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- ABSTRACT

The surface winds which occur over the waters of Puget Sound
and the Strait of Jusn de Fuca present a complex piéture. Strongly
affccted by topography, they cannot be predicted or fully explained
sclely by consideration of the changing atmospheric pressure patterns
over or near the region., |

A detailed summary of accumulated surface wind reports is dé—
sirable, therefore, to satisfy the increasing demand for a reasonably
accurate climatic picture of the surface flow over this region.through—
.out.the yvear. In particular, oceanographic and fishery investiga-
tions being conducted in these waters have shown the need for more
detailed and comprehensive information of this sort than is presently
available. |

This report attempts to partially satisfy this need in two
ways. First, all available wind report summaries have bcen accumu-
lated in the form of monthly wind roses for each reporting station,
Secondly, a determination has been made of the frequency and maximum
duration of surface winds of above average velocity a2t selected sta-
tions over a three year period.

Particular meteorological situations have been selected and
discussed, to serve as examples of the generél or unusual flow pat-
terns derived from the summarized data.

Some of the dceanographic effects of these surféderwinds are

discussed, and approximate calculations are made of the maximum
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heights of wind waves which may have occurred on Sound waters during
the three year period for which high surface wind data were compiled.
Wiﬁh the use of empirical formulae, semi-quantitative estimations
have also heen made of the stress on the water surface due to the
surface wind flow, and of the currents and water level slepes which

might result.
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THE SURFACE WINDS OVER PUGET SOUND AND
THE STRAIT OF JUAN DE FUCA AND
THEIR OCEANOGRAPHIC EFFECTS

CHAPTER I

INTRODUCTION

Description of the Area

The area (see Fige. 1) for which the data has been accumulated
is eomprised of those portions of Washington and British Columbia ly=-
ing west of the Cascade Mountain range from the Columbia River valley
northward to approximately 50 degrees north latitude., The northern-
most stations considered are Vancouver, B, C., Eﬁtrance Island, near
Nanaimo, B.C., and Esteban Point, on the west coast of Vencouver Island.
The southernmost are Toledo, Washington, in the Cowlitz Valley and North
Head, Washington, on the Pacific coast.

Three main features dominate the region; the Cascade and Coastal
mountain ranges and the lowlands which separate them. All three of
these features are longitudinal in nature énd are directionally
oriented north-south.

The Cascade mountain range, forming‘the eastern boundary of the
region, rises to an average height of 5,000 té‘é;OOO feet with a number
of peaks extending to well over 10,000 feet, Several passes breach
the range at different points, but the lowest of these, Snoqualmie,

is still at 2n altitude of just over 3,000 feet. Hence, between the
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Columbia and Fraser River valleys, the Cascade Range forms an effective
block to east-west wind flow,

Between the two mountain ranges, the lowland area extends from
the Columbia River valley northward, ennlosing the waters of Puget
Sound. Farther north it includes the eastern portion of the Strait of
Juan de Fuca, the San Juan Islands and Georgia Strait. There are two
low-level passageways from this area to the Pécific Qcean, one fhrough
the Strait of Juan de Fuca, the other through the Grays Harbor Inlet-
Chehalis River valley., Elsewhere the coastal range preovides a secend
barrier to east-west flow.

Thé Olympic Mountains are the most prominent feature of the
Ccastal Ranges They occupy almost all of the Olympic Peninsula and
are roughly triangular in shape. Their western slcpes are relatively
gradual, leading downward to a narrow coastal pla 1n. AThe northern and
eastern slopes,‘however, drop sharply frem an average height of 5,000
feet to the Strait of Juan de Fuca and Hood Canal. One peak, Mount
Olympus, reaches an elevation of 7,954 feet.

South of the Chehalis wvalley the Ccastal Range is again dis-
cernible, but with lower elevations. This porticn, known locally as
the Willapa Hills, is generally from 1,000 te 2,000 feet in height,
reaching maximum elevations of 3,000 feet, )

North of the Strait of Juan de Fuca, the mountains which com-
prise almost all of Vancouver Island average about 3,000 feet in
height wi*h the higher ranges reaching *o L,000 fcet,

The narrow coastal plain extends from the coastal mountain range

to the Pacific Ocean., It is present only along the Washington coast,

2



On Vancouver Island the ccastal mountain range extends to the seaccast

itseif.

General Meteorological Characteristics

The characteristics of the surface winds which occur along the
Washington ccast and western coast cf Vancouver Island are, for the most
. part, attributable to the circulation arcund the semi-permanent high
pressure cell which dominates the eastern Pacific Ocean,

During the summer months this anticyclene is well developed and
centered far encugh north to cause prevailing northwesterly flow every-
 where along the above-mentioned coasts from North Head, Washington to
Esteban Point on the west coast of Vancouver Island.

During autumn the Pacific High begins to retreat southward and
weakens considerably. Simultaneously the semi-permanent low pressure
eenter usually centered near the Aleutian Islands begins to intensify
and deepen. By midwintgr these changing pressure systems have shifted
the prevailing flow along the cogst tc southerly directicns, becoming
south to southwest at North Head and scutheast at Esteban Point,

During the winter period, the area under consideraticﬁ lies al-
most directly in the path of the migratery storms which follow the Peclar
Front. 4s a result of these storms the entire coast is subject to winds
of gale force and above from directicns ranging from scutheast clock-
wise to ncrthnorthwest, even‘though the prevailing flow is well defined
as south to southwesterly.

The surface winds which cccur over the water and land areas east

of the coastal range, however, show sharp contrasts to the general flow,



and indicate the stréng topographical effects. Investigation of the
wind rose data indicates that the influence of the mecuntain barriers
is equally as important as pressure gradient consideraticns in deter-
mining the directica of these winds,

lReed hes made a detailed study of gale winds which cccur at

the western entrance of the Strait of Juan de Fuca and points out that

in a noticeable number of cases of winds over 50 mph at Tatoosh Island
the directicn cf those winds was oppésed to the ﬁressure gradient.,
These were occurrences cf easterly gales at that staticn when the baro-
metric pressure was higher at Tatcesh Island than at Seattle and other
points on Puget Scund. At these times, the southerly winds over Puget
Sound were sufficiently streng to flow countercleckwise around the
Olympics and overccme the pressure gradient through the Strait of Juan
de Fuca. In the majority of cases, however, the pressurc gradient be-
between the inland basin and the Pacific Ocean was properly oriented to
cause east-west flow through the Strait, but by nc means sufficiently
great to cause the high velocities recorded at Tatocosh Island,

Reed ascribed thesc winds at that station to the terrain which
comprises the shores of the Strait, The steep slopes there narrow

funnel-like towards the western end of fhe Strait. Hence any air mass

lReed, Themas L,, "Gap Winds in the Strait of Juan de Fuca.',

Monthly Weather Review 59: 373-376, 1931,




tending to move westward~through the Strait would be subject-to the con-~
fining effect of this terrain until, at the western end of the Strait the
"funneling“ or "venturi®'" effect would result in the high velocities at
Tatoosh I.land,

The wind roses compiled for the present study indicate that these
same topographical effects hold not only for excessively high winds, but
also for the wind flow in general over the reéion.

During the late spring, summer and early autumn months the air
masseé moving over the area from the Pacific are exceptionally stable,
reflectingvthé influence of subsidence in the dominating high ﬁressure
area o fshore. As a result, one can expect that winds within these
stable air masses will be especially sus ceptible to the topographic in-

fluence of the region.

Availability of Data

Table 1, Description of Stations, lists 21l of the‘stations for
which summarized surface winﬁ data were obtained. The sources cof data
are listed in Table 2.

Any investigation of surface wind data over this region is ham-
pered primarily by the scarcity of data, despite the fact that the area
is well blanketed by a2 network of meteorologicél reporting stations,
These stations include those of the United States Weather Bureau, the
Civil aeronautics Aﬁthority,:Canadian Meteorological Service, military
installaticns and a large number of individual cooperative stations
manned by local residents. This latter group of rcporting units provides

the major portion of the coverage, but unfortunately none are equipped
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Station

Bellingham, Washa
Entrance Island, B.C.
Esteban’ Point, B.Ce.

¢ Everett, Wash, (Peine AFB)

Garry Point, B.C.

North Head, Wash,

Olympia, Wash.

Port Angeles, Wash,

Sand Pecint NAS, Wash,
Seattle~Tacoma Apt., Wash,
Stampede Fass, Wash.

© Tacoma, Wash. (McChord AB)

Tacoma, Wash, -

Tatccsh Island, Wash,
Toledo, Wash.

Vancouver, B.C.(firport)
Vanccuver, B,C. (City)
Victoria, B.C.- :

# Whidbey Island, NAS, Wash.

TABLE 1

DESCRIPTION OF STATIONS

Elevation
ILatitude Longitude (Ft)
L8 LSN 122 29W 159
49 1IN 123 50W 35
L9 23§ 126 32W —
i7 59N 122 12W 598
L9 06N 123 11W 6
L6 16N 12l ohw 196
L7 03N 122 sl 69
L6 OTN 123 26W 29
L7 LN 122 15W SL
L6 268 122 20W 388
L7 17N 121 20W 3963
L7 o8N 122 29W 300
L7 15N 122 26W 165
L8 23N 12L LW 101
L6 29N 122 Low 363
L9 11N 123 10W 22
49 17N 123 O5W 65
L8 25N 123 19w 228
48 17N 122 39W -——

% High surface wind duration data compiled (1950-1952)

Period of -
Record

Jul 50 - Jul 53
Jan 22 - Aug 39
Jan 22 - Dec L5
Nov 38 = Nov li5
Jan 22 - Apr L1
Apr 50 - Dec 52
Oct L9 - fug 52
Nov 1,9 - Aug 52
Mar L5 = Dec 52
Jan 51 - Dec 53
Jun 50 « Mar 52 .
Aug 10 - Jul 53
Duration data only
Oct L9 - Aug 52
Jul 50 - Jul 53
Feb 36 - Dec L5
Jan 22 - Apr L2
Jan 22 - Dec L5

Apr L5 - Dec 52

Length
of period
(Yrs)

N =

=
WW I WNWOWWWWOoO ONET oW

[
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TABLE 2 SOURCES OF DATA

United States Departument of Cormerce, Weather Bureau

Local Climatolugical Data -- Yearly Summary

Local Climatological Data -- Menthly Summary, Weather Bureau
Form 10G1-C

Special Mete.rclogical Summaries -- Weather Bureau

Form 1001-C Suppl.
Wind Rose -- Weather Bureau Form 5108B IBM
Surface Weather Observations -- Weather Bureau
For 1130 A, B.
United States Air Force
Surface Weather Observations -- WBAN Form 1130
Flying Weather Wind Rose -- National Weather Recurds Center,
Asheville, N.C.
United States Navy
Surface Weather Observations -- WBAN Form 1130

MARS Climatic Atlas -- National Weather Recurds Center
Asheville, H.C.

.

Canadian Department of Transport, Meteorological Division

Climatic Suumaries icr Selected Meteorological Stations
Toronte, Ontario, 1948



with wind recording instrﬁments.

As a result, surface wind data are obtainable only from the pri-
mary meteorological stations, Even these leave much to be desired with
respect to continuity of reports and availability in summarized form.

In preparing wind rcse summaries it would be preferred, of course,
to have all data summarized over identical periods of time, but the num~
ber of stations for which this would be possible is so few as to defeat
the primary object of the investigation.

Consequently, summarized data from each station were acquired for
whatever period or periods was availéble in order to obtain tﬁe best
ivpossible picture at each location, It was felt that increased:fglia—
bility at individual stations was of greater importance than misrepre~
sentations resulting from unequal periods of summary, This, then,
suggests that the final results at cach station be weighed as to relia-
bility according to the length of period of summary.

Complete wind rose summaries which include percentages of winds
from all points of the compass are available for American stations for
recent years ;nlyg generally since 1949, Some of these are compiled to
16 points of the compass, others 8. Canadian summaries are available for
longer periods, from 1922 through the middle l?hofs. The National
Weather Records Center at Asheville, N.Co, has begun to produce sum-
maries of the desired type since this project was started., Some of these
were used for the wind roses given for the Naval &ir Statiogs at Whidbey
Island and Sand Point, and the Air Force installations at Paine and

McChord Air Force Bases,



The three stations of Seattle, Olympia and Tatoosh Island had
complete wind rose data available for periods between October 1949 and-
August 1953. However, these éame stations had available for longer
pericds data for prevailing wind direc*ion only. An attempt to estabt-
lish to some extent the representative value of the shorter period was
made by means of a comparison of prevailing wind direction for the two
periods. The results at each station are tabﬁlated in Table 3.

