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HURRICANE GILBERT (1988) IN REVIEW AND PERSPECTIVE

Edward N. Rappaport
.and

Colin J. McAdie

.ABSTRACT

The 7volut~on of Hurr,icane Gilbert is described. This very intense
hurr~cane ~s placed ~n meteorological and historical perspective.
The nature of tropical cyclones is first sketched out. Gilbert's
size, one of its most remarkable attributes, is illustrated by
comparison with two other very intense hurricanes (the Labor Day
Hurricane of 1935 and Hurricane Camille of 1969) which, like
Gilbert, had winds exceeding 155 mph at the time of their landfall.
Damage caused by these intense hurricanes is explored. Gilbert's
evolution and environment are then illustrated with satellite
imagery, surface and deep-layer mean analyses, and reconnaissance
aircraft data. Gilbert is then examined from a forecasting
standpoint.

1. INTRODUCTION

On the evening of September 13, 1988, about 140 miles south of
the western tip of Cuba, Hurricane Gilbert reached the lowest
pressure (888 mb) ever recorded in an Atlantic tropical cyclone.
This pressure also currently stands as the lowest sea-levelpressure on record for the Western Hemisphere. 1 Accompanying

Gilbert's Atlantic record-breaking minimum central pressure were
estimated maximum sustained winds at the surface of 185 mph. The
hurricane made landfall with a central pressure of 900 mb about 12
hours later near Isla de Cozumel, a resort area about 10 miles off
the northeastern coast of the Yucatan peninsula (Fig. 1). This
gave Gilbert the lowest central pressure at the time of landfall
in 53 years, in the Atlantic. Sustained winds were near 160 mph
at landfall (Table 1).

A total of 319 people were killed by Gilbert over a period of 11
days. As shown in Fig. 1, Gilbert crossed directly over the island
of Jamaica, proceeded to make landfall at Cozumel, Mexico, then
continued across the Bay of Campeche and made landfall again at La
Pesca, a small fishing village on the Gulf coast of Mexico approx-
imately 150 miles south of Brownsville, Texas. As Gilbert crossed
the coast and proceeded inland, it caused torrential rains;
subsequent flooding accounted for most of the deaths in the area
of final landfall. The total damage caused by Gilbert is now
estimated at $10 billion.

lThe current world's record for lowest central pressure is held by Typhoon Tip, which reached 870 mb on

October 12, 1979, over the western Pacific Ocean.
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Table 1. Position, central pressure, and 1-min maximum sustained
.wind speed for Hurricane Gilbert (1988) at 6 h intervals

and at landfall. Times are in UTC, which leads EDT by
4 hours..

Date Time Lat. Lon. Pressure Wind speed
(UTC) (ON) (OW) (rob) (kt) (mph)

9/08 1800 12.0 54.0 1008 25 30 ]9/09 0000 12.7 55.6 1007 25 30 Tropical
0600 13.3 57.1 1006 30 35 Depression
1200 14.0 58.6 1005 30 35
1800 14.5 60.1 1004 35 40

]9/10 0000 14.8 61.5 1002 40 45 Tropical
0600 15.0 62.8 998 45 50 Storm
1200 15.3 64.1 995 50 60
1800 15.7 65.4 992 55 65

9/11 0000 15.9 66.8 989 65 75
0600 16.2 68.0 982 80 90
1200 16.1 69.5 975 95 110
1800 16.2 70.7 970 100 115

9/12 0000 16.8 72.0 964 105 120
0600 17.3 73.7 962 110 125
1200 17.6 75.3 960 110 125
1800 18.0 76.9 960 110 125

9/13 0000 18.3 78.5 960 110 125
0600 18.5 79.7 952 115 130
1200 18.8 81.1 934 125 145
1800 19.4 82.5 905 140 160 Hurricane

9/14 0000 19.7 83.8 888 160 185
0600 19.9 85.3 889 155 180
1200 20.4 86.5 892 145 165
1800 20.9 87.8 925 130 150

9/15 0000 21.3 89.5 944 100 115
0600 21.6 90.7 949 90 105
1200 21.9 91.7 950 85 100
1800 22.1 92.8 950 90 105

9/16 0000 22.5 93.8 949 100 115
0600 22.9 94.8 946 110 125
1200 23.7 95.9 948 115 130
1800 23.9 97.0 950 115 130

9/17 0000 24.4 98.2 964 80 90
0600 24.8 99.3 988 50 60 ] Tropical
1200 25.0 100.5 996 35 40 Storm
1800 25.4 101.9 1000 30 35

9/18 0000 26.0 103.2 1002 30 35
0600 27.6 103.7 1004 30 35
1200 29.3 102.6 1003 25 30 Tropical
1800 31.5 101.3 1003 25 30 Depression

9/19 0000 33.2 99.7 1002 25 30
0600 35.8 97.7 1001 25 30

.1200 37.7 93.2 999 25 30
1800 40.2 89.9 998 25 30 ] Extra-

9/20 0000 43.4 86.5 995 25 30 tropical
0600 Merged with Front

At landfall:
9/12 1700 17.8 76.8 960 115 130

]9/14 1500 20.7 87.0 900 140 160 Hurricane
9/16 2200 24.2 97.8 955 110 125
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2. TROPICAL CYCLONE CHARACTERISTICS AND CLIMATOLOGY

2.1 Life Cycle of a Tropical Cyclone .
Briefly stated, a tropical cyclone is a rotating, convective

system that develops over the tropical oceans. Just above the
surface of these oceans we find the warm, moist air that is .
necessary to sustain the tremendous release of energy that
characterizes these systems. The tropical cyclone may progress
through three stages: tropical depression, tropical storm, and
hurricane.

