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Currents and temperature were measured continuously above

the continental shelf off Oregon during four periods lasting 25 days

each. The data were obtained in July, September, and October of

1965 and in February 1966. Data are described using, where appro-

priate, elementary statistics, progressive vector diagrams, co-

variance functions, and power spectra.

In July and September the waters above the Oregon continental

shelf were well stratified and shear existed between currents at 20

and 60m; this was true not only for the mean flow, but for low fre-

quency and tidal currents. In February, when conditions were nearly

isopycnal between 50 and 75m, currents at 50m were similar to cur-

rents at 75m for all frequencies studied.

Northerly currents were common and dominated September and
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October flow. In July, flow at 10, 20 and 60m was usually to the

south. Mean speeds varied from 13 cm sec' to 27 cm sec. Flow
was usually parallel to local topography.

Variations with a period of about one week dominated most low

frequency (0 to 0. 5 cpd) data. Low frequency variations of sea level

and longshore velocity were in phase. A geostrophic current width of

75 km was obtained from the relationship between sea level and long-

shore velocity in July and September. For frequencies less than 0. 2

cpd, sea level and longshore wind were in phase; an increase of one

m sec' of southerly wind was associated with a one cm rise of sea

level.

Spectra of sea level had bands of energy at one and two cpd.

Current velocity spectra had, in addition to significant one and two cpd

energy, a peak at the inertial frequency, 1 . 4 cpd. Inertial currents

were associated with storm passage. Temperature spectra for July,

September, and October lacked well defined peaks at one and 1 . 4 cpd

and were dominated by energy at two cpd. The amplitude of the two

cpd temperature oscillation required considerable baroclinic response.

High frequency (7-144 cpd) temperature spectra had significant

peaks near two and four cph. Further, at a given depth, values of

energy density were inversely proportional to the temperature gradi-

ent; this indicates that weak vertical stability enhanced high frequency

oscillations.
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DESCRIPTION OF MEASUREMENTS OF CURRENT VELOCITY
AND TEMPERATURE OVER THE OREGON CONTINENTAL

SHELF, JULY 1965-FEBRUARY 1966

CHAPTER 1. INTRODUCTION

This is a descriptive study contributing to our understanding of

the physical oceanography of the sea over the Oregon continental

shelf.

The continental shelf and its overlying sea constitute a border

between the continent and the ocean. The waters of the shelf must

certainly be derived principally from the adjacent ocean, and on the

shelf rivers add fresh water, sediment load, and man's wastes. The

momentum of the ocean waters is transferred to the shelf where

shallow water and variegated topography serve to rechannel flow and

to dissipate energy. Above the continental shelf waters, winds are

modified by adjacent land masses so that wind stress on the shelf sea

may differ considerably from wind stress on the adjacent ocean.

Tides are important on the continental shelf, often affecting water

flow and water properties in complex ways. Understanding these

processes and their interactions is not an easy task.

The complexity of shelf processes is somewhat offset by the

availability of the shelf to man. Incentive is provided by the major

fisheries and mineral deposits which are found on the shelf, as well

as in recreational and military requirements. However, along the



Pacific coast the lack of good ports, fog and other bad weather, and

low population density have discouraged use and study of the con-

tinental shelf and its sea.

The basis for this study are four 25-day time series of tern-

perature and current velocity obtained in July, September, and

October of 1965 and in February 1966. Time series of current veloc-

ity are described, in part by use of progressive vector diagrams.

The data are split into three sets, each set pertaining to one fre-

quency domain, by numerical filtering. The low frequency domain,

from zero to one-half cycle per day (cpd), is described using auto-

covariance and cross-covariance functions; transfer functions are

used to investigate relationships between variables. The inter-

mediate frequency domain, from one-half to seven cycles per day,

is described using power spectra, cross-spectra, and traditional

harmonic analyses. In the high frequency domain, from seven to

144 cycles per day, only temperature variations are studied and

power spectra are used.



