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FOREWORD

Based on past studies of the Alaskan environment, mathematical

models and available industry findings, the ,major objective is to develop

preliminary estimates of the operating conditions and to quantify para­

meters relative to:

This report presents results from reviews and analytical

efforts and is the second update of the initial material pUblished in

December 1976. Section 1. 0 summarizes current efforts and Sections

2.0 through 6. 0 cover details in each of the study areas with supporting

material included as appendices.

Geologic

Oceanographic

Meteorology

Seismic•
•

•
•

The Aerospace Corporation was placed under contract to the

U. S. Geological Survey on 1 October 1976 to characterize environmental

operating condItions and develop preliminary estimates of design data

applicable to offshore areas in the Gulf of Alaska, Mid-Atlantic, and

Southern California. Initial attention is being given to the Gulf of Alaska

and involves the assembly of environmental data, formation of a com- '

:puterized data base and application of analytical techniques. This report

summarizes those efforts centered in the Gulf of Alaska.
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The work reported here is in response to the requirements

of Task I within Contract No. 15988.

Critiques of Seismic Risk Studies

Wave Refraction Study Results

Wave Height-Period Relationships

· Normal Wave Data for the Cordova area in lieu of the
Seward area.

Updated estimates of Extreme Waves based on the
latest SOWM Hindcast Data

Shallow Water Effects

SOWM Validation

Additional Wave Spectral Data

Paragraph deleted and information transferred to the
summary, paragraph 1.0

Introduction Revised to reflect changes in Seismological
Data

Comparison of Seismic Risk Studies

Design Basis Ground Motion Preliminary Estimate

6. 1

6.4

6.5

5.3.7

5.4.1.1

5.4.2

5.5

5.3.6

5.3.5

Appendic F

Appendix G

Appendix H

The significant additions and/or changes in this report appear

in the following paragraphs:

1.0 Summary Revisions,
·00

5.2. 7 Normal Wind Data for the Cordova area 140 -146 W,
570 N _ Coast in lieu of the adjacent Seward area
1460 W _ 15 1oW, 570 N - Coast.

l

l
I'

I,

I
I
I
I



~ ,

I
(,

I:'

I
I
I
I

The major contributors to this report include the following:

Meteorology and Oceanography

Dr. Frank E. Augustine

Dr. Floyd P. Maxwell

Mr. Richard C. Wright

Dr. Vincent J. Ca.rdone, City University of New York

Mr. Sheldon M. Lazanoff

Dr. Y'ung Y. Chao

Seismicity and Geology

Mr. Larry A. Selzer

Dr. Timothy K. Hasselman, J. H. Wiggins and Co.

Ms. Ann Pizzorusso

D'r. Thomas I. Alley

Dr. M. Radwan Akky

Mr. William E. Ellis

iv



TABLE OF CONTENTS

SECTION PAGE

1. 0 SUMMARY • • • • • • • • • • • • • • • • • • • • • • 1- 1

2.0 INTRODUCTION. • • • • • • • • • • • • • • • • • • • 2-1

3.0 OBJECTIVES & SCOPE. • • • .• • • • • • • • • • • • • 3-1

4. 0 APPROACH. • • • • • • • • • • • • • • • • • • • • • 4-1
5.0 METEOROLOGICAL & OCEANOGRAPHIC CONDITIONS • • 5-1

b-l
6-1

6-2

v

5.3.4 Tsunami............... 5-33

5.3.5 Normal Wave Conditions • • • • • • • • 5-35

5.3.6 Extreme Winds and Waves ••••••• 5-38

5.3.7 Shallow Water Wave Effects· ... 6-62

5.4 Wave Spectral Data • . . • • • • . • • 5-6t

5.4. 1 Spectral Ocean Wave Model (SOWM) . . . 5-66

5. 4.2 Gulf of Alaska Spectral Data 5- 82

SEISMIC AND GEOLOGIC CONDITIONS

6. 1 Introduction

6'.2 Data Format

5.2.2 Air & Water Temperatures • •• •• 5- 5

5.2.3 Ice Accretion • • • • • • • • • • • • • 5- 8

5.2.4 Floating Ice. • • • • • • • • • • • • • 5':"8

5.2. 5 Nearshore Winds • • • • • • • • • • • 5- 9

5.2.6 North Pacific Weather Systems ••• 5-10

5.2. 7 Normal and Storm Winds • • • • • • • • 5-13

5.3 Physical Oceanography. • • • • • • • • • • • • • 5·24

5.3.1 General Circulation. • • • • • • • • •• 5-24

5.3.2 Curre·nts ••••••••••••••• 5-24

5.3.3 Sea Surface Elevation. • • • • • • • • • 5- 32

5. 1 General Climatology. • • • • • • • • • • • • • • 5-1

5.2 Meteorology..........········ 5-2

5.2.1 Visibility • • • • • • • • • • • • • 5-2

6.0

I':

I
I
I':

I
I
I
I
I



vi

6-26

6-26

6-27

6-32

6-32

6-32

6-35

6-2

6-3

6-4

6-13

6·]5

6·]5

6-16

6-]7

• •

• •

• •

• • •

• • •

• • •

• • •

• • •

• • • •

. ,. .

• • •

• •

• • • • • • • •

• • • • • • • •

• • •

• • • • •

• • • • • • • • • • •

Location of Potential Hazards. •

Selected Soil Profiles. • • • •

Introduction. •

Motion Intensity ~

Response Spectra

Risk Preference

• • • • • • • • • • • • • • • • 0 0 •

Ground Motion Characterization •

General

6.5. 1

6.5.2

Geology

6.6. 1

6.6.2

6'.6.3

PAGE

Design Basis Ground Motion Prelitninary

Estimate. • • • • • • • • • • • • • • • •

6.2.4 Motion Attenuation. • • • • • • • • •

6.2.5 Seistnic Source Modeling • • • • • • •

6.2.6 Format Development. • • • • • • • •

Strong Motion Studies • • • • • • •• • • • • •

Seismic Risk Studies. • • • • • • • • • • • • •

6.2.3

6.2.1

6.2.2

TABLE OF CONTENTS (Cont'd)

. . . . . . . . . . . . . .". . . . . . . . . . . .

6.3

6.4

6.5

Appendix F _ Critique of Seismic Risk Studies of Section 6.4 • • • • • F-l

Appendix G _ Wave Refraction Study Results • • • • • • • • • • • • G-1

Appendix B _ Wave Height-Period Relationships •• •••• • • H-l

REFERENCES R-1

Appendix A _ Estimation of Return Periods for Extretne Waves • • • • A-I

Appendix B _ Cotnments on the Analysis Techniques of Thotn • • • • • B-1

Appendix C - Cotnments on the Work of Freeman • • • • • • • • • • C- I

Appendix D - Ocean Wave Prediction - An Update 1973-1977 • • • • • D-l

Appendix E _ Ocean Wave Prediction: Two Decades of Progress and.
Fl1ture Prospects • • • •• • • • • • • • • • • • • • E-I

SECTION

I

I:

I
I
I'
I
I
I
I



vii

FIGURES

Comparison of Measured and Hindcast Wave
Heights, WSW Grid Points •• : •••••.•••••••••••• 5-75

• .5-71. .. . .

• ....•. • 5-1

•••••• 5-12

• ••••• 5-14

•• 5- 25

• ••• 5- 27

• ••• 5-30

• ••• 5 - 31

• ••• 5-34

. .. ...

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

Maximum Total Current Speed•••••••••••••••

Rec.urrence Interval of Total Water Level Rise••••

Correlation of Near Source Tsunami Height
with Earthquake Magnitude. • • • • • • • • .. • • • • • • • .5- 36

Tsunami Height Distribution in Gulf 0 £ Alaska •••••••• 5 - 37

Comparison of Extreme Wave Height Studies. • • • • .5-47

Extreme Wave Heights, 59.2
o

N, 145. 7o W••••••••••• 5-54

Extreme Wave Heights, 56. SON, 141. 9°W••••••••••• 5-55

Extreme Wave Heights, 50.90 N, 145. 7oW. • • • • .5-56

Extreme Wave Heights, OSV PAPA. • • • • • • • ••••• 5-57

Comparison of Extreme Wind Studies. • • • • ••••• 5 - 59

Gulf of Alaskat • • • • • .. • • • • • • • • • • • • • • • • • • • • • • •5 - 61

Contiguous Lease Tracts, Eastern Gulf of Alaska •••••• 5-63

Spectral Ocean Wave Model (SOWM). • • • • • • • • • • • .5 - 67

Wind Field. . . • • • • • . . • . . . . • . . . . . . . • . . . . . ., 5 - 68

Surface Pressure Field @ lSZ, December 19, 1975. • .5- 69

The Icosahedral-Gnomonic Projection of the earth
designed for global numerical wave prediction
(Baer and Adamo, 1966) •••••••••"••••

Significant Wave Heights, Gulf of Alaska,
19 December 1975, 2100 hrs.•••.•••••••••••••••• 5-72

Estimated Extreme Currents Near Icy Bay, Alaska.

Fallon etal (1973.).................. ••

Cyclone Tracks - January 1973 ••••

Cyclone Tracks - July 1972 ••••••••••

General Circulation - North Pacific •••••

Principal Frontal Zones in the Northern
~emisphere in Winter ••••••••••••

5-23

5-24

5-1

Figure

5-10

5 .. 11

5-12

5-13

5-14

5-15

5-16

5-17

5-1S

5-19

5-20

5-21

5-22

5 ...2

5-3

5~4

5 .. 5

5-6

5-7

5-S

5-9

I
t
',.

f
I
I
I

.,

I
I
I



FNWS Northern Hemisphere Surface
Pressure Analysis ••••••••••• •••••• • • • • • • •• • 5-27

• 5 -100

• 5-99

.5-98

• 5-97

• 5-96

• 5-95

• 5-94

• 5-93

•••• 5 -79

•••• 5 -76

• •

••••• 5 -84

• 5-85

• 5-86

• •••• 5 -87

• •••• 5 -88

• •••• 5 - 89

· . . .. .
. . .. . .
. . ....
.. .. ..

· .. .. . .
·.. .. ..
· .. ....

... .

. ...

....

Gulf of Alaska Wave Spectra, 16' - 21' Group­
Winter Mean + Standard Deviation •••••••• •

Gulf of Alaska Wave Spectra, 16' - 2.1' Group-
Winte r • • • • . . • . • • .•.••••....••.••.

Gulf of Alaska Wave Spectra, 12 1
- 16' Group-

Winter ...•.••.•..••...•.. • •••. • ..

Gulf of Alaska Wave Spectra, 12' - 16' Group­
Winter Mean + Standard Deviation ••••••• • •- '

Gulf of Alaska Wave Spectra, 9' - 12' Group­
Winter Mean + Standard Deviation ••••• • • •

Gulf of Alaska .Wave Spectra, 9' - 12' Group'"
Winter •..•..•.•..•.. • • • •

Gulf of Alaska Wave Spectra, 9' - 12' Group-
Summer •.•.......... • .. • • . •

Wave Spectral Data. • • • • • • • ••••• • • • • •

Wave Spectral Data•••••• • •• • • • •• • • • • •

Wave Spectral Data. • • • • • ••••• •

Wave Spectral Data. • • • • • • • • • • • • • • • •

Wave Spectral Data••••••• • • • •• • •• • • • • • •

Gulf of Alaska Wave Spectra, 9' - 12' Group
Summer Mean + Standard Deviation. • • • • • • •• • ••••

Wave Spectral Data at 59, 225N, 145.702W
on Jan.' 30, 1976.1500 HRS. • • • •• • •••• •

FIGURES (CONT. )

Comparison of Measured and Hindca'sf
Wave Heights, SSE Grid Points • ••• • • • • • •

NWS 0600 GMT, 18 August Surface Pressure
Analys'is •.•..•.•• · · • .. • . • .. • '. · • . •

Gulf of Alaska Wave Spectra, 21 1
- 27' Group­

Summer Mean + Standard Deviation. • ••••••

Gulf of Alaska Wave Spectra, 21' - 27' Group-
Summer . ....•.... · .. · . · · .. · . · .. · ...

· . . . . .
·. . . . .

5-101

• 5 -1 02

viii



ix

6-23

6-9

6-11

5-107

6-6

• • 6-7

5-108

• • 6-5

. .. .

. . . . .

••••• 6-14

. .. . .

.. .
. . .. . .

.. .. .

. ..

. . . . . . . . .

Structure -Pile-Soil Behavior Models•••• •

Relationships Between Peak Acceleration
and Distance from Source for Magnitude 6. 5
Earthquakes • • . · ..
Attenuation Relations of McGuire, Milne and
Wiggins for M =6. 5 Superimposed on Correlation
Suggested by Trifunac and Brady for M =6.5 and
Data for M =6. 4 to M =6. 6•• , •••••••••

Stochastic Simulation of 1968 Borrego
Mountain .Earthquake ••• • •• • • • •••.•••

Ground Motion Response Spectrum ••••• • ••

Acceleration-Time History, El Centrol,
California, May 5, 1940 •••••• • • '.' ••

PSD Function for Seismic Ground Motion.

FIGURES (CONT. )

Uncertainty Band of Ground Motion Spectra
f or the Eastern Gulf of Alaska • • • • • • • • • • • • • • • • • • 6 - 29

Uncertainty Band of Response Spectra for the
Eastern Gulf of Alaska ••••••••• : •••••••••••• • 6-31

Gulf of Alaska Wave Spectra, 34' - 42'
Group- Winter Mean! Standard Deviation ~ •

Gulf of Alaska Wave Spectra, 34' - 42'
Group- Winter .•....... • ... · .... • .

Gulf of Alaska Wave Spectra. 27' - 34'
Group- Winte~ Mean! Standard Deviation ••• • ••• • ••• 5-105

Gulf Of Alaska Wave Spectra, 27' - 34'
Group-Winter •• ~ ••••••••••••••••••••••••• • 5-106

Gulf of Alaska Wave Spectra, 21' - 27'
Group-Winter Mean ! Standard Deviation. • • • • • • • • • • 5 -103

Gulf of Alaska Wave Spectra, 21' - 27'
Group-Winter ••••• " •• '.".""".""""5-104

6-5

6-6

6-7

6-8

6-3

6-4

6-1

6-2

5-49

5-48

5-47

5-46.

5-'45

5-44

Figure

I,.

r

I
I:

I
I
I
I
I



FIGURES (CONT. )

Figure Page

.6-33. . .

Location Chart for Stratigraphic Columns •••• • •• 6-37

x

Submarine Slides, Nearsurface Faults and' Lease
Areas, Northern Gulf of Alaska. • •••• • • • 6-34

Selected Soil Profiles • • • • • • • • • • • • • • • • 6 - 366-12

6-13

6.-11

6-10 Surface Sediment Distribution, Northern Gulf
of· Alaska. • · • · · . · · · . · . · . . · .

I
r
I'

I
I
I
I
I
I
I



-----------------------

xi

.5-110

.5-53

.5-48

.5-17

.5-4

.1-11

• 5-3

• .6-18

• .6-19

• .6-22

• .6-25

• .5-7

• .5-16

• ••• 5-18

• .5 - 39

••• 5-40

...

. .. . .

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

Studies on Seismicity for Regions Which Include
the Eastern Gulf of Alaska •••••••••••••

Data Provided by The Seismic Risk Studies ••••

Adjusted Peak Acceleration of Seismic Risk Studies

Seismic Risk Study Critiques •••• ~ ••••••••••

Statistical Comparison of Significant Wave
Height (H 1/3) Measured at Buoy and Predicted
at Two SOWM Grid Points ("WSW" and'" SSE")•••••••• 5-77

Wind Velocity Comparisons. • • • • • • ••.• • • • • • • .5 - 81

Spectral Matrix Table, 56.804 N, 141. 910 W••••••••• 5-90

Spectral Matrix Table, 59. 225 N, 145. 732 W••••••••• 5 - 91

Comparison of Spectral Parameters for Winter
and Summer Wave Groups •••••••••••••••

Monthly Percentage Frequency of Wind Direction
by Speed and by Hour. • • • • • • • • • • ••

Annual Normal Waves •••••••••

Monthly Normal Waves••••

Return Periods for Extreme Waves in the
Gulf of Alask'a. • • • • •••••••••••••••

Summary of Estimated Extreme Wave Heights
for the Gulf of Alaska Area•••••••••••••••

Average Wind Conditions, Gulf of Alas~a. •••••••••

Annual Percentage Frequency of Wind Direction
By Speed and By Hour •••••••••••••••••••••••

Air and Water Temperatures Area: 57N - Coast
146-151 o W••••••••••••••••••.•••••••••

Pages

TABLES

Initial Estimates of Environmental Design Data ••••••

Ma'rine Fog Conditions Without Precipitation••••••••

Visibility on: Middleton Island (59
0

26'N, 146°20'W)
Monthly Maximum Duration of Events in Hours••

Air and ~ater Temperatures Area: 57N - Coast
140 - 146 W~ •••••••••••••••••._ •• (l ••••••• •• 5-6

Peak Ground Velocities f!om Seismic Risk Studies ••••• 6-28

Peak Ground Displacement from Seismic Risk Studies .• 6-28

Proposed Lease Tracts Having Potential
Foundation Hazards ••••••••••••••••••••••••••6-36

6-1

5-13

5-14

5-15

5-16

5-7

5-11

5-8

5-9

5-10

Table

6-2

6-3

6-4

6-5

6-6

6-7

5-4

5-5

5-6

5-3

1-1

5-1

5-2

5-12

I'
I



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

ll:

r
It
I:

I;



1-1

1. SUMMARY

Visibility

METEOROLOGY AND OCEANOGRAPHIC CONDITIONS

General Climatology

1. 1

In order to provide some insight into meteorological conditions affecting

operations of offshore units in the Gulf of Alaska certain data on visibility,

air and water temperatures and winds were -abstracted both from published

and unpublished data provided by the National Climatic Center (NCG),

Asheville, North Carolina.

In regard to visibility, representative fog and visibility data from the

northeastern Gulf area and from Middleton Island were extracted and

presented in the report. These data indicate the worst visibility conditions

occur in July and August and the best conditions exist in September through

November. Data from the SSMO, Vol. 12 (U. S. Naval Weather Service

Command, 1970), on temperature extremes indicate a relatively mild

climate in the Gulf (from a temperature standpoint) compared to the

mainland.

The primary influence on the climatology of the Gulf of Alaska is marine.

The dominant physical phenomena are the Aleutian low pressure system

in the winter and the North Pacific high pressure system in the summer.

The coastal zone is strongly influenced in certain areas by the difference

between the Arctic .continental environment over Alaska and the Aleutian

low. This is manifested by strong downslope winds funneling through

river valleys and down along glaciers.

This report presents interim results of a study to characterize environ­

mental data relative to the Gulf of Alaska. Although the primary emphasis

has centered on the northeastern sector it is believed that the oceano­

graphic and meteorological data being generated will have application to

the overall Gulf of Alaska OCS as well. Characterization of data is sought

for two conditions: (1) meteorological and oceanographic conditions and

(2) seismic and geologic conditions.
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Air and Water Temperatures <

There is some disagreement in the available data with regard to minimum.

temperatures. The Fallon et al (1973) study indicates a minimum air

temperature of -6of in the area (not stating a specific location). The

Northern Gulf of Alaska Environmental Impact Statement (BLM, 1976)

gives the lowest recorded air temperature on Middleton Island at 6of.

The disagreement with the SSMO could be due to location of measurement

since a strong air"-sea temperature gradient cannot persist long as one

moves seaward. Also, extreme values in the SSMO's tend to be truncated

due to data editing policies.

In spite of the disagreement it appears that structural materials will not

have to operate continuously in sub- zero temperatures. On the other hand,·

chill factors may severely hamper some human activities during winter

months. Unpublished charts being prepared for the Gulf of Alaska Climatic

Atlas by NCC show that chill factors may be as low as _300 C (_22 0 F).

Ice Accretion

The sources for the discussions of icing conditions and floating ice are

the Gulf of Alaska Operators Committee study (Fallon, et aI, 1973) and

the BLM-NOAA Environmental Assessment of the Alaskan Continental

Shelf (BLM-NOAA, 1976).

Ice accretion may present operational problems for both aircraft a"nd

surface equipment. It must also be taken into account in calculating design

loads for surface equipment.

Surface icing conditions occur at air temperature 28.4
0

F (_2
0

C) with wind

i velocities equal to or great~r than 11 knots. Information from the NCC

1-2
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unpublished Gulf of Alaska Climatic Atlas indiCate that this condition

could occur from 20 to 30% of the time in the month of January and for

lesser periods during the remainder of the winter. Severe icing condition

can occur at air temperatures .s16oF(_9
0

C) and wind velocities ~34 knots.

NCC unpublished data indicates that the probability of this event is less

than O. 1% in January.

Aircraft icing is a much more frequent occurrence as indicated in the

Fallon et al study (1973). Icing may occur with air temperatures in the

range of 250 F to 40
0

F accompanied by a substantial degree of cloud cover.

These conditions will occur most frequently during the passage of weather

fronts. At lower elevations icing should be a problem. only during winter

months, and it is expected that light icing can exist at 1500 feet elevation

as much as six to seven days per month in winter, but conditions will be

severe on an average of one day a month.

Floating Ice

It is pointed out in Fallon et a1 (1973) that floating ice is not likely to present

a hazard to offshore operations in the Gulf of Alaska. The primary source

of ice masses in this area is from several glaciers which front on Gulf

coastal waters. Most of these glaciers "calve", breaking off large chunks

which may be as large as icebergs. However, the Alaskan glaciers are

currently in a period of recession and their faces are not on open Gulf water.

The relatively warm air and water temperatures during the calving season

(August/September) rapidly melts the ice chunks that do reach open water.

Other forms of floating ice found in the Gulf consist of ice pancakes formed

in rivers, lagoons and bays. This ice never achieves sufficient thickness

to present any hazard and quickly melts in open water.

Near-Shore Winds

Orographic effects play an important role in the development of Gulf of

Alaska coastal winds. The most common wind phenomenon is termed the

i'williwaw". Williwaws are downslope winds and are dangerous because
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they occur suddenly and tend toward extreme gustiness. The weather

patterns that cause williwaw winds can usually be predicted several days

i~ advance. Once williwaws start, they can persist for several days with

a three day period being typical. The average wind speeds are on the order

of 60 knots with the maximum speeds of 80 to 100 knots. Fallon et al (1973)

state that the intensity of these local winds decreases rapidly as they move

away from the coast, and that the contribution of local winds to wave gener­

"ation is minor. This conclusion may be open to question since at least one

other source, Reynolds and Walter, in the BLM/NOAA Environmental

Assessment of the Alaskan Continental Shelf (1976), state that 100 knot winds

can extend out over the water for 20-25 miles. The effect of these winds

on wave generation is not discussed but further investigation of the phenomena

is required.

Normal and Storm Winds

Regarding normal and storm winds, the Gulf of Alaska is located at the

end of the longest over-water storm tract in the Northern Hemisphere.

Winds caused by the packing of the isobars along the mountain slopes are

actually stronger than the winds indicated by barometric pressure gradients.

Also, because of the stagnation of the cyclone systems in the Gulf of Alaska,

wind duration can be prolonged up to several days during which time a

second cyclonic system can move into the Gulf, reinforcing the first.

Monthly average wind speeds recorded at Middleton Island are indicative

of the pronounced seasonal trends in the Northern Gulf, although the

~ctual monthly wind speeds are somewhat lower than over water. Gale

force (~34 kt) winds may be encountered at any time during the year but

are usually rare during the summer months. The Middleton Island data

show that the summer months of June, July, and August are calmest.

In September winds begin to increase and rea'ch their maximum speeds by

January. Wind gusts of >60 kts are likely to occur from November through

January. Exposed ocean areas of the Northern Gulf are likely to experience

similar, or perhaps greater, wind gusts than Middleton Island during the

1.4



I,

I'

"I
I,

same period. Sustained winds(>41)kt occur about 3-5% of the time from

October through February in open ocean areas. High average wind

speeds persist through February but begin to abate by March. Through the

spring, wind speeds continue to decline gradually toward the summer

minimum condition.

Physical Oceanography

General Circulation

General water circulation in the Gulf of Alaska is a counterclockwise gyre.

The southern component of the gyre is formed by two easterly moving

current systems, the we.st wind drift and the subarctic current. As these

systems approach North America, they diverge, formi~g the Alaska current

and the southward flowing California current.

The Alaska current flows northward initially but then turns toward the west

and southwest as it· follows the general contours of the coastline. The

Alaska current is generally characterized as' a broad, slow-moving current

which transports about 10 million cubic meters per second with velocities

of less than one-half knot (Fallon et aI, 1973).

Currents

Although currents are generally not considered to provide a major

contribution to loads, they can be an important factor in overall design

of offshore structures. Currents can be an important consideration in

the design of foundations and pipelines due to their scouring of sediment

from the ocean floor. Currents are also important in offshore operations

by affecting work-boat operations, maintenance and underwater inspection.

Knowledge of current behavior is particularly important in the event of an

oil spill to predict movement for planning of containment operations.

Specific knowledge of currents on the continental shelf areas of the Gulf

of Alaska has greatly improved as a result of recent meaSurement programs

by the petroleum industry and by the Federal Government.

1- 5
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Although currents are subject to a number of site- specific variables, it

is possible to describe some general set of conditions which exist in the

lease areas. These conditions are discussed in Fallon et al (1973) and are

the result of preliminary current models supplemented by measured current

data as part of the 1967-1968 industry program. Estimates relative to

extreme current conditions were computed on the basis of 20 major storms

of .recent years and indicate that the maximum extreme conditions at the

surface are in the range of 3-4 knots, but fall to 0.5-1 - 0.125 knots on the

bottom. It should also be emphasized that the extreme conditions may exceed

the computed average by as much as 50%.

Sea Surface Elevation

A knowledge of sea surface elevations is necessary for offshore platform

design. Rises in the water .level to heights greater than mean sea level can

be caused by a number of factors including waves, tsunamis, astrono~ical

tides, storm surge, and responses to variations in atmospheric pressure.

Estimates of water level rise in the northern Gulf lease area are provided

by Fallon et al (1973) as a result of industry studies in the Gulf during 1967­

1968. In the northeast part of the Gulf, the astronomical tides range from

-3 to +15 feet relative to the mean lower low water (MLLW) tidal reference

datum. Depending somewhat on location and water depth, the combined 100

year storm surge and pressure may raise the water level an additional five

to six feet. The total combined 100 year effect is On the order of a 20 foot

rise above MLLW.

Tsunamis

Tsunamis, often called tidal waves, are long period, progressive waves

which generally result from volcanic eruptions, landslides, or earthquakes.

Since the Gulf of Alaska is an area of high seismicity, earthquake induced

tsunamis occasionally occur. According to Tetra Tech (1974), two destructive

tsunamis have occurred in Valdez Bay within the last 70 years, and other

ports which have experienced damaging tsunamis include Cordova, Whittier,

Stewart, Kodiak, and Yakutat.

1- 6
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The damaging effects of tsunamis are primarily limited to very shallow water

and coastal areas where the tsunami may be transformed to a breaking wave

of great magnitude. In the open waters of the Outer Continental Shelf (OCS)

lease areas however, the tsunami is felt only as a rapid rise in sea

level which imparts very little horizontal force to structures it may

encounter. The tsunami height is related to the magnitude of the seismic

~vent and the distance from it. Earthquakes of Richter magnitude greater

than 8, which occur occasionally in the Gulf, can be expected to produce

ts~namis which exceed 30 feet in height.

Normal Wave Conditions

The Gulf of Alaska is exposed to ,a major portion of the Pacific Ocean

and winds may act over great distances (fetch) to'produce waves in the

Gulf. This phenomenon as well as local meteorological effects act in

concert to produce one of .the most severe wave climates in the world.

The Gulf is also subject to long period swells which originate in the

southern hemisphere during the summer months. These occur from May

through October and are the result of southern hemisphere winter storms.

Wave conditions in the Gulf of Alaska vary according to season. Since

waves are wind-induced phenomena, wave conditions follow the general

weather patt'erns of the Gulf. The seaS are calmest during the summer

months of July and August. In September wave heights begin to increase

and maximum sea states are achieved during December. Winter conditions

are somewhat less severe than fall conditions but high wave conditions

generally persist through March. From April through June, wave heights

gradually abate toward the summer minimum.

An annual summary of the normal wave condition in an area from 57°N to

the coast and 140 0
_ 146°W, indicates the maximum frequency of waves to

,be three to four feet in height although a significant number of observations

occur up to 16 feet. These data reflect the generally severe normal wave

climate of the northern Gulf.

1-7



I

I"

I
r
I
I
I
I

Extreme Winds and Waves

Estimates of extreme winds and waves that an offshore unit is likely to en­

counter during its operational lifetime are required in order to evaluate

structural safety. Extreme wind velocities and wave heights are usually

quoted as a function of their return period, that is, the average length of time

between occurrences of a wave of a given height or a wind of a given velocity.

Severe events are associated with long return periods and low probabilities

of Occurrence. For fixed platforms the customary design practice has been

to use events with 100 year return periods or longer. The choice of a re­

turn period is actually a complex problem involving an analysis of various
. .

factors including human safety, environmental risk, and economics.

Thi~ report, and appendices, reviews and evaluates recent studies which have

.attempted to estimate extreme winds and waves for the Gulf of Alaska. In

addition an independent analysis of several historical wave data sets has been

performed to supplement the results. Five of these reports have been re­

viewed critically. They include the results of Thorn (1971, 1973a, b), the

Tetra Tech study (1974), Freeman and Bujnoch (1976), Fallon et al (1973),

and Quayle and Fulbright (1975).

A hindcast data base for Gulf of Alaska waves is well underway and at this

point extreme waves for nine winter seasons from 1968 to 1977 have been

analyzed. Extrapolation of these data indicates' that extreme waves exceeding

100 ft will occur in the open ocean areas of the eastern Gulf on an average of

every 25 years.

Estimates of extreme wind distribution are provided in papers by Tetra

'Tech (1974), Quayle and Fulbright (1975) and Fallon et al. (1973). Based

on a review of these studies, it was concluded that a sustained wind speed

of 108 knots is likely to occur on an average of every 100 years. The 25

year return period was estimated at 92 knots.

1-8
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Seismic and Geologic Conditions

The Gulf of Alaska lies on the boundary of the North American and Pacific

Plates, and is one of the most seismically active areas in the world. Due to

this high seismic potential, an accurate and thorough investigation of seismic

r~sk is essential. In this update, emphasis was placed on discussing six

seismic risk studies, along with appropriate comments, criticisms, and a

r.~commendation for further study•

The six seismic risk studies presented are: Milne and Davenport (1969), Bea

(1976), the API RP 2A (1977),·Page (1972), the A.TC-3 (1977) and Wiggins (1975).

The studies were compared on the basis of peak accelerations, velocities,

displacements and free field response spectra (when available). To insure

a consistent comparison, values were normalized to a 100 year return period,

and an attempt was made to normalize the usage of "effective peak acceleration"

to "peak acceleration". After normalization, the peak acceleration values

ranged from 0.30 to 1.00 g's, while peak velocities (more important than peak

accelerations for offshore platforms) ranged from 5 to 26 in! sec. In short,

the six studies present a very broad range of possible seismic design

parameters. Ifa decision had to be made at this time, the work done by

Milne and Davenport (1969) appears to be the only one that is both consistent

and conservative. Critiques of the six studies are presented, along with the

recommendation that a more careful, detailed study be conducted, focusing

,on seismic source modeling, motion-attenuation relations, statistical

modeling, and the usage of a com.plete and thorough data base.

In the section covering geology, information is provided for locating

potential foundation hazards relative to proposed lease tracts. Also provided

are typical soil profiles showing sedimentary layer thicknesses at various

ilocations within the study area. Additional geologic data is required as well

1-9
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as a more critical analysis of existing data before specific areas Can be

identified which have a high probability for slides, liquefaction, or gen­

eration of turbidity currents. Further discussion of these detailed problems

will be delayed until adequate soil information is available.

Initial Estimates

~nitial estimates of specific meteorological and oceanographic conditions

peculiar to the subject region are summarized in Table 1-1.
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P~rameter Estin)ated Conditions Notes

Minimum Values:

Visibility A. 200 yds or less for periods up to 18 hr Observations made at Middleton Island

B. 1 nmi or less for periods up to 84 hr

C. Minimums occur in July and August

Air Temp ("F) Sea Surface Temp ('F)

Air and Sea Surface A. Minimum 18 31 1. Marine observations. SSMO (at 140°-146' W.
Temperatures B. Mean 45 47

57' N to the coast)

C. Maximum 71 66
2. Minimum of +6'F recorded on Middleton

!sland

3. Minimwn of -6'F reported in area
(Fallon et all

Station Direction- Ave. Vel~ity (knots) Max. Velocity (knots)

Normal and Storm A. Kodiak NW 8.8 99

}AO'='~..=.m••,".'''OO ...".=Winds
B. Yakutat E 7.8 7S

C. Middleton Island ESE 12.0 68

Marine Observations:

_."--"
Velocity (knots) Annual % Frequency

0-6 20.4

7-16 45.1

jA""17~27 :n.5 : 140' - 146'W. 57'N. to the coast

28-40 9.5

41 1.6,
Direction Velocity (knots)

Near Shore \Vinds Downslope 60-100 So called "Williwaws, II average duration of 3 days,
effects. extend 25 m·iles out to sea, decreasing in
intensity away from shore

Velocity (knots)

Extreme Winds A. 108. gusting to 151 knots 100 year return period

B. 92. gusting to 129 knots 25 year return period

Table 1-1 Initial Estimates of Environmental Design Data
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Parameter Estimated Conditions Notes_._---- . _._-- --- '. -- -
Ships and Structures ~

Ice Ace retion A. Moderate 28'F. winds at" II knots(l) -25-45'F w/c1oud cover(3) I. Max frequency - (ZO-30%. January)

B. Severe 16'F. winds at" 34 knots(2) 2. Max frequency - (0.1%, January)

3. Max frequency - (6-7 days/month in winter)

Floating Ice A. Glacier ice - small chunkS, 1-2 yds in diam'eter I. Melts quickly in open water

B. Pancake ice - near shore only(I)

Significant Height (ft) Frequency of Observation ("!o)

NorTnal Waves <I 6.3

1
1-6 53.5

7-11 31. 2

12-16 7.4

17-22 1.3 r"' 140' - 146'W, 57"N to the coast

23- 25 . 2

>25 -

Return Max. Wave
Period (yr) Height (ft)

Extreme Waves 25 99

} Location:50 105 59. ZON, 145.7"W

Max Expected
Elevation Change (ft)

Sea Surface 20(1) 1. Combined tides. storm surge, barometric
Elevation 30(2) pressure

2. Tsunami

Ave. Velocity (knots) Max Expected Velocity (knots)

Surface - 3.3

Currents O. 5 Mid-Depth - I. 9

Bottom - I. 0

Table 1-1 Initial Estimate of Environmental Design Data (continued)
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2. INTRODUCTION

This report represents the second update of Aerospac~Report No.

ATR-77(7626-01)-1 under contract 14.08-0001-15988. It contains a

g~neral description of environmental conditions in the Gulf of Alaska.

The report also includes initial estimates of environmental design data

for use by the USGS Conservation Division until the next scheduled update.

These preliminary estimates form a summary of specific environmental

conditions in the area and are based on a review of prior studies by

v'arious sources and on an evaluation by Aerospace regarding their

reliability. In addition, preliminary analyses were conducted of available

wave and wind data to supplement these evaluations.
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·3. OBJECTIVES AND SCOPE

The U. S. Geological Survey has initiated efforts to develop and select

environmental criteria for application to the overall exploration, develop­

ment and production of energy reSources from the Outer Continental Shelf

in the Gulf of Alaska. and off the Mid-Atlantic and Southern California

coasts. The Aerospace contribution to Task I is. to as sist the USGS in its

basic objective of examining and quantifying, where possible, the appro­

priate environmental factors applicable to offshore drilling and petroleum

production operations in those areas. Secondly, Aerospace will assist the

USGS in developing methodology or approaches for the development and

updating of information on environmental conditions and the loads they may

impose on structures operating on the OCS. This effort will include iden­

tification of the data required, procedures for its acquisition and definition

Of steps which can be taken by the USGS to finalize environmental related

specifications for offshore operations. When data does not exist, Aerospace

will aid the USGS in. the definition of means to gather the required field data'

necessary to validate existing models and/or for developing specific design

~nformation to support specification development. Effort will be made by

·Aerospace to identify a number of alternative means for acquiring that

data which could strengthen the environmental data base.
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Through contacts with the USGS, private consultants and industry sources,

existing data relative to environmental conditions were reviewed as well

as analytical models for applicability to the objectives of this effort.

These evaluations will be supplemented by analysis where possible to

generate estimates of design conditions as early in the study as is prac­

tical even though the data would be quite tentative in form. The approach

will be to update information as the study progresses with the latest

inputs available at the time of reporting.

4. APPROACH

CATEGORIZA TION OF PERTINENT DATA

LITERATURE REVIEW AND CONTACTS

4.2.

4.1

The initial action by Aerospace was to gather and examine relevant,

current environmental information and methods for predicting wind and

wave behavior. A representative listing of initial reviews and contacts

made to date are indicated in the reference section at the end of the

. report. Some principal sources of information·, .·however, included the

Northern Gulf of Alaska Environmental Impact Statement (BLM, 1976),

~nvironmentalAssessment of The Alaskan Continental Shelf (NOAA,

1976), and the Gulf of Alaska Oceanographic Environment (Fallon, et aI,

1973 ).
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The general summer situation is that the North Pacific high pressure system

moves northward into the Gulf resulting in weaker pressure gradients and

.reduced winds. Occasionally the high pressure system retreats southward

allowing unseasonable storms to enter the area. However, these storms.

do not approach the intensity of winter storms.

GENERAL CLIMATOLOGY

5. METEOROLOGICAL AND OCEANOGRAPHIC CONDITIONS

The primary influence 'of the climatology of the Gulf of Alaska is marine (see

F'igure 5 -1). The dominant physical phenomena are the Aleutian low pres sure

system in the winter and the North Pacific high pressure system in the sum­

mer. The coastal zone is strongly influenced in certain areas by the difference

between the Arctic continental environment over Alaska and the Aleutian

low. This is manifested by strong downslope winds funneling through river

valleys and down along glaciers.

In winter the low pressure system is constantly reinforced by new lows

which move toward the Gulf from the Western Pacific. The mountains

surrounding the Gulf form a barrier to the continued movement of these

storm systems, causing stagnation of these storm systems and prolonging

the duration of storms in the area from periods of several hours to periods

of several days. The packing of the isobars up against these mountain

barrier s also tends to increase the intensity of these storms resulting in

extremely strong local winds. The combinations of strength and duration of

local winds coupled with an extremely long over water storm track result

in a severe wave climate as well.
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5-2

The sources for the discussion of icing conditions and floating ice given

below are the Gulf of Alaska Operators Committee study, (Fallon et al.,

1973) and the BLM-NOAA Environmental Assessment of the Alaskan

Continental Shelf (BLM-NOAA, 1976).