These comparisons indicate that the recent period of complete
data parallels closely the long term averages, at least insofar as the
prevailing wind direction is cencernad. From this it would seém that
rone is safe in assuming that for other stations for which no long term
data are available, the averages for the recent pericds give a fairly
accurate representation of what long term summaries would yield,

There were no complete summarized wind rose data available for
the Weather Bureau station at North Head, Washingtcn, Here, too, how-
ever, summaries were available which represented déily prevailing winds
for the pericd April 1950 through December 1952, These were utilized
to compile the wind roses shown in this study for that staticn. As
such, they are not complete, the percentages shown being based on the
number of days the prevailing wind was from each directicn. It was con-
sidered highly desirable to have even an incomélete picture for this
station because its location and excellenﬁ exposure made it represcnta-~
tive of the wind flow from the Pacific reaching that secticn of the
washingtOL.coast.

The compiled surface wind data is shown graphically by means of
the usual wind rose polar graphs in Figs, 18 - 29, For all stations



TABLE 3

COMFARISON OF SHORT AND I.ONG TERM
PREVAILING WIND DIRECTION

MONTH  SEATTLE TATOOSH ISLAND OLYMPIA
20 yr  Oct L9- 13 yr Oct 49- 18 yr  Qct L9~
pd. Jul 53 d. Aug 53 pd. Aug 53
(8 pts) (16 pts) (8 pts) (16 pts) (8 pts) (16 pts)
JaN SE s E E s s
FEB SE s E E s s
MAR S s E i s SSW
APR s S W W W SSH
MAY S ssw W W s SSW
JUN s ssw W s SW SSW
JUL N NN s sw s SSw
AUG N N s s SW SSW
SEP N N s S S SSW
0CT SE SS E E S S
NOV SE s E E Sl S
DEC SE SSE E E S )
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except North Head, the length of the barbs indicates the percentage of
the total hourly observations taken in which the wind was reported from
each of 8 or 16 different directions. The width of the barbs indicates,
within the given ranges, the average velocity of the wind from that
direction.

.-There were no summaries available for any station which would
presént the type of data desired for the stud& of the duration of high
surface winds, It was necessary, thereforc, to compile this data from
original hecurly wind report records. These original records were
readily available from January 1950 to date, and the three yeaf period
from January 1950 to Dedember 1952 was chosen as the pericd for these

summaries,

11



CHAPTER II
ANALYSIS OF WIND ROSE SUMMARIES

December = March

Buring the winter months the prevailing wind off the southern
Washington éoast is south to southwest. Northward it backs gradually
to sou£heast of f Esteban Point, B.C.

The preVailing flow over the Puget Sound area is also southerly.
These latter winds approach the Sound area from the south through the
Cowlitz Valley past the reporting station at Toledo, Washington, and
from the Pacific Ocean through the Chehalis River valley. An investi-
gation of the date from North Head shows a higher percentage of easter-
ly winds which ere due, probebly, 0 the localized effects of the
Columbia River valley., However, the higher velocities at that station
~are found with the south and southwest winds, and it seems probable that
for these winds the Willapa Hills do not constitute an effective bar-
rier to onshore flow from these directions.

The southerly flow over the Sound is indicated as far north as
Bellingham, but the deta for the Georgia Strait and Strait of Juan de
Fuca arcas show sharp contrasts. Winds at the Vencouver stations are
predominantly casterly, reflecting, no doubt, the effect of the Fraser
River valley. Here again, however, a considérable percentage of winds
with higher vclocities is from southerly directions, suggesting that a
net flow of gir mzy pass nortgward up Georgia Streit.

The date from Entrence Island and Victoria, however, do not al-

low the assumption that this simple picture persists across the width
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of the Strait, The directions and highest velocities at Entrance Island
show a definite prodominance from the east and northeast. Victoria shows
a well defined predominance of northerly winds. Both these stations ere
well exposed and mey be consideréd representetive. Thelr data indicate
that for at lesst a considerable porticn of the time there is a reversal
of flow across Georgia Strait and the San Juan Islands, with the further
poSsiBility of a frequent closed, counterclockwise circulation over the
Strait near the latitude of Vancouver.

The flow in the Strait of Juan de Fuca 1s apparently not always
the simple "east or west" picture sometimes assumed. The presence of
the funnel or Venturi effect suggested by Reed seems the most logical
explanation of the strong easterly winds at Tatoosh Island. The data
from Port Angeles, however, show higher percentages of winds from the
southsouthwest to west. This would suggest that frequently the wind
direction‘is reversed between Port Angeles and Tatcosh Island.

It seems likely that this unexpected feature is also related to‘
the configuration of the Olympic mountain range along the southern shore
of the Strait. The slope of these mountains is very steep slong the en-
tiré length of the Strait and would serve to confine at least the lower
layers of the easterly gales which pass Tatcosh Island.

It would appezr, then that for a considerable portion of the
time the north wind at Victoria turns Westwérd into the Strait, but
encounters the confining Olympic range only at points west of Port
Angelcs, It is suggested tha; a division of the flow tekes place at
some point west of this station, the major stream passing westward

through the Strazit to form the easterlies at Tatoosh, while a much
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weaker streem is deflected eastwerd to furnish the westerly winds et
Port Angeles,

"~ The average location of this suggested point may perhaps be in-
dicated by the precipitation pattern of the erea. United States Weather
Bureau records, and precivitation data compiled by Gerlach2 indicate
that the frain shadow" created by the Olympic Mountains over Port Angeles
and most of the Puget Sound area breaks sharply just west of Port inzeles,
Ten miles west the precipitation during the winter period is about
double that at Port Angeles, while at Clallam Bay, 25 miles farther
along the Strait, it is more than triple that amount.

This precipitaticn increase is usually explained by the fact
that the Olympiec mountains decrcase sharply in elevetion about 20 nmiles
west of Port Angeles, averaging sbout 1500 feet in height from there
westward, This permits the moist southwesterly flow from the Pacific
to carry much of its moisture across the mountains on to and over the
Strait. However, if the northerly flow which passes Victoria and
_ crosses the Strait were to encounter the ebrupt slopes of the Clympics
at this point, onc would also expect a pfecipitation increase there =ns

a rcsult of orogrepiic lifting of the onshore winds.

2Gerlach, Arch ©. "Precipitetion of Western Washington'", Ph.D,
.Dissertation, 1943 Library, University of Washington, Seattle,
Washington,

1L



Therefore, although the region of sharp precipitation increase
is probably cdue primarily to the change in eleveation of the Olympics at
that point, at least a portion of that increase may well be due to oro-
graphic lifting of north or northcast winds which first encounter the
.slo}es of the Olympics in this region.

The fact that the prevailing winds et Port dngeles are west-
southwest to southwest, rather than due west or westnorthwest may also
indicate that scme of the air which crossesthe mountains west of Port
Angeles pesses eastward along and down the slopes of the higher.portions
of the Olympic Mountains to the eest, passing Port Angeles from the pre-
vailing direction,

The regional flow pattern just described is shown graphically in
Fig. 2. This pattern representé, of course, the preveiling wind flow
over the region, and is by no means meant to describe simultaneous con-
ditions at all times, However, it could logically be expected to exist
frequently under recurrent meteorological situsctions. &n example wes
found to exist on Januery 24, 1951, and the wind flow pattcrn and iso-
baric configuration for that and the foiiowing days are depicted in
Figse 3 - e

On these cdays the region was under the influence of a low pres-
sure center located about 500 miles Cue west of Tatoosh Island. On the
24th, the easterly winds at Tatcosh Island ;ere at & maximum velocity
at the surface, and‘mérged gradually into the southwesterly flow at
6,000 feet. The observation; at Port Angeles seemed to indicete thet

the point of divergence previously suggested was in the ncar vicinity
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of that station, since the winds there chenged erratically between south-
westerly and northeasterly directions throughout the day, sometimes from
hour to hour,

Tith the continued appreoach of the low center, howcver, the east-
erly flow at Tatoosh was apparently overcome by the stronger southerly
winds associated with the storm center. On the 25th, the wind at
Tatoosh veered to the soutk ard increaced in velocity to 32 mph., This
disappcarénce of easterly flow in the Strait was reflected also at Port
Angeles and Victoria, where complete reversals of wind direction were
obscrved. There was no indicetion at this time, thercfore, of the closed
circulation over Georgia Strait, and apparently the surface flow wes
southerly over all of Puget Sound and Georgia Strait, reiﬁforced by an
influx of air from the southwest over the lower ranges of the Olymrpics

west of Port Angeles,

During the spring months the northward migration of the Pacific
High is indicated (see Fig. 5) by the provailing winds at North Head,
which veer .rom south to northwest, and thosc at Tatoosh Island, which
lose thelr predominantly easterly characteristics and veer to the south
and eventuzlly west. The prevailing flow over the southern portions of
Pugcet Sound, however, remains predominantly southerly, while that in the
Cowiitz Valley pest Toledo becomes northerly., This seems to indicete
that a net influx of air passes eastward through the Chehalis River
valley and diverges, one stream continuing southeastward pest Toledo,

the other moving northward around the Olympics and over Puget Sound.
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The reports on the Strzit of Juen de Fuca also indicate e net
flux into the Strait. The winds at Tatoosh Island, Port Angeles and
Victoria are predominantly westerly, while those ot Whidbey Islend
veer from southeast to southwest and west. The data at Everctt
develop a definite northerly preference, suggestihg thaet a zone of con-
vergehce occurs frequently betwéen air moving from the Strazit of Juan
de Fuca southward over Admiralty Inlet end that flowing northﬁcrd
from the influx through the Chehalis River valley. |

The Bellinghem wind rose, howsver, shows prevailing winds from
south to southesst throughout the period. This suggests that the
flow through the Strait of Juan de Fuca diverges upon reaching the
Cascade Range, one stream flowing to the north pest Bellinghem, the

other south to explain the prevailing northerly componcnt at Everett.,

June - Septcmber

During the summer nmonths the genersl surface flow over the area
(see Fig. 6) becomes weaker at 21l steticns except Port Angelés, where
a strong late-cfternoon diurnal effect czuses a maximum avcrage
velocity in July.

Rélatively, however, the westerlies through the Strait of Juan
de Fuca become stronger and prevailing northerly winds progress
further southwerd over Purset Sound. By Sebfember this northerly flow
is established as far south as Tacoma, &t that time Tacome and Olympie
show 2 high percenﬁage of calm winds, while recorded surface winds are
almost equally distributed between those with southcrly and northerly

components. Thus the zone of convergence of precvailing winds apparcntly

21
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progresses southward over the Sound, reaching the Tacome-Olympia vieinity
by late summer. The winds at Toledo maintain a well defined northerly
compdnent, indicating that thereris probably still a net influx of air
through the €hehalis River Valley.

The data from Port Angeles, Whidbey Island and Victoria still in-
dicate. a2 well defined prevailing flow through the Strait of Juan de Fuca
from west to east, but give no apparent indication as to why the pre-
vailing wind at Tatoosh Island becomes definitcly south. This un-
| expected feature is especially puzzling in view of the fact that the
prevailing winds at North Head and Esteban Point are strongly defined
as north and northwesterly from June through August.

A check of offshore prevailing winds as given in the Climatic
Atlas of the Oceans> showed these also to be from the westnorthwest and
northwest. By September the reports from Esteban Point and North Head
begin to show a sizable percentage of southeast and south winds, which
match more closely the picture at Tatoosh Island, but this still does
not account for the sharp difference during the previous months. Local
topographic effects are unlikely, since the station at Tatoosh Island is
well exposed, and it would seem espécially unlikely that it would be pro-
tected from west and northwest flow to such a great extent.

A Jogical explanation may be that here agéin, a Venturi effect

takes place at the entrance to the Strait. As previously noted, air

3United States Department of Agriculturef "itlas of Climatic
Charts.of the Oceans'", United States Weather Bureau, Washington, D.C,,
1938,
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passing into the Strait at this time of year is usually exceptionally
stable. This would further increasc the likelihood of favorable con-
ditions for the suggested Venturi effect.

