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I. INTRODUCTION

1. Discussion of the Problem

The purpose of this thesis is to investigate the reason
for the surprisingly light rainfall in 2 recent tropical |
hurricane. In wost méteorolo,c:»;"~ textbooks, hurricanes are
sald to be accowmpanied by heavy rainfall. This is verified
in wany storms, but meteorologists tend to overlook the fact
that this relationship does not apply to all hurricanés.
Some author1t1es on troplcal meteorology are inclined to
belleve hurrlcanes exhibit so many differences that they are
as varied as extra-tropical storms.

The peculiarity of light rainfall in a hurricane was
firstbnoted by the writer at Blue Hill Observatory in the
New England hurricane of Septesmber £1l, 1938. The maximum
‘5 nin. wind veloeity was 121 miles per hour, indicating a
very intense hurricane; yet the total ruirfa7l at Blue Hill
wa.8 onlv 0.13 in., of which 0. l< in. fell in two hours at
the pesak of the storm. At the East Boston Airport, where
the 5 win. wind feaehed 73 miles per hour, only 0,10 in. of
rain was recorded on that day, but of this rain just a trace
was recorded durirg the hurricane. These rainfall records
were typical of southeastern New England. However, rainfall
ias wery heavy on the other side of the storm center's path,

in western New England. This large rainfall was attributed
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primesrily to frontal ascent of the tropical air over the
polar air to the west. In other words, it was evidently
due to newly developed extra-tropical characteristics of
the hurricane 1n widdle latitudes (Pierce). Although this
xplanation seems adeqguate for the rainfall in the New
England hurricane, it cannot account for zn uneven rainfall

digtribution ir a hurricane within a uniform tropical zir

mass. In the hurricane of early October 1941, the wind at

Nessau reached an extreme of 104 miles per hour (Eef.v8)

yet only 0.39 in. (Ref. Q) of raim fell. Similarly, zt the

Dimner Key Air Base at Miami, the peak gust rezched 123

miles per hour (courtesy Pan American Airways), whereas the
t

rain at the Miami city office was only 0.35 in. (Ref. 10).

%]

ig. 15 shows that this light rainfall was typical of all

southeastern Florida except irn the thunderstorm area over

the Florida Keys. This heavy rain was so far from the storm

track that no rainfall in excess of two thirds of an ineh
was observed wifhi &0 km from the storm center anywhere in
the Miawi region ( . 15).

There seem to be two possible conditions which might
account for such light rainfall in the October 1541 hurricane:
(1) the air wight have been too dry, (£) the horizontal
convergence of alir might have been insufficient to procduce a

P

large enough transport of moisture upwards. Haritime

tropical air surrounded the cyclome at the surface, as shown
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by the fact that all dew goints in Floride were sbove 70°F
(Figs. 1-12). Hence there was'ample vapor to give large
amounts of precipitation if there had been sufficient
vertical motion. Therefore the second altermnative 1s to

be investigated in preference to the first. The problem thén
is to determine theoretically the horizontal convergence of

the wind field in & moving cyclone, ard to compare the amounts

fur

of precipitation which would be expected from

ct

his convergence
with the actual amounts. If there are any ciscrepancies, the
actuasl convergence can be computed from the amounts of rainfall
which it produced.

Before these computation

n

are made, a survey of the
synoptic conditions associated with this hurricane will be
presented. This survey will facilitate the interpretation
of the meteorological data and will suggest some of the

conclusicns.
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IT. SYNOPTIC CONDITIONS

2. Surface Conditions over Southeastern States in October,

During the month of October, 1941, two tropical
cyveclones occurred in the southeastern part of the United
States (Fig. 13). The first disturbance, of hufricane
intensity in Florida and Georgla, afifected the region from
October Bth to 8th. ‘The second disturbance, not of
hurricane intensity, affected Florida from October 18th to
22nd, giving flooding rains in’northeastern Florida. For
example, at Jacksonville 8.03 1in. of rain fell during these
five days, raising the total precipitation for the month to
.00 in. (Ref. 10), or twice the normal amount for Octoher
Table I).

In spite of these two disturbances, the mean sez level
pressure for October, 1241 in the southeastern United States
was above the October normal everywhere. Positive degartures

of more than 1.7 mb were observed near 80°W. longitude from

southern 1ofida to ¥Fest Virginia. A& meszsn high center of
1021 mb was centered over western Virginia and the mean 1020
mb isobar extended almost zs far south &s Atlanta and
Charleston, Whereés the normal pressure for October is below
1020 wb. everywhere in the region (Shaw).

In October, 1941 no extra-tropical cyclones were centered

ezast of the Mississippi Eiver and south of the Ohio River and
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TABLE I

Summaries for October, 1941

Station Temperature Pressure ‘Rainfall
Mgan Dgp. M%X. Date Mggn. Dep. Tgtal Lep.
“F F 7 MaxX. wb mb in. in.

Atlanta 69.6 - 91  9th | 1019.8 +l.4 | 0.57 -
Charleston {73.8 +6.0 89 10th 1019.6 +1.7 | 2.55 -0.7
Jacksonville7?7.0 45.2 ©4 Sth 1018.6 +2.0 .00 +4.5
Miami . 80.6 3.6 91 10th 1016.6 +1.7 | 3.04 -5.4
Pensacola [76.2 46.3 93  8th 1018.0 $1.0 2.30 1.0
Raleigh . [68.2 - 96 6th 1021.0 +2.7 | 1.93 -=0.9
Sen Juan 8C.1 +0.3 90 16th 1013.9 - 6.61 +40.8
Savannah 75.8 +7.9 94 Sth | 1019.3 41.7 | 2.36 -0.6
Tempa 79.4 - 95 '9th | 1017.3 42.0 | 2.34 -0.8
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Pennsylvania (Ref. 11). Cold fronts from cyclones passing
across the CGreat Lakes and southeastern Canada occasionally

extended into the Virginias, but they weakened rapidlv as
2 o k W

the frontal troughs filled to pressures of about 1020 mb.

