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through a relatively deep, narrow channel. This section comprises
Possesslon Sound which leads into two arms, Port Susen, a terminal basin,
and gradually shoaling Saratoga Passage. The latter leads to Deception Paas

which in turn connects to the Strait of Juan de Puge.

1.4 LOCATION OF SAMPLING STATIONS

Of the many stations sampled by the M. V. OATALY3T in Puget Sound
and contiguous waters, five were ocoupied repeatedly and at quite regular
intervals throughout most of the period 1932 to 1942. (See Figures 2 and 3).
These stations were selected for detailed eanalysis and were spaoed from
Pillar Point in the Strait of Juan de Fuca to Jefferason Head in the central
portion of the main basin of Puget Sound. The locations of the statiocns,
bottom depths, and number of times each station was visited during the period

1932 to 1942 aere given below:

Depth to

Latitude Longitude Bottom Times

North West (meters) Visited
Pillar Point 48° 18,21 124° 03.1! 18% b97
Port Townsend 48° 08.0 122° 41.1¢ 111 120
Tala Point 47° 56.2! 122° 38.1 102 113
Point No Point 47° s4.0! 122° 28.7! 205 125
Point Jefferson  47° 44 .51 122° 25.4! 284 168
Green Point 47° 171 122° 42.8 86 24 w

* Visitea monthly by the M. V. BROWN BEAR from Januery 1953
through December 1954.
.These stations are selected as representative of the Strait of
Juan de Fuoca which 13 the immediate source of relatively undiluted ocean
water; Admiralty Inlet which is a turbulent zone where waters of the Strait
mix with those discharging from Puget Sound; transiﬁion zones at the:

entrances to Hood Canal and the main basin of Puget Sound; and lastly the

¥



main basin of Puget Sound proper. The CATALY3T stations thus repreeented
conditions in the Strait of Juan de Fuca and three of the principal sub-
divisions of Puget Sound. A station occupied by .the M. V. BROWN BEAR off'
Green Point in the southern basin of Puget 3ound has been included to repre-
sent conditions in that major subdivion of the area not routinely covered

by the CATALYST surveys. This atation was oococupied at a different and
shorter period than the other stations and consequently findings cannot be
expected to represent average conditions quite as well. However, the major
oceanographic differences found appear to stem from ths difference in

oceanographic environment rather than the difference in sampling.

1.5 3AMPLING AND DATA

Sampling was carried out routinely, using reversing water bottles
fitted with deep~zea reversing thermometers. A protected thermometer was
paired with an unproteoted thermometer at appropriate levels ms a meana of
checking the deﬁth of sampling indicated by the meter wheel. 3ampling
intervals were spaced more closely in the upper part of the water columm
where the gradients of properties are usually greater, and farther apart with
inoreasing depth. The last bottle in the line was lowered to only a few
meters from the bottom.

The observations were taken irrespeotive of the stage of the‘tide.
The raw data were reduced by graphical method to correspond to every firat
and fifteenth of the month for all the standard levels selested for analysis.
Mean values were computed from the scaled numbers. These mean values are
based on the observations made in 1934-41. CATALYST data collected in 1932,
1933, and 1942 were not included in the analysis because of considerable

gaps in the observations.
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5+ TEMPERATURES AND 3ALINITIES IN PUGET SOUND

AND THE STRAIT OF JUAN DE FUCA

3.1 GENERAL GONSIDﬁRATION OF THE DISTRIBUTION OF WATER CHARACTERISTICS

In general, the observed dietribution of subsurface water proper-
ties is the result of advection and diffusion. Where large-scale exchanges
were invelved, the adveoctive transfer is aaaoc;ated with the mean motion
and the non-advective transfer - diffusion - with the rﬁndom or turbulent
motion. At the surface, changes in water properties are not limited to
interchange betJeen the water parcels themselves but interchange can also
occur between the sea surface and the overlying air. In the tidal waters of
the Puget 3ound area the greateat and most abrupt changes in local water
characteristics are generally associated with water movement and not with
surface interohange (Barnes, Colliams, and Paquette, 1955). Both lateral and
vertiocal movementa occour but at a g;ven location and depth the lateral flow
is more likely to cause theilarger changes. This 1is uaua} in ocoastal tidal
systems where vertiocal movement is restricted by the development of a
stable water column such as ocours during periods of high runoff and heating.
In stratified water, the density gradient acts as a barrier to vertiocal
interchange of properties and permits the surface layer to respond freely’
to the wind whioh mey drive it in a different direction from the underlying

layer.

5«2 COCRRELATICN OF SURFACE TEMPERATURES WITH AIR TEMPERATURES
It is recognized that knowledge of the juantitative interohange of

heat across the water surface i8 fundamental to a full explanation of the
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The accuracy of the mesaurements conforms with the customary re-
quirements in occeanographic work. The temperature measurements ere accurate
to within -0.02° 0. The salinities ers believed to have an accuracy better
than 0.05 o,/c0.

2. BACKGROUND PHYSICAL COEANCGRAPHY AND INFLUENCING FACTORS3

2.1 CIRCULATION IN PUGET SOUND AND THE 3TRAIT OF JUAN DE FUCA

Puget 3ound is one of the deep, fjord-like, glacially modified

embayments contributing to the Northeast Pacifioc. It is primarily

“oharaoterized by a deep inner basin in communication with outeide waters
acrose a 8ill deep enough to provide continuing but somewhat restricted
ventilation of 1ts deeper waters. The gross water movements ere driven pre-
dominantly by the changes in water level associated with the tides. The
area, however, is one in which precipitation and runoff exceeds evaporation.
The resultant hydrostatic head leade to a net surface outflow of less saline
water Qverriding a net inflow of relatively high salinlty water at depth.
Winds algo drive the surface waters tp some extent, but in general their
effect iz small compared to that of the tide. The very irregular bathymetry
of the channels and basins influences the local currents, and sills restrict
the depth of free water interchange. The effect of the defleoting force of
the earth's rotation hae been discerned, particularly in the. Strait of Jusn
de Fuca. In response to the driving and modifying forces both the oscilla-
ting tidal ocurrents and the net circulation varies.greatly from time to time
and from place to place within the aresa. )

In considering the layered circulation the outflowing surface

water 18 a varying mixture of fresh water from precipitation and runoff and
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seawater entralned from the lower layer. This salt water entrainment would
result in progressive freshening of the 3ound waters were it not for the
compenaating net inflow of seawater in sub-surface layers (Paquette and
Barnes, 1951). The two-layer system may persist throughout the year, but
at times and places of intensive tidal and wind mixing, the stratification
may break down affording mass exchange throughout the water column.

Paquette and Barnes (1951) sconclude from current measur ements made
at 22 stations in Puget Sound from an anchored ship, that the local deep
currents are assoclated primarily with the tides and guided locally by the
submarine topography. The surface currents, on the other hand, are also
appreciably affected by winds, and vary oconsiderably with location. Obser-
vations mede in Puget Sound show currents up to 6 to 8 knots in narrow
constriotions like Deception Pass and Tacoma Narrows. In the Admiralty
Inlet currents run up to 6 knots on the basls of measurements mede by the
U. 3. Coast and Gecdetic Survey on July 7-11, 1952. In most of the bays,
circulation.is relatively sluggish ms observed in a tidal model of Puget
Sound. Prominences like Admirelty Head generate e series of eddies in tidal
surrents which may persiet after the change of tide.

In model studies Barnes, Lincoln, and Rattray (1954) observed
that the rate of flushing is largely governed by the salinity of the in-
flowing deep water, the type of entrance, and the amount of runoff. An
inorease in the source salinity in the Strait of Juan de Fuca gquickly
increased the salinity at depth in the main basin of Puget Sound, and that
in the subsidiary basins more slowly. A new equilibrium structure was
reached at all depths throughout the area in about 90 days prototype time.

A decrease in the source salinity resulted in a quick decrease in the



12

upper layers to a depth of 50 to 100 meters in the main basin and also in
Hood Oanal, but deeper waters were still changing after 100 days. TIn Hood
Canal, water below 7O meters changed only slightly in 166 days. This is
attributed to a combination of shallow entrance eili. relatively asmall tidal
prism, and relatively great depth of the canal. Thus, the deep waters of
Hood Oanel are flushed out only slowly and Dabob Bay at the deeper end may
not flush every year (University of Washington.Department of Oceanography,
1959). The model studies have also shown that flushing is most rapid in the
fall accompanying the intrusion of high-salinity water from the sea and not

during periods of maximum runoff.

2.2 LOCAL PRECIPITATION AND RUNCFF

Fresh water eddition ocomes prinoipally from precipitation whisch
amounts to only about 35 to 40 inches annually. In 3eattle about 44 per cent
of the annual precipitation occurs in winter and 72 per cent in autumn and
winter. Taking thisa léoation as representative of conditiona in the Sound,
the precipitation falling during the rest of the year is only a small fraec-
tion of the totel annual amount. This is attributed to the infrequent
occurrence of oyclonic storms over the Sound, especially in summer.

Regional precipitation variations in a number of key stations of

the general srea are strikingly large as shown below:*

Years of

Record Winter 8pring 3Summer Autumn Yesarly
Key 3tation (1910-1940)
Taetoosh Island 30 31,28 15.88 6.16 22.28 75,61
Port Angeles 30 11.41 3.85 1.86 6.69 23.82
Port Townsend 30 6.5% 3.77 2.51 4,59 17.42
Quilsene 30 17.61 8.22 3457 10.68 39.89
Seattle , 30 1424 6.57 2.67 8.Th  32.21

* Taken from Table 2-2, page 65, Volume I, Puget Sound
and Approaches ~ A Literature Survey, University of
Washington Department of Oseanography, (1953a).

1
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THE TEMPERATURE AND SALINRITY CHARACTERISTIOS OF
PUGET SCUND AND STRAIT OF JUAN DE FUCA BASED ON'THE

M. V. OATALYST OBSERVATICNS OF 1932 TC 1¢42

1. INTRODUCTION

1.1 HIVSTORY ARD PURPOSE OF INVESTIGATION

Untll recent years the temperature and salinity characteristics
of Puget Sound and adjacent waters have been known only in a general way.
This was in part due to lack of facilities for making e series of contin-
uous observations of a detailed nature. In 19351 the former Oceanographic
Laboratories, now the Departiment of Cceancgraphy of the University of
Washington, was eatablished and in 1932 an oceenographic vessel, the M. V.
OATALYST, was put into service. Subseguently temperature, salinity, and
other water propertles were ﬁeaaured, at first intermittently, but on a more
or less regular and continuing basis until early 1942. The oceanographic
program wes insctive during the war years 1942 to 1546. Beginning in 1948
field work was resumed on a limited socale using the 3chool of Fisheriea
vessel M. V. Oncorhynchus, andAthis program was intensified with the acqui-
aition of the M. V. BROWN BEAR in 1952, ten years after the withdrawal of
the CATALY3T. The coordination of the early GATALYST findings’ has been
needed to ilucidate the physical oceanography of the reglon and to serve as
a gulde to future studies.