Although tropical cyclones may be initiated by several mecha-
nisms, of interest here is the westward-traveling tropical wave.
A number of these waves travel uneventfully across the Atlantic at
low latitudes every summer. In a few of these waves, an important
transition takes place; a rotary (that is, closed) counterclockwise
circulation may develop near the earth's surface from the open wave
pattern. If the circulation is sufficiently well-defined, the
system is designated a tropical depression. Official tracking
begins, and wind speed estimates are made. If not yet requested,
and the depression is within a reasonable distance from land,
aircraft reconnaissance may begin. The depression receives a
reference number, issued consecutively throughout the hurricane
season. Gilbert, for example, became the twelfth tropical
depression of 1988, and formed from tropical wave 38.

The tropical depression may continue to intensify. If the wind
speed (sustained over 1 minute at about 30 feet above the surface)
reaches 39 mph, the system receives the designation tropical storm,
and is named. Gilbert became the seventh named system of 1988 on
September 9 as its center passed over the island of Martinique in
the Windward Islands. If the winds increase further to 74 mph, the
tropical storm becomes a hurricane. Gilbert reached this stage
fairly rapidly, within 30 hours of being named, becoming a hurri-
cane on September 10 (local time, see Table 1).

The threshold wind speeds of 39 and 74 mph correspond to points
on the Beaufort scale, developed during the early nineteenth cen-
tury as an aid to the sailing ships of that era. Beaufort Force
8 (39-46 mph) is described as a "fresh gale". Beaufort Force 12
(74 mph or more), the highest on the scale, was considered the
point at which, in deteriorating weather, a ship could no longer
carry any sail.

2.2 Tropical Cyclone Data Base .

If a tropical cyclone attains named status, its successive
positions (given in degrees latitude and longitude) and estimated.
maximum sustained winds are archived by the National Hurricane
Center (NHC) located in Coral Gables, Florida. This archive con-
tains entries, at six-hourly intervals, for all tropical. storms
and hurricanes in the Atlantic, Caribbean, and Gulf of Mex~co from
1886 to the present. Hurricane Gilbert is now the eight hundred

4
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and sixtieth entry in this permanent file, referred to informally
as the "best track" file. The positions and wind estimates
established after the fact with all available information are th~"best" that can be given, hence the name. '

.
Although there are some earlier records, a few even dating back

to the European exploration of the New World, in general, reliable
.tracks can only be established beginning in the latter half of the

nineteenth century. Estimates of the wind speed were generally
less reliable over the open ocean until the advent of aircraft
reconnaissance in the late 1940's.

2.3 Classification of Hurricanes

There are many possible ways to classify hurricanes, given their
wide range of wind speeds (from 74 mph to perhaps 200 mph) and
variety of damaging effects. As noted by Dunn and Miller (1960),
there is no single classification system which can succinctly
encompass all aspects of the hurricane. Possible criteria for
classification include evaluation of damage (structural damage,
beach erosion, effects on vegetation, fatalities, dollar cost,
etc.) and characteristics of the hurricane itself (e.g., wind
speeds, minimum central pressure, size). Given the uneven dis-
tribution of population along hurricane-prone coastlines, it is
perhaps not surprising that compilations of hurricanes by various
damage criteria produce quite different lists (Hebert and Case,
1990) .

In the early 1970's, Herbert Saffir devised a damage scale based
upon numerous on-site inspections of hurricane damage. His five-
category scale has the advantage of relating ranges of sustained
winds to specific effects on structures and vegetation (Table 2).
Robert Simpson, a former director of the National Hurricane Center,
added a further reference to expected storm surge which is the rise
of a body of water above normal astronomical tide due to a tropical
cyclone. The resulting scale, now known as the Saffir/Simpson
scale, received the sanction of the National Weather Service in
1972 and has since come into widespread use. Another useful
feature of the Saffir/Simpson scale, and part of its original
intent, is that it allows coastal residents to compare conditions
expected from an impending hurricane with conditions experienced
in previous hurricanes affecting the same area (Simpson and Riehl,
1981). The scale is given in quick-reference form in Table 3.

From Table 3, we see that a hurricane reaches category 5 when
its maximum sustained winds exceed 155 mph (135 kt). Gilbert

.reached category 5 on 13 September after exiting Jamaica. It
remained a category 5 through landfall on the Yucatan peninsula.

.2.4 Frequency of Severe Hurricanes

The best-track file, described in Section 2.2, is a reliable data
base that can be used to estimate how often we might expect a
hurricane of Gilbert's intensity to occur. Of the 875 cyclones in

5



Table 2. The Saffir/Simpson Scale-
Category 1 Winds of 74 to 95 mph. Damage primarily to shrubbery, trees,

foliage, and unanchored mobile homes. No significant damage
to other structures. Some damage to poorly constructed signs.

And/or: storm surge 4 to 5 feet above normal tide. Low-lying
coastal roads inundated, minor pier damage, some small craft in
exposed anchorages torn from moorings. .

Category 2 Winds of 96 to 110 mph. Considerable damage to shrubbery and
tree foliage; some trees blown down. Major damage to exposed .
mobile homes. Extensive damage to poorly constructed signs.
Some damage to roofing materials of buildings; some window and
door damage. No major damage to buildings.

