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FOREWORD

It is customary to consider a thundershower
as the result of the excessive growth of a cumulus or
a cumulo-nimbus ecloud, that is, as the result of the
condengation of moisture in a vast column of vertically
rising moist air., ©On the average the entire column is
perhaps 40 miles long and 20 miles wide; the base is
one mile, the top five or even six miles above the
ground; the cloud is contained in a long band of other
clouds that may reach across the continent, from the
Gulf of Mexico to Hudson Bay. At the lateral boundaries
dried and cooled air descends to earth.

From the practical point of view, however, the
most important feature of this overgrown cloud is not
alone its size but its travel east or notheast across
the country, in summer at the average rage of 20 to 30
miles an hour, and the fact that the rising motion is
sometimes maintained or renewed for a few hours in
succession,

When 1t becomes necessary to take precautions
against appreaching storms, be it in order to fight forest
fires or to cope with damage to transmission lines caused
by lightning, information must be available on the pro-
pagation and size of the storm, <lhe most reliable inform-
ation is secured, at present, by telephonic warnings from
a grid of stations, which report when the first thunder
is heard-lightning flashes may escape detection during
daylight hours. By plotting these points on a map, the
front of the storm{isobront) may be traced, and from
successive reports its advance deduced. The number of
stations that must be established if such a warning
service is to be provided can be judged from the descript-
ions, in the text, of the propagation of thunderstorms,

The usefulness of these maps is not restricted
to the geographical areas shown on them, since the general
pattern of storm distribution and movement is quite similar
all over the world,

Hénce, it is hoped that this review, which is
based largely on reports of thunderstorms in American and
European copntries, will be found of interest and value
to Canadian electrical and hydraulic engineers.
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1. Introduction

Interest in the study of the propagation of thunder-
storms in North America was at its height 50 or 60 years ago,
not long after the first definite announcement had been
published that in temperate and northern latitudes thunder-
storms have a definite position relative to low pressure
centres(Marié-Davy, in Davis, p.57), a conclusion later con-
firmed, but only in part, by other ﬁurOpean services and by
H.A., Hazen in the United States. The observation of thunder-
storms was chosen as a apecial subject of investigation by
the New England Metdorological Bociety during the summers of
1885 and the years 1886 and 1887, Financial assistance was
given by the U.8. Army Signal Corps and the Bache Fund of
the National Academy of Sciences., About 300 observers kept
records throughout the summer or throughout the year, mainly
in central and eastern Massachusetts. Depending upon the
smaller or greater number of records received for the same
storm, the time of rain beginning was charted on maps six
miles to one inch, or 17 miles to one inch, or 35 miles to
one inch, If the progression of the rain front appeared
clearly, lines showing its probable position at various times
of the day were drawn; these lines enabled determinations of
the direction and velocity of the storm to be made,

These reports have been used as the basis of the
present review because of their completeness and continuity
over a periocd of years,

2. Propagation of Thunderstorms in New England
1 in the Summsr of 1885,

New England(Fig,1l) occupies about 66,000 square
miles on the eastern coast between the parellels of 41ON
and 47°N, ;
The backbone of New England is formed by the
northeastward extensions of the Appalachian Mountains,

In western Massachusetts they form the Berkshire Hills, in
Vermont the Green Mountains, and in New Hampshire the White
Mountains, In various places the summits rise to appreciable
heights, Mount Greylock in western Massachusetts to 3,535 ft.,
Mount Mansfield in Vermont to 4,349 ft., Mount Monadnock in
gouthern New Hampshire to 3,166 ft., Mount Washington to

6.293 ft, with several summits nearbﬂ of more than 4,000 f£t,,
and Mount Katahdin in north central aine, to 5,273 ft.
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Hilly sections, less than 500 ft., above sea-level,
form the transition zone between the mountains and the coastal
lowland, which varies in width from a few to 100 miles.

The ocean has a dominant influence om a narrow
coastal belt only. Ogccasionally a sea breeze may blow inland
for 30 or B0 miles, but the temperature effect vanishes within
10 miles of the ocean, because the shallow wind becomes heated,
or cooled, by the land. 1Im eastern Maine, there is a region,
Just back from the coast, having an altitude higher than 500
ft. and an area of 1000 square miles; its average temperature
differs from that of the remaining coastal belt{Church).

A large part of scuthesastern Massachusetts around
Taunton and Middleboro also has temperatures different from
those of the neighbourhood on account of the pressence of
swamps which stay cool and dry out slowly in spring and summer,

The mean wingter temperatures differ by more than
22°F, at Van Buren 10.6°F., and at Nantucket 32.9°F., a con-
trast caused by the frequency of northwest winds during this
season, In summer there is only a small difference(Z°F.) in
temperature from north to south, 8cuthwest winds prevail
at this season,

The average precipitation{i48 year average) is #1,75
in. BHBanover, N.H., and Burlington, Vt., have low values and
may represent stations sheltered by the Green Mountains(Hanever)
or the $dirondack Mountains(Burlington).

During the first days of the month of June,h 1885,
an area of low pressure, advancing from southern Michigan to
the New Jersey coast, brought the first thunderstorm of the
?eaaon)to gsouthwestern Connecticut and central Rhode Island

Davis). :

During the second week of June, New England was
occupied by a high-pressure area coming from the northwest,
while from 11 to 15 June, 1885, a low-prssaure centre
descended the Bt. Lawrence valley., Ancther low-pressure
centre appeared on 16 June, 1885, over Lake Superior and
led to a storm of small size that arose around two o'eclock
on that day in northesastern Cennecticut and moved eastward
across northern Rhode Island and southeastern Massachusetts
at a rate of about 35 miles per hour,

Between 17 and 21 June, 1885, a high-pressure area
moved from the Mississippi valley to the Middle Atlantic
coast, and another followed this path between 23 and 25 June,

Then, on the morning of 27 June, 1885, an area of
slightly diminished pressure appeared north of ﬁake Buperior
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and moved eastwards bringing warm weather to Ontario and to
New England. During the afternoon, several rather strong
storms occurred in northeastern Magsachusette., On the after-
noon of 28 June, while the centre of the low-pressure was
over Lake Ontario, thundershowers were reported from New
England. Towards night, the thunder died'away, but the rain
increased. The low-pressure centre moved to northern New
York during the night, and to Massachusetts Bay during the
day. The morning of 29 June, 1885, was cloudy. Just before
noon a thunderstorm began in, or a little west of, the Connect-
icut valley, and moved east or east-southeast, 18 to 25 miles
an hour, vanishing before sunset as it approached the eastern
and southern coast,(Fig.2.)

