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ABSTRACT

The surface winds which occur over the waters of Puget Sound

and the Strait of Juan de Fuca present a complex picture. Strongly

affected by topography, they cannot be predicted or fully explained

solely by consideration of the changing atmospheric pressure patterns

over or near the region.

A detailed summary of accumulated surface wind reports is de-

sirable, therefore, to satisfy the increasing demand for a reasonably

accurate climatic picture of the surface flow over this region througll-

out the year. In particular, oceanographic and fishery investiga-

~ions 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 been 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 at selected sta-

tions over a three year period.

Particular meteorological situations have been selected and

discussed, to serve as examples of the general or unusual flow pat-

terns derived from the summarized data.

Some of the oceanographic effects of these surface winds 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
I
~he three year period for"which high surface wind data were compiled.
I

With the use of empirical formulae, semi-quantitative estimation.s,
"j ",

rave also been made ~f the stress on the water surface due to the

surface wind flow, and of the currents and water level slopes which
I

~ght result.
I ".
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THE SURFACE WINDS OVER PUGET SOUND AND

THE STRAIT OF JUAN DE FUCA AND

THEIR OCEAi'\1OGRAPHIC EFFECTS

CHAPTER I

INTRODUCTION

Description of the Area

The area (see Fig. 1) for which the data has been accumulated
I

is leomprised 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., Entrance Island, near

Nartaimo, B.C., and Esteban Point, on the west coast of Vancouver Island.
I '
:
I

The southernmost are Toledo, Washington, in the Cowlitz Valley and North

He~d, 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 and are directionally

oriented north-south.

The Cascade mOlliltain range, forming the eastern boundar,y of the

reg~on, rises to an average height' of 5,000 t~ 6,000 feet with a number

of peaks extending to well over 10,000 feet. Several passes breach

thei rang~ at different points, but the lowest of these, Snoqualmie,
I

is still at an altitude of just over 3,000 feet. Hence, between the
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Columbia and Fraser River valleys, the Casoade 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, enolosing the waters of Puget

Sound. Farther north it includes the eastern portion of the Strait of

fuan de Fuca, the San Juan Islands and Georgia Strait. There are two
:

low-level passageways from this area to the Pacific Ocean, one through

the Strait of Juan de Fuca, the other through the Grays Harbor Inlet-
I

9hehalis River valley. Elsewhere the coastal range provides a second
i
barrier to east-west flow.

I

The Olympic Mountains are the most prominent feature of the
I

Coastal Range. They occupy almost all of the Olympic Peninsula and

are roughly triangular in shape. Their western slopes are relatively
I

I

gradual, leadirg downward to a narrow coastal plain, The northern and

eastern slopes, however, drop sharply from an average height of 5.. 000
I

fFet to the Strait of Juan de Fuca and Hood Canal. One peak, Mount

Olympus, reaches an elevation (If 7,954 feet.

South of the Chehalis valley the Coastal Range is again dis-

cernib1e, but with lower elevations. This portion, lmown locally as

the Willapa Hills, is generally from 1,000 to 2,000 feet in height,

reaChing maximum elevations of 3,000 feet.
I

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 with the higher ranges reaching to 4,000 feet,

The narrow coastal plain extends from the coastal mountain range

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

2.



During the summer months this anticyclone is well developed and

•

On Vancouver Island t'he coastal mountain range extends to the seacoast

itself•

iGeneral Meteor~losi~~l CharaeteFisttcs

The characteristics of the surface winds which occur along the
I •

~aShington coast and western coast of Vancouver Island are, for the most

p~t, attributable to the circulation around the semi-permanent high

~ressure cell which dominates the eastern Pacific Ocean.

!

~entered far enough 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

~enter usually centered near the Aleutian Islands begins to intensify

and deepen. By midwinter these changing pressure systems have shifted
I,

the prevaUing flow along the cOast tc southerly directions, becoming

south to southwest at North Head and southeast at Esteban Point.
I

During the winter period, the area under consideration lies al-

most directly in the path of the migratory storms which follow the Polar

Front. As a result of these storms the entire coast' is subject to winds

Jf gale force and above from directions ranging from s("lutheast clock­

wise to northnorthwest" even though the prevailing flow is well defined
i

I
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 now,

3
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and indicate the strong topographical effects. ~vestigation of the

wind rose data indicates that the influence of the mountain barriers

.is equally as important as pressure gradient considerations in deter­

mining the direction of these winds.

lReed has rr.ade a detailed study of gale winds which occur at

the western entranoe of the Strait of Juan de Fuca and points out that
1
I

:in a noticeable number of cases of winds over 50 mph at Tatoosh Island

ithe direction of those winds was opposed to the pressure gradient.
!

!These were occurrences of easterly gales at that staticn when the baro-

Imetric pressure was higher at Tatoosh Island than at Seattle and other

points on Puget Sound. At these times} the southerly winds over Puget

Sound were sufficient~ streng to flaw counterclockwise around the

Plympics and overcome the pressure gradient through the Strait of Juan

de Fuca. In the majority of cases, however" the pressure gradient be­

between the 1nland b.asin and the Pacific Ocean was properly oriented to

cause east-west flow through the Strait" but by no means sufficiently
I

great to cause the high velocities recorded at Tatoosh Island.

Reed ascribed these winds at that station to the terrain which

~omprises the shores of the Strait. The steep slopes there narrow

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

lReed" Thomas L. , "Gap Winds in the Strait of Juan de Fuca. lt ,

Monthly Weather Review ,9s 313-376, 1931.

4



tending to move westward. through the Strait would be subject to the con­

fining effect of this terrain until, at the western and of the Strait the

"funneling" or "venturi" effect would result in the high velocities at

Tatoosh Island.

The wind roses compiled for the present study indicate that these.

same topographical effects hold not only for excessively higli winds, but
I

'also for the wind flow in general over the region.

During the late spring, summer and early autumn months the air

,masses moving over the area from the Pacific are exceptionally stable,
I

I

Ireflecting the influence 0 f subsidence in the dominating high pressure

area cffshore. As a result" one can expect that winds within these

.stable air masses will be especially SE ceptible to the topographic in­

jfluence of the region.

i

Availability of Data

Table 1, Description of Stations, lists all of the stations for
i

which summarized surface wind data were obtained. The sources of data

are listed in Table 2.

Any investigation of surface wind data over this region is ham­

jpered primarily by the scarcity of data, despite the fact that the area
i

'is well blanketed by a network of meteorological reporting stations.

These stations include those of the United States Weather Bureau" the

Civil Aeronautics Authority" Canadian Meteorological Service, militar.y
I

'installations and a large number of individual cooperative stations

manned by local residents. This latter group of reporting units provides

the major portion of the coverage, but unfortunately none are equipped
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TABLE 1 DESCRIPTION OF STATIONS
--- --- --- -- - _ .. _------

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

Length
Elevation Period of of period

Station Latitude Longitude (Ft) Record (Yrs)

'* Bellingham, WashQ 48 45N 122 29W 1$9 Jul 50 - Jul 53 3
Entrance Island,·B.C. 49 liN 123 Sow 3S Jan 22 - Aug 39 18
ESteban~Point; B.C. 4923N 126 32W· Jan 22 - Dec 45 24* Everett, Wash, (Paine AFB) 4159N 122 12W 598 Nov 38 - Nov 45 6
Garry Point, B.C. 49 oPN 123 llW 6 Jan 22 - Apr 41 19
North Head, Wash. 46 16N 124 Ol~w 196 Apr 50 - Dec 52 3

* Olympia,· Wash. 41 03N 122 54W 69 Oct 49 - Aug 52· 3
'* Port Angeles, Wash. 46 07N 123 26w 29 Nov 49 - Aug 52 3'* Sand Point· NAS, Wash. 47 4lN 122 lSW 54 Mar 45 - Dec 52 8
* Seattle-Tacoma Apt., Wash. 46 26N 122 20lf 388 Jan 51 - Dec ,3 3

