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Abstract 

The low-pass filtered residual along-strait current and across-strait pres

sure difference data, collected at the mid-strait in 1975 and at the mouth of 

the strait in 1984, are examined to determine the characteristics of the flow 

in Juan de Fuca Strait. The mean residual flow structure shows a positive 

estuarine circulation at both oceanographic sections, but the structure is 

better defined at the mid-strait section and across the northern half of the 

strait at the mouth. Across the southern half, the mean residual flow is out 

of the strait at all depths. 

The method of geostrophic levelling of bottom pressure gauges, based 

on Garrett and Petrie (1981), is tested using linear regression at both 

oceanographic sections to determine the relationship between the along

strait residual velocities and the residual across-strait pressure differences. 

Favourable results were obtained in one of six tests, specifically when the 

mid-strait shallow current meter and bottom pressure time series are used. 

The regression equation 

6'f/cs = 4.44(±0.23) + 0.63(±0.14)6'f/ms 

shows that the south gauge is higher than the north gauge by 4.44 cm and 

that there is a reasonably direct relationship between the measured resid

ual pressure difference (6'f/ms) and mean along-strait residual flow (6'f/cs). 

Perfect geostrophy would have a regression slope of +1.0 versus a value of 

+0.63 here. 

Cross-spectral analysis of the residual current and pressure difference 

time series support the geostrophic levelling results. High coherence and a 
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uniform phase of -1800 are observed in the two lowest frequency bands (14.2 

and 5.3 days), where most (85 to 90%) of the spectral power is located. The 

residual volume transport and pressure differences are coherent in only the 

lowest frequency band (14.2 days), with the two time series out of phase by 

~180°. It is concluded that the residual across-strait pressure differences 

are a good measure of the mean along-strait surface currents but only a 

fair measure of the net volume transport. 

The amplitude ratio (square root of the energy ratio of the deep to shal

low along-strait residual filtered currents) shows a slight increase with in

creasing frequency at the mid-strait section but the trend is not smooth. At 

the mouth of the strait, the ratio shows no trend with increasing frequency. 

The flow fluctuations at all moorings for both sections are baroclinic. 
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Chapter 1 

Introduction 

1.1 Study Area Description 

A strait is defined as a narrow passage of water which connects two 

larger bodies of water. By providing an access from one place to another, 

the strait plays an important role in the exchange of properties between 

regions. Since the currents are the primary exchange mechanism in the 

region, a knowledge of the currents is essential to understanding physical, 

chemical and biological processes in the strait. 

Juan de Fuca Strait is a deep submarine valley, located at the south

ern end of the west coast of Canada, which connects the Strait of Georgia 

and Puget Sound to the Pacific Ocean. The Victoria-Green Point Sill, 

which runs south from Victoria, British Columbia at an average depth of 

60 m (Thomson, 1981) divides the strait into an inner and an outer basin. 

Figure 1.1 gives a plan view of Juan de Fuca Strait, adjoining bodies of 

water and the Victoria-Green Point Sill. 
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Figure 1.1: Plan view of Juan de Fuca Strait (from Thomson, 1981). 

The "Inner Strait", east of the sill, contains a number of shallow 

banks through which the deepest channel leads into Haro Strait. Other 

channels lead into Rosario Strait and Admiralty Inlet. The "Outer Strait" , 

west of the sill, gradually forms into a V-shaped profile, attaining depths 

of about 250 meters at the entrance to the strait. Beyond Cape Flattery, 

the submarine valley turns sharply to the southwest where the topography 

becomes irregular and cut with a number of canyons. 

From the mouth of the strait to its eastern boundary, Juan de Fuca 

Strait is about 160 kilometers long. At its entrance, the strait is about 22 

kilometers wide; the width varies little for the first 100 kilometers but then 
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narrows to 18 kilometers between Race Rocks and Angeles Point. There

after to its eastern boundary (Whidbey Island), the strait widens to about 

40 kilometers. The northern boundary of the Strait is Vancouver Island 

and the islands of the San Juan Archipelago and the southern boundary 

is the Olympic Mountains. At the southeast corner, the strait is joined to 

Puget Sound through Admiralty Inlet. From the mouth, along the first 100 

kilometers, the strait is oriented to 112°T but from its narrowest point (be

tween Race Rocks and Angeles Point) to the east is oriented more easterly. 

Juan de Fuca Strait is an important waterway, providing access to 

two large ports, Vancouver, British Columbia, and Seattle, Washington, as 

well as a number of smaller cities. The strait provides a means for large 

stocks of fish, mainly salmon, to make their way to the open ocean and 

home again at spawning time. The Fraser River and other river systems 

discharge freshwater runoff through the Strait of Georgia and Juan de Fuca 

Strait into the Pacific Ocean. The strait acts as a receptacle for industrial 

and domestic wastes from Victoria and other urban centers along its length. 

As the population grows in this area of Canada and the Pacific Northwest of 

the United States, the use of the strait for an increasing number of purposes 

will grow. For these reasons, it is necessary to have a thorough knowledge 

of the currents including an understanding of the forces which dictate the 

flow variability in the strait. 
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1.1.1 Circulation Description 

Juan de Fuca Strait is classified as a weakly-stratified, partially mixed, 

positive estuary with strong tidal currents (Holbrook et al. 1980b). The 

positive estuarine circulation pattern is characterized in the mean along

strait flow where the freshwater runoff, being of lesser salinity and density, 

flows out of the strait on the surface while the oceanic water, being of 

greater density and salinity, flows into the strait below the freshwater layer. 

The fresh water entering the strait maintains the estuarine circulation by 

setting up a longitudinal sea-surface slope and internal density gradients 

(Holbrook et al. 1980b). 

The diurnal and semi-diurnal tides account for most (65% to 88%) 

of the along-strait current variance (Holbrook et al. 1980a) over most of 

the year although significant variance (27%) was found in the winter at 

subtidal frequencies (less than about 0.8 cycles per day). Holbrook and 

Halpern (1974) demonstrated that the subtidal current fluctuations were 

weakly correlated with local wind forcing but showed a greater correlation 

with the large scale coastal wind forcing. Holbrook et al. (1980a) showed 

that coastal winds account for more of the near surface current variance 

in the winter at the mouth of the strait than do the local winds. They 

concluded that the large scale meteorological forcing, from season to season, 

plays a role in modifying the circulation in a strait such as Juan de Fuca. 

Under the correct conditions, the winds during the summer can affect the 
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estuarine circulation in a manner commonly observed during the winter, 

producing reversals in the estuarine circulation (Frisch et al. 1981). 

1.2 Previous Research 

Previous study of the water properties and oceanographic structure of 

Juan de Fuca Strait has been performed by various agencies. A brief, non

exhaustive historical review of physical oceanographic studies is included 

in this section. 

The oceanogr d,phic laboratories of the University of Washington made 

regular monthly observations at a number of stations in the strait from 

1934 to 1938 as well as surveys in the area. From October 1951 to October 

1952, bi-monthly observations of the water properties were made through 

a project directed by the Joint Committee on Oceanography and carried 

out by the Pacific Oceanographic Group of the Fisheries Research Board of 

Canada and the Pacific Naval Laboratory of the Defence Research Board 

of Canada. Herlinveaux and Tully (1961) summarized the findings of the 

project in a paper designed to be a primary reference of the general oceano

graphic features of the strait and a basis for more sophisticated studies. 

More recently, the investigations have been expanded to include the conti

nental shelf and slope regions off Vancouver Island, the coast of Washington 

and the approaches to Juan de Fuca Strait. A review of the major physical 

oceanographic research programs which had taken place on the continental 
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shelf and slope of Vancouver Island up to 1978 and a good list of references 

of studies in this area are given in Dodimead (1984). Thomson, Hickey 

and LeBlond (1989) contains a list of references of research conducted and 

reported in the same region during the 1980s. 

Recent data reports for observation programs conducted in Juan de 

Fuca Strait are found in Crean and Ages (1971), Huggett et al. (1976) 

and Fissel and Huggett (1976). Descriptive analyses of Juan de Fuca Strait 

are reported in Fissel (1976), Godin et al. (1980), Holbrook et al (1980a) 

as well as a number of references listed in Cannon (1978). Overviews uf 

the circulation of Juan de Fuca Strait and sources which list references 

pertaining to research that has been conducted in the strait are given in 

Herlinveaux and Tully (1961), Cannon (1978) and Holbrook et al (1980b). 

1.2.1 1975 Juan de Fuca Study 

In 1975 Fissel and Huggett conducted a study to investigate the relation

ship between the currents flowing through the strait and the difference in 

bottom pressure across the strait (Fissel and Huggett, 1976; Fissel, 1976). 

If a close correspondence could be observed between these two quantities, 

then a method to compute the currents from pressure differences across 

the strait could be incorporated into an "on-line" water level measurement 

system, giving an instantaneous record of the transport. 

Fissel used linear regression and cross-spectral analysis techniques to 

study the relationship between the pressure differences and the currents. 
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Since both methods provide a measure of the degree which two different 

quantities are related, they complement each other. Cross-spectral analysis 

breaks this information down for various frequencies while linear regression 

analysis gives a measure of the overall relatedness. 

The results from Fissel (1976) showed that the currents determined 

from the pressure differences agree to within 20% with the measured cur

rent for the full signal (tidal components plus residual currents). Fissel at

tributed the differences to local accelerations of the cross-strait current and 

cross-strait variations in density that are not in isostatic balance with the 

sea surface elevation and not to limitations in the accuracy of the gauges. 

The size of these other factors relative to the pressure differences res'lJ,lting 

from the Coriolis force determined, to a large extent, the accuracy of the 

pressure difference method for the full signal. 

Fissel felt that the method of pressure differences could not be prop

erly tested for residual currents because the large spatial variations in the 

residual current at the different current meters across the strait indicated 

that sampling the current at five locations was not adequat~ to compute a 

meaningful cross-strait averaged residual current. He noted that the cor

relation of the sectionally-averaged residual current with the cross-strait 

pressure differences was surprizingly good but a more definite conclusion 

would depend on an improved measure of the averaged residual current. 
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1.2.2 Strait of Belle Isle Study 

A decade-long analysis of low frequency flow through the Strait of Belle 

Isle, a secondary strait which connects the Gulf of St. Lawrence to the At

lantic Ocean, has been conducted by the Bedford Institute of Oceanography 

and the Dalhousie University Oceanography Department. Topics of study 

published in the scientific literature include examination of the momentum 

balances at tidal and low frequencies as well as the dynamics of the flow 

and its fluctuations (Garrett and Petrie, 1981), development of a dynamic 

model to explain the flow patterns (Garrett and Petrie, 1981), statistical 

examination of the forcing which is responsible for the sea level variability 

in the strait (Garrett and Toulany, 1982), and determination of net volume 

transport, heat and salt fluxes through the strait (Petrie et al. 1988). 

Their results indicate that the near-surface currents in the Strait of 

Belle Isle are in geostrophic balance with the sea surface slope across the 

strait. Garrett and Petrie (1981) exploited this result to show that the 

bottom pressure gauges on either side of the strait could be "geostrophi

cally" levelled by comparing the measured cross-strait sea level difference 

with the calculated sea level difference using the geostrophic relationship 

and integrating the daily mean near surface currents. Other results showed 

that, for periods between 2 days and one month, the flow, as represented by 

the sea level difference across the strait, appears to be driven by large scale 

meteorological forcing (Garrett and Toulany, 1987) but for longer periods 
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(over 2 months), it did not appear to be directly associated. 

1.2.3 Thesis Aim and Outline 

The aim of this study is to develop a view of the residual along-strait 

current flow in Juan de Fuca Strait as influenced by the geostrophic re

lation, using the method of geostrophic levelling following Garrett and 

Petrie (1981; Petrie et al. 1988) and cross-spectral analysis techniques 

after Toulany et al. (1987). 

Chapter 1 introduces the thesis topic, including the area of inves

tigation, previous studies that have been conducted in the strait (not an 

exhaustive list) and states the thesis aim. Chapter 2 outlines the two ob

servation programs (1975 and 1984), including the instrument deployment 

(location) and recovery, instrument description and the nature and quality 

of the data. Chapter 3 deals with the data analysis, calculation of the basic 

statistics, determination of the residual current structure, calculation of the 

volume transport and property fluxes, derivation of the density structure 

from the CTD information and comparison of observed velocity shear with 

the calculated velocity shear. Chapter 4 examines the along and across

strait dynamic balances, summarizing the scales of motion to determine 

the essential balance of forces. It also reviews the theory of geostrophic 

levelling of the tide gauges and uses the data at both the mid-strait and 

mouth of the strait sections to test the theory. The results are compared 

with those reported in Fissel (1976) and Garrett and Petrie (1981). Chap-
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ter 5 examines cross-spectral results for the r~sidual along-strait currents 

between pairs of adjacent and widely spaced current meters, between mean 

currents and across-strait residual pressure differences and between mean 

volume transport and across-strait residual pressure differences. The ampli

tude ratio (square root of the ratio of the energy in the deep to the shallow 

currents) at both section locations is calculated and compared to Toulany 

et al. (1987). Chapter 6 summarizes the results of the study and presents 

some conclusions based on the research and comparison with other efforts . 
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Chapter 2 

Observation Programs 

Two observation programs form the basis of the data to be used in 

this study. The first one was conducted in 1975 by the Tides and Currents 

Group of the Institute of Ocean Sciences in Patricia Bay, British Columbia. 

The second program took place in 1984 and was supported by the Institute 

of Ocean Sciences (Ocean Physics), University of Washington (Dr. B.M. 

Hickey) and University of British Columbia (Dr. P.H. LeBlond). This chap

ter summarizes the details of each observation program, reports on various 

aspects of the instrumentation (type, deployment location, recovery, cali

bration and record length) and examines the returned data for its quality, 

quantity and nature. Figure 2.1 shows the location of the instruments for 

each program. 
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m; • 120 m. 1984 legend: current meters - • 30 m; 0 50 m (VJ2 
- 125 m); 0 100 m (VJ2 - 175 m). bottom pressure gauges - D NB; 

• PRo Positions are approximate. 

2.1 1975 Data Collection Program 

2.1.1 Instrument Deployment and Recovery 

The 1975 program measured currents and bottom pressures across 

Juan de Fuca Strait from Sheringham Point on Vancouver Island to a point 

three kilometers west of Pillar Point in Washington, and at several other 

locations. The instruments were installed between 26 and 28 May 1975, 

using the MV Pandora II and the ess Richardson. 
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Figure 2.2: Cross-sectional view of the mid-strait section. Only instruments 
deployed along the section are shown. View is upstrait (1l2°T). 

A total of nine current meters were positioned using subsurface moor-

ings at six locations. Each mooring had a current meter at a nominal depth 

of 20 meters while three moorings (131, 133 and 135; Figure 2.2) had current 

meters at 120 meters. Moorings at five of the locations formed an oceano

graphic section across the strait while the sixth was positioned downstrait 

off Jordan River, British Columbia (Figure 2.1). Of the eight bottom pres-

sure gauges used in this study, four were installed along the section while 
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STATION DEPTH START/STOP RECORD 
NAME DEPLOYED TIME LENGTH 
130020 19.1 1415 26 May /1345 16 Aug 7871 
131020 16.7 184526 May /1130 14 Jul 4677 
131120 119.6 1845 26 May /1130 14 Jul 4677 
133020 20* 193027 May/1645 14 Jul 4608 
135020 11.9 1245 27 May /1445 14 Jul 461.7 
135120 120* 124527 May/1445 14 Jul 4617 
136020 29.2 0915 27 May /1230 15 Jul 4736 
137020 21.0 1645 26 May /1130 14 Jul 4682 

Table 2.1: Current meter stations - 1975. Deployment depth (given in 
meters) is average depth over the collection period. (*) indicates assumed 
deployment depth. Sampling interval is 15 minutes. All times are Pacific 
Standard Time. The start time is the time of the first reading. Record 
length is the number of data points. 

the others were located up and down-strait of the section. Figure 2.2 shows 

the location of the instruments along the section. 

The current meters were named according to their mooring number 

and nominal depth, so current meter 131120 was located at mooring 131 

and at a depth of 120 meters. All of the bottom pressure gauges were 

labelled TG followed by a number denoting the station, ie., TG 1 means 

bottom pressure gauge 1. Table 2.1 summarizes the current meter name, 

deployment depth, record length and start/stop times while Table 2.2 sum-

marizes the same information for the bottom pressure gauge stations. 

All but one mooring were recovered between 10 and 15 July 1975 by 

personnel on the CSS Richardson and the Canadian Hydrographic Service 

launch Brisk. At mooring 130, the acoustic release responded but failed to 
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STATION DEPTH START/STO~ RECORD 
NAME DEPLOYED TIME LENGTH 

TG1 29.6 1500 26 May /0830 14 Jul 2387 
TG2 28.9 163026 May/0930 12 Jul 2304 
TG3 31.1 103027 May /1130 12 Jul 2310 
TG4 28.8 090027 May /1000 12 Jul 2310 
TG5 30.4 123028 May/0430 08 Jul 2100 
TG6 128.1 143026 May/1430 13 Aug 3840 
TG7 130.9 170026 May /0600 13 Jul 2340 
TG8 136.5 093027 May/1000 13 Jul 2358 

Table 2.2: Bottom pressure gauge stations. Deployed depth (given in me
ters) is average depth over the collection period. Sampling interval is 30 
minutes. All times are Pacific Standard Time. The start time is the time 
of the first reading. Record length is the number of data points. 

release so a line with a surface float was attached to the top of the mooring 

on 13 August and it was pulled aboard the charter vessel Seatech II on 16 

August 1975. 

Although CTD measurements were made on two occasions, during 26 

to 28 May and 14 to 15 June 1975 using a Series 8700 Guildline Conductivity 

Temperature Depth Recorder, the data were not available for use in this 

study. 

2.1.2 Instrument Description 

Current measurements were made with Aanderaa Model RCM4 current 

meters set to sample every 15 minutes. This is a Savonius rotor type ca

pable of measuring current speeds from 1.5 to 250 cm S-l. The direction 

measurements were specified to be accurate to ±5° and the compasses were 
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calibrated before use. All of the current meters were capable of measur

ing temperature, accurate to ±O.l°C, and some were equipped to measure 

pressure (accurate to ±1% of the range). Useful temperature and pressure 

data were obtained from all current meters except 133020 and 135120 (no 

pressure from either meter). As well, current meter 133120 was damaged 

upon deployment so no information was collected from this instrument. 

The bottom pressures were measured with Aanderaa Model TG-2A 

water level gauges set to sample every 30 minutes (integration time was 15 

minutes). The gauges were calibrated by the manufacturer before and after 

the field work. For the shallow water gauges (TG1 to TG5), a transducer 

range of 0 to 45 psi (0 to 31 dbar) was used while the deep water gauges 

(TG6 to TG8) used a transducer range of 0 to 400 psi (0 to 276 dbar). The 

accuracy of the instruments is ±0.01 % of full range so for the shallow water 

gauges, the accuracy is 0.31 mbar and for the deep water gauges, 2.8 mbar. 

The accuracy of the calibration technique in use at Aanderaa Instruments 

at that time was estimated to be ±2 mbar. 

The time was measured by a quartz crystal clock, with an average gain 

or loss of 40 seconds over the duration of the experiment. The largest 

difference between clocks was two minutes. 

