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CHAPTERl

INTRODUCTION

1-1.“ pur~se. This manual provides guidelines for the engineering amlysis of
coastal water levels and waves. The guidance is primarily for the planning and
preliminary design states of a project. The design engineer is expected to
adapt the general guidance presented in this manual to site-specific projects.
Deviations from this guidance are acceptable if adequately substantiated.

1-2● Applicability. ~is Mual is applicable to all HQ- elmts and
field operating activities responsible for the planning, design, mns~ction~
and operation and maintenance of civil wrks projects.

1-3. References. The references listed below are needed to impl~nt s- of
the guidance in this manual.

a. EM 1110-2-1412, Storm Surge Analysis and Design Water Level-
Determinations.

b. Harris, D. L. 1981 (Feb). “Tides and Tidal Dat- in the United
States,” Special Report No. 7 (SR-7). Available frau Libr?ry, US ArinyEngineer
Waterways Experiment Station, Vicksburg, MS 39180-0631.

c. National Oceanic and Atmospheric Administration, “Tide Tables, High
and Low Water Predictions, East Coast of North and South America Including
Greenland!’ Available from National Ocean Service, Rockville, ~ 20852
(publishedannually).

d. National Oceanic and Atmospheric Administration, “Tide Tables, High
and Low Water Predictions, West Coast of North and South America Including the
Hawaiian Islands.” Available from National Ocean Service, Rockville, ~ 20852
(publishedannually).

e. Shore Protection Manual (SPM). 1984.
Engineer Waterways EXriment Station, Coastal
Available fra S~peri~tendent of tints, US
Washington, DC 20402.

4th cd., 2V01S, us Army
Engineering Research Center.
GoverrxnentPrinting Office,

1-4. Bibliography. Bibliographic it- are cited in the text by n-s
(it- 1, 2, etc.) that correspond to items in Appen& A. Where any reference
or bfiliographic ita contains infomtion that conflicts with this manual, the
provisions of this Hual shall govern.

1-5. BackgrouM and Scope. Virtually every coastal and harbor project
requires information about local water levels and wave heights. This manual is
concerned with procedures for obtaining, interpreting, and applying water level
and wave information. The manual addresses projects located in the coastal
zone and subject to attack by waves ati currents of the oceans, bays, and Great
Lakes. Specific types of projects include shallow and deep draft coastal
navigation; shore and beach restoration, protection, and nouris-nt; and
coastal wave and flood protection projects,

1-1
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1-6. Discussion.

a. Critical Conditions. In the selection of design water levels and
design waves for a project, the critical conditions must be considered. The
conditions represent critical threshold combinations of tide level, surge
level, wave conditions, etc., which, if surpassed, will endanger the project
and/or make the project nonfunctional during their occurrence.

(1) Water levels and waves cannot generally be considered independent of
each other in determining critical conditions. Water levels have a direct
impact on wave conditions in shallow water? particularly when the waves are
near the point of depth-limited breaking. Also, waves can have some impact on
water level, especially in the surf zone where wave-induced setup can raise
the local water level by significant amounts.

(2) Three types of considerations relate to the design of a project.
The first (structural integrity) relates to the structure’s ability to
withstand the effects of extreme storms without itself suffering significant
damages. The second (functional performance) deals with the effectiveness of
the structure at its intended function, The third (constructibility) relates
to means, methods, materials, etc. involved in project construction.

(3) structural integrity criteria determine the structure’s life-cycle
costs to the extent that a certain level of investment is necessary to prevent
damages from an extreme event, There will always be a finite probability that
any storm, no matter how extreme, will be exceeded in intensity; so this
consideration also determines the expected repair costs during the project
life. The most extreme sea state in which a particular structure design will
suffer no damages cannot in practice be precisely defined. The statement of
structural integrity should be phrased with this in mind. It should be stated
in terms of the desired effect, such as prevention of breakwater damages (and
associated repair costs). An example would be “damages to more than 5 percent
of the breakwater armor will occur with less than 2 percent probability per
year.” There are numerous complications in achieving such a goal, including
definition of the types of possible damages and determining the combined
probability per year of the physical parameters (wave height, wave period,
wave direction, water level, storm duration, and others) which could cause
them. Nevertheless, this is a workable statement in terms of an objective,
adaptable to more than one means of determining structural dimensions.

(4) Functional performance determines the incremental economic benefits
of a project since it defines the structure’s level of effectiveness. It also
affects the cost since a certain additional increment of investment may be
necessary to achieve a given level of effectiveness. For a breakwater, this
level of effectiveness can usually be stated in terms of a maximum transmitted
wave condition during a given extreme event. The probability of exceedance
for this event can in turn be related to property damage and other economic
losses. A workable statement of functional performance might be that 10 per-
cent of transmitted waves can be related to some level of unacceptable
property damage or operational disruption landward of the breakwater. An even
more general statement might be that navigational delays and property damages
from transmitted waves shall occur with less than 5 percent probability per
year.

1-2
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(5) Constructibility includes consideration of project construction
requirements. The considerations may include requirements for low water
access by land equipment, high water access by floating equipment, curing of
cast-in-place concrete, etc.

b. Estimation of Water Levels and Waves. Probabilities of exceedance of
critical conditions for structural integrity, functional performance, and
constructibility design conditions are estimated using the information in this
manual as shown by the flow diagram in Figure 1-1. Some branches of the flow
diagram are inapplicable to certain design problems. For example, tsunamis
are generally an important design consideration only in and around the Pacific
Ocean basin.

1-3
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Figure 1-1. Flow diagram for the use of this manual
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CHAPTER 2

TIDES AND TIDAL DATUMS

2-1. Description of Tide Records.

Astronomical Tides. Most of the material in this chapter was
extra~~ed from Special Report (SR)-7. Several important features of the
astronomical tide are shown by the record in Figure 2-1. This record appears
as a series of nearly sinusoidal oscillations with an average period near 12
hours and 25 minutes. The amplitude of these oscillations varies from one to
the next, and the average range of any two successive tide waves rises and
falls with a cycle of about 2 weeks. If a much longer period of record were
shown, a cycle with a period near 29 days would also be discernible. The
largest amplitudes (spring tides) coincide approximately with the time of a
new moon and a full moon. The lowest (neap tides) amplitudes occur when the
moon is in first or third quarter. There is an approximate repetition of the
curve after periods of 14.5 and 29 days; i.e., periods of 1/2 and 1 full lunar
month. Lines connecting alternate highs and lows have been drawn in the fig-
ure to show that the semidiurnal wave of greatest amplitude near the full moon
has become the wave of least amplitude near the new moon. Both waves have
nearly the same amplitude when the moon is in its first quarter.

MHW

MSL MSL

MLW

I 5 9 13
Doys

MHW

MSL

MLW

MSL

I 1 1 1
1? 2[ 25 29

Ooys

LEGEND

Figure 2-1.

Q -MOON INFIRSTQUARTER

@ ‘MOON INTHIRDQUARTER

o -FuLLMOON

● ‘NEW MOON

Tide predictions for Boston, Massachusetts, January 1963;
predicted mean range 9.58 feet (2.92 meters)
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(1) The tidal curve in Figure 2-1 (MHW = mean high water, MSL = mean sea
level, MLW = mean low water) shows a classical semidiurnal tide. This tide
behavior is the most common type along the US Atlantic coast. Tidal curves,
however, may have many other shapes. Astronomical tides at five locations for
January 1963 are shown in Figure 2-2. These curves have been normalized with
respect to maximum range for each station to show the shape of the various
curves rather than the relative range of the tide at each location. Curve A
for New York, New York, is another example of a semidiurnal tide. The two
highs and two lows of each tidal day (approximately 24 hours and 50 minutes)
are more nearly equal than in curves B, C, and D. Curve E for Pensacola,
Florida, is a typical example of a diurnal tide. Only one high and one low
are clearly discernible for each lunar day. The other curves illustrate
intermediate types of tide.

(2) Two highs and two lows during a tidal day can be recognized in
curves B and C for Key West, Florida, and Port Townsend, Washington, respec-
tively. The amplitudes of consecutive tide waves for these locations are very
unequal, except for short periods near 15 and 30 January in curve B. Tidal
curves of this type are called mixed tides. Curve D for St. Petersburg,
Florida, is intermediate between the mixed and diurnal types. Two distinct,
unequal lows and highs are recognized on most days, but there are several days
when one tide wave vanishes. The tide appears to stand for a time at an
intermediate value between the daily high and low, although only one distinct
high and low can be identified. This phenomenon is often called a vanishing
tide. The tidal range is generally low where these tides occur in the eastern
United States, and there has been some confusion about a proper method for
treating tidal datums where a vanishing tide occurs (discussed in
Section 2-3).

Tide Observations and Tide Record Analysis. Tracings from several
Natio~~l Ocean Service (NOS, formerly US Coast and Geodetic Survey (USC&GS))
standard tide gage records are shown in Figure 2-3. The Portsmouth, Virginia,
trace, obtained from a harbor well inland from the open sea, is relatively
smooth, but a nontidal perturbation is indicated by an arrow above the curve
near 0000, 13 August 1955. The trace from Atlantic City, New Jersey, was
obtained as a tropical storm passed to the east of the station. The predicted
tide is shown for comparison. The tide gage at Atlantic City is located near
the end of the Steel Pier in the open ocean. Thus, with an exceptionally open
exposure, and in spite of the use of a stilling well, wind waves make a signi-
ficant contribution to the record. Several small oscillations with periods of
5 to 30 minutes also are clearly apparent. Similar short-period oscillations,
but not the wind waves, are prominent in the trace obtained at Little Creek,
Virginia.

(1) Tides, tsunamis, and storm surges cover similar ranges in amplitude.
The periods of tsunamis are always much shorter than those of tidal periods.
The periods of storm effects overlap those of both tsunamis and astronomical
tides but are less regular.

(2) Most tide measurement devices are now digital gages. Both stilling
wells and pressure gages are in common use. Stilling wells require a surface-
piercing mounting structure, while pressure gages can be mounted on the bottom
as well as on a structure. Data are usually recorded on either punched paper

2-2
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Figure 2-2. Predicted tidal curves showing various astronomical
tides at five locations for January 1963
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Figure 2-3. Tracings from tide gage records
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tape or a digital magnetic tape. The present standard NOS procedure is to
collect 6-minute records on punched paper tape. This procedure is expected to
be replaced with real-time collection of digital data by a central computer.
Data will be available to users in near real-time and will be archived on
magnetic tape.

(3) Standard tide records are routinely analyzed by tabulating the time
and height of each high and low astronomical tide and each hourly value. Most
tide records compiled by the NOS are used for defining tidal datums and the
harmonic constants used for tide prediction. Thus, a systematic analysis
procedure is used for all records. Detailed instructions for tide gage
operation and data analysis are given in a manual published by the USC&GS
(item 133). Perturbations with periods of 2 hours or less are smoothed in
determining the high and low waters and hourly values. Perturbations with
periods of several hours, such as those shown in the record for Atlantic City
(Figure 2-3), are included in the tabulations. It is necessary to filter
short-period oscillations with periods less than 2 hours from the hourly
records to avoid errors in determining the harmonic constants used for tide
prediction. Including storm surges with durations exceeding 2 hours in the
records facilitates the determination of the extreme high and low water level;
and because large storm surges are not common or very regular, it introduces
very little error in the determination of harmonic constants.

(4) An average of all hourly tidal heights in a given month is taken as
the average sea level for that month. A 12-month average is taken as the
average sea level of the year.

c. Perturbations in Tide Records with Periods Much Longer Than the Tidal
Period. Tide records include many perturbations with small amplitudes and
periods much longer than those of the astronomical tide. The difference
between the observed average daily sea level (average of the 24 hourly values)
and the predicted daily mean at five tide stations is plotted in Figure 2-4
(item 44). Figure 2-5 (item 45) illustrates the annual cycle of sea level and
the yearly variability in this cycle. Each plotted point represents the aver-
age tide departure from’the established local sea level datum (in use in 1963)
for a period of one month. The local sea level has been established for some
earlier time periods, and the sea is rising, relative to the land, in this
area. Thus, the mean of the observed record lies slightly above the estab-
lished local MSL. The vertical bars plotted above the curves indicate months
in which hurricanes passed near the tide gage. Perturbations in sea level
with periods longer than one year are very important in coastal engineering.
They are discussed in Section 2-4.

2-2. Tide Prediction.

a. The Tide Prediction Equation. The astronomical tide results pri-
marily from the interaction of the gravitational fields of the Earth, Moon,
and Sun. The gravitational tide-generating force can be expressed, with any
desired accuracy, as the sum of a number of periodic terms determined from the
astronomical parameters pertaining to the orbit of the Moon around the Earth
and the orbits of Earth and Moon around the Sun.

2-5
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Scale

Eastport

Portland

Boston

Newport
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Atlantic City

Hampton Roads

Southport

Charleston

Mayport

Miami

Key West

Tampa

Cedar Keys

Pensacola

‘Galveston

Part Isabel

Figure 2-5. Observed monthly MSL at NOS Atlantic coast tide stations,
1930-1940

(1) The rotation of the Earth about the Sun and the Moon about the Earth
gives rise to primary variations in the tide-generating force with periods
near 1 day and near 12 hours. The amplitude of these oscillations is modu-
lated by the variation in direction and distance of the selected point on the
Earth’s surface from the center of the Moon and the center of the Sun. The
most prominent periods in the modulating terms are near one lunar month and
one solar year. Interaction between these oscillations leads to other promi-
nent periods near 2 weeks and near 19 years. Several of the more prominent
astronomical periods, important for tide prediction, are listed in Table 2-1
(items 26 and-115). “The-periodsof major-
most locations are less than 30 days, but
are also present at longer periods.

(2) The tide prediction equation is

N

hys(t) =ho+
I

fA
ny ns

im~ortance in predicting tides at
often non-negligible contributions

expressed as:

Cos (unt - v
ny

- Kn~) (2-1)

n=1
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Table 2-1

Astronomical Periods Affecting the Tides

Phenomenon Astronomical period

d yr

Sidereal day (with respect to fixed stars)
Lunar day (with respect to the Moon)

Nodical month (north-south cycle)
Tropical month (vernal equinox)

Anomalistic month (perigee to perigee, distance)
Synodical month (phase of the Moon)

Eclipse year (with respect to the lunar orbit)
Tropical year (vernal equinox)
Anomalistic year (distance)

Revolution of lunar perigee
Revolution of Moon’s node (ecliptic)
Saros cycle (recurrence of eclipses)
Metonic cycle (recurrence of lunar phases)

Revolution of solar perigee

0.997270
1.035050

27.212220
27.321582

27.554550
29.530588

346.620
365.242
365.259

8.85
18.61
18.03
19.00

209 centuries

where hys(t) =

ho =

N =

f =
ny
Ans =
u =

tn =

‘ny
=

‘ns

tide at station s during year y at time t *

height of the local MSL datum above the datum of reference

number of constituents

node factor

amplitude

frequency, or

time reckoned

= equilibrium

phase lag, or

angular speed

from some initial epoch

argument

epoch

The subscript y indicates the parameter may change yearly but is indepen-
dent of location. The subscript s indicates the parameter depends on the
location of the tide station. The parameters u n , fny , and v ny are

*Symbols and units of measurement are listed in the Notation (Appendix B).
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determined from astronomical theory. The parameters fny and Vny repre-

sent the effect of periodicities longer than 1 year on the amplitude and
phase, respectively. Tabulations of yearly values of fny and Vnv for the

years 1900 to 2000 are given in item 115. The parameters Ans and- Kns are

standardized for a particular location based on past measurements at the site.
A minimum record length of 29 days is needed, although a 369-day record is
preferred. The parameters Ans and Kn~ are estimated by removing the

theoretically determined terms from the empirically determined amplitudes and
phases. A procedure for making these computations, which has been compu-
terized, is described in item 105.

(3) men the parameters of equation (2-1) are known, the equation can be
used for tide prediction without additional consideration of the theory of
tides. Additional description of the nature and origin of tidal generating
forces is given by SR-7.

b. Shallow-Water Tides,

(1) The astronomical tides generated in the deep ocean act (in general)
like progressive waves as they travel across shallow parts of the continental
shelves and into estuaries where the tides are most important to man. When-
ever the amplitude of the tide wave is of the same order of magnitude as the
water depth, the crest of the wave travels more rapidly than the trough. As a
result, the time interval from low water to high water in the upper reaches of
an estuary is generally shorter than the time interval from high water to low
water. The complete cycle, low water to high water to low water, however,
remains unchanged. The resulting hydrographycan be described by introducing
new trigonometricfunctions whose frequencies are sums and differences of the
frequencies used to describe the tide in the open sea.

(2) The number of trigonometric terms needed to describe the astronom-
ical tide varies with the location. More terms are needed where the tide must
travel a great distance through shallow water than when the tide station is
near the open sea. Additional terms may be needed to obtain an adequate rep-
resentation when the tidal range is large rather than small. In the United
States, 37 standard constituents are found to be adequate for most tide
stations (item 115),however 114 constituents are needed for Anchorage, Alaska
(item 146).

(3) BecauseOf the strong modification of tides in shallow water, tide
measurements or predictions at one site should be transferred to other sites
with great care. For nearby sites along the open coast, tide information may
be transferred directly. When the site for which tide information is avail-
able is inland from the open coast, the information should not be directly
transferred to other sheltered areas or the open coast. For example, tide
measurements inside a sheltered bay should not be directly used as an estimate
of instantaneous water levels for a dredge operating several miles offshore.
Such cases should be treated by establishing a tide gage at a more appropriate
location or conducting a numerical model study to determine the relationship
between the existing tide station and the site of interest.

2-9
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c. Harmonic Constituents of the Tide. The 37 tidal constituents
regularly used by NOS are given in Table 2-2. The symbols represent normal
usage. Frequencies are expressed as degrees per hour. The symbols may be
used to identify the frequency, amplitude, or phase of the constituent.
Symbols with subscripts 1, 2, 3, 4, 6, or 8 indicate the approximate number of
cycles per tidal day; symbols without subscripts indicate periods much longer
than 24 hours.

(1) A quantitative definition of the type of tide (diurnal, semidurnal,
or mixed) may be expressed by

A(K1) + A(O1)
R=

A(M2) + A(S2)
(2-2)

where A(KI), A(O1), etc., represent the amplitude of constituents, such as

Klt

The
the
and

0,. The type’of tide is specified as

semidiurnal, if R < 0.25,

mixed, if 0.25 < R < 1.50, and--

diurnal, ifl.50<R

constituents identified by K, and 01 in equation (2-2) are generally
dominant components of the diurnal tide; constituents identified by M2
S2 generally indicate the largest components of the semidurnal tide.

(2) The harmonic constants of the tide (the amplitudes An~ and the

phases ,of equation (2-l)) are available for many US locations from
‘ns

NOS. Harmonic constants for a station may be altered when the character of
the channel between the tide station and the open sea is changed by dredging,
silting, or construction which modifies the free travel of waves from the open
sea. The harmonic constants for Philadelphia, Pennsylvania, as determined
from observations in 1946, 1952, and 1957 show that the amplitude of major
constituents varies by about 4 to 8 percent of the minimum value, and phases
vary by about 5° to 40°. Philadelphia has one of the longest, most con-
stricted channels from the open sea of any US port. The variability of the
harmonic constants at Philadelphia is believed to be near an upper limit for
the United States.

d. Use of Tide Tables.

(1) Tide tables and tidal current tables are published annually by NOS
in separate volumes for the Atlantic and Gulf coasts and for the Pacific coast
of the US. The tide tables provide the predicted time and elevation for each
high and low water at each reference station for the entire year. An example
is given in Figure 2-6 for the reference station at Miami Harbor Entrance,
Florida. Elevations are referred to the local datum which is presently MLW
for the Atlantic and Gulf and mean lower low water (MLLW) for the Pacific,
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Table 2-2

Tidal Constituents Commonly Used by NOS

Frequency Frequency
Symbol deg/hr Symbol deg/hr

M2

S2

N2

K,

M4

0,

Mb

(MK)3

S4

(MN)4

“2
s6

?J2

(2N)2

(00),

‘2

‘1
Ml

‘1

28.984

30.000

28.439

15.041

57.968

13.943

86.952

44.025

60.000

57.423

28.512

90.000

27.968

27.895

16.139

29.455

15.000

14.496

15.585

Mm

Ssa

Sa

Msf

Mf

P,

Q,

T2

R2

(2Q)1

‘1
(2SM)2

M3

L2

(2MK)3

K2

MB

(MS)4

0.544

0.O82

0.041

1.015

1.098

13.471

13.398

29.958

30.041

12.854

24.958

31.015

43.476

29.528

42.927

30.082

115.936

58.984

Times are given in local standard time. The times and tidal elevations at
numerous secondary stations can be obtained by applying corrections to the
reference station. The appropriate corrections are given in the tide tables
as illustrated in Figure 2-7. Figure 2-7 also provides information on mean
and spring tidal ranges and mean tide level for each secondary station.
Example problem 2-1 illustrates the use of the tide table.
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MI Aif I HARBOR EMTRANC[, FL A., 19851

Times #md H~fght$ of High and Low Waters

FE BRVARV MARCH

Height Time

Oty

hm

16 0406

lime

Oay

hm

1 0449
F 1054

1643
23o7

Height Time

Oay
hm

16 0553
Sa 1203

1758

He i ght Height

ft m

1.8 0.5
0.4 0.1
1.7 0.5

Timt

Oay

hm

16 0439
Sa 1051

1651

Height

ft m

2.3 0.7

lime

Oay

hm

1 0309
F 0913

1504

Height

Oa y
it

2.2
0.0
2.0

hm

1 0347
TU 0948

1545
2209

2 0441
M 1041

1633
2256 -

it ❑

2.0 0.6
0.5 0.2
2.0 0.6
0.1 0.0

2.1 0.6
0.5 0.2
2.0 0.6
0.1 0.0

ft m

2.0 0.6
0.3 0.1
1.8 0.5

-0.3 -0.1

m

0.7
0.0
0.6

m

!:?
0.6
0.0

0.7
0.0
0.6

0.1
0.7
0.0
0.7

u 1014 0.1 0.0
1610 2.2 0.7
2236 -0.5 -0.2 2134 -0.1 0.0 2310 -0.1

1? 0509 2.4 0.7
Th 1115 0.1 0,0

1712 2.2 0.7
2333 -0.5 -0.2

2 0541
Sa 1145

1736
2357

2.1 0.6 17 0017 -0.5 -0.2 2 0411 1.9 0.6
0.2 0.1 SU 0645 2.3 .0.7 sa 1017 0.3 0.1
2.0 0.6 1253 -0.1 0.0 1611 1.8 0.5

-0.5 -0.2 1849 2.1 0.6 2235 -0.2 -0.1

17 0536 2.2
Su 1147 0.1

1749 2.1

2.3 0.7
0.0 0.0
2.1 0.6

18 0106
H 0728

1335
1935

-0.2
0.7

-0.1
0.7

3 0507 2.1 0.6
Su 111s 0.1 0.0

1712 2.0 0.6
2333 -0.4 -0.1

18 0001 -0.2
M 0624 2.3

1232 0.0
1837 2.2

3 0528 2.3 0.7
Th 1131 0.4 0.1

1720 2.1 0.6
2341 -0.2 -0.1

18 0605 2.5 0.8
F 1213 0.0 0.0

1808 2.2 0.7

3 0630
SU 1234

1827

19 0047 -0.2 -0.1
Tu 0705 2.3 0.7

1314 -0.1 0.0
1919 2.3 0.7

20 0129 -0.2 -0.1
w 0739 2.4 0.7

1349 -0.2 -0.1
1958 2.4 0.7

21 0204 -0.2 -0.1
Th 0813 2.4 0.7

1421 -0.3 -0.1
2033 2.4 0.7

4 0613 2.4 0.7 19 0027 -0.6 -0.2 4 0048 .0.6 -0.2 19 0148 -0.5 -0.2
F 1216 0.3 0.1 Sa 0659 2.5 0.8 M 0713 2.4 0.7 TV 0807

1805 2.2 0.7 1304 -0.1 0.0
2.3 0.7

1319 .0.2 -0.1 1416 -0.3 -0.1
1859 2.3 0.7 1917 .?.3 0.7 2017 2.2 0.7

4 0600 2.3 0.7
M 1206 -0.1 0.0

1808 2.3 0.7

5 0024 -0.3 -0.1 20 0118 -0,6 -0.2 5 0135 -0.7 -0.2
Tu 0758 2.5 0.8

1404 -0.4 -0.1
2007 2.4 0.7

20 0228
M 0844

1453
2057

.0.5

.:::
2.2

-0.2

.::;
0.7

5 0026 -0.5 -0.2
1, 0646 2.5 0.8

1253 -0.3 -0.1
1900 2.5 0.8

6 0116 -0.7 -0,2
u 0732 2.6 0.8

1342 -0.6< -0<2
1951 2.7 0.8

7 0205 -0.8 -0.2
Th 0817 2.7 0.8

1426 .0.8 -0.2
2039 2.8 0.9

Sa 0656 2.5 0.8 Su 0745 2.5 0.8
1259 0.2 0.1 1351 -0.1 0.0
1850 2.2 0.7 1946 2.3 0.7

6 0106 -0.4 -0,1 21 0204 -0.6 -0.2 6 0221 -0.8 -0.2 21 0306 -0.4 -0.1
S. 0736 2.6 0.8 M 0828 2.5 0.8 U 0840 2.6 0.8 Th 0916 2.3 0.7

1341 0.1 0.0 1437 .0.2 -0.1 1448 -0.5 -0.2
1934 2.3 0.7

1528 -0.3 -0.1
2034 2.3 0.7 2054 2.5 0.8 2135 2.2 0.7

7 0151 .0.5 -0.2
N 0819 2.6 0.8

1425 0.0 0.0
2020 2.4 0.7

22 0246 -0.5 -0.2
1. 0908 2.5 0.8

1519 .0.2 -0.1
2117 2.2 0.7

7 0309 -0.8 -0.2
Th 0925 2.6 0.8

1535 -0.6 -0.2
2144 2.6 O.I3

22 0342
F 0951

1602
2212

.0.3
2.2

.0.3
2.2

-0.1
0.7

-0.1
0.7

22 0239 -0.2 -0.1
F 0845 2.4 0.7

1454 -0.3 .0.1
2107 2.4 0.7

8 0251 -0.8 -0.2
F 0901 2.8 0.9

1513 -0.9 -0.3
2128 2.9 0.9

9 0339 -0.7 .0.2
Sa 0947 2.7 0.8

1600 -0.9 -0.3
2218 2.8 0.9

23 0314 -0.1 0.08 0236 -0.6 -0.2
Tu 0902 2.6 0.8

1509 -0.1 0.0
2108 2.4 0.7

8 0358 .0.7 -0.2 23 0418 -0.2 -0.1
F 1010 2.6 0.8 Sd 1024 2.2 0.7

1623 -0.7 -0.2 1637 -0.3 -0.1
2236 2.6 0.8 2250 2.1 0.6

Sa 0915 2.3 0.7
1526 -0.3 -0.1
2143 2.4 0.7

24 0409 -0.3 -0.1
Th 1026 2.3 0.7

1637 .0.2 -0.1
2242 2.1 0.6

9 044? -0.6 -0.2
St 1058 2.5 0.8

1713 -0.7 -0.2
2330 2.5 0.8

24 0455
Su 1058

1714
2332

0.0

.::;
0.6

24 0347 0.0 0.0
Su 0946 2.2 0.7

1600 -0.3 -0.1
2218 2.3 0.7

9 0323 -0.5 -0.2
M 0947 2.6 0.8

1555 -0.2 -0.1
2157 2.5 0.6

10 0429 -0.6 -0.2
Su 1034 2.6 0.8

1650 -0.8 -0.2
2311 2.7 0.8

25 0421 0.1 0.0
M 1018 2.1 0.6

1634 -0.2 -0.1
2257 2.2 0.7

10 0413 -0.5 -0.2 25 0450 .0.2 -0.1 10 0540 -0.4 -0.1
Th 1032 2.6 0.8 F 1104 2.2 0.7

25 0534 0.1 0.0
S. 1148 2.4 0.7 M 1135 1.9 0.6

1643 -0.2 -0.1 1717 -0.1 0.0 1806 -0.6 -0.2
2250 2.4 0.7

17s4 -0.2 -0.1
2327 2.0 0.6

26 0458 0.2 0.1
Tu 1053 2.0 0.6

1711 .0.1 0.0
2337J 2.1 0.6

27 0540
w 1L32

1754

11 0503 -0.4 -0.1
F 1119 2.5 0.8

1735 -0.3 -0.1
2346 2.4 0.7

26 0530 0.0 0.0
Sa 1142 2.1 0.6

1800 -0.1 0.0

11 0028 2.4 0.7
M 0636 .0.2 -0.1

1241 2.2 0.7
1905 -0.5 -0.2

26 0015 1.9
Tu 0617 0.2

1214 1.8
1836 -0.1

27 0104 1.8
U 0708 0.4

1303 1.7
1928 0.0

0.6
0.1
0.5
0.0

0.5
0.1
0.5
0.0

:::
0.5
0.0

11 0521 -0.4 -0.1
M 1125 2.5 O.I3

1742 -0.7 -0.2

12 0009 2.5 0.8
Tu 0617 -0.1 0.0

1218 2.3 0.7
1841 -0.5 -0.2

0.4 0.1
1.9 0.6
0.0 0.0

.?.0 0.6
0.5 0.2
1.9 0.6
0.1 0.0

2.0 0.6
0.5 0.2
1.8 0.5
0.1 0.0

.2.0 0.6
0.5 0.2
1.9 0.6
0.1 0.0

2.1 0.6
0.4 0,1
2.0 0.6
0.0 0.0

12 0558 -0.2 -0.1
5a 1210 2.4 0.7

1830 -0.3 -0.1

27 0012
S. 0615

1223
1844

28 0100
M 0702

1306
1931

29 0157
1“ 0757

1355
2022

30 0255
M 0857

1449
2116 -

1.9 0.6
0.1 0.0
1.9 0.6
0.0 0.0

1.8 0.5
0.3 0.1
1.8 0.5
0.0 0.0

1.8 0.5
0.4 0.1
1.8 0.5
0.0 0.0

1.8 0.5
0.4 0.1
1.7 0.5
0.1 0.0

12 0132 2.2 0.7
Tu 0739 0.0 0.0

1342 2.1 0.6
2007 -0.5 -0.2

13 0047 2.3 0.7
Su 0657 -0.1 0.0

1308 2.3 0.7
1929 -0.3 -0.1

13 0239 2.1 0.6
U 0848 0.1 0.0

1447 2.0 0.6
2115 -0.4 -0.1

28 0204 1.8
Th 0806 0.4

1359 1.7
2029 0.0

1: ~3j~ 2.3 0.7
0.1 0.0

1321 2.1 0.6
1945 -0.3 -0.1

28 0025
lh 0630

1221
1847

14 0219 2.2 0.7
Th 0831 0.2 0.1

1430 2.0 0.6
2055 -0.2 -0.1

29 0121
F 0729

1322
1950

14 0152 2.3 0.7
N 0801 0.0 0.0

1407 2.2 0.7
2032 -0.4 -0.1

14 0350 2.1 0.6
Th 0958 0.1 0.0

1553 1.9 0.6
2222 -0.4 -0.1

15 0456 2.1 0.6
F 1103 0.1 0.0

1700 2.0 0.6
2321 -0.4 -0.1

15 0300 2.3 0.7
Tu 0909 0.1 0.0

1508 2.2 0.7
2135 -0.4 -0.1

15 0332 2.1 0.6
F 0945 0.3 0.1

1542 1.9 0.6
2207 -0.1 0.0

30 0228
Sa 0835

1435
2102

m 31 0332
Su 0944

1545
2207

tdian 7s. u. IS midnight. 1200 is noon.
which is the chart datum of sound ln9s.

Figure 2-6. Example tide table for the reference station
at Miami Harbor Entrance, Florida
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PLACE

Poslllon

Lat. Lomo.

RAMcfs

t4*#n Sprin,Ike.

. . h. ● . h. ■ . ft ft

on t2AVPOR7, p. 100

ft

2.9
S.4
3.0
2.0
;:;

0.9
0.7
0.0

:::
1.2
0.5

5.2
4.5

:::

2.3
3.6
.-

;.;
0.4
0.8
1.2
1.0

:::
2.6

::!
0.9
0.9

::;
1.3
1.6
1.7
2.0
2.5

;::
2.0
2.0
1.9
2.1
2.3
2.9
2.6
2.8
2.5
2.6
2.5
2.s
2.4
2.2
2.4
2.8
2.5
2.6

2.4
2.1
2.6
2.5
2.1
2.1

:::
2.0
2.1
2.5
2.s

ft

3.4
4.0
3.s
2.3
2.3
1.4

:::
0.9
1.2
1.3
1.4
0.6

6,0
5.3
5.0
4.9

2.1
4.1
. .

.-

:::

:::
1.?
2.s
4.0
3.1

1.2
1.1
1.1
1.1
3.6
1.3
1.6

;::
2.4
3.0

2.2
2.3
2.4
2.4
2.3
2.s
2.8
3.4
3.1
3.3
2.0
3.3
Z.a
2.9
2.8
2.5
2.9
3.2
2.9
3.1

2.8
2.4
3,1
2.9
2.4
2.4

::;

;::
3.0
3.0

n U
FLORIOA, St. Johns I!vtr

Time ■crfdfcn, 75*M

~f$\~hCraek biscule bride . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Oame Point . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Phoenln ?ark Cummers ICIII . . . . . . . . . . . . .

I
1Jacksonville Or~dga Oegot . . . . . . . . . . . . .

Jack! onvillc RR. brtdgc) ...............
Ortega Rfver entrance
Orang. park

. . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Green Cove Sprtnq! . . . . . . . . . . . . . . . . . . . . . .
EJ$t Tocoi . . . . . . . . . . . . . . . . . . .
Bridge port . . . . . . . . . . . . . . . . . . .
P~19tka . . . . . . . . . . . . . . . . . . . . . .
Melaka . . . . . . . . . . . . . . . . . . . . . . .

2857
28S9
2861
2863
2865
2867
2869
2671
2673
2875
2077
2819
2861

19
23
23
23
21
19
17

;;

*5
39
29

+1
+0
+0
+0
+1
+2
+2
+3
+5
+6
+6
●7
+7

S9

::
$8

::
27

::

:;
26
46

+1
+0
+0
+1
+1
●2
+2
+4
+6
.?
+7
●8
●8

●0.64
-1.I

●0.67
●0.44
●o.44
90.27
●O.20
●O.16
●0.18
●0.22
●0.24
●0.27
●0.11

‘0.64
0.0

●0.67
●0.44
“0.44
●0.27
●O.20
●0.16
●0.18
●0.22
●0.24
●0.27
●o.11

1.4
1.7
1.5
1.0
1.0
0.6
0.5
0.3
0.4
0.s
0.5
0.6
0.2

. . . . . . . . . .

. . . . . . . . . .

. . . . . . . . . .

. . . . . . . . . .
FLOk IOA, East Coas

Atlantfc R.etch . . . . . . . . . . . . . . .
St. Augustine Inlet . . . . . . . . . .
3t. August ine . . . . . . . . . . . . . . . .
Oaytona Beach (ocean )........

2883
2885
2867
2889

20
53
54
lb

-o 2s -o la +0.7 0,0
.0 21 -o 01 0.0 0.0
+0 i4 ●o 43 -0.3
-o S3 -O 32 -0.4 :::

Len MIAMI HARBOR EMT., P.112 [

2.6
2.2
2.1
2.0

. . . . . . . . . .

. . . . . . . . . .

. . . . . . . . . .

. . . . . . . . . .

2691
~2893

2894

Ponce de Leon Inlet
fi~euf:; avert l.....

Mosquito
lndt. n n4 we*

;:
28

28

:!
27

:1
21
27
27

27

:;
27
21
27
27
27
26
26
26

26

::

:;
26
26
26

:!
26
26
26

::
26
26
26

::

26

::
26
26
2s
25
25
25
25
2s
25

04
26 ::
52 80

5s
34
50

1.2
1.6~
. .

-0.2
m -.

. .
●O.1O
●0.16
●0.32
●0.4B
●0.40
.0.4
●0.9
+0.1

.0.40
●O.36
●O.36
●O.36
.0.6

●0.44
●O.52
-0.9
-0. B
-0.5

0.0

-0.7
-0.6
-0.5
-0. s
-0.6
-0.4
-0.2
+0.4
+0.1
+0.3

0.0
+0.3

0.0

-:::
-0.3
.0.1
,0.3

0.0
+0.1

-0.1
-0.4
+0. 1

0.0
-0.4
.0.4
.0.7

0.0
.0.5
.0.4

0,0

g

. .
●O.1O
●0.16
●0.32
●0.4B
●0.40
0.0

:::

●0,40
●0.36
●0.36
‘0,36
0.0

●0.44
●0.52

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

:::
0.0
0.0
0.0

:::
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

:::
0.0

. . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . .
0900n < . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . .

..-
●3 40
+2 48
+3 21
+1 08
+2 40
-O 24
-o 31
-o 09

+2 50
+2 37
+2 94
+1 3s
.0 30
●1 18
●I S6
+1 46
●I 19
+0 46
+0 15

+1 18
+1 27
+1 15
+1 34
+1 1s
+0 57
●O 43
●o 05
0 00
.0 21
+1 08
-o 19
+1 26
+1 45
+1 43
+0 47
+0 51
+0 26
●O 08
-o 08

+0 19
●o 39
-O 06

0 00
+1 00
+1 36
+2 23
-o 04
+1 17
+1 36

0 00

---
+4 19
●3 19
+3 50
.1 01
●3 06
-o 20
-O 25
-o 14

●3 29
+3 33
+3 34
●2 11
-o 14
+1 51
+2 41
+2 22
+1 38
+0 49
+0 01

+2 02
+1 59
+1 49
+2 10
+1 47
+1 16
+0 54
+0 17
●o 12
-o la
+1 36
-o 17
+2 09
+2 09
+1 59
+1 13
●1 07
+0 3B
●O 06
-O OB

+0 36
+0 56
-O 06
+0 01
●1 OB
+2 04
●2 27

0 00
+1 35
+1 so

o 00

2B95
2896
2897
2698
2900
2901
2902
2903
2905

iiclboi;ne <22>. 06

!:
38
27
14
52
40
26

i.i
0.2
0.4
0,6
0.5
1.0
1.7
1.3

0.5
0.4
0.4
0.4

:::
0.6

:::
1.0
1.2

0.9

:::
1.0
1.0
1.0
1.2
1.4
1.3
1.4
1.2
1.4
1.2
1.2
1.2
1.1
1.2
1.4
1.2
1.3

Palm Bay .......
Usbasso ........
Vero beach . . . . . . . . . . . . . . . . . . . . . . . . . .
Fort PtRrc@ . . . . . . . . . . . . . . . . . . . . . . . . .
Jensen 5e#ch . . . . . . . . . . . . . . . . . . . . . . . .

Sebastian Inlet . . . . . . . . . . . . . . . . . . . . . . . . .
Vero Bc~ch [octtn ) . . . . . . . . . . . . . . . . . . . . . .
fort Pterce Inlet, touth jetty . . . . . . . . . .
St. Lucte Rlvrr

North fork . . . . . . . . . . . . . . . . . . . . . . . . . .
Stuart . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
South Fork . . . . . . . . . . . . . . . . . . . . . . . . . .
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Figure 2-7. Example of tidal differences, mean and spring tidal
ranges, and mean tide level for secondary stations
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EM lll&~-1414
7 Jul 89

********** **** EXAMPLE PROBLEM 2-1 ***it****** ***

GIVEN: NOS Tide Tables

FIND: (a) Time difference between high water at Cape Canaveral and
high water at Miami.

(b) Tide level at Cape Canaveral at 0900 EST, 31 January 1985.

SOLUTION:

(a) From Figure 2-7:
Time difference at high water = -41 minutes; i.e., high water
occurs 41 minutes earlier at Cape Canaveral than at Miami.

(b) From Figure 2-7:
Time difference at low water = -41 minutes.
Height difference at low water ❑ 0.0 ft.
Height difference at high water = +1.0 ft.

From Figure 2-6:
At 0957 EST on 31 January 1985,
Height at Miami = 0.4 ft (low water condition).

This means that the condition at 0916 EST at Cape Canaveral will correspond to
the condition at 0957 at Miami. Assume that the tide level change at Cape
Canaveral between 0900 and 0916 is negligible.

Finally, at 0900 EST on 31 January 1985,

Height at Cape Canaveral = 0.4 ft + 0.0 ft
= 0.4 ft above MLW.

********** ********** **?+******* *********

(2) Tidal current tables provide .estimatesof the times for slack water
and maximum current and the velocity of maximum current for reference stations
(Figure 2-8). The reference stations differ from those used for the tide
tables. Estimates of currents can be made for numerous secondary stations by
using corrections provided in the tidal current tables (Figure 2-9).

(3) Interactive personal computer programs for estimating tide eleva-
tion and current speed based on the published NOS tables are available under
the Microcomputer Applications for Coastal Engineering (MACE) program
(Appendix C).
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2-3. Tidal Datums.

a. Definitions of Tidal Datums.

(1) MSL was widely adopted as a primary,datum many years ago on the
assumption that it could be determined accurately and simply from the records
of any reasonably well-exposed tide gage. MSL determinations are based on the
average of the hourly determinations of tide level.

(2) The length of record considered is 19 years, partly to account for
the cycles of 18 to 19 years in tidal amplitude and phase, but mostly to aver-
age out the more important meteorological effects. The existence of trends in
the elevation of the sea relative to the land for periods longer than 19 years
is not explicitly recognized in selecting a period of 19 years. The existence
of long-period trends, however, is a major factor in requiring revisions of
the official datums at intervals of about 25 years. These relative long-
period trends are neither uniform in rate from station to station nor linear
in form. Therefore, to fix the datum in time at any station and to assist in
meaningful comparisons among stations, a particular and common 19-year series
is used. This specific 19 years is called the National Tidal Datum Epoch.
The present Epoch is 1960 to 1978. The MSL must often be estimated when less
than 19 years of data are available. An integral number of years should be
used, if possible. If less than 1 year of data must be used, the preferred
period is 29 days or a multiple of 29 days. Methods for minimizing the errors
in short-period determinations of sea level are provided in items 90 and 122.
Briefly, their technique compares the available record for MSL or mean tide
level with the same period of record at nearby stations with similar tide
forms with a record duration of 19 years or longer to identify any long period
anomaly and to assume that any anomaly in the short record is the same as that
at a station with long records.

(3) If it is impractical to consider hourly values, a good approximation
is provided by the half-tide level, sometimes called mean tide level (MTL).
The half-tide level is a tidal datum midway between MHW and MLW. The MTL may
be above or below MSL by an amount which depends on the relative importance of
the diurnal components of the tide.

(4) Several other datums are defined with respect to the tides such as
mean high water springs (MHWS), National Geodetic Vertical Datum of 1929
(NGVD), and mean low water springs (MLWS) (Figure 2-10). Formal definitions
of standard tidal datums (not specialized US Army Corps of Engineers (USACE)
harbor datums necessarily) for the US are officially promulgated in item 50.
Each datum is more suitable than MSL for a restricted class of problems, and
all depend on the tidal range and the characteristic shape of the tidal curve.
Corrections may be necessary to the observed data when the datums are deter-
mined from less than 19 years of record.

(5) The most important of these datums for most navigation-related
activities are MLW for the Atlantic coast and MLLW for the Pacific coast
(defined as the average height of the tide at low water or lower low water
when all tides for a 19-year period are considered). MLLW is being adopted as
the standard datum for all locations as NOS charts are revised.
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Mtiws

MHHW

MHW

MLW

MILW

Mlws

Figure 2-10. Illustration of tidal datums (Los Angeles, California
(Outer Harbor), January 1973 (mean range = 3.78 feet or 1.15 meters)

(6) When planning the development of land above MSL, the datums MHW and
mean higher high water (MHHW) may be more useful than the low water datums.
They are defined in a manner analogous to that used for MLW and MLLW and
require similar corrections when based on short series of observations. The
MHU or MHHW datum is often used to define the limit of private property and
beach recreational area for Corps of Engineers (Corps) projects,

(7) The difference between MHW and MLW is called the mean range of the
tide. The difference between MHHW and MLLW is called the diurnal range of the
tide. The diurnal range is identical with the mean range for diurnal tides.
The range of the tide may change drastically within short distances, as shown
in Figure 2-11 (item 122). This is not an extreme example. Because the tide
range, and, consequently, the high and low water datums may vary greatly with
short distances, measurements referred to these datums are not suitable for
comparing elevations at different locations unless both comparisons are based
on the same benchmark.

b. NGVD. NGVDshould be used as the primary datum for engineering
design. Local tide gage records and benchmarks should be related to NGVD.
NGVDhas the important advantage of being a national fixed datum; whereas MSL,
MTL, and other tidal datums apply only,locally and change slowly with time.
NGVDwas originally established out of a need for comparing land elevations
for locations near the coast where no tide observations are available and at
interior locations where tide observations are impossible. By the mid-1920’s,
several first-order leveling lines connecting the Atlantic and Pacific coasts,
and many tide gages on both coasts, had been surveyed. These surveys consis-
tently show sea level to be higher on the Pacific coast than on the Atlantic
coast and higher in the north than in the south on both coasts. It seemed
desirable to have the zero of the geodetic leveling net coincide with local
MSL wherever both quantities were known. Thus, a general adjustment was made
in 1929 in which it was assumed that the geodetic and local sea levels were
equal to zero at 26 selected tide gages in the United States and Canada. The
differences previously computed were treated as errors and were distributed
over the network of observation points. The locations of the tide gages used
are shown in Figure 2-12. The period of the observations from US tide sta-
tions used in defining the reference datum and the height of MSL at all
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NOTE THE CURVE BETWEEN POINTSIS AN APPROXl MATIONOF ACTUAL VALUES
ANO SHOULD BE USED FOR ILLUSTRATION PURPOSES ONLY

nil,:
; MEAN TIC) ELEVEL 02

L
‘ NATIONAL GEODETIC V ERTICAL DATUM OF 1925: 0+”

.ES

Figure 2-11. Relationship between NGVD and
several tidal datums between
Montauk and The Battery

stations relative to Galveston, Texas, is given in Table 2-3 (items 46 and
109). The reference datum defined in this manner is called the NGVD of 1929.

(1) Before 1963, NGVD was termed the Sea Level Datum of 1929. Sometimes
it was also called Mean Sea Level of 1929. The use of different terms for the
same datum can lead to considerable confusion. The terms Sea Level Datum of
1929 and Mean Sea Level of 1929 are used on many older Corps documents and US
Geological Survey (USGS) charts. Mean Sea Level of 1929 is an entirely
different datum from the statistically derived datum, mean sea level, which
represents the average of hourly observations (Section 2-3.a.1). Because of
the potential for confusion, datum information used in project studies must be
carefully interpreted.

(2) It has been well established since 1929 that the elevation of the
mean water level with respect tothe land varies with time as a consequence of
land subsidence and emergence and a slow redistribution of the waters of the
earth. In 1963 a new determination of a geodetic datum of national scope
based only on stations for which a series of 19 years of tide data was avail-
able was published (item 7). The variations in sea level revealed by this
survey are shown in Figure 2-13 (item 7). Some leveling lines in regions of
known subsidence and suspected subsidence have been resurveyed many times
since 1929. New surveys of this type are based on elevations assigned to the
more stable parts of the continent by the 1929 adjustment, and they lead to
new determination of the elevations of benchmarks in the subsiding or emerging
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Table Z-3

Tide Data Used in Establishing NGVD of 1929

Station

Galveston, Tex.

Bdoxi, Miss.

Pensacola, Fla.

Cedar Key, Fla.

St. Augustine, Fla.

Femandina, Fla.

Brunswick,Ga.

Norfolk,Va.

Old Point Comfort, Va.

Annapolis, Md.

Baltimore, Md.

Atlantic City, N.J.