The study outlined herein was started in 1949-50 and resumed in

1955-56 and is intended as a contribution to the coordination and enalysis



of the temperature and salinity data which have been collested. It is a
| desceriptive study of the time and spece distributions of the temperature
and salinity of Puget Sound and ad jJacent watera. JIts aims ares three:
(1) To organize and process the available data oolleotedvfrom 1952 to 1942
into a convenient form to aid other workers on the phyeical structure of
the waters of the reglon; (2) To determine and interpret the seasonal
changes that occur in different parts of the water column and ares; and
(3) To set up a basis for comparing future similar observations and to serve
a8 a background for their detailed use. With this three-fold purpose, the
limits of the study were arbitrarily set to exclude detailes which will merit
geparate studies as supplementary date become available. Although certain
of the observations made during the period 1948-55 are referred to in
explaining or extending the earlier information, no analysis of theae later
date per se has been attempted.
1.2 DESORIPTION OF AREA

‘ Puget Sound and the 3trait of Juan de Fuca is a portion of the
fjord-like system debouching into the Northeast Pacific QOoean at Oape
Flattery, about 48° 30' N (Figure 1). South of Cape Flattery the coast is
quite regular without any major break for several hundred miles. To the
north the mainland is f{lanked by off-lying islends, and both island and main-
land ocoasts are deeply indented with numerous fjords. The continental shelf
within 200 miles of Cape Flattery is relatively narrow, the distance of the
100-fathom (183 meter) contour varying from 15 to 50 miles off the coast and
averaging ebout 30 miles off. The 1000-fathom contour in this area lies

from 20 to 75 miles offshore with an average distance of 50 miles.
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A submarine valley about 4 miles wide and roughly 100 meters
deeper than the flanking bottom extends from the mouth of the Strait of
Juan de Fuoa southwesterly soross the continental shelf and continues
down the slope. It attaine a maximum depth of 380 meters before crossing
a 230-meter 8ill some 30 miles from Cape Flattery. 3eaward of this sili
the bottom dropa to 100 meters within a distence of 15 miles. Inshore the
Strait of Juan de Fuca continues eastward as an extension of this valley to
Nhidbey‘Island, a distance of 80 miles. Over most of its length the Strait
is quite uniform varying from 9 to 15 miles wide, with mid-channel depths
decreasing rather gradually from about 300 meters near Cape Flattery to 100
meters near its head.

Puget 3Sound extends southwestward from the head of the Strait of
Juan de Fuoa and ias connected to it primarily through Admiraelty Inlet, a
conatriocted ohannel having s sill depth of about 73 metere and least width
of 2-1/2 miles (University of Washington Department of Oceanography, 1955b).
Deception Pess of 12 meters sill depth end 100 yarde least width provides a
secondary connection. Lastly, Swinomish 3lough, roughly 100 yards wide and
5 meters dredged depth, provides an indirect and very minor connection.
Puget Sound is divided into s number of sub-basina and contributing ohénnela.
Estuaries of eleven prominent rivers and a number of smaller streams are
scattered along its heavily dissected ocoastline. It has an area of 767 sjuare
nautical miles at mean high water and has a shoreline, including islends,
of 1,157 nautical miles (McLellan, 1954). Its average depth is about 63
meters and meximum depth 284 meters which ogccurs in the main basin off Point

Jelferson.
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The Strait of Georgla, the northern lobe of this inland water
system is approximately 2,000 square nautical miles in area and 155 meters
average depth, with a maximum depth of 420 meters. It conneots to the head
of the Strait of Juan de Fuca through Haro and Reosario 3traits and the

lesser passages through the San Juan Islands.

1.3 SUBDIVISICNS OF PUGET 3OUND )

For convenience in considering the local oceanography,‘aub-
divisions of Puget Sound have been selected as shown in Figure 2. The
sections are in general delimited by aills or by lateral constrictions in
the channele. The principal aille are shown in plan view in Figure 2, and
profile in Figure 3. In the latter, maximum channel depths are shown for
along-channel profiles extending into the Strait of Juen de Fuca from the
southern reaches of Puget 3ound proper, and df tributery Hood Canal.

Admiralty Inlet, 3ection I of Puget Sound, connects the Strait of
Juan de Fuca to the main basin of Puget 3ound, Section II, and to Hood Canal,
Section III. A threshold sill about 73 meters in depth lies at the outer
extremity of Admiralty Inlet, but only a lateral constriction marka its entry
into the main basin. Hood.Canal, with a maximum depth of about 185 meters,
opens into Admiralty Inlet, and thus indireckly into the main basin and the
3trait, through a rather long, narrow channel. This channel hes inner and
outer sills of approximately 50 and 70 meters in depth, reapectively. The
gouthern basin, Section IV, with a maximum depth of about 165 meters, connects
to the main basin through the Tacoma Narrows which has a 8ill depth of 47
meters. It comprises numerocus bransching ;hannela and small inlets. The

northeastern part of the main basin of Puget Sound conneots to Section V
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through a relatively deep, narrow channel. This section comprises
Poesession Sound which leads into two armas, Port Susan, a terminal basin,
and gradually shoeling Saratoga Passage. The latter leads to Deception Pass

whioh in turn connects to the Strait of Juan de Fucs.

1.4 LOCATION OF SAMPLING STATIONS

Of the many stations sampled by the M. V. CATALYST in Puget Sound
and contiguous waters, five were ocoupied repeatedly and et quite reguler
intervals throughout most of the period 1932 to 1942. (See Figurea 2 and 3).
These stations were selected for detalled analysis and were spaced from
Pillar Point in the 3trait of Juan de Fuca to Jefferson Head in the central
portion of the main basin of Puget Sound. The locations of the stations,
bottom depths, and number of times each station was visited during the period

1932 to 1942 are given below:

Depth to

Latitude Longitude Bottom ° Timea

North West (meters) Visited
Pillar Point 48° 18,2} 124° 03.1! 185 b97
Port Townaend 48° 0g.0 122° 41.1' 111 120
Tala Point 47° 56.2! 122° 38.1 102 117
Point No Point 47° s4.0! 122° 28.7! 205 125
Point Jefferson  47° 44.5! 122° 25.4¢ 284 168
Green Point 47° 17.1 122° 42.8 86 o4 w

» Visite& monthly by the M. V. BROWN BEAR from January 1953
through December 1954.
.These stations are selected as representative of the Strait of
Juan de Fuca which 1s the immediate source of relatively undiluted ocean
water; Admiralty Inlet which is a turbulent zone where waters of the 3trait
mix with those discharging from Puget Sound; transifion zones at the:

entrances to Hood Canal and the main basin of Puget Sound; and lastly the

¥



main basin of Puget Sound proper. The CATALY3T stations thus represented
conditione in the Strait of Juan de Fuca and three of the principal sub-
divisions of Puget Sound. A station oscupied by the M. V. BROWN BEAR off'
Green Point in the southern basin of Puget 3ound has been included to repre-
sent, conditions in that mejor subdivion of the area not routinely covered

by the CATALYST surveys. This station was ocoupied at a different and
shorter period than the other stations and consequently findings cannot be
expected to represent average conditions quite as well. However, the major
oceanographic differences found appear to stem from the difference in

oceanographic environment rather than the difference in sempling.

1.5 SAMPLING AND DATA

Sampling was carried out routinely, using reversing water bottles
fitted with deep-mea reversing thermometers. A protected thermometer was
paired with an unprotected thermometer at appropriate levels as a meana of
oheoking the deéth of sampling indioated by the meter wheel. Sampling
intervals were aspaced more closely in the upper part of the water colum
where the gradients of properties are usually greater, and farther apart with
increasing depth. The last bottle in the line was lowered to only a few
meters from the bottom.

The observations were taken irrespeotivé of the atage of thevtide.
The raw data were reduced by graphical method to correspond to every first
and fifteenth of the month for all the standard levels selescted for analysis.
Mean values were computed from the scaled numbers. These mean values are
based on the observations made in 1934-41. CATALYST data collected in 1932,
193%, and 1942 were not included in the analysis because of considerable

gaps in the observations.
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5. TEMPERATURES AND SALINITIE3 IN PUGET SOUND

AND THE STRAIT OF JUAN DE FUCA

3+1 GENERAL GONSIDERATION OF THE DISTRIBUTION OF WATER CHARACTERISTICS

In general, the observed distribution of subsurface water proper-
tieas i3 the result of advection end diffusion. Where large-scale exchanges
were involved, the adveotive transfer is aasoc;ated with the mesn motion
and the non-advective transfer -~ diffusion - with the rﬁndom or turbulent
motion. At the surface, changes in water properties are not limited to
interchange bethen the water parcels themselves but interchange cen also
occur between the sea surface and the overlying ailr. 1In the tidal waters of
the Puget 3ound ares the greatest and most abrupt changes in local water
characteristiocs are gensrally associated with water movement and not with
surface interchange (Barnes, Oolliag, and Paquefte. 1955). Both lateral and
vertical movements ococur but at a given location and depth the laterel flow
is more likely to cause thellarger changes. This is uaua} in cocastal tidal
systems where vertioal movement is restricted by the development of a
stable water column such as ocouras during periods of high runoff and heating.
In stratified water, the density gredient amots as a barrier to vertical
interohange of properties and permits the surface layer to respond freely
to the wind which may drive it in a different direction from the underlying

layer.

5«2 OCORRELATICN OF SURFACE TEMPERATURES WITH AIR TEMPERATURES
It is recognized that knowledge of the juantitative interchange of

heat acrosas the water surface is fundamental to a full explenation of the
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The accuracy of the meesurements conforms with the customary re-
quirements in oceanographio work. The temperature measurements are accurate
to within :Q.oz° C. The asalinities are belleved to have an agscuramcy better
than 0.0% o,/00.

2. BACKGROUND PHYSICAL CCEANCGRAPHY AND INFLUENCING FACTORS

2,1 OIRCULATION IN PUGET SCUND AND THE STRAIT OF JUAN DE FUCA

Puget Sound is one of the deep, fjord-like, glacially modified

embayments contributing to the Northeast Pacifioc. It is primarily

.oharacterized by a deep inner bas;n in communication with outside waters
across a a8ill deep enough to provide continuing but somewhat restricted
ventilation of its deeper waters. The gross water movements are driven pre-
dominantly by the changes in water level associated with the tidea. The
area, hovwever, is one in which precipitation and runoff exceeds evaporation.
The resultant hydrostetic head leade to a net surface outflow of less ealine
water Qverriding a net inflow of relatively high salinity water at depth.
Winds elso drive the surfase waters tp some extent, but in general their
effect is small oompared‘to that of the tide. The very irregular bathymetry
of the shannels and basins influences the local currents, and sills reatrict
the depth of fres water interchange. The effect of the deflecting force of
the earth's rotation has been disecerned, particularly in the. Strait of Juan
de Fuca. In respoénse to the driving and modifying forces both the oscilla-
ting tidal ocurrents and the net eirculation variea.greatly from time to time
and from place to place within the area.

In oonsidering the layered circulation the outflowing surface

5

water 18 a varying mixture of fresh water from precipitation and runoff and
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seawater entrained from the lower layer. This salt water entrainment would
result in progressive freshening of the 3ound waters were 1t not for the
ocompensating net inflow of seawater in sub-gurface layers (Paqustte and
Barnes, 1951). The two-layer system may persist throughout the yesr, but
at times and places of intensive tidal and wind mixing, the str#tifioation
may break down affording mese exchange throughout the water column.

