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Ahstract

Hurricanes are intense low pressure systems of tropical arigin. Hurricane damage results from storm surge, wind, and inlond
flooding from heavy rainfall. Ficld observations and remote sensing of recent major hurricanes such as Huga (1989), Andrew
(1992) and Iniki { 1992} are providing new insights into the mechanisms producing damage in these major slorms, Velocities
associated with humricanes include the counterclockwise vortex winds flowing around the eye and the much slower regional
winds that stcer the hurricane and move it forward. Vectorial addition of these two winds on the right side of the storm gives a
higher effective wind speed than on (he left side, Coast-parallel hundcane tracks keep the weaker lefi side af the storm againsi
the coasl, whereas coost-normal tracks produce a wide swath of destruction as the more powerful right side of the storm cuts a
swath of destruction hundreds of kilometers inland. Storm surge is a function of the wind speed, central pressure, shelf slope,
shoreline configuration, and anthropogenic alierations to the shoreline, Maximum surge heights are not under the cye of the
hurricane, where the pressure is lowest, but oo the right side of the eye at the radius of maximum winds, where the winds arc
strongest. Flood surge occurs as the hurricane approaches land and drives coastal waters, and superimposed waves, across Lhe
shore, Ebb surge occurs when impounded surface waler fows seaward as the storm moves inland. Flood and cbb surge damage
have been greatly increased in recent hurricanes as a result of anthropogenic changes along the shoreline.

Hurricane wind damage occurs on three scales — megascale, mesoscale and micrascale. Local wind damage is & funclion of
wind speed, exposure and structural resistance to velocily pressure, wind drag and flying debris. Localized extreme damage is
caused by gusts (hat can lacally exceed sustained winds by a factor of 1wo in Breas where there is strong convective activity.

Geologic changes occurring in hurricanes include beach erosion, dune crosion, inlet formation from flood and ebb surge,
landscape changes through tree destruction by wind end nearshore channeling and sedimentation resulting from ebb surge,

Multi-decadal wet and dry cycles in West Alrica seem to be associated with increases (wel periods) and decreases (dry
periods) in the frequency of Atlantic Coast landfalling hurricancs. Coaslal zone population and development has increased
markedly in a time of low hurricane frequency in the 24 year dry cycle from 1570 0 the presenL. However, no previous climatic
cycle in this century has exceeded 26 yeors. We may be entering & mulli-gecadal cycle of greater hurricane activity, placing
these highly urbanized shorelines in considerable danger.

1. Intreduction storms. New technological advances such as satellit
imaging, computer simulation and prediction of storr

surge, and Doppler Radar analysis of approaching

Hurricanes Hugo (1989) in Scuth Carolina, Andrew
(1992) in South Florida, and Iniki {1992) in Hawaii
have provided valuable insights into the geologic proc-
esses_and damage patterns associaled with major

0169-555X/94/507.00 © 1994 Elsevicr Science B.V, Al rights reserved

SSDI0169-555X(94)00066-K

storms have yielded new data useful in analyzing dam-
age intensities and types. In addition, analysis of thest
storms have been increasingly interdisciplinary witt
metcorologists as well as geologists, biologists, engi-
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Fig. 1. Hurricane damape potentinl related to multi-decodal wet and dry cycles in West Alrica. The hurricane darnage potential (ventical scale

ol di Yiso ofah

's potentinl for wind and storm surge destruction. It is defined a5 the sum of the square of a hurricancs

maximum wind speed (in 10* knots®) for each &-hour period of o slorm’s ¢xistence. { Alier Gray and Londsea, 1991.)

Fig. 2. Map of tracks of hurricancs described in the text.

N.K. Coch / Geomorphalogy 10 (1994) 37-63 19

neers, and emergency managers providing a kolistic
picture of hurricane cffects for the first time.

Gray (19%0) has shown that the frequency of Atlan-
lic Coast landfalling hurricanes is related to multi-deca-
dal “*wet’ and “dry"’ cycles in West Africa. Gray and
Landsea (1991) have delineated these wel and dry
cycles and the huricanc damage done during each of
them for the last century (Fig. I). During wet cycles,
such as 1945-1969 (Fig. 1), Atantic Coast land falling
huericanes were more frequent. In contrasy, during dry
cyeles (197010 Tpresent) they have been less lrequent

(Fig. 1). Unfortunately, much of our coastal develop-
ment has occurred in the 24 years since 1970 when few
major hurricanes hit the Atlantic Coast of the United
States, This period of relative quiescence has done little
10 raise hurricane consciousness among coasal inhab-
itants. No previous wel or dry cycle in this century has
lasted more than 26 years (Fig. 1), and many experts
believe we soon will be entering a new '‘wet cycle'” in
which greater numbers of hurricanes will wreak cata-
strophic damage on our highly populated and devel-
oped shorelines.

| I bt | |
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Fig. 3. Doppler Rodar iage of Hurricane Huge ( 1989 shawing slorm componenls mentioncd in the text. Modified from radar image by

Hurricone Rescarch Division, NOAA.
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Table L

The Saffir-Simpson scale for classificarion of hurricanes based on their wind speeds and starm surge. Some examples of typical dsmage for
each categary arc included here. Actual damage patterns depend not only on wind speed ond surge Jevels bul other facrors deseribed in the text.

NOOA version of seale {1990}

Cotegory Wind velocity

Surge height*® Damage

(km/i) (mi‘h} (m)

)

i 119-153 7495 12-135

2 154-177 96110 1.B-24

3 178-20% 111-130 2.7-.6

4 210-249 131-155 38-5.5

5 >249 > 155 >55

4-5 Mo real dnmage {o building siructurcs.
Damage primarily to wnanchored mobile
homes, shrubbery and trees. Also, some
coastal road NMooding and minor pier
damage

68 Some rooling material, door ond window
damage to buildings. Coastal and
lowlying escape routes flood 2—4 hours
before rrival of center, Small croft in
unprotected anchorages break moortings

9-12 Some struclural damage to small
residences and ulilily buildings with a
minor amount of cunainwall failures,
Mabile homes are desiroyed. Flooding
near the coast destroys smaller structures
with larger srructures damaged by
floating debris. Terrnin continuously
lower than 5 fect above sea level may be
flooded inland s far o5 6 miles

13-18 Mare exiensive cunainwall foilures with
erosion of beach arens, Major damage ta
lowee flooes of stuctures near the shore.
Terrin conlinuously below 10 feet above
sea level may be flooded requiring
massive evocuation of residential areas
intand as for as § miles

> 18 Complete roof [oilure on many residences
ond indusuial buildings. Some complete
buitding failures with small utility
buildings blown over or oway. Major
domage ta lower floers of all struciures
located less than 15 feet nbove sea lovel
ond within 500 yards of the shoreline,
Mussive evacuation of low arens within
5-10 miles of the shoreline may be
required

"Actunl storm surge height will vary depending on local coasial configuration and other faetors.