Visibility

METEOROLOGY5.2

,5.2.1

In order to provide some insight into meteorolog ical conditions affecting

operations of offshore units in the Gulf of Alaska certain data on visibility,

air and water temperatures and winds were abstracted both from published

and unpublished data provided by the National 'Climatic Center (NCC),

Asheville, North Carolina. The published source was the Summary of

Synoptic Meteorological Observations (SSMO), Vol 12. (U. S. Naval

Weather Service Command, 1970). The data contained in this source are

distilled from thousands of ship and shore station observations collected

over a long period of time, in some cases ranging as far back as 1890.

The unpublished sour:ce was the data presently being compiled by NCC

for a Gulf of Alaska, Climatic Atlas (Brower and Searby, in prep. ).

The data source for this atlas is the same historical file of observations

mentioned above.

Tables 5-1 and 5-2 present some representative fog and visibility data

from the northeastern Gulf area and from Middleton Island. Table 5-1

contains marine observations taken in the areas 140-146°W and 1460
_

1510 W, respectively, and from 570 N to the coast. The values shown

represent percentages of observations in which (og. without precipitation

,was observed. Table 5-2 presents persistence data for visibility measured

on Middleton Island which is located in the center of the areas covered

by Table 5-1. Table 5-2 presents the maximum and median durations

for low visibility (due to both fog and precipipation) for four 'threshold

distances. Under the column labeled 100%, the periods of low visibility
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Table 5-1 Marine Fog Conditions

Fog Without Precipitation

0 057 N to Coast 57 N to Coast

140
0

to l46
0

W 1460 to 15lo W

0/0 of . No. of 0/0 of No. of
Month Obs. Obs. Obs. Obs.

JAN 4.0 25 6. 1 26

FEB 4.6 25 4.5 20

MAR 2.7 16 3.6 16

APR 2.9 20 2. 1 13

MAY 5. 6 42 5.6 44

JUN 4. 1 31 9.4 60

JUL 8.4 61 12. 1 84.
AUG 4.7 33 12.5 85

SEP 3.3 23 6. 1 36

OCT 1.2 9 1.2 6

NOV 1.1 8 0.6 3

DEC 3.5 22 1.6 8

ANNUAL 3.9 315 5.9 400

Source: Summary of Synoptic Meteorological Observations
(U. S. Naval Weather Service Conunand, 1970)
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Table 5-2 Visibility on Middleton Island (59
0

26 I N, 146°20'W)

Monthly Maximum Duration of Events in Hours

U1
I

~

Visibility < 200 Yds < 1/4 NM " <1/2 NM <1 NM

100% 50% 100% 50% 100% 50% 1000/0 50%

JAN 9 3 15 3 27 3 30 3

FEB 9 1 15 1 18 2 18 3
MAR 9 4 12 3 15 2 21 3

APR 9 2 15 2 21 3 24 2

MAY 9 3 15 3 15 3 15 3

JUN 9 3 18 3 27 3 38 5

JUL < 12 2 27 3 27 3 36 3

AUG 18 3 42 4 39 5 84 3

SEP 6 1 12 3 24 3 24 3

OCT 3 <1 9 1 '9 3 15 3

NOV 0 0 6 1 12 2 18 3

DEC 3 < 1· 12 1 15 1 21 2

Source: Gulf of Alaska Climatic Atlas (Brower and Searby, in prep)
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In spite of the disagreement it appears that structural materials will not

have to operate continuously in sub-zero temperatures. On the other

hand, chill factors may severely hamper some human activities during

winter months. Unpublished charts being prepared for the Gulf of Alaska

Climatic Atlas by NCC show that chill factors.may be as low as _30
0

C
o

(-22 F).

Tables 5-3 and 5-4 present maximum, minimum and mean air and sea

surface temperature for the same two areas designated in Table 5~ 1

The sources of these data 'are the SSMO, Vol 12 (U. S. Naval Weather

Service Command, 1970). These temperatures demonstrate the relatively

mild climate of the Gulf (from a temperature' standpoint) compared to

that o£ the nearby mainland.

Air and Water Temperature,

There is so~e disagreement in the available data with regard to minimum

temperatures. The' Fallon et al (1973) study indicates a minimum air

temperature of _60 F in the area (not stating a specific location). The

Northern Gulf of Alaska Environmental Impact Statement (BLM, 1976)

gives the lowest recorded air temperature on Middleton Island as 60 F.

The disagreement with the SSMO could be due to location of measurement

since a strong air-sea temperature gradient cannot persist long as one

moves seaward. Also, extreme values in the SSMO'S tend to be truncated

due to data editing policies.

5.2. 2

never exceeded the number of hours shown. Similarly for the next colwnn,

50% of the periods of low visibility did not exceed the indicated number

0'£ hours. Both tables indicate that the worst visibility conditions

occur in July and August. The,period of best visibility in the Gulf is

September through November. The Gulf of Alaska Operators Committee

study (Fallon et al. ,1973) also agrees with these conclusions.
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Table 5-3 Air and Water Temperatures

Area: 57N - Coast
140-146°W

U1
I
0'

,--..

Air Tern erature Sea Surface Temperature
Month 0"1: OF .

No. of No. of .
MAX MIN MEAN OBS· MAX MIN MEAN 'OBS

JAN 48 18 36.6 671 50 ' ·33 42.3 549

FEB 49 25 38.2 575 50 33 41. 9 451

MAR 48 26 37.7 643 48 33 41. 6 505

APR 53 30 40.6 764 50 35 42.3 573

MAY 60 36 45.2 776 56 37 45.1 606

JUN 63 42 50.4 758 62 39 50.8 589

JUL 64 43 54.4 769 66 45 55.2 620

AUG 69

I
43 56.8 776 66 45 57.7 640

. . ..
. .

SEP 70 45 53~8 722 66 47 55.7 595

OCT 60 36 47.0 772 62 43 50.7 663
:

629NOV 55 27 41. 8 734 56 41 46.9

DEC 50 23 38.2 639 52 37 44.4 502

ANNUAL 70 18 45~5 8599 66 33 48.3 6922

Source: Summary of Synoptic Meteorlogical Observations (U.S. Naval Weather Service
Conunand, 1970)
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Table 5-4 Air and Water Temperatures
Area: 57N - Coast

146-1510 W

Air Temperature Sea Surface Temperature
014 0

I
.----- I _ ..- ---

No. Of No. of
MAX i MIN MEAN i OBS MAX MIN MEAN OBS

I
:

..

~N 48 I 25 37.4 485 50 33 41. 7 428

~B 48 20 36.8 520 48 33 40.6 441

AR 48 18 37.2 482 50 33 40.6 427

PR 54 27 39.6 679 48 31 40.9 568
I

AY 61 32 44.2 827 54 35 I 43.1 723

IN 63 40 49.0 672 60 39 48.0 584I ,

JL 69 43 53.7 805 64 41 52.8 725

64
I'

611LJG 71 45 55.7 737 .

I
43 55.1

~p 67 42 52.5 622 66 45 52.9 546\
I

CT 58 32 45.5 553 60 I 39 49.0 510
I

52 24 41. 0 528 56
I

37 45.2 473DV I
EC 50 19 37.2 534 50 35 43.0 I 475I

71
;

18 45.0 7444 66 31 46.6 6511NNUAL

iJ

IF
M

A

M

J

J

A

S

o
N

D

A

U1
I
-l

Source: Summary of Synoptic Meteorological Observations (U. S. Naval Weather Service
Command, 1970)
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. It is pointed out in Fallon et al (1973) that floating ice is not likely to pre­

sent a hazard to offshore operations in. the Gulf of Alaska. The primary

source of ice masses in this -area is from several glacier s which front on

Gulf coastal water. Most of these glaciers "calve ", breaking off large

~hunks which may be as large as icebergs. However, the Alaskan glaciers

are currently in a period of reces sion and their faces are not on open Gulf

water. Rather, glacial moraines, shoals, and bars between the

Floating lee

lee Accretion5.2. 3

5.2.4

lee accretion may present operational problems for both aircraft and surface

equipment. It must also be taken into account in calculating design loads

for surface equipment.

Surface icing conditions occur at air temperature 28.40 F (_2 0 C) with wind

velocities equal to or greater than eleven knots. Information from the NCC

unpublished Gulf of Alaska Climatic Atlas indicate that this condition could

occur from 20 to 300/0 of the time in the month of January and for lesser

periods during the remainder of the winter. Severe icing condition can occur

at air temperatures' ~ 16of (_9
0

C) and wind velocities ~ 34 knots. NCC un­

published data indicates that the probability of this event is less than O. 10/0

in January.

Aircraft icing is a much more frequent occurrence as indicated in the Fallon

et ale study (1973). Icing may occur with air temperatures in the range of

25
0

F to 40
0

F accompanied by a substantial degree of cloud cover. These

conditions will occur most frequently during the passage of weather fronts.

At lower elevations icing should be a problem only during winter months and

it is expected that light icing can exist at 1500 feet elevation as much as 6

to 7 days per month in winter, but conditions will be severe an average of

one day a month.
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1

f,ace and open waters, prevent the large ice ~asses from moving into the

Gulf. According to Fallon et ale (1973) ice chunks larger than 1 to 2 yards

in diameter are seldom seen in the Gulf. The relatively warm air and

water temperatures during the calving season (Augulst/September) rapidly

melts the ice chunks that do reach open water. Other forms of floating ice

found in the Gulf consist ,of ice pancakes formed in dvers, lagoons and bays.

This ice quickly melts in open water.

,Orographic effects play an, important role in the development of Gulf of

Alaska coastal winds. The most common wind phenomenon is termed the

'Jwilliwaw"•. Williwaws are downslope winds and are dangerous because. '

they occur suddenly and tend toward extreme gustiness. Williwaws occur

, when air dams up on the windward side of a range of mountains and then spills

, over suddenly. Local topography determines the average direction from

which williwaws will come, but still they can have great variability in direc­

tion and speed. The weather patterns that cause williwaw winds can usually

be predicted several days in advance. Once williwaws start, they can per­

sist for several days with a three day period being typical. The average

wind speeds are on the order of 60 knots with maximum speeds of 80 to 100

knots. It is possible to estimate the strength of the williwaws by considering

the height of the blocking ridge and the steepness and shape of the valley.

Temperature readings across the ridges may also serve as good indicators

of coming williwaws. Fallon et al (1973) state that the intensity of these

local winds decreases rapidly as they move away from the coast, and that

the contribution of local winds to wave generation is minor. This conclusion

may be open to question since at least one other source, Reynolds and Walter,

in the BLM/NOAA Environmental Assessment of the Alaskan Continental

Shelf (1976), state that 100 knot winds from the Copper River, Icy Bay and

Near-Shore Winds5.2.5
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Yakutat Bays can extend out over the water for 20 - 2S miles. The effect of

these winds on "".ave generation is not discussed but further investigation of

the phenomena is ·~equired.

A secondary cause of high local winds in coastal areas is funneling or venturi

effects. These can occur at any place where the preilsure gradient is

strengthened by the terrain or where the geography of the area is such that

the winds are tunneled through a narrow channel. In the lease areas, these

winds are common when there are moderate southea:3t winds.

North Pacific Weather Systems

The following discussion by Nummedal and Stephen was excerpted from the

Environmental Assessment of the Alaskan Continental Shelf, Vol. 12

(BLM/NOAA, 1976).

".The principal frontal zones of the northern hemi­
sphere winter are shown in Figure 9 (Figure 5-1
in this report). Two Pacific polar fronts and one
Pacific arctic front are generally present. Normally,
the front near Asia is the stronger and generates a
majority of the storms which travel into the Gulf of
Alaska. Storm tracks derived from inspection of
Northern Hemisphere surface synoptic cha rts (NOAA,
National Climatic Center, 1973) .illustrate this
(Figure 5-2 storm track no. 13). The Pacific arctic
front can also be responsible for local storm genera­
tion within the Gulf of Alaska, Figure 5- 3 track nos.
7, 15, and 18. The steep temperature gradients at
the Alaska and St. Elias Ranges in winter, which
separate the mild maritime climate from the cold
continental interior, prevent the cyclones from pene­
trating inland, and low pressure centers which enter
the central Gulf of Alaska have a tendency to remain
there until they dissipate. This combination of locally
generated cyclones on the Pacific arctic front and
decaying traveling cyclones arriving from the west
generates in the Gulf of Alaska the highest winter cy­
clone frequency in the northern hemisphere (Pettersen,
1969, pg. 227; Figure 12A). Winter cyclones of the
North Pacific frequently have central pressures less
than 950 rob and move at speeds of between 20 and 30
knots before they encounter the ttlountains, causing a
packing of isobars along the mOuJ:ltain slopes. II

5-10
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Source: BLM/NOAA (1976)

Figure 5-1 Principal Frontal Zones in the
Nortber-n HeInisphere in Winter
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Monthly average wind speeds for Middleton Island (Table 5- 5), are in­

dicative of the pronounced seasonal trends in the Northern Gulf, although

the actual monthly wind speeds are somewhat lower than over water

Normal and Storm Winds

"The reduction in intensity of latitudinal pressure
differences in summer causes a bre:~kdown of the
zonal current with consequent decrease in frontal
cyc10genic activity. The cyclones that do occur are
weak, but surprisingly long lived. Typical travel
patterns are shown in Figure 5.. 3 by storm tracks 3,
4, and 5. Most of the summer storln activity is
located in the western Gulf of Alaska and to the south
of the outer Aleutian Islands. 'Even there, the summer
cyclone frequency is not any higher than many other
places in the Northern Hemisphere {Pettersen, 1969,
pg. 229, Figure 12B)."

5.2.7

StorIn track 13 in Figure 5-2 shows that the Gulf of Alaska is located at the

end of the longest over-water storm track in the Northern Hemisphere.

Winds caused by the packing of the isobars along the mountain slopes are

.. actually stronger than the winds indicated by barometric pres sure gradients.

Also, because of the stagnation of the cyclone systems in the Gulf of Alaska,

wind duration can be prolonged up to several days during which time a second

cyclonic system can move into the Gulf, reinforcing the first storm. Average

wind conditions for 3 land stations in the Gulf are shown in Table 5- 5. The

source for this information was the Northern Gulf <>f Alaska EIS (BLM, 1976).

Tables 5-6 and 5-7 from the SSMO, Vol. 12 (D. S. Naval Weather Service

Command, 1970) for the Cordova Maritime area give the distribution of

wind speed vs wind direction averaged by month oVer the period 1934 to 1969.

I
I,:

I'

I
I
I
I
I
I
I
I
I
;'1

II



....... ... _._- -- - ..- -, _.. --.. -

U1
I...
~

""RC.TIC

u S S R.

P
}~

J> - .
~~;;'

,

OCEAl'l

))lllJlXI J(-\
J(

\.8

~~

'?-"
'"'?-

).....
• i I ...

9~.!. t
I
I

I..,
I

I

• ~-::.:.iiI.p&:..
I

T
I
I

-'r,,
~,

tC, .. ..,
2

July 1972

t-+-t Track of storm with central
pressure less than 1000 mb.

1--1--\ Track of storm with central
pressure above 1000mb.

~ Track of tropical storm

Source: BLM/NOAA (1976)

Figure 5-3 Cyclone Tracks - July 1972
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(Table 5-6). The Middleton Island data show that the summer months of

June, July, and August are the calmest. In Septembc~r, winds begin to

increase and reach their maximum speeds by January. High average

wind speeds persist through February but begin to abate by Ma·rch.

Through the spring, wind speeds continue to decline gradually toward the

suriuner minimum condition.

Gale force (2! 34 kt) winds may be encountered at any time during the

year but are usually rare during the summer months. According to the

Northern Gulf of Alaska EIS (BLM, 1976), the frequEmcy of gales increases

from a minimum of 1 percent in the summer months to 16.7 percent in

December. Gale force winds occur commonly through March and then

decline in frequency approaching the summer monthl3.

Sustained winds> 41kt occur about 3-5 percent of thE~ time from October

through February in open ocean areas. According tlO wind data from

Middleton Island (Table 5-5), wind gusts of >60kts a.re likely to occur

from November through January. Exposed ocean areas of the Northern

Gulf are likely to experience similar, or p.erhaps greater, wind gusts

than Middleton Island during the same period.
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'l7\BLE 5- 5

Average Wind .. Conditions, Gulf of .Alaska

KODIAK YAKlJ'I1>.T MIDDLErON ISLAND- - -§ ~ 19 § ~ 1- § ~ 1-'j j - j -.. ClLC .i()

1 ~ 1 .~ ~ 1~ .-
!vt)nth

.,-l ~. .~ ~- .~ ~-0 Cl Ul Cl

January NW 10.6 99 E 8.1 63 E 15.0 68

February NW 10.0 86 E 8.3 47 ESE 14.7 55

March NW 10.2 73 E 7.7 41 ESE 13.4 50

April NW 9.4 84 E 7.4 51 E 11. 7 50

May E 8.5 52 ESE 8.0 52 E 10.7 43

June E 7.0 61 ESE 7.7 48 E 8.5 34

July E 5.6 50 ESE 7.1 35 SW ' 7.3 37

August NW 6.3 52 ESE 6.9 43 ESE 8.6 39

september NW 7.5 63 E 7.5 56 ESE 10.5 55

October NW 9.4 72 E 8.7 75 E 13.2 55

November NW 10.3 74 E 8.5 63 ESE 15.2 66

December NW 10.6 76 E 9.1 63 ESE 14.8 63_. - - _.- - -- - _.
ANNUAL NW 8.8 99 E 7.9 75 ESE 12.0 68

Source: Searby (1969) in Northern Gulf EIS (1976)
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Table 5-6 Annual Percentage Frequency of Wind Direction By

'--_.- --,- - - -' ~ ---- -

AREA OOO~ CORDOVA
57N-eOA5T 140-146W

Speed and By Hour

~lND SPEED (KNOTS)
HOUR. (GMT!

WND DlR 0-6 7-16 17~27 28-40 41+ TOTAL peT MEAN 00 03 06 09 12 15 18 Zl

Des FREQ SPD

N 1.4 2.5 1.0 .3 .1 453 5.2 12.6 ~.8 8.1 4.8 19.4 5.4 .0 ·5.8 3. 9

HE 1.5 3.3 1.7 .8 .Z 651 7.5 15.4 7.0 ·10.8 7.6 6.5 7.7 20.6 7.4 9.4

E 2.5 7.3 6.0 3.9 .8 178Z 20.5 19 .3 Zl.1 5.4 Zo.8 6.5 ZO.4 8.8 20.8 14.2

Ul SE 1.9 7.0 4.4 1.6 .• 3 1321 15.2 16 .6 15.2 .0 15.2 6.5 15.7 11. 8 15.3 13.4

I S 2.1 6.3 2.9 .-9 .1 1053 1Z.1 14.5 12.7 18.9 12.0 3.2 12.1 8.8 11.7 12.6

.- SW 2.0 6.2 2.6 .8 .1 1009 11.6 14.0 12.2 18.9 10. 9 6.' 10.1 14.7 12.3 18.9

-J II 3.6 8.8 3.7 .9 .1 1494 17.2 13.4 17.0 35.1 18.0 41.9 17.0 32.4 15.8 20.5

Nil 1.5 3.7 1.2 • 4 • 596 6.9 13.0 6.7 2-.7 6.7 9.7 _7.1 2.9 -- 7.1 7.1

VAR .0 ~o .0 .0 .0 0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0

CALM 3.8
328 3.8 ~O 3;4 .0 4.1 .0 4.4 .0 3.8 .0

TOT 085 1773 3914 2040 821 139 8687 i4.9 Z436 37 1912 31 1756 34 2354 127

TOT peT 20.4 45.1 23.5 9.5 1.6 100.0
100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Source: Summary of Synoptic Meteorological Observations
(U. S. Naval Weather Service Command, 1970)
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Tab~e 5 -7 Monthly Percentage Frequency of Wind Direction by

Speed and by Hour

AREA 0004 CORDOVA JANUARY
57N-tDAST 140-14bW

WIND SPEED (KNOTS)
HOUR (GMT)

WND OIl' O-b 7-1 b 17-27 28-40 41+ TOYAL PCT MEAN 00 03 Ob 0 9 12 15 18 21

CBS FREQ SPD

N 2.2 4.3 2.7 1.3 .1- 72 10.7 i5.4 11.b 25.0 9.7 33.3 11. 8 .0 9.1 11.1

NE 1.9 4.0 2.7 2.2 .1 74 11.0 17.4 12.b 25.0 b.9 .0 11.0 .0 12.b 11.1

E 1.8 5.8 7.9 5.9 .7 149 22.1 22.0 22.b 25.0 - 24.3 .0 19.1- 25.0 22.3 22.2

sE .b 5.5 4.5 2.8 .3 92 13.b 20.1 12.1 .0- 14.b- .0 -12.5 -50.0 is .4 11.1

S 1.9 4.b 4.3 1.b .1 85 12.b 17.2- 15.1 25.0 11. 8 .0 11.0 .0 11.4 22.2

SW 1.3 4.7 1.3 .9 .0 5b 8.3 14 .5 7.0 .0 11.1 .0 7.4 .0 8.b 11.1

W 2.8 5.2 2.8 .7 .0 78 li.b 13.1 11.1 .0 13.2 .0 14.0 25.0 9.1 11.1

NW .7 3.0 l.ll 1.0 .'1 45 b.7 17.4 4.5 .0 5.b bb.7 10.3 .0 6.9 .0

VAR .0 .0 .0 .0 .0 0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0

CALM 3.4
23 3.4 .0 3.5 .0 2.8

. .0 2.9 .0 4.b .0

TOT 085 113 250 188 112 11 b74 17.2 199 4 144 3 13b 4 175 9

TOT PCT lb.8 37.1 27.9 lb.b l.b 100.0
100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

\.1l
FEBRUARY

I
~

00

WIND SPEED (KNOTS)

HOUR (GMT)

WNO DIR- O-b 7-1b 17-27 28-40 41+ TOTAl. PCT MEAN 00 03 Ob 09 12 15 lB 21

085 FREQ SPD

N 1,5 3. 4 1.b .2 .0 41 6.7 12.5 4.4 40.0 7.1 25.0 9.0 .0 5.3 16. 7

NE .8 4.1 3.1 2.0 .7 65 10.7 20.0 8.2 40.0 10.2 25.0 12.0 75.0 9.9 .0

E 2.5 5.9 7.0 5.-3 ' " 13-8 22.7 21.b 23.3 .0 25.2 25.0 2 i.8 25.0 -22.2 .0

.. '

sE 1.5 8.0 3.B 2.8 .7 102 16.7 19 .2 18.2 ... l5~O .0 21.8 .0 14.6 .0
.v

S 1.0 4.1 3.3 .8 .0 5b 9.2 16 .8 10.7- .0 7.1 .0 9.0 .0 9.9 16.7

-SW 1.0 2.5 2.5 2.1 - .0 49 8.0 19.7 8.8 20.0 4.7 .0 8.3 .0 9.9 .0

W 2.3 5.1 5.4 1.8 .2 90 14.8 17 .5 13. B .0 15. 7 25-.0 B.3 .0 lB.7 66.7

NW 1.8 4.4 2.3 .7 .0 56 9.2 14.1 10.7 .0 11. B .0 7.5 .0 B.2 .0

VAR .0 .0 .0 .0 .0 0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0

CALM 2.0
12 2.0 .0 1.9 .0 3.1 .0 2.3 .0 1.2 .0

TOT 085 87 229 180 95 18 _609 18 .1- 159 5 127 4 133 4 171 6

TOT PCT 14.3 37.6 29'-b 15.b 3.0 100.0
100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Source:
Summary of Synoptic Meteorological Observations
(U. S. Naval Weather Service Command, 1970)
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Table 5 -7 Monthly Percentage Frequency of Wind Direction by

Speed and by Hour (Cont'd)

MARCH

WIND SPEED (KNOTS)
HOUR (GMT)

WNO DIll. O-b 1-1b 17-21 28-40 41+ TOTAL PCT f'lEAN 00 03 ob 09 12 15 18 al

OBS FREQ SPD

N 1.2 4.3 .9 .• 3 .2 45 7.0 13.3 6.3 .,0 7.5 .0 6.7, .0 1.3 14.3

NE 1.4 3.3· 3.1 1.1 .0 51 8.8 16.1 6.9 .0 1.5 .0 10.4 .0 10.6 14.3

E 2.2 9.5 6.5 3.4 .3 141 21.9 18.0 19.4 .0 24.5 .0 20.1 .0 24.0 .0

SE .6 5.6 4.1 1.1 .0 81 1'2.6 18 .1 13.1 .0 10.2 .0 11. 9 .0 14.0 14.3

S 1.1 8.5 3.3 .5 .0 90 14.0 14.0 16.6 .0 13 ~6 .0 16.3 .0 9.5 28.6

SW 1.9 5.0 2.3 .2' .5 63 9.8 14.8 13 .1 .0 ,b.l .0 9.6 .0 9.5' 14.3

W 2.0 5.4 4.0 1.2 .0 82 12.7 15.6 i2.0 .0 12.9 50.0 14.8 .0 11.1 .0

NW 1.2 1.3 1 •. 9 .6 .2 12 11.2 13.8 10.3 .0 13.6 50.0 . 6.7 .0 12.8 14.3

VAR .0 .0 .0 .0 .0 0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0

CALM 2.2 14 2.2 .0 1.7 .0 4.1 .0 3.0 .0 .6 .0

TOT CBS 93 315 112 58 7 645 15.5 115 0 147 2 135 0 179 7

TOT PCT 14.4 48.8 26.7 9.0 1.1 100.0 100.0 .0 100.0 100.0 100.0 .0 100.0 100.0

U1
I--.J:) APRIL

< WIND SPEED (KNOTS)
HOUR (GMT)

WNO DIR 0-6 1-16 11-21 28-40 41+ TOTAL PCT MEAN 00 03 06 0 9 12 ' 15 18 21

OBS FREQ SPD

N 1.6 <!.4 1.5 .• 3. .0 43 5.1 12.1 3.2 .0 6.0 51.1 8.0 .0 5.2 5.0

NE 2.4 4.1' 1.3 .4 .0 62 8.2 1101 .5.6 .0 7,a .0 8.8 44.4 8.8 25.0

E 2.8 6.5 4.0 4.9 .1 138 18.3 18 .1 21.8 .0 16. 9 14.3 .20.4 .0 16.0 15.0

sE 2.0 5.3 5.0 1.2 .0 102 13.5 15.5 13.4 .0 15.1 .0 13 •. 1 '.0 13.9 15.0

S 2.0 4.9 2.1 .3 .0 10 9.3 12.4' 6.5 50.0 10.2 .0 10.9 11.1 10.8 .0

SW 2.5 5.3 3.3 .4 .0 87 11.6 13 .1 11.1 .0 10.2 .0 8.8 .0 8.8 20.0

W 5.3 8.2 4.5 1.5 .0 141 19.5 12.9 20.8 50.0 19.9 28.6 '13. 9 44.4 20.6 10.0

NW 1.2 4.2 2.8 .3 .0 64 8.5 14 .0 8.3 .0 8.4 .0 10.2 .0 8.2 10.0

VAR .0. .0 .0 .0 .• 0 0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0

CALM 5.3 40 5.3 .0 3.2 .0 6.0 .0 5.8 .0 7.1 ' .0

TOT OBS 189 309 185 69 1 753 13.5 216 4 166 7 137 9 194 20

TOT PCT 25.1 41.0 24.6 9.2 .1 100.0
100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0



,- -,-, _...._.- ~ --- -

Table 5-7 Monthly Percentage Frequency of Wind Direction by

Speed and by Hour (Cont'd)

MAY

WIND SPE~D (KNbTsr
HOUR (GIlIT)

WNO OIR 0-6 7-16 17-27 28-40 41+ TOTAL PCT MEAN 00 03 06 09 12 15 18 21

08S FREQ 5PO

N 1.6 2.0 .1 .1 .0 31 3.9 9.3 3.0 .0 3.1 .0 4.5 .0 5.4 .0

NE 2.4 2.9 1.1 .1 .4 55 7.0 12.4 4.6 .0 6.9 .0 9.7 .0 7.4 12.5

E 3.8 9.6 6.0 1.5 .3 167 21.2 15.0 23.2 50.0 26.3 .0 ·14.2-100.0 '20.1 25.0

SE 3.7 8.0 4.8 1.;1 .3 142 11l.0 14.9 15.2 .0 20.6 .0 21.0 .0 ·16.7 25.0

5 2.3 6.2 1.8 .3 .0 83 10.5 12.4 8.4 .• 0 8.8 .0 11.9 .0 13.2 12.5

5W 2.5 5.6 1.8 .i .0 79 10.0 11.3 12.7 .0 10.0 .0 8.0 .0 9.3 .0

W 3.8 8.8 2.8 .4 .0 124 15.7 11.6 17.7 50.0 15.6 .0 16.5 .0 13.2 .0

NW 2.3 4.4 .• 5 .0 .0 57 7.2 9.5 Il.O .0 2.5 .0 B.O .0 5.4 25.0

VAR .0 .0 .0 .0 .0 0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0

CALM 6.3 50 6.3 .0 4.2 .0 6.3 .0 6.3 .0 9.3 .0

TOT 08S 227 375 149 30 7 788 12.0 237 2 160 0 176 1 204 8

TOT PCT 28.8 47.6 18.9 3.8 .9 100.0 100.0 100.0 100.0 .0 100.0 100.0 100.0 100.0

U'1
I
rv

JUNE
0

WIND SPEED (KNOTS)
HOUR (GMT)

WND DIR 0-6 7-1 6 17-27 28-40 41+ TOTAL PCT MEAN 00 03 06 09 12 15 18 21

O8S FREQ. SPO

N 1.8 2.3 .4 .0 .0 35 4.5 8.6 4.0 .0 3.4 . .0 3.2 .0 7.0 .0

NE' 1.4 3.2 1.0 .6 .0 49 6.3 13.6 5.8 .0 6.7 .0 5.8 .0 6.6 20.0

.f 2.8 8.9 6' .1 .. " 161 20;7 14.9 20.0 .0 20.2 .0 21.2 .0 22.1 .0... .u

B.6 .4 115 14.8 12.3 14 .2 .0 18.5 .0 10.3 .u 1 ~ It. zo,.o
5E 2.8 3.0 .0

4""··'"

5 2.6 5.7 1.4 .1 .0 76 9.8 11.0 11.1 .0 12.4 .0 9.6 .0 5.6 40.0

SW 2.1 6.3 1.7 .1 .0 79 10.2 11.4 11.6 .0 9.0 .0 9.0 .0 ··10.8 .0

W 6.2 13.0 3.2 .0 .1 175 22.5 11.0 19.6 .0 Zl.9 .0 30.1 .0 20.7 20.0

Nil 1.9 3.7 .5 .0 .0 48 6.2 9.5 6.7 .0 6.2 .0 5.1 .0 6.6 .0

VAR .0 .0 .0 .0 .0 0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0

CAL'" 5.0 39 5.0 .0 7.1 .0 1.7 .0 5.8 .0 5.2 .0

TOT 085 207 402 150 17 1 717 11.5 225 0 178 0 156 0 213 5

TOT PCT 26.6 51.7 19.3 2.2 .1 100.0 100.0 .0 100.0 .0 100.0 .0 100.0 100.0
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Table 5-7 Monthly Percentage Frequency of Wind Direction by

Speed and by Hour (Cont'd)

JULY

WIND SPEED (KNOTS)
HOUR (GMTl

WND DIR 0-6 7-16 17-27 28-40 41+ TOTAL PCT MEAN 00 03 06 09 12 15 18 21

08S FRED SPD

N 2.0 .9 .5 .0 .0 27 3.4 8.4 4.8 .0 4.1 .0 4.2 .0 1.4 4.5

NE 2.5 3.2 .8 .0 .0 51 6.5 9.7 4.8 10.0 8.1 20.0 4.9' .0 7.8 4.5

E 4.1 9.0 3.8 1.1 .0 142 18.1 13.2 16.3 .0 21.5' .0 21.7 . .0 15.7 27.3

sE 3.8 7.1 2.9 .5 .0 113 14.4 12.5 15.8 .0 11.0 20.0 14.0 28.6 16.6 9.1

S 4.2 6.8 3.4 .• 3 .0 115 14.6 11.6 15.8 30.0 10.5 .0 18.2 14.3 14.7 9.1

SW 3.2 7.6 1.9 .1 .0 101 12.9 11.3 12.4 30.0 12. 8 20.0 9.8 28.6 13.8 13.6

W 5.5 12.2 3.4 .1 .0 167 21.3 11.1 20.6 30.0 25.6 40.0 16.1 28.6 20.3 27.3

NW 1.8 2.8 .6 .0 .0 41 5.2 10.0 4.8 .0 2. 9 -.0 8.4 .0 6.0 4.5

VAR .0 .0 .0 .0' .0 0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0

CALM 3.6 28 3.6 .0 4.8 .0 3.5 .0 2-.8 .0 3.7 .0.

TOT OBS 241 390 137 17 0 785 11.1 209 10 172 5 143 7 217 22

TOT PCT 30.7 49.7 17 .5 2.2 .0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

U1
I
N AUGUST.-.

WINO SPEED (KNOTS)
HOUR (GMTl

WND DIll 0-6 ,7-16 17-27 28-40 41+ TOTAL peT MEAN 00 03 06 09 12 15 18 21

OBS FRED SPO

N .9 2.2 .1 .0 .0 25 3.2 8.8 4.4 .• 0 1.1 .0 3.4 .0 4.4 .0

HE . ~ 2.1 .5 .3 .0 31 4.Q n.7 3.4 .0 4.0 .0 4.1 .0 5.4 .0
~.,

E 2.1 7.2 3.1 .9 .1 104 13.4 t4.5 . 15.3 .0 13.0 .0 10.8 .0 16.7 .0

SE 1.8 6.8 2.6 .5 .1 92 11.8 13.7 13.8 .0 14.7 .0 12.2 .0 9.8 .0

S 3.2 8.1 2.2 .1 .0 106 13.6 11.4 15.8 .0 14.7 12.5 14.9 .0 11.3 10.5

SW 2.7 10.9 2.1 .1 .0 123 15.8 11.2 12.8 30.0 14.7 12.5 17.6 37.5 16.2 26.3

II 5.0 16.1 4.9 .3 .0 204 26.3 12.1 24.1 60.0 24.3 75.0 22.3 50.0 25.5 57.9

Nil 1.7 4.' .5 .0 .0 52 6.7 10.3 4.9 10.0 7.3 .0 7.4 12.5 7.4 5.3

VAR .0 .0 .0 .0 .0 0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0

CAL" 5.1 40 5.1 .0 5.4 .0 6.2 .0 7.4 .0 3.4 .0

TOT OBS 184 450 124 17 2 777 11.5 203 10 177 8 148 8 204 19

TOT peT 23.7 57.9 16.0 2.2 .3 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
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Table 5-7 Monthly Percentage Frequency of Wind Direction by

Speed and by Hour (Cont'd)

SEPTEMBER

0-6
WIND SPEED (XNOTS)

HOUR (GMT)

WHO OIR 7-16 17-27 28-40 41+ TQ.T AL PCT HEAN 0'0 03 0 6 09 ,12 15 18 Zl

DIS FREQ SliD

N 1.3 1.7 .It .0 .0 24 3.3 9.5 3.0 .0 3.1 .0 3.9 .0 3.7 .0

NE .8 3.6 1.1 .7 .0 1t5 6.3 IIt.9 8.1t .0 6.2 .0 1t.5 .• 0 5.3 12.5

E 2.8 5.1t 7.8 1t.5 .6 151 21.0 20.1 19.3 .0 17 .It .0· 25.2 .0 23.3" 12.5

SE 2.6 8.1 5.0 1.5 .1 125 17.1t 16.0 15.8 •. 0 16. 8 .0 20.6 .0 17.5 12.5

S 2.2 6.1t 2.9 1.0 .1 91 12~7 15.1 13.9 50.0 16.8 .0 7.1 100.0 11.6 12.5

SW 1.8 7.2 2.6 .It .0 87 12 .1 13.4 11.1t .0 11.2 .0 8.1t .0 15.9 37.5

W 3.9 10.3 2.9 1.3 .0 132 18.4 13.0 19.8 50.0 21.1 100.0 19.4 .0 13.8 .0

NW 1.8 2.1t • 6 .0 .0 34 4.7 9.7 5.4 .0 . 1. 9 .0 5.8 .0 5.3 12.5

YAR .0 .0 .0 .0 .0 0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0

CALH 4.2 30 1t.2 .0 3.0 .0 5.6 .0 5.2 .0 3.7 .0

TOT 08S 154 321t 168 67 6 719 I It .6 202 2 161 1 155 1 189 8

TOT PCT 21.4 45.1 23.4 9.3 .8 100.0
100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

\J1
I
N
N OCTOBER

WIND SPEED (KNOTS) HOUR IGKTI

WNO DlR 0-6 7-16 17-27 28-40 41+ TOTAL PCT HEAN 00 03 0 6 09 12 15 III 21

08S fREQ SPD

. N . .9. 2.6 1.0 .1 .i 3; ,... 14.0 4.2 .0 4.0 .0 4,2 .0 b.z .0
".'

HE .5 2.7 1.9 .6 .1 46 5.9 17.8 6.1 .0 7.5 .0 5.5 .0 4.9 .0

E 1.3 5.3 5.9- 7.1 1.9 167 21.4 25.1t 23.4 .0 19.1 .0 20.6 .0 '22.2 .0

SE .9 6.0 5.5 i.6 .It 120 15.4 19 .7 16.4 .0 15.0 .0 -1 7 • 6 .0 12.9 33.3

S 1.3 6.4 4.1t 2.1 .1 111 14.2 17.8 14.5 .0 15.6 .0 11.5 .0 14.7 33.3

SW 1.7 6.1t 4.7 1.4 .0 111 IIt.2 16 .7 13.1 .0 13.9 .0 15.8 .0 14.2 33.3

W 1.7 6.9 4.1 1.8 .It 116 IIt.9 17 .3 15.0 .0 13.9 .0 15.2 .0 15.6 .0

Nil .9 Z.8 1.4 1.3 .0 50 6.1t 17.3 5.6 .0 8.1 .0 5.5 .0 ~.7 .0

YAR .0 .0 .0 .0 .0 0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0

CALH 2.8 22 2.8 .0 1.9 .0 2. 9 .0 4.2 .0 Z.7 .0

TOT 085 93 305 226 132 24 780 18.8 214 0 173 0 165 0 225 3

TOT PCT 11.9 39.1 29.0 16.9 3.1 100.0 100.0 .0 100.0 .0 100.0 .0 100.0 100.0
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General water circulation in the Gulf of Alaska is a counterclockwise gyre

(Figure 5-4). The southern component of the gyre is: formed by two east­

erly moving current systems, the west wind drift and the subarctic current.

As these systems approach North America, they divierge forming the Ala ska

current and the southward flowing California current.