The storm bropke out north of the low-pressure centre,
at that time near Massachusetts Bay; its front was not very
marked since there was seldom any pronounced change in the
direction or strength of the wind, A peculiar feature was the
easterly wind charged with low foggy clouds that kept blowing
towards the storm just before and during most of the rain,

The northern and southern ends of the storm seemed
to fade away while the central part inereased in strength
as 1t approached the coast., Lightning strokes seemed to
follew the heaviest downpour,

On 30 June, 1885, the centre of the low-pressure
lay ever the Gulf of Maine; on 1 July, 1885, it moved north-
ward across western Maine, and the weather became cool; during
the morning hours of 2 July, 1855, it advanced westward but
then returned to northern Vermont, and on 3 July travelled
from Mt. Waghington to the 8t. Lawrence valley. A number
of separate storms appeared in t he afternoon in central and
southern New Hampshire and:in cleee auceession in central
and eastern Massachusetts, At least 10 storms moved south-
east or east-southeast, at different times, at a velocity
averaging 16 miles an hour(Fig.3.). In several of the storms
the clouds observed were merely cumulus clouds of huge size
in others the ordinary high-level cirrus overflow was seen,

A very severe storm with heavy rain and hail and
incessant lightning passed eastwards in the evening of 5 July,
1885, crossing central and northern New Hampshire. The
pressure was high over New England, low over Minnesota,

On the morning of 8 July, 1885, a new centre of
low piressure appeared in Dakota. Violent thunderstorms
broke out south of the Great Lakes but none formed in New
England despite rapigly rising temperature mean maximum of
7th: 800; of &8th, 87 )., The centre moved eastward:, north
of the Great Lakes, and in the afternoon of 9 July, it stogd
near Quebec. The mean maximum temperature had risen to 91,
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and the largest New England storm of the 1885 summer developed
extending from northeastern to southwestern New En land,(Fig.hs°
With the formation of destructive funnel clouds, at two places,
Kent's Hill, Me, and West Brookfield, Mass., it reacned tornado
strengtn,

At Burlington and Charlotte, V¢,, the storm appearéd
at about 1 p.m, Two hours later it stretched northeastward
from southern Vermont to the angle of the Androscoggin river
in Maine, North of an east-west line through Concord, N.H,,
the storm advanced faster than south of this line. The
average velocity along an east-by-south direction from
southern Vermont to “Yape Cod was about 37 miles an hour; in
some places in New Hampshire it may heave reached 50 miles
an hour., The rate of advance seemed to diminish as the storm
faded away after sunset on nearing the coast.

At a number of stations the cirrus overflow was
often seen two or three hours before the rain began; its
edge passed the observer's zenith from an hour to an hour
and a half ahead of the rain. The thunder-clouds were often
visible an hour or more before rain fell,

A rapid fall of temperature followed the atorm
front, one degree F. in one to three minutes,

The period from 11 to 20 July, 1885, was almost
free from thunderstorms, The travel of a low pressure centre
down the 8t. Lawrence valley about 12 July, 1885, was not
accompanied by electric disturbances, nor did a low pressure
centre coming from the west to Lake Huron and passing thence
into Lower Canada, north of the 8t, Lawrence, produce storms,
although it brought the hottest mean maximum temperature
of the summer(92°F) to New England,

After this long period of inaction, a low pressure
centre that had been lingering in Dakota during 18 and 19
July, 1885, began to move rapidly eastward on the 20th, so
that it arrived noerth of Lake Huron on the morning of 21
July, and at 3 p.m. in southwestern Maine, travelling at a
speed of 60 miles an hour,

The mean maximum temperature of the day was high
(90°F.), and several storms were assoclated with the low-
pressure area,

The first storm to be mentioned had been active
in the state of New York at Palermo, Oswego Co,, at 6,20 a.m,
(time of loudest thunder), and at Congtantia, Oswego Co.,
where the thunder was heard first at 6.45 a.m,; the storm
lasted for about two hours. Peterborough, Madison Co,,
had the loudest thunder at 7.22 a.m, Hensonville, Greene Co.,
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had rain at 9.22 a.m., while the temperature fell from &1 to
71°F. in two minutes. ZThe squall entered New England near
the western end of the Massachusetts-Connecticut boundary
at about 10,10 a,m.(Fig.5). Great Barrington, Mass, ,
reported rain at 10.40 a.m, with heavy clouds and continuous
thunder. Winsted, Conn, reported clouds rising in the
north at 10.33 a.m., light rain at 11.0% a.m, with moderate
northwest wind, end of showers at 11.35 a.m. S8pringfielq,
Mass., had a heavy wind from 11,20 to 11.35 a.m, with a few
drops of rain, Chicopee, Mass., light rain with westwind
about 11.10 a.m, At Thompson, Conn, a short-lived shower
began about 11.45 .M. ; lightning struck a church spire.

The storm then entered Rhode Island. At North
Scituate tne clouds passed the zenith at 12.15 p.m,; there
was a sudden rain, neavy thunder and high west wind at
12,19 p:.m, Woonsoeket had rain %n torrents. at 12.22 p.m,
Pawtucket at 12,27 p.m.(temp, 94°F., at 12.45 p.m. temp,77°F.)