Surge heights given above normal water levels.

This paper describes the styles and intensities of hur-
ricane damage and provides information on the factors
thatincrease damage from wind, storm surge and inland
flooding. It is based on both published siudies of Hur-

ricane Andrew ( 1992), Iniki (1992), Bob (1991) and
Hugo (1989} plus ground and aerial studies of the
damage effects of those storms by the author, The tracks
of the hurricanes described in this paper are shown in
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Fig. 2. Information is synthesized from a number of
different cognate ficlds because a kolistic view of hur-
ricanc damage is essential if we are to minimize loss of
life and siructural damage in [uture hurricanes.

2. Hurricanes

United States hurricanes are formed in the warm
tropical waters of the North Atlantic, the Caribbean and
the eastern Pacific and migrate westward and northward
until they make landfall. Details on hurricane forma-
Llion, intensification and migration arc given inthe work
by Risnychok (1990) and Coch (1994).

2.1. Structure

A malure hurricane consists of a calm central area
of low pressurc referred to as the eye, surrounded by

A

A A A

spiral bands of thunderstorm activity (Fig. 3). Note
that the rainbands are not continuous, isolated areas of
high convective activity oceur in the outer parts of the
storm, and the winds flow in a counterclockwise direc-
tion around the eye (Fig. 3).

The most violent winds and strongest conveclive
aclivily occur in the eyewall, the section just outside of
the eye {referred (o as the eyewall). Maximum winds
occur in the right front pertion of the eyewall in a zone
varying from 32-56 km (20-35 miles) wide in a typ-
ical hurricane such as Hugo (Fig. 3).

2.2. Power

Hurricanes are classified based on their sustained
wind speeds into 5 categories on the Saffir—Simpson
Scale (Simpson, 1974), The wind speeds, central pres-
sures, storm surge and typical damage associated with
each category is given in Table 1.

Forward Motlon ol
Ihe Slarm Center

HURRICANE

[
i 3
= =
o
LEFT [ T E| RIGHT
SIDE |5 S| siDE
@ 2
o T @
i EXPLANATION ]
—_—
Steering Winds In Vortex Clrculation
Surrounding Alr Within Hurricane
\ e
Fig. 4. Diagrammatic view {horizonlal section) showing the velocily comp described in the lext. The high velocily voriex winds flow

counterclockwise around the eye. Al the same time the storm cenler is being moved forward by the regional steering winds. Note thot on the
right side of the sterm (locking forward ) the two velacities are in the same direction and so are addilive. Consequently, the winds on the right

side of o burricane are alwnys stronger.
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While the Saffir-Simpson category is defined by sus-
1ained wind velacity ranges, other parameters such as
the forward velocity of the storm are very important in
determining the destructive power of a hurricane.
Given two hurricanes of similar power (Saffir—Simp-
son category), the faster moving one will cause signil-
icantly more damage. The regional significance of this
is discusscd later in this paper.

2.3. Velocity

Two different velocitics are associated with hurri-
canes and their interplay determines the damage inten-
sities and gradicnts along the diameter of the storm as
it makes landfall. The vortex winds are the hurricane
force winds (Table 1) that flow counterclockwise
around the eye (Fig. 4). The storm system itsell, hun-
dreds of kilometers across, is embedded in a regional
wind system that guides the storm system forward. This
storm center farward velocity is far less than the hur-
ricane force voriex winds flowing around the eye.

The winds on cither side of a hurricane are not equal.
Note that on the right side of the storm, looking in the
direction of movement { Fig. 4) the steering winds and
the vortex winds arc in the same direction and are thus
additive to some degree. On the leftside, the winds are
in opposile directions and are subtractive. In short, the

winds on the right side of a hurricane are always
stronger.

Forward velocities of hurricane systems also vary
with latitude. Southern landfalling hurricanes arc under
the influence of easterly (wrade) wind systems and gen-
erally move less than 32 km/h (20 mile/h). Once a
hurricane moves northward along the Carolinas, it
begins to be affected more by westerly wind systems
whose upper level flows are [faster. Thus, hurricanes
speed up as they move toward the northeastem United
States. A more typical speed for a northern hurricane
is 48-64 km/h (30-40 mile/h). According to Pierce
(1939), the extremely destructive Long Island-New
England hurricane ( 1938) moved forward ata velocily
of 97 km/h (60 mile/h).

The northward increase in forward speed of a hur-
ricane has a very important role in increasing damage
at, and after landfall. In short, it increases the effective
wind on the right side of the storm and this contributes
10 greater wind damage and the development ofahigher
storm surge. The increase in speed also affects the
power of the slorm when it approaches landfall. If a
hutricane is moving faster than 56 km/h (35 mife/h}
as it passes over the cooler waters south of Long Island,
it will not begin 1o begin 1o weaken and break up and
will release its full power on the land {R. Sheets, pers.
commun., 1993). The great forward speed of the 1938

Fig. 5. Hurricanc Bob (1991) damage on Cape Cod. Mass. Elevated surge undermined the cottages in the foreground. Note the wind-induced
clodding loss on the side af the building (dark area) on the left of the pholo, Photograph courtesy of Ana Butler,
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Fig. 6. Trucks of Hurricanes relative to the coastine. In a coast-parallel wack (CP). the weaker left side of the storm is ngoinst the coast. In a
com-.nomnl u-nc.k (CN) the more powerful right side cuts a wide swath of devastation deep inland os it crosses the coast. The problem is
especially serious in Long 1sland and southern new Englond where most hurricanes have a coast-normal truck. '

New England Hurricane (Fig. 2) resulted in very litle
reduction in storm power until it was well into central
New England. Hurricane force winds persisted to the
Canadian border. In contrast, Horricane Bob (1991),

"a polentially dangerous Category 3 humicane, was

moving only 48-56 km/h (30-35 mile/h) as 1t
approached Long Island and southern New England
(Fig. 2), and this weakened the storm (Fig. 2). Yel, it
still caused considerable destruction in the Cape Cod
area of Massachusetts (Fig. 5).
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2.4. Tracks

As massive and powerful as a hurricane is (Fig. 3},
iLis easily blocked by local weather systems and steered
by regional upper level wind systems (Coch, 1994).
Forexample, Hurricane Andrew moved steadily north-
westward (Fig. 2) until it encountered a high pressure
system blocking its northward path and this diverted it
sharply westward (Fig. 2) to cuta swath of destruction
across South Dade County, Florida. When Andrew
moved into the Gulf of Mexico from South Florida, it
had a potential northwest track towards the highly
developed Texas Coasl. However, a low prossure sys-
tem develaped in the western part of the Gulfof Mexico
and that prevented the hurricane from drifting west-
ward. The winds associated with that low pressure cen-
ter steered the hurricane into the relatively unpopulated
area of the western Mississippi Delta (Coch, 1994).