And/or: storm surge 6 to 8 feet above normal tide. Coastal
roads and low-lying escape routes made impassable by rising
water 2 to 4 hours before arrival of hurricane center. Con-
siderable damage to piers. Marinas flooded. Small craft in
unprotected anchorages torn from moorings. Evacuation of some
shoreline residences and low-lying island areas required.

Category 3 Winds of 111 to 130 mph. Foliage torn from trees; large trees
blown down. Practically all poorly constructed signs blown
down. Some damage to roofing materials of buildings; some
window and door damage. Some structural damage to small
buildings. Mobile homes destroyed.

And/or: storm surge 9 to 12 feet above normal tide. Serious
flooding at coast and many smaller structures near coast des-
troyed; large structures near coast damaged by battering waves
and floating debris. Low-lying escape routes made impassable
by rising water 3 to 5 hours before hurricane center arrives.
Flat terrain 5 feet or less above sea-level flooded inland
8 miles or more. Evacuation of low-lying residences within
several blocks of shoreline possibly required.

Category 4 Winds of 131 to 155 mph. Shrubs and trees blown down; all
signs down. Extensive damage to roofing materials, windows
and doors. Complete failure of roofs on many small residences.
Complete destruction of mobile homes.

And/or: storm surge 13 to 18 feet above normal tide. Flat
terrain 10 feet or less above sea-level flooded inland as far
as 6 miles. Major damage to lower floors of structures near
shore due to flooding and battering by waves and floating de-
bris. Low-lying escape routes made impassable by rising waters
3 to 5 hours before hurricane center arrives. Major erosion
of beaches. Massive evacuation of all residences within
500 yards of shore possibly required, and of single-story
residences on low ground within 2 miles of shore.

category 5 Winds greater than 155 mph. Shrubs and trees blown down; con-
siderable damage to roofs of buildings; all signs down. Very
severe and extensive damage to windows and doors. Complete
failure of roofs on many residences and industrial buildings.
Extensive shattering of glass in windows and doors. Some com-
plete building failures. Small buildings overturned or blown
away. Complete destruction of mobile homes. .

And/or: storm surge greater than 18 feet above normal tide.
Major damage to lower floors of all structures less than 15
feet above sea-level within 500 yards of shore. Low-lying .
escape routes made impassable by rising water 3 to 5 hours
before hurricane center arrives. Massive evacuation of
residential areas on low ground within 5 to 10 miles of shore
possibly required.
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the Atlantic data base through 1989, 512 or 59% have reached
hurricane strength. Of these, only 21 (2%) have reached category
5 intensity (sustained wind speeds of greater than 155 mph).
Tracks of these hurricanes are plotted in Fig. 2; periods during
which sustained winds exceeded 155 mph are indicated by a heavier.
line. Names and dates of these hurricanes are given in Table 4.

Of the 21 hurricanes shown in Fig. 2, only eight have had.
category 5 status at the time of landfall, as indicated in Table
4, with two making u.s. landfall. These are the Labor Day
Hurricane of 1935, striking the Florida Keys, and Hurricane
Camille, which hit the coast of Mississippi in August, 1969. These
two systems will be discussed more fully below, and will serve as
a basis of comparison for Hurricane Gilbert. The tracks of these
three landfalling category 5 hurricanes are shown in Fig. 3.

Using the historical data base, we can obtain a quantitative
estimate of the average return period for these catastrophic
hurricanes. By plotting the histogram (the relative frequencies)
of maximum winds attained by all tropical cyclones over a certain

Table 4. Summary of Atlantic hurricanes during the period 1886-
1989 having attained sustained winds greater than 135 kt
(Saffir/Simpson category 5). Tracks are plotted in Fig.
2, as indicated by storm number. It should be noted that
minimum central pressure, when known, will produce a
somewhat different list if used as a criterion. Country
or commonwealth affected by landfall, as indicated.

Date (UTC) Landfall as
Number storm name Maximum wind attained category 5

1 Not named 140 kt 160 mph Sept 13, 1928 (Puerto Rico)
2 Not named 140 160 sept 5, 1932 (Bahamas)
3 Not named 140 160 sept 3, 1935 (US)
4 Not named 140 160 Sept 19, 1938
5 Not named 140 160 Sept 16, 1947 (Bahamas)
6 Dog 160 185 Sept 6, 1950
7 Easy 140 160 Sept 7, 1951
8 Janet 150 175 Sept 28, 1955 (Mexico)
9 Cleo 140 160 Aug 16, 1958

10 Donna 140 160 Sept 4, 1960
11 Ethel 140 160 Sept 15, 1960
12 Carla 150 175 Sept 11, 1961
13 Hattie 140 160 Oct 30, 1961
14 Beulah 140 160 Sept 20, 1967
15 Camille 165 190 Aug 17, 1969 (US)..16 Edith 140 160 Sept 9, 1971 (N~caragua)
17 Anita 150 175 Sept 2, 1977
18 David 150 175 Aug 30, 1979
19 Allen 165 190 Aug 7, 1980 .
20 Gilbert 160 185 Sept 14, 1988 (Mexico)
21 Hugo 140 160 sept 15, 1989

8
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period, then finding a mathematical function that describes the
shape of the plot, it is possible to obtain a probability of
occu:rence for a certain range of maximum winds (in our case, those
meet1?g the c~teg~ry 5 criterion of exceeding 155 mph). Such a

.plot 1S shown ~n F1g. 4 for the period 1946-1989. This time period
was chosen to 1nclude only the era of aircraft reconnaissance but
~s long enoug~ to smooth out short-term variations. From Fig. 4,

.1t can be est1mated that about 4.5% of all tropical cyclones will
reach category 5 strength. This in turn gives a mean return period
of about 2.3 years. This means that, on average, a hurricane can
be expected to attain category 5 status somewhere in the Atlantic
basin about once every 2.3 years.