ALl the cold fronts dissipated in the Carolinas or moved
northward agsln as warm fronts without ever rezching Georgia
or Florida. Only two of these fronts were accompanied by

any precipitation. In Virginié, light rain fell on October
10th and moderate or heavy rain on Qctober 27th and 28th
(Raf. lQ); The total precipitation for the month was much
below normal throughout the southeastern states, Xéept in
regions which received heavy rsins from elther of the tropical
cyclones. The small rairfall amounts over most of the region
can be attributed to the persistent anticveclonic circulstion
and absence of frontal iifting during the month.

The cold frounts were followed by polar anticvclones
moving more eastward than southward. The centers of the
migratbry highs did not pass scuth of the Virginias during
the entire_month and no strong outbreaks of polar air
occurred in the southeastern states. Throughout the region,
October, 1941 was the secord warmest October on record
(being surpassed only by October, 1819). The mean temperature
for the month was more thén 6°F zbove normal over a large area

from Louisiana to Delaware. The maximum texperature for the
2




=
month was over 90°F in most of the region, and occurred between

October 5th and 10th near the time of +the hurricane (Tzble I).

3. Upper Air Conditions over Southesstern States in COctober,

1941

Temperatures for the month were sbove normel not only
at ﬁhe surface, but also at upper levels. For example at%
Pensacola, temperature departures of 4+3.5°C *6.3°F) at the
surface decreased to +2°C &t 2 km and remained +2°C up to
at least © km (Normzls from Ref. 7).

The mean relative humidities for the month were low at
all heights excépt at the surface (Table II). At Pensacola,
the mean relative humidity decre=zsed gradually from £1% at
the surface to #8% at 5 km. The high relative humidity at
the surface comwbined with high tewmperatures st the surface
and aloft suggest predominantly wmaritime troplcal ailr masses.

The mean high pressure area was thus not just & shallow polar

high, but was a branch of the deep, warm subtropical
.anticyclone, displaced west and north of its normal position.
This is verifiecd by the fact that it appeared as 2 mean
anticyclonic circulation up to at least 10 km, at which level
it was centered over the Gulf of Mexico. At 3 km, the center

was between Charleston and Jacksonville, as shown by the mean

o~

winds of WNW force £ and SE force 2, respectively. The
persistent deep anticyclonic circulation most of the month

- prevented penetrative convectlon and air-mass rainfall.
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TABLE II

Pensacola Upper Air Datz for October, 1941

Altitude
m
Surface (24n)
500
1000
1500
2000
2500
3000
4000
5000
6000
7000
8000

No. of;
Obs. §
23
23
23
23
23 |
23
23
23
22
22
20
12

Pressure

- wb
1015
961
907

Rel.Rum.}

81
75
al
70
64
53
46
39
38
36
56
31

Temp.

On
S

22.7

(R S B ST RN b
W o o
L] L ] L] L
I T 5 B N

555
- °C
19.2
18.0
15.9
13.7
11.7

9.5
7.1
1.8

=37
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Subsidence was undoubtedly present since the relstive
hunidities at 3 kw averaged only 46%, and were even less
above 3 km. This cannot be considered unusual because
normal relative humidities (Ref. 7) are equally low,
due to the usual prevalence of subsiding, dry polar air

in a normal Qctober.

4, Movement of the Hurricane Center

An unusual feature of the hurricane's path was that
the storm finally passed beyond ship reports at a. point
(29%°N 63°W at 7:30 A.M.E.S.T. on October 12th) only about
800 km north of the point (224°N 64°W at 7:30 P.M. on
October 3rd) where it had first appeared more than é week
eariler (Fig. 13). Vet, during that period, it travelled a
total distance of about 5000 km, or more than 6 times as
far. The average speed of the center was about 6 m/sec,
which is the normal speed for hurricanes in low latitudes.
The track of the hurricane (Fig. 13) extended from
about 300 km north of Puerto Rico; through the Bahama Islands;
across southern Florida; over the northeastern Gulf of Mexicos
acroés northwestern Florida, southern Georgia, and South
Carolina; and finally over the Atlantic Ocean about 250
ko south of Bermuda. The center passed south of Nassau,
- HMiami, and Fort Myers, west of Tallahassee, just south
of Charleston; and then performed a small loop at 29%°N

75°W north-northwest of the Rahsmas.
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The rate of general air flow in which the hurricane
was moving in southern Florida was measured by the Miami
winds aloft one day before and one day after the storm
(Table III). From 1000 ft. to 14,000 ft. above sea level
the average wind was force 5 before the hurricane and force
4 after the hurricane. This gives a mean value of sbout
30 xm/hr or 8 1/3 m/sec for the winds aloft. In crossing
southern Florida, the hurricane moved 271 km from 12:30 to
2:30 A.M. on October 6th, or at a spesd of 8 1/3 m/sec
It may be concluded that thi hurricane moved a2t the speed
Of the winds below 15,000 f Thé small magnitude of the
vertlcal wind shear in this layer is explained by the swall
horizontal temperature gradient, a condition tvpical of

subtropical regions during the hot season.

The hurricawecentsr recurved near Apalachicola at 30°N,
which was 5° north of the normal latitude (28°N) of recurva-
ture for October, and its translation was faster than normal
és it was woving west-northwestward before recurvature. These
abnormalities resultsd from an unusually Well'developed
SuOtPODL“dl high with a center of 1022 wb to 1027 mb west of
Berwmuda frow October 3rd to 8th. With the approach of two
cold fronts crossing North Carélina onn October 8th and 10th,
the Berwuda high was displaced southward to 309N and

diminished to less than 1020 wb at its center. The renewal

——— 1 mme 4 4 Ce e e s e e e e [RSORS
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TABLE III
Miami Airport Winds Aloft

(Direction and Force)

Date Time
Oct. _
1941 EST 1000' 4000' 7000' 10,000' 14,000' 20,000
Befofe Hours |
Storm Before
Center
4  11P.HM. 203 E 5 ES5 E 5 E 6
5 S5AM, 24% ENE5 ENES  ENES ENES E S
11A.H. 18%¢ ENES LNE4 ES5 ES5 E 4 ESEY
Average ENES  ENES E 5 E5 E 5 ESE7
Near
Storm
5 BP .M. 12%  NNE3 NES
11°.M, 6% NNES