One of the mast important aspects of hurricane paths
is the relationship of the track of the storm to the coast-
Jine. In a coast-parallel track (Fig. 6) the storm keeps
its weaker lefl side againsl the coast and damage drops
off rapidly inland. In contrast, in a coast-normal rack
(Fig. 6) the hurricane crosses the coast and the pow-
erful Tight side cuts a wide 80-160 km (50-100 miles)
swath of heavy destruction deep inland. In the 1938
Long Island—New England Hurricane (Fig. 2), signif-
jcant damage occurred almost to the Canadian border
(Federal Writers Project, 1938), In Hurricane Hugo
(Fig. 2) damage exiended across South Carolina and
deep into North Carolina.

A major hurricane with a coast-normal track striking
the highly urbanized northeastern United States could
have catastrophic consequences. The path scenario for
such a storm is shown in Fig. 7. This meteorological
sel up occurred in the 1938 Hurricane and in several

Conlinental
high
pressure

eastward

Forward velaclly ol the hurricane Incraases
a9 the slorm passes Cope Hofteras and [s
altecied by sironger weslerly winds

system »
moving

A mare nartherly
and westerly
iscatlan of (he
Bermuda Migh
guldes whe
hurriesne

10 & landiall In
the northesstern
u.S.

Bermuda
_- High

\Low Pressure Trough

—— Hurrlcane Track

Hurrleane
enters low
pressure /
trough and
I llgured ::""l::"‘; :‘r‘:‘"’?l g
northward. petic
thw: by easterly {Tradc)
sleering winds

Fig. 7. Meteorolagical setup favoring landfull of a major hurricane in the northeastem: United Slates. A low pressure zone develops between a
continentul high and the semi-permanent Bermuda High, If o major hurricane rounds the Bermudo High and enters the low pressure trough, it
is directcd northward, the storm [orward velocity increases as it passes the Carolings and is nffected by stronger upper level westerly winds.
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subsequent hurricanes such as Hurricane Bob (1991).
The scenario involves a well developed Bermuda High
and a high pressure system moving easlward across the
United States. In between the twa air masses is a low
pressure trough (Fig. 7). This set-up can occur as much
as ten tmes during a hurricane season (from June—
Qctober). If the passage of a Category 3 hurricanc
{Table 1) coincides with such a sct up, the hurricane
can move around the western edge of the Bermuda High
and enter the low pressure trough. It will then speed up
a5 it moves northward and be steered inlo a heavily
developed coast of the northeastern United States with
catasirophic consequences (Coch and Wolff, 1990).

It takes only a slight change in hurricane track land-
fall position Lo make a great difference in the resulting
damage. ILis only in the last few hours before land[all
\hat the official forecasts are both accurate and consis-
tent to allow local decision makers to use them as a
sure guide to preparatory actions (Carter, 1983). The
damage causcd by Hurricane Andrew as it made land-
fall at Homestead, Florida (Fig. 2) was staggering.
However, if it had made landfall just 32 km (20 miles)
to the norh, over the highly developed Miami-Ft. Lau-
derdale arca, the resulis would have been truly cato-
strophic.

3. Hurricane damage

The damage caused by a hurricane is the sum total
of storm surge, wind, and inland flooding caused by
high precipitation prior 10 and during the storm. The
wide variety of damage associaled with a coast-normal
hurricane track crossing a low lying shoreline is shown
in generalized fashion in Fig. 8.

The relative percentage of the three Lypes of storm
damage at any given locality is a function of three
factors: (1) distance from the coast; (2) humicane side
and distance from the eye center and; (3) the strength
of isolated conductive activity centers in the ocuter rain-
bands (Fig. 3). -

Field observations of damage patterns during several
recent major hurvicanes, as well as remote sensing anal-
ysis by governmental agencies during those storms,
have provided new insights into the mechanisms which
create this damage. R

3.1. Storm surge

The elevated sea surface resulting from a storm is
referred (0 as storm surge; this is a topic fraught with
misconceptions. People commonly visualize the proc-
ess as a series of massive tidal waves hilting the coast
and think the major factor in elcvating the sea surface
is the low pressure associated with the eye of the hur-
ricane. In reality, it is the wind skear that raises the sea
surface and the storm surge is really a dome of water
on which high waves are superposed. The doming
oceurs as the hurricane winds drive watcr across the
continental shelf lowards land.

Two types of storm surge are distinguished here. A
common misconceplion is that sarge comes only from
the ocean. In reality it first moves landward from the
ocean (food surge) and then seaward from both the
rivers and bays behind the coast (ebb surge) . The flood
surge occurs Jater as the hurricane moves onshore and
drives nearshore waters inland. The ebb surge occurs
as (he hurricane moves across the coast, permitling the
entrapped surge walers and rivers engorged from Tain-
Fall to move seaward. Ebb surge is significantly less
intense than flood surge, but is capable of proportion-
ately greater destruction because it affects structures
alrcady weakened by waves, flood surge, and wind-
borne debris.

Measuring and predicting surge levels

Techniques of measuring storm surge fevels in the
field have been described by Coch and Wolff (1991)
from investigations in Hurricane Hugo. Three criteria
are used: {1} abrasion marks made on structures and
trecs by floating debris; (2) heights of debris trapped
or abandoned as flood waters receded; {3) stain lines
from muddy waters and finely divided organic mate-
rials on building wails. It is imporiant to exclude marks
made by waves (higher than the surge level). In this
regard, debris and stain lines in protected areas and
enclosed rooms are the best indicators of maximum
surge levels (Nelson, 1991).

The SLOSH (Sea, Lake, and Overland Surge from
Hurricanes) model of the National Weather Service
now provides an accurate prediction of expecled surge
levels along major coastal segments {Jarvinen and
Lawrence, 1985). Mathematical analysis of a number
of factors generates contours showing the cxpecied
height of storm surge for a given a se1 of conditions on
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Fig. 8. Genernlized map showing the variety of damage patterns nssociated with 2 coast-normal hurricane track ncross a barier islond-low lying

coastal plain shoreline segment.

a specific shoreline segment. The pre-hurricane
SLOSH analysis done for the South Carolina coast
proved amazingly accurate in predicting actual surge
levels in Hurricane Hugo (Coch and Wolff, 1991). One
of the SLOSH maps drawn by the National Hurricane
Center for the apex of the New York Bight is shown in
Fig. 9. The map centours give the predicted storm surge
for a Caregory 3 hurricane moving northwest across
northern New Jersey al a forward speed of 65 km/h
{40 mile/h). The reasons for the high surge values and
their significance are discussed in a subsequent section
of this paper.

