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ABSTRACT  

Two case studies of storms over western Europe confirm 

the findings of Carlson and Ludlam (1968) on the large-scale 

conditions for their formation; however one of the storms 

behaved unusually: it moved rapidly and to the left of the mean 

tropospheric wind but had a squall front on .its right flank - 

unlike typical left-moving storms which have a squall front on 

the left flank. 	A three-dimensional model of this storm is 

suggested. 

Cumulonimbus convection over India is first investigated 

from a climatological viewpoint, and an interesting feature of 

the flow pattern, the Indian dry-line - a front separating air 

masses with markedly different characteristics - is investigated. 

A simple dynamical model of the dry-line suggests an interface 

in the form of a step with a height dependent on pressure 

gradient, surface drag coefficient and Coriolis parameter. 

An extension of the model to include a frictional stress variable 

with height suggests a circulation which, together with solar 

heating, would be likely to lead to cumulus and cumulonimbus 

development near the surface dry-line; this is observed. 

In a case study of a tornadic storm over N.E.India a 

particularly large available potential energy resulted when 

locally cool middle- and upper-level air - a cold pool - crossed 

northern India from the west. 	The cold pool originated in an 

occluded cyclone over the Atlantic. 
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CHAPTER ONE: INTRODUCTION  

1.1 	Forecasting Problem  

To begin, we comment upon the meteorological significance 

of cumulonimbus and the problem of forecasting their occurrence 

and behaviour. 	In most regions of middle latitudes cumulonimbus 

or thunderstorms occur rather infrequently and appear not to play 

an important part in the energetics of the large-scale and 'general' 

meteorological circulations, occurring only incidentally where 

conditions are locally favourable. 	By contrast, in the tropics 

thunderstorms are widespread and frequent and in places occur on 

more than half the days of any year; here they play an essential 

role in the general circulation and are the main source of rainfall. 

Heat and moisture are transferred by small-scale convection from 

the tropical oceans to the lower levels of the overlying air and 

are in turn transferred to the free atmcsphere by cumulonimbus 

convection (perhaps as elements of disturbances of larger scale) 

mainly, but not exclusively, in the I.T.C.Z.; this represents 

the principal heat source for the tropical circulation. 

Cumulonimbus when accompanied by large hailstones, severe 

squalls or tornadoes are the most intense of meteorological 

phenomena, and yet they are one of the most difficult to forecast. 

They present a serious hazard to aircraft because of the strong 

updraughts and dcwndraughts associated with them. 	In the 20 years 

up to 1970 more than 20 major aircraft crashes (4 of them in India) 

were attributed directly to severe weather associated with 

thunderstorms (Burnham, J., 1969), and there is thus a strong 

need in aircraft operation to forecast with confidence when and 

where severe thunderstorms are likely to occur. 	The necessity 

for accurate forecasts is becoming more important both because 
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of the more extensive use of aircraft and in view of the introduction 

of supersonic transport aircraft which are less easily able to 

avoid storms encountered in flight. 	The presence of large hailstones 

in severe thunderstorms is an added hazard to aircraft, and causes 

much damage to crops and property on the ground. 	Severe squalls, 

very heavy rain and tornadoes are also associated with severe 

thunderstorms and can cause even more serious damage and loss of 

life (e.g. near Dacca, E.Pakistan, on 14 April 1969 when nearly 

1,000 people were killed and over 100,000 houses completely destroyed 

by a tornadic thunderstorm). 	Stationary arslow-moving thunderstorms 

can have particularly damaging results when heavy rain falls over 

one locality for several hours, almost inevitably causing serious 

floods. 

1.2 Requirements for Intense Cumulonimbus Convection  

For the development of severe thunderstorms the stratification 

in the troposphere must be such as to represent a considerable 

amount of available potential energy for conversion into kinetic 

energy: the average value of the wet-bulb potential te„Terature, owl 

in a layer near the surface which is at least 1 km thick, must 

be considerably in excess of the saturation wet-bulb potential 

temperature, es, in the middle and upper troposphere. 	This implies 

a large potential buoyancy of air lifted from near the ground into 

the middle troposphere, and permits the development of strong 

updraughts. 	In addition conditions must be suitable for the 

efficient realisation of this available potential energy. 	Pronounced 

wind shear has been found tc exist in almost all severe storm 

situations and Ludlam (1963) has suggested that it is important 

in the efficient organisation of the convective overturning, but 

its precise role is not clearly understood. 	We also require a 
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mechanism to initiate the overturning. 	Solar heating of the 

lowest layers may be sufficient, or local vertical motion ahead 

of an approaching large-scale front; this latter has been found 

to play an important role in many case studies of severe storm 

situations (§ 1.3.1, 1.3.2, 1.3.4) 

1.2.1 Available Potential Energy  

A simple way of defining the potential energy available 

for overturning in cumulonimbus is by the parcel theory of convection, 

in which a small volume, or parcel, is considered to rise 

adiabatically through an undisturbed environment with the conversion 

of potential energy to kinetic energy. 	A parcel which is 

representative of the potentially warm layer near the surface, 

is considered to rise dry adiabatically until it becomes saturated, 

and then with constant saturation wet-bulb potential temperature. 

The 'equilibrium level' of the parcel is that level (above the 

level of minimum es  in the environment) at which the environmental As  

is equal to the value of es  of the parcel considered. 	The maximum 

height attainable by the parcel, according to the simple theory, 

is the level above the equilibrium level where the parcel again 

has the potential energy equal to its value at the lowest neutrally 

buoyant point (we exclude the energy required to lift the parcel 

to this level). 

The assumption of adiabatic ascent seems reasonable in the 

central parts of the updraughts of large cumulonimbus where the 

ascent is nearly adiabatic. 	However, an obvious inadequacy of 

the parcel theory lies in the consideration of merely an individual 

parcel; in reality a layer of potentially warm air rises in the 

updraught and there is a modification of the environment by vertical 

motion in the associated circulation. 	Moreover, in an organised 



cumulonimbus an extensive dcwndraught may be present, representing 

an additional and sometimes even the main source of energy. 

Other inadequacies of the theory are the neglect of the weight 

of condensed water (equivalent to a reduction in temperature of 

about 1°C for a concentration of 4 g kg-1), the additional release 

of latent heat during freezing and direct deposition of vapour 

into ice. 	Despite these and other defects the parcel theory 

provides a convenient definition of the available potential energy, 

which can be modified in the light of experience. 

1.2.2 Favourable Large-Scale Situations  

In middle latitudes large values of available potential 

energy result when one or more day's supply of solar energy is 

stored in a relatively shallow layer near the ground, leading to 

locally abnormal values of ew  there. 	Normally widespread 

cumulus convection distributes the solar heat input at the ground 

throughout a rather deep layer and a suppression of such convection 

over a large area by a stable layer is a necessary preliminary of 

a severe local storm situation; the mechanism of this suppression 

must be a principal consideration of any case study. 	The depth 

of the suppressed layer is important, since for a given energy 

input the mean rise of Ow  is inversely proportional to the depth 

of the layer concerned, irrespective of the form of the energy 

input (sensible or latent heat); however, if much of the heat 

input is in the form of sensible heat, the dry-bulb potential 

temperature, 8, of the surface layer may rise sufficiently to 

overcome the restraining influence of the stable layer above 

before a large rise of Ow  can occur. 	(In a deep layer a large 

fraction of the input may be lost by long-wave radiation. ) 

In the tropics the same general considerations apply as 

8 
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in middle latitudes but here the shallow convective layer over 

the warm tropical oceans is the principal source of air with a 

high Ow. 	The maritime convective layer of low latitudes is 

normally shallow because of large-scale subsidence over much of 

the tropical oceans away from the I.T.C.Z. 

1.3 	Recent Cumulonimbus Studies  

It is the tropical areas of S.America, Africa and S.E.Asia 

which have the greatest frequency of thunderstorms, the number 

of thunderstorm days in some regions approaching and even exceeding 

200 days each year; in general, however, the more destructive 

storms occur outside the tropics (Ludlam, 1963): over much of 

central and southern Europe, in the middle west of the United States, 

in a belt across northern India to southern China, and in Argentina, 

S.Africa and S.E.Australia. 	Detailed studies of thunderstorms 

have so far been made practically only in Europe and the U.S.A. 

1.3.1 Europe  

Severe thunderstorms accompanied at the ground by hailstones 

of diameter a centimetre or more and, more rarely, tornadoes 

occur a few times each year over parts of Europe during the summer 

months and have been extensively investigated by several authors 

(Browning and Ludlam, 1962; Carlson and Ludlam, 1968). 	Browning 

and Ludlam, in a radar analysis of a severe hailstorm which 

occurred over S.E.England (the Wokingham storm), developed a 

steady-state model of the storm consistent with the unmodified 

environmental wind structure; this model is reproduced in fig.1. 

Potentially warm air at low levels approaches the storm with a 

component from the right and rises over a squall front as an 

intense inclined updraught, and leaves the storm on the forward 
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FIG.1 Three-dimensional model of the air flow within the Wokingham 
storm, proposed as typical of severe mid-latitude cumulonimbus. 
Streamlines of air in which condensation has occurred are 
shaded and the extent of hail and light rain at the surface are 
represented by dark and stippled shading respectively. The 
squall front is marked as a cold front and the belt of cumulus 
above it on the right flank cf the storm is shown schematically. 
The path Hui_' can be regarded as the trajectory of a particle 
which becomes a large hailstone. 

FIG.2 a) Middle latitude cumulonimbus in wind shear. b) Low latitude 
cumulonimbus. Solid lines show air trajectories relative to the storm 
pecked lines indicate some naths of precipitation particles, and 
hatching marks the region where condensation occurs. The large solid 
arrows show the direction of movement of the storms. 
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left flank in the anvil cloud. 	Air forming the downdraught 

overtakes the storm from the rear at middle levels, is cooled by 

evaporation of precipitation beneath the inclined updraught and 

leaves the storm on the right rear flank. 	Some potentially warm 

air also enters the dcwndraught region at low levels. 	Large 

hailstone growth is included in the model by the recirculation of 

small hailstones falling from the anvil into the updraught before 

eventually becoming so large that they are able to fall through it. 

Ludlam (1963) applies this model to the low latitude cumulonimbus, 

where the wind shear in the upper troposphere is small or reversed, 

and derives a similar model but with the cumulonimbus anvil 

trailing behind the storm, leading to a considerably reduced 

likelihood of hail since most of the precipitation particles fall 

from the anvil directly into the downdraught before they have had 

time to become large. 	Fig.2 illustrates Ludlam's mid-latitude 

and tropical two-dimensional models. 

Carlson and Ludlam (1968), using the technique of isentropic 

relative-flow analysis, examined the large-scale circulation 

associated with severe storm situations over and near southern 

England and the United States. 	By displaying the large-scale 

situation on surfaces of constant potential temperature and 

converting observed winds into winds relative to slow-moving 

large-scale systems, the histories of the air streams involved 

are readily ascertained since streamlines then become trajectories 

relative tc the systems. 	Large-scale flow systems are often 

sufficiently steady in pattern and travel for this technique to 

be useful. 

The four European cases studied were associated with very 

similar large-scale circulations with a well-defined confluence 

zone, recognised as a cold front at the surface, to the east of 
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a trough approaching from the Atlantic. 	In the flow ahead of 

the trough, and to the east of the confluence zone, air in a  

'plume' from the Spanish convective layer confines local convection 

over France to a shallow layer by virtue of its high potential 

temperature (acquired over the high arid table land), while air 

from the Saharan adiabatic layer is carried northwards and upwards, 

arriving over northern France in the middle troposphere with a 

value of es  close to its wet-bulb potential temperature, normally 

16 or 17°C. 	This low value of ew  is related to the great depth 

(about 500 mb) of the layer of ordinary convection over the Sahara. 

Thunderstorms were found to develop where the layer of air with 

high ew  emerged from beneath the Spanish plume or was able to 

penetrate it following large-scale ascent in both air streams. 

Gne of the case studies was of an apparently favourable synoptic 

situation when no severe storm resulted. 	It was found that due 

to the exceptional dryness of the land over western France dry-bulb 

temperatures there rose sufficiently for local convection to 

penetrate into the Spanish plume before Ow  had risen to unusually 

high values. 

Carlson and Ludlam stress also that in the vicinity of the 

confluence zone the large increase of wind speed with height 

'favours the organisation and intensification of cumulonimbus 

convection'. 

1.3.2 The United States  

The mid-western United States has a greater observed frequency 

of tornadoes and large hail than anywhere else in the world, and 

the storms of this region have consequently attracted much attention. 

In the spring and early summer air with high ow flows 

northwards from the Caribbean Sea across the southern states east 
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of the Rocky Mountains. 	To the west of this air stream is a 

dry, warm air-mF,ss flowing across arid regions from the Pacific. 

The boundary between these markedly different air streams is often 

well-defined and is termed the 'dry-line' or 'moisture front'. 

McGuire (1962) discusses the structure of the dry-line as revealed 

by aircraft traverses and remarks that mixing ratio gradients of 

as much as several g/kg/km are sometimes observed. 	It has been 

recognised for some years that the dry-line plays an important 

part in the development of severe storms (Fawbush, Miller and 

Starret, 1951; Miller, 1959), but the mechanism is little 

understood. 

Miller (1959) classified synoptic patterns associated with 

tornado development into five types in which a middle-level 

jet stream (normally associated with still stronger winds in the 

high troposphere), the intrusion from the west of a dry 'tongue' 

at middle levels, and the dry-line were important features. 

Newton (1963) also discusses the synoptic situation most favourable 

for the development of severe storms and concludes that the approach 

of a trough from the Pacific is typically accompanied by an increase 

in the strength of the flow of moist air from the Gulf of Mexico, 

leading to a stratification characteristically preceding the 

development of severe storms, in which a moist layer extending 

from the surface to about the 8cc mb level is surmounted by a 

deep, dry, potentially warm layer with a lapse-rate close to the 

dry adiabatic. 	Carlson and Ludlam (1968), again using isentropic 

analysis, investigated two cases of severe storms over the 

mid-western states and found a remarkable similarity to W.European 

situations. 	7 elative-flow charts again displayed a confluence 

zone, this time recognisable at the surface as a dry-line, and 

showed convection within the moist layer to be confined beneath 
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a plume of potentially very warm air from the Mexican plateau 

(the counterpart of the Spanish plateau in W.European situations). 

