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The Annual Mean Transport in Puget Sound
E.D. Cokelet!, R.J. Stewart?, and C.C. Ebbesmeyer®

ABSTRACT. Puget Sound is modeled as a branched system of two-layered advective reaches
separated by mixing zones. Fresh water and salt provide convenient tracers (o calculate the annual
mean layer transports. The technique utilizes historical records (1951-1956) of runoff and salinity
which are analyzed with the aid of modern (principally 1970’s) current meter records to provide
the appropriate mass conserving landward- and seaward-flowing layer salinities for each reach.
This is the first time that the long-term transports have been estimated simultaneously for the entire
Strait of Juan de Fuca/Puget Sound system. With few exceptions the inferred transports agree well
with estimates derived from scattered, shorter duration current observations. Uncertainties in the
transports are estimated from uncertainties in the runoff, velocity profiles and salinities. The
results provide the basis for future computations of refluxing and the steady state tracer
concentrations and ages in the Sound.

1. INTRODUCTION

Puget Sound is a glacially carved fjordlike estuary located in the northwestern United States
and connected to the Pacific Ocean via the Strait of Juan de Fuca (Figure 1). By the year 2000
the population of its watershed is projected to increase by 20% to 3.6 million people (Washington
Office of Financial Management, 1987). With this increasing urbanization the long-term
circulation of the Sound and its relationship to the transport and dispersal of pollutants are
becoming of increasing concern. Since in a fjord the normal mean circulation pattern is seaward
flow at the surface and compensating landward flow at depth (Hansen and Rattray, 1966) one
might expect that contaminants introduced to the surface layers of Puget Sound would be carried
out to sea. However, the Sound is composed of a series of deep reaches separated by usually
shallower mixing zones where rivers enter and tidal currents accelerate (Figures 1 and 2).
Ebbesmeyer and Barnes (1980) estimated that within mixing zone 2 seaward of the major cities,
about 2/3 of the seaward flow would recirculate or reflux landward due to vertical advection and
mixing. This could have a profound effect on pollutant concentrations in Puget Sound. They
did not consider refluxing within other Puget Sound mixing zones.

Ebbesmeyer, Coomes, Cannon and Bretschneider (1989) have recently detected climatic
signals in the Pacific Northwest and Puget Sound. As the winter Aleutian Low shifts position
from west to east, Northwest weather oscillates between relatively cool, wet and warm, dry
conditions. Each cycle takes 15 to 20 years on average. Evidence from a partial cycle suggests
that the landward flow in reach 3 of Puget Sound (Figure 2) fluctuates between periods of mid-
depth and bottom intensification in response to an alternately reduced and enhanced horizontal
salinity gradient across Admiralty Inlet sill in mixing zone 2. Data are insufficient to show

! Pacific Marine Environmental Laboratory/NOAA, 7600 Sand Point Way NE, Seattle, WA 98115-0070
2 4116 55th Ave. SW, Seattle, WA 98116
3 Evans-Hamilton, Inc., 731 N. Northlake Way, Suite 201, Scattle, WA 98103
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Figure 1b. Map of Puget Sound showing the reaches (outlined), mixing zones (MZ) and sites of channel cross
sections, current observations and salinity stations.
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whether other Puget Sound reaches respond similarly. What effect climatic oscillations have on
the strength of the two-layer circulation remains unknown.

Hydrographic observations in Puget Sound date back to 1930 (Collias and Andreeva, 1972)
with the period 1951 to 1956 being the most intensively sampled. During that time several water
bottle stations covering the major portions of the Strait of Juan de Fuca and Puget Sound were
resampled at approximately six-week intervals (Collias, 1970). This effort has never been
equalled nor is it likely to be in the foreseeable future. Although extensive in space and time,
this data set has never been fully and systematically utilized to infer the transport in Puget Sound.
During the 1970°s and 1980’s research priorities turned to moored current observations of a few
weeks-to-months duration at selected sites mostly in midchannel (Cannon, 1983; Cox et al.,
1984). The currents in the major reaches have been measured, but never simultaneously.

The problems of pollutant build-up and climatic change are long-term and require long-term
observations and models to address them. Cokelet and Stewart (1985) laid out a technique for
calculating the transport, refluxing, and pollutant concentrations and ages in fjords using runoff
and salinity observations. The purpose of this report is to take the first step in Puget Sound,
namely, to calculate systematically the annual mean runoff, salinity and transport. We shall use
the extensive data set of the 1950’s, a period of cool, wet conditions (Ebbesmeyer et al., 1989)
and thereby produce the first complete estimate of transport in this climatic regime.

This report is arranged in 8 sections and an appendix. In Section 2 we review the theory
and approximations involved in the analysis. One new contribution is an error analysis in which
uncertainties in the transports are related to fluctuations in the runoff, currents and salinities.
Section 3 enumerates the nine major reaches and mixing zones of the Strait of Juan de
Fuca/Puget Sound system. The annual mean runoff entering each mixing zone is computed in
Section 4. Composite vertical current profiles are constructed from short-term velocity
measurements in each reach (Section 5). These are used in conjunction with the salinity
observations to produce time series of the flux-weighted salinity in each reach layer (Section 6).
Volume transports are computed and compared with previous estimates (Section 7). Section 8
contains the summary and conclusions. Details of the time series analysis and error estimates
are given in the Appendix.

2. THEORY AND APPROXIMATIONS
2.1 Knudsen’s Relations

The mean two-layered flow in an estuary can be deduced by applying the principle of mass
conservation to water and salt. The mean advective transport Q; of total mass (water + salt) in
layer i is the integral over the layer cross-sectional area A; of the product of the fluid density p
and the normal component of velocity u-n, i.e.



Q=¢V [PT-nda ()
Al
where n is a seaward-pointing unit normal vector (Cokelet and Stewart, 1985, henceforth referred
to as I). An overbar represents a time average over a sufficient period (one year, say) that the
estuary’s volume and salinity are steady. Odd-indexed layersi = 2j-1, j = 1,2,..., flow landward,
and even-indexed layers i = 2j flow seaward (Figure 3). Applying (1) to an estuarine cross-
section in which the cumulative runoff entering landward of reach j is R;; yields
Q1 + Rz = Qy ¥
This means that the mass of water entering and leaving the estuarine segment balance. Similarly
salt conservation gives

8331 Qo1 + Fopy + By = 855 Qy (3)
where §;, i = 2j-1, 2j, is the mean flux-weighted salinity in layer i defined by
s, - €U (65T -naa @)
Q X

F, is the turbulent transport of salt through A, given by

7 (5 - n da. )

~

The quantities u’ and S’ are the fluctuations of the velocities and salinities about their mean
values. Equation (3) means that the seaward, advective flux of salt in layer 2j, S,; Qy, equals
the landward, advective flux plus the landward turbulent flux in both layers. Turbulence here
means fluctuations over a time scale less than the averaging period. Combining (2) and (3)
yields

_ Sy Ry = (Fyq + Fy)
Q2j—1 - S — S
21 — O3

6
_ Sy R = (Fyy + By) ©®
sz

Sy1 = Sy

for the layer transports. In layers where the turbulent transports are negligible equations (6)
reduce to Knudsen’s (1900) equations



Figure 3. A schematic view of a fjord showing the advective flux Q, of seawater moving through cross-sections A;
with seaward-pointing unit normal vector n. Runoff R, enters through the river at the fjord’s head. Salt is
transported by advective S,Q and turbulent F; fluxes (positive in the direction of the arrows). (Adapted from
Cokelet and Stewart (1985).)



Sy
Q1 = =S, Ry
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o)

S..
Q = 2 R,
’ Spi-1 ~ Sy .

which relate the mean advective transports to the flux-weighted salinities and the runoff.
The reaches to be described in Section 3 are sited where the turbulent salt flux terms can
be neglected. From (6) this requires
F, << §; Ry i=251, 2. 8)
The turbulent salt flux can be related to the mean longitudinal salinity gradlent (Dyer 1973)
by

®

where K is the eddy diffusivity. Appropriate values for Puget Sound are K ~ 10% cm?/s (Okubo,
1971; Officer, 1977), a5 0.0 %o/km, A ~ 0.25 km?, S ~ 30 %o, R/p ~ 200 m%/s. Equation
(8) becomes dx
F; ~ 500 kg/s << §; R;z ~ 6000 kg/s. (10)

This agrees W1th Hansen and Rattray’s (1966) classification of the Strait of Juan de Fuca as a
Type 3 estuary in which the diffusive salt flux is less than 1% of the advective salt flux.

Ideally, simultaneous, long-term current observations at several sites spanning a reach
channel are sufficient to calculate Q; from (1) directly. Unfortunately the number of current
observations available in Puget Sound (and in most estuaries) is far from ideal. They are
asynchronous, short-duration, scattered observations usually taken at midchannel, and none cover
the 1951 to 1956 period. Even if they did, to use them alone would run the risk of calculating
transports that are inconsistent with mass conservation. To make valid predictions from the
reflux theory (I) we require two-layer salinities and transports that together conserve mass. These
are obtained from Knudsen’s equations (7) in which fresh water and salt act as tracers. Of course
these constituents have dynamical significance, but this is inaccessible in a pure mass-
conservation formulation. Some dynamical factors such as the sea-surface and internal-interface
slopes - were not measured or poorly resolved in the 1950°s data set; therefore a complete
dynamical analysis cannot be performed. However, nature did provide us with a grand
experiment—the freshening of the salty brine—from which we can learn much.

At first glance Knudsen’s equations (7) seem to provide a way to compute transports from
salinities and runoff alone without the need for velocity observations, but (4) shows that

8



velocities are required to calculate the flux-weighted salinities S;. In previous applications of
Knudsen’s equations it has been implicitly assumed that the velocity effect approximately cancels
in (4) due to the Q, term in the denominator; therefore the integration involves only salinity and
density over the cross section. However, this approach suffers from the fact that the position of
the interface between landward- and seaward-flowing layers is unknown. It is usually placed at
the level of maximum vertical salinity gradient, the halocline, but this does not necessarily
coincide with the level of vanishing mean velocity, the level-of-no-net-motion.

