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CHAPTER 1
WINDS AND PRESSURES IN HURRICANES

Charles S. Gilman and Vance A. Myers
Hydrometeorological Section, U. S. Weather Bureau

Washington, D. C.

The hurricane is one of the most dangerous and at the same
time one of the most interesting weather phenomena with which the
citizens of the United States have to deal. We have more hurricanes
on our southern and eastern seaboards than any other major conti-
nental area, except Southeast Asia (1, 2). These storms of course
are very familiar to certain Island countries: Cuba, Haiti and the
Dominican Republic, Japan, the Philippines. Mexico and Australia
receive their share also.

Under Congressional directive the Weather Bureau in collab-
oration with other Federal Agencies and universities is at the pres-
ent time pursuing an expanded program of research on hurricanes,
termed the National Hurricane Research Project (3). The most spec-
tacular phase of the program are the reconnaissance flights of three
especially instrumented Air Force aircraft assigned to the Project
bagse at West Palm Beach, Florida., These planes, especially during
the hurricane season just ended, have gathered some very excellent
data on the structure of hurricanes, superior in detail and relia-
bility to anything available before. However, the aircraft for safe-
ty reasons do not fly near the surface, and the surface winds and
sea~level air pressures are the factors of immediate concern to coast-
al engineers., The stress of surface winds produces surges and waves
in bodies of water, and the sea-level pressure deficit in the inner
part of a hurricane permits a corresponding rise in the water level
by hydrostatic equilibrium principles. It will be some time, perhaps
several years, before more refined models of the surface layers of
hurricanes can be deduced by indirect analysis from the West Palm
Beach data.

This paper will summarize some of the pertinent information
available up to now on surface winds and pressures and will make no
further reference to the West Palm Beach investigations. There will
also be a brief treatment of rainfall in hurricanes which is of in-
terest to coastal engineers because of flooding produced by rain-water
behind seawalls and in estuaries where & flood can result from an ab-
normal tide or an abnormal stream flow or both at the same time.

ENERGY SOURCE

We shall pass over how a hurricane starts except to say that
it is always over warm ocean waters and always in an area of squally
weather and take a look at what makes it keep going once it has start-
ed. Descriptions of the formation and life cycle of hurricanes are
given by Tannehill (4), Dunn (5), and Rhiel (6). The key to hurricane

1
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WINDS AND PRESSURES IN HURRICANES

energy is the vertical distribution of air density, which is, in

turn, related to temperature and moisture content. The solid curve
of figure 1 shows average air density vs. height in September in the
West Indian tropics, based on atmospheric soundings at Mismi, San
Juan, P, R., and Swan Island (7). At the first glance it looks like
a stable arrangement; every layer of air has a smaller density than
the layer immediately beneath and therefore will tend to float on

top of it. Next we must consider how air behaves when it changes
elevation. Rising air encounters progressively lower pressure and
therefore cools adiabatically. There is one standard well known rate
of cooling for unsaturated air. There is & different rate for sat-
urated air because the release of latent heat decreases but does not
overcompensate the adiasbatic cooling. Now let us consider what will
happen if a square mile or so of a layer of air near the ocean surface
should somehow be lifted through its enviromment. The density this
lifted surface air would acquire at each level is shown by the curve
with long dashes in figure 1. The density decrease is first along
the unsaturated adiabatic rate to the condensation level and then
along a standard curve for saturated air. It is seen that this air
at about 3000 feet will become less dense than its environment (heavy
solid curve); it will then of course continue to rise spontaneously

to great heights, perhaps over 40,000 feet. Similar curves of the
density changes associated with lifting are shown for a 3,400-ft par-
cel, which contains very little of this potential relative density
decrease (called latent instability) and for a 5,000-ft parcel which
contains none. When a hurricane forms, layers of air rather close to
the surface of the ocean break through the slightly stable layer above
to the level when they can rise spontaneously. Once this great chim-
ney of convection (perhaps 50-100 miles in diameter) has been estab-
lished the hurricane will maintain its vigor and will continue to
drift so long as it can feed on air of the proper vertical density
distribution. The air processed by the hurricane is drawn from a
large area. This is shown in figure 2. The figure shows schematical-
ly the size of area required to feed air to a hurricane for an hour,

a day, and for three days. The figure is based on an average component
of the surface wind of 20 kts toward the storm center at a distance
from the center of 80 miles. This is a moderate value of the inflow
rate. Another way of emphasizing the vast low-level indraft and high-
level outflow needed for hurricane maintenance is to look at the dis-
tortion of a cube of saturated air several miles on a side required
to produce one, two, and five inches of rain. This is shown in fig-
ure 3,

The latent instability necessary for hurricane formation re-
quiree a strong heat and moisture source at the bottom of the atmos-
phere, occasioned by strong insolation and warm sea-water. On the
other hand, the stabilizing subsidence, or settling, of the atmos-
phere that is always found in large high pressure areas must be ab-
sent. These factors limit the seasons and places that hurricanes may

3 :



COASTAL ENGINEERING

* soueotaany Surdewep jo sarijoad sanssead ‘% ‘- Snd

(SAW) 3¥NSS3yd

{S3TIN NVYN) ¥31N3ID WOHJ IONVISIC

Obl OEt 02t OIt OOt

168

006

(o1

oz2é

0€6

ové

0s6

096

0oL6

086

066

000!

otot

06 08 0L 09 05 Ob O 02 OF O

= [TT

—

——

|

FPTTTTTTTTTTT L

S3NVIIBYNH 9NIOVAVA JO

|_l
| $371404d 3¥NSS3IY¥d 1
1

(PU0IOUI MIN) 8E61

014 42098 Wid) 8261 === — \

- — — ~TsT%a 'voisan09)
QNW\ «_(sAox 0p110/4) GE6/

]
I

IT

- -

HEENE

o€ 92

0592

0L92

0692

ot L2

0€Le

0sL2

oLLe

06 L2

ot 82

0£ 82

0582

oL82

0682

o162

(14 -11

0562

0L62

o662

(S3HIONI) 3¥NsSS3IV¥d

* SJUNOWIE [[RJUIBJI SNOTJeA JOJ LIessadau
Jre Jo ssew Tediqnd jo adeys jo aSuey)d

‘qEO0Z PUE qWQOQT UeOM3oq S3OuY
0§ 03 0 WOXZ A[XBOUYT SOSEOIOUY
qoyqa & oAf3FSod presos 3usyey
QITA JUSIHTOD UOTIOBITP PUTA ®
TITA UOTIE3EAFo0sd JO Seyouy z ‘I
*uo¥3w3Fdyoead jo seqouy ¢ °a
‘uoy3e3Tdyoexd Jo seqouy z 'J
‘wor3s3rdyoexd jo gouy 1 ‘'

*307 Axesseceu odeys jo oBuey)

‘qQEOOT O3 qEQOQY WOX¥
Saypuaixe ITE JO SSEW TROTQND Y

‘e " dig




WINDS AND PRESSURES IN HURRICANES

form. The United States hurricane season is mid-June to mid-October,

approximately. In this connection it should be noted that the highest
water temperatures in the hurricane genesis areas of the Atlantic and

Gulf of Mexico lag behind the most intense insolation of June and July
and do not occur until August or early September.

If relatively dry air is drawn into a hurricane, the storm must
weaken. If it moves over extensive land it will die because among oth-
er things the friction upsets the delicate balance between the vast
indraft required of the surface layers and the compensatory upper out-
flow; if it turns into & more northerly latitude it may acquire an ad-
ditional energy source namely, a non-homogeneous horizontal density
distribution; colder air sinking on one side of the storm and warmer
air rising on the opposite side. Usually in such cases there will be
a temporary increase in energy followed by a decrease or at least a
dispersion of the concentrated kinetic energy (winds) of the hurricane.

PRESSURES

In discussing winds and the pressures in hurricanes, we prefer
to present the pressures first because the data are easier to handle.
Hurricanes are not quite circular but are frequently considered so
for purposes of analysis of the pressures. Figure 4 shows radial pro-
files of sea level atmospheric pressure for several famous hurricanes.
In the center of the storm the pressure can fall to values 6 to 10%
or more below normal atmospheric pressure. The tremendous horizontal
pressure forces acting inward in a hurricane are balanced in largest
measure by the centrifugal force, to a lesser degree by friction and
by the coriolis force from the earth's rotation; and then, of course,
there is not a complete balance of forces; the inward-moving air par-
cels are accelerated.

Frequently it is convenient to have an analytical expression
that approximately describes the usual shape of a hurricane pressure
profile. Such an expression is:

P=P +(P-P) e Rr
o n o

¢))

where P is the pressure at radius r, P, the minimum pressure at the
center of the storm, P, the pressure "outside'" the storm, (theoretical-
ly at r = o©) and R is a characteristic radius. An alternate form is

P=P-(P-P)(-e 'R/r) (1a)

Equation (1) has been found empirically to fit a good many hurricanes
fairly well (8). One application of this expression by the authors
of this talk and their colleagues was to estimate systematically the
central pressures of all hurricanes affecting the United States since
1900 by plotting all observed pressure data at the appropriate dis-
tance from the center of the hurricane on a radial profile, such as

5



COASTAL ENGINEERING

those of figure 4, and then extrapolating into distance zero by fit-
ting a curve described by the formula (9). The accumulated frequenc:
of central pressures of hurricanes affecting the eastern United Stat
Coast obtained in the manner just described is shown in figure 5, sej
arated into regions. All of the central pressures are at the point ¢
storm center entering the coast.

These regions are the Florida Keys, the Florida Peninsula, the
Texas Coast, The Gulf Coast from the Texas-Louisiana border to Apal-
achee Bay, and the Atlantic Coast from Georgia to just south of Cape
Hatteras, and the Atlantic Coast from Cape Hatteras northward. Clea:
ly the Florida Keys experience the lowest pressures in hurricanes. 1
the other curves there is a suggestion of a latitudinal variation wit
lowest pressures in the south but the data do not demonstrate this
conclusively.

There is a considerable range in the reliability of the centre
pressure estimates on which figure 5 is based. The factor having mos
influence on the reliability of the central pressure estimate for an
individual storm is the length of radius from the storm center to the
closest pressure observation.

WINDS

Relation of maximum wind to central pressure

The central pressure of a hurricane is a convenient though son
what approximate index of the strength of the storm. An expression
for the maximum wind in a hurricane which has some both empirical and
theoretical support is of the form (9), (10), (11), (12):

v, = Kypn- P, (2)

where Pé is the central pressure; P, the pressure outside the storm;
the highest wind speed. With wind speed in knots and pressures in mi
libars, average values of K in the August 1949 hurricane at Lake Okee
chobee were 7.5 for off-shore winds averaged over 10 minutes, 9 for o
shore winds, and 14 for peak on-shore gusts (12).

Lake Okeechobee 1949 hurricane

Perhaps the best detail of surface wind observations in a hurr
cane anywhere was in the hurricane of August 26-27, 1949 which crosse
Lake Okeechobee, Florida. The Corps of Engineers, charged with the d
sign, construction, and operation of protective levees around this
Lake, for data gathering purposes established a special meteorologica
network in the area (13). There are seven autographic wind and pres-
sure stations on the shore of the Lake, which is some 30 miles across
at the time of the 1949 hurricane there were three such stations moun
ed on navigation--light pylons out over the water surface of the Lake
These data have been intensively studied by the Weather Bureau and th

6
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COASTAL ENGINEERING

Corps of Engineers in connection with a design study by the latter
agency. Figure 6 shows a map of the wind speeds in the 1949 hurric:
as it crossed the Lake. This is a composite picture of all 10-minut
average wind speeds during a total elapsed time of about 5 hours.
Each speed is plotted at its bearing and distance relative to the c¢
ter of the hurricane. Adjacent data do not always match in part be-
cause of inaccuracies of factors used to adjust speeds to a common
frictional surface, but also because the wind field of a hurricane |
far from unvarying. Superimposed on the overall wind pattern depict
ed here by the solid isopleths are gust-type variations of all kinds
of scales from a few yards and fractions of seconds of time up to 1(
or 20 miles and twenty or thirty minutes. Radar has revealed that
there are spiral bands in hurricanes where the rainfall is heavier
than other places. The wind directions and speeds may show a slight
discontinuity at these bands. Note that the band of highest wind
speeds is not a smooth symmetrical circle; the most extreme speeds &
generally found somewhere on the right side of the storm though ther
seems to be considerable variation from one storm to another as to
the exact bearing from center of the highest speeds.

Applications of 1949 hurxicane data

The average radial profiles of wind speed in the same Lake
Okeechobee hurricane are shown in figure 7, From this diagram illus
trates several things: First, the curves show the typical general
shape of the wind profile for a severe hurricane, gradual rise in
speed from the outskirts to a maximum value at some point at a radiu
of about 22 miles in this case and then a sharp decrease in speed to
almost calm conditions at a center of the wind circulation. Second-
ly, the curves show the variation of hurricane speeds over different
kinds of frictional surfaces. The lowest three curves are for 10-
minute average speeds at Lake Okeechobee, respectively for off-land
winds at the shore, off-water winds, and over-water winds. The last
is from the speeds measured at the pylons in the Lake several miles
from shore. Empirical factors from these three curves have been use
for adjusting hurricane wind speeds measured over land along much of
the coast of the United States to over-water values. We have been
able to make a few supplementary wind speed comparisons of limited a
plication; these include comparing Nantucket Island, Mass. with Nan-
tucket Light Ship, the Friendship International Airport at Baltimore
with speeds at the Chesapeake Bay Bridge, and the New Orleans Weathe
Bureau Office with speeds at the Huey Long Bridge. There are a few
other pairs of nearby stations that have not been fully exploited
data-wise yet.

The third deduction from figure 7 is the relation of gusts to
sustained speeds. The two top curves are smooth plots of the highes
point in each 10-minute interval on a wind speed trace from the Dine
pressure-tube type of anemometer. The gust defined in this way aver
aged about 1.4 of the sustained 10-minute average speeds. Probably
the most satisfactory way to analyze hurricane wind fields for en-
gineering purposes is to make the basic analysis in terms of sustain
ed average speeds over 5, 10 or 15 minute intervals. For building
design appropriate gust factors are applied to these mean speeds.

8
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COASTAL ENGINEERING

A fourth deduction of engineering usefulness from figure 7 is
the relation of the actual winds to theoretical winds computed from
the pressure field. .The dashed curve is the so-called gradient wind
which is the speed necessary for the pressure gradient force, centri!
ugal force, and coriolis force from the earth's rotation to be in bal
ance. Wind fields in other hurricanes have been reconstructed by cor
puting the pressure fields from pressure observations and then compul
ing the gradient wind and reducing to actual wind by empirical facto
derived from this diagram. The Hydrometeorological Section of the
Weather Bureau has reconstructed the wind fields in_a number of hurri
canes along the coast for the Corps of Engineers (/l4/for example).
The purpose is for a check-out of procedures for computing the hurri-
cane surge in the various coastal reaches from the winds. In almost
none of these reconstructed hurricanes, even for so recent hurricanes
as Hazel of 1954 and Audrey of 1957 has there been much wind data
available over the water surface itself where the wind fields are nee
ed and considerable reliance has had to be placed in estimating winde
from pressure by the Lake Okeechobee empirical factors and in adjust-
ing winds at land stations. A few of these wind fields for certain
famous hurricanes are depicted in figure 8.

The great size of hurricanes warrants emphasis. As can be
seen from figure 8 a typical hurricane is hundreds of miles across;
it also extends several miles vertically. A hydrogen bomb is small
compared to the total kinetic emnergy of a hurricane.¥

Trajectory method for hurricane wind models

There are few wind data on the right side of the Lake Okeechob
hurricane; it is here that the highest winds in the storm are thought
to occur. Composite patterns of the wind flow in hurricanes obtained
by combining data from a number of storms by Hughes (15) and others
give good pictures of the nature of the flow in the outer parts of
the storm but are lacking in the detail necessary for surge studies
in the zone of maximum winds near the center. To refine our empiri-
cal wind model from the Lake Okeechobee hurricane, especially with
respect to the asymmetry of the wind field, at present we are experi-
menting with synthetic wind fields constructed by a trajectory method
Starting with low-speed winds on the outskirts of a hurricane, the ac
celerations of the air are computed from the estimated forces (real
and apparent): pressure gradient, centrifugal, coriolis force, and
friction. Horizontal motion at 30 feet is assumed and the work is

*The kinetic energy of the winds of a typical hurricamne has been
estimated as about 5 x 1026 ergs at any one time. The mechanical
equivalent of the energy released by a bomb equal to 107 tons of TNT
is sbout 1/1000 of this.

10
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restricted to this anemometer level. The resulting trajectories of
air parcels are computed. The friction is the so-called eddy stress
and incorporates the transfer of momentum from one level to another
by turbulence. Empirical values of the friction are being developed
by comparing computed trajectories in the same Lake Okeechobee hurri-
cane with trajectories reconstructed from the data. It is interest-
ing to note that at the 30-foot level the effects of stress have a
component not only opposite to the mean wind but also a component nor-
mal to the direction of the mean wind that is almost as large. This
is due in part to the fact that the effects of the turbulent com-
ponents of the wind are not linear and do not cancel out.

Variation of wind with height

The variation of wind speed with height is directly applicable
to building construction rather than to work with bodies of water but
is indirectly used in the latter instance when observed wind speeds
at various anemometer levels are adjusted down to the standard 30-foot
surface. The best available data on the variation of wind speed in
hurricanes up to heights of several hundred feet were obtained at the
Brookhaven Laboratory wind tower on Long Island where winds at three
or four levels were measured with laboratory-calibrated anemometers
in hurricanes Carol and Edna of 1954 (16). At the top of the tower
at 410 feet winds almost up to a hundred miles an hour were observed
in Carol. The variation of wind speed with height in the two hurri-
canes was about the same and is depicted in figure 9. The Brookhaven
curves should tentatively be regarded as showing the extreme of the
variation with height. The increase of speed with height at Lake
Okeechobee in an October 1953 tropical storm, as measured by the
Jacksonville District of the Corps of Engineers (13), was relatively
smaller. Other data at lower speeds from other wind tower sites also
indicate that Brookhaven has a relatively large wind speed increase
with height. It is assumed that the surface there is dynamically
relatively rough.

Wind direction

The overall average anemometer-level wind direction in a hur-
ricane at sea is about 25° to 35° to the left of a tangent to a circle
drawn about the storm center. There are variations in this angle from
quadrant to quadrant and between storms. This vast indraft or con-
vergence compensates vast updrafts, strongest in the region of maxi-
mum winds outside the eye. There are turbulent departures from the
mean direction at all times in all parts of the storm which obscure
the systematic variations of this angle of deflection which probably
exist from front to rear and left to right, It is hoped that our
trajectory studies will yield a more refined model of the wind di-
rection in hurricanes, especially the variation from one quadrant to
another.

11



COASTAL ENGINEERING

WEAKENING OVER LAND

The next topic is weakening of hurricanes over land surfaces.
This is of importance to coastal engineers concerned with inland
bodies of water such as Lake Okeechobee, Lake Pontchartrain, Chesa-
peake Bay or even New York Harbor. At New York City the extreme
surge presumably would be associated with a hurricane moving inland
over New Jersey and having some over-land trajectory before reaching
the latitude of New York.

The critical hurricane path for the worst surge for the places
named, of course, is not a track along the shortest distance to the
sea, but rather a track that will give the longest duration of winds
from the critical direction.

It is a common observation that the winds decrease markedly as
a hurricane moves inland. We should distinguish carefully between tw
different effects in this connection. First, for a storm of a given
intensity of pressure gradient, the surface wind will be less over th
land surface than on the open coast because of the greater impedance
of the surface roughness. The other effect is a weakening of the
pressure gradient itself. If only the former effect dominates, then
a hurricane approaching Lake Okeechobee or Lake Pontchartrain could
be expected to regain its over-water vigor over the Lake.

Survey of a large number of hurricanes suggest the following.
First, that the decrease in intensity of hurricanes over land is part
ly a frictional effect, and partly because the hurricane frequently
encounters drier air which is less favorable for its maintenance.
Over the Florida Peninsula, where in general during hurricane weather
the air will be just about as humid as over the sea, there may be ver
little decrease in the overall intensity of a storm, only the immedi-
ate surface-layer winds decrease. There are individual variations.
In 1930 a small-diameter but very intense hurricane was very destruc-
tive in the Dominican Republic. The center passed directly over the
Island including some rather rugged terrain (4). The storm did not
amount to much after leaving the Island. Two years earlier the cen-
ter of an intense hurricane passed directly over the Island of Puerto
Rico, and then continued but little diminished, if any, to the Florid
coast and produced the famous Palm Beach and Lake Okeechobee disaster
This of course was a larger hurricane and a smaller island with lower
mountains than in 1930. The Florida 1947 hurricane was the most seve
of the last decade in this area. It passed close to Miami (over Ft.
Lauderdale), diminished in intensity a little as it crossed the Flori
Peninsula, but then regained its strength over the Gulf, passed over
New Orleans with great intensity. Some average empirical factors for
weakening of hurricanes over land have been developed and are listed
in Table 1.

RAIN

The final consideration for hurricanes is rain. The release ol
latent heat and rain is a necessary and always present feature of the

12
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storm in the tropics though it will not necessarily rain heavily in
every quadrant of the storm during every hour. To further augment
the flooding risks from hurricane rains it not infrequently happens,
especially with hurricanes moving up the Eastern Seaboard, that there
are rather heavy rains a day or so in advance of the arrival of the
actual storm circulation itself and therefore the rain immediately
associated with the hurricane may fall on already swollen streams.
This combination prevailed, for example, in the September 1938 hur-
ricane in New England and more recently in hurricane Diane of 1955.
The Diane flood, of course, was further augmented by a previous hur-
ricane only ten days before.

Tropical storms of less than hurricane intensity on the average
give almost as much rain as hurricanes. Extensive hurricane rainfall
statistics have been compiled by two of our collaborators. A few sam-
ples will be showm.

A typical isohyetal pattern for a storm moving up the East
Coast, is shown in figure 10 and three similar isohyetal patterns for
East Texas--Louisiana hurricanes in figure 11 (17). Time distribu-
tions of heavy hurricane precipitation are illustrated in figure 12.
These are for the heaviest 12-hour precipitation at a U. S. Weather
Bureau recorder station within 30 wiles of a hurricane center on the
middle Atlantic U. S. coast. These were suggested as prototypes for
an interior drainage design problem behind a sea wall at Norfolk, Va.
Figure 13 shows the penetrations of hurricane rains inland. This en-
velopes all hurricanes since 1900 excepting a 1915 Texas hurricane
and Hazel of 1954. Both of these joined up with fronts and became
sort of combined frontal and tropical storms. Both carried 5" isohyets
much farther inland than shown here,

Table 1

AVERAGE FACTORS FOR REDUCING HURRICANES FOR FILLING OVER LAND

Time (hours) Adjustment ratio for wind speed

at coast) 1.00
0.93
0.88
0.85
0.82
0.80
0.78
0.76

(
+
+
+
+
+
3
+
+ 0.74

HEHEsHEa R
BNV WN -

The factors in Table 1 will yield speeds for portions of the
storm that are still over water. Further reductions would be re-
quired to obtain the speeds over land.

Based on observed pressure changes in eleven hurricanes that
entered the United States and equation (2).
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SUMMARY

Hurricanes are vast, somewhat circular storms that originate
only over ocean areas at seasons of strong insolation and warm water
temperature, but which frequently move over land. The immediate
driving force to the winds is the horizontal pressure gradient di-
rected toward the low pressure always present at the center of the
storm. The ultimate source of energy in the tropics is the potential
density difference between air near the surface, continually warmed
and moistened from below, and at higher levels. Horizontal density
gradients are a supplementary source of energy for storms moving into
middle latitudes. The mere presence of these energy sources are not
sufficient to initiate a hurricane. There are other necessary condi-
tions not discussed in this paper.

The extreme minimum pressure in a hurricane in the vicinity
of the United States was 26.35 inches (892 mb) in the Florida Keys
in 1935. Pressure experienced in various reaches of the mainland
coast have ranged down close to 27.50 inches (931 mb). Empirical
relations between pressure gradients and winds have been developed
that are useful in reconstructing winds over the sea in past hurri-
canes that have caused important surges.

The well-known typical wind speed pattern is for a small region
of light or near-calm winds to be encircled by a band of very strong
winds, tapering off more gradually to moderate winds at some scores
of miles, or even a hundred miles or more, from the center. There are
variations with azimuth from direction of storm motion as well as
along a radius, with the strongest winds generally on the right side.
Very detailed wind hurricane observations were obtained at Lake Okee-
chobee, Florida on August 26-27, 1949. From these data empirical re-
lationships have been developed of the comparative strength of winds
off-land at a shore, onshore, and over open water that have been use-
ful in reconstructing other hurricanes over the sea.

In assessing reported winds in hurricanes care must be taken
to distinguish between sustained winds averaged over several minutes
and peak gusts. The relation of the latter to the former, depending
on exact definition of a gust and other circumstances, is about 1.4
or 1.5. The gust factors are applied for building design according
to standards in that branch of engineering. The variation of wind
speed with height over a moderately rough land surface was measured
at Brookhaven, Long Island in hurricanes Carol and Edna of 1954.

Hurricane winds diminish over land. Always present is the in-
creased surface friction as compared with the sea, which slows down
the anemometer-level winds. Usually present also is a weakening of
the pressure gradients in the storm.

Rainfall is an inherent and necessary part of hurricanes.
Some typical rainfall patterns were shown.
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CHAPTER 2
HURRICANES AND HURRICANE TIDES

Gordon B, Dunn
U, S. Weather Buresu
Miami, Floride

Most of the maximum tides of record between Cape Hatteras, N.C.,
and Brownsville, Tex., have been produced by tropical cyclones, or,
ag they are generally known in the United States, hurricanes. Some of
the highest tides of record northward along the coast frem Cape Hatteras
to Cape Cod have been produced by hurricanes, From time to time owr
fnortheasters®, which are extra-tropical storms, may alsc cause millions
of dollars of damage along the Atlantic coast between Miami, Fla,, and
Eastport, Me,

The Atlantie hurricane is identical with the Pacific typhoon and
the tropical cyclone of the Indian and South Pacific Oceans. The term
"hurricane" is defined as a storm of tropical origin with a cyclonic
wind circulation (counter-clockwise in the northern hemlsphere) with
winds of 75 mph or more, However, in popular terminology, any winds of
75 mph or more are often described as hurricane winds,

FCRMATION

Tropical cyclones develep in essentially homogeneous warm moist
tropical air with no fronts or temperature snd moisture discontinuities.
The exact nature of the physicel processes involved in the formation of
hurricanes is not defiritely known. However, there appears to be a
number of meteorological conditions essential for tropical storm forma~
tion: (1) compsratively warm water 80-801°F or higher; (2) a pre-
existing wind or pressure perturbation; (3) some outside influence
vhich will intensify this disturbance, and (}) a type of wind flow in
the high troposphere which will permit ready removal of the excess air
and heat to other regions outside the hurricane area, These sonditions
are frequently present during the hurricane season but not necessarily
in the proper relationship, and hurricane formation ie relatively rare,
It must be admitted meteorology does not yet have s complete anawer to
the problem of hurricene formation,

Hurricanes form only in those oceans and in those seasons in which
sea surface temperatures are the highest, Here the accumulation of
latent and sensible heat in the atmosphere reaches its maximum. The
energy for the intensification of an ordinary disturbance in the tropics
into a hurricane comes from the release of energy in the form of latent
heat (latent heat of condensation) during the precipitation process,

Frequently in the early stages of development and even for a few
days after reaching hurricane intensity, the hurricane may be quite
small, almost a pinpoint on the usual weather chart. As it becomes
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older, it also becomes larger, although 1t may not, and indeed usually
does not, become any more intense. The most intense hurricane of
record on land, the Labor Day storm on the Florida Keys in 1935, with
a central pressure of perhaps 892 mbs or 26,35 inches, was quite small
and had a path of destruction only 35 to 4O miles wide, The largest
Atlantic hurricanes may have damaging winds over an area some 0O to
500 miles wide and full hurricane winds 300 miles wide, The average
dimmeter of hurricane winds is perhaps 75 to 100 miles,

FREQUENCY

The number of tropical storms (winds of 1O mph or higher) has
averaged about 8 per year for the past 75 years, 9 per year for the
last l0 years, and 10 per year for the last 20 years, Uuring the past
70 years, the largest number of tropicel storms noted in any one year
was 21 in 1933. In 191k only one tropical storm was reported and that
was not of full hurricane intensity. About 58% reach full hurricane
intensity and on the average only about two storms per year bring
hurricane force winds to the coastline of the U. S.