Depending on their magnitude currents can be an important design overload

consideration for offshore structures. Currents may also effect foundation

and pipeline design because of their ability to scour sediment on the ocean

floor. From an operational standpoint, currents milY effect such things as

work boat operations, maintenance, and underwater inspection. In the event

of an oil spill, a knowledge of currents is likewise i.mportant for predicting

movements and containment operations.

Currents

General Circulation

PHYSICAL OCEANOGRAPHY

The general state of knowledge regarding currents on the continental shelf

areas of the Gulf of Alaska has improved considerably in recent years as a

result of both petroleum. industry studies and work by the Federal Government.

The'latter ongoing program is part of the Bureau of Land Management Environ­

mental Studies Program. The petroleum. ind~stry studies have included both

current measurements and current modeling studies. Unfortunately only a

small portion of the industry work is available for review. The remaining

5.3.2

The Alaska current flows northward initially but then turns toward the west

and southwest as it'follows the general contours of the coastline. South of

Kodiak, the Alaska current narrows and intensifies becoming the Alaska

stream which moves southwesterly along the Aleutian chain. The Alaska

current is generally characterized as a broad, slow·-moving current which

transports about 10 million cubic meters per second with velocities of less

than one-half knot (Fallon et al, 1973) •.

5.3. 1
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Source: BLM( 1976)

Figure 5.4 General Circulation - NOlrth Pacific
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part of this section examines some preliminary data from the BLM program

~nd then discusses the non-proprietary results of the industry study.

Charnel! et al (1976) have recently analyzed current meter data from a long

tirn.e series station located off Icy Bay (59
0

34 1 Nand 1420 101 W) in the

southeastern portion of the northern Gulf lease area. This station has been

maintained since August 1974 and will continue in operation through the

,summer of 1977. The analysis period includes 15 months of data from August

1974 through May 1976. Data were collected at depths of 20, 50, 100 and 175

meters below the s,urface of the water. Water depth at the station site was

185 meters.

An extreme value statistical analysis following the technique of Gumbel

(1954) was performed. Specific methodologies of this technique are discussed

in Appendix A to this report. In brief, Gumbel (1959) has derived an asymp­

totic extremal probability law in the form of a double exponential:
-y ,,'.

-eP(S ) = P S. S =em m
S

h .. m-B
were Y = A

and A and B are shape and scale factors for the. distribution. Sm is the

ranked current speed. Using this technique, data tnay be fitted to a linear

function through the use of a least squares method. The resulting linear

equation allows calculation of extreme values (i. eO. current speed) as a

function of return period or probability.

Charnell et al (1976) used data from the current meters at the 50 meter

and 100 meter depths to obtain the distribution shown in Figure 5- 5. These

depths were selected because continuous records were available for the

entire 15 month period. The data were then extrapolated to 5000 days

(13.7 yrs) indicating an extreme speed of about

112 cm/ sec (~ 2.2 kts) at 50 meters and

100 cml sec ( ~ 1.9 kts) at 100 meters.
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Figure 5- 5 Estimated Extreme Currents Near Icy Bay, Alaska
Source: Charnell, et al (1976)
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To determine the extreme current speed at other de:pths, Charnell et al

(1976) compared data taken concurrently at the 20 and 175 meter depths

with data taken at 50 and 100 meters. This allowed the development of

depth coefficients for estimating current speeds, at l~ll points in the water

column except very near to the surface and bottom where other physical

factors begin to act~ This comparison and the estirnated depth coefficients

are shown in Figure '5- 5. The general expression for determining the

, current speed (SZ) at any depth (Z) is thus:

Sz = A Z +B Z Y

where A and B .are the intercept and slope coefficients at depth Z and:

y = .. In (..In (Ps) ).

Using this relationship, the 5000 day maximum current at lO meters depth,

for example, would be about 155 cm/ sec (~3 knots),.

The extreme value analysis performed by Charnel! et al (1976) must be

regarded as very preliminary owing to the rather short time span of the

, data set. Extreme value techniques are best suited. to data sets covering

many more years because of the necessity to obtaiJ:l representative

extremes.

Extrapolation of this data to 5000 days is probably a risky overextension

of the technique. It has been suggested by Borgma.n(l975), that extreme

values should not be extrapolated more than twice the data base beyond the

largest observation. Nevertheless, it is an interesting yardstick by which

to compare future data.

It should also be noted that current measurements at this specific location

may not be representative of the northern Gulf lealse area as a whole.

Currents may vary as a function of: (1) depth, (2) distance offshor'e, (3) time,

and (4) bottom topography. A site close to sh?re for example, may be

strongly influenced by tidal currents and bottom tClpography.
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The Petroleum Industry Study (Fallon et al,'1973) also prOVides insight

into the general 'nature of Gulf of Alaska currents. It should be noted,

however, that the nonproprietary data presented in the industry report

is the result of analytic modeling efforts and are therefore calculated

'values rather than,measured values. These data have received only

limited validation with measured data. FurthermoJre, the industry

report discusses: the modeling technique only in very general terms

. such that a critical review of the methodologies is precluded.

Figure 5-6 shows the monthly distribution ofnormal current speeds as

described by Fallon et al (1973). Currents which e:lCceed one knot, for

,example, occur about 25% of the time during the winter months. The

more general condition however, is that current speeds of one-half to

three-quarters of a. knot prevail most of the time. The corresponding

direction is generally westward except at nearshore sites where a

strong tidal component may mask the general circulation.

Estimated extreme current conditions are shown in Figure 5-7 (Fallon

et aI, 1973). These were computed on the basis of 20 major storms of

recent years. Values were computed for surface, mid-depth" and bottom

current velocities and represent the maximumsunl of the component motion

for each storm. The solid line represents a current profile for a typical

deep water site (...... 1000 ft) in the lease area. The shaded ,band represents

the range of values which might be expected for all sites in all of the twenty

storms. Maximum extreme conditions at the surface are in .the range of

3-4 knots but fall to 0.5-1.25 knots at the bottom. The current directions

associated with the extreme conditions are toward the northeast-northwest

quadrants but are mainly west of north.

According to Fallon et al (1973) computational analyses of the current

conditions described above were done by conservative methods and should

therefore, slightly overestimate actual conditions. The authors also point

out that the magnitude of currents is highly variable in the Gulf of Alaska

due primarily to the complex bottom topography. In general, the results
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Figure 5-6 Seasonal Variation of Surface Current Speeds
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are felt to be valid for most areas away fro:r;n shore but should be

applied with caution to nearshore shallow water locations where they may

be greatly exceeded. It should also be emphasized that the extreme

conditions described represent a range of vaiues an.d that actual conditions

may exceed the computed average by as m.uch as 50%.

. A knowledge of sea surface elevations is necessary for offshore platform

design. Rises in .the water level to heights greater than mean sea level can

be caused by a number of factors including waves, tsunamis, astronomical

tides, storm surges, and. responses to variations' in atmospheric pressure.

Waves and tsunamis are considered elsewhere in the report. This

discussion is limited to tides, storm surges, and pressure responses.
. .

The specific application of sea surface elevation information in design is

mainly for determining the platform deck height. A rise in sea surface

elevation due to tides, storm surges, or pressure variations does not

impose any significant loads on the structure, per l3e. If coupled with high

wave conditions, however, an increase in water level elevation will increase

the effective height of a wave above a fixed reference point, although it will

not increase the wave force. High waves superimposed on a high water

level may thus threaten the deck structure if improperly designed to

account for this contingency. The deck height must therefore be set to

accommodate: the design wave height, the maximum probable water level

elevation rise, and a suitable air gap for a margin of safety.

Estimates of water level rise in the northern Gulf lease area are provided

by Fallon et·al (1973) as a result of industry studies in the Gulf during 1967­

1968. Astronomical tide components were derived from standard Depart­

ment of Commerce tide tables for the area. Storn1. surge, which is a piling

up of water by the wind, was computed from ·semi··empirical equations.

The source of barometric pressure responses was not mentioned but is

described as'being small, on the order of two feet for severe storms.

Sea Surface Elevation5.3.3
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Tsunamis, often catled tidal waves, are long period progressive waves

which generally result from volcanic eruptions, landslides, or earthquakes.

Since the Gulf of Alaska .is an area of high seismicity, earthquake induced

tsunamis occasionally occur. According to Tetra T,ech (1974), two destruc­

tive tsunamis have occurred in Valdez Bay within the last 70 years, and

other ports which have experienced damaging tsunamis include Cordova,

Whittier, Stewart, Kodiak and Yakutat.

Tsunamis5.3.4'

The damaging effects of tsunamis are primarily limited to very shallow

water and coastal areas where the tsunami may be transformed to a breaking

wave of great magnitude. In the open waters of the OCS lease areas however,

the tsunami is felt only as a rapid rise in sea level which imparts very

little horizontal force to structures it may encounter. Since this pheonrnenon

is frequently misunderstood, it is useful to place it in perspective by com­

paring the forces generated by both a large storm wave and a tsunami.

According to Horrer (1975), a large tsunami which raised the water level

30 feet in five minutes at a site where the water depth is 200 feet would

produce water particle horizontal accelerations and velocity maxima of

o. 1.5 ft/ sec2 and 7 H/ sec respectively. Simil~r water particle accelerations

and velocities for a 90 foot high storm wave with a 16 second period in the
2 2

same water depth would be 8 H/ sec and 20 ft/ sec at the surface and 4 ft/ sec

and 10 H/ sec at the bottom.

Shore based tidal observations were used to compare the predicted sea level

rise and were found to have a consistent conservative bias. The results of

this study are shown in Figure 5-8.

In the northeast part of the Gulf, the astronomical tides range from - 3 to

+15 feet relative to the mean lower low water (MLLW) tidal reference datum.

Depending somewhat on loc,ation and water depth, the combined 100 year

storm surge and pressure response may rais~ the wa.ter level an additional

five to six feet. The total combined 100 year effect ils on the order of a 20

foot rise above MLLW.
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Figure 5- 8 Recurrence Interval of Total Water Level Rise



5-35

Wave conditions in the Gulf of Alaska vary according to season. Since

waves are wind induced phenomena, wave conditions follow the general

weather patterns of the Gulf. The seas are calmest during the summer

The Gulf of Alaska is exposed to a major portion of the Pacific Ocean and

winds may act over great distances (fetch) to produce waves in the Gulf.

This phenomenon as well as local meteorological E~££ects act in concert to

produce one of the most severe wave climates in the world. The Gulf is

also subject to long period swells which originate in the southern hemi­

sphere during the summer months. These occur from May through October

and are the result of southern hemisphere winter 13torms.

Normal Wave Conditions5.3. 5

Tetra Tech (1974) has also calculated potential tsunami heights throughout

the northern Gulf which is' based on a vertical uplift of 30 feet at various

points within the Gulf. From these calculations, CL contour chart of potential

tsunami heights in -the northern Gulf was drawn. This chart is illustrated

in Figure 5-10. Platforms in the OCS lease areas could expect tsunami

heights of 30-35 feet which will increase as the tsunami propagates toward

the shore. Under normal circumstances, an increase in water level elevation

of 30-35 feet should pose no special problems for offshore platforms since

deck elevations will probably greatly exceed this water level elevation to

provide adequate clearance for high storm waves.

Thus from an offshore platform design standpoint, tsunamis can be treated

in the same manner as a rise in water level elevation. This rise in

water level has been calculated by Wilson (1972) and is presented graphically

in the Tetra Tech (1974) report cited previously. This graph is reproduced

in Figure 5-9. The tsunami height is related ,to the magnitude of the seismic

event and the dista:nce from it. Figure 5- 9 is calculated for tsunami heights

which are close to the source. Earthquakes of Richter magnitude greater

than 8 which occur occasionally in the Gulf, can be expected to produce

tsunamis which exceed 30 feet in height.
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Tables. 5 -8· and 5 -9 ;are useful for describing only the normal wave enriron­

ment of the Northern Gulf. They should not beco:rufused or substituted for

a description of the. extreme wave conditions which are required for estim­

ating maximum structural loading conditions on offshore platforms. These

extremes are discussed in the following sections.

Extreme Winds and Waves5.3.6

Estimates of extreme winds and waves that an offshore unit is likely to

encounter during its operational lifetime are requi:red in order to evaluate

structural safety. Extreme wind velocities and wave heights are usually

quoted as a function of their return period, that is, the average length of

time hetween occurrences of'a wave of a given height or a wind of a given

velocity. Severe events are associated with long return periods and low

probabilities of occurrence. For fixed platforms the customary design

practice has been to use events with 100 year'return periods or longer.

The choice of a return period is actually a complex .problem involving an

months of July and August. In September wave heights begin to increase

and maximum sea states are achieved during Decenlber. Winter conditions

are somewhat less. severe than fall condition's but high wave conditions

generally persist through March. From April through June, wave heights

gradually abate toward the summer minimum.

;Table 5 -8 is an annual summary of the normal waV(l conditions as a function

'of wind speed in an. area which extends from 57 0 north latitude to the coast

,and 1400
- l46~west longitude. The modal number of observations occur up

to the 13 -16 ft range. These data reflect the genera.lly severe normal wave

climate of the Northern Gulf. Table 5 -9 is amonth-by-month summary of

wave conditions in the same geographic area.. The seasonal trends in sea

states discussed previously are illustrated by the nlodal number of observa­

tions for each wave. height category.

'i
I
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ANNUAL

PERIOD. (P~IHARY) AREA 000.4 CORDOVA
(OVER-ALL) 1963-1970 57N-COAST 140-146W

WIND SPEED IKTS) VS SEA HEIGHT (FT)

HGT D-3 4-10 11-21 22-33 34-1t7 48+ TOTAL
OBS

<1 5.4 6.5 .0 .0 .0 .0 360
1-2 1.2 9.7 6.1 • .0 .0 513
3-4 .5 10.5 13.1 1.' .0 .0 712
5-6 .1 3.6 11.0 3.8 .3 .0 566

7 .1 .1 5.2 4.0' 1.0 .1 335
8-9 .1 .3 2.0 3.0 1.1 .1 197

10-11 .0 •• 1.0 I •• .8 .0 107
12 • • •5 .8 .6 • 58

13-16 .0 .0 .3 1.0 1.2 .2 81
17-19 .0 •0 • .1 .1 • 8
20-22 .0 .0 .0 .1 .1 .1 11
23-25 .0 .0 .0 • • .0 2
26-32 .0 .0 .0 .0 .0 .0 0
33-.0 .0 .0 .0 .0 .0 .0 II
41-48 .0 .0 .0 .0 .0 .0 0
49-60 .0 .0 .0 .0 .0 .0 0
61-70 .0 .0 .0 .0 .0 .0 0
71-86 .0 .0 .0 .0 .0 .0 0

87+ .0 .0 .0 .0 .0 .0 0
TOTAL 224 956 1183 474 158 15 3010

PCT 7.4 31.8 39.3 15.7 5.2 .5 100.0

Ul
I
VJ
-..0 PERCENT FREQUENCY OF WAVE HEIGHT 1FT) VS WAVE PERIOD ISECONDS)

PERIOD <1 ' 1-2 3-4 '·6 7 8-9 10-11 12 13-16 17-19 20-22 23-25 26-32 33-40 41-48 49-60 61-70 71-86 87+ TOTAL HEAN
15EC) HGl .

<6 1.4 8.4 13.5 8.7 2.9 1.6 .6 -.1 .3 .0, .0 .0, .0' .0, -.0 '.0 .0 ,.0: .0 1297 3
6_7 • 1.4 •• 8 6.6 5.0 3.2 201 1.0 - 1.4 .1 .1 • .0 .0 .0 .0: '.0: .0 .0 884 6
8_9 .0 .5 2.8 3.8 4.1 2.8 1.9 1.1 i.o .3 .3 .1 .0 .0 .0 .0 .0 .0 .0 638 7

10-11 .0 ~ .5 ., . .. .. l.~ .5 .! .2: :! '" ,0 .0 ~g .Q .Q .0 .0 261 8.. ... ...
12-13 •0 • • .7 •6 .3 .5 .2 .3 .1 • .0 .0 .0 .0 .0 .0 .0 .0 95 8
>13 .0 .0 .0 .0 .5 .3 .2 .3 •• .1 .1 .1 .0 .0 ·0 .0 .0 .0 .0 6J 11

INOU 4.9 .2 .1 .3 .2 .1 .1 • .1 • • • .0 .0 .0 .0 .0 .0 .0 212 2
TOTAL Zl7 375 750 721 517 326 23) 108 149 25 22 'I 0 0 0 0 0 0 0 3.50 5

PCT 6.3 10.9 21.7 20.9 15.0 9.4 6.8 3.1 4.) .7 .6 .2 .0 .0 .0 .0 .0 .0 .0 100.0

Table 5- 8 Annual Normal Waves

Source: Summary of Synoptic Meteorological Observations
(U. S. Naval Weather Service Com.mand, 1970)
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PERIOOI IPRIMARY) JANUARY
AREA 0004 CORDOVA

(OVER-ALL) 19b3-1970 H8RUARY S7N-COAST 140-h611

WiNO SPEED IKTSI VS SEA HEIGHT 1FT) WINO SPEEO (KTSI VS SEA HEIGHT 1FT)

HGT 0-3 4-10 11-21 22-:n 34-47 48+ TOTAL HGT '0-3 4-10 11-21 ZZ-H 34-47 48+ TOTAL
OBS OBS

<1 301 3.6 .0 .0 .0 .0 15 <1 3.4 2.3 .0 .0 .0 .0 10

1-2 .0 b.7 7.b .0 .0 .0 32 1-2 1.1 5.1 2.3 .0 .0 .0 15

3-4 1.3 7.1 11.1 .0 .0 .0 44 3-4 .0 7.4 12.5 2.3 .0 .0 39

5-b .4 3.6 11.b 7.1 1.3 .0 54 5-6 .0 3.4 10.2 b.3 .0 .0 35

7 .0 .4 2.2 5.8 .4 .0 20 7 , .0 .0 5.7 6.3 2.3 .0 25

8-9' .0 .4 4.0 3.1 3.6 .0 25 8-9 .0 .0 2.8 5.7 2.8 .0 20

10-11 .0 .9 .9 3.b 2.2 .0 17 10-11 .0 .0 2.B .2.8 .0 .0 10

12 .0 .0 .4 .9 .4 .0 4 12 .0 .0 1.7 .0 .b .0 4

13-16 .0 .0 .4 1.8 2.2 .0 10 13-lb .0 .0 .6 1.7 5.7 .6 15

17-19 .0 .0 .0 .4 .0 .0 1 17-19 .0 .0 .0 .0 ,b· .0 1

20-22 .0 .0 .0 .4 .4 .4 3 20-22 .0 .0 .0 .0 101' .0, 2

23-25 .0 .0 .0 .0 .0 .0 0 23-25 .0 .0. .0 .0 .0 .0 0

2b-32 .0 .0 .0 .0 .0 .0 0 2b-32 .0 .0 .0 .0 .0 .0 0

33-40 .0 .0 .0 .0 .0 .0 0 33-40 .0 .0 .0 .0 .0 .0 0

41-48 .0 .0 .0 .0 .0 .0 0 41-48 .0 .0 .0 .0 .0 .0 0

49-bO .0 .0 .0 .0 .0 .0 0 49-bO .0 .0 .0 .0 .0 .0 0

61-70 .0 .0 .0 .0 .0 .0 0 61-70 .0 .0 .0 .0 .0 .0 0

71-8b .0 .0 .0 .0 .0 .0 0 71-86 .0 .0 .0 .0 .0 .0 0

87+ .0 .0 .0 .0 .0 .0 0 87+ .0 .0 .0 .0 .0 .0 0

TOTAL 11 51 8b 52 24 1 225 TOTAL' 8 32 68 44 23 1 17b

PCT 4.9 22.7 38.2 23.1 10.7 .4 100.0 PCT 4.5 18.2 38.b 25.0 13.1 .6 100.0

MARCH APRIL

U1 WIND SPEED IKTS) VS SEA HEIGHT IFTl
WiND SPEED IKTSI VS SEA HEIGHT 1FT)

I
,j::. HGT 0-3 4-10 11-21 22-33 34-47 48+ TOTAL HGT 0-3 4-10 11-21 22-33 34-47 48+ TOTAL

0 OBS OBS

<1 5.2 2.3 .0 .0 .0 .0 13 <I 7.4 2'.5 .0 .0 .0 .0 ,20

1-2 .0 5.7 2.3 .0 .0 .0 14 1-2 3.5 9.9 3.5 .0 .0 .0 34

3-4 .b 8.6 14.4 1.1 .0 .0 43 3-4 .5 14.9 7.9. .5 .0 .0 48

5-b .0 4.0 14.4 4,6 .0 .0 40 5-6 .5 2.5: 12.9 2.5 .0 .0 37

7 .b .6 b.9 4.0 1.1 .0 23 7 .0 2.5 9.4 4.0 .0 .0 32

8-9 .0 .6 4.0 5.7 2.3 .0 22 8-9 .5 .5 1.0 3.0 1.0 .0 12

10-11 .0 .b 2.3 2.3 .b .0 10 10-11 .0 .0 .0 2.0 1.0 .0 6

12 .0 .0 •0 <.7 .., .., .. 12 .0 .0 .5 2.0 1.0 .0 7

13-16 .0 .0 .0 .6 1.1 .0 3 13-lb .0 .0 .5 .0 1.0 .0 3

17-19 .0 .0 .0 .0 .0 .0 0 17-19 .0 .0 .5 .0 .0 .0 1

20-22 .0 .0 .0 .0 .0 .0 0 20-22 .0 .0 .0 .0 .5 .0 1

23-25 .0 .0 .0 .0 .0 .0 0 23-25 .0 .0 .0 .0 .5 .0 1

2b-32 .0 .0 .0 .0 .0 .0 0 2b-32 .0 .0 .0 .0 .0 .0 0

:H-40 .0 .0 .0 .0 .0 .0 0 33-40 .0 .0 .0 .0 .0 .0 0

41-48 .0 .0 .0 .0 .'0 .0 0 41-48 .0 .0 .0 .0 .0 .0 0

49-bO .0 .0 .0 .0 .0 .0 0 49-bO .0 .0 .0 .0 .0 .0 0

61-70 .0 .0 .0 .0 .0 .0 0 61-70 .0 .0 .0 .0 .0 .0 0

71-86 .0 .0 .0 .0 .0 .0 0 71-86 .0 .0 .0 .0 .0 .0 0

87+ .0 .0 .0 .0 .0 .0 0 87+ .0 .0 .0 .0 .0 .0 0

TOTAL 11 39 7B 37 9 0 174 TOTAL 25 66 73 28 10 0 202

PCT 6.3 22.4 44.8 21.3 5.2 .0 100.0 peT 12.4 32.7 36.1 13.9 5.0 .0 100.0

Table 5-9 M.onthly Normal Waves

Source: Summary of Synoptic Meteorological Observations
(U. S. Naval Weather Service Command, 1970)
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Table 5-9 Monthly Normal Waves (Cont1d)
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JANUARY

PERCENT FREQUENCY OF WAVE HEIGHT 1FT) VS WAVE PERIOD (SECONDS)

PERIOD <1 1-2 3-4 5-6 7 8-9 10-11 12 13~16 17-19 20-22 23-25 26-32 3i-40 41-48 49-60 61-70 71-86 87+ TOTAL MEAN

(SEC)
HGT

<6 1.1 6.8 8.4 10.6 3.0 2.1 3.0 .4 101 .0 .0 .0' '.0 .0 .0 .0 .0 .0 .0 98 4

6_7 .0 .4 3.0 5.3 4.6 3.0 3.0 .8 1.9 .0 .0 .0 .0 .0 ·0 .0 .0 .0 .0 58 1

8-9 .0 .0 2.1 '1.9 4.6 4.9 2.1 .4 1.1 .8 1.5 .0 .0 .0 .0 .0 .0 .0 .0 54 8

10-11 .0 .0 .0 .4 2.7 1.5 2.3 101 .0 .4 .0 .0 .0 .0 .0 .0 .0 .0 .0 22 8

12-13 .0 ,'0 .0 .0 1.1 .0 .4 .4 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 5 8

>13 .0 .0 .0 .0 .0 .0 .4 .0 .4 .0 .8 .0 .0 .0 .0 .0 .0 .0 .0 4 16

INDET 1.2 .0 .4 .0 .4 .0 .0 .0 .0 .0 .0 .4 .0 .0 .0 .0 .0 .0 .0 22 2

TOTAL 22 19 38 48 43 32 31 a 12 3 6 1 '0 0 0 0 0 0 0 263 6

PCT 8.4 7.2 14.4 18.3 16.3 12.2 11.8 3.0 4.6 1',1 2.3 .4 .0 .0 .0 .0 .0 .0 .0 100.0

FEBRUARY
PERCENT FREQUENCY OF ,WAVE HEIGHT (FT) VS WAVE P~RIOD (SECONDS)

PERIOD' <1 1-2 3-4 5-6 7 8-9 10-11 12 13-16 11-19 20-22 23-25 26-32 33-40 41-48 49-60 61-70 71-86 87+ TOTAL HEAN

(SEC)
HGT

<6 .5 2.4 11.4 4.3 4.3 4.3 .5 .0 .9 .0 .0 .0 .0 .0 .0 .0 .0, .0 .0 60 4

6-7 .0 .5 1.4 1.1 2.8 .9 4.3 2.4 2.4 .0 .0 .0, .0 .0 .0 .0 .0 .0 .0 46 7

8-9 .0 .0 1.4 5.2 3.3 '4.3 1.4 .9 1.4 .5 .9 .0 .0 .0 .0 .0 .0 .0 .0 41 8

10-11 .0 .0 .0 1.9 3.3 1.9 1.9 ,.0 2.8 1.9 .9 .0 .0 .0 .0 .0 .0 .0 .0 31 10

12-13 .0 .0 .0 .5 .9 1.4 .0 .9 .9' .5 .0 .0 .0 .0 .0 .0 .0 .0 .0 11 9

>13 .0 .0 .0, .0 .0 .5 .5 .0 .5 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 3 10

INDET 5.7 .0 .5 .9 .5 .0 .9 .0 .5 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 19 2

TOTAL 13 6 31 42 3Z 28 20 9 20 6 4 0 0 0 0 0 0 0 0 211 7

PCT 6.2 2.8 14.7 19.9 15.2 13.3' 9.5 4.3 9.5 2.8 1.9 .0 .0 .0 .0 .0 .0 .0 .0 100.0

\J1
I
~ MARCH
W

PERCENT FREQUENCY OF WAVE HEIGHT IFTI VS WAVE, PERIOD ISECONDS)

PERIOD <1 , 1-2 3-4 5-6 1 8-9 10-11 12 13-16 17-19 20-22 23-25 26-32 33-40 41-48 49-60 61-70 71-86 87+ TOTAL MEAN,

(SECI . HGT , '

, <6 1."- 2.3 12.8 11.5 1.4 4.1 1.8 ,.0 .5 .0' .0 .0 .0' '-0 .0' - .0 .0 .0' ' .0 78 4

6-1 .0 .0 4.6 1.4 4.1 4.6 3.2 1.8 1.8 .9 .0 .0' ' .0 .0 .0 .0 .0' .0 .0 49 7

8_9 .0 .5 1.4 3.2 6.1t 5.5 302 .9 1.8 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 50 1

10-11 .0 .0 .0 .iI
.. l.4 2.e it' ~a .Q .0 .0 .0 .0 .0 .0 .0 .0 .0' 13 8
I.,""

12-13 .0 .0 .0 .5 .5 .9 .0 .5 .5, .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 6 8

>13 .0 .0 .0 .0 2.3 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 5 7

INDET 7.3 .0 .0 .5 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 17 0

TOTAL- 19 6 41 38 35 36 24 7 10 2 0 0 0 0 0 0 0 0 0 218 6

PCT 8.7 2.8 l8.8 17.1t 16.1 16.5 11.0 3.2 4.6 .9 .0 .0 .0 .0 .0 .0 .0 .0 .0 100.0

APRIL
PERCENT FREQUENCY OF WAVE HEIGHT 1FT) VS WAVE PERIOD (SECONDS)

PERIOD <1 1-2 3-4 5-6 7 8-9 10-11 12 13-16 17-19 20-22 23-25 26-32 33-40 41-48 49-60 61-70 71-86 87+ TOTAL MEAN

(SEC)
HGT

<6 .8 5.5 12.6 9.8 3.5 2.0 'It .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 88 4

6-7 .0 .8 5.5 8.1 5.9 2.4 2.0 1.2 .4 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 68 5

8_9 .0 .0 ,4 2.4 5.5 1.6 .8 2.0 1.6 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 36 8

10-11 .0 .It .0 .8 2.4 .4 .4 .0 .4 .4 .0 .4 .0 .0 .0 .0 .0 .0 .0 14 9

12-13 .0 .0 .0 1.2 .0 .4 1.2 .0 1.6 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 11 10

>13 .0 .0 .0 .0 .8 .4 .0 .0 .4 .8 .4 .0 .0 .0 .0 .0 .0 .0 .0 7 12

INDET 10.6 .4 .0 .0 .4 .0 .0 .4 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 30 0

TOTAL 29 l8 47 58 41 18 12 9 11 3 1 1 0 0 0 0 0 0 0 254 5

peT ll.4 1.1 l8.5 22.8 l8.5 1.1 4.7 3.5 4.3 1.2 .4 .4 .0 .0 .0 .0 .0 .0 .0 100.0

Table 5-9 Monthly Normal Waves (Cont'd)
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MAY
PERCENT FREQUENCY OF WAVE HEIGHTIFU VS WAVE PERIOD (SECONDS)

PERIOD (1 1-2 3-4 5-~ 7 8-9 10-11 12 13~1~ 17-19 20-22 23-25 2~-32 33-40 41-48 49-~0 ~1-70 71-8~ 87+ TOTAL MEAN
ISEC) HGT

(~ 401 10.5 1~.9 10.5 3.4 ;3 .7 .0 .7 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 139 3
~_7 .3 .7 5.4 ~.8 3.4 1. 7 .7 .3 1.4 .0 .0 .0 .0 .0 ·0 .0 .0 .0 .0 bl 5
8_9 .0 .3 2.4 4.4 2.7 1.0 1.0 1.0 .3 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 39 ~

, 10-11 .0 .0 .3 .0 .0 1.7 1.7 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 11 8

12-13 .0 .0 .0 2.0 .0 .0 .3 ;3· .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0' 8 II

>13 .0 .0 .0 .0 .7 .3 .0 .3 .3 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 5 9

INDET 9.8 .0 .3 .3 .0 .0 .0 .0 .0 .3 .0 .0 .0 .0 .0 .0 .0 .0 .0 32. 0
TOTAL 42 34 75 71 30 15 13 ~ 8 1 0 0 ,0 0 0 0 0 0 0 295 4

PCT .,14.2 11.5 25.4 2401 10.2 Sol 4.4 2.0 2.7 .3 ·0 .0 .0 .0' .0 .0 .0 .0 .0 100.0

JUNE
PERCENT FREQUENCY OF WAVE HEIGHT 1FT) VS WAVE PERIOD <SECONDS)

PERIOD (1 1-2 3·4 5-~ 7 8_9 10-11 12' 13-111 17-19 '20-~2 23-25 ,2~-32. 33-40 41-48 49-~0 ~1-70 71-8~ 87+ TOTAL MEAN
(SEC) HGT

(~ 2.9 12.1 13.9 8.8 1.5 1.5 .4 .4 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 113 3
~_7 .0 3.3 9.9 ~'.~ 3.7 2.9 1;5 .7 ' .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 78 4

8-9 .0 101 7.0 3.7 1.5 .7 1.5 1.8 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 47 5

10-11 .0 .7 1.1 .4 1.5 2.9 101 .7 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 23 7

12.13 .0 .4 .0 .0 ' .0 .4 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 2 5

>13 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 0

INDET 2.11 .0 .4 .4 .0 .4 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 10 1

TOTAL 15 48 88 54 22 ZIt 12 10 0 0 0 0 0 0 0 0 0 0 0 273 ..
PCT 5.5 17.~ 32.2 19.8 8.1 8.8 4.4 3.7 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 100.0

111 JULY
I
~

PERCENT FRE~UENCY OF WAVE HEIGHT 1FT) VS WAVE PERIOD ISECONOS)
~

PERIOD <1 1-2 3-4 5-6 7 8-9 10-11. 12 13-16 17-19 20.22 23-25 26·32 33-"0 "1-"8 "9-60 ~1-70 71-86 87+ TOTAL HEAH
ISEt) HGT

<6 2.3 11.0 22.7 9.0 2.3 .0 .3 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 143 3
6.7 .0 , 2.7 5.0 6.0 4.3 .7 1.7 .7 .3 .0 • 0 .0 .0 .0 ·0· .0 • 0, •.0. .0 . 6.. ,
8.9 .0 .7 3.3 5.0 1.3 1.7 2.0 .7 .3 .0 .0 .0 .0' .0· .0' .0 .0, ;0 .0, 4; 6

10.11 .0 .7 3.0 1.0 2.0 .7 .3 .3 .3 •.0 .0 .0 .0 .0 .0, .0 .0 .0 .0 U ,
12.13 .0 .0 .0 1.7 .0 .3 .7 .0 " '.0. ,.0 .0 .0 .0 .0 .0 .0 .0 .0 .0 8 6

>13 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 0
INii~i

. . . .3 ft ft .0 .0 .0 .0 .0: =,0 .0 .0 =0 =.0- .0 . :a ,0 ,0 U I)... ..,' ... .v ..
TOTAL 20 46 103 118 30 10 15 5. 3 0 0 0 0 0 0 0 0 0 0 300 ..

PCT 6.7 15.3 34.0 22.7 10.0 3.3 '.0 1.7 1.0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 100.0

AUGUST
PERCENT FREQUENCY OF WAVE HEIGHT 1FT) YS WAVE PERIOD ISECONDS)

PERIOD <1 1·2 3·4 5-6 7 8-9 10-11 12 13-16 17.19 20-22 23-25 26·32 ]3-40 41-"8 "9.60 111-70 71-86 87+ TOTAL HEAN

ISEC)
HGT

(II 1.11 15.4 14.1 9.3 .3 .6 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 129 3

6·7 .0 3.2 7.7 8.0 4.2 2.3 .0 .3 .6 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 82 4

8.9 .0 1.6 7.1 3.2 2.6 1.9 .6 1.3 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 '7 5

10.11 .0 .6 1.0 .6 .6 .3 .3 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 11 ,
12-13 .0 .0 .0 .6 1.0 1.0 1.3 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 12 7

>13, .0 .0 .0 .0 .3 .3 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 2 7

INDEr '.8 .0 .0 .0 .0 .0 '.0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 18 0

TOTAL 23 65 93 68 28 20 7 , 2 0 0 0 0 0 0 0 0 0 0 311 ..
PCT 7.4 20.9 29.9 21.9 9.0 6.4 2.3 1.6 .6 .0 .0 • 0 .0 .0 .0 .0. .0 .0 .0 100.0

Table 5-9 Monthly Normal Wav'es (Cont'd)
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SEPTEMBER
PERCENT FREQUENCY OF WAVE HEIGHT IFTI VS WAVE PERIOD (SECONDS)

PERIOD (1 1-2 3-4 5-6 7 8-9 10-11 12 13-16 17-19 20-22 23-25 26-32 33-40 41-48 49-60 61-70.11-86 87+ TOTAL MEAN
(SEC) HGT_

(6 .3 9.3- 9.0 1.7 2.3 1.3 .3 .0 .3 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 92 3
~_7 .0 2.7 6.3 1.7 5.0 5.7 2.0 .1 .3 .3 .0 .0 -.0 .0 .0 .0 .0 .0 .0 92 5
8_9 .0 .3 1.1 3.7 9.3 2.1 1.3 .3 .3 .3 .0 .0 .0 .0 .0 .0 .0 .0 .0 60 6

10-11 .0 .0 .3 2.0 10.0 .1 3.0 .3 .7 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 n 7
12-13 .0 .0 .0 1.3 .1 .0 .0 .0 .3 .0 ·0 .0 .0 .0 .0 .0 .0 .0 .0 7 7
)13 .0 .0 .0 .0 ,7 .3 .0 .) .) .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 5 9

INOET 2.3 .) .0 .0 .0 .1 .3 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 11 2
TOTAL 8 )8 52 67 66 34 21 5 1 2 0 0 _0 0 0 0 0 0 0 )00 5

PCT 2.7 12.7 17.3 22.3 22.0 11.3 1.0 1.1 2.3 .1 .0 .0 .0 .0 .0 .0 .0 .0 .0 100.0

OCTOBER
PERCENT FREQUENCY OF WAVE HEIGHT (FT) VS WAVE PERIOO (SECONDS)

PERIOD (1 1-2 3-4 5-6 1 8_9 10-11 12 '13-16 17-19 20-22 2)-25.26-)2, ))-40 101-48 49-60 61-70 71-86 87+ TOTAL MEAN
(SECI HGT

(6 .8 9.1 12.2 6.5 10.9 .8 .0 .5 .5 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 il6 4
6_1 .0 .8 ).9 5.1 7.0 10.1 2.3 .8 3.1 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 109 7
8_9 .0 .8 2.1 4.9 2.6 2.6 1.8 2.1 1.6 .3 .3 .5 .0 .0 .0 .0 .0 .0 .0 15 8

10-11 .0 .5 .0 1.6 .) .8 1.0 1.6 2.) .0 .5 .0 .0 .0 .0 .0 .0 .0 .0 n 10
12-1) .0 .0 .0 .) 1.6 .3 .8 .J .5 .) .0 .0 .0 .0 .0 .0 .0 .0 .0 15 9
)1) .0 .0 .0 .0 1.0 .8 .5 .) .5 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 12 9

INOET .3 .0 .0 .0 .5 .0 .0 .0 .5 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 5 8
TOTAL 4 4J TO 13 69 38 25 21 35 2 3 2 0 0 0 0 0 0 0 385 6

peT 1.0 11.2 18.2 19.0 17.9 9.9 6.5 5.5 9.1 .5 .8 .5 .0 .0 .0 .0 .0 .0 .0 100.0

\]1 NOVEMBER
I PERCENT FREQUENCY OF WAVE HEIGHT (FT) VS WAVE PERIOO (SECONDS),.j::.