16 



2.2 1984 Data Collection Program 

The 1984 observation program, named the "Vancouver Island Coastal 

Current Experiment" , was a cooperative international project to investigate 

the circulation and water property variability off the west coast of Vancou

ver,J'31and and northwest Washington (Thomson et al. 1989). Moored 

arrays of current meters, pressure gauges and wind stations were deployed 

across and around the mouth of Juan de Fuca Strait as well as from the 

shoreline to the edge of the continental shelf along the west coast of Vancou

ver Island. Observations of the temperature, salinity and dissolved oxygen 

fields encompassing the moored array were obtained during three ship sur

veys in June, July and October 1984 (Thomson et al. 1986). One portion 

of the array, a section of three moorings, bottom pressure gauges and CTD 

casts across the mouth of Juan de Fuca Strait, form the second data set 

used in this study. 

2.2.1 Instrument Deployment and Recovery 

Three current meter moorings were deployed along the line of longitude 

124°42'W, oriented exactly north-south, across the mouth of Juan de Fuca 

Strait. Figure 2.3 shows the location of each current meter along the sec

tion. The first and third moorings, labelled VJ1 and VJ3 respectively, each 

had three current meters at depths of 30, 50 and 100 meters. The sec

ond mooring, VJ2, had four current meters at 30, 50, 125 and 175 meters. 
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Figure 2.3: Cross-sectional view of the mouth of the strait section. Only 
instruments deployed along the section are shown. View is upstrait (1l2°T). 

Each current meter was labelled according to mooring number and nom-

inal deployment depth. For example, current meter 3 at 100 meters on 

mooring VJ1 was labelled VJll00. Table 2.3 summarizes the current me

ter stations, deployed depths (given in meters), start/stop times and record 

length (number of data points). 

Three Aanderaa bottom pressure gauges were installed on either side 
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STATION DEPTH START/STOP RECORD 
NAME DEPLOYED TIME LENGTH 
VJ1030 30 1100 19 Jun/1600 30 Jul 2968 
VJ1050 50 1100 19 Jun/1600 30 Jul 2968 
VJ1100 100 1100 19 Jun/2120 08 Aug 3632 
VJ2030 30 1000 19 Jun/1020 02 Nov 9794 
VJ2050 50 1000 19 Jun/2100 03 Jul 1042 
VJ2125 125 1000 19 Jun/1020 02 Nov 9794 
VJ2175 175 1000 19 Jun/1040 02 Nov 9795 
VJ3030 30 0840 19 Jun/0920 02 Nov 9795 
VJ3050 50 0840 19 Jun/0320 02 Oct 7545 
VJ3100 100 0840 19 Jun/1140 06 Sep 5698 

Table 2.3: Current meter stations - 1984. Deployment depth is assumed 
depth. All times are Pacific Standard Time. Sampling interval is 20 min
utes. Start time is the time of the first reading. Record length is number 
of data points. 

of the strait, one at Port Renfrew, British Columbia (15 meters) and two 

at Neah Bay, Washington (7 and 44 meters) for the duration of the 1984 

program. The gauges are labelled NBI (shallow), NB2 (deep) and PR 

(Figure 2.1). The Neah Bay gauges recorded temperature as well as bottom 

pressure. Table 2.4 summarizes their deployment depths (given in meters), 

start / stop times and record length (number of data points). 

Profiles of the water properties were obtained using a Series 8700 

Guildline Conductivity Temperature Depth Recorder lowered from the stern 

of the research vessel on 19 June 1984 during Cruise 84-12 (18 to 30 June 

1984) (Thomson et al. 1986). Six casts were made along the current meter 

section at the mouth of the strait. Table 2.5 summarizes the cast station, 

depth and time of each cast. 
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STATION DEPTH START/STOP RECORD 
NAME DEPLOYED TIME LENGTH 

NB1 7.3 0250 14 Jul/0020 05 Jan 65624 
NB2 44.3 094621 Jun/0008 01 Nov 50918 
PR 15.0 0858 03 Jul/2058 31 Jan 10200 

Table 2.4: Bottom pressure gauge stations. Deployed depth is average 
depth over the length of the data collection time. Sampling intervals: NB1 
and NB2: 3 min 45 sec; PR: 30 minutes. All times are Pacific Standard 
Time. Start time is the time of the first reading. Record length is number 
of data points. 

STATION POSITION TIME OF DEPTH 
NAME LAT/LONG CAST DEPLOYED 

PI 48°33AN 124%.3W 1855 47 
P2 48°32.2N 124°40.3W 1935 123 
P3 48°31.2N 124°40.2W 1955 205 
P4 48°28.1N 124°40.3W 2100 246 
P5 48°26.5N 124°40.3W 2135 233 
P6 48°25.0N 124°40AW 2155 103 

Table 2.5: CTD stations collected on 19 June 1984. Deployed depth is 
given in meters. All times are Pacific Standard Time. 

Instrument recovery was initiated during Cruise 84-14, which oc-

curred over the last few days of October and into the first days of Novem

ber 1984 during which moorings VJ2 and VJ3 were recovered by a research 

vessel. Mooring VJ1 was hit by fishing gear on or about 30-31 July; the 

top float and current meter were recovered at that time. The remainder 

of the mooring was found by fishermen on 3 September and returned to 

the Institute of Ocean Sciences on 12 September 1984. The deep bottom 

pressure gauge at Neah Bay was retrieved on 01 November 1984 but the 

shallow gauge at Neah Bay and the single gauge at Port Renfrew were not 
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retrieved until January 1985. 

2.2.2 Instrument Description 

Current meter information was collected using the Aanderra RCM4 cur

rent meter for all stations except VJ1050, where the Aanderaa RCM5 cur

rent meter was used. No information was available concerning the cali

bration of the current meters nor the Aanderaa bottom pressure gauges 

used at the mouth of the strait so it is assumed that the accuracy of these 

instruments was the same as in the 1975 study. 

Following Cruise 84-12, during which the water property (CTD) in

formation was gathered, the raw CTD voltages were converted to tempera

ture, salinity and pressure and the data were edited. For those casts where 

CTD data and water samples were obtained, values at standard depths 

were compared and correction curves were determined for the CTDs. The 

mean correction curves were generally within the manufacturer's specified 

accuracies for temperature, salinity and pressure of ±O.03°C, ±O.05 psu 

and ±1 % respectively. 
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2.3 Quality of the Data 

2.3.1 Data Processing 

Both the Aanderaa current meters and bottom pressure gauges record 

the data digitally on quarter-inch magnetic tape. Once the tape is retrieved, 

the inforrr ation is translated onto a computer compatible 9-inch magnetic 

tape, plotted, examined for erroneous values and edited to produce a time 

series of corrected data. The general editting procedure includes timing 

checks, truncation of irrelevant data and the replacement of occasional miss

ing or spurious measurements (spikes). Generally these values are replaced 

by ones that are linearly interpolated or, if a long sequence of data is incor

rect, the values are set to the mean of that quantity. Calibration formulae 

are then applied to the data set to produce real values of the measured 

parameters such as speed, direction, conductivity ratio, temperature and 

pressure. After calibration, the data are stored on a magnetic tape with a 

header file to indicate the instrument number, station designation, station 

location and other relevant information about the data set. 

2.3.2 Data Quality 

The following is a summary of the 1975 data quality. The number of 

erroneous data points (spikes) was generally small and is not reported here. 

At Station 133020, a gap in the direction and speed data was observed 

from 0900 PST 30 June to 0030 PST 01 July; it was replaced by a mean 
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value. No speed or direction data were recorded at Station 133120 as the 

rotor was broken off while the mooring was being lowered into position. 

No pressure readings were used from Station 135120 because the pressure 

orifice was partially plugged. The pressure readings at Station 136020 were 

deemed incorrect from 1315 PST 02 June to 0345 PST 21 June as they 

showed depths from above the surface to over 100 meters. They were 

replaced with mean values. The temperature data at this station showed 

large fluctuations when compared to other data sets so spikes of 0.7°C or 

more were removed. Bottom pressure gauge TG6 showed a f~ata gap from 

0030 PST 30 June to 1600 PST 02 July; the gap was filled with a mean 

value. 

The 1984 data quality is summarized now. The data from VJ2050 

deteriorated after 03 July, providing only 14 days of information. This file 

is considered too short to be of use. Conductivity ratio data were not re

covered from VJ2125. The tape used at VJ2175 was premagnetized and 

so an overall poor translation was obtained. There were many blocks of 

bad data (temperature and salinity) which were padded and the direction 

was interpolated by eye on a number of occasions. Files from VJ3050 and 

VJ3100 were trimmed to their current end times after the original data de

teriorated. There were no data gaps that were filled by linear interpolation; 

missing or bad data were replaced with mean values. The shallow bottom 

pressure gauge at Neah Bay (NB1) appeared to have shifted during the lat-
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ter portion of its deployment and for the last 42 days, the sensor orifice was 

plugged. Data from this gauge were considered valid only until 1 November 

1984. The deep pressure gauge at Neah Bay (NB2) was disturbed occa

sionally in an unknown manner, showing large pressure fluctuations. The 

data were linearly interpolated at these fluctuations. 
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Chapter 3 

Data Analysis 

3.1 Data Manipulation 

The data sets were obtained from the Institute of Ocean Sciences on 

a one-half inch 9-track tape in an edited format, meaning that the data 

had been translated, erroneous or irrelevant data had been removed and 

the gaps filled with the mean or linearly interpolated data. The data were 

then transferred to a Honeywell DPS-8 computer for manipulation. 

3.1.1 Basic Statistics - Full Signal 

The current vectors were broken into orthogonal components, where the 

u-component was chosen to be positive along-strait at 112°T (up-strait) 

and the v-component as positive across-strait at 022°T (to the north). The 

mean and standard deviation of the full signal u and v (tidal plus residual) 

current components, temperature, salinity (where recorded) and depth for 

each current meter were calculated. For both data sets, these values are 
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DATA PREPARATION TECHNIQUE 

A. ORIGINAL TIME SERIES 

TIllE IN DAYS 

B. FILTERED RESIDUAL TIME SERIES 

... .... "." ..... 1'1." ..... ..... "." ..... 
TIllE IN DAYS 

Figure 3.1: lllustration of data preparation method: (a )original edited data; 
(b )filtered residual data. 

displayed in Tables 3.5 to 3.10 at the end of the chapter. 

3.1.2 Calculation of Residual Flow 

The mean residual flow structure at both sections was determined in 

the following manner. The full signal u (along-strait) and v (across-strait) 

components of the flow were input into a tidal harmonic analysis program 

(Foreman, 1977) to calculate tidal constituents which were used to produce 

a time series of predicted currents based solely on the tidal constants. Time 

series of residual currents were obtained by subtracting the predicted tidal 

time series from the observed time series. Then the residual time series 

were passed forward and backward through an eighth order Butterworth 

filter (Thomson and Chow, 1980) in order to produce a filtered residual 

time series. The choice of an eighth order Butterworth filter is discussed 
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Figure 3.2: Mean residual flow structure at the mid-strait section. Only the 
along-strait (u) velocity component is shown. The grid is the area of the 
section that each current meter is assumed to represent. View is up-strait 
(112°T). 

in Chapter 5. The results of this procedure for a sample time series are 

illustrated in Figure 3.1. 

From the harmonic analysis, it was observed that the computed tidal 

currents explained between 80 and 90% of the variance for the observed 

along-strait currents at each station, indicating that the daily flow in Juan 

de Fuca Strait is tidally dominated. Holbrook et al. (1980a) obtained sim-

ilar results, with the diurnal and semi-diurnal tidal fluctuations accounting 

27 



for 65 to 88% of the along-strait current variance. 

3.1.3 1975 Mean Residual Flow Structure 

The mean residual flow structure at the mid-strait section is pictured in 

Figure 3.2. A standard estuarine flow is observed, with seaward flow on the 

surface and landward flow in the bottom layer. The following observations 

are made about the mean along-strait residual flow: 

a) in the surface layer, the strength of the flow increases from the bound

aries into the mid-strait area. The strongest mean flow (23.7 cm S-l) 

is observed on the southern side of the centerline of the strait. Near 

the boundaries the current speed is substantially reduced (8.5 cm 

s-l along the northern boundary and 12.7 cm S-l along the southern 

boundary); 

b) in the bottom layer, the strongest mean inflow (16.2 cm S-l) is south 

of the centerline of the strait. It should be noted, however, that since 

there are only two current meters used to represent the flow across 

the entire bottom layer (~ 22 km wide), it would be inaccurate to 

say that the flow is well represented by these mean values; and 

c) the depth of no mean velocity, hence of no net motion, is at about 70 

meters along the southern boundary, sloping downward to 90 meters 

along the northern boundary. This depth, indicated by the dashed 
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Figure 3.3: Mean residual flow structure at the mouth of the strait. Only 
the along-strait (u) component is shown. The grid is the area of the section 
that each current meter is assumed to represent. View is up-strait (1l2°T). 

line in Figure 3.2, is determined by assuming a linear change in ve-

locity with depth between the shallow and deep current meters. The 

slope of the line is in agreement with Godin et al. (1980) and the 

depth corresponds to the results quoted by Holbrook et al. (1980a) 

as well as Herlinveaux and Tully (1961). Godin et al. (1980) report 

the depth as 25 meters along the southern boundary and close to 100 

meters at the northern boundary in their study. 
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3.1.4 1984 Mean Residual Flow Structure 

Figure 3.3 illustrates the mean residual flow structure at the mouth of 

Juan de Fuca Strait. Because there was a disparity in the length of the time 

series from each current meter, the mean residual values were calculated 

using the number of datapoints from the shortest time series (about a 40 

day collection period). The following observations are made concerning the 

structure: 

a) in the surface layer, the mean outflow is weakest (3.8 cm S-l) along 

the southern boundary and strongest (21.2 cm S-l) along the northern 

boundary; 

b) in the bottom layer, the strongest mean inflow occurs in the middle 

of the strait (15.2 cm S-l) while, along the southern boundary, the 

flow is still weakly seaward; and 

c) a dashed line, sloping slightly upward from the northern boundary 

to the middle of the strait, illustrates the depth of no net motion. It 

is determined in the same manner as at the mid-strait section. At 

the northern boundary, the depth is roughly 70 meters; it shallows 

to about 60 meters at the mid-strait station (VJ2). The dashed line 

is not continued across the strait because the mean residual currents 

are negative (seaward flow) to the deepest current meter. 
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1975 Residual Flow 1984 Residual Flow 
STNNAME <U> S Dev(U) STN NAME <U> S Dev(U) 

em S-1 em 8-1 em 8-1 em 8-1 

130020 -8.5 7.37 VJ1030 -21.2 7.92 
131020 -13.8 9.32 VJ1050 -10.4 10.90 
131120 6.0 3.60 VJ1100 14.2 4.25 
133020 -21.8 8.92 VJ2030 -13.3 9.26 
135020 -23.7 9.54 VJ2125 15.2 4.20 
135120 16.2 3.07 VJ2175 7.0 4.75 
136020 -12.8 8.16 VJ3030 -3.8 5.90 

- - - VJ3050 -2.0 5.09 
- - - VJ3100 -2.5 5.96 

Table 3.1: Mean and standard deviation of along-strait residual component 
of flow at the mid-strait and mouth of the strait sections. 

3.1.5 Discussion 

Godin et al. (1980) offered a note of caution concerning the use of the 

mean residual current value. They noted that the value was meaningful 

only if the standard deviation was smaller by an order of magnitude and if 

the same mean value can be calculated from observations made over other 

periods of time. The mean value does not truly represent the residual 

current when there is a great deal of variability about the mean; this is the 

case in Juan de Fuca. Godin et al. (1980) suggested that the use of stick 

diagrams to plot the instantaneous current values would be of greater value 

when examining the residual currents. For the two data sets used in this 

study, the standard deviation of the residual currents is of the same order 

of magnitude as the mean values for all of the current meters as observed 

in Table 3.1. 
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3.2 Mean Volume and Property Fluxes 

The values of the low-passed mean residual velocities at each section 

can be used to estimate the net volume transport into and out of the strait. 

Determination of the volume transport is an important step in calculating 

the property fluxes (salt, heat, nutrients) through the strait. This section 

will discuss the net mean volume transport, heat and salt fluxes through 

the mouth of the strait section but just the net mean volume transport 

through the mid-strait section. 

The method of determining the mean volume transport (from Toulany, 

1985) is detailed here. The oceanographic section, along which the current 

meters are placed, is divided into a grid with each current meter at the cen

ter of an individual grid area. It is assumed that the data recorded by the 

current meter are representative of the water properties in that grid area. 

Each current meter is assumed to represent a horizontal distance from the 

shore to half way between the first two current meters (for the first current 

meter at either end of the section) or half way between successive current 

meters. The vertical distance is determined from the surface to halfway 

between the shallow and deep current meters (for the shallow meter) or 

from the halfway point to the bottom (for the deep meter). The calculated 

grid is shown in Figure 3.2 for the mid-strait section and in Figure 3.3 for 

the mouth of the strait. 
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3.2.1 Data Preparation 

The data from both sections were prepared in the following manner: 

a) each low-pass filtered residual data set was truncated so that the 

exact dates during which the volume transport and property fluxes 

were calculated were 1900 PST 19 June 1984 to 0100 PST 29 July 

1984 at the mouth of the strait. For the mid-strait section, the period 

was 0130 PST 28 May 1975 to 2130 PST 12 July 1975; and 

b) each data type was separated into a mean value ( (u) ) and a fluctu'-l.tion 

value (u') about the mean, ie u = (u) + u' where (u') = o. 

The criterion for using the data from a current meter is that the 

length of the time series of data from the instrument must be comparable 

in length to the time series of other instruments along the section. For 

example, the current meter at VJ2050 recorded useful information for only 

two weeks after deployment while other instruments did so for upwards of 

two to three months. The data from VJ2050 are not considered represen

tative of the mean properties in the vicinity because the time series is so 

short, therefore it is ignored. 

As no salinity data were recorded at VJ2125, a time series was com

posed by averaging the salinity time series of the stations above and be

low and to each side of the current meter (VJ2030, VJ2175, VJll00 and 

VJ3100). The mean for this time series is denoted with a (*) in Table 3.3. 
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For the mid-strait section, only volume transport values are calculated be-

cause no salinity was recorded at any of the current meter stations. 

Current velocity is reported here in m S-1. The units of volume 

transport are reported in Sverdrups where 1 Sv equals 106 m3s-1 . The 

units of heat flux are Watts (J S-1), indicating a flow of energy per unit 

time (power) through the section. The units of salt flux are kg S-1. 

3.2.2 Volume Transport Calculation 

The instantaneous volume flux Qj (notation follows Toulany, 1985) through 

a grid j of area Aj is just the instantaneous along-strait velocity integrated 

over the grid area: 

Qj = J h udydz 
1 

(3.1) 

The average net volume flux (Qj) for each grid j is determined by taking 

the time average of the residual velocity ((Uj)) over the data record length 

as shown below: 

(Qj) - J hj (uj)dydz 

Aj(uj) (3.2) 

The total average net volume flux (Q) over the entire area and data collec

tion period is just the sum of the calculated net volume flux (Q j) for each 

grid area j: 

(Q) (3.3) 
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3.2.3 Property Flux Calculation 

The instantaneous heat and salt fluxes for any current meter j, denoted 

as QJ and Qff respectively, may be calculated in the following equations: 

Qf - J t. pCpuTdydz 
J 

(3.4) 

QJ - J t. puSdydz 
J 

(3.5) 

where Cp is the specific heat of seawater at a particular temperature and 

salinity and p is the calculated density from the measurements of temper

ature (T) and salinity (S). As in the volume transport calculations, the 

measurements at current meter j are assumed to represent the properties 

of the j th grid area (Aj) of the section. 