Hours

After

Center
8 5P.M, 113 S 5 anw S 6 S 5 55
After
Storm
6 11P.M. 174  SSE4 g4 S 5 Sl SamE4
7 5A.M, 23% SE4  SSE4 3.3 SaE4
Average SHEL SSE4 S 4 SSE4 S5E4




of westerly winds aloft at 30°W gave the tropical

O
|v..l.
o

¢t

urbance
a large recurvature and then carried it on & general eastward
course. After passing off the Carclina coast on October 8th,
it was overtaken by the northwesterly flow behind the first

cold fromt. This carried the cyelone southeastward to south
of 30°N on October 9th. The anticyclone between the two cold

fronts caused the tropical storm to ratrograde slightly

&3]

westward winile the high center north of the cvelone was
moving rapidly eastward. Again, the tropiczl storm started
to move eastward in response to the second cold front trough
reaéhing the coast on October 10th, and followed along with

the cold front due sastward until after October 12%th.

o. Intensity of the Tropical Cveclone

The intensity of the vortex, as measured by the wind
speed, depends on the size of the vortex, and on the depress-
ion of the barometer at the center of the vortex. Since the
size of the vortex was easier to measure than the central

’pressure because of the absence of reports at the immediate
center, observed surface winds were used to check the relative
intensity of the tropical cyvclone at different stages along
its path.

The fropical cyclone appeared on October 3rd as a storm
of unknown intensity. If it formed on that date rather than
advancing from beyond the field of obgervations, it probably

was not yet of hurricane intensity. On October 4th it showed



signs of some strength, as judged by several ship reports

from the Bahama Islands. At the Bight on>Cat Island, the

wind reached 63 miles per hour at 12:30 P.¥.E.S.T. on October
oth, 20 winutes before the center passed just south of the
station (courtesy U.S.Weather ureau). During these 20 minutes
the »ressure dropped 10 mb from 972.0 mb to a mininum of 982.4
mb, while the hurricane moved 10 km. Therefore the pressure
gradient at about 10 km from the center must have been about

1 mb/kxm. (Compare this with the values given i sectioﬂ 7.)

In spite of weaker pressure gradients in southern Florida,
even higher wind veiocities occurred at ¥iami and Nassau
(introduction) because of the smaller curvature of the tra—
Jectoriss at greater distaunces from the ceunter. There were

some indications that the cyclome was filling, as the lowest

o

ressure becawme progressively higher from 98¢ mb at Nassau to

1

3]

S5 mb at Miawi and 1001 mb at Fort ivers, all of these cities
being equally far north of the cyclone center. The contraction
of the isobars as the storm crossed southern Florigde is shown
by the hourly maps (Figs. 1-12). Winds at Fort Mrers reached
only force 8, indicating the loss of full hurricane intensity.
In the Gulf of WMexico, the cvclone again”deepeﬁed to a

full hurricane as shown by the occurrence of winds of 65 to

75 miles per hour and a lowest sea level pressure of 982 mbh

in the calm eehter at Carrsbelle when the storm entered north-

o

western Florida on October 7th. However, the cyclone did not
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regenerate to as large or as intense a hurricane as it had
been in southern Florida (Fig.l4). Full nurricane intensity
was malntained as far north as Albany, Georgla, where a
maximum wind velocity of 85 to 75 miles per hour was reported.

Filling of the tropical cyclone was observed as it
crossed southern Georgia'on October 7th and southern Soﬁth
Carolina on October 8th, for the pressure at Charleston did
not go below 100Z wb although the center passed near enough
to the station to cause a marked decrease in wind. As the
highest wind at Charleston was only force 7, the cyciome was
at its weakest there.

Although the cyclone regenerated over the Atlantic Ocean
on Qctober 3th, no hurricane winds were reported at any later
time, although one ship reported force 11 on October 8th. The
lowest pressure reported by ships after October 7th was 1001
mb on October 10th.

It is to be noted that the cyclone deepened three times,
in each case while it was overvthe ocean. But both times
while it was crossing the southeacstern states, it was filling.
The deepening of the cyclone at sea can be explained by the
relatively small frictional inflow of air into the cveclone
and the large supply of moisture avallable to supnly energyv
oy condensation; whereas the filling of the eycloue over land
can be attributed to the large friétional inflow and the

linited moisture supplye«
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One curious exception was found in the filling of the
hurricane while it was crossing the Bahama Islands (mostly
a water surface) and the Gulf Stream. This cannot be explained
by surface conditions, but may be due to the effect of the
abnormally well .developed subtropical‘high center to the
north of the hurricane. Soundings at Miami showed‘abnormally
warm alir with relative humidities as low as 38% sbove 2 km.
before the hurricane arrived. This suggests a possible damping
effect on the convection, thereby limiting the amount of
latent heat energy released by condensation.

In spite of its lomg duration, the tropical cyclone
never became a hurricane of large size, but always remained
as small as a hurricane in an early stage of development.
This behavior was not like that of wmost storms, which expand
while moving into higher latitudes. The long timwe that it
was over a warm water surface should have given it ample
opportunity to spread laterally into a large storm. The fact
thet this did not occur is an indication that the margins of
the cyclone were unfavorable regions for convective activity,
probably due to the anticyclonic subsidence over the entire

region.

8. Precipitation Pattern

The precipitation pattern was perhaps the most peculiar
feature of the hurricane. Unfortunately, most of the path

‘Was over the ocean in regions devoid of islands. The only

ot o - e e
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meazurements of precipitation amounts were made in the
United States and the Bahama Islands. The analvsis of the
map of total precipitation (Fig.1l5) does not include the
Bahamas (where data were too sparse to warrant drawing
isohyetal lines), and is based on more United States observ-
~ations than are entered in the figure.

When the hurricane first struck land, just south of the
Bight on Cat Island, it produced a rainfall of 1.82 in.,
which was larger than any other precipitation total reported
in fthe Bahama Islands. This precipitation amount was some-~
what sﬁbnormal for a point which experienced the hurricane
center. This abnormality of light rainfall azlong the path
of the center became more pronounced when the storm reached
the western Bahamas and southern Florida, as shown by the
small values reported from Nassau and Miami (introduction).