Further, it can also be estimated that only about 1.4% of all
tropical cyclones, on average, will reach Gilbert's maximum
intensity (185 mph), giving a mean return period for the entire
basin of 7.4 years. Note that although Gilbert attained a record
~ pressure, the maximum sustained winds were not record-breaking;
and examination of Table 4 shows that Gilbert's winds have been
equalled or exceeded three times since 1947. This gives an
observed mean return period of 11 years, which is in reasonably
good agreement with the smoothed estimate of 7.4 years.

Because of the large-scale steering patterns that are likely to
occur over the tropical Atlantic during hurricane season, certain
sections of coastline are relatively more likely to be struck by
a tropical cyclone than others. This can be quantified by again
referring to the best track file and extracting the subset of
storms that have affected the section of coastline in question.
It is possible to use that subset of storms to compute mean return
periods (Neumann, 1987) for that area. In order to compare the
return periods for the areas affected by the three landfalling
category 5 hurricanes mentioned above, let us take circular areas
of radius 75 n mi (Neumann, 1987) centered upon the three landfall
sites. The resulting return periods are shown in Table 5. We can
infer from Table 5 that the U.S. Gulf coast is relatively less
likely to be affected by a catastrophic hurricane than is southern

Florida. The mean return periods for the northern Yucatan
peninsula fall about midway between the other two areas.

Table 5. Mean hurricane return periods (years) for
three locations of previous category 5
landfall, within circles of radius 75 n mi.

Saffir/Simpson category 1 2 3 4 5

Upper Florida
Keys 4 7 10 17 34

Cozumel,Mexico 6 11 18 34 79

MississippiGulf coast 8 18 29 60 150

11
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2.5 Differences Among Hurricanes

As discussed above, hurricanes are conveniently categorized by
.the Saffir/Simpson scale. While the scale itself relates the

magnitude of the sustained winds to potential damage, it must be
remembered that two hurricanes having identical maximum winds can

.vary considerably in other ways, for example in size and shape. In
addition, the observed effects at landfall can vary depending upon
topography of the area of landfall, direction of approach, shape
of the sea bottom, quality of local construction, and many other
factors.

Let us consider the differences in size of the Labor Day
Hurricane of 1935, Camille, and Gilbert, three landfalling category
5 hurricanes. One way of quantifying the size of a hurricane is
by considering the extent of hurricane force winds. That is,
assuming that the hurricane is roughly circular in shape, and that
the winds continue to decrease as one travels away from the eye,
at what point do the winds fall below 74 mph? At what point do
they fall below 39 mph? These quasi-circular boundaries, enclosing
hurricane and tropical storm force winds, respectively, can be
thought of as moving along with the hurricane, expanding and
contracting as conditions change. It should also be pointed out
that these circular boundaries are usually somewhat offset to the
right of center. That is, the winds on the right-front quandrant
(looking from the circulation center toward the direction of

motion) are usually stronger than those on the left-front. This
is because the forward motion of the system as a whole is, in
effect, added onto the speed of the winds circulating around the
center.

Defining these wind speed boundaries for an event in progress can
be difficult. Aircraft measurements, if available, currently
provide the best estimate of the wind field; however, the winds at
flight level (perhaps 10,000 ft) will usually not be experienced
at the surface. For example, the roughness of the surface (even
a water surface) produces a drag on the air, and some reduction of
flight-level winds must be applied to account for this. Land
exerts more drag than does water, for a further reduction.

Even though some reduction at the surface can be expected,
measurement at the surface is another problem entirely. Problems
are caused by the very severity of the event; meteorological
instrumentation, if present at all, is often destroyed or carried
away. One is then left to determine wind speeds based on the
apparent force applied to buildings of known structural strength,

.as was done for Hurricane Camille (Saffir, 1972); having done so
over a wide area, it is then possible to map out a wind field
capable of causing the observed damage.

~ As one proceeds farther back in time, before the era of aircraft
reconnaissance, we must rely on the first-hand observations of
those who found themselves in the hurricane's path.
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2.5.1 The Labor Day Hurricane of 1935

The Labor Day hurricane of 1935 was a very small, compact system
that caused catastropic damage along a 30-mi1e section of the upper
Florida Keys. This hurricane reached category 5 intensity just.
prior to landfall on the evening of September 2,1935, with maximum

I sustained winds of 160 mph. Passage of the hurricane resulted in .
408 deaths. Some idea of the ferocity of this hurricane is given
by eyewitness accounts of an 18-ft length of 6 II x 8 I' timber

becoming airborne three hours prior to landfall. Sections of the
Overseas Railway, completed in 1912, were obliterated by the
subsequent storm surge. Track and ties were washed off concrete
viaducts built 30 ft over the mean water level. Damage to the rail
line was so extensive that the Florida East Coast Railway decided
not to rebuild it, and sold the right-of-way to the State of
Florida. A highway was eventually constructed along the route
(Tebeau, 1971).