Paquette and Barnes (1951) oonclude from current measur ements made
at 22 atations in Puget Sound from an mnchored ship, that the local deep
currents are assoclated primarily with the tides and gulded losally by the
submarine topography. The surface currents, on the other hand, are also
appreclably affected by windas, and vary oconsiderably with looation. Obser-
vations mede in Pugzet Sound show ourrents up to 6 to 8 knots in narrow
constrlotions like Deception Pass and Tacoma Narrows. In the Admiralty
Inlet ourrents run up to 6 knots on the basis of measurements mede by the
U. 3. Coast and Geodetic Survey on July 7-11, 1952. 1In most of the bays,
circulation‘ia relatively sluggish as observed in a tidal model of Puget
Sound. Prominences like Admirelty Head generate a series of eddies in tidal
currents which may persiét after the change of tide.

In model studiee Barnes, Lincoln, end Rattray {1954) obeerved
that the rate of flushing is largely governed by the sallnity of the in-
flowing deep water, the type of entrance, and the amount of runoff. An
increase in the source salinity in the Strait of Juen de Fuce gquickly
increased the salinity at depth in the main basin of Puget Sound, and that
in the subsidiary basins more slowly. 4 new eguilibrium structure was
reasched at all deptha throughout the area in about 90 days prototype time.

A decrease in the source salinity resulted in a quick decremse in the
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upper layers to a depth of 50 to 1C0 meters in the main basin and also in
Hood Oanal, but deeper waters were still changing after 100 days. In Hood
Canal, water below 70 meters changed only slightly in 166 days. This is
attributed to a oombingtion of shallow entrance eili, relatively small tidal
prism, and relatively great depth of the canal. Thus, the deep waters of
Hood Canal are flushed out only slowly and Dabob Bay at the deeper end may
not flush every year (University of Washington.Departmant of Oceanography,
1959)« The model studies have also shown that flushing is most rapid in the
fall accompanying the intrusion of high-salinity water from the see and not

during periods of maximum runoff.

2.2 LOCAL FRECIPITATION AND RUNOFF

Fresh water addition oomes principally from precipitation which
amounts to only about 35 to 40 inches ennually. In Seattle about 44 per cent
of the annual precipitation occurs in winter and T2 per cent in autumn and
winter. Taking thisa léoation as repreaentative of conditiona in the Sound,
the precipitetion falling during the rest of the year 1is only a small frac-
tion of the total annual amount. This is attributed to the infrequent
oscurrence of oyolonic storms over the Sound, especially in surmer.

Regional precipitation variations in a number of key stations of

the general areas are strikingly large as shown below:*

Years of

Record Winter Spring Summer Autumn Yearly
Key 3tation (1910-1540)
Tatoosh Island 30 31,28 15.88 6.16 22.28 75.61
Port Angeles 30 11.41 3.85 1.86 6.69 23.8
Port Townsend 30 6.53% 3.77 2.51 4.59 17.42
Quiloene 30 17.61 8.22 3,57 10.68 39.89
Seattle . 30 14.24 6.57 2.67 .74 32.21

* Taken from Table 2-2, page 65, Volume I, Puget Sound
and Approaches ~ A Literature Survey, University of
Washington Depaertment of Oceanography, (195%a).

Y
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The major runoff ocomes from rivers originating in the Cascade
Mountains -- the Skagit, the largest river draining into the Sound,
5tilleguamish, 3nohomish, Duwamish, Nisqually,vand Puyallup; and in the
Olympic Mountains - the Skokomish, Duckabush, and Dosewallips.

For moat of the rivers that flow from ths higher mountaing, two
high-water periods are usual, one period ocourring in winter and the other
in the spring. 1In the 3kagit River, which contributes approximately 35 per
cent of the total mean runoff of Puget Sound, the maximum monthly runoff
occurs in May end June. The discharge ranges between 2,740 and 94,300
cubic feet per second (o.f.s.) end averages about 14,345. During floods
the discharge may increase from 5,000 to 75,000 c.f.s. within a period of
two weelks.

These flooda are not unusuel in the Skaglt River. Those that
occur in November and December are caused by winde known locally es ths
"chinooks". The spring-early floods, on the other hand; sre the result of
the melting snow caused by the vernal warming.

In the shorter streams that drain relatively low elevations, no
such destructive floods are on record. PFrom the low~water period in the
autumn the runoff starts to peak in November, reashing s maximum in December
or January. These hlgh-water perlods are the direct result of precipitation
in the form of rain. Once the ground reaches saturation, more than 80 per

sent of the rain preciplitation becomes runoff.

2.3 WIND 3Y3TEMS
The wind patterns for Puget 3ound and the 3trait of Juan de Fuca

are to some extent governed by the prevailing air mass ciroculation off-shors,
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the local topography modifying the flow patterns over land. This obsefﬁa—
tion 1is confirmed by a recent work of Harris and Rattray (1954) on. the
surface winds over Puget Sound and the Strait of Juan de Fuca.

Wind ciréulation along the Pacific Coast 18 largely governed by
two distinot typea of pressure distribution found in the North Pacific
Ocean. Normally a Pacific high is located near latitude 30° N longitude
140° W, and the Aleutia? low centers near latitude 50° N and longitude
180° W. The high pressure cell intensifies in summer and dominates wind aoon-
ditions during this period. The anticyclonlec winds during this period are
predominately northweat along the Washington ocoast, and west over the 3trait
of Juan de Fuca. Upon reaching Admiralty Inlet the surface winds intrude
southward to the lower end of the Sound (Harris and Rattray, 1954). 1In
winter the Aleutian low intensifies simultaneously with the weakening of the
anti-oyoclone, resulting in a reversal of the wind systems along the coasat.
The change in direction usually commences in Qotober when the prevailing
flow becomes southerly again. At times during the period from October to
March a closed ocounter-clockwise circulation develops in the reglon north
of the Olympio Mountaina. Thus the local wind patterns caénot be explained
solely on the basis of the changing atmospheric pattern over or near the
region but local topography must also be considered.

Spring snd autumn are periods of transition in the annual wind
atructure. 3Shifting winds from directions other than northwest end south-
east generally prevall but, again, these are gulded by the local topography.

The total wind movement at the ocean coast is quite large except

in summer, while inland it is comparatively small due to influence of the
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terrain. The highest recorded wind velocity in Western Washington was
84 miles per hour at Tatoosh Island and 95 miles per hour at North Head,

registered on January 29, 1921.

2.4 COASTAL AND OFFSHORE CIRCULATION

In winter, when southerly and southeasterly winds prevail, the
movements of the wateras off the Washington ccast are dominated by the
north setting Davidson Current. Thompson and Robinson (1934) report a
velocity of about two-thirds of a knot. Fleming (1955) notes that the
surrent is close to the ocomst and 18 present only during the winter months.
Seaward from the Davidson Current some 300 to 400 miles the cold California
Qurrent sete south to the latitude of Lower California.

Tully (1942) observes that under approximately steady conditions
the non~tidal circulation in the srea of the approeches %o the 3Strait of
Juan de Fuca fepreaenta a dynamlio balance betiween the drift currents and the
land drainage flow from the 3trait, end that between these two currentas is
a region of maximum density indicative of "upwelling®. Part of the water
leaving the Strait turns northwestwsrd along the coast, but some is
deflected to the left and southward by the character of the bottom fepo-
graphy. Marmer (1926) showed that the tidal currents of this coastal area
are rotary, continuously turning clockwise, and continuously varying in
strength.

In the 3trait of Juan de Fuca a predominating surfece ebd main-
tained by excess of preoipitation and river runoff is superimposed on the
oscillating tidal currenta (Redfield, 1950). At depth a prevailing flood

current carries the deep ocean waters through the submarine\valley and into
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the 3trait. The turbulence in the 3trait, especially at vertical or
lateral topographic constrictions, reauita in ex{ensive mixihg, inoreasing
the density of the surface waters seeward and deoreasing that of the deeper
current landwerd. The resultant density of the gutflowing surface waters
may be as high, and at times higher, than the surface ocean waters near the

coast (Tully, 1942).

2.5 OCOASTAL AND OFFSHCRE TEMPERATURE AND S3ALINITY

In the open oocean the origin of the water masses and the relation
of the currents to the general circulation of "the water should be considered
in discuasing the local factors influencing temperature and salinity.

In the Paocific north of about the 43rd parallel, Sverdrup (1946)
recognizes a large body of water of low temperature and salinity. This water
masa reaultg from the admixture of the warm waters of the Kuroshiwo and the
cold Oyashio. Both the processes of mixing and dilution by excessive pre-
cipitation are so thorough that to the south of the Aleutian Islands, and
between the depths of 100 and 1,000 meters, water of a rather constant
temperature, 2.5% 0, and salinity, 33.8 to %4.5 o/o0, is found over wide
areass As this water moves eastward, its charascteristics change signifi-
gantly at about 160° Weat. Goodman and Thompson (1940) found that at
approximately the latitude of Puget Sound both the isotherms and ischalines
dipped gredually from 160o W to about 130° W, some 300 miles off the coast
of Washington. Eastward these contours showed a reverae trend, rising
towards the surface near the cosst. Tibby (1941) describes the character of

the water masses off the west comst of North America in some detail.
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The modification in the general trends of the isotherms and
isohalines near the continental margins is attributed to the effects of
currents and to dilution (Fleming, 1955). Within these margins at about the
latitude of Puget 3ound, the salinities are generally lower and the tem-
perature generﬁlly higher in summer than in winter.

Along the Washington coast in winter when southerly windas pre-
dominate, offshore water is pushed towarda the coast. This in turn crowds
the surfece coastal water close inshore and tends to preserve ita identity.
In summer, however, when northerly winde prevajl, the deflecting forae of
the earth's rotetion (force of Coriolis) tends to push the surface water
seavard. Low ccastal salinities, however, are still maintained from the
mouth of the Columbia north past the entrance to the Strait of Juan de Fuca.
This would not be the case if the rate of losal runoff and discharge from
the 3trait of Juan de Fuoa were less than the rate at which the surface water
was driven seaward. Such defioclency would lead to the appearance of rela~
tively high salinity, low temperature water at the surface, characteristio
of upwelling. 3uch water does appear Inshore at the surface south of the
Columbia River where replenishment from local atreams ie small in late
summer (Barnes and Paqustte, 1954). Although upwelling at the very surface
is partially masked at the mouth of the Strailt of Juan de Fuca by surface
discharge and mixing, the sublying waters are colder mnd more saline in summer
than in winter indicating its probable cecurrence. Previously Msrmer (1926),
Tully (1%42), and others have recognized that changes in the temperature and
salinity structure at the entrance to the Stralt of Juan de Fuca are consi-
derably influenced by topography, friction, runoff, and tides in addition to

the winds and currents which sifect the off'shore waters.
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temperature structure within the water msss. Unfortunately such information
does not exist, and lacking it, first attention will be given to the water
surface temperatures and air temperatures which, together with the aub-
surface temperature diatribution, should give some qualitative insight of
the surface interchange.

For purposes of comparison, asir temperatures for Seattle and
Tatoosh Islend are shown together with surface water temperatures at five
stations (Figure 4). The Seattle weather station is located at an elevation
of 14 feet, and is sheltered. That at Tatoosh is at an elsvation of 101
feet and is fully exposed to the influence of the open sea. The air
temperatures are for the period from 1954 to 1941 and are based on the mean
daily temperature observed by averaging the dally maximum and minimum
temperatures by month. The water temperatures are based on observations by
the CATALYST taken at varying intervals during the period from 1974 to 1941,
and averaged for monthly intervals. Data at Green Point taken over =a
shorter and different period have not been included.