The net heat (Qn and salt (Q1) fluxes are estimated by averaging 

the u component of the flow with the temperature and the salinity over the 

length of the collection period: 

(Qf) - J t. pCp(uT)dydz 
J 

- pjCpAj(ujTj) (3.6) 

(QJ) J t. p(uS)dydz 
J 

- p·A·(u·S·) 3 3 3 3 (3.7) 

The net fluxes of each property can be further subdivided into two 

parts, the net advective flux due to the mean transport of the mean property 

and the net diffusive flux due to the turbulent eddies. The net advective 

35 



heat flux is represented as pjCpAj(uj)(Tj ) and the net advective salt flux 

is pjAj(uj)(Sj). The net diffusive flux for heat (salt) may be written as 

pjCpAj(ujTj) (pjAj(ujSj). The net diffusive flux time series is produced 

by subtracting the mean from each data point. Now, ( 3.6) and ( 3.7) can 

be rewritten as: 

(3.8) 

and 

(3.9) 

The total net property flux through the entire section and for the 

entire collection period is just the sum of all of the calculated net fluxes 

through the grid areas. 

j 

j 

j 

- LPjAj{(uj)(Sj) + (ujSj)} 
j 

(3.10) 

(3.11) 

The specific heat of seawater (Cp ) at surface pressure is calculated 

using two equations from Gill (1982). The first equation gives a value for the 

specific heat in J kg-10C-1 for fresh water, using the measured temperature 

(T) in degrees Celcius as an input. Then, using the value from the first 

equation and the measured salinity in psu, the second equation calculates 

36 



STN NAME GRlD AREA <U> NET TRANS. 
x 105 m2 m 8-1 Sverdrup8 

130020 2.308 -0.085 -0.02 
131020 3.800 -0.138 -0.05 
131120 7.816 +0.060 +0.05 
133020 3.914 -0.218 -0.09 
135020 3.221 -0.237 -0.08 
135120 10.27 +0.162 +0.17 
136020 2.404 -0.127 -0.03 

I NET SUM I 33.733 -0.05 

Table 3.2: Net volume transport calculation at the mid-strait section. 

the specific heat. The following sequence shows this process: 

Cp(O, T,O) = 4217.4 - 3.720283T + 0.1412855T2 -

2.654387 X 1O-3T3 + 2.093236 X 1O-5T 4 

Cp - Cp(O, T, 0) + 8( -7.6444 + 0.107276T - 1.3839 x 10-3T 2 ) + 

83/ 2(0.17709 - 4.0772 x 10-3T + 5.3539 x 10-5T 2 ) (3.12) 

Whereas Toulany (1985) calculated one value of Cp using the average tem

perature and salinity for the whole section, in this study Cp is determined 

for each grid area at the mouth of the strait, using the average temperature 

and salinity for that grid area. These values are listed in Table 3.3. 

3.2.4 Results of Transport Calculations - 1975 

Table 3.2 gives the results of the volume transport calculation for the 

mid-strait section for the period from May to July 1975. The transport 

into the strait via the lower layer is +0.22 Sv while the transport out of 
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STN NAME GRID AREA <T> <S> <U> <D> Cp 

x 105 m2 °C psu m s-1 kg m-3 J kg- 1O C- 1 

VJ1030 3.025 9.15 32.99 -0.212 1026.82 3997.0 
VJ1050 1.553 8.45 33.92 -0.100 1028.56 3991.6 
VJll00 4.228 6.99 33.89 +0.142 1031.02 3991.3 
VJ2030 4.238 8.19 33.06 -0.133 1027.02 3996.3 
VJ2125 3.964 6.80 33.47* +0.152 1031.85 3993.6 
VJ2175 4.647 6.53 34.13 +0.070 1034.64 3989.9 
VJ3030 2.898 7.79 33.69 -0.038 1027.58 3992.6 
VJ3050 1.561 7.37 32.82 -0.020 1027.86 3997.5 
VJ3100 3.593 6.83 33.72 -0.025 1030.92 3992.2 

Table 3.3: Low-passed mean of temperature, salinity, flow and density at 
the mouth of the strait section. Density is calculated from observed values 
of temperature and salinity. Note that units of flow are in m S-1. (*) 
denotes an average of the surrounding data sets (no salinity data available 
for that station). 

the strait via the upper layer is -0.27 Sv, giving a net volume transport of 

0.05 Sv out of the strait. 

3.2.5 Results of Flux Calculations - 1984 

The net volume transport calculation for the mouth of the strait reveals 

a net outflow of water towards the Pacific over the period June to November 

1984. Table 3.4 shows a landward transport of +0.15 Sv and an seaward 

transport of -0.162 Sv, leaving a net volume transport of 0.012 Sv out of 

the strait. The net heat flux through the section is -0.1227 x 1013 Wand 

the net salt flux is 95 X 106 kg S-1. 

In comparison, Toulany (1985) observed a net heat flux through a 

cross-section of the Strait of Belle Isle of -0.1568 x 1013 Wand a net salt 

flux of -4.38 x 106 kg S-1 into the Gulf of St. Lawrence. While the heat 
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V Tpt (Sv) Heat (10 U1 Watts) Salt (101U kg S-1) 
Aj(uj) (Uj)(Tj ) (ujTf) (Qn (Uj )(Sj) (u'.SD (Qn 
-0.06 -0.2408 +0.0013 -0.2395 -0.2172 -0.0002 -0.2174 
-0.02 -0.0539 +0.0005 -0.0534 -0.0542 +0.0001 -0.0541 
+0.06 +0.1727 -0.0002 +0.1725 +0.2098 +0.0001 +0.2099 
-0.06 -0.1895 +0.0015 -0.1880 -0.1914 +0.0000 -0.1914 
+0.06 +0.1688 -0.0002 +0.1686 +0.2081 -0.0001 +0.2080 
+0.03 +0.0877 -0.0004 +0.0873 +0.1149 -0.0000 +0.1149 
-0.01 -0.0352 +0.0006 -0.0346 -0.0381 -0.0002 -0.0383 
-0.003 -0.0095 -0.0001 -0.0096 -0.0105 -0.0000 -0.0105 
-0.009 -0.0252 -0.0008 -0.0260 -0.0312 +0.0000 -0.0312 

-0.012 I -0.1249 I +0.0022 I -0.1227 I +0.0098 I -0.0003 I +0.0095 I 

Table 3.4: Net volume transport, advective and diffusive heat and salt fluxes 
for each station. Total flux for each column is given along the bottom of 
the table. Note that heat flux values are multiplied by pjCpAj and salt 
fluxes are multiplied by pjAj . 

flux magnitudes are similar, the net salt flux through the mouth of Juan de 

Fuca is about 24 times as large as through the cross-section of the Strait of 

Belle Isle. 

The values of heat flux reported in this study do not take into ac-

count net heat due to radiation, heat exchange between the sea surface and 

the atmosphere and heat carried in by runoff. Waldichuck (1957) stated 

that the temperature of runoff water is not substantially different and the 

volume of river runoff is small compared to the deep inflowing water so the 

contribution of heat by runoff can be neglected. 

3.2.6 Discussion of Volume and Property Fluxes 

It is useful to discern whether the values of net volume transport are 

significantly different from zero and therefore have meaning. By taking 
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the ratio of the net transport to either the landward or seaward transport 

values, at first glance, the net volume transport across the 1975 section 

appears to be significantly different from zero because the value is about 

23% of the transport into the strait and about 18.5% of the transport out 

of the strait. For the 1984 section, the ratio of the net to landward or 

seaward transport is much smaller, only 8% of the inflow and and 7.4% of 

the outflow in magnitude. 

Godin et al. (1981) attempted to determine the net transport in 

and out of Georgia Strait using an array of cur~mt meters across Juan 

de Fuca Strait and Johnstone Strait. The data used for their study were 

documented in Huggett et al. (1976). The estimated error bound for the 

net transport value (2.6.) was 0.0234 Sv where .6. represented the error 

bound (uncertainty) on the vertically integrated velocity in the each layer 

in Juan de Fuca. The error bound was caused by a sparseness of sam piing 

points and a possible change in the position of current meters in the upper 

layer during increased flow periods. Since the error bound was of the same 

magnitude as the net transport calculated according to considerations of 

continuity on the changes in sea level between Campbell River and Sooke, 

British Columbia, they concluded that it was not possible to measure the 

net transport into or out of the Strait of Georgia with any degree of preci-

slon. 

Application of the error bound from Godin et al. (1981) (±0.0234 
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Sv) to the 1975 net transport value (-0.05 Sv) gives a net transport result 

that is concluded to be significantly different from zero since the error is 

about half of the net transport value. However, the 1984 net transport 

value (-0.012 sv) is not significantly different from zero because the error 

is twice as large in magnitude as the net transport value. 

The justification for using the error bounds of Godin et al. (1981) is 

twofold. The geographic location of the oceanographic section for Godin et 

al. (1981) is very close to the 1975 section location so the cross-sectional 

area used to calculate the transports for each layer should be similar. Also, 

although Godin et al. (1981) deployed a larger number of current meters 

across the section, they encountered problems in current meter serviceabil

ity for the lower layer which effectively produces the same type of errors due 

to sparseness of data as does the deployment of just a few reliable current 

meters as was the case in the lower layer for 1975. 

The heat flux results in this study compare favourably, in a quali

tative sense, to Waldichuck (1957). The sign of the total net heat flux is 

negative, indicating a flow out of the strait,which supports Waldichuck's 

conclusion that the Strait of Georgia is a heat source to the Pacific Ocean, 

especially during the months of June and July when the net heat flow from 

the Strait of Georgia is large and negative. 
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Figure 3.4: CTD cast information collected on 19 June 1984. Temperature, 
salinity and density (represented as O't) values versus depth are labelled "T", 
"8" and "D" respectively. 
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3.3 CTD Observations 

As part of the Vancouver Island Coastal Current Experiment, six 

CTD casts were made at the mouth of Juan de Fuca Strait on 19 June 

1984. Table 2.5, in the previous chapter, gives the position and time of 

the CTD casts which were taken across the strait near the current meter 

section. The following observations were made of the CTD casts which are 

shown in Figure 3.4. 

a) the salinity (temperature) versus depth trace shows a "stepped" in

crease (decrease) with depth. This is a phenomenon commonly ob

served in estuarine waters, indicating that the upper layer of well

mixed water is being successively over-run by freshwater outflow. 

Herlinveaux and Tully (1961) noted that this phenomenon had been 

observed in studies of the salinity signature at Alberni Inlet. The 

salinity steps are most evident at P3 and P5, to a smaller extent at 

P6. 

b) The density (O't) structure (calculated using the 1980 International 

Equation of State of Sea Water; Pond and Pickard, 1983) follows the 

salinity structure almost exactly, indicating that the density structure 

is salinity dominated. This is usually the case in coastal waters; the 

effect of the temperature gradient occuring at the same depths as 

the salinity gradient serves only to reinforce the density structure 
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Figure 3.5: Vertical section of density (O't) from CTD data - 19 June 1984. 
O't is given at the following values (from shallow to deep): 24.5,24.75,25, 
25.5, 26, 26.25, 26.3, 26.4, 26.5, 26.6, 26.7. View is up-strait (112°T). 

(Herlinveaux and Tully, 1961). 

3.3.1 Derived Density Structure from CTD Casts 

The isopycnals in Figure 3.5 are generally directed down from southern 

to the northern boundary, as would be expected if the flow is in geostrophic 

balance across the strait. The isopycnal slope shows that the water along 

the northern boundary of the strait is less dense than along the southern 
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boundary. Between PI and P3, the isopycnals are bowed in opposite di

rections near the surface. As well, at P2, there is a large change in at 

(26.0 to 26.5) between 90 and 110 meters depth which has the effect of 

"concentrating" the isopycnals. 
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3.4 Comparison of Velocity Shears 

In this section the average velocity shear structures, as determined 

from the CTD data and the current meter flow values at the mouth of 

the strait, are compared to determine a rough time scale over which the 

inferred velocity, calculated from the density structure, is representative of 

the mean measured current meter velocity structure. 

The CTD observations of salinity and temperature with depth are 

used to infer the density structure for the time of the cast. From the derived 

density field and use of the thermal wind equation which links the along-

strait velocity shear to the across-strait change in density, vertical variation 

of velocity can be determined and compared to the observed velocity shear 

structure. The applicable thermal wind equation is: 

(3.13) 

where p is determined in kg m-3 for each depth of comparison, f is 1.09 X 

10-4 S-I, g is 981 cm S-2 and the cross-strait distance (b.y) is calculated 

between the moorings of interest. 

Changes in velocity and depth are defined as follows: a change from a 

large positive to a small positive or a negative velocity is a negative change. 

A change from a large negative to a small negative or a positive velocity 

is a positive change. Depth is defined as negative downward and positive 

upward. Units of velocity shear are S-I. 
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3.4.1 Calculated versus Observed Velocity Shear 

The calculated average velocity shear across the strait was determined 

using CTD stations P2 and P5 with a depth of no motion of 122 meters 

(the depth of cast P2). The maximum calculated velocity (-44.64 cm S-1) 

was located at 13 meters. At 96 meters, the velocity had reduced to -1 

cm S-1 and remained at or less than that value to the selected depth of no 

motion. Therefore the average velocity shear was calculated by dividing 

the velocity difference between 13 and 96 meters by the difference in depth. 

The calculation, (+43.64 cm S-1 /-83 m), yielded an average velocity shear 

of -5.2 x 10-3 S-1. 

The observed average velocity shear for the current meter moorings 

was determined by dividing the mean velocity difference between the upper 

and lower current meters for each mooring by the difference in depth (70 

meters for VJ1 and VJ3, 95 meters for VJ2) and averaging the shears across 

the strait. 

In the first comparison, the mean residual velocities over the length 

of the shortest data set (a 40 day period collected at VJ1) were used to 

determine the observed velocity shear. The period of collection was from 

1900 PST 19 June to 2200 PST 28 July 1984. For each mooring the velocity 

shear was: 

a) VJ1 - +35.4 cm s-1/-70 m = -5.1 x 10-3 s-1; 

b) VJ2 - +28.5 cm s-1/-95 m = -3.0 x 10-3 S-1; 
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c) VJ3 - +1.3 cm 8-1/-70 m = -0.2 x 10-3 S-I. 

Averaging the velocity shear across the strait gives a mean shear of -2.8 x 

10-3 S-I, 

In the second comparison, the mean of the residual velocities for 

the week of current meter data covering the time of the CTD cast (19 to 

26 June) was used to determine the observed velocity shear, giving the 

following results: 

a) VJ1 - +44.1 cm s-I/-70 m = -6.3 x 10-3 S-I; 

b) VJ2 - +34.3 cm s-I/-95 m = -3.6 x 10-3 s-\ 

c) VJ3 - +8.1 cm s-I/-70 m = -1.2 x 10-3 S-I. 

The average velocity shear across the strait is -3.7 x 10-3 S-I. 

The third comparison used the mean current meter velocity data for 

the date of the CTD observation (19 June) to calculate the velocity shear. 

The following results were obtained: 

a) VJ1 - +42.2 cm s-I/-70 m = -6.0 x 10-3 S-I; 

b) VJ2 - +38.2 cm s-I/-95 m = -4.0 x 10-3 S-I; 

c) VJ3 - +19.8 cm s-I/-70 m = -2.8 x 10-3 S-I. 

The average velocity shear over a one day collection period is -4.3 x 10-3 

S-I. 
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Because of the large difference between the average calculated veloc

ity shear and the average measured velocity shear using the 40 day data 

set (-5.2 x 10-3 S-l versus -2.8 x 10-3 S-l), it is clear that the CTD de

rived mean velocity shear structure is not indicative of the mean current 

meter derived shear structure for the collection period. However, the CTD

derived shear is closer in value to the shear determined using one week of 

current meter velocity data (-5.2 x 10-3 S-l versus -3.7 x 10-3 S-l) and is 

even closer to the observed shear using just one day of velocity data (-5.2 x 

10-3 S-l versus --4.3 x 10-3 S-l). The CTD derived velocity shear structure 

is most representative of the mean current meter velocity shear structure 

for the one day period. 
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STN NAME <T> <D> <U> <V> 
°C m em 8-1 em 8-1 

130020 8.72 19.36 -8.48 1.55 
131020 8.95 16.81 -13.99 2.24 
131120 6.44 120.42 5.90 -1.01 
133020 9.06 - -22.09 -5.62 
135020 8.83 12.04 -23.33 0.87 
135120 6.58 - 16.35 -0.97 
136020 8.14 29.09 -12.58 1.02 
137020 8.72 21.09 -4.70 -3.48 

Table 3.5: Mean of temperature, depth and flow at the mid-strait section. 
Record lengths are variable. Flow is interpreted as the full signal (residual 
+ tidal) along and across-strait components. 

STN NAME S Dev(T) S Dev(D) S Dev(U) S Dev(V) 
°C m em 8-1 em 8-1 

130020 0.37 2.90 48.17 10.32 
131020 0.42 3.74 50.14 13.22 
131120 0.14 0.88· 44.54 11.00 
133020 0.50 - 51.80 15.80 
135020 0.33 5.30 49.57 17.01 
135120 0.14 - 40.80 8.26 
136020 0.60 1.23 43.14 7.59 
137020 0.35 1.29 54.48 10.98 

Table 3.6: Standard deviation of temperature, depth and flow at the 
mid-strait section. 
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STN NAME <P> S Dev(P) 
dbars dbars 

TG1 29.60 0.63 
TG2 28.90 0.65 
TG3 31.07 0.70 
TG4 28.76 0.70 
TG5 30.44 0.69 
TG6 128.06 0.62 
TG7 130.89 0.65 
TG8 136.48 0.70 

Table 3.7: Mean and standard deviation of pressure at the mid-strait sec
" tion. Record lengths are variable. Units of bottom pressure are in decibars. 

8TN NAME <T> <8> <u> <v> 
°C psu em s-l em S-l 

VJ1030 9.14 32.95 -21.25 1.98 
VJ1050 8.43 33.88 -10.40 -0.02 
VJll00 7.00 33.85 13.85 5.88 
VJ2030 9.04 32.36 -12.35 2.61 
VJ2125 7.33 - 13.86 6.61 
VJ2175 7.04 34.02 6.19 -10.87 
VJ3030 8.78 32;81 -4.74 -3.58 
VJ3050 7.74 32.31 -3.74 -2.43 
VJ3100 7.01 33.46 -2.83 5.21 

Table 3.8: Mean of temperature, salinity and flow at the mouth of the strait 
section. Record lengths are variable. Flow is interpreted as the full signal 
(residual + tidal) along and across-strait components. 
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STN NAME S Dev(T) S Dev(S) S Dev(U) S Dev(V) 
°C psu em s-l em S-l 

VJ1030 0.45 0.36 36.28 10.31 
VJ1050 0.45 0.40 36.22 9.35 
VJll00 0.26 (,,14 33.01 11.40 
VJ2030 1.33 1.10 39.86 14.16 
VJ2125 0.50 - 39.90 9.85 
VJ2175 0.45 0.08 40.04 11.49 
VJ3030 1.45 1.19 55.87 13.70 
VJ3050 0.63 0.55 58.80 11.70 
VJ3100 0.35 0.30 60.92 9.17 

Table .3.9: Standard deviation of temperature, salinity and flow at the 
mouth of the strait section. 

STN NAME <P> S Dev(P) 
dbars dbars 

NB1 7.12 0.37 
NB2 44.30 0.40 
PR 13.97 2.25 

Table 3.10: Mean and standard deviations of pressure at the mouth of the 
strait section. 
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Chapter 4 

Dynalllic Balances in a Strait 

4.1 Introduction 

This chapter considers the dynamic balances in· a strait, applying 

the technique of scale analysis to the along and across-strait equations of 

motion in order to determine which terms are important and which may be 

ignored. It is expected that the well known geostrophic approximation will 

be applicable for the across-strait momentum balance at certain frequencies, 

however other terms may be equally important in the along-strait balance. 