Severe storms occurred where the restraint of the Mexican plume 

upon convection from the moist layer was removed near the 

confluence line (where strong shear is present) by a combination 

of differential advection and large-scale ascent. 

'1.3.3 India  

In the premonsoon months (March-June) over northern India 

and Pakistan there are frequent severe thunderstorms and convective 

duststorms, while over southern India thunderstorms are frequent 

but less severe. 	Over N.W.India the duststorms are known as 

andhis; over N.E.India the storms are called nor'westers, from 

their normal direction of approach - though all storms there of 

a violent nature, irrespective of their direction of motion, 

are now known locally by this name. 	In the storms over N.W.India 

it is usual for little or no rain to reach the ground, but 

nor'westers are often accompanied by heavy rain. 

Ramaswamy (1956) made a detailed study of storm situations 

over northern India considering both low- and upper-level flow 

patterns for 8o selected days of widespread thunderstorm occurrence. 

Fig.3 shows the mean surface chart for Nay, reproduced from 

Ramaswamy's paper. 	There is an inflow of moist air over N.E.India 

and E.Pakistan from the Bay of Bengal, while a weaker current 

of moist air flows from the Arabian Sea over N.W.India and W.Pakistan. 

Above about the 850 mb level dry, potentially warm westerlies 

flow over the whole of northern India. 	Surprisingly Ramaswamy 

found no association between the strength of the inflow of moist 

air and convective activity; indeed, over N.E.India widespread 

thunderstorms and squalls were sometimes associated with weak 



FIG.3 Mean surface chart for May (reproduced from Ramaswamy, 
1956). Sea level isobars are shown as continuous 
lines (labelled in mb) and isopleths of dew-point 
temperature for 03 GMT (labelled in 'F) as pecked lines. 
Arrows indicate surface wind direction and thick solid 
lines mark the positions of trough lines. Ground over 
9,000 ft is shown hatched. 
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pressure gradients and fair weather with strong pressure gradients. 

Cold fronts of the mid-latitude type could not be identified and 

therefore appeared to have no relevance to large-scale convection. 

No association between convective activity and the positions of 

the trough lines CU and CM (fig.3) was found, and only a very 

weak relation to the position of trough line CA. 	Ramaswamy 

concluded that the occurrence of convective storms was related 

more closely to the 500 and 300 mb streamline patterns than to 

sea-level flow patterns. 	Most activity took place ahead of an 

upper-air trough or in the rear of a ridge, and, other things 

being equal, the stronger the jet stream aloft the more widespread 

and violent were the thunderstorms and squalls; conversely, 

fair weather often accompanied light upper-tropospheric winds. 

His explanation of these findings appeals to upper-level divergence 

near the jet stream, accompanied by low-level convergence and 

upward motion at all heights, leading to a 'breaking' of the 

low-level inversion above the shallow moist layer. 

Ramaswamy briefly examined severe cumulonimbus convection 

in ether parts cf the world and concluded that the sub-tropical 

jet stream produces deep cumulonimbus convection wherever it 

overruns, on its equatorward side, moist air with pronounced 

latent instability. 

Much of the literature on storms over northern India since 

Ramaswamy's work has concentrated on considerations of upper-level 

divergence and low-level convergence (e.g. Koteswaram and Srinivasam, 

1958). 	Other authors (e.g. Mukherjee, Arunachalam and Rakshit, 

1964) have carried out statistical studies concerning the time 

of day and direction cf approach of storms. 



1.3.4 Other Regions  

Australia, particularly in the S.E. and S.W., experiences 

severe local storms, occasionally accompanied by tornadoes and 

large hail. 	Clarke (1962) in a study of these storms found that 

about 70% occurred during the passage of a cold front, and that 

the presence of an upper-air trough in the westerlies, and low-

and high-level jets was important. 

In an analysis of severe hailstorm situations over China 

Ge Run-Shang (1967) found that, out of 12 cases studied, all 

were associated with the passage of a cold front or a pronounced 

upper-air trough. 

Little study has been given to the severe storms of other 

regions, but in view of the great similarity of the favourable 

large-scale situations in the regions already mentioned, it is 

likely that they are characteristic of intense cumulonimbus 

convection everywhere. 

17 



CHAPTER TWO: CASE STUDIES CF WEST EUROPEAN STORMS  

Isentropic relative-flow analyses, introduced by Ludlam 

and others (e.g. Carlson and Ludlam, 1968), were used to study 

the large-scale flow pattern in two cases of severe storms over 

western Europe, partly to re-examine earlier conclusions, and 

partly to obtain experience in the technique before examining 

cb development over India. 

2.1 	The Severe Storm of 25 June 1967 over Belgium and Holland  

The storm under study travelled from France across Belgium 

and the Netherlands on 25 June 1967. 	It reached its most 

intense phase in the afternoon, when tornadoes occurred near 

the town of Oostmalle in Belgium and the towns of Chaam and Tricht 

in the Netherlands. 	Hailstones of diameter exceeding 3 cm 

fell in places in the southern and central Netherlands, and 

some irregular stones of dimensions up to 6.5 cm ; at Boulogne 

a squall speed of 60 m s
-1 was recorded. 	On the two previous 

days, the 23rd and 24th, severe hailstorms with strong squalls 

also occurred over N.E.France in the afternoon and evening. 

On 23 June a depression (central pressure about 1008 mb 

at midday) became slow-moving just south-west of Ireland and 

intensified (central pressure about 992 mb on 25 June). 	The 

associated cold front moved steadily into France where, on the 

25th, a small depression formed on the front, moving from S.W. 

to N.E.France and thence into Belgium and the Netherlands. 

2.1.1 The Flow in the Lower Troposphere  

After standardisation of all radiosonde soundings, by 

the method advocated by Howson and Caton (1961), an isentropic 

relative-flow chart for a potential temperature of 36°C was 

18 
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prepared for midday of 25 June, assuming that the principal 

motion system moved steadily eastward at 5 m s-1 ; from sequences 

of isobaric charts this value seemed representative at levels 

above about 8GO mb. 	Some wind data for GC GMT on the 25th and 

26th were included on the chart with the appropriate displacement 

of position. 

The chart (fig.4) shows the front lying from north to 

south over France, separating air streams flowing around a 

cyclone over the western Atlantic and an anticyclone over central 

Europe. 	It can be seen that at none of the sounding stations 

did the local ordinary convection reach up to the level of the 

isentropic surface. 	However, the air in the shaded area over 

N.Z.France had become saturated at the level of the isentropic 

surface, although according to the humidities reported upwind 

the air-mass would require a large-scale ascent by a further 

50 to 100 mb before saturation would be expected. 	It seems, 

therefore, that moisture had been added by ordinary convection 

when the air had passed over the elevated region of S.E.Spain 

on the previous afternoon, where at screen-level potential 

temperatures (0) exceeded 37°C, and a wet-bulb potential temperature 

(0,11 ) of about 20°C occurred. 

2.1.2 The Flow in the Middle Troposphere  

The air in the middle troposphere to the east of the front 

is derived from the Sahara: the Payerne ascent for midday on 

25 June (fig.5) shows a deep layer between 800 and 6oc mb with 

an almost constant value of 0 between 37 and 40°C and a Ow of 

15 to 16°C, while the sounding upwind on the N.African coast 

shows a similar but deeper layer (extending between 800 and 500 mb) 
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FIG.4 Ir.entrobic relative-flow chart for 0=36°C, 1206 GUT, 25 June 1967, 
showing strear:.lines (continuous) and isobars (pecked lines labelled in 
tens of mb). Dots indicate thu positions of sounding stations with the 
letters U, T, P and S indicating the stations at Uccle (C6447), `frappes 
(G7145), Payerne (0661G) and St.Hubert (CS476). The figures beside 
station positions give the pressure level (upper figure in units of tens 
of nib) and the potential te:r.peri:,ture (lower figure in degrees centigrade) 
of the ton cf the local layer of convection; the figures in brackets 
indicate the same quantities for deeper convection occurring upwind of 
the station hero this was sug;•ested by the sounding. The hatched area 
over i..E.France indicates a region where the air has become saturated 
at the height of the isentrepic surface. 
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with the same characteristic properties of the adiabatic layer 

over the northern part of the Sahara desert; the saturation 

level of the air is at about 530 mb. 	The ascent at St.Hubert 

(fig.6), some 300 km to the north of Payerne, also for midday 

on 25 June, shows a layer between 600 and 450 mb which is very 

moist with values of 8 and On  of about 42 and 16°C respectively. 

It seems likely that some condensation has occurred, modifying 

the lapse-rate and raising the value of 0 at St.Hubert. 	Rather 

widespread altocumulus castellanus observed over much of France 

and Germany ahead of the front evidently formed within this flow 

from the Sahara, and more locally at lower levels in a flow 

drawn from the layer of convection over the Massif Central on 

the previous day. 

2.1.3 The Suppression of Local Convection over France  

The St.Hubert and Uccle soundings (figs.6 and 7) for 

midday show a marked inversion with a base at a height of about 

50C m above ground level, above which is air with a potential 

temperature of a little over 28°C and a 8w  of 14 to 15°C. 

Trajectories at 850 mb (fig.8) show this air to have been advected 

from the Massif Central since the previous afternoon, when 0 

there at screen-level reached 28 to 29°C with Ow  16 or 17°C, 

implying values above the surface consistent with those later 

found over Belgium. 	The presence there of this low barrier 

(of potentially warm air) to the upward extension of the local 

convection on 25 June permitted the local transfer of moisture 

from the ground to produce abnormally high values of Ow  in the 

shallow layer of ordinary convection. 	Values of over 20°C 

were reached over a wide area (fig.9). 	The combination of high 

Ow  near the ground with low Os  aloft (in the flow from the Sahara) 
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FIG.8 Trajectories of air flowing in or near the 85C mb.  
surface and arriving over southern Belgium at 
12CC GET, 24 June 1967, circles indicate positions 
at intervals of six hours. The Massif Central is 
shown hatched. 
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represents a large amount of available potential energy and is 

very favourable for cumulonimbus development if convection can 

penetrate the inversion (fig.7). 
This 'lid' (Carlson and Ludlam, 1963) of potentially warm 

air from the Massif Central replaced a similar lid of Spanish air, 

derived from the Spanish convective layer, which covered much 

of France throughout the 23rd and 24th (figs.9 and 10); the 

Spanish air is characterised by values of 0 and Ow  of about 36 

and 17°C respectively. 	Values of Ow  in the surface layer over 

France were indeed a little higher in general on 24 June than 

on the following day and thunderstorms occurred throughout the 

23rd and 24th, mainly over the north of France and the English 

Channel, some becoming severe in the afternoon and evenings 

and causing serious damage. 

2.1.4 The Sequence of Thunderstorm Activity  

On each of the three days the thundery activity (as indicated 

by surface and 'sferic' observations) began over or near N.W.France 

shortly after midnight or in the early hours of the morning. 

On the 23rd thunderstorms began along a belt from E.4/.Spain to 

the Channel Islands at about 0400 GMT and moved eastwards into 

S.W.Germany before dying out in the early hours of the 24th. 

On the morning of the 24th, at about 0600 GMT, fresh activity 

began in a belt extending from the zest coast of Brittany to the 

south coast of Devon; the storms moved along the Channel into 

Belgium and the Netherlands before dying out shortly after midnight. 

At the same time, early on the 25th, another outbreak began 

in the region of the upper Loire valley, moving northwards to 

the Channel coast and then eastwards across northern Belgium and 

the Netherlands, where the severe storm with large hail and 
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tornadoes developed in the afternoon and evening. 

The recurrent time and location of the outbreaks suggests 

a common initiation-process. 	The diurnal variation shows the 

importance of each day's sunshine, which usually produces a local 

maximum of cumulonimbus intensity in the afternoon. 	However, 

in the present period the storms began each day in the early morning, 

and sometimes over the sea. 	In these circumstances they are 

typically associated not with convection from the local surface, 

but with the development of castellanus clouds in the middle 

troposphere. 	It is significant that on this occasion the nocturnal 

outbreaks occur downwind of Spain where the air heated and moistened 

there by convection on the previous afternoon approaches its 

condensation level in the large-scale ascending flow. 	In southern 

Spain on the afternoons of the 22nd, 23rd and 24th values of Ow  

at screen-level exceeded 19°C over considerable areas with 0 

reaching the mid-thirties. 

2.1.5 Surface Analysis  

The chart for 1206 GMT, 25 June 1967 (fig.11) has isopleths 

of Ow  with the surface analysis superimposed. 	Significant features 

are the strong gradient of Ow ahead of storms in the Channel, 

partly a product of low values of Ow  in the downdraught air spreading 

out from thunderstorms, and the wedge of high values of Ow  lying 

across central Belgium which, with the south-easterly surface wind 

of about 5 m s-1  in this region, is being carried into the path 

of the advancing storm. 

A pronounced wind shear, necessary for the organisation 

of the storm (Ludlam, 1963), was present, with wind speeds of 

more than 40 m s-1 at 400 mb in the region of the front (as shown 

in fig.12 by the sounding made near Paris). 	Characteristically 
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FIG.11 Surface analysis (isobars shown as continuous lines (labelled in mb) 
and distribution of wet-bulb potential temperature (pecked lines 
labelled in 'C) at 1200 GMT, 25 June 1967. Also shown are thb sferic 
positions for 1200 GMT (crosses) and the positions of the principal 
hail swaths. A pecked line is used where insufficient evidence was 
available for the precise positioning of a hail swath. 
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the storm moved N.E., to the right of the tropospheric winds 

(about 30° to the right of the mean wind in the layer 700 mb to 300 mb), 

in a general southerly flow. 

2.1.6 The Cloud System Near the Front and the Initiation of the  

Severe Storms  

The distribution of cloud near the front is well shown on 

the Nimbus satellite picture taken on the morning of the 25th 

(fig.13). 	The cyclone centred off S.W.Ireland has two pronounced 

spiral bands; that on the north and west flank probably consists 

of cumulus over the ocean whose tops have spread into an almost 

complete overcast, while that to the east and south consists of 

clouds formed by large-scale ascent near the front. 	Over and to 

the north and west of the Bay of Biscay the bright globular cloud 

masses are clustered large cumulus and cumulonimbus in the deeper 

maritime convection indicated upwind of the soundings in the S.W. 

of Ireland and at the coastal stations in the west of the English 

Channel (fig.4). 	The frontal clouds over Spain seem tenuous and 

are rather dense cirrus; over western France the brighter and 

more continuous clouds are altocumulus with castellanus, which 

over northern France and southern England have developed into 

cumulonimbus. 