A specific example is again presented to indicate that the pre-
vailing wind pattern just described may exist simultaneously over the
region,

The surface wind flow and isobaric configuration for 23 July 1950
are shown in Fig. 7. The wind at Tatoosh Island is from the south, op-
posing the weak pressure gradient. The strong diurnal effect is noted
at Port Angeles; and the divergence of this stream is indicated by the
southerly wind at Bellingham and the northerly flow past Everestt. In
th;s case the northerly flow, apparently influenced by the pressure pat-
tern is present over the entire Sound, and continues southward through
the Cowlitz Valley., Without data from the Grgys Harbor area, it cannot
be determined whether air passed castward or westward through the Chehalis
River valley.

It is worth noting here that the United States Weather Bureau
established a repofting station at Hoquiam, Washington, on Grays Harbor,
in 1953, Accurmlated data received in the future from this station may
give excellent indications of the type of flow in the Chehalis River

valley at all times,

October - November

During the eutumn and early winter season, the preveiling surface
flow returns rapidly to that describcd for the wintcr months, Note-

worthy is the fact that the prevailing northerly flow over Puget Sound
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deteriorates much more rapidly than it developed. The return of the tcn-
dency for prevailihg easterly flow at Tatoosh Island apparently heralds
the rapid dissolution of the pattern necéssary to maintain the northerly

flow into the Socund.
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CHAPTER ITIL

FREQUENCY AND DURATION OF HIGH SURFACE WINDS

FOR THE PERIOD JANUARY 1950 THROUGH DECEMBER 1952

Evaluation of Data

It is appropriate to discuss briefly the representative value of
thé accumulated data on high surface winds before descriptive and quan-
titative éomparisons are made.

The periods of summary are identical for the eight stations chosan.
It should be borne in mind, however, that for all stations except Tacoma,
the hourly wind reports from which the data were derived record the wind
direction and speed only at the time the observer was making his ébser—
vation. Theoretically, then, for 55 minutes out of each hour the wind
could be other than that recorded, However, it is believed that over
as large a series of observations as are considered here, these dis-
crepanciecs should smooth out to an extent that would admit the observed
readings as representative. The chance of false summaries being formed
would secem tc be even less likely in consideration of extended perioeds
of high velocities, when the direction of flow would be more unlikely to
vary over large ranges of the éompass.

The data for Tacoma were derived from con%inuous recording instru-
ments, and represent true prevailing direétions and velocities for the
hour preceding the time of the hourly observation.

The cCifferent elevations at which the stations are located must
also be considered in evaluating the high surface wind data, since cur

primary interest is in the wind flow over the water surfaces of the
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region, These slevations range from Sk feet above mean sea level at the
Sand Peint Naval 4ir Station to almost 600 feet aﬁ Everett. Therefore,
the extent to which the winds 2t these stations re?resent the actual
directica and velocity over nearby wat=rs is determined to a great ci-
tent by the detailed topography of thc immediate area.

The high‘surface wind data are presented in éraphical Nrose®
férm in Figs, 30 - Ll. The graphs are drawn to represcnt the num-
ber of separate cccurrences of surfece winds of the designated velocity
ranges which occurred during the three year period. Two ceonsiderations
dictated the assignmcnt of 18 mph 2s the limiting minimm in defining
"high" surface winds. Since a determinaticn of maximum wind waves on
Puget Sound was to be made, the value of 18 mph was chosen as the mini-
mum velocity which could résult in the fermetion of waves ofv6 feet in
height on the longest "fetch" possible on the Scund (34 miles). In ad-
dition, the 18 mph value proved to be about the lowest which weuld be
practicable in the compilaticn of data and assignment cf "duratica" and
"occurrence® limits. The average and maeximum durations are given in
numeral feorm con each directicnal segment of the graphs.

The use of these direcctional segments, rather than individual
directicns was cheosen after preliminary‘investigation of the data re-~
vealed that surface winds with extended pericds of abecve avcrage velo-
cities were in nearly all cases confined tc relatively narrow ranges of
the compass at each station.: This would, of coursc, be expected, in
view of the lengitudinal tepegraphy of the region. Furthermere, a re-
presentative "duration" could not be derived if small variations in

direction were to be ccnsidered as separate "occurrences',
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The graphs distinctly show the confining effects cf the topography
on streng surface wind flow cver the entire area., Over Puget Scund as
far north as the Whidbey Island station the Olympic Mountains permit such
flow to persist only from scutherly or rortherly directicns. The data at
Bellingham indicate that here such winds are observed within ranges from
north to northeast and east to scuthwest, The absence at this station
of any extended pericds cf high surfzce winds from westerly directicns
is scmewhat surprising, in view of the free approach frcm that direction
frem the eastern.coast of Vancouver Island,

The Port Angeles graph, however, reveals that nigh surfacé winds
may occur at that station frem all quadrants except that from southeast
to scuthwest, which is cempletely blecked by the Olympics. Farther
westward on the Strait, these winds are in all prcbability cenfined by
the tepography te easterly and‘WGsterly directicns only.

A second series of graphs (see Figs. 8 - 10) is presented to re-
flect the seascnal frequency and dureticn relationships ét each staticn,
These summarize all cccurrences noted, without regard tc direction. As
would be expected they show maximum frequency and duration in the win-
ter period cf more frequent storm passages. &n excepticn to this pat-
tern is found at Port Angeles, where the diurnal effect in the summertime

causes a duration and frequency maximum in July.

December - Mafch

During the winter months the majority of high surface winds cver
the Puget Sound area are frem southerly directions and are a reflecticn

of the apprecach of frequent storms from the Pacific, The maximum
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frequency generally occurs during January and March, with a noticeable
decrease in February., The frequency of the winds increases progres-
sively ncrthward cver the Puget Scund area, reaching an average maximum
of 13 dar: per menth at Whidbey Island in December. The frequency av
Bellingham was slightly lcwer than that at Whidbey Island. |

During these pericds of high southerly winds cver the Puget
Scund area, the winds in the Strait of Juan de Fuca may be either east-
erly or westerly, their difection determined by the pcsition of the
storm centef.

An example of these conditions was ncted on January 2, 1951.

A deep low center (979.3 mb.) had developed rapidly coff the Pacific
ccast and moved inland across Vanccuver Island and the Puget Scund area,
Lowest pressure was observed at Pert Angeles, and pressure readings at
other staticns indicated that the storm center cressed almest directly
over the eastern end of the Strait of Juan de Fuca at 1600 PST,

The flow patterns prior to and after the passage of the sterm
center are shown in Figs, 11 - 13, "The strcng flow in this case re-
mained scutherly over mest of the Puget Sound area throughout the dura-~
tion of the sterm, while that in the Strait of Juan de Fuca reversed
from easteriy to westerly with the passage cf the stcrm center. As
indicated by the deta frcem Everett, this reveréal of direction brcught
streng northerly winds to the northern portion of the Scund for a short
period of time, and it is interesting to note that fcr more than L hours
there were cenverging surface winds cof 25 to 30 mph from the nerthwest

at Everett and the southscuthwest at Seattle-Tacoma airport.
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The pericds when high surface‘winds from northerly ccmpenents
occur over the entire Scund Basin appear in most cases with the pass-
age gf similar storms inland.

Their iower frequency of cccurrence, however, seems tc indicate
that in many cases these northerly winds do nct appear at all, and that
southerly winds persist over the Sound prier to and after the storm
passage. This can prcbably be attributed tc the fact that the low
pressure centers usually pass inland nerth of the arca, thus providing
pressure gradients which faver scutherly flow cver the Scund. The flow
pattern shcwn for 0LO0 PST January 3, 1951 would seem therefore, tc '
be the mcst frequent type to be expected with these storm passages.
However, the duration data indicate that, unlike the pattern of January
2, 1951, they generally persist over the Scund fer apprcximately the
same pericds cf time as those from southerly directicns. At Bellingham
and POﬁ? ingeles their average duraticn exceeds that cf the southerly
and westerly streams. The data from Olympia, however, show only one
occurrence of high northerly winds in the three year period. This would
lead to the assumption that the high surface winds passing cver the
Sound from the north either decrease rapidly upon reaching the Chehalis
River valley or are restricted to a narrow path along the western slopes
of the Cascades. It should perhaps be pointgd out here that the average
duration of 15 hours shown for Tacoma in Jahuary is not representative,
but is rather a reflection of the particular storm of January 27, 1951
which is discussed below. °

Another, much less frequent type of strong northerly flow over

the region may occur when a cold, dry air mass from the interior of
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Canada crosses the Rocky and Cascade mountains and reaches the Pacific
coastal area. A case'of this type occurred on January 26-28, 1951,
(see Fig. 1L). 4 cold, deep high pressure area had persisted over
norﬁhwestern Canada for L days. An intense low pressure center de-
veloped in Wyoming and moved eastward. The streng circulation around
the northern quadrant of this storm was sufficient to move the conti-
nental éir mass accross the Rocky Mountains and onto the western slopes
of the Cascade Range.

Unusually strong and persistent flow resulted over the entire
Puget Sound Basin, At Bellingham, surface winds over 18 mph persisted
for Sh hours, during which time the velocities were maintained over 30
mph for L6 hours, and over LO mph for a period of 27 hours. Strong
gusts to over 50 mph occurred on the 26th, 27th and 28th, and on the
27th frequently exceeded 70 mph., The cold, dry flow was accompanied by
clear skies and the barometric pressure reachcd a maximum of 1041.3
millibars.

A lack of high velocities was noted at Whidbey Island and Olympia.

At other stations high velocities persisted for 26 hours at Port Angeles

where they did extensive damage, for 12 hours at Everett, Sand Point NAS
and Seattle-Tacoma airport, and for 36 hours at Tacoma.

The topozraphy of Whidbey Island would scém to be the explana-~
tion for the lack of high velocities at the Naval Station there, which
is located almost at sea level, and is protected from the northeast
to west by hills averaging 200-300 feet in height, with some rising *o

over 500 feet. The lack of high winds at Olympia, however, probably in-

dicated that the major portion of the cold air flow parelleled the Cascade
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Range énd passed on down the Cowlitz Valley, with a much weaker stream
moving through the Chehalis River valley. This pattern seems sub-
stantiated by the weak ncrtheasterly flow at North Head, and the stronger
winds at Toledo.

To the north, the cold flow passed to the west through the Strait
of Juan de Fuca and apparently was deep enough there to cross the moun-
tains of Vancouver Island during the 27th. This was indicated by re-
ports at Tatoosh Island, where gale velocities‘were primarily from the
northeast, rather than the usual easterly direction. The prevailing
direction at that station for the 27th was also northeast with an aver-
age velocity of Ll mph for the day. The peak velocity recorded was 65
mph from the northcast. Temperatures there dropped to 28 degrees, 12
degrees below normal, one of the infrequent occasions when freezing
temperatures are expcrienced at that station.

An investigation of temperature patterns occurring with polar

outbreaks of this nature has been made by Stephens.h

April - September

Over Puget Sound the frequency of high velocities from south-
erly directions decrcases rapidly during the spring and early summer
months, reaching a minimum during July and August. During these months

such winds occurred only on an average of one or two days per month,

bStephens, Thomas E.: "Temperatures in the State of Weshington.
as Influenced by the Westward Spread or Polar Air over the Rocky and
Cascade Mcuntain Barriers", Master of Science thesis, 1952, Library,
University of Washington.
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The average duration also aecreases to 3 to 5 hours, but with an incon-
gruous maximum of 8 to 13 hours at Seattle-Tacoma airport. The frequency
of occurrence and duration of high winds from northerly directions however
remain abcut the same as for the winter months.

The Port Angeles graph shows the effect of a very strong summer-
time diurnal variation. This effect is of such strength that surface
winds over 18 mph could be expected on two days out of three during the
month of July. The development of this high frequency was noticeable
during the three preceding months, and during early autumn months de-
creased again to a minimum of } days per month in November, .

These diurnal winds were confined sharply to the west and west-
northwest dircctions only, and during July maintaincd an average dura-
tion of 11 hours. They usually reached the 18 mph level around noon and
continued until near midnight.

On some occasions the highxvclocities continucd through a 2L
hour period, and in one case, July 21-23, 1950, persisted for 42 hours.
These latter occasions were, surprisingly enough associated with per-
sisteﬁt high pressurc conditions and fair weather. This fact might
lead one to suspect that the strength and persistence of these winds
may be linked to the dynamic stability of the gir masses moving cast-
ward through the Strait of Juan de Fuca. Greater stability would, of
course, be more probable under high pressure subsidence conditions,
and would increasc the tendency of the flow to be guided by topo-
graphical featurcs.