The resulting equation for momentum balance across the strait will be used 

to discuss the theory of geostrophic levelling of two bottom pressure gauges, 

relative to a level surface, on either side of a strait. The current meter and 

bottom pressure gauge data for both sections across Juan de Fuca Strait 

will be used to test the theory. 
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4.2 Equations of Motion 

4.2.1 Coordinate System 

A rectangular coordinate system, with x positive in the landward 

along-strait direction, y positive in the across-strait direction to the north 

and z positive upwards from the surface of the earth, is defined. Since 

the north-south extent of Juan de Fuca Strait is only about 50 kilometers, 

over which the Coriolis parameter varies little, the f-plane assumption is 

made and the equations of motion, in a rectangular format, are a consistent 

approximation of the forces involved with water motion in the area of study. 

4.2.2 Equations of Motion and Continuity 

For a rectangular coordinate system, the along-strait equation of motion 

in Cartesian form is: 

au au au au lap a au a au a au 
-+u-+v-+w- = jv---+-(AH-)+-(AH-)+-(Av-)+Fx 
at ax ay az pax ax ax ay ay az az 

( 4.1) 

The across-strait equation of motion is: 

av av av' av 1 ap a av a av a av 
-+u-+v-+w- = -ju---+-(AH-)+-(AH-)+-(Av-)+Fy 
at ax ay az pay ax ax ay ay az az 

(4.2) 

The corresponding equation of continuity is: 

(4.3) 
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4.2.3 Symbol Definition 

The following list gives the meaning of each of the symbols in the along 

and across-strait equations of motion: 

• f = 211 sin </> = Coriolis parameter (1.09 x 10-4 S-I) 

• 11 = earth's angular velocity (7.29 x 10-5 rad s-l) 

• </> = latitude 

• p = density 

• p = pressure 

• u = along-strait component of curren.t velocity 

• v = across-strait component of current velocity 

• w = upward component of current velocity 

• AH = (Ax, Ay) = horizontal eddy viscosity terms 

• Av = Az ' vertical eddy viscosity terms 

• F x = x component of forces not already taken into account 

• F y = y component of forces not already taken into account 
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4.3 Scale Analysis 

For Juan de Fuca Strait, assume the following scales: 

a) length in the x direction: Lx = 1.6 X 105 m; 

b) length in the y direction: Ly = 2.5 X 104 m; 

c) depth: H = 1.5 X 102 m; 

d) time: T = 4 days or 3.5 x 105 s (for low frequency flow); 

e) velocity in the x direction: U = 0.1 m s-\ 

f) velocity in the y direction: V = 0.01 m S-I; 

. 
g) Coriolis parameter: f = 1.09 X 10-4 s-\ 

h) eddy viscosity in the x and y directions: Ax,y = 100 m 2 S-1; and 

i) eddy viscosity in the z direction: Az = 10-1 m2 S-1. 

The scale of the upward component of the current velocity, W, is 

estimated following Pond and Pickard (1983). Equation 4.3 (~~ = -(~: + 
~:)) may be scaled as ~ ~ ~ or W ~ uf!. By substituting numerical values 

for U, L and H given above, a scale value of 10-4 m sec-1 is obtained for 

w. Pond and Pickard (1983) also show an alternate method of scaling W, 

assuming the geostrophic balance, which produces the same scale value. 
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TERM SCALE ESTIMATE NUMERICAL ESTIMATE 
!;!..V 
at f 3.5·XlO5 2.8 X 10-8 

uQ.v .!:!.!: . x. 6 X 10-9 ax L., 1.6XlO5 

v Ov v~ .Olx.OI 4 X 10-9 oy L" 2.5xlO4 

w Ov WV lO-4 x .OI 6 X 10-8 
OZ IT 1.5xlO~ 

fu fU 1.09 X 10-4 X .1 1.09 x 10-5 

l£E. - - -pay 
ix(Ax~) Ar{ Q( x. 3.9 X 10-11 

L;, (U X105)~ 

ty(Ayg;) Au.,t lOox.OI 1.6 X 10-9 
Lv (2.5X I04)~ 

fz(Az*~) dr . x. 4.4 X 10-8 
(1.5xI02 )2 

Fy Hard to estimate - -

Table 4.1: Scale analysis for the across-strait momentum equation terms 
for low frequency flow. 

Table 4.1 summarizes the results of the scale analysis procedure for 

the cross-strait equation of motion for low frequency flow. Note that the 

pressure term has been left blank in Tables 4.1 and 4.2. According to Pond 

and Pickard (1983), direct measurements of ~ and ~ have not been made 

but they note that these terms must be of the same size as their respective 

Coriolis terms to obtain the geostrophic balance, to the first order. 

Some other factors which could cause pressure differences (Fy) across 

the strait that are mentioned in Fissel (1976) but are not considered in his 

report nor this study include: 

a) differences in air pressure across the strait which are typically less 

than 0.5 mb over a 20 km distance due to the large size of the atmo

spheric disturbance relative to the width of the strait (Fissel, 1976). 

Garrett and Petrie (1981) ignore this effect over a small scale in their 
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study of the Strait of Belle Isle; 

b) variations in density across the strait resulting from river runoff, pre

cipitation, evaporation and advection. Fissel notes that the sea level 

responds in an isostatic manner (equilibrium resulting from equal 

pressure on all sides) to these factors and should have little effect on 

bottom pressure. Differences in density would be more of a problem, 

though, if sea level slope rather than bottom pressure differences were 

used to calculate the along-strait velocities; 

c) waves which are incident on a sloping beach cause changes in mean sea 

level and bottom pressure due to gradients in the radiation stress. For 

deep water waves, Fissel estimated the setdown in sea level outside the 

breaker zone as 1.2 cm, corresponding to a bottom pressure change of 

1.2 mb. The difference in bottom pressure should be small compared 

to 1.2 mb because the wave field should be similar on either side of 

the strait; and 

d) changes in pressure around the sensor occur as current velocity varies. 

Fissel estimates a pressure increase of 5.1 mb for a current of 100 cm 

S-l but states that, since the gauges were mounted so that the sensor 

was well within the boundary layer of the flow, the dynamic pressure 

head would be small. 
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The conclusion that may be drawn from the cross-strait scale of mo

tion analysis is that the geostrophic balance 

1 ap 
fu = --

pay 
( 4.4) 

is the main balance of forces across the strait for low frequency flow. This is 

not a surprizing conclusion; the application of geostrophy to low frequency 

flow in a strait as well as for alongshore flow on continental shelves is a 

standard practice (Garrett and Petrie, 1981). 

4.3.1 Along-Strait Equation of Motion 

The same scale analysis technique as employed in the across-strait scale 
.., 

of motion analysis is used to comp~e the terms of the along-strait equation 

of motion for low frequency flow. The res·ults are summarized in Table 4.2. 

TERM SCALE ESTIMATE NUMERICAL ESTIMATE 
fLU 
at ~ 3.5~105 2.8 X 10-7 

u Ou U" .lx.1 6.2 X 10-8 o:z: L 1.6x105 
v fLu r x. 4 x 10-8 oy i.5x104 

w Ou WU 1O-"x.1 6.6 X 10-8 
8z tr 1.5)( 10:1 

Iv IV 1.09 X 10-4 X .01 1.09 x 10 -6 

~* - - -

Ix(A:z:f:) A 10( x. 3.9 X 10-10 
l~ (1.6X105 }'" 

/y(Ay~) Al~ 100x.1 1.6 x 10-8 
~2.5X104)2 

iz(A%~~) "}J2 . x. 4.4 x 10 7 
(1.5x10"')'" 

F:z: - - -

Table 4.2: Scale analysis for the along-strait momentum equation terms for 
low frequency flow. 

59 



In the along-strait scale of motion analysis, there are a number of 

terms whose scale values are of the same order as the Coriolis term (to 

within 10%) including the time acceleration (~~) and the z component of 

the eddy viscosity (:z (Az ~~)). Over short distances, the advective terms 

could also have an influence. Garrett and Petrie (1981) experienced a good 

deal of difficulty in examining the along-strait balance, observing only weak 

evidence for a partial balance between acceleration and along-strait sea level 

slope. They attributed their lack of success to inaccuracies in the data and 

a lack of resolution involved with using finite differences. Fissel (L976) 

also noted a number of difficulties in determining the along-strait balance 

because a number of terms had the potential to be large and they were 

difficult to estimate from existing data. 

The conclusion reached for the along-strait dynamic balance, sup

ported by the scale analysis, is outlined in the following equation: 

(4.5) 
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4.4 Geostrophic Levelling of Tide Gauges 

The next section will explore the use of the geostrophic approximation 

to study the relationship between along-strait residual currents and across

strait residual pressure differences, foll?wing Garrett and Petrie (1981) and 

Petrie et al. (1988). A number of tests using instruments at various depths 

will be conducted to examine the validity of the theory. At the mid-strait 

section, using the 1975 data, the following tests will be made: 

a) Test 1 - near surface (20 m) currents and shallow pressure differences 

(TG1 minus TG3)j 

b) Test 2 - deep (120 m) currents and deep pressure differences (TG 7 

minus TG8)j 

c) Test 3 - deep currents and deep pressure differences (TG6 mmus 

TG8)j and 

d) Test 4 - deep currents and shallow pressure differences (TG 1 minus 

TG3). 

At the mouth of the strait, using the 1984 data, the following tests will be 

made: 

d) Test 5 - near surface (30 m) currents and shallow pressure differences 

(PR minus NB1)j and 
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e) Test 6 - deep (50 m) currents and shallow pressure differences (PR 

minus NB1). 

Depth integrating the equation for the hydrostatic approximation 

yields 

and hence 

8p 
-gp=-

8z 

11/ 11/ 8p - gpdz = -dz 
z z 8z 

- 9 p("., - z) = p 

By taking the partial derivative with'respect to y 

8"., 8p 
-gp-=-

8y 8y 

(4.6) 

(4.7) 

(4.8) 

(4.9) 

and observing that z is not a function of y, an expression of the sea level 

difference in terms of the pressure difference is obtained. This expression 

may be substituted into 

to give 

18p 
fu = --

p8y 

8"., 
fu = -g-

8y 

( 4.10) 

( 4.11) 

The assumption is made that density p is uniform through the water column 

so that bottom pressure differences accurately reflect the sea surface slope 

and the flow is barotropic. Across-strait density differences are assumed 
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to be small compared to the average density for the section. In Fissel and 

Huggett (1976; Figure l8b), the across-strait density differences, averaged 

over a tidal cycle to remove the effects of tidal advection, are about 0.2 

kg m-3 which is 0.02% of the average density of 1025.75 kg m-3 • By 

integrating the mean along-s~rait currents across the strait, Equation 4.11 

can be written in a form that gives a calculated sea level difference for 

barotropic flow. 

!:::.1Jc - - f judy 
_ - f l:(Ui)Yi 

9 
(4.12) 

The term (Ui) is the daily mean residual along-strait velocity at the 

ith current meter and Yi is the distance halfway between two successive 

current meters or the distance between the shore and halfway between the 

first two current meters in the section. The distance Yi is the portion of the 

distance across the strait which each current meter represents. Table 4.3 

STATION Yi (km) STATION Yi (km) 
130020 3.725 VJ1030 8.34 
131020 5.54 VJ2030 5.47 
133020 5.46 VJ3030 7.70 
135020 4.55 VJ1050 9.20 
136020 3.92 VJ3050 9.20 
131120 10.69 - -
135120 10.8 - -

Table 4.3: Distance of influence for each mid-strait and mouth of the strait 
current meter. 
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lists Yi for the current meters of both the mid-strait and mouth of the strait 

sections. 

From the pressure gauge information, the measured daily mean sea 

level difference is determined by subtracting the bottom pressure at the 

south shore gauge from the bottom pressure at the north shore gauge. 

Through the use of linear regression, a least squares fit line can be 

drawn through the scatter plot of measured sea level difference, 6."lm, versus 

calculated sea level difference 6."lco The intercept of the least squares fit 

line represents the gel Istrophic levelling parameter, that is the difference in 

height between two bottom pressure gauges relative to a level surface. The 

slope of the least squares fit line represents the measure of the relationship 

between the sea level difference and the mean along-strait current velocity. 

The method of linear regression is fully described in the section entitled 

"Statistical Analysis" in the appendix. 

The distribution of measured versus calculated sea level difference 

values (in centimeters) is shown in Figures 4.1 to 4.6 for the various tests 

with 6."lm (measured sea level difference) along the abscissa and 6."lc (cal

culated sea level difference) along the ordinate. The correlation coefficient 

(R), a single number which is a measure of the overall relatedness of the 

two time series, is included with each figure. The correlation is determined 

for zero time lag. 
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Figure 4.1: Scatter plot of measured (TG1 minus TG3) versus calculated 
daily mean sea level differences. 46 daily values were used. 

4.4.1 Test 1 Using 1975 Shallow Information 

The time series of residual along-strait currents for the five shallow (20 

meters) current meters and across-strait shallow (20 m) residual pressure 

differences (TG1 minus TG3; see Figure 2.1) at the mid-strait section are 

adjusted so that each series has a common start time of 0130 PST on 28 

May 1975. The common start time was chosen so that it occurred just after 

the start time of all of the filtered time series, thus minimizing the amount 

of unused data and avoiding the unwanted effects of the Butterworth filter 

on the data values at each end of the time series. For each time series, a 
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daily mean value was calculated, using 96 samples per day for the velocity 

data and 48 samples per day for the pressure difference data (the sampling 

rate for each data type). In each case, 46 days of daily mean values were 

obtained. 

The regression equation which best fits the scatter plot of data (Fig

ure 4.1) for Test 1 is: 

!:::.7Jcs = 4.44(±O.23) + O.63(±O.14)!:::.7Jm s (4.13) 

In all regression equations, the subscript "S" indicates that the shal

low current meter and pressure gauge information are used while a subscript 

"D" will indicate that the deep current meter and pressure gauge informa

tion are used. 

Since the intercept is non-zero, the interpretation is that the two 

gauges are not level with respect to each other relative to a level surface. 

From Garrett and Petrie (1981), the convention of determining which gauge 

is higher relative to the other is as follows: since the pressure differences are 

determined by subtracting the south gauge from the north gauge (ie. north 

minus south), a positive intercept means that the south gauge is higher than 

the north gauge relative to a level surface; vice versa, a negative intercept 

means that the north gauge is higher than the south gauge. The positive 

intercept implies that the south gauge (TG3) is higher than the north gauge 

(TG 1) by 4.44 cm relative to a level surface. 

The interpretation given to the slope of the regression equation is 
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found in Petrie et al. (1988). If the bottom pressure differences represent 

the sea surface slope exactly (perfect geostrophy), then the slope is + 1, 

meaning that there is a direct relationship between the measured sea level 

difference, obtained from the bottom pressure gauges, and the calculated 

sea level difference from the measured along-strait mean surface currents. 

Thus the proximity of the slope to +1 is the indicator of how accurately 

the bottom pressure differences represent the sea surface. A small and/or 

negative regression slope does not mean that geostrophy is not applicable 

or does not hold for the area of study. It sim)ly means that the bottom 

pressure difference is not representative of the sea surface slope 

The slope of the regression equation in this case, +0.63, implies that 

the barotropic flow is not in exact geostrophic balance and that there are 

other elements of the dynamic balance or other physical effects which are 

important or that the current meters were not shallow enough to be located 

in the surface layer. Petrie et al. (1988) obtained a slope of +0.99 for 

the measured versus calculated sea level differences for a section of the 

Strait of Belle Isle, indicating that the geostrophic relationship provided 

an excellent explanation of the relationship between the sea level slope and 

surface currents averaged across the strait. 

The 95% confidence limits for the intercept of the regression equation 

are interpreted to mean that the accuracy of the intercept is good to the 

value of the confidence limits (Garrett and Petrie, 1981). For example, in 
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Test 1, the 95% confidence limits for the intercept is ±0.23 cm meaning 

that the intercept value is accurate to ±0.23 cm. Garrett and Petrie (1981) 

noted that a trigonometric level crossing (a surveying technique) of the 

Strait of Belle Isle performed in 1977 yielded a standard deviation of 11.0 

cm while the confidence limits of the intercept of their regression equation 

were ±0.41 cm. The conclusion they drew is that the geostrophic levelling 

method was much more accurate than a trigonometric level crossing of 

the strait. Unfortunately, no surveying data are available for a similar 

comparison at Juan de Fuca Strait. The method of determining the 95% 

confidence intervals for the slope of the regression equation is from Garrett 

and Petrie (1981) while the method of calculating the intervals for the 

intercept of the regression equation is obtained from Bendat and Piersol 

(1986). Both methods are discussed in the section entitled "Confidence 

Intervals (Intercept jSlope)" in the appendix. 

As noted in Figure 4.1, the correlation coefficient for the first com

parison is +0.67. The correlation coefficient is of the same sign as the 

regression slope, as noted in Garrett and Petrie (1981). 

4.4.2 Tests 2 and 3 Using 1975 Deep Information 

Tests 2 and 3 compare the measured sea level difference using two com

binations of deep bottom pressure gauges (TG 7 minus TG8 and TG6 minus 

TG8; see Figure 2.1) versus calculated sea level differences for the deep (120 

meters) current meters of the mid-strait section. While three deep current 
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Figure 4.2: Scatter plot of measured (TG7 minus TG8) versus calculated 
daily mean sea level differences. 46 daily values were used. 

meters were deployed at stations 131, 133 and 135, only 131120 and 135120 

provided useable current velocity information. The rotor of current meter 

133120 was broken off as the mooring was being lowered into position and 

so no flow data were obtained. 

Test 2 

Using the time series of TG7 - TG8 pressure differences, 46 daily mean 

values of sea level difference were obtained for Test 2 but this time series 

must be used with care. TG7 was located about 7 km down-strait from the 

mid-strait section line on a mid-depth shelf. As Fissel (1976) noted, the 
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effects of shelf currents and wind may result in amplified pressure variations, 

thus distorting the time series of pressure differences. 

The scatter plot for Test 2 is Figure 4.2. The regression equation is: 

6'f/CD = -2.64(±0.15) + 0.003(±0.0009)6'f/mD ( 4.14) 

The negative non-zero inter<x-pt indicates that the north gauge is higher 

than the south gauge relative to a level surface by 2.64 em and the slope of 

the equation indicates that the bottom pressure differences do not reflect 

the sea surface slope. The correlation coefficient (+0.01) shows that there 

is no statistical relationship between the two time series. 

Test 3 

Test 3 compared the measured sea level differences using the TG6 minus 

TG8 time series and the calculated sea level differences from the same line 

of deep current meters in Test 2. Because of the concerns raised in Fissel 

(1976) about the location of TG7, the need for a second comparison was 

judged to be valid. 

Since a number of incorrect readings was recorded at TG6, only 18 

daily mean values of measured sea level difference using TG6 were obtained. 

No pressure readings were obtained from TG6 from 0030 PST 30 June to 

1600 PST 02 July 1975. As well, between 7 and 10 June, the mean pressure 

at TG6 shifted by about 15 mb (equivalent to about 15 cm of depth). As 

this shift was not noted in other records, it was regarded as erroneous and 
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Figure 4.3: Scatter plot of the measured (TG6 minus TG8) versus calcu
lated daily mean sea level differences. 18 daily values were used. 

so data recorded after the shift were not used. The daily mean pressure 

difference time series of TG6 minus TG8 spanned the period 0930 PST 11 

June to 0030 PST 30 June. 