Stampede Pass, Wash. 41 l1N 121 20W 3963 Jun 50 - Mar 52 . 2
Tacoma; Wash. (McChord AB) 41 08N 122 29W 300 Aug 40 - Jul 53

..
13

'* Tacoma, Wash. . 41 15M 122 26w 165 Duration data only
Tatoosh Island, W~sh. 48 23N l24h4w 10l. Oct 49 - Aug 52 3
Toledo,· Wash~ 4629N 122 49W 363 JuJ. 50 - Jul 53· 3
Vancouver, B~C~(Airport) 49 UN 123 lOW 22 Feb 36 .. ~ec 45 II
Vancouver, B.C. (City) 49 I1N 12305W 65 Jan 22 - Apr 42 20
Victoria" B..C.- 48 25N 123 19W 228 Jan 22 - Dec 1.6 24

* 'Whidbey Island, NAS, Wash. 48 I1N 122 39W Apr 45 - Dec 52 8

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



TABLE 2

7

SOURCES OF DATA

I.",

United States Department of Conmerce, Weather Bureau

Local Climatological Data -- Yearly Summary
Local Climatological Data -- Monthly Summary, Weather Bureau

Form lOOl-C

Special Metevrological Summaries Weather Bureau
Form 1001-C Supple

Wind Rose -- Heather Burea.u Form 5l08B IBM

Surface Weather Observations -- Weather Bureau
Furul 1130 A, B.

United states Air Force

Surface Weather Observations -- WEAN Form 1130

Flying Weather Wind Rose -- National Weather Recvrds Center,
Asheville, N.C.

United States Navy

Surface Weather Observations -- WEAN Form 1130

MARS Climatic Atlas -- National Weather Recvrds Center
Asheville, N.C.

Canadian Department of Transport, Meteorological Division

Climatic SuuEIDries f0r Selected Meteorological Stations
Torontu, Ontario, 1948
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with wind recording instruments.

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 rose sUmmaries it would be preferred" of course,

~.o 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
i

)lhatever period or periods was avail8;)le in order to obtain the best

:.' possible pioture at e30h location. It wasfelt that increased 1'lia­

pUity at individual stations was of greater importance than misrepre-.

fentations resulting from unequal periods of summary. ThiS, then,

suggests that the final results at each station be weighed as to relia-

~ility according to the length of period of summary.

Complete wind rose summaries whioh include percentages of winds

from all points of the compass are available for American stations for

recent years only, 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 1940rs. The National

Weather RecordS Center at Asheville, N.C., 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 Air Stations at Whidbey
I

Island and Sand Point, and the Air Force installations at Paine and

McOhord .Air Force Bases.

8
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The three stations of Seattle, Olympia and Tatoosh Island had

complete wind rose data available for periods between October 1949 and

~ugust 1953. However1 these same stations had available for longer
I

periods data for prevailing wind direction only. An attempt to estab-
1

+ish to some extent the representative value of the shorter period waS

~de by means of a com~arison of prevailing wind direction for the two
!

I •

per~ods. The results at each station are tabuJa ted in Table 3.
i

These comparisons indicate that the recent period of complete

data parallels closely the long term averages, at least insofar as the

~revailing wind direction is concerned. From this it would seem that

are is safe in assuming that for other stations for which no long term

data are available, the averages for the recent periods give a fairly

accurate representation of what long term summaries would yield.

There were no complete summarized wind rose data ~vailable for

the Weather Bureau station at North Head" Washington. Here, too, how­
l
I

ever, summ.a.ries were available which represented daily prevailing winds
I

for the period April 1950 through December 1952. These were utilized

to compile the wind roses shown in this study for that station. As

such, they are not complete, the percentages shown being based on the
I

number of days the prevailing wind was from each direction. It was con-
I

sidered highly desirable to hlve even an incomplete picture for this

station because its location and excellent exposure made it representa­
i

tive of the wind flow from the Pacific reaching that sectien of the
I

Washington coast.

The compiled surface wind data is shown graphically by means of

tl1-e usual wind rose polar graphs in Figs, 18 - 29. For all stations

9



TABLE 3

COMFARISON OF SHORT AND LONG TERM
PRE,'VAILING WIND DIRECTION

MONTH SEATTLE TATOOSH ISLAND OLYMPIA

20 ~T Oct 49- 13 yr Oct 49- 18 yr Oct 49-
pd. Jul 53 pd. Aug 53 pd. Aug 53

(8 pta) (16 pta) (8 pta) (16 pts) (8 pts) (1' pts)
I

JAN SE S E E S S
\

FEB SE S E E S S

MAR S S E W S SSW
I

APR S S W W SW SSW
I

MAY S SSW W W S SSW
!

JUN S SSW W S SW SSW

Jut N NNW S SW SW SSW

AUG N N S S SW SSW

BEP N N S S SW SSW
!

OCT BE SSW E E S SW

NOV SE S E E SW S

DEC BE SSE E E S S

10
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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

~ach'~£ 8 or 16 different directions. The width of the barbs indicates,

withiI.: the given ranges, the average velocity of the wind from that

direction.

There were no su..mm.aries available for any station which would

present the type of data desired for the study of tho duration of high

s~face winds o It was necessary, therefore, to compile this data from

ox-i.ginal hOl.lrl~T w:I!d report records. These original records were

rea.di1y avail~b1e from January 1950 to date, and the three year period

from Ja..~uaIy 1950 to Dedember 1952 was chosen as the period for these

sUmmaries.

11



, ,',

CHAPTER II

ANALYSIS OF WIND ROSE SmlMARIES

December - March

During the winter months the prevailing wind off the southern

Washington coast is south ,to southwest. Northward it backs gradually
:

t6 southeast off Esteban Point, B.C.

The prevailing flow over the Pugct Sound area is also southerly.

These latter winds approach the Sound area from the south through the
i

I

Cpwlitz Valley past the reporting station at Toledo, Washington, and
I

f~om the Pacific Ocean through the Chehalis River valley. .An investi­
I

gation of the data from North Head shows a higher percentage of easter-
i

ly winds which arc due, probably, to the localized en-ects of the

Columbia River valley. However, the higher velocities at that ste-tion

are found with the south and southwest winds, and it seems probable that
I

f9r these winds the Willapa Hills do not constitute an effective bor-

r~er to onshoro flow from these directions.

The southerly flow over the Sound is indicated as fe.r north as

Bellingham, but the dcta for the Georgia Strait and Strait of Juan de
I •

FUca areas show sharp contrasts. Winds at tho Vancouver stations are

predominantly easterly, reflecting, no doubt, the effect of tho Fraser

River valley. Here again, however, e considerable percentago of winds

w;th higher volocities is from southerly directions, suggosting that a
I

n~t flow of air ~y pass northward up Georgia Strait.

The data from Entrance Island and Victoria, however, do not al­

low the assumption that this simple picture persists across the width

12



'" ,.1

of the Strait. The directions and highest velocities at Entrance Island

show a definite predominance from the east and northeast. Victoria shows

a well defined predominance of northerly winds. Both these stations ere

well exposed and may be considered representetive. Their dota indicate

~hat for at least a considerable portion of the time there is a reversal

~f 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.
I

The flow in the Strait of Juan de Fuca is apparently not always

the simple "east or west" picture sometimes assumed. Tho presence ot
1

the funnel or Venturi effect suggested Qy Reed seems the most logical
I
I

explanation of the strong easterly winds at Tatoosh Island. The data
I

f~om Port Angeles, howevGr, show higher percentages of winds from the
I

I
s<;luthsouthwest to west. This .would suggest that frequently the v~ind

I

direction is reversed between Port Angeles and Tatoosh Island.

It seems likely tr~t this unexpected feature is also related to

t4e configuration ot the Olympic mountain range along the southern shore

ot the Strait. The slope ot these mountains is very steep along the en-

tire length of the Strait and would serve to confine at least the lower

layers of the easterly gales which pass Tatcosh Island.

