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I. INTRODUCTION

A. REVIEW OF THE LITERATURE

B

Interaction between the atmosphere and the ocean reaches

a peak dnring the hurricane,l and by this means the hurricane

Bt e ik Wt Rt

receives wuch of its energy from the sea. The surface tem-
T perature of the sea must exceed 26C (Palmén, 1948) for .
hurricane formation. (This temperature is not necessarily a ;
requirement for tropical cyclone maintenance.) According :o ;

Riehl (1954), "The ocean is greatly agitated, and large

b g

amounts of water are thrown into the air in the form of
spray!...Since the surface of contact between air and water
increases to many times the horizontal area of the stornm,

J rapid transfer of sensible and latent heat from ocean to air ¢
is made possihle.” The rate of flow of this energy from the

sea to the atmosphere is dependent upon the air-sea surface N
temperature difference. Shuleykin (1970) stated that hurri-
cane modelers have been unable, "...to find the relation
between hurricane force and ocean surface temperature which

is the most imwortant of all unknown variables."

h ’ 1in the context of this study, classification of
tropical cyclones will be that used in the Glossary of

) Meteorology, 1959, i.e.: (a) tropical depression, winds up

1 ’ to 34 kt (39 mph); (b) tropical storm, winds of 35 kt

(40 mph) to 64 kt (74 mph); (c) hurricane, winds of 65 kt

(75 mph) or higher.
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A major problem encountered by the metec~ologist or
oceanographer is getting accurate, synoptic data of suffi-
cient volume which can be applied to his particular area of
study. This is particularly so in the case of near-surface
and surface observations in the warm-core tropical cyclone,
for the obvious reasons implied in Richl's description above.
Malkus (1962) stated, "Through the establishment, in 1955,
of the National Hurricane Research Project of the U. S.

Weather Bureau and its instrumented aircraft program, more
observational information material is available on the

interior str._.ture of hurricanes than for any other atmospheric
phenomenon." This may be true for upper-air observations;
but for near-surface air and sea-surface temperatures, the _
situation has not improved to anv significant extent since
Deppermann (1944) stated, "...surface temperature diffecaucas
cén not be appealed to, since they are conspicuously absent."

Most air and sea-surface temperature data are gathered,
as would be expected, from surface ship reports. Generally,
the number of ships reporting routine six-hourly surface
synoptic transmissions appears to have increased significantly
(Tisdale and Clapp, 1963). This has not been the case in
the near-vicinity of hurricanes, i.:., within two hundred

nantical miles of the center, becatse of the improvement in

storm tracking, and the resultant successful evasion of
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storm areas bv shipping. Hcwever, a limited amount of data
is being accumulated by unmanned marine buoys.2

Authors have employed many procedures to work with the
sparse data of the near-surrface air and sea-surface tempera-
tures. Working in the hurricane areas of the North Atlantic
Ocean, the Caribbean Sea and the Gulf of Mexico, Fisher
(1958) found it necessary to draw sea-surface temperature
charts on a daily basis. Of the sixteen storms selected for
study, Fisher had to discard five because of a paucity of
data. Even so, hz2 did not describe the temperature varia-
tions within ihe storms, but only emphasized their surrounding
ar=as. Perlroth (1962) found that lack of data in the
immediate vicinity of hurricane Esther (1961) required com-
posited data on a two-to-four-week basis. He also found
that werking with composites of this length forced much sub-
jectivity into his aralyses. Jordan (1964) discovered that
the rumber of sea-surface temperature reports in the vicinity
of tropical storms was small and of doubtful accuracy.

Jordan (1965) again stated his suspicions of the accuracy

2NOMAD s (Navy Oceanographic Meteorologlcal Automatic
Devices) measure five parameters: air temperature, water
temperature, barometric pressure, wind speed and wind direc-
tion. They have been undergoing testing and evaluation since
1958, and there have been various types and models. Evalua-
tions at various times have included data from the Gulf of
Mexico; near Bermuda; of Halifax, Nova Scotia; and off
Norfolk, Vvirginia. Some of the data from the NOMAD buoy
situated in the Gulf of Mexico were used in this study. See
Fig. 1 for the location of the buoy.
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of reported sea-~surface temperatures and disagreed with
Perlroth's 1562 use of twenty-seven-day composites, and
Jordan recommended using some sort of averaging process for
compositing pericds in excess of a week, by employing means
or medians over appropriate areas rather than individual
reports. owever, Jordan gave no specifics regarding a

recommended treatment of such data. Perlroth (1965) also

used 10-15--lay composites to construct sea-surface temperature

patterns i: an area from 25N to 35N and from 73W to the east
coast of tihe United States. Thus, it appears that virtually
no da+A hav.: been systematically gathered from the air-sea
boundary lryer during the life cycle of any hurricane.

Black and Mallinger (1972, unpublished manuscript) used
a lim.ted amrount of airborne expendable bathythermograph
(AXBT), airtorne infrared rad’ometer (ART) data and available
ship reports in the region of hurricane Ginger (1971).
These data were utilized in construction of daily sea-surface
temperature znalyses, but the ART data were somewhat suspect
due to corvections in sea-surface temperature reédings which
were requirec because of variations in the moisture conteut
of the air. To be noted again, ﬁowever, was the lack of
directly obsocved near-surface air teawperature data.

The above mentioned individual studies, for the most
part, concerna2d sea-surface temperatgres only. Detailed
analyses and reports, other than six-hourly synoptic data,

of the surfac@ air temperature in the vicinity of hurricanes

12

s S BOER T NS e

bt /A Bt e s

2 Ak

oy

1ty

‘""""”Lkﬂ AT

Ay b

ity

s b Vst 14 By 21 AT
e A B R L

Uit ar e SA oy
A




T

S

are even more scarce. This shortage of data within the
area of the hurricane during its life cycle has made it
impossible to describe the actual near-surface atmospheric

temperature and sea-surface temperature distributions.