The scatter plot for Test 3 is illustrated in Figure 4.3. The regression 

equation: 

6.7]CD = -3.47(±0.57) + 0.25(±0.09)6.7]mD ( 4.15) 

gives an intercept of -3.47 cm, meaning that the north gauge is higher than 

the south gauge relative to a level surface by that amount. While the value 

of the regression slope (+0.25) is two orders of magnitude better than the 
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Figure 4.4: Scatter plot of the measured (TG 1 minus TG3) shallow pressure 
differences versus calculated daily mean sea level differences using deep 
mid-strait current meters. 46 daily values were used. 

slope in Test 2 (+0.003), the bottom pressure differences show little relation 

to the sea level slope along the mid-strait section. The correlation coefficient 

for this comparison is +0.63. 

4.4.3 Test 4 - Shallow Pressure/Deep Current Data 

A comparison was conducted to determine the relationship between the 

deep mean residual currents and shallow (TGI minus TG3) pressure differ-

ence time series at the mid-strait section. Since the shallow bottom pressure 

differences showed a good relationship to the across-strait sea level slope (as 
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demonstrated in Test 1), this test will give a rough indication of the limit 

in depth of this relationship through the slope of the regression equation. 

The scatter plot for this comparison is shown in Figure 4.4; the associated 

regression equation is: 

61]CD = -2.70(±0.14) - 0.19(±0.05)61]m s (4.16) 

where 46 daily values were used. The correlation coefficient is -0.42, indi

cating that the two time series are somewhat related in a statistical sense. 

However the deep (J 20m) along-strait residual currents are not related in 

a geostrophic sense to the shallow pressure differences, as shown by the 

regression slope of -0.19. 

Discussion of 1975 Results 

Following Garrett and Petrie (1981), the ratio of the regression slopes 

from Tests 1 and 4 is examined to determine the sign and magnitude of the 

reduction in flow fluctuations from the shallow to the deep current meters. 

The deep regression slope is adjusted by a width ratio of 1.08 (23.1/21.4), 

reflecting the fact that the sides of the strait are not vertical but sloping, 

becoming narrower with depth. The ratio of the slopes, -0.19/+0:63 or 

-0.3, shows that over the 100 meter change in depth the flow fluctuations 

are reduced to 0.3 times the value at the shallow depths. The negative 

sign of the ratio indicates that the flow fluctuations at 120 m are in the 

opposite direction to those at 20 m but this is expected as the mean residual 
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flows (and therefore the flow fluctuations), illustrated in Figure 3.2, are in 

opposing directions. Garrett and Petrie (1981) showed that the average of 

the current fluctuations at 50 m for the Strait of Belle Isle is about +0.36 

times the value at 13 m. While the magnitude of the reduction in the 

average flow fluctuations for Juan de Fuca Strait is about the same, the 

sign is different because of the differing flow structures for the 2 straits. 

The original assumption of uniform density with depth was made 

so that the bottom pressure differences could be used to represent the sea 

level slope across the strait. This assumption is much more valid for the 

Strait of Belle Isle than Juan de Fuca since the regression slope for Garrett 

and Petrie (1981) of 0.99 is much closer to 1 than is +0.63, the slope for 

Test 1 of this study. Therefore, for the upper 13 m (the average depth of 

the shallow current meters in Garrett and Petrie, 1981), the flow is clearly 

more barotropic than in the upper 20 m of Juan de Fuca. 

The comparison between the shallow mid-strait residual pressure dif

ference and the deep mid-strait mean current (Test 4; regression slope was 

-0.19) provides a good indication of how representative the sea level slope 

is of the deep currents. The negative sign shows that the flow is opposite 

in direction to that predicted by the sea surface slope if the flow were in 

geostrophic balance and the magnitude shows that the deep mean current 

does not reflect the influence of the sea surface slope due to changes in the 

density structure throughout the water column. The same reason may be 
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used to explain why the sea surface slope is not accurately represented by 

the deep (120 m) residual pressure difference (Test 3). Changes in the den

sity structure through the water column are such that the bottom pressure 

differences no longer represent the sea surface slope and so the flow in the 

bottom layer does not reflect the its influence. 

4.4.4 Tests 5 and 6 Using 1984 Information 

The method of geostrophic levelling was tested at the mouth of the strait 

using the shallow (30 m: Test 5) and deep (50 m: Test 6) current meter 

information to obtain a calculated sea level difference and the measured sea 

level difference between the shallow bottom pressure gauges at Neah Bay 

and Port Renfrew (see Figure 2.1). As in the previous data set, the south 

gauge information was subtracted from the north gauge information (north 

minus south) to calculate the measured sea level difference. 

The distance that each current meter is assumed to represent, given 

in Table 4.3, is determined in the same manner as for the mid-strait section, 

from the shore to halfway between the first two current meters or halfway 

between two successive current meters. 

One of the main problems encountered was a lack of data. The 

two shallow current meters (30 and 50 meters) at VJ1 were entangled in 

fishing gear on or about 30 July 1984 thus limiting the extent of the current 

meter information. The shallow bottom pressure gauge at Neah Bay was 

installed on 14 July 1984 so only 15 complete days of concurrent bottom 
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pressure/current meter velocity information (15 July to 30 July 84) was 

available for this test. 

Although there were two bottom pressure gauges installed at N eah 

Bay (one at 7 m and the other at 44 m), there was only one gauge installed 

at Port Renfrew. To produce the measured sea level difference time series 

for all three tests, it was decided that the shallow gauge at Neah Bay 

would be used to determine the difference. The decision was based on 

three factors: 

a) the shallow gauge at Neah Bay was closer in depth (7 m) to the Port 

Renfrew gauge (15 m) than the deep Neah Bay gauge (44 m); 

b) comments made during the translation of the Neah Bay deep bottom 

pressure data at the Institute of Ocean Sciences expressed concern 

about the movement of the bottom pressure gauge for unknown rea

sons during its deployment and hence contamination of the data set 

with large pressure fluctuations; and 

c) comments made during the translation of the shallow Neah Bay data 

set indicated that the data set was clear of contaminating pressure 

fluctuations over the collection period required for the last two tests. 
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Figure 4.5: Scatter plot of measured (Port Renfrew minus N eah Bay) versus 
calculated daily mean sea level differences using shallow current meters at 
the mouth of the strait. 15 daily values were used. 

Test 5 

The regresson equation for Test 5, shown in Figure 4.5: 

~TJcs = 3.93(±0.78) - 0.35(±0.12)~TJms ( 4.17) 

gives an intercept of 3.93 cm, meaning that the south gauge is higher than 

the north gauge relative to a level surface. The slope is -0.35 so there are 

clearly other terms or physical effects to be accounted for in the equations 

of motion besides the sea surface slope. The correlation coefficient for this 

comparison is -0.63, which indicates a good statistical correlation between 
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Figure 4.6: Scatter plot of measured (Port Renfrew minus Neah Bay) pres
sure differences versus calculated daily mean sea level differences using deep 
current meters at the mouth of the strait. 15 daily values were used. 

the two time series. 

Test 6 

The regression equation using the same measured daily mean sea level 

difference values but the calculated sea level difference values from the 

current meters at 50 m gives similar results as those noted for Test 5. 

Only the current meters at VJ1 and VJ3 provided acceptable data for this 

comparison; VJ2050 recorded valid information for just two weeks after its 

deployment date and was of no use. The regression equation for Test 6 is 
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illustrated in Figure 4.6 and is given below: 

67]CD = 1.78(±0.64) - 0.29(±0.10)67]m s ( 4.18) 

The correlation coefficient is -0.77, which as above, shows good evidence of 

statistical correlation. 

4.4.5 Comparison with Previous Research 

Fissel (1976) attempted to correlate pressure differences across and along 

the strait to measured currents to determine if these pressure differences 

could be used as a practical measure of the currents. Fissel also sought 

to determine pressure changes from other physical quantities including the 

wind, air pressure and the water properties of temperature and salinity. 

Fissel used multiple regression to correlate pressure differences (6p) 

to the mean along-strait current (U20 ) and the square of the mean along

strait currents (U20 2) for both the full signal and residual currents according 

to the equation: 

- -2 
6p = a + bU20 + cU20 ( 4.19) 

where the coefficient b represents the response of 6p to the currents due to 

the Coriolis force, the coefficient c measures the effect of centrifugal accel

eration due to channel curvature and U20 is the sectionally averaged current 

across the strait. In performing the linear regression analysis using the low

pass filtered residual data, Fissel used daily values of currents and pressure 

differences but when the full signal (tidal + residual components) data were 
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Correlation Coefficients 
Fissel (1976) This Study GP81 

~p (u) Cor. Coef. ~p (u) Cor. Coef. Cor. Coef. 
3 - 1 20 +0.88 1 - 3 20 +0.67 +0.93 

- - - 6-8 120 +0.63 -

- - - 6-8 20 -0.60 -

- - - 1-3 120 -0.42 +0.65 

Table 4.4: Comparison of correlation coefficients for across-strait pressure 
differences and residual flow from vario\" s studies. Garrett and Petrie (1981) 
is abbreviated GP81. Nominal current meter depths are given under (u). 
Fissel used daily values of current measured at 0000 PST while this study 
and GP81 use daily mean current values. 

used, time series of hourly mean values 'vere computed. In Fissel (1976) the 

correlation coefficient between pressure differences and mean along-strait 

currents was reported as R12 . Fissel calculated pressure differences by sub-

tracting the north gauge from the south gauge (south minus north) so that 

positive pressure differences gave a positive upstrait flow. Table 4.4 sum-

marizes the correlation coefficients from Fissel (1976), Garrett and Petrie 

(1981) and this study comparing residual pressure differences and mean 

residual currents. 

The correlation coefficient obtained by Fissel (1976) using the shallow 

pressure difference calculated by subtracting TG 1 from TG3 (TG3 minus 

TG 1) and the shallow along-strait residual currents is compared to the 

correlation coefficient obtained from Test 1. As shown in Table 4.4, Fissel 

reported R12 as +0.88 while the results from Test 1 show a lower correlation 

coefficient of +0.67 using the same data. Garrett and Petrie (1981) obtained 

a correlation coefficient of +0.93 for their comparison of shallow residual 
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pressure differences and shallow mean along-strait currents for the Strait 

of Belle Isle. 

The difference between the correlation coefficient for Fissel (1976) 

and this study may be attributed to a difference in the method of com

putation and the use of daily versus daily mean current values. Fissel 

(1976) made a direct comparison between pressure differences and cur

rents whereas in this study the measured pressure differences are compared 

to a calculated sea level difference using the measured currents assuming 

geostrophy. Also, Fissel did not assume geostrophy·n his report whereas 

this study assumes geostrophy in its comparison of measured and calculated 

sea level differences. Secondly, Fissel used daily values of residual current 

measured at 0000 PST each day while this study uses daily mean current 

values. 

Fissel (1976) obtained a very poor correspondence between the deep 

gauge pressure differences and the deep along-~trait mean residual currents 

which he attributed to the inaccuracies of the pressure gauges, even af

ter apparent errors in the pressure data at several stations were removed. 

Noting that the currents only fluctuated about 7.6 cm S-l throughout the 

whole collection period, this gave a pressure change of 1.9 mb (assuming 

geostrophy). Since the deep pressure gauges had an accuracy of ±2.8 mb, 

Fissel concluded that the poor correspondence was not surprizing and he 

did not report correlation coefficients and regression coefficients for the deep 
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pressure differences and deep mean residual currents. In light of Fissel's 

observations, the correlation coefficient of +0.63 obtained for Test 3 is very 

good. 

This study also correlated the deep mean residual current meter data 

with the shallow residual pressure differences at the mid-strait section and 

obtained a correlation coefficient of -0.42. While Fissel did not do this 

comparison, the correlation coefficient from Garrett and Petrie (1981) for 

this comparison was +0.65, indicating a good correlation between the time 

series. The negative sign shows that the fluctuations in the deep mean resid

ual current are in the opposite direction to those of the residual pressure 

differences for this study but in Garrett and Petrie (1981), the fluctuations 

in current and pressure differences are in the same direction. 

4.4.6 Discussion 

Using the geostrophic approximation as a description of the relationship 

between the sea surface slope and the surface currents includes the assump

tions which make geostrophy valid, i.e. no friction, far from boundaries of 

all types, yielding only mean velocity values between widely spaced stations 

and other assumptions. In order to consider the validity and limitations of 

the method, one must consider the suitability of geostrophy to the area of 

study. Although the assumption of geostrophy as the primary influencing 

factor on the circulation in a strait is standard, other forcing mechanisms 

such as t~pography and runoff may modify the flow so that it is not in 
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perfect geostrophic balance but may be adjusted to account for these other 

influences. 

Garrett and Petrie (1981) showed that the method was very applica

ble to the Strait of Belle Isle and Petrie et al. (1988) reaffirmed the results 

for the same body of water using an updated data set. The results for Juan 

de Fuca Strait, while not as good, are an encouraging start towards deter-

mining the total dynamical balance. The difference in the results could be 

attributed to a number of reasons which are discussed below. 

a) Mean flow structure. The Strait of Belle Isle showed a mean inflow 

into the Gulf of St. Lawrence over most of the strait with a small 

surface outflow into the Labrador Sea along the southern side of the 
. . 

strait while the mean flow structure in Juan de Fuca Strait is a baro-

clinic estuarine type circulation. The difference in the signs of the 

regression slopes indicated whether the current or pressure difference 

fluctuations from one depth were in the same or opposite direction to 

those at another depth. The magnitude of the regression slope indi

cated the extent to which the flow was barotropic and in geostrophic 

balance. 

b) Current meter depths. A much shallower series of current meters for 

both the shallow current meters were used across the Strait of Belle 

Isle (an average depth of 13 m for the Strait of Belle Isle versus 20 

m for the shallow mid-strait and 30 m for the mouth of the strait 
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sections of Juan de Fuca. The deep current meters were at 50 m 

for the Strait of Belle Isle and at the mouth of Juan de Fuca but 

at 120 m for the deep mid-strait section of Juan de Fuca. Since the 

geostrophic balance states a relation between sea surface slope and 

surface currents, it is reasonable to expect that the deeper the current 

meters are, the less the current flow will reflect the influence of the sea 

level slope as the water column adjusts to changes in density through 

the water column; 

c) Number of moorings. A larger number of moorings were used for the 

shallow depth of the oceanographic section (eight in the Strait of Belle 

Isle versus five at the mid-strait and three at the mouth of Juan de 

Fuca), thus providing better resolution of the variability in the along

strait residual currents. A number of reports (Fissel, 1976; Godin et 

al. 1980) expressed concern that the value of the mean residual flow 

does not truly represent the mean flow structure, especially when the 

standard deviation is of the same order of magnitude as the mean 

which is the case in Juan de Fuca Strait. 

d) Topography and type of strait. The Strait of Belle Isle is a narrower, 

shallower strait which is open to influences from two semi-infinite 

basins (one at either end) while Juan de Fuca is a wider, deeper 

strait which is open at one end only. 

Petrie et al. (1988) pointed out that annual surveys of the tide gauge 
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sites show that the elevations of the gauge reference levels (gnomons) have 

varied from year to year, thus introducing a potential error into the mea

surements of sea level difference. They showed that by linearly interpolating 

the gnomon elevation changes between successive surveys, an adjustment 

to the monthly sea level differences in amplitude could be made and that 

the data could be adjusted for these changes. The effect of the adjustment 

was to reduce the amplitude of the annual cycle of sea level difference but 

not its shape. 

IT accurate pressure measurements could be used to determine pres

sure differences across the strait and hence the across-strait averaged along

strait residual currents, then the potential error in sea level differences 

caused by·changes in tide gauge elevations from-year to year due to shifts 

in the landmass (whether suddenly or over a long period of time) would 

have to be accounted for. In this study, the error attributed to the changes 

in elevation of a bottom pressure gauge with time is not accounted for in 

the pressure data sets as the length of the data collection period is too 

short, making the error size negligible compared to the magnitude of the 

pressure measurements. 
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4.5 Volume Transport/Sea Level Difference 

Linear regression analysis was used to examine the fluctuations in 

volume transport and sea level difference across the mid-strait section. A 

time series of residual volume transport was created by multiplying each 

time series of residual filtered along-strait current velocity by the area which 

that current meter is assumed to represent. Daily mean values of residual 

volume transport were determined and plotted against the measured sea 

level difference (TG1 minus TG3) in Figure 4.7 with sea level difference 

along the abscissa and volume transport along the ordinate. 

The regression equation for the residual volume transport versus 

residual sea level difference is: 

T = -0.574(±0.11) x 105 - 0.257(±0.058) x 105 ~"'ms (4.20) 

where transport (denoted as T in the equation) is negative out of the strait 

and positive into the strait. The units of transport are in Sverdrups (Sv) 

and sea level difference are in cm. The 95% confidence limits for the inter

cept and slope of the regression equation are shown in brackets in Equa

tion 4.20. 

Since the average measured residual sea level difference (~"'ms) across 

the strait was -0.259 cm (mean of the residual pressure difference time 

series TG1 minus TG3), this implies an average transport of -0.0508 Sv 

out of the strait. This value, using the regression equation, is comparable 
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Figure 4.7: Scatter plot 9f daily mean volume transport versus measured 
sea level difference (TG 1 minus TG3) at the mid-strait section. 46 daily 
values were used. 

in magnitude and sign to the average transport value (-0.05 Sv ±0.023 Sv) 

calculated in Chapter 3. 

4.6 Conclusions 

The conclusions to be drawn from this chapter are: 

a) The method of geostrophic levelling gave favourable results for one 

of six tests conducted in Juan de Fuca Strait. The slope of the re-

gression equation between the currents and sea level slopes for Test 1 

was +0.63, indicating that geostrophy was a reasonable evaluation of 
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the forces influencing the surface current circulation in the mid-strait 

section. A value of +1.0 indicates perfect geostrophy while a negative 

value or a value near zero indicates that either the sea surface slope 

was not well represented by the bottom pressure differences or the 

current meters were not located in the surface layer. For all other 

comparisons of measured versus calculated daily mean sea level dif

ferences, the regression slope was small and/or negative. Since the 

method assumed barotropic flow, it was evident that there are other 

influences acting upon the mean circulation in Juan de Fuca Strait. 

The intercept determined for Test 1 showed that the south gauge was 

higher than the north gauge by 4.44 cm relative to a lev~l surface. 

The 95% confidence intervals for the intercept showed that the value 

of the intercept was accurate to ±0.23 cm. While Garrett and Petrie 

(1981) showed that the geostrophic levelling method was much more 

accurate than a trigonometric level crossing as a method to level the 

bottom pressure gauges, there was no surveying data available for 

Juan de Fuca upon which to base a similar comparison. 

b) the sea surface slope is a reasonable parameter from which the net 

volume transport through the mid-section of the strait may be de

termined, as shown by Equation 4.20. The average sea surface slope 

gave a value for the net transport of -0.0508 Sv while the mean along

strait currents through the mid-section (from Chapter 3) gave a net 
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transport value of -0.05 Sv (±0.023 Sv). 
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Chapter 5 

Spectral Analysis 

5.1 Introduction 

This chapter describes the spectral analysis procedures used to ex

amine the relationship between pairs of "adjacent current meters, current 

meters positioned on opposite sides of the strait, current meter data with 

pressure difference data and volume transport data with pressure difference 

data. As demonstrated through linear regression in Chapter 4, there is a 

reasonable relationship between the residual pressure difference across the 

strait and the mean residual along-strait current velocity using the infor

mation collected from the shallow mid-strait pressure gauges and current 

meters. While linear regression gave an indication of the overall coupling 

between the two time series, spectral analysis will indicate the spectral fre

quency range over which this relationship is valid. The data from 1975 

for this portion of the study includes the current meter data (both shallow 

and deep) from the mid-strait section and the pressure difference data from 
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Figure 5.1: Low-pass filter shape: ideal versus truncated terms (adapted 
from Kanasewich, 1981). 