Jummer is characterized by maximum alr and surface water
temperatures with the seasonal pesk oocurring about the end of July at both
Seattle and Tatoosh (Figure 4). Minimum air temperatures occur in early
apring end late fall,; the period when thHe temperaturea at both locations
become nearly identical. From the minimum ip winter the surface water
temperatures rapldly increase as summer 18 spproached reaching a maximum in
August after which they drop at a rather uniform rate until February. The
alr temperatures, compared to the nesrby water temperetures, are much

higher during periods of maximum solar heating and lower during the coldest
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periods. As would be expeoted, changes in water temperature lag somevwhat
behind those of the alr.

The summer maximum surface temperature at the verious stations
increases in going from sea inlend. The increase amounts to about 3° C
from Pill;r Point to Point Jefferson, compared to about 6° 0 increase in air
temperature from Tatoosh Island (off Cape Flattery) to 3eattle. The
inorease going inland in summer 1a the normal situation, but whet may eppear
ancmalous iz the higher winter minimum st Point Jefferson contrasted to the
atations lying seavard. This oocurs desplte a slightly lower Sesttle air
temperature. It appears that heat accumulated in the deeper watser during
summer 1s effective in maintalning this higher average surface temperature
at Point Jefferson. The annual coycle of subsurface temperatures discussed
leter supports this view. It is suggested that the relatively large
difference, 1° ¢ between Point Jefferson and nearby Point No Point, astems in
part from the effect of mixing in Admiralty Inlet which at times directly
affects the surface water at the latter station. The surface water at
Point Jefferson is under a more direct influence of the mixing which ooccuras

in Tacoma Narrowsa.

5.5 TEMPERATURE-SALINITY RELATIONSHIPS AT DIFFERENT LCCATICNS
| In order to interpret water structure and changes which are
oocurring in the temperature and salinity of subsurface waters recourse is
frequently mad? to temperature-salinity (T-3) relationships. In shallow
inshore regions aurface interchange of mass end energy masks the resulte of
mixing end distorts the temperature and salinity relationships from what
would heve prevailed in a system conservative within the water boundaries.

In effect a time factor 1is introduced as the properties of the surface water,
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one of the mixing types, are sontinucusly changing with season. However,
within e tidal system of complex bathymetry the mixing and flow rates may
be high compared to the rate of surface interchange, thus thé T-3 relation-
ships may be useful in identifying and in tracing the movements and mixing
of the waters over short periods. Water masses in different sections of
Puget Sound have been i1dentified and compared to thoss at a representative
station in the 3Strait of Juan de Fusa. Figures 5 to 10 show the T-3
relationshipe at the six statione considered.

The curves are based on mean values of temperature and salinity
snd therefore show the average conditions to be expected rather than the
extremes. F[Further, they may not represent the true alopes of the indi;idual
curves with respect to the sigma~t surfaces. However, the fact that the
slopes between points in most part of the eurves do not differ much from
layer to layer is an argument in favor of the averaging. Linearity of the
T-3 relationships from top to bottom 1is apeclially astriking for the curves of
Pillar Polnt.

Figure 5 shows the mean monthly T-3 dlagrams for the Pillar Point
atation in the Strait of Juan de Fuca, the immediate source of deep water
contributing to Puget Sound. Three distinctive features of the T-5 pattern
are easlly recognized. A grouping of curves is enclosed in a primary
envelop; composed of two wedge-shaped secondary envelopes joined at the con-
striction of the curves at approximately 75 meters depth. The large
envelope on the left is characterized by relatively low density water with a
wide range of temperature and salinity. This enQelope shows the considerable
seazonal variability of the surface layer of the two~layer system in the

Strait. The envelopse on the right ochareecterizes the cold more saline ocean
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water which has a net fléw landward towards Puget Sound, snd which is
relatively uniform throughout the year. At Pillar Point this layer of dense
bottom water is of greater thicknese than the surfece layer, and the two are
separated by a thin tranaitisn layer of intermediate properties.

At Pillar Point the water layers at the different levels indicate
a uniform thermal §istribution during the cold months. ¥Weter in the
salinity range of 52.2 to 33.2 /oo ie nearly isothermal et 8° 0, and is
found from a few meters below the surface down to depths near bottom. Aa
this subsurface water moves inland 1t mixes with the less saline upper
waters, which themselves ar; a mixture of waters from the Strait of Georgla
and Puget Sound with ocean waters that have intruded at an earlier date.
Over and epproaching the entrance sill of the Puget 3ound bgsin the mixing
reduces the salinity of the deeper water whioh can penetrate Admiralty
Inlet and reach the Sound. At Port Townsend (Figure 6) the salinity is
from 30.0 to 30.6 °/oo, the water containing sbout 7 per cent more fresh
water than that at Pillar Point. Landward from Port Townsend water of
approximately the same oharact;:istics feeds into both the entrance of Hood
Canal and the main basin as indicated by the similarity of much of the
deeper water at Tala Point (Figure 7) and Point No Point (Figure 8). The
higher average salinity and density at Tala Point reflects its more seaward
position in the Admiralty Inlet mixing ,one. At Poiné No Point the 2alinity
of the water ranges from 28.9 to 29.9 °/oo, thus containing about 10 per
cent more fresh water than at Pillar Point.' The reduction in salinity
within the short distance from Port Townsend to Point No Point suggeats that

considerable mixing of the incoming Straits water with the less saline
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water coming from river estuaries is oocurring here. This is to be expected
at this oconfluence of waters discharging from both the northern and southern
reaohes of Puget 3Jound.

At Point Jefferson (Figure 9) the salinity of the water differs
little from that at Point No Point but the temperatures are significently
higher. Thia suggests some retention of the warmer and more saline water
which filled the main basin the previous autumn and its subsequent mixing
with the colder and less saline surface water formed during late autumn and
early winter.

In the southern basin as shown by the conditions off Green Point
in Carr Inlet (Figure 10) the characteristiss of the water column differ
conaiderably from those in the main basin. The winter temperatures appear
to be about the same but the salinity ranges from about 28«4 to 28.9 °/oo.
The annual temperature range is somewhat higher than in the main basin due
to the higher summer values, but the salinity and density values are lower
and their annuel renges much narrower. The comparatively uniform salinity
conditicns throughout the year are attributed to the intensive mixing whioh
ocours in the Taooma Narrows, the source of the bottom water for the
aouthern sound, and to the lack of any slizeable stresms feeding direoctly
into Carr Inlet. 3uch rivers as do feed into the southern sound largely ebdb
through the Tacoma Narrows and are quite thoroughly mixed before feeding
into Cerr Inlet on the returning flood. The entire water column in Carr
Inlet apparently changes continuously and quite rapidly th?oughout the
year. In summer the steep slope of the T-3 curves shows thermal stratifica-

tion to the bottom. This ia attributed in part to local heating
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superimposed upon water carried in at depth from the Tacoma Narrows. In the
absenoce of this local heating the water characteristics in Carr Inlet should
reflect those of the upper 47 meters of the main basin as mixed to that sill
depth in the Tacoma Narrows with variable quantities of the discharge from
the entire southern sound.

During summer the regional distribution of temperature and
salinity presents an interesting piocture. The waters at Plllar Point bear
g oclose reaemblance with the offshore water only at depthas below about 75
metera. The isothermal oconditions found in winter have disappeared and the
thermocline characteristios of\summer heating has developed. The resulting
inorease in the atability of the water colurn is enganoed by the reduction
in salinity of the upper layers. This salinity reduction is a consequence
of the heavy inorease in the land drainage in late spring through summer.

In general the Puget Sound stations show a 6ommon T-3 relationship
with respect to season. In summer, during the heating oycle, the T-3 ocurves
become more nearly perpendicular to the sigme~t curves. This 1s attributed
to the combined effects of salinity and temperature ?hanges in density. 1In
winter, largely as a result of asurface cooling, the slopes of the individual
T-3 curves become more nearly horizontal and the water becomes leass stable.
At Pillar Point the seme processes are in operation, but the entry at depth
of cold offshore water results in lower bottom temperatures in aummer.

The generalized pieture of increasing temperatures and decreesing
salinities landward is presented in Figure 11 where the T-3 envelopes of the
five key atations in Puget 3ound are plotted beside that for the waters of
Pillar Point. The BROWN BEAR data collected in 1953 and 1954 at Green

Point in Carr Inlet are entered to include conditions obtaining neer the
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southernmost extension of the 3ound beyond the Tacomam Narrows. The lower
8ide of emoh envelope labeled W marks the winter temperature limits for each
station throughout the entry water column. Near horizontality of the lines
indicates almost uniform temperatures from top to bottom. The outer upper
8ides each marked 3 are the summer boundary curves for each station.
Normality to the drawn sigma-t lines in general indicates high atability.
The bottom temperatures throughout the year are formed by the base line
mérked B. ©Of the five base lines that of the T-5 envelopse ?or Port Townsend
shows a rapid inoreesse in density from winter to summer and early fall when
maximum penetration of ocean water of a density expressed as sigma-t of
about 24.5 ococurs. Water of sigma-t greater than 24.0 apparently does not
reach Hood Canal.

The wider apread of the Green Point envelope indicates a greater
range in temperature for the year. The water column there, however, is sub-
ject to less ochange in salinity beceuse of the absence of large rivers
draining into the inlet. 3urfece waters from the mein basin that may get
through the Tacoma Narrows on the flood and reach Oarr Inlet get mixed enroute
with more saline waters from below, resulting in a narrower range of

salinity changes for the waters reaching Green Point.

5.4 VARIATIONS OF TEMPERATURE WITH SEASON

For convenience, the socount of the sessonal maroh in temperature
is started with the late winter and early spring when the water has cooled
to its minimum for the yeer and before vernal warming hes proceeded appre-
clably. Figure 12 to 17 show the average annual temperature cycles at
different standard depths for the five stations where obaervationa have

been made.
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February - March

February - March ia the period of minimum temperatures for the
waters of Puget 3cund at all levels. In the 3trait of Juen de Fuca, at
Pillar Point (Figure 12) minimum temperatures for the upper SO-meter
layer and maximum temperatures for the deeper levels ococur at the eame
time. Thue in the two-layer system of this plece during this period a
sold upper layer overrides a warm lower layer. This condition, however,
does not last long as vernal warming of the upper layer, and ccncurrent
movement of deeper colder water into the Strait of Juan de Fuca soon result
in a column nearly uniform in temperature from top teo bottom. As these two
processes combine through the spring and summer the temperature of the
upper layer increases rapidly with respect to that in the lower layer,
simultaneously strengthening the atability of the interfacisel density layer
'aeparating the two.

At the five stations in Puget Sound the water column et all levels
attains minimum tempersture during this periecd. 3Surface minimum temperatures
were lowest et Port Townsend (Figure 13) and bottor minimum temperstures
highest at Green Point. In the two stations of the main basin the surface
layer becomes colder earlier than the underlying layers. Once vertioal
warming commsences, the surface layer warme up rapidly while ths lower layers
are still losing heat or are maintaining steady temperaturse.

The minimum average temperatures at the five stations are as
follows, the figures in the firat column correaponding to the surface and

those in the second column to the bottom or lowest layer sempled:
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Port Townsend 7.67° ¢ 7.58° ¢

Tala Point 7069 a 7-59

Point No Point 7.77 7.98

Point Jefferson 8.30 8.00

Green Point 8.02 8.05 (two yemrs everage)

Thus, nowhere within the 3ound does the average minimum surface
temperature differ by more than 0.7o C, and that of the bottom water by more

than 0.5° G.