We adopt a different approach. As mentioned previously, no simultaneous current
measurements were taken during the period of study, but sufficient current data do exist to
construct composite velocity profiles for each major reach from a statistical fit to the scattered,
short-term observations. These offer several advantages over neglecting the velocity effects
altogether. They provide:

(1) the direction of the cross-section normal vector,

(2) the level-of-no-net-motion, and

(3) the flux-weighting functions u -n.

Fortuitously the currents were mostly measured during the 1970’s in the next cool, wet climatic
cycle following that of the 1950’s (Ebbesmeyer e al., 1989). Therefore if the current profiles
do change with the climatic regime as suggested for reach 3 then we have consistent, but not
concurrent, salinities and velocities.

2.2 Representativeness of Midchannel Observations
All of the salinities and the majority of the currents were measured at midchannel sites
(Figure 1). Therefore the cross-sectional area integrals of (4) are approximated by

l ff’ljg dy dz an

fﬁ ‘n wdz

Z
where w(z) is the channel width, and z; and z, are the upper and lower depths of each layer.
The mean density variation with depth is negligible; hence p has been taken outside the
integrals. Since the effects of the earth’s rotation complicate the cross-channel current structure,
a midchannel approximation is valid in a strict sense only if the channel width is less than the
internal Rossby radius of deformation



N
‘mf
(12)
gh

where N is the Briint-Viisidld frequency, m is the vertical wave number, f is the Coriolis
parameter, g’ = i g is the reduced gravitational acceleration, Ap is a typical vertical density
difference, and h es the water depth (Gill, 1982). For reach 1 in the western Strait of Juan de
Fuca the Rossby radius is about 10 km for vertical mode number 1 internal waves which
dominate the transient response to nonlocal wind forcing with periods of a few days (Proehl and
Rattray, 1984). The channel width (20 km, Figure 4) exceeds this value, hence the cross-channel
current structure ought to be included. Observations indicate that the salinity field varies much
less across channel (Cannon and Bretschneider, 1986), and midchannel salinity values are
representative. In the eastern Strait and Puget Sound Ap/p ~ 1073, h ~ 200 m, and the Rossby
radii for mode numbers 1 and 2 waves are about 14 and 7 km, respectively. The widths of
reaches 2 and 3 fall into this range (Figure 4), but only midchannel current observations exist
there (Figure 1). However, observations in the more transient western Strait show that currents
averaged over a month or longer are much more uniform across channel than daily averaged
currents (Cannon and Bretschneider, 1986). Therefore in the eastern Strait and Puget Sound we
will proceed with record-averaged midchannel currents usually of one-to-several-months duration.

2.3 Time Averaging
The runoff and salinities are averaged over a period of one year using a time-centered
moving average defined by

T
Z
S _ 1 W,
o = fT f(x,t )th. (13)

t—_2. .

This is a minor departure from the time-advanced mean of I, and it has no effect on the
theoretical derivations.

One way to estimate the annual mean for monthly sampled data, say, would be to compute
the arithmetic mean and variance s? from N = 12 consecutive data points. The standard error
defined by s/N'? is a measure of the uncertainty in the mean. However, this would lead to a
pessimistic estimate with the quasi-periodic annual signal contributing substantially to the error.
A better way to proceed is to recognize that the time series consists of a systematic part—the
mean plus the quasi-periodic annual component—and a stochastic part—the noise. Estimating
the noise will provide a better measure of the mean’s uncertainty. To achieve this we estimate

10



*1:€8 SI UOTUOJSTP [eonIoA 9y, °s1dkej yoeal oy Surmoys premess SunoO] USSS SB SUOMOSS SSOID [ouueyd oYl ‘¢ am3iy

a3essed edojeases

Ll
8l——

[

b T 0

3d [97eH "1

[

f

adesseqd i5e3 P

adessed s0Aj0D) "

-

L

oNq
O e

uosaayaf 3d >

—

0

3d el "y peay sjiaaq ‘3 "3d uop409 3 0s|
r r \‘ -00I
6
£l - ] ﬁ 1Om
e u ol
¥l 1< 0
0 (AN Y [4
ssouadung mapN °q d 4e)jid ‘e
ﬁ ﬁoom
- 0S|
[
- 00l
e\ n|l f——m—m———o
L i 4 -0S
14
T T -1 1 T L ) LI ) LI I L 1 ) T 1 1 o
9l Cl 8 4 0 VT AR ) 4] 8 14 0

uny ‘JYOHS WOY4 3DNVISIa

w‘H1d3qQ

wH1d43Q

11



the signal from a three-month moving average of the observations and the noise from the
residuals. The uncertainty in the three-month mean comes from the variance of the residuals plus
some systematic error introduced by the moving average process. The twelve-month average is
the arithmetic mean of the three-month averages, and its uncertainty stems from the uncertainty
in the three-month means via the first order perturbation technique known as the method of
propagation of errors. The details are given in the Appendix.

Throughout this work overall averages will be tabulated for the period 15 February 1953
through 15 March 1955. This is the common interval over which every reach has sufficient,
simultaneous salinity data to form annual moving averages. The data actually extend six months
on either side of this interval in order to form annual averages. For some reaches, e.g. Point
Jefferson, the data span is substantially longer, as will be shown in the graphs.

2.4 Error Analysis

When possible any data analysis or model should include error estimates so that the results
can be put into perspective. The present work requires an error analysis of Knudsen’s relations
(7) and the flux-weighted salinities (11) that go into them. To investigate the effects of
uncertainties on (11) we take the first variation A to give

)
ASi=_(g_iz_[A_§g w dz
— h
+ Lf(§—si) Au‘n w dz
Q ;

(14)

S) u-n Aw dz

Ol'ol
NH&
’_T

— )i %l (§_Si) un w| Azy + -
z,
where z; is the depth-of-no-net-motion between landward- and seaward-flowing layers, i.e.
z, = z, for lower, landward-flowing layers and z, = z, for upper, seaward-flowing layers. Terms
higher than first order are neglected. The flux-weighted salinity is insensitive to errors in the
depth-of-no-net-motion since u -n = 0 there, and the last term in (14) vanishes. The first three
terms represent contributions to the error due to uncertainties in the mean salinity AS, mean

velocity Au -n and channel width Aw. Squaring (14) and averaging yields the following equation
for the flux-weighted salinity variance

12
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AS? < %f(AS)zn— nwdz + £ [ES)@ 07 wdz
z,

Q
7 ’ 2 i
P (&P g nwdz| + |2 [EsS)Bm 02" wdz
' (15)
2
f( -g g ) 1/2 dz 4 oo

lz1

where we have assumed that errors in the mean salinity and current are uncorrelated with errors
in the channel widths. The first step in (15) represents a strict upper bound on the first-order
error in that salinity and velocity errors are assumed to be fully self- and cross-correlated even
after depth averaging. The second step is an approximation in which possible cross-correlations
between the salinity and velocity errors are neglected. We lack long-term, simultaneous salinity
and velocity observations to test this approximation, but we feel that it is justified especially
since the remaining terms represent upper bounds. In the worst case the neglected cross terms
could double the variance leading to flux-weighted salinity error bars l(limmj which are at
most a factor of 2'? larger than those calculated. This is unlikely.

The variance in the flux-weighted salinity has the potential for being not much greater than
the variance in the time-mean salinity. If the uncertainty in S were independent of depth then
it could be brought outside the first integral and the first term in (15) would equal (_AS—)I 2 For
layers in which S varies httle with depth, S; approaches S and the second term approaches zero.
Alternatively, if (Au n) 1s simply proportional to u-n over an entire layer, then again the
second term vanishes. The third term in (15) representing the effects of channel-width error as
interpolated from navigational charts is independent of and usually negligible compared to the
other terms. If the errors are proportional to the channel width, the integral vanishes.

To find the effect of salinity and runoff errors on the transports we apply the method of
propagation of errors (A16) to Knudsen’s equations (11) setting j = 1 without loss of generality
to give

13
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The error cross-product terms require laborious calculation. To simplify we assume that
fluctuations in the landward- and seaward-flowing salinities are correlated, i.e.

1/2 1/2
AS, AS, = AS{ " AS; (17)

since the layers are usually superposed and observed simultaneously. To achieve an upper bound
on the transport errors the salinity-runoff cross-terms can be neglected. To see this first assume
that the terms are negatively correlated

ASI ARIE = - ASI ARIE' Y

A82 ARIE = - A82 ARlz ’ (18)

which means that higher-than average runoff leads to freshening and vice versa. The factors in
(16) become

172 172 172
S,AS, ARz — S, AS; ARy =~ S, AS; -S,AS] |ARE; <0  (19)

since landward-flowing S, is greater than seaward-flowing S,, and the salinity variance in the
seaward-flowing, upper layer is always observed to exceed that of the lower layer. Therefore the
terms in (19) reduce the error in (16). From (7), (17), and (18) equation (16) simplifies to

—l2 —1/2\2 2
207 < (Sz AS; - §, 4§, ) R2 2 w®E . ...
Q < r 1z T 8% ¢
(51— 5)) (51 - 5))
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—7in —:1/2)2 2
— S, AS]  —S, AS F—
AQ2S(2 ! i R122+—12AR12+--- (20)
(51 - S)) (51 - 5))

The minus sign in the first term of (20) shows that flux-weighted salinity error contributions tend
to cancel in the transport errors.

The standard error is a measure of the uncertainty in a moving average. This within-year
error is due to seasonal and random fluctuations. When several moving averages are averaged
together to form an overall mean its appropriate error measure is the standard deviation of the
population of moving averages as calculated from a model II analysis of variance (Brownlee,
1984; Snedecor and Cochran, 1980). This includes contributions from the within-year errors and
from the between-year errors due to climatic change. Account must be taken of the fact that the
moving-average process produces self-correlated time series when the temporal separation is less
than the averaging interval. Therefore fewer independent estimates exist for constructing the
overall average. As already mentioned, overall means will be tabulated for the interval 15
February 1953 through 15 March 1955. However, tabulated overall standard deviations will be
from longer time intervals where the length of the data time series permit to increase the sample
size.