B. OBJECTIVE OF THE STUDY

The objective of the present study is to study the
actually observed values of near-surface air and sea-surfaca
temperatures within hurricanes. 1In particular, the objec-
tive is to relate these values to position within the

hurricane and to the pericd of maximum intensity of the

storms.
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II. APPROACH TO THE PROBLEM

A. GENERAL

Several hurricanes which reached maximum intensity in
the Gulf of Mexico were selected. The earlier history of
these storms prior to entry into the Gulf was not considered
to have any adverse or biasing influence on the data that

were gathered in the Gulf for the individual storms. Three

hurricanes -- Hilda (1964), Betsy (1965) and Camille (1969) --

were salected. Betsy and Camille were the most destructive
hurricanes ever to strike the United States. All of the
hurricanes appeared to retain their tropical characteristics
throughout the period of the study. They evidently received

no additional enerjy because of influence from extratropical

sources, e.g., approaching deepening troughs, surface fronts,

etc. This conclusion was based, in part, on Fisher's (1958)
statement that, yenerally, storms south of 35N latitude re-

tain their tropical characteristics.

B. THE SELECTED HURRICANES

1. Hilda (1964)

The circulation that developed into hurricane Hilda
formed in an easterly wave just off the southwest coast of
Cuba early on 28 Septembzr 1964. [Annual Tropical Storm
Report - 1964, and Hawkins and Rubsam 1968.] Hilda became

a tropical storm while passing over the western tip of Cuba

14
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on 29 September and had become a hurricane by mid-morning

kTt

on 30 September. Hilda continued moving at a forward speed

of about six to eight knots on a northwesterly course, and

continued to intensify until about 1800GMT on 1 October, at

which time she was located in the central Gulf of Mexico.

Wt R

(See Figs. 1 and 2.) Frank (1964) stated that maximum winds

were 130 knots, and the central sea-level pressure was 941

s

mb. f

Even though the only data used for this paper were

obtained prior to the time of maximﬁm intensity, it should he
noted that Hilda only maintained 13C knot winds for about
twelve hours. However, when Hilda crossed the Louisiana
coast on the evening of 3 October, maximum surface winds
were still in excess of 100 knots.

2. Betsy (1965)

Betsy was indeed a unique hurricane. In fact, she
was one of the great hurricanes of the twentieth century,
and the most devastating to have océurred through the year
1965, with structural damage exceeding $1.4 billion. [Clark,
1966.] Betsy's intensity and track across the northern part

of the Gulf are also shown in Figs. 1 and 2. Before arrival

et Loy, . oot L4 S LB NADIE AT BTl s AT,
e B n AR, o T el IO ARG st oiB6.
WW,A’&&,WMW%

in the Gulf of Mexico on the morning of 8 Septemher, Betsy ’é%
had been a hurricane since mid-day on 30 August. The %5§
maximum wind speed prior to Betsy's arrival in the Gulf was A

about 118 knots on the morning of 4 September. Betsy's wind E?%

el
15 et
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speed, when she entered the Gulf, was about 110 knots with
gusts to 128 knots reported. Afteé passing south of Florida,
Betsy turned toward the northwest and increased forward
speed tc¢ .uout 19 knots, which is well above the average
speed for storms in the Gulf.

Following & slight decrease in wind spzed shortly
after entry into the Gulf, Betsy steadily increased in
intensity until maximum surface winds of about 130 knots,
and minimum observed sea-level pressure of 941 mb occurred
at about 0000GMT on 10 September. [Annual Tropical Storm
Report - 1965.] Three hours late. Betsy made landfall at
Grand Isle, Louisiana, and underwent steady, rapid decay
after that time.

3. Camille (1969)

The initial disturbance that eventually became
hurricane Camille was first detected as an.inverted "V" in
satellite pictures on 5 August 1969 just west of Dakar,
Senegal. Little did anyone suspect at the time that Camille
would ultimately become "...the most destructive, if not the
most intense, in the history of Atlantic hurricanes..."
(Simpson, Sugg and Staff, 1970) and cause damage exceeding
the $1.4 billion attributed to hurricane Betsy in 1965.

Camille was subsequently tracked westward and reached
hurricane intensity late on 14 August approximately 200 n mi

south of the western tip of Cuba. Camille continued steady

16
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intensification while on a northwesterly course at a speed

of about ten knots, except for a slight decrease in intensity

and speed of movement as she passed over the western tip of

Cuba. Camille's track and intensity are shown in Figs. 1
and 2.

Once over the warm Gulf of Mexico waters again,
intensification continued as Camille moved on her north-
northwest journey until about 1815GMT on 17 August when,
"...an Air Force plane reported a central pressure of 905
mb with an estimated 165 knots of wind. This pressure was
the second lowest on record in the United States, with the
low~5st occurring in the Labor Day Hurricane of 1935."
[Annual Hurricane Summary - 1969.] This intensity was
maintained until Camilie went ashore at about 0300GMT on
18 August just 2a2¢t of Bay St. Louis, Mississippi. There-

after, Camille underwent rapid decay.

C. ACCURACY OF THE DATA
There are many evaluations of the accuracy of ship

reported observational data, particularly of sea-surface

temperature. Franceschini (1957} found merchant ship reports

comparable with data gathered by oceanographic surveys of

sea-surface temperature in the Gulf of Mexico. Fisher (1258)

found it necessary to discard only, "...a few percent of the

total data." Tisdale and Clapp (1963), on the other hand,

mentioned, "...the general poor quality of ship oLsozvations..."

17
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of air and sea-surface data. Wolff, Carstensen and

v A W ol B

Laevastu (1967) compared sea-surface temperatures obtained
by the bucket m=thod and temperatures obtained at ship in-
jection intakes ond stated: "Numerous studies exist on the
accuracy, sources of errors and differences of these two

methods. However, the gross comparisons of t@e results of
these studies indicates, despite some contrary claims, that

the methods are about equal."

Ship reported synoptic sea-surface data are taken from

injection temperature readings, and for the most part, come

SUS 7 cort R VI i TN 7L S Rt WA IR WA S e T

from merchant ships. Injection intakes are located approxi-

o

S

mately three to seven meters below the surface. Thus, some

deviations from actual sea-surface temperatures are probably

o g T S

present in the data. The NOMAD water temperature sensor

was located approximately one-half meter below the surface,

and should, therefore, prove to be a more accurate source of
sea-surface temperatures.