AREAS OF DEVELOPMENT

Easterly waves, in which Atlantic hurricanes frequently develop,
may move more than 2000 miles before any indication of intensificatior
can be detected, Even after the transition from stable to unstsble
conditions has begun, a period of 3 to 6 days may be required for the
initial vortex circulation to grow to tull hurricane intensity. Durir
this period the wave may travel an additional 1000 to 2000 miles,
Where should it be said the hurricane formed? Where the easterly wawe
first began to intensify, where the tropical storm reached hurricane
intensity or perhaps at some other point in its life history?

The approximate positions where tropical storms reached hurricam
intensity during the period 1901-1957 have been plotted on Fig, 1.
Cnly those storms where this point could be estimated with reasonable
accuracy have been used, It can be seen that the density of hurricand
formation increases steadily from the extreme eastern Atlantic to Long
tude 56°. It is noted that almost no tropical storms reached hurrica
intensity between Hispaniola and South America in the Caribbean but
elsewhere in the tropical and sub~tropical Atlantic south of Latitude
30°, hurricanes are about as likely to develop in one place as anothe:
For many years textbooks have described the doldrums as the area wher
most hurricanes develop., This is certainly not true it the position
where hurricane intensity is reached is considered as the place of de
velopment. Indeed, many tropical storms attain hurricane intensity 1
the area where the trade wind has the greatest strength and persisten
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I.ocations where

1901-1957.

July 1896

Sept. 28, 1896
Oct. 8, 1896
Aug. 2, 1898
Aug. 31, 1898
Oct. 2, 1898
Ang. 1, 1899
Aug. 17"18, 1899

July 10-11, 1901
Lng. lh, 1901
Sept. 11, 1903
Sept. 1L, 190L
Oct, 17, 19011
Sept. 17, 1906
Sept. 27, 1906
Oct. 18, 1906
July 30-31, 1908
Aug. 31, 1908
July 21, 1909
Sept. 20, 1909
Octe. 11, 1909
Oct. 17, 1910
Auge. 11, 11
Avg. 28, 1911
Sept. 3, 1913
Aug, 16, 1915
Sept. L, 1915
Sept. 29, 1915

TABLIE I

July 5, 1916
Aug. 18, 1916
Oot. 18, 1916
Aug, 6, 1918
June 22, 1921
Oct. 25, 1921
Sept. 15, 192}
Oct. 20, 192}
Nov. 30, 1925
Dec. 2, 1925
July 28, 1926
Ang, 25, 1926
s’pto 20, 1926
Aug. 7-8, 1928
Sept. 16, 1928
June 28, 1929
Sept., 28, 1929
Sept. 30, 1929
Aug, 13, 1932
Sept. 1, 1932
July 30-31, 1933
Aug, h, 1933
Avug. 23, 1933
Sept. 5, 1933
Sept. 16, 1933
June 16, 193}
Sept. 2, 1935
Nov, L, 1935

21

July 31, 1936
Aug. 7, 1910
Aug. 11, 1910
Sept. 23, 19l
Oct. 6, 19k1
Octe 7, 1911
Ang. 303 19h2
July 27, 1943
Aug. 1, 19“&
Oct. 19, 194l
Ang. 27, 1915
Sept. 15, 19L5
Sept. 17, 19I5
Sept. 17, 1947
Octe 11, 1947
Octe 15, 1917
Oct. 5, 1948
Aug. 26, 1918
Octe L, 1919
Oct. 18, 1950
Ang. 30, 1952
Avg. 13, 1953
Oct. 15, 1954
Aug. 12, 1955
Aug. 17, 1955
Sept. 19, 1955
Sept. 23-2l;, 1956
June 27, 1957

Tropical Storms reached hurricane intensity,
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Fige 2+ Point of Entry and Direction of Travel of most
of the hurricanes crossing the coastline be-
tween Cape Hatteras, Ne. C., and Brownsville,
Tex., 1896=1957 (Number at beginning of arrow
refers +to number of storm in Table I.)
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Fige 3. Point of Entry and di-
rection of travel of all
Tropical Cyclones giving
hurricane winds in Florida,
1885=1957 (Number at be-
ginning of arrow indicates
year of storm).
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SUSCEPTIBLE COASTAL AREAS

The points of entry and the directicn of travel of each hurricane
which lms crossed the U, 5. coastline from Cape Hatteras, N.C., to
Brownsville, Tex,, from 1896 to 1957 are shown on Fig. 2. The dates of
these storms can be found in Table I. All sections from Palm Beach,
Fla,, southward and along the entire Gult coast are subjeet to hurricane
visitation from 1 in every 7 years to 1 every 20 years or more on the
average. The remainder of the South Atlantic coast is visited less
frequently., Hurricanes are comparatively rare north of Cape Hatteras
and especially se from nerth ot the Virginia Capes to New York City.
However, New England is occasionally subject to major hurricanes and
was frequently struck by these storms between 1938 and 1955,

The points of entry and the direction of travel of all Florida
hurricanesa from 1885 through 1957 are showm in Fig, 3. The sections
with highest frequeney are the extrame southern portion of the Florida
peninsula and the panhandle section on the Gulf coast, The hurricane
frequency is very low on the northeast Florida coast. The reason for
the low frequency is that the coastline is parallel to the normal
storm track and if the storm recurves to the extent that it misses the
southeast coast, it will also miss the northeast coast, This ssction
is more susceptible to the fall and winter northeasters, The sppareat
low frequency on the Uulf coast betwsen Cedar Keys and 8t. Marks is
not believed real, This area is very sparsely settled snd the exact
point where many of the centers actuaily reached the coastiine is not
known, and there has been a tendency to place the centers too close to
the regular Weather stations with the lowest pressure,

Of the 74 Florida hurricanes ocourring during the past 75 years,
31 are kmown to have besn attended by damaging tides, However, many
of the centers made landfall in relatively uninhabited areas and the
exact storm tide is unknown. It is estimated that a 6t storm tide
occurs somewhere along the Florida coast on the average at least once
every two years and probably more often,

LIFE SPAN OF HURRICANES

The average life span of a hurricane is about 9 days. August
storms normally last the longest or about 12 days. The factors which
determine the lifetime of a hurricane are the time and place of origin
and the general ciroulation features existing in the atmosphere at the
time of occcurrence. Very few burricanes dissipate while they remain
over troplcal or sub-tropical waters unless some abnormal feature of
the wind flow pattern surrounding the storms acts to bring cold or dry
air into the hurricane circulation,
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Obviously those storms that develop in the Cape Verde region in
August and September, when the semi-permanent Azores-Bermuda HIGH is
at {ts greatest intensity, will have the longest life spans, since
they normally travel westward for several thousand miles before re-
curving northward and eventually northeast or eastward around the
western and northern sides of the HIGH. One hurricane has been
tracked for over a month, This year (1957) hurricane Carrie was
plcked up, already a hurricane of great intensity, on September 6.

In the wave stage it can be tracked back to near the African coast

on the 2nd, Fige ke It was still of hurricane intensity on September
22nd as it moved through the Azores., It finally became extra-tropical
and eventually moved across the British Isles.

AVERAGE DAMAGE AND FATALITIES

In this century in the United States alone, at least 12,322 per~
sons have been killed by hurricasnes, or an average of over 200 per
year. During this same period hurricanes have also caused at least
3 billion dollars of damage in this country, or over fifty million
dollars per year. It is estimated that over 90% of all fatalities
were from drowning and about 75% of all damage was from hurricane in-
duced sea action or floods. The rapid continuing growth of population
and construction along vulnerable coastal areas is increasing potential
casualties and property losses from tropical storms. If occasional
catastrophic property losses are to be avoided, better coastal gzoning
and scientific coastal engineering are necessary.

THE WIND FIELD

The mean wind field for the lowest 1000 meters around the center

has been calculated by Miller(l) for a large number of observations im
some twenty hurricanes. The wave heights (over the open oceans) depen
upon the wind velocity, the length of time the wind operates upon the

wave, and the fetch or distance over which the wind has blown in a rel
tively straight path. It can be seen from Fig. 5 that the highest win
occur in the right semi~-circle, and also that the winds operate wpon t
waves there for the greatest length of time in the direction in which

the storm is advancing, Thus the largest waves and swells are generat
in the right semi-circle., These move faster than the storm and may mo
many hundreds of miles out ahead of the center and eventually reach th
coastline, The direction from which these swells approach the coast i
determined by the storm's direction of motion and its bearing from the
place of obgervation at the time the swells were generated, Lines or

sones of convergence can alsc be 8sen in this composite picture, which
in individual hurricanes may form or dissipate or rotate a considerabl
distance around the center within s few hours, Although there is some
difference of opinion among storm surge specialists, it is not believe
thess convergence lines have any significant effect on storm tides,
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Fig. 4. Track of Hurricane Carrie, 1957.
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At the center of the storm's circulation is the 'eye! of the
hurricane., Formerly the sye was defined as the central portion of the
storm where the winds were light and variable and the skies partly
cloudy with no precipitation. In the classical hurricane, a cumulo-
nimbus type cloud, or 'wall' cloud, extending to 30 to 40,000 feet o
more tightly encloses this relatively calm area and within five miles
the wind may increase from 15 to as much as 125 mph depending upon th:
intensity of the storm. However, from radar it is evident that the
diameter of the precipitation eye is often much larger than the wind
eye. The precipitation eye 18 occasionally lO to 60 miles in diamete:
while at the same time the wind eye maey be only 15 miles achboss., The
complicated relationships between the sise of the eye and the maturit;
and intensity of the storm are beyond the scope of this paper except
to say that extremely high tides are rare in hurricanes with large
wind eyes; i.e., wind eyes with diameters in excess of 30 miles,

ENERGY CONSIDERATIONS

A tremendous amount of energy is released in a hurricane through
the process of condensation which has been estimated by some meteorol
gists as the equivalent of several hundred atomic bombs per minute,
About 15 te 20% of this energy is needed to drive the wind circulatio
of the storm(2). A large portion is necessary to maintain convection
in the hurricane, where the atmosphere is very close to the moist
adiabatic, Only about 2% is used to overcome the effescts of surface
fristion(3). While the hurricane is over water, waves and swells are
formed by the frictional action of the winds on the surface of the
water., These result in a dispersal of energy from the storm in all
directions,

Energy both in the form of sea action and maximum winds concen~-
trates the hurricane's destructive forces along the immediate coast-
line. Friction and often other factors tend to increase the atmos-
pheric pressure at the center of the storm diminishing the pressure
gradient and consequently the maximum winds near the center as the en
tire storm circulation moves over land. The energy which the sea
receives from the wind is dispersed radially from the storm. Part of
the energy directed toward the coast is used to raise the water level
over the continental shelf before the mein wind system of the storm
arrives at the shore, The energy arriving at the coast becomes pro-
gressively more concentrated until it reaches a maximum in the form ¢
wind, storm tide and storm waves with the arrival of the storm's
central area,

The rise in the ocean level induced by meteorological conditiont
should not, strictly speaking, be called a 'tide' since that term
implles a periodic rise and fall of the level of the oceens, Sines i
seems likely the term ‘storm tide! and 'hurricane tide' will continw
in popular usage within the foreseeable future thay will be used in
this paper interchangeably with the more technically correct ‘'storm
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surge', Definitions of the storm surge and the storm tide and dis-
cussion of the equations of motion governing storm surge generation
have been discussed by Harris(l).

The storm tide, or meteorological tide, resulting from hurricanes
can often be deseribed as having two stages, The first is the 'fore-
runner' which is a slow rise due to the shoreward transport of water
by shoaling mells and waves irrespective of local wind direction,

The rate of this rise in sea level varies as the concentration of
energy radiated from the storm through the water., The second is the
‘surge'! which 18 usually a more rapid rise caussd by direct transport
of water by hurricane winds and sometimes dellieved to be intensified
by a gravity wave possibly produced by a shoaling of the 'inverted
barometer' wave. Dr. I. M. Cline, Msteorologist in Charge of the
Weather Bureau Uffice at Galveston at the time, reported a rise of 4
feet in as many seconds at about the time of lowest presgsure during
the famous Galveston hurricane of 1900 and there have been sinmilar
observations in other hurricanes, The rate of the storm tide rise
near and a short distance to the right of the center of hurricane
Awirey, 1957, was about 1.5 feet per hour along the immediate Culf
coast for the L or 5 hours preceding the arrival of the center but
there was no authentic evidence of a bore or very rapid rise there,

Several outstanding stom tides, all in connectien with hurricanes,
have occurred along the Atlantie and (mlf coasts in this century,
namely: Galveston 1900 and again in 1915; Tampa Bay in 1921; Miami
1526; Palm Beach and Lake Oksechobee 1928 and again in 19193 the
Florida Keys in the Labor Day storm 1935; New England, particularly
Narragansett Bay 1938 and again in 195k; Hasel, south of Wilmington,
NoCo, 1954, and Audrey, Cameron, La., 1957, This list does not inolude
all the outstanding storms with kigh tides sinos 1900. The maximum
roported tides of all these storms averages 12.5 feet above mean low
water.

Of the 24 best documented storm tides along the coast of the CGulf
of Mexieo, the maximum storm tide heights averaged 10,3 feet with a
range Between 5 and 15 feet., The average maximum reported height of
1L fairly well documented storm tides of the Atlantic coast was 9.7
feet with a range between 3 and 15.5 feet., This group does not include
some entering the Florida peninsula where the average height of 15
major stomm tides between 1900 and 1955 was 9.8 feet, MSL. The number
of documented storm tides is not great enough to attach much significance
to the differences between the averagee for the various sections given
above but because of the predominately shallow coastal waters of the
Gulf of Mexico and the concavity of the coastline, a higher average might
be expected there, Very high storm tides will occur at the heads of
bays and estuaries, particularly when the storm center moves inland on
a course at an angle of 90” or less to the coast line (right quadrant).
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In Fig. 6, three stom tide graphs with height plotted as a
function of distance normal to the track of the storm center clearly
shows the maximum tide occurring at or immediately to the right of
the center., This slopes rapidly down to about the level of the pre-
storm tide height or the height of the 'forerunner' and then very
slowly diminishes with distance slong the coast. It is obvious that
a forecast of storm tide levels must be based on an accurate forecast
of the point of entry of the stomm center, which, unfortunately, is
not always possible,

The present methods of forecasting the hurricsne tide are largely
enpirical, and perhaps the one by Conner, Kraft and Harris(5) is the
most widely used. The basic tide producing ecapacity of the storm is
assumed to be indexed by its minimum central pressure, Other modifyin
factors such as (1) slope of the continental shelf; (2) shape of the
coast (concave or convex); (3) coastal topography and presence of bays
estuaries, etc., which tend to accentuate convergence or divergence of
ocean currents, must be evaluated qualitatively.
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In Fig., 7, tide heights are plotted as a function of lowest
pressures observed within a group of Florida and South Atlantic storms,
This results in a graph with considerable scatter. However, two lines
can be drawn, one representing the maximum and the other the minimm
tide heights produced by storms with the same central pressure. A tide
height 1s forecast which is a value between the maximwm and minimum as
determined From a subjectiwe evaluation of the modifying factors
described in the preceding paragraph. The centrel pressure of a hurri-
cane is usually, but not always, known. Probably hurricane Audrey of
this year was intensifying rapidly as she reached the Loulsiana coast
and her minimum pressure was not available to the forecaster. It is
well known there are other important factors which contribute to the
total storm height. Mention of these is omitted since at the present
time there is no known method of evaluating thelr eontribution.

A scientific analysis of a hurriceane tide presents manifold diffi-
culties., Construction of a laboratory model would present several
difficult if not insoluble problems. The moving short radius of curva-
ture with proportionate pressure distribution of the hurricane wind
field probably defies duplication. And, in nature, the quantitative
contribution of the numerous factors determining the total storm tide
have proven impossible to evaluate separately up to this time,

In conclusion, I would like to acknowledge the very considerable
contribution of Mr. William McGehee, storm surge forecaster at the
Miemi Hurricane Forecast Center, in the preparation of this paper,
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CHAPTER 3
REVISIONS IN WAVE FORECASTING:

DEEP AND SHALLOW WATER

Ce Le Bretschneider
Hydraulic Engineer (Research) Beach Erosion Board
Ue. Se Corps of Engineers, Washington, Ds Ce

ABSTRACT

During the past six years since the latest revisions in wave
forecasting (Bretschneider 1951) were made, much information has
become available such that another revision is in order. An abundance
of published (and unpublished) accounts of wave generation and decay
in botn deep and shallow water from various sources, as well as new
ideas in the art of wave forecasting, are used in this revision. Deer
water wave forecasting relationships, relationships for the generation
of wind waves in shallow water of constant depth, and techniques for
forecasting wind waves over the Continental Shelf are included in this
paper. Forecasting hurricane waves is also discussed, from the
engineering design point of view. The concept of significant wave is
still retained as the most practical method in wave forecasting to
date. The significant period has definite significance in that the
wave energy is propagated forward at a speed approximately equal to
the corresponding group velocitye.

The graphical approach (Wilson 1955) for moving fetches and
variable wind vectors is discussed, and is the best approach for
forecasting waves. Without Wilson's graphical technique it is
difficult for any two forecasters supplied with the same meteorolog-
ical data to obtain the same degree of verification, or determine
whether the forecaster or the forecasting relationships are in error.
It is quite possible that by use of this technique further revisions
in wave forecasting are posgsible.

The problem of wave variability is discussed, and the distributior
functions are given. A short summary of the wave spectra (Bretschneide
1958) used in connection with the revisions is also given.

When the present forecasting relationships are applied to sections
of the world, other than that from which the basic data were procured,
it is recommended that atmospheric stability factors be taken into
account. This essentially involves a slight modification or calibratic
of the forecasting relationships and techniques, prior to general use
in the area of interest.

INTRODUCTION

Ordinary gravity waves have been classified by Munk (1951), and
are ocean waves having periods between 1.0 and 30 seconds. This
range of periods is included in the spectrum of ocean waves, which
at the lower limit are capillary waves having a period less than 0.1
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second and the upper range transtidal waves having a period of 24
hours and greater. Waves having a period between O.1 and 1.0 second
are called ultragravity waves. Hence, gravity waves in general in-
clude both ordinary gravity and ultragravity, although the latter are
affected by surface tension. When discussing ocean waves in this
paper, the meaning is intended to be these gravity waves,

Deep waler waves are defined as gravity waves unaffected by the
depth of water. For all practical purposes deep water waves have wave

lengths equal to or less than twice the water depth. All other waves
are considered as waves in shallow or intermediate water depths.

When forecasting waves use is made of the term significant wave.
The significant wave height is the average of the heights of the
highest one-third waves in a wave train or wave record. The mean
period of the significant wave is termed the significant period.
Sometimes the significant wave is defined for the convenience of wave
record analysis according to Wiegel (1953)s A length of wave record
is selected, usually of 20 minutes durationj; the high groups of waves
are selected to determine a mean period, called the significant
period; the length of record in seconds is divided by the significant
period to obtain a wave numberj one-third of this number is the
number of waves to consider in determining the significant height,
beginning with the highest wave. Both of the above definitions give
almost the same results, the latter being a time saver in the
analysis of wave records.

Wave forecasting may be classified into three general groups,
(a) ordinary deep water wind waves and swell; (b) wind waves and
swell in shallow water; and (c) hurricane wind waves and swell, deep
or shallow water, The above cases are discussed in this report,
although none are completely understood at present.

By ordinary wind waves is meant waves generated by stationary
or slowly moving storms, having more or less constani wind speed and
direction., More knowledge is available on ordinary deep water wind
waves than on any of the other above two topics. Wind waves in
shallow water of constant depth is fairly well established, at least
semiempirically. Hurricane wind waves in deep water are least under-
stood, chiefly because of the lack of data, both on winds within
hurricanes as well as the complex nature of the sea. The transforma-
tion of sea into swell and the decay of swell is partly understood,
at least physically, although suitable wave theory and data are
lacking for an accurate description of this phenomenon.

FORECASTING DEEP WATER WAVES

Little literature was available prior to World wWar II on wave
generation and ddcay. During the war advance knowledge of wave
activity was required for areas where amphibious landings were plann-
ed. This problem was first attacked by Sverdrup and Munk (l9h7§,
who combined classical wave theory with available data to obtain
semiempirical or "semitheoretical® wave forecasting relationships.

31



COASTAL ENGINEERING

This was the first great advance in the art of wave forecasting, and i
known as the significant wave method of forecasting, sometimes referre
to as the Sverdrup-Munk-Bretschneider or SMB method. Actually the B
in the above method deserves little credit at the most, since it becam
attached through a simple revision (Bretschneider 1952) of the origina
work by Sverdrup and Munk (1947), which already had experienced its
first revision by Arthur (1947). These revisions were based on
additional wave data not available at the time of the original work of
Sverdrup and Munk.

At present two main schools of thought exist for deep water wave
forecasting, (a) the significant wave method, mentioned above, and
discussed in more detail in the present paper, and (b) the wave spectr:
method, discussed by Pierson, Neumann and James (1955), referred to as
PNJ methods Both the SMB and the PNJ methods have certain advantages
and certain disadvantages, since neither method has realized the
perfection desired in the art of wave forecasting. The desired perfec:
tion of either the SMB or PNJ method might be attained in the near
future by use of the graphical approach to wave forecasting as given
by Wilson (1955), supplemented with additional wave data for calibra-

tion purposes.

Two other methods of forecasting waves may also be mentioned, (a)
the method of Darbyshire (1955), and (b) the method of Suthons (1945),
both European methods. The Suthons method is the least familiar but
similar in techniques and principle to the SMB method. Darbyshire
method is based on the development of a wave spectrum, quite different
than the Neumann (1953) wave spectrum. An important consideration is
that each of the four methods is based essentially on wave data, and
hence each must give forecasts as accurate as the data from which the
particular method was derived. It is foolish for PNJ to evaluate the
Darbyshire method using PNJ data, just as it is for the present author
to evaluate the PNJ method using SMB data, and vice versa. That is to
say each method has inherent characteristics associated with the pro-
curement of data. A very objective verification study of the above
four methods was made by Roll (1957), and the general conclusion was
that each method works better for the particular region from which
the principal data were obtained. Perhaps, even better verification
might have been obtained provided the individual contributors made
the forecast, each using their own methods and techniques.

GENERATION OF DEEP WATER WAVES BY WIND OF CONSTANT SPEED AND DIRECTION
The present revisions are based on the SMB technique. As shown
by Johnson (1950) and perhaps others, one may arrive at the generating

parameters by use of the PI-theorm (Buckingham 191k} and dimensional
analysis. These parameters are:

gals-8] o
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c = T = f. t
._(2 ..g_— 2 g-g- ’_g_ ’ where (2)
i) 21U U i)

He= Hl/ = gignificant wave height, feet

Co 3 = wave speed in deep water, feet/second

T = Tl/3 = wave period, seconds

g = acceleration of gravity, 32.2 feet/second?

U = wind speed in feet per second

t = duration of wind in seconds

F = fetch length in feet

Equations 1 and 2 are for constant wind speed and direction.

Figure 1-A is a revision of the Fetch Graph of Bretschneider (1952),
originally revised from Sverdrup and Munk (1947). The upper limits of
the generating parameters, corresponding to a fully developed sea are
obtained by use of the wave spectrum proposed by Bretschneider (1958),

a short abstract of which is given at the end of this paper. These
upper limits are reached when

451 T

s TG (3)
2™ 27y

gl

.._..{_3. = ,282 (L)
U2

er 2 6x 105 where (5)

U2

T1/3 = gignificant wave period, T = mean wave period, and

H1/3 = gignificant wave height.

The original curves of Sverdrup and Munk (1947) places the upper
limit corresponding to '/UZ = 105, those revised by Bretschneider
(1952) at gF/y2 = L x 10", and those utilized by Pierson, Neumann and
James (1955) at gF/U2 = 105. It can be seen that all previous in-
vestigations underpredict the parameters for a fully developed sea.

A fully developed sea for moderate to large wind speeds can never be
experienced on this world. However, about 90 percent of the fully
developed sea is reached at gF/;2 = 105, but the last 10 percent of
the generation takesplace over a very much longer fetch length., For
low to moderate wind speeds, storms moving across the Pacific Ocean

33



COASTAL ENGINEERING

3
I\
:
T
3 oA oot .
3
; %“'_!' ™ T 4- df— 8, 9
3 [ | A .,% A RIE
- _/ K
. 'J \"r\ :
3 5
g o )} * T
; =i e H -
= ~
po=g L""'Eiﬁ. o R ~

ExTREME

0 Originel Dola Bumraiug nd Mumk 94T

0+ Original Dol Bretachneider 1881

© o Abbolls Lagooh Dato (ushnsen 1880 ) joose

Froncls
WATER NOTATIONS
x L A | T » Signiticasl Porisa

1) g ¥ N o Sigaitieos] Heleht
x Fofalen Longth
1 uralisn of Wine

U e Wind Spesd
& # Acssiollon of Gravity

To gl T weos wovs Loagth

. W Moon Maight
T ueon Meilsd
o0 Moo Squsie S Burlate Slope

o Paismaior ter Wave Spacio

181 TABLE | FOR ADDITIONAL INFORWATION)
. L e
10~ 1ot w 0 0 w08
o/t

REvISED 1958

Fig. 1A. Fetch graph for deep water.