M []

This month is characterized by a rapid rise in the water tempera-
turee at all levela.

Vernal warming comes much faster at Pillar Point thag at Port
Townsend, and at Tala Point than at Point No Point. After the land drainage
reaches ite peak in June, the riae iﬁ temperature at Pillar Point advances
more slowly while that st Port Townsend inoreases at an everl rate. As the
season advances from May the water temperature et Point No Point increases

more rapidly than at Tela Point, but in no period during the year does it

exceed the inorease at Point Jefferson or at Green Point.

July -~ August )

In summer when the surface temperatures in the six atations reach
their maximum the order of decreasing temperatures is as follows: Green
Point, Point Jefferson, Point No Point, Tala Point, Port Townsend, and Pillar
Point. The higheat temperature for the last was 11.26° C (Table 1), and
15.72° C for the first, or a difference of about 4.4° G. It is likely that
the cold upwelled waters at Pillar Point contribute to this great difference

in the maximum summer temperatures.
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At Pillar Point the waters reach their highest temperature
esrlier than at the other ststions. The highest temperature for the waters
at Pillar Point is attained in early August and that of the waters at the
other stations about helf a month later. This lag for Green Point is not
shown because the observations were taken only at monthly intervals.
Because upwelling at Pillar Point apparently cocurs during this period
following the advent of the summer winds, it is suggested that it may be one

of the principal factors contributing to the early occurrence of meximum

In late fall there is a pronounced regularity in the rate of
decrease in water temperatures at Green Point, Peint Jefferson, Point No
Point, end Tala Point. At Piller Point and Port Townsend temperatures de-
crease faster following the occurrence of the summer maximum but advances
more slowly after November.

It is interesting to note that there is a rather uniform
difference in temperature of about 0.50 between any two ad jacent stations.
At no other time during the annual temperature cycle does thias ococcur.

The seasonal trend in the surface temperature off Pillar Point
shows good agreement with the temperature changes observed across the Strait
of Juan de Fuca at William Head at Vancouver Island. The latter observations
were taken from samples collected at the lighthouse during the corresponding
period (Pisheries Research Board of Canada, 1947, 1948). They differ only
in the order of magnitude of temperatures during the extreme seasons and in

annual range. The annuel temperature range for William Head is 4.33° C,

0
about 0.9 higher than at mid-strait, the greater range for the former being
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A

due to higher temperatures in summer and lower temperatures in wintsr. The
seascnal variation of temperature and salinity at various stations along

the British Columbia coast are discussed by Pickard and McLeod (1958).

3.5 VARIATIONS OF SALINITY WITH SEASCN

Veriations in salinity with the season are charactsriatioc of
soastel and embayed waters, the water freahening during the spring and early
fall freshets and then gradually insreasing in salinity again as this river
runoff 1s mixed through the action of waves, winds, and tides. The coastal
and tide waters of Washington are no exception to this rule. The annual
range is generally widest in regions close to river deltas and farther away

from the sea. The annual salinity cycles are shown in Figures 18 to 23.

February - March

It is logical to choose this period as a point of beginning in
discussing the seasonal variations in salinity as it parallels that of the
temperature changes. It is a period when variaticns in salinity, beth
regional and vertical, are lsast.

A comparison of the figures shows that the values at Pillar Point
(Figure 18) do not represent the typloal distribution of salinity in the
upper layers of .coastal and tide waters in boreal regions. Thé loweét
salinities throughout the year are found in winter with readings as low as
31.7 °/oo at the surface and as high as %5.5 o/oo at the bottom. At Pillar

Point the salinity maximum is reached progressively earlipr with depth, a

’1

feature not found in the inner Puget 3ound stations. This is attributed to

sea water intrusion. This more saline water apparently does not penetrate
¥
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into the Sound at this season without considerable intermixing with local
more dilute water and ites effect is not noticeable beyond Pori Townsend
(Figure 19).

During thia periédba raﬁid drop in salinity ia found at ell
depths to 200 meters in the waters off Point Jelferson (Figure 22). The
drop in surface salinities refllects the high penetration and runoff of the
period. This fresh water is mixed vertically in suech turbulent tideways as
Adpirelty Inlet and subsequently its 4ffect 1as felt after more or less
delay at all depths in the basin. At Point Jefferson low salinities persist

at the surface until the end of spring.

¥ay

During this month the incoming ocean walers show less influence on
the salinity of the waters landwerd of Pillar Point. Inlaend waters which
are [ed more or less directly by the melting snowas becowme inoreasingly
dilute as the sun rises in altitude. This flood of snow water results in a
pronounced drop in salinity of the upper layers, particularly off Point
Jefferson (Figure 22) where mixing processes are alow to disperse the sccu-
mulating lens of surface water. Ae a consequence of the "refluxing" of
mixed water from Admiralty Inlet, howsver, some dilution is evident in the
bottom waters at Point Jefferson by the last of May. 3Surface dilution is
also marked at Point No Point (Figure 21) end to a lesser extent at Port
Townsend (Figure 19), whereas the bottom layers at both stations show but
little change. At Tale Point (Figure 20) near the center of the mixing zone

salinities change very little at any depth during May.
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June

June may well serve as the starting point to account for the
8alinity minimum that cocurs in summer. This salinity minimum precedes the
maximum eurface temperatures by about a month. This choice of an earlier
period corresponds fo the month of highest runoff.

Of the waters at the six stations, only the deeper water at Pillsr
Point doea.not appear to be under the diluting influence of the heavy runeff
in late spring and early summer. If influenced at all, the intruding ocean
water masks it. , In the upper ten meters of water, however, dilution effects
are quite evident. The rather striking uniformity In salinity from late
winter to early June appears to be an evidence of the maintenance of the
salt balenod, for as the volume of land drainage inoreases so elso does the
amount of sea water penetration. It appears probable thet the north and
nor theasterly winds which blow in increasing intensity-with the coming of
summer and the oolncident increased land drainage flow contribute significantly
to the forces that maintain this mwechanism.

In contrast to the conditions at Pillar Point, the waters at the
other stations display significant reductions in salinity at ell levels.
From a salinity of 29.6 °/oa in January the surfaoce waters off Point
Jefferson decrease about 2 °/oo by June, a period of five months. The re-
duction in salinity 1s most noticeable in the upper 10O meters of water, but
is significent at all depths.

The location of the Point Jefferson station within the central part
of the main basin, where tidal mixing is less vigorous than at the con~-
stricted entrances, favors the gocumulation of runoff from local rivers in

the surface layers and a resultant lowering of the salinity.
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It is interesting to note that although the more sallne source
water of the southern section of Puget Sound comes from the main basin, the
mean salinities for correasponding depth increments throughout the entire
water column in the former (Figure 2%) not only are highef but the minimum
occurs in February - March. At Point Jefferson, below 20 meters, the salinity
trends correspond to those for the Oarr Inlet waters., This suggests
thorough mixing over the sill at the Tecoma Nerrows. That the salinity
trends shown by the curves for Green Point should follow the precipitation
cycle is to be expected. The river systems dralning into the southern basin
are smaell and almost entirely rain-fed.,

At stations seaward of Point Jefferson the diluting influence of
river freshets is not felt appreciably beyond a depth of about 100 meters at
Point No Point and not lower than 20 or 25 meters at Port Townsend and Tala
Point.

During the height of vernal warming the soft top snow 1a melted
rapidly, resulting in a significant ochange in the rate of river discharge.
This condition is reflected in the secondary salinity minimum for the upper
layers at all atations.

The oombined influence of outside waters on the inland waters and
desreased runoff is shown by the salinity lnorease throughout the entire
water column at Port Townsend (Figure 19). The salinity of the bottom water
peaks in about the middle of September and that of the surface layer about

a month later.
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Fall

At Pillar Point in the fall the water incresses in salinity in the
upper layers to a depth of abdut 75 meters and deoremses in sslinity below
that depth. The surface increase reflects the lower replenishment rate
of fresh water from precipitation and runoff during that period. Not only
does the maximum salinity of the bottom layer decrease, but the thickness
of the relatively saline undiluted lsyer also decreases considerably. This
decrease iﬁ the amount of salt present in the deeper layera could result
from a ochange in water charascteristics at 5ill level near the entrance to
the 3trait, a decresase rate of flow of the oceanlc water towards the head
of the 3treait, or increamsed vertical mixing in the Spraif itself. The change
in water properties at the depth of the seaward sill appears quite likely
and oould come from reduced upwelling, the presence of a different water
mass whioh had moved in laterally from another location, or local chenges
near the mouth of the 3trait that might stem from vertical mixing. The
prenounced stability of the coastal water mass during summer, the lesser
winds at that period, and the rather considerable depth of @he seaward aill,
about 250 meters, suggest that vertical mixing with surface layers is not
an important contributing faector. The peraistently low oxygen and high salt

)

content of the deeper waters at Piller Point and the close conformity with
whioch the concentrations repeat themselves at closely the same time from
year to year point towards the motion directad vertloelly as a primary cause
of the variation in the ocean type water as appears et Pillar Point. Thus
the autumnal decrease in the amount of salt present in the lower layers may
reflect the gradual decresse in the rate end extent of upwelling at the

approaches to the 3trait of Juan de Fuca.
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3,6 VARIATION OF TEMPERATURE AND SALINITY WITH DEPTH

For representing the vertical distribution of temperature and
salinity, the periods of maximum and minimum temperatures in the annual
temperature oycle are chosen. These periods, taken to correspond to the
heights of the summer and winter sessons for the waters of Puget 3ound at
the various locations, are approximately as shown below. Figures 24 and 25
present graphioally the vertical distributions of salinity and temperature

during the two perlods.

\ Station Winter Peak Summer Peak
Pillar Point Febe 1 - Mar. 1% July 1 - Aug. 15
Port Townsend Feb. 1 ~ Mar. 15 July 1 - Aug. 15
Tale Point Febs 1 ~ Mar. 15 Aug. 1 - Sept. 15
Point No Peint Feb., 1 - Mar. 15 Aug. 1 - Sept. 15

Point Jefferson Feb. 1 - Apr. 1 Aug. 1 - Sept. 15
Green Point February - Maroh  August - 3eptember

In making ocomparisons et depth it is helpful to consider the
average valuea. In averaging the temperatures and salinities at each
depth for 8ll stations, ocertain values did not fit into the monthly T-3
relationships discusased in the preceding section. Most of the diascrepancies
were dué to the uneveneas in the number of measurements being averaged from
one layer to another. The questionable values appear bracketed in Table I.
The overall number of measurements rejected ia small.

The monthly maximum snd minimum deviations from the temperature
and selinity means corresponding to the surface and bottom layera (and also
to 50 meters for Pillar Point) were analyzed for possible correlation with
runoff, heating cycle, etc. The analysis showed that the range of the
deviations from the mean, both for surface and bottom salinities, was con-

fined to a narrow limit in late summer and early fall when maximum salinities
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ocoour. This may be taken as another indication of sea water intrusion at
depth. The temperature deviations showed a narrow range of variation for
the surface and bottom only for the waters off Point Jefferson.

The period of greateet deviations for both temperature and

salinity appear to coincide with the period of high land drainage.

Surface

Tempersture. In winter temperatures are everywhere uniformly
low. Pillar Point registers 7.7° G, differing but 0.1° from that Port
Townsend, which is 7.80 C. Point Jefferson has 8.50 C, about 0.5° higher
than that at Point N§ Point. At Green Point the temperature 'ias only 0.1?
lower than at Point Jefferson. Thus the average temperature difference
between the extremities of the area under study never exceeds 1° at any
time.