TG 1 minus TG3. From the 1984 data set, the current meter time series at 

30,50, 100, 125 and 175 m will be used. Because concurrent pressure differ-

ence and current meter data were collected for just 15 days, it was decided 

that there was not enough information available to conduct a meaningful 

cross-spectral analysis on these data types. 

5.1.1 Filtering the Data 

Considerable care was taken to ensure that a proper low-pass filter was 

used to remove the components of the flow at undesired frequencies, which 

as mentioned previously, were those which occurred above 0.8 cpd. An 

ideal low-pass filter (one which passes frequencies below a certain limit 

and rejects those above that limit) has a frequency response of one in the 

desired frequency range and zero elsewhere and has the form of a rectan

gle. In reality, such a response is not obtainable. Truncating the number 
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Figure 5.2: Examples of two types of filtering on oceanographic data - (A) 
24 hour moving average (box-car) filter and (B) eighth order Butterworth 
filter. 

of terms used in the Fourier expansion which forms the transfer function 

introduces an effect called Gibb's phenomenon which is characterized by 

overshooting and oscillation about the sides and top of the function, as 

illustrated in Figure 5.1. Although the overall rectangular form of the ideal 

response function is produced, the shape of the function is not ideal. This 

serious defect limits the practicality and applicability of the truncated box

car shaped low-pass filter for use in preparing data for spectral analysis 

because it induces "leakage" of power from the true frequency of occurence 

to adjacent frequencies. 
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Originally, a simple 24 hour moving average (box-car) filter was con

sidered for the filter process but concerns about Gibb's phenomenon were 

such that an alternative filter was sought and found. An eighth order (also 

known as 8-pole) Butterworth filter was used to low-pass the data used 

in this study (Thomson and Chow, 1980) because it avoided the problems 

introduced by the box-car filter. An example of the difference using both 

kinds of filters is shown in Figure 5.2. 

It was observed that the value of the data points at the end of a 

Butterworth filtered time series went t< zero as the filter was passed through 

the data. This was caused by the action of the filter which forced the 

values to zero as it neared the end of the time series. A judgment where 

to start and end the filtered data must be made and the time series must 

be truncated accordingly. In this respect, it was found that the boxcar 

filtered time series was valuable as a means of objective comparison for 

determining the truncation point. Each Butterworth filtered time series 

was compared to the equivalent boxcar filtered time series to determine the 

point where the Butterworth filter began to force the values to zero. The 

Butterworth filtered time series was then simply truncated at that point. If 

an objective comparison is not available then a subjective judgment must 

be made about the representativeness of the data points in the region within 

10 to 15% (R.E. Thomson, Institute of Ocean Sciences; pers. comm.) of 

the endpoints of the time series. 
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5.2 Spectral Analysis Procedure 

5.2.1 Spectral Algorithm and Parameters 

The algorithm used to perform the spectral analysis in this study 

is adapted from Carter and Ferrie (1979). A number of good references 

describe the theory of spectral analysis (Priestley, 1981; Bendat and Peirsol, 

1986) so it is not repeated here. 

Within the algorithm, the mean and linear trend were removed and 

a 10% cosine taper window function was applied to the filtered residual 

time series. After the Fourier coefficients and raw spectral estimates were 

calculated, the raw estimates were multiplied by 1.143 to conserve variance, 

offsetting the effects of the cosine taper window. Then the technique of 

band averaging was used to smooth the spectral estimates which increased 

the statistical reliability or degrees of freedom of each spectral estimate. 

The band averaging technique simply averages together a group or band 

of raw spectral estimates; the average spectral value is plotted at the mid

frequency of each band. Band averaging was considered as the technique 

of choice (versus block averaging) because the time series were quite short 

and it allowed calculation of spectral estimates to a lower frequency than 

did block averaging. The disadvantage of band averaging was that some 

frequency resolution was lost (see Table 5.1 for a comparison of raw and 

band-averaged frequency resolutions) but this was considered acceptable. 
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The raw spectral estimate frequency resolution is: 

where ld is the length of the time series. Since the mean spectral estimate 

is the average of a band of raw spectral estimates and since only one value 

is plotted at H.e mid-frequency of each band, the frequency resolution de-

creases according to the number of spectral estimates averaged together 

multiplied by the original frequency resolution. 

Since each raw spectral estimate is the sum of the square of two in-

dependent Gaussian variables (assuming that the time series is Gaussian), 

each frequency component of the estimate Gxx(f) will have a sampling dis

tribution 

where X~ is the chi-squared variable with n = 2 degrees of freedom. The 

normalized standard error is If. or 1 (since n equals 2), meaning that the 

standard deviation of the estimate is as large as the estimate itself, clearly 

an unacceptable situation. Bendat and Piersol (1986) show that the opera-

tion of "smoothing" or computing an ensemble of spectral estimates from a 

number of records (nd) and then averaging the results lowers the standard 

deviation of the spectral estimate from 1 to ~. Thus the operation of 

band averaging increases the statistical reliability or degrees of freedom of 

the mean estimate according to the number of spectral estimates used in 

each band multiplied by 2, the number of degrees of freedom for each raw 
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spectral estimate. 

The Nyquist frequency for the unfiltered time series is given by the 

formula: 
1 

In = 2.6.t 

where .6.t is the sampling interval for each time series in units of time. 

If it is assumed that the smoothed spectral estimates follow a X2 

distribution with v degrees of freedom, then the 95% confidence limits for 

the power spectral estimates are given by 

vf(J) ~ G(J) < vf(J) 
XlljO.025 XlljO.975 

where G(J) is the smoothed power spectral estimate of the underlying true 

power spectrum G(J). In this study, the value of ;2 is determined for each 

power spectral plot and is displayed in the caption as a numerical limit, for 

example (0.4 to 3.2). 

The results of cross spectral analysis are shown as coherence and 

phase between the pairs of time series being compared. The order in which 

the time series are used is important in the interpretation of phase lead 

or lag. A positive phase means that the first time series leads the second 

while a negative phase means that the first lags the second. The horizontal 

dashed line in the coherence plot represents the 95% level of null hypothesis 

or 95% noise level (Chang et al., 1976). The placement of this line in the 

plot is discussed in the appendix under "95% Noise Level". 
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Calculation of the 95% confidence intervals for coherence and phase 

are also shown in the appendix. The 95% confidence interval for coherence 

is not calculated for every coherence estimate but only for those coherence 

values which are being compared to each other. The inclusion of the con

fidence interval for phase is done for completeness only; the calculation is 

used only to mention that, given the small number of degrees of freedom at

tained in determining a statistically reliable spectral estimate, the interval 

is large. For example, if v is 10, the phase angle is 450 and the coherence at 

that frequency is 0.75, then the 95% confidence interval for phase is ±38°. 
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5.3 Spectral Analysis Results - 1975 

5.3.1 Spectral Parameters 

The spectral parameters for the 1975 data, presented in Table 5.1, 

are summarized here. Before the low-passed residual time series were input 

into the spectral analysis program, they were truncated to a common start 

time (0130 PST 28 May 1975) and made to have equal length. The current 

meter time series had 4096 data points (42.67 days at a collection rate of 96 

points per day) while the pressure gauge time series had 2048 data points 

.( 42.67 days, collected at 48 points per day). The frequency resolution of 

the raw spectral estimates and the lowest resolvable frequency is 0.0234 

cpd. 

The band averaging process averaged five raw spectral estimates to

gether to increase their statistical reliability, giving each mean estimate ten 

degrees of freedom. The frequency resolution of the band averaged spec

tral estimates decreased to 0.117 cpd. The choice to average five spectral 

1975 Mid-strait Time Series 
Time Series # Data Points fn ~ ~ 
Shallow CM 4096 48 cpd 0.0234 cpd 0.117 cpd 

Deep CM 4096 48 cpd 0.0234 cpd 0.117 cpd 
Shallow PG 2048 24 cpd 0.0234 cpd 0.117 cpd 

Table 5.1: Spectral parameters for the 1975 data. Gfrequency resolution 
for the raw spectral estimates. bfrequency resolution for the band averaged 
spectral estimates. in is the Nyquist frequency. 
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estimates together was based upon the lowest resolvable frequency (0.0234 

cpd) and the upper frequency at which the data were filtered (0.8 cpd). 

Since there were 35 resolvable frequencies within that range, it was decided 

that seven frequency bands would be formed, each consisting of spectral es~ 

timates from five surrounding frequencies. The frequency bands (periods) 

for the 1975 data were centered at 0.0703 cpd (14.2 days), 0.1875 cpd (5.33 

days), 0.3047 cpd (3.28 days), 0.4219 cpd (2.37 days), 0.5391 cpd (1.85 

days), 0.6563 cpd (1.52 days) and 0.7734 cpd (1.29 days). 

The Nyquist frequency of the unfiltered current meter data is 48 cpd 

while for the pressure gauge data, it is 24 cpd. Since the data were filtered 

at 0.8 cpd, well below the Nyquist frequency, aliasing is not a problem. 

5.3.2 Mid-Strait Current Meter Power Spectra 

Figure 5.3 illustrates the power spectra for the seven mid-strait current 

meter stations. The largest fluctuations are found below 0.3 cpd (in the 

lowest two frequency bands centered on 0.0703 and 0.1875 cpd) where on 

average, 78% of the power is concentrated. The general shape of the power 

spectral density functions are in agreement with Fissel (1976) although the 

power spectral density values are somewhat less at all current meters for 

the lowest two frequency bands than the values recorded by Fissel. 

5.3.3 Cross-Spectra - Adjacent Current Meters 
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Figure 5.3: Power spectra for mid-strait (A) shallow and (B) deep current 
meters. The 95% confidence limits are 0.49 to 3.08. 

The cross-spectral results for the adjacent shallow mid-strait current 

meters (average spacing of 5.0 km between the moorings) are given in Fig

ure 5.4, showing the coherence and phase of the along-strait surface cur-

rents. Since most of the power resides in the lowest two frequency bands, 

the coherence and phase results for only these bands are discussed. Co

herences between pairs of adjacent current meters are similar (~0.6) in the 

first frequency band for three of the four pairs. Only the pair 135/136 show 
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Figure 5.4: Coherence and phase for adjacent mid-strait current meters. 

a very low coherence. The phase for all four pairs is negative, meaning the 

first current meter lags the second one. In the second frequency band, the 

coherence rises to about 0.55 for the pair 135/136 but falls for the other 

three pairs; the drop is quite sharp for pair 130/131. The phase values for 

all four pairs are still negative but are more closely grouped than in the 

first frequency band. 

5.3.4 Cross-Channel Along-Strait Current Variabil
ity 

The variability of the residual along-strait currents from current me-

ter to current meter across the strait is investigated to find a means of 
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adequately resolving the residual flow. Fissel (1976) concluded that the 

method for determining along-strait current fluctuations from across-strait 

residual pressure differences could not be adequately tested because the 

fluctuations varied with current meter position and so the mean residual 

current could not be properly resolved. In an extensive study of the mean 

current flow, Godin et al. (1980) noted that the mean current value did not 

truly represent the complexity of the residual flow in a strait such as Juan 

de Fuca where it is highly variable. They used vector stick diagrams and an 

analysis of the Zo component, ol,tained from harmonic analysis, to describe 

the variability. Because of the non-representative nature of the calculated 

mean value, Fissel (1976; Table 10) used instantaneous residual flow values 

to compare the residual along-strait currents to cross-strait pressure differ

ences while Godin et al. (1980) used instantaneous flow values to determine 

residual volume transport. 

Three methods are employed in the investigation: calculation of cor

relation coefficients for zero time lag, linear regression and cross-spectral 

analysis. Garrett and Petrie (1981) approached the problem of cross

channel flow variability using linear regression analysis of flow for pairs 

of current meters. They compared the horizontal fluctuations for the daily 

mean currents at one station with all other stations at the same depth. The 

slope of the regression equation was a measure of the horizontal variabil

ity of the flow with a value of 1.0 corresponding to total uniformity of the 
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Correlation Coefficients for Zero Time Lag 
Station 130020 131020 133020 135020 136020 137020 
130020 - +0.47 -0.31 -0.26 +0.43 +0.44 
131020 - - -0.12 -0.39 +0.23 +0.67 
133020 - - - +0.63 -0.33 -0.32 
135020 - - - - -0.07 -0.38 
136020 - - - - - +0.29 

Table 5.2: Correlation coefficients for pairs of shallow mid-strait current 
meters. 

fluctuations in the horizontal. A value of greater than 1 indicates that the 

fluctuations at the second station are greater than the fluctuations at the 

first. The correlation coefficient is a measure of the statistical reliability of 

the regression slope. If the correlation coefficient is low, then the regression 

slope is statistically unreliable. 

Godin et al. (1980; Figure 24) calculated cross-correlations for zero 

time lag between pairs of current meters for their 1973 data. The re

sults showed a high correlation for pairs of meters near the shores and 

lower correlations for pairs near the center of the strait. Table 5.2 shows 

the cross-correlations between pairs of current meters using the 1975 mid-

strait data. The values are generally low except for pairs 133020/135020 

and 131020/137020. A trend towards decreasing values of correlation coeffi-

cients towards the center of the strait was not observed, contrary to Godin 

et al. (1980). A notable feature is that for all pairs of current meters 

involving 133020 and 135020, the correlation coefficients are negative. 

For the Strait of Belle Isle, the flow across the northern half of the 
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Regression Slopes 
Station I 131 I 133 I 135 I 136 

Reg. Slope I +0.74 I -0.44 I -0.39 I +0.55 

Table 5.3: Regression slopes comparing the flow at 130020 with one other 
shallow mid-strait station. 46 daily mean values of currents are used. 

strait was highly correlated to the most northerly station (39) and fairly uni

form (that is the fluctuations were similar at each of the stations compared 

to those at 39). Across the southern half, the flow was poorly correlated 

and not uniform, possibly because of the influence of shoals to the west of 

the sou ;hern mooring sites. 

The analysis method of Garrett and Petrie (1981) was applied to 

the shallow mid-strait data in Juan de Fuca Strait. Using the daily mean 

along-strait residual currents, regression slopes were calculated between 

station 130020 and the other shallow current meters in the section. The 

generally low values, tabulated in Table 5.3, show that the fluctuations are 

not uniform over the length of the cross-strait section. 

Fissel (1976; Tables 5 and 7) observed a lack of coherence in the 

residual along-strait currents for all combinations of pairs of shallow cur-

rent meters (including 137020) for the mid-strait section. Coherence values 

between pairs of current meter stations for the lowest two frequency bands 

(periods of 14.2 and 5.3 days respectively), reported in Table 5.4, support 

Fissel's findings. In each frequency band, only 6 of the 15 comparisons 

showed coherences above the 95% noise level. There is little consistency 
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Coherences 
Station 130020 131020 133020 135020 136020 137020 
130020 ** - - - 0.63 -

131020 0.65 ** - - 0.56 0.80 
133020 - 0.60 ** - - -

135020 - - 0.58 ** 0.57 0.57 
136020 0.83 - - - ** 0.81 
137020 0.57 0.75 - - - ** 

Table 5.4: Coherences in the lowest two frequency bands for pairs of shallow 
mid-strait current meter flow. Values in band 1 (14.2 days) are given in the 
lower left half of the table below the starred diagonal and values in band 2 
(5.3 days) are given in the upper right half of the table. 

noted between the bar.l.ds in terms of coherence versus horizontal distance 

Pairs which showed coherence in the lowest frequency band did not neces

sarily show coherence in the second band. The coherence and phase results 

support the observations of low correlation coefficients. 

5.3.5 Mean Current/Pressure Difference 

A comparison between the mean along-strait filtered residual current and 

the low-passed residual pressure difference between TG 1 and TG3 (TG 1 mi

nus TG3) at the mid-strait section is conducted to determine the portion of 

the frequency spectrum where there is a coherence between the cross-strait 

pressure difference and along-strait residual velocity. The mean along-strait 

current is calculated as an average of the residual current for each shallow 

mid-strait station. 

A visual examination of Figure 5.5a shows a similarity between the 
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Figure 5.5: Time series and power spectra for mean shallow along-strait flow 
and pressure difference (TG 1 minus TG3) at the mid-strait section. Heavy 
line - pressure difference; light line - mean velocity. The 95% confidence 
limits are 0.49 to 3.08. 

two time series in that fluctuations in the pressure difference time series are 

reflected in the mean velocity time series. From Figure 5.5b, the majority 

(90%) of the power for the pressure difference time series is located in the 

lowest two frequency bands (range from 0.02 to 0.23 cpd). 

Figure 5.6 gives the coherence and phase relationships for the mean 

shallow residual velocity and pressure difference time series at the mid-

strait section. In the two lowest frequency bands, the coherence is high and 

the phase is nearly -180°, indicating that the mean current and pressure 

difference time series are well-correlated and that they act in opposition to 

each other. Fissel (1976) obtained nearly the same coherences but his values 

for phase were near zero. This is attributed to the fact that he obtained 
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Figure 5.6: Coherence and phase for mid-strait shallow mean along-strait 
flow and residual pressure difference. 

the pressure differences in an opposite sense, that is the north gauge was 

subtracted from the south gauge (south minus north) in order to calculate 

the pressure differences. 

From the coherence and phase results, it is concluded that the balance 

between the residual pressure difference and the mean residual along-strait 

velocity (the geostrophic balance) is applicable for frequencies of less than 

about 0.25 cpd. Since most of the energy (activity or variance) is found in 

this range for both time series, the residual cross-strait pressure difference 

accounts for most of the variance in the mean residual along-strait velocity. 

U sing the three pieces of evidence that are presented in this study, 
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that is the visual comparison of the time series from Figure 5.5a, the results 

from Equation 4.13 where the regression slope indicates that the sea surface 

slope is fairly well represented by the shallow bottom pressure difference so 

the along-strait currents are in geostrophic balance and the cross-spectral 

analysis results which show that the two time series are generally well corre

lated in the frequency range where most of the variance (energy) is located, 

it is concluded that residual pressure differences are a good measure of the 

residual along-strait velocity near the surface. 

This conclusion is in contrast to Fissel (1976), who concluded that, 

although the correlation of the along-strait averaged current to the resid

ual pressure difference was surprizingly good, the method for determining 

fluctuations in the mean residual current from pressure differences could 

not be properly tested because of uncertainties in resolving the residual 

along-strait current. Fissel felt that the low coherence and poor correla

tion between pairs of horizontally spaced current meters indicated that the 

shallow mean along-strait residual current could not be adequately resolved 

using five current meter locations. 

5.3.6 Amplitude Ratio 

It is of interest to examine the amplitude ratio of the deep to shallow 

currents at the two stations for which deep and shallow current meter in

formation is available (131 and 135) for the frequency spectrum 0 to 0.8 

cpd. The amplitude ratio is defined as the square root of the energy ratio 
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Figure 5.7: Amplitude ratio and phase of deep to shallow along-strait cur
rents at moorings 131 and 135 along the mid-strait section. 

of the near-bottom to near-surface low-passed along-strait currents (gf~:~). 

Energy is used in the ratio because the energy of a system is conveniently 

calculated in the Fourier analysis procedures used in any spectral analysis 

program. As well, energy is indicative of activity (variance) at any par

ticular frequency. In standard Fourier analysis, the amplitude spectrum is 

defined as the square root of the energy at each frequency of the spectrum, 

hence the term "amplitude ratio" . 