Dog
-
LT
T . J
st 2
o V8 — ] o o,
o 9
2=y " v s 34 S [
P bR
o luo
° 7 ° LH b ©
(L
) 1N
// oF U

@ Qriginal Data Suerdewp and Munk 1B4T

s o Pt Reyes, Callfarsla

4 Sratschneider end Rice  (Berkelsy wave fonk)

> r’ * Sigalticant Perled
L1 Hy+ Slgniicant Helght

¢

1+ Ourafian 6t Wind

I N S

U« Wind Spesd

@ * Acceteration of Gravily

10 1 (1] [ 104 (13 0
o ot/

Fig. 1B. Duration graph.
34



REVISIONS IN WAVE FORECASTING:

DEEP AND SHALLOW WATER
might generate a fully developed sea.

The lower limits of the fetch graph are obtained from Bretschneider
(1958) ¢

& = ,0193
2nU (6)
€11/3 . ool
2mU
- 1
H/'I: = 7—-
I
L 21
= - 1.078(T)°
(n
gl = 000357
2
U
E{i/}_ = ,000572
v
& - L0046
w2

Using the upper and lower limits given above, and the available
wave data, Figure l-A, the Fetch Graph, was constructed. The curve
of g"f /ony is a first approximation for mean wave period, based on

meager data and the asymtopic limits given above. This curve may
need a slight revision when more data become available.

The Duration Graph, Figure 1-B, can be constructed from the Fetch
Graph and the considerations following. The duration of time required
for generation depends on the fetch distance traveled and the group
vel ocity appropriate to the most energetic waves. It is shown by
Bretschneider (1958) that the band of waves having a period very nearly
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equal to the significant period are the most energetic. This is as

should be expected. For very low values of &F/y2 the significant
period is equal to the period corresponding to the band of waves

having maximum energy, and for a fully developed sea the significant
period is 1,027 times the period corresponding to the band of waves
having maximum energy., Thus it must be emphasized, that the signific
period has definite significance, the significance being that it
represents very closely the period appropriate to the band of waves
having maximum energy, and hence may be used to determine the duratio
time required for wave generation.

The general form of F = Cgt (fetch distance is equal to group
velocity times time) can be applied in differential form dt = _L dF,
Cg
vhere Cy, the group velocity is a variable and increases with time an
distance. In parametric form the expression becomes:

g = /__;J_ a (&F/y2), where (8
U Cg

C 1 T .
..g B - ng/3 -‘172‘2 s where Top (9'
i 2 2 U 1 /3

corresponds to the optimum period around which is concentrated maximun
energy. Top/7y /3 varies from 1.0 at gFf/y2 —~0 to 1.027 at

gF/y2 = 6 x 105, with maximm of 1.0375 at gF/y2 = 200,

Numerical means and Figure l-A were used to establish the Duratic
Graph, Figure 1-B, Figures 1-A and 1-B were used to construct the
forecasting curves presented in Figure 2., Table I summarizes the fine
selected values of generation parameters., The parameters a ,c“and € s
discussed later in the paper with respect to the wave spectra.

Short Fetches and H;glg Wind Speeds. For short fetches and high
wind speeds, it was shown by Bretschneider (1957) one might use the
following formulae as first approximations:

H = ,0555 A/U°F (20

T = .50 \Y/ 0% , and (11
F ——

_!l_:.i.il = .57 h U2F = lolh T, (12
t]ﬂln

These equations will result in slightly different values of H and T
than those obtained from Figure 2, and should therefore be used with
caution. However, these equations become quite useful when discussing
hurricane waves later in this paper. In the above equations:
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= gignificant height in feet

= gignificant period in seconds

= wind speed in knots

fetch length in nautical miles

Fmin = minimum fetch length in nautical miles
tyin = minimum duration in hours

HoaAam

The value of F to use in equationsl0 and 1l must be equal to or
less than Fpjpn obtained from equation 12.

GENERATION OF DEEP WATER WAVES BY VARIABLE WIND SPEED AND DIRECTION
AND MOVING STORMS

If the wind field is not too irregular and the movement of the
storm is fairly slow, then Figure 2 can be used to advantage. Methods
of techniques used are given by Kaplan (1953). However, when the
variables are ill~defined then the graphical method proposed by Wilson
(1955) must be used, the method of which also applies for winds of
constant speed and direction. Figure 3, wave forecasting curves used
by Wilson (1955), is somewhat different than the revised curves of
Figure 2. Whether Figure 3 or Figure 2 is more accurate under steady
wind conditions is difficult to say. The important thing is that
Figure 3 can be used readily for ill-defined storm situations whereas
the use of Figure 2 becomes somewhat awkward, even with the additional
techniques proposed by Kaplan (1953). Figure U is a typical profile of
a variable wind field taken from Wilson (1955). Figure 5 is a typical
example taken from Wilson (1955) in the application of the graphical
technique. In explaining Figure 5 the following is quoted from Wilson

(1955)s

"Wind of Variable Velocity in a Variably Moving wWind System of
Finite Fetch

"Digpenging now with the restriction of a uniform wind
velocity, U, but retaining the concept of uniformity along
closed contours of a space~time wind field, it becomes
possible to represent a wind system that has both variable
wind velocity and variable speed of forward (or rearward)
progression by a wind~field of closed contour lines whose
intervals apart represent equal increments of wind velocity
Ue

"Figure 5 shows such a wind-field with contours of wind
velocity at S5-knot intervals from 20 to 4O knots. Superim-
posed thereon at an arbitrarily selected point O in space
and time is the HtFt diagram with H(F), F(tq) and T(tq)
curves drawn in for the same 5-knot intervals of wind velocity
U from 20 to LO knots.

"The problem now is one of determining the history of
the height and period growth of the waves originating at the
point O,
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“Tn relation to the wind-field the origin O is
seen to be at a point where the wind velocity would be
of the order of 21 knots. Waves originating at O would
be obliged to follow a space-time path somewhere along
the belt of propagation lines forming the relationships
Fy(td)e It is clear that the actual path of the waves
must initially be along a line intermediate between the
propagation lines for U = 20 and U = 25 knots as far as
a, the intersection point with the 25-knot wind-field
contour. Along the path Oa the waves would be under the
influence of winds ranging from 21 to 25 knots so that,
to all intents and purposes, Oa can be regarded as the
propagation line for U = 23 knots.

"Over the same interval of time the growth in
significant period of the waves will follow the line Ob
(Figure 5), equivalent to the curve Ty(tq) for U = 23
knotse

®Having arrived at a, the waves pass into the next
incremental wind zone over which wind velocity rises
from 25 to 30 knots. Their further space-time path from
a to e must be at a rate (or group velocity) appropriate
to the average wind of U = 27% knots, but the propaga=-
tion rate must start off from a at the same slope as the
line Oa has at a.

"To ensure that the group velocity shall remain
the same at the transition, it becomes necessary to
trace a line bc at constant period and locate a point ¢
intermediate between Tpg(tyq) and T3g(tq)e The condition
of constant period ensures constant wave group velocity
since group velocity is directly proportional to wave
period under deep water conditions. By drawing the
abscissa cd, the point d is found intermediate between
the curves Fog(tgq) and F3O(td). An imaginary propaga=-
tion line Fp7i(tq), drawh through d would now have the
same slope as the curve Oa at a. To find ae, therefore,
it is only necessary to transcribe, as it were, a piece
of the F27%(td) curve from d, parallel to itself, and
add it to the curve Oa at a., By this means the point e
is established,

"In the same sense, by transcribing a portion of
the curve Tgﬁ.(td) from ¢, parallel to itself, and adding
it to the curve Ob at b, the point f can then be located
(via ef), marking the further growth in period of the
waves, bf, under the influence of the 25 to 30-knot wind.

*This procedure may be followed consistently to
trace the actual space-time path of the waves, Oaekosw,
through the wind-field and to give the history of the
period growth of the waves, Obflptx. It will be noted
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that the same method applies in the zone of declining
wind velocities as in the zone of increasing velocities.
Thus the portion os of the wave propagation curve is
drawn parallel to F3pi(tg) at r, the wave group velocity
at 0 and r being different in the declining 35 to 30~
knot wind zone from that at h and k in the increasing

30 to 35~knot wind zone.

"The graphical charting of the corresponding
growth in significant height of the waves follows
essentially the same procedure as described above.

The curve Ob! follows the Hp3(F) isoline as far as b',
which is the intersection point with the ordinate drawn
through a. Further increase in height of the waves in
the next incremental wind zone (U = 25 to 30 knots) must
continue at a rate appropriate to Hp7i(F), starting,
however, at the same height as at b'. Accordingly bif!
is drawn, parallel to Hp74(F) at ¢!, to give the inter-
section point f', with the ordinate drawn from e on the
propagation line.

#The final curve of significant wave height follows
the line Ob'f'l'p' and tapers off to a maximum value
which is maintained to the end of the wind field. In
the same way the curve of significant wave period,
Obflptx, is found to taper off to a maximum value of
wave period."

The above quote from Wilson (1955) should be sufficient to under-
stand the practical applications of the graphical technique, but if
more details are required the reader is referred to the paper by
wilson (1955). Experience and practice of course are necessary to
perfect one's techniques in the above method.

DECAY OF WAVES IN DEEP WATER

When waves leave a generating area and travel through an area of
calm or lighter winds a transformation takes place. The significant
height decreases and the significant period shifts to the longer
period waves, resulting in an increase in the mean period (significant
period) of the significant height. To understand the meaning of the
above statement one must refer to the spectrum of waves, and the
original work of Barber and Ursell (1948). Although one forecasts the
significant height and period, it must be remembered that the sea is
actually made up of a spectrum of waves, with varying amplitudes and
frequencies or periods. The work of Putz (1952) and that of Longuet-
Higgins (1952) show the distribution of heights about the mean height,
and Putz (1952) shows the distribution of periods about the mean
period. The theoretical distribution of neights by Longuet-Higgins
is known as the Rayleigh type distribution based on a narrow spectrum,
and the agreement is surprisingly good with the distribution obtained
by Putz (1952) based on the analysis of wave records. Thus the
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significant height can be related to the distribution of all heights
in the spectrum, and the significant period can be related to the
distribution of ail periods in the spectrum, when the significant and
mean wave periods are nearly equal. The joint relationship between
the individual heights and periods has not yet been established
satisfactorily. An unsuccessful attempt to determine the joint dis-
tribution was made by Bretschneider (1956), except for the special
case of zero correlation. A revision of the work on the joint
distribution is presently under way. This, together with the wave
spectrum derived therefrom, should be valuable in future studies in
regards to the decay of waves. Remarks on this matter are discussed later.

However, the physical behavior of the decay of waves in the form
of either joint distribution or wave spectrum can be visualized accord=-
ingly: first, the heights of long period waves are reduced proportion-
stely less than the shorter period waves for the same decay distance.
Furthermore, the long period waves travel faster than the shorter period
waves and hence will be dominating. With respect to decay distance the
height will deerease and the period increase for the significant waves.
Consider now a fixed decay distance with respect to time. First will
be noticed the arrival of long period swell, and some time later the =
shorter period waves begin to arrive, which in effect causes a decrease
in significant period with respect to time. 1In case of deep water
waves the decrease in significant period with respect to time will
continue, but the lowest value of this significant period can never be
less than the original (generated)significant period. Thus, with
respect to distance, there will be a space time history of the joint
distribution or the spectrum of waves, and a space time history of the
significant waves. The work of Barber and Ursell (1948) shows thisg to
be true. The same discussion applies to the mean height and the mean
period, wherein certain low period waves are completely filtered out.

General expressions for the decay of waves can be written as
follows:

Hp D gF FT

—_— = f ’ sy L

M 1 ] a2 0 W] (13)
TD = [ D » F_‘

D=, | — s X (1L)

where HF = gignificant height at end of fetch
Hp = gignificant height at end of decay
8F/U2 = generating parameter

D/g‘l'D2 = decay parameter
F/W = ratio of fetch length to fetch width
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Exact relationships for equations 13 and 1l cannot be obtained
due to lack of proper wave data. In most cases F/W does not vary
much, and its effect, if any, is lost in the scatter of wave data.
By empirical means relationships were found (Bretschneider 1952) for
wave decay as follows:

D =1 D s D] ,and 1s
D D D
gTp Ty

The empirical relationships were transformed into practical curw:
for forecasting the decay of waves. This is shown in Figure 6. It
must be emphasized that Figure 6 still requires revisions, based on
more suitable wave data. In the development of Figure 6 wave data in-
cluded that from the Pacific Ocean, both from the northern and southe:
henmispheres. Waves from the southern hemisphere had decay distances
from 4,000 to 6,000 miles, and those from the northern hemisphere had
decay distances from 50 to 3,000 nautical miles. The waves in the
fetch were forecast by use of the generation graphs. Twenty-four
hourly weather maps of the southern hemisphere and twelve hourly
weather maps of the northern hemisphere were used to obtain wind
speeds and fetch lengths. Twenty-four hourly maps are never very
satisfactory.

Perhaps a properly calibrated wave spectrum method needs develop-
ment for prediction of waves in the decay zone. In either case more
reliable wind and wave data are required to obtain accurate decay
relationships.

DECAY OF DEEP WATER SWELL OVER SHALLOW BOTTOM

Figure 6 presents curves for cbtaining the decayed wave height
and period for deep water. The swell may have advanced hundreds of
miles and in some cases such as southern swell, several thousand miles
The greatest rate of decay takes place over the first few hundred
miles, after which the rate is not so great. However, if the swell
advances into shallow water, the rate of decay may again increase due
to dissipation of wave energy by bottom friction and percolation in
the permeable sea bottom. Putman and Johnson (1949) have developed a
dissipation function for bottom friction and Putman (1949) presents
a dissipation function for percolation in a permeable sea bottom.

Using the above-mentioned digsipation functions, Bretschneider
and Reid (1954) have obtained a mumber of solutions and present a
number of nomographs for determining the change in wave height (or
change in wave energy) due to bottom frietion, percolation and re-
fraction, for swell traveling over a shallow bottom. Since it is
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difficult to isolate the individual effects of percolation and bottom
friction, an overall bottom friction factor can be used.

The actual height of swell traveling over an impermeable bottom,
water of constant depth and no refraction is obtained from

Hpg = K¢ Kg Hpo, where

Hpo is the deep water decayed height. Ks is the reduction factor to
take into account wave energy loss due to bottom friction. Kg may be
obtained by use of Figure 7. Kg is the shoaling coefficient and is
given in terms of Ho/Hp, as a function of d/Lo in tables by Wiegel
(1954). Figure 8 of the present paper gives Kg as a function of T2/d.

At this point consider an example of a wave forecast, given:

U = 30 knots

F = 400 nautical miles

td = 36 hours, duration of wind

Do = 600 miles in deep water

Ds = 50 miles decay in shallow water

d = 50 feet constant depth over the 50 miles in

shallow water
f = .01 bottom friction factor

From Figure 2 for U = 30 knots, F = 40O nautical miles, ¥d = 36
hours, read Hr = 17,0 feet and Tr = 12,1 se%onds, Fimin = 400 nautical
miles. From Figure 6 read Hp/HF = 3 and TD/TF = 1,22. Thus the
decayed wave height and period at the end of the deep water section
respectively, are

Hpo = 17,0 x U3 = 7.3 feet
Tp = 12,1 x 1,22 = 14,8 seconds

Over the last 50 miles further decay is possible by using
D = 650 miles instead of 600 miles. However, this will be much
smaller than the reduction due to bottom friction, and does not
combine linearily. Now also, the significant period will shift back
to the lower periods since waves having longer periods are first
affected by bottom friction. At present this factar also will not be
considered.

Figure 7 is used to obtain the reduction factor Kr

fHmAX _ +01 x 7.3 x 50(6080)
a2 50°

Compute 8.9
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and T2 B ) g
3 50

From Figure 7 read Kf = .38
From Figure 8 read Kg =1.05

Thus, the 7.3-foot wave height, after traveling 50 miles over a
shallow depth of 50 feet, will be

HDB w Te3 (038)(1005) = 2.9 feet.

The general procedure, however, since the Continental Shelf is not
a flat bottom, is to segment the traverse between two orthogonals, each
segment assuming a mean water depth. In this manner refraction can
also be taken into account. If more detailed information is required
one might decay elements of the joint distribution or spectrum of waves
and thereby obtain also the change in significant wave period., The
primary purpose of the above discussion is to show that a numerical
process is possible to obtain wave height reduction in shallow water
due to bottom friction, percolation, and refraction.

FORECASTING WIND WAVES IN SHALLOW WATER

Less information is available on wind waves in shallow water than
for deep water. This is true in regards to both theory and available
datas The first infarmation on this subject is given by Thijsse (1949),
based on laboratory data. Additional data and relationships were
brought forth by Dr. Garbis Keulegan of the National Bureau of Standards,
although never published to the knowledge of the present author. The
Us. S. Corps of Engineers, Jacksonville District (1955), performed an
extensive field investigation on wind, waves, and tides in Lake
Okeechobee, Florida. Based on the hurricane wind and wave data from
Lake Okeechobee, and some ordinary wind wave data from the shallow
regions of the Gulf of Mexico, Bretschneider (195L) was able to
establish a numerical procedure for computing wind waves in shallow
water taking bottom friction into account. A friction factor of
f = ,01 appears satisfactory. Presently these techniques are used far
the Continental shelf, but may require further calibration when more
wind and wave data are available,

GENERATION OF WIND WAVES OVER A BOTTOM OF CONSTANT DEPTH

If d/T2 < 2,5 feet/sec?, then the waves effectively "feel bottom"
and the depth and bottom conditions enter as additional factors with
respect to the heights and periods of waves which can be generated.
The effect of frictional dissipation of energy at the bottom for such
waves limits the rate of wave generation and also places an upper
limit on the wave heights which can be generated by a given wind speed
and fetch length.
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The following expression for the reduction in height of waves
traveling over an impermeable bottom of constant depth without refracti:
is obtained from Bretschneider and Reid (1954).

-1
) frAX +1 (1

TR TOE
8

vwhere H = the final height at X
H) = original height at X = X;
AX = X - X3, the horizontal distance of wave travel in feet
f = friction factor (dimensionless), a characteristic of
the bottom
T = wave period in seconds

Kg = shoaling factor, given as H/H:, in tables by Wiegel

(1954), also given in Figure 8

3
6 3 Kg N 2
e = 332 [si'ﬁﬁ 21 37L] s sec ft (1

d = depth of water in feet

2 2md
L = g/2n T° (tanh - ) , wave length in feet

g = acceleration of gravity in feet/sec2

Equations 18 and 19 are based on consideration of waves of small
steepness and therefore represent only an approximation for waves near
the maximum steepness,

‘Ir{}/xe solution of Equations 18 and 19 is given in Figure 7, where
Kf = Hl.

Figure 1, the deep water wave forecasting relationships, in effect
represents the generation of wave energy in deep water as a function of
F, U, and t, since the energy is proportional to H2; whereas Figure 7
represents the dissipation of wave energy due to bottom friction.
Figure 1 and equation 18 were combined by a numerical method of succes=
sive approximation to obtain relationships for the generation of waves
over an impermeable bottom of constant depth. Best agreement between
wave data and the numerical method was obtained when a bottom friction
factor £ = ,01 was selecteds Perhaps a "calibration friction factor"
is a more appropriate term, since it would take into account other
influential factors not normally included in the friction factor term.
Figures 9 and 10 are the results of these computations, Actually the
curve of gr/U versus gd/U2 is based on the wave data, whereas the
curves of gH/U2 versus gd/U2 and gF/U2 are based on the numerical
computations. The curves of these figures are not too much different
from those presented by Thijsse and Schijf (1949). Figure 11, based on
Figure 9, gives wave forecasting curves for shallow water of constant

48



REVISIONS IN WAVE FORECASTING:
DEEP AND SHALLOW WATER

.c /
L

0.9 1 I} S I ) Il L1 i L —1
ol 02 03 05 1o 2 4 [+] 20 30 40 50 100

74
Fige 8. Shoaling coefficient K, vs T2/d.

DEEP WATER
. =y Lt
® oty
id
. FRY
L~ rag s
1 .
o . o
2
1 Ty A
o o "
i . |
. .
)
§ V
.
T
lu‘ 107! OEEP WATER
O] LIAET
2
L)
My ! a A
pA RV LY L’
44— DEMAINT] e 1L
9 ! [ ]
N o |8
N
. EY 4
% 1072 =V
2 e b
, % i
P LJ
-+ 3 4
L) @ — o
6 A 7/ o« — LAKE OKEECHOBEE (Fov significont wave haight L1 }
&7 T 30 foet)
. 4@"/ ®— MAGNOLIA OJL STRUCTURE 1I19F (d:40 feet) —u—ﬁ
103 &7 o—PURE OIL STRUCTURE A (d=12 fesl)
o7
& NOTE o
2 ——-—q’\»*/' ANALYTICAL RELATIONSNIPE SHOWN BY CURVES [
<& OBSERVATIONS BY SYM
/4 BASED ON STEAOY STATE conomons ANO
Lz +_BOTTOM_ FRICTION FACTOR, {:_Ol {
] 2 4 o 8 2 4 ¢ 9 2 4 e 81 2 4 ¢ 8 1

10! - | 1

st

Fige 9. Significant wave height and period as functions
of constant water depth and wind speed.

49



COASTAL ENGINEERING

depth, and unlimited wind duration and fetch length. Figure 10 may
be used when both the fetch length as well as the depth are re-
stricted.

The important fact from the above material, however, is the
establishment of a numerical procedure for computing wind waves in
shallow water of constant depth which can be verified by use of wave
data. This procedure can be extended to a bottom of constant slope,
wherein the bottom is segmented into elements, each element having a
mean depth assumed to be constant.

FORECASTING WAVES OVER THE CONTINENTAL SHELF

In general, for any locations on the Continental Shelf, three
special cases for wind-wave generation exist: (a) winds blowin
parallel to the coast, (b) winds blowing from land to sea, and (c)
winds blowing from sea to land. These are discussed below.

(a) Case I - Winds Blowing Parallel to the Coast - In this
case, except where very irregular bottom topography exists, the best
approach is to use the flat bottom relationships, Figures 9, 10, or
11, as the case may be. Wherever wave data are available, however,
it is recommended that a calibration be made of the forecasting curves.
When refraction becomes important, the numerical method must be used.

(b) Case IT - Winds Blowing From Land to Sea - In a report by
Bretschneider and Thompson (1955) it was shown that for most of fshore
winds, waves are generated which do not feel the bottom, at least for
the Gulf of Mexico. This is probably true for other Continental Shelf
areas, and the reason is that the fetch length, increasing seaward, is
generally limiting., As the fetch length gets longer the wave period
gets longer, but the water depth becomes greater. This would indicate
that for offshore winds, one may use the deep~water forecasting curves,
Figure 2, However, for the cases where the Continental Shelf is long
and relatively flat, Figure 10 might be used, or perhaps the numerical
methode.

(¢) cCase III - Winds Blowing From Sea to Land - This is perhaps
the most complex situation for wave generation, and no one set of
generalized curves can be developed similar to those for Cases I and
II. However, forecasting curves have been worked out by Bretschneider
(1956) for various sections of the Gulf of Mexico. In general, each
section or location has a different bottom profile leading shoreward
from various directions. In some cases refraction must also be
considered, and hence the numerical method must be used. The numerical
method is calibrated by use of hurricane wind wave data from Lake
Okeechobee, Florida and a limited amount of ordinary wind wave data
from the Gulf of Mexico, and it appears that a bottom friction factor
of £ = ,01 is also applicable to the Continental Shelf. It must be
emphasized, however, that when more wave data become available for the
Continental Shelf, a refined calibration of the method should be made.

In regards to wave generation by onshore winds, there are two
conditions to consider. First, the initial deep-~water waves generated
may be propagated shoreward as swell under the continued influence of
the generating winds; and second, regeneration of wind waves is
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constantly taking place all along the fetch over the Continental Shel
Swell will feel bottom far from shore and commence losing energy at a
early stage, whereas wind waves with shorter periods continue to grow
and do not feel bottom until they are sufficiently large and are near
ing the coast. In deep water one would observe the largest wave heig
and longest periods, and in the shallow water both the significant wi
wave heights and periods will have decreased, although a presence of
swell might be noted. In the breaker zone one would observe both swe
and wind waves. Hence, the shift of significant waves in the spectru
will be toward the lower periods, opposite to that for deep water dec
where the shift was toward the longer periods.

Steps in numerical procedure for computing wind waves generated
up the Continental Shelf from deep water shoreward are as follows:

(a) A wind speed is selected, and a graph of Hp and T
versus fetch length is computed from Figure 2.

(b) The minimum fetch length Fyjp, is selected correspondin
to the wind speed, actual fetch length and minimum duration. Hp and '
are determined at F = Fyin.The deep water wave length is computed fra
Lo = 5.12 T2 and the waves will begin to feel bottom at a depth
d = Lo/2. This is the initial point from which to begin computations.

(c) The bottom profile along the fetch toward the location
of interest is determined. The traverse is segmented into at least
10 to 15 equal increments A F, of about 10 to 5 miles or less in leng
each,depending on the bottom slope and width of the Continental Shelf
Figure 12 is a schematic diagram illustrating the procedure.

(d) An average depth, dgyét, is determined over each in-
crement (Figure 12).

(e} A deep water wave height, Hp, and wave period, T, is
determined at the beginning of the first increment of AF using deep
water relationshipse

(f) This value of Hp is then assumed to travel over the
increments AF as swell, taking bottom friction into account. This is
done by use of Figure 7. The quantity _fﬂ} is determined, using

d

#It is assumed that wind set-up has been computed and is included in
the depth. For high winds and shallow water, the wind set-up or storn
surge must first be computed before wave computations begine.
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bottom friction factor (f = ,01); Hy = Kp KS Hos where Kg is the shoal-
ing coefficient obtained from Figure 83 Ky is the refraction coefficient
over the incremermt A¥; AX = 6080 AF, where AF is in nautical mlles‘

d = dyye, average total water depth over the increment AFj; and T /d is
computed using the average significant period over the increment and
the average depth, dayee Kr is read from Figure 7 and the actual
significant height at the end of the increment AF is equal to

Hg = Hp K¢ Kg Kpe

, (g) An equivalent deep-water wave height Hé is obtal ned from
Ho = K¢ Hg (20)

(h) Using H{ and Figure 2 an equivalent deep water fetch
length Fe ig obtained. For the case of regeneration of wind waves one
also obtains an equivalent deep-water period, T,

(i) An equivalent deep-water wave helght is determined at the
end of the second increment for F = F§ +AF < Fpins using Figure 2. For
the case of regeneration of wind waves one also obtains an equivalent
deep=-water period.

(j) With the average wave height 1/2(Ho + Hbz) steps f, g,
h, and i are repeated. (This gives the swell height when the wave
period T is held constant; T is given at the beginning of the first
increment for U at ¥ # Fpj,)e Using the average of the periods
1/2(Toy + Top) steps £, g, h, and i are repeated. This gives the re=
generated wind~wave height, The above procedure is used for all except
the last increment or until the waves break, whichever occurs first.
The last increment of AF cannot be treated by the above method since
here the bottom slope increases too rapidly and the surf zone is ex-
perienced. The procedure can be used for depths from deep water to
about 20 feet, but has been applied up to depths of 12 feet, when the
winds are not too great, Figure 13 is a typical example of wind-wave
forecast for a 26-knot wind. Note, the last increment must be treated
as surf,

The above procedure can also be set up on a high speed computer,
and for a particular area one could determine a family (or families) of
forecasting curves similar to Figure 13. This would be desirable, once
sufficient data are available for a refined calibration.

