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INTRODUCTION.

In a previous paper (Malurkar, 1943) an attempt was made to study the dyna-
mics of air structure leading into instability which may sometimes give rise to
thunderstorms. It is not unusual to find that, even in recent researches, attention is
mostly paid to the thermal and moisture structure of air (as evidenced by the use of
isolated potential diagrams of air) and the further development is left vague. One is
hardly able to distinguish the circumstance whether the thunderstorm was purely
a result of the structure of air or due to a superimposition of extraneous influences
also. Favourable thermal and moisture structure is a necessary but not a sufficient
condition antecedent to a thunderstorm. An apparently unstable structure
persists, sometimes due to some boundary condition. That very fact would allow
the continuance or persistence of the air structure till the boundary conditions
are changed or extraneous influences brought in. As such, the argument of an
inherently unstable air structure can be barred out.

The condition of stability in a mixed fluid is that the heavier or denser com-
ponents sink to the bottom and the lighter ones rise to the top. The difference
in density in an otherwise homogeneous mixture can be brought about by differences
of temperature or by differences in the proportion of miscible components. The
problem of determining the exact amount of top-heaviness that is required before
a redistribution of matter takes place has been referred to. If a sufficient thick-
ness of material is taken, the difference in density required becomes small, i.e. an
almost uniform density will be required for stability. In a gas, however, when
sufficiently thick strata are considered, the variation in density due to pressure
changes has also to be taken into account. This is done by making use of a quantity
‘potential density’-—density attained by the gas when it is adiabatically brought
to a standard pressure. If the potential density is the same everywhere in a mass of
gas, any two portions of it can be transposed without change in the structure. The
potential density of dry air is simply a decreasing function of the potential
temperature—the temperature attained by a given quantity of air when it is
adiabatically brought to a standard pressure of 1,000 millibars.

On a meteorologically quiet day, the convection due to temperature differences
and radiation would tend to stabilise the air and the potential temperature would
increase with height. An upward motion imparted to a small element or parcel
of air under the circumstance would be controlled by hydrostatic forces and the
element would execute oscillations. The amplitude of oscillations decreases if the
rate of the rise of potential temperature with height is large (if the rate of fall of
potential temperature with height is large). In the extreme case of a temperature
inversion, the amplitude of oscillation would be nearly negligible. When the air has
almost the same potential temperature over a considerable height the amplitude of
oscillation can get to be large. When there is sufficient moisture in the rising
element of air, it may reach the level of condensation before the complete upward
part of the oscillation is executed.
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It is the object of this paper to take different classes of thunderstorms in India
and place them in the proper perspective for further theoretical study and for use
to a weather forecaster. An attempt is also made to answer a few questions, tem-
perature falls associated with the passage of thunderstorms, temperature inversions
before and after nor’westers in Bengal, etc.

Normand (1921) gave a definite criterion to distinguish ‘heat thunderstorms’
from other thunderstorms. The change of wet bulb temperature after the passage of
a ‘heat thunderstorm’ was slight. He gave the example of Madras where the wet

~ bulb temperature fell on an average by about 0-7°F. The average fall in wet bulb
temperature after the passage of a nor'wester was about 6:4°F. For brevity, the
thunderstorms, which show a large change of wet bulb temperature like the nor*
westers, may be called ‘frontal’ thunderstorms. It will be shown later in this paper
that a sort of ‘cold front’ is involved in these cases. It will also be shown that, if
one considers from the point of view of dynamical climatology, the ‘heat’ thunder-
storms occur on the equatorial side of the high pressure belts which exist in upper air
from 2 to 4 km. on either side of the equator and that the *frontal’ thundersiorms occur
on the poleward side of the same high pressure belts.