3. REACHES AND MIXING ZONES

A reach is defined to be a two-layered segment of an estuary in which mass is transported
principally by longitudinal advection when the flow is averaged over an appropriate time interval
(I). Horizontal turbulent transport and vertical mean advective and turbulent transport are
neglected. In this idealization, the reach layers exchange mass only in mixing zones where
turbulent effects may dominate.

The boundaries between reaches and mixing zones depend upon several factors. The goal
is to place the boundaries such that sills, reach intersections and river mouths are within mixing
zones, and each reach has a long-term salinity and current meter station near its center. It is
important that each station be representative of its reach. To achieve this, the seaward-flowing
salinity there must result solely from a mixture of landward-flowing seawater and of fresh water
that has entered the reach landward of the station.

The actual length of a reach will not affect the transport computations. If vertical transport
between prospective reach layers is judged to be significant, its effect can always be reduced by
shrinking the reach length to zero if necessary while centering on the salinity and current stations.
However, when it comes to considering flushing times, the length will be important because the
reach-layer transit time is defined (I.91) as the ratio of the layer mass to the mass flux and is
directly proportional to the reach length.

In the present study we divide the Strait of Juan de Fuca/Puget Sound system into nine
reaches and nine mixing zones (Figures 1 and 2). The reaches are named after nearby landmarks
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and numbered sequentially beginning in the Strait of Juan de Fuca and increasing up the main
axis of Puget Sound, then into Hood Canal and finally into Saratoga Passage. Each mixing zone
bears the index of the reach located immediately seaward.

The channel cross-sections narrow and shoal in progression up the axis (Figure 4). The
layer areas decrease from 1.61 km? for the lower layer A, off Pillar Point to 0.03 km? for the
upper layers off Hazel Point A;¢ and in Saratoga Passage A,q (Table 1).

Pillar Point reach 1 occupies the outer Strait of Juan de Fuca. It is bounded to the west
by the Pacific Ocean and to the east by a line extending north from Port Angeles (Figure 1). It
is a flooded, U-shaped, glacial valley (Figure 4) with depths at midchannel decreasing from
250 m to 165 m as one moves landward (Figure 2). The inflowing bottom water of layer 1 is
the source of all the sea salt in Puget Sound. Mixing zone 1 separates Pillar Point reach from
New Dungeness reach with a convoluted sill which runs approximately from Port Angeles to
Victoria. The typical sill depth is 90 m, but it dips to 120 m within a narrow 1 km gap (See
Ebbesmeyer et al., 1984, Figure 3.1, for a map of sill locations). This mixing zone provides a
convenient way to introduce the substantial runoff from the Fraser River whose location is shown
in the inset map of Figure 1a. Since it is not our intention to model the circulation in Haro Strait
and the Strait of Georgia, but simply to provide a connection to the Pacific Ocean for Puget

TABLE 1. The cross-sectional areas A; of the reach layers.

Reach Layer A
km?
1 Pillar Pt. lower 1.615
2 Pillar Pt. upper 1.433
3 New Dungeness lower - 0.652
4 New Dungeness upper 0.580
5 Pt. Jefferson lower 0.606
6 Pt Jefferson upper 0.354
7 East Passage 0.698
8 Colvos Passage 0.117
9 Gordon Pt. lower 0.223
10 Gordon Pt. upper 0.085
11 Devils Head lower 0.110
12 Devils Head upper 0.064
13 Tala Pt. lower 0.180
14 Tala Pt. upper 0.071
15 Hazel Pt. lower 0.111
16 Hazel Pt. upper 0.032
17 Saratoga Passage lower 0.215
18 Saratoga Passage upper 0.035
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Sound, we include both straits and their runoff in mixing zone 1. Following Waldichuk (1957)
we neglect flow through the Strait of Georgia; hence mixing zone 1 is assumed to be closed at
the far northern end (not shown in Figure 1).

New Dungeness reach 2 occupies the inner Strait of Juan de Fuca. It is about 170 m deep
at midchannel (Figure 4). This reach is not well defined geographically since the deep east-west
channel branches northward into Haro Strait. At its lower depths the salinity station is
representative of the most saline water available to enter Puget Sound. Mixing zone 2 extends
from Rosario Strait southward into Admiralty Inlet and then northward past the Snohomish River
to the mouth of the Stillaguamish River. Net surface currents in Rosario Strait have been
inferred to flow both northward (Thomson, 1981) and southward (Ebbesmeyer e al., 1984) based
upon sparse data. We have neglected this flow because of the uncertainty. If in fact it carries
substantial Fraser River runoff southward, diluting the surface outflow in layer 4, then by
Knudsen’s equations (7) its neglect will lead to an underestimate of the transport in reach 2. In
Admiralty Inlet, the primary entrance to Puget Sound, several reaches join the mixing zone in
a multiple junction. Minimum midchannel depths of 65 m and strong tidal currents promote
vigorous vertical mixing there.

Layers 5 and 6 comprise Point Jefferson reach 3 near Seattle (Figure 2). It is over 200 m
deep (Figure 4) but does not terminate in a sill at its southern end (See Burns, 1985 for contour
maps of Puget Sound). Instead, mixing zone 3 is formed by the intersection of East and Colvos
Passages, layers 7 and 8, with fresh water entering from the Duwamish River and the Lake
Washington Ship Canal. There is a 50-meter-deep sill at the northern end of Colvos Passage
which itself is 125 m deep, but East Passage is an unobstructed southward continuation of the
Puget Sound main basin with a depth of over 200 m (Figure 2).

Layers 7 and 8 in reach 4 are unique in that they are juxtaposed with Vashon Island
separating them rather than superposed (Figures 1b and 4). There is a clockwise mean circulation
around Vashon Island (Farmer and Rattray, 1963). On the west side in Colvos Passage the mean
flow is seaward from surface to bottom and the channel cross-section is small enough (Figure 4)
that the mean flow can overcome the flooding tidal current during most of the tidal cycle (Larsen,
Shi and Dworski, 1977), a fact utilized by early navigators (United States Coast and Geodetic
Survey, 1889). Water in East Passage flows landward in the mean, but there is evidence
(Bretschneider, Cannon, Holbrook and Pashinski, 1985) of a shallow (~10 m), weak (~1000 m3/s)
seaward flow at the surface which we shall neglect. The Puyallup River enters mixing zone 4,
and strong tidal currents in the 50- to 80-meter-deep Narrows vigorously agitate the flow.

South of the Narrows lies 165-meter-deep Gordon Point reach 5 (Figure 1b). At its
southern end the bottom shoals to 35 m in mixing zone 5 near the Nisqually River delta
(Figure 2).
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Landwardmost reach 6 in southern Puget Sound begins at Devils Head where the depth is
105 m (Figure 2). Runoff enters at the heads of several inlets landward of this site with the
Deschutes River at Olympia being the single largest source (Figure 1b).

To the west of Puget Sound’s main basin is Hood Canal, a natural, glacially carved fjord
(Figure 1b). Reach 7 at its northern end is represented by the Tala Point hydrographic station.
This 115-meter-deep station is nearly within the Admiralty Inlet mixing zone and may not be
entirely representative of the reach, but we use it for lack of an alternative station having a long
salinity record. To the south of Tala Point reach lies mixing zone 7 which is about S0 m deep
at its shallowest, midchannel location (Figure 2).

Hazel Point reach 8 in Hood Canal is over 150 m deep along most of its length with
maximum depths of about 175 m (Figure 2). Its deep circulation is slow and occasionally leads
to hypoxia in mixing zone 8 at the landward end (Collias, McGary and Barnes, 1974). River
runoff from the Olympic Mountains to the west is distributed along its length (Figure 1b).

The ninth reach is comprised of layers 17 and 18 in Saratoga Passage (Figure 1b). This
reach is 165 m deep at its southern end where it lacks a sill, and it shoals to 50 m at its northern
end joining mixing zone 9 (Figure 2). This mixing zone is unique in several regards: (1) It
receives inflow from the Skagit River, the largest within Puget Sound. (2) At its northern end
narrow, 12-meter-deep Deception Pass provides a "leak” to mixing zone 2. (3) Instantaneous
tidal currents within the Pass are the strongest in Puget Sound, exceeding 4 m/s at times and thus
are able to homogenize the water there (Collias, Barnes and Lincoln, 1973).

4. RUNOFF

Fresh water is one convenient tracer of the circulation in Puget Sound. Its rate of input is
usually measured with river flow gauges. However, some principal rivers are often ungauged,
and for others only a portion of their drainage basins are sampled. Therefore some method is
needed to relate ungauged to gauged river discharges.

For the Strait of Georgia comprising most of mixing zone 1, Waldichuk (Table XV, 1957)
has provided a list of monthly correction factors to be applied to the Fraser River discharge at
Hope, B.C,, in order to estimate the total runoff. )

For Puget Sound, Lincoln (1977) has developed a technique similar to Waldichuk’s. The
basic idea is to compensate for each ungauged drainage area by identifying suitable gauged
reference streams and approximating the ungauged flow by the product of the gauged flow and
the ungauged-to-gauged area ratio. A suitable stream is one whose gauged drainage basin is
comparable to the ungauged area in terms of elevation, terrain, rainfall and evapotranspiration.
Lincoln chose 20 reference gauging stations and analyzed the runoff of the 14 major watersheds
(Gladwell and Mueller, 1967) tributary to Puget Sound (Figure 5) for October 1974 to September
1975. Unfortunately 10 of Lincoln’s (1977) reference stations did not operate during the period
of interest, the mid 1950°’s. To adapt his method we have chosen 18 USGS gauging stations
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(1967), dashed lines denote the approximate subdivisions of Lincoln (1977), and dots with numbers mark the
sites and indices of USGS (1964) gauging stations. (Map adapted from University of Washington, Figure 3-1,
1953.) ’
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(United States Geological Survey, 1964) as shown in Figure 5 and have computed the appropriate
ungauged-to-gauged-area ratios. Table 2 gives the resulting coefficients. As an example from
the table, the Skagit River runoff into Whidbey Basin is given from columns 1, 2 and 7 by:

1.00 x (gauged flow of the Skagit R. near Mt. Vernon)
+ 1.31 x (gauged flow of Pilchuck Crk. near Bryant).