An even stranger abnormality developed in the western
Bahaﬁas and persisted until the stora passed off the coast
of South Carolina. The belt of maximum rainfall was at con-
siderable distances to the left of the path of the cvclone
center, as shown by the dashed line in Fig. 15. These
distances avéraged 65 km in southern Florida, 35 km in
northern Florida, 50 km in eastern Georgia, and 55 km in
South Carolina. At only one section, in southwestern Georgis,
did the heaviest rain occur slong the path 1tself, but even

there the rainfall was less than it was along the path north
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and south of that location. Tallahassee with a rainfall

of 4.84 in, reported the heaviest precipitation on the
right side of the path, whereas amounts of over 6 in. were
reported on the left side of the path in Georgia.

The hourly’rainfall amounts in the United States showed
that the maximum precipitation rates occurred near the line
dividing the left front quadrant from the left rear quadrant
(Pigs.6 and 7). The position of the heaviest rain directly
to the ieft of the cente: of this hurricane was in sharp
cbmfrast to its normal position in the right front quadrant
of a moving hurricane (Cline(l)).

In order to explain the precipitation distribution

associated with the hurricane, the horizontal convergence
of the air flow, which is presumably the cause of the precip-
itation, must be examined. The results of a study of the

convergencs will now be given.
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ITI. APPROZIMATE RELATIONSHIPS RETWEEN PRESSURE,
WIND, CONVERGENCE, VERTICAL VELOCITY, AN
PRECIPITATION

7o Pressure and ¥ind in the Hurricane in Southern Florida

The shape of the hurricane can be juéged by the

isobars belonging to the cyclone. The hourly weather maps
of the hurricane in southern Florida (Figs. 1-12) show
that 1t had no warked eccentricity. Although Visher found
that most tropical cyclones are slightly elliptic (Tannehill)
" usually being elongated along their paths, the effect of
this ellipticity on the horizontal convergence of the
gradlent wing was found by the writer to be very small. The
computations were so tedious that they will not be given
here. It may be assumed that the hurricane waé circular
within the 1011 mb isobar, which had an average radial
distance of asbout 150 km in southern Florida.

The hourly maps (Figs. 1-12) z2lso show that the
translation. of the center was very nearly constant in speed
and direction across the Florida peninsula. The pressure
gradient required to give a geostrophic wind velocity equal
to this translation speed of 30 km/hr at 26°N latitude L

would be as follows:
2% - o (2waim L) = 0.0062 wi/fim,
n

where 6) is the air density, W is the angular velocity
e

arth, aﬂd C 1s the qpned of translablon of the
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cyclone centers.

The pressure gradient in the hurricane was computed
from the hourly changes ih pressure at Miami and was found
to be consistent with the observed Miami surface winds.
The following two values were obtalned at two different

-

iial distances, t:

2 = 0.32 w/hwm ot 2=50 fem,
20 - 0.06 whb/km of A =135 fom.

These pressure gradisnts were sbout 50 and 10 times

ra

as great as a pressure gradisnt corresponding to the
translation. The computations showed that if the latter
were preseht in the pressure field, it would not be more
than about 10% of the total pressure gradient within &
radisl distance of 135 km. Conseqguently, the isobars
representing the sum of the circular rotation and translation
pressure gradients would be nearly circular. TFor example,
2n lsobar which was 132 km ahead of and behind the center
would be situated about 120 km to the right and 150 km to
the left of the center. A circle through the right and
left points of this isobar would pass 154.2 km ahead of
and behind the center. This shows that there would be a
flattening of the circle (in the direction of motion)
which would amount to 2.2 km in 134 km, or less than 2f%.
TIsobars closer to the center would be even more circular.

: b

The similar lack of eccentricity of the isobars on the
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maps (Figé. 1-12) shows that such a combination of
pressure gradients may “have existed while the hurricane
was in southern Florida.

By solving the equations of motion, Exner found the
pregsure gradient corresponding to a cowbined uniform
circular rotation and = uniform translatory air flow in
a moving cyalone (Haurwitz (1)). He found that this
Pressure gradient was the sum of +the pressure graa
which would give the rotation as 2 gradient wing (irf
Cﬁ“’one were stationary) and the pressure gradient whieh
would give the translation as a geostrovhic wing.
Conversely, the assuwed motion was found by the writer to

result from this combined pressure gradient. This motion

was not just the gradient wind in the moving cyclone, but

,H.

neluded the deviation from the gradient wind due to
acceleration. It is therefore not contradictory to the
ovservations that a moving hurricane with nearly circular

1sooars would produce an aLr flow conslsting of the sum of

uniform rotation ang- translation where frlctlon is
negligible, that is, sbove the frictional layer. From surface

wilnd observations in a large numbher of hurricanes, Cline

; detscted the presence of this translation (Cline (2)).

8. Frictional Convergence

Since both a uniform rotation and a uniform transl ation
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have no horizontal convergence, the sum of these two
motions has no convergence. The writer found that the

gradisnt wind alone in & moving cyvelone has a pronounced
convergence ahead of the center and an equal divergence
behind the center. Howevar, the deviation due to
acceleration has a coup enSQtinﬁ divergence ah=zad of and
convefgence behind the center. Conseguently, the
conclusion is that the convergence 1n most of the
hurricane area in southern Florida must have resulted
from an additional wind component not given by the‘assumed

wind field. The’chief factor causing t his coumponent and
its convergence in most of the hurricane area in southern
Florida is believed to have been friction.

It is important to recognlze the limitations of this

conclusion in view of the Sl“Dllf”ing assumptions upon
which it 1s based. For examble even though the actual

wind field anproximated a non-convergent theoretical wind
A [l iy

field, the wind compenent representing the vector difference

between the actual and the theoretical winds may have

9]

heen convsrgent. The convergen of this cowmponent
may have been large if the horizontal variations of
the cowponent were large, even though the component
itself was smwall. A wind component which cannot be

conputed fr om the circular isobars must have existed where

convective activity was obssrvede. Conver5u¢ce of such

& component probably occurred on the Florlda Keys 1n the
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belt of heavy rain, where there was strong convection
as shown by the thunderstorms, rroducing £ inches of

precipitation in 2 hours (Figs. 6 and 7).