It is perhaps also worth noting that at the time of this event,
only about 500 residents lived in the path of the hurricane. An
additional 684 Civilian Conservation Corps workers were in the area
on a highway construction project. At last count (1980 Census),
the population over the same area had increased to almost 11,000.
The potential for catastrophe is clearly present should a similar
event occur.

Several observations are available at the time of landfall which
allow us to make some deductions about the size and intensity of
this hurricane. Among these observations is a pressure measurement
taken with an aneroid barometer aboard a boat moored to the north-
ern side of a railroad embankment at Craig, Florida. Wind shift
observations at nearby locations put Craig nearly dead center
beneath the calm eye. The needle of the barometer, as certified
by Capt. Iver Olson, passed onto the temperature scale of the dial
to a point corresponding to +10 degrees Centigrade. Subsequent
laboratory testing of the instrument conducted by the Weather
Bureau found that the reading corresponded to a pressure of 892 mb
or 26.35 inches of mercury. This became the record low sea-level
pressure for the Western Hemisphere; the record stood for 53 years,
until finally broken by the 888 mb central pressure estimated for
Gilbert in September, 1988.

For purposes of comparison, we would like to estimate the size
of this hurricane. To this end, we can examine the record of wind
measurements taken at the Miami Weather Bureau Office, located
about 75 mi to the northeast. These records show (using the
appropriate conversions) a maximum 1-min average wind of 41 mph .
during the time of hurricane passage through the Keys.

Given the magnitude of the wind (160 mph) at the radius of ~maximum wind, and that radius (about 7 mi, from observations, ~

and also Ho et al., 1987), and the fact that Miami marked the
approximate extent of tropical storm (gale) force winds, we can
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use a mathematical relationship2 to give wind estimates at points
in between. Thus we can surmise that hurricane force winds (wind
speeds at least 74 mph) extended only about 25 miles from the

.center of the hurricane to the right of track, and somewhat less
to the left. These wind envelopes for tropical storm and hurricane
force winds are drawn to scale in Fig. 5. Supporting this size

f estimate, Simpson, et al., (1970) state in passing that hurricane
force winds were experienced over a diameter of less than 35 miles.
This is considerably smaller than Hurricane Camille, the only other
occurrence of a U.S. landfalling category 5 hurricane.

2.5.2 Hurricane Camille

The second hurricane within the last 104 years known to have
category 5 strength at the time of landfall in the United States
is Camille. Hurricane Camille made landfall on the evening of
August 17, 1969 near Waveland, Mississippi. The maximum sus-
tained winds at landfall are estimated to have been 190 mph. A
surface pressure of 909 mb (26.85") was recorded at Bay St. Louis,
Mississippi, near the point of landfall. For United States
landfalls, the minimum central pressure of 909 mb is second only
to the 892 mb measured during the Florida Keys hurricane discussed
above. It is estimated that along the Gulf coasts of Louisiana,
Mississippi, and Alabama about 200,000 people sought shelter in
advance of the oncoming hurricane; there were 256 fatalities.

A storm surge of 22 ft above mean sea level, in conjunction with
the intense winds, caused nearly complete destruction along the
entire Mississippi coast, extending inland for three or four
blocks. Many beachfront areas were virtually leveled, with
numerous buildings carried off their foundations. Power and
telephone failures reached areas 90 miles inland. Coastal counties
were without electrical service for as long as 15 days.

Although Camille was throughout its life a relatively small, but
intense system, it was considerably larger than the Florida Keys
hurricane of 1935. Prior to landfall, the National Hurricane
Center estimated that Camille's hurricane force winds extended out
80 miles to the east and 60 miles to the west; tropical storm force
winds were estimated to reach out 230 miles to the east and 115
miles to the west (Fig. 5). These distances agree reasonably well
with those deduced from post-event investigations (U.S. Army
Engineer District, 1970).

Unfortunately, no land-based anemometers survived near the point
of landfall, as is usually the case in severe events. One
recording anemometer was left running (on double-scale) aboard
an offshore oil rig. The rig was located about 12 miles east of

.
2The function used here is of the form vr>C=constant, where v is wind speed, and r is distance from the

center. x is determined empirically. (See, for example, Simpson and Riehl [1981], p. 197.)
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LABOR DAY I .I .

SCALE 0 50 100

HURRICANE 1935 STATUTE MILES
t

HURRICANE

CAMILLE

t
DIRECTION

OF MOTION

HURRICANE ...~ GILBERT ,,'

,
I'

I'
I

I
I

I,,
,
,
,
\
\
\,

\
\ , , , , .," ...

Fig. 5. Schematic size comparison of three landfalling category 5 hurricanes i
at the time of landfall. Solid circles indicate extent of hurricane force winds
(at least 64 kt or 74 mph). Cross-hatched circles indicate extent of tropical
storm force winds (at least 34 kt or 39 mph). Dashed circles indicate Hurricane
Gilbert's greatest extent, which occurred two days later just prior to final
landfall. Systems are oriented with motion towards top of page.
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Camille's track. Camille, with an estimated radius of maximum
winds of 9 miles, passed the rig about two hours prior to landfall
The recorded peak gusts show a steady increase to 172 mph, at which

.point the paper jammed. It is worth noting that while this was to
become the highest recorded wind speed during the event, it was
also merely the point at which the paper jammed, not necessarily

1 the peak gust generated by the hurricane.