It would appear, then that for a considerable portion of the

time the north ~ind at Victoria turns westward into the Strait, but
1

e~counters the confining Olympic range only at points wost of Port

Angelos. It is suggestod that a division of the flow takes place at

some point west of this station, the major stream passing westward
I

through the Strait to form the easterlies at Tatoosh, while a much

13



This precipitation increase is usually explained by the fact

weaker stream is deflected eastwerd to furnish the westerlY winds et

Port Angeles.

i
d9ub1e that at Port Angeles, while at Clallam Bay, 25

I

along the Strait, it is more than triple that amount.
1

I

I

tqat the Olympic mountains decrease sharply in elevation about 20 miles
I

w~st of POrt Angeles, averaging about 1500 feet in height from there
I

westward. This permits the moist southwosterly flow from the Pccific
i

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 abrupt slopes of the Olympics

a~ this point, ono would also expect a precipitation increase there as

a rosult of orographic lifting of tho onshore winds.

i 2Ger1ach, Arch tl. flPrecipitation of Western ~;ashingtonfl, Ph 4 D.
D~ssertation, 1943 Library, University of Washington, Seattle,
Wa:shingtono

14
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Therefore, although the region of sharp precipitation increase

~s probably due prinmri.ly to the change in elevetion of the Olympics at

that point, at least a portion of that increase may well be due to oro-

graphic lifting of north or northeast winds which first encounter the
:

6lo~es of the Olympics in this region.

The fact that the prevailing winds at Port Angeles are west­

southwest to southwest, rathor than due west or westnorthwest may also

indicate that some of tho air which crossesthe mountains west of Port
I •

Angelos passes eastward along and down the slopes of the higher portions
i?£ the Ol)lnpic Mountains to tho east, passing Port Angelos from the pre-
I

vailing direction.

The regional flow pattern just described is shown grephica~ly in

~ig. 2. This pattern represents, of course, the prevailing wind flow
i
over the region, ond is by no means meant to\describe simultaneous con-

However, it could logically be expectod to eXistditions at all times.
I

frequently undor recurrent meteorological situntions. An oxample was

found to exist on January 24, 1951, and the wind flow pattern and iso­
I

baric configuration for that and the following days are depicted in

~gs. :3 - 4.

On these days tho region was under the influence of e low pres-

sure center located about 500 miles Gue west of Tatoosh Island. On the
1

24th, the easterly winds at Tatoosh Island were at a maximum velocity

~t the surface, and merged gradually into the southwesterly flow at

6,000 feet. The observations at Port Angeles seemed to indicate that
I

~he point of divergence previously suggested was in the nenr vicinity

15
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~of that station, since the winds there changed erratically between south­
I

I

:wes·terly and northeasterly directions throughout the day, sometimes from

hour to hour.

With the continued approach of the low center, however, the east­

erly flow at Tatoosh was apparently overcome by the stronger southerly

IWinds associated with the storm center. On the 25th, the wind at

!Tatoosh veered to the south a~d increased in velocity to 32 mph. This

!disapp~arance of easterly flow in the Strait was reflected also at Port
I

~e1es and Victoria, ~here complete reversals of wind direction were
;

iobsorvcd. There was no indication at this time, therefore, of the closed
J

ICirculation OVfI!' Georgia Strait, and apparently the surface flow wns

Isouther1y over all of Pugot Bound and GeorgiE\ Strait, reinforced by an
I

jinflUX of air from the southwost OV0r the 10\ier ranges of the Olympics

'west of Port Angeles.

Fril -May

! During the spring months the northward migration of the Pecific
I

i

'High is indicated (see Fig. 5) by the prevailine winds at North Head"

.which "'leer from south to northwest, and thoso at Tatoosh Island, which
I

'lose their predominantly easterly characteristics and veer to the south

and event\lall~' west. The prevailing flow over the southern portions of

Pugot SOUJ."'ld, however, remains predominantly southerly, while that in the

lcowlit~ Vul1ey past Toledo becomes northerly. This seems to indicato

lthat a net influx of air passes eastward through the Chehalis River
I

ivalley and diverges, one stream continuing southeastward Past Tolodo,

IIthe other moving northward around the Olympics and over Puget Sound.
I
I

19
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The reports on the Strait of Juan de Fuca also indicate e net

flux into the Strait. The winds at Tatoosh Island, Port Angeles and

Victoria are predominantly westerly, while those et \lhidbey Island

veer from southeast to southwest and west. The data at Everett

develop a definite northGrly preference, suggesting that a zone of con-

vergence occurs frequently between air moving from the Strait of Juan

de Fuca southward over Admiralty Inlet e~d that flowing northward

from the influx through the Chehalis River valley.

The Bellingham wind rose, however, shows prevailing winds from

south to southeast throughout the period. This suggests that tho

flow through the Strait of Juan de Fuca diverges upon reaching the

Cascade Range, one stream flowing to the north past Bellingham, the

other south to explain the prevailing northerly component at Everett.

June - September

n1xring the summer months the general surface flow over tho area

(see Fig. 6) becomes weaker at all stations except Port Angeles, where

a strong late-afternoon diurnal effect czuses a maximum average

velocity in July.

Relatively, however, the westerlies through the Streit of Juan

de Fuca become stronger and prevailing northorly winds progress

further southward over Puget Sound. ay September this northerly flow
I

I is established as far south as Tacoma. At that time Tacoma and Olympia
I

: show a high percentage of calm winds, while recorded surface winds are

almost equally distributed between those with southerly and northerly

components. Thus the zone of convergence of prevailing winds apparently
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progresses southward over the Sound, reaching the Tacoma-01Ympia vicinity

by late summer. The winds at Toledo maintain a well defined northerly

Qomponent, indicating that there is probably still a net influx of air

through the ehehalis River Valley.

The data from Port Angeles, Whidbey Island and Victoria still in~

dicate a well defined prevailing floy through the Strait of Juan de Fuca

from west ~o east, but give no apparent indication as to why the pre-

tailing wind at Tatoosh Island becomes definitely south. This un­
i

expected feature is especially puzzling in view of the fact that the
I

prevailing winds at North Head and Esteban Point are strongly defined
I

~s north and northwesterly from June through August.

A check of offshore prevailing winds as given in the Climatic

Atlas of the Oceans3 showed these also to be from the westnorthwest and
1

~orthwest. 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 do€s

not account for the sharp difference during the previous months. Local
r

topographic effects are unlikely, since the station at Tatoosh Island is

well exposed, and it would seem ~specially unlikely that it would be pro­
I

tected from west and northwest flow to such a great extent.
I

i

I A logical explanation may be that here again, a Venturi effect
!

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

I

I Junited States Department of.Agriculture: "Atlas of Climatic
Charts of the Oceans", United States Weather Bureau, Washington, D.C.,r38

•

I

1

I
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passing into the Strait at this time of year is usually exceptionally

stable. This would further increase 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

south0rly wind at Bellingham and the northerly flow past Everett. In

this 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 Grays Harbor area, it cannot

be determined whether air passed eastward or westward through the Chehalis

River valley.

It is worth noting here that the United Statos Weather Bureau

established a reporting station at Hoquiam, Washington, on Grays Harbor,

in 1953. Accumulated 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 autumn and early winter season, the prevailing surface

flow returns rapidly to that describvd for the winter months. Note­

worthy is the fact that the prevailing northerly flow over Puget Sound
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ideteriorates much more rapidly than it developed. The return of the ton-

dency for prevailing easterly flow at Tatoosh Island apparently heralds

:the rapid dissolution of the pattern necessar3 to maintain the northerly

;flow into the Sound.
!
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CHAPTER III

FREQUENCY !liD DURATION OF HIGH SURFACE WINDS

FOR THE PERIOD JANUARY 1950 THROUGH DECEMBER 1952

Evaluation of Data

It is appropriate to discus~ briefly the representative value of

the accumulated data on high surface winds before descriptive and quan-

titative comparisons are made.
I
I
I The periods of summary are identical for the eight stations chosen.
I

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
I

~irection and speed only at the time the observer was making his obser-

~ation. Theoretically, then, for 55 minutes out of each hour the wind
I

could be other than that recorded. However, it is believed that over
I

iFS large a series of observations as are considered here, these dis-

crepancies should smooth out to an extent that would admit the observed

readulgs as representative. The chance of false summaries being formed

would seem to be even less likely in consideration of extended periods

of high velocities, when the direction of flow would be more unlikely to

va~ over large ranges of the compass.