Finally the storm crossed southeastern Massachusett s,
and at the same time spread northeastward, At Attleboro, it
was at its height at 12625 p.m. At Norton, the temperature
before the storm was 94°F., the highest of the season; about
11.00 a.m, o’clock clouds appeared; about 12,00 a dense
black fog was in the weet, rain fell from 12.15 p.m, accom-
panied by terrific lightning and thunder, Between 12,20
and 12,30 p.m, trees were broken and uprooted along a front
three-quarters of a mile wide, Plymouth reported streng
southwest wind at 12.45 p.m,, rain at 12.50 p.m., and damage
by lightning., Provincetown had rain between 1.30 and 2,00 p.m,

The average velocity of the storm's progress was 48
miles per hour, in a direction a little south of east. No
definite effect on the course or velocity of the storm was
exerted by the terrain over which the storm passed: The
Catskill Mountains, over 2,500 ft. high, the Hudson Valley,
the mountains of Western Connecticut and Massachusetts reaching
in places up to 2,500 ft: and the Connecticut Valley.

An afternodn storm(Fig.6) on this same date 21 July,
1885, crossed the Hudson river below Albany while the temperature
in New England had risen to over 90°F. A thin front of high
cirro-stratus was visible in the northwest at least three hours
before the rain began. In Connecticut the short-lived squall
wind reached a destructive strength and was accompanied by hail.
In Massachusetts the storm wasbrief but rather violent around
Worcester, where numerous lightning strokes(L) were reported.
Like the storm in the morning it was peculiar in approaching
'the sea-coast with scarcely diminished strength,
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An area of low-pressure moved from Lake Michigan on
24 July, 1885, north of the Bt, Lawrence, and was north of
the Gulf on the afternoon of the 25th. B8everal storms occurred
in southern New England, after an oppressively hot day. But
they 4did not bring any distinct change in weather. The mean
maximum for the 25th was 88°F,, for the 26th &7°F.; although
this day was oppressively hot, only two thunderstorms occurred,
one shortlived, near Amherst, Mass., the other in southeastern
Massachusetts. ( ‘aunton 1,50 p.m.),

During the rain the temperature dropped about 10°F,
The next days brought higher pressures,

On 29 July, 1885, a slight depression lay north of
Quebec and set up warm weather in the region swept by south-
westerly winds, Five separate storms were traced for this day
by H.H. Clayton.(Fig.7).

The first storm came early in the morning, being
reported in northern Vermont at 2 a.m, 4t reached eastern New
Hampshire about & a.m., having travelled over a narrow path
to the east southeast at a rate of perhaps 1% miles an hour,
without apparently reaching the sea-coast.

_ The second storm advanced eastward along the boundary
of New Hampshire and Massachusetts at a rate of about 20 miles
an hour, It passed out to sea at noon.

The third thunderstorm developed in northeastern
Massachusetts about noon, and moved eastward at the same rate
as 1ts predecessors. The clouds were dark and heavy, light-
ning struck in various places. :

A fourth storm broke out in central Connecticut in
the middle afternoon.

The most extensive storm of the day began in New
Hampshire at about 2 p.m. and moved to the southeast at a
speed of 25 miles an hour,

3. Propagation of Thunderstorms during the
Summer of 1886

In 1886, June as a whole had a low average temper-
ature and a small rainfall, There were a number of thunder-
storms, some of them reported from only one locality

On 25 June, 1886, a low-pressure centre formed in
the region of the Great ﬁvakes_n had moved to the northeast and



o
v
[
3
O
N
w
Z
2D
Qo

F1G.10.

Q  JuLY 14. 1886.




arrived over the lower St. Lawrence in the evening,

Thunderstorms were reported from Ohio on 24 June,
from Peterboro, N,Y. on 25 June, 1886 at 3.50 p.m,(thunder,
rain at 4,11 p,m,). Albany, N.Y. had rain at 5.50, and
thunder from 5.35 to 6.10 p.m. The storm(Fig. &) entered
Vermount and Massachusetts practically at the same time,
around 6 p,m,, its front extending from the northern part
of Vermont to the northern part of Connecticut. It advanced
to the southeast across New Hampshire, Massachugetts, Con-
necticut and Rhode Island, but failed to touch Maine, southern
New Hampshire or southeastern Massachusetts. The time occupied
in traversing New England was six hours, so that its velocity
was about 25 miles per hour. In Providence, R.I., lightning
and thunder were very frequent and severe between 5 and 6 Pyl
At Pawlet, Vt., the temperature was 80° at 5 o'clock and 58
at 7.30 p.m,

On the next day, 26 June, 1886, the weather was
cloudy and rainy. The low-pressure centre remained over the
Lower 8t. Lawrence. Several, probably seven, distinct storms
occurred on this day in New ﬁnglandg among them a storm in
central and southern Maine(Fig.9) between 11 a.m, and 3 p.m.
The temperature very generally fell 5° to 10°F. during the
rain but increased at Limington. A second small storm moved
across the same area; from Andover to Alna, between 5,30 and
8.30 p.m.(not shown on map), A group of stations in central
Magsachusetts reported a third storm between noon and 1 o'clock;
1t extended over an area of not more than a few square miles
and had little thunder or rain., In Rhode Island also a storm
was experienced about noon; it moved east across southeastern
Massachusetts and the islands to the south. About six sharp
thunder-squalls of very small area passed across Narragansett
Bay between noon and 2 p.m. A number of stations(Fall River,
West Worthington, Provincetown) in the neighbourheod of Ply-
mouth, Mass,, reported an eastward-moving storm at about
1 o'clock.

The month of July, 1886, also was cool as a whole:
the first half was dry and fair, the second rather cool with
copious showers and several severe thunderstorms.