For convenience, the average convergence within an
area Instead of the negative of the mathematical |
divergence at a single point will be used in the

computations. To find the average frictional

convergance
a2t the surfzce for an area inside & circular ischar it is

If the surface wind <V, makss an angle &, with the

direction of the pressure gradient, the wind comporent Uy,

toward the center is given by the formulas,
.V:(o_=voc°3-‘x°J
"‘0=Ve(~'~0<o—co:«o)» (H by (),
where Vg 1is the wind velocity normal to the radial
direction sbove the frictional layer. The surface inflow
I:o i1s equal to the surfuce wind comporent inwarcs
multiplied by the length of the isobar (of rzdiusA):
I°=27I'/IV';°

The average surface convergence (:o is ecual to the

surface inflow divided by the areas A
C = Iﬂ - ZTA- —U—Lo - 2 v‘io
o = =
TaT A /L

in

According to ¢ formula, the avsrzge surface convergence

»

is equal to twice the inward component of the surface wind
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divlided by the radius of the area.

Similarly, the average convergence at any 1evel is-
equal to the inflow at that level divided by the area.
It follows that the mean values (subscript m) within
the frictional layg; are related by the sasme esuations:

Cm= -Lm _ 2.1)';,

A e

By integration of the inflow of the Ekman spirel bestween

the surface and the gracient wind level, it was found

C.'..
-
m
[
ct
=
®
=

tean wind component inwards in the frictional
layer i1s approximastely one half of the surface qomponent.
This is reasonable in view of the fact that the inflow
generally decreases with height z1d becomes zero at the

gradient wind level.

U]
N
o3

Thus the mean valu the frictional laver of the average

convergence over the area is approximately equal to the
surface wind compouent inwards divided by the radius of

the area.,

9. Vertical Velocity and Precipitation Rate

The equation of contimuity can be written in the

following form:

Lldo __dvx vy _ vy _ ~ _ 9v
FaE T T % 7y 53 =C 53

The writer found that in a hurriczarne the ternm involving

WS

the rate of change of the air density for a given air
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parcel in horizontal motion i1s negligible coupared with
the other terms in the equation above, To a good

oroximation, the vertical variation of the vertical

The ecuation states that the average vartical velocity
at the level D is egual to the mean average counvergance

multiplied by the depth of the layer of convergence

[

Formulas h¢vp been developed by othsrs for the

heizht of the gradisnt wind level in terms of the curvature
of the isobars and the coefficient of eddy viscosity.

Unfortunately, these formulas cannot be applied to a
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hur ane unless they are considersbly modi
for the extreme surface turbulence sometimes augmented
by convection which would carry frictional effects above

the theoretically low gradisnt wind level in s cyclone.

Also, the eddy viscosity coefficient and its vertical

variations in a hurricane have sbhnormal values, which
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have not been accurately determined. Therefore, to
obtain the approximate vertical extent of the frietional
inflow, it was assumed that the depth of the turbulent
layer was equal to the height of the gradient wind level
computed only for the outer part of the hurricane.

The average rate of vertical transport, T, of air

upwards at level D is the vertical velocity multiplied

-4

by the density,eojat that level:
L O

On the assumption that there is no convergence and no
divergence above level D, the vertieal transport shove
level D is the same as at D. This should hold essentially
true up to the level of ice-crystal clouds, where there
»is an observed horizontal divergence of cirriform clouds
outwards from the hurricane.

The average rate of vertical transport —ﬁy of wate:

vapor upwards is the air transport multiplied by the

speéific humidity :
Tw = QUT'
fﬁ The average rate at which water vapor is lost ia air
| rising from the frictional layer (subscript 1) to the ice
level (subscript 2) is the difference betwsen the average
meoisture transports at the two levels:
TW| '-TW,. = (Cﬁ.,"c(’:.)T

But this loss in vapor represents aporoximately the average
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precipitation rate, P.K., in tne area:
To obtain the correct units for thsz precipitation rate,

it 18 necessary to divide out the unit ratio of l A;mg
7w\

terms of the moisture loss, the air denslity, the depth

of the frictional layer, the surface wind component inwards,

and the radius of the area:

From the observed average precipitation eate, it 1s
possible to compute the mean inflow reculired in the laver

of inflow by the use of the same formula

vhm__/_;—;c PA" PR




IV.INTERPRETATIONS OF THE PRECIPITATION DATA
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10. Eourlv Precipitation Amounts

The large number of hydrographic stations in southern

Florida gave a close enough network of hourly
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observations to make possible the determination of the
average preciplitation rates within different sized circles
of the hurricane. These averages were compared with those
cowputed from the frictiomal inflow according to the
forzulas given above. Comgutations were carried out for
the totai area within these overlapping concentric cirecles,
with radii of 50 km, 100 km, and 135 km (Table IV). Con-
vergence at a distance of more than 150 km frowm the center
of the hurricane was not sufficient to produce any more
than widely scattered light rains.

First of all, the wind at the gradient wind level was
computed frow the observed pressure gradient at each of
these distances from the center. Then the surface wind and

its cowmponent toward the low center were found by sebting

X, = TﬂDﬂ, the average observed value at Miami. After the

mean average convergence was found, the vertical velocity
at the top of the frictiomal layer was found for D=500m,
“which was computed for a radial distance of 135 %km in the

hurricane (Haurwitz (3)). The vertical transport was

3

computed on the assumption of eo =11 x (073 ?~n/é¢n g

and finally the average precipitation rate was worked out
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TABLE IV

Average Precipitation Rates

>

=CV|\D

RRlz(%n-%x)T

C«w.dwiu PR,

Qlrascired PR.
NO--VP Mations

for T

ifferent Circles .