The large fall of wet bulb temperature after the passage of nor’westers in Bengal
was accounted for by descent of cold air from higher levels by Sohoni (1931), Normand
(1938) and others. Normand remarked, ‘In some studies of thunderstorms, it became
clear that low wet bulb temperatures after the storm could not be explained from
any pre-existing wet bulb temperatures in the surrounding regions at the station
level. No air masses moving horizontally could lead to the final condition. There was
no possible explanation, so far as I could see, other than the descent of rain-drenched
air. One had to postulate that air descended from a considerable height and
picked up water wvapour during descent. In some of the examples one had
to imagine that the air descended from heights of 4 km., even when picturing the
efficient adiabatic descent. If the descent, however, was inefficient in the sense
that the mixing of the downgoing air with other air (‘eviction’) occurred, then one
had to imagine still higher levels for the origin of air that fell to the ground-level.
From the effects observed after the thunderstorms, I do not see how we can avoid
the conclusion that rain may fall down with, and through, descending air whose
properties differ from those of the ascending air in which the rain formed.’

OBSERVATIONAL EVIDENCE.

The descent of cold air from great heights is difficult to justify dynamically
and there is hardly any experimental proof of it. Normand has himself been
forced to the assumption as a last resort for want of an alternative reason. He
has not explicitly stated how far he searched in horizontal space for his
cold air. It was considered necessary to examine a few records, based on the
experience of a recent study. The author has shown there that nor’westers have
to be explained on the basis of the movement of secondary low pressure areas induced
by extra-tropical depressions of the middle latitudes. Since these secondary low
pressure areas move nearly 500-800 miles a day, fairly extensive charts from Bengal
to the east United Provinces were studied. Normand’s wet bulb potential tem-
perature (nearly an invariant for identifying air masses) and past weather remarks
were charted over the above area. As a typical example, the morning (0800 hr.
I.8.T.) charts during a nor'wester period (11th-16th March, 1947) is shown in
Fig. 1. The isopleths have been drawn at intervals of 4°F. The figure definitely
shows that the isopleths have an apparent eastward motion. Though it is only
relevant to notice this movement of temperature isopleths for this -paper, it is
apparent that the motion must be associated with the movement of the secondary
low pressure areas of the western disturbances whose motion is guided, as is well
known, by the winds at the level of cirrus clouds. That such isopleths of tem-
perature move in a more or less regular way has been confirmed by a recent study of
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surface wet bulb temperatures. The wet bulb temperature recorded at Calcutta
on 13th March, 1947, after a nor’wester, is certainly not lower than the corresponding
values recorded on the 12th over east Central Provinces and Chota Nagpur. As
the isopleths of temperature have a regular eastward motion, as the temperature
fall after the passage of a nor’wester is not larger than the change brought about by
the movement of temperature waves, and as the experimental evidence for down-
ward descent of air is not available, it would be more reasonable to assume the changes
in temperature as due to the movement of the temperature isopleths, which will
depend ultimately on the motion of the low pressure areas.

Afternoon charts for the same period were also prepared. They support the
conclusions drawn from the morning charts. Owing to the indeterminacy of the
diurnal variation of temperature at present, they have not been reproduced along
with the morning charts.

The thunderstorms in the United Provinces (Malurkar, 1948b) alsc showed
that no far-fetched explanation is needed to account for temperature falls after
thunderstorms in winter and in the pre-monsocn months.

Favourable air structure.—The rate of rise of potential temperature with height
can be made small if one or both of the following two contingencies occur. (a) An
incursion of colder or potentially colder air takes place at levels from 3 to 6 km.
(b) An incursion of warmer or potentially warmer air takes place at lower levels
up to about 2 to 2-5 km.

An incursion of potentially colder air is }:ossible if fresh air from a more northerly
latitude is brought. Here the conditions in’ the northern hemisphere are explicitly
given. But they apply to the southern hemisphere by a substitution of south for
north and vice versa throughout. At the rear of extra-tropical depressions (cold
sector), the associated pressure gradient is large. The cold air can flow te more
southerly latitudes at all levels up to which the low pressure area extends in the
cold sector.

An incursion of potentially warmer air occurs with a more southerly stream.
The southerly stream may be due to the influence of an extra-tropical disturbance
passing near the locality. If conditions are unsettled prior to the formation of a
tropical depression in the neighbouring seas, they may also induce an incursion of
potentially warmer air at lower levels. If the southerly stream has had a travel
over sea or swampy land, it would contain moisture which may be sufficient for the
production of thundershowers. Even otherwise, the southerly air in its northward
travel undergoes latitudinal convergence and gets to be less stable. The air acts
as though it contained more moisture than the air which it replaced and would
contribute to produce instability.