Between July 14 and 16, 1886, a low-pressure area
from western Pennsylvania and Virginia was moving down the 8t.
Lawrence Valley, accompanied by . heavy rain. Ohio had thunder-
storms on 13, lﬂ and 15 July, In the evening of 14 July a
thunderstorm swept across Connecticut and into southern Massa-
chusetts,(F‘igolos)° It began at 6 p.m. and was dissipated just
before reaching Rhode Island, at about 10,30 p.m. 1Its speed
was 20 miles an hour. The storm was followed by heavy rains
which continued for a day or longer., Its position was unusual;
it broke out northeast of the low-pressure centre, located at
that time in southwestern Pennsylvania, that is, it occurred
in the northeast quadrant of the depression.
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Another storm showing the same relation to the cy-
clonic centre, then in Western Virginiap came early at 2 a,m,
on the following day, 15 July, 1886, to western Connecticut,
the northeastern corner of Massachusetts(5 to & a.m.) and
southeastern New Hampshire and Maine, The temperature was
stationary, the day foggy and cloudy, the wind 1light,

On 18 July, 1886, a well-marked storm occurred al-
though the pressure was but slightly below normal and no low-
pressure centre existed in the neighbourhood.{Fig.11l) Betwesn
11 a.m. and noon, the storm entered Vermont, Massachusetts
and Connecticut from the west, reaching West Btockbridge, Mass,
at 11 a.m., Sharon, Conn., at 11.30 a.m., Salisbury, Conn.
11.35 a.m., West Pawlet, Vi, at 11.45 a.m,, Pittsford, Vi, at
12,02 p.m., Dalton, Mass., at 12.15 p.m. The average hourly
advance was about 14 miles, though at times it reached 25
miles, The squall-wind asppeared with a rush and a roar at
many places., The time of loudest thunder came regularly a
few minutes after rain fell, By the time the storm had
reached eastern Massachusetts, its greatest strength had
been spent, Western Connecticut had to bear the heaviest
part of the storm{Kent, Warren, Goshen, Tarifville, and
Collinsville),

The day of 19 July, 1886, seems to have brought
a succession of more or less violent showers, most severe
in Maine in the early afternoon, considerable damage being
done by hail and lightning.

On 27 July the centre of the low-prsssure was at
Montreal; on 28 July, 1886, a low-pressure area was over the
Gulf of 8%, Lawrence, on 29 July in the morning over Stone-
cliffe, Can., at 3.30 p.m. again over Montreal, and at 11
P.m. at Father Point, Two storms occurred on this day, one
in the early, the other in the late afternoon,

The first storm, between 2 and 6 p.m. on 29 July,
1886, extended over all of Massachusetts except the Cape, and
over Connecticut and Rhode Island.(Fig.12) First noted at
Lebanon Springs, N.Y¥., at 1.20 p.m,, New Concord 2 p.m., and
Poughkeepsie at 2.20 p.m.,, it entered Massachusetts at about
1.30 p.m. and wes%tern Connecticut, where it reached its great-
est strength about an hour later, advancing in an easterly
direction toward the sea. The northern 1limit of Massachusetts
formed a sharp limit. On the south the storm went off to sea
from Rhode Island, but it seems to have been quickly dissi-
pated over the water,

‘he most severe thunderstorm of the month of Julﬁ
1886, followed in the evening of the same day(29 July), while
the low-pressure centre moved from near Father Point(11l p.m.)
into the Gulf{7 a.m.,) The storm crossed Massachusetts and Rhode
Island between 10 p.m, and 1.30 a.m. The rate of advance was
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9.

35 miles an hour.(Fig.13) Other storms followed on 30 and
31 July, 1886, At least five storms arose in various parts
of New ﬁngland during the afternoon of 30 July, 18%6.

The month of August of 1886 brought fair weather
and a temperature below the average, There were relatively
few thunderstorms,

In_the afternoon of 12 August, 1886, a narrow storm
began at 3.30 at Sudbury, Newton, Auburndale and Natick
Mass., and moved east and scutheast across the Bay, at ho
miles an hour, being noted at some stations on the Cape
after 5 P.m, At Blue HilIOObservatoryD the thermometer
fell from 80" at 4 to 61.5° at 4.30 p.m,, the relative humid-
ity, which had been decreasing from 80 early in the morning
to 60 at 4 p.m. before the rain began, rose to 99 at the
time the rain stopped.

4, Propagation of Thunderstorms during the
Summer of 1847

In 1837, the month of June in New England was as
a whole again ccoler than usual, July unusua11¥ warm and wet,
August had an excess of cool and rainy weather{Ward).

From 21 to 23 June, 18%7, a low-pressure area was
spreading over the Great Lakes and New England, and a second-
ary centre of low-pressure was over the 8%, Lawrence. The
weather was cloudy andfoggy. Five storms were reported on
22 June. The first one was observead in eastern Massachusetts
early at 4.30 a.m. It extended south well into Connecticut,
moved northeas® across Mascachusetts into New Hampshire and
reached a few stations in Maine after & a.m, The speed of
advance was 35 miles an hour. The second storm began in
central Connecticut about 7,30 a.m,, and moved to the north-
east across eastern Massachusetts and into southern New Hamp-
shire, stopping a few miles from the sea, at 11 a.m,(Fig.14).
The velocity of the storm's advance was ﬁ5 miles an hour., The
third distinectly moving storm occurred in western Connecticut,
It lasted half an hour, and moved about 50 miles an hour.
Beveral hours later it was followed by a fourth storm in the
same district, between 5 and 6 p.m, During the afternoon, all
the New Epngland Btates except Rhode Island report storms, but
no distinct movement is apparent. The fifth storm began about
6 p.m. at Concord, Sudbury and Framingham, Mass., it moved east
and spread until it extended trom Newburyport in the north to
Teunton in the south, Moving at 20 miles an hour, it reached
the sea at 7.30 p.m, Lightning struck in Lynn, Mass.
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On 23 June, 18387, three reports from near the coast
of Massachusetts mention thunder, then the weather changed
to fair. The month of July, 1887, was sultry and moist and
thunderstorms were frequent and severe,

‘he month opened with clear hot weather and westerly
winds. Although the pressure was above normal, a small
storm developed on 1 July, 1887, at 3.30 p.m. in southeastern
Massachusetts. A second storm of small extent, represented
by not much more than a single cloud, moved east in eastern
Massachusetts between 6 and 7 p.m.