Flood surge

The major factors determining the height of the flood
surge are: (1) wind speed, (2) central pressure, (3)
slope and width of the continental shelf, {4) tidal stage,
(5) shoreline configuration, and (6) anthropogenic
changes along the coast. All these factors aid in raising
the water surface into a dome upon which wind shear
will develop high waves.

The wind speed, rather than the low pressure in the
eye, is the most important factor in generating flood
surge. The sea surface is drawn up in the low pressure
within the eye but this accounts for only a small portion
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Fig. 9. SLOSH map for the apex of the New York Bight showing the predicted storm surge levels {in feet) resulting from passage of o category
3 hurricene moving NW neross norhem Mew Jerscy ot o forwand speed of 63 km/h (40 mile/h). SLOSH contours courtesy of Brion Jurvincn,

Mational Hurricane Center.

of the surge level because the rise is only about 0.3 m
(1 fi) for an atmospheric pressure drop of 33.9 mbar
(1 inch of mercury) according to Pore and Barrientos
(1976). In gl recent hurricanes the maximum surge
has not been under the eye (where pressure is lowest}
but to the right of the eye at the mdius of maximum
winds, where winds are greatest {Penland et al., 1989,
Coch and Wolff, 1991; Coch, 1994).

The slope and width of the continental shelf exert an
effect on both surge and wave height. In general, the
gentler the slope the greater Lhe surge, but the lower the
waves. Conversely, the steeper the offshore slope, the
lower the surge, but the higher the waves.

The steep offshore slope south of the island of Kauai
preduced a relatively low surge during Hurricane Iniki
in 1992. The storm was a Category 4 hurricane (Table
1} but surge levels were only about 1.5-2 m (4.5-6 i)
as Iniki made landfall on the south coast of Kavai (Cen-

tral Pacific Hurricane Center, 1992). However, mas-
sive 6.1-10.6 m (20-35 ft) waves pounded Lthe many
resort complexes along the coast causing extensive
damage (Fig. 10). Debris lines marked surf inundation
toan altilude of 6.7 m (22 [1) inland. These high values
were very close to the U.S. Army Corps of Engineers
*‘worst case scenario’’ for a storm in Hawaii {Central
Pacifc Hurricane Center, 1992).

The configuration of the coast is also important and
surge height increases in concave seaward {bay)
¢oastal sections. In Hurricane Hugo, gentle shelf slope,
location at the radins of maximum winds, and aconcave
seaward coastal segment, combined to raise surge lev-
els of 6 m (20 ft) at Bulls Bay, about 22 km ( 14 miles)
northeast of Charleston (Coch and Wolff, 1991; Fig,
10).

Tidal stage at Jandfall can also significantly increase
the height of sterm surge. Surge levels can increase 1-
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Fig. 10. Hurricarc Taiki (1992) damage to homes aleng the Poipu coast of spulhern Kauai, Hawnii. Photograph taken one year nlicr the siorm.
Massive waves destroyed the second story of this home, The surge and waves broke the stone wall, decply eroded the Jawn and deposited basalt

boulders inland, Photogeph by Nichalos K. Cach.

3m (3-9 ft) at high tide depending on tidalrange along
acoastal segment. The path of Hurricane Gloria (1985)
across highly urbanized westem Long Island (Fig. 2)
provides an example. Millions of people in the region
were wamned before landfall that this Category 3 storm
could cause major damage. However, it slowed down
to 48 km/h (30 mile/h) as it moved northward and it
made landfall on the south shore of Long Island at low
tide, resulting in a surge of only 1.5 m (5 f1). Thus,
afier a big media build-up the surge damage was min-
imal (although winds wreaked extensive Lrec damage
and other havoe inland). Consequently, inhabitants of
the northeast United States resumed their complacency,
believing major. hurricanes do not affect northern
coastal arcas. In reality, they were just lucky. If Gloria
had hit at high tide, with all the other lactors the same,
the surge would have been 3 m (10 ft) above sea level
at the Battery in New York City. Each borough of New
York City would have experienced tidal flcoding on an
average distance of 61 m (200 [t) inland from the shore.
The expected damage and distocation of regional trans-
port in the New York Metropolitan area is presented
by Gigi and Wert ( 1986, pp. 3-6).

The worst case scenario for slorm surge is approxi-
mated by the 1938 New England Humicane (Fig. 2).
This high Category 3 storm (B. Jarvinen, pers. com-
mun., 1993) was moving forward at greater than 86

km/h (60 mile/h) and hil the south shore of Long
Island at just about high tide. Surge levels as recorded
by high water marks (Pore and Barrientos, 1976)
reached from 2.1 m (7 ft) to 4.8 m {15.6 [t} along the
south shore of Long Island.

The geographic orientation and shape of a coastal
segment can also exert a major effect on arnplifying
storm surge. Coastal segments along the Atlantic Coast
of the United States that amplify storm surge are right
angle scgments and funnel-shaped estuaries that open
to the east. Both of these types of shoreline segments
exist close together in the apex of the New York Bigiht
and in Long Island Sound to the north (Fig. 11). When
a hurricane enters the New York Bight, the counter-
clockwise (castesly) flow of winds around the front of
the storm center drive the waters into the right angle
made by the New York-New Jersey juncture, increas-
ing surge levels westward. This surge amplification was
the cause of a great deal of damage in the shore com-
munities of western New York and northern New Jer-
sey in the “‘nor‘easter’’ storms of December 1992
(Coch, 1994).

The worst case scenario for surge damage in the New
York Bight region (B. Jarvinen, pers. commun., 1993)
is for & humicanc passing over northern New Jersey.
The SLOSH prediction for that scenario would have
water levels rising to 6.4 m (21 ft) at the entrance (0
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Fig. 11. Storm surge amplification in (he opex of the New York Bight and in Long lsland Sound. The ensterly winds of the front of a hurrical
cotering this reglon drive both the walers of the New York Bight and Long Island Sound westward causing severe flooding during lnnd(all e

passage across Long Island.

New York Harbor at the Narrows and 7.3 m (24 {t) in
Jamaica Bay at the western end of Long Island (Fig.
9}.