CHAPTER 2. LITERATURE REVIEW

George Davidson was the first to describe ocean currents along

the Pacific Coast. His work, which he did from 1865 to 1906, is

summarized by Jones (1918):

. . Professor Davidson concluded that there existed, from
50 to 100 miles offshore, a southerly setting current of
unknown width and velocity and that inside of this, following
closely along the general trend of the coast was a northerly
setting current which he named the 'Davidson Inshore Eddy
Current.

. The data on which Professor Davidson's conclusions
were based were necessarily meager. He had observed
such northerly setting currents at various anchorages while
engaged on survey work along the coast, and had also ascer-
tained that logs of the redwood (which does not grow north
of California) were frequently found on the shores of
Washington, British Columbia, and even Alaska, the wood
being well known to the natives of these regions.

Professor Davidson was too good a scientist to attempt
to promulgate a theory more definite than was justified by
the available data and there is, so far as known, nothing to
indicate that in naming this current he had in mind anything
more than a general tendency to a current flowing in a
northerly direction, which tendency might at any time
disappear or be reversed by the prevailing weather condi-
tions.

Jones concludes, from Davidson's work and further measure-

ments of ships' drift, that ". . . in the summer months when the winds

are northwesterly, the tendency of the current is toward a southerly

set, and in the winter when the winds are southeasterly to south-

westerly, the currents will in general be northerly."
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The prevailing equatorward flow which dominates the surface

waters off the west coast of the United States is termed the California

Current. Measurements of ship&drift have indicated that the width of

the California Current is about 300 miles and that its average speed

is about 0.2 knots (USC&GS 1951). Measurements ofships'drift have

also indicated that the current extends from 50° N to 30° N although

north of 450 N the set is usually northward from November through

February (USC&GS, 1951). The depth of the California Current,

inferred from the distribution of temperature and salinity, is less

than 500m (Wooster and Reid, 1963). When compared with other sur-

face currents of the world, the California Current may be character-

ized as broad, slow and shallow (Wooster and Reid, 1963).

Recent studies of Oregon State University have directly meas-

ured the current off this coast. Stevenson (1966) reported on current

measurements made with parachute drogues 45 miles west of New-

port, Oregon (44. 70 N). Direction of flow was variable with speeds

usually 5 to 10 cm sec'. The net drift was slow and to the south at

all depths from the surface to 500m (Stevenson, 1967). Lee (1967)

computed meridional geostrophic flow from 65 to 165 miles west of

Newport using the well known dynamic (geostrophic) method. He

found weak and irregular currents, generally 5 cm sec or less,

and an average close to zero. However his computations indicated

a seasonal pattern: within 105 nautical miles of the coast, flow was
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southward in summer, northward in winter; beyond 105 nautical

miles, flow directions were reversed.

From September to April, a northerly flow may occur near-.

shore and is called the Davidson Current (as noted above).

Schwarzlose (1964) has used drift bottles to infer that

the Davidson Current develops along the Washington and
Oregon coasts in September, first close to shore and later
widening. By October, it appears as far south, as Point
Conception. The countercurrent appears to be at least 50
miles wide and with speeds of at least 0.5 to 0.9 knots for
distances of several hundred miles. . . . In the spring, the
process is reversed. The countercurrent disappears in
April off central California and in May off Oregon and
Washington.

Similar results were obtained by Reid and Schwartzlose (1962) who

measured the Davidson Current off central California with parachute

drogues: in October northward flow was irregular but in January

northward flow was well established. Burt and Wyatt (1964) interpret

drift bottle returns from 165 miles west of Newport as evidence that

the Davidson Current may extend offshore to this station; they also

indicate that the Davidson Current may flow as far north as 50° N.