For the development of a severe thunderstorm the stable 

layer above the surface layer must locally be removed. 	Showering 

castellanus can achieve this in two ways: precipitation falling 

through the stable layer may cause sufficient evaporative cooling 

locally to remove the restraint; or a downdraught may develop, 

producing sufficient lifting of the lower layers of the troposphere 

for cumulonimbus convection to begin. 	It is likely also that 

large-scale ascent near a front or more local lifting near a squall 
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FIG.13 Satellite picture taken from Nimbus II at 0829 GMT, 
25 June 1967. 
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front can remove the inversion: the moist layer of suppressed 

convection has a higher value of Ow  than the overlying dry plume, 

but a lower  es. 	If both layers are lifted Os  for any parcel 

of air falls until the air becomes saturated (when es  equals Ow  

for the parcel), and so after sufficient lifting a comparatively 

large decrease in Os  in the dry air eventually removes its restraint 

on the ascent of saturated air from the moist layer. 

2.1.7 Summary  

The results of this study are in general accord with the 

findings of Carlson and Ludlam and others concerning severe storms 

in western Europe. 	Local convection was suppressed over France 

by the advection aloft of a potentially warm layer (in this case 

from the Massif Central as well as from Spain). 	The most severe 

storms occurred near the large-scale front, where there was a 

large wind shear, and the storms appear to have developed from 

showering castellanus formed within the air ascending in the 

middle troposphere after modification in the layer of convection 

over Spain during the previous day. 

2.2 	An Unusual Thunderstorm over S.E.England  

Late on 12 June 1964 a thunderstorm travelled N.N.E. over  

S.E.England giving a spectacular lightning display. 	At Ascot, 

in the path of the storm, the lightning was at its most intense 

for a period of about 20 minutes with continuous moderate rain; 

the lightning was mostly in the form of multiple discharges over 

a fraction of a second at the rate of one every 1 or 2 seconds, 

during the intense period, so that individual flashes were then 

at rates up to 10/sec, too rapid to count. 	Such frequent 

lightning does not seem to have been recorded before in England. 
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More than an inch of rain fell at many places along the path of 

the storm, but remarkably there was no large hail, and indeed 

hardly any reports of even small hail. 

In the week preceding the 12th, fine weather prevailed 

over France and S.E.England under the influence of two anticyclones 

which moved slowly across France; temperatures in general rose 

on successive days, reaching the low thirties over much of France 

on the afternoon of the 12th. 	A depression became slow-moving 

S.W. of Ireland on the 12th and an associated cold front and 

marked pressure trough moved eastwards across southern districts 

of the British Isles (fig.14), ahead of which the severe thunderstorm 

developed. 

2.2.1 The Flow in the Lower Troposphere  

An upper-air trough, which had moved steadily across the 

Atlantic, was assumed to be in a steady state and to be moving 

eastwards at 5 m s-1; this enabled observations made at different 

times to be combined in the construction of relative-flow patterns. 

The ascents were again 'standardised'. 	Some development of the 

trough did occur, but the change wa6 not great and the assumption 

of steady-state seemed reasonable. 

The isentropic relative-flow chart for a potential temperature 

of 36°C for 1200 GMT, 12 June 1964 (fig.15) shows the flow round 

the trough over the western Atlantic and anticyclonic flow over 

central Europe; the boundary between the two air masses, shown 

as a dashed line, corresponds to the large-scale cold front and 

lies over N.W.Spain, across the Bay of -.Biscay, and along the 

west coast of Britain. 	There is a close similarity with the 

situation shown in fig.4 of the last case study. 
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FIG.14 Surface analysis for 120C GNT, 12 June 1964. Isobars are labelled in mb. 



FIG.15 Isentropic relative-flow chart for ©= 36°C, 12OG GNT, 12 June 1964, 
showing streamlines (solid) and isobars (pecked lines labelled in tens 
of mb). The dots-mark the positions of radiosonde stations whose 
soundings were used in the analysis. 



2.2.2 The Flow in the Middle Troposphere  

The relative-flow chart for O 1f2°C is shown in fig.16. 

The flow pattern is broadly similar to that at lower levels 

but an important feature is now the flow from the Sahara to the 

east of the front. 	The ascents at Lisbon and La Coruna for 

0000 GMT, 12 June 1964 (figs.17 and 18) show a deep layer of 

Saharan air with 0 between 40 and 42°C and a Eilw  of 16 or 17°C; 

at Lisbon the upper part of the layer had become saturated and 

altocumulus clouds were reported. 	In the southerly flow to 	the 

east of the front, the Saharan air will arrive over eastern 

England some 18 to 24 hours later, providing low values of 

saturation wet-bulb temperature (8s) in the middle troposphere. 

Thunderstorms, indicated by sferic locations, occurred 

throughout the 12th. 	Fig.19 shows the main sferic positions 

for the period 0000 GMT, 12 June to 0600 GMT, 13 June 1964 

together with streamlines for the 0 = 42°C surface at midday on 

the 12th; the flow in this surface should indicate the motion 

of the Saharan plume. 	It can be seen that the thunderstorm 

activity moved progressively N.N.E. with the Saharan air and 

was probably confined to middle levels before about 1800 GMT on 

the 12th; the Lisbon sounding (fig.17) shows unstable conditions 

at middle levels. 

2.2.3 The Production of High Ow in the Surface Layer  

Air with a high value of 0w  was produced in the convective 

layer over northern France during the afternoon of the 12th. 

The Trappes and Chateauroux soundings for 1200 GMT, 12 June 1964 

(figs.20 and 21) show that convection was contained by a 'lid' 

of very dry air with 0w  as low as 12°C; this extreme dryness 

indicates that the air has been subsiding for some time, but 
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FIG.16 Isentropic relative-flow chart for 0 = 42° C, 12GC) (.11.72, 12 June 1961E. 
Streamlines are shown as solid lines and isobars as pecked lines labelle 
in tens of mb. 
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F13.17 Sounding for Lisbon (C8536), 12CC GET, 12 June 1964. The 
Saharan plume has a base at about 70C mb and a top at about 
50C mb. 
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FIG.18 Sounding for La Coruna (G3001), 1200 GMT, 12 June 1964. 



FIG.19 Sferic positions fcr the period CCCO GMT, 12 June to 
C6CL GMT, 13 June 1964 and streamlines for the =42°C 
surface at 12CC GMT, 12 June 1964. The areas of Fferic 
activity shurn include most of the locations for that 
particular hour: time is shown alongside the relevant 
area. 
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FIG. 2C Sounding for Trappes (C7145), 12CC GNT, 12 June 1964. 

FIG.21 Sounding for Chateauroux (C7354), 12GC GMT, 12 June 1964. 
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has not yet been reached by small-scale convection, probably 

having passed over the cool Mediterranean Sea. 

Convection from the surface causes 'mixing down' of dry air 

above the inversion and this is reflected in a lapse of mixing ratio 

at low levels at Trappes and Chateauroux of 2 and 4 g/kg/km 

respectively. 	This lapse of mixing ratio is larger than that 

normally observed beneath a plume 'lid' because of the extreme 

dryness of the subsided air. 

In severe storm situations it is unusual for the high 

values of Ow  in the local convective layer to be produced beneath 

a subsidence inversion, but the present study shows that they 

can play the same role as warm plumes in confining the local convection 

to a relatively shallow layer. 	The Spanish plume, in the present 

case, is found near the front: the Crawley sounding for midday 

on the 12th shows a layer between 680 and 550 mb with values of 

e and Ow  consistent with typical values for the Spanish convective 

layer. 

Beneath the subsidence inversion, the afternoon's sunshine 

of the 12th produced screen-level values of Ow  in excess of 22°C 

over parts of northern France, and the south to south-easterly 

low-level winds carried this air over S.E.England before midnight; 

this is clearly shown by fig.22. 	Over S.E.England Ow  rose 

between 1500 and 1800 GMT, by about 2°C, despite the normal 

diurnal tendency for a decrease; this increase indicates that 

air with higher Ow  was being advected from northern France and 

stirred down by local convection. 	At Ascot the sky was clear 

in the early afternoon, apart from some patches of altocumulus 

floccus and small altocumulus castellanus, but by 1600 GMT there 

were traces of very thin wave clouds at a height of about 1 km, 

indicating that the air had become moist at this level: this is 



FIG.22 The distribution of screen-level wet-bulb potential 
temperature (labelled in °C) and 950 rib streamlines for 
1800 GET, 12 June 1964. Small open circles show the 
positions of screen-level measurements and larger closed 
circles those of wind observations. The letter A marks 
the position of Ascot. 
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almost certainly air of the French adiabatic layer arriving at 

this level. 

The high values of Ow  near the ground, combined with low 

Os  in the Saharan air, gave conditions very favourable for 

intense cumulonimbus development because of the large available 

potential energy. 

2.2.4 The Release of the Instability  

Since there was a progressive movement of sferic activity 

(fig.19) it seems that the severe thunderstorm developed from 

the middle-level thunderstorms which were occurring in the Saharan 

air throughout the 12th. 	Once air with high ew  was advected 

below the middle-level storms, downdraughts would cause a lifting 

of the low-level air producing cumulonimbus with a low base and 

an invigoration of the convection, as in the previous case study. 

2.2.5 A Two-Dimensional Model  

Fig.23 shows the rainfall over S.E.England for the period 

from 0900 GMT, 12 June to C900 GMT, 13 June in which the path of 

the storm is seen as a band of heavy precipitation stretching 

from the Sussex coast to The Wash. 	From a number of anemogram 

records of brief squalls, the approximate times at which the 

storm arrived at various locations along its path are indicated. 

The storm can be seen to have travelled extremely rapidly, the 

-1 speed of motion being in excess of 25 m s over southern England. 

The Crawley ascents for 2330 GMT, 12 June and 0025 GMT, 

13 June exhibit an abnormally strong wind at about 4 km; but the 

sequence of wind speed profiles for Crawley (fig.24) shows that 

6 hours before and after these two ascents the abnormal wind was 

not present. 	The storm passed to the west of Crawley at about 

44 



45 

FI,.;.23 24-hour rainfall (labelled in mm) for the period from C900 GMT, 12 June 
to C9CC 372, 13 June 1964. Isopleths are at intervals of 5 mm, with 
areas receiving more than 20 mm shaded, and are based on recordings 
made at more than 5C0 stations over S.E.England. The positions of Ascot, 
Crawley and Hemsby are shown by the letters A, C and H, and the time 
of arrival of the squall front is shown along the heavy rainfall track. 
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FIG.24 The sequence of wind speed profiles measured at Crawley from 1200 GMT, 12 June to 0600 GMT, 
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2300 GMT and thus the midnight soundings could be significantly 

affected by the storm itself: the strong winds mentioned may be 

associated with potentially cold air feeding the downdraught. 

The air feeding the downdraught at the rear of the storm would 

necessarily have to be travelling faster than the storm itself, 

that is faster than 28 m s-1. 

Relative to the storm, the winds in the upper troposphere 

at Crawley would be directed in approximately the opposite direction 

to its motion, causing the anvil to trail behind; this would 

prevent small hail from falling from the anvil back into the 

updraught and thereby reaching appreciable size (Ludlam, 1963). 

A tentative 2-D model is shown in fig.25. 

The anomalous wind at about 4 km (fig.24) may have been 

stronger nearer the storm: the ascent was made more than 100 km 

behind the squall front (fig.23). 	It is interesting to note 

the rather low wind speeds between about 6 and 12 km shown by 

the sounding made at 0025 GMT; this is probably related to 

anvil outflow to the rear of the storm at these levels. 

2.2.6 The Motion of the Storm  

Examination of the rainfall chart (fig.23) shows that the 

storm centre, taken here to have travelled along the centre line 

of the heavy rainfall track, moved in a direction from 170°  to 

35C°  before 2345 GMT, but thereafter in a direction from 210°  to 

030°. 	The middle- and upper-level winds over S.E.England at the 

time of the storm were from a direction between 180°  and 220°; 

consequently the storm moved to the left of the winds before 

slowing down, becoming less intense (lower rainfall amounts), 

and moving approximately in the same direction as the middle- and 

upper-level winds. 	This is in contrast to the usual behaviour 
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FIG.25 A two-dimensional model of the storm inferred from the wind profile 
measured at Crawley at 0025 ONT, 13 June 1964. The wind profile, resolved 
along the direction of motion of the storm, is shown on the right, with 
arrows representing the speed relative to the storm. 



of severe storms: a definite motion to the right of the mean 

tropospheric winds during the intense phase. 

There have recently been several radar observations of 

the splitting of a thunderstorm into two cells, one of the cells 

turning to the left with an increase in speed and the other 

veering to the right with a decrease in speed. 	Fujita and 

Grandoso (1963) reviewed evidence of this phenomenon and developed 

a numerical model of such behaviour. 	The left-moving storms 

investigated by Fujita and Grandoso were almost mirror images of 

the more normal right-moving storms: the squall front lay to the 

left of the main storm centre and the anvil predominantly on the 

forward right flank. 	We shall see that the storm of the present 

study is not a typical left-moving storm. 

2.2.7 The Surface Wind Field and Precipitation Pattern  

Assuming the storm to be in a steady state and knowing 

the position of its centre with time, a spatial velocity field 

(relative to the ground) was constructed from anemograms from 

stations near the storm path. 	The streamline pattern (fig.26) 

shows a well-defined squall front, on the right of the main storm 

centre, with maximum wind speed of nearly 20 m s
-1
. 	The 

assumption of a steady state is made on the evidence of the fairly 

steady rainfall pattern (fig.23) and is to a large extent borne out 

by the 'coherence' of the streamline pattern derived from the 

anemograms. 	Fig.27 shows the smoothed pattern of rainfall rates 

prepared in a similar way to the streamline pattern, and indicates 

heavy precipitation immediately behind the squall front with a 

pronounced extension south-westward: the main part of the anvil 

was behind the storm. 
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FIG.26 A streanaine pattern, relative to the ground, inferred from 
anemogram records taken at about 20 stations near the storm path. 
Wind speed in m s-71  is shown in figures. 
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FI3.27 A cmocthed pattern of 1C minute rainfall rates in mm hr-1. 
Isopleths are drawn at intervals of 4 mm hr-1. 
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2.2.8 The Flow in Three Dimensions  

Using the midnight ascents at Hemsby (ahead of the storm) 

and Crawley (behind the storm) and the surface streamline pattern 

(fig.26), a three-dimensional relative-flow model was constructed 

(fig.28, modelled on Ludlam and Browning's model: Ludlam and 

Browning, 1962). 	It is intended to show the essential mechanism 

of the left-moving storm of this present study. 	Air in about 

the lowest kilometre ahead of the storm rises over the squall front 

and ascends rapidly to the tropopause leaving the storm towards 

the rear. 	Air at and about the 4 km level (air with the lowest Ay) 

enters the storm on the left flank, beneath the updraught and 

anvil, is cooled by the partial evaporation of precipitation 

and descends to the surface as a cold draught, leaving the storm 

at the rear. 	The anomalous wind at Crawley results from the 

confluence accompanying the removal of the middle-level air. 