Initial wpward motion.—The causes of initia] upward convection are (Malurkar,
1943)—

(@) unequal surface heating;

(b) unequal humidity structure along a horizontal plane which facilitates local
convection;

(¢) large-scale waves at the interface of air layers; and

(d) gradient of wind velocity as a result of (i) orography or distribution of
land and water, (ii) frontal action, (iii) latitudinal convergence, and
(iv) convergence due to advection or horizontal motion of wind from
several sources and directions.

In the extra-tropical cyclones, Bjerknes showed that at the cold front, a wedge
of cold air undercuts and lifts up the warm moist air, thereby producing enough
convection for a thunderstorm or a squall. Depressions which got occluded when
they were over the land had their distinguishable sectors in upper air. The upper
cold fronts lifted up the superincumbent warm moist air masses and produced
the thunderstorms.

4
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Extra-tropical disturbances near the tropics.—The relatively weaker pressure
gradient in the tropics, compared with the temperate zones (Malurkar, 1947a),
introduces a further complication to the usual occlusion cver land. The actual travel
of extra-tropical depressions over India has been dealt with in detail elsewhere
(Malurkar, 1945a, 1947b, 1948a, b, 1949 ; Malurkar and Desai, 1943). The extra-
tropical depressions produce secondary depressions which affect the more northerly
portions of the tropics. These secondary depressions, or as they are known in
India by the generic name of western disturbances, are almost structureless on many
occasions and move in an apparently erratic way. A systematic study of winter
weather showed that an apparently structureless western disturbance could be split
up into a series of low pressure arcas. Kach of these low pressure areas moved in
almost east-north-easterly direction and had a distinct evolution. In other words,
onc or more of the split-up low pressure arcas weakened or intensified during the course
of its travel and sometimes one or more of them coalesced with another low pressure
area. All the split-up low pressure areas did not affect the upper air to the same
degree or vertical extent. The low pressure arcas in more northerly latitudes affected
the upper air to a greater height than those in more southerly latitudes. A split-up
low pressure area in about Lat. 30° to 35° N. affected upper air up to about 6 km,,
onc about 25° to 30° N. affected up to about 4 km., and those about 15° to 20° N.
affected only to a height of about 1-5 to 2:0 km. More southerly low pressure
areas were just detectable on the surfacc charts. This diminution of vertical extent
of successive secondary low pressure greas appears to be a consequence of the
partition of the westerly and easterly streams, or the seasonal low pressure area
in northern winter extending to a much higher level in more southerly latitudes.
The speed of the westerly wind at the same level decreases as the equator is ap-
proached. Hence a secondary low pressure area travels slower than its more
northern primary. This is an important difference; as in the temperate zone, the
secondary depression travels faster than its primary.

DiscussioN.

The physical consequences of analysing a diffuse western disturbance can
now be given. The cold sector of a low pressure area of a western disturbance would
bring in an incursion of fresh cold air and its associated westerly or west-north-
westerly winds which would be strong at higher levels. The more southerly low
pressure area extends to a lower height than its northern neighbour and travels
much slower. Above the limit of height of the southerly low pressure area, fresh
cold air due to its more northerly neighbour and the strong westerly circulation can
exist. A locality may be in the field of the ‘warm’ sector of the more soutliern low
pressure area at its lower levels. The cold sector of the more northerly neighbeur
might and often would already be controlling the circulation at the higher levels
over the same locality.