\]1
PERIOD (1 1-2 )-10 5-6 7 8-9 10-11 12 1)-16 17_19 20-22 23-25 26-32 33-40 41-48 49-60 61-70 71-86 87+ TOTAL MEAN
(SEC! HGT

(6 .5 9.0 17.7 8.2 4.0 1.) .) .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 155 3
6-7 .D .5 1.8 8.7 6.9 3.7 2.6 1.) .5 .0 .0 .3. .0 .0 .0 .0 .0 .0 .0 100, '6,
8-9 .0 .0 1.8 ).7 4.0 3.2 1.8 .8 .3 .8 .3 .0 .0 .0 .0 .0 .'0 - .0 .0' 6),' 7'

10-11 .0 .5 .0 .8 2.1 .5 .8 .5 ,1.1 .0 .0' .0 .0 .0 .0 .0 .0 .•0 .0 24 8
12-13 .0 .0 .0 .) .8 .0 .5 .0 .• 0 .0 .0 .0- '-0 .0 .0 .0 .0 .0 .0 6 7
~'l! ;-0 ,0 ,Q .0 .3 .3 .0 .8 1.3- .0 .0 .5 .0 .0 .0 .0 .0 .0 .0 12 14

INOET ).4 .8 .0 .) .0 .3 .0 .0 .0 .0 .3 .0 .0 .0 .0 .0 .0 .il ." .ft Z....
TOTAL 15 41 81 83 68 35 23 13 12 ) 2 3 0 0 0 0 0 0 0 379 5

PCT 4.0 10.8 21.4 21.9 17.9 9.2 6.1 ).4 3.2 .8 .5 .8 .0 .0 .0 .0 .0 .0 .0 100.0

DECEMBER
PEllCENT FREOUENCY OF WAVE HEIGHT, (FT) VS WAVE PERIOD (SECONDS)

PERIOD (1 1-2 3-4 5-6 7 . 8-9 10-11 12 13-16 17-19 20-22 23-25 26~32 33-40 41-48 49-60 61-70-71-86 87+ TOTAL MEAN
(SECI HGT

(6 .4 2.7 6.9 8.4 3.4 1.9 .8 .4 .4 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 66 4
6_7 .0 1.1 2.7 60t 6.1 4.6 2.3 1.1 4.6 .0 .8 .0 .0 .0 .0 .0 .0 .0 .0 77 8
8-9 .0 .4 1.5 3.4 6.5 5.0 5.0 .4 3.8 .8 .4 .0 .0.0 .0 .0 .0 .0 .0 .0 71 8

10-11 .0 .0 .0 .4 1.5 1.5 1.9 .8 lot .4 .4 .0 .0 .0 ·0 .0 .0 .0 .0 21 10
12-1) .0 .0 .4 .0 .0 .0 .4 .0 .4 .0 .it .0 .0 .0 ·0 .0 .0 .0 .0 it 12

)13 .0 .0 .0 .0 .0 .4 .8 1.1 .4 .0 .it .0 .0 .0 .0 .0 .0 .0 .0 8 11
INOET 2.3 .0 .4 1.1 .4 .10 .it .0 .it .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 14 4
TOTAL 7 11 31 51 47 36 30 10 29 3 6 0 0 0 0 0 0 0 0 261 7

PCT 2.7 4.2 11.9 19.5 18.0 13.8 11.5 3.8 11.1 1.1 2.3 .0 .0 .0 ·0 .0 .0 .0 .0 100.0

Table 5-9 Monthly Normal Waves (Cont'd)
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Results of extreme wave studies by Thom (1971, 1973a, b), Fallon et al

(1973), Tetra Tech (1974), and Quayle and Fulbright (1975) are shown in

Figure 5-11. The Freeman and Bujnoch (1976) results are shown in

Table 5-10•

analysis of vari~us factors including human safety, environmental

risk, and economics. They should theref()re, not be chosen arbitrarily.

For mobile unit~, the design return periods may be much shorter, say

15 to 25 years, since the operational periods of these units in anyone

location is relatively short.

Extreme Wave Data

Review of Past Studies

5.3.6.2

5. 3. 6. 1

Several studies have been reported in the recent past which have included

estimates of extreme winds and waves for the Gulf of Alaska. Five of

these reports have been reviewed critically•. Th.~y include the results

of Thorn (1971, 1973a, b), the Tetra Tech study (1974), Freem~n and Bujnoch

(19 76), Fallon et al(1973), and Quayle and Fulbright (1975). These reviews

are summarized below. More detailed criticism is provided in the

Appendices.

. The Tetra Tech report credits their results to NOAA and states that they

were calculated using the methods of Thom (1971, 1973a, b). The results

of Quayle and Fulbright are also based on Thom's ~ork. Therefore, an

analysis of Thom's methodology for estimating, E:lxtreme wind velocities

and wave heights is appropriate to three of the four sets of data given in

Figure 5-11 (Thom, Tetra Tech, Quayle and Fulbright).

. The subsequent analysis reviews and evaluates recent studies which have

attempted to estimate extreme winds and waves for the Gulf of Alaska.

In addition, an independent analysis of ocean weather ship measurements

has been performed to supplement the results. The results of these

reviews and analysis are summarized in the following paragraphs. Where

appropriate, more extensive critical reviews are provided in the

Appendices of this report.
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FALLON et al

Figure 5-11 . Comparison of Extreme Wave Height Studies
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Table 5-10 Return Periods for Extreme Waves
in the Gulf of Alaska

Source: Freeman and Bujnoch, 1976

Ul
I
~
00

'.

Return Pe riod Significant Wave Maximum

(Years) Height' (ft) Wave Height (ft)

10 73~ 4 136 0 5

25 88.6 164.8

50 97.. 4 181 0 2

100 1:06. 5 198.. 1

l I I J
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This analysis is given in Appenaix B~ It is concluded that while the

methods devised ,by Thorn for estimating extreme winds are acceptable

. and likely to be useful, the adequacy of his methods relative to extreme

wave estimation is, of doub~ul reliability. The basic shortcoming of this

method is that it ~ttempts to relate extreme ~ave d.istribution to extreme

wind distribution'through asingleconstant.1'his rlnust be considered an

oversimplification of the complex physics of wave generation, propagation

and dissipation. Until Thorn's methods are verified with measured over

ocean wind data_ their reliability must remain in serious question.

With respect to the extreme wave estimates, of Quayle and Fulbright (1975)

the following comments should be considered~ ,First, their basic method..

ology is that of Thorn, which as discussed above, is of doubtful reliability.

F~rthermore_ the authors refer to arbitrary manipulations of the data set

without providing sufficient justification. For exarnple, the type of extreme

. value distribution'is'presupposed (i. e., Frechet) and its parameters

estimated from the' data. This approach is an oversimplification since an

evaluation of the correct distribution is called for. In other words, the

data may have been fit with various possible extrerne value distributions

and the best fit selected using standard statistical procedures. Also the

statement "adjustments have been made to compute wave, extremes when

they appear inconsistent with the wave climatOlogy of the area or adjacent

areas", implies a procedure which is antithetical to extreme value analysis.

In comments submitted to the Mariners Weather L£g (Unpublished)', Bea

finally has seriously questioned the results of Thom, Quayle and Fulbright.

Bea points out that " ••• the authors should characterize the reliability of

their wind-wave relationships with measured and observed data if their

. rel!lUlts are to have meaning and credibility." Bea demonstrates significant

discrepancies when the results of these auth~rs are compared with hindcast

results of demonstrated reliability.

The work of Freeman and BuJnoch (1976) forecasting extreme wave heights .

for the Gulf of Alaska has' generated considerable controversy in the offshore
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industry and therefore deserves some critical attention. A brief review
,

of this work appears in Appendix. C. The basic thr'ust of these, comments

are as follows: (1) the hindcast method used is not documented and its
.. . ,

applicability to the Gulf of Alaska has not been demonstrated (as·have

other hindcast models applied in areas such as the Gulf of Mexico); (2)

the screening of severe storms through subjective evaluation could have

seriously biased the results; and (3) the viSual esti.mates of extreme wave

.. heights (reports of crab boat and tug boat captains "seeing" 100 foot

waves) have little credibility. It .appears that· Freeman's estimate of

198.1 ft wave with a return period of 100 yrs sho~d be disregarded unless

considerably better substantiation ,for its validity can be provided.

The final set of data. reviewed for this report are those given in an industry

report by Fallon et al (1973). While it is surmised that the results of the

study have the most valid· scientific basis it was not possible to do a

thorough critical review because the data used to validate the hindcast

program and the description of the extreme va}ue statistical analysis are

held proprietary by the consortium' of offshore operators which sponsored

the study. Only the final report summarizing results is in the public

domain. Nevertheless, some information is avail:able which permits a

tentative conclusion to be drawn with regard to validity and usefulness

of the extreme wave data reported therein. First the LOCWAY hindcast

program utilized to generate the historical wave data for the extreme value

analysis is described in a paper given at the Offshore Technology Confer­

ence 1970, by Baer, et ale This paper demonstrates that the program uses

recognized techniques for wave growth and dissipa,tion, and was validated

with measured WAve data for the North Atlantic. Second, the comments of

Bea (unpublished) on these results are available. Bea had access to the

wave data used·to calibrate the LOCWAY program for the Gulf of Alaska

and had the opportunity to analyze these data. In his opinion, the model

has an unconservative bias of 10-15%. Bea (personal communication) has

also stated that h~ compared hindcast waves of thE~ LOCWAY model with

5-50



measured wave data from four severe storms at two locations in the

North Atlantic and found the Same unconservative bias of 15%. Thus

Bea is satisfied that the hindcasts made with this model are consistent

and are satisfactory if the unconservative bias is removed. The estimate

then is that the maximum wave height with a 100 YE~ar return period of

100 feet forecast in the Fallon et al study (1973) should be increased to

115 ft.

5-51
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Extreme Value Analysis of Gulf of Alaska Wave Data

The previous report in this series (March 197'7) included extreme value

analysis of three sets of data: 1) ship observations from the TDF-ll files

maintained by the National Climatic Center in Ashevrille, N. C., 2) hind­

cast data from the Spectral Ocean Wave Model (SOWM), and 3) OSV PAPA.

rt was shown that analysis of the NCC data predicted values for extreme

wave heights in the Gulf of Alaska which were low by about 20%, compared to
. .

hindcast results. A "fair weather bias· ' probably exists and it was concluded

that this data source was not appropriate for extret:tle value analysis. There­

fore these results have been deleted from this issue.

Hindcast storm wave' data from nine winter seasons l , 1968-1969 through

1976-.1977, were available for this report. While this is still a relatively

~hort data base, the results from extreme value analysis for three Gulf of

,Alaska grid points appear to be coming more and more consistent. More­

over, the hindcast results for the grid point ne~r Ocean Station Vessel PAPA

now appear to be consistent with measured wave data from Canadian weather

ships at that station.' As in the previous report, thEl locations of these grid

points were 59.2
o

N, 145. 7
0

W near Middleton Islci.nd, 56.8oN, l41.9
0

W

about 150 nmi off Icy Bay and 50. 9
0

N, 145. 7
0

W neal" OSV PAPA.

The technique used in the extreme value analysis was that due to Gumbel

(1954) and described in detail in Appendix A. In this analysis the maximum

,significant wave height for each month of the winter seasons of 1968-1969

through 1976-1977 were used. A restriction that these significant wave

heights must be greater than 30 ft. was applied. This restriction, while

somewhat arbitrary, is consistent with the notion of fitting an extreme

value distribution to the data. The wave heights used should be extremes.

Admitting lower values to the analysis would result in poorer correlation

due to non-linearities and bias the slopes of the fitted curves toward higher

values. The average number of events per year, >.." was about 5, corres­

ponding to the five stormiest months per year. 'Ma:ldmum wave heights
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were obtained by the transformation due to ;Longuet-Higgins (1952):

H =1.86H I /'3,max

The maximum wave height data were then plotted on probab,i1ity paper

corresponding to a' Gumbel distribution as given by E~quation A-4 in

Appendix A. These plots are shown in Figures 5-12 through 5 -15.
\

Straight lines were fit to the data using linear' regression and the corres-

ponding correlation coefficient, r, was computed f03:- each plot. As evidenced

by the high correlation coeffiCients (r ~ • 931il all cases), the fits appear to

be quite good.

The curves have been extrapolated to 25 and 50 yeaI' return p·eriods. This

extrapolation is long considering the length of the da.ta base but the excellent,

'correlation and'the lack of significant changes from previous extrapolations

for two grid points which were based on a 3 year data base have enco~raged

this. Also, the results for the grid point near OSV PAPA have'changed in

a manner which appears to ,be more consistent with its location. These

,results are summarized in Table 5-11. Both open ocean locations show

very comparable values for 25 and 50 year return pieriods. The third point,

considerably nearer the coastline, apparently experiences some sheltering

effect where extreme wave heights are approximately 10% lower.

Table 5-11. Summary of Estimated Extreme Wave Heights for
the Gulf of Alaska Area

Data Source Location Return Peri.od Wave Height
(vr) (ft)

SOWM, 1968-
0 145. 70w * 25 9959.2 N,

1977 50 105
0 141.9

O
W 25 10856.8 N,

50 113
0 145~ jOw

.
50.9 N, 25 111

50 118

OSV PAPA 0 1450W 25 10950.0 N,
, (Dec 68-Dec 7f),

*Near shore location (Middletown)
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59.2"N, 145.7')W

r = 0.994

SOURCE: SOWM HI NDCA5T. 1968,·77

Figure 5 -12. Extreme Wave Heights, 59.2
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56.8U N, 141. 9'W

r = 0.984

SOURCE: SOWM HINOCAST, 1968-77

Figure 5 -13. Extreme Wave Heights, 516. SON, 141. 9
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50.9"N, 145.7°W

r = 0.992

SOURCE: SOWM HINDCAST, 1968~77
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Figure 5 -14. Extreme Wave Heights, SO.9 0 N, 145.7o
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The distribution of extreme winds for the Fallon etal, (1973) study was

derived, in a. hindcast study of 80 storms over a 23 year period from

1945 to 1968 from which 30 storms having the highest winds were studied

iIi detail. For each storm, surface air pressure charts were analyzed

to compute the maximum geostrophic wind ("winds aloft"). This pressure

gradient derived wind ,is then reduced to a surface wind through the ap­

plication of empirical relationships derived to yield the ave rage wind at a

height of 19.5 meters (Thomasell and Welsh, 1963 'Travelers Research

Genter Report 2040-88). Such winds are typically representative of

Estimates of the extreme wind distribution fO,r the Gulf of Alaska have

been given by Tetra Tech (1974), Quayle and Fulbright (1975), and the

petroleum study industry (Fallon et al, 1973). ThE~se estimates are
L

,shown in Fig. 5 -16.: The Tetra Tech and Quayle and Fulbright data are

identical. Since the source of the Tetra Te<7h, data was NOAA, it appears

likely that they ai-e' also the work of Quayle and Fulbright. In any

'case, the former two estimates are straight forward applications of the
\ .

~nd distribution developed by Thorn for long histories of measured

!maximum winds at station'S in the United States and later found to suit-

ably describe extratropical marine winds (Thorn, 1973). The "extreme

wind"·fit ~yThom to the Frechet distribution refers to the "fastest mile'1,

though the fastest "minute" wind (highest oneminutE~ average) appears

to be used interchangeably. Routinely available marine measurements

'consist of 1 minute average winds available once per hour. Thorn estimates

that such winds are lower than fastest mile winds by about 10 mph. Quayle

and Fulbright (1975) note that peak gusts average about L 4 times the fastest

'mile (minute) ..

As noted in the earlier discussion of Thorn's ~ork, the wind distribution

should be transferrable to the measured environment, and in the absence'

of a long history of measured wind data, should provide a useful design

wind estimate.

Extreme Wind Data5.3. 6.4
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Figure 5-i6. Comparison of Extreme Wind Studies



considerably longer time scales than'the fastest mile: or minute winds. In

fact, such winds should average out nearly all turbulent scales and repre­

sent the true synoptic scale flow; that is, the wind averaged over a time

scale of 1-6 hours and areas of the scale of 104km2. Thus the distribution

is not comparable with the distributions derived fronl Thorn's dis tribution,

but neither is it inconsistent.

The apparent disagreement in maximum sustained wi.nd velocities estimated

using Thom' s method and the estimate given in the Fallon et al report

(1973) may be explainable on the basis of averaging time. The choice of a

wind velocity for purposes 'of estimation of a maximum quasi-static load

for design purposes should probably be based on the shorter averaging

tirne since it .is apparent that such high wind velocities are pos sible and that

one minute is considerably longer than the natural period of typical offshore

structures (~3- 5 seconds).
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5. 3. 7 . 1 Introduction
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5. 3. 7 Shallow Water Wave Effects

Method of Analysis

area.

The stUdy boundaries include an area covering (roughly) from

590 30' N to 600
N and from 141 0 40' W to 1440 20'W. :Figure 5-18 is a chart

of the study area which is numerically annotated to show groupings of

contiguous tracts.. All of the presently leased tracts in the. northeastern

Gulf region were included in the study. The chart also shows a rectangular

zone which is denoted the "Pamplona Spur Area". This area was singled
. .

out for a more detailed analysis because of an elevated bottom feature which

suggested that refraction effects might be pronounced for waves crossing the

The numerical refraction analysis was pelt"formed by Dr. Y. Y. Chao

using two computer programs based on the methods reported in the literature

(Chao, 1972 and Chao, 1971).

The first program computes wave r,efracti.on using conventional

methods based on Snell's Law. It performs the calculation of all relevant

parameters along an individual ray associated with a. given wave period,

initial direction and starting point. The equations e1nployed in the calcula­

tion of the ray path and the energy intensity along the ray take into account

A nl,ltnerical analysis of wave refraction was performed as part of

a preliminary assessment of shallow water wave effects in the northeastern

Gulf lease area. This work was undertaken in order to obtain an under­

standing of changes which occur in both wave height land direction as waves

move from deep water into the shallower waters of the continental shelf

where the lease tracts are located. The study described below includes only

a consideration of the refraction and shoaling effects. Other shallow water

modifications such as bottom dissipation, nonlinear effects, and wave breaking

are still in the process of being analyzed. .The results described herein are

therefore only tentative.

5.3.7.2
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the combined effects of bottom configuration and'the <curved earth surface

and can be applied directly on the longitude and latitude coordinates as

described by Chao (1972).

The second program is designed to overCOlne the inadequacies

in conventional theory for treating refraction at ~austic points, i. e. points

where wave rays cross each other. This theory was developed by Chao (1971)

a;nd is a major breakthrough in refraction theory. The output of this program

includes the shoaling factor, refraction coefficient, wave amplification factor,

wave length, wave separation factor, phase velocity and group velocity as a

function of latitude, longitude and distance along a wa.ve ray.

The depth 'grid required as an input to these programs was based on
, . .. 0 0

the bathymetric chart NOS 15BN-10 for areas between 141 Wand 144 Wand a

chart prepared by Molina and Carlson (1975) west of 144
o

W. The normal grid

interval utilized in this analysis was 2.5 minutes of arc in both longitude and

latitude (about 1.25 nmi in the east-west direction and 2. 5 nrni in the north­

south direction) the grid size was chosen based on availability of depth infor­

mation given in the bathymetric charts. Becaus,e of the rapid change in

depth in the Pamplona Spur Area, a grid size of O. 5 rninutes of arc was

chosen for this particular area.

Thirty-six cases were analyzed for this study corresponding to

wave periods of 12.0, 12.9, 13.8, 15.0, 16.4, 18.0, 20.0, 22.5 and 25.7

seconds and azimuths of wave propagation of 330
0

, 0
0

, 30
0

and 60
0

• The

azimuth of propagation is defined as the forward direction of propagation

measured clockwise from north.

5.3.7.3 Results

Computer printouts of wave amplication fac:tor and wave turning

for all thirty- six cases are given in Appendix' G. Of major concern waS

the identification of areas where significant wave amplification might take

place and which should be taken into account in structural design. Two
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such areas have been tentatively identified. Site I (see Figure 5-18 ) from

its center to its west boundary will experience wave a.mplification of about

25 to 55% for 20 sec period waves on initial azimuths of 60
0

• For periods of

22.5 sec, amplification of 20 to 30% will occur near the west boundary of this

area.

Site 8 is an area which will likely require precautions with regard

tQ wave amplification. Amplification occurs for wave periods ranging from

16.4 seconds to 25.7 seconds and initial azimuths of 0, 30 and 60
0

• Ampli­

fication can be as high as 60 to 100% in the eastern portion of the area. A

substantial increase in the ~ave height can also be found for the wave periods

of 25.7 and 22. 5 sec with an initial azimuth of .330.0 ~ For wave periods of

20 sec or less on this azimuth and initiated from areas where depth data is avail­

able, waves are not refracted enough to cause probleIns. Depth data further

to the east and south were not available to check whether or not shorter

period waves initiated further to the east and south could cause problems.

It should be emphasized that the information presented on

shallow water effects is not yet complete because effects of bottom friction

and particularly wave breaking, have not yet been fully analyzed. Moreover,

the periods of hindcast deep water waves have not been analyzed to determine

if such problem waves are likely to occur. Furthermore, it is quite possible

that shallow depths may cause deep water waves with extreme heights and

periods to break before they are amplified significantly. Calculation of

such effects is being carried out and will be reported.
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Wave Spectral Data

Spectral Ocean Wave Model ( SOWM )

Figure 5-19 is a flow chart which depicts the major elements of input, output

and operations of the SOWM. This program is being used to generate the long

term wave climatology data base which is the major source of wave data for

Task I of the present contract.

This program was developed through the cooperative efforts of the U. S. Naval
. .

Oceanographic Office~ the U. S. Navy Fleet Numerical Weather Central (FNWC)
. .

in Monterey, California and the New York University. It is now in operation at

FNWC as a global spectral wave prediction {>rogram forecasting wave conditions

twice daily in the North Pacific and North Atlantic Oceans, and is also used to

hindcast 20 year wave climatology for use in ship design. This 20 year hind­

cast is being carried out under the auspices of FNWC. The U. S. Navy Ship

Research and Development Center, Carderock, Md. , has contributed to the

development of the 20 year wind climatology that is being used as input to

SOWM. TheAerospace Corporation is participating by providing the consulting

services of Mr. Sheldon Lazanoff for the operation of the program at FNWC and

will apply the data gen:erated to needs of the USGS.

The. basic input to the program is surface wind fields such as those depicted

schematically inFigure 5-20. These wind fields have been generated in turn from

surface pressure fields such as shown inFigure 5-21. Geostrophicwindsarecom­

puted from the equations of motion and corrected appropriately for effects of the

planetary boundary layer. Both surface pressure data and the resulting surface

wind fields are upgraded by incorporation of observed data from weather ships

and other vessels in the local area. Direction is computed from the frictional

velocity which is the necessary input to the basic source function for wave energy.

The function is based on the theories of Miles and Phillips and is described in

detail by Inoue (1967). Local wave energy growth is limitE~das a function of wind

velocity, duration and fetch by comparison to a Pi~Hson-Moskowitz spectrum to

determine if a fully developed sea state exists. The components of wave energy

for 15 frequencies and 12 directions at each grid point are based on local wind

velocity. In addition to local energy generation, wave e:nergy propagated from

all other generating points is added for each element of the energy matrix.
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The grid system and energy propagation scheme for this program are based

on an Icosahedral-Gnomonic projection designed by Adamp et al. (1968) for

global numerical wave prediction. An icosahedron is a twenty sided poly­

hedron with equilateral triangles for its faces. Each triangle is tangent to

the earth's surface at the center of the triangle. A gnomonic projection of

the earth's surface on each triangle provides a chart in which great circles

map as straight lines with a minimum distortion of the area. Wave energy

is propagated at group velocity along great circles from grid point to grid

point. The SOWM uses seven triangles for the North Pacific Ocean, six

triangles for the North Atlantic and one for the Indian Ocean. Each triangle

has 325 grid poi~ts with a spacing of approximately 188 n. mi at the point of

tangency and 105 n. mi at the vertices (see Figure 5-22).

The energy matrix is output for real time increments of six hours. It con­

sists of the sum of wind wave and swell energy at each grid point. Each

matrix is identified by its date time group and latitude and longitude (the

latter measured east from Greenwich through 3(0
0

). In addition to the energy

matrix, the local wind speed, direction and frictional wind velocity are

printed. Significant wave height, H l / 3, for each wave spectrum can be obtain­

ed from the following relationship:

where E
TOT

is the energy sum of the entire matrix. This value is printed

in the lower right hand corner of each matrix.

Another output of SOWM is shown in Figure 5 -23, a computer graphic which

depicts significant wave height at each ocean poi.nt in one triangle of the

icosahedron. This triangle (triangle 3) shows the Gulf of Alaska grid and the

waves corresponding to the intense low pressure system in the Gulf on

19 December 1975 shown in Figure 5-21. Energy matrices and energy density

as a function of frequency for two grid points on this triangle are given in

paragraph 5.4. 2.
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Validation of the Spectral Ocean Wa.ve Model Analysis

Introduction/Summary

Investigations to establish the validity of the Spectral Ocean

Wave Model (SOWM) data for the Gulf of Alaska were begun during this report­

ing period. Comparisons of data measured by'a Data- Well Wave Rider Buoy

positioned in the northeast Gulf during the summer-fall time period were made

with SOWM results~ The comparisons described below, although not con­

clusive, revealed that SOWM errors appear to be random. This supports the

assumption that the model will be adequate for analyzing long term trends in

wave climatology where random error will be averaged out. On the other hand,

there were discrepancies found between computed winds and those measured at

the buoy indicating that there may be some local wind effects (most probably

orographic) that are not being included in the input wind fields. The extent of

the effect of such winds offshore is not yet determined and it seems that fetch

limitation will limit their potential for wave growth. This aspect of the

problem requires further investigation.

During the ?ext reporting period, "r:neasured wave data from 'two

deep water open ocean measurement systems will be available for validation

of the model. Both sets of measurements were made close to SOWM grid

points which will also facilitate validation.

Data Comparison

A set of wave spectra calculated from data measured by a Data­

Well Wave Rider buoy in the northern part of the Gulf of Alaska during summer­

fall conditions were obtained for comparison t.o SOWM wave spectral analyses.

The buoy was located in a water depth of approximately 170 meters, which is

deep enough to have little effect on deep water swell propagating in from other

areas. The location of the buoy was such that there would be little significant

wave energy propagating in from 2700 through 90
0

, moving in a clockwise

direction. The two closest SOWM grid points were selected for comparison.
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One point was approximately 86 nautical mile~ west- southwest (WSW) of the

buoy and had a similar geographical situation as the buoy. The other point was

approximately 185 nautical miles south- southe.~st (SSE) of the buoy and was not

affected by land features. Figures 5-24;' and 5-:25 show the comparison between

significant wave heights (the average height of the highest one-third waves) cal­

culated from the SOWM and the Data- Well Wave Rider. The numbers adjacent

to the plotted points indicate the number of times each comparison occurred•..

Figure 5 - 24 (for the SOWM point closest to the buoy) had the better comparison

whereas Figure 5-25 shows some bias. This may be due to the distance be­

tween the points of comparison. Several statistical computations are shown

in Table 5 -12. Generally speaking, the comparison is rather good, consid­

ering the distance of the grid points to the buoy an.d the closeness of the buoy

to the land. Probably the most important point to gain from this study is

that the SOWM erro:rs tend to be random. As poi11ted out above, this is

important in a climatological study such as this bl~cause the user is more

interested in overall statistics rather than in data for a specific time.

Inspection of the SOWM model periods and the significant periods

computed from the Data- Well Rider data indicate that during times of low swell

energy propagation, the SOWM periods tended to be longer. This is probably

due to the limited fetch in the area of the buoy. During times of significant

wind wave energy growth, the periods compared better but the SOWM periods

usually were longer.

Analyses of SOWM WSW Grid Point Discrepancies

Significant discrepancies in wave height occurred at three

different points during the period of comparison, July to October 4. It is

important to know if these discrepancies occurred because of model deficiencies.

The principal driving force of the SOWM is surface wind velocity which is

primarily computed from FNWC analyzed surface pressure fields. If the

analyzed surface pressure fields are not computed correctly, then er.rors

can occur in the wind velocity calculations which in turn would cause errors
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Table 5-12 Statistical Comparison of Significant Wave Height (H 1/3) Measured at Buoy

and Predicted at Two SOWM Grid Points ("WSW" and "SSE")

U1
I
-J
-J

Mean Difference

Variance

Standard Deviation

Root Mean Square Error
,

"WSW" vs Buoy

O. 1 ft

14.3

+ 3.8 ft

+ 3.8 ft

"SSE" vs Buoy

1. 2 ft

9·4

+ 3. 1 ft

+ 3.2 ft
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in the growth and propagation of wave spectral energy. Several factors have

to be investigaged when looking at surface pres sur e analyses - the position

of the surface low center, the intensity of the low, the shape of the low and

the speed and direction of the low. Figures 5 -26 and 5 -27 show the

National Weather Service (NWS) 0600 GMT, 18 August surface pressure

analysis for the North Pacific and the FNWC Northern Hemisphere surface

pressure analysi's, respectively. The NWS analysis has a more significant

low center in the Gulf of Alaska than does the FNWC analysis. Presumably,

this analysis was done locally including more reporting stations and may be

more accurate. Therefore, the wind velocities calculated by the FNWC model

,WOUld be expected to be lower than actually existed and, in fact, the calcula­

tion of the growth of wave ene rgy was les s than was measured.

On another occasion, 18 September, there was more SOWM

wave energy than was measured even though the wind velocities compared

rather well. This may be due to the limited fetch are a near the buoy. The

problem of orographic effects is demonstrated dur ing the time pe riod of

26-28 September where a comparison of measured wind velocities and

computed wind velocities are shown in Table 5-1,8. The computed wind

speeds were significantly les s than the measured wind speeds. In addition,

the bUOy wind speeds were significantly greater than those of adjacent land

stations, including one that was about 25 nautical miles from the buoy. This

indicates that the wind velocity in the vicinity of the buoy was not only affected

by the low pre ssure patterns but also we're influenced by local orographic effects

which are not accounted for in the input wind fields. This would require a

very fine grid system, which may not be feasible with SOWM. The magni-

tude of these effects will probably have to be estirnated in another manner.

Even though the wind speeds were on the order of 50 knots

and greater during a two day period, the signi£!cant wave height at the buoy

never exceeded 25 feet, indicating that wave energy growth is severely

;limited in the area of the buoy, again, probably due to fetch limitation.
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Figure 5-26. NWS 0600 GMT, 18 August Surface
Pressure Analysis
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Table 5 -13. Wind Velocity Comparif?ons

Measured Data

Land Pt 1 Land Pt 2 Land Pt 3
SOWM WSW Grid Point BUbY (40 nm (45 nm (25 nm..

from Buoy) from Buoy) from Buoy)

Time Date Speed Direc - Speed Direc- Speed Direc- Speed Direc- SpeedlDirec -
(qTM) (kts) . tion (kts) tion (kts) :-tion (kts) tion (kts) tion

0300 9/26 21 104° 49 1120

0600 62 131° 35 ENE 35 NE

0900 ·29 100° 58 08f

1200 63 121° 40 E:

1500 22 122° 58 124° ..

1800 50 124° 40 ESE 23 ESE 35 E

2100 18 135° 47 124°

0000 9/27 56 99
0

35 E 11 ESE 20 E

0300 17 142° 54 106°

0600 56 139° 50 E 11 ESE 23 E

0900 16 133° 56 111°

1200 58 111° 23 I~ 2 NE

1500 13 129° 56 111°

1800 50 114° 17 ]!; 2 NE

2100 12 118° 43 118°

0000 9/28 46 118° 23 ESE 2 SE 23 SE

0300 14 123° 35 125°

0600 38 114 ° 11 SE 11 SE 17 SE
.
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The SOWM significant wave heights compared rather well to

the heights calculated from the buoy data considering the distance of the grid

points to the buoy and the geographic location'of the buoy. The most significant

point ascertained in this comparison study is that the calculation errors tended

to be random. This is extremely important :whe:n looking at large quantities of

data even though individual meteorological ~nd oceanographic conditions may

not match up precisely, the overall data will be representative of the area.

A wave spectrum is a statistical representation of the distribution of wave

energy as a function of wave period. If it is known how a structure responds

to waves of different periods, it is usually possible to derive the correspond­

ing response spectrum of the structure in an irregular sea state. Using this

response spectrum it is possible for the designer to predict the structure

behavior in a variety of typical sea conditions as well as storm conditions.

This, in turn, allows some prediction of fatigue life for individual members

as well as the total st'rlicture.,

Gulf of Alaska Spectral Data '5.4'.<2

Wave spectral information is receiving increased attention as a design tool

for offshore platforms, both mobile and £ixed~ More traditional approaches

to design have utilized the deterministic single period "design wave" method

in which a single large wave is chosen to represlent the maximum foreseeable

stress on a platform. For fixed shallow water platforms, this approach has

provided both ease of computation and relatively good accuracy.

As offshore structures have moved into harshe~ environments and deeper

water, the suitability of the "design wave" approach has come into serious

question. Newer and larger structures are typically more flexible than

shallow water structures and have longer natural periods. They are thus

more sensitive to the normal wave periods and factors such as dynamic re­

sponse and fatigue are becoming increasingly important design considerations.
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Figures 5 -28 -5 -33 show plots of wave spectra CiLt 59.2 N, 145. 7 Wand

56. SON, 141. 9°W for typical severe winter stor~ situations between 1974

and 1977. These plots were drawn from the corresponding spectral matrix

Tables 5-14--15 - generated by the SOWM progr~Lm. The matrix tables are

divided into 15 columns representing wave frequencies and 12 rows represent­

ing directions from which wave energy is propagated. The last number in

each'column is the total energy (ft2 ) in the frequ(~ncy band whose center point

is defined at the top of the column. Likewise, the next to last number in

each row is the total energy for each direction ba.nd whose center point is

defined in the last column. The total energy for all frequency and direction

bands is the last number in the next to last colurnn. Significant wave height

(HI /3) is related to thetotal matrix energy (E
TOT

) by the formula:

Other information in the spectral matrix tables'includes identifier data 'such

as date, time, and position as well as environmental conditions at the grid

point. -

The spectral density plots, Figures -5-28 through 5-33, were computed from the

matrix by dividing out the corresponding bandwidths about the center frequencies.

Spectral density is thus represented in units of fit2 - sec. Figures 5- 29 and 5- 33

correspond to the surface pressure analysis for 19 Dec 75 (shown in para 5.4.1.).

In addition to the individual spectra just discuss(~d some II representative"

or co:rnposite spectra for a range of wave heights are given in Figures 5 -34

through 5 -49. These spectra were developed under Task II, Co:rnpatibility of

Mobile Units with the Gulf of Alaska Environ:rnenit by Dr. Dan Hoff:rnan,

Consultant, They are based on spectral data generated by the SOWM for

three grid points in the Gulf located at 56. ONo , 1.47.90 W, 59.2o
N, 145.7o W,

and 55. 4
o

N, 1530 W for a 2-1/2 year period ending in February 1977.

5-83
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Figure 5-28. Wave Spectral Data at 59, 225N, 145. 702W on
Jan. 30, 1976 1500 HRS
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Wave Spectral DataFigure 5-30.
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Figure 5 '-31.· Wave Spectral Data

9J'.00 0'.04 0'.08 0'.12 0'.16 0'.20 0'.24 0-.28 0-.32
FREQUENCY (HERTZ) AT 59.225N 145.702W ON APR.26.1976 2100 HRS

, . I '--'t'-T' 1 ~0,'····:· I_
r '., I' ,. '.__ I

1.10 ':- .- .. ,. !--l__L_
'i~-<-j'~~L-'~:t-~;-T- j !

~ -~ -oJ::;: "::: ,t:-L+--
~
... , ·i-"'-r·l, ,/' I I

',f~i'"++i'c '.-T-_~~c_ . . .. T71 tl!
t", .. r"!'1· r=r-l-- -c1----T_.r r, , r-T"T., .r.+E_ ,+-~F~tQ •• ·'t-~T. L+-'T-cr~·'T TTrTTLL~ ..•... '." I, :-i-'r-,i, jj7j ~q!' /> c •f-:--'--~--'~-~'-i I I ; 'l '-Ll ~,.-!,--,~.-r-+ I I 1'-+++M-J.--'m!t'cr ,.. ,.... '. ~

t;~c±-t·'~~.-~+-t-I-T !. ' ..• T. r.·.[;1=+-+--"'-"..:-1.-++.1 .'.'.._:"'~lB... <;"@t."el"7'1=1'7+.:':" ',~~,~,;'~o:-' !·:~.'t±__i-: i"~-i! f' - I ' L~' -~"t., 'r','" .. '" ~1S1"'lili:';"'~F, .... _._ ".,'1<"". " ,. 'i , 1"'1"'11· J •. !-,,.---::--,.I r II' "~.'. -'-I"j: Wl:_:~.Ic,.-,t;': , '. +±._', ='~~,L '." ,:: .. ,~. ",. '"i" ...L.L..J...... "" . i .• · . T.-""., "i'_" ,''''J <A""""c:c-",.~I,: , ~:c{' '. '-'~-----.--r-I -'" l---" '}':I]'-"=.1 i"" __ , ' ., " , l' ... ' ," ''''lL "'cB". ",,' __ '..',~;'" ,',,!'" '<=+:-, .. i . "':'1'" ~. .. • " ,': _.'." _""", 'i'~: i',,', ',':" -"j' '" illJ!!,. " ,.,. ,h, .. " T I i 't i .,. 1 ··4-c-l----tf rIl, '.' if ,;;: I' "" 'H ill! "I'X"""
~1~'l;~,f-~'-f---T-':nnfrr"'~trl.~;. 63 ..•. . .'~' ·'f_1".l':~C-lh';":~;:l'H~._T j~~~.. ~..~.~~:.~':--l-;~Tlt'-~J"~ ...L-;~j,_,~. --1.. ~~ r-~r-if H I / 3 J ... "' .. ~: "S'/""U1!;' ~t~;f'f'';'-{ ..•..
, .. ~ •• , i. "1'~":T' I' : It J£L' j'.I ~ . I±I '. . . -., c~. ' 'W ,. " ',::, "T',,'" . I .

"'. '. ;..-'·'ihJ1=t=.. -T-j..... --- -.: :~i : - t--. J..:...+. .J.4- .... '. ' .. ~;'c ..'."-['. '.' !U,.,~.t~c:.~.. J~:J-li:-i .. l"" -:'L.:' ',C" . ,+';~~"C"'4.t _I "'---t-t '''-','' c; ~ L -l-J..--! •..•', .• 'L\'i",,,'-i,,':[,i,tJ '. ':: .' ..LtI.tf---:r-,'. " ,·,··r t '. I L I". +-.~~±' I I' I, ' t, '<:-,-it- ., _.. ~, :; ,'U' I ';1<1:' "'-IT "-". , .',~E,I~jl ,~ l*''i)'-l I T~ '••:,··'·W'!;>fllri: r;:-<1,ff~:'~k~'~":~' .1'~Y'-"il'h, .•. , f 'i 1\ 18:', ··,1 L !. .. -- ··"·'f;')i."t" ,Uill :'.~ .i'I" "'3 '

I--:..~'I.·~.-'.[IT-"'-'l>l. ,J, .' '_Ll _"J:t4--- . ·L., I ... '." ,.1 ., ...., I. ' '.1 1::....:.'.'! ..• I. !.F'.".
... . •",L ~t.:.:' I IjJk· r., ' . ;'--1--'- "';1" , I" I',,· I "'ill ., "__ .,. '" -- +. ,"+-,r ' , '. i --, l' ,. --, I '. k..L . '_.-T-'- '., ' , ! ,.1 , • . , ; .' ,_':tii~;,rc {;,t";ff ,-, . I r-!' i -l~ '. _L.j'. r+-r ,-c'-. '~1' ,'i::j!,, ,LL"J;i:Ui;f:- :, ..; .. 't,,:~ :j;,j; if , -=~,L -+--1 ,:, j;", l:d').," '1'd; I J. ' .. :, .,L '. .L~ ·'-,:-f·..·!.-A-j-,c , " J 1.,J,r."Ji,.L:" ',,,,_I-;,.:·;-fei~\i-I;.:+t:,:L.#J--- I, i ,'.. ,....