Air temperature has traditionally not been as suspect
as sea-surface temperature. This should not be taken to

mean, however, that this data should not also be carefully

R N . Lo Ty
i o AR o

[
wihe

scrutinized. In hurricane situations the difficulty of

1l

ot

e
it ren

making accurate observations is, of course, compounded.

e
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D. SOURCES OF THE DATA

The ship reports, aircraft reports and NOMAD information g

used in this study came from several sources. Two primary
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sources were Fleet Numerical Weather Central (FNWC),
Monterey, California, and the "Historical Weather Map Series"
which was obtained from the Environmental Prediction Research
Facility (EPRF), Montercy, California. Two other sources
which contained important information were the 'Selected Gale
Observations North Atlantic® section of "Mariner's Weather
Log" and NOMAD data from a National Oceanographic Data Center
(NODC) purlication by Marcus and Smith (13966). The "best
track"3 and wind speed, i.e., intensity data were taken iIrom
the Annual Hurricane Summaries which are published annually
by U. S. Fleet Weather Facility, Jacksonville, Florida.
From the time work was first begun on this study, it

was evident that gathering data would be a major problem. It
was anticipated that little data would be found. This
anticipation was soon proved to be correct. For the 34 re-
porting periods, only 235 six-hourly reports were availalkle
for the three hurricanes. This total of ship reports was
prior to elimination of erroneous reports. An additional

268 reports were extracted from the "Historical Weather Map

Series." However, some of this data represented duplicated
information. Any data which contained gross errors, i.e.,

3The "best track" is determined by post analysis and is
based on

all available position data concerning the tropical
cyclone, =.g., reconnaissance aircraft fixes, land station
radar fixes, satellite pictures, special aircraft and ship
reports plus surface and upper-air analyses.
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position coordinates were incorrect, the magnitude of the
air or water temperature was unrealistic, etc, were con- E

sidered erroneous. Only five of 24 reports from the "Mariner's

Weather Log" were ultimately included in this study. The

e

NOMAD data derived from NODC publications proved to be very ;

valuable. However, for some reason, a large portion of the L
data periods presented in the "Historical Weather Map Series” .

showed NuMAD data missing. It was possible to obtain this

8 SRS 03

informatio. from Marcus and Smith (1966). About 20 very

important repyorts were obtained in this manner, including all

% of the data coatained in Fig. 21.

The above sources totaled 547 reports of position and

temperature prior to being analyzed for possible duplication,
errors or other reasons feor being eliminated from the study.
Only 253 air temperatures and 240 sea-surface temperatures

were finally selected for use.

E. ORGANIZATION OF THE DATA

As stated in the previous section, the most striking
aspect of the data was its scarcity. Each of the 34 six-~
hourly reporting periods had a mean of akout sixteen ship

reports. The 1800GMT reports were the most numerous in

AN AL it 55 S DoVt o gt M pse CATPL PPTE I IL aRv TOE, WY
‘%‘I‘?ﬁ&%&%ﬁw 15 ot s SRt A s AT

! : practically every instance. This was probably because this

hour corresponded to that "local®” time in the Gulf of Mexico
which occurred during the "normal" work day of the ship's

radio operators. In other words, it appears very few reports

20




are traasmitted if the radio op.rator must be péid overtime
when Joing so. Of the 16 ship reports for each six-hourly
period, a mean of about seven reports contained information
suitable for use in the fina ' analysis.

4iter the data had been gathered, it was reduced to a

commor format. All of the reports for each six-hour period

wers ;Jlotted on separate maps of the area of interest. Those

repce ts which had appeared in more than one source and those
report: deemed erroneous were now discarded.

The six-hour "best track" positions were next plotted on
the 34 above mentioned maps. Data within a two hundred n mi
radius of the center )(»f the hurricanes were selected if it
apprared that these data were not in error. Then, using the
hurricane center as a reference, the azimuth in degrees from
norvh, und the radial distance, were determined for each
obsasvation.

4

Separate composites~, each of which was oriented to

true north, were constructed for the air and sea-surface
ternperatures of each hurricane. This resulted in a total of
six composites of data within 200 n mi of the hurricane

cext:ws. Data were plotted on the composites throughout

— et r—— a———

41n composites, as used in this study, all data assoc-
iated with a particula. hurricane, were plotted using the
hurricane center as a reference and plotted as if the
hurricane center had remained at a single position and all
obsesrvations had been made at cne time.
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the duration of the hurricanes in the Gulf of Mexico, and

. the time involved thus was different for each hurricane.

Data for Hilda were cumposited from the time she developed
into a tropical depression at about 1800GMT on 28 September
until maximum intensity occurred at about 1800GMT on 1
October -~ a period of about three days encompassing 13
reporting periods. Betsy's composites, on the other hand,
covered the period of time Letween entry into the Gulf as

a full-blcwn hurricane at about 0000GMT on 8 September until
maximum intensity was reached two days later at about 0000GMT
on 10 September. This resulted in a total of nine reporting
periods. Camille's composites extended from about 0000GMT
on 15 Jugust until her maximum intensity occurred at about
1800GMT on 17 August 969 -- a period of almost three days
and 12 reporting periods. The hurricane composites are

shown in Figs. 3 - 8.
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III. TEMPERATURE DISTRIBUTION BY RADIAL BANDS

A. GENERAL

To illustrate surface temperature and air-sea difference
variations toward the storm center, the average radial band
values in }igs. 9 and 10 were plotted at the mid-points of

the bands.

B. HILDA

As mentioned in the previous chapter, two composites
were constructed for each hurricane -- one for the air
temperature and the other for the sea-sﬁrface temperature.
The air temperature and the sea-surface temperature com-
posites for hurricane Hilda are shown in Figs. 3 and 4.
Both covered the 13 reporting periods between 1800GMT on
28 September and 1800GMT on 1 October. Data for the indi-
vidual 50 n mi bands, including the difference between the
air and sea-su;face temperature, are tabulated in Table I.
Some of these data were also used in the construction of
Figs. 9 and 10.