Three errors in Lincoln’s (1977) method have been corrected. The drainage area for the
Snohomish watershed should be 1852 square miles (Gladwell and Mueller, 1967), not 1630
square miles. Lincoln subdivided the Hood Canal and Port Townsend watersheds of Gladwell
and Mueller (1967) into 4 component watersheds each after the University of Washington (1953)
(Figure 5). The Quilcene River watershed was added to Hood Canal, but Lincoln failed to
subtract its area from Port Townsend’s watershed. Finally, a significant diversion of the North
Fork of the Skokomish River directly into Hood Canal by Cushman Dam No. 2 was overlooked.

Table 3 lists the apportionment of the watershed runoff into the various mixing zones.
Since our theoretical framework allows runoff to be introduced only into mixing zones, some
compromises are necessary. In mixing zone 1 we neglect inputs from the shores of the Strait of
Juan de Fuca compared to the substantial input from the Strait of Georgia. Also neglected are
small inputs into mixing zone 2 from those parts of the Port Townsend, Island and San Juan
watersheds which border the Strait of Juan de Fuca. In Hood Canal, although the runoff is
distributed along the entire length of reach 8, it has been consolidated into mixing zone 8. This

is partially justified by the small longitudinal salinity gradients observed there (Collias et al.,
1974). |

The monthly mean flow for the Fraser River (Station 8MFS at Hope, British Columbia) was
obtained from Canadian records (Canada, 1955, 1957, 1959) for the period October 1950 to
September 1956. Similar data for the other gauging stations in Table 1 were obtained from
USGS records (United States Geological Survey, 1964). Data for Pilchuck Creek were not
available during October 1951 to September 1952. A linear least squares multiple regression
between Pilchuck Creek and several other gauging stations for the 'previous 1 and following 4
years yielded a very good fit (96% of the variance accounted for by the regression, significance
level = 0.0001; Snedecor and Cochran, 1980) which was used to predict the flow over the
missing period.

Time series of the twelve-month moving average runoff R, entering each mixing zone are
shown in Figure 6. The Strait of Juan de Fuca/Puget Sound system differs from a classical fjord
in that the bulk of the runoff enters near the mouth from the Fraser River in mixing zone 1 rather
than at the head. The same is true of Puget Sound itself, where mixing zones 2 and 9 dominate
owing to the Stillaguamish/Snohomish and Skagit Rivers, respectively. The runoff entering
mixing zones 3 through 6 along the main axis is highly correlated (correlation coefficient
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TABLE 3. Portions of the watershed runoff entering the mixing zones
and their May 1951-December 1955 mean and standard deviation.
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Figure 6. The annual mean runoff R, entering each mixing zone of the Strait of Juan de Fuca and Puget Sound.
Note the scaling for Pillar Point reach. The error bars represent the standard error of the mean.
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r 2 0.97, Table 4), due in part to common index gauging stations, but also due to common
- watershed characteristics. The headwaters are on the western slopes of the Cascade mountains,
drain a small area relative to the size of a typical storm, and are at low enough elevation that
precipitation falls mainly as rain. The Hood Canal runoff pattern, R; and Ry, is of the classical
fjord type with the landwardmost river dominating. .

Knudsen’s equations (7) depend upon the cumulative runoff (Figure 7). Due to its
cumulative nature this decreases monotonically by a factor of 100 as one moves landward up the
axis of the Sound.

The overall means and standard deviations of the annual moving-average runoff are given
in Table 5 for the period 15 February 1953 to 15 March 1955.

5. CURRENTS

The currents observed in Puget Sound from 1908 to 1980 have been indexed and tabulated
by Cox er al. (1984). Measurement sites near hydrographic stations and reach centers were
selected for this study (Figure 1 and Table 6). With the exception of reach 1 these are at
midchannel. Most of the currents (90% of the total duration) were measured in the 1970’s prior
to 1979. At about this time the available, but sketchy, evidence suggests that the landward flow
in reach 3 made a transition from mid-depth to bottom intensification (Ebbesmeyer et al., 1989).
This probably occurred in response to an enhanced salinity gradient across Admiralty Inlet
mixing zone 2 due to a climatic shift from cool, wet conditions reminiscent of the 1950’s to
warm, dry conditions. This current signal has not been detected elsewhere, and currents from
other periods have been used to provide better data coverage. The cumulative duration of the
observations varies markedly between reaches, and some, such as Devils Head and Tala Point,
are sparsely sampled (Table 7).

The direction of each cross-section normal vector is determined in a natural way from the
current observations. We compute the vector mean current direction 8 measured from true North
weighted by the record duration for both the landward- (§2i—1) and seaward-flowing (52].) layers.
The normal direction is usually set equal to the mean of 62j and 92,-_1 + 180° (Table 6). For the
Gordon and Hazel Point reaches the normal directions are for the upper layers only. For the
former the lower-layer composite record length was too short (15 d), and for the latter the mean
current was too small (2 cm/s) to give reliable directions. The New Dungeness reach cross
section lies along a line from Dungeness Spit to an offshore bank to avoid spanning a trough
extending northward into Haro Strait (Figure 1a). At this section the currents are mainly
influenced by Puget Sound thus minimizing the effect of Haro Strait.

The channel cross sections have been chosen to lie perpendicular to the normal vectors and
either to pass through the current observation sites or between them and the salinity stations
(Figures 1 and 4).



TABLE 4. Correlations between the annual mean runoff R;.

R, R, R, R, Rs Rq R, Rg
R, 057 1
R; 041 091 1
R, 037 088 099 1
R, 037 089 099 099 1
R, 026 085 098 097 099 1
R, 028 073 063 060 059 060 1
Rq 028 078 071 068 067 068 099 1
R, 070 088 084 080 080 074 073  0.77

TABLE 5. The overall mean mixing zone runoff R;, cumulative
runoff R;; and their standard deviations.

Mixing Zone i R; (m%/s) R,y (m%s)
1 4731 + 632 6372 £ 798
2 536+ 81 1641 £ 271
3 99+ 25 358 + 85
4 115+ 25 259 + 61
5 82+ 20 144 £ 36
6 62+ 16 62+ 16
7 35+ 4 200+ 25
8 166+ 20 166+ 20
9 546+ 88 546+ 88
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TABLE 7. Inventory of current meter records and hydrographic casts.

Current Meter Records Hydrographic Casts
Cumulative Number of  Number of

Reach Number Duration (d) Casts Samples
1 Pillar Pt. 43 1422 71 647
2 New Dungeness 15 1205 34 337
3 Pt Jefferson 61 2843 126 1017
4 East Passage 16 717 41 449
Colvos Passage 12 254 38 302
5 Gordon Pt. 15 417 37 . 364
6 Devils Head 5 50 35 243
7 Tala Pt. 15 213 , 35 275
8 Hazel Pt 4 85 37 294
9 Saratoga Passage 14 224 32 285
TOTAL 200 7430 486 4213

Each composite current profile is computed by a vertical least squares fit to the normal
components U-n of the velocity observations (Figure 8). The current record is linearly weighted
by its duration to emphasize long time series. Hansen and Rattray (1965) gave a similarity
solution for the velocity profile in the central regime of an estuary in which the longitudinal
velocity is a cubic polynomial in the vertical coordinate, and the bottom velocity vanishes. These
two conditions cannot always be satisfied realistically by a fit to the velocity data. When the
profile is unrealistic or the highest order coefficient is insignificant, a quadratic suffices with little
decrease in the goodness of fit. For some profiles the bottom velocity should be brought to zero
in a thin boundary layer whose level of complexity is beyond the scope of this paper. In those
cases a best fit is chosen, and the vanishing bottom velocity condition is relaxed. For still other
profiles characteristic of a classical fjord with a shallow, surface outflow balanced by a slow,
return flow spread over the deep lower layer, a polynomial fit is not appropriate due to the rapid
decrease of velocity with depth. Here an exponential fit suffices.

In most instances the mean flow is two-layered with a seaward-flowing upper layer and a
deeper return flow ‘(Figure 8). In East Passage the flow is landward except for a very thin
surface layer which may not be persistent, and which in any event has been neglected. In narrow
Colvos Passage the current is seaward and much larger in order to balance the East Passage
transport. The Hazel Point and Saratoga Passage current profiles which have exponential fits are
nearest to those of a classical fjord.

The squared correlation coefficient of the regression r* exceeds 0.8 in most reaches thus
indicating a good fit (Table 8). For Pillar Point reach the fit accounts for only 37% of the
variance because the cross-channel variance has been lumped into the vertical fit. Currents there
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are complicated by landward intrusions of oceanic water on the southern side of the channel
which adds to the variance (Cannon and Holbrook, 1981; Holbrook, Cannon and Kachel, 1983;
Proehl and Rattray, 1984; Cannon and Bretschneider, 1986). The fit in East Passage has one of
the lowest root-mean-square errors but also the lowest value of r>. This is because the data are
nearly uniform from top to bottom except for a thin surface layer. The fit passes through the
majority of the data near the mean very well but does not pass through the few surface values
which contribute most of the variance. The fit is adequate for our purposes and shows the
inadequacy of r? as a measure in this case. A similar argument holds for Colvos Passage.

6. SALINITY

The primary source of salinity data stems from the University of Washington Department
of Oceanography’s field program (Barnes and Collias, 1954a-c, 1956a-c), and supplementary data
for the Strait of Juan de Fuca comes from Canadian studies (Joint Committee on Oceanography,
1955). We use data from station numbers 114, 141, 305, 320, 353, 405, 407, 501, 510 and 612
for January 1951 through February 1956 as indexed by Collias (1970). Not all of the time series
commence in the same month, and large temporal gaps appear at the outset. Herein, no time
series is used until the initial sampling interval decreases to four months or less. In total 4213
salinity observations were taken in 486 hydrographic casts (Table 7) at the sites marked in
Figure 1.