The interpretation of amplitude ratio versus frequency is from Toulany 

et al. (1987). An amplitude ratio of one indicates that the bottom cur-
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rents are fluctuating (are energetic) as much at depth as they are near the 

surface. As the amplitude ratio moves away from unity and towards zero, 

the bottom currents are not fluctuating (are not as energetic) as much at 

depth as they are near the surface. The amplitude ratio can also be larger 

than one, indicating that there is more energy in the current fluctuations 

at depth than there is near the surface. 

As well, the phase must be taken into account before a decision about 

the baroclinic or barotropic nature of the flow fluctuations can be made. 

IT the phase is uniform about a certain value over the spectruPl and the 

amplitude ratio is close to unity, then the flow fluctuations are barotropic. 

IT the phase varies substantially over the spectrum and/or the amplitude 

ratio is far from unity, then the flow fluctuations are baroclinic. Figure 5.7 

illustrates the amplitude ratio and phase of the deep to shallow currents at 

moorings 131 and 135 of the mid-strait section. 

The amplitude of the near-bottom currents are reduced to an average 

of 42% of the surface current values over the whole frequency range at 

mooring 135 (south side of the strait). At mooring 131 (north side of 

the strait), the average amplitude is 48% of surface values over the whole 

frequency range. The general trend of the amplitude ratio as a function 

of frequency, from Figure 5.7, is for an increasing amplitude ratio with 

increasing frequency but this trend is not smooth. For example, at 135, 

there is a large decrease in the amplitude ratio from the fourth to fifth 
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Figure 5.8: Time series and power spectra for mean volume transport and 
residual pressure difference at the mid-strait section. Heavy line - pressure 
difference data; light line - volume transport data. The 95% confidence 
limits are 0.49 to 3.08; 

frequency band. At 131, there is a large increase in the amplitude ratio 

from the fifth to the sixth band. 

These results vary from those reported by Toulany et al. (1987; 

Figure 6). For the Strait of Belle Isle, the change in the amplitude ratio 

with frequency is more linear than the results in Figure 5.7 although the 

general trend is the same in both cases (an increase in the amplitude ratio 

with increasing frequency). The phase is centered about zero (±200) over 

the whole frequency spectrum in Toulany et al. (1987) while in this thesis, 

it is scattered from +180° to -180° over the whole spectrum. Toulanyet al. 

(1987) concluded that the along-strait flow became increasingly baroclinic 

for decreasing frequency due to an internal readjustment of the mass field 
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Figure 5.9: Coherence and phase for residual volume transport and shallow 
residual pressure difference at the mid-strait section. 

to bottom friction. The results for this thesis indicate that the along-strait 

flow for the mid-strait section of the Juan de Fuca Strait is baroclinic at 

all frequencies. 

5.3.7 Residual Volume Transport 

Cross spectral analysis of residual volume transport versus residual sea 

level difference (TG 1 minus TG3) for the mid-strait section, illustrated in 

Figure 5.9, shows high coherence in the lowest frequency band and low co

herence elsewhere. The phase is relatively constant at nearly -180°, mean-

ing that the residual pressure difference acts in opposition to the residual 
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volume transport. 

The coherence results are somewhat different from the values ob

tained between the mean shallow residual current and pressure difference. 

Coherences for volume transport and pressure difference are high in the 

lowest frequency band and decrease quickly in the second and third bands 

while the values for the mean current and pressure difference are high over 

the first two bands and decrease rapidly in the third band. The phase 

results are qualitatively similar over the first two bands in both cases. It 

is concluded that the residual pressure difference is a~air measure of the 

residual volume transport since there is a high coherence between the two 

time series in only the lowest frequency band and that the residual pressure 

difference is a better measure of the residual along-strait mean current at 

shallow depths than of residual volume transport. 
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5.4 Spectral Analysis Results - 1984 

5.4.1 Spectral Parameters 

The residual current meter data sets collected at the mouth of the 

strait in 1984 were prepared in the same manner as the 1975 data. The 

data sets were truncated to begin at a common start time (1900 PST 19 

June 1984) and were made an equal length (2826 data points). Given 

that the collection rate was 72 data points per day, this corresponds to 

a collection period of 39.25 days. The frequency resolution fT of the raw 

spectral estimates and the lowest resolvable frequency is 0.0255 cpd. The 

Nyquist frequency fn for the unfiltered data is 36 cpd. 

The raw spectral estimates were band-averaged to increase the relia-

bility of the estimates. Four adjacent estimates were averaged to give each 

estimate eight degrees of freedom which reduced the frequency resolution 

from 0.0255 cpd for each estimate to 0.102 cpd for each band. A summary 

of the spectral parameters for the 1984 data is displayed in Table 5.5. 

As with the 1975 data, the choice to band average four spectral esti

mates was made using the frequency resolution (0.0225 cpd) and the low-

1984 Mouth of the Strait Time Series 
Data Type # Data Points fn ~ I ~ 

Current Meter 2826 36 cpd 0.0255 cpd J 0.102 cpd 

Table 5.5: Spectral parameters for the 1984 current meter time series. 
afrequency resolution for the raw spectral estimates. bfrequency resolution 
for the band averaged spectral estimates. in is the Nyquist frequency. 
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Figure 5.10: Power spectra for (A) 30 m, 50 m and (B) 100 m, 125 m and 
175 m current meters at the mouth of the strait. The 95% confidence limits 
are 0.46 to 3.67. 

pass filter limit (0.8 cpd). Since there are 32 resolvable frequencies within 

the spectrum of interest (0.0255 to 0.8 cpd), the decision was made to form 

eight frequency bands, each composed of four frequencies. The center of 

each frequency band (period) is 0.0637 cpd (15.7 days), 0.1656 cpd (6.0 

days), 0.2675 cpd (3.7 days), 0.3694 cpd (2.7 days), 0.4713 cpd (2.1 days), 

0.5732 cpd (1.7 days), 0.6752 cpd (1.5 days) and 0.7771 cpd (1.3 days). 

5.4.2 Current Meter Power Spectra 
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Figure 5.10 illustrates the power spectra for the current meters along 

the section at the mouth of the strait. The majority of the power (81.4%) 

is concentrated in the frequency range 0 to 0.3 cpd with the frequency 

range encompassed by the first two frequency bands (up to 0.204 cpd) 

accounting for 63.6% of the power. The general downward trend of the 

power spectral curves with increasing frequency is qualitiatively similar to 

those in Figure 5.3. 

5.4.3 Flow Variability Across the Mouth 

The three methods used to examine the flow variability across the mid

strait section, determination of correlation coefficients, linear regression 

analysis and cross-spectral analysis, are employed on the current meter 

data at the mouth of the strait to examine the along-strait residual flow 

variability in this region. Figure 3.3 indicated that the mean surface flow 

along the northern half of the strait was strongly seaward with a well

defined level of no net motion while the flow through the water column along 

the southern boundary was weak, showing seaward flow at all depths. The 

observed velocity shear structure was also well-defined across the northern 

half but indistinct across the southern half. The flows of interest are the 

strong seaward surface flow across the northern half and the weak seaward 

flow through the water column along the southern side of the strait. 

Cross-correlations between the time series of a number of pairs of 

current meters were determined and plotted in Figure 5.11. The correla-
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Figure 5.11: Correlation coefficients for pairs of current meter along-strait 
flow time series at the mouth of the strait. 

tion coefficients are generally low except in the areas of interest. Along 

the northern boundary, the fluctuations in current at VJ1050 are well-

correlated to those at VJ1030 (+0.80) and VJ2030 (+0.72) but between 

VJ1030 and VJ2030, the correlation coefficient is fairly low (+0.46). These 

values give an indication of the horizontal and vertical extent of the surface 

flow since VJ1030 is not significantly correlated to VJ3030 (-0.16) nor is 

VJ1050 significantly correlated to VJ3030 (+0.02), VJ3050 (-0.22), VJ2125 

(-0.47) or VJ1100 (-0.30). 
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Regression Slopes at VJl 
Station Slope 

VJI030/VJ2030 +0.60 
VJI030/VJI050 +1.23 
VJ1050/VJ2030 +0.64 

Table 5.6: Regression slopes for various combinations of current meters 
at the northern boundary. The first station is the one against which the 
comparison is being made. 

Along the southern boundary, the vertically adjacent meters are gen

erally correlated to each other but the meters at the extremes of the moor-

ing(VJ3030 and VJ3100) are not correlated. As well, the current meters at 

mooring VJ"3 are poorly correlated to those in mooring VJ2. 

Linear regression between daily mean currents at VJI030, VJ1050 

and VJ2030 is employed to determine the uniformity of the current fluc-

tuations for the latter 2 stations as compared to VJI030. The method of 

Garrett and Petrie (1981) is extended for meters that are vertically as well 

as horizontally separated with the same interpretation being given to the 

regression slope in the vertical as in the horizontal. 

In Table 5.6, the regression slopes indicate that the fluctuations at 

VJ2030 are only about 0.60 times those at VJ1030 but a slope of 1.23 

shows that the fluctuations at VJ1050 are 23% higher than at VJI030. 

Comparing VJ2030 to VJ1050 gives a slope of +0.64. From these results, 

the magnitude of the fluctuations in the along-strait residual currents is 

greater at VJ1050 than at either VJ1030 or VJ2030. 
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Regression Slopes at VJ3 
Station A. Slope B. Slope C. Slope 
VJ3030 - +0.88 +0.11 
VJ3050 +0.58 - +0.52 
VJ3100 +0.11 +0.75 -

Table 5.7: Regression slopes for various combinations of current meters at 
VJ3. A. VJ3030 is comparison station. B. VJ3050 is comparison station. 
C. VJ3100 is comparison station. 

The regression slope results for the flow fluctuations at the south

ern boundary are not as clearly interpreted as at the northern boundary 

Depending upon which current meter is chosen as the basis for compar-

ison, the regression slopes give conflicting results concerning the vertical 

uniformity of the fluctuations at either station, as illustrated in Table 5.7. 

Therefore no conclusions are formed with the regression slope information 

at mooring VJ3. 

Coherence and phase is plotted for various pairs of current meters 

along the northern and southern boundaries at the mouth of the strait. 

Along the northern boundary, very high coherences (above 0.8) and con

stant phases (~+40° ±200 ) are observed among the combinations ofVJl030, 

VJ2030 and VJI050 in the lowest three frequency bands (up to 0.3 cpd). 

Although not shown, coherences are not significant between combinations 

of these meters and other meters along the section. At mooring VJ3 along 

the southern boundary, the coherence and phase results confirm the corre-

lation coefficient data that VJ3030 is well-correlated to VJ3050 and that 
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Figure 5.12: Coherence and phase for pairs of current meters at the mouth 
of the strait. 

VJ3050 is somewhat correlated to VJ3100 but that VJ3030 is not correlated 

to VJ3100 over the lowest three frequency bands. 

5.4.4 Amplitude Ratio 

The amplitude ratio of the deep to shallow current meters for the three 

moorings at the mouth of the strait is shown in Figure 5.13. Note that at 

moorings VJ1 and VJ3, the ratio is based on current meters at 30 and 100 

m but at mooring VJ2, the ratio of the middle current meter at 125 m to 

the shallow current meter at 30 m is calculated. 

For the mouth of the strait section, amplitude ratios of greater than 
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Figure 5.13: Amplitude ratio and phase of deep to shallow along-strait 
currents for moorings VJl, VJ2 and VJ3 at the mouth of the strait. 

one are observed at all three moorings (but in different frequency bands) 

with the amplitude ratio of 1.7 at mooring VJ3 in the second band being 

the most obvious. The general shape of the amplitude ratio function over 

frequency is similar for each of the moorings except for the high value 

observed in band two for VJ3 and the low observation in band eight for 

VJl. An amplitude ratio of one is observed at all three moorings in the 

fourth band. There is no general trend to the phase function over frequency 

except to note that the phases for the three moorings are clustered about 

zero in the fifth band. 

The criteria of constant phase and an increasing amplitude ratio with 
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increasing frequency towards unity are applied in order to determine if the 

current fluctuations at any of the three moorings show a trend to being 

barotropic with increasing frequency. Although the three moorings do ex

hibit one or the other of the two criteria at specific frequencies, none of 

them exhibits these characteristics consistently enough to be classed as 

barotropic. Therefore the flow fluctuations at all three moorings are clas

sified as baroclinic. 

Toulanyet al. (1987) used their amplitude ratio and phase results 

to support a simple dynamical model (Garrett r.nd Petrie, 1981) of flow 

variations and influencing factors for the Strait of Belle Isle. The decreasing 

amplitude ratio with decreasing frequency and constant phase over the 

frequency range indicated that the along-strait flow became increasingly 

baroclinic ("spundown") near the bottom due to bottom friction leading to 

an internal readjustment of the mass field. 

The results of this study clearly show that the dynamical model of 

the Strait of Belle Isle is not applicable to Juan de Fuca Strait. The hy

pothesis upon which the model is based is not a valid explanation for the 

internal readjustment of the mass field in Juan de Fuca. This is more likely 

due to density variations with depth caused by the estuarine circulation 

that dominates the residual flow. Amplitude ratios of greater than one at 

the mouth of the strait show that there is more energy (larger current fluc

tuations) at the deeper than shallower depths at certain frequencies. None 
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of the moorings at either the mouth of the strait or the mid-strait section 

showed an increase in the amplitude ratio with increasing frequency nor a 

uniform phase over the frequency range of interest. Although the magni

tude of the amplitude ratios at the mid-strait section are comparable to the 

results of Toulany et al. (1987) the general trend is not nearly as smooth at 

the mid-strait section and is not distinguishable at the mouth of the strait 

section. 
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5.5 Conclusions 

The conclusions that are made from this chapter are: 

a) the majority of power is concentrated in the frequency range 0 to 

0.3 cpd for the current meter and pressure difference power spectral 

density plots for both sections. 

b) the along-strait flow variability across the strait at the mid-strait sec-

tion is evident in the low correlation coefficients and coherence values 

for 15 pairs of current meters. There is no consistency in coherence 

versus a change in horizontal distance nor does coherence in the low-

est frequency band imply coherence in the second band. The regres-
. . 

sion slope analysis shows that the shallow horizontal fluctuations are 

somewhat more uniform for pairs of stations near the boundaries (for 

example, 130020/131020 and 130020/136020) than for pairs near the 

middle of the strait (130020/133020 and 130020/135020). However, 

the horizontal fluctuations across Juan de Fuca do not show nearly 

as much cross-strait uniformity as those across the Strait of Belle Isle 

(Garrett and Petrie, 1981; Table 7). 

c) at the mouth of the strait, high correlation coefficients are observed in 

two regions, in the strong, surface seaward mean residual flow along 

the northern half of the strait and in the weak, seaward mean residual 

flow throughout the water column along the southern boundary. Cor-
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relations between current meters in these regions and current meters 

outside of these regions are low; coherence and phase results support 

the correlation coefficient observations that there are 2 separate re

gions where the flow is influenced by different factors in each region. 

The regression slopes show that the fluctuations at VJ1050 are the 

largest in amplitude of the three current meters (VJ1030 and VJ2030) 

in the surface flow along the northern half. In the weak southern flow, 

the regression slopes give conflicting signals concerning the uniformity 

of the fluctuations with depth so no conclusion is reached. Coher

ence values show that VJ1030 is well-correlated to both VJI050 and 

VJ2030 over the frequency range 0 to 0.3 cpd. Along the southern 

boundary at VJ3, the coherence results show that VJ3050 is generally 

correlated to VJ3030 and VJ3100 but that VJ3030 is not correlated 

to VJ3100. 

d) the amplitude ratio study at both the mid-strait and mouth of the 

strait sections show that the flow fluctuations with increasing fre

quency are baroclinic over the examined frequency range. N one of 

the moorings exhibited both properties of amplitude ratio near unity 

and constant phase over the frequency range consistently enough to 

be classified as barotropic. Amplitude ratios of greater than one were 

observed at VJ3 in the second frequency band and for other moorings 

in different frequency bands. 
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e) the dynamical model used by Toulany et al. (1987) for the Strait of 

Belle Isle is not applicable to Juan de Fuca Strait because there is no 

frequency dependent reduction in the current fluctuations with depth 

in Juan de Fuca. 
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Chapter 6 

Study Summary 

This chapi er will reVIew the procedures and results of this study, 

combining the conclusions from the various chapters into an overall picture 

of the low frequency residual along-strait flow in Juan de Fuca Strait. Low 

frequency residual. flow is defined the current components which remain 

after the major tidal components and fluctuations with frequencies greater 

than 0.8 cpd have been removed. 

After reviewing the study site and data collection programs, the data 

sets were examined to determine the mean residual flow structure at both 

sections, the net volume flux at the mid-strait section and the net volume 

and property fluxes at the mouth of the strait section. CTD information 

is examined and the instantaneous density structure is determined for 19 

June 1984 at the mouth of the strait. The mean velocity shear structure is 

calculated and compared from two sources of information, the CTD data 

and the observed current meter velocities. 
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The residual mean flow structure shows a positive estuarine circula

tion at the mid-strait section of Juan de Fuca Strait. The residual along

strait flow attains instantaneous maximum velocities over 40 cm S-l and a 

maximum mean velocity about 16 cm S-l seaward in the upper layer. The 

mean residual velocity is much less along the boundaries than in the middle 

of the strait. The deep inflow moves at a much lower mean speed, about 

11 cm S-l into the strait. The interface between the two layers is fairly 

well-defined. 

The residual along-strait flow structure is different at the mouth of 

the strait. The highest mean flow out of the strait (21 cm S-l) is found 

in the surface layer along the northern boundary while the highest mean 

residual inflow is in the middle of the deep layer (15 cm S-l). The interface 

between the upper and lower layer is clearly defined across the northern half 

of the strait but is ill-defined or not present for the southern half because 

of the weak seaward mean velocities throughout the water column along 

the southern boundary. 

The mean volume transport, determined for the mid-strait section 

in 1975, showed a net volume flux of -0.05 Sv out of the strait. In 1984 

at the mouth of the strait, the net volume transport is very small (-0.012 

Sv) compared to the net residual volume transport in 1975. The difference 

in the net transports from 1975 to 1984 may be qualitiatively due to the 

volume of fresh water runoff for both years. The dynamics of estuarine 
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circulation are driven by the fresh water flow out of the strait according to 

the principle of the conservation of volume (Pickard and Emery, 1982). A 

larger net volume flux implies that the excess of precipitation and runoff 

over evaporation is larger or that a relatively larger amount of fresh water 

has entered the system. There was no runoff data available for 1984 upon 

which a definite conclusion may be based. 

Using the error bound for the residual volume transport calculated 

by Godin et al. (1981) of ±0.023 Sv, the net volume tranpsort at the 

mouth of the strait is not different from zero but the transport at the mid

strait section is significant. The magnitude of the error bound is half as 

large as the net transport value of -0.05 Sv for 1975. The justification for 

using the error bounds of Godin et al. (1981) is twofold. The geographic 

location of the oceanographic section for Godin et al. (1981) is very close 

to the 1975 section location so the cross-sectional area used to calculate 

the transports for each layer should be similar. Also, although Godin et 

al. (1981) deployed a larger number of current meters across the section, 

they encountered problems in current meter serviceability for the lower 

layer which effectively produces the same type of errors due to sparseness 

of data as does the deployment of just a few reliable current meters as was 

the case in the lower layer for 1975. 

The net heat flux is -0.1227 X 1013 Watts. Qualitatively, the results 

of this study agree with Waldichuck (1957), who showed that the Strait of 
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Georgia is a heat source to the Pacific Ocean. The sign of the net heat flow 

is in agreement with his results. The net salt flux obtained for this study 

is 95 x 106 kg S-l. 