Perth Amboy2

Boston, Mass.

Portland, ,Maine

Yarmouth, Nova Scotia

Halifax, Nova Scotia

Father Point, Quebec4

San Diego, Calif.

San Pedro, Calif.

San Francisco, Calif.

Fort Stevens, Oreg.

Seattle, Wash.

Anacortes, Wash.

Vancouver, British Columbia

Prince Rupert, British Columbia

Period of record used

1 Dec. 1903 to 29 Nov. 1906

1882; 1884; 1896-98

1924-26 (compared with Key West)

1892-93

1892-93

1898-1923 (25 mo)

1904-05, 1908-09

1908-1915

1853.1878

Two l-month series 1875, 1888

1903-1921

1912-26

Aug. 1921 to Jdy 1923

1915-25
3. . . . . . . . . . . . ------ . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . .

1906-08

1924-25; 1927-28

1898-1913

1925-26

1899-1917

1 June 1921 to 31 May 1924
. . . ..- ------ . . . . . . . . . . . . . . . .

. ----- . . . . . . . . . . . . . . . . . . ----

elevation of local MSL 1

m

0,00

-0.09

-0.05

-0.08

-0.27

-0.20

-0.16

-0.14

-0.28

-0.17

+0.18

+0.03

+().()1

+0.07

+().12

+().()5

+o.08

+().20

+().33

+().31

+0.34

+0.59

+o.#

+().45

+().50

+0.58

‘RelativetoGalveston.Texas,
2 No tide gage located on Perth Amboy: a benchmark elevation was heldasdeterminedby

ft

0.00
-0.30

-0.16

-0.26

-0.89

-0.66

-0.52

-0.46

-0.92

-0.56

-0.59

+().1()

+().()3

+0.23

+().39

+o.16

+o.26

+0.66

+1.08

+1.02

+1.12

+1.94

+1.57

+1.48

+1.64

+1.90

leveling from the tide gage at Sandy Hook. New Jersey.

3Dates for the Canadian tide gage are unavailable.

4Pointe Au Pere.
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areas. Thus, the elevation assigned to a specified benchmark may vary over a
period of many years because of changes in the elevation of the solid surface
of the earth or changes in the mean elevation of the nearby surface of the
sea.

c. North American Vertical Datum, A major effort is under way by NOS to
relevel first order leveling lines and to establish a single, more accurate
datum for North America, The datum will be called the North American Vertical
Datum (NAVD) of 1988. Results from this effort are scheduled to be available
by 1989.

d. Tidal Datum Benchmarks. Index maps of tidal datum benchmarks and
lists of the established references between the NGVD of 1929 and other datums
are available for each state from the Tidal Datum Quality Assurance Section,
N/oMA1230,6th Floor, WSC-1, National Ocean Service, NOAA, 6001 Executive
Blvd., Rockville, MD 20852. Several maps are required for states with long
coastlines. A sample index map and related index map numbers are shown in
Figure 2-14 (a and b), Individual benchmark sheets, describing two or more
benchmarks established near each tide observation point and the relation
between the various tidal datums, are reported for each tide observation
station. A sample of an NOS tidal benchmark sheet is shown in Figure 2-15.
The MSL datum is not included in the sample. It can easily be added and
should be requested whenever tidal benchmark sheets are obtained. The tidal
benchmark sheets are updated periodically as new data become available.

(1) A general trend toward rising sea levels, relative to the land, is
evident along all of the US coastline except for southeast Alaska. As a
result of this trend, the MSL datum changes with each new epoch used for
defining tidal datums. The NGVD, however, is a fixed surface whose elevation
does not vary with time
NGVD) may change.

, although elevations of fixed points (as referred to

(2) The NGVD of 1929 is defined or definable everywhere by first-order
leveling. The other tidal datums are defined with respect to a specific tide
gage location. Thus, when a low water datum, half-tide level datum, or any
tidal datum other than the NGVD of 1929 is used, the location at which the
datum applies should be specified. In areas where subsidence or emergence is
known to be in progress, the date of the survey used should also be given.
Reference datums have also been established by many states and local
jurisdictions.

(3) The relation between the various datums discussed in this section at
the reference tide stations (where NOS publishes daily tide predictions) are
presented in Table 2-4. The station locations are shown in Figure 2-16. The
same information for these and other stations can be obtained from the NOS
tidal benchmark sheets.

(4) In 1977,a new regional datum called the Gulf Coast Low Water Datum
(GCLWD) was adopted by the National Oceanic and Atmospheric Administration
(items 99 and 100). This datum is defined as the MLLW where the tide is mixed
and MLW in regions with diurnal tides. This datum, which became the chart
datum for the Gulf of Mexico, is desirable because of the frequent shifts in
the type of tide along the Gulf coast (Figure 2-17) ending numerous
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FLCIRIDA - I - 74

U.S. DEPART~NT OF CO>WRCE
~TIONAL OCWIC kND ATMOSPIIERIC ADHINISTWTION

NATIONAL OCFAN SURVEY

TIDAL BENCN WS

Miami Beach (City Pier)
Lat. 25” 46’ .1; Long. 80” 07’.9

BENCH l’fAftX L (192ff) is a standard disk, stamped “NO .!I1928”, set vertically
lo the south face of the south post in the north-south fence line around a large
citywater tank. It is about 66 feet north of the extended ccntcrllne of
-erce Screct, 36 fcec west of the centerline of Jefferson Avenue, and 1/2
fOOt ●bove ground level. Elevation: 5.62 fcec above mean low water.

BENCH MW 6 (1931) is a standard Corps of Engineers disk, stamped “EM NO 6,”
Bet In top of a 2-inch pipe surrounded at top with a 12-inch by 19-inch manhole
frme with a removable cast iron cover, directly in centerline of a blacktop
driveway which parallels GovernntenK Cut. It is at the U.S. Government Rcser-
=ation on the north side of Government Cut, about 186 feet east of u.S. Engineers

flagfxile and 13 1/2 feet west of the center of a road junction. Elevation:
7.13 feet above mean low water.

BENCH WRK 7 (1937) is a standard disk, stamped “7 1937,” set in the top of
tbo northwest sfdc of the concrete base to the east post of entrance gate to
drive to the Corps of Engineers Office Building. It is about 100 yards south of
fmterscction Of Washington Av.nue and Biscayne Street, 8 feet east of the extended
centerline of the Avenue and 1/2 foot above ground level. Elevation: 5.03 feet
*ve mean low water.

B~CH H 9 (1955) is a standard disk, stamped “9 1955, ” set in top of con-
crete deck along northedge of City Pier near the east end of Biscayne Street.
It is about 122 yards east of tilevest end of pier, 39 feet northwest of the
northeast corner of the ladies rest room and 1/2 foot south O( south face of
oorth guardrail. Elevation: 11.29 feet above mean low water.

BENCH MK 10 (1956) Is a standard disk, stamped “NO 10 1956, ” set on top
Of the northwest corner of the concrete base of light pole No. 166D6 about 68
~ards west of the junction of Biscayne Street and Alton Road. It is near the
arthwest corner of the South Shore Recreation Park about 62 feet cast of the
-St edge of the bulkhead on the water front and 9 1/2 feet northeast of the
-st edge of the north entrance to the Recreation Building. Elevation: 5.23
feet sbmve nean low water.

BENCH MARK 11 (1956) is a starldard disk, stamped “NO 11 1956, ” set in top
of north corner of a concrete base b,-hichsupports a 6 inch met.11 post near the
City of }liami Beach Warehouse. It is near the interseccfon of Alton Road and
FLr8t Strccc about 21 1/2 feet southwest’of the southwest curb of Al[on Road
- 9 feet northwest of the northwest corner of the warehouse building. Ele-

wation: 4.92 feet above mean low water.

Mean lowwatcr at Miami Beach is based on 19 yeare of records, 1941-1959.

Elevations of ocher tide planes referred to this datum are as follows:

Feet

Righeet Lide (observed)

September 8, 1965 6.4

Mean high wdtcr 2.50
Mean tide level 1.25
NCVD, 19?9 0.96
Mean low water 0.00
Lowest tide observcJ

(March 24, 1936) -1.6

Figure 2-15. Sample NOS sheet describing tidal benchmarks
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Table 2-4

Datums for Reference Tide Stationsl

,.
U.r-1izin8

btremea of Record Inter-1 ?.. Establitimew

I
station fac t.r2 MSL mL NGVD MLLW MLW MLLW Mm Hiae.t I La.est .f dmtum

~
9.00
IA.28
4.89
1.31
0.97
2.86
3.02
1.816
----
1.79
1.69
2.L5
2.111
0.57
1.43
1.28
1.52
2.65
3.326

J

----
?.00
).96
).L2
).83

6.— -
).336
.— -
1.106
----

~
3-----

a,ts

0.00
O.OO&
0.30
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.428
0.529
0.00
0.00
0.31’C
0.00
?.00
1.00
).00
1.00
1.00
).00
).00
1.00
).00
1.00

1941-61
19iJ1->9
191J1-59

1941.59
19kl.59
1967 (I yrl
1941-59
19111-59
1941-59
19b1-59
1953-61
1957-61
19b1.59

—
9.2

4.5
5.2
1.6
1.4

3.11
3.6
2.3
2.5

2.3
2.1
2.8
3.2
1.0
1.97
1.3
1.9
2.7
3.6
4.0

2.3
1.3
0.6
1.2
1.8
0.6
0.8
0.8
0.6—

—

3.0
2.8
3.0
3.4
4.3

5.5
11.8

6.6
8.0
8.6

:::
9 .L

16.8

b.3
2.2
2.1
1.9

10.3
2.0
0.8

—

~
9.10
11.50
5.05

1.75
1.30

3.35
3.55
2.25
2.5
2.30
2.05
2.75
3.10
0.91
1.97
1.25
2.10

2.91
3.115

3.7
?.25
1.25
3.65
1.15
1.8
>.65
3.75

1.70
1.55.

2.95
2.80
3.30

3.15
4.35
5.115

5.10
6.60
1.95
0.50

5.30
6.45

9.35
,5.25

4.30
1.30
1.85
1.65

.0.15
----

0.80

18.20 --—-3
9.00
9.80
3.50
2.60
6.70
7.10
L.50
11.60
4.60
L.1O
>.50
6.197
1.52
3.IA2
2.50
b .20

5.51
6.90
..40
b .50
2.50
1.30
2.30
2.110
1.30
1.50
I.&o

23.0
13.9
lk. z

-4.4

-3.1
-3.5
-2.9
-3.k
-3.55

-b.l
-L.26
----

-b.k

-3.9
-6.3
-6.6

-b.5
-L.2

-3.1
-1.7

-3.3
-b.11

6----

-3.2
-1.6
-1.6

5
:;:;5

-2.2
-30.05

-5.3
-1.1

-2.8
-2.6
-2.5
-3..5

-2.8
-2.9

-L.55
-h.l
-5.2
-5.20
-3.8

-4.9
-6.2
-6.55
-L.05
-2.7

:::;5
-5.0

%stport, %,..
Portland, Mine
Ec, t.n, k,, .

NewPort, R.i.
Yew land”. , Con”.

Brldgepo?t, Con. .
n,llet, Po,nt, b’. Y.
N.” Y.,<, N.r. (Ple eattery)
Albany, N.K.
%ndy nook, N.J.
Breakwater brbor, kl.
Reedy Po, nt, Del.
%iladelPh ia, %.
bltlm ore, Pd.
W.shlng ton, D.:.

~Qt.n Road.. y.. (*=11. p.i.tl
Wilm,. gto”, N.C.

Charleston, S.c.
%-,”eh RI”., %trance, Ca. (Ft. %lask, )
Ssvannah, h.

Myp.rt, fl. .
Mlaml I!arbor btrance, Fla.
<*y V,,%, n..
St. Fete, sburg, PI,.
St. tirks River &trance, il. .
Pen,.cola, Fla.

hbile, tie.
klveston, Tex. (%111 Che.nel)
%. JuP.n, ?.R.

M
M
M
M
M

M
F
M
M
M
M
M
M
Y
M
M
M
M
M
M
M
M
M
2

13.5
10.75

12.4
16.7
10.26
----

10.3

9.5
>..05

10.7
8.3 19k1-59

19bl-59
19b1-59

Jan. 1969 toSov.1973
19k1-59
19 L1-59
7.9h1-59
.9111-59
9111-59
,941-59
.948-59
9111-59
.9bl-59
.9 L1-59
.9k1-59

tp,. 1962 to k. 1963

11.6
8.5
8.2

10.7
11.1

6.— -
7.4

5.4
3.8

5.3
1.0
).9
~.05

D

c Ccut

%. Dies., ulif.
to. .4n8e1es, Cali F. (~ter Mrbor)
?a” Fra”c, zo, Cnlif. (Golden tit, )

Humboldt k“. C.lif
Astoria, Dreg. (Tonsue Poirt)9
Aberdeen, u8&.

Port Townsend, Wash.

Seattle, Wash.
Ketch ukan, Alaska
Juneau, Ala, ka
Sitka. Alaska
Cord. ”., Ale.vka
2e1dovia, ~sska
ticho,f,se, P.1-sb
Kodisk. P.laaka
tit.ch hrbor, Ua,ka

Sweeper cove, Mask, (Adak Island)
Wsacre Sny, UaSk& (Attu Island)
ksh.ek my, .41a.ka ( Clark. R)
St. Michael, Ala.k.
Honolul, , %wnii

mcif

5.00
L.70

5.30
5.10
7.60
9.&O

7.70
10. IIO
lb.~o

15. bo
9.10

11.50
11.00
28.30

1.6o
3.110

5.70
5.bO

5.90
6.40
8.3o

10.10
8.bo

8.3
1.8
8.6
9,55

12.1
111.9
12.05
lIJ.8

1941-59
19111-59
19k1-59

1962
19h1-59
1955, 1956
1972-7b
1941-59

D
D
D
D

2.79
2.72
3.06
----

3.05

0.00
0.00
0.20”
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
----

0.00

0.90
0.90
1.30
1,20
1.10
1.50
2.50
2.80
1.50
1.60
I.&o
1.110
1.6o
2.20
1.00
1.20

D
D
D

----
---
6.25
----
----

11.30
15.30
16. Lo

9.90
12. LO

D
D 21.2

23.20
lk.6
16.8

1941-59
1966-72
1941-59
1965-7k
1971-7k
196L-68
1935-36
1935-38
1958-60. 19h4, 1949
1950, 1952, 1960
1958

D
D
D
D

----
----

IT .8o
29.00

8.50
3.70
3.lD

24.3

35.55
1:.:5

,:.5
.f. c5

-—-
D
D
D
D
D
D

—--
_—-
----
---- -—-

----
17 .8D
-----

1 .&o

3.30

19.50

---
2 .5D
----

0.20

24.5
----

3.5

----
------------------
1941-59

D
D

----
1.9D -1.3----

—
1-Except . . footnoted, chart datu!n is uLW f., the At.l&ntlc .“d *1 f cca, ts &“d MLLW for the & lric ,mst ; “tie,, .,, i“ feet .
‘D = d,u, nal; M . mean.

~FLLd and MHKW were not routinely derived Co, Atl.”tic and gulf ?W, t stint. io. s for :he 10LI1 -59 eD~h .,s., ?“, establlshi”~ most of the datutm.
“~ston h. dater htum ;adopted -bout 1;27) .
5Estimted VSi”,.
h~ti .“awilable at the time of compilation.

7ktums and the mea. r.”.ge for miladelph ia were revised in July 1919 based o. obaer=tio. s for the peri.d 1969-77.
8.%ltimore lnv Water kt.m (.dopted 1922 by NOS a.d COE based .“ observat ions 1903-1921) .
‘v... River k.el.

lDmarle,ton ~. Mat,, ~t.m (U,.d since 1905 by nos. and bY cOE in hY 1929).

llkw Mater Cat.. at the Presidio, %lden tite, an Fra”c iso, 1s based . . mi=ella”.o. a ob8ervnt ione before 1907.
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DIURNAL

Tampa Bay
Blachburn

Pt.

DIURNAL - aplcs

Koy Largo

Figure 2- 7. Areal extent of tidal types and locations of
stations with illustrat~d tidal curves

the chart datum along the Gulf coast. Subsequently, GCLWD
in name but not in elevation or purpose.

scontinuities in
was changed to MLL\

e. Special Datum Planes. Special datums for the Great Lakes region,
based on the assumption that the mean water level in each lake defines a ievel
surface, have been in use for more than a century. The most widely accepted
in both the US and Canada is the International Great Lakes Datum (IGLD) of
1955.

(1) The Great Lakes Basin and St. Lawrence River were treated as an
integral system in defining the IGLD. The zero of the system was established
as the average of all hourly water level readings at Father Point (Point Au
Pere), Quebec, for 11 years of available records between 1941 and 1956.
Although additional records were available, this period was selected as repre-
senting the most reliable data. First-order level lines were run from Father
Point to Kingston to establish the elevation of Lake Ontario.

(2) It was assumed that the mean water level of Lake Ontario in the ice-
free period during the years 1952-1958 defined a level surface. First-order
leveling was run from western Lake Ontario to eastern Lake Erie to define the
elevation of Lake Erie. The mean water level of Lake Erie from June to Sep-
tember (1952-1958)was assumed to define a level surface. First-order levels
were run from western
of Lakes Michigan and
same level because of
Straits of Mackinac.

Lake Erie to southern Lake Huron to establish the level
Huron. Lakes Michigan and Huron are assumed to have the
the wide and deep connection of both lakes at the
First-order leveling was run from northern Lake Huron to
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eastern lakes at the Strait of Mackinac. First-order leveling was run from
northern Lake Huron to eastern Lake Superior to establish the level of Lake
Superior. As with Lakes Ontario and Erie, the mean water level from June to
September (1952-58) was used to establish the datum for the entire shoreline
of each lake. All calculations were made to a resolution of 0.001 ft. Eleva-
tions assigned in the IGLD of 1955 do not, in general, agree exactly with
elevations assigned to the same benchmarks in the NGVD system based on ortho-
metric leveling. The differences, however, have never exceeded 2 ft. The
different systems are discussed in SR-7.

2-4. Variation in Mean Sea Level

a. Explanation of Sea LeVel Trends. Although MSL with respect to the
land is a relatively stable reference surface, it varies irregularly with time
and location. In general, the sea level is either rising with respect to the
land or shows no discernible trend at low latitudes and is falling with
respect to the land at northern latitudes. The variability in sea level dur-
ing this century, as revealed by many tide gage records in the United States,
is clearly shown in Table 2-5. Data from the entire series should be used for
the best values at each station, and data from 1940-80 should be used for com-
paring stations. All but two stations south of Alaska show a trend of rising
sea level when the full period of record is considered. The Alaska stations
in this table, other than Ketchikan, show a trend toward falling sea level
over the same period.

(1) A worldwide increase in sea level occurred between 16,000 and 6,OOO
years ago. It is generally attributed to the melting of the ice sheet from
the last glacial stage and is generally referred to as the glacioeustatic
rise. The trend toward falling sea levels, relative to high latitude land-
masses, is generally explained as a regional glacioeustatic adjustment of the
earth’s crust to the removal of the ice overburden. As the ice sheet accumu-
lated, its increased weight caused a downward deformation of the earth’s crust
in the glaciated area and a compensatory rise in peripheral zones, With the
removal of the excess weight, the glaciated areas are gradually rebounding
toward their former shape, leading to emergence of these land surfaces
relative to the water.

(2) Other factors must also be considered. Earthquakes and volcanic
eruptions can cause tectonic adjustments, Continued slow increase in sea
level during the last few thousand years may be partially attributable to
delayed isostatic reponse to the loading on continental shelves by higher sea
levels. Some of this rise in sea level may also be due to retreat of coastal
glaciers.

(3) An important factor affecting modern sea level relative to the land,
in certain cases, is subsidence of the earth’s surface, often as a result of
the withdrawal of subsurface water~ PetroleM~ gas, minerals, or the imposi.
tion of excessively heavy loads, such as buildings, dams, and occasionally
water. Except fbr subsidence due to the removal of subsurface fluids and
other minerals, there appears to be little reason for believing that future
predictions of sea level variation can.be made with great.confidence. The
optimum ‘procedureto.use.for..any.espential extrapolationdepends on:the reason
for extrapolation. For structure design, extrapolation of observed trends for
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Lncacion

Uvtporc, !??
Portland, %
Porc8mouch, h’H
~aton, M
boas Hole, W
%evcarc , RI
?ro.. idence
hew tind.n; %
Wlllets Pt. , \Y
hew York, \T 1893
%ndy Hook, !;J
Atlantic Ci c::, XJ
Lewes, D!

Philadel Dhla ,PA

Ml tieore, ~

Anmmlls, m

Ka.hingcon. DC

Solomons, m
!iamDcon hdc, VA

Porc8mouch, Vk

Charleston, SC

Fart Pu2aski, CA
Fernandiu , FL
*vporc, FL
~sms Seach, FL

%11 02euo,CA
UJolla, CA
us ti~eles, CA
Alameda, CA
sun Francisco, CA
Crescent Cl t y, CA
AStO1ia, OR
-actlc, WA
mah SOY, WA
Friday krbor, WA
Ketchlhn, AL
Sitb, AL
Juneau, AL
Yakufat, AL
1501101U2U, HA

Table 2-5

Trends and Variability of Yearly MSL Through 1980

e serie8
!le Ean

1930
!912
1927
:922
:933
]Q3]
1939
}939
!932

1933
1912
1921

!901
1903
,9?9
1932
1933
1928
1936
192?
1936
!098
1929
1932

1913
191s
1924
1909

1906
!925
192b
19L0
1855
1933
1925
1899
1935
1934
1919
1938
1936
1940
1905

mtes of Xssing

1957, 58, 76-78, 80

[93>39, 73,78

!965, 1967-69

19:7-56, 1967
!978-80

1921-22, 197c-71, 79
1913-36, 19&*&7,

195C-52
1921-22, 1959-60

1975
1983

192L-38

1979

1926-38

1979

195h-55, 78, 79
1979

lsIOW of . lea SC .qures line of resreasic.n:

Sxl - (sx)2/m
tiere
x - heighz of ;-early MSL
y = date
n . numhr of yea:. y USL values

Entire %rLes
rrend Scandara er~or

of cre”d -
m,vr w,yr

3.1
2.3
2.0
2.3

0.3
0.2
0.2
G.2

2.7 ;.2
2.6 a.2
1.8 1.4
2.2 0.3
2.2 0.4
2.8 0.1
4.2 0.3
4.1 0.2
3.0 J.k

2.6 0.2
3.2
3.7
3.0
3.3

0.1
2.3

&.3 0.3

~.h 0.3

3.L 0.3
2.7 0.6

1.7 9.4

2.3 0.3

2.3 0.2

Cdf tiasc
2.2 0.2
2.0 0.2
2.4 0.3
6.3 0.3

Pacific bane

1.9 0.1
1.7 2.2
0.6 0.2
0.1 0.5
1.2 0.1

-0.9 0.3
-0.5 0.3
1.9 0.1

-1.3 0.3
0.9 0.3

-0.1 0.2
-2.4 0.3
12.9 O.b
-4.6 0.4
1.6 0.2

Variabillcy

.

26.2
29.2
2..2
28.1
23.1
23.1
?5.7
23.5
~~cg

28.0
28.4
30.7
37.9

39.5
27.7
28.1
35.8
28.1
32.6
29.5
35.6
33.2
3L.7
36.9
23.8

25.9
30.2
37. ?
48.2

25.2
26.4
26.5
3k.6
39.8
30.0
61.0

29.6
29.4
28.3
311.8
28.2
36.8
33.0
35.0

194C-83
Trendl Standard er or

of trend !

mmt yr mlyc

3.2
2.3
1.3
0.9

2.3

2.0

1.8

2.2

1.6

2.5

11. o

3.9

2.0

2.3

2.5

3.0

2.8

3.2

3.6

3.6

2.6

2.5

1.6

1.5

1.9

0.4
0.4

0.3
0.3
0.3
0.3
0.4
0.3
0.6
0.3
0.4
0.4
1.8

0.5
U.4
0.4
0.5
0.6
0.4
0.4
0.5
O.b
0.5
0.5
0.3

1.6 0.4
1.2 0.4
1.0 0.s
6.2 0.7

1.6 O.b
1.5 0.4

-0.1 0.4

0.1 0.5

1.5 0.4

-1.6 0.4

-1.3 0.5

2.1 0.4

-1.8 0.4

0.5 O.fl

-o.& 0.5

-2.4 0.4

-12.8 0.5
k.6 O.11

0.7 0.6

,ariabilicy

m

28.6
?9.7
22.6
23.5
22.(J
22.1
26.1
23.7
&4.5
25.3
29.3
32.3
39.1

41.3
28.0
26.9
37.1
18.7
32.1
30.7
36.1
33.8
34.6
3k.7
24.0

27.2
31.2
37.1
48.1

27.5
28.4
26.3
34.6
33.2
28.7
38.8

27.2
29.0
28.4
38.6
28.9
38.3
33.6
30.7

2Standard error of eBtimi3te (standard deviation from line of regression):
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the next 100 years is perhaps the most conservative policy. Extrapolation
should always be based on the best available data.

(4) Recent studies have predicted an accelerated rate of sea level rise
in coming years. They attribute the rise to warming of the atmosphere induced
by increasing concentrations of carbon dioxide and other gases. Increases of
between 20 and 60 inches by the year 2100 have been suggested (item 101).

b. Data Sources for Detailed Studies.

(1) NOS maintains a running summary of monthly MSL, mean and extreme
high and low waters of the month, and many other tidal statistics. Photo-
copies of these records may be obtained upon request from the Tidal Data and
Quality Assurance Section, N/0MA1230, 6th Floor, WSC-1, National Ocean
Service, NOAA, 6001 Executive Blvd., Rockville, MD 20852. A sample NOS sum-
mary of tide level and sea level is provided in Figure 2-18. This particular
sample was selected because it shows several realistic characteristics of the
records. For example, a complete or nearly complete data set is needed each
month to provide a meaningful estimate of the tabulated quantity. In cases
where sufficient data were not available, the estimate is shown in paren-
theses. Erroneous data may be entered in the record and not immediately
detected; e.g., repairs to a gage may cause a small shift in gage zero that is
not measured until the next visit of a survey party. In these cases, the
incorrect data are ruled out and corrected values entered. Because tide level
and sea level are entered on the same sheet in this sample, it is readily seen
that although MSL and MTL are highly correlated, they are different. Even
where annual means are considered, MTL may be above MSL in some years and
below MSL in others.

(2) The National Geodetic Survey (NGS) (part of NOS) continually
relevels various survey lines throughout the United States. Elevation changes
between surveys may be used to map the extent of vertical crustal movement.
If information on vertical changes for a particular problem area is needed,
the request to NGS should specify uncorrected data to compute vertical change.
Adjusted level surveys should be compared only if the nature of the adjust-
ments is fully understood.

2-5. Tide Height Probabilities

a. Introduction. A computer program which uses equation (2-1) for the
prediction of hourly tidal heights and the times and heights of high and low
waters has been used to develop tide height probabilities (SR-7). The hourly
tides for one month are predicted first, then the time and height of high and
low tides are determined by refining the calculations near the extreme hourly
values to obtain the required accuracy in time and height, Times of high and
low water are calculated to the nearest minute. The local MSL is used as the
mean water level; thus, the mean value of the predicted tide is zero. Cal-
culations are made for each of the 50 NOS reference stations listed in
Table 2-4. The information needed to compute the tides is available for all
reference stations but only a few nonreference stations. The nonreference
stations for which calculations were made are listed in Table 2-6.

b. Description of the Graphs. Graphs for one tide station are shown in
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Table 2-6

Comparative Tide Stationsl

Normllzing
Interval for

Reference Remrd
stat Ion Sutiom Faetirz ~L

Eshblishlng
ffiVD HLLU HLU MW Mlaili High.?at L0ue8t Datuu

htlantlc City, N.J. ~lldy tbk M 2.W 1.70 --3 o.oo~ 1.10 -- 0.9 -3.7 1941 to 1959

Naples, Fla, St. Wrks D 1.05 0.57 -0.50 O.00* 2.10 2.3o 12.2 -255 1966 to 1968

Crescent City, Callr. tiboldt 8ay D 3.75 3.63 0.006 1.20 6.30 6.90 10.0 -2.9 1934 to 1941

%,utt, beach, Oreg. Mboldt Bay o U.50 4.01 0.006 1.30 7.60 8.3o -- -- 1968 to 1973

Friday Ilarbor, Uash. Port Twnsend D 4.75 4.42 0.006 2.50 7.00 7.70 10,9 -3.9 1941 to 1959

lMeasurements are in fwt.
2q .

■e8n tidal range; D z diurnal tidal range.
~~a{n$a~: is ~H.

5E8tlwted record.
61.ocat datum IS MLLU.

Figure 2-19. The predicted tides for each tide station are plotted to display
characteristics of the monthly and annual cycles at each location. The scale
for each plot is adjusted to allow the extreme range of the 19-year epoch to
occupy the full vertical expanse of the graph. The graph shows the variable
wave forms of the astronomical tide but does not provide quantitative data.
In general, the changes in tide hydrography with distance along the shore are
slow and continuous from Eastport, Maine, to Galveston, Texas, and from San
Diego, California, to Alaska.

(1) Explanations of each graph are as follows:

(a) Plot A shows the predicted annual cycle of mean water levels in
feet as defined by the monthly mean of the predicted tides averaged over the
19-year period.

(b) Plot B shows the predicted MSL for each year in the metonic
(19-year) cycle. The variability in annual MSL cannot be predicted by any
established procedure; therefore, the annual MSL has been held at zero in
these calculations. This constant plot is included only to emphasize that
long-term changes in sea level have not been considered in these calculations.

(c) Plot C is the annual cycle in tidal range. Three measures of the
range have been used: the standard deviation of all computed hourly values,
the mean tidal range, and the mean diurnal tidal range. The data are nor-
malized with respect to the computed mean range for each Atlantic coast sta-
tion and the computed diurnal range for Gulf and Pacific coast stations. In
general, the standard deviation shows the least variability with season, and
the diurnal range shows the most. Calculations were first made for each
month, and the monthly values were averaged for 19 years.
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Figure 2-19. Annual and 19-year cyclical distribution of tide
parameters (in feet)
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(d) plot D shows the variability of each measure of range for the
metonic cycle. The anticipated 19-year cycle is apparent for each measure.
These data also are normalized with respect to the computed mean daily range.

(e) Plot E gives the annual cycle of calculated low water parameters.
The lowest point for each month represents the lowest predicted tide for that
month in any year of the metonic cycle. The upper point represents the mean
predicted low water for that month, when all predicted low waters of the
19-year period are considered. The intermediate point represents the mean of
the lower low water for each calendar day averaged for each month. All data
are normalized as indicated in (c) above. Note that the MLW and MLLW plots
represent a combination of the annual cycle in MSL and the annual cycles in
the tidal range. In nearly all cases, the annual cycle in MSL is dominant.

(f) Plot F is similar to plot E and normalized in the same manner but
presents data for the metonic cycle. The MLW and MLLW graphs show the
expected 19-year cycle.

(g) plots G and H are similar to plots E and F and are normalized as
indicated in (c) above. The annual cycles follow approximately the same
patterns as the mean sea levels. The 19-year cycle is apparent in the MHW and
MHHW data. A period of approximately 6 years appears in the extreme predicted
high waters as well as the predicted low waters.

(2) Values of MHHW,MHW,MLW, MLLW, standard deviation, mean range, and
the mean diurnal range based on these calculations are given in Table 2-7.
Observed values of the mean and diurnal ranges obtained from NOS benchmark
sheets are also shown in the table. All of the calculations are based on the
period 1963 to 1981; no storm effects are included, The NOS values are based
on observations? generally for the period 1941 to 1959 and include minor storm
effects. Thus, exact agreement is not to be expected.

(3) The definitions used in the computer program to derive the high and
low water datums differ slightly from those used by NOS for dealing with
observations. In the computer program, the definitions used for HHW, HW, LW,
LLW, and the mean and diurnal ranges are identical on all stations. Each
identifiable high or low water is used in defining MHW and MLW provided the
difference between adjacent high and low waters is 0.1 foot or greater. The
definition of MHW and MLW and mean range agrees with NOS practice at locations
with semidiurnal or mixed tides. NOS is now introducing MLLW as the primary
datum for all nautical charts; the diurnal range will be used as the principal
measure of tidal range. A complete changeover will require several years.
The classifications in the 1979NOAA NOS Tide Tables are used in these sum-
maries. Where the type of tide is classified as diurnal, NOS neglects all
secondary high and low waters, and the highest and lowest values are con-
sidered high and low water. Thus, for stations with diurnal tides the MHW and
MLW given by NOS correspond to the MHHW and MLLW in these summaries; the mean
range given by NOS for diurnal tides corresponds to the diurnal range, When
determining the HHW or LLW for days with a single high or low water, NOS
accepts the single tide as a HHW only if it is larger than the preceding or
following high tides, and as a LLW only if it is lower”than the preceding or
following low tides.
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Table 2-7

Computed Datms, Ranges, and Standard Deviations Referred to MSLl

Standard Mean knge2 Diurnal &nge2

Station Deviation MHHW MHw MLW MLLW 5oserved Computed Observed Computed

Eastport 6.32 9.32 8.88 -9.01 -9.41 18.20 17.89 18.73
Portland 3.24 4.87 L.45 -4. h6 -4.80 9.00 8.91
Soston 3.LO

9.68
5.16 h.72 -b .86 -5.19 9.50 9.58 10.35

Newport 1.33 2.18 1.93 -1.69 -1.75 3.50 3.62 3.93
New London o.9b 1.48 1.22 -1.34 -1.45 2.6o 2.56 2.93
Bridgeport 2.41 3.61 3.31 -3.36 -3.52 6.70 6.67 7.13
Millets Point 2.68 3.85 3.59 -3.58 -3.78 7.10 7.17 7.65
New York (me 2-attery) 1.65 2.51 2.19 -2.29 -2.42 4.50 4.48
Albany

L.9b
l.’ro 2.76 2.32 -2.51 -2.65 4.60 4.83 5.40

Sandy Hook 1.70 2.66 2.33 -2.3b -2.47 4.60 4.67 5.13
Atlantic City 1.52 2.hl 2.01 -2.07 -2.18 4.10 4.08 4.59
Breakwater Harbor 1.53 2.k6 2.ob -2. o8 -2.15 4.10 L.20 4.60
Reedy Point 1.96 3.07 2.73 -2.7-r -2.85 5.50 5.51 5.92
Fh iladelph ia 2.OL 3.15 2.82 -3.09 -3.17’ 5.90 5.91 6.33
2altim0re 0.51 0.74 0.51 -0.52 -0.64 1.10 1.03 1.38
Washington 1.02 1.54 1.39 -1.37 -1.L2 2.90 2.76 2.96
Mmpton Roads 0.92 1.L1 1.22 -1.22 -1.26 2.50 2.b4 2.6T
Wilmington 1.51 2.26 2.02 -2.2b -2.33 L020 4.26 k.59
Charleston 1.88 2.87 2.50 -2.67 -2.81 5.20 5.17 >.69
Savannah River Ebtrance 2.52 3.77 3.38 -3.56 -3.70 6.90 6.94
%vannah b .07

7.48
2.73 3.65 -3.96 -h.12 7.40 7.61 8.19

Mayport 1.66 2.49 2.20 -2.27 -2.38 4.50 J.46 h.8T
Miami Harbor ~trance 0.95 1.33 1.26 -1.26 -1.LO 2.50 2.52 2.7k
Key West 0.58 0.92 0.63 -0.64 -0.88 1.30 1.26 1.8o
Naples 0.94 1.30 1.03 -1.07 -1,69 2.10 2.10 2.8o 2.99
St. Petersburg 0.71 l.ok 0.72 -0,70 -1.14 1.42 2,30 2.19
St. Marks River ~trance 1.09 1.51 1.23 -1.18 -1.86 2.40 2.L1 3.30 3.37
Pensacola 0.5L 0.67 0.61 -0.57 -0.63 1.18 1.30
Mobile

1.30
0.58 0.73 0.65 -0.62 -0.70 1.27 1.50 1.L4

Galveston (ship channel) 0.53 0.57 0.L7 -0.44 -0.85 0.91 1.40 1.42
San Juan 0.54 0.87 0.57 -0.58 -0.79 1.10 1.15 1.66
San Diego 1.81 2.90 2.11 -2.09 -3.06 4.10 4.2o 5.70 5.96
ks Angeles (Outer Harbor 1.66 2.63 1.91 -1.87 -2.82 3.80 3.78 5.LO 5.45
San Francisco (Golden Gate) 1.75 2.59 2.OL -1.93 -3.lk Ik.oo 3.97 5.70
Humboldt

5.73
1.93 2.97 2.26 -2.2L -3.44 4.50 4.50 6.40 6.ho

Crescent City 2.12 3.22 2.56 -2.&9 -3.75 5.10 5.ob 6.90 6.97
%uth Beach 2.57 3.88 3.17 -3.09 -4.48 6.30 6.26 8.30 8.36
Astoria 2.53 3.98 3.28 -3.19 -4.38 6.50 6.L7 8.20 8.37
&erdeen 2.99 4.54 3.74 -k .03 -5.35 7.90 7.77 10.10 9.89
Pt. Townsend 2.66 3.40 2.711 -2.31 -4.80 5.10 5.04 8.30 8.2o
Seattle 3.50 b.83 3.9h -3.75 -6.48 7.6o 7.69 11.30 11.31
Friday Harbor 2.55 3.23 2.51 -2.17 -4.55 4.50 4.68 7.70 7.78
Ketchikan 4.91 7.36 6.46 -6.47 -8.02 13.00 12.92 15.140 15.38
Juneau 5.31 7.82 6.93 -7.10 -8.T2 13.80 14.03 16.40
Sitka 3.11 14.69 3.92 -3.86

16.54
-5.32 7.70 T.77 9.90

Cordova
10.01

3.85 5.81 h.88 -5.03 -6.51 10.10 9.90 12.40 12.31
Seldovia 5.89 8.L8 7.70 -7.81 -9.55 15.LO 15.51 IT .80
Anchorage 9.01

18.oL
12,73 11.99 -13.90 -16.18 26.10 25.88 29.00 28.90

Kodiak 2.71 ~.29 3.40 -3.39 -L.54 6.60 6.80 8.50 8.83
Dutch Harbor 1:24 1.52 1.21 -1.07 -2.17 2.20 2.28 3.70 3.69
Sweeper Cove 1.40 1.63 1.29 -1.40 -2.26 2.69 3.70 3.89
kssacre F!ay 1.19 1.40 1.10 -1.02 -2.01 2.12 3.30 3.41
Nushagak 5.94 9.42 7.46 -7.T8 -10.26 15.30 15.24 19.50 19.68
St. Michael 1.24 1.94 1.39 -1.29 -1.64 2.68 3.90
Honolulu

3.58
0.60 1.08 0.58 -0.65 -0.81 1.20 1.23 1.90 1.89

,
‘Numbers are in feet.
2

Observed values for both mean and diurnal range are not available for all stations.
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(4) Table 2-7 shows that the net differences between observed and
computed values are generally much less than 0.1 foot for mean ranges and
slightly less than 0.1 foot for diurnal ranges. Differences up to 0.4 foot
which occur at a few locations result from the necessity of basing the tide
calculations on a shorter or earlier period of record than that currently used
by NOS in defining the tidal datums on benchmark sheets. The differences
between the working definition of HHW and LLW used in the computed summaries
and the definition used by NOS account for a part of this difference. The
effect of these differences can be reduced by using range determinations based
on the latest benchmark sheets in obtaining dimensional values from the
tabulated

(5)
developed

(a)
(b)
(c)
(d)
(e)
(f)
(g)

(6)

data.

Probability density distribution graphs and tables have been
for seven tide parameters:

The highest predicted tide for each calendar month.
The predicted HHW of each solar day.
All predicted high waters of the 19-year period.
Predicted hourly tidal heights.
All predicted low waters of the 19-year period.
The predicted LLW of each solar day.
The lowest predicted tide level of each calendar month,

Wherever the amplitude of each tide wave is a large fraction of the
mean range, the distribution of hourly tidal heights will b= distinctly
bimodal (Figure 2-20). A Gaussian distribution function with the same total
area is plotted in the figure for comparison. This is the most prominent form
of the distribution function for hourly tides along the US Atlantic coast.

0.4 -

0.3-

~ 0.2-
Ap

0.1

-4 -3 -2 -1 0 I 2 3 4

Tidal Heights (standard deviation units)

Figure 2-20. Probability density graph for
predicted hourly tidal heights
at Atlantic City, New Jersey
(graph of the Gaussian prob-
ability density function
(symmetric curve) superimposed)
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(7) At some locations, such as pensacola, Florida, and Mobile, Alabama,
the range of spring tides is several times as large as the range of neap
tides. This variability in the mplitude of the tide wave yields a distri-
bution function that is nearly unimodal with a peak near MSL (Figure 2-21).

(8) Galveston, Texas, and San Francisco, California, show another common
type of tide where the water level remains above MSL much longer than below
MSL. The lowest predicted tide levels for these locations are farther below
MSL than the maximum tide levels are above MSL. In these cases, the distribu-
tion function for hourly tidal heights is skewed, as shown in Figure 2-22.

(9) The Sevencurvesshownin Figure 2-23 and similar graphs in SR-7
correspond to the seven tide parameters. The abscissa of these graphs gives
the probability that each parameter will exceed the values indicated by the
ordinate. All data have been scaled so that 98 percent of the ordinate scale
corresponds to the height difference between the maximum and minimum predicted
tidal heights within the metonic period of 19 years. The positions of MSL,
MHW, MHHW, MLW, and MLLW have been indicated on the ordinate scale. The
cumulative form of a Gaussian distribution function with the same standard
deviation as the computed hourly tides has been superimposed as a straight
line in all graphs.

(10) Graphs of the distribution of computed tide parameters (as in
Figure 2-23) are presented only to show the character of the distribution
function. Numerical values for quantitative work should be taken from the
tables described in the following section.

Description of the Tables. The curves in Figure 2-23 are based on
data ~~ presented in Tables 2-8 and 2-9. The maximum and minimum values of
each parameter were used to determine the range of variability for that param-
eter. Each range is divided into 101 intervals to provide 50 intervals above
and 50 below the middle interval. The lowest computed value for each param-
eter was taken as the lower limit of the lowest interval for that parameter.
The highest computed value was taken as the lower limit of the highest inter-
val. Distribution functions were computed for each parameter by counting the
number of times a computed value fell into each interval and were then con-
verted into probability densities by dividing the number of values in each
cell by the total number of values for that parameter. The cumulative prob-
ability that a given parameter will exceed a particular value is obtained as
the sum of the probability that the parameter will have that value or a higher
value. The maximum value of the cumulative probability is unity (1.0000).

(1) Calculations were made for each of the stations listed in Table 2-7.
The relationships between tidal datum planes at each NOS reference station are
given in Table 2-4. The locations of the stations are shown in Figure 2-16.
Estimates of tidal height probabilities are needed for many locations for
which primary tide predictions are not available. It is assumed that
estimates at these stations can be determined with enough accuracy by adjust-
ing the probability density distribution function derived for the reference
station by the ratio of the tidal
this estimate, the computed tidal
as fractions of one-half the mean
Tables 2-4 and 2-6 indicates that

ranges at the two locations. To facilitate
heights in Tables 2-8 and 2-9 are expressed
tidal range or the diurnal range. An M in
the mean range is used for normalization;
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0.4

[

0.3

Predicted

0.2-

0.1

Tidal Heights (stondord deuiotion units]

Figure 2-21. Probability density graph for
predicted hourly tidal heights
at Pensacola, Florida (graph
of the Gaussian probability
density function (symmetric
curve) superimposed)

0.5

E

0.4 - /

0.3 -

~
AP

0.2-

0.1

0
I

-4 -3 -2 -1 0 I 2 3 4

Tidal Heighls (standard deviotion units)

Figure 2-22. Probability density graph for predicted
hourly tidal heights at San Francisco,
California (graph of Gaussian prob-
ability density function (symmetric
curve) superimposed)
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Figure 2-23. Cumulative frequency density curve for tide param-
eters, Bridgeport, Connecticut, 1963-1981
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Table 2-8

?lass
No.

101
100
99
98
97
96
95
94
93
95
91

:;
88
87
86
85
84
83
82
81
80
79
78
77
76
75
74
73
72
71

:;

:;
66
65
6L
63

E
60
59
58
57
56
55
5L

53
52

Vote:

Distribution Functicns for Monthly High and Low Waters at New York

(The Battery), New York

Extreme Monthly HW
Lower Cum.
Limit Freq. Freq.

1.6908 o.oobb 0.0044
1.6856 0.0088 0.0132
1.6803 0.0044 0.0175
1.6751 o.oob4 0.0219
1.6699 0.0088 0.0307
1.6646 0.0175 0.0482
1.659k 0.0175 0.0658
1.65k2 0.0175 0.0833
1.6k89 0.0088 0.0921
1.6437 0.0132 0.1053
1.6385 0.0088 0.1140
1.6332 0.0395 0.1535
1.6280 0.0219 0.1754
1.6228 0.0219 0.197h
1.6175 0.0088 0.2061
1.6123 0.0132 0.2193
1.6071 0.0307 0.2500
1.6018 0.0132 0.2632
1.5966 0.0088 0.2719
1.591L 0.0263 0.2982
1.5861 0.0175 0.3156
1.5809 0.0219 0.3377
1.5756 0.0132 0.3509
1.570~ 0.0132 0.36L0
1.5652 0.0263 0.390h
1.5599 0.0132 0.4035
1.5547 0.0175 o.b211
1.5495 0.0088 0.4298
1.54112 0.0000 0.11298
1.5390 0.0219 0.4518
1.5338 0.0044 0.4561
1.5285 0.0044 0.460>
1.5233 0.0088 0.4693
1.5181 0.0132 0.4825
1.5128 0.0263 0.5088
1.5076 0.0132 0.5219
1.502b 0.0219 0.5439
1.~971 0.00b4 0.5L82
1.4919 0.0132 0.561L
1.k867 0.0307 0.592:
1.481L 0.0263 o.618b
1. L762 0.0088 0.6272
1.J71O 0.0088 0.6360
1.4657 0.0175 0.6535

1.4605 0.0175 0.6711
1.4553 0.0132 0.68b2
1.L500 0.0132 0.69711
1. Lhk8 0.0088 0.7061
1.4396 0.0132 0.7193
1.43h3 0.0088 0.7281

Extreme Monthly LW
hver Cum.
Limit

-1.178b
-1.1838
-1.1892
-1.19k7
-1.2001
-1.2055
-1.2110
-1.216L
-1.2218
-1.2273
-1.2327
-1.2381
-1.2k35
-1.2b90
-1.25h4
-1.2598
-1.2653
-1.2707
-1.2761
-1.2816
-1.287o
-1.2924
-1.2979
-1.3033
-1.3087
-1.3141
-3..3196
-1.3250
-10330L
-1.3359
-1.3b19
-1.3467
-1.3522
-1.3576
-1.3630
-1.3684
-1.3739
-1.3793
-1.38k7
-1.3902
-1.3956
-1.kolo
-I .h065
-1.4119
-1 .b173
-1.k228
-1.4282
-1.4336
-1.4390
-1.LL45

Freq.

0.00LL
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0088
0.0000
0.0088
0.0000
0.0000
O.oohh
0.0088
o.ooh4
0.0088
O.oobb
0.0132
0.0044
0.0000
0.0088
0.0088
0.0000
0.0088
0.00L4
0.0219
0.0132
0.0088
0.0175
0.0132
0.0132
0.0088
0.0088
0.0175
0.0132
0.0132
0.0088
0.0175
0.0219
0.0132
0.0219
0.0132
0.0263
0.0219
0.0175
0.01’75
0.0088
0.0175
0.0088

Freq.