100 135
0.12 0.06
1.0 0.5

319 24,3
19.1 14.5
6.5 5.0
€e5 3.7
3.25 1.85
5e6 Zeh
S«é 540
.08 04
«08 .04
14 24

cm/sec

10~ %gm/cn”sec
10~%cnm/sec
in./hr

in./hr
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‘for 05' =20 3//,(-7 and %,_= 5?,//{17 corresponding to the
levels of inflow and cutflow, respectively.

These values of the average precipitation were con-
verted'iﬂto inches per hour and compared with the observed
averages 1n soufhern Florida for the hour of 7-8 A.M.,
October 6, 1941, For the circles with radii of 135 ku and
100 km the computed averages (.04 and .08 in./hr) azreed
well with the observed averages (.04 and .06 in./hr). But
for the circle with the 50 km radius, the computed (.20
in;/hf) was almost twice the observed average (.12 in./hr).
However, since the observed average was based on only 5
reports, the discrepancy at first appreared to be due to an
insufficient nuwber of observations.

To obtain a better verification of the computed average
for the smallest of the three circles, a grezter nuwber of
observatlions were obtained by using all the southern Florida
reports within 50 km from the center for all hours of oOctober
6th instead of just 7-8 A.M. on that date. The.40 reports
dbtained gave an observed average precipitation rate of only
.055 in./hr as compared with the computed avefage of .20
in./hr. This result shows that the original, smaller dis-
cfepancy between the cowputed and observed averages could
not be explained away by the smallness of the saﬁple repre-~

senting the observed average.

Therefore, the obssrved aversge was not too small, but
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the computed average was too large, because other factors
causing divergence may have been present, or one or wore of
the assumptions about friction did not apply within 50 km
of the center. First, the angle between the wind directicn
and the radial direction may have been greater fhan 700 af
the radial distance of 50 kw, since theoretically this angle
increased to 909 at the outer edge of the hurricane eyen,
into which no inflow should have occurred. Second, the
specific humidity at the level of outflow may have been
wuch greater than 5 g/kg if the moist ascending air in the
vortex did not reach the ice level. This would be particu-
larly trﬁe near the inner edge of the hurricane vortex,
where the boundary between the vbrtex'and the relatively
warm, dry central core ("eye" aloft) was below the ice level,
thereby requiring outflow at an even lower level without
precipitation of the condensed vapor (Bergeron theory). Both
of the_éffects glven above not only tendmed to give less
rainfall than'compute@ withic the 50 km circle, but also
tended to give more rainfall than computed outside this
cizele. Since the average hourly amount of rainfall was
computed satisfactorily for the entire 100 km circle (one
guarter of which consists of the 50 kum circle), the extra
rainfall must have fallen between 50 and 100 ko from the
center.

In order to detect this zone of surmised greater rain-
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fall, the hourly observations for each of the 13 stations
within 50 km from the path of the center were tabulated with
referenee-to the hour dﬁring which the center was nearest to
“the station: (Table V). The average rainfall for each hour
and the‘number of stations reporting measurable amounts
during that hour both showed two maxima, 2 hours before and
3 hours after the center passed. As the center was travel-
ling at a speed of 30 km/hr, these time intervals corre--
sponded to distances of 60 km and 90 km, respectively, which
~were both in the 50-100 kmr zone of surmised greater‘rainfall.
It is worthy of note that the average amount reported (.04
in./hr) during the hour nearest the center was less than half
of the maximum average (.09 in./hr) 2 hours before the center.
The October, 1941 hurricane canunot be regarded as uniQue in
this respect because most storms have their heaviest rainfall
even earlier (Cline (1)). Also less than half of the stations
reported measurable rzin during the central hour, whereas
nearly all stations reported measurable precipitation both
2 and 3 hours from the center. These results suggest that
the central core of dry air aloft and the small flow into
the inner part of the'vértex had a measurable effect on the
hourly fainfall rates 1in different parts of this hurricane.
The hourly rainfall in most hurricanes occurs closer to the
center than in this one, probably because of the norwally

steeper boundary between the vortex and the central core..
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TABLE V

~ Observed Hourly Przscipitation Amounts

Hour wihen Hours Before Center  Hours After Center
Center was
Clogest -5 -4 -3 -2 -1 0O +1 +2 43 +4 45

AWM. |
Deep Lake 9-10 .14 .10 .30 .26 .02 .32 .10 .12
Felda 10-11 04 02 .02 .08 .10 .04 .02
Fort Myers 11-12 .02 .03 .04 .03 .02 .05
Hialeah 5-6 .02 .03 .13 .05 .21
Homestead 5-6 12 .12 .02 .12 .18
Wiani 5-6 .11 .02 .03 .05 .01 .01 .01 .11
Monroe 7-8 .13 .23 .30 .20 .02 .20
N.New R. Canal : ‘

(20 wi. bend) B6=7 .07 .02 .08 D412
Pennsuco 6-7 .08 .05 .05 10 .12
Seminole Indian

Reservation 8-9 12 .03 .02 .01 04 .01 .02 .01
Taniami Trail '

(40 mi. bend) = 6-7 .04 .08 .18 .06 .02 .04 .15 .02
Tomiami Trail

 (Krowe 4ve.)  5-6 .04 .01 .10 ,15 .02 .13 .10 .02
Venice 2—5?.%. N2 06 .04 .01 D3 14
Total 24 .42 74 115 .85 .53 .89 .56 .89 .80 .19
Average .02 .03 L0868 .09 .05 .04 .05 .04 .07 .05 .01

No. of Statiomns v
Reporting at 4 2 1 12 8 8 7 il 10 5
least .0l in.

(WX}
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X1l. Inflow Rate for the Belt of Heavry Rain

The magnitude of the rainfall in the belt of heavy
rain on the left side of the storm's path was much greater
than the rainfall that could héve been expected from fric—_‘
tional inflow alone. For example, the rainfall rate of one
ineh per hour at Lignumvitae Xey (Fig.6) was more than 10
times as much as the observed averages in_diffefent sized
circles of the hurricane (section 10). The air within the
lower layers in this hurricane was convectively unstable as
shown b? a decrease of equivalent potential temperature from
84994 at the surface to 34794 at 2kw at Miami 100 km ahead
of the center. The frictional inflow might have produced
enough lifting to felease the instability of the air. If
this was so, the large vertical velocities which gave the

heavy raln were developed by horizontal density differences

» £

between rising air columns and their enviromments after being
started by an initial forced lifting.