The diurnal effect is present to a greater or lesser degree

over almost all portions of the inland water system.

Il



Beamer? has discussed in pérticular its pattefn over the San Juan
Archipelago. However, during the period under investigation here,
Wind velocities of the magnitude and frequency noted above were re-
corded orly at Port Angeles. On infrequent occasions, diurnal veloc<-
ties of 18-20 mph were discernibie at Bellingham from the south and
southsoutheast., Their duration, however, did not exceed L houfs,
and the frequency was only 3 days out of the month in July. During
the periods of high diurnal winds at Port Angeles, one is probably
safe in assuming that they also exist with equal strength in the por-
tions of the Strait between Port Angelos and Tatoosh Island. The
strong flow apparently decreases considerably over the eastern por-
tions of the Strait, since the stations at Whidbey Island and Belling-
ham showed no comparable surface wind velocities during even the most
protracted periods of strong diurnal winds at Port Angeles., The data
for the two latter stations do show, however, the influence of the
effect to a much lesser degrec. The Bellingham graph (see Fig. 10)
shows a secondary maximum of both frequency and dufation in July and
August. That for Whidbey Iéland (sge Fig. 9) shows a secondary maxi-
mum at that time for duration only.

The particular case noted above, on 21-23 July 1950, (sce Fig, 1),

was an excellent example of this situwation., -During that period,

SBeamer, Czrol C., "The Structure of Summer Wind Over San
Juan Island, Washington." Yecarbook of the Association of Pacific
Coast Gecugraphers III 31, 1937.
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winds at Fort Angeles remained over 18 mph for L2 hours and averaged
20 to 25 mph daily. The winds remained over 15 mph for a much longer
period. From 1600 hours on July 21 until 2L0O hours on July 25
there were no hourly wind reports of less than lé mph recorded at
Port Angeles., All winds were from the west or westnorthwest and
daily averages for 21l days were close to 20 mph. Furthermore,
during no portion of this period were any reports of surface
winds over 17 mph recorded at either Whidbey Island or Bellingham.

It cannot be determined from the present data whether, dur-
ing these high winds at Port Angeles, there is any compensating flow
along the coast of Vancouver Island, since there are no reporting
stations there. Data from Victoria might offer some indication,
but these were not readily available, Furthermore, whereas the
flow past Port Angeles is completely blocked to the south, the
topographical situation at Victoria permits free access from and to
the north., This would probably decrease the possibility that reports
from Victoria would reflect flow to the west along the northern shore
of the Strait of Juan de Fuca,

vathere is no such return ciréulation, and a net flow enters
the Strait, this diurnal effect at Pert Angelcs could be considered
as a source of the prevailing northerly winds over Puget Sound during

the summer period.

October - Novcmber

During the months of October and November, the picture rapidly

returns to that shown for the winter months. The frequency of high
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southerly winds between the two mountain ranges increases, while the diur-
nal effect in the Strait of Juan de Fuca, as shown by the Port Angesles
data, deteriorates rapidly until a minimum frequency of high westerly
winds at that station is reached in Novcmber.

The duration of high surface winds also increases gradually every-
Where'over the area except in the Strait of Juan de Fuca, where it de-

creases slightly from that of the summertime diurnal winds.

High Surface Winds Associated with Anticyclénic Meteorological Conditions

The previously described cold polar outbreak from the interior was
not the only occasion observed when atove average surface wind velo-
cities were associated with high pressure conditions. During accumula-
tion of the data, it was noted that throughout all seasons of the year,
periods of regional high surface winds occurred occasionally with the
passage of high pressure ridges and fair wceather conditions over the
area, as well as with the more frequent low pressurce storm centers., Ths
flow pattern was generally northerly with the passage of these pressure
maxima; usually the direction of flow changed very little, the only ef-
fect being the increased velocities immediately preceding and/or succeed-
ing the high pressure maximum,

The date from Seattle-Tacoma airport indicate that region is es-
pecially susceptible to perieds of excessivé surface winds with the
passage of pressure mexima., On at least a dozen occasions this station
recorded extended periods of above average winds associated with clear
skies and anticyclonic conditions. These were observed from March

through October,
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In many of these occurrences the high velocities were recorded
only at this station; those at Sand Point, Everett and Tacoma showing
no high winds whatever. .An example of this curious situation is found
during 13-1l October, 1952, when Seattle-Tacoma airport recorded
northerly winds between 18 and 25 mph for 22 houré. Tacoma, Sand Point
NAS and Everett recorded no winds over 18 mph, Again, on 10-11 April,
1951, Seattle-Tacoma airport recorded northerly winds between 18 and
25 mph for 30 hours; Tacoma rccorded them for 3 hours only and Everctt
and Sand Point NAS recorded none over 18 mph. The wind flow and iso-
baric configuration at OLOO PST on April 11, 1951 is shewn in Fig. 15,
Both of these occasions were associated with high pressure maxima.

The reason for this effect, and also the fact that throughout
the year high surface winds are generally of greater duratioﬁ at
Seattle-Tacoma airport than at other staticns in the vicinity cannot be
satisfactorily explained., Although one would be inclined to suggest the
immediate topography as a cause, a study of the detailed relief of the
area does not reve%l any obvious topographical features which would
cauée a funneling or Venturi effect of the necessary magnitude in that
immediate region,

Nor can it be explained by the elevation of the station at
Seattle-Tacoma éirport, which is 388 feetrabbve mean sea level., The
_station at Sand Point is at 5L fcet, and may be protected from south-
westerly flow reaching the Sound, but the statlon at Everett is at
598 feet, while Tacoma is at 165 feet. Both of these latter stations

would, therefore, have approximately the same exposure to general flow
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as that at Seattle-Tacoma ailrport.

If it were to be explained on a larger scale as the result of
convergence of air streams flowing eastward through the Chehalis River
valley and northward thfough the Cowlit:s Valley one would have to ex-

plain why the station at Tacoma should not show similar effects.

!
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CHAPTER TV

AN ESTIMATION OF MAXIMUM SURFACE WIND WAVES

ON INLAND WATERS DURING 1950 - 1952

An attempt was made to estimate the maximum height of the wind
waves which were formed over Puget Sound during the period for which
the accumulated high surface wind data were representative, For
this purpose, use was made of the methods devised by H. U. Sver@;gp
and W. H. Munk shortly after World War II, and described in detail in
Navy H. 0. Publication No. 6OL;,6

As;describcd in this publication, wind waves are limited pr}-
marily by two factors; the duration of the time during which the wind
blows over the water surface, and the "fetch", or length of con-

tinuous water surface over which the wind may blow,

Over much of Puget Sound, fetches are sufficiently short to be
the restricting factor in the formation of wind waves. Fig. 16 shows
the particular fetches of 15 miles or over which would permit waves
of & feet in height to be generatcd., The longest of these is 3L
miles, extending from Point Robinson on Maury Island to Useless Bay,

on the southern end of Whidbey Island,

6United States Navy Hydrographic Office, "Techniques for
Forecasting Wind Waves and Swell", H, O, Publication No. 60L, Washington,
b.C., 1951.

48



FIGUEE 16, TFetech lengths on Puget Sound systen (innauticesl miles),



Fig. 17 is a graph derived from those in the above—mentioﬁed
publication which indicates the héight of waves to be expected from
above average wind velocities of varying duration periods. The dashed
lines indicate the limiting restrictions of various fctch leng@hg.
These determine the maximum height the wind waves will attain for a
gig?n wind velocity regardless of the actual duration of the wind,

The estimation of wind wave heights wes made for the longest
fetch shown, of 34 miles. In view of the orientation of this par-
ticular fetch, the winds considered were restricted to those from
directions between southsoutheast and southscuthwest, and betweép
northnorthwest and northnortheast. In addition, the simultaneous
observations from stations at Tacoma, Seattle-Tacoma airport, Evgrett
and_Whidbey Island were cxamined and.correlated to determine the maxi-
mum duration of the wind over the given fetch, )

Averages were taken between velocities shown at the stations
near the upper and lower ends of the fetch to obtain the most repre-
sentative value for the entire length of the fetch. It was found pos-
sible to confine the duration of the winds to the period when stations
representing both ends of the fetch were recording high wind velo-
cities from the appropriate directions. In nea?ly all cases, these
periods were sufficient for the avcrage velocities obtained to permit
maximum wave development over the fetch,

The results of these calculations are listed in Table h,‘;nd
show that over the three year period waves of 6 fecet in height or
greater were indicated on 17 different occasions.v In the cese of winds

from the southerly direction segment, waves of over 6 foot heights were
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TABLE L4

MAXIMUM WIND WAVES ON PUGET SOUND
FOR PERTOD OF JANUARY 1950 TO DECEMBER 1952

Average Wave
) Wind Velocity Duration Height
Year Date Direction _(mph) (hrs) (ft)
1950 ‘Jan 2 NNE-NNW 25 8 -8
Jan 10 SSE-SSW 27 7 8
Jan 13 NNE-NNW 26 6 8
Jdan 24 NNE-NNW 22 8 6
Feb 8 SSE-S3W 23 8 7
Feb 25 SSE-~SSW 25 6 8
Mar 3 SSE-SSW 23 8 7
1951  Jan 13 SSE~SSW 22 8 6
Jan 2L SSE-SSW 23 8 7
Jan 27 NNE-NW 24 8 8
' Mar § SSE-SSW 20 8 6
Dec 29 SSE-SSW 25 8 8
Dec 30 NNE-NNW 19 8 6
1652 Jan 9 SSE~SSW 2l 7 8
Nov 1L SSE-SSW 26 8 9
Dec 3 SSE-SSW 20 8 6
8 8

Dec 7 SSE-SSW 2L
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possible on 12 occasions during the months of Novembér through March,
and the maximum value obtained was 9 feet on 1l November, 1952. For
tpe winds from the northerly quadrant, heights of 6 feet and above were
obtained or. 5 occasions during the mouthrs of December and January only,
with a maximum value of 8 feet. The occasions associzted with south-
erly winds were more regular in occurrence, I times per year. Those
gssociated with northerly winds were found 3 times in 1950, twice in
1951 and none at all in 1952.

It is perhaps worthy of note here that the more realistic wind
speed and duration values obtained by averaging reports from the op-
posite ends of the fetch result in much lower values than would be
obtained if the reports for Seattle alone were used. The exclusion
of the direction of southwest also results in lower height values. The
highesf durations and velocities of southerly winds were noted at
Seattle-Tacoma airport from the southwest. The extreme example oc-
curred on January 15, 1951, when the wind velocity averaged 35 mph for
a period of 7 hours, the direction varying from southsouthwest to south-
west,

If one were to use this velocity as representing the wind over
_the entire fotch, and further assume that the wind was sufficiently
"funneled" by the topography to flow uninterruﬁﬁed over the entire
length of the fetch, a maximum wave heighﬁ of 13 feet would be obtained.
Similarly, northeast winds with average velocity of 35 mph occurred at
Tacoma for a period of 6 hours. Simile. assumptions as before would

again permit values of 13 feet to be cbtained.
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It seems likely, however, that the values obtained by consider-
ing averages between two or more stations are more closely representa-
tive of the wezves that would be found on Puget Sound.

It rust be remembered, also, thet in using for ocur purposes
the method of computation as derived by Sverdrup and Munk the assump-
tion is made that a constant wind of the average velocity suddenly
begins to blow over an undisturbed watef surface, Thus the values
obtained do not account for waves that may already be present on the

Sound at the onset of the winds considered.

The Strait of Juan de Fuca

. Wind wave height estimates for the Strait of Juan de Fuca will
probably be more subject to error due to waves which exist prior to
thevduration time considered, This would be expected since these waters,
in contrast to those of Puget Sound, are open to waves and swell from
the open sea., This type of error would be more likely to be present
during the winter months, when frequent offshore storms cause heavy
swell and waves to enter the Strait. Nevertheless, estimates were made
for maximum wind waves created on Strait waters during the period con-
sidered, as a rough means of comparison with those on Puget Sound.

In January, two Qccasions were chosen Which showed optimum con-
ditions for wind wave creation by winds from westerly and northeast-
crly directions.