O.oobh
O.oobb
0,0044
o.oob4
o.ook4
O.oobk
o.oo4b
0.0044
0.0132
0.0132
0.0219
0.0219
0.0219
0.0263
0.0351
0.0395
0.0L82
0.0526
0.0658
o.o-fo2
0.0702
0.0789
0.0877
0.0877
0.0965
0.1009
0.1228
0.136o
0.11447
0.1623
0.1754
0.1886
o.197k
0.2061
0.2237
0.2368
0.2500
0.2588
0.2763
0.2982
o.311h
0.3333
o.3h65
0.3728
0.3947
0.4123
0.4298
0.4386
0.4561
0.4649

:lass
No.

51

::
48
147
46
45
411
lb3
L2
41
Lo
39
38
37
36
35
3L
33
32
31
30
29
28
2?
26
25
2L
23
22
21
20
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5
L
3
2
1

Extreme Monthly WJ
Lover Cum.
Limit

1.&291
1.h239
1.b186
1. II13L
1.ho82
1.bo29
1.3977
1.3925
1.3872
1.3820
1.3768
1.3715
1.3663
1.3611
1.3558
1.3506
1.31+5b
1.3401
1.3349
1.3297
1.32LL
1.3192
1.3140
1.3o87
1.3035
1.2983
1.2930
1.2878
1.2826
1.2773
1.2721
1.2668
1.2616
1.256b
1.2511
1.2459
1.21107
1,2354
1.2302
1.2250
1.2197
1.21J5
1.2093
1.2obo
1.1988
1.1936
1.1683
1.1831
1.1779
1.1726
1.16TL

Freq.

0.0088
0.0044
0.0175
0.0044
0.0132
0.0088
0.0088
0.0219
0.0175
o.ook4
O.oohb
0.0088
0.0000
0.00L4
0.0088
0.0088
0.0044
0.0000
O.oob&
0.0088
0.0132
0.0044
0.0088
0.0219
0.0088
0.0000
0.0000
O.ookb
O.oobb
0.0000
0.0000
O.oohb
0.0000
o.oGhb
0.0088
0.0000
0.0000
O.oobb
o.ook4
0.0000
O.ookk
0.0088
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
o.oo4h

Freq.

0.7368
0.7412
0.7588
0.7632
0.7763
0.7851
0.7939
0.8158
0.8333
0.8377
0.8421
0.8509
0.8509
0.8553
o.86bo
0.872a
0.8772
0.8772
0.8816
o.890k
0.9035
0.9079
0.9167
0.9386
o.9L!7b
0.94TL
0.94711
0.9518
0.9561
0.9561
0.9561
0.9605
0.9605
o.96k9
0.9737
0.9737
0.9737
0.9781
0.9825
0.9825
0.9868
0.9956
0.9956
0.9956
0.9956
0.9956
0,9956
0.9956
0.9956
0.9956
1.0000

Extreme Monthly LW
kwer cum .
Limit

-1.4499
-1.L553
-1.J4608
-1.4662
-1.4716
-1.4771
-1.b825
-1.4879
-1.b933
-1.4988
-1 .50b2
-1.5096
-1.5151
-1.5205
-1.5259
-1.531L
-1.5368
-1.51122
-1.54’r7
-1.553i
-1.5585
-1.5639
-1.569L
-1.5748
-I .5802
-~.5857
-1.5911
-1.5965
-1.6020
-1.607h
-1.612@
-1.6L82
-1.6237
-1.6291
-1.6345
-1.6boo
-1.6h5L
-1.6508
-1.6563
-1.6617
-1.6671
-1.6726
-1.6780
-1.683k
-1.6888
-1.69k3
-~.699’r
-1.7051
-1.7106
-1.7160
-1.7214

Freq.

0.0263
0.0219
0.0263
0.0263
0.0219
0.0219
0.0088
0.0219
0.0263
0.0132
0.00L4
0.0132
0.0088
0.0175
0.0000
0.0219
0.0175
0.0000
0.0088
0.0088
0.0088
0.0175
0.0132
0.0219
0 .oo4k
0.004L
0.0219
0.0044
0.0088
0.0175
0.0088
0.0132
0.0088
0.00L4
0.00J’IL
o.oo4b
0.0044
o.oo4b
0.0000
0.0044
0.0044
0.0088
0.0000
0.0088
o.oo&4
0.0044
0.0000
0.0044
0.0000
0.0000
0.00L4

Freq.

0.b912
0.5132
0.5395
0.5658
0.5877
0.6096
o.618b
0.6404
0.6667
0.6798
0.6842
0.6974
0.T061
0.7237
0.7237
0.7!456
0.7632
0.7632
0.7719
0.7807
0.7895
0.8070
0.8202
0.8421
0.8465
0.8509
0.8728
0.8772
0.8860
0.9035
0.9123
0.925h
0.9342
0.9386
0.9430
0.9474
0.9518
0.9561
0,9561
0.9605
0.96L9
0.97’37
0.9737
0.9825
0.9868
0.9912
0.9912
0.9956
0.9956
0.9956
1.0000

Lower limit of class interval shovn; all heights are normalized vith resp~t to one-half the mean range
2,238 feet.
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Table 2-9

Distribution Functions for Higher High, High, Hourly, Low, and
Lower Low Waters at Atlantic City, New Jersey

‘k F
b“.,
Limit

1.6908
1.6561
1.6225
1.5884

cm.

-

0.0000
O.oml
O.lmob
0.0010T

1o”.,
U.it

.o.3@5
-0.37k1
-0.3811
-0.L013
-0.L1L9
-0.L285
.O.61122
4.1,558
.o.bbgb
.o.11830
-0 .L966
-0.5102
-0.5238
.0.737L
-0.5510
4.56k6
-0.5782
-0.5919
-a.6055
4.6191
-0.6327
-0.6b63
-0.6599
-0.6135
-0.6671
4.1007
-0.11k3
-Q.7219
-0.1L16

~
~
0.0001
0.0002
0.0002
0.000b
0.0006
0.0005
0.0012
0.0017

~
~
0.0001
O.ow
0.0005
o.0m8
0.Oolk
0.00?0
0.0032
0.0049
0.0068
0.OW7
0.0132
0.0166
0.0199
0.02k6
0,021L
0.0320
0.0365
0.0b16
0 .0b65
0.05211
0.0505
0.0656
0.0122
0.0800

&
0.0001
G.ml
O.mo6
O.oml
0.0010
0.0018
O.ooel
0.0031
0.0052
0.0072
0.008k
o.0W6
0.0105
0.0133
0.0151
0.018b
0.0211
0.0254
0.0292
0.0350
0.0411
0.0k63
o.05!ib

~
0.00c1a
O.W1
o.c003
o.0w6

~
O.ml
0.0000
0.mob

~
0.0001
0.0W5
O.oolb
0.0026

,C1
100

1.6908
1.6193
1.6679
1,6563
:.64.6
1.6333
1.6219
1.6104
1.5989
1.587&
1.5759
1.56LL
1.:529
1.5&14

D.Omz
0.Ooca
0.Oolh
0.0018
3.0018
C.0030
0,0033
0.3038

0.0002
O.ow
0.0D23
O.oobl
0.0059
0.Ocaq
0.0122
0.0159

1.69c0
1.6765
1.6621
1.6L18
1.6335
1.6191
1.60b8
1.590b
1.5161
1.5618
I.51A14
1.5331
1,5180
1.504&

0.0001
0.oOoL
0.0010
0.0011 O.oml

0.0003
0.0001
0 .0C09
0.0010
0.0015
0.0019
0.0012
0.0012
0.0013
0.0024

0.0017
0.0017
0.0029
0.0026

0.00,2
0.0060
0.0008
O.O1lL

1.55k3
1.5202
1.4861
1.L519
1.h178
1.3837
1.3496
1.3154
1.2813
I.zbr?
1.2131
1.1190
1.14b8
:.1101
1.0166
1.0U25
1.0083
0.91b2
0.9k01
0.9060
0.8719
0.8377
0.8036
0.7695
0.735L
0.7012

0.0CQ7
0.0010
0.0013
0.0015
0.0020
0.0Q26
0.w26
0.0035
0.0043
O.oobq

0.0C17
0.002’7
0.0060
0.0056
0.0076
0.0102
0.0128
0.0163
0.0206
0.0255

93
92
9:
90
89
88

0.50L1
0.0051
0.0050
0.0050
0.0050
0.0057

0.0200
0.0251
0.0300
0.0350
0.03s
0.0656

0.0031
0.0031
0.0032
0.0031
0.0029
0,0053
0.0031
0,0050
0.0041
0.0060
0.0058
0.0066

0.01b5
0.0176
0.0207
c.02Lb
0.0273
0.0325
0.0356
0.0406
O.OLIA1
0.0506
0.c56.
0.0630
0.O@T
0.0759
0.0828
0.0890
0.0966
O.1O5II
0.1157
0.1259
0.1354
0.1L61

0.0019
0.0027
0.0037
0.003h
0.0033
O.oobr
0.0033
0.0041
0.00k5
0.0050
0.00119

87 :.5299
86 :.5195
85 1.5070
8. 1.L955

1.L8L9

0.0051
0.0047
0.o&o
0.c062
9.0062
0.c063
0.0062
0.008b
0.0092
0.0090

0.0507
0.055b
0.0636
0,0695
0.0751
0.0820
0.0881
0.0L65
0,1057
O.llkl

1.iAwl
1.L158
1.L6111
I.1,1.’l,
1..321
1.h1811

0.w5S
0,0066
O.wlb
0.00.95
0,W95
0.-
0.0111
0.0123
0.0131
0.01&3

o.03ii
0.0319
0.0&53
0.0538
0.0633

O.oozk
0.0027
0.0033
0.0031
0.0037
0.0058
0 ,w61
O.omk
o .W79
o.00.%

O.olii
0.081.2
0.0965
O.1O9T
0.1240
0.1389

0.0059
0.0062
0.0071
0.0o66
0.0086

1.40111 0.0051
1.3891 0.0072
1.375b 0.0069
1.3611 C.0062
1.3467

0.061c
0.0205
0.0176
0.c.261
0.09!i3
0.1063
0.1186
0.1293
0.1L31
0.1536
0.1695
0.1836

O.ook
0.0096
0.0093
O.OIM
0 .008L
0.0086

0.1231
0.1333
o.1k26
0.153L
0.1618
0.1706

0.0017
0.0C81
0.0103
0.0102
0.0W5
0.0113
0.0122
0.0135
0.0139
0.0122
0.0139
0.0151

0.0108
0.0096
0.0116
0,0099
O.O1lL

0.0916
0.1012
0.1128
0.1228
0.13b2

0.ci175
o.Owl
0.0085
O.ocaz
O.olm

1.332h
1.3101
;.303:

1.2151
1.z@l
1.2b6iI
1.2320
1.2171
1.203!i
1.1890

0.0153
0.0158
0.0160
0.0171
0.0172
0.0162
0.0176
0.0112
0.0159
0.016e
0.0162

0.15bl
0.1700
0.1859
0.2030
0.2202
0.2310
0.25L6
0.2719
0.2818
0.30b5

-0.7552
.0.7688
-o.,8*k
-0.79641
4.80?6
-0.8232
-o.03a
-0.850L
-0.96Lc
-0.8171
-0.8913
-o.9ok9
-0.9185
-0.9321
-0.9457
-0.9593
-0.91?9
-0.9865
-1.Owl
.1.0137
-l.O?rb
.1.0410
-1.05L6
-1.0602
-1.0818
-1.095L
-1.1090
-1.1226

0.0138 0.1480
0.1599
O.llbl
0.1890
0.2o86

0.0123
0.01w3
0.0138
0.0126
0.0139
0,o1111

0.0110
0.0122
0.0125
L.0155
..0119

0.18111
0.1935
0.2D60
O.zzlb
0.2333
0.2b65
0.2612
0.2765
0.2936
0.3133
0.3m5
C.3L5:

0.159b
0.1123
0.1863
0.L985
0.2115
0.2273
0.2620
0.2515
0.27b0
0.2899
0.3066

0.6671
0.6330
0,5989
0.36L8
0.5306
0.4965
0.L62L
o.L2e3
0.39bl
0.3600
0.3259
0.2918

0.0119
0.01L2
~.01L9
0.0156
0.0165 0.2?11

0.2369
0.2548
0.2722
0.2900
0.3o8?
0.3268

0.0132 o.320i
0.3356
0.350L
0.36JJT
0.3782
0.3913
0.b039
0.b16b
0.6289
O.bbol
0.b526

o.015e
0.0119
0.0116
0.0118
0.0187
0.0182

0.0151
0.0151
0.0149
O.olbb
0.0163

0.1901
0 .Zll!h
0.2393
0.2b31
0.22.x

0.0LL7
3.C153
0.0171
0.0197
0.~162

1.11L7
I.lmh
1.1b60
1.1317
1.117&

0.0160
0.0154
0.G165
c.016a
0.0167
0.01k6

O .01b9
0.0168
0.01b3
C.0135
0.0131
0.0126
0.0125
0.0125
0.0118
0.0119
0.0115
0.0112
O.O1lL
0.0116
0.0112
0.0113

0.2113
0.3156 1.1030

1.0881
1.0743
1.0600
1.0451

0.3213 0.9119
0.0179
0.0188
0.0:93
0..1,,0
0.0186
G.020L
0.0218
0.0221
0.021b

3.3kbT 1 -0.9570
0.3626 -0.969b
0.391h 4.9829
O.bool -0.9958
0.L2C5 -o.otia

0.0181 0.295b
0.0193 0.31h1
0.0178 0.3325
0.01T6 0.39Q1
O.oz?k c.313a

0.0110 0.3621
0.0165 0.3786
0.0201 0.3987
0.0161 0..154

0.0153
0.018L
0.0160
0.0186
0.0182
0.0201
0.0?00
0.0181
0.0218
0.0215
0.0113
0.0215
0.0230
0.0201
6.0191

0.3365
0.35b9
0.3709
0.3895
0.11071
0.4n8
O.kk,l
o.l166h
0.L882
0.5G9T

0.2517
0.2235
o.189k
0.1553
0.1212
0.0870
9.0529
9.0188
-0.0153
-0.969”
-0.0836
-0.1111
-0.1518
4.1859
-0.2201

C.olti
0.0188
~.0192
0.0111
c.0161

0.u3i2
0.k529
0.u722
0.4893
0.5053
0.5206
0.5366
0.55bk
0.5727
0.58@

1.03i3
1.C170
1.0027
0.9883
0.97k0

0.4641 0.4391
0.11596
0.I181b
0.50b1
0.5255
0.5b73
0.5123
:::9:

0.636k
0.6518
0.6163
0.6950
0.1126
0.7312
fi.1b97

-1.0217 0.0202
-1.03h7 0.02k8
-1.0477 0.0239
-1.0606 0.0260
-1.0T36 0.0230

0.3932
O,kle.o
0.kL19
0.4679
0.I.910
0.51Lb
0.5310
0.55*
0.5813
0.6017
0.6233
0.61122
0.6630
0.6837
0.7016

o.b753
0.L866
0.L982
C.5095
0.52@i 1.10b8 0.0153 0.9597

0.9653
0.9310
0.9167
0.9023
0.8880
0.8736
0.8593
0.8L50
0.8306
0.8163

0.021.
0.0250
0.0226
0.0206
0.0209

-1.0065
-1.cq95
-1.11211
.l.125k
-1.138L

0.0235
0.0226
0.0226
0.0211
0.0205

0.0159
0.0183
n.01T9
0.0:.,
9.0183

0.52TO
0.5k86
0.5716
0.5911
0.6109
0.6300
0.6495
0.6687
0.6861
O.To&l
0.7215

0.0113 0.5320
0.0112 0.5b32
0.0118 a.5550
0.0113 0.566b
0.0116 0.51791.G,.c

1.0359
1.02kb
1.9129
1.?01,
3.9e99
0.C,79L
0.9670
0.9555
c.9bhc
0.93;5
0.9213
0,3295
$3.8980
0,8865
0.81>0
0.8635
0.8521
0.8A06
o.d291
b.d176
0.8061

0.b52
0.622?
0.6b19
c.6607
0.6118
0.6936

0.021h -1.1513
-1.16L3
-1.1772
-1.1902
-1.2031
-1.2161

0.0171
0.0197
0.0188
0.9171
0.0:58

0.0191
0.0195
0.0191
O.ol’rb
0.0180

-0.251A2
-0.2883
.O.322b
-0.3565
-0.3907
-0.k2h8
-0.L589
-0.L930
-0.5271
-0.5613
-3.595L
-0.6295
-0.6.36
.0.6,7?
-o.(317
-0.1660

O.olm
3.01:!
9.0120
0.0125
0.0129
$.0135

0.5899
0.6017
0.613?
0.6262
0.6391
0.6526
0.6665
Q.68D7
0.695L
0.7108
0.?265
o.1h21
0.7578
C.T142
o.79i0
0.8016

-1.1362
-1.1b98
-1.l&Jb
-1.1171
-1.1901
-1.20b3
-1.?llq
-1.2?1:
-1.7*51
-1.2s81
-1.2123
-1.2859
-1.295
-1.3::1
-1.32@
.l.3h0&
-1.351.O
-1.3676
-1.3812
.:.39bfl
-1.bmb

0.0185
n.cllal
‘,,,.1./6
0.0186
0.0105
0.01.:2
.>.O1,23
0.0)”2
0.0160
0.0125
0.0123
0.C119
0.0111
!J.c!. t
9.:12”
0.9105
0.008.?
0.009k
0.0086
r.007,
0.0091

0.0190
O.wca
0.0x16
0.01T9
0.0181

.1
ho 0.1197

0.1366
0.755h
0.711b
0.784k
0.1979
0.8110
0.82L9
0.8394
i..a.,30
C.8659
0.8756
0.8065
0.8970
0.9052
0.9152
o.92b7

0.0169
0.0191 0.7316
0.0182 0.7h97
0.0123 0.7620
0.015~ 0.7780

0.1125 0.802D
0.7876
0.?733
0.7590
11.7&I16

9.olTb
0.0156
0.9188
0.2186
0.0158
0.0169

0.1669
0.1830
0.1972
0.8133
0.8258
0.8301
0.8500
0.8611
G.. (2C
0.3850

0.0169
0.0188
~.olti
9.0130
0.0135

0.7369
0.T55’l
0.7T!.3
0.7901
0.8069
0.8217
0.8358
7.8L89
9.a6L1
0.8715
o.990ti
0.9038
0.9141
0.9245
0.9326
O.Qblz

0.a139
0.01b3
0.01b6
o.015b
0.01570.01;3

O.01.1
0.0158
0.0119
0.0132
).0107

0.7952
0.8099
3.8251
0.8316
0.8508
0.861L

0.7303 0.0132
0.9138
0.0147
.>.>,jfi
‘3.0129
0.0091
0.0109
0.0105
0.0c82
O.C1OO
0.Owh

0.7159
0.1016 G.O1bl
0.6873 0.0131
0.6129 0.0152
0.6586 0.013L

0.01b8 0.0156
0.0158
0.016L
o.316a
0.0168 0.8955

0.90b5
0.9137
~.9223
‘,.,296
0.9387
0.?.5>
0.9>22
0.9571
0.9634
0.9689
0.9736
0.9714
0.9807
0.9837
0.9861
0.9886

0.0108
0.0077
0.0093
0.0033
0.908k

0.8722
0.879L
0.8892
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a D indicates that the diurnal range is used for normalization. Thus,
absolute values for any location can be obtained by multiplying the value
tabulated for the appropriate reference station in the form of Tables 2-8 and
2-9 by one-half the appropriate mean tidal range or diurnal tidal range.

(2) Table 2-8 presents the frequency distribution functions for the
extreme high and low tides of each month. Similar tables for all stations are
given in Appendix B ofSR-7. The column on the left in Table 2-8 gives the
class interval number. Three columns present each of the variables: the
first gives the lower limit of each class interval (expressed in units of one-
half the mean tidal range or one-half the diurnal range); the second gives the
frequency with which the variable fell within the indicated class during the
19-year epoch; and the third gives the cumulative frequency (i.e., the fre-
quency with which the variable was equal to or exceeded the lower limit of the
class interval). Data from the first and third (variable) columns are plotted
in Figure 2-23.

(3) Table 2-9 is similar to Table 2-8 and gives the distribution func-
tions for higher high waters, all high waters, hourly tides, all low waters,
and lower low waters. Figures 2-20, 2-21, and 2-22 are based on data of the
type shown in the column for hourlies. Figure 2-23 is based on data from
column 3 of the respective parameters,

d. Joint Probability Analysis. Actual tide levels near the coast are
affected by both meteorological and gravitational forces. The effects of the
two forces on coastal water levels are usually assumed to be independent of
each other, although this assumption is not strictly correct (SR-7).

(1) When the probability distribution functions are determined empiri-
cally, the permissible values of the independent variables may be the integers
1, 2, 3, ... indicating the class numbers of the distribution table. The
probability function for the sum of two independent variables is computed by
the following approach. In the following discussion, lowercase p represents
probability density and uppercase P represents cumulative probability. Let
pi(k) be the probability that one variable is assigned to class k and
pi(k) be the cumulative probability that the variable is not greater than
k. Thus

k

P,(k) = ~ p,(j) (2-3)

j=l

. (2) Let p2(m) and P2(m) be defined in a similar manner for a second

variable. Let p3(n) and p3(n) have similar definitions for the sum of

the first and second variables. The probability a given k will combine with
a given m is given by

P3 (k + m) = pi(k) p2(m) (2-4)

(3) The probability of obtaining a specific value n is the sum of the
probabilities of all sums of k and m which yield n . Thus,
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11

p3(n) =I pl(n - m + 1) p2(m)

m

(4) The cumulative probability P3(n) can be expressed as

n

P3(n) =
I

p2(m) Pl(n + 1 - m)

(2-5)

(2-6)

m.1

(5) An analogous expression for continuous distribution functions is
given by

P3(X) =
J

PI(X - z) p2(z) dz

-m

(2-7)

where PI is cumulative distribution function for one variable y , p2 the
distribution function for a second independent variable z , and x = y + z .
The integral on the right is often called a convolution of PI and p2 .

(6) When PI and P2 are given as analytic functions and the integral
in equation (2-7) can be solved easily, this formula can greatly simplify the
computations. When either function.is available only in tabular form and the
calculations are made on a computer, equation (2-7) does not appear to offer
any computational advantage over equations (2-3) and (2-4) which seem to
provide more insight for the processes involved.

2-6, Application of the Tide Probability Tables. The astronomical tidal
height probabilities for a nonreference location can be estimated by
mul~iplying the values tabulated in Appendix B of SR-7 for the appr~priate
reference station by the appropriate tidal range parameters as obtained from
Appendix C of SR-7, from the NOS tide tables, or from the latest benchmark
sheets. The diurnal range might be more suitable than the mean range for some
Gulf coast locations where the mean range has been indicated and vice versa.
If this is the case, the height values can be converted by the ratios of the
mean and diurnal ranges from Table 2-7. The computed probabilities will not
be affected.

a. Tide Probability. Applications of the tide probability tables are
demonstrated by example problem 2-2.

* * * * * * * * * * * * * N * *EXAMpLE pR0BLEN2_2 * * * * ?4* * * * * * it*

GIVEN: Tide probability tables for Atlantic City, New Jersey (SR-7).

FIND: (a) Fraction of high tides and hourly tide levels above 2.0 ft MSL.

(b) Fraction of low tides and hourly tide levels below - 2.0 ft MSL.

SOLUTION: (a) Assume meteorological events can be neglected in estimating
the frequencies of water levels between MLW and MHW.
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Mean tidal range at Atlantic City = 4.o8 ft (SR-7, Appendix C).

Scaling factor = (0.5) (mean tidal range)
❑ (0.5) (4.08)
= 2.04 ft

Normalize the desired level (2.0 ft) with the scaling factor

hc = 2.00/2.04 = 0.9804 normalized units.

The probability that the water level will be above the specified level hc
can be estimated by linear interpolation according to the following equation

h -h
P(h>hc)=P+hc-h-(P -P)

+-
+-

where
h+ ❑ tabulated limit immediately above hc
h_ = tabulated limit immediately below hc
P+ = tabulated cumulative probability immediately above hc
P_ = tabulated cumulative probability immediately below hc

For high tides, using Table 2-9,

P(h > 0.9804) = 0.5049 + ~“j~j; j ~“~~~~
. .

= 0.4880

For hourly tides, using Table 2-9,

= 0.1025

Thus the tide level will be above 2.0 feet

(0.0955 -

(0.4841 - 0.5049)

0.1073)

(2-8)

an average of about 898 hours per
year (0.1025 x 365 x 24). This estimate is based only on tides and does not
include other effects on water level such as storm surge and wave setup.

SR-7 includes probability tables for Atlantic City, although it is not a
reference tide station. Tables are not included for most secondary stations.
The general procedure for a secondary station is illustrated below by recom-
puting the Atlantic City probability from the Sandy Hook, New Jersey, refer-
ence station tables. As before, hc = 0.9804 . The appropriate section of

the Sandy Hook tables for hourly tide levels is given in Table 2-10. Substi-
tution into equation (2-8) gives
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(0.0883 - 0.1004)

Thus the error committed in basing the estimate for Atlantic City on tabulated
probabilities for the reference station, Sandy Hook, is 0.0087, or 9 percent,

(b) For low tides, hc = -O.98O4.

P(h < -0.9804) = 1 - P(h > - 0.9804)

= 1- 0.4765 +
-0.9804 + 0.9904 (o 4569 - 0 4765)
-0.9766 + 0.9904 “ ●

(from Table 2-9 and equation (2-8))

= 1- [0.4623]

= 0.5377

For hourly tides,

P(h < - 0.9804) = 1 - P(h > - 0.9804)

1
-0.9804 + 1.0048 (o ~oo7: - 0.9143 + _0e9690 + 1.0048 “ - 0.9143)

(from Table 2-9and equation (2-8))

= 1 - [0.9050]
= 0.0950

***** * *** * * * *** * * * * * * * * * * ** * * ** * *******

Table 2-10
Part of Cumulative Distribution Table for Hourly

Tide Levels at Sandy Hook, New Jersey

Class No. Lower Limit of Height Cumulative Frequency

79 0.9961 0.0883

(0.9804)

78 0.9618 0.1004

b. Water Level Probability from Tides, Storm Surge, and Wave Setup. The
tide probability tables can also be used when determining design water level
due to the combined effect of storm surge and tides. The tables provide the
essential input on tides to be used in the joint probability approach.
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CHAPTER 3

STORM SURGES

3-1. Storm Surge Generation. Storms are atmospheric disturbances charac-
terized by one or more low pressure centers and high winds, frequently accom-
panied by precipitation of varying intensity. An important distinction is
made in classifying storms: a storm originating in the tropics is called a
“tropical storm;” a storm resulting from the interaction of a warm and a cold
front is called an ‘fextratropicalstorm;” and a severe tropical storm is
referred to as a “hurricane” or “tropical cyclone” when the maximum sustained
winds equal or exceed 75 miles per hour. Unlike extratropical storms and less
severe tropical storms, hurricanes are well organized with respect to the wind
patterns. The spatial scale of hurricanes is typically small in comparison to
major extratropical storms. Both hurricanes and extratropical storms are
capable of causing a significant rise or possible fall in the normal water
level in coastal waters. A brief overview of procedures for estimating and
predicting these abnormal water levels is provided in this chapter.

a. Tropical Storms and Hurricanes. Pronounced water level changes due
to tropical storms may occur anywhere along the Gulf coast and anywhere from
Cape Cod to the southern tip of Florida on the east coast of the United
States. Occasionally, the southern coast of California on the west coast
experiences changes in water level as a result of a tropical storm, but these
are usually small due to the narrow continental shelf in that region.

(1) Many dangerous and destructive tropical storms have occurred along
the Atlantic and Gulf coast areas of the United States. In many coastal
areas, a severe storm causes the water level to rise in excess of 15 ft above
the normal level on the open coast and even higher in estuaries and other
inland areas. The elevated coastal waters due to surges provide a higher
level in which short-period surface waves can propagate, thus subjecting
beaches and structures to wave forces not ordinarily experienced. Surges
coupled with the action of surface waves are responsible for the greatest
damage to coastal areas. They can destroy or severely damage dwellings, busi-
ness establishments, commercial properties, and docking facilities, erode
beaches, displace stones or concrete armor units on jetties, groins, or break-
waters, undermine structures via scouring, cut new inlets through barrier
beaches, and shoal navigational channels. The latter shoaling problem can
result in hazards to navigation which impede vessel traffic and hamper harbor
operations. The duration of the surge as well as the elevation is important
for beach erosion and channel shoaling considerations.

(2) The wind pattern of a hurricane is more or less circular, with winds
revolving counterclockwise in the northern hemisphere about the storm center
or eye (not necessarily the geometric center). Winds in hurricanes blow
spirally inward and not along a circle concentric with the storm center. Wind
isovel patterns and wind directions are illustrated in Figure 3-l(a). The eye
is characterized as an area of low atmospheric pressure and light winds.
Atmospheric pressure increases with distance from the eye to the periphery or
outskirts of the hurricane. Highest wind speeds usually occur in the right
quadrants of the hurricane at a distance varying from about 4 to 70 nautical
miles from the center. In all directions outward from the eye of the
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a. Wind isovel pattern and pertinent parameters
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b. Pressure profile

Figure 3-1. Sketch showing hurricane parameters
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hurricane, wind speed increases rapidly to a maximum and then decreases with
distance to the outskirts of the storm. The best single index for estimating
the surge potential of a hurricane is the atmospheric pressure within the eye
and is referred to as the central pressure index (CPI). In general, the lower
the CPI, the higher the wind speeds. Other important parameters of a hurri-
cane with regard to the surge potential are the radius of maximum winds R
which is an index of the size of storm, the speed of forward motion of the
storm system ‘F , and the track direction 13 in which a hurricane moves
(measured clockwise from north).

(3) In engineering studies hypothetical hurricanes are frequently used
to assess the levels of flooding for a predetermined degree of severity.
These storms are derived based on the specification of meteorological param-
eters R , Vf , P. , Pn , e , and a in which P. is the central pres-
sure, Pn is the peripheral pressure, and a is the inflow angle (see
Figure 3-l). It has been general practice to use invariant meteorological
parameters for any given hypothetical hurricane prior to the storm making
landfall. Thus, such storms are classified as constant valued hurricanes,
Particular hypothetical hurricanes which have been used in some engineering
investigations are referred to as the Standard Project Hurricane (SPH) and the
Probable Maximum Hurricane (PMH). The SPH is defined as a hurricane having a
severe combination of values of meteorological parameters that will give high
sustained wind speeds reasonably characteristic of a specified coastal loca-
tion. A PMH, on the other hand, is defined as a hurricane having a combina-
tion of values of meteorological parameters that will give the highest sus-
tained wind speed that can probably occur at a specified coastal location.
Recurrence intervals for the SPH and PMH are not assigned due to the uncer-
tainties involved in establishing the frequencies. The SPH is used in the
design of coastal works where a rather high degree of protection is required.
The PMH was developed in connection with the design of nuclear power genera-
tion plants sited in coastal areas.

(4) Hypothetical hurricanes with more frequent recurrence intervals than
the SPH are also used to estimate the frequency and levels of flooding. The
flood frequencies are established by calculating the water levels produced by
numerous hypothetical hurricanes and assessing the recurrence intervals by
application of the joint probability method

b. Extratropical Storms. Large changes in water level may occur along
the northern part of the east coast of the United States as a result of extra-
tropical storms in which strong winds blow from a northeasterly direction.
These storms are commonly referred to as “northeasters.” Northeasters are
important from the standpoint of design considerations on the east coast.
However, an acceptable technique for specifying the wind fields for design
storms is not presently available.

3-2. Prediction Models.

a. Numerical Prediction Models. Storm surge prediction for design is
usually based on a theoretical approach, although in some cases sufficient
data may be available at a site to warrant the historical approach discussed
in Section 3-2.b. In the use of the theoretical approach, a number of mathe-
matical or numerical models have been developed for simulating the storm wind
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fields and the storm-induced water motions. Computer programs are used in
conjunction with the models to perform the necessary calculations. The models
are formulated based on the governing hydrodynamic equations.

(1) The approach is also applicable to problems involving the SPH and
PMH. In all ‘studiesconcerned with water level determinations in coastal
areas as a result of hurricanes the SPH is to be a part of the analysis except
in the case that the design is to be based on the PMH.

(2) The magnitude and frequency of occurrence of storm-induced water
levels coupled with the effects of astronomical tide is established by synthe-
tic methods. The methods consist of an indirect approach in which water level
data are generated from a rather large ensemble of synthetic storms via numer-
ical computations, and flood frequencies are established based on an analysis
of the computed water level data. A large variety of synthetic storms may be
derived by utilizing various combinations of storm parameter probabilities
that are characteristic of a given coastal location. Historical data of the
individual storm parameters are used in the determination of the statistical
distribution of the parameters. The statistical concept referred to as the
joint probability method is used to determine the magnitude and frequency of
occurrence of water levels when using the synthetic approach.

(3) The primary advantage of this method is that a rather large data
base can be generated based on various combinations of the storm parameters.
Also, the storm parameters are reasonably well defined due to the availability
of regional historical data and the present technology available for describ-
ing meteorological aspects of storms, particularly hurricanes. In addition,
computational hydrodynamics have advanced to the state that water levels can
be computed with a reasonable degree of accuracy.

b. Historical Prediction Models, An accumulation of water level data
from past storms over a span of many years at a given location may provide
sufficient information for predicting design water level at that location.
Rather long-period records of water level data are required to confidently
predict the frequency and magnitude of flood levels by the historical data
approach since the underlying assumption for this method is that past events
are representative of future events.

(1) A subjective decision must be made with regard to whether the
historical method should be used or not used for a given engineering study.
This decision depends on the quantity and quality of data that are available
as well as confidence that the sample data are representative of future
events. With regard to the quantity of data, item 5 indicates that as a rule
of thumb, at least N/2 years of data are required to confidently predict the
annual percent chance of occurrence of an event with an average return inter-
val of N years. This implies that data recorded over a period of 50 years
would be required to confidently predict the elevation of the water surface
with a 1 percent chance of occurrence.

(2) The historical method is considered applicable to various sites
along the New England coast and other coastal areas where relatively long-term
water level records exist. In general this method has limited usage due to
the lack of sufficient historical data.
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(3) From a statistical point of view, historical flood levels are not
all from the same population. This is due to the observed levels that can be
produced from either extratropical storms, tropical storms, or severe tropical
storms (hurricanes) coincident with fluctuations caused by the astronomical
tide. Consequently, mixed populations are always involved. As an approxima-
tion, however, it is generally considered appropriate to treat the entire
water level record as a single population provided that the record is of
sufficient length. In the event that a relatively short-term record, 20 years
or less, is analyzed, the predicted astronomical tide should be extracted from
the observed water levels and replaced with the mean high tide. The latter
modification is recommended for the purpose of ensuring that the tide
component is of sufficient magnitude.

c. Simplified Prediction Methods.

(1) Storm surge in an enclosed basin. The tilting of the water surface
is an enclosed basin (e.g., lakes and reservoirs) caused by wind shear stress
is known as wind setup. The water surface is above the normal still-water
level (SWL) on the leeward side of the basin and below the SWL on the windward
side. Wind setup can be reasonably estimated for basins of simple shape and
long compared to their width, assuming motion in the long axis only. Wind
setup, the rise in the water level at the leeward end relative to the SWL, may
be estimated by

2
s = :40: d (3-1)

where

s= setup relative to the SWL (ft)

u = wind speed (mph)

F = fetch (miles)

d= average water depth over fetch (ft)

Wind speed is assumed by default to represent an elevation of 33 feet
(10 meters). The coefficient in equation 3-1 is an average value based on
previous investigations. The coefficient may vary for different basins.
Advection of ❑omentum, atmospheric pressure variation, astronomical effects,
and precipitation are neglected. Also, a steady state is assumed to exist.
Setup cannot be estimated satisfactorily by this method if natural barriers,
such as islands, affect the horizontal water motions.

(2) Wave setup. Wave setup and setdown are the change in the mean water
level due to the excess onshore momentum of the waves. At the shoreline there
is normally a setup of the water surface relative to the SWL; whereas at the
breaker line there is a setdown relative to the SWL (Figure 3-2).

estia~d For monochromaticwaves, the setdown at the breaker line Sb can be
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a. On a beach

Figure

b. On a berm or reef

3-2. Definition sketch of wave setup
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()~1/2 ~’ 2 ~

‘b=-
64T d;;2

(3-2)

where

Sb .

T=

H=

‘b =

g=

setdown at the breaker line relative to the SWL (ft)

wave period (see)

equivalent unretracted deepwater significant wave height (ft)

water depth at the breaker line (ft)

acceleration of gravity (ft/sec2)

An approximation of the total difference in water surface elevation between
the b~eaker line and the
as

based on laboratory data
yields an expression for

mean shoreline s , setup plus setdown, is expressed

s= 0.15 db (3-3)

of item 113. Combining equations (3-2) and (3-3)
the wave setup at the mean shoreline Sw as follows:

g ()1/2 ~’ 2 T

SW = 0.15 db - 0

64m d;’2

where the water depth of breaking is given by the expression

‘b
‘b =

1.56
43.75(I - e)-lgm Hb

, + e-19.5m -
gT2

(3-4)

(3-5)

with m equal to beach slope. Care must be taken to use consistent units for

db ? Hb v g , and T . The wave setup and setdown represent equilibrium
conditions which require sufficient time to be established. The exact time to
establish equilibrium is unknown, but the Shore Protection Manual ($PM) sug-
gests a minimum duration of 1 hour.

(b) Wave setup should not be confused with wave runup. Runup is the
greatest elevation above the SWL reached by the uprush of waves breaking on
the shore. Measurements of wa~e runup include the effect of setup.

(3) Atmospheric pressure effect on water level. Table 3-1 gives the
water level rise due to atmospheric pressure variation produced by a storm.
The water level rise due to the atmospheric pressure can be linearly added to
the water level rise due to other factors (eg., wind setup and wave setup).

3-3. Sources of Data for More Detail. Water level
periods may be obtained from a variety of sources.

data recorded
The principal

during storm
source of
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Table 3-1

Atmospheric Pressure Effect on Water Level

Storm Central Pressure Water Level Rise*
mb in. of Hg ft

900
910
920
930
940
950
960
970
980
990
1000

26.58
26.87
27,17
27.46
27.76
28.05
28.35
28.64
28.94
29.23
29.53

3.78
3.45
3.11
2.78
2.44
2.11
1.77
1.44
1.10
0.77
0.43

*Relative to water level for atmospheric pressure of
1013 millibars = 29.91 inches of Hg.

recorded data is tide records of the NOS. Other sources of recorded data are
gages operated by the Corps, USGS, and a few other organizations. High-water
marks also provide a means for obtaining maximum water levels, They are, in
general, inherently less reliable than measurements obtained from recording
gages. Many sources are available for obtaining high-water marks such as
those obtained by various government agencies, newspaper accounts, and private
organizations. A principal source of high-water marks is poststorm reports
prepared by district offices in the Corps. Maximum water levels from high-
water marks are usually established from such effects as debris accumulation
and mudline discoloration. In open areas these marks generally reflect both
the water level rise and the maximum amplitude of short-period surface waves
and possibly wave runup. There are no reliable techniques for establishing
the true water level rise when surface wave effects are involved. The most
preferable high-water marks are those for which surface waves are filtered
out, such as pipe gages designed specifically for recording the maximum water
level, within buildings, and other sheltered sites.

a. Transposing Data. Unfortunately, water level data are seldom avail-
able at the site for which the data are needed in connection with engineering
studies. In the event there are sufficient and reliable water level data in
the vicinity of the site, it may be possible to estimate the site data based
on an adjustment to the existing data at nearby locations. Considerable care
must be exercised in transposing the adjusted observed data to a nearby site.

b. More Information. Much more detailed information is given in
Engineer Manual (EM) 1110-2-1412.
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CHAPTER 4

TSUNAMI

4-1. Generation. Tsunami waves can be generated from a number of sources,
including shallow-focus submarine earthquakes, volcanic eruptions, landslides
and submarine slumps, and explosions. Each of these sources has its own gen-
erating mechanism, and the characteristics of the generated waves are depen-
dent on the generating mechanism. The tsunami waves which travel long, trans-
oceanic distances are normally generated by the tectonic activity associated
with shallow-focus earthquakes. However, large waves can be generated locally
by the other generating mechanisms. A comprehensive discussion of all aspects
of tsunami engineering is given in item 11. Item 56 presents an assessment of
state-of-the-art methods to establish tsunami, seich, and landslide-induced
water wave hazards in the United States. Tsunami flood level predictions
(100- and 500-year levels) have been made for the Hawaiian Islands in item 60,
for the west coast of the continental United States in item 63, for southern
California in item 57, for San Francisco Bay and Puget Sound in item 35, for
American Samoa in item 58, and for Kodiak Island to Ketchikan, Alaska, in
item 21. Additional information on tsunamis is also given in item 95.

a. Submarine Earthquakes. Tsunamis are generated by shallow-focus
earthquakes of a dip-slip fault type; i.e., vertical motion upward on one side
of the fault and downward on the other side (Figure 4-l). Laboratory and
numerical studies indicate that where there is a positive net change in volume
(e.g., a unipolar uplifting of the seafloor), waves of stable form (solitons)
evolve, followed by a dispersive train of oscillatory waves. The number and
amplitude of the solitons depends on the initial generating mechanism. The
wave record for the 1964 tsunami at Wake Island (Figure 4-2, item 136) illus-
trates this type of wave generation.

(1) Horizontal motion of the seafloor does not appear to generate large
tsunmis. However, large “local” tsunamis may be generated by horizontal
❑otion (Fig. 4-3). A general expression for the lower limit of the earthquake
magnitude M of tsunamigenic earthquakes is given in item 71 as

M= 6.3 +0.005Df (4-1)

based on tsunamigenic earthquakes in Japan, where Df is the the focal depth
in kilometers and M the magnitude on the Richter scale. Tsunamis usually do
not occur for earthquake magnitudes less than those given by equation (4-l),
although a small number of tsunamis of lesser magnitude have been associated
with lesser magnitude earthquakes. Equation (4-1) does not consider the loca-
tion of the earthquake with respect to the coastline, the configuration of the
coastline, and possible local resonance effects. The Richter scale is given
by

M=
(log E - 11.8)

?.5
(4-2)

where E is the earthquake energy in ergs.
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Figure 4-1. Movement along fault lines
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Figure 4-2. Wave record from Wake Island, showing
arrival of tsunami (initial motion is
positive and remains above normal
tide curve for more than an hour)
(from item 136)
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Horizontalmotion

Figure 4-3. Horizontal motion normal to continental slope
(scale exaggerated)

(2) Area and Height of Uplifting. An uplifting of the sea bottom
produce a vertical uplifting of the overlying water. Item 42 has shown

will
for

uplifts covering large spatial areas it may be assumed that the uplifting of
the water surface equals the uplifting of the sea bottom and that the total
uplifting occurs essentially instantaneously. The potential energy of the
uplifted water is then given as

n

I

hi
E= pg Aihi ~

i=l

(4-3)

where

E = energy in foot-pounds

P = density of the seawater, assumed to equal 1.989 slugs per cubic foot

g = gravitational acceleration, equal to 32.174 feet per second squared

Ai = an incremental area of uplifting

hi = height of uplifting over the incremental area Ai

If the incremental areas are equal, i.e., Al = A2 = . . . = An , then equation
(4-3) can be rewritten as

4-3
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(h2)
E= pg A Zavg (4-4)

where A is the total area and (h2)avg is the average value of the square
of the uplifted heights.

(a) For the 1964 Alaskan earthquake the height of uplifting varied con-
siderably over the area of uplifting and had a maximum in excess of 49 feet at
a point near Montague Island (item 89). The average value of h2 was esti-
mated as 44.1 square feet. The tsunami had a

of 1.67 X 1015 foot-pounds.

(b) ~en using equation (4-4) note that
heights (h )avg is not equal to the average

(3) Initial Wave Formation. Because of
pending long wavelengths of tsunamis, item 43

calculated potential energy

:;g:e;::r:: t;;a:;;?r:d

the long periods and corres-
has shown the train of waves

forming a tsunami can be taken to be shallow-water waves at its origin and
propagated across the ocean as shallow-water waves. The actual form of the
wave train is determined by the initial generating mechanism, i.e., the area
of the uplifted sea bottom, the height and variation of the uplift within the
area of uplift, and the depth of water and coastal characteristics in the
generating area. While ordinary sea waves are assumed to have cnoidal shape
as they approach a shore (i.e., high crests and shallow troughs), the waves in
a tsunami may have various combinations of forms. The first noticeable wave
may be a crest or trough depending on whether there is an uplift or drop in
the ocean bottom at the source. The first crest is often not noticed visually
because of its small height. Tsunamis may sometimes produce waves with
narrow, deep troughs and low, wide crests at the shoreline, the opposite of
the cnoidal waveform.

(a) Wave records from Wake Island for the March 1964 tsunami (item 136)
show a positiVe surge with a period of 80 minutes (see Figure 4-2). There was
a series of positive wave crests with the elevations of the intervening
troughs above the normal expected tide level. This series was followed by a
series of crests and troughs with the elevations of the troughs below the
normal tide level. Using a shallow-water wave celerity at the source and an
average depth of approximately 325 feet for the generating area, the period of
the initial positive surge is approximately equivalent to the time required
for the trailing edge of the initial uplifted water surface to travel com-
pletely across the area of generation. Thus, the uplifted water surface at
the source appears to have formed a series of solitary waves. The multiple
crest can be accounted for by initial instabilities in the waveform caused by
the generating mechanism, and the effect of the varying bathymetry of the
ocean basin through which the wave passes. The lower waves following the
initial series of wave crests correspond to the expected oscillations from a
disturbance in the water surface as the disturbance is damped out.

(b) The height of a tsunami at a coastal point near the source of
generation can be given as a first approximation by the empirical equation

4-4
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loglo H = 0.75 M - 5.07 (4-5)

where H is the height in meters and M the Richter magnitude (item 145).
This empirical relationship does not completely account for the character-
istics of the generating mechanism or the coastline. Determination of actual
wave heights would require computation by numerical or empirical means.

(c) The fault length Lf
as

10I31O

This equation also approximates

in kilometers

‘f = 0.87 M -

the length of

may be approximated (item 142)

4.44 (4-6)

the generating area, i.e., the
length along the initial wave crest.

(d) The period T (in minutes) of the primary tsunami (carrying maximum
energy) can be estimated (item 144) from

loglo T = 0.625 M - 3.31 (4-7)

The initial deformation of the water surface, for any tsunami, will collapse
into some system of waves which must be defined. The simplest means of
analysis is to assume the water surface has an initial displacement equal to
the seabed displacement, and is not time dependent (item 42), and then propa-
gate the initial displacement outward from the generating area using long-wave
equations (items 8 and 62). Other means of establishing the initial waves,
with varying degrees of complexity, are described by item 145 and other
sources.

(e) Many of the mathematical representations of waves generated from
bottom uplifting are based on circular source regions; however, item 86 pre-
sents one solution in terms of elliptic coordinates for a source region which
is more elongated than circular (item 11). Uplifts for large tsunamis are
typically elliptical, and the elliptical shape produces strong directionality
in the radiated energy.