The inflow and outflow at middle levels was inferred directly 

from the relative winds at these levels at Hemsby and Crawley. 

However, the relative velocity of the updraught outflow will 

differ markedly from the 'environmental' relative winds because 

of its buoyant ascent from near the surface. 	The updraught 

outflow is shown as leaving the storm with the same direction as 

the updraught inflow at the ground. 	This is consistent with the 

rainfall pattern shown in fig.27: the area of precipitation of 

greater than 4 mm/hr extends more than 100 km behind the storm 

and thus must be precipitation falling from the anvil. 

2.2.9 Pressure Oscillations  

The microberogram for Kew, fig.29, shows marked pressure 

oscillations after the passage of the squall front (at 2300 GMT). 

Four cycles are clearly displayed with an amplitude of about 1 mb 



5.3 

FIG.28 	three-dirf;ensional model of the flow relative to the storm. The squall 
front at the surface is shown as a cold front and the motion of the 
storm is shown by the open arrow. 

 

1 mb 

 

FIG.29 Microbarograoh record from Kew on 12 and 13 June 1964. 
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and a period of almost precisely an hour, an unusually long 

period but which can be explained by wave propagation against 

the wind leading to an increased observed period of oscillation 

at the ground. 	Pothecary (1951+) and others have observed 

similar oscillations but of a shorter period, usually about 

20 minutes. 

2.2.10 Summary  

Air with high Ow  was produced over northern France and 

carried over southern England in the low-level flow, while 

low 0s aloft was provided by Saharan air. 	Thundery activity, 

initially over Spain, moved N.N.E. in the Saharan air. 	Over 

southern England the storm drew upon the moist air at low levels, 

intensified and accelerated, giving a remarkable lightning display. 

The rapid motion of the storm caused the anvil to trail behind, 

preventing the recirculation of small hail, and leading to the 

precipitation at the ground consisting practically only of intense 

rain. 

The storm moved very rapidly and to the left of the mean 

tropospheric winds during its intense phase, with the downdraught 

fed by middle-level air from the left flank. 
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CHAPTER THREE: CUMULONIMBUS CONVECTION; OVER INDIA  

During the period from April to September frequent 

thunderstorms are widespread over India and Pakistan but it is 

the storms of the premonsoon months (March-May) which are most 

violent, particularly over N.E.India. 	Thunderstorms of the 

monsoon months (June-September) are rarely violent, but often 

give very large rainfall rates and amounts. 

During the premonsoon months there are three distinct 

types of cumulonimbus convection over the Indian subcontinent: 

'nor'westers' of N.E.India, 'andhis' of N.W.India and premonsoon 

thundershowers of S.India. 	The three regions are separated 

approximately by the 20th parallel and 80th meridian as shown 

in Fig.30. 

FIG.30 

3.1 	N.E.India  

During March, April, May and early June the storms of 

N.E.India are characterised by violent squalls from the N.W. and 
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are occasionally accompanied by hail but more usually by heavy 

rain. 	The storms normally take the form of a squall line, 

perhaps 200 km or more in length, and move from N.W. to S.E. 

at speeds up to about 15 m s-1. 	All violent premonsoon thunderstorms 

which occur over N.E.India are called nor'westers, the name 

coming from the normal direction of approach of the storms and 

the direction of the wind in the squall. 

Autographic records showing the passage of a nor'wester 

are reproduced in fig.31. 	Before the nor'wester the wind was 

from the S.W. with a speed of about 5 m s-1 , but with its arrival 

the wind increased to nearly 20 m s-1 from the N.W., and the 

dry-and wet-bulb temperatures fell abruptly, the latter rather the 

more rapidly giving rise to a 'humidity dip' (a fall of ew  to 

about 22°C implies an origin about 2 km above the surface). 	Soon 

after the arrival of the squall the heavy rain began, succeeded 

by steady rain of intensity about 2 mm hr-1. 	A typical sequence 

of local observations on a day of nor'westers is that of an 

overcast sky very early in the morning, but with the cloud soon 

breaking to give clear skies during the remainder of the morning; 

the absence of local convective cloud is indicative of the strong 

low-level inversion. 	Anvil cirrus spreads from the N.W. in the 

mid-afternoon, about two hours before the arrival of the storm, 

the anvil thickening and lowering with its approach. 

During the monsoon season violent thunderstorms are rare. 

Over N.E.India cumulonimbus normally travel from the S.E. at 

rather low speeds (about 5 m s-1 ), and give heavy rain but only 

weak squalls. 	The spectrum of radar echo top heights is broad 

with small heights predominating, but some very tall clouds are 

also measured. 	Fig.32 shows the relative frequencies of the 

heights of the tallest radar echoes observed during routine 
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FIG. 31 	Autographic records taken at Calcutta cn 12 May 1963. 
(a) wind speed in m s-1, (b) wind direction, (c) dry- and 
wet-bulb temteratures in °C, and (d) rainfall in mm. 

8 	pc) 	12 	14 	16 	18 	20 
Radar top in km 

FIG.32 Relative frequency of the maximum heiht of radar echo tops 
measured during hourly observations at Calcutta. The solid 
line shows the distribution for the rremonsoon months of 
April and May and the pecked line fcr the monsoon months of 
July and August; observations for the years 195)-62 were 
used. The bars along the top cf the dia',7ram shcw the height 
ran7es for which the distribution values aouly, the last 
category applying to echoes with tons over 15.3 km. The 
numbers of observations used in the analysis is shown 
alongside. 
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hourly observations (15 minutes each hour) at Calcutta; tops 

below 6 km were neglected (Bhattacharya and De, 1966). 	During 

the premonsoon months the relative frequency of cells over 15 km 

is double that for the monsoon months with a correspondingly 

lower relative frequency of small cells. 

3.1.1 Heights of Cumulonimbus over N.E.India in the Premonsoon  

Months of 1969  

During May and early June 1969 an aircraft, equipped 

with radar, altitude recorders and a forward facing camera, 

was used to make measurements of the heights of thunderstorm clouds 

over N.E.India. 	The work was done by Fairey Air Survey Ltd. in 

collaboration with the Indian Meteorological Department on behalf 

of the British Ministry of Technology. 	The flight procedure 

adopted was to fly at about 6.5 km directly towards a cumulonimbus. 

At about 60 km from the storm, photographs of the cloud and the 

horizontal P.P.I. radar display were taken. 	During a run the 

radar was used to obtain P.P.I. photographs of the cloud for 

elevations at 1°  intervals from the base to the top of the cloud; 

this last echo was used to determine the radar echo height. 

Finally, at the end of a run, visual and horizontal P.P.I. scope 

photographs were again taken. 	The visual height of a cloud was 

found using the visual and radar photographs taken at the end of 

a run: the horizontal range of the visual cloud top was taken 

to be that of the most intense part of the appropriate echo 

(iso-echo contouring was used), this involving the assumption 

that no marked tilting of updraughts within the storm occurred; 

this assumption was reasonable under the conditions of small wind 

shear found over N.E.India during the investigations, but would 

not normally be so. 
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Because the aircraft flew at levels well below the general 

level of the top of the anvil cloud (about 15 km) apparent cloud 

tops may be only details near the edge of the anvil, which may 

obscure the true top; this would lead to an overestimate of height. 

To minimise this difficulty runs were made from the upshear side 

of cumulonimbus, where the horizontal spread of the anvil is least, 

but because unusually small wind shears were present over N.E.India 

during the investigation period extensive anvil cloud was often 

present on all sides of the storms, so that particular care was 

needed in determinations of cloud top height. 

3.1.2 Some  Results  

Convection over N.E.India during the investigation period 

was unsteady and characterised by the rise of distinct individual 

towers, typical of ordinary cumulonimbus convection and unlike 

organised cumulonimbus in strong wind shear which approach a 

steady-state structure with a persistent and almost steady updraught. 

Fig.33 illustrates convection typical of the period: it shows 

isolated well-developed cumulonimbus over hills (peak 475 m) at 

24.1°N 87.1°E, about 50 km N.N.E. of Asansol (position marked in 

fig.36). 	These clouds look like cumulus congestus but have tops 

reaching to nearly 16 km; cloud base is estimated to be at about 2 km. 

Another cumulonimbus, with top reaching 17.6 km at a range of 50 km 

from the aircraft (height 6.7 km), is shown in fig.34. 	The 

cumulonimbus is over hills (peak 550 m) about 130 km N.N.E.of 

Asansol and 80 km N.N.E. of the cumulonimbus shown in fig.33. 	One 

of the towering cumulus in the foreground reaches nearly to the 

flight level; the lean of the clouds indicates a considerable shear 

of wind from the N.W. , but the anvil of the cumulonimbus stretches 

away on the far side of the cloud, towards the N.E. (compare with 



FIG.33 Cumulonimbus over hills about 50 km N.N.E. of 
Asansol on 22 May 1969. Figures above individual 
towers indicate the direction of view from the 
aircraft, the range in km and the height in km. 
The time at which each photo was taken is shown 
at the top left. 



r'lU.51+ 	cumulonimbus over hills about 130 km N.N.E. of 
Asansol at 1432 IST, 22 May 1969. The photograph 
(taken from 6.5 km) looks towards 0300  and the 
storm tcp is at 17.6 km at a range of 50 km. 

FIG.35 An example of a storm which looks well organised, 
taken on 1 June 1969. The view is towards 260°  
and the storm top is at about 19.5 km at a range 
of 72 km. 
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the central picture of the neighbouring cumulonimbus in fig.33; 

the cirrus in the upper right of the present picture is part of 

the anvil cloud from this other storm). 	The bases of the clouds 

in the foreground were estimated (by photogrammetry) to be at 

heights between 2.1 and 2.4 km. 

Flights were made on 12 days during the period (12 May to 

3 June) and cumulonimbus tops over 18 km were reliably measured 

on 6 of the days; the highest top observed was at nearly 20 km: 

fig.35 shows a massive storm with a very high top at about 19.5 km. 

Photogrammetric measurements of the rate of rise of storm tops on 

two occasions gave values of 18 and 21 m s-1 between about 13 km 

and 15.5 km. 

3.1.3 Synoptic Situation  

22 May was a day typical of the period. 	Fig.36 shows the 

sea-level pressure pattern and the field of screen-level Ow  at 

1730 IST, 22 May 1969. 	A boundary between the dry and moist air 

streams is marked by a large gradient of Ow. 	Values of Ow  are 

as high as 28°C over parts of East Pakistan and generally over 26°C 

throughout the moist air. 	At 1730 IST the boundary lies just west 

of Asansol - near the hills over which the cumulonimbus of figs.33 

and 34 grew. 	The mean sounding at Calcutta for the six days on 

which the highest tops were measured over N.E.India is shown in 

fig.37. 	Over hills near the boundary 26 and 28°C are reasonable 

limits for O, with 0 near 40°C. 	These values give peak heights 

by the parcel method of 19 and 20.3 km respectively, compared with 

a mean value of the highest top observed on each of the six days 

of 18.7 km. 	Although tops reaching 18.7 km represent a penetration 

into the stratosphere of almost 3 km, relatively low efficiencies 

of conversion of available potential energy into kinetic energy 
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FIG.37 A mean sounding (CC G1-:?) for 6 days on which very tall 
cumulonimbus were observed (12, 16, 22, 23 May; 1, 3 June 
1969). A and B mark peak hei7hts expected by the parcel 
method for air with a Sts  of 26 and 2S°C respectively. N 
indicates the mean height of the tallest cloud observed on 
each of the 6 days. Wind direction and speed (in m s-1) is 
shown alongside the sounding. 
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are implied: for parcel ascent of air with a O of 28°C an 

efficiency of only about 30% is indicated; with small wind shears 

(see winds in fig.37) such a low efficiency is to be expected. 

3.1.4  Accuracy of Radiosonde Temperatures  

Since 1 May 1968 the sounding station at Calcutta has used 

a radiosonde with small white thermistors (and hygristors) as 

sensors, which need no correction for radiation error. 	Prior 

to this date a chronometric-type sonde using a bimetallic 

temperature sensor with radiation shields was used, needing a 

radiation correction amounting to several degrees at 100 mb. 

Even after this radiation correction has been made a significant 

radiation error appears still to be present, causing an overestimate  

of the temperature in the high troposphere: assuming temperatures 

measured with the new sonde (after May 1968) are correct, errors 

of up to 7°C at some levels are indicated. 	Fig.38 shows monthly 

mean temperatures at standard levels for the period from January 1967 

to September 1969. 	A change during the period is obvious, and 

implies the following errors prior to May 1968: 

500 mb 	+ 2°C 
300 	+ 3 
200 	+ 7 
150 	+ 7 
100 	+ 4 
50 	0 

(overestimate) 

Comparison of radiosonde soundings and temperature 

measurements made during a flight by a meteorological reconnaissance 

aircraft over N,India on an occasion in October 1967 indicated 

that the radiosonde measurements of temperature were 10°C or more 

too high at 150 mb, reinforcing the above evidence, 
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FIG.38 Monthly mean upper-air temperatures measured by the 
Calcutta radiosonde. A sonde of a new type was introduced 
on 1 May 1968. 
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3.1.5 Conclusions  

Cloud top heights over N.E.India during the premonsoon 

months of 1969 have been reliably measured and found to approach 

20 km. 	Normally large wind shears are present over N.India 

during the premonsoon months until near the onset of the monsoon 

but the period of investigation was characterised by small wind 

shear throughout; however, the low-level circulation and the 

frequency and distribution of thunderstorms were typical of the 

premonsoon period. 	Temperatures measured by Indian radiosondes 

are considered reliable, but prior to Nay 1968 a large radiation 

error existed, even after corrections had been applied. 

3.2 N.W.India  

The premonsoon duststorms of N.W.India are knowh as andhis. 