If the wind is variable in speed and direction, the graphical
method of forecasting waves in deep water by Wilson (1955) might be
extended to 1nclude shallow water computations. This can become quite
involved, but could be programmed on a hign speed computer.

FORECASTING WAVES GENERATED BY HU~RICANES

The problem of forecasting hurricane waves in deep water is some=-
what handicapped by lack of adequate hurricane wind and wave datas In
this respect the Japanese (Orakuwa and Suda 1953 and Unoki and Nakano
1955), and others have been doing a great deal of work on the study of
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winds, waves and swell in typhoons, which are somewhat similar to the
hurricanes.

The most satisfactory tool for predicting hurricane waves is the
graphical method by Wilson (1955). This method has been used by Wilso
(1957) to compile hurricane statistics in deep water for the Gulf of
Mexico.

Three of the mosl important fundamental differences between gener:
tion of wind waves under hurricane conditions and that of normal wind
waves are as follows: (a) winds within a hurricane are not constant in
speed; (b) winds within a hurricane are circular in direction as oppose
to straight line; and (c¢) the hurricane moves Over waves generated at
various angles of direction to the path of the storme This fact may
cause pyramidal waves formed by two trains approaching at a wide angle
each other.

Figure 1l, a typical wind field for a standard project hurricane
off the Texas Gulf coast, was constructed by the Hydrometeorological Se
the U, S. Weather Bureau (1957). The wind field will be slightly
different for a similar hurricane off the east coast of the United Stat
The fact that the wind speed varies in direction and speed poses no
difficult problem, since in equations 10 and 1l one may replace UF by

X2
U2 =/ U2 dax (
x)

Uy is the component of wind in some arbitrary straight line
dirgctio . In case of a moving hurricane the space~time distributions
(Ux“)t can be used. The integral can be evaluated numerically. The
graphical method of Wilson (1955) can also be used, in which case a
space-time wind field is determined. Figure L from Wilson (1955) shows
a comparison between the numerical and the graphical methods.

It is interesting to note that the maximum value of the significant
height is sligntly afront the peak wind. If the hurricane moves at a
moderate speed, steady state may not necessarily exist, and the peak
height and peak wind speed may coincidee.

There are occasions when a general knowledge of hurricane waves
is important, and little time is available to perform the work involved
in the graphical approach by Wilson (1955). The following material is
presented to obtain significant waves within a hurricane for a slowly
moving model or standard project hurricane in the Gulf of Mexico, such
as might be used for design purposes.

By taking various cross sections of a hurricane wind field one
may obtain wind distributions, similar to that given in Figure lL.
Applying the numerical formula 20 and equation 10, one obtains the
significant height distribution. This could also have been done by
Wilson's (1955) graphical method. Based on a few theoretical model
or standard project hurricanes moving at a slow to moderate speed in
the Gulf of Mexico, wave distributions were computed similar to that
shown in Figure L, It was found that if these distributions were
expressed in the dimensionless form H 1/3/(H 1/3)max versus r/R, the

54



REVISIONS IN WAVE FORECASTING:
DEEP AND SHALLOW WATER
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results of the hurricanes investigated could be represented by a single
family of curves. H1/3 is the significant height at any position in

the hurricane and (H3 /3),%Jc is the maximum value of the significant

height in the hurricane. R is the radial distance to maximum wind and
r the radial distance to any coordinate in the wave field. The results
of these computations are given in Figure 15. Deviations from heights
obtained by use of Figure 15 are less than iS5 percent cbitained by the
numerical method, and hence are within the same degree of accuracy as
might be obtained by the graphical method of Wilson {1955).

In the use of Figure 15 it is only necessary to predict the
maximum value of the significant height which might be generated by a
design hurricane. A reasonable estimate of the significant period may

be obtained from
T =+/H/.22 (22)

Based on the analysis of thirteen east coast hurricanes,
Bretschneider (1957) obtained a simple formula for obtaining the
maximum value of the deep water significant height and period that
might be generated by a hurricane under steady state conditions,
These formulae are as follows:

Ho = 16,5 ¢RAP/100 [1 + “:.2.191.9_32‘] (23)
V YR

1 = 8.6 oRAF/20 [1 + “M], where (2l)

Ve

Ho = (111/3)max = mmwg value of the significant height
ee

Ts = period of significant wave, seconds

j=o]
]

radius of maximum wind, nautical miles

AP = atmospheric pressure reduction from center of
hurricane in inches of mercury

Vg = forward speed of hurricane

@ = percent effectiveness of Vy to be added to the wind
field of a stationary hurricane to obtain the wind
field of the moving hurricane. For slowly moving
burricanes, a4 = 1,0

U, = maximm wind in knots at R for stationary hurricane
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and period.

COASTAL ENGINEERING

TABLE II

JOINT DISTRIBJ TION OF H AND T FOR ZERO CORRELA TION
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WAVE VARIABILITY

Although one forecasts the significant height and period, it may
be desirable to predict the distribution of heights and also the periods.,
The work of Putz (1952) and that of Longuet-Higgins (1952) are quite
useful in this respect. It was shown by Bretschneider (1957) that the
distribution of wave periods squarred as well as the wave heights can be
represented very closely by the Rayleigh type distribution, as utilized
by Longuet-Higgins (1952) for wave heights. The accumulative form of
the distribution function for heights is given by

7]
LS —_—
P [H] =1 -e /y I:H , where (25)

H= .625 H1/3, and may be obtained from forecasting relation-
ships presented before.

The accumulative form of the distribution of periods is given by

T
P [T] =1 - e=675 [T], where (26)
T may be obtained from Figure 1-A.

Equations 25 and 26 were found to apply approximately for the
swell as well as wind waves in deep or shallow water. In case of very
long swell, however, agreement is not always satisfactory, except when
a long record is used.

gT/ - &M/,
When 2nU / 2nJ, according to Figure 1-A, ié'he stage of
generation is in zero correlation witn respect to H and p¢s In this
case the joint distribution function is the direct product of the
marginal distributions, whence

PlET] =P [H] - P[T]. (27)

Table II presents the number of waves per 1,000 consecutive
waves that may be expected to fall within various ranges of heights
and periods. This is for zero correlation only.

gT
It can be seen from Figure 1-A, if the relationship of /21~(U
is approximately correct, that Zero or near zero correlation begins
at a moderate stage of generation and persists to the limit of the
fully developed sea, and equation 27 is quite applicable. However,
when T # Tq /3 then correlation exists and equation 27 does not apply,
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except perhaps approximately for low correlations., As mentioned
earlier, the equation given by Bretschneider (1957) for the joint
distribution is not correct, except for the special case of zero
correlation, and therefore should be used accordingly.

For decayed waves, the marginal distribution functions,
equations 25 and 26, still apply, at least approximately, since they
are in close agreement with the relationships given by Putz (1952)
based on the analysis of 25 records of ocean swell. As soon as waves
begin to decay the correlation rotates to positive values of the
correlation coefficients, the larger the decay distance the larger
the positive correlation. Hence, equation 27 does not apply, and thi
phase of the problem has not been established to date.

WAVE SPECTRA
Although the wave spectra is not intended to be part of this
paper, it seems appropriate to include results of some recent studies

on which certain revisions in this paper are based. When, and onl
when T = T1/3, the period spectrum is given by Bretschneider (193%)

according to
T L
a g2’1‘3 e".675 [-:-:l

S
H = T
W e (28
The corresponding frequency spectrum is given by
g N
SHz(w) =ag2w-5 e-'675 [T w:] , Where (29
2y, 8T = f[.%‘",_gj} , and
w= P 2n U U
2 —
H H
gl anyu|  ogem? | (30,
a = 3,437 U2 T I

The above relationships evolve directly from the joint
distribution function for wind generated waves when zero correlation
exists. For large w equation 29 becomes

S 2 2 =5 . .
H (wg =aq g ® , which is exactly that form given (31)
by Burling (1955) based on very accurate measurements. The form

of equation 31 has also been proven by Phillips (1957) from an
entirely different approach by use of the definition of the energy
spectrum and dimensional analysis, a priori reasoning.
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For the case of a fully developed sea

gl =1, adgi = 628 |[.282] = ,172, according to
vEai 95 an .?; [ ] ’ T g

Figure 1-A, from which one obtains the minimum value of

A pin = Tob x 10"3, which is in agreement (32)

with the value reported by Burling (1955). Actually, the value of
7.4 x 10=3 was used together with

€T/p,y = 1.95 dotained from the period spectrum to arrive at the
value of gH/Ug = ,172, corresponding to gHy / = ,282.
3/ 2

The mean wave steepness for zero correlation evolves from the
joint distribution function according to

g L (33)
L 2 'i'
The mean square sea surface slope cr2 for zero correlation
evolves from the period spectrum according to
- -
2 gl - £ “min - 0671 I
(¢3 = a [ln ——21']"[] in 2n U (3 )

If the spectrum is composed of waves generated from the lowest
value of gF/y2 to the value of gF/y2 as imposed by F, t, and U,

one might assume that £ Tmin . .0193 and 8T/2m7 a function of gF/UZ .
2n0

This would result in a maximized value of © 2 according to
er
02 = Q l:]_n 2 w0 + 3.88] (35)
Tmin

The value of = ,0193 corresponds to the lowest possible

2wy
period in the spectrum that might be generated by a wind speed equal
to the critical wind speed of 6 meters per second, assuming this
period is equal to .O7L seconds as governed by the capillary limit.
From actual measurement, however, using measuring instruments which
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g Tmin
attenuate a portion of the high frequency components, ._21T“U. may be

congiderably larger, in which case o? measured will be lower than tha
given by the above equation.

The non-dimensional spectral width parameter, ¢ , as defined by
Williams and Cartwright (1957) evolves from the spectrum according to:

e=h-E§7 (3¢

Since a and% are both functions of &/ U2 » the mean square se:

surface slope 02 and the spectral width parameter ¢ are functions of
gF/UZ e« From actual measurements if the high frequency components are

attenuated € will be measured less than that predicted by use of
equation 36.

Equation 28 for the period spectrum or equation 29 for the
frequency spectrum can be used together with the forecasting relationsh
to obtain the corresponding wave spectra for all cases of generation

where gT . eT1/; .

when T1/3 # T then the correlation parameter enters the problem.
Where r is the correlation coefficient between H and T2 s the following
equations are presented by Bretschneider (1958):

Period Spectrum 2 2 B L
> T [—:{'
a g2T3 E'- -r + ,925r T e-.675 T

(2n)" 1+ .273r°

(37

SHZ(T) -

Frequency spectrum

2 2
(%) } H
2 | = =
SHZ(“,) - gzw.S l-r+ .925r Tw e-,675 T (36
1+ ,273r8

Mean sea steepness

o 2
_1*_.=I'._§_[1-r(1-;)] (39
L 2 1
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Mean square sea surface slope

™ el . 2
2 min me-1
. —2—la-n%(n £ .mn - wo6m)e v - (220 o)
o % 714 2732 21U 2ny v
Spectral width parameter
2 2
a 5708 (L =) +1
€2n/l-n o2 1 0+ .273r° (1)
Ratio of significant period to mean wave period
T1/3/_ =, /1 + J6r (12)
T
Ratio of mean period of the highest p- percemt
waves to the mean wave period
1, n?
T n . /h + 1l -
p/_= (1-r)+r '° . ®p (43)
w, M
T o /h
H
where M= —="
H
7 2
o 2 e du (k)
AN o
v, n?
u?= /y

Figure 16 shows the comparison between theory and wave data for
the ratio of the significant period (T33) to the mean wave period T.
Ratio of the mean period of the highest 50 percent waves to the mean
wave period and the highest 10 percent waves to the mean wave period

are also given.
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A1l of the above equations will result in answers to the same
degree of accuracy as the forecasting curves if used for predictions,
However, if measured values of H T, and r between H and T2 are used,
quite satisfactory results should be obtained, assuming the record is
sufficiently long and representative.

SUMMARY AND CONCLUSIONS

The present paper presents the latest revisions in wave forecast-
ing based on the significant wave method, It is emphasized that the
significant period as well as the significant height has definite
significance. Three special classes of wave forecasting are discussed:

% forecasting deev water wind waves and swell, (b) forecasting shallo
water wind waves, and (c) forecasting hurricane waves, It is recommend
that in using the techniques discussed, that wind and wave data, where
available, be used to improve one'ls technique as well as a possible
refinement in calibration. There are certain conditions under which
one might use the wave spectra, and a summary of useful formulae are
presenteds The greatest hope for future revisions in either the
significant wave method or the spectrum method rests with the pro=-
curement of more and better data and the utilization of the graphical
mathod for forecasting waves.
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CHAPTER 4
HURRICANE WAVE STATISTICS FOR THE GULF OF MEXICO

Basil W, Wilson
Associate Professor, Department of Oceanography and Meteorologf:<
Texas A.& M. College, College Station, Texas.

ABSTRACT

This paper contains the results of a statistical hindcast study of the
heights and periods of significant waves generated by hurricanes in the Gulf
of Mexico in the period 1900 to 1949. Results are presented in a series of
polar plots of frequencies of occurrence of waves of given height and period
at deep-water (100 fathoms depth) stations at different bearings offshore
from five coastal stations (Brownsville, Tex., Gilchrist, Tex., Burrwood,
Miss., Apalachicola, Fla,, Tampa, Fla.).

Analysis was conducted by selecting a sample of 9 hurricanes and
hindcasting by graphical moving fetch techniques, wave heights, periods and
arrival times along eleven approach-directions to the five coastal stations
for one storm, and from two to three approach directions for the remaining
eight storms., Maximum heights and periods were correlated with hurricane
characteristics (pressure, radius of maximum winds, forward velocity and
direction). From the correlation the sample was increased by an additional
23 hurricanes whose characteristics were known, Heights and periods plottec
against frequencies of occurrence gave mainly normal probahility distributio
Finally taking account of the total number of tropical storms occurring in the
Gulf of Mexico in 50 years and the incidences of waves from various directio
at the five stations, the chances of occurrence of full hurricane waves were
evaluated,

1. INTRODUCTION

As part of a general statistical study of ocean wave heights and periods
covering a period of three years at stations off the United States coast of the
Gulf of Mexico, a separate analysis was undertaken of the wave conditions
arising from a selection of the more severe hurricanes occurring 1n the Guli
in the first half of the present century. The method used in hindcasting the
waves was specially developed to handle the intricacies of a moving fetch an
variable wind [Wilson, 1955].

Contribution from the Department of Oceanography and Meteorology,
Agricultural and Mechanical College of Texas, Oceanography and
Meteorology Series No. 100,
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In the 44 years from 1900 to 1943 Taniiehill [1944] records a total of
some 112 tropical storms as having invaded the Gulf of Mexico. Of these
only 66 comply with the criterion of a central pressure less than 29,00 ms.,
qualifying them for consideration as full hurricanes [Myers, 1954]. From
a group of 34 of these, listed by Myers, a selection was made of 10 of the
most severe ones for purposes of detailed study.

2. SELECTION OF HURRICANES FOR HINDCAST STUDY

The choice of hurricanes was based primarily on their potential for
generating storm waves, without regard to capacity for raising storm tides.
The criterion used was the magnitude of ' wave energy index', E, [Reid,

19551 defined as
E = (4p) R (1)
where R 1s the radial distance from the hurricane center at which maximum

winds are encountered and Ap 1s the anomaly of pressure from normal at
the storm center; that is

Ap =Py - Po 2)

pn being normal pressure at a large distance from the hurricane eye and
P, the mimimum central pressure. Values of R, p,, P, Ap, and E for the
selected hurricanes are given in Table I,

Table I: Characteristics of Selected Gulf of Mexico Hurricanes

Date Place P, P, Ap R E
s, (ins., (ins. (naut. |(n.mi.,
merc.) merc.)] merc.)| mi.)| ms.)
Sept. 8,1900 | Galveston, Tex. 29.78 27.64 | 2,14 14 30.0
Aug. 16,1915} Velasco, Tex. 29,57 28,14 | 1.43 32 |45.8
Sept. 29,1915 | New Orleans, La. 30.14 27.87 | 2,27 29 65.8
Aug, 18,1916 | Santa Gertrudis,Tex} 30,77 28,00 | 2.77 35 96.9
{ Sept. 9,1919 | Dry Tortugas, Fla. | 29.73 27,44 | 2,29 15 }134.3
Sept.14,1919 | Corpus Christi, TexJ 29.54 28.65 { 0.89 75 66.8
June 22,1921 | Houston, Tex. 30,03 28,38 |} 1.65 17 28.0
Aug, 13,1932 | E. Columbia, Tex, 30.11 27.83 | 2.28 12 27 .4
Sept. 5,1933 | Brownsville, Tex. 30.24 28,02 | 2.22 30 66.6
Sept. 17,1947 | Hillsboro, Fla., 29.83 27.76 11,09 19 20.7
Sept.19,1947 | New Orleans, La. 29,70 28,61 |1.06 28 29,7
Oct. 4,1949 | Freeport, Tex, 30.13 28,88 1.25 28 35.0

Choice of the above hurricanes was also conditioned by their tracks
across the Gulf, shown in Fig, 1. Other hurricanes returning larger E values
were ruled out because their paths were generally unfavorable to development
of onshore waves, The hurricane of August 1916 had ultimately to be discarded
because of a lack of adequate synoptic data near its center,
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3. STATION POINTS AND APPROACH DIRECTIONS

Wave hindcasts were undertaken along particular approach directions
to five coastal stations along the United States shores of the Gulf of Mexico.
These station points and the approach directions are illustrated in Fig. 2(a)
and are defined in Table II below,

Table II; Locations of Reference Wave Stations

Station Symbol | Latitude | Longitude Vicinity
A 25° 55" N | 97°09' W | Brownsville, Texas
B 29° 30" N | 94° 30" W | Gilchrist (near Galveston) Texas
C 29° 03" N | 89° 20' W | Burrwood (southwest pass), Miss
D 29° 35" N | 85°00' W | Apalachicola, Florida
E 27°55' N | 82°51' W | Tampa, Florida

In the results that will be quoted hereafter the deep-water offshore stations
referred to will be those points marking intersections of the 100 fathoms deg
contour with the various approach directions, These station points are defin
more specifically in Table III hereunder :

Table III: Locations of Deep-Water Offshore Wave Stations

Station | Approach Bearing Location at 100 fathom depth
Direction Latitude Longitude

A AA, SE 25° 21' N 96° 26' W
AA2 E 26° 00' N 96°19' W

B BB, S 27°51' N 94° 27 W
BB, SE 27° 57" N 92°41' W

C CC; SW 28°37' N 89° 47' W
cc, S 28°39' N 89° 20" W

CCg SE 28° 48' N 89°07' W

D DD1 SW 29°03' N 85°53' W
DD, S 28°10' N 84°49' W

E EE, w 27°45' N 85°11' W
EE, SW 26°21' N 84° 23' W
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COASTAL ENGINEERING
4, PREPARATION OF SYNOPTIC WEATHER MAPS

The graphical wave forecasting procedure for moving variable-wind
fetches [Wilson, 1955] is dependent upon preparation of adequate space-time
wind-fields delineating wind strengths along the lines of approach of the wave
to the different stations. To obtain these it was necessary to estimate surfac
wind velocities over the entire Gulf area prevailing during the different
synoptic weather situations. The rough reticulation system shown in Fig, 2(a
was adopted to assist this procedure, the circled points of the grid network
being selected as locations for determining wind speeds.

Synoptic weather data were obtained from the daily historical weather
maps of the Weather Bureau.™ In general the isobar contours at 5 mb interv
given on these maps were rather poor fits to the observational data from she
stations and ships and it was found necessary to re-draw the maps entirely :
msert additional contours at 1 mb intervals. In addition 1t was considered
necessary to interpolate intermediate 12-hourly maps to give an adequate pi
ture of the time changes in the wind. Typical examples of the isobaric chart
constructed on this basis, for the case of the Galveston hurricane of Septem
5-9, 1900, are shown in Figs. 3 and 4.

Found to be generally representative of all the hurricanes studied was
an ellipticity of isobars round the storm centers revealing lesser pressure
gradients on the left hand sides than on the right 1n the direction of motion,
Having regard to the nature of the data, reasonable accord was found betwe¢
observed wind directions and those indicated by the isobars,

The pressure patterns were used exclusively to determine surface wit
velocities, and observational data from ships and shore stations were used
merely as checks and controls for minor modification when necessary. No
attempt was made to define isobars for pressures below about 995 mb near
the hurricane centers; lack of information in these areas militated against t

5. DETERMINATION OF HURRICANE CHARACTERISTICS OVER THE OCE

A formula for the rate of change of pressure, p with radial distance 1:
from a hurricane center has been evolved by the Hydrometeorological Sectic
of the Weather Bureau (HMS/WB) from studies made of various hurricanes :
the times of their crossing of a coastline [Myers, 1954], namely

2 =) B Fh ®)

* The Weather Bureau (Office of Climatology) was unable to supply more dz
at the time this study was in progress.
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Mexico.

(b) Synoptic Map of Gulf of Mexico Defining Entrance to the Gulf
of the Hurricane of Sept. 5-9, 1900,
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As in Eq.(l), the principal characteristics of a hurricane here are its
parameters R and Ap. A natural question immediately arising is whether
R and Ap-are sensibly variable during the life history of a hurricane after
the latter has acquired its so-called * maturity' . It seemed 1mplicit 1n the
synoptic maps that changes from intensification and mitigation were pro-~
ceeding continuously in all the storms during their progression, This was
borne out also by the different values of R and Ap computed by HMS/WB
for those hurricanes which made two land crossings (eg, 1919 and 1947
hurricanes, Table I).

The 1mtial problem posed then was to evaluate R and Ap for a hurri-
cane during its transit over water, Upon these quantities depended the mag-
nitudes of the important winds near the hurricane centers.

Profiles of pressure through the storm centers 1n the direction of motio
at different times were plotted,as in Fig. 5(a), from 1nformation 1n the synopti
maps. The supposition then made was that, if these profiles obeyed the law o
the integrated Eq.(3) R
P =p, + (py = Pyle o, 4

the unknown elements p, and R at any given time could be evaluated by maki
the equation fit two points on each profile, (p;, r;) and (py, r3). Fig. 5(b)
1llustrates the graphical method used 1n solving the two simultaneous equatio
obtained 1n this procedure. On trial it was found that p, values thus derived
were much too high to be valid and 1t was obvious therefore that the actual
pressure profiles were not conforming adequately to the theoretical pattern o

Eq.(4).

The final attack on this problem was made by use of a series of auxilia
polar 'spiral' diagrams such as Fig. 6 giving for a specific value of p,
(900 mb in this example) and a p, value of 1020mb, spiral 1sobars of pressi
p applicable to different radial-line values of R, These diagrams were com-
puted from Eq.(4) and drawn to the same scale as the synoptic maps of the
Gulf (Figs. 1 and 2) so as to be superimposable on the pressure pattern of
the hurricane in the plan sense.

The spiral diagrams afforded a trial and error method of finding some
radial direction 1n the storm along which the pressure distribution would ac-
cord most satisfactorily with Eq.(4). To achieve the optimum agreement, a
particular spiral diagram (such as for p, = 910mb) would be overlaid on a
synoptic map so that its center coincided with the apparent hurricane center
at the time considered (Fig. 7). The diagram would then be rotated about th
center until the intersections between the 1sobars on the two charts most
nearly lined up in a radial direction as shown in Fig. 7.
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It was found that by applying several spiral diagrams to each map a con-
dition of best fit could usually be found, permitting definition of central presst
P, and radwus, R, to maximum wmds. In almost all the storms thus treated
reasonable agreement between the actual pressure distribution and the theoret
ical could be established only on the right hand sides in the direction of travel
Values of p, and R found 1n this way appeared rational and in reasonable ac-
cord with the values cited by HMS/WB in Table 1. Plotted as functions of time
as m Fig, 8, some idea was available of the continuous changes taking place
in a hurricane along its path at sea.

6. DETERMINATION OF SURFACE WIND VELOCITIES OVER THE OCEAN

Surface wind velocities at the various points of the reticulation system
shown 1n Fig, 2(a) were obtained from the pressure patterns (eg. Fig. 2) by
various graphical aids devised from the fundamental equation of cyclonic
gradient flow 1n a moving cyclone. This, according to Holmboe [1945], is:

K 02+ @0smp+2¥)u-1 2=0o 5)
ot p or

where K4 is the horizontal curvature of the streamlines in a circular cyclor
streamline pattern, U the horizontal wind velocity above the friction layer, £
the angular velocity of the earth, @ the latitude of the point considered, ')b tt
horizontal angle of wind vector, positive counterclockwise from some fixed
reference such as the west-east direction, ‘0 the density of the air, p the pr
sure and r the radius from the center to the point considered.

For a hurricane moving with velocity V, Eq.(5) reduces to
2
E_+gsin6+2ﬂ.Usin¢)=.l_.QP. )
T T P or
where © now defines the angle of bearing at the center of the point considerec

positive counterclockwise with reference to the direction of travel of the stox

For large r the solution of Eq.(6) approximates the geostrophic wind
equation

u=u, =1 9p
g or (7)
2 sm®

but near the storm center the full Eq.(6) is involved and 1its solution for U m
be designated the gradient wind UG. It 1s possible to resolve this solution f(

Un 1n the form:
G :
UG=UC[\/12+1 -yl ®)
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where U_, the cyclostrophic wind, is defined as

U. = ’ op
c ;]é T 9)
1 /Vsmn®© U
'Y='2-(—ITC——_+ U;> 10

The problem of determining the surface winds was fraught with knowing
the ratio of the surface wind, Uy, to the geostrophic or gradient wind (having
regard to atmospheric stability), and the degree of inclination of the wind to
the isobars. The assumption was made that sea-air temperature differences
within the ambit of a Gulf hurricane would be small enough to be taken as zero
Allowances for curvature in estimates of geostrophic wind, U_., were made in
amounts used in current wave forecasting practice [Beach Erosion Board, 195

and

Since the whole system of estimating surface wind velocities from the
1sobars mvolves many approximations it was considered sufficient to insert
wind directions on the maps with deflection angles in the neighborhood of 18°
(based on formulae of Haurwitz [1941] and Holmboe [1945] ) with some decreas
on near approach to the hurricane centers as suggested by HMS/WB [Myers,
1954], Allocated directions were modified here and there to accord with ship
or shore observations.

For situations in which a hurricane was close to the coast it was possibl
to make use of the wind records from several coastal stations in the vicinity
according to the information and method given by Cline [1946] as illustrated
m Fig. 9(a). Such data when contoured for wind velocity,as in Fig. 9(b),gave
useful information on the distribution of wind magnitudes in a storm and serve
as a boundary-check on the wind velocities evaluated from the 1sobars.