During the storm of Jan;ary 2, 1951 previously discussed, maxi-
mum waves could be estimated for an 8 hour period during which wind

velocities at Port Angeles averaged 30 knots from westerly directions.
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From these conditions wind wave height values of 13 feet were calculated,
In obtaining this maximum value, the velocities considered were the de-
termining factor, since the fetch length along the Strait, overléo.
nautical miles, was more than sufficient for maximum wave development
by the recorded winds. |

‘for winas from an eastnorthcasterly direction, optimum cpnditions
ﬁere found on 13 January, 1950, These winds occurred during a polar
outbreak similér to that previously discussed for January 26-28, 1951,
In the case of 13 January, 1950, however, the strong easterly and north-
erly winds resulted from an intense low off the Washington coast which
furnished sufficient pressure gradient to bring the cold air from the
intérior onto.the Puget Sound Basin. The winds appeared at Bellingham
from the northnortheast to northeast, and at Port Angeles from the
nqrtheaét to eastnortheast, Therefore an appropriate fetch was indi-
cated as extending from the San Juan Islands southwestward to the Olympic
mountains west of Port Angeles, a distance of about 30 nautical miles,
Maximum wave heights were obfained during a 4 hour period on January 13,
1950, Consideration of a longer period was unnecessary because of the
short fetch length. During this period winds at Bellingham averaged 55
mph from the northnortheast to northeast, while those at Port Angeles
were Ly mph from the eastnortheast to northeéét. An average of the
vglues at these two stations results in a calculated wave height of 15
feet,

Both of the storms discussed above were characterized by intense
low pressure éenters offshore. Therefore, waves and swell created in

the southeastern quadrant of these centers had in all probability
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entered the Strait and were present at thé onset of the high winds in
the Strait itself. Consequently, the westerly winds of January 2, 1951
.Would be reinforcing the waves and swell already present, while the
northeasteiiies on January 13, 1950 would act toward deteriorating thom.

During the summer months, the presence of the exceptionally
"strong'diurnal flow in the western portions of the Strait can very
possibly lead to almost daily occurreince of wind waves of considerable
height. Consequently, calculations were made toward estimating the
wave heights to be expected.

Cptimum conditions were found to exist on July 31, 1952,‘when
wind velocities recorded at Port Angeles averaged 30 mph from west-
erly directions for an 8 hour period. For this pceriod calculated
wave heights were 9 feet. Since the high velocity diurnal winds had
been found to occur on an average of two days out of three during the
summer months, a second calculation was made to determine_the average
wave height to be expected on those days. An examination of the dura-
tion data yielded an average daily velocity.of 22 mph for these diurnal
winds and this value, along with the average duraticn of 1l hours pre-
viously obtained, leads to an expected wave height of 7 fcet,

These wave height values obtained from the summer time winds at
Port Angeles a2re in all probability much more répresentative of con-
ditions actually observed on the surface df the Strait than those ob-
tained for the winter months, : This seems likely in view of the fact
that the fiat pressure gradient associated with the predeminant high
pressure area offshore during the summer period would in general pre-

clude the formation of heavy swell or high wind waves which would enter
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the Strait. It also would furnish a long region for “decay" of waves
or swell formed further westward in the Pacific, Under these circum-
stances waves observed in the Strait would be almost entirely due to
the wind stress occurring within the contines of that watef body

itself.
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CHAPTER V
WIND STRESS ON PUGET SOUND

In cddition. to the heights of wind waves 1t is desirabie, from
an oceanographic viewpoint, to determine, insofar as possible, the
magﬁitﬁde of the stress exerted by the wind upon the water surface,
and the currents and water level slopes which may result from such
stress. Consequently, the wind data compiled for this report have been
examined for the purpose of obtaining a semi-quantitative picture of
the wind stress which may be exerted on Puget Sound waters at &if-
ferent times of the year.

[ Various investigators (Ekman, von Karman, Wust, et al) have con-
sidered the problem éf frictional stresses at fluid boundary surfaces
and have derived empirical reclationships betwcen wind velocity and the
stress exerted by such wind on the surface of a water body. Other ex-
pressions have been found to show relationships between phis stress and
the resultant currents and water level slopes. The reader is referred
to the comprehensive discussion of these formulae given by Sverdrup,
Johnson and Fleming.7

The calculstions of the wind stress over Puget Sound made in this
report have been divided into twe categories; that resulting from_winds
flowing ovef the Sound from northerly directions (NE-NW), and that from

southerly directions (SE-SW),: Division of the data in this manner was

TSverdrup, Johnson 2nd Fleming, "The Oceans", (New York, Prentice
Hall, 19h9, p- }-171"5030
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considered desirable from the standpoint of its later oceanographic
use because of the longitudinal north-south configuration of the Sound,
and the fact that the prevailing wind flow at nearly all times of the
year is oriented along its léngth from either a northerly or southerly
direction.

'The wind data from these stations, Everett, Seattle-Tacoma
Airportvand Tacoma were used in the calculations. The frequency, in
percentage of the total observations taken, and the average‘velocity
for the given directional ranges were determined for each month._ This
'Qélocity was then used to obtain an estimation of the average wind stress
which might be expected a2s a result of the winds flowing over the Sound
from each of the two direction éuadrants.

The calculstions were made from the expression
T, = 0.0026p" W

where T5 equals the wind stress in dynes/cmz, o' represents the air
':density in gm/cm3 and W equels the wind velocity in cm/sec at an ele-
vation of 15 meters above the water surface. This expression incor-

8

porates the findings of Rossby, Ekman and others™ with respect to wind
stress and velocity for moderate wind speeds.

A pertinent source of error is, of couréé, evident as a result
of the varied elevations of the stztions éonsidered. The formula is
based upon the wind velocity at 15 meters above the water surface.

However, our calculations are made on “lLc assumption that this wind

is represented by the recording instruments at each station. However
2
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it was felt that an attempted correction for this error, obtained by
assuming f standard wind profile, would contribute little to the ac-
curacy of the results, in view of the averaging processes used, and
the lack of information regarding the stz2bility conditions which pre-
yail at each station.

‘Rossby has indicated that at low wind velocities a different
ekpression based upon the existence of laminar air flow near the sur-
face of the water should be used, and that stress magnitudes thus ob-
ﬁained would be appreximately one third those obtained from the above
formula., Munk’ arrived at the same conclusion, and states that at wind
velocities below 6.6 mcters per second (1L.5 mph) the above equation

should be replaced by
T, = 0.0008p "W

It is noted, however, fhat in either expression the stress is prepor-
tional to the squarc of the wind velocity. The present célculations,
\then, are bascd upon an expression for wind flow with velocities greater
than 6.6 meters per second.

Fleming, et al,lo

ave shown that at wind velocitics below this
value the resultant wind stress would be almost negligible. It would

be desireble, therefore, to exclude wind velocities below that level in

T e 0 L et P Pt 8

9Munk, Walter H., "A Critical Wind Specd for Air-Sea Boundary
Processes", Journal of Marine Rescarch % (1947), p. 205-218.

1

OSverdrup, Johnson end Fleming, op.cit., p. L91l.

60



obtaining cur average velocities, Unfortunately, however, no summaries
were available from which such an elimination would be possible.

The use in the equation of average, rather than instantaneous,
‘wind velocities creates a further source of possible error. Since the
stress is proportional to the square of the wind velocity, a greater
relative contribution to the strcss value calculated would be made by
the higher wind velocities. Thus an average wind velocity considered
constant over all observations might yield calculated stress values at
variance with those obtained by a summation of the contributions made
within the individual velocity ranges. A correction factor was sought
to compensate for this misrepresentation. Available for the purpose
was a tabulation of the annual frequency and velocity distribution of
wind obscrvetions ot Scattle-Tacoma Airport, which listed average wind
velocities and frequency of occurrence of winds from all directions,
within each Beaufort velecity range.

From this information the value of the squere of the wind velo-
city over the total period could be determined in two ways; by use of
the square of the average velocity over 100 percent of the poriqd, and
by a summation of the preducts of tﬁe squares of the individual velo-
city ranges andktheir corresponding frequencies. A comparison of the
two results yiclded a correction factor, to be\applied to the value ob-
taincd from the average wind velocity. Since the anmual tabulation
was available for Scattle-Tacoma Airport only, it was necessary to usc
the factrr obtained for this cne station as representative of the en-
tire Sound. The derivation of this factor is shown in Table 5, and

indicates that stress values derived from the average wind velocity
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would be, in general, less then those derived from a summation of stres-
ses resulting from the individual velocity rangés by a factor of 1.6,
Incorporating this factor, and assuming air density equal to 0.00125

gm/em>, our equation becomes
T, 5.1 x 1076 W2

where W rebresents the average wind velocity.

Using this formula, values héve been determined which repre-
sent the average wind stress over Puget Sound for each month, from
both southerly and northerly wind flow. The values for cach of the
three given stations, and the combined average are given in Tables 6
through 9. Pcercentages representing the relationship of flow from
cach direction quadrant to the total number of obscrvations for the
period sre also listed to give an approximation of the frequency of
occurrence of winds from each of the two directions during each month,

It is aéain emphasized that, in view of the averaging processes
used, and assumptions made in the choice of the originel equation, the
values are probably accurate only in degree of megnitude., However,
their relationships would secem to give a fair picture of the seascnal
ebb and flow of wind stress over the Sound from the twe direction
- quadrants. ‘

The dominant featurs of the values obtained is the inverse
seasonal variation betwsen stresses exerted by winds from the two
directions. The average stress resulti-g from northerly winds riscs
graduzlly to 2 maximum of 0,96 dynes/cm2 in July, with a minimum of
0.55 dynes/cm2 in December, That resulting from winds frem the southern
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TABLE 5

DERIVATION CF CORRECTION FACTOR FROM
ANNUAL WIND FREQUENCY AND VELOCITY DISTRIBUTION AT

SEATTLE - TACOMA AIRPORT

2 : : Ax 0
Percentage of Mean vel. -
Total Obsvtns. (mph) (Mean vel. )2
19.0 2 L 16
17.0 6 35 102
32.0 10 100 3200
22.0 16 256 5632
7.5 22 u8h 3630
. 2.0 28 784 1568
0.5 35 1225 612
0.03 L3 176L 53
Sum - (mean velocity)2 x % = 14773
" Average annual velocity = 9.8 mph
(Average annual velocity)2 x 100% = 960l
14773 = 1.6

Correction Factor =
960L .
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quadrant is at a minimum of 0.67 dynes/cm2 in August and at a maximum
of 1.33 dynes/cm® in January.

The results alsc show that for winds from both quadrants the
average stress varies directly with the frequency of the winds. The
vwintertime picture, with maximgm wind wvelocity, frequency and stress
magnitude associated with southerly winds, would be as expected, in view
of the greater frequency of storm passages during that scason of the
year, Ordinarily, however, one would expect the maximum velocities
and stress magnitudes from northerly winds to occur also during this
period of most frequent storm passage, irrespective of the fact that
their frequency is at a minimum at this time. The facts that they oc~-
cur instcad during the summer months, and at this time exceed in all
three respecté the winds from the southerly quadrant, point out even
more sharply the dominance of the previously discussed prevailing nor-
therly surface wind flow which intrudes over the Sound Basin during
the summer months,

The relation between surface current and wind velocity is not
known for stratified, laterally confinedbwaters. Experience indicates
that a ratio of surface current to ﬁind velocity should be the order
of five per-cent and this value will be used here to estimate current

values from the measured wind velocities,
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Use of the average wind velocities in Table 9 leads to current
contributions from northerly winds ranging from 0.3 knots in winter
ggnths to O.L knots in the summer-time, For‘southerly winds the wvalues
vary from 0.4 knots in summer to 0.5 knots in winter months. From
.these results, one might‘conclude that on an average the Puget Sound
syrface waters are subject to wind currents of approximately O.L
knots at all seasons of the year, This value may, of course, vary
considerably, especially in the case of persistent high surface winds. -
As an example, during the storm of January 10, 1950, winds from
southerly directions averaged 27 mph, and persisted for 7 hours,

Use of this velocity in the above formula would yileld an approximate
current value of 1 knot.

A maximum current value of 1 knot can also be obtained from
consideration of the northerly winds over the Sound asscciated with
the storm passage of 13 January 1950, when the wind averaged 26 mph
and persisted for 6 hours.