The data for Tacoma were derived from continuous recording instru­

ments, and represent true prevailing directions and velocities for the

hour preceding the time of the hourly observation.

The different elevations at which the stations are located must

also be considered in evaluating the high surface wind data, since cur
I

primary interest is in the wind flow over the water surfaces of the
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:region. These elevations range from 54 feet above mean sea level at the

Sand Point Naval Air Station to almost 600 feet at Everett. Therefore,

the extent to which the winds at these stations represent the actual

direction and velocity over nearby waters is determined to a great ex­

tent by the detailed topography of the immediate area.

The high surface wind data are presented in graphical "rosen

form in Figs. 30 - 41. The graphs are drawn to represent the num­

,ber of separate occurrences of surface winds of the designated velocity

:ranges which occurred during the three year period. Two considerations

dictated the assignment of 18 mph as the limiting minimum in defining

"high" surface winds. Since a determination 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 result in the formation of waves of 6 feet in

height on the longest "fetch" possible on the Sound (34 miles). In ad­

dition, the'18 mph value proved to be about the lowest which would be

practicable in the compilation of data and assignment cf "duration" and

lIoccurrence" limits. The average and maximum durations are given in

numeral form on each directional segment of the graphs.

The use of these directional segments, rather than individual

.directions was chosen after preliminary investigation of the data re­

vealed that surface winds with extended periods of above average velo­

cities were in nearly all cases confined to relatively narrow ranges of

the compass at each station. This would, of course, be expected, in

view of the longitudinal topography of the regiC'n. Furthermore, a re­

presentative "duration" could not be derived if small variations in

direction were to be considered as separate "occurrences".

28



The Port Angeles graph, however, reveals that high surface winds

.\

The graphs distinctly show the confining effects of the topography

on strong surface wL~d flow over the entire area. Over Puget Sound as

far north as tIle \Vhiubcy Island station the Olympic Mountains permit such

flow to persist only from southerly or northerly directions. The data at

Bellingham indicate that here such winds are observed within ranges from

north to northeast mld east to southwest. The absence at this station

of any extended periods of high surface winds from westerly directions

is somewhat surprising, in view of the free approach frem that direction
I

I

from the eastern coast of Vancouver Island •

•

. may occur at that station from all quadrants except that from southeast

to southwest, which is ccmpletely blccked by the Olympics. Fart,her

iestward on the Strait, these winds are in all probability ccnfined by

the tcpography to easterly and westerly directions only.

A second series of graphs (see Figs. 8 - 10) is presented to re-

fleet tl~ seasonal frequency and duraticn relationships at each· station.

These summarize all occurrences noted, without regard to direction. As

would be expected they show maximum frequency and duration in the wL~-
.'
'.

ter period of more frequent storm passages. ~ exception to this pat-

tern is found at Port Angeles, where the diurnal effect in the summertime

causes a duration and frequency maximum in July.
I

I
i
December - March

During the winter months the majority of high surface winds ever

the Puget Sound area are frem southerly directions and are a re!lection

of the approach of frequent storms from the Pacific. The maximum
I
I

I
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During these periods of high southerly winds over the Puget

frequency generally occurs during January and March, with a noticeable

decrease in Februa~. The frequency of the winds increases progres­

sively northward over the Puget Sound area, reaching an average maximum

of 13 days per month at Whidbey Island in December. The frequency at
I

~el1ingham was slightly lower than that at Whidbey Island.
I

I
I
I

I

Sound area, the winds in the Strait of Juan de F~ca may be either east-

rrly or westerly, their direction determined by the position cf the
I

I

ftorm center.
!

I An example of these conditions was noted cn January 2, 1951,.

~ deep low center (979.3 mb.) had developed rapidly off the Pacific
I

:coast and moved inland across Vancouver Island and the Puget Sound area,

Lowest pressure was observed at Port Angeles, and pressure readings at

!other stations indicated that the storm center cressed almost directly
i

lover the eastern end of the Strait of Juan de Fuca at 1600 PST.
I

! The flow patterns prior to and after the passage of the storm

:center are shown in Figs. 11 - 13•. The strong flow in this case re-

mained southerly over most of the Puget Sound area throughout the dura-

tion of the storm, while that in the Strait of Juan de Fuca reversed

from easterly to westerly with the passage cf the sterm center. As

indicated by the data from Everett, this reversal of direction brought

strong northerly winds to the northern portion of the S0und for a short

period of time, and it is interesting to note that for more than 4 hours

there were converging surface winds of 25 to 30 mph from the northwest

at Everett and the southsouthwest at Seattle-Tacoma airport.
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The periods when high surface winds from northerly components

occur over the entire Sound Basin appear in most cases with the pass-

age of similar storms inland.

Their lower frequency of occurrence, however, seems to indicate

that in many cases these northerly winds do not appear at all, and that

:southerly winds persist over the Sound prior to and after the storm

Ipassage. This can pr0bably be attributed to the fact that the low
I

I

!prcssure centers usually pass inland north of the area, thus providing

pressure gradients which favor southerly flow ever the Sound. The flow

ipattern shown for 0400 PST Janua~ 3, 1951 would seem therefore, to
I

Ibe the mest fr~quont type to be expected with these storm passages.

However, the duration data indicate that, unlike the pattern of January

12, 1951, they generally persist over the Sound fer approximately the

!same perieds of time as those from southerly directi0ns. At Bellingham

and Port Angeles their average duraticn exceeds that of the southerly

:and westerly streams. The data from Olympia, however, show only one

loccurrence of high northerly winds in the three year period. This would

lead to the assumption that the high surface winds passing over 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 pointed out here that the average

duration of 15 hours shown for Tacoma in January is not representative,

ibut is rather a reflection of the particular storm of Januar.y 27, 1951
!

which is discussed below.

Another, much less frequent type of strong northerly flow over

I
~the region may occur when a cold, d~ air mass from the interior of
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Canada crosses the Roc~ and Cascade mountains and reaches the Pacific

coas.ttJl area. A case of this type occurred on January 26-28, 1951,

(see Fig. 14). A cold, deep high pressure area had persisted oyer

northwestern Canada for 4 days. An intense low pressure center de­

veloped in Wyoming and moved eastward. The strong ci~culation around
i

~he northern quadrant of this storm was sufficient to move the conti-

nental air mass accross the Rocky Mountains and onto the western slopes

of the Cascade Range.

i
I Unusually strong and persistent flow resulted over the entire

Puget Sound Basin. At Bellingham, surface winds over 18 mph persisted

tor 54 hours, during which time the velocities were maintained over 30
I

FP~ for 46 hours, and over 40 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
1

I

clear skies and the barometric pressure reached a maximum of 1041.3

b.1libars.

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

~t 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-~acoma airport, and for 36 hours at Tacoma.

The topography of Whidbey Island would suem to be the explana­

~ion for the lack of high velocities at the Naval Station there, which

is located almost,at sea level, and is protected from the northeast

~o west by hills averaging 200-300 feet in height, with some rising to

over 500 feet. The lack of high winds at Olympia, however, probably 10­
I

dicated that the major portion of the cold air flow paralleled the Cascade
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IRange and passed on down the Cowlitz Valley, with a much weaker stream

moving through the Cheh~lis River valley. This pattern seems sub-

stantiated by the weak northeasterly flow at North Head, and the stronger

" lWinds at Toledo.