In summer differences in tempereture are well marked. Local
heating in the proximity to land is important in changing the surfece tem-
peratures. The highest temperature at Green Point is 15.72° C as against
10.88° G at Pillar Point. The difference is about five times that observed
in winter.

Salinity. The surface salinities in winter are useful in
studying the effects of the ocean waters on the phyasicel structure of the
watera of the Sound. The absence of "upwelling" coincides with the period
of lowest runoff.

Figure 25 ashows that the salinity is higher at Point No P oint than
at Point Jefferson, a normal situation considering that the salt aource is

the ocean and runoff the primary source of dilution. .
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In summer during the period of highest runoff, Pillar Point
again shows the highest selinity although it lles in the direct path of the
drainage systema of both Puget 3ound and the 3trait of Georgla. Discharges
from both are intensively mixed over respectlive entrance sills, however,
an additionel entrainment of salt water from below occurs in the Strait of
Juan de Fuca inslide Pillar Point. The greatly reduced salinity of the
waters off Point No Point compared to that for Point Jefferson is an indica-
tion of the effects of ef'fluents from the 3kagit and Snohomish rivers.
Below that depth the salinity of the waters off Point No Point is only

slightly higher than for corresponding depths off Point Jeffsrson.

10 Meters

Temperature. At this level the temperatures vary but slightly
from the readings at the surfece in summer, an inversion occurring at most
of the stationa. As shown in Figures 12 to 17, the temperatures at the
surface and at a depth of 10 meters become nearly identical in early
February at Pillar Point, the firat days of Maroh at Talae Point, toward the
end of February at Point No Point, and in the middle part of February at
Point Jefferson. At Green Point this condition ococurs in February. Except
at this station, this condition is attained much earlier at intensive mixing
zone off Port Townsend than at any of the other stations.

3alinity. The salinity is everywhere higher at this depth than
at the surface, except at Pillar Point where the waters show a subsurface

minimum in winter. 1In summer this salinity minimum disappears.
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50 Meters

Due to the relatively small number of observations taken at 20 to
25 meters, a dlascussion on the distribution of properties at this inter-
mediate depth 18 not included. A smooth curve, however, waa drawn to
eliminate the disoontinuity of observation at this important part of the
water column. When used, thease obaervationa are found to fall closely to
the interpolated curves.

Temperature. At this level in winter the temperatures at Pillar
Point and Port Townsend nearly equal those correaponding to the surface. In
summer the lower boundary of the thermocline at Point No Point and Point
Jefferson appears to be limited to this depth and at Pillar Point down to
about 100 meters. At Port Townsend and Tale Point the temperature gradient
varies very little from layer to layer down to the bottom. In the upper
iayera at Green Point the temperature gradient is quite strong, on the
average deoreasing about 0.2° por meter within the upper lO-metera of water.

Salin££x. At this depth in summer the regional distribution of
salinity is well pronounced; it is lowest at Green Point and highest at
Pillar Point. Waters at Port Townsend and Tala Point differ only by a little
higher than 0.05 °/oo, and et Point No Point and Point Jefferson have identi-
cal salinities. In winter the smlinities decrease gradually upsound, the
decrease roughly a funotion of distance from the source sea weter entering

the 3ound at depth.

100 Meters
3easonal variations in the temperature and salinity distributions
are atill evident at this depth and down to the bottom in the deeper

stations.
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Temperature. 1In winter the temperatures at thié and greater
depths in the Sound do not show aignificant varistions from their velues at
the surface. At Pillar Point, however, there is an increase of 0.25° from
ites value at 50 meters. The rise in temperature continuea down to 150
meters and then decreasss to 7.88° C at the bottom. The corresponding
temperature in summer is 6.40° G. There is thus a reversal of the seasons
in the bottom waters of Pillar Point. Thise condition is not observed in any
of the Puget 3Sound atations.

Salinity. At the deepest station in the Sound, off Point
Jefferson, there is observed a gradual increase in salinity from this depth
down to the bottom, irrespective of the season, the salinities being higher
in summer than in winter. This suggesta the effect of the occean water enter-
ing the 3ound in summer. At Pillar Polnt the salinity gra&ient in the layer
below about 100 meters is very weak, suggesting "bulk" flow of offshore
water at depth by way of the 3trait of Juan de Fuca. This condition is not
observed in winter when the salinity gradient is significantly 'atrong down
to the bottom layers at Pillar Point. The effects of the entry of ocean
water in summer on the waters at Port Townsend are reflected in the early
"peaking" of the salinity curves compared to those for the other Sound

stations (Figure 12).

5«7 HARMONIC ANALYSI3 OF TEMPERATURES

In the preceding dlscussions on the temperature characteriastics
of Puget Jound and 3trait of Juan de Fuca waters the regularity in the
temperature fluctustions was not emphasized, although the temperature cyoles

as shown in Figures 12 to 16 suggest it rather atrongly. A harmonic
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analysis has been made to test the regularity at all five stations for the
surface and bottom layers. The results are presented in Figures 26 to 30.

The data suggested that.the temperature could be represented by a

Fourier seriea of the form:
T(X) = A, + Ajcosd + Aycos2X

+ Blsinx + Bosin2X

+ eoe
where T(X) is the temperature in °0 and X is an angle taken at 150 intervals
from 0° to 360°, thus completing a year's cyole starting at August lst.
Only the amplitude A (°C) and phase lag & (days) for the surface and
bottom layers were gomputed. In view of the magnitude of the year-to-year
fluctuations 1t 1s doubtful if additional terms are significant.

Although the results of the analysis cannot disclose the causes of
the regularity in the temperature fluotuations, they refleot the magnitudes
of the amplitudes and phases of the temperature verlationa in different
places in the region.

The computed values of A and o’ are given bslow:

Surface Bottom
[}

Mean T A o Mean T A Pl

°g °G  Days °¢ °¢  Days
Pillar Point 9.30 1.60 0 7.12 0.79. =150
Port Townsend 9.52 1.85 15 8.77 1.18 15
Tala Point 10.32 2.60 15 9.20 1.5% 30
Point No Peint 10.66 2.89 15 9.62 1.71 30
Point Jeffersaon 11.16 2.87 15 9.86 1.83 30

The above data show that in Puget 3ound the surface waters reach
their maximum temperatures about 15 days later than at Pillar Point in the

surface layer. 1In the bottom waters of Pillar Point maximum temperatures
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are attained about 150 days or 5 months ahead of those for the surface. At
Port Townsend the bottom waters reach their maximum temperatures at about
the same time as the surface layers. At the other stations there is a lag
of about 15 days ocompared with the correspoﬁding gurfece values and about
180 days or 6 monthe compared to those for the bottom waters at Pillar Point.
As a means of oomparing the surface temperature changes at
Pillar Point with the available radiation data summarized by Waldichuck (1955)
for the Strait of Georgia, the amplitude and phase of the latter were com-
puted. The results of the computation show an amplitude of &4.1 gram-
calories per cm2 per day and, as expescted, a phase lead of about 45 days
compared to the surface water temperatures off Pillar Point. A similar com~
parison was made for the Seattle air temperatures mentioned in en earlier
seotion and the surface water temperatures off Point Jefferson. The air
temperature amplitude was about 0.36° ¢ greater and the phase about 15 days
earlier than the gorresponding values for the surface water temperatures off

Point Jefferson.

3.8 COMPARI3ON OF OBSERVATION3 TAKEN DURING DIFFERENT PERICD3 OF YEARS

The results of the harmonic analyais suggest that it might be
possible to conaider the CATALYST observations as representing the average
conditions of temperature aﬁd salinity in the reglon under study. On thias
premise an attempt has been made to analyze the obaervations taken by the
BROYN BEAR in 1953 and 1954, using the CATALY3T dete as basis of comparison.
Piguree 31 and 32 show the gomparison of surface and bottom temperature

trends in all five stations.
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In all five cases the BROWN BEAR data show essential agreement
with the reference data of the CATALY3T shown herein. Qlose agreement
between the two sets of data 18 espeoially striking in the bottom layers.
Surface maximum temperatures in the 3ound observed by the BROWN BEAR,
however, ococurred earlier than the CATALY3T normal. No definite lag is
shown in the ourves for the bottom layers, and at Point Jefferson the tim-
ing was identical,

While the temperature trends are in close correspondence, the
deviations (TABLE II) are erratic in their dispersion eround the mean.
The wideat scatter of the deviastions, as shown in Figures 33 and 35,
ocours in the surface layers in summer when run-off end isoclation act
together in shaping the temperature struoture during that season. Maxi;
mum deviations for surface temperatufe in Puget Sound range from 1.23° ¢
to 1.85o C. The range of the maximum annual fluctuations from the mean
for the CATALYST temperature observations is from 1.39° C to 1.89° GC.

In the bottom layers (Figures 34 and 36) the dispersion is rela-
tively small. At Pillar Point the deviations correaponding to the
bottom lsyers are large when those at the surface are least. This 1s
attributed to the effect of the two-layer aystem in the Strait of Juan de
Fucsa.

The maximum surface salinity devietions (Table III) are
abnormally comfared to the maximum annual fluctuations of salinity for
the CATALY3T date. This may be due to the greater precipitation in 1953
and 1954 which exoceeded by about 15 per cent the mean of the yearsvfrom
1934 to 1941. Corresponding ranges for the bottom layers are, however,

within the range of maximum annual amplitudes for the CATALYST data.
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A comparison between the sur%ace temperature date for Green
Point and Point Jefferaon taken by the BROWN BEAR during the same period
shows good agreement in the monthly trends. Except in winter when average
surface temperatures at the former are about 0.2° C lower than the
corresponding values at the latter station, the surface waters off Green
Point are always warmer than those %or Point Jefferson. The average
maximum difference of about 1.2° O oocurs when both curves peak in eerly
August.

The results of the comparison indicate that the CATALY3T
observations may be used as tentative average oonditions of temperature

and salinity in the area to which future observations can be compared.

4., 3UMMARY AND CONCLUSIONS ‘

An enalysis of the evailable temperature and salinity data for
Puget Sound and the Strait of Juan de Fuca shows that there exist defi-
nite seasonal differences both in space and time distributiona of these
water properties.

Strait of Juan de Fuoca

In the Strait there exists a contrasting seasonal distribution
of properties between the upper 50 meters and the bottom layers. A4s a
result of mess and energy exchsnge between the two layera, the
seasonal changes in the transition layer sepaerating the two are not
well pronounced.

The upper layer attains maxiﬁum temperatures in summer when

the bottom layers reach minimum temperatures. In the upper layer the
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average annual maximum temperature of 11.5O C oocurs in August and the
average annual minimum temperature of 7.6° 0 1o attained in February -
Merch. In the bottom layer the average maximum temperature of 8.0° C 1s
reached in February - March and the average annual minimum temperat;ure
of 6.4° 0 ie attained in July - August.

VAVQrage salinities in the upper layer range from 30.7 %00 in

Januery to 31.6 /oo in Cotober; in the bottom layer from 33.4 °/oo in

February to 33.95 ®/00 in Auguai.

Main Basin of Puget 3ound

In winter, water teﬁporatures in the main basin are everywhere
uniformly low, the reglonal differences in the area under study never
exceeding 1° 0. In summer this difference is exceeded by about five times.