The same hurricane winds that drives New York
Bight Apex waters westward also drive the walers of
Long Island Sound westward, Long Island Sound is an
cast—west oriented funnel-shaped estuary opening to
the east. This is the direction from which hurricanc
winds come as the storm moves into New England
(Fig. 11}. Long island Sound varies in width from 27
km near its eastern end (o less than 3 km at ils western
end in New York City, The easterly winds at the front
of the hurricane drive the waters of the Sound west-
ward, through a decreasing cross seclion, towards New
York City as the hurricane approaches the south shore

of Long Island. However, the progressive wave take
about three hours to move westward across the Soun
so that maximum surge levels are attained in the wes
em end of the Sound when the Hurricane is in centr
New England (B. Jarvinen, pers. commun., 1993).

Some indication of the degree to which surge
amplified in a funnel shaped estvary like Long Istar
Sound is available from measurements made in tt
1938 Hurricane (Pore and Barrientos, 1976). Surge
the eastern part of the sound was about 2,3 m (7.5 f
increasing steadily 1o a maximum of 3.9 m (12.7 ft)
the entrance to the East River in New York City (Fi
12},

This hurricane had made landfall on the south sho
of Long Island at 3:30 p.m. and moved inland at
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Fig. 12, Mup of surge levels in Long island Sound in the 1938 New England Hurricane. Sucge heights increased steadily westward os the estuary
nasrowed. The maximum surge level at tbe westem end of the sound (New York City} was renched three hours after the hurricons made Jundfoll
on the south shore of Long Island. Based on duta in Pare and Barvientos {1976). The shoreling of Long Island Sound has been generalized, but

widths and distan¢es afe accurate.

velocily of 80-96 km/h (50-60 mile/h). However,
the maximum storm surge in western Long Island and
the East River in New York City was reached three
hours later, about 7:30 p.m. Rising surge waters
flocded lowlying areas of the Borough of Queens in
New York City and inundated hospitals and power
plants on islands in the East River. The inundation of
the power plant near Hell Gate in the East River
plunged parts of the Boroughs of the Bronx, and Man-
hattan into darkness, as well as bringing part of New
York City’s subway system to a halt. At this time (7:30
p.m.) the hurricane center was in northern Vermont
(Bricker, 1988).

Ebb surge .

Ebb surge is the seaward return of water impounded
on and as the hurricane moves inland. The height of
the ebb surge is a function of the flood surge, the amount

of precipitation preceding and during the hurricane and
the local obstructions that block flow back into the
ocean. Ebb surge is lower than flood surge, but can still
cause significant damage because it affects struclures
that were partiaily destroyed by flood surge, wave
action, and wind borne debris (Fig. 13).

A number of factors increase the possibility of ebb
surge damage ata given location. These factorsinclude;
(1) failure or absence of shore protection structures
(rip-rap aprons, bulkheads); (2) streets that run per-
pendicular (o the shoreline; (3) areas of open land with
linte vegetation and; (4) presence of beach access
paths, dune walkovers, and locations on narrow parls
of barrier islands seaward of bays (Lennon, 1991}.

The damage done by ebb surge is more elusive than
the visible '*dams'" of debris washed inland by flood
surge (Fig. 13). Side-scan sonar studies of the South
Carolina nearshore zone by Gayes (1991b) alter Hur-
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Fig. 13, Ebb surge cut channel ot Pawleys Island, South Carolina formed in Hurricane Huge (1989). Two homes were lost and bulkheading
was destroyed by the ebb surge. Note the flood-surge deposited debris ot the edges of the trees ot the 1op of the pholo. Phatograph by Nichala:

K. Coch.

ricane Hugo have provided new information on the
erosional and depositional dynamics of cbb surge. The
study detected 30-50 m (98164 fl) wide channels
perpendicular to the shoreline that cut through shore
oblique bar systems parallel Lo the shore. Side-scan
sonar sweeps and diver observations documented a
wide varicty of debris scattered over the nearshore arca
(Gayes, 1991b; Fig. 13) up to 100 m (328 t) offshore
in water depths of 2=4 m (7-13 ft). Specific types of
debris recognized during the siudy included portions
of fishing piers, seawalls, and mobile homes (P. Gayes,
pers. commun., 1991a). Development along the shore
of the study area correlated well with locations of many
scour channels. Massive multi-storied structures not
raised on pilings had cleariy obstrucied, diverted and
channeled the storm surge and there was frequently a
noticeabte absence of a well-developed nearshore bar
and the presence of steeper beachface slope in those
areas.

3.2 Wind

Wind and storm surge cause the major damage along
the coast. Inland, wind is the dominant cause of dam-
age. In a hurricane with a coast-parallel wrack {Fig. 6).
wind damage drops off rapidly inland. However, in a

hurricane with a coast normal track (Fig. 6), winds car
cut a wide swath of devastation far inland.

Scales of wind damage

A common conception about hurricane wind damag:
is that the storm culs a continuous swath across th
land. Remote sensing, and post-hurricane ground anc
acrial damage analysis suggest that the damage is fa
more uneven, It is clearly more intense near the eyewal
area (Fig. 3), bul in outlying areas the intensity o
damage may simply be a matter of chance.

Three scales of wind damage are used in this pape
10 deseribe wind damage effecis (Fig. 14). The sun
total of all damage over the diameter of the storm make
vp the megascale pattern {Fig. 14). The second scal
of damage is the mesoscale pattern and involves dif
ferential convective activity within the rainbands spi
raling around the eye and the arcas between th
rainbands (Fig. 3). The higher Doppler Radar reflec
livities (Db values in Fig. 14) associated with the rain
bands reflect the greater degree of radar impulse retur
from the rindrops in the bands. Simply put, under a
area of higher radar reflectivity such as in the rainband
in Fig. 14, there will be more severe damage than t
cither side. An actual example will be described late
in this paper.
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Fig. 14. Three scales of wind damage in o hurricane, The megascale peltemn is Lhe sum todal of oHl damage acrass the diameter of the storm. The
mesoscale patern describes differcntinl damage bewween highly conveclive areas on the rainbonds and the areas in between. Microscale patterns
of damage are naow, local paths of extreme destruction caused by spin-up vorlices described by F. Pujita in Hurricane Andrew.