The salinities were observed at selected depth intervals ranging from 5 m near the surface
to 25 m at depth. For the present analysis the data have been interpolated with cubic splines to
S5-meter intervals except for the shallow surface layers of Hazel Point and Saratoga Passage,
where 1-meter intervals were used. Typographic errors in the data reports and data entry errors
were detected by comparing plots of the spline-interpolated profiles and the data points. Punched
cards on file at the University of Washington School of Oceanography contained rare chlorinity
and salinity mismatches. Standard oceanographic conversions revealed that the chlorinities were
correct and agreed with the salinities of the published data reports.

The overall mean salinity profiles and their standard errors are shown in Figure 9 for each
reach. In general the salinity decreases as one moves landward from the Strait of Juan de Fuca
up any axis of the Sound. Saratoga Passage is the most highly stratified due to the Skagit River
which enters near its head. The next steepest vertical gradient appears at Hazel Point, but Pillar
Point possesses a greater surface-to-bottom salinity difference owing to the influence of the
Fraser River. The vertical salinity gradients as shown do not vanish at the bottom. This is due
to cubic spline extrapolation from near-bottom values and should not be construed as a salt flux
from the sediments. This artifact has a negligible effect on our results.

To calculate the flux-weighted salinity the integrands in (11) were interpolated to
equispaced depths and integrated using Simpson’s rule. The overall-means of the resulting two-
layer salinities are plotted in Figure 9 along with the overall-means of the vertical profiles.
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Given the salinity profiles alone it would be difficult to assign the depth of the interface between
landward- and seaward-flowing layers. At several sites, for instance layers 5 and 6 off Point
Jefferson and layers 9-and 10 off Gordon Point, the depth of the halocline and the level-of-no-
net-motion differ by tens of meters (Figures 8 and 9). At other sites, for instance layers 1 and
2 off Pillar Point and layers 3 and 4 off New Dungeness, the depth of the halocline is ambiguous
since the salinity gradient is gradual.

The calculation of the flux-weighted salinities in East and Colvos Passages presented some
special problems. In the other reaches the layer pairs were sampled nearly simultaneously since
they are superimposed and each hydrographic cast penetrated both layers. East and Colvos
Passages are separate geographical locations (Figure 1) which usually were sampled within a few
hours of one another. Unfortunately during 5 of 37 cruises, samples were collected in one
Passage only. During temporal interpolation these missing samples can cause the flux-weighted
salinity differences to approach zero in a non-physical way. To remedy this we completed the
time series for each layer by inserting missing values using a linear regression of each layer’s
flux-weighted salinity against the other’s. The equation of the linear regression with the error
distributed amongst both time series (Larsen, 1980) is

Sg = 1.208 S; — 6.43 %o 1)
with 2 = 0.96. The flux-weighted salinities were time-averaged after the insertion of the missing
values.

Time series of the annual mean flux-weighted salinities (Figure 10) show that the landward-
flowing salinities (the greater of any reach pair) decrease monotonically as one moves up any
branch of the estuary, but this is not true of the seaward-flowing values. Beginning at Pillar
Point the seaward-flowing salinities (the lesser of any reach pair) first decrease to Point Jefferson,
then increase in Colvos Passage before decreasing again up the main axis of the Sound. The
Colvos Passage salinity always exceeds that of the neighboring 30-to-50 m deep surface layers
because Colvos Passage flows seaward throughout its entire depth range (Figure 8¢), and salty
water from as deep as 125 m contributes to the flux-weighted salinity there. The lowest salinities
in the Sound occur in the shallow, surface layers of fjordlike Hazel Point and Saratoga Passage
reaches. The overall means and standard deviations of the flux-weighted salinities for the period
15 February 1953 to 15 March 1955 are tabulated in Table 12.

The flux-weighted salinity time series possess varying degrees of correlat1on (Table 9). Off
Pillar Point, the upper and lower layers correlate well (r = 0.85); whereas off New Dungeness
the correlation is not significantly different from O at the 5% level as indicated by a blank in the
table. The lower layer there follows most closely that off Pillar Point (r = 0.87), its source of
salt water. The upper layer responds much more like the layers along the main axis of Puget
Sound (r =2 0.87). All of the main-axis salinities track well (Figure 10b) with r = 0.94. Layers
13 through 16 are highly correlated (r 2 0.85) within Hood Canal and with the Sound’s main
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Figure 10. Time series of the annual mean flux-weighted salinity S; for each reach layer (a) in the Strait of Juan
de Fuca, Hood Canal and Saratoga Passage, and (b) along the main axis of Puget Sound. For each pair the
landward-flowing salinity always exceeds the seaward-flowing value.
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axis. In Saratoga Passage the lower layer follows that of the main axis (r 2 0.87) while the upper
layer responds much like the upper layers in Hood Canal (r 2 0.87).

Some tantalizing correlations exist between the flux-weighted salinities and the runoff
(Table 10). The correlations are all negative as to be expected. Fourteen of the eighteen
salinities correlate most highly (Irl 2 0.89) with the Skagit River runoff Ry (included is S, for
which r = —0.89 is not significantly different from r = -0.90 for runoffs R; and Ry). This
generalizes the results of Ebbesmeyer et al. (1989) who found a correlation of —0.81 over 13
years between the Skagit River discharge and the annually averaged salinity at 150 m depth off
Point Jefferson and Point No Point a few kilometers to the north. Evidentally the Skagit River
water is a tracer with strong potential as a predictor in most of Puget Sound. The lower-layer
salinities in the Strait of Juan de Fuca, S, and S,, bear no significant linear relationship (at the
5% level) to the Fraser River runoff, R,. Their maximum correlations are with small rivers, Rq
and Ry, at the southen end of the Sound. These are probably secondary correlations—the
primary ones being with climatic variables not considered here such as the Pacific Ocean salinity.

The salinities of the 1951-1956 period may be representative of the average climatic
conditions rather than of just cool, wet years. Ebbesmeyer et al. (1989) found no significant
correlation between a regional climate index PNW (based on snow depth and water temperature)
and the salinity at 150 m off Point Jefferson. Also their analysis showed that annually averaged
density profiles for this period, which are closely related to the salinities, bracketed 12 of the 14
available. Therefore the 1950’s data set may encompass most of the natural range of salinity
variability in Puget Sound. |

To shed some light on what factors are responsible for the uncertainty in the flux-weighted
salinity we have evaluated the relative contributions of the time-mean salinity and velocity errors
to the total variance (15). The two terms contribute in varying degrees (Table 11). At one
extreme is Pillar Point reach where velocity fluctuations across the channel account for up to
99% of the variance, and at the other extreme are East and Colvos Passages where fluctuations
in the mean salinity contribute most.

7. TRANSPORT

The transport at several sites has been estimated previously by a variety of techniques. Few
cover annual periods, and none consider all the reaches. Some estimates have used dissolved
oxygen as a nonconservative tracer (Ebbesmeyer and Barnes, 1980; Ebbesmeyer et al., 1984),
but these suffer from uncertainties in the oxygen utilization rate. One estimate has come from
drift-pole observations in a physical hydraulic model of the Sound, but this is uncertain due to
the effects of small scale (Ebbesmeyer and Barnes, 1980). Some estimates have been made from
mass conservation applied to runoff and hydrographic records without the benefit of recently
available current meter records (Friebertshauser and Duxbury, 1972). Still others have come
from current meter records but without regard to mass conservation (Barnes and Ebbesmeyer,
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TABLE 10. Correlations between the flux-weighted salinities and the runoff.

Reach Layer R, R, R, R, Ry R¢ R, R; Ry
1 Pillar Pt. lower 070 083 -0.77 -0.82 087 076 075 -0.70
2 Pillar Pt. upper 066 -087 -092 -0.88 -090 -0.82 -0.64 -0.66 -0.95
3 New Dungeness lower 056 072 -069 -0.75 -0.87 -0.86 -0.89 -0.46
4 New Dungeness upper -0.97 051 -04 040 -0.38 -0.81
5 Pt Jefferson lower 082 077 082 079 081 070 057 059 -0%4
6 Pt. Jefferson upper -0.83 081 08 -0.84 084 072 049 052 092
7 East Passage 083 072 071 -0.66 -0.66 -0.50 —0.95
8 Colvos Passage -0.81 072 072 -0.67 -0.68 -0.53 -0.37 097
9 Gordon Pt. lower -0.82 072 072 -0.68 -0.68 -0.53 041 042 097
10 Gordon Pt. upper -080 -0.76 -0.77 -073 073 058 045 045 -0.96
11 Devils Head lower 082 070 -071 -0.65 -0.66 -0.52 —0.96
12 Devils Head upper 077 076 -078 -0.73 -0.74 -0.60 -0.37 -0.96
13 Tala Pt. lower -0.76 085 0.8 -0.82 -0.82 069 044 -047 -097
14 Tala Pt. upper 054 08 -0950 -0.87 -089 083 057 -0.61 092
15 Hazel Pt. lower -0.87 070 -0.69 -0.65 -0.65 -0.49 —0.94
16 Hazel Pt. upper 059 08 -09% -0.88 -050 -0.81 -049 -0.53 -0.89
17 Saratoga Passage lower -0.79 056 -058 049 -052 -0.39 -0.96
18 Saratoga Passage upper -092 09 -091 -0.89 -0.82 049 -0.55 -0.79

TABLE 11. Average percentage contribution to the within-year variance ASi2

in the flux-weighted salinities.