The average annual maeximum surface temperature of 14.2° ¢ 1s
attained in August and theAaverage annual minimum temperature of 8.3° O
in February - March. The upper limit is about 39 and the lower 1limit about
0.7° higher than the corresponding values obaerved in the Strait of Juen
de Fuca:. In the main basin the maximum bottom temperatures are attained
about a month later than at the,surface. They are always higher than the
corresponding temperaturea in the 3trait.

The loweat palinities are found in the winter period, both at
the surface and bottom. ;t the surface Point No Point, the sverage sali-
nities range from 28.4 o/oo in June and 29.7 ®/oo in late Ootober; and in
the bottom layer off Point Jefferson the range is from 29.8 °/oo in

March and 30.8 ©/00 in October - November.
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Jouthern Basin of Puget 3Sound

Off Green Point, Carr Inlet, the average annuel maximm surface
temperature of 15.7° C ococurs in August and the average annual meximum
bottom temperature of 12.0° 0 in September. There is a lag of about a
month for the respective minimum valuea. In the surface layer the annual
renge is about 7.7° O; in the bottom layer the maximum summer temperature
and the minimum winter temperature differ by about 4°.

A8 a rule, salinities in the southern basin are greater than
those in the surface layers in the main basin. The salinity changes
throughout the water column follow closely thevprecipitation cycle. The
annual cycle of salinity showa an average minimum of about 28.4 o/oo in

April and en annual average maximum of about 29.8 °/00 in November.
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TABLE I (Continued) STATICN: TALA POINT (HOGD CANAL)

Surface 10 20 50 100

Date
Temp. 3al. Terp. Sal. Temp. Sal. Temp. Sal. Teep. Sal.

Jan 1 8.38 29.40 8.52 29.45 8.71 50.07 8.48 3C.43 8.36 30.70

15 7:73 .22 02 Sk .15 29.90 .08 .26 .00 Ah
Feb 1 72 28.96  7.77 .63 .33 30.14  7.88 26 7.78 .23
15 69 2%.63 .5 56 T.93 .C3 .7 .12 62 .28

Mar 1 .91 .60 84 51 8.05 29.96 TJ6  29.99 .57 .26

15 8.24 05  8.02 -5h .19 . .91 96 .71 .23
Apr 1 T3 1 .58 .63 A4 .90 8.15 .99 e .19
15 Q.42 3% .93 63 .76 .88 .48 30.07 8.24 .12

May 1 10.16 38 9.50 S56 0 9.15 .96 -S4 .17 62 .16
15 .78 .33 .90 .61 .73 97 9.32 4 9.09 .28
Jun 1 11.29 .55 1042 .69 10.2% .92 .81 05 .51 .26

15 83 34 .97 iy i .70 9% 10.20 14 .8 .32
Jul 1 12.36 36 11.48 69 11.15 .97 52 «25 10.07 43
15 T3 A7 et <Th 62 30.05 .86 32 .32 57
Aug 1 15.01 69 12.2% .90 .88 12 11.14 +39 5h .68
15 .23 .81 39 30.03 .99 .28 .22 LS4 b7 .86

Sep 1 12.84 .96 .19 .26 .87 As .21 .77 75 31.00
15 .23 %0.10 11.75 A6 Sh .61 .06 .90 .61 .11
Cet 1 11.57 28 .28 .61 .23 .75 10.8% 3%1.00 .38 .18
15  10.96 .35 10.80 .68 10.88 .8 .56 .02 .13 .20

Nov 1 A2 34 35 .59 49 .70 .15 30.95 9.80 .13
15 9.92 24 9,89 52 04 52 9.71 .88 43 .15
Dec 1 L9 .10 A9 3T 9.66 35 .36 .86 .09 .09
15 04 29.85 .13 .23 .30 .25 .01 64 8.81 30.97




TABLE I. BI-MONTHLY AVERAGES OF TEMPERATURES (°C) AND SALINITY (o/00)
AT 3TANDARD DEPTHS (METERS) —— STATION: PILLAR POINT
Surface 10 50 100 150 200
Date
Termp. Sal. Temp. Sal. Temp. Sal. Temp. 3al. -Femp. Sal. Temp. Sal.

Jan 1 7.9% 30.86 8.4 31.08 8.19 31.56 8.41 32.52 7.7% 32.23  7.78 33.55

15 .92 720 7.79 30.81 .01 46 40 A5 0 8.69 A9 .82 .35
Feb 1 76 .9 65 97 T7.79 47 .25 34 33 33 .06 .87 42

15 66 31.18 Sh 31015 62 5% .07 .36 31 .10 8.04 .35
Mar 1 .60 .22 57 .26 .66 71 7.97 .50 24 31 7.9 46

15 ( .87) ( .38) .79 .22 .80 .80 .98 75 71.80 69 .65 62
Apr 1 8.22 .15 8.16 .20 9% 32.00 7.8 .97 .66 L6 43 .7

15 .76 .13 .59 .20 8.04 .07 TA 33.1% 56 .55 .23 .78
May 1 9.27 .31 .85 .26 .08 .16 .55 .26 42 69 6.95 .86

15 .91 11 9.31 .62 32 .16 .33 .31 .08 .73 .72 .86
Jun 1 10.3%6 .17 65 .04 35 .21 .09 40 6.6% .78 63 .86

15 45 .13 717 .18 A2 Sh 6.4 51 46 & Sh 87
Jul 1 73 .00 10.00 .31 .20 A48 .79 64 A1 .80 48 .87

15 Nt .00 .07 .20 .16 .52 b T3 .32 .89 .36 .5
Aug 1 11.26 30.93 .19 .20 .14 65 .66 77 .36 .89 .36 .95

15 .00 31.15 09 40 .18 65 .70 75 L4 .89 .39 .95
Sep 1 10.50 31 9.96 49 8.32 .59 .79 -7 57 .87 A7 .93

15 .10 A6 67 69 42 56 7.04 .60 T3 .86 .61 91
Oct 1 9.67 56 <36 Th b6 56 .21 A9 91, .8 T5 .87

15 36 .60 .19 T3 Sh A48 A9 31 T.13 .80 .92 .80
Rov 1 .22 .56 .12 .65 .63 .29 81 %2.99 L6 68  7.14 .66

15 .01 58  8.99 0 .64 .62 .14 8.02 .86 .76 .71 .55 .60
Dec 1 (8.74) ( .69) .93 53 57 31.89 16 33.0% .96 .12 .50 53

15 ( .8%) ( .38) .87 .33 A6 .80 24 22.70  8.07 32.94 .85 A6

Bracketed figures are uncertain because of discontinuity of observation
during some years resulting in ebnormal avermages.



TABLE 1 (Continued) STATIMN: PCRT TOWN3END

Surfece 10 20 50 160
Date
Temp. Sal. Temp. Sal. Temp. 3al. Temp. 3al. Temp. Sal.

Jan 1 8.78 30.41 &.22 30.39 8.12 30.30 8.36 30.64 8.19 30.8

15 7.91 30 7.94 25 7.95 29.85  8.02 29 71.85 .64
Feb 1 .80 .16 67 .23 62 L7 7.71 .52 .71 57

15 67 .23 49 .30 A3 30.05 .63 62 58 .61
Mar 1 .76 .12 ST .23 52 .16 .70 A6 .66 .57

15 .90 29.92 56 .10 A7 .01 T4 25 .89 .57
Apr 1 &.08 .92 7.86 .07 L7 29.96 .98 25  8.10 A4

15 A1 G6  8.22 .10 8.01 30.10 8.29 .26 .25 .52
May 1 .97 &5 .70 .10 .58 .03 .66 .35 .55 .66

15 $.69 60 934 29.78  9.35C 29.70  9.15 .39 90 .82

Jun 1 10.01 .70 .70 .96 49 .87 A1 37 9:12 .59
15 T .58 .85 10.24 .94 10.15 .79 .93 57 Sk .61
Jul 1 10.93 .90 68 30.05 .71 .90 10.29 55 9.88 T3
15 11.46 .85 11.04 .05 .83 30.07 47 .70 .69 31.02
Aug 1 H56 30.12  10.93 o3 .79 .25 Sh .84 55 .29
15 .70 25 .Gh .55 .54 64 L .91 49 .51
Sep 1 .23 .55 .68 T3 .31 .91 .19 31.02 9.42 .71
15 10.82 17 .35 91  6.98 31.15 9.93 .18 37 .76
Cet 1 %6 .93 .0C 31.06 .61 24 65 W33 .24 69
15 .00 97 9.64 .09 54 .18 46 42 .19 .53
Nov 1 9.76 .84 A6 20.9 .C7 .06 o3 A2 .14 35
15 49 .72 .08 .82 8.83 .06 .21 06 8.91 .29
Dec 1 21 .19 8.90 .90 57 .17 .06 .00 .78 .26

15 8.89 .66 .59 5 37 30.95  €.70 30.90 51 11

13




TABLE I  (Continued) STATIGN: TALA POINT (HOGD CANAL)

Sur face 10 20 50 100

Date
Temp. 3al. Temp. 3al. Temp. Sal. Temp. Sal. Temp. Sal.

Jan 1 8.8 29.40 8.52 29.45 8.71 30.07 8.48 30.43 8.56 30.70

15 7.73 .22 .02 . .15 29.90 .08 .26 .00 Ak
Feb 1 T2 28.96 T.77 .63 3% 30.14 7.88 26 7.78 2%
15 69 26.63 .95 56 7.93 .0% .71 .12 62 .28
Mar 1 .91 .60 .84 51 8.05 29.96 TJ6  29.99 57 .26
15 8.24 05 8.02 .54 .19 .90 .91 .96 T2 .23
Apr 1 T3 51 .58 .6% LAk .50 8.15 .99 .86 .19

15 9.42 »5% 93 .63 .76 .88 48 30.07 8.24 .12
May 1 10.16 38  9.50 56 9.15 .96 84 .17 62 .16

15 .78 .33 .00 61 .73 97  9.32 14 9.09 .28
Jun 1 11.29 .33 10.42 .69 10.23 .92 .81 .05 51 26
15 .83 34 .97 .Th .70 94 10.20 .14 .81 .32
Jul 1 12.%6 36 11.48 69 11.15 97 52 .25 10.07 43
15 T3 A7 o4 T4 b2 30.05 .86 .32 .32 57
Aug 1 15.01 b9 12,23 .50 .88 12 11.14 .39 54 .58
15 .23 8 39 30.0% .99 .28 .22 G4 b7 .86

Sep 1 12.84 .96 .19 .26 87 48 .21 .77 T5 31.00
15 .25 3%0.10 11.75 A6 54 61 .06 <90 .61 .11
Cet 1 11.57 .28 .28 61 .23 .75 10.8% 31.00 58 .18
15 10.96 .35 10.80 .68 10.88 .84 .56 .02 .13 .20

Nov 1 42 oS4 35 .59 49 .70 .15 30.95 9.80 .13
15 9.92 34 9.89 52 .0k 52 9.71 .88 43 .15
Dec 1 49 .10 49 37 9.66 o35 <36 .86 .09 .09

15 04 29.85 .13 .23 .30 .25 .01 b4 8.81 3%0.97

oo B




TABLE I (Continued) , STATICN: POINT NO PCINT

Surface 10 20 50 100
Date

Temp. 3Sal. Temp. 3al. Temp. 3Sal. Temp. Sal. Temp. Sal.