L1l
I

ex:>
-J



-_.----,--_ __ _- -

\Jl
I
(Xl
(Xl

Figure 5-32. yvave Spectral Data
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Figure 5-33. Wave Spectral Data
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Table 5 -1.4'. Spectral Matrix Table, 56.-804 N; , A,1. ("\1 t:\ "t.'I,T
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Table 5-15. Spectral Matri~ Table, 59.225 N, 145= 732 W (Cont1d)
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Figure 5-34. Gulf of Alaska Wave Spectra, 9 1
•• 12' Group Summer
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Figure 5 -36. Gulf of Alaska Wave Spectra, 9'-12' Group-Winter
Meari,±"Standard Deviation
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Figure 5-37. Gulf of Alaska Wave Spectra, 9'·-12' Group-Winter
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Figure 5-38. Gulf of Alaska Wave Spectra, 12'-16' Group-Winter
Mean + Standard Deviation
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Figure 5-39. Gulf of Alaska Wave Spectra, 121-~6'Group-Winter
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Figure 5,.40. Gulf of Alaska Wave Spectra, 16'-21 1 Group-Winter
Mean + Standard Deviation
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Figure 5-41. Gulf of Alaska Wave Spectra, 161 -21' Group-Winter
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Figure 5 -42. Gulf of Alaska Wave Spectra, 2:1 1 -27' Group-Summer
Mean+ Standard Deviation
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Figure 5-43. Gulf of Alaska Wave Spectra, 21'-27' Group-Summer
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Figure 5-45. Gulf of Alaska Wave Spectra, Zll-27 1 Group-Winter
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Figure 5-46. Gulf of Alaska Wave Spectra, 27 1
- 34' Group- Winter
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Figure 5 -47. Gulf of Alaska Wave Spectra, 2i7' -34' Group-Winter
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The selection of representative spectra for each range of

significant height wa s based on four spectral pararneters :(1) the mean

significant height; (2) mean period; (3) standard deviation of the area under

a spectra:l curve; and (4) the mean "broadness" pa:rameter. The "broadness"

parameter, E, is defined in terms of the zero, second and fourth spectral

moments:

The spectral families depicted in the figures were developed as input for motion

analysis of semi-submersibles and drill ships. SEwera1 spectral families

corresponding to significant wave heights in the mid to upper end of the normal

wave height range are given. In. the range 9' -12' and 21' -27' spectral data for

both the winter season (October-March) and the summer season (April­

September) are given for comparison purpos es. Table 5 -16 pres ents certain

spectral parameters comparing spectral shape for winter and summer. It

is seen that there is not a significant variation in spectral shape from season

to season. This was found to be generally true and, therefore, spectral data

for only winter seasons are given for the remaining groups.
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From each group, sets of eight spectra were selected randomly; the same

four parameters were calculated and compared to the mean parameters of

the group. When a set was found for which the parameters were considered

sufficiently close to the means, this set of eight spectra was then considered

to be representative of that wave height range. The spectral properties

obtained for several of the wave height groups are shown in Figures 5 -34

through 5 ~49. The first figure for each group is a plot of the mean

spectral density + the standard deviation for the eight spectral curves in

each group. Spectral density is plotted as a function of circular frequency,

W. The second figure in each group shows th~ eight spectral curves which

are representative of the height group.
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Table 5-16. Comparison of Spectral Pa!'ameters for'
Winter and Summer Wave Groups

Winter 9' - 12' Summer, 9' - 12'

H (1/3), ft. 10.42 10.29

Mean Period, sec. 8.44 8. 15

Broadness 0.653 0.628

Winter 21' - 27' Summer 21' - 29'

H (1/3), ft. 23.98 23.47

Mean Period, sec. 11. .05 10.62

Broadness 0.700 0.691
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6. SEISMIC AND GEOLOGIC CONDITIONS

6-1

This section of the report contains preliminary design data for the Eastern

Gulf of Alaska.

A critical evaluation was completed of six recent studies of seismic risk

pertaining to the Eastern Gulf of Alaska, and the results are provided.

INTRODUCTION / SUMMAR Y6.1

Emphasis is placed on a review of important cOlrlsiderations relative to selec­

ting a format for seismic design data. Considerations reviewed include the

concept of risk as related to structural performance, soil structure inter­

action, point of motion application, attenuation of ground motion, and

regional seismic source distribution. It is concluded from this review that

a general form for ground motion description involving response spectra

and stochastic simulation from which time histories may be generated, is

necessary to satisfactorily describe the ground motion environment.

Finally, the section on geology provides information on locating potential

hazards relative to proposed lease tracts. A)so provided are typical soil

profiles Showing sedimentary layer thicknesseB at various locations within

the study a rea.

A composite of design basis earthquake ground motions proposed by various

investigators is presented in the form of peak ground velocity as a function

of return period. Also presented is a family of response spectra which have

been proposed for developments in the Eastern Gulf of Alaska.

Also included are the results from reviewing three strong motion studies

performed by McGuire, 1974; Seed, et aI, 1976; and Mohraz, 1976. These

studies were reviewed to ascertain their applica.bility to the Eastern Gulf of

Alaska. Whereas studies reviewed previously were found to be deficient in

several areas, these studies tended to overcom.e some of the deficiencies,

particularly those related to the treatment of lo,ng period motion.
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The purpose of the current activity is to provide seismological and geologi­

cal data which are pertinent to ensuring the safety and pollution control of

offshore developments in frontier lease areas. More directly stated, the

purpose is to provide data which will serve as a basis for design criteria

'for offshore structures. As such, it is necessary to study the form or

form.at of alternatives available for criteria specification, and use the

results as a guide to the collection, organization, and analysis of seismolog­

ical and geological data•. The goal of this effort is to provide a basis for

standards which are definitive, defensible, enfor ceable, and rational.

It is important to recognize two basic concerns in developing a format for

criteria specification. One is the limitation of our basic knowledge regard­

ing the seismic environment. The other is the limitation of available

methods for design and analysis. These factors are important in deciding

where to apply the controls in the regulatory process. Specifically, the

question of whether criteria should be accompanied by methods for design

and in the extent to which such methods should be specified is of major

importance and the subject of considerable controver sy within the technical

profession. Regarding these considerations, performance criteria or

standards are possibly more appropriate than design/fabrication standards.

The former allow innovation and flexibility in de,sign, which is considered

extremely desirable in view of the relative severity of the offshore environ­

ment, the limits of our knowledge of that environment, and the state -of-the­

art in offshore structure design and analysis. Design/fabrication standards

are more easily enforced than are performance standards; however, they

tend to encourage the development of definitive or standard designs and dis­

courage the development of new technology with its related economic benefits.

DATA FORMAT

General
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The following paragraphs address the important technical considerations as

they relate to data evaluation and for:mat selection.

With regard to the use of risk analysis as a bash of selecting seis:mic design

data, six sources of uncertainty are recognized" They are: • Occurrence,

• MagnitUde, • Location, • Attenuation (of intensity from source to site),

It is generally agreed that deSigns should be conservative. The question is

how conservative? The current controversy concerning conservatism seems

to center about whether methods of risk analysis: should be used to quantify

the degree of conservatism or whether other :means involving experience and

judgment ought to be used to establish limiting bounds. The primary

objection to risk analysis seems to be borne out of suspicion that "statistics

can'be used to justify anything" and that in any case, we may not have enough

information to arrive at statistically meaningful conclusions. Proponents of

risk analysis argue that the tools of probabilistic analysis, when used

properly, provide both a valid and objective basis for quantifying conserva­

tism. or risk.

Risk Preference6.2.2

In selecting a format for seismic design data, it is important to recognize

a number of issues which face the earthquake engineering colntnunity. These

issues are possibly the best indication of the current state-of-the-art. The

most recent forum for debate on these issues was the Advisory Committee

on Reactor Safeguards (ARCS) Seismic Activity Subcommittee meeting.

sponsored by the Nuclear Regulatory Colntnissiolt1. on 8 and 9 February 1977.

This meeting was attended by approximately 200 members of the nuclear

engineering community and featured a number of prominent speakers

representing a cross section of seismologists, geologists, and engineers.

A summary of the ARCS meeting, prepared by T. Hasselman, is included

as Appendix F in an earlier issue of this report (March, 1977). The summary

provides an insight into some of the more impo rtant current issues.
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Information, and therefore knowledge with regard to near -field ground

motion, is recognized as being very limited. Instrumental data are

extremely sparse and little theoretical work has been done. This is an area

of current research.

• Spectral Shape (distribution of energy), and. Waveform (giving the dis­

tribution of energy). These and similar sources of uncertainty will be

treated parametrically, to the extent practical in this study, in arriving at a

description of the seismic design environment.

Another area of weakness is in the estimation of long-period motion. This,

as with near-field ground motion, is an area of current research involving

statistical analysis of strong moti(;>n data, as well as some theoretical

modeling. Spectral shape, intensity, and dU,ration are all recognized as

being important parameters in the characterization of long-period motion.

Ground Motion Characterization6.2.3

The method of characterizing strong ground moti.on is of critical importance

, to offshore structure design. Both interpretatioll of the seismic environ­

ment, as well as the influence of this environment on platform design depend

on the method of ground motion characterization" A Response spectrum, as

shown in Figure 6-1, is the mo st commonly used description of strong ground

motion for design purposes. Less widely used descriptions are normalized

time histories either generated synthetically or based on adjusted actual re­

cords, Figure 6-2, and power spectral densities, Figure 6-3. These descrip­

tions of strong ground motion are scaled using descriptors of ground motion

intensity derived from studies of regional seismicity and tectonics such as

peak acceleration, peak velocity, significant acceleration, and total energy.

The accuracy and adequacy of ground motion prescription, considering their

dependence on earthquake magnitude, distance, site conditions, etc., is a

matter of considerable concern and controversy.
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A major concern in the interpretation and use of design spectra is where the

input spectra should be applied. In other words, do the design spectra

represent limiting response of a bank of oscillators based at the ground

surface level, the foundation level of the structult:'e which may be some dis­

tance beneath the surface, or at some interface between rock and surficial

The intent is not to produce something which practicing engineer s will not

understand. The familiar response spectra will provide the basis for pre­

liminary design. However, many of the technical questions and objections

now being raised are a direct result of this limited form of ground motion

specification. Further, there is no completely satisfactory method for

obtaining time history records which are consistent with the specified design

spectra. The selection of three different methods; response spectra, time

histories, and stochastic simulation for characterizing seismic strong

motion is intended to answer these needs.

The selected format for strong motion characterization will provide for

specification of seismic ground motion in three different forms: • Response

(or design) Spectra, • Time Histories, and. Stochastic Simulation. The

latter will constitute a generic form for ground mLotion characterization

based on energy distribution over frequency and time. Either response

spectra or artificial time histories can be developed from this form. Since

the resulting time histories and response spectra are both derived from the

same source, they will be inherently consistent. Response spectra will be

probabilistic in nature with spectral intensity beiJ:lg governed by the selected

level of risk. Artifically generated time histories will represent important

waveform characteristics presently recognized in real accelograms. These

characteristics are: random components from body and surface waves which

vary in both frequency and intensity as a function of time, and a determinis­

tic component superimposed on the random, as illustrated in Figure 6-4.

Point of Application6.2.3.1
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Figure 6-4 Stochastic Simulation of 1968 Borrego Mountain Earthquake
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layering of softer materials? Various points of a,pplication for the design

spectra motion and techniques for modeling soil :~tructure interaction are

illustrated in Figure 6-5. In Figure 6-5(A), the platform is considered to

be resting on an infinitely rigid foundation with the input motions applied at

its base. Figure 6-5(B) couples the platform superstructure to the media

through a set of linear springs and dampers. In this illustration, the point

of application is the mud line through a set of appropriately characterized

springs and dampers. The model shown in Figure 6-5 (C) recognizes that

free field ground motions may vary appreciably over the foundation for a

fixed pile-type platform. Modeling the soil-pile··structure system using the

principles of continuum mechanics is illustrated in Figure 6-5 (D). In this

illustration the design spectrum is applied to the boundaries of a soil

island containing the structure and its foundation"

From the foregoing, it is apparent that specification of design inputs which

are limited to response spectra are frequently inappropriate. For example,

if design spectra are specified to represent ground motion at the mud line,

it may be necessary to "deconvolve" that ground motion to obtain an

appropriate representation of ground motion at slome depth below the mud

line. Such a transformation typically results in subsurface spectra which

are unrealistic in the sense that they display extreme peaks and notches

which are inconsistent with the physical processes involved. Obviously,

engineering judgment must be used in interpretil'llg the results. In the

absence of specific guidelines for use in such a c:ase, the designer is free to

use his own interpretation.

The suggested format for design data specification is sufficiently general to

coyer the anticipated needs of various site conditions, foundation configura­

tions, and modeling and analyses techl;'liques, It will accommodate the

6-10



Figu:re 6- 5 Structure-Pile-Soil Behavior Models
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specification of ground motion in any or all of the three forms previously

mentioned (Response Spectra, Time Histories, altld Stochastic Simulation)

and will provide for the specification of inputs in an energy co,?-sistent man­

ner, either at the mud line or at depth. The energy basis for ground motion

characterization is the key to maintaining consistency.

In the previous subsection, the point of application was discussed and models

were presented illustrating how the free field motion may be translated into

forces acting directly on the structure. From thiese models, it is obvious

that the mechanics of soil-structure interaction a,1"e crucial to a determina­

tion of these forces. If the seismic design data provide no guidelines for

treating interaction phenomena, then the assurance of the desired structural

pedormance is lost. The lack of guidelines in treating the soil-structure

interaction problem gives the designer sufficient latitude to circumvent the

specific intent of the seismic design criteria. Thus, a complete description

of the seismic environment will by necessity include guidelines concerning

the application of the environment to structures of interest.

From the standpoint of dynamic response analysis (as opposed to preliminary

design), the problem of choosing a1point of applicatiorl'£or seismic inputs is

greatly simplified by including the soil as a part lof the system model. The

point of application may then be associated with some point (or sudace within

the system) associated with free-field motion. Soil models may be spacially

limited (finite element models) or unlimited (infinite or semi-infinite half

space models). Different models may be suitable for different applications.

For example; a half space model may be more su.itable in the case of a

gravity foundation where radiation damping is important. Finite element

models may be more suitable in a case of pile foundations where non-linear

soil-pile interaction is more important. In any case, a complete specifica­

tion of the seismic design environment must embrace all of these

Foundation and Soil Modeling6.2.3.2
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possibilities from a standpoint of providing guidelines for establishing

different forms of seismic input. Accordingly, work is underway to develop

the necessary description of the seismic environr:nent together with guide­

lines for its application.

Insofar as the general format for design data is concerned, the basic need

is for some form of energy transfer function relating source energy (or

epicentral energy) to site energy. It is presently anticipated that attenuation

laws of the conventional form (i. e., relationships expressing intensity as a

function of magnitude and distance) will be used. Attenuation laws constitute

one of the two key elements required to produce em isoseismal strong

The primary concerns regarding motion attenuation include: (1) selection of

. data for use in regression analyses, (2) parametE!rS to be estimated by

regression analyses, (3) geographical dependencE! of attenuation equations,

(4) physical limits to regression parameters such as peak acceleration in

the near field, and (5) extrapolation of the data wi.th regard to current

activity. These issues all tend to come together in one basic problem, i. e. ,

there are practically no strong motion records available for the Eastern

Gulf of Alaska or for the Mid-Atlantic Coast. While attenuation laws based

on Western United States data, as summarized by Trifunac and Brady (1975)

and shown on Figure 6-6 have been used ,in Alaska, they have not gone

unchallenged. Attenuation laws for the Central and Eastern United States

have been developed by Nuttli on the basis of Modified Mercalli Intensity

(MMI) and teleseismic data. Special attenuation l.aws for Alaska could

possibly be developed on a similar basis, or as an extension of the work done

by Seed, et al., (1976). The latter study developed attenuation laws for

acceleration and velocity based on different soil conditions. The selection

of appropriate attenuation laws will be the subject of further investigation

during the following quarter.

Motion Attenuation6.2.4
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Figure 6.,.6 Relationships Between Peak Acceleration and
Distance from Source for Magnitude 6.5 Earthquakes
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In the preceding subsections some of the issues iltlVolved in the stipulation of

seismic design' criteria were examined along with the extent to which the

motion intensity map. The other is a seismic source distribution for the

particular region of interest. Issues concerning seismic source modeling

and seismic mapping in general ,are discussed in the following subsection.

Presently used methods for seismic mapping are compatible with the

general format being considered for seismic design data. The only differ­

ence envisioned is that peak velocity or some oth,er measure of strong

motion intensity may be used in place of the more common peak acceleration.

This does not represent a major deviation from current practice. In fact,

the final draft of the Applied Technology Council (ATC 3) report provides

isoseismal contours in terms of peak acceleration and peak velocity. The

advantage of using peak velocity in place of peak :a.cceleration, as mentioned

previously, is that it correlates better with intensity, particularly in the

long period range.

Format Development

Seismic Source Modeling

The adequacy and stationarity of historical seismic data are key issues in
~

seismic source modeling. Both spatial and temporal stationarity are of

concern. The concern is extrapolating a relatively short and recent

experience in the prediction of what may happen in a particular area over

the next few decades. The 'paucity of historical earthquake data has given

rise to growing interest in the idea of combining available geotectonic data

with the historical record of earthquakes. The tnajority of seismic risk

studies have relied on the historical earthquake data. However, some

studies have combined judgmentally the historical data with geotectonic data.

Statistical methods of systematically integrating the two types of data have

been suggested. However, these methods are considered to be beyond the

scope of the current activity.

6.2. 6
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criteria need be supplemented by methods for deflign and analysis. The

issues were discussed in somewhat of a reverse order beginning with the

concept of risk as related to structural performance and then back through

the structure, its foundation, soil conditions at the site, attenuation from

source to site, and the regional seismic source distribution. The objective

of this continuing review is to help formulate a suitable format for the

assembly and evaluation of seismic design data.

The studies by Seed and Mohraz concentrate on differentiating among ground

motion spectra for different classes of sites rangilng from hard rock to deep

alluviwn. Seed's results are limited to the statistical analysis of response

spectra for five percent damping. The study by Mohraz includes values of

damping from 0 to 20 percent. Both Seed and Mohraz concentrate on the

development of amplification spectra which may be applied to ground surface

particle velocity spectra. Comparison of Seed's l~esults and the results of

Mohraz for five percent damping indicate reasonably good agreement.

The first interim report discussed the suitability of strong motion descrip­

tions contained in reports by Blume and Associates (1973), Newmark and

Associates (1973), and the Applied Technology Council, ATC -2 (1974). A

conunon deficiency noted in all of these studies, with regard to their appli­

cation to offshore structures, was their limited treatment of long period

motion. More recent studies examined during the current quarter tend to

overcome these deficiencies. Included in the reclent studies are reports by

McGuire (1974), Seed, eta!., (1976), andMohra~~ (1976). Whereas the

earlier studies utilized strong motion accelograms, which were not

corrected for baseline drift, the latter three studies all utilized the corrected

accelograms published in the Cal Tech Volume II Series. Appreciable

differences exist between the corrected and uncorrected accelograms in the

long period range of interest.

STRONG MOTION STUDIES6. 3
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The studies given in Table 6 -1 were reviewed during the current Quarter.

These are seismic risk studies for regions which include the Eastern Gulf

of Alaska.

ro provide an overview of the type of data pr.ovided by the individual studies,

the summary of Table 6-2 was prepared. The XIS denote that data of the

type indicated is prOVided. The use of the terms lIe ffective peak acceleration"

The one drawback to McGuire's results, with reg:ard to general application,

is that they tend to be tied more strongly to the geographical area over

which his data apply. This means that they can not be applied as con­

veniently to the Eastern Gulf of Alaska and the Mid-Atlantic Coast regions.

However, an attempt is being made to derive frequency amplification

spectra by dividing response spectra by the appropriate ground particle

velocity spectra. Results of this effort to date appear to hold some promise.

SEISMIC RISK STUDIES

The study by McGuire made no attempt to differeltltiate spectra according to

various site conditions. Data for all types of sitE:s were processed together.

The most distinguishing characteristic of the McGuire study is the attempt

to recognize dependency of spectral shape on earthquake magnitude and

distance. Furthermore, McGuire does not attempt to develop amplification

spectra; instead he performs his regression analyses directly on response

spectra as a function of frequency. One advantage of this approach is that

uncertainty in ground motion attenuation, as well as energy distribution is

accounted for. In contrast, the studies by Seed and Mohraz normalize

response spe,ctra by some form of peak ground motion for each record

(either peak acceleration, peak velocity, or peak displacement) so that

variations in ground motion intensity are factored out of the analyses.

Standard deviations in pseudo -velocity computed hy McGuire tend to be twice

as large as those computed by Mohraz resulting i:n higher levels of response

for the mean plus one sigma case•
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Studies on Seismicity for Regions Which Include the Eastern Gulf of Alaska

Study No.

1

2

3

4

5

6

Table 6 -1

"Distribution of Earthquake Risk in. Canada. II W. G. Milne
and A. G. Davenport. Bulletin of the Seismological Society
of America. Volume 59, Pg. 729-754. April 1969.

"Earthquake Criteria for Platform~l in the Gulf of Alaska. "
R. G. Bea. Paper No. OTC 2675. 1976.

"API Recommended Practice for Planning, Designing, and
Constructing Fixed Offshore Platforms." American Petro­
leum Institute. API RP 2A, Seventh Edition. January 1977.

"Ground Motion Values for Use in the Seismic Design of the
Trans-Alaska Pipeline Systems. 11 R. A. Page, et al.
Geological Survey Circular No. 672:. 1972.

"Recommended Comprehensive Seil3mic Design Provisions
for Buildings. 11 Applied Technology Council. ATC-3-05.
January 1977.

"Seismic Risk Maps for the Contiguous United States, Alaska,
and Hawaii." J .. H. Wiggins, et aL, J. H. Wiggins Co.
Tech. Report No. 75-1245. 1 August 1975.
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TABLE 6-2. DATA PROVIDED BY THE SEISMIC RISK STUDIES

0'
I...

-.!>

Study Peak Motion Values Response Spectra
Number Descriptor Accel. Vel. Disp. Pseudo-Vel. Accel. Ratio Risk Basis

1 Milne X 100 year return period

2 Bea X X X 100 year return period and
certain event

....
3 API RP 2A X .... X X 200 year return period

4 Page X X X X 200 year return period for
line target

*
....

5 ATC-3 X X
....

X 475 year return period

6 Wiggins X X X Vel. Ratio 100 year return period

lUi I II I JJ I
':< denotes effective peaks
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.It' = -2. 283.
P

Fitting this relationship to data presented by Bea i.n Study 2 for the area of

interest for the time period of 1940 - 1974 resulted in an exponent of

A comparison of the studies of Table 6-1 may be made on the basis of peak

'acceleration. However, it is necessary to put the results on an equal basis.

Q

P

N (A) is the average frequency of occurrence of A or greater.

A
N (A) = (-C-)

p

where

The second adjustment that must be made is the plresentation of all data for

a common return period. The definition used her(~in for the return period

of an acceleration of level A or greater at a site iB simply the reciprocal

of the average frequency of occurrence of A or .greater. Milne in Study I,

correlates the data for a site as

The first adjustment that must be made is the relationship of peak acceler­

ation and effective peak acceleration. A detailed Btudy was not performed

or discovered on the ratio of these two quantities. However, guidance on

this ratio may be inferred from a comparison of the seismic risk map of

the A TC-3 study and the map by Algermissen which influenced it. From

the reduction of the peak contour level of o. 6 g in California to 0.4 g, it

may be inferred that this ratio is about 1. 5.

and "effective peak velocity" follows that of the A TC -3 study in which, for

example the effective peak acceleration is the response spectrum peak

acceleration in a certain frequency range divided by 2.5. The response

spectra provided are not derived within the study in every case, but are

sometimes adopted from other works and suggested for use.
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If there exists a return period R l associated with an acceleration A or

greater, and if we wish to determine the accelera1:ion A z appropriate for a

return period R2' then by manipulation of the above relationship we have

N l/a R lla
2 PIP

A z = Al (N
l

) = Al (R 2 )

For example, these results

200 1/-2.283
( 100) = O. 738

475 1/-2.283
( 100) = 0.505

The accelerations quoted within the reports are H:sted in Table 6 -3 and

adjusted by the factor l s discussed above. Study 4 was influenced heavily

by the structure under consideration; a pipeline of many hundreds of miles

in length. Thus, the motion given in Study 4 refers to those motions of a

certain frequency of occurrence that occur anywhElre within the region of,

say, the southerly section of the pipeline. This i~l quite different from the

remaining studie s which give motions of a certain frequency of occurrence

at a point. Thus, the high acceleration level of Study 4 is to be expected.

Among the remaining five studies, there are four whose adjusted acceler­

ations are bracketed by the range 0.3 - 0.45 g and Study 1 whose adjusted

acceleration is 1 g .

In the interest of investigating possible reasons for the difference between

Study 1 and the other four comparable studies, let us consider Figure 6- 7.

This figure indicates the correlation between peak acceleration and distance

suggested by Trifunac and Brady for various site classifications for an

M = 6.5 event together with data for events in the range of M = 6.4 to M = 6.6.
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TABLE 6-3. ADJUSTED PEAK ACCELERATION OF SEISMIC RISK STUDIES

0'
I
N
N

Study Quoted Adjustment Peak Adjustment 100-Year Peak
Number Descriptor Acceleration(g) for EPA Acceleration for Return Period Acceleration

I Milne 1. 1. 1. 1. 1.

2 Bea 0.3 1. 0.3 1. 0.3

3 API RP 2A 0.4 1.5 0.6 0.738 0.44

4 Page 1. 25 1. 1. 25 0.738 0.92

5 ATC-3 0.4 1.5 0.6 0.505 0.3

6 Wiggins 0.45 1. 0.45 1. 0.45
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This magnitude range includes the San Fernando E.arthquake of 1971 for

which much excellent data has been obtained. The attenuation relation

adopted by Milne for M = 6. 5 is superimposed on Figure l.It may be seen

that the Milne relation fits the data and the assumE~d shape very well. The

Milne relation may be a bit high near the epicenter. That is, a peak of 2 g

very close to the epicenter has been predicted. No acceleration larger than

,I. 25 g has been recorded, but on the other hand, no data has been measured

near the epicenter of a large earthquake.

Also superimposed on Figure 6 -1 is the attenuation relation used by

J. H. Wiggins to represent attenuation' of surface rrlOtion. This relation was

developed in 1973 and is based on 90 strong motion records from El Centro,

'Hollister and Ferndale. This relation does notappea.r to have the correct slope

relative to the ~ata and appears low at epicentral dista.nces less than say 40 km.

The final curve superimposed on Figure 6-1 is the correlation derived by

McGuire for M = 6.5. This curve does not appear to fit the data well, even

though the San Fernando data. were used by McGuire. A peak acceleration

of only 0.3 g is predicted near the epicenter which appears quite low. This

correlation was used in Study 2 by Bea.

Detailed critiques of five of the six individual studi.es of Table 6-1 are included

as AppendixF. These critiques were prepared by the authors noted in

Table 6.4. A summary of the comments of the critiques and additional

comments are provided as indicated in the table.

It appears that Study 4, with its viewpoint of a long target structure, may

be set aside as not appropriate to form the basis of a seismic risk estimate

for an individual site in the Eastern Gulf of Alaska. Study 1 may be con­

servative in the relation of an acceleration - distance - magnitude relation

and the use of point earthquake sources rath~r than line sources along

known faults. Studies 2 and 6 may be non-conservative in the relation of
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TABLE 6-4. SEISMIC RISK STUDY CRITIQUES

Study Study Critique Critique
Number Descriptor Number Author(s)

1 Milne 1 M. R. Akky and R. G. Bea

2 Bea 2 T. K. Hasselman

3 API RP 2A 3 T. K. Hasselman

4 Page 4 M. R. Akky and R. G. Bea

5 ATC-3 5 T. L. Alley
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I' acceleration - distance - magnitude. In addition, Study 6 appears

to have mislocated the large 1899 - 1900 Yakataga events. It is difficult to

comment on Studies 3 and 5 because the detailed ba.ses of the recommend­

ations are not given. None of the studies list the historical earthquakes

considered so that the data base may be neither complete nor comparable

among the studies.
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The peak ground accelerations implied by the seis:mic risk studies reviewed

• seismic source modeling

• motion-attenuation relations

• statistical modeling

• the data base

Motion Intensity

Design Basis Ground Motion Preliminary Estimate6.5

6.5.1

The motion intensities that will be considered herein are the peak ground

acceleration, velocity, and displacement at the upper strata of firm ground.

The peak ground motion parameters should be expressed in a statistical

sense; the level associated with an average 100 year return period shall be

used herein.

should be refined. Because of the apparent fidelity of the attenuation rela­

tion used and the proper statistical treatment, Study 1 is the preferred study

if a selection must be made at this time. This selection is conservative and

is subject to revision with further study.

In summary, it appears that all of the studies considered suffer various

shortcomings. It is believed that the estimate of the seismic risk of the

Eastern Gulf of Alaska could be improved by a more careful, detailed study.

This study would be of the same basic form as those reviewed herein, but

the elements of the model such as:
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• acceleration is the quantity measured

directly by strong motion accielerographs

• more research has been performed on

accelerations resulting from (earthquakes

'It may be noted that whereas the peak ground acceleration had a maximum/

mini.mum ratio of about 3, the velocities have a ratio of about 5 and the

displacements have a ratio of about 16. This greater uncertainty on velocity

and displacement probably results primarily from two sources:

As noted in Table 6-2, some of the seismic risk studies have recommended

response spectral shapes for use as design spectra. The pseudo -velocity

spectra may be used directly. The type of spectrcl labeled "acceleration

ratio" is an acceleration amplification spectrum and is to be multiplied by

the peak ground acceleration or the effective peak ground acceleration as

appropriate. The velocity-ratio spectrum presented by J. H. Wiggin::; is the

Response Spectra6.5.2

A convenient method of presentation of the peak ground motion parameters

is by means of a ground motion spectrum. The peak values are drawn on

tripartite spectral paper and the, lines connected to form a figure which

normally appears as a hill. This has been done on Figure 6-8 with the

extremes of the motion of Tables 6-3, 6-5, and 6-6. It may be seen that for

natural periods less than 10 seconds the peak displacement bounds do not

appear.

in Section 6.4 are noted in Table 6-3. It may be recalled that the range of

peak acceleration for a lOa-year return period wasl found to be 0.3 to 1. a g.

As formidable as is this range of acceleration, it may be noted from Table

6 -5 and 6-6 that the spread of peak velocity and peak displacement is even

greater. It is assumed here that the peak velocity is approximately equal

to the effective peak velocity.
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StudY Number Descriptor Risk Basis Peak Displacement (em)

2 Bea 100 year return 320

6 Wiggins 100 year return 20

Study Quoted Risk Adjusted Peak
Number Descriptor Peak Velocitv Basis Velocity (l00 vr cm/ sec)

1 Bea 44 cm/ sec 100 yrs 44 em/sec

2 ATC-3 12 in/ sec 475 yrs 12.5 cm/ SeC

3 Wiggins 25.6 in/ sec 100 yrs 65 cm/ sec
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TABLE 6-5

TABLE 6-6

PEAK GROUND VELOCITIES FROM SEISMIC RISK STUDIES

PEAK GROUND DISPLACEMENT FROM SEISMIC RISK STUDIES
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zero-damped pseudo-velocity response spectrum divided by the .20 percent

damped pseudo-velocity response spectrum.

The ptooblem of specifying a design response spectrtun for the Easte ton Gulf

of Alaska may be regarded as two separate problem:;;

• the specification of peak ground

motion parameters -for the study

area on a suitable risk basis

• the specification of a normalized

spectral shape for an appropriate

risk basis; appropriate soil con­

ditions, and appropriate oscillator

damping

A reasonable format for the specttoal shape is a pseudo-velocity spectrum

versus period, normalized to the peak gro'lUld velocity: This would, place

emphasis on specification of the peak ground velocity, a parameter more

of interest to platform design than peak ground acceletoation. It may be seen

that the uncetotainty involved in construction of the response spectrum is a

combination of the 'lUlcertainties in specification of the spectral shape.

An example of the spectra that may be obtained- is provided in Figure 6 -3.

-Curve (1) was constructed by combining the A TC - 3 (Study 5 ) acceleratio~

amplification spectrum with the effective peak ground acceleration therein

adjusted for a lOO-year return period: Curve (2) wa.s constructed by com­

bining the Milne (Study 1) 1 g, 100 -year peak acceleration with the acceler­

ation amplification spech:um of Mohraz. Finally, Curve (3) is the NRC 19

spectrum used for the design of nuclear power plants. (NRC Reg. Guide

1. 60, 1973). These examples were chosen specificallly in an attempt to

portray the exttoemebounds of a 100-year five percent damping response

spectra fo r the Eastern Gulf of Alaska.

Narrowing of the uncertainty bands of Figure 6-8 and 6-9 will have to await

a refined seismic risk study of the Eastern Gulf of Alaska.
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Period (sec.)

NOTES: (1) ATC-3 (STUDY 5) SPECTRUM WITH ACCELERATION
FOR A 100-YEAR RETURN PERIOD

(2) MOHRAZ AMPLIFICATION SPE:CTRUM WITH MILNE
'l g ACC

( 3) NR CR. G. 1. 60 1 g SPEC TR UM
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FIGURE 6-9 UNCER TAINTY BAND OF RESPONSE SPECTRA
FOR THE EASTERN GULF OF ALASKA
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In the absence of additional data, attention was directed toward locating

potential hazard areas "relative to proposed lease tracts and toward providing

additional information on the thickness of bottom sediments at selected

locations.

The Initial Estimate Report released in January pr'ovided an overview of the

geology of the Eastern Gulf of Alaska. Included in that report is a descrip­

tion of the sedimentary units, identification of somLe near surface faulting

and areas of potential slope instability. Even though an attempt has been

made, no additional soils data has been acquired during the last Quarter

upon which an update of geological hazards data can be based. Hopefully, by

the end of the coming Quarter soils information will become available to

support a more definitive· characterization of the foundation hazards within

the Eastern Gulf of Alaska.
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Slumping or sliding of bottom sediments represents a potential foundation

hazard for many of the leases nominated for sale. Figure 6-10 locates the

lease areas relative to different bottom sediments.. Figure 6-11 delieates

past or potential slide areas according to Carlson, et al., (1975). The

area south of the Bering Glacier is potentially haza.rdous due to undercon­

solidation state of Holocene sedimentary deposits a.nd Holocene moraines.

These deposits are mostly clayey silt dispersed wilth fine sands. Seismic

profiles taken by Molnia and Car~son (1975) indicate that this area is

covered with thick sediments, more than 25 meters in depth, on relatively

steep slopes ranging from 1
0

to 80
• Since these sl~diments are largely
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cohesionless and underconsolidated, they are subject to liquefaction.

Leases nominated for sale within this area are listed in Table 6- 7, Group A.

The Kayak Trough is also subject to potential slutnping or sliding of thick

deposits of Holocene seditnents on relatively steep slopes. Leases falling

within this potentially hazardous area are listed in Table 6- 7, Group B.

Other leases subject to potential slutnping or sliding of Holocene deposits

. are listed in Table 6.7, Group C.

Discontinuous reflectors observed in seismic profiles have identified areas

where slutnping and sliding is currently taking place. Many of these areas

are on current lease tracts, as listed in Table 6-7! Group D.

It should be emphasized that the areas discussed herein, as representing

potential hazards, have been identified solely as a basis for focusing future

investigations. Their identification is based on very limited soils data.

Certainly identification of the e"istence and extent of unstable foundation

conditions and the impact of these conditions on lease tract development

must await more detailed site investigations.
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Column B illustrates the thick Holocene marine deposits which build to great

thicknesses due to rapid sedimentation of glacial detritus carried by rivers

The soil profiles or stratigraphic columns, shown in Figure 6-12 identify

the type and thickness of deposits found in four selected areas within the

Eastern Gulf of Alaska. (Figure ,6-13)'

Column A, Figure 6-12, characterizes the depth and position of Holocene

sediments south of the Copper River. This area, as mentioned previously,

is one of rapid sedimentation and the deposits are typically loosely consoli­

dated and saturated. The Holocene sediments here are underlain by

Tertiary and Pliestocene stratified deposits which are typically competent

at depth.

Selected Soil Profiles6.6.3
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Table 6-7

Proposed Lease Tracts Having

Potential Foundation Hazards

Group A

15, 16, 17, 59, 60, 61, 100, 101, 104, 105, 144, 145, 149, 198, 188,

189, 233

Group B

154" 155, 156, 198, 199, 243

Group C

340, 341, 383, 384, 385, 386, 387, 432, 414, 279, 378, 422, 423,

465, 466

Group D

297, 298, 249, 205, 206, 207, 208, 209
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Figure 6- 12 Selected Soil Profiles
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to the area. These deposits typically vary in consolidation according to

depth. They frequently present probleIns for drilling due to their varying

cOInposition ranging froIn silts to cobbles.

ColuInn C depicts a thinner layer of Holocene sediments overlayering

Quarternary Inaterial. The Quarternary units are not present in all areas

and vary in thickness. These units consist of a pebbly Inud which becoInes

well consolidated with depth.

The fourth colwnn, Colwnn D, is devoid of any overlaying Holocene or

Quarternary deposits. This Inay be due to local scouring or faulting causing

the Tertiary to be exposed. Well consolidated Tertiary deposits are

expected to provide stable foundation Inaterial.
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The return period and non-exceedance probability are related by the equation.

Appendix A.

Estimation of Return Periods for

Extreme Waves

(A-4)

(A-3)

(A-2)

(A-I)

P(H>J
1

a, h = Parameters which deseribe the distribution and
o

are usually estimated from the sample data

h = wave height

e-).,tAn
PN(n) = P(N = n) = ' ,n.