The values obtained above from average wind velocities would
seem fo indicate that during all seasons of the year currents in the

surface waters of Puget Sound which are induced by wind stress are by

no meang negligible in comparison with the tidal currents. These

12

latter currents vary in general over the main Puget Sound Basin

from 0.1 to 1.5 knots at maximum ebb and flood, although they become,

12175, Department Of Commerce, "Tidal Current Charts, Puget
Sound" Coast and Geodetic Survey, 194L7.



of course, much stronger o&er Admiralty Inlet and in other restricted
channels. Therefore, during the time that southerly or northerly -
surface winds are present over the Sound——approxima@ely 65 to 70 per
cent of t'i total period--the tidal curvents might be expected to be
appreciably affected by the wind stress on the water surface.,
Computations may also be made using the average stress values
of Table 9 to obtain an estimate of at least the order of magnitude
of the portion of the total water level slope which is due to wind
stress on the water surface. The expressicn used for this calculation
is

T,= -gdih,

where ( in cgs. units) T, again represents the stress of the wind,
g is the accelerstion of gravity, d the density of the water, i the
slppe of the water surface and h is the depth of the water. Thig
formula has been obtainedl3 by integration of the cquations of motion,
assuming homogeneous water, stationary conditions and a rcctangular
configuration of the water bedy.

Using gd equal to 1000, and an average depth of the Sound Basin

of 6l meters, the equation becomes

i = 0.02 Ty cm/Km

138verdrup, Johnsont and Fleming, op.cit., p. L88
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Use in this formula of the maximum and m%nimum stress values
listed in Table 9 would indicate that the average slope due to wind
stress over the Sound varies from 0.0l to 0.03 cm/Km, which, if a
value of 100 Km is further assumed to represent the north-south
‘length of the Sound, will yield variations of 1 to 3 centimeters‘in
elevation of the water level surface over the length of the Sound.

A calculation was also made to obtain an estimation of the slope
which might héve occurred during the storm of January 10, 1950, when
the average wind velocity of 27 mph was recorded. From this veloéity
a stress estimation of L.68 dynas/cm2 was obtained, which when sub-
stituted in the above equation yields a slope estimation of 0,09 cm/Km,
or a difference in water level over the Sound of 9 cms.,

A possible check on this latter value may be obtained byAusing
in lieu of the above equation a similar one derived empirically by
Coldingll, i,e,

~ 1.8 x 107 W?

i h

nn

where W again represents the wind speed in cms/sec, Use of this equa-
tion with the 27 mph wind velocity and the average depth of 6Ly meters
yields a2 slope value of 0.11 em/Km, and a resultant water level slope
over the Sound of 1l cms. _

It is noted here that the estimatiqns’hade for the average depth

and length of the Sound might be separately or simultaneousty varied

1hcording, op.cit., p.L9O
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over a wide range of possible values without changing to any appreci-
able extent the magnitude 6f the slope over the Sound.

The calculations from the two equations seem to indicate that
water level slopes which occur over the Sound as a result of wind stress
are, in contrast to the currents induced, relatively negligible with
1;¢spect to tidal effects.

A record is available, however,:LS which indicates an increase of
2.feet above the predicted high tide level at Seattle that was con-
sidered due to the combined barometric pressurc and wind stress effects
resulting from a stérm of f the mouth of the Strait of Juan de Fuca dur-
ing this period,

' If the slopes due to wind stress are of the small magnitude
indicated atove, then this fact would seem to justify a conclusion
that non-tidal water level slopcs of any appreciable magnitude which
might occur over the Sound would be due primarily te barometric pres-
‘sure differences, with negligible contributions from wind stress over
the Sound. This conclusion would indicate, then, that an investiga-
tion of simultaneous meteorological and water level records might be
fruitful in determining a-usable empiriecal.relationship between water
level heights, wind stress and barometric pressure gradients over the

‘Sound.

lSWepartment of Oceanography, Uriversity of Washington,
®"Oceanographic Survey on Submarine Portion of Snohomish-Kitsap 230
KV Line. Final Report. Part I." University of Washington, Seattle,
Washington.
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CHAPTER VI
SUMMARY

An =nalysis of accumulated wind rose summaries shows the pre=
vailing flow over Puget Sound to be southerly in the winter-time.
During ‘the summer months prevailing northerly flow intrudes southward
over the Sound from the Admirélty inlet area, reaching the Tacoma-
Olympia vicinity by September, In autumn this northerly flow de=-
teriorates more rapidly than it developed, and prevailing flow is
again found to be southerly in October.

In the Strait of Juan de Fuca, the prevailing flow 1s easterly
in winter, and westerly in the summertime. The possibility of a fre-
quent closed circulation over the eastern end of the Strait of dJuan de
Fuca and southern portions of Georgia Strait is suggested. Examples
are given to indicate that the prevailing flow pattern may frequently
exist simultaneously over the area. |

Data were obtained which show the frequency and duration of all
surface winds of velocity 18 mph or greater. Thesc indicate that the
direction of strong surface flow is sharply confined by the topogra-
phical configuration of the area,

It is pointed out that these winds occufrnot only with the pass-
age of pressure minima, but also on frequént occasions with the occur-
rence of high pressure mexima, The station at Seattle-Taccoma airport
is especisally susceptible to this latter feature, but the immediate

topography of that area offers no obvious clue as to its cause.
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Examples are given of the individual meteorological situations
which give rise to high surface winds over the arca, and the changing
f}pw patterns which result.
| Comrutations are carried out to chbtain an estimate of the height
of wind waves created on Pugect Sound during this period. These show 17
different occurrences cf waves of 6 foot height or greater, with the
majority caused by southerly winds. The maximum height obtained was 9
feet.

Average wind velocities which occur with northerly and southerly
surface ﬁind flow over the Sound are compiled, and these values are used
in,empiricél fornulze to cbtain semi-quantitative estimations of the
wind stress on Scund watcrs and the surface currents and slopes which
might result.

The stress from northerly flow is found to be at a maximum in
summer months and at a minimum in winter, while that due to southerly
winds is found to be the reverse, with a maximum in January and a mini-
mum in August. Surface currents are found to average near 0.l knots
throughout the year, with higher values to 1 knot occurring with per-
sistent high winds. The average current velocity obtained appears to
be comparable to the tidgl currents in a large portion of the Sound.
Values obtained for the watcr level slepe range‘from 0.01 to 0.09
em/Km, or an estimated 1 to 9 centimeters ﬁater level difference along
a 100 Km length of the Sound. . In view of the smzll slope magnitudes
obtained, it is suggested that non-tidal slopes of appreciable heigh®
which are observed during storm passages are due primarily tc baro-

metric pressure rather than wind stress.,

74



TABLE

LIST OF TABLES

Description of Staticus
Sources of Data

Comparison of Short and Long Term Prevailing
Wind Direction

Maximum Wind Waves on Puget Sound
for Period of January 1950 to December 1952

Derivation of Correction Factor From Annual Wind
Frequency and Velocity Distribution at
- Seattle-Tacoma Airport

Monthly Wind Ffequency and Velocity and
Wind Stress Ty Everctt, Washington

Monthly Wind Frequency and Velocity and
Wind Strcas T_, Seattle-Tacome Airport, Washington

Monthiy Wind Frequency and Velocity and
Wind Stress T5, Tacoma, Wzshington

Average Monthly Wind Frequency and Velocity and
Wind Stress T,

75

PAGE

10

52

63

6l

66

67



LIST OF FIGURES

FIGURE PAGE
1 Relief Map of Northwestern Washington vi
2  Prevailing Surface Winds: October - March 16
3 Surface Wind Flow OLCO PST January 24, 1951 17
L | Surface Wind Flow 0LOO PST January 25, 1951 A 18
5 Prevailing Surfcce Winds: April - May : 20
6 Prevailing Surface Winds: June - September 22
7 Surface Wind Flow: 1600 PST 23 July 1951 25
§-10 Fréquency and Duration of Surface Wind Velocities
over 18 mph for Selected Stations 30-32
11  Surface Wind Flow 0LOO PST January 2, 1951 34
12 Surface Wind Flow 1800 PST January 2, 1951 | 35
13 Surface Wind Flow OL4OO PST January 3, 1951 36
1k Surface Wind Flow 0400 PST January 28, 1951 39
15 “Surface Wind. Flow OLOO PST April 11, 1951 L&
16 Fetch Lengths on Puget Sound \ L9
17 Wind Wave Height as a Function of Wind Speed,
Duration of Wind and Length of Feich 51
18-29 Monthly Wind Roscs, January - December 77-88

'30-41  High Surface Wind Frequency and Duration 89-100

76



il

%

gy HIYON

. S E R ﬁ : /
_ - e b
\.v..d // \\.‘ ~ ﬂ _W
A «/

I s o g R oA

@

S1 Ag S VN LNIOd ONVS

. , ; o | ﬂ
AN W s
~ " F/,.u ﬂr«\\[ /i H U : T.IL

SRR \//h L =~

$ITIONY  LHOd ; M
D

/// oWy

~ v . Lo Ny

/Emo.zz

ONYTISE  HS00LVL

/.\/‘IUa

\, S .
,# R A BIANOINYA N
| \ . \l\\\. 5
| . . 6
N / SN
| / ) _ (A PSS N
‘ ‘ N DN
‘ ) N
A ; / 2 \ S e
t |
/ N
A INIOd NVE3153
/
]
GNUM NIV, O SOVINIONIS SILYDIUNT IV BANN IWHINID \ N : P
SHOOVARINE0  viol 0 %O S9N LING tviivd MOV E _ A H.s
s A APIGTRE DM IOVHIAY ATHLNOR QIWYNING WYy 0 HIOIM / w m«
vaSr e :.0,
aN3937 Vv ot
\\ Ry




SSvd uo“._Asz
Q@

«/
\M

~M
H
§
m
Kl
¥
4

1

oz<._% HE00LVL

l)flv@

e P

- % " Y
. ./
UNI NIV, 20 J0WINIOHI SILWMOND YU IANN TYHINID .
SNOILVAHISHO V101 40 %01 SJ:UDANE LINA Tve¥y 1HOY1 -
pas s —mcees AL TAA ORI FUNIAY AHINOR STUVIICN HYH 4 HICIM I W

WABI2 e g

L aN393Y

fa
Fod




SSvd 303dWVLs
)

i 1dv 42004.— 33U C\ F

) ,. /\z .,_,_,_.m<_z h%\#gwm |

4
f\.

by i
SREINEN
| /

- e

ONiM WP 0 JOVEINIOWId CYLY2IONI TYHIWNN TYNINTD
ENOILVASISHO  IVIOL 40 %01 EILYDMNE LIND TWIQPY HMOV]

P ALiJQTJA QNI FOTRIAY ATHINGN SIUVDITNI NVE 40 HIOM

O 8. 0D
W an3oin

— i
Zu: S s —
SITIONVY  IHOd )




JViH HLIYON

\
/|
%

PN | \

X
S5vd UOuA§<hm 450\1:
@ \
* EL —
LdV UYWOOIVL - 3LV S -
@V | |

SY'N h?:: ONVS

~ o g N u)a ﬂ \Qﬂ \L / v \\u.
\ .
\ \

. S !
/ N . _, \ - w
r N , \ - -~ i
! / e T SN // , ;
AN , R @ £ m |
\ - NS
/. ’ ' q \ / _J SAVIONY 1HOd ¢ -
\ ©
_ » ~
o
/ v TN \ P
/ ﬂr \/v Ju A4 N
- - \
. ONVISH HS00LYL
/ VIKOLOIAN e

N
\~
.
!

i

/ s::Cz:jm

N
O \
N T
@
N 3 b
te »\p: . ...? ‘A~
— — mrn 1 /, // i
~ NS I/N
N
7 N N N 7 )
\ 3t (Y
/i

L HTANOINVA S
\\ @.\\ [ o

P

D T

N IL
[
. _ O
( 7
\ N M
. . ! |
. /S LNIOd NYH115%
- | o -
AN
N .
QNIM WIY) &0 IDWINTINIY S ILVIIINI Tvd JANN  ITHINDD
BNULLYANIGQ0 v 90 % Q1 RAYIAONL ARN Ywidve NOY3
Wikt igenaen ALIJOTRA QNIA TOVHIAY A THLINOW $2UVDIINI HYH 40 HIGW
LT TE N TR I ¢
waen [\YELER]
dnrp‘.