Jan 1 8.69 28.96 8.84 29.38 8.55 30.32 8.8 30.14 8.70 30.16

15 7.94 .87 56 .09 12 29.61 S5h .01 5S4 290,94
Feb 1 .93 .86 .24 .19 7.84 A2 05 29.90 8.14 30.14
15 17 T 7.4 .14 .7 Sh 7.86 85 7.98 29.99
Mer 1 8.12 .84 .93 28.96 .72 .09 .85 55 .99 .78
15 .20 .80 91 29.04 .75 Ol .92 63 .98 .12
Apr 1 A3 8k 8.20 .05 .87 .0 8.10 59 8.03 .78

15 3.19 29:02 8.67 .00 8.13 .33 A 65 .36 .87

May 11 .91 28.59 9.22 .0 .77 43 B4 65 .76 .88
15 11.02 46 .76 28.87 9.19 25 9.24 b3 9.18 8
Jum 1 - .78 .35 10.65 17 T7 .00 .87 .61 8 .8

15 12.36 .66 -S4 :91 10:24 .13 10.28 .Th 10:12 .90

Jul 1 12.95 .71 11.38 29.00 10.58 .45 .68 .79  .Sh .96
15 13.62 A 12.03 02 11.17 51 11.10 .92 .96 30.08
Aug 1 .71 .71 .36 .16 45 .65 47 30.08 11.29 25"
15 .78 29.09 .37 .31 b1 9% -7 .25 50 .39

Sep 1 .34 27 .59 Ja2 T 83 30.16 .68 .35 46 48
15 12071 045 o55 051‘ 05}"' -54 ) -55 046 019 061
SO0t 1 <14 56 11.96 63 .28 A3 00 .31 57 10.9% .70

15 11.55 :65 51 :69 10.8¢ 48 03 62 65 17

Nov 1 10.96 63 10.96 6% 10.44 .50 10.67 57 .29 .70
15 .30 .61 36 60 9.93 62 .15 53 9.85 .66
Dec 1 9.94 38  9.89 56 55 .70 9.78 .39 Ah .53
15 40 .00 43 49 .10 48 32 .21 .11 o34




TABLE I (Continued) STATICN: POINT JEFFERSON

Surface 10 20 50 100 200
Date

Temp. Sal. Temp. Sal. Temp. 3al. Temp. 3al. Temp. Sal. Terp. Sal.

Jan Q1 59.15 29.65 (9.29 29.69 H.41 29.8 9.54 29.90 ©9.32 30.08 29.35 30.25

15 c8.96 43 .07 358 .18 L7 .33 87 8.92 29.9%0 9.01 .12
Feb 01 RS 40 8.50 42 8.68 54 8.61 .83 56 .90 8.65 .08
15 30 .18 .29 .29 A5 A2 .31 65 .35 TJ6 8.30 29.94

Mar 1 .36 28.98 25 .22 .39 31 .20 54 21 . .69 B.16 55)
15 47 .80 .22 .11 39 A3 .13 .52 .08 .69 .09 .83
Apr 1 69 66 .23 .16 .08 29 .02 67 00 .85 .00 .97

15 9.47 .26 .73 28.91 59 A2 26 .70 :28 Nl .28 20.07

May 1 10.42 27.88 9.19 71 .96 36 .58 .72 63 97 .62 .17
15 11.67 .68 .88 .91  9.h8 34 9.04 65 9.01 o4 .98 .16

Jun 1 12.93 45 10.76 <96 10.47 31 .73 .60 b7 &5 9.58 .08
15 13.16 75 11.41 29.04 11.08 40 10.25 .61 10.19 .87

.99 .08

Jul 1 .52 28.21 12.09 .09 .69 AT 60 .63 .55 .87 10.35 .08
15 66 .86 .25 .39 12.00 .70 11.20 .81 11.01 30.0% .80 .28

Aug 1 14.11 29.43 & 7h 37 30.01 .59 30.14 48 .17 11.20 .62
15 .20 .76 .99 .96 67 4 .93 .28 ) +32 5% .70

Sep 1 13.5% .92 82 20.05 61 .12 12.15 <30 87 48 17 .68
.10 30.12 .58 .23 45 26 .09 A1 .82 .57 .66 73
Oct 1 12.69 .32 .35 37 .29 39 .05 .50 ) .66 .53 .75

15 .20 .37 11.99 A4 11.91 A48 11.77 .55 .51 .70 .35 .82

Nov 1 11.59 .01 48 .29 A6 48 .39 55 .14 66 10.9% 77
15 10.93 29.72 10.93 .26 .00 .39 10.%% A3 10.66 .59 53 66
Dec 1 46 65 .5% .08 10.57 23 49 .14 .23 37 .09 A4
15 9.9C .60 .02 29.90 .08 03 16 29.90 9.81 17, 9.74 .30




TABLE I (Continued) STATION: GREEN POINT (CARR INLET)
Surface 10 20 50 Bottom
Date )
' Temp. 3al. Temp. Sal. Temp. Sal. Temp. Sal. Temp. Sal.

den 1 9.20 29.38 9.2%3 29.39 8.79 29.42 8.91 29.61 &.94 29.61
15

Feb 1 8.02 28.57 8.05 28.58 .09 28.61 .22 28.7 .33 28.84
15

Mar 1 .15 36 7.98 43 7.99 48 .05 .61 .05 .70
15

Apr 1 G4 - 50 8.57 58 8.34 62 .21 .81 15 .87
15

May 1 10.50 b9 9.77 .82 9.30 .89 R Rl 76 29.00
15

Jun 1 13.40 66 10.81 .95 10.18 29.04 9.88 29.10 9.70 .17
15

Jul 1 14 .24 99 12.24 29.09 11.58 4 11.24 .18 10.95 .24
15 .

Aug 1 15.72 29.16 .97 27 12.26 .32 .95 .35 11.80 A48
15

Sep 1 14.02 29.40 A1 60 .23 b6 12.05 .78 12.04 83
15 :

Oct 1 12.48 T3 .00 85 11.92 .92 11.72 30.00 11.73 30.02
15

Hov 1 11.25 .81 11.19 .88 .20 .90 23 29.99 No') .04
15 '

Dec 1 9.85 48 10.00 58 9.97 .57 10.00 63 10.12 29.66

@



TABLE II. DEVIATIONS OF TEMPERATURE (OC) MEASURED BY THE BROWN BEAR FROM CATALYST VALUES

AUG

-1.16

JAR FER MAR AR MAY JUN JUL SEP T ROV DEC
Pillar Point
Surface 1955 -_— 29 -25 “-65 --% '1.15 -1 ~05 167 “061 -19 2-47 -
1554 .31 1 -,03 -.6%5 -.89 -~.87 -.70 -_ — .24 56 -
BOttom 1955 —_— “'81 "'1-18 ".75 005 -16 ”006 "-05 .26 -19 .55 -
1554 -26 =19 =78 -50 0 =52 02 -.12 - — -.06 14 _—
Port Townsend »
Surfece 1955  —.1b .25 .15 =310 .26 .36 W41 —.21  -.02 =40 .31 .07
1954 01 -.14  -.08 .23 -.37 — -85 ~1.23 .43 — -.20 —_—
Bottom 1955 -.11 -55 -'5& -.17 005 "-15 -?0 —.40 1.22 —.08 085 48
195"" 015 "‘011 - —-17 --22‘} "-42 —— "-56 . ‘-_.% . 057 — -.06 -——
Tala Point |
Sur face 1953 -.0% ';07' ’;}14‘ - -.02 1.7 =32 1 ’-hO -.28 -.62 -.08 .23
1954 -85 =23 06 -.18  -.03 17 126 =1.32° -1.55 _— -.30 -—
Bottom 1953 -.18 41 .11 .01 22 .00 0 1Yl -89 J44 .10 09 51
I%I} od} —.10 .10 -0”!‘ —.14 ‘.56 -.?}* -'ls -'71 — 058 —
.éPoint. No Point » ‘

Sln'face 1955 B —-05 n22 -02 --llO l"-72 --26 045 1.5 -"16 "o21 -025 —.19
. 1954 .08 O4 06 S 167 -1.03 -85 -1.36 -1.17 — -.13 _—
Bottom 1653 .06 39 .09 -.14 27 =32 =24 SV 39 .13 .13 .58

1954 "'1‘02 "050 -—.24 -.Oﬁ —-09 ’v61 ’1001 ."91 —n& — "l29 C—
Point Jefferson ‘
Surface 1953 -.8 =14 -27 -1.36 -1.24 .48 -A46 33 =53 =1.08 -.Th -1.14
1954 <1.30 =35 -4 -6 21 =33 ~.74 21 -.83 =1.49 -.81 -.%0
Bottom 1953 -.53 06 =20 =06 =21 =08 =31 <87 =55 =47 =45 .38
1954 18 -85 =43 -26 -19 =66 -.82 -1.17 =l.15 -~-.85 -.01




TABLE III. DEVIATIONS OF SALINITY (o/ooc) MEASURED BY THE BRCWN BEAR FROM CATALYST VALUES
JAN FEB MAR APR MY JUN JUL AUG SEP T Nov DEC
Pillar Point
Surface 1953 — 27 -4 .61 4% 52 .72 -1.07 .21 A0 -.7h —
1954 -.52 -1.8 ~.34 .01 27 =01 =40 -— - -40 ~.69 —_—
Bottom 1955 — -i& --02 009 --04 _009 —'M 000 -.07 --05 "022 -
1554 06 -1.16 .27 .10 .02 -.02 -.05 -_— — 03 -.42 —
Port Townasend
Surface 1953 -.55 —.26 28 ~.0% .27 29  -.10 .28 .25 18 -.20  -.70
1954 -.%% -.7T0 -.18 -.01 .17 - -.36 10 -.57 — -.16 -
Bottom 1953 -.29  -.15 b5 =.32 25 51 .65 H6 0 -T3 A2 49 -.60
1954 -.66 -.48 .17 .13 48 - .95 .28 -.97 -~ -3 -
Tala Point |
Surface 1953 -1.87 -1.%6 .00 57 A3 <131 =37 -.11 40 L9 -1l.12 .15
1954 ~3.29 -1.28 ~.81 -.34 -1.14 -1.34 -1.5% -.11 .07 - =1.76 -
Bottom 1953 No . N T o y .11 .27 .29 28 =59 =22 -.17  -.23 -1.02
1954 -.87 -.38 -8 -6 0% -4 15 =48 -.27 - -.33 —
Point No Point
Surface 1953 20 =40 52 =26 321 =3.36  =3.1%3  -1.44 Sh 55 A6 0 -.63
1954 .05 20 -1.86 -3.55 -6.55 -2.72 48 -.51 -1.06 — © .16 —
Bottom 1953 55 -.12 14 50 0 W26 <30 A9 Lh o -.06 08 -.38 =47
1954 -.26 =75 =46 -39 .13 .30 23 -.22  -.18 — -.27 -
Point Jeffarson
Surface 1953 ~46  -63 -.39 87 1.4 -1.28 92 =23 06 -A45 24 3.5
1954 .31 -.65 -1.32 - Th =400 =47 -49 0 -1.67 - -.26 21 -1
Bottom 1953 A1 24 13 -.02 -.13 -.02 .05 .24 090 -.11  -.24 -1
1554 -.50  ~.59  -.5% ~.60 -1.28 A7 =08 =32 -35 0 —41 0 -320 -.A48

-
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