The mean value of the sea-surface temperature (Fig. 9)
increased 0.9C as the center of Hilda was approached frcm
the outermost band. The mean air tempevature, on the cother
hand, decreased from 28.0C to 27.0C as the center was
approached. These results may be compared to changes which

would be caused by the thermodynamic processes involved.
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A sea~level pressure of 1000 mb was assumed to exist at the
outer edge of the hurricane, and the pressure was first
reduced along a dry adiabat to the lowest observed sea-level
pressure of Hilda (941 mb). This dry adiabatic expansion
would have resulted in a temperatu.e drop to about 23.0C, a
decrease of about 5.0C, which‘was much larger than the 1.0C
decrease observed. If the same sea-level pressure of 1000 mb
were assumed rfor the outer area of the storm, and this pres-
sure were then reduced to 941 mb along a saturated adiabat,
the temperature would have dropped to about 26.0C, a de-
crease of about 2.0C. This 2.0C decrease was only 1.0C
greater than obtained from the observed data, but it is
very doubtful that conditions are actually saturated within
this area of a hurricane. Assuming a more realistic value
{e.g. 85%) for the relative humidity in the outer area of the
hurricane, and following the dry adiabatic lapse rate from
28.0C at 1000 mb results in saturated conditions at about
970 mb. Then saturated expansion from 970 mb to approximately
241 mb would result in a temperature of about 24.5C, which
was about 2.5C less than the mean value observed in the
inner area of Hilda.

Thus, it appeared that these assumed processes were in-
consistent with tre observations described here and with
Byer's (1944) conclusion that the spiraling flow of air

toward the center was esentially isothermal for the hurri~ane.
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This meant that the air must have acquired sensible heat
during its travel toward the lower pressure of the center.
As Riehl (1954) stated: "That tropical storms contain a
local heat source within their circulation will greatly
facilitate the explanation of the temperature distribution
aloft and of the surface barograms."

Figure 10 showed that the difference in the air and
sea-surface temperatures also increased from a value of 0.9C

in the outer band to 2.8C in the inner band.

C. BETSY

The air temperature and the sea-surface temperature
composites for hurricane Betsy are shown in Figs. 5 and 6.
Both composites coatain reported data for the nine pericds
between 0000GMT on 8 September and 0000GMT on 10 September
1965. The data for the 50 n mi radial bands, plus the
difference between air and sea-surface temperatures, arc- con-
tained in Table II. Some of these data were also used in the
construction of Figs. 9 and 10.

The sea-surface temperature near Betsy, as indicated ir
Fig. 9, remained essentially constant from the outer band to
the next band, but dropped about 0.7C between the 50 and
100 n mi bands. Then an increase of about 0.9C to a value
0.3C higher than the temperature at the outer band was noted.
The air temperature steadily decreased from 27.6C to 25.6C

toward the center. Assumptions of the type made for Hilda
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above were also made for Betsy, i.e., the sea-level pressure

in the outer area of the hurricane was assumed to be 1000 mb

and the relative humidity about 85% in the lowest layer of

the storm. Dry adiabatic expansion to saturation at about

970 mb, and saturated expansion to the observed sea-level
pressure of 941 mb would have resulted in a temperature of
about 23.7C, which would be about 1.9C less than the mean

of the observed data, 25.6C, near the center of the hurri-

cane. Thus, there was also a requirement for sensible heat

transfer to explain the essentially isothermal expansion for

Betsy. The air and sea-surface temperature difference

(Fig. 10) increased from a value of 1.0C in the outer band

to a value of 1.7C in the adjacent band, with a slight decrease

to 1.6C in the next band. This value was followed by an in-

crease to 3.3C in the inner band.

D. CAMILLE

The air temperature composite for hurricane Camille is

depicted in Fig.7 and the sea-surface temperature is given

in Fig. 8. These composites contained data for the 12 re-

porting periods between 0000GMT on 15 August and 1800GMT on

17 August 1969. The data for the 50 n mi bands, plus the

air-sea temperature differences, are contained in Table III.

Some of these data were also further used in the construction
of Figs. 9 and 10.
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The mean of the sea-surface temperature (Fig. 9) de-
creased slightly fro. the outside band to the 50-to-100 n mi

band, and then increased as the center was approached. How-

ever, the temperature of the inner band was about 0.2C less

than that of +he outer band. It was also noted that Camille

contained the highest sea-surface temperatures, but the rep-
resentativeness of this data was open to question,'because

only two observations were available near the center. The

air temperature decreased slightly toward the center, with a

total drop of 1.3C from 28.3C to 27.0C. If the same as-

sumption of outer-area sea-level pressure of 1000 mb, observed
air temperature of 28.3C, and a relative humidity of about
85% in the lowest layer of the hurricane are applied, dry
adiabatic expansion to saturation at about 970 mb and
saturated expansion to the observed, central sea-level pres-
sure of 905 mb would produce a temperature of about 23.2C,
which was about 3.8C less than the mean of the observed
temperature, 27.0C, near the center of Camille. As was the

case for hurricanes Hilda and Betsy, the sensible heating

explanation with essentially isothermal expansion appeared

tc be consistent for Camille. The difference between the

air and sea-surface temperatures (Fig. 10} decreased from
1.9C at the outer band to a value of 1.3C in the adjacent
band. Thereafter, the temperature difference increased

steadily until a value of 3.0C was reached in the inner band.
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E. THE COMBINED HURRICANES

After the data for the individual hurricanes had been

studied, all of the data were combined (Table IV) for the

50 n mi bands, including the differences between air and sea-

surface temperatures.

As shown by Fig. 9, the mean value of the combined sea-
surface temperatures decreased slightly from the outer band
to the 50-to-100 n mi band. The sea-surface temperative in-
creased to a value at the inner band that was about 0.4C
greater Fhan the temperature at the outer band. The air
temperature decreased by 1.3C as the center was approached
Figure 10 showed that the difference between the air and
sea-surface temperatures for the combined hurricane cdata
increased as the center was approached. This increase was
from a value of 1.2C in the outer band to 2.9C in the inner

band, with 1.1C of this change occurring between the inner

two bands.

28

20,0 Bt e by

BRI LNS

P

FATE
%
e

:

4




IV. TEMPERATURE DISTRIBUTION BY QUADRANTS

A. CGENERAL

Another method of analyzing the data consisted of dividirg

into quadrants the composited information for each of the

hurricanes. The orientation of the quartering lines in the

tabulated data shown in Figs. 11 - 14 was north-south and

east-west. It was felt that this might serve to provide an-

other insight into the air and sea-surface temperature

distributions within the hurricanes.