Landward-flowing layer:

Seaward-flowing layer:

Reach Due to Due to Due to Due to
(AS)ZII‘Z WII‘Z (AS)21/2 WII‘Z
1 Pillar Pt. 4 96 1 99
2 New Dungeness 58 42 77 23
3 Pt. Jefferson 75 25 65 35
4 East and Colvos Passages 97 3 99 1
5 Gordon Pt. 85 15 28 72
6 Devils Head 86 14 62 38
7 Tala Pt. 62 38 33 67
8 Hazel Pt. 6 94 19 81
9 Saratoga Passage 16 84 46 54
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1978; Cannon and Ebbesmsyer, 1978; Godin, Candela and Paz-Vela, 1981; Cannon, 1983;
Ebbesmeyer et al., 1984; Bretschneider et al., 1985; Cannon and Bretschneider, 1986). From
these studies it is apparent that the transport differs by two orders of magnitude between the
reaches and that some refluxing occurs in the mixing zones.

Given the runoff (Figure 7) and the flux-weighted salinities (Figure 10) we calculate the
transports from Knudsen’s equations (7). Time series of the annual mean landward transports
are shown in Figure 11. The corresponding seaward transports are highly correlated (r > 0.99)
and differ by only the small increment of the runoff. The means and standard deviations for each
time series are given in Table 12 for the period 15 Feb 1953 to 15 March 1955. Notice that the
transports obtained from substituting the mean cumulative runoff (Table 5) and salinities
(Table 12) into Knudsen’s equations (7) do not exactly match the transport time series means
because Knudsen’s equations are nonlinear in the salinities.

TABLE 12. The overall mean flux-weighted salinities and transports
with their standard deviations.

Reach Layer Salinity Transport
%o m’/s
1 Pillar Pt. lower 33.41 +£ 0.27 99814 £ 7391
2 Pillar Pt. upper 31.41 £0.39 106185 * 7680
3 New Dungeness lower 31.94 £ 0.13 41166 + 9553
4 New Dungeness upper 30.68 £ 0.29 42806 £ 9590
5 Pt Jefferson lower 29.96 + 0.21 13583 + 1881
6 Pt. Jefferson upper 29.19 £ 0.38 13941 + 1861
7 East Passage 29.77 £ 0.27 31632 + 2085
8 Colvos Passage 29.52 £ 0.31 31891 = 2047
9 Gordon Pt. lower 29.32 £ 0.32 14421 + 1893
10 Gordon Pt. upper 29.03 £ 0.36 14565 + 1895
11 Devils Head lower 29.20 £ 0.31 5143 £ 471
12 Devils Head upper 28.85 £ (0.38 5206 + 476
13 Tala Pt. lower 30.23 £ 0.25 6617 = 723
14 Tala Pt. upper 29.34 + 0.31 6818 = 717
15 Hazel Pt. lower 29.95+0.24 2521 + 321
16 Hazel Pt. upper 28.07 £ 0.56 2687 £ 309
17 Saratoga Passage lower 29.53 £ 0.23 3174 £ 279
18 Saratoga Passage upper 25.19 £ 0.62 2595+ 342
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Figure 11. Time series of the annual mean landward transports Q,; ,/p in each reach of (a) the Strait of Juan de
Fuca and along the main axis of Puget Sound, and (b) Hood Canal and Saratoga Passage. The seaward
transports differ only by the runoff which is nearly imperceptible at this scale. Note the scaling for Pillar
Point reach.

39




The results will be discussed on a regional basis. For comparison purposes the range of
the Knudsen transports is defined to be the minimum landward transport minus its standard error
and the maximum seaward transport plus its standard error (Table 13). No annual transports
based upon year-long measurements of currents have ever been published; therefore no direct
comparison with annual mean Knudsen transports is possible. Perhaps the next best thing is to
compare with transports calculated from equation (1) using the composite currents of Section 5
since these are averages over almost all available observations. The tabulated range (Table 13)
comes from estimates of the landward and seaward flows which differ in theory by only the
runoff, but in practice the difference is often much larger.

7.1. Strait of Juan de Fuca

Off Pillar Point the average transport is around 100,000 m’/s (Figure 11 and Table 12)
which is about 15 times the average cumulative runoff (Table 5). The Knudsen transport range
agrees well with that of the composite transports (Table 13). An independent, 101-day set of -
measurements by Godin et al. (1981) using 6 cross-channel current meter moorings in the spring
of 1973 compares favorably with our results for 1951-1956 (Table 13). Another set of cross-
channel observations by Cannon and Bretschneider (1986) gave 134-day mean transports of
113,000 m%/s landward and 146,000 m%/s seaward. These measurements were from three separate
40- to 50-day deployments in the spring and autumn of 1976 and the summer of 1977, and some
were used in the composite current profile of Figure 8a. They probably overestimate the annual
mean transports due to a summer increase in flow.

The Knudsen and composite transports for New Dungeness reach differ substantially
(Table 13). The composites themselves are doubtful since they differ by 22,000 m%/s which is
far greater than the associated runoff (1641 m%/s). This reach is poorly defined geographically,
the cross-channel variability of the currents is unknown, and there are uncertainties concerning
the flow of water through Rosario Strait. If it carries substantial Fraser River water southward
then the effective runoff for this reach would be higher than calculated, and the Knudsen
transport would rise. Conversely, if the longitudinal current decreases toward the channel sides
then the transport inferred from the velocity observations would be reduced. For these reasons
the transport off New Dungeness is considered speculative.

7.2. Puget Sound’s Main Axis

The Knudsen transports off Point Jefferson are only 1/3 to 1/2 those of the composite
(Tablé 13). This is surprising since this reach has the most extensive series of current and
salinity measurements (Table 7). Published transports from midchannel observations over one-
month periods in the winters of 1972 and 1973 yield 42,000 and 43,000 m%/s, respectively
(Barnes and Ebbesmeyer, 1978; Cannon and Ebbesmeyer, 1978). These are not very different
from the composite transports because the composite profiles of Figure 8c include these
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measurements. From Knudsen’s equations (7) an underestimate of the runoff or an overestimate
of the lower-to-upper layer salinity difference would reduce the strength of the predicted flows,
but it is difficult to believe that either could differ by a sufficient amount, especially considering
the long-term annual averaging process. If the associated runoff were too low for this site, one
would expect it to be too low elsewhere along the main axis of the Sound, but the observed and
predicted flows agree at the other locations. It is unlikely that the surface layer is too fresh at
midchannel and hence unrepresentative of the cross-channel mean, especially considering the
depth (50 m) of the layer. On the other hand, excessive composite transports could result from
an overscaling of the laterally averaged current based solely upon midchannel values. The
channel cross section changes drastically near Point Jefferson. At midchannel the mean current
bears 46°T (Table 8) which parallels the local bottom topography but resembles little the deeply
embayed shoreline. There is other evidence that midchannel currents overestimate the mean
transport at this site owing to cross-channel variability. Ebbesmeyer and Barnes (1980) using
dissolved oxygen as a tracer deduced mean flows of 27,000 m*/s. They also observed scaled
flows of 22,000-30,000 m?/s using drifters in the Puget Sound hydraulic model. Subsequently
Ebbesmeyer et al. (1984) reduced the midchannel transports of Cannon and Ebbesmeyer (1978)
to three-quarters of their original value or 32,000 m>/s (Table 13). Additionally, Ebbesmeyer et
al. (1984) have assembled a composite cross section in this reach composed of 4 moorings
spanning the channel. The records are not concurrent and are of varying lengths but occur
between 15 April and 28 September 1976. The observed transport (20,000 to 22,000 m>/s) is
close to the upper limit of the Knudsen range (9,000-19,000 m’/s).

The transports decrease as one moves landward from the Strait of Juan de Fuca up the main
axis of Puget Sound (Figure 11a). However, this pattern is interrupted in East and Colvos
Passages where the transport increases before decreasing again off Gordon Point and Devils
Head. Substantial clockwise recirculation around Vashon Island is required for the East and
Colvos Passage transports to be approximately twice those of the surrounding reaches and for the
Colvos Passage salinity to exceed that of the Point Jefferson upper layer (Section 6). This
refluxing has been noticed in the Puget Sound hydraulic model (Farmer and Rattray, 1963) but
not quantified. It will be considered in future work.

The observed transports in East and Colvos Passages agree rather well with the Knudsen
transport range of 24,000-40,000 m%/s (Table 13). In East Passage the transport has been
calculated from an independent midchannel measurement by Cannon (1983) to be 38,000 m’/s
for March 1977. Bretschneider et al. (1985) found that midchannel observations gave
33,000 m%/s in April 1983, but cross-channel arrays of current meters at the same site and nearby
reduced this to 21,000 to 23,000 m*/s. Week- to month-long observations in Colvos Passage
(Barnes and Ebbesmeyer, 1978; Cannon, 1983; Bretschneider et al., 1985) gave transports of
25,000 to 27,000 m?s.
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No transports have been published for Gordon Point reach 5. The composite transports
(4,000-11,000 m%/s) overlap with, but in general are less than, the predicted values
(8,400-21,000 m?/s, Table 13). However the currents there are poorly sampled, especially in the
lower layer (Figure 8f).

A somewhat similar situation exists for Devils Head reach 6. The composite current profile
is mostly based on 14 days of observations at 3 depths in April 1978. Nevertheless the
predictions (3,800--6,500 m’/s) and observations (5,200-6,700 m’/s) overlap (Table 13).

7.3. Hood Canal

In Hood Canal, Tala and Hazel Point reach transports differ by a factor of 2 to 3 (Figure
11b and Table 12). Off Tala Point Ebbesmeyer ez al. (1984) have estimated the transport to be
5000 m/s which is within our predicted range of 4,500-8,900 m®/s (Table 13). The upper and
lower layer composite transports are quite disparate with the landward flow (19,000 m>/s) being
three times the seaward flow (6,900 m>/s), probably because the fitted cubic (Figure 8h) bows
landward too far at 50 to 60 m depth where there is no velocity data to constrain it.

For Hazel Point reach 8 the agreement between the various transport estimates is good
(Table 13). We predict a range of 1,500-3,600 m>/s which encompasses the composite transports
(1500-1600 m>/s) although these are based on only one set of observations in February and
March 1978. Ebbesmeyer et al. (1984) report 1,000-2,000 m®/s as inferred by Hinchey using
dissolved oxygen as a tracer.