The cause of the Davidson Current is obscure. Although Munk

(1950) attributed the current to the curl of the local wind stress,

Reid and Schwartzlose (1962) have shown that off central California

the Davidson Current begins before the winds shift from the north-

east and remains after they shift back to the northeast. Data pre-

sented by Burt and Wyatt (1964) indicate that the Davidson Current off



Oregon was a direct result of local wind stress. Marmer (1926) found

that the direction of nontidal flow at the Columbia River Light Vessel

was well correlated with wind direction, i. e. northwesterly currents

were associated with southerly winds and southwesterly currents

with the northerly winds (the westerly component of current was due

to river discharge). Sverdrup, Johnson, and Fleming (l942) sug-

gested that the Davidson Current might be a surface manifestation of

the subsurface California Countercurrent.

A subsurface countercurrent, the California Countercurrent has

been observed off the California coast (Reid, 1962). It appears to

extend northward along the Oregon coast as a tongue of warm salty

water; this is shown by geopotential charts constructed by the Norpac

Committee (LD400/l000) (1960) and Dodimead, etal. (D20O/l0O0

and D5OO/l000) (1962), among others. Reid's measurements (1962)

with drogues indicated that the countercurrent lay adjacent to the

coast, extended seaward for 60 miles, and had a maximum velocity

of 0.44 knots at its center. Direct current measurements reported

by Stevenson (1966) did not reveal the presence of any strong perma-

nent subsurface current off Oregon. The cause of this subsurface

countercurrent is not understood (Reid, etal. , 1958).

Concepts of a zonal flow pattern for the Oregon coast involve

the phenomena of upwelling. Upwelling has been defined by Smith

(l964)Y
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Upwelling. . . (is). . . an ascending motion of some
minimum duration and extent by which water from sub-
surface layers is brought into the surface layer and is
removed from the area of upwelling by horizontal flow.

Along the Oregon coast upwelling is the result of northerly winds

whichtransport surface water offshore.

The zone between upwelled and nonupwelled water forms a

surface front across which density, temperature, and salinity change

abruptly (Collins, 1964). The circulation pattern associated with an

equatorial front is illustrated in Figure 1; surface convergence,

sinking within the front, and divergence at depth have been observed

(Cromwell and Reid, 1956). Although the Oregoncoastal front is

less intense than equatorial fronts, the circulation pattern should be

similar.

In many cases meridional gradients can be neglected when

examining a time series of zonal hydrographic sections, such as

Figure 2 or Figure 3. Then changes in area between isograms of

conservative properties, such as temperature, salinity, specific

volume, etc. , can be interpreted as onshore or offshore flow. Smith,

Pattullo, and Lane (1966) have deduced the zonal current pattern for

an early stage of upwelling off the Oregon coast from changes of

isograms of temperature and salinity (Figure 2). They found off-

shore flow at the surface and at 50 meters and onshore flow at 20

meters and 100 meters; the ZOm onshore flow might not have occurred
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Curie, 1953).
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and may be an effect of mixing (Smith, Pattullo, and Lane, 1966).

Collins (1964) has computed zonal flow in surface and

pycnocline layers off Newport due to displacements of sigma-t sur-

faces 25.5 and 26.0. He found offshore flow in the surface layer

from May to mid-October, onshore flow from mid-October to

January, and a period from February to April in which no significant

onshore-offshore flow occurred. Flow within the pycnocline layer

was usually in the same direction as that in the surface layer. Rates

of flow were small, about one cm sec' (Collins, 1964).

The zonal circulation pattern deduced for an upwelling front in

the Benguela Current is illustrated in Figure 3 (Curie, 1953). Note

that Figure 3 extends offshore to a distance of 175 miles and that

Figure 2 extends offshore only 35 miles. Curie (1953) noted a sur-

face convergence with vertical circulation similar to an equatorial

front at a distance of 75 miles from the coast; a region of surface

divergence was observed further offshore. Near the coast, circula-

tion was similar to that obtained by Smith, Pattullo, and Lane (1966).