I
I To the north, the cold flow passed to the west through the Strait
I

lof 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 velocitie~ were primarily from the

Inortheast, rather than the usual easterly direction. The prevailing
I

idirection at that station for the 27th was also northeast with an aver-

:age velocity of 41 mph for the day. The peak velocity recorded was 65

imph from the northeast. Temperatures there dropped to 28 degrees, 12

Idegrees below normal, one of the infrequent occasions when freezing

!temperatures are expbrienced at that station.

An investigation of temperature patterns occurring with polar
i

ioutbreaks of this nature has been made by Stephens.4

!A.eril - Septemb~

! Over Puget"Sound tho frequency of high velocities from south-

ierly directions decreases rapidly during the spring and early summer

months, reaching a minimum during July and August. During these months

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

4Stephens, Thomas E.: "Temperatures i.n the State of Washington
as Influenced by the Westward Spread of Polar Air over the Rocky and
Cascade Mountain Barriers", Master of Science thesis, 1952, Library,

:University of Washington.
i
I
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iThe average duration also decreas€s 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 about the same as for the vlinter 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 notic£able

~uring the three preceding months, and during early autUmn months de­

creased again to a minimum of 4 days per month in November.
I

These diurnal winds were confined sharply to the west anq west-

northwest directions only, and during July maintained an average dura-

~ion of 11 hours. They usually reached the 18 mph level around noon and

bontinued until near midnight.

On some occasions the high velocities continued through a 24

hour period, and in one case, July 21-23, 1950, persisted for 42 hours.

These latter occasions were, surprisingly enough associated with per-
I
sistent high pressure 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 2.ir masses moving east-

ward through the Strait of Juan de Fuca. Greater stability would, of
i

course, be more probable under high pressure subsidence condit~ons,

and would increase the tendency of the flow to be guided by topo-

graphical features.

The diurnal effect is present to a greater or lesser degree

~ver almost all portions of the inland water system.



Beamer5 has discussed in particular its pattern over the San Juan

Archipelago. However, during the period under investigation here,

wind velocities of the magnitude and frequency noted above were re-

'corded only at Port Angeles. On infrequent occasions, diurnal veloci-
I

ities of 18-20 mph were discernible at Bellingham from the south and

southsoutheast. Their duration, however, did not exceed 4 hours,

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 Angeles and Tatoosh Island. The

strong flow apparently decreas€s considerably over the eastern por­

tions of the Strait, since the stations at Whidbey Island and Belling­

ram showed no ~omparable surface wind velocities during even the most
i

protracted periods of strong diurnal winds at Port Angeles. The data

for the two latter stations do show, however, the influence of the
I

~ffect to a much lesser degree. Tho Bellingham graph (see Fig. 10)

shows a secondary maximum of both frequency and duration in July and

August. That for Whidbey Island (see Fig. 9) shows a secondary maxi-

mum at that time for duration only.

The particular case noted above, on 21-23 July 1950, (see Fig. 7),

was an excellent example of this situation. During that period,

5Beamer, Carol C., liThe Structure of Summer Wind Over San
Juan Island, liashington. II Yearbook of the Association of Pacific
Coast Geographers III 31, 1937.
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winds at Fort Angeles remained over 18 mph for 42 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 2400 hours on July 25

there were no hourly wind reports of less than 15 mph recorded at

;Port Angeles. All winds were from the west or westnorthwest and

daily averages for all deys were close to 20 mph. Furthermore,

during no portion of this period were any reports of surface

IWinds over 17 Inph recorded at either Whidbey Island or Bellingham.

It cannot be determined from the present data Whether, dur-

but these were not readily available. Furthermore, whereas the

Iflow past Port Angeles is completely blocked to the south, the

topogr~phica1 situation at Victoria permits free access from and to
I

the north. This would probably decrease the possibility that reports

Ifrom Victoria would reflect flow to the west along the northern shore
I

of the Strait of Juan de Fuca.

If there is no such return circulation, and a net flow enters

:the Strait, this diurnal effect at Port Angelos could be considered

as a source of the prevailing northerly winds over Puget Sound. during

the summar period.

October - Novcm~

During the months of October and November, the picture rapidly

returns to that shown for the winter months. The freqilency of high
I

i
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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 Angeles

data, deteriorates rapidly until a minimum frequency of high westerly

winds at that station is reached in November.

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 A~soci.ated with Anticyclonic Meteorological Conditions

The previously described cold polar outbreak from the interior was

not the only occasion observsd when above 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 pr~ssure ridges and fair weather conditions over the

area, as well as with the more frequent low pressure storm centers. The

flow pattern was generally northerly with the pa~sage of these pressure

:maxima; usually the direction of flow changed very little, the only ef­

fect being the increased velocities iw~ediately preceding and/or succeed­

ing the high pressure maximum.

The data from Seatt1e"Tacoma airport indicate that region is es­

pecially susceptible to periods of excessive surface winds with the

:passage of pressUl~e maxima. 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•

44



':,' 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 13-14 October, 1952, when Seattle-Tacoma airport recorded

'northerly winds between 18 and 25 mph for 22 hours. Tacoma, Sand Point

NAS and Everett recorded no winds over 18 mph. Again, on 10-11 April,

~95l, Seattle-Tacoma airport recorded northerly winds between 18 and
I

. 25 mph for 30 hours; Tacoma recorded them for 3 hours only and Everett

fllld Sand Point NAS recorded none over 18 mph. The wind flow and iso-
I
i

baric configuration at 0400 PST on April 11, 1951 is shown in Fig. 15•.

Both of these occasions were associated with high pressure maxima.
I
i

The reason for this effect, and also the fact that throughout

the year high surface winds are generally of greater duration at
I

I

Seattle-Tacoma airport than at other stations in the vicinity cannot be

satisfactorily explained. Although one would be inclined to suggest the

. ~edj.ate topography as a cause, a study of the detailed relief of the

area does not reveal any obvious topographical features which would
I

pause a funneling or Venturi effect of the necessary magnitude in that

immediate region.

Nor can it be explained by the ~levatj.on of the station at

Seattle-Tacoma airport, which is 388 feet above mean sea level. The

station at Sand Point is at 54 feet, and may be protected from south-
I •

~esterly flow reaching the Sound, but the station at Everett is at

598 feet, while Tacom~ is at 165 feet. Both of these latter stations

would, therefore, have approximately the same exposure to general flow
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Ias that at Seattle-Tacoma airport.
i,

If it were to be explained on a larger scale as the result of

~onvergence of air streams flowing eastward through the Chehalis River

Ifalley and northward through the Cowlitz Valley one would have to ex-
I

; lain why the station at Tacoma should not show similar effects •
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CHAPTER IV

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

~aves 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 devisGd by H. U. Sverdrup
....... 1

and W. H. Munk shortly after World War II" and described in detail in

Navy H. O. Publication No. 604.6

As described in this publication, wind waves are limited pri-..
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-
I

tinuous water surface over which the wind may blow.

Pug·et Sound

Over much of Puget Sound" fetches are sufficiently short to be
I

the restricting factor in the formation of wind waves. Fig. 16 shows
I

th~.particular fetches of 15 miles or over which would pennit waves

of 8 feet in height to be generated. The longest of these is 34
miles" extending from Point Robinson on Maur.y Island to Useless Bay,

qn the southern end of Whidbey Island.

6United States Navy Hydrographic Office, nT~chniques for
Forecasting Wind Waves and Swell", H. O. Publication No. 604, Washington,
~.C., 1951,
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~IGURE 16. Fetch lengths on Puget SOlU14 aJStem. (in nautical. m1les)o
I



Fig. 17 is a graph derived from those in the above-mentioned

publication which indicates the height of waves to be expected from

above average wind velocities of var,ying duration periods. The dashed
I

lines indicate the limiting restrictions of various fetch leng~h~.•

These determine the maximum heigh~ the wind wavos will attain for a

given wind velocity regardless of the actual duration of the wind.
: .~'. . :' .