Because of the aridity of the region the cloud base even in 

thundery weather is at 3 km or higher (compared with about 2 km 

or less with nor'westers). Daytime temperatures are often over 

40°C but with the arrival of a squall front, delineated by a dust 

wall, temperatures can fall by more than 10°C. 	The amount of 

rain accompanying an andhi is usually not large and there may 

even be no rain at the ground because of rapid evaporation below 

cloud base; this is often seen on R.H.I. radar observations. 

Unlike nor'westers, andhis do not ususally take the form of a 

line squall, but remain as isolated cells or cell complexes. 

The heights of thunderstorms over N.W.India during the 

premonsoon months are generally less than Over N.E.India, but the 

relative frequency of the highest tops becomes greater after the 

onset of the monsoon, compared with the premonsoon months; this 

is shown in fig.39 (Kulshrestha 1962). 	Note that these statistics 

refer to all thunderstorms and not only the tallest during the 
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FIG.39 	Relative frequency of the height of radar echo tops 
measured during hourly observations at New Delhi. FoK 
an explanation of symbols see legend of fig.32. 

FIG.40 Mean 500 mb (continuous) and surface (pecked) streamlines for 
April 1963. Wind discontinuities are shown -by heavy pecked lines . 
and land over 9000 ft high is shaded. 
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observation period. 	In view of the small total of thunderstorms 

observed the numbers may not be representative, but the trend to 

taller echoes during the monsoon is probably realistic. 	No 

direct comparison with the figures for Calcutta can be made 

because of the differing observing practices. 

3.3 S.India  

Over S.India in the premonsoon months thunderstorms are 

frequent but very rarely violent. 	The storms lack organisation 

and move slowly, normally from an easterly point, but often give 

copious rainfall. 

During the monsoon thunderstorms are similar in nature to 

those in other parts of India. 

3.4 Large-Scale Flow  

In discussing large-scale flow patterns we shall consider 

a specific year (1963). 	If long-period monthly means are considered 

several important features (e.g. jet streams) tend to become 

ill-defined; this disadvantage is overcome to a certain extent 

by considering a single month, and, provided the month is not 

an anomalous one, conclusions drawn may be regarded as having 

general validity. 

3.4.1 The premonsoon Period  

The premonsoon or hot season is the period of about 3 months 

before the onset of the monsoon, normally mid-May over. S.India 

and early June over N.India. 	Fig.40 shows the middle-level and 

low-level flow patterns for April, a typical premonsoon month. 

In the middle troposphere winds over northern and central India 

are westerly, with speeds of about 10 m s-1 or more, whereas 

over S.India they are light and mainly from a north-westerly point. 
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In the upper troposphere winds are westerly over the whole of 

India with the belt of strongest winds between about 18 and 25°N, 

where the mean speed at 300 mb is nearly 25 m s 
1 
 . 

At low levels there is intense heating over the whole of 

India and this leads to a large-scale circulation: ascent over 

India itself and descent over the surrounding seas. 	The general 

ascent over India leads to a shallow inflow of moist air, of 

depth about 1 km, from the Bay of Bengal along the whole of the 

eastern coast, while over N.W. and N.central India winds in the 

lower troposphere (up to about the 700 mb level) are from the arid 

regions to the W.N.W. with the winds almost parallel to the 

southern edge of the Tibetan plateau; consequently the air is 

hot and dry with a nearly dry adiabatic lapse-rate in the lowest 

3-4 km. 	Over S.W.India low-level winds are westerly, from the 

Arabian Sea and are thus moister and cooler. 	The boundaries 

between these three air streams are in general rather sharply 

defined, and over N.E.India the boundary between the dry north-

westerlies and moist south to south-easterlies is striking because 

of the very different characteristics of the air streams; we 

shall call this boundary the 'Indian dry-line' and discuss it in 

some detail in a later chapter. 

The distribution of vertical motion over India is best 

displayed by the pattern of horizontal divergence in the low-level 

winds. 	In order to infer the vertical velocity we integrate 

from the ground (where the vertical velocity is zero) up to the 

level of interest, which in the present case we shall take as 

1 km - about the top of the moist layer. 	The low-level horizontal 

divergence pattern is shown in fig.41, calculated using mean 

vector winds for the 0.6 km level (a.s.1.) for April (1962; 1730 1ST). 

There is the complication that the highest ground (in the S.W.) 
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FIG.41 1'.ean horizontal divergence in units of 10-6  sec-1  at 0.6 km (a.s.1.). 
Values cf divergence were calculated from an analysis of mean 
vector winds at G.6 km measured at 175C IST for the month of April 
1962 at about 5C stations throuhout India. 

FIG.42 Mean horizontal divergence in units of 10-6  sec-I at 1.5 km (a.s.1.) 
calculated from winds measured at 173G IST for the month of April 
1962, 
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rises above 0.6 km and there is thus some difficulty in interpretation 

of the divergence pattern near such regions, but the broad 

features are realistic. 	An 'apparent' convergence can arise 

due to a slope of the underlying surface: with sheared flow over 

a hill measurements of the 0.6 km (a.s.1.) wind at the foot and 

summit will differ even if no horizontal divergence is present; 

this is not the case with no shear. 

There is convergence over almost the whole of India, with 

the highest values over the N.E. and S.W., the two regions where 

the greatest number of thunderstorm days are recorded. 	Values 

of divergence of 10
-6 

sec-1 over a depth of 1 km correspond to a 

vertical velocity increment of 10 mb/day; thus rather large 

mean ascent rates (over 150 mb/day) are implied over the S.W. and 

N.E. 	The divergence pattern refers to late afternoon, about 

the time of maximum convergence. At and above about 1.5 km there 

is little convergence or divergence. 	The pattern of divergence 

at 1.5 km (fig.42) shows only relatively small values. 

Almost all the rainfall of India during the premonsoon 

season results from thunderstorms. 	The distributioh of thunderstorm 

days for April is shown in fig.45: over the arid N.W. of India 

thunderstorm days are only 2 or 3 per month, but over the whole 

of the eastern half of the country there are 5 or more days per 

month. 	A striking feature is the absence of thunderstorms over 

much of the Bay of Bengal and Arabian Sea. 	It will be shown 
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FIG.43 The distribution of thunderstorm days for April. Isopleths are drawn 
fcr C, 2, 4 and 8 days. 
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later that over the head of the Bay of Bengal the atmosphere is 

potentially very unstable, but the surface moist layer is 

surmounted by a dry adiabatic layer with a potential temperature 

more than 10°C higher, and without surface heating by sunshine 

convection cannot begin; moreover any thunderstorms which travel 

over the sea from the land quickly dissipate because of this strong 

inversion. 	Over the N.Arabian Sea cumulonimbus convection is 

suppressed by potentially warm air from the Arabian peninsula. 

3.4.2 The Monsoon Period  

FIG.44 A photograph of monsoon cumulonimbus over northern 
India. Cumulus reach up to about the flight level 
where a stable layer causes the tops to spread out. 
With small wind shear the cumulonimbus anvils 
spread out (at the tropopause) on all, sides of the 
storms giving a characteristically symmetrical 
appearance. 

The monsoon months of June to September are characterised 

by frequent and heavy thunderstorms over much of India. 	The 

flow patterns in the lower and middle troposphere are shown in 

fig.45: at low levels air flows across the equator and S.India 

before turning' westwards north of the monsoon trough; at middle 
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FIG.45 Eean 5GG mb (continuous) and surface (pecked) streamlines for 
July 1963. At low levels the monsoon trough is shown by a heavy 
pecked line. 
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levels the flow over India is dominated by the upper-air low 

over the head of the Bay of Bengal, while in the upper troposphere 

easterlies flow across the whole of India. 	The distribution of 

thunderstorm days for July is shown in fig.46; locally, over 

N.E.India, there are 15 thunderstorm days observed. 	In contrast 

to the premonsoon period there is little correspondence between 

the distributions of normal rainfall and thunderstorm days and, 

indeed, along the western coastal region where the highest 

rainfall occurs there are 1 or fewer thunderstorm days per month 

suggesting that the rainfall is mainly orographic. 

3.4.3 The Post-Monsoon Period  

After the withdrawal of the S.W. monsoon northerly winds 

become established over N.India, and easterlies over the peninsula. 

Along the western coast of India, in the lee of these easterlies, 

there is a shallow inflow of moist air from the Arabian Sea, a 

similar circulation to that along the eastern coast in the premonsoon 

season. 	The flow patterns at the surface and 500 mb for November 

are shown in fig.47. 	At middle and upper levels a westerly jet 

again lies over N.India, as in the premonsoon season, and weak 

easterlies flow over S.India; in the upper troposphere westerlies 

flow over the whole of India. 	Over N.India thunderstorms are 

infrequent (fig.48) with only 1 thunderstorm day or less per month 

for November. 	The areas with the greatest frequency lie along 

the west coast of the peninsula, but the number of thunderstorm 

days is also high along the S.E. coast. 

3.5 	Geographical Variation of Potential Instability  

As a measure of potential instability we take the afternoon 

value of Ow  at screen-level minus the value of Os  at 500 mb; 
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FI3.46 Ilhe distribution of thunderstorm days for July. Isopleths are 
drawn for C, 2, 4 and 8 days. 
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FIG.47 	50C mb (solid) and surface (pecked) streamlines fcr November 1963. 
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FI3.4 	The distribution cf thunderstorm days for November. Isopleths 
are drawn for C, 2, 4 and 8 days. 
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this indicates the excess temperature (on a wet adiabatic scale) 

of a parcel of air when taken adiabatically from screen-level to 

the 500 mb level. 	During the afternoon O at screen-level is 

likely to be representative (but 1 or 2°C higher) of the local 

layer of convection, while the 500 mb level is usually about the 

level of minimum es; the difference gives a measure of available 

potential energy and is shown in fig.49 for April. 	Interestingly 

the highest values are found over the head of the Bay of Bengal 

where no thunderstorms are reported, the reason being that 

immediately overlying the moist surface layer is air with a very 

high potential temperature of about 40°C (corresponding to a value 

of Os  at its base of about 33°C) suppressing even well-developed 

cumulonimbus which move over the sea from the land. 	As low-level 

air flows inland from the Bay of Bengal O in the air stream falls 

due to convective mixing with the much drier air above, although 

the mixing is not great (except in cumulonimbus) because of the 

much higher potential temperature of the overlying air. 	The 

lowest values of potential instability are found over central India 

where the low-level air is hot but very dry, with dew-points 

often as low as 0°C. 

In the monsoon season the instability pattern (fig.50) is 

a simple one with generally lower values than in the premonsoon 

months, and again the lowest values are found over central India, 

presumably as a result of very efficient vertical mixing. 	Note 

that there are no large gradients along the coast since the 

monsoon air stream is deep and rather well mixed even over the sea. 

3.6 	The Role of Shear  

During the premonsoon months the mean potential energy 

available for cumulonimbus convection in the two areas of high 
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FIG.49 The distribution of the difference between Ow  at screen-level 
and as  at 5CLmb at 1730 1ST for the month of April 1963. 
Isopleths are labelled in °C. 

FI:1.5C, The distribution of the difference between ew  at screen-level 
and 0, at 50C rib at 173C IST, for the month of July 1963. 
Isopleths are labelled in °C. 



82 

thunderstorm frequency - the N.E. and S.W. - is about the same, 

or higher in the S.W., bat strikingly the storms of this region 

are only rarely described as severe. 	We can consider the presence 

of large hail, the intensity of the rain, the speed of the squall, 

the frequency of lightning or the maximum updraught speed all as 

indicators of severity in a conventional sense, but the most 

significant meteorological properties are probably the intensities 

of the updraughts and downdraughts, and therefore the size of 

the hail and speed of the squall. 	A strong squall almost 

certainly indicates a degree of organisation of the storm and an 

additional energy source derived from the descent of potentially 

cold air from low and middle levels, while the presence of large 

hail implies a large updraught speed; however its absence may 

not indicate the reverse (updraught speeds may be large but unsteady 

or the flow may be unfavourably arranged, allowing insufficient 

time for the growth of large hail). 	The presence or absence of 

small hail is of little significance because small hail often 

melts before reaching the ground. 	In mid-latitude thunderstorms 

small hail is common but not in low-latitude storms. 	In low 

latitudes the freezing level may approach 5 km compared with 3 km 

or less in mid-latitudes in early summer; the rather high 

freezing level in the tropics is likely to lead to a marked 

decrease in small hail frequency. 	The distance which a solid 

ice particle must fall from the 0°C level in order to melt completely 

is almost a linear function of initial radius (Mason, 1956). 

For a lapse rate of 6.5 °C/km (for other assumptions see Mason, 

1956) the initial radius of an ice sphere which just melts at the 

ground with a 3km -high freezing level is 3 mm and for a 51m-high 

freezing level is 5 mm. 	The effect of increased melting combined 

with the smaller depth of cloud available for growing the hail 
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is likely to reduce substantially the frequency of small hail, 

but this does not explain the almost total absence of hail since 

the size of large hailstones is little affected by melting. 

Ludlam (1963) has attributed the absence to the small wind shear 

usual in the tropics preventing the storm organisation and a 

tilting of the updraught necessary for the recycling of hailstones 

(see 1.3.1). 	It is therefore natural to look to wind shear 

between low and middle levels for an explanation of the markedly 

different types of cumulonimbus convection in the N.E. and S. W. 

of India. 	The wind shear between 0.15 km (a.g.) and 4.5 km (a.s.1.) 

for April is shown in fig.51 and indicates that the largest values 

are found over N.E.India where the most violent storms occur; 

there is little shear over the S.W. 	Rather high values also 

occur over the east coast around 15°N, but the large-scale 

circulation here is unfavourable for storms: fig.41 indicates 

low-level subsidence over this region. 	The wind shear is lower 

over the west coast than over the east coast, where the low-level 

inflow opposes the middle-level winds. 

A strong squall is a characteristic of a severe travelling 

storm and we shall now consider the factors which determine a 

high squall speed. 	71e shall concentrate our attention on a 

steady-state storm with the justification that most severe local 

storms appear to have a structure which is in a quasi steady state. 

Air which arrives behind the squall front is supplied by the 

downdraught which moves with the velocity of the storm, and we 

can thus take the squall velocity as the storm velocity plus the 

relative outflow velocity; the latter depends upon the downdraught 

speed. 	Kamburova and Ludlam (1966) concluded that for the 

production of strong downdraughts a general lapse-rate close to 

the dry adiabatic, from the ground to middle levels, and a 



FIG.51 The distribution of wind shear between C.15 km (a.g.) 
and 4.5 1,c_m (a.s.1.) at 175C IST during April 1963. 
Iscpleths are labelled in m s-1  and arrows indicate 
the direction of the shear. 
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greatintensity of rainfall were the most favourable conditions. 