P(H) = Pr [HS h]

R = XLI

. P(H) = exp { - exp [- a (h-ho)]'
where

A probability distribution which describes the probability of occur­

rence of rare events such as floods, storms, etc. is the Gumbel distribution

(also known as the Fischer-Tippett Type I) and is given by:

where A = average number of events (storms) per unit time. This formulation

is based on the assumption that the probability of n events occuring in time,

t, is given by a Poisson process:

The means used to estimate return period, R and the non-exceedance proba­

bility, P(H) of extreme wave heights in this report was the,application of the

methods of extreme value statistics developed by Gumbel (1954). The return

period, R, is defined as the average time between occurances of a wave of a

certain height, H. The non-exceedance probability P(H) is defined as the pro­

bability that the random variable H is less than or equal to h.I
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A-2

With the aid of the Posisson distribution the probability of non-encounter

for a wave of any return period in a given design life is:

(A-8)

(A-7)

(A-5)

(A-b)

m
P(H) = N + 1

m =rank order from smallest to largest

N = total number of extreme observations

y = - 1n f - 1n P (H) t

P(H) = exp I -exp (-y) I

y =a(h-h )o

where:

These data are then plotted on probability paper with an abscissa scaled

according to the relation given above for the Gumbel distribution•. Straight

lines were fitted to the data using a standard least squares technique. The

correlation coefficients for all curves were determined from the linear re­

gression.

is performed, then the probability P(H) becomes

Solving for y gives:

1£ the transformation,

This equation is linear in the wave height, h, and the so called reduced

variate, y. This forms the basis for fitting straight lines to the extreme

, wave data in this report. The extreme wave heights are ranked in order of

height, and assigned according to the plotting position formula given by

Gumbel (1954):
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L Gumbel. E. J. (1954) Statistical Theory of Extreme Values and

Some Practical Applications. National Bureau of Standards applied

Mathematics, Series 33. 12 February 1954.

A plot of non-encounter probability as a function of the ratio L/R is given in

Figure A-l. Using this curve in conjunction with plots of Return period, R,

will yield non-encounter probability for a given wave height, H.

(A-10)

(A-9)

-L/R=e

= e -AL ((1 - P(H))]

A-3

00
P (largestH~h) = . L P [H(n) ~ h. given N =' j] pEN =' j]

J =' 0

REFERENCES

where L = design lifetime.
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B.-l

(4 )

(3)

( 1)

(2)

ae

[ 1· JR- '
- 1 - F(x)

- 1/213 2 =(320.5 v + 248.7) , .: 15.7
max

G(v) = exp - [( ;2 ) - Y]

1
Y=-"

13 1

For annual extremes, the recurrence interval is given by

Thom has proposed that for extreme winds, Y = 9 provides a good fit for

extratropical storms. rhe scale parameter was found to be related to the

maximum monthly mean wind speed v according to the relation derived
max

by regression analysis:

Thom has also applied a variation of (4) with (1) to tropical storm wind

extremes but with y = 4. 5. For areas affected by both tropical and extra­

tropical storms he attempts to apply a "mixed Frechet distribution" which

is not, strictly speaking, a Frechet distribution at all.

APPENDIXB

COMMENTS ON THE ANALYSIS TECHNIQUES OF THOM

Prepared by V. J. Cardone

where F(x) is the probability of an extreme less than x, is the location

parameter and 13
1

is the scale parameter. For x =In v, (2) is transformed

to (1) with

In a series of papers published between 1954 and 1973, Thom has used the,
Frechet distribution to fit extreme winds and waves:

.where G (V) is the probability of an extreme less than v, 132 is the scale

parameter and y is the shape parameter. This is also called the Fisher­

Tippett Type II distribution. The type I Fisher-Tippett dis~ribution is

given as

I'

j,

I
I
I
I

"

I,
'I

I
I
,
'I

"1
·:1
'I
I



I'

U
II
.11

It

I
,

I
I

I'

I
II

I

I
il

I
I
;;'1·--
i;
~.

f"

",I:'
I.

;-
I

The use of mixed distribution is curious. For one would expect that in

the tail of a proces s which is a mixture of two distributions, the component

with the slower decay rate will prevail. The tail of a mixture of Frechet

distributions with y =4. 5 and y =9 behaves asymptotically as x -4. 5 and

any pseudo y in the range 4.5 <y( 9 is inappropriate. The prudent analysis

for a mixed regime is to compute a design wind (or wave) for each process

and to use the larger of the two.

Thom fits the distribution to lI extreme annual wind speed ll which is some­

what loosely defined as the "fastest mile ll or IIfastest minute ll wind as would

be measured at a standard anemometer height of 30 feet. The basic fits and

scale relation (eqn 4) are based upon the analysis of long records of measured

wind data for many land based weather stations. Comparable wind data do

not exist at sea even from the Ocean Station Vessels, but Thom has applied

an "adjustment" factor to OSV measured, hourly one minute average winds

and applied (4) and (1) with some success. To the extent that the fits apply

to land stations, they should be transferable to the marine environment in

the sense that imposed atmospheric pressure distributions coupled with a

smoother different surface boundary will be incorporated in the v
max

Thus except for the "mixed distributionll Thorn's work seems to provide a

useful design tool for winds. The relevance of this body of work to ocean

waves however, needs to be established.

Thorn fits (1) to extreme annual lIobserved" wave heights for 12 Ocean Sta­

tion Vessels whose record of observations cover up to 15 years. For each

station, the distribution (1) was fit actually by applying (2) to the logarithm

of wave height (thereby suppressing the scatter in the data) and then trans­

forming the scale and shape parameters of (1) from (3). The fits shown on

pages 22 and 23 of Thom (1971) are less than convincing. It is interesting

'that the two IIbetter ll fits shown are for OSV "Ell and "VII which are both

located in the Subtropics while the "poorer, fits for OSV "BII and IIMII,

are poor indeed and might reveal the failure of the distribution at higher

latitudes. Also there is no tendency for y to be constant as it ranges from 5

to about 1 L Thom transforms the fits from significant (visual) to maximum

wave height by a factor of 1. 8 applied to (32'
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cf3 = f3 e and y =6s v

H 1/3(measured) =7.0 + •775 H (visual) (ft)

given by (:4)

-C\:3) -6thus from (1) G (H
1

/
3

) = exp

where e is a constant and f3 is
v

Wiegel (1975) summarized other comparisons including that of Cartwright,

H 1/ 3 (measured) = 1. IH (~isual) obtained from 905 observations, and -Paape,

H
1

/ 3 (measured) = .8H (visual. Visual wave data from transient ships are

subject to even greater biases due to their avoidance of storm areas. Most

of the existing extreme wave estimates for the Gulf of Alaska, Quayle and

Fulbright (1975), and Tetra-Tech (1974), are based upon Thom' s (1973b) paper

in which he develops a method to transform the extreme wind distribution to

an extreme wave distribution. The OSV data are used to derive

where HI /3 is extreme significant wave height. Thus according to Thorn the

distribution of extreme waves can be determined entirely from the maximum

mean monthly wind v max. This must be considered an extremely crude

estimate which can be quite misleading. For example Dattatri (1974)

attempted to apply Thorn's methods to the West India coast, where it gave

a 91 feet maximum wave for a 50 year return. Dattatri's extrapolation

from a continuous one year record of measured wave data provided a
100 year return maximum wave height of 32 feet. Bea (1976) has shown

that Thorn's method provides extreme wave estimates that are 30% to 40%

A shortcoming of Thorn's work at this point is its reliance on visually

estimated wave height data. A number of comparisons of visual and

measured wave data exist. Table A-I from Hogben shows the results of

several comparisons for both wave height and period. In all cases mea­

surements were made with calibrated shipboard wave recorders. Hoffman

(1975) has presented comparisons from the weather ships "I" and "p'l with

the resulting relation:
j,'
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higher for the Gulf of Mexico than estimates from a historical hindcast

study performed with an accurate calibrated hindcast model. These

discrepancies are to be expected from a method that attempts to lump all

of the physics of wave generation, propagation and dissipation in the factor C.

In sum, Thom's method needs to be verified with measured over ocean wind

. and wave data before its reliability can be determined.
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A. B. and C are coefficients defining best fitting Lines through the spots thus:

H :: significant height, H waS calculated in these cases from
s s

:: AH + B (Best straight line through spots)
v

:: . CH (Best straight line through origin)
v

::. Visually observed wave heightH v

H :: Maximum wave height measured from record
m

H :: 4 Jms 0

p :: correlation coefficient

(j :: the standard deviation

N :: the total number of comparisons

TABLE B-1

Correlation of Meas,ured and Maximum Wave Height

Source: Hogben

where m is the wave energy calculated from the wave records.
o

References

1. Hogben, N. and Lumb, F'. E., "Ocean Wave Statistics," HMSO,
London, 1967.

2. Gumbel, E • .if., "Statistical Theory of Extreme Values and Some
Practical Applications, tl Appl. Math. Sere 33, U. S. Bureau of '
Standards, 1954.

** " f" d" 11Llne was ltte Vlsua y

*In the case of 3 and 4, H has been derived from H :: 1.6 H
m m s

A B C P (J N
Reference feet meters feet meters

1 1. 41 6.72 2.05 1.89 4.59 1. 40 905
5.41 1.65

2* 1.41 6.46 1. 97 1. 70 0.86 4.17 1. 27 317
4.43 1. 35

3 0.83 6.26 1. 91 1.42 0.73 3.25 0.99 527
5.03 1. 53

4* 1. 24 11.2 ':c* 876

I;,
!:

I;:
".i

"

I'
j:

I
"

"

I
.~j

I
i'

I
r

I
I

!i

I
I,

I
"

:1
"

1"i,I'''",'''I

I
I:

i;/I"-'
i.'

;[1

"Iif: !

3.

4.

Hogben, N., "Measured and Visual Wave Data from Trawlers,"
Marine Observe:r;, April 1970.

Hoffman, D., "Analysis of Wave Spectra at Station I PAPAl, ,"December
1974.

B-5



I
t
I~

I
I

I'
,

I
I
I

"

'I
I
I
"I
,I
I

11

References for Thom's Comments

Bea, R. 1976: Proposed Submittal to Mariners Weather LQ& in Discus,sion

of the Article "Extreme Wind and Wave Return Periods for the U. S.

Coast. II (Unpublished)

Cartwright, D. E. 1967: Reported in Ross Recent Developments in Remote

Sensing of Deep Ocean Waves Transaction of the 3rd Annual Merine

Technology Society Continued 5 ..7 June 1967, San Diego, pp.371-394.

Dattatri, J. 1974: Discussion of "Extreme Wave Height Distributions Over

Oceans ". Journal of Water<ways . and Coastal Engineering Division

November, pp. 402-403.

Hoffman, D. 1975: Wave Loading Data Plan - Quarterly Progress Report.

Webb Institution of Naval Architecture, New York.

Paape, A. 1969;; Some Aspects of the Design Procedure of Maritime

structures. 22nd International Navigation Congress, Paris,

II .. 5 PP. 71-86

Quayle, R. G. and Fulbright, D. C. 1975: Extreme Wind and Wave

Return Periods for the U. S. Coast. March 1975, Mariners

Weather Log.

Tetra-Tech Inc. 1974: Outer Continental Shelf (OCS) Oil and Gas" An

Environmental Assessment Vol. 3. 1974. Prepared for the

Council on Environmental Quality.

Thom, H. C. S. 1971: Asymptotic Extreme - Value Distributions of Wave

Heights in the Open Ocean. Journal of Marine Research. Vol. 29,

No.1, pp. 19-27.

B-6



-

Iii

II

II
:1

i:
i

I;' ,
",

,:
i'

"

i
)'

I,
I'

I
;1

•
I.,

i'

'I
,,'
I

I
I
I,!

"

'...··!I··

I,.

~

,.

:'1'-I::

I

"

"I
'I

References for Thorn's Cornrnents.(Cont'd)

Thom, H. C. S. 1973a: Distribution of Extreme Winds Over Oceans.

Journal of Waterways, Harbors and Coastal Engineering Division.

WWI February, pp. 1... 17.

Thorn H. C. S. 1973b: Extreme Wave Height Distributions Over Oceans.

WW3, August. Journal of Waterways Harbors and Coastal Engineering

Division. pp. 355-374.

Wiegel, R. L. 1975: Design of Off-shore Structures Using Wave Spectra

pp. 233 -242. Proceeding 6f Oceano1ogy.Internationa1 1975 Brighton,

England pp. 16-27 March 1975. Society for Underwater Technology

London.

B-7



1
·\
!
!'

I~:
l'

r:-
);

I,
,

I'
"
I'

I
"

I
I

,,
,;

I
.:

I
"

I
"

'I
I,
,I

APPENDIXC

COMMENTS ON THE WORK OF FREEMAN

Prepared by V. J. 'Cardone

This appendix presents a review of the following papers:

I) "Forecasting Waves in the Gulf of Alaska l1
, Freeman

,and Bujnoch,Ocean Engineering, February 15, 1976

2) I1A State of Art Method of Estimating Extreme Conditions

in Storms l' , J. C. Freeman, submitted to Petroleum

Engineer, 1976

The above two articles present an attempt at what can be considered the

most realistic soluti~n to the problem of determining the distribution of

extreme waves in the Gulf of Alaska - namely the use of wave-hindcasting

techniques in conjunction with a long history of meteorological data that

characterizes historical storms. Freeman's attempt, however, suffers

from serious shortcomings that render his results inconclusive.

Primarily the hindcast model rererenced is not documented, its applicability

to extratropical wave specification in the Gulf of Alaska is not demonstrated,

and only scant reference to its accuracy is offered. The latter is a reference

to a single spectrum measured in a Gulf of Mexico hurricane which was

closely matched in a hindcast by the model. However, the entire hierarchy

of wave hindcast models from slide-rule parametric (Ross, 1976), signi­

ficant wave (Wilson, 1961, Bea, 1974) and directional spectral (Cardone

et aI, 1976) have been shown,when suitably calibrated, to be capable of very

accurate specifications of moderate Gulf of Mexico hurricanes. Such models,

however, can produce divergent results (see e. g., Cardone et aI, 1976)

when applied to the broader class of hurricanes and extratropical storms.

Thus the hindcasting accuracy of the model needs to be established for the

Gulf of Alaska or at least a comparable region such as the nort?east North

Atlantic before credibility of results can be established.
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Another difficulty with Freeman's implementation of the hindcast study was

in the screening of storms. A totci.1 of 15 storms in 10 years were hind­

cast. An initial screening identified 120 possible candidates and a subjective

evaluation of storm fetch, intensity, size and speed of motion were used to

reduce the number to 15. A better screening procedure is to let the hind­

ca,at model itself, through the complex solution of the wave energy balance

equation, identify the most significant wave producing storms. It is quite

possible that Freeman's subjective procedure could have biased the sample

of hindcast wave data used in the statistical extrapolation.

Finally, ~he supporting evidence given by Freeman consist largely of

references to visual estimates of extreme wave heights - estimates will

tend to have a large variance, particularly at high sea states. Thus there

is little value in the quoted reports of crab boat and tug boat captains who

have reported "seeing" 100 foot waves in storms in the Gulf of Alaska.
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APPENDIX'!)

OCEAN WAVE PREDICTION - AN UPDATE 1973 - 1977

Prepared by V. J. Cardone

1.ntroduction

In a review prepared for the Society of Naval Architects amd Marine

Engineers Sea\<eeping Symposium in 1973 (see Appendix E), this author

considered the development of ocean surface gravity wave specification

methods. Particular emphasis was placed upon tho'se methods that

provided a description of the wave spectrum. Computer based models

that simulated the spectral energy balance were described in some

detail and several model predictions were intercompared. The review

also noted considerable work in progress.

Since that review, ocean wave prediction has continued to be a subject

of considerable interest as models are developed and applied in both

a hindcasting mode for climatological and design studies and in a real

time mode for operational forecasting. This update should be read

in combination with the 1973 review (Appendix' -B~'). It reviews work

published since 1973 in the form of new models developed or the further

application of models already in existence. Finally an assessment

of remaining deficiencies in the current state of the art is given.

Model developrn-ent

There have been a number of significant developments in wave

prediction models in the past several years. The model originally

described by Pierson, Tick and BaeJr (P-T -B) {l'«r6~f has been refined

and successfully adapted on the U. S. Navy Fleet Numerical Weather

Central (FNWC) system for operational forecasting. Twice daily,

the model is used to prepare wave forecasts out to 72 hours on a
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grid of points covering all Northern Hemisphere seas, with input wind

fields computed from sea level pressure forecasts provided by the

numerical weather prediction model of FNWC. Before each forecast ~s

l'un, observed wind data and analysis wind fields prepared therefrom

'are used to update the wave spectral field via a 12 hour hindcast run.

,A description and preliminary evaluation of the Navy wave prediction

system is given by Lazanoff and Stevenson (1975).

The P -T -B model has been applied to hurricane scale meteorological

systems and validated against data collected in an oil industry sponsored

measurement program known as the Ocean Data Gathering Program

('Wal'd, 1975). That version of the model, known as the ODGP model,

is described by Cardon,e e't al (1976). The model is being applied

currently in the hindcast of all significant hurricanes known to have

occurred in the Gulf of Mexico. It has also been tested in a real time

mode at the NOAA Atlantic Oceanpgraphic and Meteorological Laboratory

during the passage of hurricane Belle along the East Coast of the U. S.

in August of 1976 (Cardon~, Ross et aI, 1976). That test program

will continue this hurricane season and the model will be used in

hindcast studies of Belle and Eloise, 1975, storms for which NOAA

data b~oy wave measurements are available.

The wave spectral prediction model originally described by Isozaki

and U ji (1973) has also been applied to tropical cyclone wind fields

by Uji (1975). The sensitivity of the wave solution to storm forward

speed of the hypothetical typhoon considered was found to be large. In

a later study (Isozaki et aI, 1975), the hindcast model was applied

to an actual typhoon with the hindcasts compared to measurements

of swell observed near the Japanese coast,some distance from the

storm track. The models applied include a spectral growth formulation

similar to that of P-T-B.

D-2



,.

j i,

I"

t
r:

I"
II

I
'.
I'

I,.
"

I
"i

I
Ii

I,
y

I
":;.

I
i·

I
i~
:;'

I
il
::1
.I:r

l

1:,'1

A ~lass of spectral models formulated ab,?ut the P-T -B·; growth scheme

has been proposed in one form 'or another by Baer et a1 - (1970),

Hsu (1973) and Fre'eman (1976). Those models attempt to avoid the

computationally expensive solution of the spectral energy balance

equation by finite differences for a large number of grid points when

wave predictions at only a few sites are .needed. For such applications,

solutions are sought along ray paths projected outward from the sites.

The ray model described by Freeman is documented only for stationary

wind fields, but 'it apparently can be applied to non-steady moving

wind fields in a manner described first by Wilson (1961) for a significant

wave type hindcast model.

All of the models described above employ an explicit representation

of the processes of wave generation and dissipation in the so called Source. .,
Function. Within the past several years there has been little progress

from either a theoretical or experimental standpoint in our knowledge

of the various c.omponents of the Source Function, with perhaps the

exception of the ~JONSWAP experiment described 1;>y Has l!lelmannet .al

(1973). In that experiment, mea,surements of the wave spectrum were

made in the North Sea at short fetch under well defined linear wind

fields. It was inferred from 'an analysis of the evolution of the

wave spectrum with fetch that for a gr,owing wave spectrum, the

dominant process responsible for the development of the spectrum

was the' non-linear transfer of energy across the spectrum associated

with resonant wave-wave interactions. Further, it was proposed

that the process was responsible for the characteristic shape of

the spectrum observed in JONSWAP; that is, a narrow spectrum

with a pronounced peak. It was inferred that the results of JONSWAP

could be applied to all growing wind seas. -

The implication of the above interpretation to the form of wave

prediction models is profound, since an inclusion of a ri gorous

wave-wave interaction term in the Source Function is impos sible
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'with current computer speeds. Therefore, Hasselmann, Ross, Mueller

and Sell ( 1976) have proposed a wave prediction model based upon a

parametrical representation of the spectrum. Indeed, it is proposed

that one parameter, the nondimensional peak frequency V = U f m / g (where

U is·\\i nd speed, f m is the spectral peak frequency, g is gravity) can

be used to characterize the stage of wave development and they describe

a model that involves ,only the prediction of wind waves from a specifi­

cation of the time varying wind field On a grid of points. The method is

not suited to swell, which must be represented and propagated by conven­

tional methods. The parametric approach is being incorporated into a

North Sea Wave Hindcast medel. Some results of that effort will be

described below.

The JONSWAP analysis has been criticized recently by Pierson (1977),

who demonstrated that the overall behavior of the spectrum with fetch

observ'ed in the experiment could be explained without resort to the non­

dimensional parametric representative of the spectrum used and without

recourse to non-linear interactions. In addition, it was shown that the

procedures used to fit the spectra measured in JONSWAP could bias the

values of some of the parameters, especially the so called peak enhance­

ment factor. Also, on theoretical grounds. Longuet,-Higgins (1975)

and Fox (1976) have presented calculations of the non-linear transfer

of energy within a narrow 'continuous spectrum which suggest that the

effect of the non-linear interactions is to broaden initially narrow peaks

in the frequency spectrum. The issue of the role of non-linear interac­

tions in wave generation must therefore be considered to remain quite

controversial.

~odel intercomparison

Ocean wave prediction models continue to be !ested in two ways. First,

they are typically us ed to simulate the evolution of the wave spectrum

with fetch or duration for stationary and uniform wind fields. Such tests

are used frequently to reveal model sensitivity to alternate Source Func­

tion component parameterizations or to compare model predictions with

fetch limited wave data. Two recent studies of this nature compared

several candidate wave models. Dexter (1974) programmed the P -T -B model,

D-4



Barnett's (1968) spectral gr'owth model, a;r;.liC1, the significant wave

hindcast"model of Wilson to produce time histories of significant wave
•

height and peak frequency for simply prescribed wind input. It was con-

cluded that the differences in the model predictions were slight and that

the choice of one or another model could be made simply On the basis of...
computing efficiency. No comparisons were made between model predic-

tions and actual wave data.

D-5

A most revealing test of an 'Ocean wave prediction model is its ability

to specify the directional wave spectrum for realistic wind fields that

vary in space and time. This is ~ very difficult test to carry out

properly for several reasons. First, it is very difficult to specify

accurate wind fields over the open ocean and once specified it is difficult

to assess quantitatively the errors in wave hindcasts attributed solely

to errors in the input wind fields. Second, meaSurements of the wave

Hindcast Accuracy

In more recent study, Resio (1977, unpublished) compared the behavior

of' Barnett's (1968) and the FNWC P-T-B spectralgrowth models in nOn­

dimensional space. That .is, for constant wind input of 15 m/sec and

30 m/ sec, the dimensionless .wave height H =g /E 1'02 (where E is

total variance) was plotted versus dimensionless fetch Ii' =g F /U 2 (where

F is fetch) and dimensionless duration T =gT /U (where T is duration) ..

It was shown that neither model impli~d a single relationship between

If and F as has been proposed by Mitsuyasu (1968) and Hasselmann,et al

(1976) but that Barnett's model obeyed such a law approximately. Resio

propos ed a modified version of B.arnett's model, one that included a more

accurate propagation system and a ,fetch dependent equilibrium range

specification, which more nearly followed the similarity relationship

between Hand F. Resio also showed that neither the FNWC nOr the modified.

Barnett model implied a similarity behavior between Hand T and he

suggests that such a law does not hold in nature and that duration limited

spectra do not pas ses S the JONSWAP shape.
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frequency spectrum are relatively scarce and measurp.ments of the

directional spectrum are rare indeed. Finally, where wave measure­

ments are available, the spectral analysis of those measurements

provides only an estimate of the true spectrum. Predictions of wave

models are in terms of the expected value of the true spectrum and

any comparison of predicted and measured spectra must consider

.the effects of the sampling variability that characterizes the measured

(estimated) spectruHl.

One of the most comprehensive sets of wave measurements in high

sea states resulted from the ODGP measurement program. Measure­

ments were made from six oil rigs with data automati,cally recorded

over a period of nearly two years. The ODGP hindcast model was

developed and validated with the data obtained in the more severe tropical

cyclone events sampled including severe hurricane Camille, 1968. Since

the intended application of the model was to produce design data in terms

of the distribution of maximum individual wave heights in hurricanes, a

useful measure of accuracy was provided by a comparison of hindcast

and measured (or estimated) maximam wave heights at wrious locations

in the Gulf of Mexico during five different hurricanes. Over a data range of

20 to 80 feet in 18 comparisons, the r. m. s. error (difference) was 4.5

feet. The model also predicted spectra in good agreement with measured

spectra.

It cannot be concluded, a priori, that the ODGP model would produce

comparable results in general. Gulf of Mexico hurricanes do not

exercise the broad range of Source Function component parameterizations.

For example, in a recent study of east coast hurricanes (Cardone, Ross

et al, 1976) the model produced quite a different solution for fast moving

storr.1.S of comparable intensity to slower moving Gulf of Mexico storms.

UnfO!~tunatelywave measurements do not exist in such storms. However,

the ODGP model has produced accurate hindcasts of very recent Gulf

Mexi':o hurricanes for which industry and NOAA buoy wave data e::ist,

such as' in Delia, 1973, Carmen, 1974 and E10is e, 1975.
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The existence of an operational spectral hindcasting and forecasting

model at FNWC should allow ample opportunity for model validation,

since offshore wave measurements made anywhere in the Northern

Hemisphere and at any time can be compared to the model produced

hindcast and forecast time histories at nearby grid points. Particularly

.as a result of the prolif eration of NOAA data buoys equipped with wave

.recorders, it should be possible to accumulate a large sample of

hindcast, forecast and measured frequency spectra for the FNWC model.

FNWC should be encouraged to produce and publish such' data and error

analysis derived therefrom.

A model similar to the operational FNWC model was recently applied

to the hindcast of a particularly stormy period in the North Atlantic Ocean

that occurred between late December, 1973 and mid January 1974.

Special wave measurements made at Ocean Stationsc. J and K .in the eastern

North Atlantic Were compared to the hindcasts by Salfi and Pierson (1977).

They concluded that while the hindcast significant wave heights were

. typically within 4. 5 feet of the measured heights. It was clear that the

hindcasts could be improved by increasing the angular, spatial and

temporal resolutions of the P-T-B model. Also, there was some evidence

of a systematic error in the spectral comparisons but sampling variablity

in the meaured spectra did not allow a conclush·e definition of that error·.

Feldhausen et al (1973) have compared cleven hindcasts of the severe

North Atlantic December 1959 storm. Of the models compared, which,

included both spectral and significant wave types, the hindcasts made by

the models of Barnett (1968) Bretschneider (1963) and P-T-B were best

with correlations of o. 85 between measured and hindcast significant

wave heights. However, ~ll models had difficulty simulating the low

wave heights recorded between storm events, during periods of rapidly

shifEng wind s.

A first test of the parametric approach to wave prediction as proposed

by Has selmann et al (1976) is being conducted in Great Britain at the

Hydraulics Research Station. There, a North Sea hindcast model has
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been developed and validated with wave measurements made in the North

Sea in about a dozen severe storms sampled since 1969. Early in the

development of the model, a three parameter. model was found to be

necessary to track swell with fairly high frequency, spatial and angular

resolution. Further, to produce realistic hindcasts, a set of rules, largely

intuitively. based, had to be developed that governed the sea-to-swell and

.swell-to- sea energy transfers that occur in the hybrid model. After COn­

siderable model parameter tuning, the r. m. s. difference between hind­

cast and measured significant wave height for the dependent storm sample

was found to be close to 3 feet. However, there is evidence of large

systematic errors in the peak frequency specification, which would imply

large errors inthe spectral shape. The model is currently being used to

hindcast about 40 severe storms that have affected the North Sea since

1966. The hindcast wave data will subjected to standard statistical

analyses to determine the long term distribution of extreme waves

(Ewig, personal communication).

Summary and Conclusions

There has been little fundamentally new knowledge generated in the past

decade on the basic processes of wave generation and dis sipation in either

deep or shallow water. The impact of field programs designed to gather

wave data for basic studies, such as JONSWAP and GATE (the GARP

Atlantic Tropical Experiment) remains slight. There remains a consider­

able lack of knowledge as to the importance of wave -wave interactions in

wave growth and of the processes governing the transition of growirlg seas

to a fully developed state. The behavior of the wave spectrum in response

to a J..apidly shifting wind pattern is poorly understood.

Despite those theoretical difficulties, ocean Vfave prediction models can

be applied to yield wave data useful for design or forecasting purposes.

However, since all models possess a significant amount of empiricism

and parameterization of poorly understood processes, they should be

applied cautiously. The level of accuracy and reliability of a model

D-8
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should be determined in so far as possible in the environment of model

application. For example, models developed for and tested in semi­

enclosed basins (e. g. North Sea") may not work in the open sea. Models

calibrated with short fetch-limited, low sea state data may fail in more

general application. Models that simulate well the wave distribution in

slow moving tropical cyclones (e. g. ODGP, Freeman, 1976:) may not be

·as accurate where applied to extratropical cyclones. To date, no single

hindcast model has been tested extensively over a wide range of storm

types though the P-T -B, FNWC, ODGP family of models probably comes

closest tohav;.ngv demonstrated wide applicability.

Too often, hindcast model results have been verified against integral

properties of the spectrum, such as significant wave height and aver~ge

wave period. Seemingly small errors in such properties can mask large

errors in the frequency and/ or directional spectrum. However, significant

new wave data bases in the form of spectra and some directional spectra

are becoming available as a result of various government and industry

sponsored measurement programs. Those programs include the NOAA

NDBO program, GATE, the ODGP and its follow on the OCMP (Ocean

Current Measurement Program-sponsored by Shell Development Company)

and the Gulf of Alaska wave measurement prog.ram (sponsor ed by the

Marathon Oil Company). As government data are proces sed and industry

data reach the public domain, it should become pos sible to further refine

and validate ocean wave prediction models.
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Appendix E

(Reprinted by Permission of the Author)

It is generally agreed that considering this
state of affairs, S~e!ldrup and Munk (1947) :1'1'0­
duced an imaginative and useful wave prediction
scheme, which has corne to be known as the si g­
nificant wave method. Their study introduced
the concepts of significant wave height He and
significant wave period Te, all an early recogni­
tion of the fact that ocean waves had to be treated

THE SIGNIFICANT WAVE METHOD

The serious study of wave pr ediction began
in World War n in response to the crucial need
for wave forecasts to support planning of am­
phibious operations. To Sv.erdrup and Munk fell
a task all too common in the geophysical science ­
to produce the capability to predict a physical
phenomenon before that phenomenon has been'
adequately observed, described or explained
theoretically. As noted by Kinsman (1965),
"Until 1942, the study of mathematical wave
models and the behavior of actual OCean waves
had very few points of contact - - - ~nothing much
was known about the mechanisms of generation,
interaction or decay ----the properties of waves
at sea are very difficult to measure, and little
had been done with any certainty. "

was already outlined in the paper by St. Denis
and-Pierson (1953) on the basis of the pioneering
studies of Pierson (1952). Neumann (1952), and
Longuet Higgins (1952) and Pierson, Neumann,
James (1953). The former work proved that the
only way in which to explain correctly ship
motions is to relate them to the properties of
the wave spectrum. The latter group of studies
provided the hope that such properties would be
available one day to the naval architect and
marine engineer at least in a climatological sense
,for the oceans on a global scale and that they migh
might be forecast for several days into the future
on a routine basis for use in marine forecasting
and ship routing.

Today, the goals expressed in this early
work remain largely unattained. There is, how­
ever, considerable basis for the belief that they
will be attained well within the next two decades,
because of a combination of advances in satellite
remote sensing,numerical weather prediction and
computer technology. The last two decades, how­
ever. can be credited with the fundamental theo­
retical advances that had to be made before
global scale spectral wave prediction models
could hope to be applied successfully.
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The application of spectral concepts to the
description of ocean surface waves by Pierson
and Marks \1952) signalled the beginning of a
new era in ocean wave prediction. Indeed. the
so-called s:?ectral method of wave prediction

OCEAN WAVE PREDICTION: TWO DECADES OF PROGRESS AND FUTURE PROSPECTS

VINCENT J. CARDONE. VISITOR

Institute of Oceanography, City University of New York
Polytechnic Institute of New York

Contribution Number 24 from the Institute of Oceanography, City University of New York

Prepared for presentation at Panel H-7, Seakeeping Symposium, SNAME, 18 October 1973

Further advances in wave prediction
will require considerable improvement in our
ability to specify and predict the wind field over
the oceans. In addition more measurements of
the wave spectrum than are currently made are
required in order to refine' and verify existing
models. Sa.tellite borne remote sensors that
can essentially satisfy both requirements are
currently under development and show great
promise. These systems are likely to become
operational within the next two decades. In the
same time frame, advances in computer tech­
nology will make feasible the operational USe of
the most sophisticated wave prediction models,
both for red time wave forecasting out to per­
haps five days and for the calculation of wave
climatologios of the world's oeeans.

INTRODUCTION

ABSTRAC'I'

The development of theories to describe
the n10vement of ships in random seas was ac­
companied, two decades ago, by the introduction
of graphical procedures to specify the ocean
waVe spectrum from meteorological time his­
tories. In the following decade, these techniq~es

were adapted to the digital computer to provide
limited climatological descriptions of the state
of the sea for design purposes. Modern refine­
ments of these models have capitalized on the
many theoretical advances made in the last two
de,cades in our understanding of the processes
of wave generation, propagation and dissipation.
These models, based on the numerical integra­
tion of the spectral energy balance equation,
have been shown to be capable of providing ac­
curate predictions of the two dimensional wave
spectrum on grid systems that resolve the in­
fluence of cyclone scale disturbances on the
major Northe'rn Hemisphere oceans. Unfor­
tunately, computer limitations have prevented
eJetensive implementation of these models for
either wave forecasting or climatological ap­
plications. Recent eJetensions of these models
to smaller ocean basins, mesoscale meteoro­
logical disturbances and to the continental shelf
are most promising and will be reviewed.
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statistically. Relationships were derived be­
tween wave steepness. 'Y= Hs/L (wave height/
wave length) and wave age 13= c/u (wave phase
speed/wind speed) an1 between the non-dimen­
sional quantities gF /u , gt/u, and "\land f3(where
g is gravity acceleration, F is wind fetch and t
is wind duration). Additionally, a simple theory
for wave propagation and decay yielded relation­
ships between period and height of swell and
decay distance and travel time. To apply the
method, one determined wind speed,. fetch and
duration from analyzed or prognostic we-ather
maps and graphically determined H and T s
for the forecast point of interest. SSwell was
forecast graphically as well.

The significant wave method is of eon­
siderably more than historical interest as it
continues in wide use today. Until just several
months ago, it formed the basis of all opera­
tional wave forecast programs, and it has been
applied to the hindcast of climatological signi­
ficant wave conditions in a wide variety of loca"
tions and £01' various wind field scales. The
original Sverdrup- Munk relationships have been
revised several times (e. g. Bretschneider 195Z
and 1958) adapted to more complex wind fields
(e. g. Wilson, 1955) and solved on digital com­
puters in objective wave forecasting programs
(e. g. Hubert, 1964; Pore and Richardson, 1969).
The significant waVe method is still the most
widely used wave forecasting method, largely
because of its simplicity and speed of applica­
tion, and it can produce foreeasts of significant
wave height that agree reasonably well with ob­
servations.

It is clear, however, that the significant
wave method has seen its day. It simply cannot
provide an adequately detailed description of the
sea surface, as required in current marine
structural design problems. In addition, at­
tempts to marry the significant wave method to
the spectral method by the use of parameterized
spectral forms, usually fail to predict the com­
plexity characteristic of wave spectra observed
in the open ocean. The significant wave method
fundamentally fails to provide a suitable frame­
work for seli improvement. The detection of
systematic errors in a giv'en method has often
led to revision of relationships and graphs, but
nothing f=damentally new was learned about
the processes of wave generation propagation or
dissipatior.. It is simply based on an inadequate
theory of CCean waves!

,SPECTRAL METHODS

As el1.rlyas 1953, the concepts of
stOChastic processes and spectra had already
been incor'?orated into a practical wave forecast­
ing method. This technique, referred to as the
PNJ method (Pierson, Neumann and James,
1953 and l(55) was based on the spectrum pro­
posed by Neumann 0953) which in turnwaa
derived with the use of data on wave heights and
periods obtained by visual oburving methods.
This imaginative derivation was in a sense veri­
fied when Pierson (1954) interpreted the ob­
servable p:~operties of waves in terms of the
wave spectrum.

Among the innovative aspects of the PNJ

method was the recognition of directional pro­
perties of waves-fetch width as well as length
were considered. The concept of moving fetch
was introduced, and the "period increase" of
swell was orrectly explained in terms of spec­
tral component group velocity dispersion effects.

A series of proposed spectral forms fol­
lowed the introduction of the Neumann spectrum
(e. g. Darbyshire 1955 and 195Q, Gelci, Cazale
and Vusal 1957, Bretschneider 1959). That
based on the largest Ilample of wave recorder
data, however, was the fully developed spectral
form of Pierson and Moskowitz (1964), which
incorporated the similarity theory of
Kitaigorodskii (1961). The Pierson- Moskowitz
spectrum was consistent, at high frequencies,
with the - 5 frequency dependence of the equi­
librium range proposed by Phillips (1958).
Further, it was shown by Pierson (1964) that a
consideration of the variation of wind with height
in the marine boundary layer through the use of
a logarithmic profile brought the results of
Neumann, Pierson, Moskowitz and others into
close agreement. This paper implied that failure
to account properly for the wind structure in the
marine atmosphere in existing wave prediction
schemes was clearly to their detriment and af­
fected wave forecasts in an uncontrollable way.

One important weakness of all wave pre­
diction schemes in existence in the early 1950's
was the subjectivity of their application. Wave
hindcasting and forecasting was still an art -
only practisioners with considerable experience
could produce consistent results. With the de­
velopment of numerical weather prediction, how­
ever, it became evident that large digital com­
puters could be applied to the wave prediction
problem. Hubert (1957), Gelci and Chavy (1961)
and Baer (196Z) were among the first to use a
computer to make wave predictions.

Baer's work represented an early attempt
to build a comprehensive and completely com­
puterized wave prediction scheme. His model
represented the North Atlantic ocean with a grid
of 519 points spaced lZO nautical miles apart.
At each grid point the spectrum was described
by lZ0 numbers that represented ten frequencies
and 12. directions. Wind speed and direction were
supplied to the grid and updated each 6 hours,
While each two hours. the 120 numbers were
systematically modified to account for wave gen­
eration and propagation.

The PNJ spectral component wave growth
was coupled to the angular dispersion relation­
ship given by Project SWOP (Cote et al., 1960)
and expressed in the form of a large table. At
eaeh time step. growth was allowed only for com­
ponents travelling within 90· of the wind direc­
tion with the Neumann fully developed spectrum
used to limit growth. No other form of implicit
or explicit attenuation was assumed.
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moving fetches and ,as occur for example near
meteorological fronts.

Baer tested his model by hindcasting the
severe wave conditions observed in the North
Atlantic in December, 1959 (see Figure 9).
Despite some deficiencies, Baer's work could be
credited with the establishment of the feasibility
of an objective numerical wave prediction model.
It demonstrated that the concepts of fetch, dura­
tion, sea, and swell were implicitly treated in
such an approach and that accurate wave pre­
dictions in an OCean basin such as the North
Atlantic required simulation of wave conditions
for several prior days if zero spectral energy
was assumed as initial condition.