The fresh cold air is colder or potentially colder than the air whieh it has replaced
over a given locality, and at the given height. If the locality is still in the ‘warm’
sector of a low pressure area, the consequential southerly infeed would bring in
warmer or potentially warmer and more moist air than what existed over the locality
at those heights. If a locality is in the ‘warm’ sector of a southerly low pressure
area at lower levels and in the ‘cold’ sector at bigher levels of the atmosphere, the air
at higher levels has relatively been cooled and the air in the lower levels has relatively
been warmed up and been made more moist. The incursion of air from the south
would also produce latitudinal convergence, which is more pronounced in the tropics.
The conditions now favour instability or help to maintain convection. If oné or
more of the causes of initial upward convection, mentioned earlier, operated, a
thunderstorm may be possible. The chief causes of initial upward convection are
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insolation and frontal action. Each split-up low pressure area of the western
disturbance has its own ‘ccld’ front and cold sector. After the favourable air
structure has been established over a locality, if the ‘cold’ front reaches the place,
it undercuts the warm moist air and lifts the superincumbent air. Large vertical
convection is set up and often maintained, resulting in thunderstorms. 1t is a bit
difficult to picture at first how in North India in winter, a generally dry season,
thunderstorms occur. If the multitude of factors that enter into the picture {cold
air at the top, warm moist air in the lower levels, undercutting by a cold wedge at
the ‘cold’ front, and additional incidental causes of convection) are all considered,
the process becomes clear. It is not necessary that all the factors must be present
when a thunderstorm has to occur.

Regarding the air masses, the cold air in the wake of ‘cold’ fronts is Tropical
Continental air (Tc) with an occasional mixture of Polar Continental air (Pc) and
extends vertically till the limit of the low pressurc area. In the ‘warm’ sector, the
air is generally Tropical Continental Maritime (Tem) or Tropical Maritime Con-
tinental (Tmc) and sometimes even Tropical Maritime (Tm). The properties of
Tropical Continental air (Tc) are fairly the same at a given epoch in the same latitude
and locality at all heights. When a locality is in the ‘warm’ sector (Tcm) of a more
southerly low pressure area and in the cold sector (Tc) of a more northerly low
pressure area of a western disturbance at higher levels, the approach of the ‘cold’
front of the more southerly low (with Tc) over the locality would make the air
homogeneous at both low and high levels of the atmosphere. It is possible to confuse
the Tc air at the rear of the ‘cold’ front of the more southerly lew pressure area as
due to descent of Tc from higher levels—the air at the rear of ‘cold’ fronts of more
northerly low pressure areas. This confusion would not arise if a suitable analysis
of western disturbance into a series of well-ordered low pressurc areas is made and
the logical consequences followed step by step. The fall of wet bulb temperature
after a thunderstorm occurs mostly in North India, and hardly if ever in the South
Peninsula. There is hardly any reason why air from high levels should descend
down only over North India and not over South Peninsula during the thunderstorms.

Sometimes one or more of the secondary low pressure areas may fill up. The
westerly upper winds at higher levels would not then speed up and would continue
to remain weak. This affects the more southerly low pressure area. It would not
travel quickly across and may sometimes get diffuse. An incursion of Tm or Tem
would have taken place over a locality when a low pressure area has reached there,
When the ‘cold’ front of the low pressure area reaches the locality, there would be a
‘frontal’ thunderstorm with a fall of wet bulb temperature. As the westerly winds
are not strong at higher levels, for clearing away the products of condensation and
for bringing in fresh cold air, thunderstorms do not stop after the first ‘frontal”’ one
but persist for a spell of two or three days. The subsequent thunderstorms are
mostly of the ‘heat’ type. The weakness of upper winds at higher levels would
show a temporary weakening of the high pressure belt. An equivalent condition
is when the high pressure belt moved further north than usual. It is well known
that on such occasions the diurnal variation of clouds is similar to what is found
nearer the equatorial belt and described by Braak (1932). As the ‘cold’ front has
once passed away after the first thunderstorm, the cause of initial upward convection
for the subsequent thunderstorms must be insolation. The non-horizontality of
surfaces of equal humidity along with orography can also contribute to the cause of
initial convection (Malurkar, 1943). The latter result finds confirmation in Hemraj’s
criterion for thunderstorms in the Central Provinces. In late winter and in pre-
monsoon months, he found that when departures of surface humidity from their
normal values fluctuated widely from station to station (some largely positive up
to 209, and others largely negative in contiguous areas), thunderstorms would occur.
If, however, the westerly upper winds at higher levels strengthen once again, the
products of condensation in the vertical will be dissipated, resulting in clear
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weather. A general subsidence of air at higher levels due to a depression on the other
side of the equator would bring in a good rise of potential temperature with height
and would also bring in clear days.