(f) Item 64 used an elliptical-shaped generating area, with an instan-
taneously displaced water surface, as input data for a standard design tsunami
in a numerical solution. They define the surface displacement as a modified
elliptic paraboloid, having a parabolic cross section parallel to the major
axis of the ellipse, and a triangular cross section parallel to the minor axis
of the ellipse. The numerical propagation of the wave uses the same procedure
as used in item 8. The potential energy of the uplifted water surface for
this type of surface displacement is given by

where

P=

b=

E=
2.(( )

4(f) :3 a2 - X2 5’2 dx

density of the seawater (taken as 1.99 slugs per cubic foot)

length of the semiminor axis

4-5
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a = length of the semimajor axis

c = maximum uplifted elevation at coordinates (x=o, y=o, Z=C)

x = measurement along the major axis of the ellipse

Y = measurement along the minor axis of the ellipse

z = vertical direction upward from the undisturbed water surface

(g) The height of the wave in the direction perpendicular to the major
axis of the ellipse is larger than the height of the wave perpendicular to the
minor axis of the ellipse by the ratio of the major to minor axis lengths.

b. Volcanic Activity. Although most major tsunamis have been caused by
shallow-focus earthquakes, a small percentage have been caused by volcanic
activity which includes localized earthquakes, shoreline and submarine slumps,
and volcanic explosions. Tsunamis with volcanic origins have the character-
istics of waves generated from a small source area. These waves spread
geometrically and do not cause large wave runup at locations distant from the
source, but they may cause very large waves near the source. Also, there may
be refraction effects which trap waves along the coastline, or standing edge
waves may be generated along the coastline.

c. Landslides and Submarine Slumps. Landslides and submarine slumps can
occur from various causes but are often associated with earthquakes. The
waves generated by such events will spread geometrically as they propagate
from their source in an open ocean, but they can be very high near their ori-
gin. Waves can be particularly high if they occur in a confined inlet or if
resonant or refraction effects exist. Examples are cited in items 11 and 56.

d. Explosions. An explosion acts as an impulsive-generatingmechanism
which generates dispersive waves from a point source. Data from nuclear
explosion Baker at Bikini Atoll in 1946 show that the wave height in shallow
water is approximately inversely proportional to the radial distance from the
point of origin; i.e., Hr ❑ constant where H is the height of the wave,
and r is the radial ‘distancefrom the point source. At a radial distance
equal to 35d, where d is the water depth, the relationship changes slightly,
with the wave height decreasing less rapidly. A large number of tests con-
ducted by the US Army Engineer Waterways Experiment Station (CEWES) have shown
the inverse relationship between height and period to hold in deep water at
any distance from the explosion. Item 141 discusses data on wave dispersion.

(1) The height of a wave generated by an explosion has been shown to be
dependent on the depth of the explosion charge. Van Dorn, Le Mehaute, and
item 137 show that two critical depths exist which will produce the highest
waves for any given explosive charge. The critical depths are dependent on
the charge yield (given in equivalent pounds of TNT).

(2) Extensive material is available on waves generated by explosions
(item 121). Item 61 developed a numerical model that calculates explosion
waves generated by conventional or nuclear detonations.

4-2. Propagation. After determining the initial disturbance of the water
surface, as discussed in Section 4-1, the propagation of the tsunami to nearby
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or distant shorelines must be analyzed. Because tsunamis generated by large
uplifts are long-period waves with long wavelengths in relation to both the
water depth and the wave height, long-wave equations can be used (item 43).
Dispersive equations may be required for tsunamis generated by uplift covering
relatively small spatial areas. The importance of frequency dispersion is a
function of the distance the waves must propagate. Item 43 presents criteria
for determining when dispersion

a. Small-Amplitude Waves.

(1) The simplest means of
the wave height to water depth
solutions to the wave equations

will be important.

analyzing the wave motion, where the ratio of
H/d is small, is to use the small-amplitude
and the assumption that the ratio of wave-

length L to water depth is very large. The wave celerity C is given by

c = (gd)l/2 (4-9)

If the disturbed water surface elevation rI at any point relative to its
undisturbed location is given by

where

a=

x=

t=

T=

then the

n = a cos 27r
()

~
;-T

(4-lo)
\

amplitude of the wave above the undisturbed water level

distance measured in the direction of wave motion

time

wave period

horizontal velocity of a water particle in the direction of the wave
motion u is

1/2 1/2
u= ~(gd) =~

all/2

The horizontal displacement of the water particle from its undisturbed
position q is given by

Maximum values of u and g are given by

(4-11)

(4-12)

(4-13)

(4-14)
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(2) A simple, first-order solution for the shoaling ofan unretracted,
small-amplitude, shallow-water wave is given by

1/4
‘2

()

~—=

‘1 ‘2

u
max

3/4
2 ~

~~()u
max

= d2
1

(4-15)

(4-16)

(4-17)

These equations do not account for wave refraction, diffraction, or disper-
sion. They cannot be used with any degree of accuracy when the ratio of
H/d becomes large. Equation (4-15) does not account for wave reflection from
bottom slopes and results in calculated wave ~plitudes that are too high.
When waves travel long distances, it is necessary to consider the curvature of
the earth, discussed later in this section.

* * * * * * * * if* if* * * itEX~pLEpROBLEM4-1 * * * * * ** * * ** * It*

GIVEN: A long wave with a period of 20 minutes and a height H of 1.31 foot
passes from a -

..

is assumed to

FIND:

(a) The

(b) The

3,280-foot water depth into a 1,640-foot water depth. The wave
be nondispersive.

unretracted wave height in the 1,640-foot depth.

water particle velocity ~x in each water depth.

SOLUTION:

(a) HI = 1.31 ft, d, = 3,280 ft, d2 = 1,640 f’t

From equation (4-15),

1.31 =( 1::!: )“4 = 10189
‘1,64o

‘1,640
= 1.31(1.189) = 1.56ft
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(b) From equation (4-13),

u .ti
max ~1/2

‘1
Assuming a = ~ = 0.66 ft, at d, = 3,280 ft,

u
. ~ , 0 065-ft,s

‘ax 3,280 (3,280)1’2 “

From equation 4-16 where d2 = 1,640 ft,

uMax

()

3/4
2= ‘1

umax q
1

u
‘ax 1,640 , 3280 3’”
u (’ )1,64o
‘ax 3,280

u = 0.065
( ?::!:f’4

= 0.11 ft/s
‘ax 1,640

* * * * ** it * *% * w * *** ** it% * * * * % * * * ** * ** * * ** **

b. Long-Wave Equations. Since tsunamis have wavelengths much greater
than water depths even in the deep ocean, long-wave equations govern their
propagation. There have been questions concerning the importance of nonlin-
earities and dispersion on tsunami propagation, and these questions have been
addressed by several investigators using both numerical models and laboratory
measurements.

(1) Tuck (item 127) uses heuristic arguments based on the magnitudes of
tsunami wavelengths and wave heights to water depths to conclude that, for
large tsunamis such as the 1964 Alaskan tsunami, linear long-wave equations
are adequate to describe most of }he tsunami generation, propagation, and
reflection processes. Hammack (item 42), in a series of detailed laboratory
experiments and calculations employing the Korteweg and deVries (KdV) equation
(includes frequency dispersion and nonlinear terms), concluded linear theory
is applicable for determining tsunami generation for large tsunamis such as
the 1964 Alaskan tsunami. In subsequent work using the KdV equation, Hammack
(item 42) concluded the propagation of the lead wave of a two-dimensional
tsunami is modeled by linear nondispersive theory for almost its entire tra-
~ectory. The KdV equation was found to be valid, but unnecessary, while
linear dispersive theory was found never to apply. The trajectory was ex-
plained to extend from the source region to the vicinity of a beach. Non-
linearities were found to be negligible in the generation region and for deep
ocean propagation. Frequency dispersion was shown to be negligible for the
lead wave of the 1964 Alaskan tsunami until it propagated approximately
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100 hours (equivalent to a propagation distance of approximately
50,000 miles). Carrier (items 12) and Kajiura (item 82) obtained similar
results in separate analyses.

(2) The unimportance of nonlinearities and frequency dispersion for
generation and deep ocean propagation of large tsunamis was confirmed by
numerical simulations of the 1964 Alaskan tsunami and comparisons of results
with a deepwater gage at Wake Island (item 69) and with tide gages in the
Hawaiian Islands (item 60).

c. Distantly Generated Tsunamis. When a tsunami travels a long distance
across the ocean, the sphericity of the Earth must be considered to determine
the effects of the tsunami on a distant shoreline. Waves which diverge near
their source will converge again at a point on the opposite side of the
ocean. An example of this was the 1960 tsunami whose source was on the
Chilean coastline. As a result of the convergence of unretracted waves rays,
the coast of Japan suffered substantial damage, and many deaths occurred.
Figure 4-4 illustrates the convergence of the wave rays due to the Earthls
sphericity. Items 35, 51, 60, 63 and 69 all solve linear long-wave equations
in spherical coordinates to solve tsunami propagation over the deep ocean.
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Figure 4-4. Convergence of wave rays
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d. Nearshore Propagation. Hammack (item 42) considered tsunami propa-
gation from the deep ocean to the nearshore area using the KdV equation and
concluded linear nondispersive theory could be used until the lead wave
propagates a distance of at least 200 miles across the continental shelf.
Item 40 discusses laboratory experiments and calculations using Boussinesq
equations (similar to the KdV equations, but allowing wave propagation in two
directions) and concludes that the propagation of tsunamis from the deep ocean
to the continental shelf break and for some distance onto the shelf could be
predicted as well by linear nondispersive theory as by nonlinear theories.
Items 35 and 57 discuss numerical simulations of the 1964 Alaskan tsunami
demonstrating by comparisons with nine tide gages on the west coast of the
continental United States that linear nondispersive equations are adequate to
govern tsunami generation, propagation across the deep ocean, and propagation
over the continental shelf to shore. Item 59 demonstrates nonlinear long-wave
equations which are adequate to describe tsunami flooding over dry land (non-
bore tsunamis).

e. Computer Model. Solutions of the equations for long water waves are
obtained by numerical means. Notable approaches are described in items 21,

35, 57, 60, 62, 63, and 70.

(1) One difficulty in numerical modeling is the specification of boun-
dary conditions for the computational area. All of these investigators use
solid boundaries at coastlines and fictitious open boundaries at edges of the
computational area where it is necessary to truncate the region of computa-
tion. At solid boundaries, complete reflection is assumed. At open boun-
daries, the wave is assumed to travel without change in form across the final
space step. These assumptions introduce errors into the computations which
limit the length of real-time records which can be simulated numerically. At
a shoreline, some amount of wave energy may be trapped so that complete
reflection does not occur. Wave trapping is discussed later in this chapter.

(2) For waves in the nearshore region, several notable numerical model-
ing approaches are available, including items 16, 57, 60, and 63. Listings of
typical computer programs for solutions of long-wave equations can be found in
item 8 for linear long-wave equations and item 59 for nonlinear long-wave
equations.

f. Tsunamis Approaching the Shoreline. As a tsunami approaches a coast-
line, the waves are modified by the various offshore and coastal features.
Submerged ridges and reefs, continental shelves, headlands, various shaped
bays, and the steepness of the beach slope may modify the wave period and wave
height, cause wave resonance, reflect wave energy, and cause the waves to form
bores which surge onto the shoreline. Ocean ridges, however, provide very
little protection to a coastline.

(1) Abrupt Depth Transitions. An ocean shelf along a coastline may
cause greater modification to a tsunami than an ocean ridge. Waves may become
higher and shorter, and dispersion may occur. The equations for a single non-
dispersive wave passing over an abrupt change in water depth (as shown in
Figure 4-5) are given by
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where

Hr = reflected wave height

Hi = incident wave height

d, = initial water depth

d2 = water depth under the transmitted waves

Ht ❑ transmitted wave height

‘1
= incident wave angle

‘2
= transmitted wave angle

For a given incident wave angle ‘1 ‘ the value of 02 can be determined

using Snell’s Law (item 25) so that

()
1/2

sin e
‘2

2
= (sin f31) ~

1

(a) These equations, as written, apply to
dispersion on the shelf is not considered. The
reflected wave height are presented graphically
predict that substantial reflection will occur when a wave passes from deep
water to shallow water and when a wave passes from shallow water to deep
water. It is assumed that no energy loss occurs and that a single incident
wave splits into a single reflected wave and a single transmitted wave.

(4-21)

shallow-water waves; wave
solutions to the equation for
in Figure 4-6. The equations
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Figure 4-6. Wave reflection from a shelf (after item 20)
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************ *** ExAMpLEpROBLEM4.2 ************ **

GIVEN: An incident wave with a height of 3.28 feet and a period of 30 minutes
approaches a coastline through water 8,200 feet deep and passes onto a shelf
where the water depth is 328 feet, at an angle Of incidence

‘1
= 30 degrees.

FIND:

(a) The

(b) The

(c) The

SOLUTION:

angle at which the transmitted wave propagates onto the shelf

height of the reflected wave.

height of the transmitted wave.

(a) From equation (4-21):

()
1/2

‘2
sin 9

2=%
sin e

1

-1 [( )328
1/2

‘2
= sin

8,200 1sin 30° = sin-’ (0.1)

‘2 = 5.74°

(b) From equation (4-18):

rd, cos e, -=COS e2
Hr =

&COS e, +KCOS 02
(Hi)

~ .~8,200 COS 30° -@COS 5.74° (3 28)

r d=’oS30°+~8cos~”~u0 “ ‘2”05ft

(c) From equation (4-20):

Ht = Hi +,Hr

‘t = 3.28 + 2.05 = 5.33 ft

* * * * * * * * * * * * * * * * * ** * ** * * * * * * * * * ** * * * * * *

(b) Reflected waves are normally of secondary, but not negligible,
magnitude according to theory. At given stations, convergence may cause
reflected waves to be of primary magnitude, but this occurs only in relatively
few cases.
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(2) Linear Depth Transitions. The case of a wave normally incident on a

linear change in water depth is shown in Figure 4-7. Defining a parameter,
21 , as

4rd1

‘1 ‘LIS
(4-22)

the transmission coefficient

‘t

‘t ‘q

and the reflection coefficient

H
Kr=~

i

(4-23)

(4-24)

Item 22 cites the results shown in Figure 4-8. When dl/d2 < 1.0 , the value

of the reflection coefficient Kr is negative. When dl/d2 > 1.0 , the value

of Kr is positive.

1-
Reflected Wave

Transmitted Wave 1
dz

Incident Wave I

I
d,

Figure 4-7. Linear slope and shelf
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Figure 4-8. Reflection and transmission coefficients (item 22)

* * * * * * * * * * * * * *EXAMpLEpROBLEM4_3 ** it* * ** * * * * it* **

GIVEN: An incident wave, which is 1.64 feet high and has a period of 40 min-
utes, recedes from the coastline through water 328 feet deep and passes from
the shallow water over a shelf into water 9,925 feet deep. The transition
between the two water depths is a linear slope S ❑ 0.1, and the wave is at a
zero angle of incidence with the slope transition, i.e., ‘1

=0.

FIND:

(a) The height of the reflected wave.

(b) The height of the transmitted wave.

SOLUTION:

(a) L1=clT= &T

‘1
=~32.2 X 328 (40 X 60) = 247,000 ft
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From equation (4-22),

4rd1

‘1

4r X 328
‘1 = 247,100 X 0.1

= 0.167

From Figure 4-8, where

~ . 328— = 0.033 and Z, = 0.167
‘2

9,925

it is found that

Kr = -0.62 (the negative sign indicates that the reflected wave
is n radians out of phase with incident wave)

Hr = 0.62 Hi = 0.62(1.64) = 1.o2 ft

(b) From Figure 4-8,

Kt . 0.32

‘t = 0.32 Hi = 0.32(1.64) = 0.52 ft

** * * * * * ** * * * * * * * ** * * * ** * * * * * * * * * * * * * * * *
f)

(3) No~linear Depth Transitions. Nondispersive waves passing from deep
water to shallow water over the nonlinear slope profile shown in Figure 4-9
were investigated (item 81). The profile is defined by the equation

where the effective slope length L is given by

(4-25)

(4-26)

where n is an arbitrary small number in equation (4-25) which fits the equa-
tion to the actual slope and determines the length of the slope in equation
(4-26). The reflection coefficient obtained by item 81 is given by the
equation
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X:o
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I

d,

I
I
I

+ ~+

Figure 4-9. Slope and shelf

> flinh [“(t-t)]i.i.h~(~+~)] (4-27)

where

L, = wavelength at depth dl

L2 = wavelength at depth d2

The solution is plotted in Figure 4-10. As shown in the figure, the reflec-
tion coefficient approaches zero
of the incident wave ‘1”

as the slope length R approaches the length

K\0“8m
0.7 I

5.0
e-2Tf/Ll

Figure

.~-
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

i

4-1o. Reflection coefficients (from item 81)
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4-3. Tsunami-Shoreline Interaction. In addition to the shoaling of waves on
the nearshore slope, a tsunami may interact with a shoreline in a number of
different ways, including standing wave resonance at the shoreline, the gener-
ation of edge waves by the impulse of the incident waves, the trapping of
reflected incident waves by refraction, and, as the reflected wave from the
shoreline propagates seaward, the reflection of wave energy from an abrupt
change in water depth at the seaward edge of a shelf. Also, a wave arriving
at an oblique angle to the shoreline may produce a Mach-stem along the shore-
line. All of the above interactions depend on wave reflection at the shore-
line. Tsunamis entering inlets and harbors may also produce resonant condi-
tions within the inlets and harbors. Numerical models for tsunami-shoreline
interaction are presented in items 57, 59, 60, and 63.

a. Wave Reflection. The reflection of an incident wave ray from a
shoreline is illustrated in Figure 4-11, The angle al between the wave ray

and a line normal to a tangent to the shoreline will have the same value for
the incident and the reflected wave rays. For a steep nearshore slope, the
reflected wave will be in phase with the incident wave.

Y
~,.,.,,..,:,:..::Shore’ine....?..:,.:~..,:,.,

.’.::,;.:,,.:::
..,.:,,:

,..:.::,.,
,.......’..
..:,.,.,....
:,:.;:.:;
,,.,~,.,,
..,...,,:.1

Reflected Wove Ray
~,:::::::,:.,.,,.,.

\

.:,.

Line NormoltoTongant= al 1

lncidentWoveRoy-

/1

,....-:;:...:.?:+,:.,...:;
::.{~.::~..,.:..,.,,,,.,.,.,:.:
.::.,,,,.”..,:,:.,..:,:,:

.:,:,,............
.,.:.}..,::..,::

Wave Crest .:.,,;;:,.
\

}

,....,,,.............,>27..:

:.:.::..:)
.+. .:.
.:.:.;.,

to

Figure 4-11. Wave reflection from a shoreline
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the reflection can be estimated by

()~Hr LC
—=

‘i
CR H

i
(4-31)

L

where cR is a coefficient of roughness and permeability which has a value

of cR = 0.8 for a smooth, impervious beach. Various values of cR have

been defined for rough slopes for short-period waves (item 139). However, the
effect of the slope roughness on longer period waves has not been adequately
determined.

********%** *

GIVEN: A tsunami has a
3,280-foot water depth.
and the slope is smooth

.

* * *EXAMpLE pROBLEM4-5 * * * * * * * * * * * * * *

height of 1.64 feet and a period of 4 minutes in a
The nearshore slope S3 = 0.01 (B = 0.01 radians),
and impervious.

FIND: The coefficient of reflection Hr/Hi at the shoreline.

SOLUTION: In the deeper water, the wave celerity C is

C=G= ~32.2 x 3,280 = 325 ft/s

L =CT= 325 x 4 X 60 = 78,000 ft

H 1.64—=
L 78,8oO

= 2.10 x 10-5

From equation (4-28), where 6 is given in radians,

(+)c=(+)”2‘::’=( 2‘:”0’)“2
()H = 2.54 X 10

-6
r=

/H

Hr ()EC -082s54 X10 -6
—=

‘i
CR ~ - “ z ,0 x ,.-5 = 0“097

L
.

sin2(0.01)
11

which indicates a low-reflected wave height where the shoreline has a very
gradual slope.

*%* **it** **** ** * ** N * * ** * * * * ** * * * * * * * * * * it
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b. Shelf Resonance. Items 52 and 53 discuss a theoretical investigation
of a vertical wall at the shoreline, where the water depth at the wall was
d and the sea bottom sloped seaward. The depth d at any arbitrary dis-
t~n~e x from the shoreline is given by

~ 1/2

()
d = ds 1 +K

a2
(4-32)

where the horizontal distance x is positive measured seaward from the
shoreline, x ❑ O at the shoreline, and a is the distance from the

shoreline to the depth d = 2ds . The depth variation can be compared to a
linear (constant) bottom slope S2 between the toe of the nearshore slope
(taken to be a vertical wall) and a point at the distance x ❑ a from the
shoreline (Figure 4-12).

u

Second Mode

v
J

d~

First Mode I

i.o

_l

Lineor

~ -1.0

,AShelf (eq.183)~ /+”;

,/0
Slope ~“

,/ L o

0“
0° 20

x~

Figure 4-12. Shelf resonance

(1) Defining the wave by the equation

a20
()

dq
‘=g~ ax
at2

(4-33)

Hidaka (items 52 and 53) defined the surface elevation n above the
undisturbed water as
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()211tn =Acos~ (4-34)

and A a dimensionless amplitude obtained by dividing the amplitude at any
point by the amplitude A at the shoreline (A = 1 at the shoreline), the wave
period, T , and time, t . Items 52 and 53 discuss a theoretical solution
for wave resonance on the sloping shelf using Mathieu functions. The periods
of the first and second modes of oscillation for the shelf denoted T, and
T2 , respectively, are given by

‘1
= 3.2417 a

r gds

‘2
= 1.9254 a

w s

(4-35)

(4-36)

The first and second modes are shown in Figure 4-12. The values obtained for
resonant periods are for a shelf extending a long distance offshore; i.e., the
shelf width ts >> L, where L is the wavelength of the incident wave.

(2) TO determine the variation of wave amplitude with respect to
distance from the shoreline, the equation for A is put in the form

[

g #
d2A 2 :+—+

1/2 + 12A=0 (4-37)
dp2

(1 +p2) (1 +92) (1+P2)

where P = x/a . The wave profile is defined in Table 4-1.

~ * * * * * * * * * * * * * * EXAMpLE pROBLEM4.6 * * it* * * * % # * * * * ~

GIVEN: Water depth ds at the toe of a nearshore slope is 98 feet; the dis-
tance a = 40,770 feet (7.72 miles). Complete reflection occurs at the near-
shore slope, and it can be assumed to behave as a vertical slope.

FIND:

(a) The

(b) The

primary and secondary periods of oscillation.

relative wave height of the wave at a distance one wavelength
from the shoreline in relation to the wave height at the shoreline for the
second mode.

SOLUTION:

(a) ds = 98 ft and a = 40,770 ft.

From equation (4-35)

‘1
= 3.2417

&
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‘1
. 3.2417 40’770 = 2,350s (39.2 rein)

m

From equation (4-36)

- 1.9254 A
‘2 -

r gd~

❑ 1.9254 40,770
‘2

= 1,395 s (23.3 rein)

m

(b) Both the first and second modes of oscillation are in the range of
tsunami periods which are likely to occur. Taking hs as the wave height at
the shoreline, Table 4-1 gives, for the second mode, a height equal to 0.7818
hs where x/a = 2.4 or where x = 2.4 (40,770) = 97,800 feet (18.5 miles). The
values in Table 4-1 show that this is approximately the distance between
second mode wave crests (one wavelength).

******#*********************************N*****************#**************#****

Table 4-1

Distribution of Amplitude A (from item 53)

First mode Second Mode

x/a A x/a A x/a A x/a A

0.0
0.1
0.2
0.3
0.4

0.5
0.6
0.7
0.8
0.9

1.0
1.1
1.2
1.3
1.4

1.5
1.6
1.7
1.8
1.9

1.0000
0.9813
0.9265
0.8391
0.7244

0.5889
0.4392
0.2822
0.1239

-0.0305

-0.1766
-0.3110
-0.4313
-0.5357
-0.6233

-0.6936
-0.7466
-0.7827
-0.8028
-0.8076

2.0
2.1
2.2
2.3
2.4

2.5
2.6
2.7
2.8
2.9

3.0
3.1

3.7
3.8
3.9

4.0

-0.7985
-0.7766
-0.7432
-0.6998
-0.6476

-0.5880
-0.5224
-0.4520
-0.3781
-0.3018

-0.2241
-0.1462
-0.0688

0.0072
0.0810

0.1521
0.2197
0.2834
0.3428
0.3975

0.4473

0.0
0.1
0.2
0.3
0.4

0.5
0.6
0.7
0.8
0.9

1.0
1.1

1.2
1.3
1.4

1.5
1.6
1.7
1.8
1.9

1.0000
0.9474
0.7964
0.5668
0.2868

-0.0115
-0.2972
-0.5445
-0.7346
-0.8566

-0.9070
-0.8887
-0.8096
-0.6807
-0.5149

-0.3256
-0.1261

0.0716
0.2572
0.4221

2.0
2.1
2.2
2.3
2.4

2.5
2.6
2.7
2.8
2.9

:::

3.2
3.3
3.4

::;

::;

3.9

4.0

0.5600
0.6665
0.7392
0.7773
0.7818

0.7548
0.6995
0.6197
0.5200
0.4052

0.2800
0.1493
0.0176
-0.1110
-0.2327

-0.3443
-0.4430
-0.5267
-0.5940
-0.6436

-0.6754
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(3) A different means of calculating the mplitude A , which will also
account for refraction effects (i.e., the effect of a nonuniform offshore
bathymetry), is suggested by item 143. These equations are

BD
)j

-CN-A
N
j+l = C+BD

j j+l

where

bj , bj+l =

N=

A=

Aj+l (J.Aj+2cN+1+Nj)

2

‘J = A(bj+l + bj)

2
c=~

(4g)

‘J = bjdj

J = 1, 2, 3, . . .

distance between refracted wave rays at stations j and
j+l , respectively

horizontal

horizontal

For an unretracted wave,

A. = 1 at the shoreline (as
No = O at the shoreline.

displacement of a water particle

distance between stations j and j+l

(4-38)

(4-39)

in the case of Hidaka (items 52 and 53)), and

(4) The Wilson equations have been reformulated and compared with
Hidaka’s work in item 11. The two methods produced comparable results for the
single comparison performed. Hidaka’s method has the advantage of being a
general solution. Wilson’s method has the advantages of being much more
readily used for a particular shelf slope and of including consideration of
wave refraction.

c. Reflection from Seaward Edge of Shelf. Section 4-2 discussed the
reflection of waves from an abrupt transition in water.depth. It was shown
that when a wave propagates seaward from the shoreline some of the wave energy
is reflected shoreward from the transition in water depth at the seaward limit
of the shelf. This is further illustrated in Figure 4-13 where ds is the
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Figure 4-13. Reflected waves on a shelf

water depth at the toe of the nearshore slope, d2 the water depth at the
seaward limit of the shelf, d, the water depth at the seaward limit of the
steep transition in water depth, S1 the slope of the steep transition, S2
the slope of the shelf, and S3 the nearshore slope.

(1) The wave reflected shoreward from the steep transition may be m
radians out of phase with the wave transmitted seaward across the transition.
However, the actual phase difference will depend on the geometry of the shelf
and transition and the water depth. For perfect reflection, the wave
reflected from the shoreline will be in phase with the initial wave incident
on the shoreline. The time ts for the wave to travel the distance QS from

the steep transition to the nearshore slope will be the same as the time
required for the reflected wave from the nearshore slope to travel back to the
steep transition in depth. Therefore, where the wave reflected from the
transition is T radians
occur if

where T is the incident
a first approximation for

out of phase with the incident wave, resonance will

(4-40)

wave period, and n = 1, 2, 3, . . . . This leads to
the resonant wave periods

1/2 all/2
‘2-s

S2 g“2
(4-41)

where T is a resonant wave period where the reflected wave and incident wave
are n radians out of phase, and n = 1, 2, 3, . . . .
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******it***** **?+ ExAMpLEp ROBLEMQ.7 ************ **

GIVEN: The water depth d at the toe of a nearshore slope is 98 feet. The
width of the shelf is iss98,000 feet (18.6 miles), and the water depth d2

at the seaward edge of the shelf is 196 feet.

FIND: The resonant wave periods for the shelf.

SOLUTION: The slope of the shelf S2 for a constant slope is given by

‘2 - ‘s 196 - 98 . 0 001
‘2 = %s = 98,000 ‘

From equation (4-41),

1/2
8 ‘2

- d’/2
T=;

s
n= 1 ,2,3,...

S2 g“2 ‘

8 (1961’2- 981’2) - 5,800 , n
T=; = 1, 2, 3, . . .

0.001 (32.2)1’2 - n

T, = 5,800 s (96.7 rein),n = 1

T2 = 2,900 s (48.3) rein),n = 2

T3 = 1,933 s (32.2 rein),n = 3

T4 . 1,450 s (24.2 rein), n = 4

etc.

* * * * * * * * * * ** * * * ** * * * * * * * * * * * * * * * * * * * * * %

(2) Currents parallel to the coast may act as boundaries which reflect
waves. In this case waves generated near a shoreline could be trapped between
the shoreline and an offshore current
two boundaries.

, creating a resonant condition between

d. Mach Stem Formation. Reflected tsunami waves can be refracted so
they become trapped and form a math stem. Graphical solutions for trapped

waves for angles al < 45° are given in item 11. When al < 45° regular

reflection occurs. When al = 45° the end of the wave crest at the

shoreline turns perpendicular to the shoreline (see Figure 4-14). Regular

reflection no longer occurs when al
> 45°.
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‘Moth-slem

Figure 4-14. Mach stem formation, solitary wave (lines of equal
surface elevation above still water normalized to
unit incident wave amplitude (item 107))

(1) The incident wave produces two components. The first is a reflected
wave, lower than the incident wave, and with the angle,

a2 ‘
between the

reflected wave ray and the normal to the shoreline defined by a2 < al . The

second component is a math stem which moves along the shoreline in the
direction of the longshore component of the incident wave, growing in size as

it progresses along the shoreline. Figure 4-14 shows the initial growth of a
math stem along a vertical wall for the critical angle al = 45 .

(2) The math stem has a profile at the shoreline similar to the profile
of the incident wave, giving the math stem the appearance of a large wage
moving along the shoreline. When the angle of nearshore slope, s < 60 and

al
> 55 , the math stem may form a breaking wave. The math stem remains

attached to the shoreline end of the incident wave crest, so its speed of
propagation C% along the shoreline is given as

c
c

L.= sin al

where C is the celerity of the incident wave near
opment of math stems during tsunamis is rare, but a

(4-42)

the shoreline. The devel-
mach stem may have devel-

oped during the bore-like 1960 tsunami at Hilo, Hawaii.

e. Bay and Harbor Resonance. When a bay or harbor is very long in rela-
tion to the tsunami wavelength, the tsunami may cause resonance if a natural
mode of oscillation of a bay or harbor corresponds to the period of the
tsunami.
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(1) Item 96 presents a tabulation of the approximate periods of inlets
on the Pacific coast of North and South America based on the formula

4Lb
.—

“-m

(4-43)

where

T, = primary period

‘b = length of the inlet

da = average depth of the inlet

Values of length, depth, width, period, and relative intensity of secondary
oscillations of the water level for inlets on the coast of Alaska and British
Columbia, and for Puget Sound, are given in Table 4-2. These values are only
approximate because variations in inlet cross section, restricted entrances,
and the effects of branched inlets are not considered.

(2) Values of the relative intensity I of secondary undulations are
also shown in Table 4-2. I is given by

‘bI=—
Bd3/2
a

(4-44)

where B is the inlet width. Inlets with higher relative intensities I
would be expected to excite larger amplitudes of oscillation. Some bays which
have small ratiOS of Lb/B also have large secondary oscillations. The equa-
tions are based on a one-dimensional theory which is not valid for low ratios
Of Lb/B , and transverse motion can be important in these cases.

(3) Ippen, Raichlen, and Sullivan (item 73) carried out a hydraulic
model investigation of an inlet connected to an “infinite ocean.” The ocean
was simulated in a wave basin using wave absorbers to minimize reflected waves
(Figure 4-15). It is assumed in this case that B, + m . The experimental
results (item 73) are shown in Figure 4-16, where k is the wave number
2n/L . The curves illustrate the dependence of the results on the ratio of
wavelength to inlet width, particularly for short, wide inlets.

(4) Each curve in Figure 4-16 was obtained by varying the inlet length
for a fixed wavelength. Using equation (4-43) to define T, , the figure
shows that maximum amplification occurs where T1/T < 1 . This is equivalent
to a resonance condition for a longer inlet. It can be assumed, therefore,
that the inlet has an effective length Le extending into the open sea, and
the effective primary period Tle ~ is

4Le

‘le ‘
r gda

(4-45)
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Table 4-2

Lb9 d Period B, ‘b

length meana~epth T1
‘b

mean width
F

Inlet km km min km
5 d3/2

Alaska
Tarr Inlet-
Glacier Bay

Muir Inlet
Lynn Canal
Gastineau Canal
Taku Inlet-
Stephens Passage

Tracy Arm
Endicott Arm
Frederick Sound
Thomas Bay
Tenakee Inlet
Peril Strait
Bradfield Canal-
Ernest Sound

Behm Canal West-
Bell Arm

Burroughs Bay-
Behm Canal East

Rudyerd Bay
Boca de Quadra
Carroll Inlet
George Inlet

British Columbia
Portland Canal
Observatory Inlet-
Hastings Arm

Alice Arm
Khutzeymateen Inlet
Work Channel
Prince Rupert Inlet
Douglas Channel
Kildala Arm
Gardner Canal
Surf Inlet
Laredo Inlet
Sheep Passage-
Mussel Inlet

Spiller Channel
Roscoe Inlet

111

35
146

18

133
43
44
80
20
64
71

80

72

113
22
56
44
22

115

76
19
25
54

::

;7
22
39

::
43

0.220
0.215
0.360
0.040

0.295
0.270
0.260
0.165
0.150
0.140
0+210

0.310

0.425

0.420
0.170
0.245
0.130
0.225

0.255

0.385
0.240
0.120
0.240
0.045
0.330
0.175
0.275
0.220
0.295

0.275
0.255
0.135

159

1:;
61

165
56
58

133
35

115
104

97

74

174
36
76
82
31

153

82
26
49
74
60
;;

117

::

42
61
79

5.6
3.5
6.6
1.3

13.0

;:;
22.2

2.8

:::

5.7

5.2

3.5
0.9
1.3
1.6
1.4

2.2

2.2
1.3
1.0
2.0

;:;
1.5
1.9
0.9
1.5

1.5
1.9
1.1

lg.8
10.0
22.1
13.8

10.2
23.9
13.3
3.6
7.1
20.0
17.8

14.0

13.8

32.3
24.4
43.1
27.5
15.7

52.3

34.5
14.6
25.0
27.0
15.6
23.7
12.7
47.9
24.4
26.o

22.0
24.2
39.1

192
100
102

1,725

64
170
100

54
122
382
185

81

50

119
348
355
587
147

406

144
124
601
230

1,634
125
173
332
236
162

153
188
788

(Continued)
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Table 4-2 (Concluded)

12
26

111
24

:;

:;
19
52
24
67
22

130
28
35
76
37
89
43

44

59
11
11
14
11
14
15
29

31

48
20
19
23

9
;;

23

111
102

70

Cousins Inlet 0.070 31 0.8 15.0 810
Cascade Inlet
Dean Channel
Kwatna Inlet
South Bentinck Arm
Rivers Inlet
Moses Inlet
Smith Inlet
Mereworth Sound
Belize Inlet
Nugent Sound
Seymour Inlet
Drury Inlet
Knight Inlet
Call Inlet
Loughborough Inlet
Bute Inlet
Toba Inlet
Jervis Inlet
Howe Sound

Vancouver Island
British Columbia
Holberg-Rupert

Inlet
Quatsino Sound-
Neroutsos Inlet

Forward Inlet
Klaskino Inlet
Ououkinsh Inlet
Port Eliza
Espinosa Inlet
Nuchalitz Inlet
Tahsis Inlet
Cook Channel-
Tlupana Inlet

Zuciarte Channel
Mechalat Inlet

Sydney Inlet
Shelter Inlet
Herbert Inlet
Pipestem Inlet
Effingham Inlet
Alberni Inlet
Saanich Inlet

Puget Sound
Puget Sound
Hood Canal
Possession Sound-
Saratoga Passage

0.250
0.420
0.345
0.240
0.295
0.200
0.270
0.090
0.255
0.075
0.420
0.040
0.295
0.135
0.190
0.510
0.390
0.495
0.225

0.165

0.150
0.030
0.035
0.085
0 ● 050
0.215
0.025
0.120

0.150

0.220
0.080
0.115
0.100
0.045
0.095
0.145
0.180

0.165
0.110

0.090

35
115

28
51
57

::
43
69
59
70
74

161
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Figure 4-16. Amplification factor versus
relative harbor length
(from item 73)

B,

1

t is defined by this equation if it is assumed that Tie/T = 1

where maximum amplification occurs. The ratio of inlet width to inlet length

is also important in determining Le .

(5) For a fully open inlet or harbor (see Figure 4-15), item 72 defines
resonant amplification (the ratio of an amplitude in the harbor to the
amplitude at the closed harbor entrance) as
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(4-46)

where 01 and $2 are wave radiation functions given in Figure 4-17. The

resonant amplification would occur where Tie/T = 1 as before. The functions

shown in Figure 4-17 apply to all harbor openings, where b is the width of
the opening.

Figure 4-17. Wave radiation functions (from item 72)

* II * * * it * * % * * * * * *ExAMpLE pROBLEM4-8it * * W * * * * *

GIVEN: A fully open inlet has a width B given by B = 0.194 Lb

Lb is the length of the inlet. The incident wavelength L = 25B

FIND: The resonant amplification in the inlet..

SOLUTION:

kB 2m(0.04L) .—=
2 2L

From Figure 4-17, where b = B for a fully

0.1257

open inlet

, where

$, = 0.12

and
$2

= 0.24
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From equation (4-46),

a2—=

al

1

[(COS kLb - $2 sin kLb)2 + $1 sin2 kLb

*********** *********** ********W** e*****,

(6) Theoretical results for open and partially closed harbors with both
symmetric and asymmetric entrances are given in Figure 4-I8. Experimental
results generally show that amplification factors are less than those
predicted theoretically.

(7) For waves passing from a continental shelf into a harbor, where the
dimensions of the harbor and the entry channel are small compared to the local
wavelength of the tsunami, the response of the harbor is essentially
restricted to the Helmholtz mode, i.e., the lowest mode of resonance. The
harbor undergoes a pumping motion where the water level in the harbor is
assumed to rise and fall uniformly across the total area of the harbor. The
water passing through the entry channel is assumed to have high velocity rep-
resented as kinetic energy; on the other hand, the water in the harbor has a
much lower velocity, and the rise and fall of the water level in the harbor is
represented as potential energy.

(8) An approximate method for determining resonant wavelengths for har-
bors with entrance channels (Figure 4-19) assumes that the resonant wavelength
LO(LC = O) for an equivalent harbor of the same dimensions but having no
entrance channel (Lc = O) , can be obtained (item 13). The resonant wave-
length for the harbor with an entrance channel is then given by the equation

[

1/2
Lo Lc Lb B L: (Lc = O)

%= b+ 1 (4-47)
(2Tf)2

where L= is the length of the entrance channel. The resonant wavelength
where Lc ❑ O can be obtained using item 92 results discussed in item 92
(see Figure 4-20).

(9) Narrowing the entrance width Or increasing the length of the
entrance channel will significantly increase the response of the harbor to
the Helmholtz mode, which may dominate tsunami response. This narrowing or
lengthening also has the effect of decreasing the resonant frequency.
Lengthening the entrance channel to a harbor also increases the frictional
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resistanceso amplificationfactorsfor a very long entrancechannelmay be
significantlyreduced(althoughthe resonantfrequencieswouldstillbe less
than for a harborwithoutan entrancechannel;i.e.,where Lc = O).

(10) Item 116presentsa numericalmeansfor analyzingharbors
respondingto the Helmholtzmode of resonance. The methoduses

dhb
Q—=—

dt (4-48)
‘b

where

hb = surfaceelevationof the water in the harborabovesome arbitrary
fixeddatum

Q= flow rate throughthe entrancechannel

Ab = area of the harbor, Ab = Lb B

t = time

and d denotesdifferentiation.The governingdifferentialequation“is

‘bc = cross-sectionalarea

ASc = cross-sectionalarea

)$ ‘2-grg(hb- hs) - IgF

Sc

at the bay end

at the sea end

(4-49)

hs = heightof the sea levelabove the arbitrarydatum

F= totalbottomfrictionin the entrancechannel

Ac = cross-sectionalarea of flow throughthe entrancechannelat any
point x betweenthe seawardend at Xs and the harborend Xb
(Ab is a functionof x.)

(11) Severalnumericalmodelsare availablefor investigatingwave
oscillationsin an arbitrary-shaped”harbor. The hybridelementmodeldevel-
oped by item 15 includesthe effectsof bottomfrictionand absorptionof wave
energyat harborboundaries.Earliernondissipativemodelsare describedin
items 18 and 84. Items54 and 55 discussapplicationof Chen and Mei’smodel
to studiesof Los Angelesand Long Beachharbors. Durham(item29) applied
the model to Barber’sPointHarbor,Hawaii,and found the periodof the
Helmoltzmode of the harborto be closeto thatof typicaltsunamiperiods.
Farrarand Houston(item33) investigatedthe responseof thisharborto
tsunamis,includingdynamicland flooding. It is importantto considerthe
resonantresponseof harborsduringtheirdesignin areaswhere tsunamisare a
potentialthreat.

4-4. Runupand Interactionwith Structures.The arrivalof a tsunamiat a
shorelinemay causean increasein waterlevelas much as 20 or 30 feet. Much
higherincreasesare possiblein bays and estuaries. The large increasein
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water level,combinedwith
forceson shoreprotection
shoreline. Structuresmay

the surgeof the tsunami,can impose
structuresand on structureslocated
be seriouslydamagedor destroyedby

powerful
near the
the tsunami.

Damagemay be causedby strongcurrentsproducedby wavesovertoppingthe
structures,the directforceof the surgeproducedby a wave, the hydrostatic
pressurecreatedby floodingbehinda structurecombinedwith the loss of
equalizingforcesat the frontof a structuredue to extremedrawdownof the
waterlevelwhen the wavesrecede,and erosionat the base of the structure.
Majordamagemay also be causedby debriscarriedforwardby the tsunamiin
the nearshorearea. To determinethe potentialdamageto structureslocated
alonga shoreline,the probableincreasein waterlevelcausedby the tsunami,
i.e.,the runupheight,must be estimated. Estimatesof tsunamirunupare
also neededfor floodzone planningalong the shorelineand for operationof
the tsunamiwarningsystemto evacuatepeoplefrom endangeredareas.

a. TsunamiRunupon a Shoreline. The heightof a tsunamiwill vary from
pointto pointalonga coastline. Numericalmodelsfor predictionof tsunmi
heightat the shoreline,i.e.,the elevationof water at the shorelinedue to
the tsunami,must be appliedto a sufficientnumberof pointsalong the shore-
line to determinethisvariation. When the variationis largebetweenadja-
cent points,calculationsfor tsunamiheightsshouldbe carriedout at addi-
tionalshorelinepointsbetweenthosepoints. Afterthe heightof the tsunami
at a pointalongthe shorelinehas been determined,the verticalrunupheight
at thatpoint can be estimated.

(1) men the tsun~i heightalonga sectionof coastlineis relatively
constant,and the variationsin onshoretopographyare relativelyminor, the
runupheightmay be assumedto be constantalongthat sectionof coastlineas
a firstapproximation.Variationsin tsunamiheightand shorelinetopography
will actuallycausesome variationin runupcharacteristicsalongany section
of coastline. Becausethesevariationsare difficultto predict,the pre-
dictedrunupheightsmay containsubstantialerrors. Where tsunamisof a
knownheighthave producedvariationsin runupat a particularsectionof
coastline,the higherheightsshouldnormallybe used for conservativedesign.
It shouldalso be notedthat the characteristicsof the wavesmay vary from
one wave to anotherat the same coastalpoint.

(2) An addedcomplication,which is an importantconsiderationin
computingrunupheights,is the possibilityof stormwavesoccurring
simultaneouslywith the tsunami. The predictionof maximumrunupheights
would requirethe considerationof jointprobabilitiesof tsunamisand storm
wavesas well as the probabilityof a high tidalstage.

(3) Becausea tsunmi has a very long periodrelativeto stormwaves, it
causesan apparentvariationin waterdepthover a long distance. Storm waves
ridingon top of the tsunamiwill have a wave celeritycorrespondingto the
depth (includingtsunamiheight)at any particularpoint. If two stormwaves
are otherwiseequivalent(e.g.,the same periodand wave height),and one is
at the crestof the tsunamiwhilethe other is at the leadingedge, the storm
wave at the tsunamicrestwill have a highercelerity. Therefore,the tsunami
can causeone stormwave to overtakeand superimposeitselfon anotherstorm
wave,producinghigherwavesat the shoreline.
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(4) As a firstapproximation,the tsunamirunupon a shorelinewill have
a runupheight(verticalrise)equalto the wave heightat the shoreline.
This assumptionis basedon the idea thata tsunamiwill act like a rapidly
risingt~de. This assumptioncannotalwaysbe used with accuracy. The
effectsof groundslope,wave period,and the possibleconvergenceor
divergenceof the runupmust be considered.

(5) Tsunamisat a shorelinecouldbe categorizedinto threetypesof
waves: nonbreakingwaves (i.e.,a tsunamiwhichacts as a rapidlyrising
tide);waveswhichbreakfar from the shorelineand becomefullydeveloped
boresbeforereachingthe shoreline;and waveswhichbreaknear the shoreline
and act as partiallydevelopedboreswhichare not uniformin height. In
addition,thereare some caseswherereflectedwavesbecomeboresafter
reflectingfroma shoreline. Exceptin rare cases,most tsunamisappearas
nonbreakingwaves.

(6) For the nonbreakingwave,the assumptionthat the runupheight
equalsthe wave height (crestamplitude)at the shorelineis reasonable.
Item59 presentsmany historicalcaseswhere runupwas foundto correspondto
the tsunamiheightat the shoreline. Unlessan area is knownhistoricallyto
be one of the rare locationswhere tsunamisappearas bores,it shouldbe
assumedtsunamirunupequalsthe heightat the shoreline. To analyzethe
runupof breakingwavesand fullydevelopedbores,wheremaximumrunupheights
have been observedto be ❑uch higherthan the wave or bore heightat the
shoreline,it is necessaryto considerthe actualformof the runup.

(7) severalexperimentalstudieshave been performedfor flat,uniform
slopeswith no convergenceof the wave crest (item11). In general,the
experimentsshow thatfor flatterslopes(lessthan8 deg) the runupheight
appearsequalto or less than the wave heightat the shoreline. For steeper
slopes,the runupheightincreasesas the slope increases,and the ratioof
runupheightto wave heightat the shorelineappearsto reacha maximumvalue
for verticalwalls. However,the higherrunupon the steeperslopesappears
to have a relativelyshallowdepth.

(8) For runupon a shorelinewhere the slopevaries,it is necessaryto
use a numericalsolutionto determinethe limitsof the runup. Freemanand
Le Mehautehave carriedout numericalcalculationsfor slopes S ~ 0.1, but
theypresentno resultsfor very flat slopes. Very littledata exist to
verifysuch equationsor to determinetheirfull rangeof application.

(9) Runup is dependenton surfaceroughness. Only very limiteddata are
presentlyavailablefor estimatingvaluesof surfaceroughnesscoefficient.
For prototypeconditions,the “roughness”may consistof grovesof treesor
subdivisionsof houses. Also,the roughnesselements,e.g.,treesand houses,
may be moved by the waves.

(10) In additionto consideringwave runup,it is necessaryto consider
the drawdownof the waterwhen the wave trougharrivesat the shoreline. Not
as much attentionhas been givento wave rundown;however,the drawdownof the
waterlevelmay resultin the seawardcollapseof seawalls,damageto ships in
a harbor,or exposureof seawater-intakepipelines. It shouldalso be noted
that a gradualincreasein waterlevel,with very low velocitycurrents,may

4-40



EM 1110-2-1414
7 Jul 89

be followedby a suddenwithdrawalof waterproducingvery strongcurrents.
No estimatesof speedare availablefor rundowncurrents. Maximumrunup
currentvelocitiesof up to 3 ft per secondhave been estimatedfor actual
tsunmi events.