The smallest scale of damage is the microscale pal-
tern that is most common in the eycwall area (Fig. 14).
Microscale damage was described by Prof. F. Fujita,
of the University of Chicago, from aerial photograph
analysis and field surveys alter Hurricane Andrew. Aer-
ial photographs of Andrew's impact zone in South
Dade County, Florida showed scattered, narrow, sharl
and curving paths of exureme damage within an overall
severely devastated area. Fujita (1993) belicves that
these damage patterns result from spin up vartices gen-
erated in the eyewall. According to Fujita (1993),
slowly rolaling vortices 60-152 m (200-500 i) in
diameter form as a result of slight variations in wind
speed along the eyewall. IF these vortices migrale
inward, into the calmer area in the eye, they dissipate.
However, if the vortex migrates outward, under an area

of high convective activily, the results are quile differ-
enl. The convection stretches the vortex upward, reduc-
ing its diameter and increasing its speed in the process.
Yorlex velocily now may reach 129 km/h (80 mile/
h}. However, the small spin up vortex is imbedded in
the faster hurricane winds moving at 193 km/h (120
mile/h}, leading to effective winds of 322 km/h (200
mile/h). This type of microscale activity caused
extreme damage in the Naranja Lakes and Pine Woods
Villa developments in South Dade County, Florida in
Hurricane Andrew (Fujita, 1993).

Sustained versus peak velocities

Hurricane wind velocities are generally reported as
sustained winds, persisting at that level for several
minutes. However, gusr velocities persisting for short
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of extreme convedtive activity (34-50 Db areas on the diogram) resulted in peak gust winds fur greater than the mean winds of the weakening

hurricane.

duration are imporiant because gusts can exceed sus-
tained winds by up to 100% in highly convective situ-
ations. Gust speeds are estimated by applying a gust
factor to the mean wind of a given averaging period.
Krayer and Marshall (1991) derived a gust factor of
1.5 based on a study of major hurricanes. As a humricane
moves inland, its sustained winds drop as a result of
frictional effects and a filling-in (weakening) of the
storm. Siudies done after Hurricane Hugo (Powell et
al., 1991) have shown that isolated convective centers
inland {Fig. 3) can generate wind gusts as strong as
the hurricane’s earlier sustained winds at landfall. This
results in unexpectedly severe damage 60 km (100
miles) or more inland from the coast.

The effect of peak gust winds inland was well dem-
onstrated during Hurricane Hugo in Sumter County,

South Carolina (Fig. 15). As Hurmricane Hugo passed
over Sumter Coutily, its winds had decreased from Cat-
egory 4 at the coast to just above Category 1 (Table
1). However, the right eyewall of the storm containing
areas of high convective activily, passed over a good
part of the county and was Lo create mesoscale-pattern
damage (Fig. 14). The 10-minute pust factor
approached a value of 2.0 because of the presence of
extremely convective rain band features (Fig. 15) dur-
ing eyewall passage (Powell et al., 1991). Thus, while
the mean wind speed was about 12t km/h (75 mile/
h), ora Category 1, a good part of the county was being
battered by Category 4 level winds of up 1o 225 km/h
(140 mile/h) and destruction was severe in a county
far inland from the ocean {Fig. 15). The inhabitants of
thecounty had expected to shelterrefugees from coastal
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destruction but instead required massive help them-
selves. Damage in Sumter County exceeded 790 mil-
lion dollars and 75% of alt injuries during Hurricane
Hugo occurred in Sumter County (V. Jones, pers. com-
mun., 1993}.

Wind damage factors

Wind damages structures and vegetation by its force,
pressure differcntial cffects and by crealing and trans-
porting debris that destroys other structures. The foree
exerted by the wind varics with the square of the veloc-
ity. Thus a 3% increase in wind speed [rom gale force

Wind Directlon =—=—r=ij-

Tompresiive
Forcea {C)

winds of 55 km/h (34 mile/h) 10 Category 2 hurricane
winds of 164 km/h (102 mile/h} increases the wind
force 9 times (3%). The inverse relationship between
air Aow and fluid pressure creates areas of differential
pressure around a structure. Where the wind flows fas-
ter, the pressure is lower, and vice versa. The differ-
entinl pressure fields around a structure may €ause it 1o
fail (Fig. 16)- The side of a structure facing the wind
is subject Lo compressive stresses that tend to push the
wall and windows in. The faster moving air flowing
over the roof and around the sides of the structure
generale areas of low pressure that act as suction forces,

Surfaces aubject lo
cladding loas

Suetlon

% rorces {5}

Weskly allached
root s blown ofl

Comprasslve

Fallure of window torcan Inslde

allows sir Row Into struciure ald

struclure In atructursl
fallure

Fig. 16. (A) Wind forces acling on o struetore in o humricane. The side facing the wind is subjest 1o compressive forces thal tend 10 push it in.
The foster moving air flowing around the sides ond roof create o low pressure zone that results in sucion forces tending to pull the structural
walls gurward. As long os the structure remains intact it may resist these forees. (B) the integrity of the structure has been destroyed by debris
thai broke & window, the froe flowing nir inside Lhe structure now pushes outward on the walls and roof and the siructure is destroyed. Diagrmm
by the auther suggested by descriptions in Sparks (1991).
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Fig. 17. Hurricane Andrew surge and wind destruction at the national haadquarters of the Burger King Corporation on Biscayne BayW, Florida.
This Jocation, near the mdins of maximum winds of Hurricane Andrew, expericnced the highest surge and winds. The lower story was gulied
by sucge while the upper ones were destroyed by winds. Aerial photograph by Nicholas K. Coch.

tending to pull the walls and roof outward (Fig. 164).
The structure can therefore fail il (1) structural walls
are weak; (2} the roof, walls, and foundation are not
held wogether by combinations of reinforcing plates and
straps; or (3} if wind can gain access to the inside of a
structure through struclural failure or airborne debris

damage to windows, home deors, or garage doors. If
wind enters the structure, it exerts a compressive force
on the interior walls and roof that acts with the suction
Torces outside to (ear the structure apart (Fig. 16B). In
Hurricane Andrew, rolling garage doors were shifted
off their tracks by sustained winds and gusts, allowing

Fig. 18. Homes guticd and tnées domaged by the high winds of Hurricane Iniki {1992 ot Princeville, Kauai. Photograph taken one year nlter
the storm, these homes were on o ridge fully exposed 1o winds that wese channeled through the mountains in the dislance. The chonncling
increascd the wind speed, resulting in grent damage on rhe lee side of the island. Pholograph by Nicholas K. Coch, ' -




56 N.K. Coch 7 Geamorpholagy 10 (1994) 37-63

wind to gain access to many homes (FEMA, 1993a).