The estimation of wind wave heights was made for the longest

fetch shown, of 34 miles. In view of the orientation of this p~r­

ticular fetch, the winds considered were restricted to those from

directions between southsoutheast and southsouthwest, and between

northnorthwest and northnortheast. In addition, the simultaneous

observations from stations at Tacoma, Seattle-Tacoma airport, Everett

and Whidbey Island were examined 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 direqtions. In nearly all cases, these

periods were sufficient for the average velocities obtained to permit

maximum wave development over the fetch.

The results of these calculations are listed in Table 4, and

show that over the three year period waves of 6 feet in height or

greater were indicated on 17 different occasions. In the case of winds
i

from the southerly direction segment, waves of over 6 foot heights were
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TABLE 4

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

I Average Wave
1 Wind Velocity Duration HeightI.,

Year Date Direction _(I!lj?h) (brs) (ft)'-
1950 Jan 2 NNE-NNW 25 8 8

Jan 10 SSE-SSW 27 .( 8
Jan 13 NNE-NNW 26 6 8
Jan 24 NNE-NNW 22 8 6
Feb 8 SSE-SSW 23 8 1
Feb 25 SSE-SSW 25 6 8
Mar 3 SSE-SSW 23 8 7

1951 Jan 13 SSE-SSW 22 8 6
Jan 24 SSE-SSW 23 8 7
Jan 27 NNE-NNW 24 8 8
Mar 5 SSE-SSW 20 8 6
Dec 29 SSE-SSW 25 8 8
Dec 30 NNE-NNW 19 8 6

1~52 Jan 9 SSE-SSW 24 7 8
Nov 14 SSE-SSW 26 8 9
Dec 3 SSE-SSW 20 8 6

! Dec 7 SSE-SSW 24 8 8

•
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possible on 12 occasions during the months of November through March,

and the maximum value obtained was 9 feet on 14 November, 1952. For

~~e winds from the northerly quadrant, heights of 6 feet and above were

~btained on 5 occasions during the months of December and January only,

with a maximum value of 8 feet. The occasions associated with south-

erly winds were more regular in occurrence, 4 times per year. Those

associated 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 re~listic wind

~peed and duration valu~s 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 ~eattle alone were used. The exclusion

of the direction of southwest also results in lower height values. The

highest durations and velocities of southerly winds were noted at

Seattle-Tacoma airport from the southwest. The extreme example oc­

~urred on January 15, 1951, when the wind velocity averaged 35 mph for

a period of 1 hours, the direction varying from southsouthwest to south-

west.

If one were to use this velocity as representing the wind over

the entire fetch, and further assume that the wind was sufficiently

IIfunneled" by the topography to flow uninterrupted over the entire

length of the fetch, a maximum wave height of 13 feet would be obtained.

Similarly, northeast winds with average velocity of 35 mph occurred at

Tacoma for a period of 6 hours. Similar assumptions as before would

again permit values of 13 feet to be obtained.
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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 wcves that would be fOlmd on Puget Sound.

It must be remembered, also, that i.n using for our purposes

~he method of computa~ion 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 water surface. Thus the values

obtained do not account for waves that may already be present on the

qound 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

the duration 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

s~ell and waves to enter the Strait. Nevertheless, estimates were made

for maximum wind waves cr~at~d on Strait waters during the period con-

sidered, as a rough means of comparison with those on Puget Sound.

In Janua~, two occasions were chosen which showed optimum con-

d~tions for wind wave creation by winds from westerly and northeast­
I
I

I

€rly directions.

During tho storm of January 2, 1951 previously discussed, maxi­

mum waves could be estimated for an 8 hour period during which wind

VFlocities at Port Angeles averaged 30 knots from westerly directions •
I
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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, over 60

nautical miles, was more than sufficient for maximum wave development

by the recorded winds.

For winds from an eastnortheasterly direction, optimum conditions

were found on 13 January, 1950. These winds occurred during a polar

outbreak similar 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

interior onto the Puget Sound Basin. The winds appe·ared at Bellingham

from the northnortheast to northeast, and at Port Angeles from the

northeast to eastnortheast. Therefore an appropriate fetch was indi­

cated as extending from the San Juan Islands southwestward to the Olympic

*ountains west of Port Angeles, a distance of about 30 nautical miles.
I

Maximunl wave heights were obtained 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 44 mph from the eastnortheast to northeast. An average of the

values at these two stations results in a calculated wave height of 15

feet.

Both of the storms discussed above were characterized by intense
I

I

low pressure centers offshore. Therefore, waves and swell created in
I

I
i '

the southeastern quadrant of these centers had in all probability
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entered the Strait and were present at the onset of the high winds in

the Strait itself. Consequently, the westerly winds of January 2, 1951

would be reinforcll1g the waves and swell already present, while the

northeasterlies on Janua~ 13, 1950 would act toward deteriorating them.

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 occurrence of wind waves of considerable

height. Consequently, calculations were made toward estimating .~he

wave heights to be expected.

Optimum conditions were found to exist on July 31, 1952, wh6n

wind velocities reoorded at Port Angeles averaged 30 mph from west­

erly directions for an 8 hour. period. For this period calculated

wave heights were 9 feet. Sinoe 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 duration of 11 hours pre­

viously obtained, leads to an expected wave height of 7 feet.

These wave height values obtained from the summer time winds at

Port Angeles ere in all probability much more representative of oon­

ditions actually observed on the surface of the Strait than those ob­

tained for the winter months. This seems likely in view of the fact

that the flat pressure gradient associated with the predominant high

pressure area offshore during the summer period would in general pre­

iclude the formation of heavy swell or high wind waves whioh would enter

,6



I

the Strait. It also would furnish a long region for "decay" of waves
i
~r swell formed further westward in the Pacific. Under these oircum-
I
$tanceswaves observed in the Strait would be almost .entirely due to
I
the wind stress occurring within the confines of that water body

ttself.
i
:

i
~
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CHAPTER V

WIND STRESS ON PUGET SOUND

In addition to the heights of wind waves it is desirable, from

an oceanographic viewpoint, to determine, insofar as possible, the

magnitude of the stress exerted by the wind upon the water s~f~ce,

apd 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 dif-

f~rent times of the year.

Various investigators (Ekman, von Karman, WUst, et a1) have con-
I

!sidered the problem of frictional stresses at fluid boundary surfaces

and have derived empirical relationships between wind velocity and the

stress exerted by such wind on the surface of a water bo~. Other ex-

pressions have been found to show relationships between this stress and

the resultant currents and water level slopes. The reader is referred

,to the comprehensive discussion of these formulae given by Sverdrup,

i Johnson and Fleming.1-

The calculations of the wind stress over Pugct Sound made in this

report have been divided into two categories; that resulting fr9m winds

flOWing over the Sound from northerly directions (NE-NW), and that from

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

7Sverdrup, Jolmson and Fleming, liThe Oceans", (New York, Prentice
,Hall, 1949, p. 471-503.
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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 o! the

year is oriented along its length from either a northerly or southerly

direction.

The wind data from these stations, Everett, Seattle-Tacom~

Airport and 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
!

·,~elocity was then used to obtain an estimation of the average wind stress

which might be expected as a result of the winds flowing over the Sound

from each of the two direction quadrants.

The calcuL:' ;,:Lons were made from the expression

Ta zs 0 .0026p I w2

Iwhcre Ta equals the wind stress in dynGs/cm2, p' represents the air
I

'1derisity in gm/cm3 and W equals the wind velocity in em/sec at anele-

vation of 15 meters above the wat0r surface. This expression incor­

porates the findL!gs of Rossby, Ekman and othcrs8 with respect to wind

stress and velocity for moderate wind speeds.

A pertinent source of error is, of course, evident as a result

of the varied elevations of the stations considered. The formula is

:based upon the wind velocity at 15 meters above the water surface.

HOWCV0r, our calculations are made on the assumption that this wind

is represented by the recording instruments at each station. However,

8OP • Cit., p. 490 59



it was felt that an .attempted correction for this error, obtained by

assuming a standard wind profile, would contribute little to the ac-

curacy of the results, in view of the averaging processes used, ~nd

the lack of information regarding the stability conditions which pre-

vail at each station.