(11) Wateroverflowinga coastalbarrierwill have a currentvelocity
determinedby the differencein heightbetweenthe top of the barrierand the
groundlevelbehindthe barrier,as well as the quantityof waterovertopping
the barrier. The barrierwill also limitthe heightof the runup;however,
largedrainopeningsmust be providedto preventwater levelsfrombuildingup
behindthe barrierif it is overtoppedby successivewaves.

(12) Surgerunupon a dry bed will have a high velocityfor a tsunami
which-actslik~a rapidlyrisi~gtide. An approxi~ate

u= 2(gh)1’2

where h is the surgeheightat any pointand u the
samepoint.

b. Interactionwith ShoreProtectionStructures.

equationis

(4-50)

water velocityat the

Breakwatersand
seawallsmay protectcoastalareasfrom tsunamis. When a tsunamioccurs,
breakwaters❑ay decreasethe volumeof waterflowingintoa harborand onto
the coastline. Properplacementof breakwatersmay also decreasewave heights
by changingthe naturalperiodof an inletdiscussedin Section4-3. However,
breakwatersmay also affectthe resonantperiodof a harborso thatwave
heightsare increased,and seawallsmay reflectwaveswithina harbor. A high
seawallalonga coastlinemay preventfloodingof the backshoreareas.

(1) A tsunamimay damageshoreprotectionstructures;therefore,care
must be exercisedin the designof the structures.Numerousinstancesof
tsunamisdamagingor destroyingprotectivestructureshave been recorded. The
1946tsunamiin Hawaiiovertoppedand breachedthe breakwaterat Hilo, remov-
ing 8-tonstonesto a depth3 feetbelowthe water surfacealongnine sections
of the breakwatercrestwith a totallengthof over 6,OOOfeet (item 131).
Iwasakiand Horikawa(item75) investigatedareasalong the northeastcoastof
Honshuafterthe 1960tsunami. They indicatedthata sea dike at Kesennuma
Bay failedduringthe 1960tsunamibecausethe water from the incidentwaves,
whichhad overtoppedthe dike,causedextensiveerosionrecedingat a gap in
the dike. The recedingwatergraduallywidenedthe gap. They also noted that
a quay wall at Ofunatofailedbecauseof scouringof the backfilling,and that
a quaywall constructedof reinforcedconcretesheetpilesat Hachinohecol-
lapseddue to a lackof interlockingstrengthafterbackfillingwas washed
away.

(2) Recedingwatermay also seriouslyscourthe seawardbase of a
revetmentor seawalle The combinationof this scouringand the increased
hydrostaticpressurefrom initialovertoppingmay causefailure.

(3) The followingempiricalequationcan be used to estimatethe volume
of overtoppingof a seawallat the shorelinein cubicfeet per foot lengthof
wall:
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where

t2 ,

t, =

h~ =

T=

hw =

‘2

J(
21rt

)

3/2
v= 3.09 ~h~cos~-hw dt

‘1

timewhen.overtoppingends

point in timewhereovertoppingbegins

totalwave heightin feet (crest-to-trough)of the wave at the
shoreline

wave period

wall height

(4-51)

As the wall height hw is measuredin feet from the sea levelat the time the
tsunamioccurs,it varies,but its lowestvalue (i.e.,the greatest
overtopping)wouldoccurwhen the sea levelis at the highesttidalstage.
Valuesfor-overtoppingare shown in Figure4-21.
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the width
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Figure4-21. Overtoppingvolumes(afteritem 140)

The protectionprovidedby a breakwaterdependson its locationand
of the navigationchannelthroughthe breakwater.Model tests
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indicatethata properlyplacedbreakwatercan substantiallyreducewave
heightsin a bay or harbor(item76). The greatestreductionin wave height
occurredwhen the area of the breakwateropeningwas the least. For testsat
one particularsitewhen the ratioof the breakwateropeningarea to the
cross-sectionalarea of the bay was equalto about0.1, the wave heightwas
reducedto about0.25 timesthe heightwhichwouldoccurwithoutthe break-
water. The locationof the breakwaterwould be expectedto affectthe reso-
nant periodsof the bay and the harbor. Therefore,care shouldbe exercised
in placinga breakwaterin any bay or harbor.

(5) In some instances,treesmay offersome protectionagainsta tsunami
surge. Grovesof treesaloneor as supplementsto shoreprotectionstructures
may dissipatetsunamienergyand reducesurgeheights. Grovesof coconut
palmsmay withstanda tsunamisurgebut may be shearedoff by debriscarried
forwardby the tsunami. Other typesof treesmay be easilyuprootedand
flattened. Item 118 indicatesthatdensethicketsof hau treesprovided
effectiveshieldsin many placesduringthe 1946tsunamiin Hawaii. Trees
whichdo not survivethe tsunamimay add debristo the surf and increasethe
damagesresultingfrom the surge. Also a buildupof debrisin frontof a
structuremay resultin an increaseof its effectivearea and increaseddrag
forceand may causethe entirestructureto be sweptaway by the tsunami
(item88).

c. OtherShorelineStructures. Damagefrom a tsunamimay occur to
structureslocatedat the shorelineor alongriverchannelsnear the shore-
line. These includedocksand bridgeswheredamagemay occur to both the
superstructureand supports. Specificexamplesand photographsare given in
item 11.

d. TsunamiSurgeon the Shoreline. Afterthe runupheightof a tsunami
has been established,the effectsof this runupon structuresand other
objectslocatednear the shorelinemust be determined. A detaileddiscussion
is given in item 11.

(1) When the tsunamiacts as a rapidlyrisingtide,the resultinginci-
dent currentvelocitiesare relativelylow, and most initialdamagewill
resultfrombuoyantand hydrostaticforcesand the effectsof flooding. In
many instancesthe withdrawalof the wateroccursmuch more rapidlythan the
runupand flooding. In some instances,damagemay resultfrom the higher
currentvelocitiesassociatedwith the withdrawal.These velocitieswould be
on the orderof thosenormallyassociatedwith an incidentsurge. More con-
cern is thereforegiven to a tsunamiwhichapproachesthe shorelineas a bore
(althoughthis is rare).

(2) When the tsunamiformsa borelikewave,the runupon the shoreline
has the form of a surgeon dry ground. This surgeshouldnot be confusedwith
the bore approachingthe shoreline, as differentequationsgovernthe motion
and profileof the surge. Laboratoryobservations(item93) have noted that a
bore approachinga shorelineexhibitsa relativesteepeningof the bore face
as the surgemovesup on the dry slope. The currentvelocitiesassociated
with the surgeare proportionalto the squarerootof the surgeheight,as
discussedin Section4-4a.
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CHAPTER5

WAVE CLIMATEAND ANALYSISFOR DESIGN

5-1. Wind Waves. Most coastalprojectsrequirean estimateof the charac-
teristicsof wind-generatedgravitywavesat the projectsite. Thesewaves
have periodsof between1 and 25 seconds;hence,theyare considerablyshorter
than the tides,stormsurges,and tsunamisdiscussedin the precedingchap-
ters. Sincewind wavesoccurcontinuouslyat exposedprojectsites,they can
be an importantconcernfor operationsand maintenanceas well as design.
Proceduresfor developingwave characteristicsfor designare presentedin
this chapter. The use of wave theoryis coveredin Section2. Sections3, 4,
5, and 6 deal with wave measurementand analysissystems. Sections7 and 8
deal with numericaland analyticalwave models. Section9 presentsalter-
nativesfor formingstatisticalsummariesof individualwave estimatesto give
wave climateinformationfor design.

5-2. Wave Theory. Wave theoriescan be veryusefulfor estimatingcertain
wave characteristicssuchas wavelength,wave speed,crestheight,wave shape,
waterparticleaccelerations,and wave forces. Theoriessuitedfor engineer-
ing use are commonlybasedon the followingassumptions:presenceof a homo-
geneous,incompressiblefluid;lack of surfacetensionand Corioliseffect;
pressureat the surfacebeinguniformand constant;presenceof an inviscid
fluid;lackof interactionbetweenwavesand otherwatermotions;presenceof
a horizontalfixed impermeablebed; a smallwave amplitudeand wave shape
whichdoes not changewith time and space;and presenceof long-crestedwaves
(twodimensional).Theoriescan be appliedto areasof graduallyvarying
waterdepthby assumingthe wavesare adjustedto the localwaterdepth. The
theoriesshouldbe used only when the bottomslope is flatterthan 1 on 10.

a. Small-amplitudeWave Theory.

(1) The most fundamentaldescriptionof a simplesinusoidaloscillatory
wave is by its height H (theverticaldistancebetweencrestand trough),
length L (thehorizontaldistancebetweencorrespondingpointson two suc-
cessivewaves),period T (thetime for two successivecreststo pass a given
point),and depth d (thedistancefrom the bed to the SWL). A graphic
definitionof terms is given in Figure5-1.

(2) Small-amplitudewave theoryhas provento be a very usefultool for
many engineeringapplications.It is basedon the additionalassumptionthat
the wave height is small in relationto the waterdepthand the wavelength.
Expressionsfor variouswave characteristicsderivedfromsmall-amplitude
theoryare given in Figure5-2. The approximatelimitsof validityfor the
small-amplitudeassumptionare shown in Figure5-3.

b. HigherOrderWave Theories. Steepor shallowwaveswhich exceedthe
rangeof validityfor small-amplitudetheorycan be estimatedwith higher
ordertheories. The approximaterangesof validityfor higherorder theories
are shown in Figure5-3. The higherorder theoriesare more complexand hence
more difficultto use. Tabularor graphicalpresentationsof the solutions
are generallyused. Tabulatedsolutionsfrom streamfunctiontheoryare given
in item23. Wave profilesfor the 40 casesconsideredby Dean are shown in
Figure5-4. Many of the profilesdifferconsiderablyfrom the sinusoidal
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Figure5-3. Regionsof validityfor variouswave theories(afteritem 85)
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profilesassumedby small-amplitudetheory. Additionalinformationon higher
orderwave theoriesis availablein the SPM.

5-3. Wave ObservationTechniques. The primaryinformationfrom any wave
observationtechniqueis generallyan estimateof significantwave heightand
periodas definedin the followingsubsection. Many techniquesprovideaddi-
tionalvaluabledata. Commonlyused techniquesare describedin the remainder
of thissection. Theirparticularadvantagesand disadvantagesare given in
Table5-1.

Table5-1

Wave ObservationTechniques

Technique WaterDepth* Advantages** Disadvantages***

Ship boardobservations 1,2 1,2 1

Shoreobservations 3 1 1

Staffgage 1,2,3 3,6 2,3

Pressurecell 2,3 4,6 3,4,5
(connectedto shore
by cableor

Pressurecell
(internally

Accelerometer

telemetry)

2,3 4,5 3,4,5,6,7
recording)

buoy 1,2 5,6 5,8,9

High frequencyradar 1,2 5,6,7 5,9

*water Depths: 1 = deep, 2 = intermediate,3 = shallow.

**Advantages:1 = inexpensive,2 = largedata set alreadyexists,3 = direct
measurementof surfacewaves,4 = relativelyreliablefor unattendeduse,
5 = relativelysimpleinstallation,6 = adaptableto real-timemonitoring,
7= spatialcoverage.

***Disadvantages:1 = low accuracy;2 = sturdysupportstructurerequiredfor
exposedsites;3 = subjectto foulingby marinegrowth;4 = diversneeded
for installationand maintenance;5 = indirectmeasurementof desiredsur-
face waves;6 = prone to loss due to burial,inaccuratepositioning,and
loss of markerbuoys; 7 = frequentmaintenancerequiredfor power supply
and recorder;8 = proneto lossdue to collisionor failedmooring;9 =
relativelyexpensive.



a. Definitionof SignificantWave Heightand Period. The
“significantwave height”and a “significantwave period”which
characterizea wave field is appealinglysimple. It suggestsa

EM 1110-2-1414
7 Jul 89

conceptof a
can be used to
simpletransi-

tion from the experimentalresultsin a laboratorywave tank and the theoret-
icalresultsobtainedwith theoriesfor uniformwaves to the phenomenathat
occur in the ocean.

(1) The conceptof a significantwave heightand periodwas first intro-
ducedwhen sailorswere asked to reportthe heightand periodof the larger,
well-formedwaves,and omit entirelythe low and poorlyformedwavesas part
of the synopticweatherreportsfrom ships. Comparisonsof earlywave gage
recordswith observationsled to the conclusionthat the wave height Hv
givenby observerswas approximatelyequalto the averageheightof the one-
thirdhighestindividualwaves H,3.

1
Figure5-S providessome perspective

on the reliabilityof thisapproxmation. The figureis basedon 905 pairsof
visualand instrumentobservationsfroma weathership equippedwith a
shipboardwave recorder.

(2) The parmeter “1/3 is referredto as “significantwave height,”
and the correspondingperiodis the “significantwave period.” Practical
techniquesfor estimatingtheseparametersfromwave recordsare presentedin
Section5-4.

b. ObservationsfromShipboard. Wave observationshave been collected
by observersaboardships in passagefor many areasof the worldover many
years. The observationsincludeaverageheight,period,and directionof sea
waves (locallygenerated)and swellwaves (generatedelsewhereand propagated
to the area). In modernobservations,the sea directionis assmed to coin-
cidewith the wind direction.

(1) The reliabilityof shipboardobservationsmust be considered. Indi-
vidualobservationsare highlyvariable. However,the observationsare gener-
ally unbiasedso that summariesof many observationscan be useful. Height
summariesprovideusefulestimatesof the mean and distribution,as illu-
stratedin Figure5-5. Accuracyis less in the upper end of the distribution
becauseof the smallnumberof observationsand the tendencyfor shipsto
avoidvery high wave conditions. A cumulativedistributionof shipboard
observedwave heightsshouldbe consideredreliableup to about the one per-
cent levelof occurrenceor the pointat which 20 observationsare repre-
sented,whichevercriterionis more restrictive.

(2) Wave periodis difficultto estimateaboarda movingship,and only
the overallmean periodshould be used. Wave directionsare also somewhat
difficultto estimateand shouldbe assumedto have a resolutionof 45 degrees
or coarser. The availabilityof shipboardobservationsis presentedin
Chapter6.

c. Observationsfrom Shore.

(1) The majorCorpsprogram
shore is the LittoralEnvironment

for collectionof
Observation(LEO)

wave observationsfrom
program. The LEO program

was establishedto providedata on coastalphenomenaat low cost. Volunteer
observersobtaindailyestimateswhich incl~debreakerheight,wave period,

5-7



EM 1110-2-1414
7 Jul 89

Hw COOE (05 METRE )
2 4 6 8 10 12 14 16 18
, I I 1 I 1 1 1 1

I
I /

II !
I

,/

, ,/:

1’
I
II

/

I I

/

/. 3/2 I
/;1:”3

I I I I I I
u 5 10 15 20 25 30

VISUAL HEIGHT (FEET)

Figure5-5. Comparisonof instrumentand
observedheights(Hi/3
= 1.1Hv) (afteritem 112)

directionof wave approach, wind speed,and wind direction. Wave heightand
directionare visualestimates. Otherparametersare estimatedwith simple
equipment. The skilland biasesof individualobserverssignificantlyinflu-
ence the validityof observationsfrom shore.

(2) Generally,LEO data are summarizedannually. To be statistically
descriptiveof a site, observationsmust be recordedfor at least20 days of
eachmonth for a periodof at least3 years. Additionalinformationon the
LEO programis availablefrom item 114. The availabilityof LEO data
summariesis discussedin Chapter6.

d. Wave StaffObservations.Wave staffobservationsare obtainedwith a
gage whichpiercesthe watersurface. In its simplestform,the wave staff is
a verticalrod with visiblemarkson it at measuredintervals. It allowsan
observerto obtaingood quantitativeestimatesof wave characteristicsby
watchingthe undulatingwatermotionsat the staff.
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(1) Most wave staffsoperateas electricalsensors. They detectthe in-
stantaneouslocationof the water surfaceby using it to changethe electrical
propertiesof a circuit. Most electricalwave staffsoperateas eitherresis-
tive,capacitive,or wave guides. Additionalinformationaboutwave staffsis
availablefrom item 106.

(2) In additionto the advantagesand disadvantagesof the wave staff
listedin Table5-1, the staff is often inexpensiverelativeto other instru-
ment observationtechniques.The observedstaff is especiallyeconomical,and
it can be very usefulin low-budgetprojects. In low-energyenvironments,the
staffgage can be mountedon a spar buoy as an alternativeto a rigidmounting
structure.

e. PressureCell Observations.Pressurecell observationsare obtained
with a pressure-sensitivegagemountedunder the watersurface. Pressure
cellscan be situatedanywherein the water columnas longas they are below
the elevationof the lowestexpectedwave troughat the lowestexpectedtide
level. Pressurecells,oftenplacedon a smalltripodwhich restson the bot-
tom, submerged,sensedynamicpressurefluctuationscreatedby passingsurface
waves. The magnitudeof the fluctuationsdecreasesexponentiallywith dis-
tancebelowthe surface. The pressurefluctuationsare convertedto an elec-
tronicsignalwhichcan be recordedat the gage or sent to a shorestationby
eitheran armoredelectricalcableor a surfacebuoy transmitter.Additional
informationaboutpressurecells is availablein item34.

f, AccelerometerObservations.Accelerometerbuoy observationsare
obtainedwith a surfacefollowingbuoy which is usuallyspherical. Buoys,
routinelymooredin waterdepthsof less than 600 feet.,sensevertical
accelerationwhich is usuallyintegratedtwiceelectronicallyto give a record
of surfacedisplacements.Observationsmay be recordedin the buoy or trans-
mittedto a shorestationeitherdirectlyor via a satellitelink.

g. OtherWave RecordingInstruments.A varietyof otherwave recording
instrumentsis availablefor practicaluse, althoughthosediscussedin the
precedingsubsectionsare most widelyused. The instrumentsare categorized
as in situ instrumentsand remotesensingdevices.

(1) In situ instrumentsincludeacoustic, ultrasonic,optical(laser),
and radarinstruments, all of whichtransmita signaltowardthe water surface
from aboveor below. The reflectedsignalis then receivedand interpreted.
Anotherapproachto in situ data recordingconsistsof operatingseveral
instrumentstogetherat a site and analyzingthe recordsjointlyto get addi-
tionalinformation,particularlywave direction. Typicalcombinationsare a
pressurecellor staffwith two orthogonalhorizontalcurrentmeters,and a
spatialarrayof staffsor pressurecells. More informationon these in situ
instrumentsis availablefrom items 106and 117.

(2) A varietyof remotesensingdevicesis available,as summarizedin
Figure5-6. Only a few devicesare suitablefor routinedata collection. The
CoastalImagingRadarSystemcan be used to estimatedominantwave directions
(item91). High-frequencyradar,such as the CoastalOceanDynamicsApplica-
tionsRadar (CODAR)can be used to estimatecoastalwave characteristics,in-
cludingdirection(item2). Otherdevicesare the Side-LookingAirborneRadar
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(SLAR),SyntheticAperatureRadar (SAR),RemoteOrbitalWave Spectrometer
(ROWS),dual frequencyradar (Ak), and SurfaceContouringRadar (SCR).

5-4. Wave AnalysisTechniques. Wave recordsare usuallycollectedas a digi-
tal time seriesof surfaceelevationor subsurfacepressure. Recordsshould
be suitablycheckedand editedbeforefurtheranalysis. Typicalsteps in
analyzinga digitalwave recordare schematizedin Figure5-7. AppendixD
describesparametersthat are importantin the collectionand analysisof
digitalwave data.

aDIGITAL TIME
SERIES RECORD

EDITED TIME
SERIES RECORD

1- 1

,
EDITED

SPECTRUM 4
COMPENSATED RECREATED
OR FILTERED + TIME SERIES

SPECTRUM RECORD

7
f

H TPmo, HI /3, T1/3 B’f
ZERO CROSSING

I ,

1 lANAL’fSIS ISOFTEN STOPPEDATTHIS pOINT) I

[eOF HEIGHT&PERIOD (THEORETICAL)

Figure 5-’7. Analysis

eOF HEIGHT&PERIOD (EMPIRICAL)

of a digitalwave record

a. Wave RecordEditing. The editingsteD shouldincludea check for
waves at shortand long periodsoutsidetfiera~geof wind wave periods,which
is 1 to 30 seconds. Potentialsourcesof waves at undesiredperiodsare
tides,water leveloscillations,surf beats,electronicdrift,electronic
noise,and transmissioninterference.If any of thesewavesare significant
in the record,theymay distortestimatesof wind wave characteristics.
Short-and long-periodcontaminationcan be identifiedvisuallyor by numeri-
cal tests. It can be removedby filteringor by consideringthe spectrumdis-
cussedin the followingsubsections.

b. SignificantHeightand Period. Significantwave heightmay be esti-
mated from a digitalrecordby directcomputationof H1,3 from the time
seriesor by firstcomputinga spectrum,as shown in Figure5-7.
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(1) By the spectralapproach, significantheightis estimatedas four
timesthe standarddeviationof the recordof sea surfaceelevations. A stan-
dardizedanalysispackagefor oceanwavesshouldbe used when the spectral
approachis desired. A comprehensivepackagehas the advantagesof automati-
callyremovingnonwindwave energyfrom the resultsand optionsfor compen-
satingpressureor accelerationsignalsto give estimatesof surfacewaves.
The significantheightestimateis referredto as ~. (zeromomentwave
height)to clearlyidentifythat it was obtainedby a spectralapproach. Wave
periodestimatedby the spectralapproachis the periodcorrespondingto the
highestenergydensityin the spectrum. It is calledsignificantor peak
period Tp .

(2) The term Hs is commonlyused to designatea generalizedsignifi-
cant wave height. When it is used, the methodfor estimatingit and whether
it represents Hi/3 or GO shouldbe made clear.

(3) Significantheightand periodmay be estimated directlyfrom the time
seriesrecordby identifyingall individualwaves in the record. The proce-
dure which is most widelyused and most easilyappliedon a digitalcomputer
is the zero-crossingmethod. The preferredapplicationof thismethodin-
volvesidentifyingeach wave in the recordas an eventbetweentwo successive
pointsat which the wave tracecrossesthe mean in a downwardmovingdirection
(Figure5-8). Wave heightis definedas the elevationdifferencebetweenthe
highestpoint (crest)and lowestpoint (trough)of each wave. Significant
wave heightis computedas the averageheightof the highestone-thirdzero-
crossingwaves. Otherwave heightstatistics,such as the root-mean-square
wave height,are also easilycomputed. Significantperiodis computedas the
averageperiodof the one-thirdhighestwaves. Significantperiodmay also be
estimatedas the mean periodof all waves,althoughthisestimatemay be
misleadingwhen two or more prominentwave trainswith greatlydiffering
periodsoccursimultaneously.This procedureis calledthe zero downcrossing
analysisprocedurebecauseeach wave is definedby two downcrossingsof the
mean.

TA

Figure5-8. Zero downcrossingwaves
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(4) Both spectralanalysisand zero-crossinganalysisare usefulin
practicalengineeringwork.‘Spectralanalysisis-morecomplete;but zero-
crossingrequiresless computercapacity. Zero-crossinganalysisalso pro-
videsuniqueinformationwhen the wavesare near breakingand highlynon-
linear. Spectralanalysismay be necessarypriorto zero-crossinganalysisif
the time seriesneeds to be compensatedor filtered(see Figure 5-7).

c. SpectralAnalysis. Spectraare becomingwidelyavailablethrough
variousfieldwave measurementprograms,laboratorytestswith programmable
wave generators, and numericalwave hindcastingprojects. Becauseof the
availabilityand applicationsof spectra,practicingcoastalengineersneed to
be familiarwith spectraand theirinterpretation.

(1) EnergySpectrum. A fundamentalparameterfor characterizinga wave
field is somemeasureof the periodicityof the waves. For many yearsa sig-
nificantperiod, which couldbe subjectivelyestimatedin variousways,was
used. However,the oceansurfaceoftenhas waves characterizedby several
distinctperiodsoccurringsimultaneously.A recordof the variationof sea
surfaceelevationwith time,commonlycalledtime series,frequentlyappears
confusingand is difficultto interpret.

(a) Developmentsin computertechnologyand in mathematicalanalysisof
time serieshave provideda practicalapproachto an objective,more compre-
hensiveanalysisof periodicityin wave records. The approachis to express
the time seriesas a sum of sineand cosinefunctionswith differentfrequency
and phase. Thus, the time seriesof sea-surfacedeviationsfrom the mean
surface n(t) is expressedby

where

n

Tl(t)=
I a~

Cos (w t - $ )
jj

j=l

(5-1)

aj = amplitude

‘j
= frequencyin radians

t = time

‘j = phase

Frequencyis oftenexpressedin termsof hertzunitswhereone hertz is equal
to one cycleper second. One hertz is also equivalentto 2ii radiansper
second. If the symbol

‘j
denotesfrequencyin hertz,then 2rf = w .

JJ

(b) The amplitudes
aj ‘

computedfor a time series,give an indication

of the importanceof each frequency
‘j “

The sum of the squaredamplitudes

is relatedto the varianceof sea surfaceelevationsin the originaltime
seriesand hence to the potentialenergycontainedin the wavy sea surface.
Becauseof this relationship,the distributionof squaredamplitudesas a
functionof frequencycan be used to estimatethe distributionof wave energy
as a functionof frequency. This distributionis calledthe energyspectrum
and is often expressedas
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(5-2)

where

‘J
= E(fj) =

(Af)j=

‘J
= S(fj) =

energydensityin the jth componentof the energyspectrum

frequencybandwidthin hertz (differencebetweensuccessive
fJ)

energyin the jth componentof the energyspectrum

(c) An energyspectrumcomputedfroman oceanwave recordis plottedin
Figure5-9. Frequenciesassociatedwith largevaluesof energydensity(or

largevaluesof a~/[2(Af)j] (seeequation5-2) representdominantperiodic-

itiesin the originaltimeseries. Frequenciesassociatedwith smallvalues
of energydensityare usuallyunimportant. It is commonfor oceanwave
spectrato show two or more dominantperiodicities,as in Figure5-9. When
only one frequencyis reportedfrom a spectrum,the frequencyat which the
energydensityis highest

‘P
is usuallyused. The dominantwave period,or

peak period,is givenas the reciprocalof fp .

(d) The appearanceof a spectrumcan be noticeablyinfluencedby the
methodsused for calculationand display,neitherof which is standardizedin
coastalengineeringactivitiesat present. The most importantdifference
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20,000 -

2
>

~ 15,000 -

*
.-* E ~Ox

r

Peak 1
-.---.-___-—_-

S
o 10,000 -
&
&
z Peak 2

5,000 -

0
-o 0.’1 I 0.2 0.3

f;z fP
Frequency (Hz)

0.4 0.5

Figure5-9. Spectrumfor WrightsvilleBeach,NorthCarolina,
0700 EST, 12 February1972 (H = 4.2 ft
(128centimeters),Af = 0.01574hertz,and
depth = 17.7ft (5.4meters))
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among commonlyusedmethodsis whetherthe spectrumis summarizedas energy
densityat equalfrequencyintervalsor approximatelyequalperiodintervals.

(e) Spectralanalysisproceduressuch as cross spectralanalysisare
availableto extractmore informationwhen concurrenttime seriesfrom several
gagesare obtained. The most importantadditionalinformationis typically
wave direction. Proceduresfor a triangulararrayare discussedin item31
and for an arbitrarygage arrangementin item4.

(2) SpectralParameters.The completeenergyspectrumis too cumbersome
for formingstatisticalsummariesof wave conditionsat a site. Thus simple
parametersof the spectrumare veryuseful. The most commonlyused spectral
parametersare the significantwave heightestimate LO and the peak period

‘P “

(a) Severaladditionalparametersare also widelyused to bettercharac-
terizethe shapeof the spectrumand the importanceof nonlinearitiesin the
timeseriesfrom which the spectrumwas computed. One usefulparameteris the
numberof major peaks in the spectrum. This parameteris indicativeof the
numberof independentwave trainspresent,exceptwhen the measurementswere
takenin or near the surf zone (item124).

of
is

(b) The spectralpeakednessparameterproposedby item36 is indicative
the sharpnessof the spectralpeak. The spectralpeakednessparameter
computedby ‘P

N

[1

N -2

QP = 2 ~ f(Af)iS~ ~ (Af)iSi (5-3)

i=l i=l

The usefulnessof Qp is illustratedin Figure5-10 whichshowstwo spectra
with nearlythe same significantheightand peak periodbut differentvalues
of the peakednessparameter.

(3) paraeters of the Distribution of SurfaceElevations.Statistical
momentsof the distributionof sea surfaceelevationsprovideadditional
information.Momentsare computedby

N

qn ‘ I Il;P(rli) (5-4)

i=l

where

qn . nth momentof the distributionfunctionof sea surface
elevations

N= numberof intervalsin the distributionfunction

vi = sea surfaceelevationassociatedwith the ith intervalin the
distributionfunction

P(Ili)= probabilityassociatedwith ni
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I
KQp=l

31

.9

1

Frequency

Figure5-10. Comparisonof two measuredspectrafrom the North
AtlanticOcean (Hs = 3.3m, Tp = 10.5s)

The zerothand firstmoments q. and q, are equivalentto the mean and

varianceof the distributionfunction. The thirdmoment,or skewness,of the
distributionis a very usefulindicatorof the extentof nonlineardeformation
of wave profilesin the time series. The deformationcan be significantfor
breakingand near breakingwaves in shallowwater. Since the shapeof the
spectrumis affectedby nonlineardeformationof wave profiles(Figure5-11),
the skewnessis helpfulin interpreting,spectralshape.

d. CoastalEngineeringResearchCenter(CERC)Methodfor StripChart
Records. In additionto digitalrecords,pen-and-inkstripchartrecordsare
sometimesavailable. Althoughstripchartwave recordsare rarelycollected
with modernsystems,they can be easilyanalyzedby the methodin AppendixE.
The method is set up for a 7-minuterecordlength. It can be adaptedto other
recordlengthsby using the Rayleighdistributionequation(Section5-4.e)to
computenew entriesin the tabulated“numberof wave to measure.”

e. Distributionof IndividualWave Heights.

(1) The distributionof individualwave heightsis well approximatedby
the Rayleighdistributionfunction. The probabilitydensityfunctionfor the
Rayleighdistributionis givenby
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;
-(fi/H )2

p(i) =--2— rtns
~2 e
rms

(5-5)

where p(H) is the probabilityof a givenwaveheight H , and Hrms is the

root-mean-squarewave height. The cumulativeform of the Rayleighdistribu-
tion functionis givenby

-(~/Hrms)2
P(H>~)=e (5-6)
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where P(H>~) is the numberof waves largerthan ; dividedby the total
numberof waves in the record. The cumulativedistributionfunctionis
plottedin Figure5-12. The Rayleighdistributionwas derivedtheoretically
for the distributionof wave amplitudesin a Gaussiansea statewith a narrow
spectrum. Howeverit has provedto fit empiricalwave heightdata remarkably
well,even in shallowwater.
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1.42

Scaled Height, ‘/H ~ms

Figure5-12. Theoreticalwave heightdistributions

(2) The averageheightfor any specifiedfractionof the higherwaves is

givenby the lowercurvein Figure5-12 in termsof H/Hrms . The same infor-

mationis given in Table5-2 for commonlyused fractionsof the higherwaves.
The tablealso givesthe percentageof heightshigherthan the average.

f, Distributionof IndividualWave Periods. The distributionof indivi-
dual wave periodsis much more variablethan the distri-butionof individual
wave heights. A reasonableapproximationfor sea waves is givenby item 10 as
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Table5-2

Wave HeightRelationshipsBasedon the RayleighDistribution

Average Percentageof Heights
Fractionof H H
HigherWaves Hrms Higherthanaverage ~

0.001 2.82 0.035

0.01 2.36 0.38

0.10 1.8o 3.92

0.33 1.42 13.5

0.50 0.89 20.4

()iqexp ‘4
P(i) = 2.7—

74
-0.675 :

T
(5-7)

where ~ is the mean wave period. The relationshipbetween ~ and Tp

dependson the particularwave condition. In general, ‘P
is between0.95

and 1.5 times ~. This expressionshouldnot be used when two or more
prominentwave trainswith widelydifferingperiodsoccursimultaneously.

g“ Intercomparisonsof AnalysisProcedures.

(1) The significantwave heightobtainedby zero-crossinganalysis

Hi/3 generallycompareswell with the estimatefrom spectralanalysis MO .

Empiricalevidenceindicates H1,3 may be 5 percentless than ~. in deep

water,but H1,3 can significantlyexceed MO in shallowwater. Differ-

encesare directlyrelatedto the changein wave profilesin shallowwater
such that crestsbecomenarrowand high and troughsbroadand flat (Fig-
ure 5-4). A relationshipbetween H1,3 and ~. is plottedin Figure5-13.

Wave steepness c in the figureis definedas 0.25 ~o/Lp , where Lp is
the finitedepthwavelengthof wavesat the spectralpeak.

(2) Peak spectralperiod Tp is relatedto zero-crossingperiodby

‘P
= 1.05T1,3 (5-8)
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Figure5-13. Variationof H~/~o as a functionof

relativedepth ~ and significant
steepness(Boththe averageand maxi-
mum valuesof the ratioare given.
The averagevalue is read from the
lowerof the prebreakingline or the
appropriatesteepnessline. Valuesof
steepnessintermediateto thoseplotted
shouldbe constructedas linesparallel
to thoseplottedand spaced in between
by linearinterpolation.For valuesof
steepnessgreaterthan 0.01, the ratio

may be assumed to be 1) (item 125)

In the case of multipleconcurrentwave trains,this relationshipis unreli-
able.

‘P
will representone of the wave trains,but T.,,3 will be an aver-

age of a varietyof wave periodsand may not representar] one wave train.

5-5. Comparisonof Gage Records.

a, VariabilityDue to Gage Type. Wave gage typesused in coastalwaters
each have some influenceon the data collected. In particular,the pressure
sensitivegage providesa record in whichhigh frequencyenergy is removedor
severelyattenuatedand lowerfrequencyenergyis moderatelyattenuated, A
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pressurerecordto get an estimateof
significantheightand periodfrom the
the effectof gage submersionby a

factorbasedon linearwave theory. The factoris “
--

cc)sh~
(Hs) =

Sfc Cosh 2r(z+d)
L

~ (Hs) (5-9)
pres

where

Sfc = surfaceconditionsat the gage

d = waterdepth

L = localwavelength

z= depthof pressuresensor

pres = underwaterconditionsat

(1) It is generallypreferable

belowthe water surface(z is negative)

the gage

to apply the compensationequationto
frequencycomponentsof the energyspectrumratherthan significantwave
heights. The factorfor spectralapplicationis

‘sfc(f)=(c::~Fd)TE::if)

(5-lo)

Raw and correctedpressurespectraare illustratedin Figure5-14. Signifi-
cant heightcan be estimatedfrom the compensatedspectrumas discussedin
Section5-4. This approachcan be expectedto give surfacewave estimates
with errorsless than 20 percentwhen no wavelengthsare less than two times
the gage depthand wavesare not near the pointof depth-inducedbreaking
(items32, 39, and41).

(2) Anotherwidelyused gage type,the accelerometerbuoy, tends to
producea spectrumwith attenuatedenergyat the low and high frequencyends
of the spectrum. Low frequencyattenuationoccursbecausethe buoy experi-
ences very smallverticalaccelerationsdue to low frequencywaves,and the
accelerometerdoes not respondwell. High frequenciesare attenuatedbecause
the buoy hull does not respondwell to wavelengthson the order of the hull
dimensionsor less. These effectscan sometimes be reducedby correctingthe
spectrumto compensatefor buoy responsecharacteristics.

b. Variabilityof Wave SpectraDue to Gage Location. Wave energy
spectraare naturallyvariablesimplybecausethey are based on a finite
lengthrecordof a wave fieldwhich variesin time and space. Spectra
computedfor successiverecordsof a relativelystationarywave fieldare
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Figure5-14. Surfacespectrumcomputedfrom pressurespectrum
at PointMugu,California(gagebottom-mounted
in 26-ftwaterdepth)

never identicaland oftendiffernoticeably.The magnitudeof spectral
variationin time is illustratedby spectraderivedat 2-hourintervalsfrom
two pressuregagesalong the southernCaliforniacoast (Figure5-15). The
significantwave heightis nearlyconstantin the figure.

(1) GagesAlongDepthContour.

(a) Spatialvariationof the spectrumover shortalongshoredistancesin
shallowwater is also shown in Figure5-15. Each spectrumin the top row of
the figurecan be comparedto the spectrumimmediatelybelow it to see varia-
tionsbetweenspectrafrom two gages80 feet (24meters)apart. In this fig-
ure, spatialvariationsare smallerthan temporalvariations.Spatialvaria-
tionswouldbe expectedto be greaterif the gageswere fartherapartor the
waterdepth variedbetweenmeasurementpoints. For gagesfar apart,processes
such as refraction,diffraction,reflection,cur;ents,and windscan induce
significantdifferencesin spectraby differentiallyinfluencingthe wave
field.

(b) Variabilityof spectrainducedby finitelengthdata recordshas
been studiedby Donelanand Pierson(item27) who concludedthat the theoryof
stationaryGaussianprocessesprovidesaccurateestimatesof samplingvaria-
bility. For 17-minuterecordlength,the uncertaintiesin significantwave
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heightand peak frequencyestimatesare t 12 percentand t 5 percent,respec-
tively,at the 90 percentconfidencelevel. Further,the heightof the peak
of the spectrumis generallyoverestimated.

(2) GagesAlongLine NormalTo Shore. Variationsbetweenspectrafrom
gagessituatedalonga lineperpendicularto shoreare shown in Figure5-16.
The spatialvariationsare more prominentin this figurethan in Figure5-15.
Depth-inducedvariationsin spectraand significantheightscan be largeand
systematic.The variationsare an importantconsiderationin interpreting
data fromany shallow-watergage site. The effectof shallowdepthon mea-
surementscan be estimatedby the techniquesin Section5-7.e.(3).

5-6. Evaluationof CommonAssumptionsAboutWavesby Comparisonwith
Observations.Many widelyused engineeringformulasdealingwith wind-
generatedwaveshave been derivedwith assumptionsabout the natureof waves.
When realwave conditionsare not well describedby the assumptions,the pro-
prietyof the formulasand designsbasedupon the formulasis questionable.
The validityof some commonassumptionsis assessedin thissection.

a. GaussianDistributionof WaterSurfaceElevations.

(1) RelationshipBetweenSurfaceElevationDistributionand Wave
Profile. The Gaussiandistributionis symmetric,indicatingthat the same
probabilityis associatedwith elevation x unitsabove the mean and x
unitsbelowthe mean. Such symmetrycan be expectedfor waveswhichhave
crestprofileswhichgenerallyresembletroughprofilesin widthand excursi6n
from the mean. The distributionof measuredsea surfaceelevationscan differ
noticeablyfrom the Gaussiandistributionwhen the measurementsare takenin
shallowwateror when the measurementsrepresentsteepwaves in relatively
deep water. Shallow-waterwavesand steep,deepwaterwavestend to have high
narrowcrestsand broadflat troughs(Figure5-4) that lead to non-Gaussian
sea surfaceelevationdistributions.The profilesof high,steepwavestend
to becomeincreasinglynon-Gaussianbetweendeep water and shallowwater,as
illustratedby item77 with hurricanewave data from the Gulf of Mexico. Non-
Gaussianwaveshave some importantpracticalconsequences.The cresteleva-
tionexceedsthe SWL by more thanhalf the wave height,whichcan accelerate
overtoppingof coastaldunesand structuresand damageto elevatedstructures
suchas pier decks. Accelerationsand, hence,forcesexertedby wave crests
are intensifiedin non-Gaussianwaves.

(2) Parametersof Sea SurfaceElevationDistribution.Distributionsof
measuredsea surfaceelevationare oftennormalizedfor convenientcomparison
with the Gaussiandistribution.A normalizeddistributionhas mean equalto
zero and standarddeviationequalto one. The thirdand fourthmoments,

a3 and ‘4 ‘
oftencalledskewnessand kurtosis,respectively,of a

normalizeddistributionof sea surfaceelevation,are definedin Section5-4.
The thirdand fourthmomentsthusdefinedare both equalto zero for a normal-
izedGaussiandistribution.The skewnessfor shallow-waterand for steep,
deepwaterwaves is usuallygreaterthan zero. Skewnessvaluesup to 0.35
computedfromhigh wave measurementsduringHurricaneCarlaare presentedin
item66. Skewnessvaluesof up to about 1.5 computedfrom coastalshallow-
waterwavemeasurementsare presentedin item 124. Positivekurtosisvalues
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are also reported. Item 104also presentsextensivedocumentationof devia-
tionsfrom the Gaussiandistributionin stormmeasurementsat the CERC FRF.

b. RayleighDistributionof Wave Heights. The use of a Rayleighdistri-
butionfor wave heightsis a directconsequenceof the assumptionsof a
Gaussiandistributionfor sea surfaceelevationsand a narrowband spectrum.
Since the assumptionsare oftenviolatedin naturalwave conditions,particu-
larly in very shallowcoastalwaters,the use of the Rayleighdistributionin
shallow-waterdesigncan only be Justifiedby empiricalevidence. Empirical
data in the SPM from severalshallow-waterAtlanticcoastgages indicatethe
Rayleighdistributionis a good approximation(Figure5-17). As indicated,
the Rayleighdistributionis increasinglyconservativeat cumulativeprob-
abilitiesless thanabout0.05. Furtherevidencein supportof the Rayleigh
distributionfor shallow-waterwave heights(includingthe surf zone)was
presentedin item 126and contraryevidencein item 104. The predominant
conclusionis that the Rayleighdistributionis quitesatisfactoryfor most
engineeringapplications.The Rayleighdistributionis less satisfactoryfor
describingthe extremewave heightswith cumulativeprobabilitiesof about
0.01 or less.

c. Continuityof Wave Spectra.

(1) It is oftenassumedthat the sea surfacerepresentsa random
Gaussianprocessand that the Fouriertransformof a time seriesof sea-
surfaceelevationsrepresentsa continuousspectrumwith an infinitenumber
of independentfrequencycomponents. An obviouscase in whichspectral
componentsare not independentis a recordof steepwaveswith peakedcrests
and flat troughs. Wave profilesmay be describedas a summationof a wave of
the fundamentalfrequencyand wavesat frequencieswhichare integralmul-
tiplesof the fundamental,oftencalleda Stokeswave. The spectrumhas peaks
at harmonicsof the dominantfrequencywhichare phase-boundto the funda-
mentaland are clearlynot independent(Figure5-11).

(2) The assumptionof a continuousspectrumof independentcomponentsis
adequatefor most practicalengineeringwork. However,for very steepwaves
or waves in very shallowwater the assumptionis often incorrect.The follow-
ing steepnessand relativedepthcriteriacan be used to indicatecaseswhere
the assumptionof independentspectralcomponentsmay be poor:

Hs
steepness: — > 0.008

gT~

or (5-11)

relativedepth: + < 0.01
gTp

In caseswhereboth steepnessand relativedepthapproachthe aboveguide-
lines,nonindependencemay also be a factor.

d. Wave Grouping. The characteristicsof individualwaves in a record
are highlyvariable. This observationhas led to the assumptionthatwaves
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Figure5-17. Theoreticaland observedwave heightdistributions
(Observedshallow-waterwaves from 72 individual
15-minobservationsfrom severalAtlanticcoast
wave gagesare superimposedon the Rayleighdistri-
butioncurve. A totalof 11,678individualwaves
is represented.)
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occur randomlyin the record. However,thereis a smallbut significant
correlationbetweenthe heightsof successivewaves in a record. The tendency
for high wavesto occur in groupsis importantbecauseit has been demon-
stratedthathigh wave groupscan be exceptionallydestructiveto rubble-mound
structures(item80). Also,longperiodmotioninducedby quasi-periodicwave
groupscan generateresonantoscillationof moored,floatingstructuressuch
as piers,breakwaters,and tetheredvessels. It can also lead to oscillation
in harborsand bays. Becauseof the significanceof wave grouping,it is
oftennecessaryto includeconsiderationof wave groupsin laboratorytestsof
coastalphenomena. Inclusionof wave groupingeffectsin generalcriteriafor
coastaldesignis beyondthe presentstateof art.

5-7. SimplifiedWave Models. The processesof wave growth,propagation,and
nearshoretransformationcan be predictedreasonablywell by a varietyof
methodsbasedon formulasand computerprogramsof varyingcomplexity.This
sectionpresentssimple,self-containedmethods,and the followingsection
describesmore comprehensivemethodsavailable. The simplifiedmethodsare
particularlyusefulwhen quick,low-costestimatesare needed. They provide
accurateresultsfor areaswith simplefetchesand bathymetry.For complex
areas,comprehensivemethodsare neededfor accurateresults;therefore,the
simplifiedmethodsshouldbe used with greatcare,if at all.

a. EstimatingWind Conditions. Windscan be estimatedfor wave growth
modelsby usingdirectwindmeasurements, atmosphericpressuremeasurements,
or a combinationof both. Use of actualwind recordsfrom the site is pre-
ferredin protectedareasso that localpeculiaritiesof wind intensitysuch
as shelteringfromadjacenttopographyor channelizationof windsalong
valleysis included. If wind recordsare not available,regionalwind records
in the UnitedStatescan be used. Annualextremefastestmile wind velocity
data (withrecurrenceintervals)can be obtainedfrom Figures5-18 through
5-20. Figures5-21 through5-23 relatespecificallyto hurricanewindsat the
coastand 125miles inlandalong the Gulf of Mexicoand Atlanticstates.
Figures5-18 through5-23were developedto estimatemaximumwind loadsfor
buildingdesign. They can be expectedto give conservativewave estimates.

(1) Wind InformationAdjustments.Wind informationmust be properly
adjustedfor use in wave modelsto avoid introducingbias into the results.
The followingprocedureprovidesa methodfor adjustingthe wind speed that is
reasonablyquickand relativelyaccurate. It must be recognizedthat the
problemof identifyingthe appropriatewind speedand the resultantwave esti-
mation in irregularwaterbodiesis complex. To achievea simplifiedmethod,
the followingassumptionsare made. First,the wind fieldsare well organized
and can be adequatelydescribedby the use of an averagewind speedand direc-
tionover the entirefetch. Secondly,the wind speedshouldbe correctedto
the 33-foot(lO-meter)level. Also,the wind speedshouldbe representative
of the averagewind speedmeasuredover the fetch. When the fetchlength is

10 miles (16 kilometers)or less,the wind has not fullyadjustedto the
frictionalcharacteristicsof the waves. In such cases,the overwaterwind
speedwill be estimatedto be 120percentof the overlandwind speed UL .
Thermaleffectson stabilityof the air in this caseare not applicable.
Finally,when the fetchlengthis greaterthan 10 miles (16 kilometers),
thermalstabilityeffectsmust be includedin the wind speedtransformation.
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Figure5-I8. Annualextremefastest-milewind speed 30 ft above
ground, 25-Year mean recurrence intervals (wind

speed in milesper hour) (item 1)
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tiild~s and Other Structures, co@ght 1972
by the American Nationol Standorde Institute.

Figure5-19. Annualextremefastest-milewind speed 30 ft above
ground, 50-year mean recurrenceintervals(wind
speed in miles per hour) (item1)
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Figure5-20. Annualextremefastest-milewind speed30 ft above
groundl100-yearmean recurrenceintervals(wind
speed in milesper hour) (item 1)
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(2) The
observedwind

Processof DeterminingWind speedAdjustments.Afteran
speedof knowndirection,levelabove the surface,locationof

observation(i.e.,overwateror overland),and methodof wind speeddescrip-
tion (i.e.,fastestmile or a time-averagedspeed)have been determined,the
followingstepsshouldbe completedin accordancewith Figure5-24. The
figurepresentsa logicdiagramwhich leadsto the adjustedwind speedre-
quiredto determinethe wave heightand periodin eitherdeep or shallow
water. SPM guidanceincludesan additionalstep to correctfor coefficientof
drag. This correctionis omittedfrom the followingsteps;rather,it has
been incorporatedintothe wave predictioncurvesto simplifythe procedure.
An interactivecomputerprogramfor calculatingthe adjustedwind speed is
availableunderthe MicrocomputerApplicationsfor CoastalEngineering(MACE)
program(AppendixC).