On 4 July, 1887, a faint depression was approaching
from the Upper Great Lakes bringing southerly wind and cloudy
weather to New England. The heat was excessive until 6 July.
On this day, a distinct storm(Fig.15) began in western Vermont,
Massachusetts and Connecticut at about 2 P.m, and moved east
across New Hampshire into Mai ne, where it dissipated around
{ p.m. without reaching the sea. Solon, Me,, reported a fall
in temperature of 10° in 15 minutes during the rain. From
Massachusetts there were no reports after 3 p.m., the storm
having died away in the western part of the state. In Con-
necticut, on the other hand, it continued to move southeast
until 6 p.m,, so that a gap about 50 miles wide existed in
the storm front., The storm was strongest, in the north,
reaching tornado force at Alstead, N.H. ﬁuring the next two
days, the low-pressure area reached the Guif, and New England
had fair weather and southwest winds, But in the morning
of 9 July, another moderate depression appeared over the
upper Lakes; on the following day, at 7 a.m., it passed
north of Montreal, while the weather became cloudy and showery.
Between 1.30 and 3.30 p.m. on 10 July, 1887, there was a
storm in western Connecticut(Fig.16), moving southeast at a
velocity of 30 miles an hour, Another storm developed at
about the same time in eastern Massachusetts and moved east
at a speed of 25 miles an hour, reaching the sea at 3 p.m,
‘he convex front was clearly marked,

On 18 July, 1887, the reports from Connecticut,
though unfortunately scattered, seem to show a distinct storm
moving south from Massachusetts across eastern Connecticut
between 1 and 3 p.m., an unusual trajectory., At the time the
storm occurred the centre of the low-pressure was in southern
Delgware.

After a day of high pressure and fair weather(20 July,
1887), with southerly winds, a depression appearing in central
I1linole and passing over the Lakes and across eastern Canada,
brought a wet period with scattered thunderstorms from 21 to
24 July, 1887. During the last stages of the influence of the
low-pressure wave, while the pressure already was increasing,
a small narrow storm began in northeastern Connecticut at 1.30
pP.m. on 24 July, 1887, and moved at a little less than 30 miles
an hour into central Massachusetts, disappearing at 4 p.m. in the
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neighbourhood of Wercester, The storm covered a strip less
than 10 miles wide,

lhe pressure remained quite even for a few days.
Scattered thundsrstorms caused probably by overrunning warm
air occurred on 28 July, 1887. At Berlin Mills, N.H,, it
was noted that the altitude of the storm was apparently great,
as the time between lightning and thunder, while directly over-
head, was several seconds. At Pine Plains, N.Y., the cloud
mass moed west to south, A well defined storm entered north-
western Verment at 3 p.m, and moved at 30 miles per hour to th e
south east across New Hampshire and southern Maine, reaching
the coast after 10 p.m,

A number of stations in New Hampshire and Maine
report heavy thunder on 29 July, 1887, between 1 and 5 p.m,
At Quincy it is recorded that the air is cool at the beginning
of the storm but muggy at its close., A distinct storm with
some features worthy of note developed during the same after-
noon(Fig.17). It started east of the Connecticut Biver in
Massachusetts at about 3 p.m. and moved southeast at a speed
of 25 miles an hour, spreading in area and covering all of
eastern Massachusetts. It reached the sea after 7 p.m. One
station in northern Rhode Island also felt the storm, At
College Hill, the wind veered from southwest tc east just be-
fore the rain began, and the temperature fell 10°F, in half
an hour, At several stations, after the disturbance had passed,
it seemed to come back again from the east(College Hiil at
5.30 p.m,, Holyoke, Newburyport at 5.15 ﬁumOD South Weymouth,
Worcester at 5.40 p.m. and Hingham at 6.45 p.m.), and then con-
tinued its "interrupted® course to eastward, At Newburyport,
thunder was first audible in the northwest; the head of the
storm moved northeast and remained north of the statiocn for
30 minutes, at 4.45 a northeast wind brought it southward
nearer to the station; it continued to move scuth until the
Merrimack River was reached. It followed theriver, passing
two miles southeast of Newburyport, moved along the coast
until it was sbout eight miles away, then it changed its
direction,; and again approached the station but from the
south, A% 7.20 p.m, the storm retreated towards the east,

The month of August, 1887, brought an excess of
cool and rainy weather to New ﬁnglandg the temperature being

low on account of the presence of clouds and frequent northerly
winds, On 18 #ygust, 1887, a cyclonic disturbance coming from
Illinois crossed New England, brought a thunderstorm in the morn=
ing, and following a clear interval a second storm in the early
afternoon, In the early morning a storm crossed northern Massa-
chusetts from west to east at 30 miles an hour(3 a.m. at Shel-
burne, 7 a.m. in the northeastern corner of the state). Later

in the morning warmer winds started to blow, The second thunder-
storm(Fig.18) entered northwestern Connecticut just after noon;
moving east, it spread out to northeastern Massachusetts and
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southern Connecticut, The storm reached the sea in the north
at 3 p.m,, but vanished in Bhode Island at 3.30 p.m. The rate
of movement was 50 miles an hour,

During the last three days of the month of August,
1887, the pressure in New “ngland was high and the winds came
from the north or northeast. But despifie the generally fair
and clear weather thunderstorms occurred every day. Between
1l and 5 p.m. on 30 August, 1887, thunderstorm action was w:de-
- spread in southern New England, chiefly in Massachueetts, Con-
necticut and Rhode Island, At Blue Hill it appeared to be a
stationary thunderstorm, the only one observed during the
summer of 1887. In many places the wind, lightning and hail
were violent,

5. Bsgview and Discussion

The numbers of days on which thunder was reported
from at least one station in New England are as follows:

1886 1887
June 18 18
July 26 29
August 17 20

The numbers of days on which the progress of the
storms could be traged are given below.