In the nor’westers, a temperature inversion at about 1-5 to 2:0 km. over a
greater part of South Bengal complicates slightly the argument. The contiguity
of the sea to the south of the place makes the southerly air almost Tropical Maritime
(Tm). In its northward travel due to latitudinal convergence, it gets to be less
stable. But for the temperature inversion, and the Tm in lower layers instead of
Tem, the thunderstorms over South Bengal should be expected to be similar to those
in the United Provinces.

~ Chatterjee and Sur (1937) have stated, ‘These inversions over Lower Bengal in
April and May appear to be similar in type to those first observed by J. H. Field
over Karachi in August and September 1905. The inversion over Karachi is due to
the same cause, but the history of the dry air overrunning the moist air over Karachi
is different from that of the dry air over Bengal as it traverses different regions of
the country.” The existence of temperature inversions in an equator-ward bound
stream is a more universal fact (Malurkar, 1947d). The arguments for Bengal are
briefly: in the northern hemisphere, the ‘N.E. Trades’ blow towards the equator in
the non-monsoon months. As the season advances to summer, these ‘N.E. Trades’
get displaced northwards and would overrun South Bengal. Anequator-ward bound
stream has latitudinal divergence and tends to stabilise itself. When passing over sea
or swampy land, it would develop a temperature inversion which is further sharpened
by radiation. Though there is a gain of both temperature and moisture content
along the path of the ‘N.E. Trades’, the inversion prevents the dissipation of
accumulated energy.

When the low pressure areas of a western disturbance move eastwards, the
‘N.E. Trades’ also get partially displaced eastwards. The existence of the low
pressure area would bend back the ‘N.E. Trades’ to a northerly direction. An air
stream which was gaining in stability in its equator-ward motion is now bent pole-
wards. This would lead to a diminution in the stability of the air stream and if the
low pressure area is well developed (Malurkar, 19474 ; 1949), it may wipe out the in-
version. The afternoon heating or insolation would contribute to the deepening
of the low pressure area which may be passing over a place, and to the bending
back of the ‘N.E. Trades’. With this dynamical reason for the breaking up of
the temperature inversion, the further consideration of the thunderstorm is the same
as in the United Provinces, i.e. ‘frontal’ as described earlier: fresh cold air at higher
levels, fresh moist warm air at lower levels, passage of a ‘cold’ front at the surface,
the orographic features due to distribution of land and rivers (contributing to the
non-horizontality of surfaces of equal temperature and humidity) and insolation.
The last two causes, the relatively weak velocity gradient after the ‘cold front’ and
the temperature inversion account for the absence of an easily recognisable time
sequence and greater frequency of nor’'westers in the afternoons at many places.
The large moisture content in the lower levels and the sudden breaking up of the
inversion lead to the severity of the nor’westers.

When the low-pressure area of the western disturbance has passed away, the
‘N.E. Trades’ would once again establish themselves over the region bringing in the
inevitable temperature inversion. Even in Bengal, there would be occasions when
‘heat’ thunderstorms occur after the nor’westers due to the fact that a more northern
low pressure area of the western disturbance was not fully developed.

The secondary low pressure areas of the western disturbance form on the northern
side of the high pressure belt which exists in upper air from about 2 to 4 km. some
degrees north of the equator. The high pressure belt undergoes short-period and
long-period variations. The ‘cold’ front of the low pressure area can only occur
on the northern side of the high pressure belt resulting in a fall of the wet bulb
temperature after the passage of a thunderstorm.
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With the ideas in this paper, it is possible to reinterpret most of the anomalous
phenomena associated with thunderstorms without bringing in each time any ad
hoc assumption (Malurkar, 19485, 1949 ; see references in them).