7.4. Saratoga Passage and Deception Pass
Owing to the flow through Deception Pass in mixing zone 9 (Figure 1), the transport in
Saratoga Passage cannot be determined from Knudsen’s equations. In a sense mixing zone 9 is
a limiting case of a triple junction mixing zone (section 5 of I) in which one of the reaches is
a river, the Skagit. With only two tracers available, water and salt, more information is required
to obtain a closed solution. Matters are further complicated by the fact that Deception Pass is
very turbulent due to strong tidal currents, and a sharp salinity gradient exists between Rosario
Strait and the inner Pass. Therefore it may not be treated as a purely advective reach.
In mixing zone 9 conservation of total and salt mass give
Q=Q17- Qs +Ry
SpQp — Fp = 817Q17 - S15Qs @2)
where Qp is the advective mass flux through the Pass, Sp, is the flux-weighted salinity, and Fp
is the turbulent salt flux which is directed from saltier Rosario Strait into the Pass (Figure 12).
Equations (22) are not sufficient to determine the Saratoga Passage flows, Q,; and Q, g, from their
salinities, S,; and S,3, and the Skagit River runoff Ry alone. We must rely upon two other pieces
of information provided’ by the measurements of Collias et al. (1973). First, based upon
temperature and salinity observations, they concluded that no Rosario Strait water enters layer
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18. This implies that the flows leaving the mixing zone receive water and salt only from layer
17 and the Skagit River, i.e. ’

Qi = %817 Qu7 + Yygro Ry

S18Qus = Q517 S17 Qi 23)
Qp = 0p,17 Q7 + OpRrg Ry
SpQp—Fp = 0p 17 817 Q17

where o; is the fraction of layer j water entering layer i (Figure 12). Second, Collias et al.
(1973) observed that the mean flow in Deception Pass is seaward at about 1125 m’/s with a
standard error of 95 m%/s. Unfortunately this figure represents the average over only 9
consecutive lunar days in March of 1971, but it is the only such data available. In addition we
shall assume that the mixing zone is completely mixed, which is equivalent to

08,17 = %18 R9

24
Op,17 = OpRo9 - @4)
Equations (22) to (24) yield
Sis
Q7 = S._S Ry
17718
. (25)
185 o D
S17-818
which are similar to Knudsen’s equations (7) and
S17-515 Qp
o =Q = "
18,17 D.R9 S, R, (26)

Op17 = Ogrg = 1—Opgg -

The modified Knudsen equations (25) give lower-layer transports in Saratoga Passage that
exceed the upper-layer values (Table 12) because the excess flow leaves mixing zone 9 through
Deception Pass. The predicted transport range overlaps the composite transport range and agrees
with the previous measurements of Barnes and Ebbesmeyer (1978) based upon a midchannel
current meter mooring in July 1970 (Table 13).

Under our assumptions about 66% of the Skagit River flows southward in the surface layer
of Saratoga Passage, and the remaining 34% leaves via Deception Pass. Collias et al. (1973)
independently estimated this partitioning to be 40% and 60%, respectively, by reasoning that all
of the Skagit’s south-fork flow would enter Saratoga Passage and all-of its north-fork flow would
leave via Deception Pass with no mixing occurring between the river mouths in the bay. The
40/60 river ratio itself was based on a personal communication with the USGS. If we adopt this
assumption, i.e. 0z o = 0.4 and dpgq = 0.6, then Q;7/p = 2000 m’/s, Q;/p = 1400 m?/s, and
04517 = 0.6 as overall average values.
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7.5. Comparison with other models

The circulation in Puget Sound has been modeled with conservation of mass techniques in
two previous studies. Friebertshauser and Duxbury (1972) divided the Sound into four large
basins and computed the transport neglecting turbulent fluxes. They employed an integration of
the mass balance equations first applied by Waldichuk (1957) to the Strait of Georgia. In essence
these are Knudsen’s equations with the addition of terms to account for time variation. A
freshwater content of the basin is defined which relies on the implicit assumption that the salinity
of the salt water end-member does not vary with time. The source and salinity of this virtual
end-member are ambiguous for a sequence of interconnected reaches such as Puget Sound.
Analysis of these equations indicates that the salinities therein are actually flux-weighted.
Friebertshauser and Duxbury failed to acknowledge this, but even if they had, they lacked
sufficient current measurements to perform the flux weighting. They assumed that each upper
layer was 10 m deep in rough correspondence to the halocline and averaged over depth to get
upper and lower layer salinities. As Table 8 shows, the upper layers are deeper in general.
Therefore, we can expect Friebertshauser and Duxbury’s salinity contrasts to be too large and
their inferred transports to be too small. They did not specify the location or the observation
period of their hydrographic stations, but presumably they overlap our own since both of us use
the data indexed by Collias (1970) which has the best coverage from 1951 to 1956.
Friebertshauser and Duxbury computed runoffs from 1965 to 1968 that are 20% to 80% lower
than the 1951-1956 runoffs. They estimated the annual transport for the "entire Puget Sound"
(presumed to mean at the northern end of Admiralty Inlet) to be 12,000 to 13,000 m%/s. This is
1/4 to 1/3 our value for New Dungeness reach. In large part this discrepancy is due to their
3.2%0 lower-to-upper layer salinity difference. We find only about 1.3%0 (Table 12). For
southern Puget Sound their transport averaged 3400 m®/s due to a 1.0%o salinity difference;
whereas at Gordon Point we calculate about 15,000 m%/s due to a 0.3%o difference and 37% more
runoff. For Tala Point, Friebertshauser and Duxbury calculated a transport of 1500 m%/s due to
a 2.1%o salinity difference, but our transport is 4 times greater due to 1/2 the salinity difference
and twice the runoff. They failed to account for the flow through Deception Pass, hence their
annual mean transport in Saratoga Passage (7800-8600 m’/s) greatly exceeds ours
(1900-3800 m?/s).

Hamilton, Gunn and Cannon (1985) constructed an advective-diffusive box model of the
main axis of Puget Sound from Admiralty Inlet to the Narrows. The depth of each upper layer
was fixed at 50 m. Unfortunately they did not include the flow in Colvos Passage, but instead
relegated this strong seaward flow to an artificial surface layer in East Passage contrary to
observation (Figure 8d and e). The upper layer salinities in East Passage were probably not the
correct ones to represent this seaward flow. Perhaps because of this, Hamilton et al. (1985)
found negative eddy diffusivities representing salt diffusion from fresher to saltier water. Their
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method of compensating for this counterintuitive behavior is questionable. Nevertheless they
computed short-term transports off Point Jefferson of 22,000-27,000 m’/s for February 1976
based upon a runoff of 538 m’/s. This is somewhat above our range of annual transports of
9,000-19,000 m>/s (Table 13) for which the runoff range is 245411 m>s. For East Passage
their transports ranged from 17,000 to 19,000 m>/s over the same time period, but these values
are artificial due to their neglect of Colvos Passage. Hamilton et al. (1985) also found large
transport variations between periods of low runoff i)n summer and higher runoff in winter. Of
particular note is the fact that diffusive fluxes off Point Jefferson were small, and the majority
of interlayer exchange occurred in Admiralty Inlet. This is consistent with our partitioning of
Puget Sound into horizontal advective reaches separated by mixing zones.

7.6. Knudsen Transport Terms

The terms in Knudsen’s equations (7) are coupled, and one cannot reason directly what the
response would be to a change in a single term). Table 14 lists the significant correlations (at
the 5% level) of each reach’s landward transport with the flux-weighted salinities, their difference
and the runoff. A first glance at the equations (7) suggests that the landward transport Q,;
should be negatively correlated with the landward-flowing salinity S,; , in the denominator. This
is true only in New Dungeness and Saratoga Passage reaches; elsewhere the correlations are
positive or not significantly different from zero. The explanation of this paradox lies in the
balance of the landward and seaward transports; as S, , increases so does the seaward transport
Q,; and hence the compensating landward transport. The effect of the seaward-flowing salinity
Sy; on Q,; leads to positive correlations everywhere (7). As expected, the surface-to-bottom
salinity difference (S, — S, correlates negatively with the transports, the strongest effects
occurring in New Dungeness, East Passage and Hazel Point reaches (Table 14). Perhaps
surprisingly the runoff is significantly and positively correlated with the transport in only one
reach. Elsewhere the correlations are nullified by the competing effect of the runoff freshening
the seaward-flowing layer, thus increasing the salinity difference and decreasing the inferred
transport.

7.7. Error Contributions

The within-year transport variance (20) is due to fluctuations in the flux-weighted salinities
and the cumulative runoff. The former dominate in the Pillar Point, Point Jefferson, Tala Point
and Saratoga Passage reaches (Table 15) where the main contributions come from the upper
layer. The flux-weighted salinity errors are due, in turn, to errors in the time-mean salinities and
the normal velocities (Table 11). Off New Dungeness and Devils Head the runoff error
dominates the transport variance (Table 15).

Throughout this work the slow rate of change of the annually averaged quantities has been
neglected. However, Knudsen’s equations (7) can be modified to account for this. The largest
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TABLE 14. Correlations between the landward transport sz_, in each reach
and the terms in Knudsen’s equations (7).

Reach Landward- Seaward- Salinity Runoff
Flowing Flowing Difference
Salinity Salinity
Sy S So51—Sy Rjs
1 Pillar Pt. 0.48
2 New Dungeness -0.71 0.71 -0.91
3 Pt. Jefferson 0.44 0.58 -0.70
4 East Passage 0.66 0.69 -0.76
5 Gordon Pt. -0.51
6 Devils Head 0.74 0.74 -0.59
7 Tala Pt. -0.62
8 Hazel Pt. 0.68 0.89 -0.90
9 Saratoga Passage —0.86 0.73

TABLE 15. Average percentage contribution to the within-year variance in the transports.