1886 _ 1887
June 14 days(10)* ] days(6)*
July 22 " (14%) 16 * (9)
August 9 * (6) i3 * (6)

There are, therefore, months in which more than
half the days bring thunder to sgome place in New England,

The study ¢of the relation of thunderstorms %o
low-pressure areas dauring the three years 1885-87 sufficed
to show that while the majority of thunderstorms are south
or east of the low-pressure centres, the 7 a.m, weather
maps of those days on which the depression was north of New
England and thunderstorms occurred, d4id not differ appreciably
in pressure, rainfall, direction and force of the wind from the
maps for days without storms in which the lows ogccupied similar
positions,

X The numbers in parentheses indicate the number of days with
thunder during which a low-pressure centre was located north
of the St. Lawrence or over the Great Lakes at 7 o'clock in
the morning.
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It must be mentioned, however, that the influence of relative
humidity was disregarded,

That despite similar conditions pressure distri-
butions favourable to thunderstorms may not result in thunder-
storms was also the result of a survey covering the ten years
1925 to 1934 in Oregon and Washington National Forests{25
million acres, one-fourth the area of the two states)., To
determine the percentage of occurrences of the pressure types
which were not attended by thunderstorms all occurrences for
the months of June, July and August were tabulated. Of all
the days on which one of four favourable types(trough, east
or west of Cascade Range, between high pressure areas, south-
west or southeast quadrant of regularly formed low<=pressure
area; prevalled, 15 per cent were without thunderstorms(R.A.
Ward).

Most individual lightning storms on these forests
affect an area 11 to 60 miles in length, or appear %o move
through that distance, generally in a northerly direction,
But one storm in Waghington is known to have been at least
280 miles long(Morris),

Similar observations are reported from Burope(Winter) .
There are many instances, between 1926 and 1935, where strong
westerly winds carried cool masses of air from the Atlantic into
the strongly heated continent without causing thunderstornms,
even, at times, without causing rain. In other instances a
slight breeze from the west ended in wide-spread storms, In
some years every inflow of western air causes thunderstorms,
in other summers only one-third of the invasions are attended
by electrical disturbances., The differences in the behaviour
are no doubt connected with the amount of moisture present in
the warm air over the continent,

During May, -June, July and August, 1886, storms
occurred most frequently between-5 and 7 p.m., in 1887 bet.-
ween 3.30 and 5.30 p.m, The thunderstorms of the winter months
occurred mainly in the evening or during the night , and near
the ses-coast,

In many instances, Ohio, Pennsylvania and New York
had storms that preceded the disturbances in New England., A
gtorm on 14 June, 1886, in Iowa was followed by a storm in
Ohio on 16 June, and in New England on 17 June, Dakota, Iowa
and Nebraska had storms on 6 June, Ohio 9 Jyne, New England 10
June; on another occasion the dates were 20, 2& and 25 June,
Records from Ohio show that 13,14,15,17,26 and 30 July, 1886,
were days of extended thunderstorms; one day later storms
broke out in New England., In August, 1886, thunderstorms
were not very frequent and the sequence was less complete;
Ohio reported storms on 1, 11, 13, 14, 16 and 22 August; New
England on 12 and 14 August. The storms of 11 August in Ohio
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and those of 12 August in New England occurred mostly between =
3 and 5 p.m., the storms of 13 #ugust, 1886, between 2 and

7 a.m,, those of 14 August, 1886, in New England from 9 a.m.

to 2 p.m, with no change in temperaturs; Both storms had a
speed of 40 miles per hour in New England.

In order to obtain a clear idea of the size of a
storm, the observations must extend across at least half the
continent, A thunderstorm, distinguished by its marked squall
wind, began in northeastern Missouri, about noonion & July,
1884, and moved southeastward, with a convex front(Fig,19),
at the rate of over 50 miles an hour, dying out in South
Carolina and Georgia at midnight, not far from the Atlantic
coast, after a journey of over 600 miles(Clayton).

6. Propagation of Thunderstorms in
- _Mountainous Regions(Alps)

A classification of the types of thumderstorms
observed in the region of the Alps, published in 1925, ie
based on thousands of observations and records made durin
that year at more than 400 meteorological statione(Lugeorﬁ°

The following type of thunderstorms occurred.

(a) the thermal thunderstorms of the flat low regions,
of short duration and restricted to the daylight hours,
They occur in the hilly country, in front of the steep slopes
of the Prealps and of the Alps;

(b) the orographic thunderstorms of the mountain slopes,
of short duration, occurring most often during daylight hours
in the Alps and in the Jura mountaing:

(c) the falling wind or foehn thunderstorms, special
examples of orographic thunderstorms, are under the control
of the Channel lows and arise when the anticyclonic foehn
yields %to the low-pressure foehn, Enormous masses of moisture
condense on the southern slopes of the Alps, and thunderstorms
form, Lightning is observed in the mduntain valleys and a day
later in the hilly region. Apparently, as the warm air descends
the northern slopes, it draws thunderciouds along with i% so
that the storms extend into the highest valleys north of the
divide(Weixlederer). But the falling movement of the air soon
brings an end to the elecfirical storm;

(d) the thunderstorms of the cold front or of the frontal
occlusions, appearing in various forms as thundersqualls, dis-
tinguishable as to the origin of the air masses involved, their
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turbulence, and their dependence upon the earth's relief.
They appear along the surfaces of discontinuity, are sccom-
panied by a sudden reduction in temperature and may advance
with speeds as high as 50 miles per hour, They cross the
highest mountain chains without difficulty.

(e) the thunderstorms of the warm front, attending the
advance of warm air masses that enter the country from the
southwest after having crossed the Jura ranges, They ad-
vance s8lowly, vary with the direction of propagstion, and
the barometric gradient in the depression as it travels
from France to Czechoslovakia,

When the pressure is high over the northern or
northeastern part of Europe and low in the south, in part-
icular over the Adriatic Sea and the Balkans, the warm front
thunderstorms may appear to come from the sast(east thunder-
stormg), These storms occur in the cooler part of the con-
tinent only, at places where wedges of warm.air begin to over-
run the gooler and denser air at the ground, and tend to be-
come saturated with moisture, Cool winds(20°G) blow from the
northeast asross the continent, warm winds(30°C) run into
them from the southeast. The thunderstorm regions advance
slowly or remain stationary, at the boundary surface between
warm and cold air, bringing a repetition of storms at the
same place, sometimes for days on end(5 to 14 June, 1939).
All these storms seem to come from the south or southeast
(8cherhag). Thunderstorms that follow the arrival of cool
air are, of course, also observed in North America. In the
gector occupied by the warm air the weather remains fine,