83

Tt
ind |0



4
SS¥d 3AISNVLS
@

¥
" ~
“ \ |
|
e
v \
SIVIONY 1804 2 - .
/ * N & P e
/ N \ R '
v N N
~ < ~ |
\\ ﬂ / O@MWwOOhd»
|
‘
| . |
M ~ ¢
! —
N
A
: P
{ ]

GNsw WlPD R 4DV YOWaa § I LY DIONT AvM IANAN TVdLiNTD
SHOLVAN JURD IvioL 40 RN Ut SILVION) LIS IVIIWH  WOwd

L LR SR AR I

eI

T

Tk JOUHIAY ATHANOW STLYDIONE Hvd S0 HACIM

aN 39T




@

i

~
et 22

P

QNS WY w TOVANTRId 5LV DN IV IR TThINDD
“ EMHOLAVAN SO0 WVAOL 0 WO SILYDINT LIND IRiGul wOvd
. uctigeue———ee A0 1TA INGY PR IAY ATHONON S U7 D0 iyl #Q Kilie
1]

ON3937

1

QZdM

- SYN LNIO Lo,
. IRy \ 7
% ,_ -

oF R

‘1dVY VWOOVL ~ 374 :..wf

M —
| ST
S @M \\mz\

1
t
,\V/J/
,QuI HIHON

| oL

. _/
A /,

¥

-
| \ / N N .
/ \\ - P
~ 1 -

S~ SIVIONV  LHOd

—
ANVISITIAZROINM

HIANOINVA

ey

NV Jm._ HSOO0LVL

/\/.\IU@

\
~

| S—

L
i,

%,

g ) e "
ind Rogss -~ June

23

s

~ i,
PR e



S

dvan HisON . ° “

VIdNATO

SSvd uowm,.kqhm e <§@o<P

g S
e M ,..Eq YWOOVL - ui@m%u\m\mmxwk ~ . f/‘f \....m
S\ \7aa

| SVN LNIOgTONVS
B /

% ﬁ»e L

- vr ‘ sz\w p wﬁ& 7\\\ toa

\\,,,\// U B A/ 7S N SRR
/ i ..

>

_
) / . !
“ . \ / 1 \ ' g v_‘ A
1 N’ N ..\ ' H
| ; he T . i/ i
) LLAMAAY T " - xf : . 4 - .
,_wk\ i . RN . 5
R ZC N ~ . o e
X oK S $3TIONY  1HOd [ b
' / l N . . 2 \ / /
N > \ o \ o N A J

/ozﬁw_ HS0OLYL

. e 0Ny \ATAGHH
N 3

o \\,, \
zcxcz._juy S J,\

3 > ,

"
-
Z

QQ‘;;}'?
et
L
=

-Z/" N e

\ RENR /
\\. v - ,//, / IIIIL\.,.IIA_ v _ ,..
/ 8 P { . | |
_“ R\ T I *VNV ,f .\ 1 .\u o,
\ " h HIANOINYA ///1 , g f//,

£ ] -
\,\ B ONVISI™ 3ONVHING - -
é} ﬂmu ) N]
: Ve
s | S

—

Y

ANIM NIV 0 FOVINTONID S TIVIIUNE IVEINAN TTHINTD

CHOILYAHISHO 1404 20 X OF §IIVIKIN LiNn vy HIVI

PrR et ALOIDTIA QNIM DIVHIAY STHLGOW S ILYIIIN BV 20 MO
LRSS DTN T )

" aN3937

g

ares - Ju

3T
Aeud

RS JO- |
Yetdild

[

-4

F
Faw

T4 ayy rmm,
ERERVE AV I

¥



>

¢

[P YR RN

SSVd 303dAVLS

[ S S

GNIM WIYD S0 FOVEN .k SHIYDIONT WM IANN TUNINS D
SHULYAHISKG WGl 40 w21 S

N
~

UGN BN IAY S BULOP. SRIT0 N myn KD MLt

GHN3I9I

I
\_w_ = \/@S»
m

N\

S~

"\

~
-
-

SITIONY  1M0d

el f s if :s

5/

VINOLDIA

u \,DOL.:\)

| u/U

ONVISI 3

N
z

Qv
g’

VHINI

- [

st s i i &

L |

.

Dz::v_ ImOOrS.

Y / , R \. e
¥ R
o PAESEY
~ A,/,)/
/ MINN INOd NvB3LS3
€ : O o
P
. .

Luzust

.

oy

5]

o]

wind Ros

[

g =
ciges
2 <

¥



LY

ot

\ ,
\ ‘ ;o
' ~ 82 ' A/\LJ o
e 4 RTR \
N S e A
[ ) w - - —_— = \, w
\\,.» N e = <%s§o
[} _ox\\
1
55¥4 3034NVLS \ h \\
Qo N
e
' “1dv YwOdvL - 3 ZM&, \ - ,r.
_ \\ [+ 15 \\\\\ N ;./
// | / . \ w
b vl s ,rV \ ! .W\
B R (S R AL \Q\ iy |
4 N AN FM“ A Y ™~ L -~
M // ' \\ \\ N // m s
_ 44 3HAAT B e - C w \
VLA R [V .
/M// - \ A. - . /. :
“u & MM[ \\\\ r W
-~ S~
\\N\ H.\/LH// az<4m_ HS00LVL

R

~z AANOIMVA
o)

LM WYY 4L

VLMY SLIVIING TVH 4ANN TVAINTD

W aan —— } L S0 1IN BRAHIAY ATRINOW

e

EUTHE R RN R ST ]

Ot STIYOMING LtHA VIR R wivd
SIWN M ey 0 Kidlm

. aN39371

V3IH MLIYON

e

INIOd NPHILST
[ e

{ W J
Uy’
ST
g
EN
N
NS

i) of

Y
I3
0

e

v
L
«

S
Wiz

Rogeg -

A

v



H
{
i
i

o ﬁ /;

YWOOVL M
¢ X S\ \ /
M X ~ L -
X ‘AdV  VWOIVL ~ wap<uG —_ _.T ”

- hr ; SYN  1#I0d TONVS

ST
, \tsl-f,‘uA AJ«} \\w ﬂ\ O 7

|
/‘l\

\

S373UNY LHOd . .

az<._w_ ImOO»S(

WV HONITIEN

m/ s
[4) U
~ ot v

HIANOINVA

Y

e P e
B

NI WY, SO JOVININR STLYIION TURTINAN TYHLINDD
SNOHLVANISA0 IVLOL J0 X 01 SIIWONI LINA IVIdYE HIY3
PRt 4 L100VEA KK JOUHIAY ATMLRON SIUVIUING VY 40 H10Im
Wi o
e aN3om
. N oy

€y ry
e L

»
i
it

1%
FAE N



N

<

" ! ; VIgWATO
\ N 4 &

AN

!

SSvd IAIJWVLS _ \MESE
) N

Id¥  VNOOJVL - 374 rquw
@ -

4
QUS4
\

i

\\,m,/
\

~ & T u

ORYTISE AJO0THM

£ /

vk
N <€

' mu>70f¥‘<>
1 e g [al /lﬂ \
| (=38 aNv S uu
N N .
i :
| o -
f ! e 3
! R ! . 4
¥ \
3
N
1
AN WL A0 JDViNJLedd STUYDIONG tvd Iank IRHINID
SNGIZYANISED 1PL0L 40 RO STIVIONI LN uilve HIVT
P earray—— 4 11007 1A ONIM O DOVYIAV LTHINOR SILVDINM HYH 20 MAQIM
P T ]

gN3937

JV3iH HLIYON

P} RACRETO

]

Qz<4.). HSOOLYL

/;/IU@

INIOd Nvd 3163
o —

T
(Rt o

£35r
P e

e
;
S



aviH HLIHON

", ) p

SSvd 303d E<»m

,k\

‘Ad¥Y  YWOIVL - ..3»::

~

v

PR g 4 G104 M IO IAY A TTH LHOW S3ivd

FEeY]

B

AN

]

'}

!

/ @ \“ \
~

YUY y

BN

e 2
—

——— e P

R) 7%5« /VvL\W.‘

S

1 /

SITIONV  1w0d
A _~—2

~

N

., /. 9
—
=r

GNVISI

s

HIANQINVA
. )
e,/

RUIL N R LVIFOIEL TS BV YRS LT LT TUNIANN THINID
ENOILYAYISRO  WUIGL 40 %01 STLVHONI LiNa WYY HIvT
AN BYd 20 RHLQIm

€ .0

GN3937

HSOOLVL

INIDd WVYHT]ST)

-+

!

r

]

e
ST

o



29

o]

T )

! \\\1 \ . .,,// _/,
\\, - poissd 1004 ¢ bUUND adwauN0 | J
jO SADP Qi S3U8S2I09) FDUDISIP |DIPDJ 4O 4lun YI03 / y

$91;100)aA
PRICIIPUL JO Sinou U wonoINp (Wnwixow ) puo aboisay

HOul 5§ uby} 1940840 saijioojan jo abups jouoilang
ydw 62 utyy 43)0340 $3y120i34 o abubs jouotoaNQ

UCw J1 ubu} 430240 $9131008A 0 abuDI {DUBI;DAI(

aGN3937

o8

eS

el
o d?
TR

%y

ht




1dv¥ VAOJVL-3TLLV3S

jo shop O

S3T739NV LH0d

o

e

potsad 103k €  Buunp auanndso
s4uasaudas AOUDISIP |DIPDI JO jrun Y203

S31100{3A

Pajodiput JO S4Noy U vonoIND [WNWixDW ) pud aboirany

ydw ¢ uoy} 12403i0 8313100134 Jo 3buDL jpULIDING

ydw /i uoyy

\V ydw g2 uoys 231024b saytaotan jo abuos jouoyang

1040910 5815100188 jo abuDI |DUGI;D3NQ

aN3937T




ey

VIiaNATTO

= VNOOVL \

CRthbat=

©LdV
e YAHOIVL -37L1iV3ES

muqmwzws.”.mom
) E g

e SYN 'Sl A3EqIHM

(¢
4
[V

By AN
m///a %ﬁ A -

oad

it

¢~,H~

potiad Jpal ¢ buunp aouannd2o a

jo skop Ol S4uas@ICa) HIUDISIP |DIPDS 4O Hiun Y303 ,.w

~ $31J190}aA b

N P2I0DIPUL JO SUNOY Ut UOLLLIND (WNUHIXDW ) pud 25D 13AY mw
Jx ydw ¢ upyy Jaipaib s$a11005an jo abuos jouordanQ

ydw g2 uoy) 1230216 saipofan jo 3bubs JOUOYDRNQ

(

ydw 21 ubuy 4940aub satpdojer o 2buos 10Uy 090

aN3937 8




[y
s

PR A ,._2_..___._.___.—-.. SEPMDERIIRY

VIdWATO0

L

potiad J4pak ¢ Buunp szuaunidso
jo skop QI Sjuasaida) aoUDISIP {DIPOI 4O JIUn Y2073

$31}100134
PaDYIpUL JO SN0y w1 vooanp {wnwixol ) puo abolaay
ydur 6¢ \Loy) 2940310 saipioaa jo abuos |ouoiylang

W ydw g2 uoys 12;0316 $31}1001aA  Jo abuos |oudHdanq

ydw 21 ubyp Jaypaib s21p1dojea  j0 abubs jouardang

EDER

72
S

s

1.

Arad

2

5

o -

>
3
i

end darats



e U, S
i = .