In one-half of the sets of data for each quadrant, it was
apparent that different numbers of observations were presented

for the air and water temperature reports. 1In practically

every instance, this difference was because of missing data.
There were a few occasions, however, when this difference
resulted from erroneous data having been discarded.

To be kept in mind also was the fact that Hilda and

Camille crossed the Gulf on tracks that generally ran from

south to north. Betsy entered the Gulf just south of Florida

and followed a westerly and then northwesterly track.

The quadrant data were also displayed in line diagrams,

as can be seen in Figs. 15 and 16. No distribution of the

mean temperatures within the quadrants was implied here, be-

cause this information was showm in Figs. 3 - 8.
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B. HILDA
The observed air and sea-surface data, by quadrant, in

htrricane Hilda are shcwn in Figs. 11 and 15. The surface

air temperature was less ir all quadrants than the water

temperature, and the magnitude of this difference varied

SRR T LTI

from quadrant to quadrant. The air temperature was lowest,

M i,

27.1C, in the southeast quadrant and hijnest, 28.7C in the

P

southwest quadrant. The water temperature, on the other

PP g,

hand, was lowest, 28.9C in the northeast quadrant and highest,

29.7C, in the southwest quadrant. The difference of the

S

means of the air and water temperatures was smallest, 1.0C,
in the southwest quadrant and largest, 2.3C, in the south-

east quadrant, as can be seen in Figs. 11 and 16. .

ik

C. BETSY

The observed air and sea-surface data, by quadrants, in

hurricane Betsy are shown in Figs. 12 and 15. As was the i
case for Hilda, the mean air temperature was less in all

quadrants than the water temperature, and the magnitude of

this difference varied from quadrant to quadrant. The air
temperature was lowest, 26.0C, in the northeast quadrant
and highest, 27.3C, in the southwest quadrant. The water
temperature was lowest, 27.0C, in the northeast quadrant

P . and highest, 28.8C, in the southeast quadrant. The differ-
ence between the means of the air and water temperatures,

as shown in Fig. 16, was smallest, 0.9C, in the northwest

30




quadrant, and, as was the case for the Hilda data, the
difference was largest, 1.7C, in the southeast quadrant.

(The unusually small number of observations in the northern

R M A B A 2k ‘“H‘Eﬁﬂmﬂmwi

half of Betsy, particularly the three data points in the

AL

northeast quadrant, served to cast dor’st on tie nepresen~

tativeness of these averages.)

D. CAMILLE

The observed air and sea-surface data, by quadrant, in
hurricane Camille are as shown in Figs. 13 ana 5. As was
the case in Hilda and Betsy, the mean air temperature was
less in all quadrants than the water temperature, and the
magnitude of the difference was different in each of the
quadrants. The air temperature was lowest, 27.0C, ir the
southeast and highest, 28.4C, in the southwest quadrant.

The water temperature, on the other hand, was lowest, 29.6C,

in the northeast quadrant and highest, 29.8C, in the south-
east quadrant. The differences between the means of the air
and water temperatures, as shown in Fig. 16, was smallest,
1.3C, in the southwest quadrant, and, as was the case in the
Hilda and Betsy data, was largest, 2.8C, in the southeast
quadrant. (Having only five observations in the northeast
quadrant also served to cast doubt on the representativeness

P . of these data.)
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E. THE COMBINED HURRICANES

The observed air and sea-surface data for the combined
hurricanes, by quadrant, are shown in Figs. 14 and 15. The
mean of the combined air temperatures was found to be lowest,
27.0C, in the southeast quadrant and highest, 28.1C, in the
southwest quadrant. For each of the three hurricanes, tte
southwest quadrant contained the highest air temperatures.
The mean of the combined water temperatures was found to be
lowest, 28.8C, in the northeast quadrant and highest, 29.4C,
in the southeast quadrant. The magnitude of the difference
between the combined means of the air and water temperatures
was smallest, 1.1C, in tue southwest quadrant and largest,

2.4C, in the southeast quadrant.
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V. HURRICANE INTENSIFICATION

A. GENERAL

As mentioned earlier, the rate of flow of energy from
the sea to the atmosphere is dependent upon the air-sea
temperature difference. Thus, it would appear that this
rate of flow of energy, and the resultant intensification
of the hurricane, might be indicated by the magnitude of
this temperature difference. It seemed reasonable to expect
that maximum intensification should occur during the period
of time when the magnitude of the air and sea-surface
temperature difference was greatest.

Thus, an attempt was made to look at the storms for
shorter time periods preceding maximum intensity, rather than
compositing thoroughout the life cycle in the Gulf, as was
done in previous chapters. The time periods chosen were:

(1) 24-48 hours prior to maximum intensity and (2) 24 hours

prior to maximum intensity.

B. 24-TO-48 HOURS PRIOR TO MAXIMUM INTENSITY

The mean air and sea-surface temperature data for the
individval 50 n mi bands of the combined hurricanes for the
period of time between 24 and 48 hours prior to maximum
intensity are shown in Table V. The data within 50 n mi of
the center were practically non-existent, with only two

observations. The magnitude of the air-sea temperature
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differences increased from 1.3C at the outer band to 2.8C
at the inner band -- a net increasg of 1.5C.
The total of 103 air temperature observations had a mean

of 27.4C and the 98 sea-surface temperature observations had

a mean of 29.0C. This gave 1.6C as the magnitude of the
difference between air and sea-surface temperatures. These
{ results were 0.2C greater than the mean sea-surface temper-
ature of 29.1C, the mean air temperature of 27.7C and their

mean difference, 1.4C, given in Table IV.