The downpours are invariably procducing higher {emperatures
and greater humidity than before, whereas the heat in the
low-pressure region continues unabated, The cool winds seem
to bring, not to follow, the thunderstorms, regardless of
whethsr, depending on the pressure distribution, the cool
air is spreading to the west and south or the warm air to
the east,

A ©0ld front thunderstorm(Fig,20) approached
Bwitzerland from the west on 11 July, 1940: at 1,30 pP-m, it
was over Geneva, having crossed the Jura mountains, at 2 o°
clock it swept across the hilly country between Lake Geneva
and Lake Neuchfitel, reached the cafital at 4,30 p.m,, extend-
ing from the Rhine to the Rhone. t 5.50 p.m. hail falls
heavily at “4urich, An hour later the strength begins to ebb,
Where the froent meets the slopes of the Alps, its progress
is seriously retarded. At 9.30 p.m., the last reports are
heard from the southeastern portion of the country, after a
part of the storm has succeeded in crossing some of the high-
est mountain chains, The average speed of the storm was
close %o 30 miles per hour, About 200 observers sent reports
of its progress{Zobrist).
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A storm covering a much narrower band occurred on
24 Beptember, 1940, It came again from the west, across the
Jura ranges, passing Neuchdtel shortly after 6 p,m. without
spreading into the lower hill country to the south so that
the width of the front measured never more than 30 miles,
At 11 p.m, it arrived at the eastern end of Lake of Constance
where it was jeining a storm already in existence, The speed
was 25 miles per hour,(Fig.21j,

A similar storgp advancing nearlly due east was re-
ported from 24 May, 1933, between 7.30 and 11 p.m, Its
direction of travel was parallel to that of the Rhine; it
ended south of Lake of Censitance(Fig.22).

Gold front thunderstorms also occur when the cold
front of aprold depression whose centre has crossed Denmarg
and the Baltic Bea, sweeps acroes the mountains. A thunder-
storm gaused by the advance of a cold front developed on 3
June, 1925(Fig.23), A wedge af 00ld air, advancing from Den-
marg toward Dulmatia, entered northern Switgzerland along the
Rhine from Zurzach to ~ake Constance, reached the line Lucerne
and Sargans at 1 p.m,, and made its exit along the line Bel-
linzona-8huls Tarasp(ﬁ p.m,) followed by the main discontinuity.
Two thunderstorme developed on that day, The western part of
the country remained undisturbed(Lugeon).

A warm front thunderstorm arose on 4 August, 1925,
The centre of a young low-pressure area of elliptical shape
was advancing between 3 and 5 August, 1925, from Bpain toward
Germany, at a speed of 37 kmc. per hour, following a southwest
to northeast direction, to the west of the Swiss border, On
4 August, 1925, at 1 p.m,, the first cirrus elouds appear in
the west and at 3 p.m. the upper portion of the warm air comes
into contact with the summite of the Bernese Alps(Fig, sk).
Both slopes of the Alps(Gsteig, Lauterbrunnen in the north,
Sion in the south) become the seat of thunderstorms, Then,
toward 7 p.m., the lower portion of the warm mags attended by
rain ascends the slopes of the Jura mountains in the west and
occasions thunderstorms, (S@éch a succsssion might be inter-
preted as a returning thunderstorm),

On 17 July, 1925, thunderstorms develop in the sad-
dle between two discontinuities; one of the surfaces extending
from Toulouse to Hamburg, the other from Bordeaux to the Zuider
Sea(Fig,ES)° This zone reaches the western border first withbut
causing thunderstorms; then its activity is renewed and thunder-
storm and squall lines are reported from all parts of the country,

The map showing the lines along which the first thun-
der was heard on 13 June, 1925(Fig.26) shows the complications
that arise when conditions favourable %o thunderstorms exist on
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both slopes of the Alps, complication which explain why the
forecasting of thunderstormsis a difficult problem, This
storm was remarkable also for the large number of buildings
hit by lightning; out of a total of 7,048 buildings reported
tobe struck by lightning during the thirteen years, 1925-
1937 or aboutlB per week in the area covered, no less than
%10 we?e hit on thie single day, according to verified reports
Morel).

Of particular interest in the study of the propa-
gation of thunderstorms is the distribution of hail within
the pattern of the isobronts. A serious hailstorm in south-
ern Savaria during the early evening of 27 July, 1936, was
studied from this point of view(Fig.27).

On 25 July, 1936, a high pressure area began to
spread from southemlreland across Central *urope, and
stopped the west winds that had been blowing for weeks.
On the morning of 27 July, 1936, its centre was over Poland.
lhe temperatures in the lower layers of the atmosphere increased
rapidly in the German south and east, and with them, the
temperature differences between west and east, above all at
higher elevations., A%t the same time a low-pressure area was
advancing from Spain eastward; on 27 July, 1936, its centre
occupied Bwitzerland, and caused cool westerly air from the At-
lantic to flow eastwards, Along the Rhine the temperatures
were around 16°0, whereag over the upper Danube they reached
25 to 29°C(at Paseau), *he continued inflow of cool air at
noon-and wind speeds as high as 50 miles per hour 2 1/2 mi,
above Munich-led to the formation of thunderstorms,

) The first two thunderstorms broke out in the early
afterncon over the northern slopes of the Austrian Alps; the
first one began around 3 o’clock south of the Ammersee, and
spread southwards, the second started at the same %time just
east of Munich and travelled east in the direction of the
river valleys, Both disturbances were essentially thermal
storme induced by the heated mountain slopes,

‘he storm that arrived from the west at 4,45 p.m,
along the Iller, however, owed its existence to the encounter
of different masses of air, moist warm air being underrun by
cold air. 7The storm advanced in a general east northeast
direction at a speed that reached almost 50 miles north of
Munich. While mountains or rivers proved to be no obstacle
to its progress, its strength vanished completely in those
regions east of Munich that had been the seat, two hours
earlier, of one of the heat thunderstorms over the eastern
edge of the Alps, It was maintained north and south of this
zone.