The CTD profiles across the mouth of the strait illustrate a phe

nomenon commonly observed in estuarine waters. The salinity increases 

and temperature decreases in a step-like manner with depth, indicating 

that, in the upper layer, well mixed water is being successively overrun by 

a fresher, warmer water outflow. The density versus depth trace follows 

the salinity trace almost exactly, indicating that the density structure is 

salinity dominated. The density structure, derived from the CTD informa

tion gathered on 19 June 1984, shows the isopycnals are directed downward 

from the southern to the northern boundary, which is expected in the strait 

is in geostrophic balance. 

The calculated velocity shear (from CTD profiles) was compared to 

the observed velocity shear (from current meter velocities) to obtain a rough 

time scale over which the velocity structure, as inferred from the density 

structure, was representative of the mean velocity structure. Over three 

comparisons of one day, one week and the length of the collection period 

(about 40 days), it was found that the calculated velocity shear compared 

best to the observed velocity shear over the one day period (-5.2 x 10-3 

S-l versus -4.3 x 103 s-l although the comparison was not much worse over 

the one week period (-5.2 x 10-3 S-l versus -3.7 x 10-3 S-l). 
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The along and across-strait momentum equations were examined for 

Juan de Fuca Strait and, through scale analysis, it was determined that the 

relationship between the across-strait sea surface slope and the along-strait 

currents (the geostrophic balance) was the primary balance for the along

strait circulation. The momentum balance for the across-strait circulation 

was more complicated, involving the time acceleration and the z-component 

of the eddy viscosity. 

The method of geostrophic levelling of bottom pressure gauges (Gar

rett and Petrie, 1981; Petrie et al. 1988) was developed and tested at both 

the mid-strait and mouth of the strait sections. Linear regression was used 

to determine the line which best represented a scatter plot of measured ver

sus calculated sea level differences in a least squares sense. The regression 

intercept was the geostrophic levelling parameter where a positive intercept 

meant that the south gauge was higher than the north gauge relative to a 

level surface. The regression slope was the measure of geostrophy where a 

value of +1.0 indicated perfect geostrophy while zero or a negative slope 

showed that either the sea surface slope was not well represented by the 

bottom pressure differences or the current meters were not located in the 

surface layer. 

The geostrophic levelling results showed favourable results in only 

one of six tests conducted with various combinations of bottom pressure 

differences and mean currents at both sections. The measured sea level 
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difference using the shallow pressure gauges (TG1 minus TG3) and the 

calculated sea level difference using the shallow current meters along the 

mid-strait section assuming geostrophy showed the best relationship, as 

indicated by a slope of +0.63. In all of the other comparisons, it was found 

that either the sea surface slope was not well represented by the bottom 

pressure differences or the current meters were not located in the surface 

layer so the mean velocities were not related to the sea surface slope. 

For the only test in which geostrophy was shown to be of importance 

for the mean circulation (Test 1), the intercept was 4.44 c:n, meaning that 

the south gauge (TG3) was higher than the north gauge (TG1) by 4.44 cm 

relative to a level surface. The accuracy of the intercept was given by the 

95% confidence limits were ±0.23 cm. Garrett and Petrie (1981) observed 

that the 95% confidence limits were considerably smaller in magnitude than 

the standard deviation of a trigonometric level crossing ( a survey technique) 

for the Strait of Belle Isle, implying that the accuracy of the intercept was 

better as well. There was no surveying information available for comparison 

at Juan de Fuca Strait. 

A linear regression equation was calculated between daily mean val

ues of net volume transport and sea level difference at the mid-strait sec

tion. The regession equation provided a satisfactory model for predicting 

the volume transport from the sea level difference. Inserting a value of 

-0.259 cm (the observed mean difference between TG 1 and TG3 over the 
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collection period) into the regression equation yielded a net transport of -

0.0508 Sv. This compares very well in sign and magnitude to the observed 

net transport of -0.05 Sv (±0.023 Sv) for the mid-strait section. 

Cross-spectral analysis techniques were used to examine a number of 

current meter, pressure difference and volume tranpsport realtionships over 

the frequency range of 0 to 0.8 cpd. 

The power spectra determined for the current meter and pressure 

difference time series at the mid-strait section and in the current meter 

time series for the mouth of the strait section revealed that most of t' le 

spectral power (85 to 90%) was concentrated in the lowest two frequency 

bands (periods of 14.2 and 5.3 days respectively). Comments made on the 

coherence and phase of the pairs of time series were restricted to the values 

for those frequency bands. 

The residual along-strait flow variability at various measurment po

sitions across the strait was examined using 3 techniques, calculation of the 

correlation coefficients at zero time lag, linear regression and cross-spectral 

analysis. The correlation coefficient gave an indication of the overall rela

tionship between the time series while cross-spectral analysis indicated the 

relationship over the frequency range of interest. The slope of the calculated 

linear regression equation was interpreted as a measure of the horizontal (or 

vertical) uniformity of the fluctuations in the time series being compared. 

A value of one meant perfect uniformity while zero meant no uniformity 
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III the fluctuations. Values greter than one meant that the fluctuations 

were greater in the second time series than in the first. A negative slope 

was interpreted to mean that the fluctuations of each time series were in 

opposition in some manner. 

In comparing 15 different pairs of mid-strait current meter time series, 

the correlation coefficients were rather low overall; this observation was 

mirrored in the low coherence exhibited between the same pairs of current 

meters. Of a total of 30 comparisons (15 for the lowest and 15 for the 

second lowest frequency band) onl:' 12 comparisons showed coherences that 

were significant. There was no consistency in coherence versus horizontal 

distance or coherence in one band implying coherence in the second band. 

This supports the observations of low coherence between residual along

strait time series made by Fissel (1976). The generally low values of the 

regression slopes meant that there was little uniformity in the fluctuations 

among the shallow current meters in the mid-strait section. 

At the mouth of the strait, low correlation values were observed ev

erywhere except for current meters in the seaward residual surface flow 

along the northern boundary and those in the weakly seaward residual flow 

throughout the water column at mooring VJ3 along the southern bound

ary. The three current meters in the surface flow along the northern half 

were well correlated, as indicated by the high correlation coefficients, high 

coherence values and near uniform phase values. Using VJ1030 as a basis 
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for comparison, fluctuations in the current at VJ2030 were 0.6 times as 

large however at VJI050, they were 1.23 times as large. The fluctuations 

in the northern boundary flow were poorly correlated to the rest of the 

along-strait flow fluctuations across the strait. 

The weakly seaward flow through the water column along the south

ern boundary was also poorly correlated to the flow at VJ2 through low 

coherences and correlation coefficients. The flow at VJ3030 was correlated 

to VJ3050 and the flow at VJ3050 was somewhat correlated to the flow 

at VJ3100 but VJ3030 was not correlated to V.-T 3100. The linear regres

sion results were conflicting and the uniformity of the vertical fluctuations 

was shown to be dependent upon the current meter chosen as a basis for 

comparison. No useful information was revealed by the regression slopes. 

The coherence between the shallow mean along-strait residual flow 

and the shallow residual pressure difference time series for the mid-strait 

section was high over the frequency range 0 to 0.3 cpd and the phase was 

about -180° meaning that the fluctuations in each time series acted in 

opposition. This was visually observed in a comparison of the two time 

series. Since the pressure difference accounted for a large portion of the 

variance of the along-strait flow, the two time series were judged to be well 

related, supporting the geostrophic levelling results for Test 1 of Chapter 

4. On the basis of the accumulated evidence, it was concluded that the 

residual across-strait pressure differences were a good measure of the mean 
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residual along-strait velocity' near the surface. 

The coherence and phase results for the net volume transport and 

residual across-strait pressure difference time series are somewhat similar to 

those obtained for the along-strait flow and pressure difference time series. 

Significant coherence was obtained in only the lowest frequency band and 

it was concluded that the residual pressure difference was not as good a 

measure of the net volume transport as it was of the mean along-strait 

near surface residual velocity. 

The lJIlplitude ratio (the square root of the energy ratio of the near 

bottom to near surface low-passed along-strait currents) was calculated for 

moorings 131 and 135 at the mid-strait section and for all three moorings 

at the mouth of the strait. Together with the phase, the values gave an 

indication of the barotropic or baroclinic nature of the current fluctuations 

with frequency along the section. The criteria for classifying the fluctua

tions as barotropic were an amplitude ratio near unity and a uniform phase 

over the frequency range of interest. All flows not meeting both criteria 

were classed as b aro clinic. 

At the mid-strait section, the amplitudes of the near-bottom currents 

were approximately 55% of the near-surface currents. Although the general 

trend showed an increasing amplitude ratio with increasing frequency, the 

trend was not smooth at all. This is in contrast to Toulany et al. (1987) 

who observed a nearly linear increase in the amplitude ratio with increasing 
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frequency for the Strait of Belle Isle. In Toulany et al. (1987), the phase 

was nearly uniform (±200) about the zero phase mark while for the 1975 

mid-strait data, the phase was quite erratic, varying from + 180° to -180°. 

The conclusion was that the along-strait flow at the mid-strait section of 

Juan de Fuca was baroclinic at all observed frequencies. 

Essentially the same results were obtained for the mouth of the strait 

section. The criteria of constant phase and an increasing amplitude ratio 

towards one with increasing frequency were applied to seeif the current 

fluctuations at any of the three moorings showed a trend to being barotropic 

with increasing frequency as observed for the Strait of Belle Isle. Although 

the three moorings exhibited one or the other of the two criteria at specific 

frequencies, none of them showed both criteria consistently enough to be 

classed as barotropic. Therefore the flow fluctuations at all three moorings 

were classified as baroclinic. 

Toulany et al. (1987) used their amplitude ratio and phase results 

to support a simple dynamical model of flow variations and influencing 

factors for the Strait of Belle Isle. The decreasing amplitude ratio with 

decreasing frequency and constant phase over the frequency range indicated 

that the along-strait flow became increasingly baroclinic ("spundown") near 

the bottom due to bottom friction leading to an internal readjustment of 

the mass field. 

The results of this study clearly show that the dynamical model of the 
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Strait of Belle Isle is not applicable to Juan de Fuca Strait. The hypothesis 

upon which the model is based is not a valid explanation for the internal 

readjustment of the mass field in Juan de Fuca. This is more likely due 

to density variations with depth caused by the estuarine circulation that 

dominates the residual flow. None of the moorings at either the mouth 

of the strait or the mid-strait section showed a uniform increase in the 

amplitude ratio with increasing frequency nor a uniform phase over the 

frequency range of interest. Amplitude ratios of greater than one at the 

mouth of the strait show that there is more energy at the deeper than 

shallower depths at certain frequencies. 

The along-strait residual flow at the mid-strait section represents a 

normal view of the mean estuarine circulation in a strait where the flow 

near the surface is primarily in geostrophic balance. 

The observations across the mouth of the strait indicate that there 

are two regimes or two areas where different influences are exerted upon 

the along-strait flow. This is clearly indicated in the residual mean flow 

structure where in the northern half of the strait, the structure is clearly 

defined, with a strong outflow in the surface layer and a modest inflow 

in the bottom layer. At the southern boundary, the mean residual flow 

structure is much weaker than in the northern half and is seaward at all 

depths. Correlation coefficients and cross-spectral analysis also show these 

two areas to be well correlated within each region but poorly correlated to 
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flow elsewhere. The geography of the mouth of the strait shows that the 

northern boundary is regular while the southern boundary is very close to 

a radical change in the direction of the coastline. Therefore it is expected 

that the surface flow along the northern boundary will, within limits, be 

influenced by the same momentum balances which acted upon the flow 

further upstrait. However, the surface flow at the southern boundary, being 

within one internal Rossby radius (~ 8 km for Juan de Fuca) of the change 

in direction of the coastline, has not had time to adjust to the factors 

v hich influence the flow well within the strait (the geostrophic balance). 

In modelling the along-strait flow of Juan de Fuca Strait, the forces which 

influence the flow in both regimes will have to be taken into account. 
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Appendix A 

The appendix outlines the statistical procedures used in this study. In 

Chapter 4, the procedures include the mp.thod of linear regression (least 

squares fit to a scatter plot of data) and calculation of the 95% confidence 

intervals for the intercept and slope. In Chapter 5, the 95% noise level or 

level of null hypothesis is determined for the coherence plots as well as the 

95% confidence interval for the coherence and phase. 

A.I Linear Regression 

Linear regression is used to develop an equation for each of the three 

scatter plots that provides a "best fit" solution to minimizing the sum of the 

squared deviations of the measured to the calculated sea level differences. 

This method is also known as a least squares fit. The following description 

of the method is summarized from Bendat and Piersol (1986). Given a 

model of the form y = A + Bx, the coefficients A and B are determined by 

first noting the deviation of the measured values from the predicted values, 
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that is: 

The sum of the squared deviations is given by: 

N 

Q = 2:(Yi - A - BXi? 
i=l 

As the method calls for the minimization of the sum of the squared devia-

tions, the fit is obtained by making 

8Q = 8Q =0 
8A 8B 

While there are a number of ways to calculate A and B, the method given 

below is simply an application of Cramer's Rule to two simultaneous equa-

tions. 

A = (I: x 2 I: Y - I: xy I: x) 
(I: x 2 - (I: X )2) 

B = (I: xy - I: x I: y) 
(I: x2 - (I: X )2) 

(A.l) 

(A.2) 

A and B are interpreted as the intercept and slope of the regression equa-

tion. 

There is no specific reason for choosing to x as the independent vari-

able and y as the dependent variable. A regression could also be done by 

switching the variables to calculate x = A + By. 
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A.2 Confidence Intervals (Intercept/Slope) 

The 95% confidence intervals for the slope of the regression equations are 

obtained from Garrett and Petrie (1981) who take the hypothesis that the 

slope is actually some value M and can be transformed into uncorrelated 

variables V = MX + Y and W = MX - Y. The confidence limits on the 

correlation of V and W using n independent variables is then determined 

using a student-t distribution. For large numbers ofindependent variables, 

(n), the 95% confidence interval can be obtained by multiplying the calcu

lated regression slope value by 1±2(1 - r2)1/2n -l/2 where r is the sample 

correlation coefficient given by the following equation: 

Exy - nxy 
r= ~----~~~--~--~~~ 

((E x2 - nx2)(E y2 - ny2))1/2 
(A.3) 

The sample correlation coefficient will lie between -1 and 1, having either of 

those values when a perfect linear relationship exists between the two vari

ables. Otherwise the non-linear relationship or data scatter will force the 

correlation coefficient towards zero. The sign of the correlation coefficient 

will agree with the sign of the slope of the regression equation. 

The 95% confidence interval for the intercept is determined by first 

calculating the sample standard deviation of the observed values of the 

intercept Yi about the predicted values (Yi = A+Bxi). This is done through 

the use of the following equation: 

s.~ = [n 1 2 (LY' -ny') - (Zi:X:, ~ :;;n r 
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Then the 95% confidence interval of the predicted value y associated with a 

specific value of x (in each case we are looking for 95% confidence interval of 

the predicted value of the intercept when the value of the measured sea level 

difference (xo) is equal to zero). The equation for the confidence interval 

(ci) is: 

. Xo -x [ 
1 ( -)2 ]1/2 

C~ = Sylztn- 2;a/2 n + (E x 2 _ nx2 ) (A.4) 

where tn - 2;a/2 is obtained from a student-t distribution (a = 1 - .95). 

A.3 Level of Significance 

It is desire able to determine if a nonzero value of the sample correla

tion coefficient (r zy) truly reflects the existence of a statistically significant 

correlation between the two variables. This is because the true underlying 

correlation (pzy) is based on a sample (n) population of variables drawn 

from the total population. To accomplish this aim, it is hypothesized that 

Pzy = 0, meaning that it is believed that there is no correlation between 

the pair of variables. From Bendat and Piersol (1986), the accuracy of r xy 

is evaluated using a particular function of rxy given by: 

w = ~ln [1 +rx y] 
2 1- r xy 

The mean and variance of the random variable ware: 

- ~ 1 [1 + PXY ] 
J-tw - 2 n 1- Pxy 
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2 1 
0' =-

w n-3 

and the sampling distribution of w, given that pxy = 0, is normal with 

II. = 0 and variance 0'2 = _1_. Therefore, the acceptance interval for the r-w w n-3 

hypothesis is: 

[ vn=a [1 + rxy] ] -Za/2 < 2 In 1 _ r xy < Za/2 (A.5) 

where z is the standardized normal variable. If the value falls between 

the interval, then the hypothesis of no correlation is accepted; otherwise 

the hypothesis is rejected and it can be concluded that there is statistical 

correlation at the a level of significance. 

The procedure for determining the interval (±Za/2) is as follows: 

a) make the hypothesis: h = ho • 

b) determine the alternatives: h < ho, h > ho, h 1= ho. 

c) choose a level of significance a. 

d) select the appropriate test statistic (/-L, 0'2) and establish the accep

tance region. The acceptance region is determined by finding the 

level of significance a/2 in a table of areas under the normal curve 

and noting the accompanying z. For example, given a = 0.05, then 

a/2 = 0.025 and, from the table of area under the normal curve, this 

corresponds to an lower limit of z = -1.96. The upper limit 1 - a/2 

= 0.975 corresponds to z = 1.96. 
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e) compute the value of the statistic from a random sample of size n. 

f) make the conclusion, rejecting the hypothesis if the statistic has a 

value in the area outside of the acceptance region; otherwise accept 

the hypothesis. 

A t-.!st is significant if the hypothesis is rejected at the 5% level of 

significance (a = 0.05) and is highly significant if the hypothesis is rejected 

at the 1 % level of significance (a = 0.01). 

A.4 95 % Noise Level 

The dashed horizontal line appearing in the coherence plots specifies the 

95% level of null hypothesis h~) or the 95% noise level (Chang et al. 1976). 

The equation 

where 1 - a = 0.95, M = 2/(v - 2) and v is the degrees of freedom, 

represents a hypothetical coherence function estimate between two time 

series which have zero coherence. The coherences between the two time 

series are compared to the 95% noise level and when they fall below the 

dashed line, the coherence has a less than 95% probability of being different 

from zero. The dashed horizontal line can never be equal to zero because 

the time series in question are of a finite length. 
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A.5 Confidence Intervals (Coherence/Phase) 

The 95% confidence intervals for the coherence function is estimated 

using the method outlined in Bendat and Piersol (1986). The normalized 

random error of the coherence function estimate (Cr) can be estimated using 

i';y in place of the true (but unknown) coherence function --Y;y where: 

nd is the number of averages used to estimate the coherence function be

tween two time series. The 95% confidence interval of any unknown true 

value --Y;y based on any single estimate i';y is: 

(A.6) 

The 68% confidence interval is: 

(A.7) 

The 95% confidence interval for the coherence should not be confused 

with the 95% noise level as they are two separate entities. The confidence 

intervals are used to determine the range in which a particular value of the 

coherence has a 95% chance of falling. The 95% noise level is applicable 

to the overall coherence between the two time series, indicating that those 

values above the dashed line have a 95% probability of being different from 

zero. 
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The 95% confidence interval for the phase spectrum, obtained from 

Jenkins and Watts (1968), is given below: 

() ± arcsin 
2 1- ",,2 f Ixy 

--2 .05,2,11-2 ~ 2 
V - Ixy 

The confidence interval is dependent upon the coherence associated with a 

particular phase angle, the number of degrees of freedom associated with 

the smoothing of the output spectrum and 1.05,2,11-2, the upper 100(1 -

a)% point of the 12,11-2 distribution where a is 0.05 for the 95% confidence 

intervaL 
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