(a) If the wind
shouldbe adjustedas

speed is observedat any levelother than 33 feet, it
follows:

()
1/7

~ UZ=R
’33 = 33 ‘z

(5-12)

‘here ’33
is the wind speedat the 33-footlevel,and U

~
is the wind speed

at distance Z abovethe surface. Thismethod is validw ere Z is less
than 65 feet (20meters).

(b) Wind speedsare frequentlydescribedin a varietyof ways such as
fastestmile,5-minuteaverage,10-minute average, etc. The wind speedmust
be averagedover the fetchor adjustedso that the averagetime is equal to or
greaterthan the minimumduration t . Figure5-25 providesthe means to con-
vert the fastest-milewind speedto an equivalentduration. Figure5-26 can
be used to converta wind speedof any durationto a l-hourwind speed.

(c) It shouldbe determinedif the overwaterfetchdistanceis less or
greaterthan 10 miles (16 kilometers),

(d) It shouldbe determinedif the wind speedwere observedoverwateror
overland. On shortfetchesit is assumedthat the atmosphericboundarylayer
has not had time to fullyadjustto the developingfrictionalcharacteristics
of the watersurface. Wind speedsobservedoverland UL must be corrected
to overwaterwind speeds Uw . For overwaterfetchesless than 10 miles,
Uw = 1.2UL . For overwaterfetchesgreaterthan 10 miles, Uw
R is determinedfromFigure5-27.

= RUL , where
The termoverlandimpliesa measurement

site that is dominantlycharacterizedas inland. If a measurementsite is
directlyadjacentto the waterbody, it may, for selectedwind directions,be
equivalentto overwater. Carefulanalysisof such a site is required.

(e) The air-seatemperaturedifferenceshouldbe determined. A wind
stabilitycorrectionis requiredwhen the air and waterare differenttemper-
aturesand the fetchis more than 10 miles UC = RTUW . If the temperature

differencebetweenthe air and the sea is known,Figure5-28 shouldbe used
to determinethe amplificationratio RT . When only generalknowledgeof
the conditionof the atmosphericboundarylayer is available,it shouldbe
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Figure5-24. Logicdiagramfor determiningwind speedfor use in wave
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categorizedas stable,neutral,or unstableaccordingto the following
criteria:

Stable- when the air is warmerthan the water,the water cools
the air justabove it and decreasesmixing in the air column(RT
= 0.9).
Neutral- when the air and waterhave the same temperature,the
watertemperaturedoes not affectthe mixing in the air column(RT
= 1.0).
Unstable- when the air is colderthan the water, the water warms
the air causingthe air near the water surfaceto rise thus
increasingmixingin the air col~n (RT = 1.1).

An unstablecondition,
H%l~g’~lv~luefor

shouldbe assumedwhen the boundarylayer
conditionis unknown. - RT , the adjustedwind speed is
determined by UC = RT Uw . Therefore,designwind speedadjustmentsare:

Uc =RTRUL

(3) Wind Informationfrom SurfacePressure.
the open oceanare usuallyestimatedfrom surface
The freeair, or geostrophic,wind speed is first

(5-13)

Wind speedand directionin
synopticweathercharts.
estimatedfrom sea level

pressurecharts. Correctionsto the free air wind are thenmade. Estimation
frompressurechartsshouldbe used only for largeareas,and the estimated
valuesshouldbe comparedwith observations,if possible,to confirmtheir
validity.

(a) A simplifiedsurfacechart for the north PacificOcean is shown in
Figure5-29. The area labeledL in the rightcenterof the chartand the area
labeledH in the lowerleft cornerof the chartare low- and high-pressure
areas. The pressuresincreasemovingoutwardfrom L (isobars972, 975, etc.)
and decreasemovingoutwardfrom H (isobars1026, 1023, etc.). Scattered
aboutthe chartare smallarrowshaftswith a varyingnumberof feathers. The
directionof a shaftshowsthe directionof the wind;each one-halffeather
representinga unit of 5 knots (2.5metersper second)in wind speed.

(b) Figure5-30may be used to estimatethe free air wind speed, The
distancebetweenisobarson a chart is measuredin degreesof latitude(an
averagespacingover a fetchordinarilyused)
the fetchis determined.

, and the latitudepositionof
Usingthe spacingas ordinateand locationas

abscissa,the plotted,or interpolated,slantline at the intersectionof
thesetwo valuesgivesthe geostrophicwind speed. For example,in Fig-
ure 5-29,a chartwith 3-millibarisobarspacing,the averageisobarspacing
(measurednormalto the isobars)over fetch F2 locatedat 37 degreesN.
latitude,is 0.70 degreesof latitude. The scaleson the bottomand left side
of Figure5-30 are used to find a free air wind of 34.5 meters per second
(6’7 knots).

(c) Afterthe freeair wind has been estimated,the wind speedat the
surfacemust be estimated. First,the freeair wind speed is convertedto
the 33-foot(lO-meter)levelspeedby multiplyingby Rg , as given in
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For T = 10° C
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An : isobar spocing measured in
degrees Iotitude

P = 1013.3 mb

P. = I,247X 10-3 gm/cm3

f : Coriolis porameter = 2@sin@

where

w : angular velocity of earth,
0,2625 rad/hr

0 = Iotitude in degrees
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Figure5-30. Geostrophic(freeair) wind scale (afteritem 9)

5-41



~ 1110-2-1414

7 Jul 89

Figure5-31. R. is a functionof the freeair wind speed U.. The resulting
velocityis the~adjustedfor stabilityeffectsby the-factor~RT given in
Figure5-28.

(4) Wind Duration. Estimatesof the durationof the wind are also
neededfor wave prediction. Synopticweatherchartsare preparedonly at
6-hourintervals. Thus interpolationto determinethe durationmay be
necessary. Linearinterpolationis adequatefor most uses. Interpolation
shouldnot be used if short-durationphenomena,such as frontalpassage Or
thunderstorms,are present.

(5) Fetch.

(a) A fetch is definedas a regionin which the wind speedand direction
are reasonablyconstant. A fetchshouldbe definedsuch that wind direction
variationsdo not exceed 15 degreesand wind speed variations do not exceed 5
knots (2.5metersper second)from the mean. A coastlineupwindfrom the
pointof interestalwayslimitsa fetch. An upwindlimitto the fetchmay
also be providedby curvature,or spreading, of the isobarsas indicatedin
Figure5-32or by a definiteshift in wind direction. Frequentlythe
discontinuityat a weatherfrontwill limita fetch.

1.0

0,9

0.8

3°0.7
\
=
II

cm 0.6

0.5

0.4

I

0.3’ I I I 1 1 1 1 I
o 10 20 30 40 50 GO 70 80

Geostrophic Windspeed Ug (m/s)

Figure5-31. Ratio R of wind speed .U at
10-mele~ationto geostrophic
(freeair) wind speed

‘g
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Figure5-32. Possiblefetchlimitations

an arc of 24 degreescenteredon the wind direction. Radialsare placedat
3-degreeintervals. Examplefetchdeterminationsare providedin Figure5-33.

b. Wave Predictionin Deep Water. Significantwave heightand peak
periodcan be estimatedfrom Figure5-34 when the wind speed (correctedas
discussedpreviously),duration,and fetchare ~own. The prediction curve is

basedon equationsdevelopedfrom the JointNorth Sea Wave Project(JONSWAP)
experiment(items47 and 49). The peak periodis approximately5 percent
longerthan significantperiod. In most instancesthey can be assumedequal.
The equationsin Table 5-3 may be used as an alternativeto the figure. The
computerprogramJONSWAPto estimatedeepwatersignificantwave heightand
peak periodis availableunder the MACE program(C-9,AppendixC). Special
proceduresfor use with hurricanesand other tropicalstormsare availablein
the SPM. The computerprogramHURWAVESto estimatethe maximumwind speed,
maximumsignificantwave height, and maximumsignificantperiodfor slow-
movinghurricanesis availableunder the MACE program(C-5,AppendixC).

c.
over the

Wave Predictionin
fetchis less than

ShallowWater. If the predominant
one-halfthe deepwaterwavelength,
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Figure5-33. Averagefetchlengthfor each wind direction
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Table 5-3

DeepwaterWave ForecastingEquationsa

Units

Hs(ft),TP(s),Uc(miles/hr) Hs(ft),Tp(s),Uc(kn)

F(miles),t(hr) F(nmi),t(hr)

Fetchlimitedb(F, Uc)

Hs -2 1.23F0.5= 1.77 x 10 Uc Hs -2 1.23F0.5= 2.26 X 10 Uc

T = 46.86 x 10-2Uc0”4’F0”33 T . 52 0 x 0-2U 0.41F0.33
P P“ c

Durationlimitedb(Uc,t)

Hs = 90.79 . lo-4ucl”58tO”714 Hs -2 1.58t0.714= 1.135x 10 Uc

T , 24 ,6 ~ ,0-2U0.724t0.411
T -2 0.724t0.411

P“ c = 26.76 x 10 Uc
P

Fullydeveloped

Hs -2 2.46= 0.5634X 10 Uc Hs = -2 2.460.7963x 10 Uc

T= -2 1.2321.83 x 10 Uc T -2 1.23= 25.8 X 10 UcP P
t = 53.28 X 10-2UC’”23 63 z x ,0-2U1.23t=.

c

aWindspeed Uc in theseequationsmust be correctedas indicatedin text.

bIt has been shownthat fetchand durationare not directlyinterchangeable
quantitiesfor wave growth. Consequently,the durationrequiredto reacha
givenfetch-limitedconditioncannotbe obtainedby the interchangeof these
sets of equations. The wind durationrequiredto reachfetch-limitedcondi-

tions tf in hours is estimatedby
‘f =1.91F0”67U-0”41 with F in

c
milesand Uc in milesper hour.

c. Wave Predictionin ShallowWater. If the predominantdepthof water
over the fetch is less thanone-halfthe deepwaterwavelength,wave growthis
affectedby the bottom. When shallow-waterwave growthoccurs,the knownwind
speed,duration, and fetchshouldbe used to predictsignificantwave height
and periodfromFigures5-35 through5-44. The computerprogramSHALWAVEto
estimateshallow-watersignificantwave heightand peak periodis available
under the MACE program(C-7,AppendixC). Wave refractionand shoalingare
also considerations,as discussedin the followingparagraph.
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d. Wave Growthand Decayover Flooded,VegetatedLand. Wavesgrow
slowerand decaymore rapidlyover a vegetatedbottombecausethe vegetation
increasesthe frictionalresistance.An approximatemethodto estimatewave
growthand decayover a vegetatedbottomis presentedin the SPM. This method
accountsfor the high frictionby adjustingthe fetchlength. The computer
programWAVFLOOD,availableunder the MACE program(c-6,AppendixC), uses the
samemethod.

e. Wave Refractionand Shoaling. When wavesmove intoshallowwater,
theirspeeddecreases. This effect,referredto as shoaling,influenceswave
height. If the wavesare movingat an angleto the bottomcontours,they bend
so thatwave crestsare more nearlyparallelto the contours. This process,
calledrefraction,also affectswave height. Refractionis generallycomputed
on a site-by-sitebasissince it dependsupon the detailsof the bottom
configuration.Computationalmethodsare describedin Section5-7. Rough
estimatesof refractionand shoalingeffectson wave heightand directioncan
be obtainedfrom Figure5-45,which is basedon the assumptionthatbottom
contoursare straightand parallel. The computerprogramSINWAVESto estimate
the effectsof refractionand shoaling,assuminglinearwave theoryand
straight,parallelbottomcontours,is availableunder the MACE program(c-8,
AppendixC).

f. SpectralModels. Numerousmathematicalexpressionsfor the spectral
energydensityfunction E(f) have been proposedbasedon theoreticalconsid-
erationsand analysisof fielddata, The expressionscan be veryhelpfulfor
characterizinga sea statefor modelingof wave growth,structureresponseto
waves,and vesselresponseto waves. Some acceptedspectralmodelsare pre-
sentedand discussedin the followingparagraphs,

(1) BretschneiderSpectrum. The BretschneiderSpectrumappliesto deep-
wacerwaveswhichare growingunder the influenceof a localwind. The spec-
trum is basedon parametersof the wave field. Spectralenergydensityis
given in squarefoot-secondsby

E(f) =
[

3.36 H~Tp (fTp)5 exp -1.25(fTp)-41 (5-14)

(2) JONSWAPSpectrum. The JONSWAPspectrumalso appliesto deepwater
waveswhichare generatedby a localwind. It is basedon extensivewave
observationscollectedin the NorthSea as part of the JONSWA2(item47).

(a) Spectralenergydensityis givenby

2
E(f) = a ~b

(2:)4fs e
(5-15)
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where
a=- 1.25 (fTp)-4

b = exp
[
+( ffp - 1)2
2a 1

The parameters a , u , and y may be determinedeitherby fittingan
observedspectrumor by the followingexpressions:

u . 0.07 for f ~

0.09 for f >

a= 0.0078KO”49

Y = 2.47 K0”39

U2
K =211—

gLp

f
P

f
P

(5-16)

(5-17)

(5-18)

(5-19)

(5-20)

where

u= wind speedat 33-ft (lO-m)elevation

‘P
= wavelengthfor wavesat peak frequency

(b) The aboveexpressionsfor a and y differfrom the original
JONSWAPformulationwhichwas basedon fetchand wind speedratherthan
wavelengthand wind speed. The advantageof the above formulationis that it
can easilybe extendedfor applicationin shallowwateras
followingparagraphsand by item67.

(c) The parameters a and y may also be estimated
etersof the wave fieldalone (ratherthanwind field)by

a= 157.9 e2

where

Y z 6,614 e1”59

Hs
E ‘r

P

discussedin the

in termsof param-

(5-21)

(5-22)

(5-23)

The parameter e is the significantwave steepness. The parameter y ,

calledthe peak enhancementfactor
peak.

, controlsthe sharpnessof the spectral
It typicallyrangesbetween1 and 7 with a mean valueof 3.3.
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Spectrum. The Texel,MARSEN,ARSLOE(TMA)spectrum
characterizeswaveswhichhave been generatedprimarilyin a localdeepwater
area and thenmoved intoshallowwater. MARSENis an acronymfor Marine
RemoteSensingExperimentat the NorthSea; TMA is an acronymfor Atlantic
RemoteSensingLand-OceanExperiment.The spectralform is basedon the
assumptionof completesaturationof energyat frequencieshigherthan
No refractioneffectsare included. The spectralformwas derivedfrom ‘P “

theoreticalwork discussedin item6 and item83 and extensivefielddata from
the TMA experiments.

(a) The

The function
zero as depth

TMA spectrumis givenby

2

‘TMA
(f,d)= @(2mf,d)ea Yb (5-24)

@(2nf,d) approachesa valueof one in deep waterand a valueof
decreases(Figure5-46). It is well approximatedby

{

o(2rf,d)= 0.5 u: for Wd < 1

1 - 0.5 (2 - Ud)z for Ud > 1

(5-25)

where

()
1/2

‘d
= 211f:

The functions a and b are definedas with the JONSWAPspectrum(equa-
tion 5-16). The wavelength Lp in equations(5-20)and (5-23)is basedon

linearwave theoryand an appropriatelocalwaterdepth. Significantwave
heightin equation(5-23)is the energy-basedparameter MO (Section5-4.g).

If it can be assumedthat the energy-containingfrequenciesare such that

‘d
< 1, Hmo is approximatedby

H = 0.350 (a g d)””sm
❑o ‘P

(b) The variationin TMA spectral
illustratedin Figure5-47. Additional
in item67.

shapeas a
detailson

(5-26)

functionof waterdepth is
the TMA spectrumare given

g“ DirectionalSpectralModels. Oceanwave energycan be characterized
by a varietyof directionsas well as by a varietyof frequencies.Spectral
representationswhich includeboth frequencydistributionand angular
spreadingare knownas directionalspectralmodels.

(1) Directionalspectralmodelsare based
spectrummay be describedby the productof two

5-55
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Figure5-47. A familyof TMA wind wave spectrawith
identicalJONSWAPparameters
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E(f,O) = E(f) D(f,O) (5-27)

where

E(f,O) = directionalspectraldensityfunction

D(f-,e)= angularspreadingfunction

0 = directionin radians

This parameterizationcan effectivelyrepresentthe directionalnatureof a
wave field in the absenceof complicatinginfluencessuch as a largechangein
wind directionor the propagationof swell intoa generationarea.

(2) A commonly-usedform of the spreadingfunctionwhich is independent
of frequency(item87) is

D(6)
()

2s e - ‘o= G(s) COS —
2 (5-28)

where

G(s) = functiontabulatedin Table5-4

s = constant-valuedspreadingparameter

e. = mean wind direction

The parameter s controlsthe magnitudeof directionalspread,as illustrated
in Figure5-48. Increasingthe valueof s causesa narrowingof the
directionalspread. Swell is typicallyrepresentedby narrowspreadsand seas
by broadspreads.

(3) More complexformulationsfor the spreadingparameterwhich include
a dependenceon wind speedand peak spectralfrequencyhave been proposed
basedon fielddata in deep water (items48 and 94).

5-8. NumericalWave Models. Becauseof the continuallyincreasingcapabil-
itiesand availabilityof digitalcomputers,numericalwave modelsare becom-
ing essentialtoolsfor practicalengineeringwork. Modelsvary greatlyin
complexity. The simplestwave growthmodel is a computerprogramto solvethe
equationsin Table 5-3. The most complexmodelsare comprehensivespectral
modelswhichoperateon a grid and simulatenaturalwave processesincluding
growth,dissipation,propagation,and wave-waveinteraction.Numericalmodel-
ing definitionsand characteristicsare presentedin the followingparagraphs.
Examplesof how to selectan appropriatemodel for a givenengineeringpro~ect
are given. A majorwave modelingeffortin the Corps,the Wave Information
Study (WIS),and the statisticswhich it has producedare discussed.

a. NumericalModelingDefinitions.Numericalmodel characteristicsare
describedin the followingparagraphs.
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Table5-4

Valuesof G(s) in the DirectionalSpreadingFunction

s G(s)

1

2
3
4
5
6

i
9
10
11
12
13
14
15
16

0.3183
0.4244
0.5093
0.5821
0.6467
0.7055
0.7598
0.81o4
0.8581
0.9033
0.9463
0.9874
1.0269
1.0650
1.1017
1.1372

1.0

0-

.

-180°

(0

Figure5-48. Idealized

0° 180”

- O.)

angulardistribution
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(1) Wave concept. The significantwave modeluses monochromaticwaves
or simpleparametersof a spectrumof wave energy(Figure5-49 a and b). The
spectralwave model uses a spectrumof wave energycomposedof many different
frequencybands (Figure5-49c).

(2) Time dependence. The steadystatemodel inputdoes not vary with
time. However,the time-dependentmodel inputchangeswith time.

(3) Spatialconfiguration.The griddedmodel simulatesprocesses
modeledat grid pointscoveringthe waterbody. Finitedifferenceand finite
elementare alternativeapproachesfor performingnumericalcalculations.
Typicallyfinitedifferencegrid cellsare rectangular,and finiteelement
cellsare triangular(Figure5-50a). The nongriddedmodel simulatesprocesses
directlyover the entirearea affectingthe pointof interest(Figure5-50b).

(4) Basicformulation.The energyequationmodel solvesenergy
equations,and the momentumequationmodel solvesmomentumequations.

(5) Wave growth. The deepwatermodel can simulatewave growthin deep
water;whereasthe shallow-watermodel can simulatewave growthin shallow
water. The hurricanemodel can simulatewave growthdue to hurricanes.

(6) Currentmodelscan includethe effectof currents.

(7) Propagationmodels can propagatewaves in space (Figure5-51).

(8) Transformationin shallowwater. Refractionand shoalingmodeling
simulatewave refractionand shoaling. Two approachesare illustratedin
Figure5-52.

(a) Bottomfrictionmodel - includesa bottomfrictionmechanismfor
energydissipation.

(b) Percolationmodel - includesa percolationmechanismfor energy
dissipation.

(c) Wave breakingmodel - includesa wave breakingmechanismfor energy
dissipation.

(d) Nonlinearinteractionmodel - includesa mechanismfor nonlinear
transferof energybetweenfrequencies.

(e) Diffraction(bottom-induced)model - includeslateralenergy
transferinducedby irregularbottom.

(f) Diffraction(structure-induced)model - includescapabilityfor
simulatingdiffractionaroundsurface-piercingstructures.

(g) Growthduringtransformationmodel - includescapabilityfor
simulatingadditionalwave growthby wind duringthe shallow-water
transformationprocess.



~ 1110-2-1414
7 Jul 89

_..._——

a.

E

f
Monochromaticsignificantwave model
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Parameterizedspectrumsignificantwave model
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c. Spectralwavemodel

Figure5-49. Wave model concepts
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Figure5-52. Approachesto modelingwave refraction
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(h) Blockageby floatingor bottom-restingobjectsmodel - can simulate
effectsof structuresor otherobjectsfloatingon the surfaceor restingon
the bottom.

(9) ThemOdel basis iS depicted inFigure 5-53. The energymodel simu-
latesprocessesin termsof modificationsto wave energy,while the wave
heightmodel simulatesprocessesin termsof modificationsto wave height.

MODEL BASIS

WAVE ENERGY

A
..**””*”.,

●O*
“o

,.. ,. “ s. . . . . . . .

. . ● . . . .“” :
. .~ TIME,. . ...... ...●.

●..,,.,.. ●.% ,.“.
●

..*
*......*”

H~=4X(STANDARD DEVIATION)

=4X(TOTALSPECTRAL ENERGY)l/2

WAVE HEIGHT

H~ =FUNCTIONOFWAVE HEIGHT

Figure5-53. Modelbasis

b. NumericalModelCharacteristics.To illustratethe rangeof capabil-
itiesof numericalmodels,a sampleof 12 differentmodelsavailablein the
Corps is tabulatedin termsof the characteristicsdiscussedpreviously(Fig-
ure 5-54). Model 1 in the tablerepresentsthe manualmethodsin the SPM.
Models2 through12 are computerizedmodelswhich generallyincreasein com-
plexitywith increasingmodelnumber. A shortdescriptionof each model is
given in Table 5-5. More detaileddescriptionsare given in AppendixF.

c. Selectionof Numericalmodels. Considerationsin selectinga numeri-
cal model are illustratedin the followingcase studies.

************w*******w#*********w********s************ti*********************%**

Case 1. Application:Wave estimates are neededat Spit A (Figure5-55)
for estimatinglong-termsedimenttransport.

Appraisal: The spit is exposedto wavesgeneratedin Area B, but it is
shelteredfromwaves generatedin AreasC and D. Hencewave generationis
consideredonly in Area B wherefetchesare up to 80 miles long.
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Characteristics

Model
SPM84 TMA GODAS TWAVE1 SWWM WAVE RCPWAVE WISS W\SD ESCUBED SHALWV HARBS

123 4 56 7 8 10 11 12
----------------------------------------------------------------------------------------------------
Wave cmcept

Significant wave
Monochraatic x x x x
Parametrized spectrum x x x

Spectral wave x x x x x
------------------------------------------------------------ — -------------------------------------

‘Time dependence
Steady state x x x x x x x x
Time dependent x x x x

-----------------------------------------------------------------------------------------------------

Spatial configuration
Ungridded x x x x x x x

Gridded
Finite difference x x x x
Finite element x

--------------------------------------------------------------------------------------------- —------

Basic formulation
Energy equation x x x x x x x x x
Mmentum equation x

----------------------------------------------------------------------------------------------------

Wave gr~h
Deep water x x x x x

Shallw water x x x x

Hurricanes x
------------------------------------------------------------------------------------------------------

Currents x x
---------------------------------------------------------------------------------------------------

Propagatim x x x x x x

x

x

Transfonnatia in
shallow water

Refractim & shoaling x X*

Bottm friction x
Percolation
Wave breaking x
Nalinear interaction x
Diffraction

(botteinduced)
Diffractim

(structure-induced)
Grwth during trana- X

formation
Blockage by flwting or

bottmn-resting objects
Model basis
Energy x x x
Wave height x x

----------------------------------------------------------

x x x x x x
x x x
x x

x x x
x x x

x x

x

x x

x

x x x x
x x x
,--------------------------------------------

* Assumes straight parallel bottcsn contours.

Figure5-54. Overviewof numericalwave models
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Table5-5

ModelNames

Model Bibliographic
Number Name Description Iterns

1

2

3

4

5

6

7

8

9

10

11

12

SPM84

TMA

GODAS

TWAVE2

SWWM

WAVE

RCPWAVE

WISS

WISD

ESCUBED

SHALWV

HARBS

Methodsin the ShoreProtectionManual

Parametricmodel for maximumdepth-limited
waves;basedon TMA shallow-water
spectrum

Wave transformationmodel

Simplecomputermodelbasedon TMA shallow
water spectrum

Simpleshallow-watergrowthmodel

Ray refractionmodel

Refractionand diffractionmodel

Shallow-watermodel fromWIS

Deepwatermodel fromWIS

Wave growthand transformationmodel

Wave growthand transformationmodel

Harbormodel

SPM

67

37

78

108

30

79

110

65

68

17
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Figure5-55. Locationmap for Case Study 1

Climatologicalwind measurementsare availableonly at the spit.
Synopticweathermaps are available. They are of littlevalue in-thisstudy
becausewindsare stronglychanneledby topographicfeatures(mountainranges)
and bear littlerelationshipto synopticpressurefields. Also wind fields
over Area B are knownto oftenbe nonuniformso that the availablewind mea-
surementsmay not be a good representationof windsover the fetch.

The waterdepth in Area B is relativelygreat. Wavesare in deep water
until theyapproachvery near the spit. Bottomcontoursnear the spit are
somewhatcontorted,includinga largeshoaloffshorefrom the spit. Currents
in the shallow-waterarea near the spit are believedto be weak,but tidal
currentspassingthe tip of the spitare very strong.

Candidatemodels: Becausethe shallow-waterarea is only a smallpart of
the fetch,the candidatemodelscan be consideredin two separatecategories
as deepwatergrowthmodelsand shallow,wave transformationmodels. Candidate
deepwatergrowthmodelsare SPM84,WISD,ESCUBED,and SHALWV. Candidateshal-
low transformationmodelsincludeSPM84,TMA, GODAS,TWAVE2,SWWM,WAVE,
RCPWAVE,WISS,ESCUBED,SHALWV,and HARBS.

Modelselection: Sincethe wind informationfor Area B is very sparsein
relationto the complexityof the wind fields,it is appropriateto use a
simpledeepwaterwave growthmodel. Also,the geometryof Area B is rela-
tivelysimple. Thus the modelswhichoperateon a grid appearto be unneces-
sary for this case. The modelSPM84emergesas the most cost-effectivechoice
for thisapplication.
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Sinceconsiderationsfor the deepwatergrowthmodelhave led to the
choiceof a simplemodel,the shallowtransformationmodel shouldalso be
relativelysimple. It shouldnot dependupon highlyaccurateinputalong the
seawardboundary. Wave growthin shallowwater is negligible. Theseconside-
rationslead to eliminationof the time-dependentmodelsSWWM,WISS,and
SHALWV. Sincethe shallow-waterbathymetryis somewhatirregularand good
estimatesof nearshorewave directionare neededfor sedimenttransportesti-
mates, it is decidedthat the actualbathymetrymust be representedin the
model. Thus the nongriddedmodelsSPM84,TMA, GODAS,and TWAVE2are rejected.
The modelWAVE is an old ray-calculationroutinewhichoften leadsto crossing
rays in complicatednearshoreareas. It is not recommendedfor thisapplica-
tion. The remainingmodelsare RCPWAVE,ESCUBED,and HARBS. The limited
accuracyof the deepwaterinputsuggeststhatESCUBED,a spectralmodel, is
not cost effectivein comparisonto RCPWAVEand HARBS,whichare significant
wave models. The nearshorecomplexitydoes not appearto be sufficientto
warrantthe use of HARBS. Therefore,the finalselectionis RCPWAVEfor the
shallow-watertransformationmodel.

***#****#*********************************************************************

Case 2. Application:Wave estimatesare neededat PointA (Figure5-56)
for designof a seawallwhichwill reducefloodingand wave overtoppingto
acceptablelevels.

Figure5-56. Locationmap for Case Study2

Appraisal: PointA is exposedto wavesgeneratedin the Ocean Area B
throughthe entranceto Bay C. An additionalconsiderationfor the north side
of PointA is wave energygeneratedin the northerlyreachesof Bay C which
propagatestowardthe projectsite. Synopticmeteorologicaldata are avail-
able for Ocean Area B. Sufficientwind measurementsare availablein the
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vicinityof Bay C to establishestimatesof the windsover the bay. The
entiresoundarea representsshallowwaterfor all oceanwavesof interestin
design. Localwave growthin the bay northof the projectsitemay also occur
to an appreciableextentin waterthat is shallowrelativeto the waves.
Bottomcontoursare irregular.Currentsare not expectedto be a significant
factorin the study. Wave estimatesfrom the WIS are availablejust seaward
of the entranceto Bay C.

CandidatemodelsincludeWAVE,RCPWAVE,ESCUBED,SHALWV,and HARBS.

Model selection: Accurateovertoppingratesare very importantin this
designproject,so a spectralmodel is favoredover a significantwave
model. EitherESCUBEDor SHALWVwouldbe an acceptablechoice. SHALWVis
expectedto have the advantageof betterrepresentingadditionalwave growth
in shallowwaterbut has the disadvantageof highercosts.

*****************************************************************H#***********

Case 3. Application:Wave measurementsare beingcollectedin deep
wateralonga coast. Just aftera major stormit is desiredto transferthe
deepwaterwaves to shorefor a quickcomparisonwith wave heightsreportedby
coastalresidents.

Appraisal. Wave growthbetweenthe measurementsite and shore is assumed
to be inconsequential.It is usuallynecessaryto assumethat the bottom
contoursare straightand parallelto make quickestimates. This assumption
is justifiablefor this typeof applicationfor many US coastalareas.

Candidatemodels includeSPM84,TMA, GODAS,and TWAVE2.

Model selection: The SPM84modelfor straightparallelbottomcontours
is a nomogramderivedfor monochromaticwaves. SPM84 is usefulif very quick
estimatesare neededand accessto the computerizedcandidatemodelsis not
available. In most instancesTMA, GODAS,or TWAVE2wouldbe preferableto a
monochromaticmodel.

A wave directionin deep watershouldbe estimated. If significant
refractionis expected,TWAVE2wouldbe a good choice. If refractionappears
to be of minor importance,TMA or GODASwouldalso be suitable, In the case
of TMA and TWAVE2,whichare energy-basedmodels,it must be rememberedthat
the computedshallow-waterwave heightwill be somewhatlowerthan the crest-
to-troughwave heightseen by an observer. Proceduresfor estimatingcrest-
to-troughheightfroman energy-basedheighthave been incorporatedin
TWAVE2. Since the GODASmodel is baseddirectlyon wave height,it providesa
directestimateof shallow-waterheight.

*****************************************'~%**************#*#*%****************

Case 4. Application:A harboris beingrenovated. The harboris
partiallyprotectedby a breakwater,whichmay be rubblemound,sheetpile,
floating,.etc. A verticalwall alongwhichboatscan moor is beingdesigned.
Wave forceson the wall must be estimated. Wave forceson mooredboatsmust
also be estimated.
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Appraisal: It is necessaryto estimatewave conditionspassingthrough
arbitraryharborprotectionworkswhichmay have complicatedgeometry. Wave
forceestimateson fixedand floatingstructuresmust also be provided.

The candidatemodel is HARBS.

Model Selection: The modelHARBS is the reasonablechoicefor this case
involvingwavespassingcomplicatedstructuresand estimationof wave forces.
When wave forcesare needed,the model selectedmust be formulatedin termsof
the momentumequationratherthan the energyequation.

*****************************************************%************************

Case 5. Application:A long-termtime-historyof wave estimatesis
neededwithinArea A for designand planningof coastalstructuresand
dredgingoperations.

Appraisal: Area A is a semi-enclosedbodyof water shelteredfrom Area B
by barrierislands(Figure5-57). Area A is approximately80 nauticalmiles
in lengthand 10 nauticalmiles in width. Climatologicalwind measurements
are availableat PointsC, D, and E. Synopticweathermaps are also avail-
able. Comparisonsbetweenthe threeland-basedmeteorologicalstations
indicatethe winds can be consideredas uniformover Area A. Therefore,the
wind measurementsare used in preferenceto the synopticmaps. The water
depth in Area A is relativelyshallow,a mean waterdepthof 10 feet. The
bottomcontoursfollowthe outlineof the landboundariesand are nearly
straightand parallel,exceptfor dredgedchannels. The currentsin Area A
are believedto be relativelysmall.

Candidatemodels: Wave growthin shallowwater is the primaryconsider-
ation in the selectionprocess,eliminatingall wave transformationmodels
that requirewave inputconditions.The followingmodelsare considered:
SPM84,SWWM,ESCUBED,and SHALWV.

Model selection: The studyrequirestime-historiesof wave conditions
(stormsequencesmust be simulatedcorrectly).Theseconsiderationslead to
the eliminationof the steadystatewave modelESCUBED. SHALWVis eliminated
becauseof its limitationfor modelingpoststormconditions.The studyalso
requiresspectralinformation,eliminatingSPM84. Therefore,the final
selectionis SWWM for the shallow-waterwave growthand transformationmodel.

*******************************%**********************************************

d. Wave InformationStudy. The WIS is a Corpsprojectto hindcastwave
climateover a 20-yearperiodfor the Atlantic,Pacific,Gulf of Mexico,and
GreatLakescoastsof the US. The hindcastperiodis from 1956 through1975.

(1) TheWIS projectis beingexecutedin threephases(Figure5-58).

(a) Phase I: Hindcastof deepwaterwave data from pastmeteorological
data;model operateson the scaleof the oceanbasin.
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PHASE III PHASE ~ PHASE I

(b)

u

NEARSHORE ZONE SHELF ZONE DEEP OCEAN

SYNOPTIC, MESOSCALE
CONVECTIVE

MESOSCALE AND SYNOPTIC SYNOPTIC AND LARGE SCALE

Ax LESS THAN 10 MILES Ax 10’S OF MILES Ax 100’S OF MILES
At LESS THAN 3 HOURS At 3 TO 6 HOURS At GREATER THAN 6 HOURS

AIR -SEA INTERACTION AIR -SEA INTERACTION AIR -SEA INTERACTION
REFRACTION
DIFFRACTION
SHOALING
BOTTOM FRICTION
LONG WAVES (TIDES
AND SURGE)

SECONDARY
WAVE TRANSFORMATION ENERGY SOURCE PRIMARY ENERGY SOURCE

Figure5-58. Summaryof’the threephasesof WIS hindcasts

L
Phase II: Hindcastat a finerscale than PhaseI to betterresolve

shelteringeffectsof continentalgeometry;modeloperateson the scaleof the
continentalshelf. PhaseI data serveas boundaryconditionsfor the seaward
edge of the Phase II area.

(c) PhaseIII: Transformationof PhaseII wave data intonearshore
regionand inclusionof longwaves.

(2) WIS uses a discretespectralmodelbasedon an energybalance
equation. The model includeswave growthin deep waterand spectralwave
propagation.The model is timedependentand, in the case of PhasesI and II,
operateson a spatialgrid. Nearshoreeffectsof sheltering,refraction,
shoaling,and nonlinearinteractionamongvariousspectralcomponentsare
included. Refractionin Phase111 is basedon the assumptionof straight
parallelbottomcontoursand uniformityof wave conditionsalong 10-mile
stretchesof coast.

5-71



~ 1110-2-1414
7 Jul 89

(3) The WIS resultscan be used to get high qualitydata for project
sites typicallyby usingPhase II resultsas inputto a griddedshallow-water
transformationmodelwith high qualitybathymetricdata, Alternatively,the
existingWIS data baseof shallow-waterwave informationfor simplified
bathymetryand coastalconfigurationcan be used for some stagesof project
planningand execution. More informationon the availabilityand accessto
WIS data and programsis given in Chapter6.

5-9. StatisticalSummariesof IndividualWave Estimates. Statistical
summariesof parametersfrom individualwave estimatesare essentialfor
definingwave climateand for predictingextremewavesat a site. The
simpleststatisticswhichare also veryusefulare the monthly,seasonal,and
annualmeans. Otherusefulsummariesare describedin the followingsections.
The quantityand qualityof data availableare crucialconsiderationsin all
statisticalsummaries. Less thanone year of data can be very misleadingdue
to seasonalvariationsin wave climate. One completeyear can give reliable
estimatesof routinewave conditionsbut not of extremeor unusualwave condi-
tions. The possibilityof biasesintroducedby the data collectionand
analysissystemsmust also be considered.One insidiousbias on extreme
valuesfromobservedor measureddata is a tendencyduringvery severestorms
for missingor unreliabledata in an otherwiseconsistentrecord. Good
overallreferenceson statisticalsummariesof wave observationsare items38
and 103.

a. JointDistributionTablesof Wave Heightand Period. Significant
wave heightand periodstatisticsare oftensummarizedas a tablegivingthe
numberor percentageof occurrenceof each significantheight/period
combination.A typicalexampleis givenin Figure5-59.

b. Sea StatePersistence.Sea statepersistenceis an estimateof how
long a particularwave conditionwill remain. Persistenceestimatesare
usefulin planningand operationalwork. They are usuallyexpressedas tables
or plotsof the numberof consecutivehoursor days the significantwave
heightexceedsvariousthresholdlevels. Variousdistributionfunctionshave
been appliedto persistencedata as discussedin item 38.

c. Long-TermDistributionsfor Wave Height.

(1) The long-termdistributionfor wave heightis usuallyrepresentedby
the cumulativeprobabilitydistributionof the data. It is also oftenfit
with a modeldistributionfunction. There is no strongtheoreticalbasisfor
a particularmodel. Severalmodelsare widelyused primarilybecausethey
oftenprovidegood fits to the data.

(a) The probabilitydistributionfunctionsused for long-termdistribu-
tionof wave heightsare given in Figure5-60. These consistof the lognormal
distributionand the ExtremalTypes I, II, and III distributions.The table

* .
includesthe cumulativeprobabilityP(H) = Prob(Hs H) , that is the proba-

.
bilitythat the significantwave height H is not exceededby any randomly
chosensignificantheight H . The generalexpressionsfor mean and variance
are also givenfor eachdistribution.
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Figure5-6o. Probabilitydistributionsused to describe
long-termwave heights(item74)

(b) In applyingthesedistributions,data are usuallyplottedso that,
if they followthe selecteddistribution,theywill forma straightline. The
linearordinatescale y in such a plot is relatedto the cumulativeprob-

ability, and the linearabscissascale x
A

is relatedto H accordingto the
relationshipsgiven in Figure5-61. The slope a and the intercept b for
the linearrelationshipy = ax + b are given in the table in termsof the
parametersof each distribution.

Lognorrnal

Type I

Type 11
Type 111.
(Lower Bound)

Type III ~

(Upper Bound)

–1
Y

lrl(H) ~–~/2,2

‘(H)’& ~ “ “a

-q/a

Figure5-61. Scale relationshipsfor probability
papers(item74)

(2) OverallDistributionFunctions. The ExtremalType 111 distribution
with lowerbound,also calledthe Weibulldistribution,is usefulfor fitting
the cumulativedistributionof significantwave heights.
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(a) A simplifiedformof the distributionwhich can be used for this
purposeis givenby

{ -f~;,min):;;s.:P(HS s ;~) . ‘ - ‘Xp (5-29)

where

is = a particularvalueof Hs

Hs min = minimum.(background)significantwave height
.

‘Hs = standarddeviationof significantwave height

In circumstances
the distribution
from

and

whereonly the mean significantwave height ~s is known,
functioncan be approximatedby evaluating Hs Min and uHs

H = 0.38 R
s min s

(5-30)

‘Hs = ~s - Hs Min = 0.62 RS

(b) The lognormaldistributionis also used in this context. Examples
of data plottedon Weibullprobabilitypaperare given in Figure5-62
(items14, 28, and 103). The samedata are plottedin Figure5-63 (items14,
23, and 103)on lognormalprobabilitypaper. The trendsillustratedare
typical. The Weibulldistributiontendsto fit the moderateand high wave
heightranges,and the lognormaldistributionfits the low and moderatewave
heightranges.

(3) Extreme value Distribution Functions. Extreme wave heightvalues
are a crucialingredientin most coastaldesign. Often the extremewave
heightsare limitedby the shallow-waterdepth
For deeperwateror low energysites

, as discussedin Section5-7.e.
, extremevaluesare usuallydescribedin

termsof significantwave heightvaluesas a functionof returnperiod.
Extremevaluesof otherheightstatisticssuch as Hi/lo can be obtainedfrom
the significantheightdata and a model for the distributionof individual
wave heights(Section5-4.e). Considerationof differentstatisticalpopula-
tionsmay be requiredas discussedin item5.

(a) The basic approaches to predicting extremewave conditionsare
extrapolationof long-termdistributionof significantwave heights,extreme
valueanalysiswith annualmaxima, and extremevalueanalysiswith peak
significantwave heightsof majorstormsabovea certainthreshold.

be ta~~
A method

The firstapproachis relativelyeasy to apply. However,care must
concerningany statisticaldependenceamong successiveobservations.
for correctingfor statisticaldependenceis given in item 102.
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(c) Possiblelong-termstatisticalvariabilitymust also be considered
before observeddata can be extrapolatedto long returnperiods. A more
sophisticatedcurvefittingand extrapolationprocedureis given in item 103.
The reliabilityof the data base is a primaryconcernin extremevalue
analysis,and care shouldbe takento optimizeit.

(4) ExtremeValueAnalysis. The steps involvedin applyingextreme
valueanalysis(item74) are discussedin the followingparagraphs.

(a) Assigna probabilityvalueto each extremedata point. The data are
orderedaccordingto wave height. The subscript m denotesthe rank,with
m=l for the largestwave heightand m=N for the smallestwave heightin a
sampleof N wave heights. The cumulativeprobabilityis givenas

P(H) =l-&

(b) Plot thesepointson an extremevalueprobability
in Figure5-61. Often it is desirableto use more thanone
and to selectthe one whichgivesthe best fit to the data.
Type I distributionsare most oftenused.

(5-31)

paper represented
probabilitypaper
The lognormaland

(c) Fit a straightline throughthe pointsto representa trend. Often
the fit is done by eye. Alternativelythe best fit linemay be derivedby
matchingthe mean wave heightand the mean squaredwave heightfrom the data
with thosefrom the modeldistribution.The modelparametersderivedby this
approachare given in Figure5-64 in termsof the mean and mean squaredwave
heights. The Type III distributionis less amenableto this approachbecause
it has threeparametersratherthan two. It has been omittedfrom the table.

Distri-

bution

(1)

Log-

nornzal

Type 1

Type 11

.

(;)
[ln(fi’)-21n(n)]’/’

—

-2H r(l–2/a)
—=
(R) 2 rz(l – 1/6)

Estimated Parameters

a

(3) (:)

d:
— [E-(E)’] “2

m

—

Figure5-64. Parametersof distributionsas estimated
by Methodof Moments(item74)

5-78



m 1110-2-1414
7 Jul 89

(d) Extrapolatethe line to locatea designvaluecorrespondingto a
chosenreturnperiod Tr or a chosenencounterprobability Pe , The return

periodis the averagetime intervalbetweensuccessiveeventsof the design
wave beingequalledor exceeded. It is givenby

Tr = r
(5-32)

1 - P (i)

where r is the time intervalassociatedwith each data point. The encounter
probability Pe is the probabilitythat the designwave is equalledor
exceededduringa prescribedtime period L . It is givenby

L/r

()

Pe= 1 - 1 -:
r

(5-33)

When returnperiodis determinedfor a modeldistribution,encounterproba-
bilitymay be estimatedfor selectedtime periodsfrom Figure5-65.-The
figuremay be used, for example,to determinethe percentchanceof occurrence
of a significantwave heightwith 100-yearreturnperiodin time periodsof 1,
10,25, 50, and 100years. From the figurethe percentchancesare 1.0,
9.6, 22.2,39.5,and63.O.

(e)’The computerprogramsWAVDISTto estimatethe parametersof three
commonlyused extremalprobabilitydistributionsand FWAVOCURto determinethe
expectedfrequencyof extremewave conditionsover a specifiedtime periodare
availableunderthe MACE program(C-14and C-15,AppendixC).
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Figure5-65. Encounterprobabilitiesas a functionof returnperiod
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CHAPTER6

AVAILABILITYOF WAVE AND WATER LEVELDATA

6-1. AvailableWave Data. Extensivedata sets for climatologicaluse are
availableas summariesof visualobservationsfrom shipboardand as wave hind-
casts.

a. Shipboardobservationsgenerallyrepresentdeepwaterwave conditions
summarizedover areason the orderof 100miles by 100miles. Coastalareas
of the contiguousUS, for which summarieshave been publishedin item 134,are
shownin Figure6-I.

b. Observationsfromshorehave been collectedin many US coastalareas
underthe Corps’LEO program. Generalareas for whichLEO data are available
are shownin Figure6-2. LEO is decribedinitem 114.

c. WIS (describedin Section5-8.d),a part of the CoastalFieldData
CollectionProgram,is in the processof hindcastingwave statisticsfor US
coastsincludingthe GreatLakes. GreatLakesdata presentlyavailableare
designwave estimatesfor 5-, 10-,20-,50-, and 100-yearreturnperiods.
Atlanticand Pacifichindcastsat 3-hourintervalsover 20 yearsare available
for the followingthreeWIS phases: deepwatersummaries(oceanicscale),
intermediatesummaries(continentalshelfscale),and shallow-watersummaries
(lO-meterwaterdepth). Coastalsummarypointsfor WIS hindcastsare
illustratedin Figures6-3 through6-7. Coastalsummarypointsalong the
mainlandin the southernCaliforniaBightare omittedfrom Figure6-6 because
theyare not yet finalized. The extensivedata sets generatedfor the US
coastof the Atlantic,Pacific,and Gulf of Mexicoare listedin Table 6-I. A
listof WIS reportsis given in Tables6-2 and 6-3. Some hindcastdata are
also availablein item98.

d. Other typesof data availableincludegagemeasurementsdiscussedin
Section5-3. These typeslack the lengthof recordand uniformityof coastal
coveragewhich typifyshipboardobservationsand majorhindcastingprograms,
but theyhave otherobviousadvantagesfor many applications.Item 123
s’marizes wave gage data at selectedUS coastallocations. Since 1972the
NationalOceanicand AtmosphericAdministration’s(NOAA’S)NationalData Buoy
Center(NDBC)has maintainednumerousoceanographicbuoys throughoutthe US
coastalwatersof the Atlantic,Pacific,Gulf of Mexico,and the Great Lakes.
A listingof the buoy locationsand yearsof operationis providedin
Table 6-4. Table 6-4 is updatedto 1984. Furtherupdatesor actualbuoy data
can be obtainedfrom the NationalOceanographicData Center(Table6-5). More
informationon availablemeteorological,water level,and wave data is given
in item 19.