C. 24 HOURS PRIOR TO MAXIMUM INTENSITY
The mean air and sea-surface temperature data for the

individual 50 n mi bands of the combined hurricanes for the

[ 4

period 24 hours prior to maximum intensity are as shown in
Table VI. Even though there were only six observations in

the innermost band, more confidence was placed in this data

:
3

than in the data for the same band in the 24-to-48 hour

period prior to maximum intensity. The magnitude of the

temperature differences increased toward the center from

i

%,

1.2C at the outer band to 4.3C at the inner band -- a net

itk

increase of 3.1C.
The total of 102 air temperature observations had a mean
' of 27.5C, and the 96 sea-surface temperature observations had

a mean of 29.3C. This gave 1.8C as the wmagnitude of the

R

A

difference between the air and sea-surface temperatures.

This 1.8C was 0.2C greater than the 1.6C difference between

34
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the mean of the air and sea-~surface temperatures for the
24~-to-48-hour period nrior to maximum intensity and 0.4C
greczter than the 1.4C difference between the means of air

and sea-surface temperatures for the duration of the storms

in the Gulf.

Figures 19 and 20 provide a picture of what occurred
during the 24-hour period immediately prior to maximum in-
tenzity, and should be compared to Figs. 9 and 10 which

deait with the life-cycle of the hurricanes while in the

Gulf. The same general statements regarding the radial band

information of Section A of Chapter III also applied in Figs.

19 and 20. There were slight variations in the mean sea-

surf ce temperatures of the individual storms, but the net
ch: nge for the combined hurricanes was an increase of only

9.3C as the center was approached from the outer band (Fig.

19). The mean air temperature for the combined hurricanes

during the same period decreased steadily in proceeding toward
the center from the outer band, The net change was a decrease

of 2.8C.

The air and sea-surface temperature differences for each
of the radial bands for the individual hurricanes as well as

the combined data were plotted in Fig. 20. In the case of

each hurricane and the combined data, the temperature

differences increased steadily toward the center from the

outer band. The combired data, which encompassed the period
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24 hours prior to maximum intensity showed the temperature
differences increased from a value of 1.2C at the outer
band to a value of 4.3C at the inner band. This was a net
increase of 3.1C, and 1.8C of this increase took place be-
tween the inner two bénds.

These temperatures were compared with Fig. 10, which
showed the difference between the air and sea-surface
teﬁperatures for the combined hurricane data for the entire
period of time the hurricanes spent in the Guif. The follow-
ing relationships were noted: (1) the magnitude of the mean
airjsea temperature difference was the same, 1.2C, for the
outer band in both cases; (2) the magnitude of the mean air-
sea temperature differences was greater, 4.3C, for the 24-
hour period as compared to 2.9C for the longer period;

(3) the net increase in temperature difference was 3.1C

for the 24-hour period as compared with 1.7C for the longer
period. Thus, it was seen that the magnitude of the differ-
ences between the air and sea-surface temperatures was larger
in the 24-hour period prior to the occurrence of maximum
intensity, when these differences were compared to the longer

periods of time in Chapter III.
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ViI. HURRICANE HILDA AND THE GULF OF MEXICO NOMAD

A. GENERAL

Prior tc +this time in the study, the observed data were
treated as if the hurricanes had remained in one position,
and the observations had been moved. One case was found in
which the data were obtained in a different manner. This
instance resulted when hurricane Hilda passed within about
40 n mi of the Gulf of Mexico NOMAD. The data from this
passage were analyzed and compared with the radial band

information obtained in earlier chapters.

B. DISCUSSION OF THE PASSAGE

Figure 1 shows the track of hurricane Hilda relative to
the Gulf of Mexico NOMAD, which was anchored in 1875 fathoms
of water at 25N and 90W. NOMAD was powered by a SNAP-7D
nuclear-isotope powered battery charger programmed to re-
cycle every three hours. The closest point of approach of
Hilda's center was approximately 40 n mi to the southwest
of NOMAD, and this occurred a short time before 1200GMT on
1 October. Marcus and Smith (1966) stated that during the
passage of Hilda, "...all the parameters combined to show a
perfectly reasonable model of a hurricane passage."

A plot of air and water temperatures versus time is
shown in Fig. 21. The air temperature report at 0CNOGMT

on 30 September appeared to be erratic, but this was
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difficult to explain since the reports before and after this

RS /8 TR0

time appeared good. This marked increase in temperature may f {

have been associated with subsidence which cculd have been

TIYISTE Y

occurring in the outer region of the hurricane (Hilda was
approximately 190 n mi to the southeast of NOMAD at this
time) or the increase could have been associated with sub-

sidence in the regicn of a rainband. (Perhaps further

research will uncover some previously unknown phenomenon

SRR N R

associated with hurricane rainbands.) Beginning at about

o

18000GMT on 30 September, the air temperature dropped

S OB

steadily for 18 hours. (This drop was possibly associated
with the hurricane rain.) As the hurricane approached, there
were only minor fluctuations in water temperature until about

1200GMT on 1 October. At this time the temperature of the

’

water began to decrease steadily. This was probably caused

;-.-.:x«a

by a combination of effects, namely: (1) the loss of heat i§
from the water to the atmosphere with resultant convective %
overturning; (2} mechanical mixing by the wind; and (3) g%
upwelling -- though the decrease was not as large as would be %%
expected for water upwelled in this part of the Gulf of o

Sasaion
8

Mexico. 2Also, to a minor extent, the surface water was

i

¢
i 0,
e

probably cooled by the colder water of the falling pre-

cipitation.
However, the most interesting aspect of this graph was

as Hilda was approaching from the southeast. In the period
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of time prior to about 1800GMT on 30 September, the

temperature difference between air and water was small and
variable. By 1800GMT Hilda had approached to within approxi-
mately 100 n mi of NOMAD, and the temperature difference be-
tween the air and water was approximately 1.2C. As Hilda

came nearer to the buoy, the difference between the air and

water temperatures increased markedly! By 0000GMT on 1

October Hilda had closed the buoy to about 70 n mi, and the

temperature difference was now approximately 2.8C. Six hours

later Hilda was about 50 n mi from NOMAD, and the temperature

difference was now approximately 4.4C. The closest point of

approach of Hilda to the buoy occuried just before 1200GMT

on 1 October, and the difference betweea the air and water
temperatures had increased to a maximum value c¢f about 5.6C.
This temperature difference began to decrease as Hilda began

to move away from NOMAD and was down to approximately 3.3C
at 1800GMT.