Southern side of the high pressure beli.—The high pressure belt ig, as is well
known, broken up into a series of cells or anticyclones. When a western disturbance
passes to the north of the anticyclone, it gets developed or intensified. The cold
air (Tc) of the western disturbance skirts round the upper air anticyclone from
about 2 to 6 km. and reaches the southern side of the high pressure belt. This
fresh air (Tc) is colder than the air which it replaces. This provides the cold air
at the top for the favourable conditions of a thunderstorm. The warm moist air
at the lower levels is brought in due to (@) unsettled conditions in the neighbouring
seas which bring in air from different regions or due to (&) influence of a western
disturbance at a higher latitude, which may draw in the ‘N.E. Trades’ towards
itself under some circumstances {(Matlurkar, 1947b, ¢). In the latter case, the
latitudinal convergence would be an important factor in decreasing the stability of
air at lower levels. Another additional cause, of an infeed of warm moist air,
occurs when Equatorial Maritime air (Em) from the other side of the equator
moves into the northern hemisphere to produce ‘unsettled weather’ and later
tropical depressions (Malurkar, 1945a) during the pre- and post-monsoon months.
During the monsoon months, the incursion of Em over Indian area occurs at fairly
regular intervals.

In the non-monsoon months, the air at a higher level has been replaced by
fresh cold air (Tc) and the air at the lower levels replaced by more maritime air
(either bent back Tr or Em). The condition is therefore favourable for maintaining
thunderstorms (Malurkar, 1937). The orography and afternoon heating or insola-
tion must cause the initial upward convection. There is no cold air mass involved
at the surface and no ‘cold’ front, and hence no fall in wet bulb temperature after
a thunderstorm. In fact, on the day after such a thunderstorm, it feels muggier.
When Em is involved, the air has had a long sea travel before crossing to the north
of the equator and later undergoes latitudinal convergence. The replacement of air
at lower levels by Em may be sufficient to maintain convection without even invok-
ing the incursion of fresh cold air at higher levels. A passage of Em northwards
must therefore be able to produce thunderstorms. This has been taken by the
writer to he an indicator of the passage of Em across S.E. Madras to the North
Madras and Orissa coasts (Malurkar, 1945a). Orography plays only a secondary
part in determining the places of thunderstorms due to Em.

In the pre-monsoon months, the frequency of thunderstorms decreases both
northwards and eastwards and is maximum near the south-west tip. The lie of
the land is also similar, and a first impression is that orography was directly res-
ponsible for the distribution of thunderstorms. In the post-monsoon months,
however, the eastern districts also get thundershowers. The simple picture in the
pre-monsoon period cannot now be applied. In the monsoon months also, orography
plays little direct part in the distribution of thunderstorms associated with Em,
The cause of distribution of pre-monsoon thunderstorms cannot all, therefore, be
orography. A reference to climatic charts shows that the upper air anticyclonic
cellsshould provide the clue. The recurvature or bending back of Tr or ‘N.E. Trades’
can occur only on the western side of the cell and there would be actually divergence
and gain in stability on its eastern side (Malurkar, 1947b, ¢). The position of these
anticyclonic cells determine the occurrence of thundershowers. The rate of latitudi-
nal convergence (which decreases with increase of latitude) explains the northward
decrease of thundershowers in Peninsular India.

The non-monsoon thunderstorms in South Peninsula of India can, therefore, be
accounted for as ‘heat’ thunderstorms (the initial upward convection is due to in-
solation and little change in wet bulb temperature occurs after the passage
of a thunderstorm). During the monsoon months, however, the belt of such
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thunderstorms gets pushed northwards. ‘Heat’ thunderstorms also occur when
onc of the low pressure areas of a western disturbance to the north of the locality
weakens or when the high pressure belt is virtually pushed northwards. 1t
follows that the ‘heat’ thunderstorms occur in India in the southern portions or
the equator side of the high pressure belt.

The above arguments are quite general, though the various facts have been
taken from India. The high pressure belt in upper air at heights from 2 to 4 km.
surrounds the equator and extra-tropical cyclones travel to the north of it producing
their successive secondaries. Tropical depressions travel to the south of the high
pressure belt from the east. Hence ‘frontal’ thunderstorms (where the major
part of the initial convection is due to a cold wedge or a ‘cold’ front) occur on the
northern or poleward side of the high pressure belt. The ‘heat’ thunderstorms
occur on the southern or the equator side of the same high pressure belt. The
arguments for the southern hemisphere can be immediately written down.