6-2. AvailableWaterLevelData. Tidesand stormsurgesare describedin
Chapters2 and 3, respectively,of thisEM. Chapters2 and 3 shouldbe
reviewedto determinethe type of tidalinformationthat is requiredfor the
studybeingperformed. Occasionallytide gagesare temporarilydeployedin
coastalareaswhilework is underway. Althoughthe detailof localgages is
desirable,this typeof tidaldata is usuallynot well documentedand is often
difficultto locate. The most comprehensivesourceof water leveldata is
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Table 6-I

Summaryof ~IS Data

Period Time-
Of Steps Grid or Spatial

Data Record GMT Stations Separation

Surfacepressure
PhaseI wind
Phase II wind
PhaseI wave
sea & swell
parameters
2-D spectra

Phase II wave
sea & swell
parameters
2-D spectra

Phase III wave
Water level

Surfacepressure
Phase I wind
Phase II wind
PhaseI wave
parameters
2-D spectra

PhaseII wave
parameters
2-D spectra

PhaseIII wave
parameters

Surfacepressure
Wind
Wave
parameters
2-D spectra

1956-1975
1956-1975
1956-1975
1956-1975

1956-1975
1956-1975
1956-1975

1956-1975
1956-1975
1956-1975
1927-1981

1956-1975
1956-1975
1956-1975

1956-1975
1956-1975

1956-1975
1956-1975

1956-1975

Atlantic

6-hr
3-hr
3-hr
3-hr

3-hr
3-hr
3-hr

3-hr
3-hr
3-hr
1-hr

Pacific

6-hr
6-hr
6-hr

3-hr
3-hr

3-hr
3-hr

3-hr

Gulf of Mexico

1956-1975 6-hr
1956-1975 6-hr

1956-1975 3-hr
1956-1975 6-hr

61 X 61
31 x 31
41 x 33
31 x 31

13 sites
96 sites
41 x 33

73 sites
113sites
166 sites
20 sites

64 X 123
32 X 61
31 x32

35
64

53
53

134

31 X41
31 X41

55
55

llokm
220 km

55 km
220 km

Variable
Variable

55 km

Variable
Variable
18.5km

Variable

110 km
220 km

55 km

Variable
Variable

55 km
55 km

18.5km

55 km
55 km

55 km
55 km

6-12



~ 111~2-1414
7 Jul 89

Table 6-2

Wave InformationStudiesReports

Report
No. BibliographicInformation

1.

2.

3.

4.

5.

6.

7.

8.

Corson,W. D., Resio,D. T., and Vincent,C. L. 1980 (July). “Wave
InformationStudyof U. S. Coastlines;SurfacePressureFieldRecon-
structionfor Wave HindcastingPurposes,”TR HL-80-11,Report1, US
Army Engineer,WaterwaysExperimentStation,CoastalEngineering
ResearchCenter,Vicksburg,Mississippi.

Corson,W.D., Resio,D. T., Brooks,R. M., Ebersole,B. A., Jensen,R.
E Ragsdale,D.S.,and Tracy,B. A. 1981 (January). “AtlanticCoast
H~~dcast,Deepwater,SignificantWave Information,”WIS Report2, US
Army Engineer,WaterwaysExperimentStation,CoastalEngineering
ResearchCenter,Vicksburg,Mississippi.

Corson,W. D., and Resio,D. T. 1981(May). “Comparisonsof Hindcast
and MeasuredDeepwater,SignificantWave Heights,”WIS Report3, US
Army Engineer,WaterwaysExperimentStation,CoastalEngineering
ResearchCenter,Vicksburg,Mississippi.

Resio,D. T., Vincent,C. L., and Corson,W. D. 1982 (May). “Objec-
tive Specificationof AtlanticOceanWindfieldsfrom HistoricalData,”
WIS Report4, US Army Engineer,WaterwaysExperimentStation,Coastal
EngineeringResearchCenter,Vicksburg,Mississippi.

Resio,D. T. 1982 (March). “TheEstimationof Wind-WaveGenerationin
a DiscreteSpectralModel,”WIS Report5, US Army Engineer,Waterways
ExperimentStation,CoastalEngineeringResearchCenter,Vicksburg,
Mississippi.

Corson,W. D., Resio,D.. T., Brooks,R. M., Ebersole,B. A., Jensen,
R. E., Ragsdale,D. S., and Tracy,B. A. 1982 (March). “Atlantic
Coast HindcastPhase II, SignificantWave Information,”WIS Report6,
US Army Engineer,WaterwaysExperimentStation,CoastalEngineering
ResearchCenter,Vicksburg,Mississippi.

Ebersole,B. A. 1982 (April). “AtlanticCoastWater-LevelClimate,”
WIS Report6, US Army Engineer,WaterwaysExperimentStation,Coastal
EngineeringResearchCenter,Vicksburg,Mississippi,

Jensen,R. E. 1983 (September).“Methodologyfor the Calculationof a
ShallowWaterWave Climate,”WIS Report8, US Army Engineer,Waterways
ExperimentStation,CoastalEngineeringResearchCenter,Vicksburg,
Mississippi.

(Continued)
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Table 6-2 (Concluded)

9.

10.

11.

12.

13.

14.

15.

16.

Jensen,R. E. 1983 (January). “AtlanticCoastHindcast,Shallow-Water
SignificantWave Information,”WIS Report9, US Army Engineer,
WaterwaysExperimentStation,CoastalEngineeringResearchCenter,
Vicksburg,Mississippi.

Ragsdale,D. S. 1983 (August). “Sea-StateEngineeringAnalysis
System: UsersManual,”WIS Report 10, US Army Engineer,Waterways
ExperimentStation,CoastalEngineeringResearchCenter,Vicksburg,
Mississippi.

Tracy,B. A. 1982 (May). “Theoryand Calculationof the Nonlinear
EnergyTransferBetweenSea Waves in Deep water,”WIS Report11, US
Army Engineer,WaterwaysExperimentStation,CoastalEngineering
ResearchCenter,Vicksburg,Mississippi.

Resio,D. T., and Tracy,B. A. 1983 (January). “A NumericalModel for
Wind-WavePredictionin Deepwater,”WIS Report 12,US Army Engineer,
WaterwaysExperimentStation,CoastalEngineeringResearchCenter,
Vicksburg,Mississippi.

Brooks,R. M., and Corson,W. D. 1984 (September).“Summaryof
ArchivedAtlanticCoastWave InformationStudy,Pressure,Wind,Wave,
and Water LevelData,”WIS Report13, US Army Engineer,Waterways
ExperimentStation,CoastalEngineeringResearchCenter,Vicksburg,
Mississippi,

Corson,W. D.,
B. J., Jensen,
1986 (March).
WIS Report14.

Abel,C. E., Brooks,R. M., Farrar,P. D., Groves,
R. E., Payne,J. B., Ragsdale,D. S., Tracy,B. A.
“PacificCoastHindcastDeepwaterWave Information,”
US Army Engineer,WaterwaysExperimentStation,Coastal

EngineeringResearchCenter,Vicksburg,Mississippi.

Corson,W. D., and Tracy,B. A. 1985 (May). “AtlanticCoastHindcast,
Phase II Wave Information:AdditionalExtremalEstimates,”WIS Re-
port 15,US Army Engineer,WaterwaysExperimentStation,Vicksburg,
Mississippi.

Corson,W. D., Abel,C. E., Brooks,R. M., Farrar,P. D., Groves,B.
J Payne,J. B., McAneny,D. S., Tracy,B. A. 1987(May). “Pacific
C~~stHindcastPhase 11 Wave Information,”WIS Report16,US Army
Engineer,WaterwaysExperimentStation,Vicksburg,Mississippi.
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Table 6-3

Wave InformationStudies,DesignWave Information

for the Great LakesReports

Report
No. BibliographicInformation

1.

2.

3*

4.

5.

6.

7.

8.

9.

Resio,D. T., and Vincent,C. L. 1976 (January). “DesignWave Infor-
mationfor the GreatLakes;Report 1: Lake Erie,”TR H-76-1,US Army
Engineer,WaterwaysExperimentStation,CoastalEngineeringResearch
Center,Vicksburg,Mississippi.

Resio,D. T., and Vincent,C. L. 1976 (March). “DesignWave Infor-
mationfor the GreatLakes;Report2: Lake Ontario,”TR H-76-1,
US Army Engineer,WaterwaysExperimentStation,CoastalEngineering
ResearchCenter,Vicksburg,Mississippi.

Resio,D. T., and Vincent,C. L. 1976 (June). “Estimationof Winds
Over GreatLakes,”MP H-76-12,US Army Engineer,WaterwaysExperiment
Station,CoastalEngineeringResearchCenter,Vicksburg,Mississippi.

Resio,D. T., and Vincent,C. L. 1976 (November).“DesignWave Infor-
mationfor the GreatLakes;Report3: Lake Michigan,”TR H-76-1,
US Army Engineer,WaterwaysExperimentStation,CoastalEngineering
ResearchCenter,Vicksburg,Mississippi.

Resio,D. T., and Vincent,C. L. 1977 (March). “SeasonalVariations
in GreatLakesDesignWave Heights: Lake Erie,”MP H-76-21,US Army
Engineer,WaterwaysExperimentStation,CoastalEngineeringResearch
Center,Vicksburg,Mississippi.

Resio,D. T., and Vincent,C. L. 1977 (August). “A NumericalHindcast
Model for Wave.Spectraon Water Bodieswith IrregularShorelineGeom-
etry,”Report 1, MP H-77-9,US Army Engineer,WaterwaysExperiment
Station,CoastalEngineeringResearchCenter,Vicksburg,Mississippi.

Resio,D. T., and Vincent,C. L. 1977 (September).“DesignWave
Informationfor the Great Lakes;Report4: Lake Huron,”TR H-76-1,
US Army Engineer,WaterwaysExperimentStation,CoastalEngineering
ResearchCenter,Vicksburg,Mississippi.

Resio,D. T., and Vincent,C. L. 1978 (June). “DesignWave Infor- .
mationfor the GreatLakes;Report5: Lake Superior,”TR H-76-1,
US Army Engineer,WaterwaysExperimentStation,CoastalEngineering
ResearchCenter,Vicksburg,Mississippi.

Resio,D. T., and Vincent,C. L. 1978 (December).“A Numerical
HindcastModel for Wave Spectraon Water Bodieswith IrregularShore-
line Geometry,”Report2, MP H-77-9,US Army Engineer,Waterways
ExperimentStation,CoastalEngineeringResearchCenter,Vicksburg,
Mississippi.
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Table 6-4

Listing of NOAABuoy Looations and Years

Buoy No. Latitude, % Longitude, % Years

45001
45002
45003
45004
45005
45006
45007
45008

41001
41002
41004
41005
41006
44001
44002
44004
44005
41003

42001
42002
42003
42007
42008
42009
42011

46001
46002
46003
46oo4
46005
46oo6
46o1o
46011
46012
46013
46o14
46o16
46017
46022
46023
46024
36025
46026
51001

48.o
45.3
45.3
47.2
41.7
47.3
42.7
44.3

34.9
32.3
32.6
31.7
29.3
38.7
40.1
38.5
42.7
30.3

25.9
26.0
26.o
30.1
28.7
29.3
29.6

56.3
42.5
51.9
51.0
46.1
40.7
46.2
34,9
37.4
38.2
39.2
63.3
60.3
40.8
34.3
33.8
33.6
37.8
23.4

Great Lakes

87.6
86.3
82.8
86.5
82.5
90.0
87.1
82.4

Atlantic

72.9
75.3
78.7
79.7
77.3
73.6
73.0
70.7
68.3
80.4

Gulf of Mexico

89.7
93.5
85.9
88.9
85.3
87.5
93.5

Pacifio

148.3
130.3
155.7
136.0
131.0
137.7
124.2
120.9
122.7
123.3
124.0
170.3
172.3
124.5
120.7
119.5
119.0
122.7
162.3

79-84
79-84
80-84
80-84
80-84
81-84
81-84
81-84

72-84
74-84
78-82
79-82
82-84
75-79
75-80
77-84
78-84
NA

75-84
76-84
76-84
81-84
80-84
80-84
81-84

72-84
75=84
76-84
76-84
76-84
77-84
79-84
80-84
80-84
81-84
81-84
81-84
81-84
82-84
82-84
82-84
82-84
82-84
81-84
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Table 6-5

Accessto CoastalWave and WaterLevelData and ProRrams.

Source Type of Information

OL-A USAF EnvironmentalTechnical Global,meteorological,and ocean-
ApplicationsCenter(MAC) ographicdata and data products.
FederalBuilding
Asheville,NC 288o1
(704)259-0218
(Non-Departmentof Defenseusers
shouldcontactthe NationalClimatic
Data Centerat the aboveaddress.)
(704)259-0682

NationalOceanographicData Center
User Service(Code0C21)
1825ConnecticutAve.,NW
Washington,DC 20235
(202)673-5549

CoastalEngineeringInformation
and AnalysisCenter
USAEWES
PO BOX 631
Vicksburg,MS 39180
(6o1)634-2012

CoastalOceanographyBranch
USAEWES
PO BOX 631
Vicksburg,MS 39180
(6o1)634-2027

CorpsComputerProgramLibrary
USAEWESIM-RS
PO BOX 631
Vicksburg,MS 39180
(601)634-2300

AutomatedCoastalEngineeringGroup
USAEWES
PO BOX 631
Vicksburg,MS 39180
(601)634-2017

Varietyof oceanographicdata.

CoastalEngineeringInformationMan-
agement
System,
Coastal
Program

iCEIMS)LEO Retrieval
gage data from the Corps
FieldData Collection
and othersources.

State-of-the-artcomputerprograms
for wave growthand transformation,
WIS hindcastwave parameters,and
two-dimensionalspectra.

Documentedcomputerprogramsfor wave
measurementanalysisand wave growth
and transformation.

Wave and tide analysisprograms.

(Continued)
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Table 6-5 (Concluded)

NationalGeophysicalData Center
NOAA E/GC 3
325 Broadway
Boulder,CO 80303
(303)497-6338

CaliforniaCoastalData Information
Program
ScrippsInstituteof Oceanography
Mail Code A022
Universityof California,San Diego
LaJolla,CA 92093
(619)534-3033

FieldCoastalData Network
Coastal& OceanographicEng,
Department
336 Weil Hall
Universityof Florida
Gainesville,FL 326Il
(904)392-1051

Navy/NOAAOceanographicData

neer:ng

Distributionsystemoperatedby:
ScienceApplicationsinternational
Corporation
205 MontecitoAvenue
Monterey,CA 93940
(4o8)375-3063

NOAA NationalOceanService
TidalDatumsand InformationSection
6001 ExecutiveBlvd.
Rockville,MD 20852
(301)443-8467

AlaskaCoastalData CollectionProgram
Plan FormulationSection
US Army EngineerDistrict,Alaska
Pouch898
Anchorage,Alaska 99506-0898

Digitalbathymetricdata for US
coasts,includingAlaska,Hawaii,
and PuertoRico.

US West Coastgage networkand gage
at CERC’SFRF in NorthCarolina,

CoastalFloridawave gage network.

Globalforecastwave and weather
data.

TidalTables,TidalCurrentTables,
and digitaldata for selected
locations.

Wind and wave data for coastal
Alaska.

(907)7$3-2620
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NOAA’sNOS which providesglobaltide predictionsin tablesof timesand
heightsof high and low tides (Figure6-8),tidalcurrenttablesfor US
coasts,tidalcurrentchartsfor selectedharbors,and othersummariesof
tidalpredictionsfor selectedareas. Measuredwater leveldata are also
availablefor selectedlocationsfrom NOS. For detailsconcerningNOS water
levelproductsand services,the NOS Tidal Datumsand InformationSection
shouldbe contacted(Table6-5). NOS water leveldata were used in WIS
Report7 to developstatisticalsummariesand extremalestimatesof tides,
stormsurges,and totalwater levelfor selectedlocationsalong the US
Atlanticcoast. Harris(SR-7)used resultsfrom tide predictionequationsto
developextremalestimates’ofastromicaltidesfor US coasts. Open coast
floodlevelsin the GreatLakesare availablefrom item 128.

6-3. Accessto Data and Programs. A listingof publicationswhich con-
tainsextensivesummariesof meteorologicaland oceanographicdata and related
computerprogramsis providedbelow. In additionto wave and waterlevel
data, the sourceslistedcan includewind speedand direction,air and sea
temperatureand other informationrequiredfor wave and water-levelstudies.
Accessto coastalwave and water leveldata and programsis describedin
Table6-5. The telephonenumbersprovidedin Table 6-5 are for the points-
of-contactfor the programsand systems. The points-of-contactfor each
systemwill instructpotentialuserson how to accessthe programsor systems.

a.

(1)
Report,”

(2)

Listedbeloware data productsand programsummarypublications.

Changery,M. J., 1978 (December). “NationalWind Data Index: Final
NationalClimaticData Center,Asheville,NC 28801.

Hatch,W. L. 1983 (JuIY).“SelectiveGuide to ClimaticData
Sources,”Key to Meteorological~ecordsDocumentationNO. 4.11,National
ClimaticData Center,Asheville,NC 28801.

(3) NationalOceanicand AtmosphericAdministration,1985(May). “Index
of Tide Stations: UnitedStatesof Americaand MiscellaneousOtherStations,”
NationalOcean Service,TidalDatumSection,Rockville,MD 20852.

(4) NationalOceanicand AtmosphericAdministration,1985(November).
“NationalOceanServiceProductsand ServicesHandbook,”NOS, Sea and Lake
LevelsBranch,Rockville,MD 20852.

(5) US Army EngineerWaterwaysExperimentStation,1985 (October). “WES
EngineeringComputerProgramsLibraryCatalog,”Vicksburg,MS 39180.

(6) US Departmentof Commerce,1977. “ClimaticAtlasof the Outer Con-
tinentalShelfWatersand CoastalRegionsof Alaska,”ResearchUnit No. 347,
NationalClimaticData Center,Asheville,NC 288o1.

(7) US Departmentof Commerce,NationalClimaticData Center,1986
(April). “ClimaticSummariesfor NDBC Data Buoys,”NationalData Buoy Center,
NSTL Station,MS 39529.
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(8) US Navy,
Hindcast,Spectral,

NavalOceanographyCommand,1983(October). “US Navy
OceanWave ModelClimaticAtlas: NorthAtlanticOcean,”

NAVAIR50-lC-538,NavalOceanographyCommand,NSTL Station,MS 39529.

Data collectedunder the Corps’LEO programcan be accessedand
manip~iatedthrougha databasesystemdevelopedat CERC (Figure6-9). The LEO
RetrievalSystemis describedin item 119.

The Sea StateEngineeringAnalysisSystem(SEAS)enablesCorpsusers
to ac~~ssWIS data and form a varietyof summaries(Figure6-lo). SEAS is a
user-friendlysystemwhich consistsof a databaseof hindcastwave parameters,
a retrievalsystem,and a libraryof statisticalroutinesto producedesired
summaries.

d. An interactivesystemdevelopedat ScrippsInstituteof Oceanography
(S10)is availablefor accessingparametersfrom the SIO-basednetworkof wave
gages. The networkincludesprimarilyWest Coastgages,many of whichare .
supportedby the Corps’CoastalFieldData CollectionProgram.

e. A systemsimilarto S10’s interactivesystemis operatedby the
Universityof Floridafor wave gagesalong the FloridaCoast.

f. Globalforecastwave and weatherinformationis availablethroughthe
Navy/NOAAOceanographicData DistributionSystem(NODDS).
data are calculatedusing the Navy’sGlobalSpectralOcean
is operatedby ScienceApplicationsInternationalCorporat,
to the Jet PropulsionLaboratory(Figure6-Ii).

g“ CEIMS is a computerizedsystembeingdeveloped by
vide indexesto a wide varietyof coastaldata. It will a:
accessto selecteddata sets and processingprograms.

The forecastwave
Wave Model. NODDS
on undercontract

CERC. It will pro-
so providedirect

h. Besidesthe comprehensiveLEO, SEAS,S10, and CEIMSsystems,thereis
a varietyof computerprogramsfor analyzingwavemeasurementsand modeling
wave growth,propagation, and transformationin currentsand/orshallowwater.
DocumentedCorpsprogramsare availablethroughthe CorpsComputerProgram
Library. MACE programsrelatedto wavesand coastalfloodingare listedin
AppendixC.

.. An interactiveenvironmentaldata referenceserviceis describedin
item~.
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LEO PERCENT OCCURRENCE OF WE PERIOD US WE HEIGHT
13113-KING ND PRINCE BEACH, GEORGIA WTA COLLECTED 11JW79 TO 2%UG81

HGT (FT)
------ ---
PER (SEC)

0-> 1.9
2-> 3.9
4-> 5.9
6-) 7.9
8-> 9.9

10->11.9
12->13.9
14->1s.9
16->17.9
18->19.9
20->21.9
22 +

01
0.9 1.9

1. 0.
S. 6.
9. 13.
S. 6.
1. 2.
0. 1.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.

2 3 4 5 6 7 8 9 10 11 12 13
2.9 3.9 4.9 S.9 6.9 7.9 8.9 9.9 10.9 11.9 12.9 +

o. 0. 0. 00 0. 0. 0. 0. 0. 0. 0. 0.
2. 1. 0. 1. 0. 0. 0. 0. 0. 0. 0. 0.
9. 4. 2. 1. 0. 0. 0. 0. 0. 0. 0. 0.
8. 4. 2. 1. 0. 0. 0. 0. 0. 0. 0. 0.
3. 3. 1. 0. 0. 0. 0. 0. 0. 0. 0. 0.
2. 1. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
1. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.

PERCENT 22. 29. 25. 14. 6. 4. 0. 0. 0. 0. 0. 0. 0. 0.
CALM = 17. PERCENT ( 95 OBSERVATI~S) TOTAL OBSERWTIONS = 573

PERCENT

2.
1s.
38.
26.
10.

60
2.
0.
0.
0.
0.
0.

Figure 6-9. Exampleof outputfrom LEO RetrievalSystem
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MTE: 09/26/86 w: 1

* SYSTSMREPORTND. 101
~A7?~ HI~~ ~TA

WATIM:P201O— W RWINGS— -- 91ELLRWINGS- —- CU181NED--–-
Wn HEIM PERIODDIRECTHEIGHTPERIODDIRECTHEIGHTPERIODIRECT

W- HM (Ul) (SECS) (026) (Ul) (S2CS) (DEG) (Ul) (SECS) (DEG)
------- ---- --— ---- ----- ----- .— - ----- -—. - ----- -----
75/10/10
7Ylo/lo
75/10/10
75/10/10
75/10/10
75/10/10
75/10/10
7Ylo/lo
75/10/11
75/10/11
75/10/11
75/10/11
7vlo/11
?5/10/11
75/10/11
75/10/11
75/10/12
7V10/12
75/10/12
7W10/12
75/10/12
7V10/12
mlo/12
7~10/12
7vlo/13
7vlo/13
75/10/13
7VI 0/13
75/10/13
7vlo/13
75/10/13
7v10/13
75/10/14
75/10/14
75/10/14
75/10/14
75/10/14
75/10/1.4
7V1OI14
7vlo/14
75/10/15
75/10/15
W1OI15
7vlo/15
75/10/15
75/10/15
75/10/15
75/10/15

Figure 6-1o.

00:00 150.
03:00 147.
06:00 i47,
09:00 145.
12:00 146.
15:00 208,
18:00 228.
21:oo 224.
00:00 246.
03:00 25s.
06:00 263.
09:00 267,
12:00 269,
15:00 272,
18:00 273.
21:00 258.
00:00 262.
03:00 261.
06:00 261.
09:00 2600
12:00 259.
15:00 260.
18:00 261c
21:00 263.
00:00 268.
03:00 262.
06:00 253.
09:00 248.
12:00 200,
15:00 188,
18:00 180,
21:00 182.
00:00 166.
03:00 160.
06:00 158.
09:00 65.
12:00 65.
15:00 65.
18:00 65.
21:00 65,
00:00 65.
03:00 57.
06:00 41.
09:00 41?
12:00 41.
15:00 41.
18:00 41.
21:00 41.

8. 290. 126.
8. 287. 129.
8. 284. 135,
8. 280, 143.
8. 278. 133,

11. 288. 76,
13. 289. 40,
11. 288, 880
13. 289, 43,
13. 290. 44.
13. 290, 44,
13s 290. 46.
13. 291. 45.
13. m. 43.
13. m. 44.
11, 292. 106.
11. 292. 104,
11. 292. 101,
11, 293, 100,
11. 293. 39.
11. 293, 100,
11, 293. 100,
11, 293. 1020
11, 293, 103.
11, 294. 10S.
11. 294. 107,
11, 294, 110.
11, 294. 112,
9, 295. 182,
8. 2350 199.
8, 295. 197.
8, 295. 196.
8, 296. 206s
8. 296. 204,
8. 295. 202,
5, 306. 246,
5, 306. 243,
5, 306. 241.
5, 306. 240,
5, 306. 238.
s. 305. 237.
s. 305. 236.
5. 319. 237,
5. 318. 235.
5. 318. 234.
5. 318, 233.
5. 318. 231.
5. 318. 229.

11. 306, 136.
11. 304. 1%.
11. 302. 200.
11. 301,2040
11. 299* 211.
13. 297. 221.
14. 2980 231.
13, 2%. 241,
14. 297, 2s0.
14* 2s7. 259,
140 297, 267,
14. 296, 2n.
14. 296. 273.
14. 236, 276.
14. 295. 277.
13s 295. 279.
13. 295, 282.
13. 295. 280.
13. 295. 280.
13. 295, 270.
13. 295. 278.
13. 295, 279.
13. 295. 280.
14. 295, 282.
14. 295, 288,
14. 235. 283,
14. 295. 276.
14. 295. 272.
130 295. 270,
13. 295, 268.
13. 295. 267.
13, 295, 267.
13. 295. 265,
13. 295, 259.
13. 295. 256.
13, 295, 254.
13, 295. 252,
13. 295. 250,
130 295. 249.
13. 295. 247.
13. 295. 246.
13. 295, 243.
13. 295, 241,
13. 2s5. 233.
11, 295. 238.
11. 295, 237.
11, 295. 235.
11. 295. 233.

8, 290.
8. 287.
8, 284.
8. 280,

11. 299.
11, 288,
130 289.
11, 208,
130 289.
13. 290.
13. 290,

230!
i:: 291.
13. m.
13. 291.
11. 292,
11. 292.
11. 292,
11. 293,
11. 293.
11. 293.
11u 293.
11a 293,
11. 293.
11. 294.
118 294,
11. 294,
11. 294,
9, 29S.

13, 295.
13. 295,
13. 295.
13! 295.
13. 295.
13. 295,
13. 295.
13. 295.
13. 295.
13. 295,
13. 295.
13. 295.
13. 295,
13. 295.
13. 295.
11. 295.
11. 295,
11. 295.
11. 295.

Example of listing fromWIS SEAS for a portionof
the 20-yearhindcast
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87060300 L.4T 35.ON LON 72. 5A OOZ 3 JUN 87 TAU O
GSONM DIR(FROM), -LOCAL J41ND 250,0DEG 11.OKTS WHITE CAP O
PERIOD(TOT~L) 45 135 165 195 225 255 20S 315

12.4 1 100000 00
9.7 3 021000 00
8,6 3 021000 00
7.s 1 001000 00
6.3 10 0 000353 0
4.8 48 0 0 0 3 14 19 12 1
3.2 22 001258 52

DIR(TOTAL) 1 4 4 5 22 32 20 3
SIG HT 3. 8FT WG HT 2.70FT THRESHOLD= ,01

Figure6-II. Exampleof NODDS forecast,includingdirectional
wave energyspectrum
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CHAPTER7

SELECTIONOF DESIGNWATERLEVELSAND DESIGN WAVES

7-1. Selectionof DesignCriteria. The selectionof designwater levelsand
designwaves-requiresconsiderationof the criticalconditionsas discussedin
1-6.~. Probabilitiesof exceedancefor the criticalconditionsare estimated
by applyingthe informationin thismanual,as illustratedin Figure 1-1.

a. Exceedanceprobabilitiescan be formulatedin severaldifferentways.
For functionaldesigncriteriatheyare generallyformulatedin termsof
eitherthe probabilityof exceedingthe criticalthresholdin any givenyear
or the numberof days (orhours)per year the thresholdwill be exceeded.
Probabilitiesfor structuraldesigncriteriaare generallyformulatedin the
same terms. Anotherusefulformulationis in termsof probabilityof exceed-
ing the criticalthresholdin an n-yearperiod,where n is an integervalue.

b. The basicstepsfor analyzingand, if desired,fittingof extreme
valuewave data to a distributionfunctionare describedin Chapter5. The
usualprocedureis to estimatea distributionfunctionfor extremevaluesand
use it to extrapolateto returnperiodslongerthan the originalrecord
length. This procedureshouldbe done with care. Measureddata sets that
includewave conditionsfrom 1 to 5 yearsusuallydo not includeenoughstorm
eventsto performa reliablepredictionof long-termwave conditions. The
generalrule-of-thumbis that it is not good to extrapolate to more than three
times the extent of the data set. Thus, for a s-year data set, the longest
return period condition that could be reliably predicted would be the 15-year
condition. It is evident that reliable prediction of the 50-year wave condi-
tion often used for structuraldesignpurposeswould requireat least 17 years
of data. Wave data recordscovering17 or more yearsare usuallyonly avail-
able as hindcastdata derivedfrom synopticweatherrecords. For this reason,
hindcastdata are most widelyused for makinglong-termpredictions. In par-
ticular,the WIS hindcastresultswhichpresentlycovera 20-yearperiod
shouldbe used for Corpsprojectswhereapplicable(Chapters5 and 6).

A ❑ore carefulestimateof the requiredlengthof data recordin
orderc~oreliablyestimateextremewave statisticsis providedin item 138.
The analysisincludesonly the effectof samplevariabilitydue to small
samplesizeand assumesa Weibulldistributionfor significant wave heights.
No consideration is given to gaps in the data, shallow depth-induced limita-
tions on wave energy, measurement inaccuracies, etc. The Weibull distribution
is expressed as

‘ks<H)=-exp[-(~)yl (7-1)
d

where H and y are scaleand shapeparamete~s,and Ho is a background
wave heightlevel. The averagepercentagedeviationfrom the predicted
extremevalue is shownas a functionof recordlengthand desiredreturn
periodin Figure7-1 for a valueof y equal to 1.00. For highervaluesof
y , shorterrecordsare required. Similarinformationis providedin
Table7-1,whichalso indicatesthe influenceof the time intervalbetween
observationsand the valueof Y .
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:i

90% CONPIOENCE
7.1.00

~L.
\

RETURN PERIOO IN YEARS

20
so

10 20 30 40 30 60

RE2UR0 LEWH IN YEARS

Figure7-1. Accuracyof predictionof record
length (At = 6 hr), Y = 1.00

d. Anothergood sourceof informationon proceduresfor fittingdata to
extremevaluedistributionfunctionsand estimatingconfidenceintervalsis
given in item 135.

Data Dur

Return period,
inyears
(1)

20
20
20
20
50
50
50
50
100
100
100
100

Table 7-1

;ionRequiredas Functionof ReturnPeriod*

A~Jfl -dRecordLen’”
hours
(2)

3
6
12
24
3
6
12
24
3
6
12
24

y= 1.0
(3)

7
8
9
10
14
16
18
21
25
28
33
37

y= 1.2
(4)

5
6
6
7
10
11
13
15
18
20

. 23
26

inYears

Y = 1.4
(5)

3
4
5
5
8
8
9
11
13
15
17
19

*Confidencelevel= 90%;uncertainty= 20%.
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7-2. ExampleProblems. Five exampleproblemsto illustrateproceduresfor
estimatingdesignwavesand water levelsare presented.

###%*#%*#*%**%*S****%#*******ExAMpLEpRoBLEM7-l#S#**#***##H%%H%**#****#**%**

GIVEN: An offshoreentrancechannelis to be surveyed. Water levelmeasure-
mentsare availableat a gage in an estuarylandwardof the open coast.

FIND: Water levelon the open coastduringsurveysfor calculationof dredged
materialquantities.

SOLUTION: This problemrequiresmore informationfor solution. It is pre-
sentedhere to emphasizean importantpracticalconcernof whichengineers
shouldbe awareand to suggestsome solutions. In general,the magnitudeof
the tideon the open coastis not well representedby gages locatedin an
estuary. The waterlevelsin the estuaryand severalmiles offshoremay
differby severalfeet,whichwouldcauseseriouserrorsin calculateddredged
materialquantities.Figure7-2 illustratesthe tide offshoreand in the
estuaryat BeaufortInlet,NorthCarolina. The maximumdifferenceinwater
levelbetweenthe gages is greaterthan2.5 feet in this example. Over-
dredgingwill occurwhen the estuarywater level is higher,and under-dredging
will occurwhen the offshorewater levelis higher.

The best solutionto thisproblemis to installa permanenttidegage
offshoreto use as a referencefor offshoresurveys. Alternativelya tem-
poraryoffshoregage couldprovidevaluableinformation.A temporarygage
would indicatethe magnitudeof the differencesin water levelbetweenthe
estuaryand the offshorechannel. It couldbe used to establisha datum.
Also,a temporarygage would showwhen in the tidalcyclethe differencein
water levelis the least. Figure7-2 showsthat the differencein water level
is a minimumduringthe fallingtide for BeaufortInlet. This informationis
site specificand cannotbe transferreddirectlyto other locations. NOS has
operatedshort-termgagesat many sites. NOS recordsshouldbe reviewed
beforeinstallinga temporarygage.

******S****%***************S*ExAMpLEpROBLEH7.2***************%*************

GIVEN: The reservoirshown in Figure7-3. A rubble-moundseawallis to be
builtat StationA. No localwind or wave recordsare available. Average
waterdepthalongthe fetch is 65 feet. Waterdepth at the structureis
75 feet.

FIND: The wind setupand designwave associatedwith a 25-yearrecurrence
interval.

SOLUTION: This problemcan be solvedwith severalalternativetools. Manual
methodspresentedin thisEM are used for the followingsolutions.MACE pro-
grams (AppendixC) couldbe used for microcomputersolutionof the problem. A
programfor use on mainframecomputersis availablethroughthe CorPsComPuter
ProgramLibrary(seeTable6-’j)as “WaveRunupand Wind Setup-Computational
Model-H7780,”Progrm No. 723-F3-MO07A.
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‘““ -“~

w

Figure7-3. Reservoirfor exampleproblem7-2
(scale,1 inch = 7,500feet)

FETCH: The fetchis definedas the radialaverageover an arc of 24 degrees
centeredon the wind direction. In Figure7-3, the 24-degreearc is divided
into 3-degreeintervalswith lengths3.00,3.30,3.55,5.40,5.30,5.35,5.20,
5.05,and 4.95 inches. This givesan averagefetchlengthof

41.10 in. 7,500ft 1 mi
9 1 in. 5,28o x = 6.5mi
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WIND SPEED: Wind speedat reservoirsites is best estimatedfrom localmea-
surements,althougheven theseusuallyneed to be carefullyinterpreted
becauseof localizedinfluencesof surroundingtopography. In this example,
thereare no localdata or data from the surroundingarea whichmight be suit-
able. Therefore,a veryapproximateand generallyconservativeprocedureis
used. The fastest-milewind speed30 feet above the groundfor the 25-year
recurrenceintervalis determinedfrom Figure5-18. For this example,
70 milesper hour is used.

WIND SPEEDADJUSTMENTS:The adjustmentto the 33-footlevel,from equation
(5-12),is

1/7

()

~
’33 = 30

= 1.01

From Figure5-25, the durationof the fastest-milewind speed Uf is 51 sec-
onds. The factorto convertthe 51-seconddurationwind speed to the l-hour
durationis 1.0/1.26= 0.8 from Figure5-26. Therefore,the l-hourduration
wind speedis 56 milesper hour (70miles per hour x 0.8). The factorsto
convertthe l-hourdurationto 1.5and 2 hoursare 0.98 and 0.96,also from
Figure5-26. The 1.5-and 2-hourdurationwind speedsare 55 and 54 miles per
hour,respectively.

The adjustmentof the wind speedfrom overlandto overwater R is 1.2 because
the fetchis less than 10 miles.

The air-seatemperaturedifferenceis not known,so an unstablecondition,
RT = 1.1, iS assumed.

CORRECTEDWIND SPEEDS:

‘fc =R33XRXRTXUf

= 1.01 (1.2)(1.1)(70)
= (1.33)(70mph)
= 93 mph

Uq ~ ~m = (1.33)(55mph)
l.< ~AL

= 73 mph

‘2 hr = (1.33)(54
= 72 mph

DESIGNWAVE: The wave
duration,and adjusted
deepwaterwave growth.

mph)

heightsand periodsassociatedwith the fetch,wind
wind speedare determinedfrom”Figure5-34 for
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Adjusted
Hind Speed Wind Duration Wave Height Wave Period Remarks

74 1 8.0 4.7 Durationlimited

73 1.5 8.9 5.1 Fetch limited

72 2 8.7 5.0 Fetchlimited

The designwave is takenas the maximum
The deepwaterdesignwave height is 8.9
The wave lengthis calculatedto verify
growth.

conditionfrom the above calculations.
feet,and the periodis 5.1 seconds.
the assumptionof deepwaterwave

Lo = 5.12(T)*
= 5.12 (5.1)2
= 133feet

The waterdepth d of 65 feet is only slightlyless than half the wave
length,133/2= 66 feet. Therefore,the assumptionof deepwaterwave growth
is reasonable.

The designwave characteristicsare

Hs = 8.9 feet
T = 5.1 seconds
Lo = 133 feet

WIND SETUP. The wind setup S for the designwave is calculatedfrom
equation(3-1)as follows:

s= U2F
1400d

s= (73)2(6.5)
1400(65)

s = 0.4

The wind setupat StationA for the designwave is 0.4 feet.

Since the waterdepthat StationA is relativelygreat (75 feet),bottom-
inducedwave breakingwill not occur;and the effectof wave setupcan be
ignored.

******************************************************************************

7-7



EM 1110-2-1414
7 Jul 89

***********S*****************Ex~pLEpROBLEM7.3it*********lt*******it*******lt*#

GIVEN: A coastalbreakwateris to be rehabilitated.Deepwaterpercentoccur-
rencewave statisticsfor the stationnearestthe breakwaterare available
fromWIS Phase II in the SEAS data base. Chartsof localbathymetryare
available. The waterdepth is -26 feetMLLW at the toe of the breakwater,and
the nearshorebottomslope is 1:35. The extremerangeof water levels
expectedat the breakwaterduringits designlife is -1 foot to +9 feetMLLW.

FIND: Designwave height.

SOLUTION: DEEPWATERWAVES. The deepwaterwave climateoffshoreof the break-
water is definedby the SEAS deepwaterpercentoccurrencewave statistics.
Table 7-2 is an exampleof the statisticsfor deepwaterwavesapproachingfrom
a directionband of 22.5 degreescenteredon 225 degreesazimuth.

REFRACTIONAND SHOALING: The wave climateat the toe of the breakwateris
determinedby applyinga numericalwave transformation❑odel. Table7-2
indicatesthe higherwave conditionsare a mix of sea and swell. Therefore,a
spectralwave transformationmodel wouldappearto be most accurate. However,
overridingrequirementsfor speedand simplicityin designingthe breakwater
rehabilitationlead to the choiceof the ❑onochromaticwave model RCPWAVEin
this case.

A bathymetricgrid is createdas an inputto RCPWAVE(Figure7-4). The grid
extendsfrom the breakwaterto a waterdepthsufficientto allowdeepwater
inputat the seawardboundary. The grid cell in the immediatevicinityof the
breakwatersectionto be repairedis identified,and the wave model outputat
this cell is used to describethe wave climateat the toe of the structure.

RCPWAVE,a linearmodel, is run with a unity (1 foot)inputwave heightto
give the combinedrefraction/diffraction/shoalingcoefficientsfor various
inputwave periodsand directions. All mid-bandwave periods(fromthe
8-periodbands in Table 7-2) for all deepwaterdirectionswhichare physically
able to
-1 foot
RCPWAVE

(8

propagatetowardthe breakwaterare evaluated. The two extremeSWL’s~
and +9 feet MLLW,are used to assessthe role of waterlevel. Thus
is run a totalof 112 times,calculatedas follows:

wave periods)x (’7 wave directions)x (2 water levels)= 112 runs

The nearshoretransformationcoefficientsfrom RCPWAVE,which includethe
effectsof refraction,diffractionby submergedbottomfeatures,and shoaling,
are thenappliedto the deepwaterwave heights. For example,the coefficient
for a wave periodof 8.8 secondsand directionof 225 degreesis multipliedby
deepwaterwave heightsof 8.2, 11.5,14.8,18.0,21.3,and 24.6 feet to give
correspondingshallow-waterwave heightsat the rehabilitationsite. Notably,
the mid pointof each wave heightrange is used and height/periodcombinations
with zero percentoccurrenceare omitted. Nearshorewave transformation
typically-changesthe wave heightand direction.

The finalstep in estimatingnearshorewave transformationis to transferthe
percentoccurrencevaluesfromdeep to shallowwater. In thisprocess,it is
assumedthat the percentoccurrenceof waves in each wave heightband is
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uniformlydistributedover the band. A proportionalamountof the percent
occurrencein each deepwaterwave heightband is transferredto the appro-
priateshallow-waterwave heightbands. Similartreatmentis given to direc-
tionbands. Table7-3 is one of the shallow-watertablesderivedby this
procedure.

WAVE BREAKING: It is importantto investigatethe possibilityof depth-
limitedwave breakingat the structure. The maximumwave heightthat can
occurat the toe of the breakwateris estimatedby Figure7-4 (SPM)for the
rangeof wave periods. Figure7-5 showsthe depth-limitedwave heightat the
toe of the breakwaterfor the two extremewater levelsand the rangeof wave
periods. Thesemaximumwave heightsare incorporatedintoTable 7-3.

The SPM approachused here is basedon monochromatic,or swell,wave condi-
tions. The depth-limitedbreakingwave heightfor locallygeneratedsea waves
can be expectedto be lower. Fielddata from a numberof exposedoceansites
indicatethe depth-limitedwave heightfor seas is between0.5 and 0.6 times
the depth.

DESIGNWAVE HEIGHT: Basedon Table 7-3 and Figure7-5, the most severewave
heightat the site duringthe 20-yearWIS intervalwas a breakingwave condi-
tionwith 34.9-footheight,14.4-secondperiod,and 225-degreedirection. It
is assumedthat this event coincidedwith a time of maximumwater level. This
assumptionis usuallyconservativeand in some areashighlyconservative.It
shouldbe reevaluatedin every investigation.

The 14.4-secondperiodrepresentsthe midpointof a band. A more definitive
wave periodvaluecan be obtainedby examiningwave periodsfrom the indivi-
dual high wave events. Anotheralternativeis to assumethe worst case (i.e.
the longestwave periodin the interval). This approachwas used for the
example. A wave periodof 15.3secondsleads to a breakingwave heightof
35.3 feet. Therefore,the designwave heightis 35.3 feet with 15.3-second
period,225-degreedirection,and +9 foot MLLW water level.

Table7-3 givespercentoccurrencefrom the 20-yearWIS data base. There is a
smallprobabilitythat eventsmore severethan any duringthe 20 years can
occur. The informationin tablessuchas Table 7-3 couldbe used alongwith
extremalmethodsdiscussedin Chapter5 to estimatemore rare eventsif
requiredby a project.

*****************************ExAMPLEpROBLEM7-4******************it**********

GIVEN: A beach fill is to be designedfor a site along the mid-Atlantic
coast. A stormwater levelfrequencycurve is availablefrom a previous
study. Deepwaterwave informationis availablefrom WIS,

FIND: Designwater level.

APPROACH:

a. Problemoverview.
b. Determine100-yeartideand stormsurge.
c. Determinewave heightat breakingand wave runup.
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TIE ELEVA77~ = +9 ft. MLL W

(d, = 35ft. )

/

~

w TfDEELEVATfW= -1 ft. MLLW

(d~ = 25f[.)

5.2 7.1 8.8 10.1 11.2 12.6 14.4 16.8

Mitl-H,IIId W,IVL, l’tzrlt,!l, T (Secc?ntls)

Figure7-5. Maximumwave breakerheight ‘b whichcan be
attainedat the breakwaterrepairsection

d. Considerwave setup.
e. Designwater levelsummary.

SOLUTION: PROBLEMOVERVIEW. A beachfill projectis frequentlydesignedto
providebeacherosioncontroland stormprotection. The berm and sand dune
(or berm)profileare an integralpart of the design. Incorporatinga dune
sectionon the profilehelps to preventstormwatersfrom floodingthe lower
back beachareasand providesa stockpileof sand to bufferthe erosional
effectsof stormattack. As the stormsurgerisesand wave actionreachesthe
dune,sand erodesand nourishesthe erodedbeachberm and foreshore. In
addition,erodeddune sand contributesto offshorestormbar formationwhich
helpsprotectthe beachby limitingthe onshorewave height.

A rangeof designwater levelsand waves coupledwith differentdurationsis
recommendedfor evaluationof the beachberm widthand foreshoreprofile
design. The site locationand proposeduse benefitsof the projectmust be
consideredin selectingtheseranges. The rangesof water levelsand wave
conditionsshouldbe representativeof the overalldesignwater level
explainedin SectionI-6 for the selectedreturnperiod. Rangesshould
includeboth the maximumand minimumconditionsand severalintermediate
conditions.Considerationshouldalso be given to wave approachangleand
potentialfor a stronglongshoretransportregime.
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Only one designwater levelwill be illustratedin thisexample,the 100-year
eventfor dune design. Otherwaterlevelsand wave conditionsfor the beach
designcan be foundfollowingthe same procedure.

TIDE AND STORMSURGEFOR THE 1OO-YEAREVENT: Figure7-6 showsthe waterlevel
frequencycurvefor the projectsite. For this curvehurricanesand extratro-
picalevents(i.e.northeasters)were studiedseparately,and annualfrequen-
cies of each were summedto obtainthe overallannualfrequency. From Fig-
ure 7-6, the 100-yearevent tidalelevationincludingstormsurgeis +8.7 feet
NGVD.

BREAKINGWAVE HEIGHTAND RUNUP: Figure7-7 from WIS Report2 representsthe
returnperiodin years for varioussignificantwave heightsat the deepwater
WIS stationnearestthe studyarea. The publisheddata do not includetrop-
icalstormsat present. The 100-yearand 50-yearsignificantwave heights
(53.8and 48.2 feet,respectively)wouldbreakat considerabledistanceoff-
shoreand thuswouldnot be pertinentto projectdesign. Maximumbreaker
heightsto which the berm and dune might reasonablybe subjectedwere foundby
superimposingthe 100-yearstormtideand surge levelof +8.7 feet (NGVD)onto
the existingbathymetryin the area. This superimpositiondeterminesthe
designwater levelon which the wavesare transmitted.

With an average1:50bottomslopeand a wave periodof 10 seconds(see
Table6-2 (WISReport2)), the maximumbreakerheightat severalwaterdepths
was computedfrom Figure7-4 in the SPM. This approachdiffersfrom the
methodologyof Equation3-5 (alsoFigure2-73,SPM) becauseit includesthe
initiationof wave breakingseawardof a structurewherewaterdepthsare
somewhatgreaterthanat the structure. SinceFigure7-4 (SPM)givesmore
conservativeresultsthan Figure2-73 (SPM),Figure7-4 (sPM)was used.
Resultsare given in Table 7-4.

The SPM approachused here is basedon monochromatic,or swell,wave condi-
tions. The depth-limitedbreakingwave heightfor locallygeneratedsea
waves,which is more appropriatein this example,can be expectedto be
lower. However,proceduresfor includingthe initiationof wave breaking
seawardof a structureare not yet availablefor sea waves.

Maximumrunupmust be consideredfor designof a dune or berm elevation.
MaximumrunupheightsabovedesignSWL were computedusingthe compositeslope
method (SPM)and maximumbreakerheightsestimatedfromFigure7-4 (SPM),with
a placedbeachprofileof 1V:5Hslopefor the dune,bermheightof +8.75
(NGVD),and a foreshoreof 1V:15H. Wave setup is includedwithinthismethod.

The resultsof thisanalysisindicatemaximumrunupon the designbeachfill

occurs‘ith ‘bmax = 16.7feet and T ❑ 10 sec . Wave heightsgreateror

less than 16.7feet will resultin lowerrunup. In practicethis runupmay be
limitedif the beacherodesand a scarpdevelops.