7. CONSTRUCTION OF SPACE-TIME WIND-FIELDS

Surface wind velocities, Ug, found for the different points of the grid-
network, are shown in the sample Figs. 2 to 4. The resolved components of
these along the direction lines toward the five coastal stations A to E were
determined, A component directed toward the coast was taken as positive;
negative, if directed away from the coast,

The task of compiling wind-fields [Wilson, 19551 for all 11 directions
(Table III) for all 9 hurricanes (Table I) was beyond available resources. It
was decided therefore to treat all directions for just one hurricane, that of
Aug. 14-17, 1915, and select only two or three directions for each of the
remaining 8 selected hurricanes,
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Fig. 10 is typical of space-time plots of wind velocity components
(contoured at intervals of 2.5 knots) along the two directions for the hurri-
came of Aug, 14-17, 1915. Stippled areas define positive zones of wind
directed shoreward, in contradistinction to offshore winds in negative (white)
zones. A characteristic feature of these diagrams when the storm-track
crosses a direction line (cf, Figs. 1 and 2) is a peak and trough formation
flanking each other across a nodeline as shown in Fig, 10 (Burrwood). Fig.
10 (Gilchrist), on the otherhand, is typical of a condition 1n which the hurri-
cane 1s travelling along or nearly parallel to the approach-direction,

In compiling the wind-field at the peaks and troughs 1n the neighborhood
of the crossing point of the storm over the directlon line, it was found nec-
essary to use an estimate of wind distribution such as Fig, 9(b) in order to
obtain the magnitudes and positions 1n space and time of the maximum positive
and negative wind components,

It cannot be gainsaid that the method of estimating surface wind velocities
from gradient wind speeds is subject to appreciable error. However, by the
very nature of the procedures involved in compiling the space-time wind-fields,
these errors, which are likely to be both plus and minus, are subject to con~
siderable smoothing from the act of contouring the diagrams and by the in-
fluence of adjacent observations upon each other,

8. GRAPHICAL HINDCASTING OF WAVE CHARACTERISTICS AND ARRIVAL
TIMES

The graphical procedure of conducting a deep-water wave hindcast for a
variable wind, moving fetch has been described elsewhere [Wilson, 1955] and
therefore need not be repeated here, Starting points in the wind fields from
which wave propagation lines were run graphically toward the deep-water
Iimits (Table III) were chosen by judgement so as to give the largest possible
end-result of significant wave height and period. In Fig. 10 (Gilchrist), for
example, starting points are all located along what is virtually the line of ad-
vance of the hurricane center or the node-line,demarcating positive and nega-
tive wind zones, being so chosen as to give the longest possible wave propa-
gation lines falling within the stippled (positive) zone and passing through the
region of high wind velocities, near the right-hand corner of the wind-field,
The propagation lines from each starting point curve downward and to the
right in Fig, 10, Also radiating from starting points are height lines H (up-
ward and to the right) and period lines T (downward and to the left), Where
the propagation lines intersect the contour of 100 fathoms depth (dash-line),
the heights and periods attained by waves in the available time and distance
from their origin are indicated by figures. The wave arrival times, of course,
are given by the time-ordinates of these intersection points.
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With certain wind-fields almost the entire area was negative, making
incidence of onshore waves virtually impossible, In such cases no attempt
was made to apply the graphical procedures.

Typical results from conducting the hindcasts are portrayed in Fig, 11,
Significant wave heights, H, and periods, T, are plotted against arrival times
and envelope curves drawn 1n to embrace the plotted points and i1ndicate the
overall growth and decay of H and T with time.

The significant wave heights, such as obtained in Fig, 11, would be
subject to considerable reduction upon the waves reaching the coastline, as
a result of wave energy losses sustained through friction and refraction over
the continental shelf, These modifications were not allowed for in this study,

9. BASIS FOR CORRELATING SAMPLE HEIGHTS WITH HURRICANE
CHARACTERISTICS

While the wave energy index, E, of Reid [1955], Eq.(l), is an adequate
indication of the wave generating capacity of a stationary hurricane in a wide
expanse of ocean, it fails to take into account the differing lengths of fetch in
variable directions resulting from forward movement of the hurricane, In
order to make use of the sample values of H and T derived from the detailed
study of the nine selected hurricanes 1n any generalization of hurricane wave
statistics 1t was necessary to correlate the wave heights and periods deter-
mined with some more satisfactory index of each storm's directional wave
generating potential, with due regard to the storm's idiosyncrasies in crossing
a given tract of water,

This problem may be approached by reverting to the fact, pointed out
by Reid and Bretschneider [1953], by Reid {1955] and again by Bretschneider
[1956], that, for hurricane conditions, the dimensionless parameters

%}21- and _[gj_fé‘ are statistically related by an equation which approximates to
1

£ - 6.002 (_%1;)5 : (11)

This 1mplies that

H o¢ UJF . (12)

It is possible to show from E(i (6) that maximum wind velocity in a
hurricane is proportional to ( Ap) / 2, whence from Eq.(12)

H oC J(Ap) F. (13)
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This result is the basis of Eq, (1) if the fetch is regarded as stationary and
proportional to R, the radius to maximum winds. However, the circumstance
of the movement of a hurricane along some arbitrary path may be expected
seriously to detract from the validity of Eq.(1) since F 1s then largely a
function of that path,

To illustrate this, the application is shown in Fig, 12 of an HtFT fore-
casting diagram [Wilson, 1955] to the idealized windfield of a hurricane, A
uniform (root mean square) wind velocity, U,., is considered to prevail over
an effective fetch, ab, of length 4R representing a wind velocity profile
through the hurricane. For such a uniform wind 1t is sufficient to consider
only those forecasting curves Hy(F), Ty(ty) and Fyl(ty) which specify sig-
nificant wave height, period and fetch, as functions of the mmdicated variables
applicable at the constant wind velocity U.. ,

The hurricane is assumed to be crossing coastline A at a time when
three-quarters of its effective fetch, a0, is over water, Along a particular
direction line leading to coastline B, the storm is assumed to advance, in
the first instance, at velocity V1, resulting in the space-time wind-field
shown stippled behind the line of advance ac, Waves originating as ripples
at O propagate along Oc until they leave the wind area at C with maximum
height Hy, and period T, given by points d and e,

In a direction along which the extent of ocean may be ABj, at right
angles to the true line of advance of the storm, there can obviously be no
forward advance of the wind system (V5 = O), with the result that the
wind-field in this case covers an area directly below ab in Fig, 12, behind
the line af, In consequence the waves which start from O now leave wind
domination at f with maximum height Hy and period Ty corresponding to
points a and g.

Finally, in yet another direction, giving an extent of ocean ABg, the
wind although blowing in the direction of B3, may be receding due to the
recession of the storm at velocity Vg along the line ah. Waves originating
at O and travelling along oh thus pass out of the wind at h with maximum
height Hg and period T3, as given by points k and 1.

These several examples serve to show the importance of the actual
fetch lengths Od, Oa, and Ok on the wave height and period - fetch lengths
which depend on the movement of the storm and the particular direction
being considered as well as upon the basic (stationary storm) fetch, some-
what arbitrarily taken as 4R. In practice then,F in Eq.(13) may be conside
to be some function of R and AF where AF corresponds to such increm
of fetch as ad or ak in Fig,12,

In place of E of Eq.(1) as a criterion of the wave generating capacity
a hurricane, the parameter \/( DP)(2R+ AF) was therefore adopted for
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purposes of seeking a constant of proportionality in the statement of Eq.(13).
The aim here was to make it possible for wave height H to be determined for
additional storms (other than the selected nine), for which the characteristic:
(Ap) and R were known. Since particulars of the fetches for these additiona
storms, in the absence of detailed analysis, would have to be estimated, the
basis of estimation that would have to be applied in deriving AF, was deter
mined from experience with the mine hurricanes analyzed (for which the true
fetches were known),

Values of F (= 2R + AF) assigned in this way were Incorporated intc
the parameter ¢/( Ap) F and plotted against maximum significant wave
heights, H, obtained from the envelope curves, such as Fig, 11. The ex-
pected linear relationship evolves in Fig. 13(a).

10. BASIS FOR CORRELATING SAMPLE PERIODS WITH HURRICANE
CHARACTERISTICS

It has been shown [Wilson, 1955] that the statistical deep water relatic
ship between the ratio of wave phase=-velocity, c, to wind velocity, U, and tt
parameter gF can be fitted satisfactorily by an equation of the form:

U2
1
L = 1,40 tanh [4:36 (2F)\3 ) (14)
U 100 U2

For the same (hurricane) conditions prescribed in deducing Eq.(11), the vak
of the hyperbolic tangent in Eq.(14) approximates to the angle, thereby sim-
plifying the expression to

c 3 F
—-OC,/.S-Z.
U U . (15)

Since ¢ eC T for deep water conditions and Uy, ., ©C ,/ Ap the expressic
(15) further resolves to

Tec J FJSBp . (16,

Determination of the constant of proportionality in Eq.(16) provided the mea
of finding T for all hurricanes not analysed whose characteristics R and ( /£
were known. The best-fit regression line 1n Fig, 13(a) was used to advantag
in determining more refined values of F to be used opposite values of H anc
their corresponding values of maximum T, as found from the envelope cury
(such as Fig, 11). In this way the parameters m were compute
and plotted against T for the nine selected hurricanes.  Again a satisfact
regression line was obtained and the underlying principles confirmed.
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11. EXTENDING THE SAMPLE OF SIGNIFICANT WAVE HEIGHTS AND PERIOL

From the regression lines of Figs, 13 1t was possible without further de-
tailed hindcasts of hurricane waves to increase the sample ' population' of wave
heights and periods in the eleven directions bearing on the five stations A to E
The mechanism for doing this was simply to estimate the applicable fetches F
1n the various directions for an additional 23 hurricanes whose characteristics
R and Ap were known. The values of F were judged on the same basis as
had been done for the selected hurricanes with due regard to the tracks followec
by the storms 1n relation to the eleven directions to the shore stations., The
charts of hurricane tracks in the Gulf of Mexico from 1901 to 1943, given by
Tannehill [1944], were found invaluable for this purpose.

The judgement of F was necessarily subjective; for this reason the es-
timations were made only by one person (the author) on the strength of experier
gained 1 handling the windfields 1n the worked cases. It may at least be said th
the estimated values of F for the 23 storms cited were derived in comparable
fashion to the values of F adopted for the 9 selected storms. It is a fair con-
clusion also, since the parameters ,/ F Ap and 3/ F Ap for the 9
hurricanes comply with the theoretico-empirical trends in relation to H and T
respectively, that the same trends will be obeyed by these parameters as founc
for the 23 additional storms.

The resultant statistics were plotted as the percentage of occasions that
hurricane waves equalled or exceeded stated heights or periods at the deep
water limit along the various approach directions to the shore stations. Fig.l«
1s a sample of these plots for Apalachicola and Tampa. In quite a number of
cases the points, plotted on log probability paper, conformed well to straight
line (normal) distributions. Best-fit regression lines, drawn through the plotte
points, may be considered to have improved still further the adequacy of the
sample ' populations’ upon which the further statistics are based. Data equiv-
alent to the above have been tabulated in Tables Al and AIl (Appendix A).

12, FREQUENCY OF OCCURRENCE OF HURRICANE WAVES OF GIVEN
SIGNIFICANT HEIGHT OR PERIOD

As remarked earlier, Tannehill £1944] has recorded and charted the
tracks of some 112 tropical storms which entered the Gulf of Mexico between
1900 and 1943. Exclusive of the 9 selected, and 23 additional, full hurricanes
already considered, the balance of these storms were examined for their
capacity to generate waves in the several approach directions to the shore
stations A to E, taking into consideration the tracks followed. It was possibl
to determine when shoreward generation of waves in the various directions
could,or could not,have taken place.

88



HURRICANE WAVE STATISTICS FOR THE GULF OF MEXICO

*sexd], ‘ISTIYITID Jyo *sexs ] ‘S[rAsumoJy JjO SUOTIR}S

suoniels (swoyred 001) I9reMm-das( }e spotasd (swoyled 001) 191em-dea( 38 spotaad pue
pue sjyStay jueoryrudtg o1yroedg JO S9ABM SUED s1ySTeH jueoryrudtg oIyToadg JO SSABAM SUEITIINY
-TJJNH JO 90UsJIn0d(Q Jo sarousnbaag * 91 *S1g JO 90uU2aInd0Q JO satousnbaad ‘¢l F1d

ooixIN

S
s LR N@N&‘“‘.
. ..rr.,r.

]
(sa03ky >uzwaouzuw a@qaﬂ
L BERERE 'Q
««\ ITUASNMOHE

NN
X

P Y,

BNOLNOD Hid3Q0 WOHLVS QOI =-- -

(NOILVLS 3NOHS440 H3LvM d33Q)

¥NOLNOD  BLdAQ WOHLIYS 001 —=-=

(NOILVLS "3¥OWS340 ~ u3LvM 433

AON3ND3IY4 QOI3d  3AVM  3NVIORRNH
s

AON3ND3YS
QO3d  IAVM  INVIIHUNH

& - i
e

)
| A% LsiHome

UNOLNQD  Hid30 WOHIVA  00F ~= -
INOILVLS _34OMSA40 ~¥3LVM <330

6
an3 o0 o 5..5 AON3ND3¥4  LHOI3H  JAVM  3NVIIYUNH HMOLNOD H1d30 WOHIVA OO -=---

£ (NOILVLS  3¥OMS40 ¥3Lvm d330)
3

AJIN3INDIYS
1HOI3H 3AVM  3NVIINENH

89




COASTAL ENGINEERING

From this it was possible to add up the total number of incidences, N,
that tropical storm waves had been experienced from a given direction for all
112 storms referred to, However, of these 112 storms only 66 have been
rated as worthy of being retained in the category of hurricanes so that 66/112
of the number of incidences, N ,of tropical storm waves in 44 years in any of
the chosen directions will represent the frequency of occurrence of hurricane
waves in this length of time.

Denoting 1 1n n years as the equivalent of this frequency, then

44 74.6
n= 66 or N years . (17)
m2 N

(Values of N and n are given 1n Table AIl, Appendix A). Further, if f be the

percentage of hurricane wave occasions for which H (or T ) equals or exceed:

a certain value (such as specified by the regression lines in Fig, 14), then it

may be expected that hurricane waves of this height (or period) will be ex~

perienced once in 100n years, If this be written as once in m years, whe
f

m has successive values 1, 1.5, 2, 5, 10, 20, 50, 100 years, then

£ = 1000 ¢ @18)
m

Tabulation of values of f 15 given 1n Tables A IIl (Appendix A).

The final step in the compilation of hurricane wave statistics involved
interpreting values of f in terms of the corresponding significant wave height
H (or periods T) by reading from the regression lines such as Fig. 14, Table
A1V and AV (Appendix A) list the applicable values of H and T respectivel

To condense the results into easily comprehensible form, polar diagra:
of the frequency (1 in m years) of hurricane (significant) wave heights and
periods are presented in Figs. 15 to 19, These are based directly on the dat:
of Tables AIV and AV. To take Fig,. 17 as an example, the two polar diagr
therein give isolines of the frequency (1l in m years, where m is successive
1, 1.5, 2, 5, 10, 20, 50, and 100 years), upon polar co-ordinates of which
concentric semi-circles (or radius values) represent magnitudes of significa
wave height (or period) and radial lines (or bearings) represent approach
directions toward the shore station at Burrwood, Miss. The contours of fre-
quency have been nterpolated from the plotted points for directions CC;, C(

and CCg3 so as to cover all directions from which waves of any consequence
might be expected.

It may be inferred from the frequency curves of significant wave heigh
for Burrwood (Fig. 17), to continue the example, that the chances of getting
35 ft. high deep-water significant waves from the south is 1 in 100 years.
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Fig. 19. Frequencies of Occurrence of Hur-
ricane Waves of Specific Signafi-
cant Heights and Periods at Deep-
Water (100 Fathoms) Stations off
Tampa, Florida.

From SSE, however, the chances are 1 in 20 years. The highest waves of
all are likely to come from a direction between SE and SSE and may be as
much as 42 feet once 1n 100 years or as high as 28 feet once 1n 5 years. Onc
1n 2 years waves as high as 18.é feet may be expected from the south-east.
The significant wave periods corresponding to these latter heights would be
17 secs once in 100 years or 14 secs once 1 5 years from the direction be-
tween SE and SSE; 10.4 secs once 1n 2 years from the SE,

It should be noted that the quoted frequencies refer strictly to waves
generated 1n the Gulf by full hurricanes and do not preclude the possibility of
existence of waves of comparable magnitudes generated by frontal storm
systems which do not classify as hurricanes or tropical storms,
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13. CONCLUSIONS

Comparing the polar frequency diagrams for the five stations (Figs. 15
to 19) 1t is found that Gilchrist (Galveston area) has the expectation of highest
hurricane waves. At frequencies of once 1n 2 years and oftener, however,
wave heights are as great at Burrwood as at Gilchrist and, therefore, along
the intermediate coastline, Waves of considerable height may be expected
from the SE near Gilchrist and from the SSE to SE near Burrwood at some-
what rare intervals, Once 1n 5 years significant wave heights 1n these deep
water areas will reach about 30 feet; once in 2 years about 19 feet,

The comparative vulnerability of the five (deep-water) stations to

hurricane waves may be listed 1n the following order :

1. Gilchrist, Texas

2, Burrwood, Mississippi

3. Brownsville, Texas

4, Apalachicola, Florida

5. Tampa, Florida
Brownsville and Apalachicola, in the above, actually have about equal suscep-
tibilities, Tampa, 1t can readily be seen, 1s well protected from hurricane
wave attack by virtue of its position in the Gulf in relation to the tracks usually
followed by hurricanes.
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APPENDIX A

TABLE Al

PERCENT OF OCCASIONS THAT HURRICANE WAVE HEIGHTS EQUAL OR EXCEED
GIVEN VALUES IN VARIOUS DIRECTIONS

No. of Occasions Approach Direction
H > Value Below AA; | AAz | BB | BBy lccp |ccy |ccz |DDy DD, |EB; |EE,
2 100.0 } 100,0 | 100,0 | 100,0 |100,0 }100.0 |100.0}100,0 |100,0 j100,0 |100.0
4 75.0 88.9 67.7 94,1} 70.61 90.0} 87.5| 68.0] 85.7| 73.3] 73.0
6 75.0 83.3 41.7 94.11 47,0] 80.0{ 79.2| 4.0} 67 9{ 53.3| 65.4
8 75.0 61.1 33.3 87.3| 41.2| 65.0| 79,2| 40.0| 60,7 | 26.7| 50,0
10 75.0 61.1 333 76.5| 29.4| 60.0| 75.0] 40.0| 46.4| 13.3[ 38.4
12 75.0 50.0 25.0 64,7 11.8] 50.0} 70.9) 36.0) 42.9 67) 26.9
15 75.0 27.8 25.0 58.8 591 45.01 62.5| 20.0| 32.1 0.0 15.4
20 50.0 16.7 16.7 41,2 5.9 1 30.0] 45.8 8.01 14.3 - 3.8
27 00 5.5 8.3 35.3 0.0 5.01 208 4.0 3.6 - 0.0
35 - 0.0 0.0 5.9 - 5.0 4.2 0.0| 0.0 - -
45 - - ~ 5.9 - 0,0 0.0 - - - -
Total No. of Occasions
of Waves in 44 Years
from 112 Tropical Storms ’
N 27 70 46 69 50 70 73 77 80 55 86
Equivalent No, of Occasions
of Full Hurricane Waves fron
66 Hurricanes 1n 44 Years
(N x 66/112) 16 41 27 41 29 41 43 45 47 32 51
Frequency of Occurrence
Once 1n n years
n 2.75 107 1.63 1,07 | 1,52 | 1,07 } 1.02] 0,98 | 0,94} 1.37| 0.86
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TABLE All

PERCENT OF OCCASIONS THAT HURRICANE WAVE PERIODS EQUAL OR EXCEED
GIVEN VALUES IN VARIOUS DIRECTIONS

No, of Occasions Approach Directlon

T Z Value Below AA [ Ar, |[BB [BB, |cc, [cc, | ccy | DD, DD, | BE, | EE,
4 100.0 | 100.0 | 100,0 | 100.0 |100.0 |[100.0 |100.0 | 96.0 { 96.4 1100.0 | 96.3
S 100.0 { 100.0 | 100.0 | 100.0{ 94,0} 95.0{ 95.8 | 88,0 | 89.3 | 85.7 { 88.9
6 75.0 94.5 66.7 93.7 | 82.5¢ 90.0| 91.7 } 80.0 | 89.3} 78.0 }§77.8
7 75.0 61.1 50.0 87.5| 47.0| 75.0| 83.4 | 60.0 | 78.5| 28.6 | 66.8
8 75.0 61.1 33.3 81.3| 23.5] 55.0) 79.2 | 48.0 { 57.2| 21.4 | 44.4
9 75.0 50.0 25,0 68.7 ( 23.5{ 50.0| 75.0 | 28,0 | 46.4 7.1 | 22,2
10 75.0 38.9 25.0 68.7 0.0 | 40.0| 66.7 | 20,0 | 25.0 0.0 {11.1
11 75.0 | 33.3 8.3 50.0 - 35.0| 50.0 | 12.0 | 21.4 - 0.0
12 50.0 11.1 8.3 25,0 - 25,01 29.2 8.0 | 10.7 - -
13 0.0 5.5 8.3 25.0 - 5.01 12,5 4.0 7.1 - -
14 - 5.5 8.3 18,7 - 0.0 8.3 0.0 0.0 - -
15 - 5.5 0.0 6.3 - - 8.3 - - - -
16 - 0.0 - 6.3 - - 4,2 - - - -
17 - - - 0.0 - - 0.0 - - - -

TABLE Al

PERCENTAGE FREQUENCIES OF OCCURRENCE (f) OF HURRICANE WAVES IN VARIOUS DIRECTIONS
OF HEIGHT (OR PERIOD) GREATER THAN OR EQUAL TO A GIVEN VALUE

Occurrences of Full Approach Direction
Hurrlcane Waves AAI AA 2 BB1 882 cc, 002 CCS DD1 DD2 BE1 B132
1mm m Years

1 275.0 | 107.0 |163.0 {107.0}152,0}107.0|102,0 | 98.0 ] 94.0)137.0 | 86.0

1.5 183.0 71.0 92,0 71.0}101,0] 71,0 | 68.0 | 65.0 | 63.0| 91.0 | 57.0

2 138.0 53.0 81,0 53.0] 76.0) 53,0 51,0 | 49.0} 47,0} 68.0 | 43.0

5 55.0 21.0 33.0 21,0 30.0| 21.0] 20.0 | 20,0 ] 19.0} 27.0 | 17.0

10 27.5 11,0 16,0 11.0] 1s5.0{ 11,0 10,0 | 10,0} 9.0] 14.0 | 9.0

20 13.8 5.3 8.1 5.3] 7.6 5.3| 5.1 4.9 1 4.7 6.8 | 4.3

50 5.5 2.1 3.3 2.1] 3.0 2,1 2,0} 2.0} 1.9 2,7 | 1.7

100 2.8 1.1 1.6 1.1 1.5 1.1 1.0 1.0] 0.9} 1.4 0.9

TABLE AIV

SIGNIFICANT WAVE HEIGHT'S OF HURRICANE WAVES IN VARIOUS DIRECTIONS
CORRESPONDING TO FREQUENCIES (f) OF TABLE A I

Occurrences of Full Approach Direction
Hurricane Waves

Lm m Years AA, AA, BB, BB, CCy | CCy| CC3 | DDy | DD, EE,; EE2
1 - - - - - - - 1.5 2.6 - 3.0
1.5 - 7.1 1.3 11,5 - 7.5 12.8 | 5.3 7.2] 3.0 6.8

2 - 9.8 2,3 16.0] 3.6 11.4] 18,4 { 7.3} 10,4} 4.6 9.0

5 19 17.5 9.6 | 30,0] 8.4| 23,0] 27.5 [13.8 | 18,7 7.7 | 14,8
10 24 23.0 17.5 37.0| 12,0{ 28.3| 31.2 [19.2] 23,5 9.8 | 17.5
20 25.5 29,6 26.5 44,0 15.8 | 32,0 34,0 | 25.5| 26,2} 12.0 {19.7
50 26.4 39.0 39,0 50.0| 21.5| 34,0} 37.7 {34.6 | 28.5] 14.8 | 21.2
100 27.5 46.0 48,0 55.0{ 26.0| 35.0| 40.0 |42.51 29.5) 17.0 | 21.6

TABLE AV
SIGNIFICANT WAVE PERIODS OF HURRICANE WAVES IN VARIOUS DIRECTIONS
CORRESPONDING TO FREQUENCIES (f) OF TABLE AIll

1 - - - - - - - 3.9] s.0 - 5.4
1.5 - 7.6 4.0 9.0 - 7.4 8.8 6.61 7.7 5.0 7.2

2 - 8.7 5.0 10.5 6.1 8.7 110.3 7.5} 8.8 6.0 8.0

5 11.3 11.1 8.4 13.4 8.0 [11.8 [13.2 9.8 11,2 7.4 9.6
10 14,3 12,6 10.6 14,7 9.0 [13.1 |14.6 [11.2}12,6 | 8.2 10.1
20 15.3 14,0 12,5 16,0 | 9.9 {14.2 |15.4 |12.6[13.6 8.8 10.5
50 15.8 15.7 14.9 17.4 |11.0 [14.6 [16.0 |14.3 }14.2 9.6 10.8
100 16.0 16.9 16.8 18.2 (11.8 [14.7 f16.1 |15.4]14.3 |10.2 |11.0
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CHAPTER $
THE HURRICANE SURGE

D. Lee Harris
Department of Commerce
U. S. Weather Bureau

Washington, D. C.

ABSTRACT

The landfall of a hurricane is generally accompanied by an increase
in the tide level by four to fifteen feet above the normal value for the
time and place at which the storm crosses the shoreline. This difference
between the observed tide and that predicted from astronomical considera-
tions is called the storm surge. The hydrodynamic theory of these dis-
turbances has not been worked out in sufficient detail to permit a
satisfactory theoretical approach to the storm surge prediction problem.
Hence, the best guide to the probable behavior of future hurricane surges
is believed to be the study of the effects of past hurricanes on sea leve

A gradual rise in tide level above predicted values may begin more
than 24 hours before the storm makes its nearest approach to the station.
Occasionally, the tide falls below normal for many hours during the
approach of the storm. A rapid rise generally begins about the time gale
winds associated with the hurricane are first experienced. The peak
surge at any location along the shore usually occurs within an hour or tw
after the nearest approach of the storm to the station. The maximum surg
generally occurs somewhat to the right of the storm track, and the zone o
extremely high water usually extends further to the right than to the lef
of the storm track. The fall in water level after the storm is more rapi
than the rise in areas with good drainage, but in marshland a week or mor
may be required for the water level to return to normal.