Herbert Saffir did a detailed investigation after landfall of the
damage done to structures in the affected area (Saffir, 1972). He
examined the construction methods, materials used, and calculated
the failure stresses required on a number of damaged or destroyed
buildings. Among these was the Mississippi Power Company building,
a seven-story building in Gulfport. It is located on u.s. 90,
directly across the highway from the beach, about 18 miles east of
the point of landfall.

Knowing of the recorded 172 mph gust on the drilling rig, and the
anemometer height (100 ft), Saffir looked for damage on the power
company building. He found several failures of 1/2" thick glass
windows, and calculated the necessary wind loading required for
breakage. He found the damage on the upper levels of the building
consistent with winds of at least 172 mph, and possibly somewhat
higher. This established that the winds recorded two hours earlier
aboard the off-shore rig had indeed been experienced on the coast.

Some reduction of wind must be taken into account as one
approaches ground level, although it is not always clear what this
reduction should be. In his study, Saffir used a standard engi-
neering reduction, and found a probable value of 145 mph at 30 ft
above ground, based on a wind of 172 mph at 100 ft. He then
examined other buildings and calculated their failure modes.
Unfortunately the other buildings he examined all should have been,
and in fact were, destroyed at wind speeds of less than 145 mph.
It is thus somewhat difficult to establish from observed damage
what the peak gusts might have been that night at street level.

It is interesting to note that, even using a conservative set of
wind speed estimates (Dikkers, et al., 1971), 50-year design winds
(95 mph) were exceeded over a 60-mile section of coastline, while
100-year design winds (105 mph) were exceeded over about half that
length. The Mississippi Power Company building, examined by Saffir
in his study, was built to a design speed of 150 mph (corresponding
to a 370-year event), and suffered only minor damage.

2.5.3 Hurricane Gilbert

2.5.3.1 Gilbert prior to cateqory 5 -s~atu.s.. Al though Hurricane
Gilbert will perhaps remain most noted for its record-breaking low

.pressure, impressive size, and landfall as a category 5 system, it
caused tremendous damage with a direct hit on the island of Jamaica
2 days earlier as a category 3 hurricane.
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The eye passed directly over the island. It is estimated that
500,000 people, fully one-fifth of the population, were left home-
less. Forty-five people were killed there. The island's
electrical and water delivery systems were completely incapici-
tated. Many homes were poorly constructed and could not withstand'
winds of 125 mph, let alone higher gusts.

The damage done to Jamaica is grim evidence that a category 3 T
hurricane is quite capable of causing loss of life and serious
economic dislocation.

After exiting Jamaica, Gilbert began its rapid deepening, with
a drop in central pressure of 72 rob in about 24 hours. About 6
hours before reaching its maximum intensity, Gilbert passed 30
miles south of the Cayman Islands. The Cayman Islands are quite
flat, and there was some concern for the residents' welfare. In
fact, the islands emerged with only minor damage. There were some
roofs removed, and numerous instances of homes partially filled
with sand. Surprisingly, electrical power was restored to George
Town by that afternoon, and to the rest of the island by the
following day. There were no casualties.

There are several reasons for the unexpectedly light damage on
the Cayman Islands. First, as Gilbert underwent its explosive
deepening, it exhibited a very steep wind profile; that is, from
the maximum wind near the center, the strength of the winds
decreased very rapidly with distance from the center (e.g., Fig.
12a). At the time of closest approach to Grand Cayman, Gilbert had
maximum sustained winds of 145 mph, putting it at category 4
strength. The National Hurricane Center at that time estimated
that hurricane force winds extended outward 60 miles from the
center. The only wind measurement on the island during the passage
of the hurricane was that taken by a recording anemometer
maintained by the Mosquito Research and Control Unit, at West Bay,
on the northwest end of the island. The anemometer, located atop
a 40-ft tower, recorded a gust to 157 mph between 7 and 8 AM, local
time. Unfortunately, the recorder is considered accurate only to
plus or minus 20 mph. The lower end of this range (137 mph) would
imply a sustained 1-min average of about 104 mph, while the upper
end (177 mph) would imply a 1-min average of 145 mph. The lower
estimate, if reduced to the standard 30-ft level, gives a sustained
wind of 100 mph.

Lacking any other observations, a wind speed for Grand Cayman can
be estimated (see footnote 2). Given the diameter of eye at the
time (about 17 mi) and the extent of hurricane force winds,
standard assumptions give winds of about 93 mph at Grand Cayman,
with gusts to perhaps 120 mph. This is in agreement with the lower.
bound on the wind obtained from the anemometer. The observed damage
is also more consistent with the lower bound.

i

It should also be noted that Grand Cayman has a relatively strict
building code, with most residences built of concrete block and
stucco. While some roofs were lost, there were few buildings with
heavy damage.
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Equally important perhaps is the fact that the island, with a
population of about 20,000, had recently updated its evacuation
plan; there was timely clearance of the low-lying areas. Another

.mitigating factor is the very deep water to the southeast of the
island. This operates as a control on the storm surge that is most
damaging in the presence of a shallow offshore shelf. Storm surge

, on Grand Cayman was reported to be about 5 ft.