WAVE SETUP: Wave setup Sw can be calculatedseparatelyusing H and db
if necessary. Variouserosionmodelsare availableto designdune widthsand
beachfills. Dependingupon projectlocationand the modelused, it may be
necessaryto calculatesetup.
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Figure7-7. Returnperiodof deepwater
significantwave heights

Table 7-4

MaximumWave HeightVersusMaximumRunup

ds ‘bmax TMax ~ax
ft ft s ft

8.7 13*5 10.0 13.2

12.0 11.4 10.0 11.3

18.0 16.7 10.0 13.7

24.0 21.4 10.0 13.2



m 1I1O-2-14I4
7 Jul 89

Setup can be computedby Equation(3-4)or equivalentlyfromFigure3-50
(SPM). To use Figure3-50 compute

y= 16.7

gT2 (32.2)(10.0)2
= 0.0052

For a slopeof 1:50,the figuregives

Sw
— = 0.131
‘b

Sw = (0.131)(16.7)

Sw = 2.2 ft

DESIGNWATER LEVELSUMMARY: In summary,the water elevationfor floodcon-
trol and dune elevationdesign is +8.75 feet (NGVD)withoutwave setup,and
+10.95feet (NGVD)with wave setup. The deepwaterbreakingwave heightis
16.7feet.

*****************************ExamplepRoBLEM7-5*****************************

GIVEN: A harborbreakwateris to be designedin one of the GreatLakes.
GreatLakesopen-coastfloodlevels,standardizedfrequencycurvesfor design
water level,and designwave informationfor the Great Lakesare available. A
returnperiodof 200 years is to be used for design.

FIND: Designwaterleveland associateddeepwaterwave height.

APPROACH: Because
related,theymust
The approachis as

a. Determine

b. Determine

the designwater leveland the deepwaterwave heightare
be determinedinteractivelyas discussedin Section1-6.
follows:

lake

peak

c. Considerjoint

d. Determinewave

e. Considerjoint

levelsand associatedreturn.periods.

rise or stormsetupand associatedreturnperiods.

returnperiodsof a. and b. and sum a. and b.

heightsand associatedreturnperiods.

returnperiodsof c. and d. and combinec. and d. to
selectthe worst condition.

The 200-yearreturnperiodis used as a conventionfor projectsinvolving
floodcontrol. It representsa rare event,but it has not been establishedby
any economicoptimizationprocedure.

SOLUTION: LAKE LEVEL. Designwater level is the jointoccurrenceof the
long-termaveragelake levelwith a short-periodfluctuationdue to storm
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setup. Insignificanttidalfluctuationsoccur in the Great Lakes,and they
are not consideredin the designwater level. Two ways to estimatethe design
water levelare presented. The IGLD is used as the referencedatumfor com-
putinglong-termaveragelake level.

In the firstmethod,combinedaverageannuallake levelsand instantaneous
peak rise are extractedfrom Table 7-5 (item 128). This tableshowslake
levelsreferencedto both IGLDand MSL for 10-,50-, and 100-yearreturn
periods. The breakwatersite is locatedin ReachG.

In the secondmethod,long-termaveragelake levelsand peak riseare found
separately. Annualmean lake levelsare obtainedfrom Figure7-8 whichshows
the frequencycurveof annualmean levels(item 129).

STORMSETUP: The ❑aximumshort-periodfluctuationdue to storm setup was
obtained from Figure7-9 whichshows the frequencycurveof peak riseat the
breakwatersite (item 130). Extractionof peak rise data frommeasurementsis
sometimesdifficult,and this informationis less reliablethan that in
Table7-5. An alternativeprocedureis to estimatepeak risewith a numerical
model for wind-drivensurge.

TOTALWATERLEVEL: The jointreturnperiodis estimatedby multiplyingthe
individualeventreturnperiods(seeEquation(2-4)),as follows:

p(a + b) = [p(afl[p(b~

where p is the combinedprobabilityof two eventsoccurringin any year, and
p(a) and p(b) are the probabilitiesof the individualevents,as discussed
in paragraph2.5.d. This methodologyis basedon the assumptionthat events
a and b are independent,which is not entirelycorrectfor extremewater
levelsand wave heights. The probabilityof occurrencein any year is equal
to the reciprocalof the returnperiod,which is equal to 0.005for a 200-year
returnperiodevent. Water leveland stormsetupare summed. See Table 7-6
for jointreturnsand sum of water leveland peak rise. This informationis
alreadyincludedin the Method 1 approachusingTable 7-5.

DESIGN WAVE: Deepwater design waves are obtained from the reports listed in
Table 6-3. Table 7-7 shows the significantwave heightsin feet for harbor
site 21.

JOINTRETURNPERIODOF WAVE HEIGHTAND WATERLEVEL: Variouscombinationsof
wave heightand water levelare calculated,as shown in Table 7-8. The
extreme value is selected, and the design water level and deepwater signifi-
cant wave height can be determined. Although wave height plus design water
elevation is not a real value, it can be used to indicate the most critical
design condition.

From Table 7-8, the extremevaluefor combinedeventshaving200-yearreturn
periodfrom Method 1 is 590.5feet,yieldinga designwater elevationof
575.4feet and a deepwaterwave heightof 15.1feet..Low WaterDatum (LWD)
for this lake is 568.6feet. Therefore,fromMethod 1 the designwater level
is +6.8 feet aboveLWD. From Method2 the extremevaluefor combinedevents
havinga 200-yearreturnperiodis 589.3feet,yieldinga designwater
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Table7-5

Open CoastFloodLevels

Elevations*ofOpen-CoastFloodLevelsat VariousReturnPeriods
1O-yr 50-yr 100-yr

Reach
500-yr

IGLD MSL IGLD MSL IGLD MSL IGLD MSL

A 578.0 579.3 579.1 580.4 579.5 580.8 580.3 581.6

B 577.6 578.9’ 578.6 579.9 579.0 580.3 579.8 581.1

c 577.1 578.4 578.1 579.4 578.5 579.8 579.2 580.5

D 576.7 578.0 577.7 579.0 578.0 579.3 578.7 580.0

E 576.2 577.5 577.2 578.5 577.5 578.8 578.2 579.5

F 575.8 577.2 576.7 578.1 577.0 578.4 577.6 579.0

G 575.4 576.8 576.2 577.6 576.5 577.9 577.1 578.5

H 574.9 576.4 575.7 577.2 576.0 577.5 576.6 578.1

J 574.8 576.3 575.6 577.1 575.8 577.3 576.4 577.9

K 574.6 576.1 575.4 576.9 575.6 577.1 576.2 577.7

L 574.4 575.9 575.2 576.7 575.4 576.9 575.9 577.4

M 574.2 575.7 575.0 576.5 575.2 576.7 575.7 577.2

N 574.1 575.6 574.8 576.3 575.0 575.5 575.5 577.0

P 573.9 575.4 574.6 576.1 574.8 576.3 575.3 576.8

Q 573.7 575.3 574.4 576.0 574.6 576.2 575.1 576.7

R 573.9 575.5 574.6 576.2 574.8 576.4 575.3 576.9

s 574.0 575.6 574.8 576.4 575.0 576.6 575.5 577.1

T 574.2 575.8 575.0 576.6 575.2 576.8 575.8 577.4

u 574●3 575.9 575.2 576.8 575.4 577.0 576.0 577.6

v 574.5 576.1 575*3 576.9 575.6 577.2 576.2 577.8

w 574.6 576.1 575.5 577.0 575.8 577.3 576.4 577.9

x 574.8 576.3 575.7 577●2 576.0 577.5 576.7 578.2

Y 574●9 576.4 575.9 577.4 576.2 577.7 576.9 578.4

z 575.1 576.6 576.1 577.6 576.4 577.9 577.1 578.6

AA 575.9 577.3 576.8 578.2 577.1 578.5 577.7 579.1

● Elevationsare in feetIGLD(1955)andmeansea level of 1929.

7-19



~ 1I1O-2-14I4
7 Jul 89

G
o I

--1” ““- ‘

! 1’ I
. . 4-– ---- .- —.{ -i 1
—— -. .- ——— i-–— --—-l–. -– ::._J .– . . .-_ . . .._.

g -–— ,---- -------- -– —

;! ---L--- -::i’i *

: =:-.L +:1 :++.+ =-+-::: -.::l :::-,. . . . . . .. —. . . . . . .. . .. . . . . . :
0

;— — –.- .-F —-. _—.. -.
~ ‘-

: -–-j: -- -- ‘.–

(

–i.-.. .._.;.._. ---- ‘-. ““-
.: .___+ ._” I__ __..: .:i~.. _ “{. . .

0 I I 1 I
I.-—. — - t

—
1-—.—+ +

—..
t-—--+- .–l .— :--”” -—?” ‘-

~ —.
—.

I I \ I
_—. J _—

<- -y-–-, .— _____
‘: =:”j::; -::+.-=. ‘-- t.-: :“ “~” ‘ ;---,

+ .—
N ““ ‘-

. -“— -—--=- ----- ---— - :“—
1

—— \. -—— ~.--._

I

——. . ._— .-. _ ._. _________ ---–+- --–

—. .—
1“ + -—t ‘“- ‘-- ‘--– ‘-- “-- ‘- ‘- “--- ‘---- ---~ ‘---

In
.— [

1 — —- — <– —. .—
—— —- ..— ——

1 --—

~
+

G
-..——

1‘—----

.—
— .—

;:ij ::; --- -;
t —.
—-. —.= — —- . ..— —-.— —_— ,. ___

~ ! - -==-.>+~=---.~ ~-__+ ? “.:.;: :?f. :::::2-.— —.- ._

1
I I I I \I 1 I

I
.- —-. —

, -- 4–=+–—. .:::”:~-”:::--:...1...-
8 I I 1 ! t ! I t

----
1 t“-- !-—...—. 1 ——

1 1 I
.— R 1 t

-——. . . . . . . .
— .—. — __, .__. ___

;. . . .

1 I
—-— ?-- -

1

9

I
—-. ..— —. . . . . . !“--—”
—. ——— ..”: ;

_: ----

, x
I .—41 r l-. , 1 1——.—..—. . . ..4——.. —._ ._..— . v1 ! I _.— .,. .-— ..—.—. . . . . . . . . ._+______

8 ~
—. --t +-++ —. ————-——

, r
1

——— -—— .-—
1 1 1 I l-- ---

T —-- —— .–. j –L-:
— .- -.——

s ‘“ “— ;

1
!

L.~–5--
f’=–-F—–—..- ;.-. . ..l. .—–

1 ! , , ,

1 I I

I I I I
. . . . . . . . . ‘:,: :j-i::

-—-— —--- ._ —.. !
—- _—

-.—. -.. — ——.. .}. .’ .._
—— —--- —.. ..— . ..— ---- :..—= L.G ._ .. ___ .. ____ .,_

[ , t —.
._i ...: .::. L.!i _

, --—, ,..

~ i-%.t”:3 :e~+’ i==a ~+ b<-+:-- +:::~
‘ “!’:-;

-::< :-;_:::;

— .—.
—

—— —— .- .—
——— .— .——

0
m

—- ‘--+–

—. ——— -.. .+. —-... .—.

—

----- ‘-’
—+—— .

..1. .—. . .

. .
I i

.,

t“-“i- .,~.. .-l

+.. .!””:.

I 1

4 —— — __

I
. . ..— . ..—

.—:: — _ : .-=.. . —n
------ .i-.——

7-20



~wlI110-2–141L+
7 Jul 89

—.—

3

II7 11 I I 1 1 ,
1’ I

,,

P I,,!,1 ,,,

I

. . . . . . A . . . . . . . .
Omm. *~* m

7-21



w, 1110-2-1414
7 Jul 89

Table7-6

Estimationof TotalWater Level

Lake Level Still-War.erElevation
Referenced Referenced

Return Period to IGLD
yr Probability ft

Peak Rice
Return Period

yr Probability ft
to IGLD Return Period

ft yr Probability

Method 1

575.4 10 0.1

Method 2

10 0.1 572.7
10 0.1 572.7
10 0.1 572.7
20 0.05 573.0
20 0.05 573.0

1 1.0
2 ::; 2.3
4 0.25 3.0
1 1.0

2 0.5 ;:;

573.7 10 0.1

575.0 20 0.05
575.7 40 0.025
574,0 20 0.05
575.3 40 0.025

Table 7-7

Wave Heights ‘s for ApproachDirectionsand SeasonsCombined*

Return Periods, yr
Site 5 10 20 50 100

1
2

;
5
6

;
9

10
11
12
13
14
15
16
17
18
19
20
2,**

22
23
24

10.6
10.3
9.6

10.0
9.5

11.6
11.0
10.6
11.1
12.8
12.2
12.1
12.9
13.1
13.0
13.5
13.6
12.8
13.2
13.1
13.4
11.1
12.0
15.9

12.2
12.0
11.0
11.4
10.7
12.7
12.2
11.6
12.7
13.9
13.4
13.2
14.1
14.2
14.4
14.7
14.8
13.7
14.0
13.9
14.3
12.0
12.8
17.3

13.7
13.8
12.5
12.9
12.0
13.9
13.5
12.6
14.4
14.9
14.7
14.4
15.2
15.4
15.7
15.9
16.1
14.6
14.8
14.7
15.1
12.9
13.7
18.8

15.7
16.2
14.5
14.9
14.1
15.5
15.3
14.0
16.7
16.3
16.4
16.1
16.7
17.0
17.5
17.6
17.8
15.9
16.0
15.9
16.3
14.2
14.9
20.8

17.3
18.0
16.o
16.4
15.8
16.9
16.8
15.0
18.5
17.4
17.7
17.3
17.9
18.2
18.8
18.9
19.2
16.9
16.9
16.8
17.2
15.2
15.9
22.3

*In feet.
**Breakwatersite.
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elevation of 575.0feet and a deepwaterwave heightof 14.3feet. From
Method2 the designwater levelis +6.4 feet aboveLWD. The resultsfrom
Method 1 are slightlymore conservativein this caseand shouldbe used for
design.

Althougha singleelevationestimateis oftenused for design,it is important
to note that some uncertaintyis associatedwith the estimate. The various
estimatesin Table 7-8 give an indicationof the rangeof uncertainty.Confi-
dence bandsmay also be estimatedby statisticalmethods. A conservative
approachis used in this example. Engineeringjudgmentmay dictatea less
conservativeapproachfor some applications.

*******s**********************************#**********************************
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APPENDIXB

NOTATION

A

‘b

‘bc

Ai

aj

A(K1)

A(M*)

Ans

A(O1)

ASc

A(52)

Unit

ft

ft

ft

.-

--

ft2

ft2

ft2

fk2

ft2

ft

ft

ft

ft

--

ft

ft2

ft

Definition

wave amplitude

lengthof semimajoraxis of elliptical-shapedtsunami
generatingarea,equation(4-8)

horizontaldistancefroma verticalwall at the shoreline
to a depthequalto twicethe depthat the wall,equation
(4-32)

parameterin the JONSWAPspectrum,equations(5-15,16)

dimensionless
(4-37,38)

totalarea of

amplitude of a resonant wave, equations

earthquake uplifting, equation (u-u)

area of the harbor,equation(4-48)

cross-sectionalarea at the bay end of the harbor,
equation(4-49)

cross-sectionalarea of flow throughthe harborentrance
channel,equation(4-49)

incrementalarea of earthquakeuplifting,equation(4-3)

amplitudeof the jth componentof the energyspectrum,
equation(5-1)

amplitudeof tidalconstituentK,, equation(2-2)

amplitudeof tidalconstituentM2, equation(2-2)

site-specificamplitudeof tidalconstituentn, equation
(2-1)

dimensionlessamplitudeof resonantwave at the shore-
line,equation(4-38)

amplitudeof tidalconstituent01, equation(2-2)

cross-sectionalarea at the sea end of the harbor,
equation(4-49)

amplitudeof tidalconstituentS2, equation(2-2)
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ax

‘Z

al

a2

b

B

‘J
c

c

Cg
c1

..CPI

CR

d

da

db

Df

D(f,e)

ft/sec2

ft/sec2

ft

ft

--

ft

ft

Hz

ft, km

ft

1/ftz

ft

ft/sec

--

ft/sec

ft/sec

in Hg

--

ft

ft

--

ft, km

ft

km

--

horizontalwaterparticleacceleration

verticalwaterparticleacceleration

amplitudeof oscillationin the harbor

amplitudeof oscillationat the closedharborentrance

parameterin the JONSWAPspectrum,equations(5-15,16)

lengthof semiminoraxis of elliptical-shapedtsunami
generatingarea,equation(4-8)

widthof inletentrancechannel,equation(4-47)

resolutionbandwidthparameter

mean inletwidth,equation(4-44),Table4-2

distancebetweenrefractedwave rays at stationj,
equation(4-38)

parameter,equation(4-38)

maximumupliftedelevationof elliptical-shapedtsunami
generatingarea at coordinates(x=O,y=O,z=O),equation
(4-8)

wave celerity

parameter,equation(4-38)

groupwave celerity

Mach stem propagationspeed,equation(4-42)

centralpressureindex

coefficientof roughnessand permeability

still-waterdepth

averagewaterdepthover a fetch,equation(3-1)

derivative,equations(4-37,48)

mean depthof inlet,equation(4-43),Table4-2

waterdepthat wave breaking

earthquakefocaldepth,equation(4-1)

angularspreadingfunction,equation(5-27)
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‘J
d.s

d,

d2

e

E

E(f)

E(f,e)

‘J

‘pres

‘s

‘Sfc

ft2

ft

ft

ft

ft

ft

ft

..

ergs

ft-lbs

ft2-sec

ft2-sec

ft2-sec

ft2-sec

--

ft2-sec

fny

ETMA(f,d) ft2-SeC

exp(x) --

f Hz

F miles

ft2/sec2

--

parameter,equation(4-38)

waterdepthat the toe of a nearshoreslope,equation
(4-41)

waterdepthat a verticalwall at the shoreline,equation
(4-32)

initialwater depth

waterdepthat the seawardlimitof a steeptransition

waterdepthunderthe transmittedwave

waterdepthat the seawardlimitof the slope,equation
(4-41)

constant= 2.71828....naturallogarithmbase

earthquakeenergy,equation(4-2)

energy,equations(4-3,4)

spectralenergydensityas a functionof frequency,
equation(5-15)

spectralenergydensityas a functionof frequencyand
direction,equation(5-27)

energydensityin the jth componentof the energy
spectrum,equation(5-2)

energyat an underwatergage

standarderror

energyat the surface

energydensityof TMA spectrumas a functionof frequency
and direction,equation(5-24)

ex

wave frequency

fetchlength,equation(3-1)

totalbottomfrictionin a harborentrancechannel,
equation(4-49)

node factorof tidalconstituentn for a specificyear,
equation(2-1)
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fp

f~

g

GCLWD

G(s)

h

H

E

i

(h2)avg

‘b

‘b

hc

‘i

Hi

H/L

(H/L)c

%0

ho

H:

Hz

Hz

Hz

ft/sec2

ft

.-

--

ft

ft

m

-.

ft

ft2

ft

ft

--

ft

ft

--

--

ft

ft

ft

Nyquistfrequency

frequencyof the energyspectrumat which the energy
densityis highest

samplingfrequency

gravitationalacceleration

Gulf CoastLow WaterDatum

functioncontainedin the directionalspreadingfunction,
equation(5-28)

nondimensionaltide level,equation(2-8)

tsunamisurgeheight,equation(4-50)

wave height

tsunamiwave height,equation(4-5)

scaleparameterfor Weibulldistribution,equation(7-1)

particularvalueof H, equations(5-5,6)

averagevalueof the squareof the earthquakeunlifted
heights,equation(4-4)

surfaceelevationof the water in a harborabovesome
arbitraryfixeddatum,equations(4-48,49)

wave heightat wave breaking

specifiednormalizedtidelevel,equation(2-8)

heightof earthquakeupliftingover the incrementalarea
Ai, equation(4-3)

incidentwave height

wave steepness

criticalwave steepnessfor wave reflection,equations
(4-28,29)

zero momentwave height

heightof the localMSL datumabove the datumof
reference,equation(2-1)

equivalentunretracted
equation(3-2)
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‘r

Hrms

h~

Hs

:s

Hs

Hs
min

(H~)
pres

(H~)~c
s

‘t

Hv

hw

hys(t)

Hi/3

‘1/1(-)

h+
?

h-
?

1

lg

IGLD

k

Kr

‘t

Lc

ft

ft.

ft

ft

ft

ft

ft

ft

ft

ft

ft

ft

ft

ft

ft

--

--

--

ft

--

l/ft

.-

--

reflectedwave height

root-mean-squarewave height

totalwave heightat shoreline,equation(4-51)

heightof the sea levelabovean arbitrarydatum,equa.
tion (4-49)

significantwave height

mean significantwave height,equation(5-30)

particularvalueof Hs, equation(5-29)

minimum(background)significantwave height,equations
(5-29,30)

significantwave heightat

significantwave heightat

transmittedwave height

an underwater

the surface

wave heightgivenby visualobserver

seawallheight,equation(4-51)

tideat station s duringyear y at
equation(2-1)

gage

time t

averageheightof the one-thirdhighestindividualwaves

averageheightof the one-tenthhighestindividualwaves

tabulatedtide limitimmediatelyabove hc
equation(2-8)

tabulatedtide limit immediatelybelow hc
equation(2-8)

relativeintensityof secondaryharborundulations,
equation(4-44)

geometryintegral,equation4-49

InternationalGreatLakesDatum

wave number

reflectioncoefficient,equation(4-24)

transmissioncoefficient,equation(4-23)
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1

L“

‘b

Lc

Le

Lf

Lo

‘P

1~

m

M

MHHW

MHW

MLLW

MLW

MSL

MTL

N

NAVD

NGVD

nu

.-

ft

yr

ft, km

ft

ft

km

ft

ft

ft

--

--

ft

ft

ft

ft

ft

ft

--

--

--

yr

--

--

--

effectiveslopelength,equations(4-26,27)

wave length

prescribedtimeperiodin whicha designwave is equalled
or exceeded,equation(5-33)

lengthof inlet,equation(4-43),Table4-2

lengthof inletentrancechannel,equation(4-47)

effectiveinletlength,equation(4-45)

earthquakefaultlength,equation(4-6)

resonantwavelength,equation(4-47)

wavelengthat peak frequency

shelfwidth

beachslope,equation(3-5)

earthquakemagnitudeon Richterscale

mean higherhigh water

mean high water

mean lowerlow water

mean low water

mean sea level

mean tide level

numberof intervalsin the distributionfunction,equa-
tion (5-4)

numberof tidalconstituentsused in tide prediction
equation,equation(2-1)

dimensionlesshorizontaldisplacementof a water
particle,equation(4-38)

averagereturn

NorthAmerican

intervalof a stormevent

VerticalDatum

NationalGeodeticVerticalDatum

chi-squaredegreesof freedom
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in Hg

in Hg

--
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ft3/sec

ftn
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--
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--
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ft

probabilitydistributionfunction

cumulativedistributionfunction

probabilityof occurrence

encounterprobabilityfor a particularwave height,
equation(5-33)

ProbableMaximumHurricane

hurricane

hurricane

tabulated
above hc

tabulated
below hc

flow rate

peripheralpressure

centralpressure

cumulative probabilityof the tide immediately
, equation(2-8)

cumulative probabilityof the tide immediately
9 equation(2-8)

throughan entrancechannel,equation(4-48)

nth momentof the distributionfunctionof sea surface
elevations,equation(5-4)

spectralpeakednessparameter,equation(5-3)

time intervalassociatedwith each data point for
calculatedreturnperiod,equation(5-32)

typeof tide (diurnal,semidurnal,or mixed)

radiusof maximumwinds for a hurricane

ratioof wind speedover waterto wind speedover land

ratioof wind speedat 10-mlevelto geostrophicor free
air wind speed

amplificationratioaccountingfor the effectsof air-sea
temperaturedifferenceon the wind speed

adjustmentto correctwind speedto 33-ftlevel,equation
(5-12)

constant-valuedspreadingparameterin the directional
spreadingfunction,equation(5-28)

beach slope,equation(4-22)

setuprelativeto the still-waterlevel,equation(3-1)
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setupat the breakerline relativeto the still-water
level,equation(3-2)

energyin the jth componentof the energyspectrum,
equation(5-2)

StandardProjectHurricane

wave setupat the mean shoreline,equation(3-4)

slopeof the steeptransition

slopeof the shelf,equation(4-41)

nearshoreslope

time

timeof predictedtide reckonedfrom some initialepoch,
equation(2-1)

wind speedduration

wave period

tsunamiperiod,equation(4-7)

resonantwave period,equations(4-40,41)

mean wave period,equation(4-45)

particularvalueof wave period

air temperature

fetch-limitedduration

effectiv+primary”period,equation(4-45)

significantor peak period

returnperiodof a particularware height

recordlength

timefor a wave to travelthe distance 1s

sea temperature

the point in timewhen overtoppingbegins,equation
(4-51)
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periodof the firstmode of wave oscillation,equation
(4-35)

the timewhen overtoppingends,equation(4-51)

periodof the secondmode of wave oscillation,equation,
(4-36)

averageperiodof the highestone-thirdwaves

horizontalvelocityof a waterparticlein the direction
of wave❑otion

wind speed

adjustedwind speed

fastest-milewind speed

geostrophicwind speed

maximumhorizontalvelocityof a waterparticlein the
directionof wavemotion

overlandwind speed

overwaterwind speed

wind speedat elevation z

wind speedat 33-ftelevation

Volumeof overtoppingper ft of seawallat the shoreline

speedof forwardmotionof a hurricane

verticalwaterparticlevelocity

horizontalCartesiancoordinate

majoraxis of elliptical-shapedtsunamigeneratingarea,
equation(4-8)

independent-variable,equation(G-1)

coordinateof the
channel,equation

coordinateof the
channel,equation

harborend of the harborentrance
(4-49)

seawardend of the harborentrance
(4-49)

minoraxis of elliptical-shapedtsunamigeneratingarea,
equation(4-8)
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90
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deg
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.-

rad,deg

--

--

ft

Hz

Hz

ft

sec

hr

mi

ft

--

ft

rad

deg

deg

deg

dependentvariable,equation(G-1)

verticalCartesiancoordinate

distanceabove the watersurface,equation(5-12)

parameterdefinedin equation(4-22)

anglebetweenwave ray and a line normalto a tangentto
the shoreline

hurricaneinflowangle

parameterin JONSWAPspectrw

angleof beachslope

peak enhancementparameter
(5-15,19,22)

shapeparameterin Wiebull

in JONSWAPspectrum,equations

distribution,equation(7-1)

horizontaldistancebetweenstationsj and j+l for
calculatingresonantwave amplitude,equation(4-38)

frequencyincrement

frequencybandwidthof the jth componentof the energy
spectrum,equation(5-2)

totaldifferencein watersurfaceelevationbetweenthe
breakerlineand the mean shoreline,equation(3-3)

samplinginterval

time-stepin numericalmodel,Figure5-58

grid spacingin numericalmodel,Figure5-58

verticalwaterparticledisplacement

significantwave steepness,equation(5-23)

watersurfaceelevationabove the undisturbedsurface

direction

hurricane

mean wind

in directionalspectralmodel,equation(5-27)

trackangle

direction,equation(5-28)

incidentwave angle,equations(4-18,19,20)
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aeg
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deg

ft3

ft4
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ft

ft

--

slugs/ft3

--

--

ft

deg/hr

--

rad

--

rad/sec

--

rad/sec
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transmittedwave angle,equations(4-18,19,21)

parameterin JONSWAPspectrum,equations(5-18,19,20)

phaselag or epochof tidalconstituent n for specific
site,equation(2-1)

skewness,thirdmomentof the sea surfaceelevation

kurtosis,fourthmomentof the sea surfaceelevation

equilibriumargumentfor tidepredictionequation,
equation(2-1)

horizontaldisplacementof the waterparticlefrom its
undisturbedposition,equation(4-12)

maximumvalueof g , equations(4-14,17)

constant= 3.14159...

waterdensity

distanceoffshoredividedby the distancefrom a vertical
wall to a depthequal to twicethe depthat the wall,
equation(4-37)

parameterin JONSWAPspecturm

standarddeviationof significantwave heights,equation
(5-29)

frequencyor angularspeedof tidalconstituent n ,
equation(2-1)

functionin TMA spectrumto accountfor waterdepth,
equations(5-24,25)

phaseof the jth componentof the energyspectrum,
equation(5-1)

wave radiationfrequencies,equation(4-46)

angularfrequency,equation(4-38)

parameterto approximate 4(2mf,d), equation(5-25)

angularfrequencyof the jth componentof the energy
spectrum,equation(5-1)

partialderivative,equation(4-33)

infinity
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MICROCOMPUTER
(MACE)PROGRAM

APPENDIXC

APPLICATIONSFOR COASTALENGINEERING
RELATEDTO WAVES AND COASTALFLOODING

c-1. Availability.MACE programsin MicrosoftBASICmay be obtainedfrom the
EngineeringComputerProgramsLibrarySection,TechnicalInformationCenter,
US Army EngineerWaterwaysExperimentStation,PO Box 631, Vicksburg,MS
39180-0631.

c-2 , ProgramTIDEHT(MACE-2). Purpose: The programTIDEHTestimatesthe
elevationof the watersurfaceat any timeor the timeat incrementsof
elevationbasedon the predictionsOF NationalOceanicand Atmospheric(NOAA)
tide tables

c-3 . ProgramTIDEC (MACE-3). Purpose; The programTIDECestimatesthe tidal
currentspeedat any time basedon the
tables.

c-4 , ProgramWIND (MACE-5). Purpose:
speeds,the observationelevation,the
or overland),the methodof wind speed
averagedspeed),the fetchdistance,and gene;alknowledgeof the conditionof
the atmosphericboundarylayerand calculatesthe adjustedwind speedor wind
stressfactorsuitablefor wave forecasting.

predictionsof the NOAA tidalcurrent

The programWIND takesobservedwind
locationof the observation(overwater
description(fastest-mileor time-

C-5 . ProgramHURWAVES(MACE-8). Purpose: The programHURWAVESestimatesthe
maximumgradientwind speed,the maximumsustainedwind speed,the maximum
significantwave height,and the maximumsignificantwave periodfor slow-
movinghurricanes.

c-6. ProgramWAVFLOOD(MACE-9). Purpose: The programWAVFLOODapplies
Camfield’smethodas presentedin the SPM to approximatewave growthor decay
over flooded,vegetatedland.

c-7 . ProgramSHALWAVE(MACE-1O).Purpose: The programSHALWAVEtakeswater
depth,fetchlength,and wind stressfactor(an optionis offeredto adjust
the measuredwind speed if wind stressfactoris not available)and estimates
the spectrallybasedsignificantwave height,the peak spectralwave period,
and the ❑inimumwind durationto reachthis conditionfor wavesgeneratedin
shallowwater.

c-8. ProgramSINWAVES(MACE-11).Purpose: The programSINWAVESapplies
linearwave theoryto calculatewave conditionsat varyingdepths,estimate
breakingconditions,and providefunctionssimilarto thatof TablesC-1 and
C-2 in the SPM.

c-9 . ProgramJONSWAP(MACE-12). Purpose: The programJONSWAPtakesa fetch
length,wind stressfactor(an optionis offeredto adjustthe measuredwind
spe~d if wind stressfactoris not available),and durationas inputand
calculatesthe correspondingJONSWAPdeepwaterspectrallybasedsignificant
wave heightand the peak spectralperiodfor fetch-limited,duration-limited,
or fullydevelopedseas in deep water.
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c-lo. ProgramWAVTRANS(MACE-13). Purpose: The programWAVTRANSestimates
wave transmissionby overtoppinggivena breakwatercross-sectiongeometryand
informationon the incidentwave conditions.

C-II. ProgramWAVRUNUP(MACE-14). Purpose: The programWAVRUNUPestimates
irregularwave runupheightson roughslopesgiven incidentwave conditions
and the structure’sslopeand slopematerial.

C-12. ProgramBWLOSSI(MACE-15). Purpose: The programBWLOSS1estimates
economiclossesdue to wave attackas a functionof wave height. The program
optionallyprovidesan estimateof expectedannualeconomiclossesdue to wave
attack,given the parametersof the long-term(extremal)cumulative
probabilitydistributionof significantwave heights.

C-13. ProgramBWLOSS2(MACE-16). Purpose:The programBWLOSS2fitsa long-
term cumulativeprobabilitydistributionto transmittedwave heightdata and
estimatesexpectedannualeconomiclossesdue to wave attackaftera
protectivebreakwaterhas been built.

C-14. ProgramWAVDIST(MACE-17). PurpOSe: The programWAVDISTestimatesthe
parametersof the threecommonlyused extremalprobabilitydistributionsfor
predictionof extremewave conditions.

C-15. ProgramFWAVOCUR(MACE-20). Purpose: The programFWAVOCURdetermines
how frequentlyextremewave conditionsare expectedover a specifiedtime
period.
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APPENDIXD

DIGITALWAVE DATA COLLECTIONAND ANALYSISPARAMETERS

D-1. Purpose. This appendixdescribesthe parametersused in the collection
and analysisof digitalwave data. The selectionof appropriatesamplingand
analysisparametersis essentialfor a successfuldata collectionprogram.
Detailedinformationis given in item 132.

D-2. Duration. Durationis the totaltimedata is collected. Durationis
typicallymeasuredin days,months,or years. Severalyearsof data are
necessaryto discernannualtrendsor to make extremalpredictions.

D-3. Burst Interval. Burst intervalis the time betweensamplerecords.
Samplerecordsmay be recordedcontinuouslyor everyfew hours (typically
every 1, 2, 3, 4, or 6 hours). Also,a thresholdmay be definedso thatdata
are collectedcontinuouslyduringstormconditionsbut only intermittently
duringcalm conditions.

D-4. SamplingFrequency,SamplingInterval,and NyquistFrequency. These
threesamplingparametersare interrelated,so choosingone of the three
determinesthe other two.

a. The samplingfrequency
interval At (in seconds)by

fs (inHertz)is relatedto the sampling

fs ‘
‘E

One Hertz is one sampleper second. Typicalvaluesof the samplingfrequency
are 1, 2, or 4 Hz. The Nyquistfrequencyis the highestfrequencythat can be
detectedwhen samplingat the selectedsamplingfrequency. The Nyquistfre-
quency fny is defined

f 1 ‘s
ny ‘G=F

Two undesirablephenomena,aliasingand hiddenoscillations,can oc-
samplingat a constantrate. Aliasingis the foldingback

b.
cur when
from frequencies-higherthan the Nyquistfrequencyintofrequencies
harmonicsof the Nyquistfrequency,i.e.,

(2 fny +f)~ (4 fny+f), ... (2nfny+f) n= 1,2, 3 . .

of energy
relatedto

Hiddenos-
because

where f is any frequencybetweenzero and the Nyquistfrequency.
collationsare the lossof kineticenergyat a particularfrequency
the same point in the cycleof the processis alwayssampled;therefore,the
informationaboutthe cyclicnatureof the processis lost.

c. Threemethodsto preventtheseundesirablephenomenaare:

D-1
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(1) Reducethe higherfrequenciespresentto less than the Nyquistfre-
quencyby low-passfilteringthe signalprior to digitizationwith an analog,
anti-aliasingfilter.

(2) Randomlyvary the samplingintervalsuch that the samplinginterval
approachesa uniformdistribution.

(3) Selecta constantsamplingintervalat leasttwicethe highestfre-
quencycomponentpresent.

The thirdmethodis used most oftenbecauseit does not requirespecialequip-
ment. Generally,high frequenciescontainrelativelylittleenergy,so they
are of littleinterest. Typicallythe upper frequencylimitsof interestare
0.35 Hz for oceanwaves,0.50 Hz for waves in baysand lakes,and 0.25 Hz for
low-frequencyharboroscillations.

D-5. TotalNumberof Points,RecordLength,and FrequencyIncrement.

a. The totalnumberof data points N and the recordlength Tr (in
seconds)are relatedby

Tr = NAt

Traditionally,the totalnumberof data pointshas beena powerof 2 (typical
valuesare 1,024,2,048,and 4,096)becausefast fouriertransform(FFT)
routinesto transferthe data from the timedomaintime seriesto the fre-
quencydomainwave spectrarequiredit. Now FFT’sare availablein multiples
of powersof 2, 3, and 5. Typicalvaluesof the recordlengthare 17 to
68 minutes. Longerrecordlengthsgive higherresolutionand greaterconfi-
dence in the spectralestimates,but the environmentconditionsmust not
changesignificantlyduringthe sample.

b. The frequencyincrement Af (in Hertz)in the frequencydomainis
analogousto the timedomainsamplinginterval At

Af=&
r

Wave energydensityspectraare calculatedfrom the measuredtime seriesat
discretevalueswhichare integermultiplesof the frequencyincrement. There
will be N/2 wave energydensityvaluesrangingfrom Af to the Nyquistfre-
quency,whereN is the totalnumberof data pointsin the timedomain.

D-6. Numberof Averages,ResolutionBandwidth,and Degreesof Freedom. These
last threeparametersare concernedwith analysisof the data after it is
collected.

a. Energydensityvaluesare estimatesof the truewave spectrum. An
infinitenumberof data pointsand an infinitenumberof sampleswouldbe re-
quiredto calculatethe true energydensity. Sincethis is impossible,the
spectralestimatesare usuallyaveragedin the timedomain(ensembleaverag-
ing) or the frequencydomain(bandaveraging)to increasethe confidencein
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the estimate;but as confidenceis increasedby averaging,resolutionis lost.
If the raw spectralestimates
numberof averagenumbandsis
Hertz)by

are band averagedin the frequencydomain,the
relatedto the resolutionbandwidth B (in

numbandsB= ~
‘r

Typicalvaluesof the numberof averagesare 8 and 16. The corresponding
resolutionbandwidthis 0.00781Hz and 0.01563Hz for a 1,024-secondrecord
length..

b. If spectralestimatesare assumedconstant
are consideredchi-squarevariableswith degreesof

nu = 2 numbands

withinthe bandwidth,they
freedom nu givenby

The numberof degreesof freedomis used to calculatethe confidenceintervals
on the autospectralenergydensityestimates. The largerthe nu value,the
tighterthe confidenceintervalsfor a givenrecordlength. Typicalvalues
for the numberof degreesof freedomare 16 and 32 for bandwidthsof 8 and 16,
respectively.
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APPENDIX E

PROCEDURE FOR ANALYSISOF WAVE DATA FROM 7-MINUTEPEN-AND-INK
RECORDS(BASEDON A RAYLEIGHDistribution FORWAVEHEIGHT)

E-1. -Run the periodtemplate(FigureE-1) alongthe 7-minuterecorduntila
groupof fairlyuniformwaves is foundwhichshouldcontainsome of the high-”
est waves. A templatecan be fabricatedon a clearoverlaysuch as acetate.

E-2 . Determinethe appropriateperiodof the wavesselectedin step 1 by us-
ing the templateaccordingto instructions.When the wave periodon the chart
fallsbetweentwo of the periodsshownon the template,the analyzermay
approximatewhat is consideredto be neareastto the exactperiod;e.g., if
the periodis midwaybetweenthe 5- and 6-secondperiods,it must be about
5.5 seconds.

E-3 . Use TableE-1 to determinewhichwave shouldbe measuredin the full
7-minuterecordto get the approximatesignificantheightfor the waves. The
wave number is determinedby calllingthe highestwave in the full 7-minute
recordas wave number1; the secondhighestwave is number2, etc. Wave

14 \ , 1 , 9 ,
, , I 1 v f.J4

FigureE-1. Samplewave periodtemplate
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TableE-1

Numberof Wavesto Measurefor ManualAnalysis
of 7-MinutePen-and-InkRecords

Wave period,s Numberof waves to measure

3.0

:::
4.5
5.0
5.5
6.o

:::
9.0

10.O
11.0
12.0
13.0
14.0
15.0
16.0

;:
14
13
11
10

i
7
6
6
5

:
4
4
4

heightis definedas the differencein elevationbetweena wave crestand the
precedingtrough.

E-4. Determinethe heightof the wave givenby step 3 in termsof small
divisionson the chartpaper.

E-5. Using the appropriaterelationshipbetweenchartpaperdivisionsand
actualelevationsin feetor centimeters,convertthe wave heightdetermined
in step 4 from chartdivisionsto feetor centimeters.Estimateto the
nearesttenthof a footor nearestcentimeter.
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NUMERICAL

F-1. SPM84.

APPENDIXF

WAVE MODELSAVAILABLEIN THE CORPSOF ENGINEERS

a.

b.

(1)

(2)

Significantwave model.

Wave growth.

Nomogramsand equations.

Deep water: basedon JONSWAPspectrumwith constantwind and no
pre-existingwaves.

(3) Shallowwater: empirical,with constantdepthand no pre-existing
conditions.

(4) Hurricane: empirical,deep water.

c* Transformationin shallowwater.

(1) Refraction/shoalingby orthogonalmethod(graphical)or nomograms
(straightparallelcontours).

(2) Diffraction(structure-induced)by diffractiondiagram.

d. Input.

(1) Deep water: adjustedwind speed,fetch,duration.

(2) Shallowwater: adjustedwind speed,fetch,duration,depth.

(3) Hurricane: radiusof maximumwind,pressuredifference,forward
speedof hurricane..

. Applications.Small,low-costplanningand engineeringstudies;
quickeestlmatesfor variousdistrictactivities.Orthogonalmethodfor
refractionanalysisnot recommendedfor routineuse.

F-2, TMA ComputationalModel.

a. Parametric spectral wave model.

b. Transformation in shallow water (shoalingonly).

c. Applicableto seas but not swell.

d. Input. Wind speed,peak spectralperiod,waterdepth (inputvaries
with application).

F-1
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F-3. GODAS.

a. Significant wave model.

b. Transformation in shallow water. Depth-induced wave breaking,
shoaling.

c. Applicable to seas but not swell.

d. Provides estimate of significant, mean, rms, and maximumwave height
in shallow water; also provides distribution of wave heights.

(cdj

f.

g“

Code available in US ArmyEngineer Uaterways Experiment Station
computer program library and can be run on microcomputer.

Input. Deepwater wave height and period, beach slope.

Applications. Provides simple, quick estimate for distribution of’
wave heights, significant wave height, and other height parameters in shallow
water.

F-4. TWAVE2.

a.

b.

(1)

(2)

c*

d.

e.

(1)

(2)

(3)

(4)

(5)

f.

Spectral wave model.

Transformation in shallow water.

Refraction over straight,

Slopes less than 1:100.

Applicable to seas but not

Available for IBMpersonal

parallel bottom contours.

swell.

computer.

Input. Various options available for input.

JONSUAPspectrum parameters and wave direction.

Wind speed, direction, and fetch.

Measured spectrum and direction.

Shallow-water wave height, peak frequency, direction, and depth.

Shallow-water wind speed, peak frequency, and depth.

Applications. Provides simple, quick estiaates for changes in the
energy-based significant wave height, directional spectrm~ and mean wave
angles between deep and shallow water and between various shallow-water
depths. -
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SW.F-5.

wind

a. Parametricspectralwave model.

b. Wave growth. Time dependent;includeswave-waveinteraction,
over the waterbody for each time-step,and no pre-existingwaves.

uniform
Waves

propagatein wind direction.

co Transformationin shallow-water.Includesgrowth,white-cappingand
breaking,bottomfriction, wave decay,and researchingrefractionprocesses.

d. Input. Time-historyof winds,fetches,and depthsat computational
points.

e. Applications.Generationof long-termhindcastsor specialevents
for confined,shallow-waterareas.

F-6. =.

a. Significantwave model.

b. Operateson a rectilineargrid.

c. Transformationin shallow-water;refractionand shoalingby rays.

d. Code availablein CEWEScomputerprogramlibrary.

e. Input. Griddeddepths;waveheight,period,and directionat seaward
boundary.

f. Applications.If the bottombathymetryis fairlyregular,thismay
be an inexpensive,viablemethod,especiallyfor some familiarwith its appli-
cation. More recentmodelingtechniqueshave helpedto overcomeor eliminate
shortcomingsof this typeof technique.

F-7. RCPWAVE.

a. Significantwavemodel.

b. Operateson a rectilinear

c. Transformationin shallow

grid.

water. Propagationby interactivesolution
of finitedifferenceapproximationsfor the governingequations;includes
bottom-inducedrefraction,shoaling,diffraction,and wave breaking.

d. Input. Griddeddepths,deepwaterwave height,period,and direction
at seawardboundary.

‘e. ‘Applications.Planningand engineeringstudies,with areasof inter-
est whichcoversucha largeextentthat the use of more sophisticated,fully
spectralmodelsis not feasibleand whichcontainvery irregularbathymetry
such thatbottominduceddiffractiveeffectsbecomeimportant.

F-3
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F-8. WISS.

a. Spectraltransformationwave modelingtechnique.

b. Transformationin shallowwater. Refractionover straightand
parallelbottomcontoursand wave shoaling;includesparametricform of wave-
wave interactions,wave breaking,two-populationwave system,and partial
shelteringby shoreline.

c. Input. Time-historyof wave height,period,and directionfor a two-
populationwave system;shorelinegeometry,waterdepth,and small-/large-
scaleshelteringinformation.

d. Applications.Generationof long-termwave hindcastsfor finite
waterdepthconditionsalongany open coastline;generationof shallow-water
hindcastsfor specialstormsor otherevents. An interactivemode is under
developmentthatwill permitforecastingwave conditionsgivendeepwaterwave
conditions.

F-9. WISD.

a. Discrete

b. Operates

spectralwave model.

on a sphericalorthogonalgrid and rectilineargrid.

c. Wave growth. Piecewiserays,wave-waveinteraction,and swellwave
decaymechanisms.

d. Input. Time-historyof griddedwind field,constantover regionor
spatiallyvariable. Includeswave input(two-dimensionaldiscretespectra)as
well.

e. Applications.Generationof long-termwave hindcastsfor deep water
alongUS coasts;generationof deepwaterhindcastsfor specialstormsor other
events;can modelsmall,deepwaterareas.

F-10. ESCUBED.

a. Spectralwave model.

b. Operateson a rectilineargrid.

c. Wave growth. Steadystate,includeswave-waveinteraction.

d. Transformationin shallowwater. Refractionby piecewiserays,
bottomfriction,percolation, whitecapping,and breaking;bottom-induced
diffractionbeingadded.

e. Input. Griddeddepths,directionalwave spectraat seawardboundary,
frictionfactor(defaultvalue),percolationfactor(defaultvalue). This
modelhas the flexibilityto “turnon or off” all sourcemechanisms(wind,
wave-waveinteractions,friction,percolation,and high-frequency
dissipation).
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f. Applications. Planning and engineering studies.

F-II. SHALWV.

a. Discrete spectral wave model.

b. Operates on a square grid.

c. Wave growth. Time-dependent so that wave development
wind fields can be modeled; includes wave-wave interaction.

under changing

d. Propagation and decay. Piecewise rays , wave-wave interaction.

e. Transformation in shallow water. Refraction by piecewise rays, bot-
tom friction, and percolation, includes growth.

f. Input. Time-history of

g. Applications. Planning
wave growth occurs in a variable

F-12. HARBS.

gridded wind field, gridded depths.

and engineering studies in which significant
depth, shallow-water environment.

a. Significant monochromatic wave model.

b. Operates on a finite element grid covering the near field and
analytical solution covering the far field.

c. Steady state.

d. Calculates harbor resonance and wave scattering due to bathymetry and
marine structures.

e. Obstacles may be floating or bottom-mounted.

f. Includes bottom friction and boundary absorption.

g. Input. Geometrical configuration, incident wave height and period,
bottom friction coefficients, reflection coefficient of wall.

h. output. Amplification factor for wave amplitude and/or pressure and
phase difference relative to the incident wave, and wave forces (optional).
Flow particle velocity.will be added as an output in the near future.

i. Applications. Planning and engineering studies in which estimates of
resonance and scattering effects on waves propagating in and through small,
complicated constrictions are needed; studies in which hydrodynamic forces on
large floating or bottom-mounted obJects are needed.
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