An immediate consequence of the above can be made to Burma and Siam.
The thunderstorms that occur in Tenasserim and parts of Lower Burma are ‘heat’
thunderstorms. Those that occur in Upper Burma or North Siam in winter or in
pre-monsoon months are ‘frontal’ thunderstorms. When data are available for
these regions, these results can be verified.

An application to the North American area can also be hazarded. But the
data available to me for verification are scanty.

As a rule, ‘heat’ thunderstorms should occur in Central America and South
Mexico. Inthe more northern places, in winter and spring (early summer) ‘frontal’
thunderstorms must be the rule. In the Lower Mississippi valley, where severe
thunderstorms occur and temperature inversions in mid-air are present, the analogy of
a nor’wester seems to be appropriate. To the south of the place there is Gulf of
Mexico and to the east of it there is the high pressure area or cell of the Atlantic
providing the Tm and Tr respectively. The extra-tropical depressions or their
diffyse secondaries over the valley should give rise to the severe thunderstorms.
Just as in India where ‘tornadoes’ occur sometimes in Bengal, the valley is also
subject to the visitation of ‘tornadoes’. Humphreys (Physics of the Air, 3rd edn.,
PP- 219 ef seq.) has summarised in connection with ‘tornadoes’ in S.E. United States
of America the following conditions: (&) there is a fall of temperature (and presumably
of the wet bulb temperature also) after the passage of a tornado; (b) they are
associated with a V-shaped depression and sometimes even with a very weak
depression, hardly detectable on the charts; (c) there is often a marked stability in
the upper air, as shown by mid-air temperature inversions, in the neighbourhood of
a tornado; (d) the tornadoes occur in a series ; and (e) the tornadoes do not occur in
the tropiecs. The tornadoes occur in connection with the cold front of the extra-
tropical depressions. These results are consistent with the fact that tornadoes occur
in association with ‘frontal’ thunderstorms which should occur on the poleward side
of the upper air high pressure belt.

One other point needs to be clarified. The Tr or ‘N.E. Trades’ blow strong
when moving towards the equator. Then they develop a temperature inversion in
mid-air (Malurkar, 1947d). If this Tr is bent back sharply towards the poles, the
inversion gets destroyed. If the Tr which has a mid-air inversion is merely allowed
to slowly drift polewards, one cannot expect that the latitudinal convergence is suffi-
cient to wipe out the inversion. This is the reason why Tr, which ultimately has
hlown from one of the high pressure cells towards the equator, then skirted the cell
to the west and moved slowly polewards, continues to exhibit the temperature
inversion. If now the Tr is given a rapid movement towards the poles, the tempera-
ture inversion has a chance of being wiped out. This rapid movement is possible
if a depression (even sometimes a weak one) passes near the place or if a strong
southerly stream, due to a strong depression in more northerly latitudes, induces
Tr also to move along with it. ‘
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In heat thunderstorms the convection is determined by the non-horizontality
of surfaces of equal temperature and of equal humidity. The initial upward motion
can only occur at isolated places and cannot occur over an extended area. In the
frontal thunderstorms, on the other hand, one has to consider a stratum which is
lifted up due to a cold wedge. The stratum might extend to several kilometres.
There is a slight difference in the calculation of temperature changes in the two
types of thunderstorms. When the tropics are considered, both the methods will
need to be developed and checked up. Petterssen et al. (1946) has tried to give
greater prominence to the second type to the exclusion of the first one, but this is
not valid.

Observations of cumuliform cloud cells became important during the war.
In ‘frontal’ thunderstorms which move with a certain degree of regularity, the time
sequence could be determined. Frequent observations of the clouds and their
motion would be profitable to the aviators. In ‘heat’ thunderstorms, the observa-
tions lose much of their significance. A well-recognised time sequence is only
possible when the thunderstorms are associated with the passage of Em to feed a
tropical depression, or with the bending back of the ‘N .E. Trades’ to feed into a low
pressure area of a western disturbance. Even in the last case, the determination
of the sudden bending back of the ‘N.E. Trades’ and the breaking up of the
inversion need more detailed investigation.