2.5.3.2 Cateqory 5 landfall on t~e Yucatan pen.in~ula. Hurricane
Gilbert is, as of this writing, the most recent hurricane during
the last 104 years known to have made landfall as a category 5
system, in the Atlantic. Although Gilbert had caused significant
damage prior to reaching its record-breaking central pressure, the
Yucatan peninsula took the full brunt of Gilbert at near maximum
intensity. It is estimated that 120,000 people were evacuated,
including 6,000 tourists from Cancun's high-rise resort strip. A
storm surge of between 15-20 ft carried ocean-going freighters onto
the beach, and undermined many seemingly well-constructed beach-
front buildings. Gilbert left 70,000 people on the peninsula
homeless; some residential areas on Cozumel were virtually leveled.
The peninsula was left without power or telecommunications. There
were 52 deaths there.

Gilbert is notable not only for its intensity, but also for its
size. Aircraft reconnaissance indicated that hurricane force winds
reached 100 miles to the right of track, with tropical storm force
winds reaching out 250 miles. The resulting areas are shown
schematically in Fig. 5. It should be noted that Gilbert was not
at its maximum size at the time of landfall on Cozumel. Maximum
size (shown by the dotted outline in Fig. 5) occurred in the Bay
of Campeche prior to final landfall. At this time, Gilbert's
tropical storm force winds extended over a north-south distance of
more than 500 miles.

2.5.3.3 Final landfall. Hurricane Gilbert, having regained winds
of 125 mph as it crossed the Bay of Campeche (Fig. 1), made land-
fall a third and final time at La Pesca, Mexico, as a category 3
hurricane. The largest single death toll attributable to Gilbert,
however, occurred not at the coast but in the city of Monterrey,
Mexico. Monterrey is situated about 175 miles inland from the Gulf
of Mexico, and is the industrial hub of northern Mexico. The city
sits at the foot of the Sierra Madre Mountains. With several peaks
exceeding 10,000 ft, the mountain range caused a significant
lifting of Gilbert's moisture-laden air, resulting in torrential
rains. This normally arid area is crossed by several usually dry
river beds which became quickly swollen with the influx of water.

The Santa Catarina River, which runs through Monterrey, was not
only dry, but had been dry for so long that its bed had been
utilized as space for public parks. Four buses, carrying an

.estimated 200 people, left Monterrey and traveled west along a road
that runs beside the Santa Catarina. As Gilbert continued to dump
rain in the mountains to the southwest, the Santa Catarina filled
and quickly exceeded its banks; the torrent washed the buses off
the road and into the river. Rescue efforts were mounted by the
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local police, with the unfortunate additional loss of four of their
lives. The final death toll was put at 150. Bodies were found as
far as 20 miles downstream.

In the United States, although there was some beach erosion along'
the south Texas coast, most of the damage was caused by a series
of tornadoes spawned by the larger circulation of the dying hurri-cane. There were two deaths attributed to tornadoes in San f

Antonio. Significant tornado damage was also reported at Kelly Air
Force Base, just west of San Antonio, and at Del Rio, Texas.

Gilbert was also ultimately beneficial, as its remnants brought
wide-spread rain to the American midwest. The timing was ideal,
just prior to the planting of the winter wheat crop in northern
Texas, Oklahoma, and Kansas.

3. OBSERVATIONS AND ANALYSES OF GILBERT AND ITS ENVIRONMENT

3.1 Satellite Imagery

Satellite imagery provides unique documentation of tropical
cyclone development. The NHC made extensive use of satellite data
to monitor the evolution of Hurricane Gilbert and its environment.
In fact, during Gilbert's early development, the storm's position,
intensity and size were determined almost exclusively from
Geostationary Operational Environmental Satellite (GOES) imagery.
The imagery showed that Gilbert occurred during a period of
heightened tropical cyclone activity in the Atlantic basin with the
lifetimes of three other Atlantic tropical cyclones, Ernesto,
Florence and an "unnamed" storm (see NHC, 1988a, 1988b) overlapping
with Gilbert. In this section, Gilbert's development is reviewed
from a sequence of GOES-East photographs spanning September 3-19,
1988.

Early on September 3, meteorologists at the NHC noted that the
38th tropical wave of the 1988 season (this informal wave count
commenced 1 May) passed westward across the coastline of Africa
into the far eastern Atlantic Ocean. Hurricane Gilbert would later
form from this wave but Gilbert's extraordinary development was not
foretold by the imagery from the first few days of September.

The axis of tropical wave 38 is indicated in Fig. 6 by a dashed
line superimposed on the infrared images. Bright white areas
indicate cold, high clouds within the upper-level outflow from
intense thunderstorms, or widespread cloudy areas with more modest
rainfall rates. On September 3 the brightest clouds within the.
Intertropical Convergence Zone (ITCZ) over the eastern Atlantic
were associated with wave 38 (Figs. 6a and 6b). using animation
of the imagery of September 3, analysts detected for the first ti~e .
in this system a transitory embedded low- to mid-level cyclon~c
circulation within the region of enhanced brightness.

Wave 38 moved toward the west or west-northwest at about 15 mph.
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Fig. 6. GOES-EAST infrared satellite imagery from September 3-19,1988. Dashed
line denotes axis of the tropical wave that developed into Gilbert. G and arrow-
head identify clouds associated with Gilbert during system's depression and storm
stages. E, F and U denote Ernesto, Florence and an "unnamed" storm, respectively.
Times are UTC.
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The amount of inner core convection and the cirrus shield over
Gilbert decreased in size when the storm overspread the Yucatan
peninsula and entered the Bay of Campeche (Figs. 611 and 6mm).
The diameter of the eye increased to more than 30 miles. Cirrus .
partially obscured the eye after landfall.