, The suitability of this model to further
development was soon utilized. By 1964, a
revised version had been used to hindcast the
two dimensional wave spectrum on the 519 point
grid for the year 1959. This project, sponsored
by the U. S. Naval Oceanographic Office, and
carried out at New York University has been
summarized in detail by Bunting (1966). Briefly,
the revisions included the introduction of objec­
tive wind field analysis techniques (Thomasell
and Welsh, 1963), the adoption of the Pierson­
Moskowitz fully developed spectrum as a limiting
state and the addition of a dissipation mechanism
based on gross Austausch turbulence to simulate
the attenuation of swell travelling against wind
generated seas.

The climatology of the wave spectrum of
the North Atlantic generated as a result of this
project remains the only such description avail­
able. It has and continues to be utilized in a
number of design studies.

the two dimensional spectrum travels along a
great circle in its direction at the deep water
group velocity appropriate to its frequency.
The development of an accurate computer algo­
to implement these principles, however, poses
a significant problem.

Baer (1962) demonstrated that propagation
by a simple first order finite difference analog

where M is the time step, t::.x the grid spacing
and I.i = Cg • M/!::.x, is inadequate if the quasi~

discontinuous nature of the spatial distribution
of wave energy is to be preserved. Such a
scheme has been used by Gelic et al. (1966)
and Barnett (1968).

The jump technique, as developed by
Baer (1962) partially overcame this difficulty
but was at best only an approximation to pro­
pagation for most spectral components and it
could lead to serious errors for large propaga­
tion distances. Pierson, Tick and Baer (1966)
proposed a technique that combines the finite
difference and jump techniques. Their pro­
pagation algorithm attempts to keep track of
discontinuities in the energy field and employs
jump techniques in such regions while (2) is,
applied where the fields vary smoothly. UZl
and Isozaki (1972) have developed a more com­
plicated version of the jump technique whereby
lateral spreading and longitudinal dispersion
associated with discrete directional spectral
components are simulated.

E-3

~agation. The phyaical nature of
wave propagation in deep water is well under'­
stood as a result of the work of Barber and
Uuell (1948), Groves and Melcer (1961) and
Snodgrass et a1. (1966). Each component in

Spectral Energy Balance

The frame work of contemporary spectral
wave prediction models can be traced through the
work of Gelci et al. (1956), Hasselman (1960),
Pierson et al. (1966) and Barnett (1968). These
models are based on the numerical integration
of the energy balance equation

Though the above methods are not very
appealing from the standpoint of numerical
analysis, they have made it possible to imple­
ment numerical wave prediction models on
relatively small and slow computers. A more
elegant solution to the propagation simulation
problem has recently been proposed by Ewing
(1971). He applied a fourth order convective
difference scheme, which can be written, for
the case of energy propagation in the x direc­
tion as

The 's·ch~~;~-.:vhichc~~-b; extended to two di­
mensions, is stable and very accurate for
I.i < ,. Ewing (1971) presented a test of (3) for
a 12 knot g roup velocity spectral component On
a 120 nauticalmile meslLg~id 'F:~gure 1). After
·300 iterations (hours), the peak variance is re­
duced by only about 10'1..

Most numerical models have used grid
systems on confor!!1al map projections because
of their minimal distortion, small scale varia­
tion and conservation of angle. Grid paths on
such projections are not, in general, great
circles, though for distances less than one

(1)8~ E(f,e,x,t) =~ (f. 9) • 7E(f,9.t,x) - S

where E is the directional wave spectrum de­
fined as a function of frequency, f, direction,
a, position, x and time t • C g is the deep
water group velocity and S, the source func­
tion, represents all physical processes that
transfer energy to or from the spectrum. In
principal. if S could be specified in terms of
E and the wind field, (1) could be numerically
integrated, subject to appropriate iDitialand
boundary condition~ to yield wave predictions
with an accuracy limited only by errors in the
wind field and in the numerical methods.

u
:1

I

I

II



300h

~

The quantity B in (4) has been given
dynamical significance through a series of studies
studies beginning with the work of Miles (1957
and 1959). In those studies Miles was the first
to calculate the amplitude of the component of
atmospheric pressure, induced by a prescribed
free surface wave, in the air flow Over the wave
and in phase with wave slope. His analysis was
quasi-laminar, atmospheric turbulence being
neglected except in the sense that the wind pro­
file over the waves was specified as logarithmic.
Phillips (1966) was successful in extending Miles'
model to include some aspects of atmospheric
turbulence and showed that these effects were
important in determining the energy transfer
to spectral components possessing phase speeds
above anemometer height wind speeds.

The important result of the Miles-Phillips
instability theories is that spectral energy in­
creases exponentially with time or fetch until
dissipative effects become important. For a
neutrally stratified atmosphere, they show that
the dimensionless growth rate Blf can be ex­
pressed solely as a function of dimensionless
friction velocity, u*/c, where u* =.fiTP (1'
is the surface shear stress and p is air density).
The instability theories have been verified
qualitatively by. direct measurement of the wave
induced air velocity and pressure fields both in

diction models of Barnett (1968), Inoue (1967)
and Ewing (1971) and others all incorporate
Priestly's functional form of the three dimen­
sional pressure spectrum with a scaling factor
fitted to growth rates determined in the field
experiments. Figure 3, for example, shows
the linear growth rates of Snyder and Cox (for,
f = O. 3 cps) and the forms adopted by Inoue (1967)
and Barnett (1968). The implications of Priest
Priestly's measurements at this frequency are
also indicated. Recent hindeasting experience
with the Inoue (1967) growth formulation sug­
gests (revised curve in Figure 3) that Priestly's
measurements should be taken more literally.
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The Source Function. The dominant
processes that can transfer energy to or from
a spectral component include direct transfers
from the wind field, wave breaking and wave­
wave non linear interactions. The wind genera­
tion part of the SOurce function, Sw, is usually
expressed as

Sw ::: A(f, x, t) + B(f, x, t) • E(f, x, t) (4)
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quarter of the earth's circumference, errors
are not too large. For global scale predictions,
Baer and Adamo (1966) proposed a grid system
based upon the gnomonic projection - on which
all straight lines are great circles. A multi­
projection system was devised in which the earth
was mapped onto 20 faces of an icosahedron
circumscribed about the earth. This "lcosa­
hed~al-GnomonicProjection" is shown in Fig­
ure 2. Within each triangular subprojection, a
hexagonal coordinate system defines a 1225
point grid of average spacing 95 nautical miles.
A modified jump technique has been used on the
Northern Hemisphere portion of this grid sys­
tem and appears to give reasonable results.

where A and B are also functions of the wind
field; , The quantity A has been given physical
significance through the theory of Phillips (1957)
which explains the initial generation of gravity
waves on an undisturbed sea surface through a
resonant excitation by incoherent atmospheric
turbulent pressure fluctuations being convected
'by the mean wind. To this author's knowledge,
the only reliable field measurements of this
pressure spectrwn remain those of Priestly
(1965) who obtained measurements over mowed
gran for a variety of wind speed and stability
conditions. The limited fetch wave growth
studies of Snyder and Cox (1966), Barnett and
Wilkerson (1967), Schule et al. (1971) and
Ross' et al. (1971) have verified that the reso­
nance mechanism is responsible for the early
linear stage of wave growth. The wave pre-
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The Icosahedral-Gnomonic ProicL. ;ion of the earth designed for global
r'umerical wave prc'.:iction. (Ea .. ' and Adamo, 1966).
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This kind of spectral growth model, how­
ever. has been questioned on at least two fronts.
Phillips (1966) has suggested that the low fre­
quency part of the spectrum should continue to
grow toward low frequencies as long as the wind
continues to blow over a long enough fetch
and that fully developed spectral forms empiri­
cally express the duration and fetch limitations
characteristic of real wind fields. In response,
Pierson (e. g. Pierson and Stacy, 1973) notes
that the trade wind seas seem to be, in equilib­
rium with winds over vast areas and that spec­
tral components with periods greater than about
Z4 seconds have never been observed.

The significance to wave prediction of non­
linear wave-wave energy transfers as originally
proposed by Phillips (1960) arid developed by
Hasselmann (1963) remains a controversial sub­
ject as dOes the related question of the existence
of a fully developed sea. Walla prediction
models whose source function ignores non-linear
energy transfers, invariably involve the concept
of a fully developed spectrum to limit spectral
component growth at frequencies below the
equilibrium range. The Pierson-Moskowitz
spectrum has been widely used in this context.
An example of such a solution for the special
case of infinite duration fetch limited const.ant
wind conditions is shown in Figure 5. The
variation of significant wave height implied in
this spectral calculation compares favorably
with prior semi-empirical results.

u.
f . _.-!:2!n f
mm u.. Z

It follows that in this "Kitaigorodskii
ra'nge" the spectrum exceeds the equilibrium
value by the ratio f/fmin' Limited available
measurements suggest u*min = 1Z :l: 3 cmlsec
and fZ= 3 :l: .5 hz. Thus at high wind speeds
(u* > 100 cm/sec) this range may govern a
part of the spectrum that contributes 'signifi­
cantly to the total energy. Stacy's (1973)
analysis of wave spectra obtained in hurricanes
strongly confirm these results.

where u* min is a critical friction velocity and
fZ is the upper limit to which this form applies.
The lower frequency limit is given as
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Fig. 3. The magnitude of the resonance
mechanism linear growth rate for
a .3 hertz spectral componenet from
observations of fetch limited wave
growth. atmospheric pressure spec­
trum measurements and various
parametric forms.

the laboratory (Shemdin and Hsu. 1967) and in
the field (Dobson, 1971). but the theoretical
growth rates appear to underestimate those ob­
served by about a factor of 4. A collection of
available field determinations of Blf is shown
in Figure 4 along with the theoretical predic­
tions and the form adopted by Inoue (1967).
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Wind Sp••d At 6.1 M..... (knOll)

The limitation of wave growth imposed by
wave breaking is generally modelled by in­
voking Phillips (1958) equilibrium range depen­
dence. which is one dimensional form is given
as '
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A value of ex near 8 x 10-
3

has been verified
repeatedly in the literature. However. a re­
cent study of the behavior of the high frequency
gravity and gravity-capillary region of the wave
spectrum (Pierson and Stacy. 197Z) has veri­
fied the existence ofa range of frequencies that
obeys the form originally proposed by
Kitaigorodskii (1961) as

E-6

The spectral growth model exemplified in
Figure-- 5 also does not represent the so- called
'bvershoot" phenomenon. Barnett and
Sutherland (1968) have compared laboratory and
field fetch-limited spectral growth studies that
show amplifying spectral components exceeding
their ultimate equilibrium values by up to SOo/.
before stabilization. Since that study, the
overshoot effect has been observed in the fetch
limited growth studies of Ross eta1. (1971)
and Schu1e et ale (1971). It has also been ob­
served in the duration limited spectra observed
at Argus Island tower (near Bermuda) as ana­
lyzed by DeLeonibus and Simpson (1972). There
now seems to be little doubt that the overshoot
effect is a real phenomenon that forms an in­
tegral part of the wave generation process and
that is unexplainable by linear theories of wave
growth.
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The magnitude of the in.stability mechanism dimensionless growth rate from
fetch limited measurements of wave growth (Barnett and Wilkerson, . ~ 966;
Snyder and Cox. 1966; Schule. Simpson and DeLeonibus, 1971). duratlon
limited measurements (Inoue, 1967; ~Leonibulil and Simpson, 1972); the

. empirical form proposed by Inoue and the theoretical predictions. (Figure
from Cardone. 1969 as updated by Lazanoff. Stevenson and Cardone, 1973).
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Rather convincing evidence of the impor·­
tance of non-linear interactions to the develop_
ment of the wave spectrum has come out of the
first JONSWAP (Joint North Sea Wave Pro­
ject) experiment (Hasselmann et ale 1973).
Indeed, the results suggest that non-linear
transfers occount for the dominant features
of a growing wave spectrum. Figure 6 shows
schematically the mean observed JONSWAP
spectrum, the observed net source function and
the non-linear transfer rate computed for the
observed spectrum from Hasselmann's (1963)
theoretical non-linear transfer model. Ac­
cording to this result, non-linear interactions
largely control development of the spectrum
at frequencies near and below the spectral
peak, while the equilibrium range actually
describes a quasi-balance between energy
drain by wave ·breaking, energy transfer from
the wind field and non-linear interactions. A
second JONSWAP experiment has just been
conducted and may provide additona1 verifica­
tion of these concepts.

The calculation of non-linear transfers in­
volves evaluation of quadruple integrals Over
the directional spectrum. Even with the fastest
computers available, such calculations are
impractical in a wave prediction model. The
wave-wave transfer rates have therefore been
computed only ·for typical spectral shapes and
applied tc' a given spectrum parameterized in
terms of total energy, mean frequency and
mean dirllction. The wave prediction models
of Barnet': (1968) and Ewing (1971) have included
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Flow diagram of an objective wind
specification program designed for
spectral wave hindcast models.
(Cardone, 1968).
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pendence of wave generation On ail'­
sea temperature for fetch limited .
(Z70 n. m.) seas. (Cardone, 1969).

When applied to the North ',Atlantic on
No rth Pacific Oceans, wind field analysis
techniques such as Cardone I s, can provide
reasonably accurate wind specifications. since
these oceans are usually well observed by a
combination of fixed weather ships, and tran­
sient military and commercial shipping. At
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Cardone (1969) applied advances made in
the last decade in planetary boundary layer the­
ory, to the marine atmosphere and produced an
objective, fully computerized wind analysis pro­
gram specifically designed for wave prediction
models (Figure 7). According to that study, the
characteristics of the low level wind speed,
stress and direction over the oceans depend
significantly on the gradient wind, air-sea tem­
perature difference, magnitude and orientation
of horizontal air temperature gradients (baro­
c1inicity) and the latitude. The analysis pro­
gram uses objectively analyzed fields of these
input quantities as provided, for example, by NOAA
or the NAVY weather analysis and forecast cen­
ter s and systematically incorporates ships'
wind observations. The above approach made
possible the incorporation of atmospheric sta­
bility into the Miles-Phillips type spectral
growth form.ulation and explained the empirical
evidence for the dependence of wave generation
on air- sea temperature difference (Figure 8).

Fig. 6. Comparison of the mean observed
JONSWAP spectrum, net source fur:c­
tion, and source function computed
from theoretical non-linear model
(Hasselrnann, 1973).

Specification of the Wind Field

Sophisticated spectral growth formula­
tions require a rather detailed description of
the wind distribution in the marine boundary
layer and a specification of the effective wind
stress at the sea surface. From a practical
stand point, this description has had to be pro­
vided from conventional ships 1 weather observa­
tions for wave hindcasting purposes and from
routinely available prognostic weather maps for
wave forecasting purposes.

a wave-wave interaction component in their
source function through such parameterization.
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times,' however, the winds can be in substantial
error. Bunting (1970) has evaluate<;i wave hind­
casts and forecasts made in a real-time opera­
tional test of a North Atlantic wave prediction
model developed at New York University (see
e. g. Inoue, 1967). Though his evaluation
established the feasibility of an operational spec­
tral wave prediction program, it also demon­
strated that significant errors in the wave hind­
cast could almost always be ascribed to errors
in the wind field analysis while errors in wave
forecasts followed closely substantial 'busts" in
the prognostic pressure field. This study tends
to confirm the suspicion that it will be impos­
sible to evaluate further development of spectral
wave prediction models until corresponding im­
provements are made in our ability to specify
the wind field input. Such improvements are
likely to come very soon, as will be discussed
in a later section.

All existing wind specifications programs
used for wave prediction are uncoupled - that
is, the wind field is prescribed without explicit
reference to sea state. There is increasing
evidence, however, that such a simplification is
not always justified. Kitaigorodskii andVolkov
(1965) presented measurements to support the
dependence of the wind stress along the sea sur­
face on wind speed and gross features of the
wave spectrwn. Their proposed formulation for
the effective drag coefficient as a function of
sea state and wind speed has not yet been veri­
fied by additional data. DeLeonibus and Simpson
(1972) however, have confirmed, through the
direct measurement of ai r sea momentwn flux
over the open ocean, that the characteristics of
the wave spectrwn may affect and possibly at
times even reverse the direction of the flux.
The incorporation of such effects when corre~tly

formulated will require coupling of wind speci­
fication and wave prediction models so that the
feedbacks can be correctly accounted for.

Model Comparisons

Spectral wave hindc;ast models have been
usually compared on the basis of their growth or
dissipation functions (e. g. Figure 4) or on their
ability to simulate spectral growth under rela­
tively stationary and homogeneous wind condi­
tions (e. g. Figure 5). The ultimate test of a
wave prediction model is, of course, of its
ability to hindcast the time history of the direc­
tional wave spectrwn in the open ocean, as the
wind field varies in time and space in response
to the typical development and movement of
synoptic scale weather systems. In practice,
two-dimensional spectral measurements have
been too scarce for verification of such hind­
casts and one-dimensional spectra are used in­
stead. An additional difficulty arises from the
sensitivity of wave predictions to the wind field ­
it is difficult to assess wave predictions made
from different Wind fields..

Several hindcasts of a severe storm in the
North Atlantic, December, 1959 have been com­
pared by Hayes (1973). The comparison is sig­
nificant because each hindcast was made by a
nwnerical spectral model applied on the same
exact grid system (Baer, 1962) and driven with
the same wind fields. The differences between

«)

the hindcasts therefore reflect mainly differ­
ences in the source function and propagation
method. The time history of hindcast and ob­
served significant wave height for this storm
at ocean station "J" is shown in Figure 9, with
the hindcast and observed one dimensional
spectra at peak storm conditions shown in Fig­
ure 10. It is clear that the "second generation"
spectral wave prediction models (Inoue, 1967;
Barnett, 1968; Isozaki and Uji, 1973) signifi­
cantly improved upon the original Baer (1962)
results. The source function of Barnett's
model inCluded a non-linear interaction para­
meterization but its hindcasts are not signifi­
cantly better than those models that do not model
model non-linear transfers explicitly. Those
models that include a dissipation mechanism
for turbulent attenuation of spectral components
propagating against locally wind generated seas
(Inoue and Isozaki and Uji) appear to simulate
better the decay of seas after peak storm con­
ditions.

The observed spectrwn at peak conditions
(Figure 10) appears to be narrower than all
hindcast spectra, and this discrepancy cannot
be completely explained by sampling variability
or the limited frequency resolution of the hind­
cast spectra. Further refinement of these
hindcasts would appear to require two dimen­
sional measurements and a further reduction of
the remaining differences between the grid wind
fields and the true wind distribution.

FUTURE PROSPECTS

It is relatively easy to conclude, on the
basis of current research activities alone, that
the next two decades will witness the develop­
ment of accurate and truly global wave pre­
diction capabilities. This optimistic view ap­
pears justified in view of the continued current
intense interest in basic wave research, re­
cent developments in satellite remote sensing
techniques, reasonable projections of progress
in nwnerical weather prediction and the sched­
uled introduction of larger and faster digital
com.puters.

Basic Research

The thrust o£ current rese,arch appears to
be in the specification of the source function and
in the extension of deep water prediction models
to the shallow water regions characteristic of
the continental shelves and inland bodies of waf:
water. Large scale field experiments that em­
ploy the best directional wave observing systems
available (e. g. JONSWAP II) are likely to more
clearly define the individual components of the
source function. It is not unrealistic to expect
that all components of the source function, in­
cluding wave dis sipation in breaking and white­
capping, may be explicitly calculated, thus
elim.inating the use of asym.ptotic spectral
forms based upon fully developed or dimen­
sional considerations. A start in this direction
has already been made by Hasselmann (1973).

Numerical spectral wave prediction models
have been extended recently to shallow water,
by Barnett (1969) and Collins (1972). In both
of these attempts, wave propagation was modi~
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Remote Sensing and Numerical Weather Pre­
dictions.

fied to model the effects of shoaling and refrac­
tion. In addition a non-linear botto:m friction
theory (Hasselmann and Collins, 1968) was in~

corporated with the wave predictions checked
against observations of directional wave spectra.
The problem of caustics has been apparently
solved theoretically by Chao (1971) as experi~

mentally verified by Chao and Pierson (1972).
The theory can. where necessary, be incor­
porated into wave prediction sche:mes. Large
scale refraction studies of the Gulf of MeXico
and portions of the U.S. east coast are under­
way at the Institute of Oceanography, C. U. N. Y.
and will likely be extended to other areas in the
near future.

Elsewhere in this symposium, Pierson
(1973) describes progress and prospects in re­
mote sensing as applied to observation and pre­
diction of winds and waves. Briefly summar­
ized here. it appears that a satellite borne
atmospheric vertical temperature profiling
radiometer combined with a :microwave radio­
~1er-scatterometer(as is currently being test
flown by SKYLAB) will be able to provide an
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A comparison of various spectralhindcast model predictions of the time history
of significant wave height at the position of the Ocean Station Vessel 'J' (52°40'N,
20 0 W) in the eastern North Atlantic. during the severe storm ·of December, 1959.
(Hayes. 1973).
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accurate description of the initial state of the
atmosphere over the oceans. Such a descrip- ,
tion will mean accurate surface wind fields for
use in wave hindcasting and improved short­
range numerical weather forecasts as required
for wave forecasting.

There is evidence that accurately initial­
ized primitive equation weather prediction
models already possess useful forecasting skill
to about 5 days (Shuman and Hovermale, 1968;
Ke sel and Winninghoff, 197Z). The Sea level
pressure field forecasts can therefore be used
to calculate wind fields for wave forecasts
out to such periods for use in optimal track
ship routing.

Pierson (1973) also describes instru­
ments that may be able to measure the two
dimensional wave spectrum from an orbiting
satellite. Such observations could provide a
powerful tool for the further refinement of
global wave prediction models and provide for
more observations that could ever be obtained
from ground or aircraft based systems.

Model Application

Currently available digital computers
have already allowed implementation of numer­
ical spectral waVe prediction models on a re­
gional basis. Efforts underway strongly sug­
gest that within about a year, spectral wave
hindcasts and forecasts will be available for
the North,~rn Hemisphere oceans on a daily
basis.

Mediterranean Sea. Through the coope19.­
tive efforts of the U. S. Naval Oceanographic
Office, the NAVY Fleet Numerical Weather Cen­
tral(F'NWC) in Monterey, California and New
York University, a real time spectral hindcast
and forecast program has been made opera­
tional on the CDC 6500 computer at FNWC.
Twice a day, the Wave spectrum is updated and
forecast to 48 hours on a grid of points (mesh
length 40 nautical miles) that represent the
Mediterranean. The forecasts and hindcasts
have been verified (Lazanoff, StevensOn and
Cardone, 1973) against measured wave staff
and laser profilometer data with good results.
Shallow wa.ter effects, however, are not yet in­
cluded in this model.

Gulf of Mexico. A project is nearing co~

pletion at the Institute of Oceanography of
CUNY, that is sponsored by a consortium of
oil companies and that deals with the develop­
ment of wi.nd field analysis and two dimensional
spectral bindcasting techniques applicable to
hurricanes. The research program made use
of special measurements of pressure, winds and
waves made in the vicinity of several recent
Gulf hurricanes from oil platforms (the data are
currently proprietary but will be completely
released to the public by early 1975). A rather
straightforward application of the most recent
spectral bindcasting techniques applied to extra..
tropical d'csturbances but with a considerably
finer time and spatial resolution (the hindcast
model employs a portion of the icosahedral
gnomonic projection, Figure Z, but with the
spatial re:lOlution increased by a factor of

E-ll

about 5) yielded remarkably accurate wave hind­
casts in severe h\1rricane conditions, when veri­
fied against observed one-dimensional spectra.
Shallow water effects are included.

The hurricane hindcast model will be used
to calculate a climatology of hurricane generated
waves in the Gulf of Mexico for platform de­
sign purposes. It could, however, also be ap­
plied in real time to hindcast and forecast waves
generated by tropical storms generally.

Northern Hemisphere. The proposed
implementation of global hindeasting procedures
in the 1960's was delayed, largely because the
task required larger and faster computers than
were then available. For example, to produce
hindcasts for just one day for the North Pacific
Ocean, with the procedures outlined in Pierson
et al. (l966). required nearly Z hours of pro­
cessing time and perhaps 8 hours of clock time
on a UNIVAC 1108 system. Such a program
could clearly not be applied routinely for wave
hindcasting and forecasting purposes.

Great progress toward the goal of global
wave prediction has been ~de in the past year.
Again, a cooperative effort between the C. U. N. Y.
group, the Naval Oceanographic Office and
FNWC has resulted in a global spectral wave
prediction program that is operationally feasible.
The model is based on the icosahedral-gnomonic
grid system but with the resolution decreased
by a factor of Z, such that there are 325 grid
points per triangular subprojection. The wave
prediction program is run twice daily at FNWC
on a quasi-operational basis for the North
Pacific Ocean, represented by 7 subprojections
and the North Atlantic Ocean, represented by
4 subprojections. Less than 30 minutes of pro­
cessing time are required on a CDC 6500 for a
one day wave specification for all 11 SUbpl"O­
jections. In addition to a twice daily 12 hour
hindcast to update the spectral fields, wave fore­
casts are made out to 48 hours, with wind fields
supplied by the FNWC primitl Ve equation model.

Co'nclusion

The above discussion of current activities
in this country is by no means intended to be ex­
haustive. There are substantial research pro­
grams underway in France, Japan, and the
United Kingdom. The immediate benefits of
these efforts will be improved climatological
descripj:ions of the state of the sea, at first
for smaller seas, but rather soon for the major
Northern Hemisphere Oceans. Eventually, as
spacecraft sources of data become routinely
available; these procedures will be extended to
the Southern Hemisphere. Ultimately, as
weather prediction models improve in accuracy
out to the limits of synoptic scale predictability
(probably about 7 days) the sarne procedures can
be applied to relatively long range wave fore­
casting. It is this author's opinion that this
point will be reached long before two mOre de­
cades will have elapsed.
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APPENDIX F

CRITIQUES OF SEISMIC RISK STUDIES OF SECTION 6.4

The following table identifies the critiques contained in this Appendix:

Study No. Study Description Critique No. Critique Authors

1 Milne 1 M. R. Akky and R. G. Bea

2 Bea 2 T. K. Hasselman

3 API RP 2A 3 T. K. Hasselman

4 Page 4 M. R. Akkyand R. G. Bea

5 ATC - 3 5 T. L. Alley
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ern Uni.tcd States (Cloud, 1963) were used to produce the c:npiriGal cxprc~;·

Values of acceleration amplitudes required fox the s·catistical analy­

ses \'H~re ('btalned in a direct manner for western Canada and throllgh int cn­

sity observat.1.ons f(1T etl.st.ern Canada. Fo'r western Canada, <13.ta f1'Oin "lest··
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CRITIQUE 1

Woodward-Clyde Consultants

Office,. in Other Principal Cities

A :: F(M,t.) -

Consulting Engineers, Geologists
and E'1vironmental Scientists

7330 Westview Drive
Post Office Box 55869

. Houston, Texas 77055
713·688·9111
Telex 762-454

Deat.' Mr. Seher:

sion:

Reference to our telephone conversation of June 3, 1977, we have

reviewed the study eJti.tled "Di.stribution of Eart.hquake Risk j.n CanadC4' if

by W. G. M5J.ne and A, G. Davenport. The findings of this study WCT0

published in the Bulletin of the Seismologica.l Society of America, Volume

59. Number 2. April~ 1969.

The study consists of statistical analyses of ea'-thquakes :hom the

earthquake catalogues in Canada. In these analyses. the amplitudes of

earthquake shock at a specific locati.on due to any given eaI'thq~!81~c W8TC

~sswl:ed to be ).'eprcseuted by a. sjmplified ampJitude d:1.stance function

(attenuation relationship). Then utilizing earthquake catalogues info:c­

m~tion aT!d statistical analytical tec.hnique5, the study cvaluat(~d ';:h(~

seismic risk in the eastern and western Canadian regions. Two 5eism~.c

risk indicies were evaluated: the return period of a spccif:ic :lccel,:~r:}­

tion alnplitudc and the a~':ceJ.eration amplitudes associated •.;ith sI-cc:iLi.c

l'eturn pel'iod. The~e :i.ndicies were evaluated for gyid points o,f tl.e

eastern and western Canadian reg)ons map and severa.l population centers

of interest.

Mr. L. A. Selzer.
Manager, Design Analysis
Engineering Science Operation
The Aerospace Corporation
2350 East El Segundo Boulevard
El Segundo, California 90245

.June 15. 1977r
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I(M,A) :: 1
7

- 9.66 - .00370A + 1.38M + .0052811 M

Woodward.Clyde Consultants

- 1. 5
I

3
10giO A •.

where 1 )5 the intensity.

Tbere are two problems with the attenuation relationshi':) used by

the ~tlldy fC'r the western Canadian region. First, this relationship 1,5

based on data fronLwestern United States, and sec.ond, the acceleraU,vr: '

C1l11pH,tudes aTe attenuated in tenus of epicentra 1 distances. A dc1:a i.1 cd

study to p·.rove the similarity of the tectonic and geologic ~etting

bctwe<:'" westcl'n United States and western Ca,nada' is needeq befoTe \Ising

'this data in developiT.g the used attcnuati'on relationship. III addit::l.on,

recent sWd ics have indicated that a better and more representative

attcHuCl,tion Tclatic.l!lship would be obtain<:~d usJ:ng the eloscst (!jstance

to the slip surface rather than the e:oicentral distancE'.

The attenualion rel~tionship developed for eastern Carw.da T'(;lics

on. intensity 1.soseismal contm.lrs and an empirical re1atio;'1 .bct'iNm

where I (M,I..\), is the intensity of the eal'thquake magnitude eM) at €:pi··

centr}il distance (f,). 1
7

is the intensity of a magnitude (7) earthquake

at th0 same location,

Conversion from intensity to acceleration amplitudes were made using

the followir.g relationship:

where A is the acceleration amplitude due to an earthquake "lith a mag­

nitude (M) at epicentral distance (A).
Because of the unusually low attenuation of earthquake shock in

eastern Canada, a di.fferent approach has been taken to establish the

requiT€'d attenuation relationship. Based on published isoseismal !llapS

for five strong earthquakes in eastern Canada, the following intcnsj, ty

attenuation relationship has been developed:

Mr. L. A. Selzer
page :2
June 15, 1977
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Mr. L. A. Selzer
page 3
June 15, 1977

intensity and (icce1eration amplitudes. The study did not provide compel­

ling justification to indicate that these isoseismal contours and the

associated computed acceleration amplitudes fit closely measured data in

eastern Canaaa.

Both attenuation relationships developed by the study for eastern

and western Canada assume that acceleration amplitudes are independent of

local tectonic, mechanism and physical extent of the fracture, focal depth

and site soil conditions. Evidence from data recorded in the United

States and .Japan indicate that those factoTs are of prinle importance.

The statist.ic'll analyses in the study assume that the occurrence

of large earthquakes are independent of one another alid have Poisson

arrival. The study then proceeds to calculate the probability of ,1 given

amplitude being tlJe largest shock in a. given year and then the probability

of being exceeded in a given year. Using extreme value analysis, the

study extracted the largest shock amplit.ude for each yern: of record :lor

both eastern and. \.,restorn regions.

111 this statist.ica1 analysis, the study assumed that the record (60

yeal'f) represents a full cycle of seismic activities. There is evidence

su.ggt~:;ting that 60 years is a short interval to represent a full cycle.

In addition, the seismic record used in the study consists of five E"a.rth­

quakes in tne eastern region ranging in magnitude bet\veen 5.9 and 7.2

and five earthquakes in the western region between 6.5 and g with one

earthquake on1)' having a magnitude exceeding 7.3. Wh(~thcT this statis­

tical sampl c represents the fv 11 earthquake pot ential of exis ting f ault~;

in the studied regions is an open question.

In calculating the probability of non-cx~ccdance of a given amplitude,

the study asswnes a point-source mechanis'n. This probability sh()uld be

calculated taking into consideration the real physic.al nature of the

source rr:ccharlism, that is the line··solJrcl~ mochor:.ism. The probab:i.lit.)'

.of non·· exceedance should be Calculated assuming the l<mgth of ruv:,ure

along [lIlY segment of the fault under c0nsiderat.ion.
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Mr. L. A. Selzer
page 4
June 15, 1977

The objective of this study \'las to eva.luate the seismic risk in

eastern and western Canada. The index chosen by the study to characterize

the seismic risk is the acceleration amplitude. There are serious doubts

whether the accelera.tion amplitude, 01' for that matter, any single index

can characterize the seismic risk of a given region. While acceleration

ampU.tude is reasonable as an index of earthquake destr.uctivo energy :i.n

structures with short natural periods such as nuclear power plant, velo­

city and displac.ement 3J11plitudes are more representative of such energy

for strvctuTes having larger natural periods such as fixed offshore plat·­

forms.

Considerations regarding frequency contents and duration of strong

motion are necessary also to describe fully the enrthquako destrul:tive

potential. The study' 5 reconunended normalized spectra (Housner spt~ct.ra)

are based on a few southern California records. It is doubtful thr< this

spectYfl :ceprescnt the frequenty contents of potentia) ea.rthqu:..t](e:s L1

eastern and western Canada.

The ~1ilne and Davenport study represented a pioneering effort an.d

conty:! hutcd to the state~of-the-aTt advancement in 1969. HOI':cvcr, i t~.

findings need t.o be eX<J.,nincd in light of presently (1977) avol.l,:blc .1.argc

body of informat.ion regarding geologic and tectonic setting 0ffcct~ on

ea:;,:tlI C-{tl?1 ke p'Jtent ia.l and more sophist ica.tcd anal yticGi.J. teclllli.({UCS.

Very truly yours,

;I-/? A k.~__"
t>!. R...... kky
Senior' Project Engineer

(Z. G . (?;; l.c;..If'. Il P.
R. G. Bca
Chief Engineer

. t-mAiltG~/ cd
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CRITIQUE Z

Review of OTC Paper 2675

by R. G. Bea

T. K. Hasselman

Introduction

The subject paper by Bea entitled "Earthquake Criteria for

Platforms in the Gulf of Alaska" develops design criteria

based on both a random and a "non-random gap filling"

earthquake. Seismicity parameters for several fault systems

in the GOA are presented. Comparisions of earthquake

occurrence rates are made for these fault systems on the

basis of data spanning different periods of time. Prob­

abilistic ground motion parameters are computed using the

methods of Cornell and Vanmarcke, with attenuation equations

developed by McGuire. No response spectra are presented.

Points of Criticism

The following critical comments are made in regard to the

suitability of Bea's results for use by Aerospace in the

presentation of seismic data to the USGS for eventual selec­

tion of design criteria.

(1) Bea's definition of the "non-random" earthquake

seems to pose a problem as t~ how it might be

utilized within a risk oriented decisional frame­

work. Bea does not give any indication of how

this might be accomplished.

F-6
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(2) It is difficult to rationalize the low b-va1ues

documented in Table 1. Bea includes earthquakes

as small as M = 3.5 in his data base covering the

period 1899 - 1974, but offers no explanation of

how the numbers of small events were determined

in the absence of actual records for much of this

period.

(3) The relatively shallow slopes indicated in Fig­

ures 3 and 4 of Bea's paper appear to be incon­

sistent with his b-va1ues of Table 1. Since these

are "combined" b-va1ues for the period 1899 ­

1974, and the curves in Figures 4 and 5 are based

on the period 1940 - 1974, the b-values actually

used in the study are eVidently not reported.

For attenuation equations of the form

the slope, a, of the curves in Figures 4 and 5

is given by

Values of a scaled from Bea's curves suggest b­

values on the order of 1.0, not 0.5. The follow­

ing table compares a-slope factor attributed to

Bea, Wiggins, Cornell, and Algermissen.

F_7
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Comparison of a-slope values

Motion Bea Wiggins Cornell AlgermissenParameter

Accl. .301 .482 .5 .43

Ve1. .397 .625 .675 ---

Disp. .407 .715 .750 ---
i

These slopes are quite important in establishing

relative risk levels for earthquake shaking. Bea

should be asked to explain how he derived these

results.

(4) Figures F-1, F-2, and F-3 compare respectively accelera­

tion, velocity and displacement curves for the

GOA as a function of return period (Bea's curves

for the random earthquake are shown). The two

sets of curves represent Kayak Island and Pamplona

Ridge, as determined by Bea and the Wiggins GOA

Study. One point of interest is that the Wiggins

curves for the two sites tend to be closer together

indicating less of a difference between the sites.

This may be due in part to the faUlt line energy

distribution ~sed in the Wiggins Study. Of greatest

interest, however, is thedif!erence in ground

velocity between the two studies. Bea's velocity

values are significantly lower. Even when McGuire's

attentuaiton equations are used with the Wiggins

values of M and R, Beals velocity values are

lower. Coincidently, Wiggins'velocity'values for

F-8
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a return period of 400 - 500 years seem to agree

with values proposed by Page in GS. Circular 672.

Bea should be asked to explain these seemingly

low values.

(5) In general, the documentation of Beals work as

reported in the subject paper seems to be inadequate.

It would be difficult to justify recommendations

on the basis of this brief paper. Complete documen­

tation of the three year study upon which the paper

is based would be desirable.

(6) Beals results are incomplete from the standpoint

of specifying response spectra. Only ground motion

spectra are presented.

(7) Finally, Beals conclusions are based upon the

reliability analysis of a single platform design.

As in the case of API RP-2A, Beals approach is

from the reliability point of view. He does not

suggest a decisional framework which would appear

to satisfy the needs of the USGS.

Points of Merit

(I) The Bea Study purports to have used the seismic

risk analysis methods of Cornell and Vanmarcke:

This is one of the most rigorous methods available.

If implemented properly, it should provide a valuable

baseline for comparison with other methods.

(2) The general discussion contained in Beals paper

provides a valuable overview of the problems and

special considerations unique to seismic design

in· the GOA.
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CRITIQUE 3

Review of API RP- 2A

1977 Edition

T. K. Hasselman

Introduction

API RP-2A adopts a two level design basis. Levell is called

the "Strength Level" and Level 2 is called the "Ductility Level".

Design Crit~ria are based on a normalized reponse spectrum where

5% damping is assumed .. "Effective ground acceleration II (EGA)

is used as a scaling factor.

Seed's recent work (1974-76) provides the basis for defining a

normalized response spectrum. For the GOA, the Strength Level

EGA is specified to be 0.4g, evidently corresponding to a 200
year return period. The "Ductility Level" EGA is presently

unknown.

According to R.G. Bea and M.R. Akky, both of whom have partici­

pated on the API mini-committee, EGA represents a "design co­

efficient" based upon reliability, rather than any direct mea­

sure of expected ground motion. This subtle point is of utmost

importance with respect to interpretation of the API criteria.

Points of Criticism

The following comments are made in regard to the suitability

of the API standards for use by Aerospace in the presentation

of seismic data to the USGS for eventu~l selection of design

criteria.

(1) No decisional basis is presented to show how the

criteria were determined.
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(2) Evidently, reliability is a major factor in the

selection Of API criteria. To the extent that relia­

bility depends on existing platforms or specific

platform designs, the concept may not be relevant

to the Aerospace effort which addresses the problem

of environmental specification, rather than design

reliability. A direct consequence of the API approach

in the use of "effective ground acceleration" rather

than any direct measure of ground motion. Members

of the API Mini-committee seem to recognize a pro­

found difference between the two.