To this can be added the presence of air pith a low O at the 

downdraught inflow level. 	A large rainfall intensity ultimately 

depends upon a steep lapse-rate between low and middle levels 

(for large updraught speeds) and inflow air with high Ow  and 

large relative inflow speed. 	We conclude that the most favourable 

conditions for a strong squall are a high storm velocity, a 

lapse-rate in the lower troposphere close to the dry adiabatic, 

air with low O at some middle level and a large relative inflow 

speed cf the potentially warm air. 	This is summarised below. 

Strong squall  

A well-developed thunderstorm normally moves with the 

velocity of the wind at some middle level - the steering level; 

re thus appear to need strong middle-level winds for a high storm 

speed. 	For a large relative inflow of moist air we need a large 

wind shear between the inflow level and the steering level of the 

storm, that is a large shear between the low and middle troposphere. 

We have not considered the 'mechanics' of squall production 

for which a tilting of the updraught over the downdraught may be 

needed but all the other requirements are met over N.E.India: 

above the shallow moist layer the lapse rate is normally dry adiabatic, 



a large wind shear exists between the moist layer and this dry 

adiabatic layer, middle-level winds normally exceed 15 m s 1 

and the mean value of Ow  in April is normally over 25°C at screen- 

level but only just over 18°C at 500 mb. 	In the S.W. of India, 

on the other hand, winds are relatively light throughout the 

troposphere and the lapse-rate in the lover troposphere is not 

steep. 

3.7 	Mesoscale Features of Nor'westers 

FIG.52 A nor'wester over N.E.India on 13 May 1963 (1703 IST) 
viewed from a height of 6.2 km. 

Fig.52 shows a nor'wester viewed from beneath the anvil 

and looking towards the S.W. 	It is moving from right to left 

of the photograph and shows clearly the potentially warm air 

86 
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rising in a succession of cumuliform towers into the storm, and 

anvils (as yet not extensive) stretching ahead towards the S.E. 

No notably severe weather was reported in association with this 

storm. 

On 15 April 1963 during the afternoon and evening a nor'wester 

crossed much of W.Bengal, approaching Calcutta as a squall line 

more than 200 km in length. 	The succession of hourly radar 

observations made at Calcutta during the period covering the 

lifetime of the nor'wester is shown in fig.53. 	From oc- 06 GMT 

no precipitation echoes were observed, but by 07 GMT cells were 

beginning to form over the high ground about 300 km to the N.W. 

of Calcutta; subsequently the storms developed into a squall line 

moving from the N.W. to S.E. at just over 15 m s-1 and dissipating 

over the coastal region. 	The character of the echo changes 

abruptly after passing over the station due mainly to the effects 

of attenuation at the short wavelength of 3 cm. 	While the squall 

line is approaching the station the size of the echo is much 

reduced because of strong attenuation in the heavy rain at the 

leading edge of the line, but after the.  squall line has passed 

the station the area of lighter rain gives a measurable return 

and there is a marked increase in echo size. 	Over the coastal 

region the echo becomes 'patchy' and disappears. 	Assuming 

steady-state conditions, the anemogram records from Dum Dum, 

Alipore (both near Calcutta) and Saugor Island were used to construct 

the surface flow pattern relative to the squall line, shown in 

fig.54. 	The speed of the squall line was taken to be 16 m s-1  

and its motion from a direction 315°  to 135°. 

The streamlines, which are also relative trajectories, 

show the potentially warm air approaching the squall line at a 

relative speed of about 20 m s-1 and a similar outflow speed of 
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FIG.53. Echoes observed by the Calcutta radar on 15 April 1963 between 
MG GMT and 140C GMT. 

FIG.54 The flow at the ground relative to a well-developed 
squall line which crossed Calcutta from the N.W. on 
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the cold air well to the rear of the storm. 	Just behind the 

squall front air flows parallel to it with a speed between 15 

and 20 m s-1, the variation showing that conditions are not 

uniform along the line. 	The squall front should not be regarded 

as a line of discontinuity between the inflow and outflow air 

but rather a zone of transition of width about 1 km. 	Ahead of 

the squall front the air has a Ow  of about 26°C and behind a value 

of about 21°C, the drop of wet-and dry-bulb temperatures occurring 

simultaneously within the resolution of the records (about 2 mins.). 

A remarkable 2.E.I. radar photograph is shown in fig.55. 

The storm is approaching the radar station and although the main 

part of the storm is some 50 km distant, the edge of the (radar) 

anvil has almost reached the station. 	The most striking feature 

of the echo is the massive dome reaching up to about 20 km, more 

than 5 km above the general anvil top, and about 10 km across. 

Precipitation can be seen streaming from the anvil down to ground 

level, though in the forward part, within the 30 km range marker, 

the precipitation evaporates in the clear air beneath and mamma 

are formed. 	Individual precipitation streamers can be seen 

stretching from the anvil base, near the 30 km marker, to the 

ground near the 40 km marker. 	The echo at the rear of the storm 

is diffuse due to attenuation by the heavy rain area. 	There are 

no obvious signs of height exaggeration due to side-lobes. 



FIG.55 A range elevation (REI) 3 cm radar photograph of 
a nor'wester approaching the station on 24 April 
1969. Range rings arc at 10 km intervals. 
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CHAPTER FOUR: CASE STUDIES  

4.1 	The Indian Dry-Line  

The Indian dry-line, a boundary over N.E.India during 

the premonsoon months which separates dry north-westerlies from 

moist southerlies or south-easterlies, was introduced in Chapter 

Three; its characteristics and its importance in cumulonimbus 

development will now be discussed. 

4.1.1 The Horizontal Gradient of Dew-Point  

On occasion the gradient of dew-point temperature near 

the dry-line is very large. 	No special measurements have been 

made but routine observations made at screen-level over N.E.India 

show gradients of at least 12 g/kg/12km, as in fig.56. 	This 

figure shows the pattern of dew-point observations made at 1730 IST 

(1200 GMT), 21 May 1959, less than an hour before a severe 

thunderstorm, accompanied by a tornado, reached Calcutta. 

When viewed on this scale the dry-line, may be a wavering boundary 

with tongues of dry and moist air. 	It is interesting to note 

that on this occasion the dry continental air is well to the east 

of its normal position at this time of year; this is a characteristic 

of situations in which severe thunderstorms occur. 

The dry-line, though conveniently depicted on large-scale 

synoptic charts as a line, is really a transition zone; to 

investigate its width we consider the dew-point pattern along a 

line of stations extending west from Dacca, in East Pakistan, 

to Daltonganj, in Bihar (see fig.56). 	Fig.57 shows the pattern 

of dew-point along this line for the month of April 1963 at 

0830 IST and 1730 IST, i.e. in the morning, before convection 

has begun, and in the late afternoon, by which time convection 
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has been in progress for several hours. 	For about half of the 

month the width of the zone is less than the station spacing 

and it may be considerably narrower than shown in the figure, 

but during the remainder of the month the transition zone is 

rather broad (200-300 km). 	It is likely that depressions of 

the dew-point below the air temperature which are measured at 

screen-level in the very dry air to the west of the dry-line 

are underestimates of the true values because screen wet-bulbs 

are usually insufficiently ventilated in hot weather with light 

winds. 

Though the position of the dry-line marked on a chart is 

to some extent arbitrary (since it is really a zone), for 

convenience we can regard its position as that of the 15°C 

isopleth of surface dew-point; this isopleth is normally near 

the middle of the zone. 	The position of the dry-line thus defined 

appears to change little for several days at a time; however, 

there is some diurnal motion: the moist air, in general, is 

farther west in the morning than in the evening. 	This is 

particularly noticeable between the 19th and 21st, when Berhampore 

is in the moist air mass in the mornings and the dry air mass 

in the evenings. 	The dew-point observations are: 

DATE DEW-POINT 

0830 IST 	1730 IST 

18 24°C 17°C 

19 22 7 
20 22 3 
21 20 3 
22 21 18 
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The normal diurnal variation of dew-point temperature is about 5°C 

in both air masses. 	The magnitude of the diurnal motion of the 

dry-line is difficult to assess but appears to be between about 

50 and 100 km and is related to the removal of moist air by 

convection during the day. 

4.1.2 A Vertical Section  

The moist layer over N.E.India is often little more than 

a kilometre deep, and above it the flow is westerly and the 

air is dry, derived from the deep dry adiabatic layer to the west. 

Fig.58 contains isopleths of potential temperature and mixing ratio 

in a vertical section lying approximately W.B.W. to E.S.E. across 

northern India at 0000 GMT (0530 IST), 21 April 1963; the night 

inversion in the temperature sounding has been omitted by ignoring 

screen-level values of dry-bulb temperature and extrapolating the 

pattern down to the ground. 	Radiosonde ascents at Jodhpur, 

New Delhi, Allahabad, Calcutta and Dacca have been used in the 

analysis together with screen-level dew-points (for 0830 IST) 

from other observing stations (dew-point temperature is less 

affected by night-time cooling than dry-bulb temperature). 

Also included are components of the wind in the plane of the 

section as determined by pilot balloon ascents at stations close 

to the line of the section. 

The moist air is seen on the right of the section as a 

region of higher mixing ratio and lower dry-bulb potential 

temperature. 	Winds in the moist layer are light with a component 

from the east, that is towards the dry-line (there is also a 

component from the east at low-levels in the dry air mass but 

this does not extend above 500 m and may be a night-time effect). 

Above the moist layer, in the drier air, there is a component 
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from the west. 	The lower height of the e .40°C isopleth over 
Dacca is of little significance since the layer from 850 mb to 

600 mb has an almost dry adiabatic lapse-rate with 6 near 40°C; 

therefore a trivial difference of e is implied. 	In this section, 

the interface between the dry and moist air has been shown as a 

sloping surface, on the basis of the soundings made at Dacca 

and Calcutta (figs.59 and 60), together with the position of the 

interface at the surface. 	The top of the moist layer is very 

well-defined at both Dacca and Calcutta, at heights of about 

1 km and 250 m respectively, but the form of the sloping interface 

is uncertain and because Dacca and Calcutta are not precisely 

in the plane of the section the slope may not be as shown. 	To 

obtain an indication of the likely slope of the interface we 

consider a dynamical model of the dry-line. 

4.1.3 A Dynamical Model  

We now examine a model of the dry-line which includes 

friction, pressure gradients and Coriolis accelerations. 	To 

decide upon a suitable model we look at the synoptic situation 

associated with the dry-line on an occasion of a severe thunderstorm. 

On 14 April 1969 a very severe thunderstorm accompanied by tornadoes 

devastated large areas near Dacca in E.Pakistan. 	Fig.61 shows 

the position of the dry-line over N.E.India and E.Pakistan, and 

the associated pressure pattern and streamlines of the surface wind. 

The pressure pattern is similar to that associated with middle 

latitude warm fronts, with the hot dry north-westerlies representing 

the warm air mass. 	The angle of cross-isobar flow of the 'surface' 

wind is large in the moist air mass, approaching 60°, but is 

about 30°  or less in the dry air mass. 	To the east of the 

dry-line friction at the ground causes a drain of momentum from 
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only the moist layer (about 1 km deep) since mixing is likely 

to be small across the pronounced inversion at the top of the 

layer. 	In the dry air mass, however, there is convective 

mixing (during sunshine) up to about 3 km and the drain of momentum 

by friction at the surface is thus distributed over a much deeper 

layer, leading to a smaller angle of cross-isobar flow. 

Surprisingly, winds are stronger (about 10 m s
-1

) in the moist 

layer than in the dry air mass (less than 5 m s-1 ), but are 

light or calm near the dry-line. 

Consider a two-dimensional model in which we represent 

the moist inflow by a wedge of cool air, with the y-axis along 

the wedge; below the interface (zo(x,t)) we assume a uniform 

pressure gradient, independent of height and in a direction 

perpendicular to the 'edge' of the wedge (i.e. in the negative 

x-direction). 	We assume a stress at z= 0 given by To = pCpvc,2  

(p, density; CD, drag coefficient; vo , wind speed at z= 0), 

zero stress at the interface and a linear change of stress with 

height. 	With these assumptions we expect to model all but the 

constant flux layer, the lowest 10 m say. 	A linear change of 

stress with height implies perfectly efficient mixing in the 

vertical within the moist layer, but no mixing with the air 

above the interface, which is likely to be a good approximation 

during sunshine while convection is confined to the moist air 

and before cumulonimbus have developed. 	Above the interface we 

assume the air to be stationary and neglect any effect which its 

presence has on the motion. 	The model is summarised in fig.62. 
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We neglect accelerations of fluid particles, so that 

the horizontal momentum equation becomes: 

vg' geostrophic velocity 
„ f k A y 	1 —p  v 	1 di 	A

P = p  'ET 

132 
pax 

1 aT 
p az 

where 1 aI 	CD voLITA 
p az — 	Z, 

and k is a unit vector in the z-direction. 

i.e. at all times we assume a balance between the friction force, 

Coriolis force and pressure gradient force. 	First we note that 

since at  and Vp are independent of z then assuming p is constant az 

With height v is independent of height and equals vo  . Resolving 

along and perpendicularly to the direction of the wind: 

CI-1  v 2 
A sin a _ 	 ....(1) 	A cos m = f v 	....(2) zo  

where m is the angle of cross-isobar flow and A= —122- 
P aX • 



-f 2  + if i+  + 4(CD/zo )2  A2 3/2  	 ) 1 CD v sin a = - — — A zo  2(CD/z.)2  
(3) 

Squaring and adding (1) and (2) : 

(CD)2  vi+ 
+ 2v2 - A2 = 0 

zo  
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thus 

   

v2 
_f 2 	Lk 4f + 4(CD/zo)2 A2 

2(CD/zo  ) 2  

The negative root gives v imaginary and so is inadmissible, 

and the component of the wind in the x-direction is: 

For small zo  , i.e. 2(CD/zo  )A >> f 2 , this simplifies to 

v sing _•-(Azo /CD )Y2  which is equivalent to putting f = 0. 	For 

the typical values 	= 1mb/100im,D -  6.10-3 and f = 	sec-1  

this approximation is reasonable for zo  << 5 km. 