Reach Due to AS?" Due to AR%; "
1 Pillar Pt. 86 14
2 New Dungeness 15 85
3 Pt. Jefferson : 93 7
4 East and Colvos Passages 47 53
5 Gordon Pt. 89 11
6 Devils Head 10 90
7 Tala Pt. 74 26
8 Hazel Pt. 52 48
9 Saratoga Passage 73 27
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contribution comes from the changing salt content landward of any reach. An estimate of these
terms shows that they modify the transports by less than 10% with the possible exception of
Point Jefferson reach where the modification approaches 20% at times. This source of error is
generally within the error bars of Figure 11, but it has not been included explicitly. This
supports our assumption that the time series of mean annual transports varies slowly enough that
it can be constructed from a sequence of steady approximations.

8. SUMMARY AND CONCLUSIONS

The Strait of Juan de Fuca and Puget Sound have been partitioned into a series of 9
advective reaches separated by mixing zones where turbulent transport may dominate. We have
refined a technique (Lincoln, 1977) for computing the runoff into the estuary. Composite
velocity profiles of long-term mean currents have been generated from sporadic, modern
observations and have been coupled with periodically sampled, historical salinity measurements
to calculate the flux-weighted salinity in a two-layered model. ‘

‘Fresh water and salt are two tracers sufficient to apply conservation of mass techniques to
deduce the annual mean volume transport in the 18 reach layers over a four year period. In the
Strait of Juan de Fuca the annual transport averages about 100,000 m>/s (Table 12 and Figure 11)
in each layer off Pillar Point, and it decreases to about 40,000 m’/s at the entrance to Puget
Sound off New Dungeness. The transports are small (<7,000 m%/s) and steadily decrease up the
Hood Canal and Saratoga Passage side channels of Puget Sound. However, up the main axis the
transport decreases to about 14,000 m’/s (Table 12) off Point Jefferson but then rises to
32,000 m%/s in East and Colvos Passages before decreasing again to 15,000 m%/s off Gordon
Point and to 5000 m%/s off Devils Head. Comparisons with transports inferred from current
moorings and oxygen utilization techniques are reasonably good considering the disparity of the
techniques and the interannual variability. An error analysis gives estimates of the magnitudes
and origins of uncertainties in the transports.

More long-term current meter measurements are required in the estuary. The transports in
3 of the reaches — New Dungeness, Gordon Point, and Devils Head — have never before been
calculated, and in 2 more — Tala Point and Hazel — only indirect oxygen utilization methods have
been used. These measurements should be combined with moored salinity observations over at
least one year to improve our understanding of the mean circulation and its fluctuations.

Based upon available salinity and current observations and simplifying assumptions we
have developed a model of the mean flow through Deception Pass. About 1/3 of the strong
Skagit River runoff can bypass Puget Sound and flow directly into Rosario Strait. This reduces
the transport in Saratoga Passage as inferred by a previous mass conservation estimate in which
the leak through Deception Pass was ignored.

A significant amount of recirculation must occur around Vashon Island because the
transports in East and Colvos Passages are approximately twice those of the surrounding reaches.
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Since the recirculation connects two large cities, Seattle and Tacoma, this could lead to the build-
up of contaminants in the southern Sound.

The analyzed runoff and salinity data sets and the inferred transports of the present work
provide a foundation for applying the reflux theory (I) to Puget Sound. Even though the physical
oceanography of Puget Sound has been studied for the past 60 years no model exists that utilizes
this information to predict contaminant concentrations and time scales. These will be the topics
of future papers.
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11. APPENDIX

The moving average of a time series is a low pass filter. The output from such a filter may
be used in a consistent fashion with the time-averaged equations derived in I. The integral in
(13) can be computed even for unequally spaced data by interpolating the integrand to the limits
of integration using a polynomial consistent with the quadrature rule. No moving averages are
available for a period equal to one-half the averaging interval at the beginning and end of the
record. The method of calculating the twelve-month moving average and estimating its
uncertainty from data which contain a strong seasonal signal plus noise is outlined in
Section 2. The details are presented below.

To estimate the signal we smooth the time series with a moving average. An arbitrary time
varying function f(t) may be written as:

f(t) = ¢(t) + €(t). (A.1)
where ¢(t) is the signal and €(t) is the noise. Suppose we measure f(t) at discrete, equally spaced
instances of time t; denoted by a subscript. Then we may estimate the signal by a moving
average (Anderson, section 3.3, 1971) denoted by an asterisk and defined by

=3 ofi
m
Do+ Loy

* *
=0; +§

(A2)

where the weighting factors ¢; and the summation limits m depend upon the form of the moving
average chosen which is usually some low-order polynomial. We assume that the noise is
random; it has zero mean, a constant variance o2 and is uncorrelated, i.e.

Eg=0
Var g = 62 (A.3)
Egg =0

where E represents the expected value operator and Var the variance operator. From equations
(A.1) and (A.3) the observed time series has an expected value given by
Ef=E¢,+Eg

=0, (A4
and a variance given by
Var f, = E(f, — ¢,)°
=o’. (A.5)

Likewise from equations (A.1) to (A.4) the moving averaged time series has a mean given by
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m
E fi‘ = E E cjfi+j
= (A6)

and a variance given by

1

Varf; =B [ -Ef)’

B 2
m

=E|} cffiy— i)

=

( 2 (A7)

m

m
o? Y cjz.
j=—m

In the averaging process the Ic;l’s are less than unity; therefore the variance (A.7) of the moving
average is less than that (A.5) of the original time series.

The purpose of smoothing is to estimate the signal with reduced error. The error comes
from a systematic bias and from a random part which is measured by the variance (A.7)
(Anderson, section 3.3, 1971). The former is due to the fact that the expected value of the
observed time series does not equal that of the smoothed time series, i.e. from (A.4) and (A.6)

m

E(fi - fi) =9 - E_:m G iy (A.8)

# 0

in general. This is the tendency of a moving average to round off highs and lows of the signal
itself unless the degree of the moving average polynomial is greater than or equal to that of the
underlying signal. We estimate the magnitude of the bias by the arithmetic mean of the residuals
f, — f;* over the entire time series. The factor o? in (A.7) is unknown, but it can be related to
the variance of the residuals by
Var(f, - £*) = E [(f, - £*) - B(f, - £

=E[(f; - Ef) - (f* - E f*)]°

=E (& -&%°

=E (g2 - 2e£* + D)
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m
={1-2,+ Y cl|o®. (A9)
j=—m
Therefore from (A.7) and (A.9) we have

m
Y o
j=—m

Val'fi‘= ]
m
1—2co+z cj2

j=m

Var f, - £) (A.10)

where Var (f; — f*) is computed in the usual manner. In summary, the squared error in the
moving average is the sum of (A.10) and the square of (A.8). ]

We adopt for our moving average an arithmetic mean centered on 2m+1 points which is
nearly equivalent to integrating equation (4) via the trapezoidal rule. The coefficients c; are given
by

C. = —— i =0, 1,..., tm, A1l
J 2m+1 ] ( )

In this case (A.10) reduces to

Varff, - £7)

VaI fi"l = 2
m

(A.12)

The signal is approximated by a three-month moving average since the length of one season
is a natural time scale. For data tabulated monthly m =1, and (A.11) becomes c; = 1/3.
Therefore from (A.7) the variance of the moving average is 1/3 that of the observations. The
bias incurred (A.8) is generally small, equalling about 9% for a sinusoidal annual signal
(Anderson, section 3.3, Eq. (34), 1971).

The formulae derived so far depend upon the data being tabulated at equispaced time
intervals. Any attempt at carrying out the derivation for unequal spacing is futile since the
coefficients ¢ in (A.2) depend upon both i and j. In that case the data are interpolated to equally
spaced intervals using piecewise continuous first order polynomials, and then the techniques
described above are applied. However in order to compensate partially for the unequal data
spacing, the estimate of the variance of the signal (A.12) is modified to

Var £ - Var(f, - £)

_ A.13
= (A.13)

where N; is the total number of original data points actually employed in the calculation of each
f".

; . For example, whenever the original data spacing exceeds the length of the moving average

N; = 2 since then only two of the original data values are being employed to calculate the
average.
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To evaluate the centered twelve-month moving average, denoted by an overbar, we compute
the arithmetic mean of the three-month averages which are tabulated monthly. The formula is

6
- .
fi = ) aff
=

(A.14)

£
I

1/12, j = 0, £1,....%5,

1/24.

which is a discrete approximation to (4).

The uncertainty in f; is approximated by the perturbation method or the method of
propagation of errors (Shoemaker, Garland and Steinfeld, 1974). Briefly, if g(x,y....) is a function
of several variables, each of which is known to within some error (x + Ax, y + Ay,...), then these
erTors propagate to cause an uncertainty Ag in g given by

Ag~ 98 Ax + 98 Ay (A.15)

ox ay

where higher order terms are neglected. If the errors are random (zero mean and uncorrelated)
then
E(g+Ag)~E (g

Var (g + Ag) = (%]2 E(Ax)? + {%]2 E(Ay)? +,... (A.16)
X oy

An application of the propagation of errors (A.15) to the twelve-month averaging function (A.14)
yields

6
Af; = 37 aj(Afil:j)

m=-6

_| 2 11 AE® (A.17)
242 122

= 0.080 Af;".

If for the purpose of illustration (but not in the numerical results of the paper) we neglect the bias
(A.8) which contributes to Af*, then by (A.16), (A.17), (A.7), and (A.11)

Var fi = 0.027 o (A.18)
This is considerably smaller than the variance s%/12 = 0.083 s> we would have calculated if we
had proceeded as suggested initially in Section 3 and simply computed the twelve-month moving

average of the observed data. In that case, s? exceeds 62 since it includes both the short period
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(less than 3 months) noise and the variance of the seasonally dominated signal about the twelve-
month mean.
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Errata for "The annual mean transport in Puget Sound,"
NOAA Tech. Memo ERL PMEL-92, July 1990

by

E.D. Cokelet, R.J. Stewart, and C.C. Ebbesmeyer

Change

Equation (26),
04517 should read o7 and o5 should read og ;5.

Section 7.6, first sentence. Delete the right parenthesis
at the end of the sentence.

First reference. Date should be 1889, not 1989.