Tt should be remembered that such a release of con—
vective instability cannot produce any more rain than the
total amount of moisture in the air. Therefore, the heavy
rainfall? which persisted for at least 2 days, would have
ended within a few hours without s new supply of moisture.
For example, for a mean vertical velocity of 0.5 m/sec (42.7
cm/sec computed_below), the surface air would reach a height

of 5 km in only about 3 hours. Because evaporation from the
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surface was much slower than the precipitation rate, this
molsture must have been brought into the hurricane by an
‘advection of moist air from other regions; The large inflow
required to ﬁaintain the convéction'was not indiéated 5y the
theory for the moving circular cyclone that the air was

moving along with the cyclone. Even though other factors

may have contributed to the convergence, a large counvective

cell must have been superimposed on the eyclonic circulation.
This is in agreement with the convective theory for the

maintenance of & hurricane, but it 1s peculiar that the
convective cell in this hurricane was not symmetrically
situated with respect to the cenfter of the cyclone.

From the precipitatiocn rate of 1 in./hr, the wind
velocity of inflow was computed by means 6f the formulas
of Chapter III, By use of the same assumptiéns as listed
in section 10, the vertical transport was found to have
the value of 47.,0x10° g/cmzsec, and the mean convergence
wWas 85.4K10-5sec'1, the vertical velocity at.the top of
the turbulence layer being 42.7 cwm/sec. The mean velocity
of inflow depends on the size of the ares. By Fig.l5, the
width of the heavy rain belt on the Florida Keys was about
50 kw. If the rain area was circular, the radius was about

£5 lm. For th

[

s area the mean velocity of inflow was found
to be as follows:

V., = i;_'-_(:“ = 107 w fase.
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g If such a velocity of inflow had actually occurred, it
would have been apparent in the wind field. That there was
no evidence of this flow in the observed winds indicates that
the mean conVergenCe ¥8.8 pfobably much less than the amount
computed above. An inspection of the sssumptions showed that
there was not sufficient reason for assuwing 50Cm for the
depth of the inflow layer, inasmuch as the inflow was not
frictional, but was part of a convective cell. If the outflow
in the convectlve cell was asbove the level of the zero-degree
isatherm, between & ku and 6 km above the surface, the inflow
may have extended through a depth of 3 km. If this was the
correct thickness of the inflow layer, the mean corvergence
was lé.led‘séec‘l and the mean velocity of inflow was 1.8
m/sec. This small wind velocity when superimposed on the
hurricane.winds of 35 to 40 m/sec would not be detected,
which is in agreement with the Florida Keys surface wind

reports (Fig.8), showing the effects of friction only.

12. Conclusions sbout the Iocation of the Heavy Rain Belt

In ssctior 10 it was shown that the avsrage hourly
rainfall rate was greatest between 50 ki and 100 km from
the center of the hurricane. On the assumption that there
‘Were no other major irregularities in the rainfall, the
maxlwum amount of total rainfall should haFe fallen at
stations which were in the 50-100 kmz zone for the longest

period of time. This time interval, t, was expressed as a




-36-
function of the distance, rg, from the path of the hurricane
center, woving at the speed of 30 km/hr in a straight line.

The values obtained are given in the following table.

Table VI

Duration of Rainy Zonme in terms of Distance

To t To -t
km hr km hr

0 3,3 60 5.3
10 3.4 70 4,8
20 3.5 80 4,0
30 3.7 90 2.9
40 4,1 100 0.0
50 5.8

This teable shows that stations which were 50 km from
the path remained in the 50-100 km rainy zone almost twice
as long as stations along the path itself. Even stations ss
far as 80 km frowm the path were in the zone longer than
stations within 30 kw from the patn. Since the maximum tiwme
interval was for r,=50 kw, the belt of heaviest rainfall
should have been about 50 km from the path of the cyclone
center. This 1s verified for the left side of the path alcng
most of its length over land, as shown in Fig.l5 and by the
values at the end of Chapter II. Heavier rainfail failed to
‘develop on thé right side of the path except in the vicinity
of Tallahassee, Florida, which was only 20 km from thé path.
Possible reasoms for the development of heavier rain on the

- left side of the path than on the right side will now be
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‘presented.

In southern Florida, the surface over which the
hurricasne was passing was not uniform. ALthOLgh most of
the surface was flat land, 100km to the left of the center
was almost entirely a warm water surface. This water surface
had two effects on the air: it offered less resistance to
the development of = comvective cell,and increased the
temperature and dew point by about 2°F (Figs.1-12). Both
of these effects favored a better development of convection
at night over the water than over the lsnd. Also the

extreme SW cozstline of Florida produced slight convergence

‘between the stromger winds over the water and the lighter

winds over the land.
In northern Floride and southwestern Georgia, none of

the effects listed for southern FLOTldd applied, beczuse the
2

S 3

left side of the hurricane was over lané and the winds were

off-shore. This might account for the swmall difference
between the rainfall on the left and r10ht sides of the
path in this region.

In easfern Georgila and South Carolina, the path of
heaviest rainfall was on the north side of the path, where
the land surface had the highest elevation. The éistinct
break in the heavy rain belt (Fig.15) in the valley of the
Savaniiah River, separating Georgisz and South Carolina,

indicates the 1mportance of orographic 1lifting in releasing
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the convection. Another factor was a surface temperature
gradient which appeared in this region as z result of =
wezk cold front that had moved into the Carolinas and dis-
sipated. The air in the northern part of the éyclone, which
was about 5°F cooler than the air on the coast, must have
acted as a wedge over which the warmer alr ascencded, even
in the absence of any definite frontal surface. The slope
of this wedge (with reference to the ho:izontal) must have
been steeper than the slope of the ground.