(3) The am~lification spectrum adopted by the API is

keyed to ground acceleration. Ground acceleration

is a relatively insignificant quantity as far as

long period structures are concerned. A more ap­

propriate scaling factor would be ground velocity

or Arias Intensity (total energy).

(4) Of even more concern is the apparent use of mean

amplification spectra by the API. See FigureF-4

Solid lines represented the API spectra. Plotted

points correspond to Seed's spectra for three
soil types. The plotted XiS correspond to a spectrum .

derived from McGuire's 1974 MIT report. It repre­

sents average soil for M-6.6, R=30 miles and a prob~

ability level of mean plus one sigma. uncertainties

in both attenuation (energy !evel) and waveform

(spectral shape) are represented. The API spectra

appear to be underconservative.

(5) The API criteria contain no explicit mention of

F-14
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duration. Duration will be an important considerati9n

in both linear and nonlinear analysis. In the former,

it will have a significant effect on the response

amplitudes of long period structures with light
damping. In the latter, it will have a significant

effect on the amount of yielding beyond the elastic

range.
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Per your request in our telephone conversation on June 3, 1977, we have

reviewed the U. S. Geological Survey Circular 672 entitled, ltGround Motion

Values for Use in the Seismic Design of the Trans-Alaska Pipeline System," co­

authored by R. Page, D. Boore, W. B. Joyner and H. W. Coulter.

The circular presents a characterization of ground motions for design earth­

quakes ranging in magnitude between 5.5 and 8.5 specified in "Stipulations for

Proposed trans-Alaskan Pipeline System" (U. S. Federal Task Force on Alaskan

Oil Development, 1972, Appendix, Sec. 3.4.1). This characterization is carried

out in terms of peak levels of ground acceleration, velocity and displacement,

and of duration of shaking, based on limited available (1972) geologic-tectonic

information regarding the Alaskan region, and data and extrapolation of data

from the Western United States.

This brief report presents a critical review of the USGS Circular 672 in

light of the present (I977) better known seismic and tectonic environment and

availability of more advanced analytical tools to characterize seismic risk in the

Alaskan region.

The earthquake potential along the Trans-Alaska pipeline route is charac­

terized by the "Stipulations" in terms of five broad seismic zones. As noted by

the circular, this zonation was based on limited geologic and tectonic information,

and therefore might be conservative. The predicted event for each zone is defined

as the "maximum credible" in the sense that it is the largest shock that is rea50nably

likely to occur over an interval of a few hundred years ..
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7330 Westview Drive
Post Office Box 55869
Houston. Texas 77055
713-688-9111
Telex 762-454

June 1'+, 1977

Mr. L. A. Selzer
Manager Design Analysis
Engineering Science Operation
The Aerospace Corporation
2350 East El Segundo Boulevard
EI Segundo, California 90245

Dear Mr. Selzer:

ConsL;lting Engineers, Geologists
and Environmental Scientists

Offices in Other Principal Cities

CRITIQUE 4

Woodward-Clyde Consultants
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Woodward.Clyde Consultants
Mr. L. A. Selzer
June 14, 1977
Page 2

Based on historic seismic records and some tectonic arguments regarding

plates convergence rates and evidenced or assumed total uplift (or offset) associated

with a given magnitude, the circular presents estimates of recurrence intervals

for the design earthquakes as follows:
Magnitude Recurrence

Seismic Zone (Richter) Interval (Years)

Valdez to Willow Lake 8.~5 200

Willow Lake to Paxson 7.0 200

Paxson to Donnelly Dome 8.0 200

Donnelly Dome to 67
0

N 7.5 50

0 5.567 N to Prudhoe Bay 50

Because of the lack of detailed geologic studies, tl-)e circular assumes the

design earthqliake to occur anywhere within each associated zone. Specifical1y,

the circular states, "In the absence of detailed geologic information to delineate

active faults and to assess the seismic risk associated with each fault, the design

of the pipeline must allow for the occurrence of the design earthquake anywhere

within the seismic zone. In particular, the design must consider potential ground

motion and deformation associated with earthquakes occurring at shallow depth

in the immediate vicinity of the pipeline."

The circular then cites lack of near-field recorded data for similar magnI-

tudes at different distances and extrapolates from smaller magnitudes to present

estimates of horizontal peak accelerations, velocities and displacements. In addi··

tion, the circular presents levels of absolute acceleration exceeded 2, 5 and 10

times, and levels of absolute veloci ty exceeded 2 and 3 times. These estimated

values are summarized below:
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Velocity (em/sec)
Peak Absolute Values

Magnitude 1st 2nd 3rd

8.5 150 130 110

8.0 145 125 105

7.5 135 115 100

7.0 120 100 85

6.5 100 80 70

5.5 50 40 30

Acce1erations (g)
. Peak Absol ute Val ues

Magnitude. ' 1st 2nd 5th 10th--,

8.5 1.25 1.15 1.00 0.75

8.0 1.20 1.10 0.95 0.70

7.5 1.15 1.00 0.85 0.65

7.0 1.05 0.90 0.75 0.55

6.5 0.90 0.75 0.60' 0.45

5.5 0.45 0.30 0.20 0.15
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Mr. L A. Selzer
June J4, 1977
Page 3 .

Woodward·Clyde Consultants

Displacement
Magnitude. (em)

8.5 100

8.0 85

7.5 70

7.0 55

6.5 40

5.5 15
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Woodward·Clyde Consultants

Duration
Magnitude (sec)

8.5 90

8.0 60

7.5 40

7.0 25

6.5 17

5.5 10

Finat1y, the circular recommends using the Newmark and Hall (1969) pro··

cedure in conjunction with ground motion values presented herein to construct

design response spectra.

The major problem with the design criteria presented by the circular is the

philosophical framework by which the limited seismological, geological and tec­

tonic information was synthesized. This philosophy is basically deterministic

and tends to be extremely Conservative.

In a way it is prudent to be conservative in the light of the Jack of detailed

geological and seismological information. However, the choice of a deterministic

analytical framework tends to force the designer to systematically augment this

conservatism along each step of the development of the criteria. This in turn

would yield unrealistic and extremely severe criteria which, .in most cases, have

no relation with the desired objectives; safe and reliable structures in the regions

of concern.

Mr. t. A. Selzer
June 14, 1977
Page 4

. The circular provides for an estimate of vertical component intensity

not exceeding two-thirds of the associated horizontal component intensity.

The circular also provides for estimates of duration defined as the time

interval between the first and last acceleration peaks equal to or greater than

0.05 g as follows:
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The design earthquakes associated with each zone in the circular were basic-,

ally projected from the relatively short historic seismic record of the Alaskan

region modified by some tectonic consideration. The underlying philosophy here

is: history is likely to repeat itself. There are two areas of concern relevant to

this line of thinking. First, thereis evidence that long-term fluctuation of seismic

activity could extend over intervals of a few centuries. Page (1975) reported

. that uplift marine terraces on Middleton Island show quiet intervals 500 to 1400

years long between deformational episodes producing 6 to 10m of uplift. There­

fore, Page concluded that with a short historic seismic record, future earthquake

activity cannot be confidently predicted by simply extrapolating from the historic

seismicity. Second, this line of thinking cannot incorporate a contrasting pheno­

menon; the seismic gap. The seismic gaps in the Alaskan region are well documented

and any design criteria have to fully address their potential effects.

The projected design earthquakes are defined as those maximum credible

events that are reasonably likely to occur over an interval of a few hundred years.

The prob':!.blli ty of these earthquakes occurring over the useful life of the Trans­

Alaska pipeline (much smaller than a few hundred years) is definitely less than

over a fevl hundred years. However", the circular, because of its deterministic

approach, did incorporate this smaller probability.

The most conservative aspect of the circular is the assumption that the

design earthquake assigned to each zone could occur anywhere within the zone

and, therefore, the associated near-field ground motion parameters have equal

probabili ty of occurrence across the zone.

The probability of the design earthquake occurring near a specific site in

the associated zone is again much less than the probability of its occurrence over

the whole zone. Therefore, the probabilities of occurrence of the near-field

ground motion parameters as estimated by the circular, could be extremely small.

Insofar as the attenuation relationships used to extrapolate the near-field

estimate of ground motion parameters, the circular relies totally on data recorded

in the Western United States. Recognizing that the choice of these data may

be compatible with the circular's shallow focal depth assumption of 13-21 km,

we still feel that data recorded in other tectonic environments which might be

more representative of the Alaskan region (such as that from Japanese and some

eastern European records) should be incorporated in the analyses.

Woodward·Clyde ConsultantsMr. L. A. Selzer
June 14, 1977
Page 5I
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Woodward.Clyde Consultants

Mr.L. A. Selzer
June 14, 1977
Page 6

The attenuated parameters and seismic risk indicators cannot be divorced

from the structure they are used to design. For example, while the Newmark

and Hall procedure to construct design response spectra from peak ground para­

meters yield reasonable results for structures having small natural periods, it

is inadequate for the design of structures with large natural periods such as fixed

offshore platforms.
It is our opinion that the criteria advanced by the circular, along with the

analytical method by which they were provided,are quite severe. We believe

that a more sophisticated and fully pledged seismic risk analysis based on elements

of local geologic, tectonic and seismic environment and statistical probabilistic

analytical framework would yield the desired criteria.

Very truly yours~

H.j2. Ak~__
M. R. Akky
Senior Project Engineer

~1t;//~~
~ R. G. Bea
r~ Chief Engineer

MRA/RGB/sw
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Final Review Draft of Recommended Comprehensive

Seismic Design Provisions for Buildings

1977

Reviewed by T. L. A Hey

Review of

. This study provides seismic risk maps which include the Gulf of

A laska for effective peak ground ve locity and effective peak ground

acce leration. The statistical risk basis is that there is a 10 percent

probability of exceedance of the stated level within a fifty year period.

The study also provides site-dependent response. spectral shapes in the

form of acceleration amplification factors versus the period of a linear

oscillator.

There are no procedures or references given for many of the

elements of the specification of this document. This is particularly so

for the seismic risk maps for Alaska. The results appear to have been

arrived a~ by application of engineering judgement to a number of

assorted geological and seismological studies in the area. A s such,

there is no basis for judging the accuracy of the final results other than

by comparison of the results to those of other studies.

CRITIQUE 5
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APPENDIX G

WAVE REFRACTION IN THE EASTERN GULF OF ALASKA

This appendix presents the results of a wave refraction study

carried out for the eastern Gulf of Alaska. Thirty- six cases are given in

the following Appendix G printouts, each corresponding to a certain wave

period and initial azimuth. , The lease areas corresponding to those identified

in Figure 5-18 of the main body of this report are indicated by heavy borders.

Location is indicated by longitude across the top of the figures and latitude

in the left hand border. Longitude is given by five digits - thus, 14225 means

142
0

25 1
• Latitude is given by four digits - 6000 meaning 600 00'. Wave

amplification factor to two decimal places is the upper of the two numbers

given at each location. The lower number is the increment in wave turning

from the initial azimuth and is positive to the right and negative to the left.

Dummy values of 10.0 and 1000 indicate that wave rays could not be computed

for that location due to the lack of bathymetric data.
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a 0 o 1 0 -0 -0 -0 0 0 0 0 a 0 0 • a 4 a 0"----- .-_.. ~.91 .91 .98 .98 .99 .99 1.0011.00 1.00 1.00 1.001.00 1.00 1.00 1.00 1.00 1.01
a a o 0 0 a 01 a 3 a 0 a 0 0 0 0 0 0

.99 • 99 .99 .991 .99 1.00 1.00: 1.00 1.00 1.00 1.00 1.00:1.00 1.00 1.00 fi7O'8l1.0 •
0 0 o a 0 a 01 0 0 0 0" 0: 0 0 0 0 .

.94
1

.95
1

.91a

.93 .94 .95 .95 .95 .95
o -0 -0 0 0 0

.93
1

.99
o ,. . -

1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
000 0 0 000 0 000 0 0 0 000

1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
0 a a 0 a 0 0 0 0 0 0 0 0 a 0 0 0 0

14255142501424514240142351423Q142251422014215142101420514200141551415014145141401413514130

.14 .14 .11 .8510.0010.0010.0010.0010.0010.00
12 "14 13 1 1000 1000 1000 1000 1000 1000

.19 .19 .81 .8110.0010.0010.00 0.0010.0010.00
9 10 8 10 5 1000 1000 1000 1000 1000 1000

.89 .81 .86 .86 .81 .91 .95 .9110.0010.0010.00 0000
3 4 5 5 5 3 1 o 1000 1000 1000 1 00

.98 .98 .91 .96 .95 .92 .93 .95 .91 .98 .9910.0010.0010.00
0 1 1 1 7 1 2 .2" 1 0 0 o 1000 1000 1000

1.00 1.00 .9 .99 .99 .91 .91 .97 .98 .99 .99 .9910.0010.00
0 0 0 0 0 0 a 0 0 0 -0 1000 1000

1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 .99 .99 .99 .'i9 .99 .99 .99 .99 1.0010.00
a a a a a 0 a 0 a a 0 0 0 0 -0 -0 -0 1000

1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 .99 .99 1.00 1.00 1.00 1.00
0 0 0 0 0 0 0 a a 0 0 0 0 -0 -0 -0 0 0

1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
a 0 0 0 0 0 a a 0 000 0 0 0 0 0 . 0

LONG
LAT

6000

5955

5950

5945

5940

5935

5930

5925

0
I

U) LONG
0 LAT

6000

5955

5950

5945

5940

5935

5'»0

5925



- - ~ ---- - - - - .... ...-. - - - - - - - - --
:::

PERIOD 13.805EC, INITIAL AZIMTH 330.00DEG

--
.95

1

1.00o
1.01o
1.01

to

1.01
o

1.00o

1.01 1.00 ro.9001

too 1.01 .01
000

1.00 S:;i 1.01
o. 0 4.0...",

1.00 1.00 1.01
000

1.00 1.00 1.00;1.00 1.00 1.00
o 0 0; 0 0 0

1.00 1.00 1.00 1.00 1.00 1.00
o 0 0 000

.97
-0

.98
-0

.97
'0

.96
o

.95 .97 .96 .96 .95 .95 .96 .98 .99
1 0 -0 -0 -0 ~O -0 -0 0

.96
o

.99 .99 .99 1.00
o 0 0 0

.97 .98 .99 .99 .99 .99 1.00
-0 -0 0 0 0 0 0

2.99 .99 .99 1.00 1.00 1.00 1.00
-0 -0 0 0 0 0 0--- --.98 .99 .9911.00 1.00 1.00 1.00 .00 1.00

o 0 -0' -0 3 0 0 0 0 0
1

.98 .98 .99 .991.99 .99 .991 1.00 1.00o 0 0 0 0 0 01 0 0. .
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

o 0 0 0 0 0 0 o· 0

.93
2

.93 .94 .95 .96 .96 .96
1 1 0 -0 -0 -0

.94 ~ .94 .95 .96 .97 .981
1 1 0 0 -0 -0

1.98
o

.96
1 ",~:,,:,,"_~~_~__;;;..

.98
o

1.00
o

5955

5950

5945

5930

5935

5940

LONG- 1442·51442014415144101440514400143551435014345143401433514330143251432014315143101430514300
LAT

6000" .93 .98 .99 .97 .95 .94 .94 .96 .98 .99 .99 .99 .99 1.00 1.00 .99 .95 .90
2 0 ~O 0 -0 -0" -0 -0-0 0 1 1 1 1 1 1 . 2 3

- -- - --

5925 1.00 1.00 1.00 1.00 1~00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00o 0 0 0 0 0 00 0 0 0 0 0 0 0 0 0 0

.9910.00
-0 1000

.99 .99
-0 0

.99 .99
o °

.99
-0

.99
-0

.99
o

.99
o

.98
o

.99
o

.99
o

.99
o

.98
o

.99
o

.98
o

.99
o

.98
o

.99
o

.99
o

.98
o

.99
o

.98
o

.99
o

1.00
o

.99
o

1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
00000 0 0 0 0 0

1.01 1.00 1.00 1.00 .99 .99
000 000

1.00 1.00 1.00 1.00 1.00 1.00
o 0 0 0 0 0

1.00
o

1.01
o

1.01 1.00
o 0

1.00 1.00
o 0

142551425014245142401423514230142251422014215142101420514200141551415014145141401413514130

.84 .85 .88 .92 .93 .73 .74 .75 .8110.0010.0010.0010.0010.0010.00
7 10 11 12 11 14 15 18 12 1000 1000 1000 1000 1000 1000

.91 6.89 .91".9 .93 .90 .83 .79 .77 .78 .78 .8310.0010.0010.00 .0.0010.0010.00
3. 6 7 8 8 7 8 10 11 12 814 9 1000 1000 1000 1000 10001000

.94 .94 .94 .92.88 .84 .83 .83 .84 .87 .93 .9510.0010.0010.00 ~.OO
3 4 4 __4.__5.••~..._,;,,7__,;,8__8 6__,;,2__,;,1..;,1,;,0,;,0",,0..;,1..0,;,0,;,0.....1..0..0..0 1000

.~8 .96 .96 .95 .94 .90 .90 .92 .95 .96 .9710.0010.0010.~0
1 1 1 2 1 2 4 .4 3 1 0 0 1000 1000 1000

.98 ".98 .95 .95 .96 .96 .97 .98 .9810.0010.00
o 0 1 1 1 0 0 0 -0 1000 1000

5930

5950

5935

5925

5955

5940

5945

LONG
LAT

6000

o
I

I.J-)

......



- - - - - - - - - - - - - - - - - - -

PERIOD 15.00SEC, INITIAL AZIMTH 330.000EG

L9N6 144-251442014415144101440514400143551435014345143401433514330143251432014315143101430514300hAT6 00 .96 1.01 1.10 1.05 1.00 .95 .93 .94 .96 .98 .99 .99 .98 1.04 1.01 1.06 1.01 .93
2 0 -0 -0 -1 -1 -0 -0 -0 1 2 2 2 2 1 2 3 4.--

5955 .94 1.00 1.04 1.04 1.01 .98 .95 .li4 .96 .98 .99 .99 .99 1.03 1.06 1.01 l.05 .99
2 1 0 -0 -1 -1 -1 -0 -0 0 1 1 1 1 1 1 1 2

5C)5&- -.93 .95 .99 1.01 1.01 .99 .91 .96 .91 .981 .99 .99 .99 1.00 ~.03 1.06 u06 i:o;.
2 1 0 -0 -1 -1 -1 -1 -0 o 0 1 100 000

5945 .93 .94 .95
. 2

.99 .99 .99 .99 .99
r---

.91 .99 1.00 1.00 .~~ .98 1.00,1.03 1.05 1.05
2 1 1 o -0 -0 -1 . -1 -0 -0 o 000 0' '0 4 0 0

1 ~--~--' .. ---' .

5940 .95 .95 .95 .96.91 .98 .99 1.001 .99 .99 • 99 1.00 r.OO 1.00 1.00 1.00 1.02
1 1 1 1 0 0 -0 -oe -0 3 -0 o 000 000

•5935 .91 .91 .91 .91 • 98 1.98 .99 .991 .99 .99 .99 1.00 1.00:1.00 1.00 1.00
0 0 0 0 o 0 0 O! 0 0 o . 0 0: 0 0 0

5930 .99 .99 .99 .99 .99 .99 .99 .99 .99 .99 .99 1.00 1.00 1.00 1.00 1.00
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

5925 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
I} 0 0 0 0 0 I} 0 0 0 0 0 0 0 0 0 0 0

Cl
I LONG 142551425014245142401423514230142251422014215142101420514200141551415014145141401413514130
~ LATN 6000 .81 .84 .71 .11 .74 .7710.0010.0010.6010.0010.0010&00

8 ·12 19 21 25 27 1000 1000 1000 1000 1000 1 00

5955 .90 L .87 .9 .74 .74 .76 .18 .8410.0010.00 0.0010.0010.00
1 16 18 8 20. 22 7 1000 1000 1000 1000 1000

5950 .99 .931 .92 .93 .9 .92 .87 .82 .80 .19 .80 .82 .87 .9010.0010.0010.00 0.00
11 12 13 13 5 2 1000 1000 1000 1000

5945 1.03 11..00 .97 .95 .9 .94 .92 .9 .86 .86 .87 .90 .92 .9310.0010.0010.00
2 . 3 7 3 6 .6 6 3 1 o 1000 1000 1000

5940 b.03 1.02 1.01 .99 .9 .97 ..• 97 .93 .92 .92 .93 .94 .95 .9510.0010.00
0 0 1 1 2 2 2 2 1 0 -0 1000 1000

5935 1.02 1.02 1.01 1.00 1.00 .99 .99 .99 .98 .97 .97 .96 .96 .96 .96 .96 .9610.00
a 0 0 0 0 0 0 a 0 1 1 1 0 0 0 -0 -0 1000

5930 l.OI 1.01 1.01 1.00 1.00 .99 .99 .99 .99 .99 .99 .98 .97 .97 .97 .91 .91 .9.1
0 0 0 0 0 0 0 a 0 a 0 a 0 0 0 -0 -0 0

5925 1.00 1.00 1.00 1.00 1.00 1.00 1.00 .99 .99 .99 .99 .99 .99 .98 .98 .98 .98 .98
0 0 0 0 0 0 0 0 0 0 0 0 0 0 -0 -0 -0 0



PERIOD 16.40SEC, INITIAL AZIMTH 330.000EG

"*'LONG 1442514420144151441-0144'0514400143551435014345143401433514330143251432014315143101430514300
LAT

6000 1.00 1.25 1.29 1.20 1.10 .99 .90 .91 .93 .98 1.00 1.00 .99 1~02 1.04 1.04 1.01 .93
3 1 -1 -2 -2 -2 . -2 -1 -0 3 4 4 43234 6

5955 .97 1.10 1.19 1.20 1.15 1.07 .'i1
~

.96 .92 .94 .99 1.00 .99 1.01 1.05 1.07 ~.07 1.02
3 2 -0 -1 -2 -3 ;'2 -1 -0 2 3 3 3 2 2 2 2 3

~ ~.-5950 .95 1.00 1.09 1.14 1.1S 1.11 1.04 .97 .95 .971 .98 .99 .99 .99 .04 1.08 ~.10 1.09
3 2 0 -0 -2 - -3 -2 -0 o 1 2 2 1 1 111

.93 .94 .98 1.04 1.08 1.09 1.06 tO~1 .98 S---5945 .97 .98 .'1/9 .99 .99 1.01 .05 1.09 1.10
3 2 1 0 -0 -2 -2 -2 -1 -0 0 I- I 10. 0 4 0 0

5940
1 ~-_ .. _-

.99
_.. '"'

.93, .94 .94 .96 .99 1.02 1.03 1.0211.00 .98 .991.99 .99 .99 1.00 1.03
2 2 1 1 0 0 -0 -11 -1 3-0 -0 o· 0 0 0 0 0

•5935 .96 .96 .96 .96 • 961 .98 .99 .99. .99 .99 .99 .99 1.00; .99 .99 .99
1 1 1 1 1 1 0 o! -0 -0 -0· 0 0: 0 0 0

5930 .98 .99 .99 .99 .99 .98 .99 .99 .99 .99 .99 .99 1.00 1.00 1.00 1.00
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

5925 1.00 1.00 1.00 1.00 1~00 1.00 .99 .99 .99 .99 .99 1.00 1.00 1.00 1.00 1.00 1.00 1.00
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0
I LONG 142551425014245142401423S1423Q142251422014~15142101420514200141551415014145141401413514130

VJ LAT
VJ 6000 .79 .78 .72 .72 .76 .7710.0010.0010.0010.0010.0010.00

12 16 24 28 31 33 1000 1000 1000 1000 1000 1000

5955 .91 6.82 .74 .74 .76 .77 .7610.0010.00 0.0010.0010.00
'6 11 20 23 826 28 10 1000 1000 1000 1000 1000.-- -_ .. _.,

5950 1.02 .92 .89 .83 .79 .77 .77 .78 .79 .8210.0010.0010.00 0.00
2 9 9 12 14 16 18 19 8 4 1000 1000 1000 1000---------5945 1.08 . .96 .92 .93 .92 .83 .82 .82 .83 .85 .8610.0010.0010.00

3 4 5 7 5 9 .9 9 6 3 1 1000 1000 1000

5940 11.07 1.05 1.02 .99 .9 .96 .96 .91 .89 .87 .87 .88 .89 .8810.0010.00
0 0 1 1 2 2 4 4 4 3 2 0 -0 1000 1000

5935 1.05 1.0. 1.03 1.01 .99 .97 .98 .98 .97 .95 .~2 .91 .91 .91 .90 .9010.00
0 0 0 0 0 0 1 1 2 2 1 1 1 0 -0 -0 1000

5930 1.03 1.02 1.01 1.00 .99 .98 .98 .98 .99 .99 .98 .96 .94 .93 .93 .92 .92 .92
0 0 0 0 0 0 0 1 1 1 1 0 0 0 0 -0 -0 0

5925 1.01 1.01 1.00 1.00 1.00 .99 .99 .98 .98 .98 .99 .98 .97 .95 .94 .94 .93 .94
0 0 0 0 0 0 0 0 1 1 0 0 0 0 -0 -0 -0 0



PERIOD 18.00SEC. INITIAL AZIMTH 330.00DEG

lON&-- 14-42-5144291,"1514+l01440~I,"0914355143501434514340 14335143301432514320143151431 0 1430514300
hAT ..

6 00 1.08 1.17 1.18 1.14 1.05 .94 .86 .8~ .89 1.04 1.1t 1.lt 1.09 1.06 1.00 .98 .96 .90
. 0 -4 -5 -6 -6 -5· -3 -1 -0 5 6 5 4 4 5 6

5955 1.02 1.09 1.11 1.10 1.06 .98 .89 .88 .90 .'17 1.05 .98 •3 -1 -3 -5 -6 -6 -4 -2 -0 2 5 3 3 4

1.02 1.01 1.01 ~.OO --59SG- .93-1.01 1.04 1.06- 1.051.02 .96 .92 .'J4 .99 .00 .99
4 1 -0 -3 -5 -6 -5 -1 0 3 4 4 3 2 1 1 1

5945 .93 .94 .96 .99 1.02 1.03 1.02 .95 .95 .97 .99 .99 .99 r---.98, .99 1.00 1.02
4 3 1 -0 -2 -4 -4 - -2 -0 1 2 2 2 I, 1

4
0 0

1 --~-- -en ~5940 .92 .92 .92 .94 .96 .99 1.01 1.001 .99 .97 .99 .98 • 8 .98 .99
3 3 2 1 0 -0 -1 -21 -2 ~ -1 1 1 1 0 0

5935 .94 .95 .95 .95 .95
,

.98,
1 1 1 1 1 0,

5930 .97 .98 .98 .98 .98 • 8
00 0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0

5925 .99 1.00 1.00 1.00 1.00 .99 .99 .99 .99 .~9 .99 .99 1.00 1.00 1.00 1.00 1.00 1.00
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0
I LONG 14255142501424514240142351423Q142?51422014215142101420514200141551415014145141401413514130
w LAT
,j::.. 6000 .78 .75 i .84 .991 1.07 1.131.1.14 i.u81 .72 .69 .11 .H .6710.0010.0010.0010.0010.00

35 1000 1000 1000 1000 1000

5955 .87~1 .8-0- .84 .9511.0311.08 1.08 1.02 .78 .70 .70 .72 • • • 0.0010.0010.00
1000 1000 1000 1000 1000

5950 .96- .90 I .85 .89 .9 1.04 1.00 .86 .73 -.71 .11 .65 .6610.0010.0010.00 0.00
1 13 14 16 19 20 22 21 6 1000 1000 1000 1000

~..._..-.-~
5945 1.01 1.98 .93 .90 .9 .99 1.02 1.01 .84 .15 .73 .10 .71 .7010.0010.0010.00

5 1 9 9 11 12 12 11 5 2 1000 1000 1000

5940 11.04 1.03 1.00 .91 .9 .96 1.00 .95 .86 .80 .71 .16 .. 14 .1510.0010.00
1 1 4 5 6 6 6 5 3 1 -0 1000 1000

5935 1.04 1.04 1.02 1.00 .91 .94 .97 1.01 1.02 1.01 .96 .88 .83 .81 .19 .19 .1810.00
0 0 0 0 0 1 3 3 3 3 3 2 2 1 0 -0 -1 1000

5930 1.03 1.02 1.01 1.00 .98 .96 .96 .98 1.00 1.01 1.00 .95 - .90 .86 .84 .82 .82 .82
0 0 0 0 0 0 1 2 2 2 2 1 0 0 -0 -0 -0 0

5925 1.01 1.01 1.00 .99 .99 .98 .q7 .96 .97 .99 .99 .98 .95 .91 .88 .86 .85 .85
0 0 0 0 0 0 0 1 2 2 1 1 0 -0 -0 -0 -0 0



--------- - ------ --':-
eo

PERIOD lO.OOSEC, INITIAL AZIMTH 3~O.OODEG

.99
o

• 96 .97 .97 .97 .97 .~7 .97 .97 .97 .97 .97 .98 .98 .99 .99 .99
o 0 1 1 1 1 2 1 1 0 -0 -0 0 0 0 0

144251~2014415144101440514400143551435014345143401433514330143251432014315143101430514300. .
1.12 1.11 1.10 1.09 1.02 .93 .86 .83 .82 ~80 .91 .95 .96 .91 .84 .15 .72 .70

1 -4 -5 -4 -4 -3 -1 -0 ~o 5 8 8 7 6 5 5 5 6

1.13 1.17 1.16 1.14 1.09 1.00 .9~ .84 .84 .a4 .91 .97 .99 .95 ~88 .80 .76 .74.
3 -1 -3 -5 -6 -5 -3 -1 -0 . 2 6 7 6 5 4 4 4 4

5 --
1~06 1.15 1.17 1.17-1.14 1.08 1.~0 .91 .~8 .88 .91 .98 1~00 .99 .94 .87 .82 .81

5 J 1 -1 -4. -6 -6 -5 -3 -1 0 3 5 5 4 3 3 2 2
, r---.96 .04 1.09 1.11 1.12 1.11 .07 T.02 .96 .92 .92 .97 .99 .99 .97 ••93 .90 .90

5 4 1 -1" -4 -5 -5 - -3 -1 0 3 4 3 3. 2 '4 1 1·

.91 .93 .95 .98l.02 1.05 1:"07-1:0511.02 .97 .95 .96 .98 .98 :97~ .95 .94 .9"'
4 4 3 2 0 -1 -2 -31 -3 3 -2 -1 1 2 2 1 1 1 1

1 'Pn.93 .93 .94 .93 .94 .97 .99 1.0011.00 .98 .96 .97 .97 ••98 .97 .97' .97 .•9
1 2 2 2 2 2 1 01 -0 -1 -1 -0 0 • 1 1 0 0 o.- .

5'95-0

5955

lONG-­
LAT

6000

5935

5945

5940

5930

o
I

\.N
\Jl

592S .99 .99 .99 .99 .99 .99 .99 .98 .98 .98 .98 .99 .99 .99 1.00 1.00 1.00 1.00
o 0 0 9 0 0 1 1 1 0 0 0 0 0 0 9 00

.63 .64 .63 .6-9o 002

.4110.0010.0010.00
6 1000 1-&&0--1-0-&0

.47 .48 .5210.00
4 1 -0 1000

.58 .55 .56.64
2 0 -0 1

.39
11

.52
8

.64
3

.75o

• 55
18

.61
9

.73
3

.87
1

.76 .62
15 17

.95 .75
9 9

1.06 .93
5 4

1.07 1.01
4 2

.94
1~

1.04
9

1.10
6

1.08
5

.94 1.05 1.09
677

.91 098 1.05
355

.97 .99
-- 14 14

7
.931 .91 .99

4 8, 10

.96 .....-92
o 0

.95 .89o 2

.96
.1-1.-

.97
'2

.99
o

..98
o

14255142501424514240142351423«l142?51422014215142101420514200141551415014145141401413514138

.66 1.09 .16 1.13 1.11 - 1.01 .76 .69 .73 .68 .3410.0010.0010.0010.00
6 16 26 25 25 25 30 35 38 38 37 1000 1000 1000 1000-_...... ,._~~~~

.72 6.96 1.11 1.0 1.01 1.0~ .98 .80 .66 .67 .62 .3410.000.0010.0010.00
__~_~~ 24 25 21 21 2327 S31 34 34 34 10001000 1000 1O~0

.021.03 .99 1.00 .97 .86 .65 .61 .57 .34 .3810.0010.0 0-.00
17 21 19 18 17 18 21 25 27 27 27 8 1000 1000 1000--------- ..92 .96

_~. 7 -1 - 6.•-....
1.00

1

1.05 1.04 1.01
1 0 0

1.04-1.03 1.Ol
1 0 0

59!$5

- ---
5935

lONG
LAT

6000

5945

5950·

6930-

5940

5925 1.01 1.01 1.00 .98 .97 .96 .94 .93 .96 1.00 1.02 1.01 .96 .87 .78 .~4 .71 .72
1 0 0 0 0 0 1 3 4 4 3 2 1 0 -0 .0 0 2



- -------- - - --- -- - - - -
PERIOD 22.50SEC, INITIAL AZIMTH 330.00DEG

1.04 .99 .95 .91 .86 .82 .18 .18 .11 1.12 1.20 1.19 1.11 .96 .10 ~:S6
-2 -2 -2 -3 -3 -3 -3 -0 1 10 11 11 9 8 5 7 8

1.01 .98 5 --.96 • 9 it- .92 .90 .87 .83 .811 .91 1.09 1.12 1.08 .98 .81 .68 .63
-0 -2 -3 -4 -4 -4 -4 -1 0 5 9· 9 8 6 4· 4 5

.96 .95
? . r--- .

• 94 .96 .99 .01 .01,1 .95 .88 .89 .98 1.02 1.01 .97 ••89 .19 .74
2 -0 -2 -4 -5 -5 -5 -3 -1 1 5 6 6 5. 3 4 2 3

.91 1 ------ ~--~.91 .91 .96 1.02 1.06 1.0711.04 .96 .91 .931.96 .91 .96 .93 .88 .87
5 3 1 -1 -3 -4 -41 -4 3 -3 -1 1 3 3 3 2 1 1

• - - - - - - - -' - - - - - - - - - - - .95 .95
1 1

.90
5

.96
5

.91
2 'e ,

.95 .96 .97 .96 .96 .96 .97 .91 .97 .97 .96 .96 .97 .91 .97 .98 .98 .98
o 1 1 1 1 2 2 2 1 0 -0 -0 0 0 0 0 0 0

.98 .99 .99 .99 .99 .98 .98 .97 .97 .97 .97 .98 .98 .99 .99 .99 .99 .99
o 0 0 0 0 1 11 1 1 0 0 0 0 0 0 . 0 0

14255142501424514240142351423Q142251422014215142101420514200141551415014145141401413514130

.47 .40 .97 1.51 1.51 1.19 .81 .86 .94 .90 1.04 1.04 1.04 1.04 1.04
13, 15 25 26 27 33 36 40 43 44 34 34 34 34 34

.53 6.47 .69 .93f 1041F~"2 1.24 1.08 .80 .83 .90 .82 1.19 1.18 1.18 1.17 1.17
10 11 11 23) 25 25 28 31 33 8 36 39 40 36 36 36 36 36._ .. ___GtCli&

.~6 1.1d 1.08 .98 .81 .81 .84 .67 1.29 1.29 1.28 1.27 1.26
22 22 24 26 27 29 31 29 37 37 37 37 37c:o '", _______

.86 1'02["0 1.05 .99 .•92 .85 .81 .81 .64 1.30 1.33 1.33 1.32 1.32
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APPENDIX H

Wave Height - Period Relationships

A pilot analysis of wave height -period relationships has been performed

using SSMO data for two areas in the Gulf of Alaska. The boundaries of these
o 0 0 0 0 0 0

areas are 58 N - land, 140 W - 145 Wand 55 N - 58 N, 147 W - 152 W.

The method of analysis invoked no initial assumptions regarding physical

or theoretical relationships and without regard to the form of joint distributions.

The basic approach was to attempt to estimate one parameter when given the

value of the other. If suchan estimator exists with some useful degree of

confidence, an inference may be made about the relationship. If the relation­

ship is linear, the inference is that correlation exists; if the relationship is

non-linear yet well behaved, regression methodology may be applied. The

method of orthogonal polynomials was used to estimate relationships.

Successively, higher order coefficients were eliminated to reach a "good" fit

at a second order level. Regression of wave height on period and period on

wave height were performed. In case of the former regression, wave height

appeared to have a non-zero lower limit. In the latter case wave period appears

to be asymptotic to some limiting value. This latter case seems more con­

sistent with the physical situation and therefore in all cases the regression of

period on height is presented. This relationship was computed and plotted for

data available for each month of the year and the results -are presented i.n

Figure H-l through H-12. The data for these plots is comprised of approxi­

mately 25,000 samples over 25 years which are considered to be pseudo­

random and independent.

There is a definite trend during the summer months for wa ve period to

become asymptotic to some upper limit. This-limit is significantly lower

than during the winter, as would be expected. During the winter months the

curves still definitely show a non-linear trend but the asymptotic limit has
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not been reached within the range of the data. This may possibly be due to

the "fair weather" bias of ship observations, i. e., the a voidance of severe
"weather conditions. The month of May appears to be anomalous, showing

a trend toward higher limits in both wave height and period than the previous

months of March and April. This anomaly remains unexplained.

The iower portion of these curves formed by the 95% confidence limits

,are graphical extrapolations and may not be strictly valid with respect to

their intersections with the wave height and wave period axis. Care m,ust

be taken with the interpretation of these limits.

Further analysis of wave height-period relationships is required but

in the meantime the results given in this appendix may be used as a basis

for estimating design values fqr wave period.
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with 95% Confidence Bands for Gulf of Alaska
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with 95% Confidence Bands for Gulf of Alaska
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Figure H-4. Wave Height - Period Mean Distribution

with 95% Confidence Bands for Gulf of Alaska
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Figure H-5. Wave Height - Period Mean Distribution

with 95% Confidence Bands for Gulf of Alaska
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Figure H- 6. Wave Height - Period Mean Distribution

with 95% Confidence Bands for Gulf of Alaska
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Figure H-7. Wave Height - Period Mean Distribution

with 95% Confidence Bands for Gulf of Alaska
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Figure H-8. Wave Height - Period Mean Distribution

with 95% Confidence Bands for Gulf of Alaska
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Figure H-9. Wave Height - Period Mean Distribution

with 95% Confidence Bands for Gulf of Alaska
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Figure H-10. Wave Height - Period Mean Distribution

with 95% Confidence Bands for Gulf of Alaska
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Figure H"11. Wave Height - Period Mean Distribution

with 95% Confidence Bands for Gulf of Alaska
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Figure H-12. Wave Height - Period Mean Distribution

with 95% Confidence Bands for Gulf of Alaska
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