To find the change in shape of the interface with time we 

consider the continuity of mass in a column. 

w int = - a  —
a
x(z. v sin a) where wint 	(azo /at)x ) is the 

vertical velocity of the interface. 	But zo  v sin a is a known 

function of zo  only, given by equation (3), and hence 

(-L°)x 	F(z,o )(2Lax0) at  

where F = dz 
 , — o  v sin a) d. 

3 	12 	
zo2 (_ f 2 	if if 	I4.(cD/zo )2 A2 

217 A CD  )3/2 
 

2 CD A2 (-f 2 jf 4 + 4 (cD/z. ) 2 	 A2) (14- + 4( cD/z. )2 A2 
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This is a highly non-linear equation whose general solution is 

unknown, but special solutions can be found, using the 'method 

of characteristics' (Landau and Lifshitz, 1959), as follows: 

z. = zo(x,t) 

(so 	 dz. 	dx + 	dt 
tax 	at

.
x  

so following isopleths of z., 

(ax 
"gd - 

zo - at x  ax t  

Using (4) : 
(axt ) 

izo  
- F(zo) 

(ax/at)z is the speed in the x-direction of vertical planes of . 
 

constant zo ; its variation with zo  is shown in fig.63 for 

different values of A. 	The variation of (ax/at)z  with z. o   

indicates that the form of the boundary will approach a 'step' 

of height z: , the value of z°  for which the speed of the plane 

of constant zo  in the x-direction is a maximum. 	The height of 

the step as a function of time is shown in fig. 64 for an interface 

with an initial constant slope of 1/100, a drag coefficient (CD) 

of 6.10-3  (typical of rather open country), a Coriolis parameter (f) 

of 5.10 5 sec-1 and pressure gradients of 0.5mb/100km and 1mb/100km. 

The equilibrium step-height (zg) increases with increasing pressure 

gradient and increasing drag coefficient and, from dimensional 

analysis, probably has a dependence z: 	kCip A  where k 	0.3. 
f4  

For a pressure gradient of 1mb/100km, about the observed value 

on 14 April 1969 (fig.61) the height of the step is about 1 km, 

a typical depth for the moist layer; also zg. 1 km gives an angle 

of cross-isobar flow of 55° which agrees very well with observation. 
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We note that the flux of moist air into N.E.India across the 

Bay of Bengal coast is approximately proportional to A2  since 

both the depth of the moist layer and the inflow speed are 

approximately proportional to the pressure gradient. 	This does 

not necessarily mean that large pressure gradients are favourable 

for the development of severe storms since other factors may be 

important, as will be discussed further in the next section. 

) 
The 	assumption that the accelerations of fluid particles ( Dv 

Dt 

are negligible is not always valid at the developing step where, 

for small times, the accelerations are the same magnitude as the 

other terms in the momentum equation; however, this acceleration 

becomes small (less than 10% of the other terms in the momentum 

equation) before the step height has reached half its equilibrium 

value (z:), and should not therefore invalidate the solution. 

We have also assumed in the model that the air above the 

interface is stationary and have deduced the speed of advance 

of the moist air relative to the dry air mass (given by v(z:) ). 

At the expense of confusing the friction law a little we can assume 

that the treatment is valid for axes moving with the wind speed 

at low levels within the dry air mass and deduce that this would 

reduce the speed of advance of the moist air by the same value, 

normally about 5 m s-1. 

The dry-line phenomenon over N.E.India is basically a 

large-scale sea-breeze front and its form should not differ 

markedly from that of a normal sea-breeze front in which the slope 

is reported to be about 45°  (Simpson, 1969). 	This is not 

inconsistent with the dry-line model, which indicates a steep 

interface. 	It is salutory to note that f, usually ignored in 

sea-breeze statics, is here seen to have a decisive effect on 

the structure: if we put f = 0 the solution becomes one of a 
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developing step with the height increasing indefinitely (as t2); 

it is the inclusion of the Coriolis acceleration which gives rise 

to a characteristic depth z:. 

The friction law which we have employed is deficient in 

that in practice at/az is larger near the ground than higher up. 

Consider a dry-line, in the form of a step of height z:, in a 

coordinate system moving in the negative x-direction with the speed, 

in the x-directionl of the moist air; there is no flow through 

the boundary x = 0 in this coordinate system, and the momentum 

equation may be written: 

f k n vr 	— 	= 	ax 
p az 

with v„ = v- v --° and 	1 — V'p - 1  —Vp = f k n ve  

and where, is the velocity of the air in the new frame of 

reference, vo  is the velocity of the frame of reference relative 

to the ground and P'p is the 'effective pressure gradient'. 

The change of axes introduces an additional pressure gradient in 

(lt 
the y-direction of 1 — 	= f oval . 	Note that at/az is unaffected 

P aY 
by the change of axes. 

If at/az is not constant with height we introduce a 

perturbation velocity v' . 

z_ z: 
Form of interface  

X = 0 

We wish to find the transverse circulation which results when 

al/az is not constant with height. 	The momentum equation in the 

y-direction gives: 
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at  f 	= — —Y - p az 	pay 
where u' is the perturbation 

speed in the x-direction, Ty is the stress in the y-direction 

(Tx  << T since we are considering small variations from flow 

entirely in the y-direction, thus t j Ty). 

Since there is no flow through the boundary x=0, and assuming 

there is none through the boundary z= z: 

z=z: 
p u' dz = 0 

z=0 

Hence Hence 	u' = 1 t7z* - to 	at 
pf 	z: 	az 

 

1 	 t fax 	a 
pf az 	az 

 

= 

 

  

where 13--caz  = 	zo 
	since Tz: = 0 . 

at So where lad > az 523- there is a flow towards the surface dry-line 

and where al < I.g1 there is a flow away from the surface 

dry-line, implying a circulation in the moist air of the form: 

z _ z 

     

    

at at 
az - az 

     

     

z - 0 

     

To a first approximation we can expect this transverse circulation 

to exist in addition to any mean motion of the moist layer, and 

such a circulation in the moist air is suggested by the cross- 

section shown in fig.58. 	A transverse circulation has obvious 

importance both in the maintenance of a 'sharp' dry-line, a 
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rapid transition from high to low moisture content, and in 

producing favourable conditions for convection to begin near the 

dry-line. 	Since very large gradients of surface dew-point are 

observed a local circulation is implied producing convergence 

near the ground, opposing horizontal (convective) diffusion. 

4.1.4 The Role of the Dry-Line in Cumulonimbus Congection  

Essa satellite pictures for the premonsoon months of 1967 

show, on several occasions, cumulus and cumulonimbus clouds 

in a narrow band along a considerable length of the dry-line. 

The picture for 12 May 1967 (fig.65), taken about local noon, 

shows cumulus and cumulonimbus along a line over north-central 

India near longitude 80°E and stretching from the Himalayan 

foothills to near latitude 20°N. 	This line coincides almost 

precisely with the position of the dry-line on the same evening, 

implying that near the dry-line conditions are particularly 

favourable for cumulus and cumulonimbus convection. 	The transverse, 

frictionally-driven circulation described above would produce 

such conditions by lifting potentially warmer, moister air near 

the ground in the ascending branch of the circulation, reinforcing 

local convection. 	(One would expect air in the lowest 10G m 

to be about 2 or 3°C warmer and have a mixing ratio of about 

3 or 4 g/kg more than air at 500 m under the conditions found 

near the dry-line.) 

Although the shape of the interface approximates to a step, 

to the east of the surface dry-line the interface slopes gently 

upwards (at less than 1 in 100) giving greater depths of the 

moist layer farther east. 	This results in a more rapid warming 

of the moist layer near the surface dry'-line than well to the east: 

consider a sounding made at Calcutta (0530 IST 21 April 1963, fig.60) 



FIG.65 Photograph taken from Essa III over India at about 
local noon on 12 May 1970. 
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which shows the shallow layer of moist air with the overlying 

deep layer of potentially much warmer air. 	We are interested 

in the modification, by local convection, of the lower troposphere, 

leading eventually to cumulonimbus convection. 	An upper bound 

to the sensible heat input required before deep convection can 

begin locally can be estimated by assuming that convection will 

be dry up to the base of the inversion and that deep convection 

will begin shortly after 0 in the local convective layer reaches 

the value at the base of the inversion. 	The mixing ratio rill 

also be assumed almost constant throughout this layer of local 

dry convection, i.e. we assume efficient mixing within the moist 

layer only. 	We must consider the virtual temperature profile, 

in view of the large water content of the lower layer, and this 

is included in fig.58, with the shaded area corresponding to the 

required sensible heat input. 	We anticipate that a further small 

sensible heat input will cause a relatively large increase in the 

height of the convective layer and that cloudy convection will ensue. 

To determine the sensible heat input discussed above we 

calculate: 

1 Q., = 9PLT dp 

where [IT is the increase in temperature of a layer of thickness dp 

and the other symbols have their usual meaning. 	From such a 

calculation we find that 45 cal cm-2  is required, a rather small 

value which, in the absence of large amounts of cloud would be 

surpassed before local midday, despite the large fraction of the 

energy input used for evaporation. 	In practice we expect some 

mixing down of the potentially warm air above the inversion by 

thermals which overshoot their neutrally buoyant level (Ball, 1960). 

Although this process represents a heat transfer through the inversion, 
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the calculation of the sensible heat input is unaffected, provided 

the layer above the inversion has a dry adiabatic lapse-rate. 

At Dacca (for position see fig.58), which is farther from 

the surface dry-line, the sensible heat input required to raise 0 

in the moist surface layer to the value at the base of the inversion 

is about 160 cal cm
-2 which represents perhaps more than a whole 

day's sensible heat input (taking into account the infra-red loss 

from the moist layer, about 0.15 cal cm-2  min-1, reflection of 

solar radiation from clouds and ground, the absorption of the 

atmosphere above and the evaporation of water at the surface). 

We can thus expect penetration of the inversion to occur first 

near the surface dry-line, where the moist layer is relatively 

shallow, especially in view of the local vertical motion there 

(in the transverse circulation). 	Once convection has penetrated 

the inversion, the cumulus can develop into cumulonimbus and move 

eastwards, with the moist layer feeding the updraught and the 

dry layer of low Ow  feeding the downdraught. 	This appears to 

have been the sequence of events on 21 April 1963. 	Fig.66 shows 

the position of the dry-line at the surface at 0330 1ST, 21 April 1963 

and the subsequent 24-hourly rainfall pattern. 	The latter indicates 

shower formation near the dry-line and a subsequent eastward 

movement and development, with over 2 cm of precipitation along 

the coastal region of East Pakistan near Chittagong. 

4.1.5 Comparison with the Dry-Line of the United States  

Under suitable large-scale conditions a dry-line or dew-point 

front is found over the middle-west states of Texas, Oklahoma, 

Kansas and Nebraska. 	Severe thunderstorms often begin near the 

dry-line but the mechanism is not well understood. 	The dry-line 

marks the boundary between a deep (about 4 km) dry air mass flowing 
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FIG.66 Isopleths of rainfall (in cm) for the 24 hours ending at 
083G IST, 22 April 1963. The position of the surface dry-line 
(taken as the position of the 15°C isopleth of screen-level 
dew-point) at C830 IST, 21 April 1963 is shown as a heavy 
pecked line. 



112 

from the S.W. (across the arid western states) from the Pacific, 

and a moist air stream (about 2 km deep flowing northwards from 

the Gulf of Mexico. 	Small-scale convection in the moist layer is 

suppressed by a potentially warm layer above flowing from the 

Mexican Plateau. 	The position of the dry-line is controlled 

largely by topographical features: the dry-line is usually found 

in the lee of the northern highlands of Mexico and may remain 

quasi-stationary for several days. 	Although very large gradients 

of moisture content occur near the dry-line, very little density 

contrast exists (fig.67). 	The interface is normally very steep 

or even vertical at low levels, but a tilting to the east is usual 

at higher levels. 

With the Indian dry-line no topographic control is evident 

since the line is often found over the Gangetic Plain where even 

low hills are absent. 	Another important difference is in the 

density difference across the line; over D.E.India, at least 

before sclar heating begins, the virtual temperature in the moist 

layer is about 5°C lower than in the dry layer. 

4.1.6 Further Observations  

The Indian dry-line is, at the very least, an interesting 

phenomenon and probably plays a crucial role in the development of 

cumulonimbus convection over N..India. 	A well-defined dry-line 

is not always apparent, but days on which intense convection occurs 

are characterised by a narrow transition zone. 	Observational 

investigation of the dry-line would be rewarding and the results 

of the elementary dynamical model presented could be tested. 

Simple observational techniques would probably be sufficient: 

surface wind and dew-point measurements throughout the day over a 

network of stations would display the diurnal motion of the dry-line, 



FIG.67 A vertical section through a dry-line over Texas, U.S.A. 
(reproduced from LoGuire, 1962). The section contains isopleths 
of :cotential temperature (continuous lines labelled in °K) 
and rnixing ratio (pecked lines labelled in g kg-1). 
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and pilot balloon observations in the lowest 1 or 2 km at selected 

stations would reveal any transverse circulation. 	Observations 

taken at even a single station would be useful in investigations 

of the gradient of dew-point near the dry-line: if the interface 

moves across the station it may be possible to convert a time 

sequence of dew-point observations into a spatial section. 	More 

elaborate observations could be made with light aircraft and would 

show the vertical structure of the interface in detail. 

4.2 	The Severe Storm of 19 April 1963  

A very severe thunderstorm crossed northern Bengal and 

northern Assam on the evening of 19 April 1963 and was accompanied 

by a tornado, and large hailstones with dimensions up to 10 cm 

(Nandy and Mukerjee, 1966). 	The tornado moved in a direction 

W.N.W. to E.S.E. at an estimated speed of 22 m s-1 and caused 

devastation over a path length of almost 40 km. 	On the same 

evening many parts of N.W.Assam experienced severe thunderstorms 

with squalls and large hailstones, but a single severe travelling 

storm may have accounted for many of these reports. 

4.2.1 The Flow at Low Levels  

On 19 April 1963 at low levels (below about 900 mb) there 

was the normal flow of moist air from the Bay of Bengal into 

East Pakistan and extreme N.E.India, while over the remainder of 

northern India a deep dry convective layer was present, extending 

from the ground to near or above the 600 mb level and moving 

generally from the W.N.W. 	Fig.68 shows isopleths of screen-level 

dew-point temperature and streamlines for the 0.6 km level at 

1730 IST; the severe storm was occurring at this time and its 

position is indicated. 	The dry-line is marked by a large gradient 

of dew-point: values are as low as 5°C to the west and as high 
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FIG.68 The distribution of dew-point temperature at screen-
level (labelled in °C) and streamlines of the wind at 
0.6 km at 1730 IST, 19 April 1963. 
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as 25°C to the east. 

