' L]
o (.5)-53 -
[ P |03 3 f
Fig. 10. Development patterns for each day of the period 1 to 8 May 1953
(Fuli lines indieate positive development and dotted lines negative development, in units of 10—2 hr -2)
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Fig. 11. Pattorn; of vertical component of absoluie vorticity of geostrophic winds on 1 and 2 May 1953
(Areas of negative vorticity are shown by hatching. Unit : 10-% see~1)

diagrams; or to the variation of the patterns
of development from an anti-cyclogenetic
(negative values) into a cyclogenetic field
(positive values) over these areas.

(¢) Some promise of a prognostic value of
these patterns for the purpose of forecasting
the development of the ‘seasonal’ weather
over the regions, however, seems possible
on days when a moving ‘low’ such a. a
western disturbance or a low pressure wave
characterise the synoptic situation affecting
the region. The patterns for 5 May 1953 —
Fig. 10(c)—and the corresponding weather
developments until the morning of the 7th
shown in Fig. 8 (f), following a well-marked
cyclonic circulation upto the 7000-ft level
observed over Chota Nagpur and neighbour-
hood on the 6th morning, perhaps, lend some
support to this view.

It will be seen, therefore, that except for
the association of the immediate occurrance
of weather and perhaps ondays, when moving
pressure systams control the weather develop-
ment over the region, very little prognestic
value can be assigned to the thickness
pafterns for forecasting such small-scale
and short-lived ingtability phenomena as the
thunderstorms, considering the above-
mentioned relation between the actual oceur-
rence of weather and the ‘devilopment’
patterns, which represent the dynamical
aspect of the thickness patterns.

4. Vertical component of absolute vortieity of geostro-
phic winds

Charts of vertical component of absolute
vorticity of the geostrophic winds* computed
from the 500-mb contours (Fig. 5) using a
relation due to Cressman (1953), have been
prepared on all the days from 1 to 8 May 1953,
in order to see whether progressive and
systematic variation of vorticity, if any, may
lead to the development of nor’westers, so
as to consider it as a useful prognostic factor
for forecasting the occurrence of thunder-
storms over the different areas or stations
sufficiently in advance. The results of this
analysis have not been encouraging in this
respect, a8 illustrated by tha patterns of vorti-
city for two consecutive days (1 and 2 May)
given in Fig. 11. During this period, thunder-
storms occurred at Calcutta on the 2nd,
while no thunderstorm occurred on 1 and 3
May 1953. The vorticity observed ovear
Calcutta on 1 and 2 May, however, did not
throw any useful light for predicting the
above variation of weather at the station; ner
were the patterns of vorticity helpful fer
predicting the thunderstorms over wider
areas. It 15, however, interesting to note that
the patterns of vorticity given in Fig. 11 and
gimilarly for the remaining days (not repro-
duced here) are more or less in qualitative
agreement with the patterns of ‘develop-
ment’ for ths corrasponding days given in
Tig. 10.

*As the correction factor for determining the vorticity of the actual winds could not be caleulated owing to the

paucity of wind data, the vorticity of the actual winds eould not be derived from that for the geostrophic winds

computed from the isobarie surface
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Fig. 12. Areas of wind convergence at standard levels at 1430 IST on 1 and 2 May 1953
(Hatched areas show convergence ; unit : hr=!x 10-2)




UPPER AIR ANALYSES AND NOR'WESTERS 29

. Computation of wind veloeity convergence

The seasonal heat low at the surface and
the associated convergsnee in the surface
layers of the atmosphere, sufficient insolatio-
nal trigger derived from grcund heating during
the afternoon as well as latent instability are
almost normal features of the atmosphere
over northeast India during nor’'wester
situations. Nevertheless, it is an obs=rved
fact, that tifunderstorms do not occur at one
and the same station or area on every such
occasion, It was, therefore, felt that the
wind veloeity convergence and its progressive
increass at some suitable higher level or
levels rather than at the surface layers,
might supplement the daily available insola-
tional trigger, in order to release the latent
instability culminating in the development
of nor’westers; and that the field of conver-
gence at the higher level or levels might
provide a useful guide for forecasting the
thunderstorms. Accordingly, charts of wind
convergence at 5000 , 10,000, 15,000
and 20,000-ft levels over the region under
study, have been prepared for all the days
during the period 1-8 May 1953, using the
available network of pilot balloon winds at
1430 IST. Only a few representative charts
for 1 and 2 May, are reproduced in Fig. 12.
Hatched triangles indicate regions of con-
vergence. The objective method of Bellamy
(1949), instead of the wind component
method using isopleths of u and v, has been
adopted for this computation, as the former
is eanily adaptable as a daily forecasting
technique, whersas the latter method is more
laborious in practice compared to the former.