In heat thunderstorms, it is interesting to determine, even approximately, their
distribution in a given area. The problem of an unequally heated land is similar
to a heated plate where there is no general upward transference of air. The upward
convection takes place in isolated elements determined by very small irregularities
(Malurkar, 1943). The patterns of Chladni for a flat or loaded plate can be used for
analogy. In one of the applications (Malurkar, 1945a, b) of the idea a tract of land
having a sea boundary was taken to resemble a ‘free’ plate, and a land connected
all round to a ‘fixed’ plate, for determining the modes of vibration. As the whole
area does not have an upward motion, the gravest mode has to be left out and the
next possible mode has to be taken into account. The nodal area, taken as a
fraction of the whole area of the plate, gives the proportion of vertical convection
and also the probable area over which ‘heat’ thunderstorms can be expected for a
similar type of land.

It is not easy to solve the problem of a loaded plate or even a flat plate in
general. Poisson solved long ago the instance of a circular uniform plate. Rayleigh
(1894, see also Lamb) applied the case of a uniform circular plate clamped round the
edges to the vibrations of a telephone receiver. The radius of the nodal circle which
is just smaller than that of the circular plate is 0-3817, where 7 is the radius of the
plate. The area of the nodal circle to the area of the plate is nearly 0-145 or
14-5%,. This is a small fraction. It shows that even if it may be possible to say
with great definiteness that thunderstorms will occur over a big area, the chance of
so doing over a locality is fairly small. The change in the shape of the plate is
not likely to make much difference in the ratio that is obtained. The loaded plate
which is weighted to resemble the system of rivers and mountains would present
a more formidable problem. It is likely that the chance of forecasting near the
orographic peculiarities may be greater than over a flat country. This is being
looked into further.

SUMMARY.

An application of previous investigations on dynamies of thunderstorms is applied to the
tropics. It is unnecessary to invoke air from high levels to account for wet bulb changes after
the passage of thunderstorms. Two types, ‘frontal’ and ‘heat’ thunderstorms, have to be
considered. Cold air at higher levels, warm moist air at lower levels, cold front at surface,
orography and insolation are responsible for a ¢ frontal’ thunderstorm. In a heat’ thunder-
storm all the above except the cold front come into play, and hence there is no drop in the wet
bulb temperature after a thunderstorm. The ¢ frontal’ thunderstorms occur on the northern



170 S. L. MALUREAR: MECHANISM OF THUNDERSTORMS IN THE TROPICS.

side of the high pressure belt in the upper air, while the ¢ heat’ thunderstorms occur on the
southern side in the northern hemisphere. Corresponding modifications are to be made for the
southern hemisphere. Aun application of the vibrations of g clamped plate is made to the
probability of occurrence of thunderstorms. Observations of cloud cells and methods of
dealing by ¢ parcel * and ¢ slab * methods are also considered.
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F1e. 2a.
(‘Frontal’ Thunderstorm)

Fresh Cold Air at the rear of a
Northern Low Pressure Area of a
Western Disturbance. Te

e T T T T T e e e e - ———— - — 2 to 3 kms.
Fresh ~~ ~
Cold Air at ~ Fresh Warm and Moist Air
the Rear of ~ ~ from the South.
the more southerly N T
Low Pressure Area \\
of the Disturbance. Tec \
Ground.
Fia. 2b.

(Nor’wester in Bengal)

Fresh Cold Air at the rear of a
Northern Low Pressure Area of a
Western Disturbance. Tec

““““““““““““““““““““““ 2 to 3 kms.
\\

Fresh \\ Fresh Tm 4
Cold Air at ~ )/ N.E. Trades. Tr
the Rear of \\
the more southerly N\
Low Pressure Area \
of the Disturbance. Tc¢ \

\ Ground,

Fia. 2¢.
(‘Heat’ Thunderstorm)

Fresh Cold Air brought to the
South of the High Pressure Belt
after skirting the Anticyclonic
Cells. Te¢ _
——————————————————————————————————————— 2 to 3 kms.

Fresh Warm Moist Air
Tm, bent back Tr or even Em

Ground.