93

B \/ VidWATO

wb

v3s

‘LdV YWOOV1-311

M

INIOd ,qum\
v
N

SITIONY LMOd

po1sad ipak ¢  buunp 32ua1n2%0
0 sAop O] S4uasaidas AVUDISIP JDIPDI 4O BUR 4303

~ S@1}190}3A

pajootpul JO SINOY U UODIND {wnwixow ) pup aboisay

ydw ¢ uouy Joash s214130194 jo abuos jouonoaQ
ydw 62 uby} s3joasd sBI00[aA jO abuos puoyoaNg

ydw 71 upyy 4y0ub saypoojea 4o abuos [DUOKIBN

an3937




b

VidWAT0

N v

N

1dV  YNOIVL -31L

S
YUUSYN
M INIOd ONVS

v3s

N
/
‘N

S3T39NV LHO0d

potsad 103 ¢ Buunp azrannyo
jo shop Q1 sjuasaidas aOUDISIP |DIPDS 4O frun YO0

$31,100}9A
N Pajodtpul JO SiN0U U1 UOHDIND {WRUIXDW ) pud aboraay
] ydw 6¢ wuayy Jai0aib s8141001aA 0 abuos |ouoydan0

W ydw 62 upy} 1340a31b sa1y10013a o abupbs jpuoy 3N

YW L1 uoyl 4240315 $21412019A J0 @buos |DUOI,3a1G

aN3937

R~

©

Y7
Kk, S,

-

L2 .
LRl o0

¢

AL

L)
Iy
L

poaeney and

£

E’w"

bl

. .4
MR TLE

£
&

Fud
oy g §
L ok g

LY
alEk
L

a3

XN e £

T
&

H

FPAeY)

yromrery



-sm._wz-.____“._..____

G
\?&

S3TI9NV 1H0d

£ eI QIR

(e

poisad 103k ¢  Buunp ax-3un10

: \« /Q@I@ZSJ 0 shop O syuasasdas adupysip 101pDI 40 Jiui Y03 o

: N $314190) 24
- PRI0OtpUL Jo sanoy Ut uotoinp {wnunxow ) pup abousanay
Yydw 6¢ uoy 13403 $3111001aA Jo abubu jouoiyoang
ydw 62 uoy} J3;0asb saydojaa jo abuou 1putlaNQg

Ydw /) uoyr 4340346 $911150)aA 10 abuos jpuoyoang

Lol
(4]
_—

anN3Ioan

/[

w3y e July,

Sl

]




ANl

o

VIdKRATO

S3TIONY LM0d

pouad 1034 ¢ Buunp aouasn0
J0 sADp O 8ju3asaidas IOUDLSID |DIPDJ JO Jlun YInJ
$31LID0)2A

P240otpUl JO SINOY Ul ueioInp (WnwiXoW ) pup abpiaay

WYHONITI2S

ydw 6¢ uoyy Jaypaib $31310059A Jo abups jouoIyIANQ
ydw 62 upyy 42)0asb s2a140019A Jo abuns jpuonanQ

C

ydw /1 ubyr aa40mb sayioojas jo abubs (ouoang

aN3omm

17

“

AT E ]
d
b 54

W

ke 5

Vo L2,
ARV )

nd &

T

7

e

face

i3 W AR

T ol

ok



_ﬂ\ﬁ_—_—-—»-zm.‘m—————

A VIdNAI0

5 = <
b\

,, \MZK\M

\/Q v Nzow/ﬂv \\)\JN
V)
/

|

1dV

\n pot13d 103k ¢ Buunp asuarnmo
P AWYHONITT28 /0 SADP O} S4uasasdas aoudISIp |DIPDJ O junh Yd03
N //, 531{100)3A
P34DIIPU! JO SINOY Ul UCHDIND {WRWIXOW ) puo abpiaay
ydw 6¢ uoy} 1240316 s91410019A Jo abuos ppuoiprong
/.\/V ydw g upyl 134paib satjroojan jo abups jouoydang
‘ ﬂ\

ydw 2| voyl 1340316 sorpootea o ebubs ouoRNQ

aN3937

e

()

(L)

—

SL e
H

. ()
(52 W

R4

s
EATN

4o
=N

" i, N
xS

2
&
<

ey
12y

Py

31
RPN

P
~
Pt



9

oS

pord
P

B i

lwm\ ) ,,,./ e
A ﬂ

113Y3IAT

N

J

]
S'¥N
i
)

\
S
S Lo
At i |
\ 3 pottad DAt ¢ buunp Fuaunino ! |
WYHONITTIE8 j0 SA0D O] S§4UdS@idas B2UDISID JDIPOI 4O fiun Ydod  : 7
’ $31;130{ a4 T
pARIIPUL JO SINOY Ui uoloInp {wowixdy ) puo aboilaay (/) v

N
\
=
[

yew ¢l

ydw 6§ upyl 12jpaib 914100124 JO abuni DUOL,Zan(

ydw gz ueyl 240810 satpoogaa (o abuns (puoy o0

yl)

Y M ﬁ_
A
,
i
“ V
/ \
—
Aw/(\\/,\/\\\/ //
o
. G
U
e I\
o [
— Vo
//1\_ .
$
i
i
; . _ ww
T N
.
J/./
S ,//
£ -~
N
Jf/ —_
~
////
~_
-

Jy0asb S0 [A j0 byl (NLUOLUSNG

aN32937

xa

4,

Ty

-
oy,

1 ot

Iy



\
.r@\tummi L
LONPE e . V " ~ \ ’

{ SITIONY  LYOd
" . 3

PRI A

o

'Sl

AZSCAIHM

poriad 104 ¢ Buunp aduanniao
JO SADD Q| S4U3aSTICIL TUDLSIP |DIPDJ 4O |0 N 4003

$21,13010A
3 Pa40PUl JO SINOU U! uwonoIND {WhWiXDW ) pud abDIaAY
Qw ydw §¢ uoyy 28300l sainogaa o abuos jouoiyvang
L
N ucw 62 undl 13103406 sarpoojaa o abuos puoydaINC
—

ydw 2y uoyy sa0@b sapcoppa o abups 1ou0nosI)

anN393n

e
U

YaudllD

s e i AT 50 e 1

N




, VidWAl0

S3IT39NY LYod

/\\

\ \ wyRoNI T30
/\ \

%

~.
N

.ﬁ/
C

o shop O

poited Dok ¢

Buunp 92.91in220

Syuasasdal ATUDSID IDIPDI 4O Jun 4oD7g

ycw 6%

udw g2

ydw 24

uoyy 2j0ad

uiyt Jataib sa1p009A

SaI {100} ehA

DIJOSIPUI JO SANGU U1 UOLOUND (WnuiXD ) puo aBDiaay
sa1p10012A o abuos jouoyvang

upyt de0ab sapivojes jo abuos jouoida)

N EDEN

10 shuDs oA A

q



LITERATURE CITED

Beamer, Carol C., "The Structure of Summer Wind Over San Juen Island,
Washington®", Yearbook of the Association of Pacific Coast
Geographers IIT 31, 1937.

Department of Oceanography, University of Washington, "Oceanographic
" Survey on Submarine Porticn of Snohomish-Kitsap 230 KV Line.
Final Report. Part I." University of Washington, Seattle,
‘Washington.

Gérlach, Arch C., "Precipitation of Western Washington," Ph.D.
Dissertation 1943, Library, University of Washington, Seattle,
Washington,

Munk, Walter H., "4 Critical Wind Speed for Air-Sea Boundary Processes,"
Journal of Marine Research 6 (19L7), p. 205-218,

Reed, Thomzs L., "Gap Winds in the Strait of Juan de Fuca," Monthly
Weather Review, 59: 373-376, 1931,

Stephens, Thomas E., "Temperatures in the State of Washington as
Influenced ty the Westward Spread of Pelar Air Over the Rocky
and Cascade Jdountain Barriers", Master of Science Thesis, 1952,
Library, University of Washington.

Sverdrup, Johnson and Fleming, "The Oceans", (New York: Prentice-Hall,
194L9), p. L71-503.

United States Department of Agriculture, "Atlas of Climatic Charts of
the Oceans," United States Weather Burecau, Washington, D.C.,
1938.

.t . ) ’
United States Department of Commerce, "Tidal Current Charts, Puget Sound",
Coast and Geodetic Survey, 194L7.

United States Navy Hydrographic Office, "Techniques for Forecasting Wind
Waves and Swell, "H.O. Publication No. 60L, Washington, D.C., 1951,

101



i

Department of Oceanography
University of Washington

UNCLASSIFIED TECHNICAL REPORT DISTRIBUTION LIST

Chief of Naval Research 1 Chief of Naval Operations

-

[

Department of Navy

Washington 25, D, C.

Attention: Code L66 (1)
LL6 (1)
L16 (2)

Director, Naval Research Laboratory
Washington 25, D. C.
Attentiont: Technical Information Officer

Office of Naval Research Branch Office
3L6 Broadway
New York 13, New York

Office of Naval Research Branch Office
Tenth Floor, John Crerar Library Building
86 East Randolph Street

Chicago 1, Illinois

Office of Naval Ressarch Branch Office
1030 East Green Street
Pasadena 1, California

Oifice of Naval Research Branch Office
1000 Geary Street
San Francisco 9, California

Office of Maval Research Resident
Representative

University of Washington

Seattle 5, Washington

Of ficer-in~Charge

Office of Naval Research
London Branch Office

Navy #100, Fleet Post Office
New York, New York

Chief', Bureau of Ships
Department of the Navy
Wzshington 25, D. C.
Attention: Code 8h7

Chief, Bureau of Yards and Bocks

Department of the Navy
Washington 25, D. C.

20 October 195

Department of the Navy
Washington 25, D. C.
Attention: Op-533D

Chief Scientist

J. S. Navy SQFAR Station
APO 856, c/o Postmaster
New York, New York

Commanding Officer, Naval Ordnance
Laboratory, White QOak
Silver Spring 19, Maryland

Department of Aerology
Us S, Naval Post Graduate School
Monterey, California

Director, U., S. Navy Electronics
Laboratory

San Diego £2, California

Attention: Codes 2240, 2212

Hydrographer

U. S. Navy Hydrographic Office
Washington 25, D. C.
Attention: Division of Oceanography

Project Arowa

U. S. Naval Air Station
Building R-L8

Norfolk, Virginia

Project Officer
Laboratory of Oceanography.
Woods Eole, Massachusetts

Armed Services Technical Informaticn
Center

Documents Service Center

Knott Building

Dayton 2, Chio

Asgistant Secretary of Defense

(Research and Development)

Pentagon Building

Washington 25, D. -C.

Attention: Committee on Geophysics
and Geograrhy



Chief, Bureau of Aercnautics
Washington 25, D. C.
Attentiont Code MA-S

Commandant (0AO)

U. S, Coast Guard
Department of the Treasury
Washington 25, D. C.

Commanding General

Research and Developrent Division
Department of the Air Force
Washington 25, D. C,

Commanding General

Research and Development Division
Department of the Army

Washington 25, D. C.

Commanding Officer

Air Force Cambridge Research Center
230 Albany Street

- Cambridge 39, Massachusetts
Attentions CRHSL

Director, U. S. Coast & Geodetic
Survey

Department of Commerce

Washington 25, D. C.

Director, U. S, Fish & Wildlife Service
Department of the Interior

Washington 25, D, C.

Attentiont Dr. L. A. Walford

Dr. F. Mfller, Norwegian Defense
Pesearch Institute
Akershus, Oslo, Norway

National Research Council
2101 Constitution Avenus
Washington 25, D. C.
Attention:

Office of Technical Services
Department of Commerce
Washington 25, D. C.

Pacific Oceanographic Group
c/o Pacific ©Riological Station
Hanaimo, British Columbia, Canada

Cimmittee on Undersea Warfare

g

South Pacific Fishery Investigations
U, S. Pish & Wildlife Service
P. 0., Box 271

- La Jolla, California

U. S. Army Beach Erosion Board
5201 Little Falls Road N.W,
Washington 16, D. C.

U. S. Fish & Wildlife Service
Fort Crockett
Galveston, Texas

U, S, Fish & Wildlife Service
P. 0. Box 3830
Honolulu, T. H,.

U. 8. Fish & Wildlife Service
Woods Hole, Massachusetts

Allen Hancock Foundation
University of Southern California
Los Angeles 7, California

Bingham Oceanographic Foundation
Yale University
New Haven, Connecticut

Department of Conservation
Cornell University

Ithaca, New York

Attention: Dr. J. C. Ayers

Department of Engineering
University of California
Berkeley, California

Department of Mesteorology &
Cceanography

College of Engineering

New York University

University Heights, New York 53, N.Y.

Attention: Dr. W. J. Pierson

Department of Zoology
Rutgers University

New Brunswick, New Jersey
Attention: Dr. H. K. Haskins

Director, Bermuda Biological Statim
for Research
St. Georgels, Bermuda



Director, Chesapeéke Bay Institute
Box l26A, R.F.D. #2
Annapolis, Maryland

Director, Hawaii Marine ILaboratory
University of Hawaii
Honolulu, T. H.

Director, Lamont Geological
Observatory

Torrey Cliff

Palisades, New York

Director, Marine Laboratory
University of Miami
Coral Gables, Florida

Director, Narragansett Marine
Laboratory

University of Rhode Island

Kingston, Hhode Island

Director, National Institute of
Oceanography

Wormley, Near Godalming

Surrey, England

Director, Secripps Institution of
Oceanography
Ia Jolla, California

Director, Woods Hole Oceanographic
Institution
Woods Hole, Massachusetts

Head, Department of Oceanography
Texas A & M College
College Station, Texas

Institute of Qceanography
University of British Columbia
Vancouver, British Columbia, Canada

The Oceanographic Institute
Tlorida State University
Talizhassee, Florida