This occurrence was consistent with the results obtained
in Chapter JITI, in that nearer the cep:er of the hurricane

the magnitude of the difference between the air and sea-

surface temperatures increased. However, the magnitude of

st A A o 2 e T b e ‘wa it e e
st A S R AR

the air and water temperature differences when Hilda passed

L X
4

NOMAD were larger than the magnitude shown in Fig. 10. It

should be kept in min¢ that in this 24-buur period, while the

aE
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)

i,

maximum difference between air and sea-surface temperature
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1
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took place, Hilda was undergoing maximum intensification.
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Figure 20 showed differences in magrnitude between air
and water temperatures in the 24 hours prior to maximum in-
tensity, which compared very favorably with the results
obtained from the above NOMAD data. The decrease in
difference between air and water temperature at 1800GMT may
have occurred as the result of several effects. The rate of
response of a hurricane to its driving mechanisms is not
known. However, it was entirely possible that the large,
5.6C, air and water temperature difference at 1200GMT
initiated the buildup to maximum intensity at that time.
Inspection of Fig. 2 showed that the duration of Hilda's
maximum intensity was very short, with intensity decreasing
soon after the maxinum was reached. Also, Hilda began to
increase the distance between her and the buoy at about
1200GMT.

Comparing the Hiida - NOMAD data with the quadrant in-
formation obtained for the hurricanes in Chapter IV gave
inconclisive results. The buoy was located in the northwest
quadrant of the hurricane until 0600GMT and was in the north-
east quadrant until the time of maximum intersity. Mean
temperature differences in the northwest quadrant from the
ship observations (Fi¢g. 18) were very small, about 0.9C, in
the 24--hour period prior to maximum intensity. This did not
compare with the large air-water temperature difference at

1200GMT. After 1200GMT when the buoy was well into the
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northeast quadrant, the mear. temperature differences for all
the hurricanes was larger, about 1.8C, but certainly not of
the magnitude indicated by the NOMAD data.

.Important questions to be asked here are: "Did the

increase in the temperature difference occur because of the

approach of the hurricane? Did the increase in the tem-

perature difference occur because the hurricane was increasing
in intensity as it epyproached: Was this phenomenon attrib-
utable to a combination of the above factors?"

It was felt that the last possibility was the most
probable explanation, i.e., the approach of the hurricane
caused the temperature difference to increase somewhat. Then
the relatively large magnitude of the temperature difference,

when compared to the differences of the mean temperatures of

the entire hurricane, resulted in maximum intensity occurring

at this time.
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VII. CONCLUSIONS

1. There is a difference in the air-sea surface
temperatures within a hurricane -- as indicated by these
data for the three hurricanes studied -- and the magnitude of
this average difference increases from about 1C at a radial
distance of about 200 n mi to about 3C near the center of the
hurricane.

2. The magnitude of the air-sea te.perature difference
was apparently largest in the 24-hour period prior to the
occurrence of maximum intensity. This difference increased
from about-1C -to about 4C between 200 n mi and the center of
these hurricanes.

3. The distribution of the air-sea temperature
differences within these hurricanes, as indicated by ob-
servations, is not symmetrical, but the value is different

in each quadrant with the largest difference appearing in

the southeast quadrant.
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VIII. RECOMMENDATIONS

'l. The most important recommendation to be made is
that further studies with particular emphasis on the ob-
serveéd distribution of moisture within the hurricane must
be conducted.

2. Additional deep sea buoys, such as NOMAD, should be
placed in the Caribbean Sea, the Gulf of Mexico and off the
east coast of the United States.

3. Better temperature sensing devices should be placed
aboard all ships, and these devices should be used.

4. A systematic plan of attack should be formulated and
executed to fill the environmental data gap that exists in
the boundary layer of hurriceaes.

5. The expendable bathythermograph (XBT) should be

placed aboard all United States sea-going vessels, military

and civiiizan.
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RADIAL BAND | AIR TEMPERATURE SEA-SURFACE DIFF,
TEMPZRATURE OF
(n mi) (°c) (°c) MEANS
0 to 50 | 27¢0/23,9=31.1/ T | 29.8/28.11=30,6/ 6 | 248
50 to 100 | 2742/2349-30.07 17 | 29.,2/27.2~3242/ 17 | 240 ;
100 t0 150 | 2745/23¢9=31e1/ 53 | 2942/2748=3117 149 | 147 3
150 to 200 | 28,0/2641-30,0/ b | 28,9/25,0~32,2/ 1.3 | 0.9 %
TOTALS | 27e6/23¢9-31e1/123 | 29¢1/25¢0=32,2/115 | 145 §
%
%
Table I. Mean Radial Band Data for Hurricane Hilda for the é
Period 281800GMT SEP - 011800GMT OCT 1964. %
(MEAN/RANGE OF OBSERVATIONS/NO. OF OBSERVATIONS) %
]
3
3
;

RADIAL BAWD | AIR TEMPZRATURE SEA-SURFACE DIFF,
TEHPERATURE, OF
(n mi) (°c) (°c) HEANS ;
0 to 50 | 25.6/25.0-26¢1/ 2 | 28,9/ 28,9 / 2 { 33 §
50 to 100 | 26,11/25,0=28437/ 11 | 28,0/2641=29.14/ 11 | 146 :
100 to 150 | 27.0/25,0=28¢3/ 12 | 28,7/26.7-30,0/ 12 | 147 s
150 to 200 | 2746/25,6-30,0/ 23 | 28,6/26¢1-30,0/ 23 | 1.0 )
TOTALS | 27.2/25,0-30.0/ U8 | 28,5/26,1=30,0/ 48 | 1.3
Table II.

Period 080000GMT SEP - 100000GMT SEP 1965.
(MEAN/RANGE OF OBSERVATIONS/NO. OF OBSERVATIONS)
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RADIAL BAWD| AIR TEMPERATURE SEA-~SURFACE DIFF,
TEHPERATURE OF

(n mi) (°c) (°c) MEANS

0 50 50 | 27.0/26e1=27e8/ 2 | 30sC/ 30,0 / 2] 3.0

50 to 100 | 2740/25,0-2869/ 1l | 2942/26,1=31.,7/ 15| 2.2
100 t0 150 | 2840/26e1-30,0/ 28 | 29,3/27+2=3167/ 26 | 143
150 to 200 | 2843/25,0-31¢1/ 38 | 3042/2843-31.1/ 34 | 19
TOTALS | 28,0/250=31e1/ 82 | 29,7/26¢1-31.T7/ 17T | 147

Tabkle IXI.