Rossby has indicated that at low wind velocities a different

expression based upon the existence of laminar air flow near the sur-

face of the water should be used, and that stress magnitudes thus ob-

tained would be approximately one third those obtained from the above
!

£ormula. Munk9 arrived at th~ sume conclusion, and states that at wind
i

I

velocities below 6.6 meters per second (14.5 mph) the above equation

should be replaced by

It is noted, however, that in either expression the stress is propor-

,tional to the square of the wind velocity. The present calculations,

ithen, are based upon an expression for wind flow with velocities greater
I

!than 6.6 meters per second.

Fleming, et al,10 have shown that at ~ind velocities below this

value the resultant wind stress would be almost negligible. It would

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

------_._--
9Munk, Walter H., CIA Critical Wind Speed for Air-Sea Boundary

jProcesses ll , !ournal of Marine Research §. (1947), p. 205-218.

I lOSverdrup, Johnson and Fleming, op.cit., p. 491.
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From this information the value of the squere of the wind velo-

obtaining our 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 instanta~eous,

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 stress value calculated would be made by

the higher wind velocities. Thus an average wind velocity considered

constant over all obs~rvations might yield calculated stress values at
I

variance with those obtained by a summation of the contributions made
!

I

¥ithin the individual velocity ranges. A correction factor was sought

to compensate for this misrepresentation. Available for the purpose

was a tabl11Gtion of th~ aru1ual frequency and velocity distribution of

wind observations :~t SGDttle-Tacoma Airport, which listed average wind

velocities and frequency of occurrence of winds from all directions,

within each Beaufort velocity range.

i

I

: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 period, and

by a summation of th0 products of the squares of the individual velo-

city ranges and their corresponding frequencies. A comparison of the

two results yi~lded a correction factor, to be applied to the value ob-

taincd from the average wind velocity. Since the annual tabulation

was available for Seattle-Tacoma Airport only, it was necessary to use

the factor obtained for this one 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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It is again emphasized that, in view of the averaging processes..

would be, in general, less than those derived from a summation of stres-

ses resulting from the individual velocity ranges by a factor of 1.6.

Ie~orporating this factor, and assuming air density equal to 0.00125

gm/cm3, our equation becomes

T .: 5.1 x 10-6 W2
a

where Wrepresents the average wind velocity.

Using this formula, values have been determined which repre-

sent the average wind stress over Puget Sound for each month, from
I

:
both southerly and northerly wind flow. The values for each of the

three given stations, and the combined aVerage are given in Tables 6

through 9. PGrcentages representing the relationship of flow from

each direction quaurant to the total number of observations for the

period are also listed to give an approximation of the frequency of

occurrence of winds from each of the two directions during each month.

I

I

I

used, and assumptions made in the choice of the original equation, the

values are probably accurate only in degree of magnitude. However,

their relationships would se£m to give a fair picture of the seasonal

ebb and flow of wind stress over the Sound from the two direction

quadrants.

The dominant feature of the values obtained is the inverse

;seasonal variation between stresses exerted by winds from the two

directions. The average stress resulting from northerly winds rises

gradually to a maximum of 0.96 dynes/cm2 in July, with a minimum of

'0.55 dynes/cm2 in December. That resulting from winds from the southern
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TABLE 5

DERIVATION OF CORRECTION FACTOR FROM

ANNUAL WIND F~UENCY AND VELOCITY DISTRIBUTION AT

SEATTLE - TACOMA AIRPORT

Sum - (mean ve1ocity)2 x %

A
Percentage of
Total Obsvtns.

19.0
17.0
32.0
22.0
'7.5
2.0
0.5
0.03

B
Mean vel.

(mph)

2
6

10
16
22
28
35
43

=

C

(Mean vel.)2

4
36

100
256
484
784

122$
1764

14773

A x C

76
102

3200·
5632
3630 ·
1568

612
53

. Average annual velocity = 9.8 mph

(Average annual ve1ocit~)2 x 100% CI 9604

Correction Factor = 14773
9604

63
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TABLE 6

MONTHLY WIND ~UEN( Y AND VELOCITY AND WIND STRESS Ta

EVER! TT, \-lASHINGTON

NORTHERLY \flNDS (NE - m,r) SOUTHERLY 'N.IND~ (BE - SW)

r-fONTH ~UENCY VELOCITY STRESS Ta ~UENCY VELOCITY STRESS Ta

(%) (cm/sec) (dynes/crrf-) (%) (cm/sec) (dynes/cm2)

'" JAr! 20 326 0.54 54 425 0.92
~ FEB 24 322 0.53 52 441 '·1'.01

MAR 26 362 0.61 51 456 1.03
APR 36 353 0.64 42 420 0.90
MAY 45 316 0.12 34 411 0.86
JUN 52 389 0.77 26 344 0.60
JUL 54 384 0.75 23 367 0.69
AUG 50 368 0.69 28 335 0.51
SEP 51 344 0.60 29 316 0.12
OCT 35 326 0.54 42 311 '0'.70
NOV 21 300 0.46 55 425 0.92
DEC 20 291 0.43 56 441 1.01



•

TABLE 7

MONTHLY WIND F~UENCY AND VELOCITY l~D wtND STRESS Ta

o.

MONTH

~ JiJ:~
FEB
~\R

IU'R
Ml\Y
JUN
JUL
..lUG
SEF
OCT
NOV
DEC

SEa.TTLE - TACOi'L~ ..:~IRFOtlT, Wi1.SHI1~GTON

~

o NORTHERLY itJINDS (NE - NW) SOUTHERLY w~DS (SE - SW)

FP~UE,'NCY VELOCITY STREtJS Ta FRID.-iUENCY VELOCITY STRESS Ta

(%) (cm/sec) (dynes/cm2) (%) (cm/sec) (dynes/cm2)

8 406 0.8l:,. 63 686 2.40
19 442 0.99 44 510 1.66
13 522 1.39 54 615 1.93
32 529 1.41 29 540 1.49
32 508 1.33 33 540 1.49
26 508 1.33 34 500 1.24
37 548 1.53 24 424 0.88
28 463 1.09 31 442 1.00
38 531 1.47 32 464 1.10
28 503 1.29 41 495 1.25
17 411 0.86 48 482 1.19
12 397 0.80 62 566 1.64



TABLE 8

MONTHLY WIND FREC;UENCY AJ."JDVELOCITY AND WIND STRESS Ta

TACCMA, ~TASHINGTON

NORTHERLY \·mrns (NE - 1\1\1]) SOUTHERLY '~~HDS (SW - SE)

MONTH FREQUEi.~CY VELOCITY STRESS Ta FREQUENCY VELOCITY" STRESS Ta

(%) (em/sec) (dynes/cm2) (%) (em/sec) (dynes/cm2)

Q'\ JAN 15 312 0.50 46 366 0.68Q'\

FEB 18 326 0.54 44 362 0.61
MAR 15 321 0.53 45 402 0.82
APR 19 311 0.51 38 380 0.14
MAY 24 352 0.63 34 355 0.64
JUN 21 326 0.54 33 317 0.51
JUL 26 339 0.59 23 304 0.47
AUG 26 335 0.57 24 290 0.43
SEF 24 312 0.50 26 321 0.53
OCT 18 263 0.35 36 139 0.59
NOV 13 263 0.35 42 379 0.73
DEC 11 290 0.43 47 384 0.15
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TABLE-9--

ilVEILi.GE MDNTHLY WIND FREQUENCY Ar.N1) VELOCITY hND WIND STRESS Ta

NORTHERLY \AJINDS (NW - l\TE) SOUTHERLY"wINDS (SE - SW)

MONTH FREQUEi~CY VELOCITY STRESS Ta F~UENCY VELOCITY STRESS Ta

(%) (cm/sec) (dynes/cm2) (%) (cm/sec) (dYfl&Slcrn2)

J..iu~ 14 348 0.63 54 492 1.33
FEB 20 363 0.69 41 461 1.11
M,,:,R 18 402 0.86 So 491 1.26

~ AIR 29 399 0.85 36 441 1.04-J

lri.L"iY 34 412 0.89 34 435 1.00
JUN 33 408 0.88 31 381 0.78
JUL 39 424 0.96 23 365 0.68
liUG 35 389 0.'78 28 356 0.61
SEP 38 . 396 0.86 29 387 0.78
OCT 27 364 0.73 40 402 0.85
NOV 17 325 0.56 48 429 0.95
DTI,C 14 293 0.55 55 466 1.13
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quadrant is at a minimum of 0.67 dynes/cm2 in August and at a maximum

of 1.33 dynes/cm2 in January.