It is found from this analysis, that the
patterns of convergence at the 5000-ft level
showed a rsmarkably good correspondence
wish the areas, whare thunderstorms develop-
ed during the same evening and night, while,
those at any of ‘the higher levels, even at
1430 IST,*which was close to the usual time
of outbreak of the nor’westers, did not throw
any useful light on their usability as a factor
for predicting the thunderstorms. A eompa-
rison of Fig. 12 with the actual development
of weather shown in Fig. 8 (a, b) illustrates
this point. The above inference is, however,
subject to a reservation imposed by the

limitation of lack of sufficient wind data for
levels at hand above 10,000 [t over tha
region as a whole for the period under review.
The absence of corrsspondence of the
observed fields of convergence above 5000
ft level with the actual development of
thunderstoims is also not surprising, in view
of the fact, that they refer to 1430 IST,
which ifself is much earlier than the time of
commencement of thunderstorms at most of
the places; and as such, they are not likely
to reflect the distortion of the environmental
velocity field, which appears with the develop-
ment of the cumulus cells and increases
rapidly thereafter with the growth of the
cumulus into cumulonimbus clouds (Byers
and Braham 1949).

6. Conclusion

From the point of view of thermodynamics
the observed semi-permanence of the total
thickness patterns within the 1000/500-mb
layer and the large variability and erratic
movement of the partial thickness patterns
within the 700/500-mb layer, as seen within
the limits of errors of the present analytical
facilities, do not lend any support, having a
sound physical basis, to regard these thickness
patterns as reliable prognostic factors for
forecasting the nor’westers 12 to 36 hours
in advance of their actual occurrence. As
far as an individual station is concerned, the
variation of actual thicknesses and the chan-
ges in thermal instability likely to be caused
on the assumption of the transport of the cold
thermal system, delineated by the partial
thickness patterns in its vicinity on the
previous day, are themselves largely unrelated
to the actual development of nor'westers
over that station, as illustrated in the case of
Calcutta and Bogra. For this reason, greater
caution is required to be exercised in treating
the thermal patterns as reliable guides for
forecasting nor’westers or no nor'westers
at an individual station than over compara-
tively larger areas.

The dynamical aspect of the thickness
patterns, as deduced from the theory of
Sutcliffe, is more applicable to the stu&y of
the evolution and prognosis of large seale cireu-
lations such as travelling pressure systems,
and are apparently not suited for forecasting

such small-scale and short-lived instability .
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phenomena as the thunderstorms, except on
occasions when a moving pressure svstem
or wave controls the development of the
seasonal weather.

Although the thickness as well as the
‘development’ patterns do not appear to have
any significant medium-range prognostic
value, for predicting the thunderstorms 12
to 36 hours ahead of their actual occurrence,
the presence of the partial thermal systems
and the field of development, at and near
the time of outbreak of the thunderstorms,
appear to influence the density and intensity
of actual weather development, which ae-
companies them almost immediately. This
coincidence, having no significant forecasting
value is, however, to be regarded as fortuitous,
when one considers the unpredictably
quick variations of the development patterns
observed on normal days uninfluenced by
moving pressure systems and of the partial
thickness patterns, at short intervals of time,

The difficulty of using the patterns of
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vorticity and of wind velocity convergenae
as forecasting factors, becomes apparent in
the light of the fact, that for ascribing
anyv fll'm_'.nnsril' value to them, more |Iat;j
from a closer network of stations and at
more frequent intervals of time than at
present available are needed. The spatial
distribution of the field of vorticity can be
assessed accurately, only if the computation

is based on the 500-mb contours drawn
uniquely, as pointed out by Cressman,

This is possible onlyv if more data are available
than at present. Similarly, ‘more upper wind
data from a closer network of stations at
shorter intervals than at present are essential
for computing the velocity convergence over
smaller aveas comparable with the dimensions
of the phenomenon under investigation.
When such comprehensive data  become
available, these methods of upper air analysis
can, perhaps, be adopted profitably as routine
forecasting practices  for predicting  the
nor'westers, sufficiently in advance of their
oceurrence.
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