Exposure is also an important factor in wind damage.
Homes in South Dade County, Florida that had open
spaces (parks, lakes, vacant sites, eic.) upwind of them
sustained preater damage in Humicane Andrew. (R.
Sheets, pers. commun., 1993). Exposure along a coast
is also a factor. Homes nearest the coast are affecled
by unimpeded fow that decreases rapidly inland as a
result of frictional drag over topographic features,
structures, and vegetation. An extreme case of wind

velacity decrease inland was reported by SethuRaman
(1979) before Hurricane Belle (1976) made landfall
on the south shore of Long Island. Anemometer read-
ings 10 km inland were 50% of those at the coast, and
readings 20 km inland were 25% of the coastal values
(SethuRaman, 1979)

The effects of wind increase away from the ground
surface where friction with the topography, struclures
and vegelation slow down air flow. The problem is
cspecially serious along urbanized coasts where high

Fig. 19, Changes in the | panying H

Andrew {1992) at the Cornl Gobles Canal, Dode County, Florida. (0} Before
Andrew {1987} the cross bedded oolite ouicrop is well exposed and lush vegelution covers the afen in the distence. (b) After Andrew {1992)

1he trees are broken and defolinted and the house in (he distance is fully exposed. Pholographs by Nicholas K. Coch.
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risc buildings are subject to increasing wind vetocities
on their upper Aoors while the lowest floors are being
destroyed by storm surge (Fig. 17).

Hurricane Iniki (1992) made landfall on the island
of Kauai, Hawaii and provided a good view of the
effects of a hurricane on a mountainous island. Wind
speeds increased as the flow was channcled through
mountainous passes (0 cause unexpected devastation
on the lee side of the island (FEMA, 1993b). Destruc-
tion of homes and vegetalion on ridge crests was espe-
cially severe (Fig. 18). Debris mobilized by hurricane
winds caused significant damage. Pieces of structures,
such as the corrugated roofs widely used on Kauai,
served as projectiles that damaged other structures.
Loss of glazing (windows}), allowed storm winds o
enter the structure (Fig. 16B) and assist in its disinte-
gration (FEMA, 1993b).

4. Geologic changes in hurricanes

Dramatic changes in the landscape occur afier a
major hurricane (Fig. 19). Structural damage may be
restored in weeks or months, but vegetation may take
far longer to recover. The vegetation loss may signifi-
cantly increase the danger of forest fircs as well as
increasing soil erosion and gullying. However, the most
dramatic geologic changes occur near the coast and
involve beach and dune erosion, barrier island breach-
ing and nearshore channeling by ebb surge.

4.1, Beach erosion

Elevated storm surge and high waves cause severe
beach and dunc erosion. Stauble et al. (1991} noted
that Hurricane Hugo ( 1989) reduced most of the dunes
over a 160 km (110 miles) stretch on the right side of
the storm to a flat planar sucface while others were
severely eroded. Where winds end surge were highest
in Hurricane Hugo, barrier sands were eroded away to
expose the underlying peat (Fig. 20). The sand was
transported landward as overwash fans builtinto water
bodies behind the sheoreline,

Nelson (1991) utilized before and alter topographic
surveys to describe beach and dune alteration (Fig. 21)
from Hurricane Hugo {1989) in South Carolina. In
most cases, there was significant recession of the beach
face. Some examples of beach face recessionare: North

Fig. 20. Flood surge crosion and deposition on the barrier island
sauth of Bulls Boy. Scuth Caroling, This area was at the radius of
maximum windsin Hurmicane Hugo (1989), Sand was stripped from
the beach and deposiled ns overwash fans (light arcas) inte the bay
behind the barier island, An underlying pea deposit {dark layer) is
now exposed along the ocean shoreline (right side of phota). Aerial
Photegraph by Nicholas K, Coch.

Myrtle Beach, 19 m (62 [1); Myrile Beach, 8.5 m (28
it); Surfside Beach, 8.5 m (28 f1); and Garden Cily
Beach, 12.8 m (42 {1). The profile at Surfside Beach
(Fig. 2I) showed a flattening and recession of the
beach face, and the development of an overwash apron
and nearshore bar as a result of the storm.

4.2, Dune erosion

Dunec erosion in hurricanes depends on dune height,
width, and vegetation. The best documentation of the
extent of dune crosion in hurricanes comes from studies
done by several groups afler Hurricane Hugo (1989)
in South Carolina. This Category 4 eventleveled dunes,
reducing them 1o planar surfoces or severely eroding
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Fig. 21. Before ond afier topographic profile at Surfside Beach, South Caraling showing erosion and deposition from Hurricang Huga (1989).
The beach face was Aattened and receded. and an overwash apron and w nearshere bar were formed. Medified fran Nelson (19913,

them over a 160 km {110 miles) stretch from north of
the eye at Myrtle Beach to south of the eye at Folly
Beach (Stauble et al., 1991). Thieler and Young
{1991) found that duncs survived when high enough
to prevent their being overwashed and wide enough to
prevent being completely eroded. A good example of
this were the dunes at Litchfield, South Carelina that
were scarped and cut back but not destroyed, Prior to
the storm, the dunes reached up to? m (23 ft) and dune
width was |5 m (49 fi) according to Stauble et al.
(1991). The olher situation where dunes survived was
when they were low but well vegetated so that they
could be rapidly submerged without significantcrosion
such as occurred at Sullivans Island and the Tsle of
Palms near the eye of Hugo (Thicler and Young,
1991). The only problem with this type of *‘dune sur-
vival"' is that it provides little protection for structures
behind the dunes.

4.3, Vegetation loss and soil erosion

Loss of vegetation provides a striking change in the
landscape after a hurricane (Fig. 19) and has a great
impact on birds and animals (Coch, in prep.). In (his
paper only the geological aspects of vegetation loss are
considered.

Hurricanes Hugo, Andrew, and Iniki showed the
wide range of damage that results from the uproating,
bending and breaking of rees Falling trees cause struc-
tural damage and bring down wiility lines. They also
block roads nceded for access by emergency vehicles.
The roots of averturned trees break underground water
and utility lines. This type of tree damage caused major
disruption when Humicane Hugo (Fig. 15) crossed
over Sumter County, South Carolina (V. Jones, pers.
commun., 1993).

The patterns of tree fall are not random but are rel-
atively uniform ar any ene place. There is usually a
significant difference in wree [all orientation on either
side of a hurricane (Fig. 8). This has been documented
by detailed plots based on analysis of aerial pholo-
graphs (Penland et al., 1989, fig. 6). In general, the
pattemn of tree fall orientation (Fig. 8) in landfall arcas
is controlled by the wind directions at the front of the
hurdicanc (Fig. 4). However, the tree fall orientation
in inland areas may be much more complex and vari-
able.

The number of Lrees downed and the type of failure
{bending, breaking, loss of upper canopy enly, etc.) is
a function of both tree type and location with respect
1o the eyewall. Hook et al. (1991} compared trec loss
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Fig. 22. Comparison of tree damage in iwo South Carolina Forests during Humicane Hugo {1989, Domage to ali species studied was sevene in
Lhe Santee Experimental Forest close (o the ¢ye of the storm. Damage was for less, snd specics dependent, in the Hobcaw Forost on the outer
part of the siorm. (Madified from Hook et al., 1991).