From the indications above, it appears that the a-
symmetry of the precipitaﬁion pattern with respect to the
cyclone path cannot be sttributed to any single cause, but
rather to a combination of effects? The peculiarity of the
effects all combining to give the heaviest rain on the left
sice of the path would not be expected to happen in most
tropical cyclones. This is verified by the fact that a
hurricane usually has heavy rain or both sides of its path

over a greater distance than was true of this storm.
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ABSTRACT

Iﬁ this tq§sis an attempt was made to account for
the unusual rainfall distribution observed 1in the
tropical hurricaﬁe of October €th to 8th, 1241 in the
southeastern part of the United States. Not only was
the rainfall along the path of the center sbnormally
light, but also a belt of heavy rainfall was situated
at an averazge distance of about 50 kn to the left of
the path. The New Englsnd hurricane of September 21,
1938 had a similar one-sided rainfall distribution,
which was comnsidered to ve frontally produced. Such an
explanation could not be used for the October, 1941

hurricane while it was in the subtropical regions of the

Bahama Islands and Florida as a result of the absence of

significant air mass contrasts there. In view of the
high moisture content of the tropical air observed in
this hurricane, the lightness of the rainfall could not
have resulted from any abnormal dryness, but rather from
insufficient horizontal convergence to.establish large
vertical currents.

l‘The general synoptic conditions in the southeastern
United States during the month of Oétober, 19241 were
abnorzal in a number of respects. In spite of the

occurrence of two tropical cyvclones, the mean pressure



49~
for the month was above normal over the entire region,
1 | as a result of bersistent anticyclonic conditions and

? the absence of any extra-tropical cvclones. The rainfall
a& associated with this condition was generally subnormal
except in certain areas affected by one of the tropical
cvcelones. Also October, 1941 was the second warmest
October on record for the region. The conditions aloft
reflected the same sbnormalities of high pressure and
high temperature observed at the surface.

Invresponse to the deep anticyclonic circulation,
the hurricane moved farther west and north before
recurving than usual for October cveclones. The
anticyclone apparently prevented the hurricane from
spreading out into a large-scale storm. The intensity
of the hurricsne oscillated, the tendency generally
being fof deepening over the ocean ané filling over the
land. An exception to this was the peculiar filling of
the hurricane ag it crossed the Bahamas, which is
primarily a warm water surface.

The hurricane was characterized by nearly circular
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bars while 1t was crossing southern Florida. The
generzl pressure gradient associzted with the nizh
pressure area was found to be so weak cowmpared with the
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gradient in the hurricane that it could not be detected

within the hurricane 1tself. The winds corresponding to
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thé pressure fields of translation and rotation in a
moving cyclone were found by solving the eqguations of
motion. - The solution showed that, in the absence of
friction, the motion was the sum of the uniform
translation and uhifofm rotation corresponding to each
ofjthese two pressure gradients separately. Since
neither of thése two motions has convergence or

- divergence, the convergence in most of the hurricane
area must have been due to friction and have occurred
within the frictional lsyer.

| The formula for the average frictionsl convergencé
within a circle showed that it was proportional to the
component of surface inflow and inversely proportional
to the radius of the circle. The vertical velocityAwas-
found theoretically to be ‘equal to the meen average
convergence multiplied by the depth of the frictional
layer. The precipitation rate was expressed as the
product of the vertical transport of air and the difference
between the specific humidities at the levels of inflow
and outflow,

Computations by means of these formulazs were ﬁade
for circles with radii of 50,100, and 1S5Vkm concentric
with the hurricane center. The computed average hourly
rainfall rates asgreed very well with the observed amounts
for 7-8 A.M. on October 6th within the 100 and 135knm

circles, but did not agree within the 50 km= cilrcle
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Due to the scarcity of reports within the emallest circle
during this hour, the observed rate there was extended to
include all hours of October 6th. A comparison showed
that the computed average was zbout 4 times as great as
the new observed average. The deficiency of razinfall

in the 50 km circle and the correctness of the cormputed
amount in the 100 km circle indicated that an excesg of
rainfall must have occurred in the zone between 50 and
100 km from the center.

This supposition was checked by = tabulation of the
hourly rainfall amounts at stations within 50 Xm from
the path of the center. The results of this tabulation
showed that the heaviest rainfall rates of nearliy .10
in./hr fell 2 hours before and 3 hours after the center
passed. Since the center was moving at 20 km/hr, this
put the heavy rain zone sbout 60 km shesd of the center
and 90 km behind the center, in both cases within the
50-100 km zone.

The final phase of the studv dealt with the belt of
very heavy rainfall on the left sids of the path. From
the observed rainfall rate of about 1 in./hr on the
Florida Keys, the computations were worked in reverse
to find the inflow necessary to produce such
precipitation.A 4 mean inflow of 10 m/sec was found to

be required if the layer of inflow extended through only
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500 meters. However, since such a rapid inflow was not
observed in the surface winds, it was concluded that the
denth of inflow must have been much greater than S00
meters. This is reasonable in view of the fact that the
very strong counvection in this area, indicated by
thunderstormé, must have required an inflow 1in excess

of frictional leakage across the isobars. Also the
convection carried frictional effects to higher levels.
For inflow occurring through a depth of 3 km, the velbcity
required for the mean inflow was only about 2 m/sec;
- which would not be detected within the hurricane

circulation.

In accordance with the zone of maximum hourly rzinfall

between 50 and 100 km from the center, the total rainfall
during the passage of the hurricane was expected to be
greatest at stations which remained in the 50-100 km zone
the longest. It was apparent thaet this applied to
stations 50 km from the path. This was verified by the
location of the heavy rainfall belt on the left side of
the path, but no corresponding rainy belt appeared on

the right side. ConditiOﬁs favoring the rainfsll on the
left side were listed as follows: (1) The presence of
the ocean surface in reducing friction and raising the
temperature and dew point zund hence increasing the degree
of convective‘instability, (2) on-shore convergence and
orogfaphic liftiﬁg over higher land, and (3) lifting of

warm woist air over slightly cooler air.
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"Big Hail". Bulletin of the American keteorological

Society, v.-14, no. 6-7, June-July, 1933, p. 178.
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