The maximum height of the storm surge along the open coast is clearl
a function of the storm intensity, but this factor alone is not sufficien
to explain more than half of the observed variance in the reported peak
storm tides. Topographic effects, such as the funneling of water in con-
verging bays can alter the amplitude of the surge by a factor of two in a
distance of only a few miles. This fact. together with the tendency of
severe hurricanes to destroy the tide gages near their centers, and the
difficulty of eliminating the effects of surface wind waves in interpreti
high water marks, make it difficult to determine exactly the nature of pa
storm surges.
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1. INTRODUCTION

The approach of a hurricane to the shore is accompanied by an increase
in the tide level above the normal value. For storms which barely qualify
as hurricanes, or which do not cross the coast, this increase may be no
more than four feet. For the more intense hurricanes the tides may rise
more than fifteen feet above normal.

The effects of storms and normal tides on sea level are almost inde-
pendent along the open coast. Thus, it is convenient to consider these
two effects separately. The storm surge is defined as the difference be-
tween the actual tide as influenced by a meteorological disturbance and
the tide which would have occurred in the absence of the meteorological
disturbance. The term storm tide is used to describe the observed tide at
a time when this is significantly affected by meteorological factors.

The practical importance of a given storm surge will depend on the
stage of the normal tide at the time of the storm tide and on the elevation
of the land in the region of the storm. Waves and swell, with periods of
only a few seconds, add greatly to the damages caused by flooding in regions
that are inundated by storm tides. The effects of these short-period waves
also interfere with the collection of data on the actual tide elevations
during a storm and considerably handicap all studies of actual storm tides.
Thus, it is necessary to consider the normal tides, the short-period waves,
and the elevation of the land near the coast in any discussion of the
practical importance of storm surges.

2. THE NORMAL TIDE

Before entering into a discussion of the tide abnormalities caused
by hurricanes, it is worthwhile to describe the major features of the normal
behavior of the tide.

The normal tide is a regular quasi-periodic rise and fall of the level
of the sea having periods of approximately 12.5 and 25 hours. The principle
cause of the tide is the difference between the gravitational attraction of
the sun and moon for the waters of the earth and for the solid earth.
Meteorological factors such as land and sea breezes, the annual cycle of
atmospheric pressure and wind systems also play a role in the normal tide,
Tidal theory can describe completely the nature of the astronomical forces
producing the tide. Theory cannot predict the manner in which the sea will
respond to these forces. Practical tide predictions are based on an anal-
ysis of observed water level variations in the region for which the tide
predictions are desired. Consequently, the published predictions of the
normal tide include climatic as well as astronomical effects on sea level.

The amplitude of the diurnal and semidiurnal oscillations of sea level
and the interval between successive high and low waters vary with the phase
and declination of the moon, and the distance between the moon, the sun,
and the earth in such a way that it is not satisfactory to think of the tide
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TYPICAL TIDE CURVES FOR UNITED STATES PORTS
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Fig. 1. Typical tide curves for United States ports.,
(from U.S.C. & G.S. Tide Tables East Coast).
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as a regular periodic oscillation having some mean range. Figure 1, taken
from the Coast and Geodetic Survey Tide Tables, shows a number of typical
tide curves. 1In general, the tide range is greatest at about the time of
full moon and new moon and least at the time of first and third quarters,
and greater at perigee when the moon is nearest the earth than at apogee
when the moon is at its greatest distance from the earth. 1In the Gulf of
Mexico the greatest range occurs when the moon is near maximum declination
and the least range occurs as the moon crosses the equator.

In the United States, and in most other countries, tide predictions are
usually made by using an analog computer to sum the series:
M

hzh + z B Cos (A t+D) (1)

n =1
where: h is the predicted sea level at any time.

h is the height of mean sea level above the datum plane.
The datum plane used along the Atlantic and Gulf coasts of the
United States is wean low water.

Bn is the amplitude of the n'th constituent of the tide.
(Determined from observations and modified by theory).

A, is the speed of the n'th constituent of the tide, usually
expressed as degrees per hour. (Determined [rom theory).

D_ is the phase displacement or epoch of the n'th constituent as
of 0000 January 1 of the year of the predictions. (Determined
in part from theory and in part from observations).

M 1is the total number of constituents considered.

is the time, usually expressed in hours since 0000 January 1.

Equation (1) is designed for the computation of the effect of astro-
nomical forces in causing the sea level to rise above or fall below its long
term mean value. Local mean sea level varies from year to year because of
changes in the proportion of onshore and offshore winds, (DeVeaux =~ 1955),
and perhaps also because of crustal movements of the earth, the melting and
reformation of glaciers, the average temperature of the water, and a host
of other causes. If an adjustment is made to the constant term, h so that
it equals the observed mean sea level for the year of predictions, the pre-
dictions will usually agree with observations within about 0.2 ft. at the
times of high and low tide. Equally good agreement will be found at any
phase of the tidal cycle at most stations along the open-coast. At inland

stations, the agreement will not be as good near mid-tide as at the time of
high and low tide.
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The 1958 Tide Tables, East Coast North and South America, contains
daily predictions of high and low water for 28 locations along the Atlanti:
and Gulf coasts of the United States. A satisfactory estimate of the astr
nomical tide at any time for many of the tide stations near the open coast
can be obtained by fitting a sine curve to the published predictions of hi;
and low water as described in Table 3 of the Tide Tables., This procedure
is often unsatisfactory in rivers, canals, and long bays such as Long Isla
Sound. 1In such regions the tide curve may depart markedly from a sine cur
A direct summation of equation (1) will improve the predictions in such
cases, but even this will not always be satisfactory.

Most users of the tide tables are primarily interested in the time an
height of the tide at high and low waters. An approximation to this data,
valid for almost all purposes, can be determined for several hundred
additional locations by using the table of differences published in the Ti
Tables. It must be remembered, however, that these differences are average
and that some of them are based on much less than the optimum amount of da
Consequently, the approximate prediction of high and low water elevations
obtained in this manner may sometimes differ from the true astronomical ti
by several tenths of a foot, and the time may differ by as much as an hour
This difference in the time of high and low water may lead to a difference
of one or two feet in the estimated height of the tide at some specified
time between high and low water.

3. THE STORM SURGE

The high winds and low pressures associated with hurricanes usually
lead to significant anomalies in the tide. A gradual rise in the tide
level often begins more than 24 hours before the storm makes its nearest
approach to the station. Occasionally, the tide falls below normal for
many hours during the approach of the storm. A rapid rise generally begir
about the time gale winds associated with the hurricane are first experi-
enced, The peak storm surge usually occurs within em hour or two after ti
storm makes its nearest approach to the station. 1In areas with good drair
age conditions, the fall in the tide level is generally more rapid than tt
rise and the tide often drops below normal for a few hours after the storr
passes. In marshlands and other areas with poor drainage, many days may !
required for the water levels to return to normal. The first storm surge
peak is sometimes followed by a series of resurgences., The second storm
surge peak, occurring several hours after the storm has passed, may be as
high as the first, If the first storm peak occurs near the time of norma
low water, and the second coincides approximately with normal high water,
this second peak will be the more important (Redfield and Miller - 1955,
Munk - 1955). Fortunately, the resurgences are not prominent in the regi
of hurricane landfall but they may be important along the east coast of 1
United States for storms moving approximately parallel to the coast.

The storm surge moves through long bays, such as Long Island Sound,
as a progressive wave, Consequently, the peak surge at the head of the b

100



THE HURRICANE SURGE

Hurricane surge

may occur many hours after the peak storm conditions(Harris, 1957a). The
storm surge as a function of time at the tide station nearest the point of
landfall is shown for four hurricanes in Figure 2, taken from Harris (1957b).

Analogues showing the effects of past storms are essential to an under-
standing of the hurricane surge. Several papers of this type have been pub-
lished within the past few years.

Cline (1920 and 1926) gives a record of the observed tide at one or
more stations and the highest otserved tide or storm surge at a number of
points for many Gulf of Mexico hurricanes. Redfield and Miller (1955) give
similar data for several Atlantic Coast storms. Hubert and Clark (1955)
give data on the peak storm tides or peak storm surges associated with 16
Atlantic and Gulf hurricanes, including most of the data previously published
by Cline, Zetler (1957) has given an exhaustive tabulation of the peak storm
surge recorded by the Coast and Geodetic Survey tide gage in Charleston,S.C.,
during a great many hurricanes., Harris (1957a) gives the time history of
the surge at all Coast and Geodetic Survey tide stations affected by eight
hurricanes. Additional data on past storms are being collected by the United
States Army Corps of Engineers and many coastal Weather Bureau offices as
well as the Central Office of the Weather Bureau. It is hoped that a more
exhaustive collection of the records of the tides during the past hurricanes
can be published within the next few years. The data contained in the above
reports indicate that maximum storm surge heights usually occur somewhat to
the right of the storm center and the region of above normal tides generally
extends farther to the right of the storm center than to the left. Profiles
of the storm surge along the open coast, for four hurricanes taken from Harris
(1957b) are shown in Figure 3. Deviations in this pattern are occasionally
produced by local topography.

4. HYDRODYNAMIC THEORY OF STORM SURGES

The complete equations of motion governing storm surge generation have
never been solved in closed form. The existing solutions have all been de-
rived by idealizing the problem in some way. An analytic solution can be
obtained most readily by assuming that the sea is a rectangular lake of
constant depth on a non-rotating earth, and the solution obtained in this
way will have a close resemblance to the true solution in a great many cases.
For other problems it may be better to assume that the sea is unbounded, or
that the sea has only one boundary and the depth increases at a constant
rate as one leaves the shore., The simplest solutions are obtained by assum-
ing that flow can take place in only one horizontal direction. Solutions
obtained in this way sometimes give excellent results for the storm surge
generated in a long narrow lake or for the advection of a storm surge in a
river or other narrow channel. Even in the great majority of cases in which
flow is not one-dimensional, the one-dimensional equations reveal many of
the major factors involved in storm surge generation.

If a steady wind blows parallel to the axis of a narrow channel long
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enough for equilibrium conditions to develop, the differential equation fc
the slope of the free surface may be expressed as

ah — fo X*N?
or fw ?(H*“\) (2)

where: h is the height of water surface above the equilibrium plane.

x is the distance along the axis of the channel, with the wind
blowing toward positive x.

fz is the density of the air.

f; is the density of water.

)’1 is the wind stress coefficient, approximately 2 x 10-3.

V is the wind speed.

H is the equilibrium depth of the water when no wind is blowing.
g is the acceleration of gravity.

A derivation is given by Keulegan (1953).

The total storm surge height, frequently called set up, in this sim
case can be obtained by integrating equation (2) from a fixed boundary, o
from a position at which, due to a low value for V or a high value for H
the slope is virtually zero.

Although this simple situation rarely exists in nature, this equatio
does serve to show that the slope of the free surface is related directly
to a power of the wind speed and inversely to the total depth of water.
This suggests that a given wind condition will produce a slightly lower s
surge if it occurs at high tide than if it occurs at low tide. This dedt
ion is supported by observations, Schalwijk (1947), Equation (2) also
indicates, that when other conditions are equal, the highest surges will
occur in regions in which the wind has a long fetch over relatively shal
water. This also is generally supported by the observations, but suffici
data to establish this empirically for hurricane conditions over open wat
are not available.

Several empirical studies have shown a reasonably good fit between |
slope of the water surface and some power of V different from 2 (Hellstr!
1953, Darbyshire and Darbyshire 1956). The factor a"is related to surf:
roughness of the water; that is, to the wave height and wave velocity re
tive to the wind. Neumann (1948) has suggested that this would lead to :
decrease in Y*with increasing wind velocity and therefore to an expone:
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of less than 2. Reid and Wilson (1954),in a study relating surge height to
wind sPeedi have shown that an exponent dirrerent from 2 may arise, even
though is assumed to be constant, because of the laws governing V and
H in the particular case. It is also likely that the data developed in man
empirical studies, involving only a few cases and a restricted range of
velocities, will fit a linear law as well as a square law,

Although equation (2) sometimes gives a valid representation of the
storm surge on a lake or bay, it is necessary to consider several other
factors in order to explain the storm surge which develops along the open
coast. The finite size of the storm is clearly important, If the stomm
were stationary and no flow parallel to the shore were possible, the wind
effect at any point on the shore would be a function only of the wind stres
seaward of that point, and the profile of the peak storm surge values woulc
approximately coincide with the profile of the wind stress component per-
pendicular to the shore. If flow parallel to the shore should occur, the
peak would be somewhat flattened. These alongshore currents due to the
gradient in the water elevation, brought about by variations in wind strens
would reduce the water level below its equilibrium value near the peak and
lift it above its equilibrium at some distance to either side of the peak.

The component of wind stress parallel to the shore would also generats
an alongshore component of the ocean current. The Coriolis force acting or
an alongshore current would cause an increase in water level to the right
of the current.

The decrease in pressure in this stationary storm will be exactly com:
pensated for by an increase in water level of 13.2/12 ft. of water for eacl
inch of mercury.

All of the above effects will also be present in a moving storm, but
in many cases the disturbing forces will not last long enough to permit th
equilibrium value to be obtained. In others, the effects of resonance wil
lead to the development of heights above the equilibrium value.

The presence of these dynamic factors is well illustrated in Figure 4
the storm surge curve for Galveston, Texas during hurricane AUDREY, June 1
The dashed line in the bottom of the figure gives the observed water level
obtained by plotting hourly values. The solid line gives the storm surge
obtained by subtracting the predicted tide height from the observed values
The onshore component of the wind is shown by the solid line in the upper
part of the figure, and the component of the wind parallel to the shore is
shown by the dashed line. This component is considered positive when the
shore is to the right of the wind vector. Notice that the wind had an off
shore component during most of the period of increasing storm surge. Alth
the wind data used here are those observed at the Weather Bureau Airport
station in Galveston, they are representative of the true winds for at lea
50 miles on either side of Galveston during this storm. This figure indic
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Tide and wind records at Galveston, Texas during hurricane AUDREY,
Bottom: Dashed line - tide height above mean sea level,
solid line - difference between observed and predicted tide height.
Top: Dashed line - alongshore component of wind wvelocity, solid

line - onshore component of wind velocity.
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The storm surge associated with the landfall of Hurricane CAROL,
1954. The storm surge, observed minus predicted tide, is shown
in feet and tenths, The peak storm surge coincided in time with
the normal high tide at most recording tide stations. It is
assumed that this also holds true for high water data. It was
not possible to obtain tide predictions for a few locations. The
peak storm tide above mean sea level is shown for these stations,
and they are indicated by a star.
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clearly that the water level at Galveston was not controlled by the onshore
winds. The increase in water level may have been due to the Coriolis force
or to the boundary effects of the Louisiana and Texas coasts, or to a com-
bination of these effects.

Freeman, Baer, and Jung(1957) have proposed a system for computing
the effects of the Coriolis force due to the alongshore component of the
wind, and the direct effect of the onshore component of the wind in piling
up water against the shore. This system, which is based on fundamental
principles, does predict surge heights which are well within the proper
order of magnitude. However, it does not take into account all of the
dynamic effects which we believe to be important and requires a more de-
tailed specification of the wind field while the storm is still at sea than
is possible to give at the present time.

5. THE EFFECTS OF LOCAL TOPOGRAPHY

It is often useful to think of the storm surge as a wave-like disturb-
ance of the sea surface in which the wave length is of the order of a hundred
miles and the period between 8 and 24 hours. Considered in this way, it is
easy to see that the surge height experienced on the open shore can be
greatly modified as it moves through a bay or a river. The amplitude of
the disturbance will frequently double within a distance of only a few miles
as it progresses into a bay with converging shorelines. Likewise the height
of the disturbance may be decreased near the middle of a wide bay with only
a narrow connection with the sea. Figure 5, taken from Harris (1957b) shows
the effects of local topography on the storm surge produced by Hurricane
CAROL .,

If the storm tide at the coast rises above the top of barrier islands,
the water will flow directly inland with little regard to the natural drain-
age channels. 1In these cases the peak tide levels are to be expected a
short distance inland from the natural coast, with levels sloping downward
inland. This peak occurs landward of the natural shore because the presence
of the submerged coastline has little effect on the slope of the free sur-
face of the water. The slope downward at points farther inland occurs be-
cause the inertia of the water and the effects of friction as the water
flows over vegetation prevents the transport of enough water inland to main-
tain an equilibrium between the moving storm and the slope of the free water
surface. This effect is shown by the record of peak tides produced by
Hurricane AUDREY, Figure 6. No land remained above water south of the
intracoastal water at the height of the storm tide. In some areas the storm
tide extended far beyond this canal and in others the spoil banks, formed
in building the canal, served as dikes to impede the northward flow of
water. These dikes had to be breached at several places to permit the land
to drain after the storm.

The direct effect of wind stress over an enclosed or semi-enclosed body
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of water is to pile up water at the leeward end of the basin. The effect
is nearly independent of the advection of the surge from the open sea into
the basin. A wind blowing toward the head of a bay will serve to increase
the surge height at the head of the bay. A wind blowing toward the sea wil
tend to decrease the water level at the head of the bay but it may not ove:
come the effects of the progressive surge.

6. STORM SURGE OBSERVATIONS

The best storm surge records are obtained from a continuously record-
ing tide gage at a site for which the observations have previously been
analyzed for astronomical tide predictions, for it is only in this case th
the storm surge can be accurately determined. Unfortunately, there are ma
large gaps in the tide gage network and the peak storm tide is not often
experienced at a recording tide gage. The peak storm tide can often be
determined by an inspection of the coast soon after the passage of a sever
storm. High water marks may be located inside buildings flooded by the
storm, and sometimes in natural or artificial basins whose connections wit
the sea are good enough to permit the passage of the tide but too tostuous
to permit the passage of the high seas prevalent on the outercoast. The
peak storm surge, however, cannot always be obtained from these data. The
reason for this is shown in Figure 7 adapted from Hoover (1957). The peak
storm tide occurred about 1500 EST, near the time of normal high tide, and
indicated a storm surge of 2.3 feet, however, the peak storm surge of 4,
feet occurred about 2200 EST, near the time of normal low water.

7. EMPIRICAL FORECASTING AIDS

Since the dynamic models of storm surge generation are either greatly
oversimplified or too complicated for ready use in the field, and since in
either case they are rather uncertain, it is necessary to consider empiri-
cal correlations between other, more easily observed, hurricane parameters
and the associated storm surge. Accounts of two such studies, Conner, Kré
and Harris (1957) and Hoover (1957), have been published in the Monthly
Weather Review recently. Figure 8 shows the correlation between the mini-
mum pressure, as determined by the methods described by Myers(1954), and
the highest reported storm tide aloung the coast of the Gulf of Mexico or
estimated highest storm surge along the coast of the Atlantic Ocean. This
is a revision of a similar figure published by Conner, Kraft, and Harris
(1957). Improved data were obtained for a few storms, and data have been
added for many more storms, The change in the prediction equation is not
believed to be significant. An effort was made to eliminate the effects
of local topography, as discussed in section 4 above, as far as possible
Some of the storm surge data may be subject to the uncertainty indicated

in figure 7. The correlation between the central pressure and the peak
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storm surge on the Atlantic Coast, or the peak storm tide in the Gulf of
Mexico, is about 0.75 indicating that approximately half of the total vari-
ability in the peak storm surge height on the open coast can be explained
by variations in the intensity of the storm. A further analysis of the
data, not shown here, suggests that the storm surge is higher in regions
in which the continental shelf is flattest. The data do not indicate any
clear cut relation between the peak storm surge and the speed of the storm
or the pressure at the edge of the storm.

8. WAVES AND SWELL

In the immediate neighborhood of the coast, and in the flooded region
the most damaging aspects of the hurricane are the short-period waves and
swell, These may be prominent along the coast many hundreds of miles from
the storm. Quantitative forecasts of the waves associated with hurricanes
and other storms are desirable. However, the character of the swell and
breakers reaching the shore at any location depends to a great extent on t
local topography and may vary widely over short distances. The wave heigh
in the open sea is a function of the wind speed, the fetch (the length of
the region in which the wind direction is essentially constant), and the
duration (the length of time the wind blows over the fetch). Near the cos
the bottom topography becomes importaut and may dominate the other factors
in hurricane conditions. The most important factor limiting the wave heig
in the flooded region may be the depth of the water. Studies of waves bre
ing in shallow water indicate that the maximum wave height, trough to cres
will rarely exceed 0.78 times the still water depth (Munk 1949). The stil
water depth referred to here is the depth of water as averaged over severe
wave periods. For example, if the storm tide reaches a level of 8.0 ft. !
in a region in which the land elevation is 3.0 ft. MSL, the water depth w
be 5.0 ft. and the maximum wave height will be approximately 4.0 ft.

The wave run-up along a sloping beach may be somewhat higher than th
indicated above. Detailed studies by coastal engineers show a lower limi
ing wave height at many coastal locations. However, in the absenee of su
studies, it is recommended that waves of the limiting height shown above,
be assumed in making plans for hurricane preparedness. Warnings of high
waves should be included in warnings of hurricane storm surge conditions
but quantitative forecasts of the wave height tc be expected under these
conditions are not warranted at the present time.

9. LAND ELEVATION AND DATUM PLANES

The end product of a storm surge forecast is the decision to recomme
o: not recommend special preparations for the safety of life and property
in exposed places. This decision depends not only on the height of the

water level, storm surge plus normal tide, but also on the elevation of 1
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land and the type of exposure of the place in question.

The The most extensive collection of land elevation data available in the
United States is that given in the quadrangle maps published by the United
States Geological Survey. These maps, with a horizontal scale of from 0.5
to 2.6 inches to the mile, give contours of land elevations with intervals
ranging from one foot in some parts of Texas to 20 feet in some sections of
New England, and many spot elevations. The contour analysis is generally
accurate to within 25 per cent of the contour interval at the time of pre-
paration of the maps.

The datum of reference for elevations on most of the charts published
since 1930, is the "Sea Level Datum of 1929". This datum plane is based
on tide observations for periods of various lengths from 1875 to 1924 at
26 stations in the United States and Canada, (Harris and Lindsay-1957).
The sea lesel datum used on the mép may differ from the local mean sea level
as obtained.from local observations by as much as 0.5 ft. at many locations
and by more than 1.0 ft, in a few places.

Additional land elevation data may be obtained from bench mark descrip-
tions published by the Coast and Geodetic Survey, the Geological Survey,the
Corps of Engineers, U.S. Army, state, city, and county engineering offices,
The Sea Level Datum of 1929 is the most widely used plane of reference in
these bench mark descriptions, but other planes are used by some agencies.

It is generally possible to relate these local datum planes to the Sea Level
Datum of 1929. The Coast and Geodetic Survey has established local tidal
datum planes, based on local water level observations in many coastal regions.
Spirit level connections have been made between many of these tidal bench
marks and the geodetic lines of the Sea Level Datua of 1929,

The annual mean sea level is not constant, but varies from year to year.
The actual sea level, relative to the land, along most of the Atlantic and
Gulf coasts is higher now than when the 'Sea Level Datum of 1929" was estab-
lished. However, the trend toward rising sea levels prominent between 1928
and 1948 appears to have been arrested along much of the coast. In many
areas the current trend is toward lower sea level, see figure 9, taken from
Harris and Lindsay. Since the cause of the rising sea levels of the first
part of the century and of the falling sea levels of the past decade are
unkrown, extrapolation of the observed trends either forward or backward
in time is not recommended. Hydrographic charts of the Atlantic and Gulf
of Mexico waters are based on a mean low water datum. This is also the
datum used in the published tide predictions in this area, and is the datum
most widely used in many coastal communities.

Mean low water is defined as the average elevation of all low waters
in the tide cycle. Hence it depends on both mean sea level and the tide
range. The range of the tide is greatly affected by local topography and
may changeby several feet within a few miles. Navigation improvements and
the reclamation of land also affect the raage of tide. Since mean low
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water is subject to all of the factors which affect the range of tide

as well as to those which affect mean sea level, it is not well suited as
a reference plane for land elevations. Mean sea level will not often vary
by as much as a tenth of a foot in a hundred miles along the open coast,
but may vary by as much as a foot in a hundred miles in an estuary or rive
Sea Level Datum of 1929 will not vary by a measurable amount within a simi
lar distance. Mean low water, on the other hand, may vary by more thaa 2.t
ft. within a distance of five miles.

If mean low water or any other datum is more widely understood locall
than mean sea level, it may be desirable to use the local datum in local
forecasts in order to be understood by the public. However, the use of me:
sea level or Sea Level Datum of 1929 is to be encouraged whenever this is
practicable.

10. SUMMARY

Tides as much as four to fifteen feet above normal frequently accom-
pany hurricanes as they move inland. This difference between the normal
and observed water levelsg, called the storm surge, is correlated with the
central pressure of the storm, It is also greatly affected by local topo-
graphy and by many other factors not yet well understood. The practical
importance of the storm surge depends on the phase of the normal tide at
the time of the storm surge and on the land elevations in the vicinity of
the storm surge as well as on the magnitude of the storm surge itself.

Although present knowledge of the processes by which storm surges
are generated by hurricanes is not great enough to permit forecasting the
elevation of the storm tide with the precision desired, meteorologists,
engineers, and other public officials can contribute greatly to public
safety during hurricanes if they are able to combine a knowledge of local
topography and normal tide characteristics with a familiarity of the effec
of past hurricanes on sea level.
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CHAPTER 6
HIGH-WATER PROBLEMS ON THE DANISH NORTH SEA COAST

C. Ringe-Jergensen

Civil Engineer, Board of Maritime

Works of the Danish State, Copenhagen,Denmark,

With reference to the use of high-water frequency curves,
which have been suggested by Wemelsfelder as an aid to fix the
maximum flooding level, an attempt will be made in the following
to estimate how far certain special geographical and meteorological
conditions may be expected to influence the shape of the frequency
curves for different localities. The investigation concerns a
particular point on the Danish North Sea coast compared with the
Dutch coast, but its principles may possibly be of interest in a
wider sense. :

INTRODUCTION
THE NORTH SEA.

The North Sea forms a kind of bay of the Atlantic, being at
its north-western end connected with the great depths of that ocean,
while its other connection with the Atlantic, through the English
Channel, is so narrow and shoal that its influence on the water
Jevel is small. It is a very shallow sea ( see the map, Fig.l,which
also shows the main features of the bottom topography ) particularly
its southern part, which is Jjust where adjoining territories in
England, Germany and Denmark as well as - and predominantly - in
Holland comprise very low-lying tracts. Many inundation catastrophes
have, therefore, hit these regions through the ages, and dikes have
been built at many places to safeguard against floods.

FREQUENCY CURVES

For the purpose of planning dikes and certain other maritime
constructions, a determining maximum flooding level for each indivi-
dual place must be fixed, and the establishment of this level was
formerly based upon the knowledge of '"the highest possible flood"
gained by experience from inundations actually occurred during
historical times, possibly with a certain safety margin added.Such
experience may, however, be rather doubtful, and usually covers only
a comparatively short span of years.

In order to provide a better survey of this problem P.J.
Wemelsfelder (see [1] in "References" ) in 1939 suggested the appli-
cation of a "fregquency curve" produced by plotting in a system of
co~ordinates the values of high water against the frequencies
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( i.e. the average annual number of times according to available
statistical material) with which a water level equal to or higher
than the value under consideration has occurred at the place in
question. When a semi-logarithmic system was used ( the frequencies
being represented in the logarithmic scale) the curve proved to be
very nearly rectilinear ( see Fig. 2, in which however, the lower
curve is drawn on the basis of gales under special meteorological
conditions only), and extrapolation of the curve gives an impressi=
on of the frequency with which specified extraordinarily high watex
levels may be expected to occur, or rather the probability of theirx
occurring.