Hail fell along the southern edge of the storm,
along a strip from 3 to 10 miles wide(the shaded area in Fig,
2#), In the first two miles from the northern and southern
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edges of this strip the size of the hall stones increased
from pea to walnut and to egg or even fist size. The harvest
was almost totally destroyed, hens and sheep killed at one
place. The hail fell exclusively in the belt of greatest
precipitation{Piersig).

7. Exzamples of thupderstorm conditions

It has been suggested recently that in practice,
for instance in designing and operating transmission linss,
use be made of the information on low-pressure tracks and
of daily weather maps, If the distribution of weather maps
is speeded up, an examination of the previous and the actual
position of the low-pressure centres ought to indicate the
approximate future location and the probability of s thunder—
storm in the region served by a power company, Farmers would
also derive benefits at a time when advantage must be taken
of good weather during a possibly short summer season., The
usual broadcast predictiocns give only a general idea of the
weather to be expected and may lead to unnecessary caution,
When weather maps, showing the pressure distribution and
listing the air temperatures near the ground at & o'clock
in the morning, are examined for the months June, July and
August, it is found that as in Europe, few simple circular
or elliptic regions of low pressure are found, Practically
every map for July and August 1937, for instance indicates
thunderstorms at more than ome point in Ganada or close to
the boundary line, but of these not one is definitely asso-
clated with a low-pressure centre of simple shape. On a
large number of days the low-pressure area is seen to possess
a spur pointing along the direction from which warm moist
air arrives(V-shaped low). At the 1imit a corridor of low
pregsure exvends from north to south throughout the continent,
to the Gulf of Mexico in North America and to the Mediterra-
nean in Europe. The corridor is bounded on both sides by
high pressure, and the winds along one side blow directly
opposite and at close range %o those on the other side.,
Strips covering a great extent in latitudes become the
seat of thunderstorms which drive freely from west to east,
Howsver, when and where the storm will break out and how strong
it will be is difficult Yo determine in advance. The speed
of the winds varies in different regions, and the area of
lowest pressure changes in shape and position from hour to hour,
How irregular the shape and the so-called ¢racks followed by
lov-pressure centres are is shown by the map recording the
positions of the centres for the second half of the month of
June, 1939(Fig.28), Om 13 June, the pressure over most of
Arctic Canada was low, that over continental Canada was high,
In the evening of this day, a depression appeared east of
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Helena, Mont., and another west of Balt Lake City on the morn-
ing of 15 June, Both lived only for about two days, In the
evening of 16 June, a low formed still farther south and east,
centred near Rock éprin 8, Wyo., at the point common to Utah,
Wyoming and Colorado, uring the night it travelled east %o
North Platte, Nebr,; where it appeared with a southward
extension on 17 June, it stopped and turned northward, reach-
ing the junchion of the Chsyenne with the Missouri north of
Pierrs, Sc. Dak, on the morning of Sunday 1¢ June and crossing
North ﬁak@ta during the same day. In its northward course,
arallel te the direction of its longer axis, the depression
€29°M in,) drews warm winds into Dakota and Minnesota up to a
height of 2 km, and when the cold front sweeps into Mimnesota,
between 3 and 4 p.m, the disturbance develops, 15 miles north-
east of Minneapolis, into a tornado., A funnel-shaped cloud
brings destruction along a path 25 miles long and about 700
yards wide crossipg the Mississippi(Hoyde)., Thunderstorms
were numerous ifl the east-central counties of the state,
From Brandom, Man,, reached in the evening, the centre{29. 4
in.) moved then fo the north of Lake Winnipeg and in the
course of the next day, 19 June, to Port Nelson, Man. The
Hudson Bay was traversed from the evening of 19 June to the
evening of the twemlieth; them, although the pressure began
to decrease, the disturbance disappeared on 21 June over
Northern Quebec, On this day the pressure was low all across
Canada gouth of the Aretic circle probably along the boundary
of arctic and polar air, .and a_spur of low pressure extended
south along the slopes of the Rocky Mountains with a vague
centre near Pisrre, 8o, Dak.(29.9 in,), By next morning,
22 June, 1939, the southern portion of the low had reached
Marquette, Mich,(29.6 in.); it crossed Lake Buperior to
White River during the day, without producing thunderstorms
on the north shore, continued to Moosonee(22 June,{29.5 in.)
and was gradually ?illed up east of Yames Bay(29.5 in on 23,
29.7 on 24,30 on 25 June).

In the meanwhile, the northern portion of the low
starting from Great Bear Lake in the morning of 21 June, was
south of Great Slave Lake in the evening, south of Lake Atha-
baska next morning, crosaed Saskatchewan in the following 24
hours, stopped and deepened in North Daskota, and drifted back
north %o Baskatchewan on t he morning of 24 June and to Lake
Winnipeg next day(25 Juns). After speeding through Manitoba
$o James Bay(26 June), stopping almost completely for a day
and extending the area of low Bressure in western Canada, it
crossed Hudson Bay and Ungava Bay from 27 June to 29 June, 3
or 4 days after the depression sprumng from the southern trough,

While these depressions were still advancing through
the Prairies, a fourth disturbance ranm i%s course from Wyoming
(28 June, 1933) acrosg “ake Michigan and Lake Huron{29 June)
to Ottawa(30 June). ZThe various cyclones were so staggered
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in time and place that from 20 to 30 June, 1939, pressures
tended to be low over most of northern Canada while for

days a complete corridor of low pressure extended south to
the Gulf of Mexico, Two or three fronts are often in action
at the same time, and under these difficult conditions
reliable forecasts, a few hours in advance of the outbreak,
can be secured only with the aid of the curves indicating
when the first thunder is heard in a grid of observation
points(isobronts)., When the front cccupied by the advancing
storm is traced at half-hour intervals, that is for the
normal speed of propagation of low pressure centres-20 mi.
p.-h. in summer and 25 mi. p.h, in winter-after an advance

of 10 miles, the direction and rate of travel is deduced
without great difficulty. Where it is not feasible to
construct the curves of the isobronts, the inclusion of the
relative humidity determinations in the daily weather map
would be of help in forecasting thunderstorms,
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