While over the central Gulf, Gilbert changed little in intensity
as seen in the imagery (cf. Figs. 611 and 6qq). The outer-most'
rainbands to the northwest of Gilbert's center spread to the
central U. S. Gulf coast and then the western Gulf coast on the
15th (e.g., Fig. 600). The upper flow to the north of Gilbert
became southwesterly as Gilbert approached a frontal system in the
mid-latitude westerlies (see Sec. 3.4). This pattern elongated
upper-level clouds associated with Gilbert from south to north.
By 0600 September 16, the upper clouds from the hurricane and upper
clouds with the front merged over the lower Mississippi valley
(Fig. 6qq). Later, Gilbert would merge completely with a
mid-latitude frontal system, seen in Fig. 6qq to be over the
Pacific Northwest on September 16.

Satellite imagery suggests that Gilbert may have begun to re-
intensify during the 18 h prior to the hurricane making landfall
over northeast Mexico on the evening of September 16. The area of
convection around the storm's center increased (e.g., Fig. 6rr).
Just prior to landfall the eye became distinct once again (Fig.
6ss) and analysts of satellite data noted some reduction in the
diameter of the eye. On the other hand, reconnaissance aircraft
did not detect a significant drop in Gilbert's central pressure
coinciding with the changes in cloud structure.

As Gilbert made landfall on the northeast coast of Mexico the
eye gradually became obscured (Fig. 7d) and could not be identified
in satellite imagery after about 0400 September 17 (not shown).
Despite weakening, Gilbert's circulation interacted with the
elevated terrain of northeast Mexico to generate heavy rains. The
rains produced extensive flooding that was a factor in the large
loss of life in the city of Monterrey, as noted in Section 2.5.3.3.

When Gilbert moved further inland on the 17th (Figs. 6tt through
6ww) and turned toward the northwest, the system elongated from
south to north. Upper-level clouds spread to the north into the
central United States while most low- and mid-level clouds near
Gilbert's center remained to the east of the continental divide,
their westward advance blocked by the higher terrain of Mexico to

the west.

Much of Gilbert's convection had spread into Texas with higher.
clouds advancing to near the United States-Canada border by
september 18 (Figs. 6xx through 6aaa). Convection near Gilbert's
center appeared diffuse early on the 18th as the storm weakened to .
a tropical depression (Fig. 6xx). However, by late in the day the
area of convection had reconsolidated and cloud tops increased
(Fig.6zz). Surface data suggest that the storm's central pressure
had begun to fall. This occurred as the system began to take on
the characteristics of an extratropical (mid-latitude) system.
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Upper-level clouds from Gilbert were still distinct on 19
september when the system merged with a front over the Great Lakes
(Figs. 6bbb through 6eee). However, the system sheared apart in

.the vertical. Upper-level clouds accelerated northeastward away
from the remnant low-level circulation (cf, Figs. 6ddd and 9hh).
Even so, Gilbert produced rain from Texas through Oklahoma, Kansas,

.Missouri and Illinois. Much of that region experienced an other-
wise exceptionally dry summer.

3.2 Surface Weather Maps

The previous section described the large extent and extreme
intensity of Hurricane Gilbert as estimated from satellite imagery.
In situ surface observations of a storm are rare but, when avail-
able, indicate more precisely the low-level intensity of a tropical
cyclone and the characteristics of the storm's environment. Unlike
satellite imagery, these surface observations provide "ground
truth". This section describes the large-scale surface weather
pattern from September 3-20, 1988 as seen in 12-hourly surface
weather maps, and highlights interesting observations near Gilbert.
The maps were prepared operationally by the NHC and subsequently
modified to be consistent with data not available at the time of

the original analyses (Fig. 9).

The large-scale pattern coinciding with wave 38's passage into
the Atlantic on september 3, 1988 was not unusual (Fig. 9a). A
broad low with a minimum pressure of about 1004 mb covered western
Africa. A subtropical high, the "Bermuda High", with a central
pressure near 1024 mb extended from west to east across the
Atlantic along about 30oN. The high lay to the north of a monsoon
trough associated with ITCZ convection. As wave 38 passed over the
coastline of Africa and to the south of the Cape Verde Islands, the
surface pressure near the axis of the wave was 1010-1012 mb.

There were few surface observations within several hundred miles
of the system for four to five days after wave 38 passed the Cape
Verde Islands. The position of the wave was estimated from satel-
lite imagery and extrapolation during that period. This was not
an unusual circumstance. Surface observations over the tropical
Atlantic are rare and typically limited to island observations and
ship reports that are distant from storms. Nearby ship reports,
though infrequent, provide the NHC with crucial and reliable
observations of a tropical cyclone. It is a point of some irony
that the ship reports which alert or help confirm to the NHC that
a storm is developing are also often the basis for the NHC to
advise or warn ships away from a storm, by critical necessity
eliminating their valuable input to the analysis of the storm.

.The large-scale pattern changed while wave 38 moved westward
across the Atlantic (Figs. 9a through 91). The subtropical high
weakened initially to a pressure of about 1019 mb as mid-latitude
frontal features and Tropical Storm Ernesto passed eastward along
35-40oN. The central pressure in the high then rose quickly to
near 1028 mb following these systems on September 7 (e.g., 9j).
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Fig. 9. Large-scale surface analyses from September 3-20, 1988,
using conventional notation. Times are UTC.
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