ASTRONOMICAL AND METEOROLOGICAL TIDES

That part of the change of level which is due to astronomical
causes, the tides, is fairly exactly known in the case of the Nortlk
Sea [2] . It consists of standing oscillations, maintained by the
oceanic 2scillations of the Atlantic in the north, dbut super-
imposed on these main longitudinal oscillations are smaller
transverse oscillations due to the earth's rotation, the aggregate
result being a circling tidal surge travelling southwards along the
coast of Great Britain and = with greatly decreasing amplitude -
northwards along the wrst coast of the Danish peninsula of Jutland.
As to the influence of meteorological conditions on the water level
much greater uncertainty reigns, and these are, therefore, the onlj
ones which are considered when recording frequency curves, the knov
values of the astronomical tide being deducted in advance.

The influence of meteorological conditions on the water level
has been studied in detail in various countries where flood warning
servic~g for threatened areas have been set up, and diverse method:
of preparing these warnings on the basis of theoretical investiga-
tions combined with the utilization of statistics have been
developed, for instance in Great Britain by R.H. Corkan [3] , in
Holland by W.F. Schalkwijk [4] , in Germany by G.Tomeczak [5], and
in Denmark ( where so far no warning service has been established)
by J. Egedal [6] .,

EXTRAPOLATION OF FREQUENCY CURVES

Generally. After the great inundation catasirophe that hit
England and Holland i 1953, and during which the water level
considerably exceeded heights previously recorded within historica
times, the application of frequency curves has particularly come t
the fore. It must be admitted that the utilization of a frequency
curve embodying and arranging, almost automatically, all the
existing actual observations, seems more attractive than relying
only on the highest known water level within an arbitrary, pretty
short, period, but the difficulty appears when the curve is to be
extrapolated., Its upper part, being provided by very few observa-
tions, must be highly unreliable, and it also appears to be a fact
that in Holland, where observations for more than 50 years are
available, curves recorded separately for the individual decades
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differ greatly at their upper ends [7] o Further, it must be borne
in mind that a rectilinear extension of the curve in the semi-loga
rithmic system has been chosen arbitrarily among many possible ext
polations, and that this straight l1ine, when transferred to a non-
logarithmic system, gives a curve asymptotically approaching the
y-axis ( see Fig.3), thus involving the inherently unreasonable re
sult that the height of the wind-effects tends to oo when the
frequency approaches nil. This conforms badly to the common and
"natural" conception that the water level must be approaching a ce
tain limit when the frequency tends to nil, and after all it is th
minute topmost fraction of the curve, where it grows asymptotic

( and consequently improbable) which is "enlarged" by the logarith
mic system and utiliZed. Already when advancing the method, Wemels
felder was, indeed, aware of this, but he adduced that a minor
extrapolation must be Justifiable, as the 1imit of what is physica
ly pnssible would probably not thereby be exceeded, and that even
appreciable extrapolatign does not lead to quite absurd figures

( for the frequency 1o ®, 1.e. once per one million years, he men-
tions a wind-effect of 5.9 m at Hook of Hollands

In Holland ~ To be sure, much discussion and deliberation ha
taken place in Holland as to how the curve should be extrapolated

[7T] , but agreement has gradually been reached there on a rectili
near extrapolation, which seems to yield probable results in the
case of Holland within that section of the curve which it is found
reasonable to deal with, and it is thus assumed that a maximum flo
level off Holland must at any rate be very high.

In Germany ~ Alsc in Germany rectilinear extrapolations of
the frequency curves have been used when contemplating the height
dikes in the marshlands [8] , but here it is only a matter of a
small extrapolation ( up to 1o-2), as - unlike in the case of Hol~
land - the tracts to be protected are agricultural areas and not
important, densely populated industrial ones.

CONDITIONS AT THE DANISH NORTH SEA COAST

In Denmark there are in the southern part of Jutland marsh-
lands with conditions much like those in the adjoining regions of
Germany. However, the guestion of maximum high water is also of
importance for certain contemplated constructions at Thyboron in
the northern part of Jutland ( see Fig. 1), but here water level
observations are only available for a comparatively short period,
and some uncertainty exists as to how the frequency curve should
be extrapolated at this place, where conditions are very different
from those prevailing off Holland and Germany. While the mean rang
of the tide varies between 1.3 and 3.7 m off Holland and is about
1.5 m at the Danish-German boundary, it is only 0.4 m at Thybordn,
which 1s situated almost off the transition between the particu-
larly shallow southern part of the North Sea and its somewhat
deeper northern part.
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SCOPE AND PRESUPPOSITIONS

In the following an attempt has been made to realize to what
extent various geogrérhical and meteorological conditions may
influence the course of the frequency curves off Holland and at
Thybordn respectively. Only a qualitative investigation in broad
outline has been undertaken for the purpose of establishing the
probable mutual relation between the two curves, but a lucid expo-
sition of the problem has been aimed at. Moreover, the investiga-
tion has been confined t» dealing with the stationary state direct-
ly generated by homogeneous fields of wind over the entire North
Sea ( here called the "wind-effect"), disregarding barometric
effect, phenomena of inertia, additional quite local effects,
seiches, etc., as well as disturbances generated outside the North
Sea. As to these last mentioned "external effects", to which great
weight is attached in Britain, it must be justifiable to presume
that their amplitude - just as that of the tide - will have decrea-
sed much when they reach Thyboron.

METHODS

Schalkwijk concerning the North Sea ~ In his treatise [4]
Schalkwijk surveys how the problem of wind-effect has been treated
previously, and uses the formula:

At‘ g V"“’HL cos ¥ (1)

in which A Z is the height of the wind-effect in cm over a stretch
of L km with a depth of H m and a velocity of wind of V m/sec., a is
a constant which Schalkwijk fixes at 0.032, and % 1is the angle be~
tween the direction of the wind and the direction of a line connec~
ting the two points between which the difference in water level is
sought.

The introduction of cos gy is due to the fact that the formu-
la was originally established for a canal, and i1n his investigations
concerning the Dutch North Sea coast Schalkwijgk only applies it as
follows: He seeks out that direction of wind ( about 15° west of
the longitudinal axis of the North Sea, which is about NNW-SSE)
which causes the highest wind-effect at the point under considera-
tion, and thereafter, as far as certain secondary elements are con-
cerned, he calculates the effect of winds from other directions by
means of the cosine of the angular deviation, while for the main
element he uses an empirical function of the angular difference,
the effect proving to be not quite symmetrical about the directinr
which causes maximum. A special section of the treatise deals with
the connection with the Atlantic.

As an introduction Schalkwijk had considered the compara-
tively simple case of the wind blowing across an enclosed sea, and
he finds ( as previously Ekman [9] ) that in this case an incli-
nation of the surface arises which ~ 1in spite of the effect
of the earth's rotation - very closely corresponds to the di-
rection of the wind ( 1.e. is directed against it ). This
result holds good when the state has become stationary,
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while - during its development - the conteur lines of equal water
level of the surface are turned somewhat to the right.

HellstrOdm concerning the Baltic Sea - The influence of the
wind on an enclosed sea may thus be treated fairly simply, and
this has for instance been done by B.Hellstrom in an investiga-
tion into the wind- effects in the Baltic Sea [lol , the compara-
tively narrow outlets to the North Sea-through the Danish straits
being disregarded. Hellstrom uses a formula corresponding to the
one mentioned before, but in a slightly different notation, viz.:

dz ® _k

dx ~ Y (20 - 2z (2)
where (2o - 2z, ) = the depth of water. x = the longitudinal co-
ordinate, k = the tangential pressure of the wind, y = the densi-
ty of the water, and 3¢ is a dimension-less coefficient, which is
fixed at <1.5. If the ratio k/V® is assumed to be constantly
0.000213, while it is supposed by Hellstrdm to be slightly vary-
ing according to the velocity of the wind and y is assumed to be
looo kg/m®, we obtain:

dz _ 3.2x107%Vv2 (

dx = 1000 (zo- 2z, ) 3)

i.e. exactly the same as (1) when the inclination is taken to be
dimensionless, and this form will be used in the following esti-
matory calculations.

Hellstrdm proceeds as followgs: For each direction of wind
the mean depth for a number of cross-sections at right angles to
the direction of the wind is calculated, which results in a mean
longitudinal profile in the direction of the wind, and by apply-
ing the formula the inclinations of the surface corresponding to
a number of points in the longitudinal profile are found. The mut
al positions of the longitudinal section of the surface with incl
nations varying according to the depth at each point ani the calm
water surface are now fixed so as to comply with the requirement
that the aggregate amount of water must remain constant, and the
contour lines of the surface are then drawn as straight lines at
right angles to the direction of the wind and with the longitudin
section as directrix, quite irrespective of the very irregular
shape of the sea with islands, bays, etc. It is evident that a gr
number of equalizing currents must arise before the surface can
adjust 1tself in this position, but apparently they come to pass
approximately within the same time as it takes for the inclinatio
to develop. Also minor corrections are computed in order to take
into account local bottom topography, but all things considered t
results correspond pretty well with actual observations. It shoul
however, be remembered that the depths of water in the Baltic Sea
are comparatively small, averaging about 6o m, and that the great
depths (maximum 460 m) are confined within few areas of negligibl
extent.
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COMPARISON BETWEEN CONDITIONS OFF HOLLAND AND DENMARK

ENCLOSED SEA

In order to get an impression of the importance of the
uneven depths of water in the North Sea, let us first consider an
enclosed sea, shaped as a square 600 x 600 km ( see Fig. 4 a), one
half of which is 40 m deep, while the other half is 80 m, as indi-
cated by the cross-section shown in Fig. 4 b. For the sake of
simplification the '"sea" is provisionally supposed to be oriented
due north-south, but actually it 1s intended to represent the south-

ern two-thirds of the North Sea, highly simplified, and the point
A would thus correspond to a point on the Dutch coast and B to
Thyboron. A velocity of wind of 29 m/sec. (i.e. on the lower side
of force 12 by Beaufort's scale), would give an inclination of the
surface, according to (3) of

- 2
. 3'2“28 29 . 0.67x10"% or 200 cm in 300 km

For the northern part half that figure, viz. 1loo cm in 300 km will
be found. If the two halves were Separated, a northerly wind would
cause the water level to take up the position shown by dotted 1li-
nes 1n Fig. 4 b ( the differences of level being much exaggerated)
and indicated in Fige. 4 a by contour lines in connection with sha-
ding of high-water areas, but when they are inter-connected the
water surface will follow the full-drawn obligue line in Fig. 4 b,
as also indicated in Fig. 4 ¢, and in order to bring about this
result there must, besides other currents, pass a current from the
northern to the southern half as indicated by arrows in Fig. 4 4.
A westerly wind would cause different inclinations in the two hal-
ves 1f they were separated (see Fig. 5 a), and Fig. 5 b shows a
section along the "partition wall" with both inclinations repre-
sented by dotted lines, but when no such separatior exists, the
water must adjust itself by the mean depth, i.e. with an inclination

of Az,  3.2x10"%29R
Tl Y E—

o = 0.45%10"° or 135 om in 300 km

as indicated in Figs. 5 b and 5 ¢, and to make the water assume
this inclination, a cireling current, as indicated in Fig. 5 d,
is required.

Figs. 6 a , b,c and 4 give a corresponding representation
of the effect of a north-westerly wind; Fig. 6 e shows a longi-
tudinal section in the direction of the wind ( along the diago-
nal) in which, besides the actual depths, also the mean depths of
cross sections at right angles to the direction of wind are shown
( as a shaded 1ine). Accordingly inclinations of the surface would
arise varying by these mean depths, as indicated in Figs. 6 e and
6 ¢, and this requires both an inflow from the north and a circling
current as shown in Fig. 6 d ( both currents, however, somewhat
weaker than in the above cases); the two kinds of currents may al-
so be added and will then give the result shown in Fig. 6 f.
( This result will-also be borne out when Fig. 6 b is considered).
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South-westerly winds will give quite analogous conditions w:
a circling current in the same direction as for NW,but now combin
with a northward outflow, as shown in Figs. 7 a - f.

All the Figures 4 -7 apply equally to winds in the respectir
opposite directions, when high and low waters are interchanged in
Figs. a, b, ¢ and e (the zero line remaining fixed), and the cur-
rent arrows are inverted in Figs. d and f, On the basis of 4 ¢,5
6 ¢ and 7 ¢ curves have been drawn in Fig . 8, which for this par
cular velocity of wind show variations in the water level at poin
A and B when the wind veers round the entire compass. ( If the
basin were suppogsed to represent the North Sea, it would only nee
to be turned 223 counter-clockwise, i.e. the compass points shou
be shifted in relation to the curves as shown for N in brackets
under the figure, but until further the orientation due north-sou
will be retained in these reflections).

OPEN SEA

If we now try to infer what conditions would be like, when
is no longer a question of an enclosed sea, it is evident that th
results will be far less exact, and that much depends on an estim
te.

So, let us suppose that the northern third of the North Sea
id added, in which the depth of water is again considerably great
averaging perhaps about 160 m, i.e. near the limit of the depth t
which the influence of strong winds will penetrate, and this basi
further is supposed to be connected at its northern end with the
lantic, the depth of which (at least looo m) in this connection m
be regarded as being infinite, so that the wind cannot here produ
inclinations (although certainly currents) of any importance.On t
southern, shallow areas the wind will try to Create an inclinatio
corresponding to the depth of water there, while at the northern
edge the water level must nearly remain constant. So Figs. 9,10,
and 12 have been drawn in such a way that the course of the conto
lines in the southern third is retained as in the case of an encl
sed sea, while in the middle third they are modified slightly, so
as to pass through the northmost part, which acts as an inter-
mediate link, into the almost unchangeable water level at the nor
ern end.

In case of northerly wind (Fig.9) water must thus flow in
from the north until the entire water level has been raised as in
cated in Fig. 9 a, and in case of westerly wind (Fig.lo) - in ord
to maintain the inclination of the surface in the southern part -
circling current must flow in the same manner as in the enclosed
sea, in this case without any raising of the water level as a who
In case of north-westerly wind (Fig. 11) both effects of current
will arise, but in a somewhat lesser degree and consequently with
a somewhat slighter raising of the entire water level. In the cas
of southerly, easterly and south-easterly winds corresponding opp
site effects will prevail, and finally, Fig. 12 shows the situati
during south-westerly (and north-easterly ) winds.Under the condi
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COASTAL ENGINEERING

tions of an open sea the same effects of current as in the case of
the enclosed sea will assert themselves, but whereas the southward
(and the corresponding northward) flow only take place while the
situation is developing, the circling current must continue as lon
as the situation persists. The water levels at points A and B migh
now be read from Pigures 9-12, but the same result will be obtaines
by adding to the curves from Fig. 8, which have been traced in thi
lines in Fig. 13 oriented by the compass points written under the
figure, the dotted curve I, which shows the raising or lowering of
the entire water level in the southern part, which movements -
according to what is said above - are zero for west and east and
maximum ( 1.25 m , corresponding to the figures calculated above)
for north and south. The result is the two curves A, and By in
heavy lines in Fig. 13,

The earth's rotation -~ When regard is to be paid to the ef-
fects of the earth's rotation one might reason that as its influen
ce on the surface inclinations in the case of an enclosed sea is
manimal, it should be sufficient to include a calculation of the a
ditional effects of the Coriolis-forces on the currents shown in
Figse 4 d= 7 de Por the circling currents we would thereby get a
curve shaped as the dotted curve II in Fig. 13, the currents circ-
ling counter-clockwise ( i.e. those caused by winds from westerly
directions) raising the water level along the shore, and clockwise
currents lowering it, and curve II would have to be added both to
the Ay and the By-curve. The currents flowing north-south would
similarly give an additional curve as III, which only was to be
used on the B,-curve; as mentioned above, the latter current only
flows while the situation is developinge. Even if an estimate may
well be formed as to the force of the said currents, there is
nevertheless uncertainty in estimating their effects on the water
levels, and further these effects depend on the depths at the re-
spective places. In connection with the previously-mentioned tur-
ning of the whole system by 224° in order to make it correspond to
the orientation of the North Sea, we will therefore now insteesd
of adding the curves II and III merely turn the system by a fur-
ther 150, as this will give almost the same effect, including that
the maximum effect off Holland is caused by a direction of wind
of 150 west of NNW as stated by Schalkwijk. In Fig. 13 these tur-
nings have been made by shifting the compass points to the positi~
ons noted above the figure, which positions when related to the he
vy curves A; and By should thus give an approximate picture of
the combined effects off Holland and at Thybordn ( The B,-curve
will be seen to be unmistakably lower than the Aj~curve, while its
position ddes not quite agree with experiences from Thyboron, but
this ~ which 1s of no great importance for the deliberations that
follow below - 1s probably due to the very summary regard paid
to the earth's rotation. Incidentally, in a later section this
question will be given a little more considerationk
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INFLUENCE OF BOTTOM TOPOGRAPHY ON THE FREQUENCY CURVE

As mentioned before, the curves have been traced for a defi-
nite velocity of wind (approx.Beaufort 12), but the corresponding
curves for other velocities will be found from (3) by simply redu-
cing it in the proportion(Vn/ Wiz )*, i.e. for force 11 in the pro-
portion ( 27/29)%= 0.87, for force lo in the proportion (23/29)%=
0.63, and in Fig. 14 a the high water section of the Ay-curve has
accordingly been traced for these three velocities of wind.

If, until further, we now look at the 12~ curve only, and
imagine that all directions of wind are equally frequent, then the
line segment, m - n, cut off by the l2-curve from a horizontal lin
representing a certain height of water will be proportional to
( and consequently constitute a measure for) the frequency with
which this particular or still greater heights of water occur, and
by inserting this segment as in Fig. 14 b we get a frequency curve
for wind force 12 only, subject to the assumptions mentioned.
Similarly, in Pig. 14 b frequency curves for other velocities of
wind might be sketched in, but here with the use of different
scales corresponding to the greater frequency of these velocities
( in Fig. 14 b only a slightly larger scale has been used, althoug
the 1l}-curve should, in fact, have been drawn with abscissas lo ti
mes and the lo-curve with abscissas loo times as big), and by ad-
ding up the abscissas for all velocities of wind the aggregate fre
quency curve would be obtained; in Fig. 14 ¢ such an addition is
shown for the three curves traced, and its wavy shape, which is du
to the discontinuous division of velocities of wind, has been
smoothed out by the dotted curve. Had a similar plotting of the
By = curve been made, it is apparent that we should have got a fre
quency curve starting from the same point on the x-axis, but lying
lower throughont than the A;-curve.

INFLUENCE OF WIND FREQUENCIES ON THE FREQUENCY CURVE

However, the various directions of wind do not occur with
equal frequency, and the distribution of frequency on the direc-
tions of wind also varies according to the velocities of wind. Th
will be found ( on the basis of Danish statistics published in [1!
for wind force 3 the relative distribution shown in Fig. 15-a of
the frequency for various directions of wind on the North Sea, wh:
le Pig. 15 ¢ shows the distribution at wind force lo ( a scale lo
times as large as in Fig. 15 a having been used in Pig. 15 c). Th:
the two curves selected are, in fact, representative of the very
powerful winds and the weaker( but very frequently occurring) wint
will be seen from Fig. 16, in which corresponding curves for all
the wind forces 2 -12 have been traced together in a semidogarith
mic system ( with the frequencies plotted logarithmically as ordu
tes against the respective directions of wind), and it will be se
that south-westerly and westerly winds are the most frequent ones
but that north-westerly winds more frequently occur with very gre
velocity.
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The water level curves Ay and By previously found for Holland
and Thybordn respectively, have been plotted separately in Pigs.
15 b and 15 e, but now they are not supposed to apply to wind force
12, but alternately - using different scales - to the wind forces
3 and lo. While the segment (m-n) cut off by the water-level curve
was used above as a measure for the freguency of a water level =
the one under conSideration, this frequency may now be regarded
as being representved by the shaded area o-p-g-r cut off on the fre-
quency distribution curve for winds ( see e.g.Pig. 15 a) off the
said segment m-n. It appears that for weak winds greater high-
water frequency is clearly found at Thyboron than off Holland,while
for strong winds the difference is only negligible ( and, 1f any-
thing, rather opposite). When the high-water frequency curves for
the individual velocities of wind are again supposed to be added uyr
into a single curve it will be seen directly that the Thybordn cur-
ve must begin with greater freguencies for low water levels than th
Dutch one, and as it should be less steep, taken as a whole, than
the latter, they must intersect. It will also be <een that by plot-
ting the wind frequency distribution curves semi -logarithmically e
in Fig. 16, a high-water freguency curve of the same character as
actually used will be obtained.

INFLUENCE OF THE EARTH'S ROTATION ACCORDING TO EKMAN'S THEORY

As already mentioned, the earth's rotation has only been con-
sidered very summarily above, but there may be reason to mention a
few effects of this phenomenon, which seems to approximate the who-
le representation closer to actual fects.

Ve Walfrid Ekman, who has developed the fundamental theory ot
the influence of the earth's rotation on ocean~currents caused by
wind-effects [9] , shows in a later work [12] +that currents cause«
by pressure gradients ( i.e. generated, for instance, by an incli-
nation of the surface and reaching right down to the bottom) in ad
dition to the usual deflection owing to Coriolis-force will be
further deflected when flowing across areas with varying depths of
water, this deflection being cum sole ( that is to the right on th
northern, and to the left on the southern hemisphere) when shallow

er water is encountered, and contra solem when it enters deeper
Water. In consideration of the above-mentioned cireling currents
this phenomenon would, if anything, during westerly winds tend to
reduce up~ settings at Thybordn, while it would increase them at t
northern part of the English cosst. During the gale in February,
1953, the maximum of up-settings at the English coast was, as a
matter of fact, according to [13] , reached at "The Wash", where i
is quite possible that the water may have been pressed up owing to
the sea growing shallower.

According to Ekman's theory a wind-generated current will at
the surface be directed 450 cum gsole from the direction of the win
when the depth is ©0 . The angle of deflection increases regularl
with the depth, while at the same time the velocity decreases.
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Supposing the current-velocities at various depths are repre-
sented by vectors, and the end points of these vectors are projected
on a horizontal plane, a logarithmic spiral will be obtained, and
the resultant of all these vectors (i.e. the average velocity of the
total flow) is directed 9oo cum sole from the direction of the wind.
The influence of the wind ceases, practically speaking, at a cer-
tain depth, D, Ekman's "depth of frictional influence", depending
on the velocity of the wind and representing the layer of water
stirred up by the wind, and according to [4] Palmén fixes the
value of D as:

D =35+ 5.47 (4)

At depths smaller than D the deviation of the total flow from
the direction of the wind will decrease, thus being ( according to
Ekman):

about 702 when the depth d = 0.5 D

- 300 - - - d = 0.25 D

- lo - - - d = 0.1 D
If on this background we examine how the wind will act on our tri-
partite model of the North Sea, the value of D for V= 29m/sec.,
being 35 + 5.4 x 29 ~ 190 m, the depths of the three different
sections of the model should correspond to about o0.20 D, 0.40 D
and 0.85 D respectively, and consequently for this velocity of
wind the current-directions shown by the arrows in Figs. 17-20 are
obtained.

However, it must be remembered that these currents generated
directly by the wind, are only one factor among many determining
the inclinations of the surface, these inclinations being the re-~
sult of interaction between the said wind-currents, gradient-cur-
rents ( also influenced by the earth's rotation ), the course of the
coast lines, etc., but merely by considering the directions of the
wind-currents - which are, after all, the very root of the matter =
we obtain an impression of how SW ( and perhaps in an even higher
degree SSW ) must give the highest water level at Thybordn, as is
also shown by experience. Based on an estimate, contour lines have
been drawn in Figs. 17 - 20 in a similar manner as in Figs. 9-12,
but now with regard paid to the various directions of wind-cur-
rents. It must,however, be admitted that the result according to
the above is bound to be rather arbitrary, which i1s the reason why
these figures have not been used as a basis for the foregoing in-
vestigations concerning the frequency curves. From the Figs. 17-20
water level curves for points A and B have been drawn in Fig. 21,
and they seem to correspond quite well to actual conditions. For
lower velocities of wind a rather more pronounced deflection of
the directions of currents might be expected as in these cases the
value of D decreases.

It may be added that Ekman's theories are not altogether un-
disputed. They simplify matters by assuming a constant " eddy
viscosity" from surface to bottom, and theories have been advan~
ced which take into consideration that this is hardly true, but
H.U. Sverdrup writes in 1946 in [14] that "Ekman's classical theory
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appears to give satisfactory approximation, especially because
no observations are as yet available by means of which the re-
sults of a refined theory can be tested".

INFLUENCE OF THE NORWEGIAN DITCH

Above has only been discussed how the up-settings arise, and
it will have been seen that they reach the highest levels in the
southern part of the North Sea. If we now assume that the wind ac-
tions cease ( or diminish) after great quantities of water have bee
pressed up in the south, this water will seek back towards the nort
and on its way it will be deflected sum sole by the earth's rotati-
on and consequently preferably seek towards the west coast of Jut-
land ( the deflection, however, being counteracted to some extent
by the increasing depth of water). That this actually does happen
is illustrated by a series of curves ( reproduced from J.R.
Rossiter in [15] ) depicting the variation in up-settings at va-
rious places during the gale in 1953. The highest up-~setting was
reached at Harlingen, Holland, (about 3¢4 m), while at Hanstholm,
some 50 km north of Thybordon, which was not directly affected by
the gale, a high~-water accurred about 9 hours later which, to be
sure, was only about 1 m, but which in return was of longer dura-
tion.

Moreover, the up-setting will fall most quickly where the
water, on account of a large sectional area of the current (i.e.
great depth of water), can flow away quickly, and it will there-
fore seek towards the deep ditch running along the southern and
western coast of Norway right up to the Atlantic. This Norwegian
Ditch ("Norske Rende") is deepest off the southern point of Nor-
way, where it reaches a depth of more than 500 m with more than
50 km between the loo m contour lines; further north its depth
decreases while in return its width increases. A calculation
shows that with a head loss in water level of 1 m along the 600 kr
stretch from the southern point of Norway to the deep water of the
Atlantic, this ditch can carry a quantity of water in the magnitude
of 14 x 10" n® per hour, and even if the upper layers ( here
estimated at 15¢ m), which are subject to influence by the wind,
are left out of the calculation, the same head loss in water level
will give a rate of flow of about 4 x 10" m® per hour. In the lat
ter case the velocity will at its highest ( and only for a relativ:
ly short distance ) be about 1.5 m /sec. &~ about 3 knots, i.e. no
in any way improbable, and in consideration of the fact that the
total excess of water in the North Sea during the gale in 1953 has
been calculated by Rossiter ( as quoted in [13] ) to be about
43 x 10" w’, it will be seen that the outlet through the Norwegia
Ditch must exercise a very great influence on the water-level con-
ditions. Irrespective of influences of the wind on the surface, th
ditch will be capable of carrying back to the Atlantic large quant
ties of water pressed into the North Sea, and in doing so offset
all very great fluctuations of the water level in 1ts vicinity,
thus also at ThyborSn. It may be added that owing to the earth's
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rotation the surface in the ditch will endeavour to develop a trans-
verse inclination, the water level being raised on the right and
lowered 1n the left looking in the direction of the current, and
this transverse inclination, which - according to Ekman - is more
pronounced for great depths of water than for shallower water, will
likewlse contridbute to offsetting both high and low waters off the
coasts of northern Jutland. The fact that high water in the North
Sea finds a certain outlet round the north of Jutland to replenish
the Danish home waters, will have a similar effect. However, the ca-
se is far from being simple, the current in the Norwegian Ditch al-
s0 being affected by many other circumstances, such as outflow from
the Baltic Sea, variations in the temperature and salinity of the
water, etc., but it must be jJustifiable to expect that the proxi-
mity of the ditch must cause a downward bend of the upper part of
the frequency curve for Thyboron and an increased number of modera-
te high waters.