The results also show that for winds from both quadrants the

average stress varies directly with the frequency of the winds. The

~intertime picture, with maximum wind velocity, frequency and stress

magnitude associated with southerly winds, would be as expected, in view

of the greater frequency of storm passages during that season of the
i
I

year. Ordinarily, however, one would expect the maximum velocities

and stress magnitudes from northerly winds to occur also during this
i
1

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-
I

clur instead during the summer months, and at this time exceed in all

three respects the 101inds 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,
I

I

The'relation between surface current and wind velocity is not

~own for stratified, laterally confined waters. Experience indicates

that a ratio of surface current to wind velocity should be the order

of five per-cent and this value will be used here to estimate current
i

~alues 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

~o~ths to 0.4 knots in the summer-time. For southerly winds the values
;00-

~~ry from 0.4 knots in summer to 0.5 knots in winter months. From

these results, one might conclude that on an average the Puge~ ~ound

surface waters are subject to wind currents of approximately 0.4

knots at all seasons of the year. This value may, of course, vary

considerably, esp~cially 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 1 hours.

Use of this velocity in the ubove formula would yield an approximate

Qurrent value of 1 knot.

A maximum Cl~rrcnt value of 1 knot can also be obtained from

consideration of the northerly winds over the Sound associat~d with

the storm passage of 13 January 1950, when the wind averaged 26 mph

and persisted for 6 hours.

The values obtained abOVe from aVl6rage wind velocitiEs would

seem to 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 meane negligible in comparison with the tidal currents. These

latter currents 12 vary in general over the main Puget Sound Basin

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

l2U.S. Department Of Commerce, "Tidal Current Charts, Puget
Sound" Coast and Geodetic Survey, 1947.
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of course, much stronger over Admiralty Inlet and in other restricted

channels. Therefore, during the time that southerly or northerly',

surface winds are present over the Sound--approximately 6, to 70 per

cent of the total period--the tidal currents 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 th0 order of magnitude

of the portion of the total vlater level slope which is due to wind

stress on the water surface. The expression us€d for this calculation

is

T = - g d i h ,a

where ( in cgs. units) Ta again represents the stress of the wind,

g is the accelcrr!tlon of gravity, d the density of the water, i tl:e

slope of the water surface and h is the depth of the water. This
!,•. ' .

formula has been obtainedl ) by integration of the equations of motion,

assuming homogeneous water, stationa~ conditions and a rectangular

configuration of the water body.
I

I

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

of 64 meters, the equation becomes

i = 0.02 Ta cm/KIn

13Sverdrup, Johnson and F~emiing, op.cit., p. 488
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Use in this formula of the maximum and minimum stress values

listed in Table 9 would indicate that the average slope due to wind

stress over the Sound varies from 0.01 to 0.03 cm/Km, which, if a
.'.'. o'

value of 100 Km is further assumed to represent the north-south

~~ngth of the Sound, will yield variations of 1 to 3 centimeters in

elevation of the water level surface over the length of the Sound.
I

A calculation was also made to obtain an estimation of the slope

which might have occurred during the storm of January 10, 1950, when

the average w~d velocity of 27 mph was recorded. From this velocity
!

a stress estimation of 4.68 dynes/cm2 was obtained, which when sub-

stituted in the above equation yields a slope estimation of 0.09 om/Km,

or a difference in water level over the Sound of 9 ems.

A possible cheek on this latter value may be obtained by using

in lieu of the above equation a similar one derived empirically by

Coldingl 4, i.e.

r- 4.8 x 10-9 W2
i ; h

where Wagain represents the wind speed in ems/sec. Use of this equa-

~~on with the 27 mph wind velocity and the average depth of 64 m~ters
i

yields a slope value of 0.11 em/Km, and a resultant water level slope

over the Sound of 11 ems.

It is noted here that the estimntions made for the average depth
i

and length of the Sound might be separately or simultaneouB~Yvaried
1

l4Colding, op.cit., p.490

71



t

over a wide ,range of possible values without changing to anyappreci­

able extent the magnitude of the slope over the Sound.

The calculations from the two equations seem to indicate that

w~ter level slopes which occur over the Sound as a result of wind stress

are, in contrast to the currents induced, relatively negligible with
i

'r~sp6ct to tidal effects.

A record is available, however,l5 which indicates an increase of

2' feet above the predicted high tide level at Seattle that was con-

sidered due to the combined barometric pressure and wind stress effects

iresulting from a storm off the mouth of the Strait of Juan de Fuca dur­
i

ing this period.

If the slopes due to wind stress are of the small magnitude

indicated above, then this fact would seem to justify a conclusion

that non-tidal water level slopos of any appreciable magnitude which
I

might occur over tho Sound would be due primarily to barometric pres-

sure differences, with negligible contributions from wind stress ov~r

j

the Sound. This conclusion would indicate, then, that an investiga-

tion of simultaneous meteorological and water level records might be

ft-uitful in determJ.ning a.-usable empi!'icai·-relationship between water

level heights, wind stress and barometric pressure gradients over the

Sound.

l5Department of Oceanography, University of Washington,
"Oceanographic Survey on Submarine Portion of Snohomish-Kitsap 230
KV Line. Final Report. Part I.1t University of Washington, Seattle,
W~shington.
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CHAPTER VI

SUMJVf..ARY

An analysis of accumulatod 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 Admiralty 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
I

~gain found to be southerly in October.

In the Strait of Juan de Fuca, the prevailing flow is easterly

in winter, and westerly in the summertime. The possibility of a fre-

quent closed circulation over the eastern end of the Strait of Juan 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.
I

I Data were obtained which show the frequency and duration of all
!

!

surface winds of velocity 18 mph or great~r. These indicate that the

direction of strong surface flow is sharply confined by the topogra-

phical configuration of the area.

It is point~d out that these winds occur not only with the pass-

age of pressure minima, but also on frequent occasions with the occur-

rence of high pressure maxima. The station at Seattle-Tacoma airport

is"especially susceptible to this latter feature, but the immediate
I

I

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 area, and the changing

flow patterns which result.
".. ' .

oj ,

Computations are carried out to obtain an estimate of the height

of wind waves created on Puget Sound during this period. ThEse show 11

different occurrences of waves of 6 foot height or greater, with the
i

majority caused by southerly winds. The maximum height obtained was 9

feet.

Average wind velocities which occur with northerly and southerly

surface wind flow over the Sound are compiled, and these values are used
i

in empirical formulae to cbtuin semi-quantitative estimations of the
I ..

wind stress cn Sound wators and the surface currents and slopes which

might result.
I .

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

~ds is found to be the reverse, with a maximum in January and a mini­

mum in August. Surface currents are found to average near 0.4 knots

tproughout the year, with higher values to 1 knot occurring with per­

sistent high winds. The average current velocity obtained appears to

bp comparable to the tidal currents in a large portion of the Sound.
I

I

Values obtained for the watGr level slope range from 0.01 to 0.09

cm/Km, or an €stimated 1 to 9 centimeters water level difference along

a' 100 Km length of the Sound. In view of the small slope magnitudes

obtained, it is suggested that non-tidal slop&s of appreciable height

which are observed during storm passages are due primarily to baro-
I

1

metric pressure rather than wind stress.
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