Fig. 23. Phc(n'ynph of extensive tree brenkape and deforestation on Kouad, ong year pfter Horricane Iniki (1992} struck the area. Mossive et
destruction occurred s  result of wind peceleralion, near the ridge erest in Woimea State Park, Kouai. Photograph by Nicholas K.Coch.
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Fig. 24. Gullying and soi! erosion resulting from Hurricone Iniki {1992} an Kouai Hawaii. Photegraph taken one year after hurricanc. The high
rainfall and steep slapes in Waimen State Park on Kauai aceelerated soil loss and gullying when vegetation wos destroyed at higher altitudes.

Photograph by Nicholas K. Coch.

in two South Carclina forests during Hurricane Hugo.
The Santce Experimental Forest was in the Francis
Marion National Forest wilhin the right eyewall of Hur-
ricane Hugo (Fig. 22) 41~58 km north of the eyc cen-
ler. Winds there during the storm were 43-66 km/s
(2741 mi/h). The Hobcaw Forest was 83—108 km
nerth of the eye center and was subjected to consider-
ably less wind force than the Santee Forest. In the
Santee Forest there was little difference between the
wind resistance of different species. The percent dam-
aged were as follows (Fig. 22); long leaf pine (85%);
loblolly pine (91%); and bottom land hardwoods
¢86%). In the Hobcaw Forest the damage was consid-
erably less and was species dependent. Damage per-
centages were as follows: long leal pine (27%);
loblolly pine (52%): and bottom land hardwoods
{20%).

Loss of vegelation can have significant geological
consequences, especially in mountainous areas with
high rainfall. Hurricane Iniki (1992) a Category 4
storm, caused widespread (ree damage on the island of
Kauai, Hawaii {Fig. 23). Uprocted trees exposed the
soil to erosion. The high rainfall plus the steep slopes
substantially increased the rate of soil erosion and gul-
lying (Fig. 24}.

Re-vegetalion after a hurricane in tropical and sub-
tropical areas is much faster than in temperate climates.

Data from the 1938 New England Hurricane shows that
a major hurricane hitting the mountainous areas of the
northeastern United States will cause significant defor-
estalion (Federal Writers Project, 1938). Re-growth
will take years and high rates of soil erosion as well as
the threat of forest fires will persist during the recovery
period.

5. Summary and conclusions

Hurricanes cause a wide varicty of damage including
flood and cbb surge, wind destruction and inland flood-
ing. Hurricanes with coast-parallel tracks cause signif-
icant damage along a long stretch of coast, but the
effiects drop off rapidly inland. Hurricanes with coast-
normal tracks affect a shorter section of shoreline but
far more severely. In addition, they cut a wide swath
of destruction hundreds of kilometers inland. The
destructive power of hurricane winds is not only a func-
tion of the vortex velocity but also the forward velocity
of the storm center. On the right side of the hurricane,
the two wind speeds are vectarially added, greatly
increasing the effective wind speed in that sector. The
increase in hurricane center speed as the storm passes
north of Cape Hatteras and becomes affected by
stronger westerly winds, gives northeast United States
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landfalling hurricanes far more destructive power than
storms of similar Saffir-Simpson categorics that impact
southern coasts.

Storm surge is the risc in the ocean surface resulting
from hurricane winds driving shell waters into shal-
Jower arceas nearshore as well as the rise in the susface
resulting from the low pressure in the eye of the storm.
Storm surge is more accuratcly pictured as a broad
dome of waler on which high waves usually develop.
Maximum surge levels occur on the right side of the
storm at the radius of maximurn winds and tevels rise
higher along coasts that have gently slaping conlincntal
shelves and embayed sections. Potential surge is high-
est along segments that make right angles opening east-
ward, such as the New York Bight and along
funnel-shaped estuaries opening east, such as Long
Island Sound. Surge amplification has caused espe-
cially serious damage along these two highly urbanized
coastal segments both in the great '‘nor’easter'’ storms
of the 1990's (Coch, 1994) and in every hurricane that
has made a landfal] along the coast of Long Island,
Rhode Island or southern Massachusetis (Pere and
Barrientos, 1976). Ebb surge occurs as impounded
flood surge waters and previous rainfall move seaward
as the hurricane passes inland. Although cbb surge is
much lower in height than flood surge, ebb surge can
cause considerable erosion because it affects structures
that have already been weakened by winds and flood
surge as well as debris earried by both agents. Ebb surge
overwashes barrier islands from the bayward side, dis-
perses debris across the nearshore zone to create navi-
pational hazards, and culs inlets across the barrier
islands (Fig, 13)

Hurricane winds are the major destructive force
inland. Wind is especially destructive along exposed
coasts and the cffects drop off infand as frictional
effects and hurrcane filling decrease wind speed.
While the overall power of a hurricane decreases
inland, local convective centers on the rainbands can
cause severe local damage. Wind damage occurs on
storm-wide levels (megascale}, associated with local
high convective centers on the rainbands (mesoscale)
and in very loeal, but extremely intense, ‘‘spin-up vor-
lices” (microscale fealures) associated with the right
eycwall of the siorm.

Hurricanes result in considerable geologic change
along Lhe coast and inland. Beaches are stripped of sand
that is deposited as overwash fans into bays. Dunes that

are not high enough, or well vegetated are eroded and
breached in many cascs. Low, but well vegetated dunes
may be overstepped with little erosion, although this
provides little protection for structures landward of the
dunes. The great tree destruction inland disrupts trans-
portation and communication lines as well as buried
utilities, and creates a severe fire hazard, Hurricane-
induced vegetation loss in humid mountainous terrain
can significantly increase soil erosion until cover is
restored,

Atlantic-landfalling hurricanes ssem o be more [re-
quent during multi-decadal wel cycles in west Africa,
and far less frequent in dry cycles. No wet or dry cycle
has lasted longer Lhan 26 years, and we are now in the
24th year of a dry cycle. Unfortunately, this period of
quiescence has coincided with great urbanization along
the Atlantic Coast and the development of public apa-
thy toward the hurricane threat, If past climatic patterns
continue, we will soon be entering a cycle of far more
frequent Atlantic Coast landfalling hurricanes. These
future storms will affect a heavily developed and pop-
ulated coast where inhabitanes have made litle prepa-
ration lo minimize destruction and loss of life. The
result could be devastation on a scale last experienced
in the northeast during the New England Hurricane of
1938, Unforiunately, it has been 56 years since that
regional catastrophe, and ils many lessons have been
largely ignored or forgatten.
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