4.2.2 The Cold Pool  

Over N.E.India in April, the mean value of es  at 500 mb, 

which is normally about the level of minimum Os, is a little 

over 20°C. 	In the present case study a very large available 

potential energy resulted over N.E.India from the superposition 

of unusually cool middle-level air, approaching from the west, 

over the layer of air with a high Ow  which is normally present 

near the surface; Os  was as low as 15°C at 500 mb. 	Over N.E.India 

high values of Ow  near the surface are prevalent and are not much 

less than the sea surface temperature over the Bay of Bengal, 

and it is the occurrence of such abnormally cool air at middle 

levels which leads to particularly large values of available 

potential energy for release in cumulonimbus. 

Fig.67 shows the 700-500 mb thickness and thermal wind 

patterns for 00 GMT, 19 April 1963, twelve hours before the severe 

thunderstorm occurred near Cooch Behar in Assam (the position of 

Cooch Behar is shown in fig.69 by a tornado symbol). 	A region 

of cool middle-level air (low contour thickness) is shown over 

N.India and Tibet; such a region of locally cool air in the 

middle or upper troposphere, which is not directly associated 

with the surface pressure pattern, is known as a cold pool. 

4.2.3 The Structure of the Cold Pool over Northern India  

The sounding at New Delhi for 00 GMT, 19 April 1963 is 

near the centre of the cold pool and shows a dry adiabatic layer 

up to the 500 mb level (compared to a normal depth of about 3 km). 

In fig.70 this sounding is compared with that made 24 hours 

earlier, ahead of the cold pool. 	The main difference between 
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FIG.69 The 7GG- 5CC mb thickness pattern (labelled in decametres 
and the mean es  of the layer in °C) and thermal winds 
(labelled in m s-1) at CUO GNT, (G53C 1ST) 19 April 1963. 
The positions of Karachi (K), Jodhpur (J), New Delhi (ND), 
Allahabad (A), Calcutta (C) and Dacca (D) are. shown and the 
tornado symbol marks the position of Cooch Behar. 



FIG.70 Soundings for New Delhi OGOO GMT, 18 April 1963 (open circles) 
and CCU GET, 19 April 1963 (closed circles). 
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the soundings is that on the 19th the temperature at any pressure 

level (above the 950 mb level) is lower than on the previous day, 

but especially between 650 mb and 500 mb where the temperatures 

differ by 5 or 60 C. 

A cross section through the cold pool is shown in fig.71, 

constructed from the soundings made at six stations (Karachi, 

Jodhpur, New Delhi, Allahabad, Calcutta and Dacca; positions 

shown in fig.69) lying in a line orientated approximately W-E. 

The soundings were made at 00 GMT, 19 April 1963 and screen-level 

observations of dew-point taken at 03 GMT on the same day were 

also used. 	The section shows the cold pool centred almost over 

New Delhi and the Indian dry-line on the extreme right of the 

diagram. 	The cold pool extends upwards throughout the troposphere, 

but is most marked at middle levels, and has a horizontal 

dimension of about 1500 km. 

4.2.4 Origin and Motion of the Cold Pool  

When a cyclone has occluded a cold cyclonic vortex often 

remains (Palmeri, 1951), whose circulation decreases with height 

in the lower stratosphere above a low tropopause. 	With little 

or no potential energy available to the occluded cyclone, 

convergence in the layer affected by surface friction leads to a 

falling' of the surface cyclone and an ascent, at least at low 

levels, which helps to maintain low temperatures in the middle 

troposphere. 	The persistence of some cold pools is not well 

understood, but their disappearance by subsidence of the cold 

column, simply as a consequence of the horizontal temperature 

gradients, evidently may not occur rapidly since there is a 

thermal wind balance, but convective mixing and warming can be 

expected to be important when the cold pool moves over a region 
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of warm water, for example. 	Cn the other hand if the cold pool 

moves over a region which is arid (so that the convection cannot 

be deep) or cool, then the influence of convection may be slight. 

Sumner (1953) compiled some statistics on the duration of cold 

pools and found that the average 'lifetime' was 3 or 4 days but 

that 10% could be followed for nine days or more. 

The cold pool in the present case study appears to have 

originated in an occluded cyclone which was over the eastern 

Atlantic on 10 April, nine days prior to the severe storm over 

India. 	Fig.72 shows contours of the 500 mb surface for 00 GMT, 

10-15 April 1963. 	Fig. 72a shows the circulation associated 

with the occluded cyclone just west of the Bay of Biscay; and 

hatching indicates the area where the 500 nib temperature is less 

than -22°C (Os < 12°C). 	By 00 GMT, 11 April (fig.72b) the cold 

vortex of the occluded cyclone was moving eastwards in the 

circulation of the intensifying upper air trough P near Iceland 

(trough P is associated with a rapidly deepening depression - a 

surface pressure fall of 20 mb in 24 hours - just S.E. of Iceland). 

The cold tongue of air, C marks a local minimum of temperature, 

which can be followed across the northern Mediterranean, arriving 

just S.E. of the Black Sea on 15 April (fig.72f). 

Substantial modification of the cold pool, particularly 

at lower levels, subsequently occurred as it moved across the 

arid regions of Persia, Afghanistan, West Pakistan and N.India. 

The sounding made at Basra (for position see fig.72f) at 12 GMT, 

15 April (fig.73), near the cold pool, shows a deep dry adiabatic 

layer extending from the surface to above the 600 mb level with 

temperatures at most levels considerably lower than the normal — 

the mean sounding for April is included in the figure. 	Because 

of the lack of surface moisture over the above mentioned regions, 
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FIG.72 Contours of the 500 mb surface at CC GMT, 10-
Where the 5CC mb temperature is less than -22°  
area is hatched. Trough P is associated with 
Iceland and C marks a local minimum of 500 mb 
position of Basra (B) is shown. 

15 April 1963. 
C (0,s  <12°C) the 
a cyclone near 
temperature. The 
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a warming of the cold pool by convection from the surface affects 

only the lower troposphere; middle- and upper-level temperatures 

remain relatively low (indeed, temperatures may actually fall 

at levels which become part of the top of the convective layer; 

Ball, 1960). 	Temperatures in the layer of dry convection also 

rise only slowly because of its great depth: using the temperatures 

and dew-points given by the New Delhi sounding for 19 April 

(upper-level dew-points estimated), assuming cloudless skies 

and taking into account infra-red radiative loss and convective 

warming but neglecting evaporation, we expect a net daily heating 

of less than 2°C/day, consistent with an observed temperature 

rise of a little over 1°C/day between the 15th and 19th. 

The motion of the cold pool for 16-20 April is shown in 

fig.74, illustrating the fields of As  at 500 mb (indicative of 

middle-level temperatures) at 00 GMT on each day. 	There is a 

steady motion from west to east at a little under 15 m s
-1, so 

that the cold pool arrives over Assam during the 19th; remarkably, 

however, the cold pool has disappeared by the 20th (fig.74e). 

This disappearance presumably results from the intense cumulonimbus 

convection over N.E.India following its arrival over a region of 

high Ow  near the surface. 

4.2.5  The Motion of an Idealised Cold pool  

The cold pool may be idealised in terms of a horizontally 

uniform flow (no horizontal shear) at a height z1  and a temperature 

field between heights z1  and z2  (z2> z1) such that the isotherms 

have the same direction at all levels. 	We shall neglect radiative 

changes, though these would not significantly affect the argument, 

and assume thermal wind balance above z1. 	Further we shall assume 

no large-scale vertical motion of the air in the cold pool. 	The 
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FIG.74 Isopleths of Os  at 50C mb for CO GET, 16-20 April 1963. 
Hatching indicates the area where Os  is less than 16°C. 



assumptions are summarised in the following diagram; 
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Isotherms have same 

direction at all levels. 

Thermal wind balance. 

v independent of x,y 

No radiative changes 

No large-scale vertical motion 

Under these stringent conditions the temperature pattern 

between heights z1  and z2  is advected, unchanged, with the wind 

at height z1  ; no ageostrophic air motions are demanded. 	This is 

easily understood by considering the flow in a frame of reference 

moving with the wind at height z1, in which frame all winds between 

z1  and z2  are parallel to the isotherms and thus give rise to no 

advective temperature change. 	The level z1 is a steering-level  

for the cold pool. 

The first requirement, that of horizontally unsheared flow 

at z1, is necessary so that the temperature field is not itself 

sheared since the wind field at height z1  determines directly the 

motion of the pattern. 	For the second requirement, concerning 

the form of the temperature pattern, we have in mind a region 

of locally cold air - a cold pool: for example, a temperature 

anomaly of the form 0 1(r,z) (cylindrically symmetric) imposed 

on a zonal temperature field. 	The neglect of radiative changes, 

as already mentioned, does not significantly affect the argument 

since it is differential temperature changes, changes relative to 

the environment, that are important, and these are likely to 

be small. 	The condition of geostrophic flow above 	essentially 

requires that z1  be above the top of the friction layer (or the 

convective boundary layer), and hence if z1  is not to be too high 

in the troposphere cumulonimbus convection should not be occurring. 
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The last assumption, that of no large-scale ascent or descent, 

requires that the cold pool does not have vertical motion associated 

with larger scale baroclinic developments. 

Although all these assumptions may not be rigorously satisfied 

in the present study, this is the process seen as essentially 

governing the motion of the cold pool; its path is shown in fig.75 

for the period from 10 to 19 April. 	The presence of the Tibetan 

Plateau appears to have significantly affected the motion of the 

cold pool, forcing it southwards over northern India. 

4.2.6 Removal of the Cold Pool  

The cold pool, a temperature anomaly at middle levels of 

about 5°C over 1000 km, practically disappeared between 00 GMT, 19 

and 00 GPI' 20 April, presumably as a result of warming following 

cumulonimbus convection over N.E.India. 	If we assume that 

cumulonimbus displace low-level air into the high troposphere and 

that this is accompanied by adiabatic subsidence at middle levels 

then a subsidence of about 100 mb would account for the removal 

of the temperature anomaly. 	For such a warming to occur we 

require one cumulonimbus active during 10 hours with a base of 

dimensions about 30 km by 10 km and an updraught speed at the 

base of 10 m s-1; this is plausible, especially since thunderstorms 

are observed to occur in long lines often much greater than 30 km 

in length. 

4.2.7 Conclusions  

The connection between upper-level temperature anomalies 

associated with mid-latitude cyclones and the occurrence of 

particularly severe thunderstorms over India is a remarkable one, 

but it has been suggested before that unusually low upper-air 
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FIG.75 The path of the cold pool from 1G— 19 April 1963. Circles, 
accompanied by the date, indicate the position of a local 
minimum of temperature at 5GG mb (except on the 13th when 
no local minimum could be identified). The Tibetan Plateau 
is shown hatched. 
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temperatures are associated with nor'wester development (Bose and 

Ramaswamy, 1953). 	Further case studies are needed to establish 

the generality of the connection. 
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CHAPTER FIVE: FUECASTING PRACTICE AND RECOMMENDATIONS  

5.1 	Forecasting Practice  

In N.E.India forecasting practice generally follows the 

findings of Ramaswamy (1956) and is concerned with identifying 

areas of low-level convergence and high-level divergence. 	At 

low levels favourable conditions are considered to be a flow of 

air directly from the Bay of Bengal rather than from the land 

to the S.W., and it is thought particularly favourable for there 

to be a pattern of closed sea level isobars to the west of Calcutta. 

Wind analyses from pilot balloon observations are used extensively 

and areas of convergence associated with trough lines within the 

moist air are considered to be likely areas of cumulonimbus 

development. 	Favourable upper-level divergence is looked for 

ahead of an upper-air trough approaching from the west or in the 

rear of a ridge. 

A dry-line is not routinely recognised and marked on surface 

charts even though it is the most significant feature of the flow 

pattern over N.E.India. 

5.2 Recommendations  

First, the Indian dry-line should be recognised as an 

important feature and its 'form' as a possible indication of the 

likelihood of severe cumulonimbus development: severe thunderstorms 

tend to be associated with a well-defined dry-line with a position 

well to the east of the mean for the time of year; this may 

result from generally stronger westerlies in the dry air. 

Further investigation of the precise role of the dry-line 

in cumulonimbus development is important: more detailed observations 

are required, but a rather simple observational program would 
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be sufficient to provide useful information. 	India has a good 

network of pilot balloon stations - over 50 throughout the 

country - and over N.E.India six are particularly well-positioned 

for an investigation of the dry-line, namely 

42 498 Bhagalpur 

42 591 Gaya 

42 704 Asansol 

42 798 Jamshedpur 

42 809 Calcutta/Dum Dum 

42 886 Jharsuguda. 

When the dry-line lies over this area a program involving 

hourly pilot balloon observations from these six stations together 

with screen-level observations of temperature, dew-point, 

pressure and wind at surface stations throughout the area would 

provide valuable data. 	By making use of satellite pictures and 

visual observations of cumulus development, especially if 

supplemented by reconnaissance with a light aircraft, one could 

hope to determine the time development of the circulation 

within the moist air, its relation to cumulus development and 

the motion of the dry-line. 

There is considerable uncertainty about the severity of 

storms over India since it is difficult to accurately assess 

storm severity even in special studies - by touring the area 

affected. 	If a storm affects only s,nall villages news of damage 

is slow to become generally known, by which time an accurate 

assessment of the severity of the storm is almost impossible. 

It is also important to know the relative frequency of severe 

and ordinary cumulonimbus: a network of reliable voluntary 

observers would be very useful. 	Such a network of observers is 



in operation in England: observers send in regular reports 

(on special cards) giving details of the duration of a storm, 

an estimate of the number of lightning flashes, a report on the 

presence of hail, the strength of the squall, the rate of 

rainfall and an estimate of the severity of the storm. 

For a better understanding of the conditions which lead 

to severe thunderstorms over India further case studies should 

be undertaken. 	Isentropic relative-flow analyses are of little 

help here because there is often no well-defined trough-ridge 

system throughout the troposphere; flow is largely zonal and 

isobaric. 	It appears to be a feature of particularly severe 

nor'westers that they tend to be isolated. 	The tornadic storms 

which occurred near Calcutta on 21 May 1959 and near Dacca on 

14 April 1969 were both isolated storms rather than part of a 

line; further case studies should decide if this is typically 

the case. 
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