SUMMARY

The results found in the foregoing may be summarized as fol-
lows:
I. The main features of the bottom topography of the North Sea be-~
ing so that Thybordn is situated almost off the transition between
the particularly shallow southern and the somewhat deeper northern
part, cause the frequency curve throughout to be less steep for
Thybordn than for the sea off Holland.
II. The fact that south-westerly and westerly winds as a whole Occur
most frequently, whereas the north-westerly winds are those which
most frequently occur with great force, involves that the frequency
curve for Thyboron starts with greater frequencies than does the
Dutch curve.
III. The presence of the deep Norwegian Ditch, which provides an
outlet for all great accumulations of water in the southern part of
the North Sea, causes the gsame effect as in II, viz. an 1ncreased
number of moderate high waters at Thyborson, while the very proximity
of this deep ditch counteracts the formation of extraordinarily
high floods at Thyboron and thus causes a downward bend of the up-
per part of the frequency curve.

In view of this one would expect the mutual relation between
the frequency curves for Holland and Thyboron roughly to be like
that of the curves A and B in Fig. 22.
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CLOSING REMARKS

As already mentioned, only the direct influences of wind hav
been dealt with above, while many secondary circumstances have bee
disregarded, including the familiar faet that the astronomical and
the meteorological high water cannot directly be superimposed on
each other, as the changes in the height of water will cause mutu-
al influences between them. Further the above-mentioned circling
currents may be expected to cause some loss of energy, thereby
diminishing the up-settings, and another point is that the formu-
la used for the wind-effect should possibly be modified when D is
exceeded. It will thus be understood that the results found can
only represent certain main features concerning the frequency cur-
ves.

Finally, it must be pointed out that the "derived" type of
frequency curve with a maximum value corresponding to a wind-
velocity of 29 m/sec. does not, of course, correspond to actual
conditions, as the wind may be much stronger ( cf. the fact that
Beaufort 12 just designates wind- velocities higher than 29 m/sec.
even if, as a rule, the strongest winds may probably be supposed
only to prevail -over a limited area. However, as van Veen has said

[7] 4 a gale can blow "harder than hard and longer than long",
and the very purpose of the frequency curve is by its extrapolati-
on to provide a well-founded estimate concerning extreme cases,
but - especially where the period of observations is short - there
will be every possible reason to supplement direct observations b}
a closer study of geographical and meteorological conditions, the-
reby widening our knowledge of actual circumstances and improving
our understanding of the phenomena which occur.
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CHAPTER 7
WIND TIDES ON LAKE OKEECHOBEE

Lawrence A. Farrer
Chief, Meteorclogy and Regulstion Section, Engineering Division
U. S. Army Engineer District, Jacksonville
Corps of Engineers, Jacksonville, Florida

INTRODUCTION

Determinaetion of wind tides and wave action is an esgsential step i
the design of flood-control and navigation projects and of structures
near large bodies of water which may be subjected to hurricane winds. ]
l9h8, the Corps of Engineers initiated a program to collect wind-tide &
wave data on Lake (Ckeechobee. Basic data collected and investigations
made under that program have been published as a series of project bull
tins, "Waves and Wind Tides in Inland Waters, Lake Okeechobee, Florida,
and in a summary report, "Civil Works Investigation CW-167, Waves and
Wind Tides in Shallow Lekes and Reservoirs.” Data on wind velocities,
wind tides, and waves have been collected under that program during six
hurricanes and many minor storms. In this paper an attempt is made to
sumarize the results of the wind-tide studies and outline the procedur
developed for computing wind tides on Lake Okeechobee.

DESCRIPTION OF AREA

Lake Okeechobee is & large, shallow body of fresh water in souther
Florida. The lake is nearly circular in shape and has an area of about
T30 square miles. The lake bottom is saucer-shaped, with the deepest
part et about mean sea level. Bottom composition is chiefly sand, shel.
muek, and rock. Aquatic grasses and marsh vegetation cover the western
portion of the lake. The entire southern half of the lake and & small
section at the north end are inclosed by levees. The crown elevation of
existing levees ranges from 32.5 to 37 feet. The lake has a drainage
area of 5,500 square miles. The lake is now regulated between the limiti
of 12.5 and 15.5 feet above mean sea level insofar as hydrologlc condi-
tions permit; during flood periods, lake levels often rise several feet
gbove the scheduled stage.

The network of gages from which records have been collected is show
on figure 1 along with the topogrsphy of the lake bottom. The network ¢
gages includes 1b recording water-level geges, 5 wave staffs, 12 station
where wind speed and direction are measured about 32 feet above the wate
surface, and 7 stations where barometric pressures are recorded. Two of
the lake stations have additional anemometers near the water surface so
that the wind gradient can be measured. Data collected from this networ
of gages have been used to evaluste unknowns in the wind~tide formula an
develop procedures for computing wind tides.

WIND-TIDE FORMULA
The term "wind tide" is used to describe the changes in water sur-
face caused by action of the wind on the water. Wind tides may be com-

posed of both static and dynamic tides. Dynamic tides, or seiches, occu
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when the momentum of the water carries it beyond the position of stat
equilibrium, and oscillations result. The magnitude of the seiches g
pears to be a function of depth, fetch, and bottom characteristics.
Seiches of sbout 1 foot have been recorded on Lake Okeechobee, but the
do not appear to have a significant effect on major wind tides on this
lake. Analyses of wind tides in this paper pertain solely to static
tides.

The basic wind-tide equation used by Hellstrom and others can be
written as the differential of the change in water~surface slope with
distance:

dh AT

ax T Ty (D)

Terms and symbols used in the wind-tide equations in this paper are de
fined as 'follows:

Setup above mean water level (ft.)

Fetch distance (ft.)

Water depth (ft.)

Specific weight of water (62.k4 lb./ft.3)
Wind speed (ft./sec.)

Tengential stress on water surface (lb./ft.

Tangential stress on the bottom (1b./ft.2)

A dimensijonless parameter, defined as X\ = Tg/T+1
A dimensionless factor, related to the ratio hgy/D

A planform factor used to evaluate the effects of
converging and diverging shorelines

2

Wy 3B < U

The basic equation integrates to
T.F
hg = A §

2y (Drhg)

for a rectangular channel of uniform depth. With the introduction of 2
planform factor P to account for the effect of converging and diverging
shorelines and of Keulegan's N factor to veplace hg on the right of the
equation, the basic wind-tide formula becomes

h. =NATIsFP
8 2y D

FACTCRS AFFECTING WIND TIDES

The principal variables in the basic equation for computing static
wind tides are fetch, depth, and shear stress. In some cases, planform
and barometric pressure should be considered.
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Depth and fetch are physical features of a body of water and can be
determined from hydrographic maps. In irregularly shaped lekes of vary-
ing depth, the lake should be divided intc increments and the average
depth determined in each increment so that variations in depth can be
teken into consideration., In most cases, the fetch is measured as the
straight-line distance across the water surface, However, when there is
an appreciable curve in the wind streamlines, the fetch should be meas-
ured along the curved line.

Surface shear, Ty, is the tangential stress exerted by the wind on

the water surface. Since it is very difficult to obtain a direct meas-
urement of thas force over rough water, the surface shear is usually com~
puted from measurements of the wind gradient above the water surface,

Von Karman and Prandtl found that the wind profile is logarithmic and
that the surface shear can be computed from the equation

- 2
Ts = //g v

ko V

vhere V = ’
2.3 (log z - log z,)

and k, is a coefficient which Von Karman found to have a value of 0.k,
/s the density of air, V the wind velocity, z the distance above the wa=-

ter surface at which the wind velocity was measured, and zg & roughness

parameter obtained by projecting the wind velocity to the boundary layer.
Unfortunately, very few reliable measurements have been obtained to es-
tablish the velocity gradient above a water surface during unusual storms
or hurricanes, Multiple anemometer stations were not established on Lake
Okeechobee until 1953 and the highest velocity recorded since that time
was 60 feet per second. Anemometers on lake station 14 are now operated
about 5.5, 13.5, and 32 feet above the normal water surface., Direct com=
putation of Tg using data collected at that station showed considerable

scatter, which made it difficult to extrapolate the data to high wind ve-
locities, Plotting data observed at the 32-foot level against that at
the 5.5-foot level indicated the linear relationship shown on figure 2.
The points plotted as (.) on figure 2 are data recorded on October 9,
1953, when air and lake temperatures were about equal and rain was fall-
ing. The data plotted as (x) were obtained in February and March 1954
after cold air masses had moved across the lake. The air temperature was
from 10 to 170 F. colder than the water temperatures and the air was rel-
atively stable. This relationship was used to compute values of Tg for

wind velocities measured at the 32-foot level. The resulting shear

curve, which has the equation T = 4.39 x 10-6 V2, is shown on figure 3.
s

For comparison, figure 3 also shows a shear curve computed by Sibul from
wind-velocity measurements in a wind-actuated model at the University of
Californis with winds extrapolated to the 30-foot level by using a loga-
rithmic relation. The close agreement between the curves obtained from
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WIND TIDES ON LAKE OKEECHOBEE

model and field measurements indicates that data from wind-sctuated
models can be used in analyzing wind-tide problems.

Total shear stress, N\Ts or Ts + Tp, has been determined from labo-

ratory studies by Hellstrom, Keulegan, and Sibul. The model data indi-
cated that Ty varies from zero to a value greater than Tg. However, def-
inite relationships between Ty and bottom roughness, depth, and other
factors have not been determined for conditions similar to those found in
Lake Okeechobee. Therefore, values of )\Ts were obtained by solving the
wind-~tide equation for ATs using the basic data collected at Lake Okee=
chobee during six hurricanes and meny minor storms., Basic data are con-
tained in the project bulletins referred to above. The shear stresses
needed to reproduce observed wind tides, which ranged from 1L to 10 feet,
are plotted on figure 3 against lakewide average wind velocities at the
32=-foot level. The values shown were obtained from the wind-tide equa=-
tion using average depths and velocities over the whole lake without a
correction for planform. The scatter of data indicates the value of AN
may vary from 1 to 2, and the average value is about 1.66. Some of the
scatter in the data could be eliminated by computing the wind tides by a
step~integration procedure in which the effect of variations in depth and
wind velocity is considered, Computations using step-integration proced-
ures indicated A may have values of about 1.2 near the center of the
lake and about 2 near the edges where the bottom is sloping and consider=
ably rouygher. Additional studies are needed to determine how bottom
shear varies with depth, bottom roughness, water turbulence, and other
factors. Until such studies are completed, the shear~stress curve shown

on figure 3--which has the equation A Tg = T.32 x 10°Ov2a-will be used

to compute wind tides in Lake Okeechobee. Tickner has found that the
wind tides in the model at the University of California can be doubled
when window screen is stapled to the bottom to simulate bottom roughness.

Planform.-~A planform factor P is used when the center of gravity of
& body of water is not at the midpoint of the fetch. For a triangular
lake, the factor varies from 0.67 when the wind tide is occurring slong a
side of the triangle to 1.33 when the tide occurs at an apex. If the
shoreline forms an spproximate trapezoid, the planform can be obtained

from the formula
p=g_(2bo+b
3 o + b

vhere by is the width of the windward shore and b is the width of the
leeward shore.

N is a variable, derived by Keulegan, based on the ratic of setup to
depth. With its use, wind tides with either exposed or nonexposed bottom
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may be computed. Variations in the values of N with hg/D are cbtained
from a curve through the following points:

hg /D N hg /D N
0.01  1.00 1.00 0,75
0.10 0.97 1.50 0.58
0,30 0.92 2,00 O.hh
0.50 0.89 k.00 0.19
0.70 0.85 10.00 0.0k

Atmospheric pressure.--When a hurricane passes over a large body c
water, the reduction in atmospheric pressure near the center of the
storm causes the water level to rise. When there is a difference in th
pressure at the point where the wind tide occurs and the average pressu
over the lake, a correction of 1.l feet of water for each inch of mer=-
cury is applied.

PROCEDURES FOR COMPUTING WIND TIDES

Wind tides can be computed on lakes or reservolrs where variations
in bottom, shorelines, and wind velocity are small, using lakewide aver
ages and the basic wind-tide equation. However, where there are large
variations in any of these factors, more accurate results can be obtain
by breaking the lake up into sections. Two integration methods have be
used on Lake Okeechobee, In the cross-sectional method, the lake is di
vided into cross sections perpendicular to the wind streamlines., Then,
the average bottom elevation, fetch, and wind velocity over each cross
section are determined and the water-surface profile across the lake co
puted, The integration procedure is started at the approximate center ¢
gravity of the lake., A setup or setdown across the section to be com~
puted is assumed and values of P and N obtained and substituted in the
wind-tide equation along with values of F and XATg. The setup is com-
puted and compared with that originally estimated. If the assumed setus
does not agree with the computed, new assumptions are made and the proc-
ess repeated unlil satisfactory agreement is obtained. Then, similar
computations are made for the next cross section. When the wind-tide
profile has been completed, the volume of water above the normal level i
the setup portion of the lake is determined and compared with the volume
removed in the setdown end. If the volumes do not balance, an adjustmer
must be made in the location of the node line and the entire integration
process repeated until a volume check is obtained.

Another method, suzgested by Hunt, divides the lake into a number c
segments. The number of segments reguired depends on variations in size
of lake, depth, and wind speed. The wind-tide profile is computed for
each zone in the same manner as described for cross sections, beginning
at an assumed node line. However, with a cross section divided into a
number of segments, variation in the water-surface profile in different
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I Zont
2100 hours =~ Aug.26,1949 0100 hours = Aug.27,19
2000 hours - Aug.26,1949

a. Wind veloclties over each segment

2000 hours - Aug.26,1949 2100 hours - Aug. 26, 1945 0100 hours - Aur. 27,1949

b. Water-surface contours

Fig. 7. Water-surface contours computed by segmental method
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parts cof the cross sectlon may exist and adjustments between adJjacent

zones are required., Where variations in water levels occur perpendicular
to the wind streamlines, Manning's formuls is used to compute the flow to
the adjacent segments. The procedure is one of trial and error and compu~
tations are continued until reasonable balances are obtained. After satis-
factory water-surface profiles are obtained for each segment, water-
surface contours are constructed and the total volume in the lake under

the water-surface contours determined. If the volume does not check, an
adjustment is made in the nodal line and the entire procedure repeated.

WIND TIDES DURING 1949 HURRICANE

On August 26, 1949, a very severe hurricane came off the Atlantic
Ocean and entered Florida near West Palm Beach, It continued on & northe-
westerly path and the center passed over the northern edge of Lake Okee=~
chobee, Isovel patterns over the lake for the pericd from 9 p.m. on
August 26 to 1 a.m. on the 27th are shown on figure b along with water-
surface contours for the same period. Graphs on figure 5 show variations
in wind velocities, water levels, and barometric pressures at stations
where maximum wind tides were recorded, Wind tides computed by both the
cross-sectional and segmental integration methods are shown on figures 6
and T, along with maps of the zones used in computing wind-tide profiles.

SUMMARY

Although much remains to be learned about wind tides and tangential
shear stresses, the empirical curves and procedures described here can be
used to compute wind tides on Lake Okeechobee with considerable accuracy.
Additional studies are needed to determine relationships between wind ve=-
locities and shear stresses, It is hoped that sufficient data can be
collected on Lake Okeechobee or other bodies of water subjected to hurris
cane winds to permit verification of all factors in the wind-tide equa-
tion and development of accurate procedures for determining wind tides on
all vodies of water,
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CHAPTER 8
WATFR WAVES DUE TO A LOCAL DISTURBANCE

J.E. Prins

Hydraulics Laboratory Delft, Netherlands.

Abstract - A model investigation of the characteristics of waves
generated by a local disturbance was made in order to obtain comparison
?ith §he theories of UNOKI and NAKANO (1953) and KRANZER and KELLER

1955).
The two-dimensional model for the case of initial local elevation or
depression of uniform height of the water surface showed that certain
wave characteristics such as phase periods and "interference" pattern
could be described reasonably well within certain limits of water depth
and height and extent of the disturbed area. Beyond those limits the
leading part separated from the generated wave pattern as a solitary
wave or a more complicated wave system. For a certain range of conditions
the leading part was preceded by a bore during the first portion of the
travel.

INTRODUCTION.

The mathematical studies on the properties of surface waves
generated by a local disturbance is a classical problem. It finds its
application in the prediction on the wave motion resulting from an
underwater seismic disturbance (tsunami) and it has recently come into
prominence in the description of the wave motion resulting from an
artificial near-surface, or underwater, explosion.

The mathematical description is dependent on a rather schematized
assumption of the initial conditions. Most of the derived equations
have never been physically checked in a systematic way as to their
reliability in practical applications.

The generation of surface waves due to a local disturbance can
be considered under three groups:

A. Initial elevation or depression of the surface without initial
velocity.

B. Undisturbed surface with an initial distribution of a surface
impulse.

C. Undisturbed surface with an initial distribution of a submerged
impulse (underwater explosion).

According to these groups PRINS (1956) tabulated the authors,
mentioning initial conditions, wave equations and wave characteristics.
In the groups A and B the mathematical solutions are summarized from
the authors LAMB (1945), UNOKI and NAKANO (1953), KRANZER and KELLER
(1955) and PENNEY (1950), in group C from KIRKWOOD and SEEGER (1950)
and FUCHS (1952).
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Only a few model investigations on the wave performance due
a looal disturbance are available. BRYANT (1950) compared the theor
of PENNEY (1950) with experimental observations. Experiments on the
wave generation by a surface impulse were done by JOBNSON and BERME
(1949). A laboratory study of gravity waves generated by the moveme
of a submerged body was done by WIEGEL (1955).

Prototype data are given in a comprehensive description in "
EFFECTS OF ATOMIC WEAPONS" (1950) and on tsunami by UNOKI and NAKAN

(1953).

In this paper some results of two—dimensional model investig
tions for the case of initial local elevation or depression of unif
height will be given. In the experiments the heights of the elevati
or depression, the extent of the disturbed area and the water depth
were varied. A comparison will be made with the theories of UNOKI a
NAKANO (1953) and KRANZER and KELLER (1955). The leading part under
oonditions not fitting the theories will be discussed.

EXPERIMENTAL EQUIPMENT AND PROCEDURE.

The model investigations were carried out in a flume one food
wide by sixty foot long. On the one end of the channel was placed ar
air-tight box of plexiglas with a sliding front wall, in which the
water level could be elevated or depressed by means of a degcreased
increased pressure in the air compartment. By pulling the slide upwe
in the shortest possible time it was possible to develop a free ele-
vated or depressed area of uniform height with all the water particl
effectively at rest, figure 1. The back wall of the box was consider
to oause a total reflection and hence is the axis of symmetry of the
system. At the opposite end of the channel a wave absorber was
installed.

The extent L and the height @ of the elevations or depression
and the water depth h were varied by steps:

h = 203’ 0059 0035 and 0.2 foot.
L =1/3, 1 and 2 foot.
Q 21001’ 1002 a.nd._tO-B foot.

The vertical movement of the water surface n was recorded as
function of time simultaneously at five places along the ohannel wit
a six~channel Brush Electronic Co. recorder by using parallel wire
resistanoe wave gages (WIEGEL 1956), figure 2. On the same record th
zero time was fixed by a resistance gage inside the box near the fro
which indecated the drop, or rise, of the inside water level after
pulling the slide. The charts present an x,t-~plane, in which are pro-
jeoted the nyt-histories of the five gages, figure 4.

The movement inside the box and in its vioinity was filmed. T
first stage of generation is shown in figure 3.
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MATHEMATICAL DESCRIPTION AND COMPARISON WITH THE EXPERIMENTS.

The formulation of the problem in regard to the model invest
gation was to describe the water surface elevation with respect to
undisturbed water level as a function of place and time when a dis-
turbance consisting of an uniform elevation or depression with a
constant height Q extending over a length L in a two-dimensional
system of water depth h was released.

In general n = £f(QyLyhy X, t) (

Two cases given in the literature are applicable to the give
conditions. One is the solution of the Cauchy-Poisson wave problem
for the case of an initial elevation to a finite area in water of
infinite depth by UNOKI and NAKANO (1953) in their approach for the
description of tsunami waves. The other case is the description of
surface waves produced by explosions in water of finite depth by
KRANZER and KELLER (1955 « A summary of their results adapted to th
model investigations is given by PRINS (1956).

The simple form of the UNOKI-NAKANO equation illustrates in
the best way the characteristics of the generated waves.

4Q x%' ( gt2 L ) gt2 n (
The equation n =TI sin (—— .~ )i cos (= - =) :
n2gct 4 x 4x 4
for x))L,
is composed of two periodic systems. >
gt 7
The phase period is defined by cos ( —— - — )
4x 4
4nx 8nx2 2x g\
50 that T ==—— , A = —3 and C = — (=\| — ) (:
gt gt t 271

As the period T is dependent on x and t, we have to deal with dis-
persive waves. The phase period is independent of the height Q and
extent L of the initial disturbance.

2
gt L
The term sin ( ~— . — ) represents a relatively long periodic syste
4x x

defining the amplitude variation of the waves with phase velocity. I
will be referred to as the amplitude envelope term, with the
qualities:

4nx X 8nx2 x x
T o= .=, A= . — and 0, =— (4
1 st 1 1 g2 o1 1
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The period T. also shows dispersive properties. It is inversely
proportional to the extent L of the initial elevation.

At a certain position (x,t) the envelope velocity is one~ha:
the phase velocity. At infinite depth the group velocity is definec
likewise, so that

X

al = ‘_.
C1 %0 Cgr + (

This equation can be written x = C__ t (6) which according 1
KRANZER and KELLER is also valid for watef of finite depth hy, if t}
following expression is introduced:

4nn/A
cgr =4 |1+ TPy (tanh 2mh/A) . Cq (
g
in which C, = — T. (

0 2%

The formula x = Cgr t shows that a wave reaching a oertain

place X with period T can be considered as a wave of constant lengt
propagating with its group velocity from the origin to X.

The KRANZER-KELLER equation also shows relations with a
dependency on the water depth h giving similar wave characteristics

The experimental data are obtained ag My t-curves at a fixed
place. There is a definite distinotion with respect to the leading

part of the wave pattern, dependent on the ratios Q/h and L/h.

Within the limits Q/h £ 0.18 and L/h £ 0.9 the leading part
had oscillatory charaoteristics and & reasonable agreement of the
experimental data and the theory was found.

It was found that:

1. The generated wave pattern was of a dispersive character.

2. The variation of height and extent of the initial disturbanoe di
not affect the phase velocities.

3. The phase periods were found to agree with the theory of XRANZER
and KELLER, and for "deep water" with the theory of UNOKI and
NAKANO.

4. The wave pattern shows an interference phenomenon,figure 4.

5« The position of the zero-points of the amplitude envelope curve
was found to be well expressed by the theory of UNOKI and NAKANO
and fairly well by the theory of KRANZER and XELLER.

6. The leading part of the wave pattern for the case of an initial
elevation showed exactly the negative performance of the waves
generated by an initial depression (Ngley = - ndepr), figure 6.

7. The amplitudes were found to be directly proportional to the
height of the initial disturbance.

8. In considering the energy distribution within the wave pattern,
together with the area of disturbance, it was noticed that when
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the disturbance was extended vertically, the character of the wave
pattern was maintained with the amplitudes being proportional to
the vertical change of disturbance. When the disturbance was
extended horizontally, the wave pattern changed its appearence, but
the amplitudes did not exceed those of the common envelope curve,
which was independent of the variation of L, figure 5.

9. The wave amplitudes of the experiment in general were found to be
smaller than the theoretical values.

CHARACTERISTICS OF THE LEADING PART WITH VARIATION OF Q/h AND L/h.

With respect to the dependency of the leading part on the
ratios of Q/h and L/h four types could be distinguished:

1. Leading wave with oscillatory wave characteristics being part of
the dispersive wave pattern (0), figure 6.

2. Leading wave with solitary wave characteristics with respect to its
velocity of propagation followed by a trough connecting it with
the dispersive wave pattern (ST), figure 7.

3. Leading wave being a single wave with solitary wave characteristics,
separated from the dispersive wave pattern by a more or less flat
part at the still-water-level (SS), figure 7 and 8.

4. The leading part being of complex form, which, while traveling
outward, breaks up into a few waves with solitary wave character—
istics, separated from the dispersive wave pattern (CS), figure 9.

For certain conditions either a bore (B) or a top bore (TB)
ocourred which did not seem to affect appreciably the type of leading
wave.

In figure 10 the types of the leading part as a function of Q/h
and L/h are given schematically, based upon the available model data
for the case of an initial elevation.

In the following paragraphs some characteristics of the leading
part are discussed more extensively.

In the case of waves with oscillatory characteristics the
characteristics of the leading part are in close accordance with the
above mentioned theories. Complete similarity is found between the
performance due to an initial elevation and an initial depression,
figure 6. The amplitude is direct proportional to the height of the
disturbance, figure 11l.

With increasing Q/h and L/h in the case of an initial elevation
the leading wave tends to the solitary wave form and finally reaches
the stage where its shape closely approximates the Boussinesq wave
formy and it propagates with the celerity

C = \/g(h + n). Due to its larger velocity of propagation it separates
from the wave train. The wave train still agrees reasonably well with
the theory.

There is a region, which depends mainly on the ratio Q/h, where
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during the first stages a bore occurs. (Considering the initial
conditions, it could be expected that every wave would have to start
with an unstable front. As can be seen from the photographs on figure
3, this assuption is false as the zone of instability (the vertical
front at t = o) is not propagated away from its zone of occurrence.
The mechanism of generation is not analysed).

It was evident that the formation of a bore would limit the
maximum possible height (amplitude n) of the leading wave, and that if
the leading wave had the characteristics of a solitary wave the ratio
n/h would always be smaller than the theoretical maximum value of 0.78.
As Q/h can have any value, the affect of Q/h on n/h was studied. An
illustration of this is given in figure 12. The height n is dependent
on Q (for deep water it is directly proportional to Q) and on L t