Mean Radial Band Data for Hurricane Camille for
the Period 150000GMT AUG - 171800GMT AUG 1969.
{(MEAN/RANGE OF OBSERVATIONS/NO. OF OBSERVATIONS)

RADIAL BAWD | AIR TEMPE” \TURE SEA-SURFACE DIFF,
TEIPERATUIE OF

(n mi) (°c) (°c) HEANS
0 to 50 | 2648/2349=3161/ 11 | 2947/2849=30,6/ 10 | 249
50 t0 100 | 27¢1/23¢9-3060/ 112 | 28.5/2641=32.2/ 43 | 148
100 t0 150 | 2746/23¢9=3141/ 93 | 2942/2748=3147/ 87 | 146
150 to 200 | 2841/25,0=31.17107 | 29.3/25,0=32,2/100 | 1.2
TOTALS | 27¢7/23¢9=311/253 | 2941/2540-32,2/20 | 144

Table 1V.

Mean Radial Band Data for the Combined Hurricanes

for the Periods of Time Given in Tables I, II, III.

(MEAN/RANGE OF OBSERVATIONS/NO. OF OBSERVATIONS)
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Mean Radial Band Data for the Combined Hurricanes
for the 24-to-48-hour Period Prior to Maximum In-

tensity.

RADIAL BAND | AIR TEMPERATURE SEA-SURFACE DIFF,
TEHPERATURE OF

(n mi) (°c) (°¢) MZAHS

) 0 to 50 | 26.9/25.6=28.3/ 2 | 29.7/29.4-30.0/ 2| 2.8

} 50 to 100 | 27.0/25,0-30,0/ 18 | 28,8/2641-32,2/ 18 1.8
% 100 0 150 | 27¢3/22.2-3141/ 11 | 29,0/25,0=31.7/ 38 | 1.7
150 to 200 | 27.7/25¢6=30,0/ 112 | 29,0/25,0=30,6/ 1O | 1.3
4 TOTALS | 27.1./22,2=3141/103 | 29.0/25,0=32,2/ 98 | 1.6

)
Table V.

(MEAN/RANGE OF OBSERVATIONS/NO. OF OBSERVATIONS)

k RADIAL BAND| AIR THZHFERATURE SEA~SURFACE DIFF.

3 TEiPERATURE OF
(n mi) (°c) (°c) HEANS

0 to 50 | 25.3/23.9-26,1/ 6 | 29.6/28,9-30,6/ 6 | 4.3

50 to 100 | 26,9/23,9-28.9/ 16 | 29.4/27.2=-31,7/ 16 | 2.5

160 to 150 | 27.7/25.6-29.4/ 33 | 29.4/27.2-31.17 31 | 1.7

150 to 200 | 23.1/25.0-311/ 47 | 29.3/25.6-32.2/ 43 | 1.2

POTALS | 27.5/23.9=3161/102 | 2943/2546=3202/ 96 | 148

Table VI.

Mean Radial Band Data for the Combined Hurricanes
for the 24-hour Period Prior to Maximum Intensity.

(MEAN/RANGE OF OBSERVATIONS/NO. OF OBSERVATIONS)
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Figure 3.

Composite of Observed Air Temperatures for Hurri-
cane Eilda -~ 281800GMT SEP - 011800GMT OCT 1964.
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Figure 4.

n mi

Composite of Observed Sea-Surface Temperatures for
Hurricane Hilda--281800GMT SEP - 011800 ~MT OCT
1964.
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Figure 5.

Composite of Observed Air Temperatures for Hurricane
Betsy -- 080000GMT SEP -~ 100000GMT SEP 1965.
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NORTH

. Figure 6. Compositz2 of Observed Sea-Surface Temperatures for
' Hurricdane Betsy--080000GMYT SEP - 100000GMT SEP 1965.
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Figure 7. Composite of Observed Air Temperatures for Hurricane
Camille--150000GMT AUG -~ 171800GMT AUG 1969.
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. Tigure 8. Composite of Observed Sea-Surface Temperatures for
Hurricane Camilie~-150000GMT AUG - 171800GMT AUG
1969.
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HILDA
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55.0- 311 | 23.9-275
/34 /49
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28.7 571
57.2- 311 | 23.9 -300
/13 /27
2}1 28.9
050-322 | 256 -306
/53 /a6
WATER
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289-306 | 27.2-32.2
/s /8

W e a e P iy VWA B8 Ak 2 e U W

T N

Van e s

it wt

Figare 11. Air and Sea-Surface Observza Temperature Data
by Quadrant for Hurricane Hilda -- 281800GMT
SEP - 011800GMT OCT 1964.
(MEAN/RANGE OF OBSERVATIONS/NO. OF OBSERVATIONS)
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Figure 12.
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Air and Sea-Surface Observed Temperature Data
by Quadrant for Hurricane Betsy -- 080000GMT
SEP - 100000GMT SEP 1965.

(MEAN/RANGE OF OBSERVATIONS/NO. OF OBSERVATIONS)
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CAMILLE
NORTH

28,0 27.3
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256— 311 | 256-294

/20 /s
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284 270 2
25.0 - 311 25.0 -289 )
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/1o /s
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/
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Figure 13. Air and Sea-Surface Observed Temperature Data
bv Quadrant for Hurricane Camille -- 150000GMT
AUG - 171800GMT AUG 1969.
(MEAN/RANGE OF OBSERVATIONS/NO. OF OBSERVATIONS)
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Figure 14. Air and Sea-Surface Observed Temperature Data
by Quadrant for the Combined Hurricanes.
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Quadrant for the Combined Hurricanes.

Figure 17.
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Prior to Maximum Intensification.

Figure 19.
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' Figure 20. Mean Temperature Differences vs. Radial Distance %
i . from Center for Each Hurricane and Their Com- é
bined Values for the Period of Time 24 Hours 5
Prior to Maximum Intensification. e
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