Stevenson (1966) found that mean zonal transport 45 miles west

of Newport reversed direction in the pycnocline (the pycnocline was

between 100 and ZOOm). In the surface layer the transport was

toward the east; below the pycnocline the transport was toward the

west. Within the pycnocline there was little east-west transport.

This indicates that a convergence zone existed within 45 miles of the



coast.
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In coastal water, tidal currents may dominate. Marmer (1926)

summarized surface current measurements made at the Columbia

River light vessel during 1915-1920; tidal currents were found to be

rotary, clockwise, semidiurnal, with a maximum velocity of knot

and with little diurnal inequality. Barnes and Paquette (1954) have

measured currents in deep water off the coasts of Oregon and

Washington with parachute drogues and a GEK; inertial currents

were observed to have an amplitude as great as 22. 5 cm sec' and

tidal currents (semidurnal) had an amplitude of between seven and

eleven cm sec1, Stevenson (1966) observed both tidal and inertial

currents in deep water off the Oregon coast; the former dominated

his data and speeds were 5-12 cm sec'.



CHAPTER 3. HYDROGRAPHY

Introduction

Pattullo and Denner (1965) have summarized the hydrography

of Oregon shelf waters:

Temperature decreases rapidly with depth only
in the upper layer; salinity increases rapidly with depth
to about 15Dm. (Below ZOOm, all gradients are small.
Temperatures decrease to 5 or 6C at 40Dm; salinity
increases to 34.0 or 34.1 %o). Lowest temperatures
and highest salinities at ZOOm occur during summer.
The annual ranges at this depth are approximately ZC
and 0.2 %o . Surface variations are much larger. During
1961 and 1962, temperatures 5 to 25 miles offshore
ranged from 6 to l7C with a mode between 10 and llC
and a mean of 11. 6C. Salinities varied from 18. 0 to
33.5%o with a mode between 32.5 and 33.0 but a mean
of only 30.96%.

These cool, low salinity waters reflect both the
water masses from which they are derived and local
modifications by climatic processes and mixing. Oregon
coastal waters are largely derived from Subarctic waters.

Local processes which modify the salinity appreciably are rainfall,

runoff (mainly from the Columbia River), and upwelling (Pattullo

and Denner, 1965).

Hydrographic Data

13

Density stratification varied from month to month. Representa-

tive data are illustrated in Figure 4. July profiles were averaged

from 25 hourly profiles obtained with BT casts and Frautchy bottles
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8 miles west.-northwest of Depoe Bay, Oregon. The seasonal

thermocline was well developed and resulted in a decrease in tem-

perature from 10. 4C at the surface to 7. 3C at 30m. A weak tern-

perature inversion resulted in a temperature maximum of 7.6 or

7. 7C between 40 and 60m. Below this depth the temperature de-

creased slowly to 7. 4C, The maximum salinity gradient occurred

between 20 and 40m (0.025 %o/m). The average surface salinity was

32. 4%o; the salinity at 60m was 33. 7%o; below 60m salinity increased

slowly.

Although the pycnocline was strongest between the surface and

lOm in July, it extended to a depth of 60 or 80m. The density

increased from 24. 8 sigma-t units at the surface to 26. 3 sigma-t

units at 60m (a gradient of 0.025 sigma-t units m1).
September profiles were constructed from 49 hourly profiles

obtained from BT and insitu salinometer casts on Stonewall Bank

(See Footnote 1). Gradients of temperature, salinity, and density

were less than in July. Water was warmer and saltier at each depth

than in July. Water above ZOrn was denser than in July; water below

20m was more dense in July than in September. In September,

maximum gradients occurred at depth: temperature decreased most

rapidly from 20 to 30m (-0.078C m1); salinity (0.021 %o m) and

'Exact positions are given in Table 2.
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density (0.0286 sigma-t units m') increased most rapidly from 20

to 30m.

February profiles were obtained from a hydrographic cast at a

station 25 miles west of Newport. The water was nearly homogeneous

between 30 and 125 m: 10.2C, 32.6%, 25.0 sigma-t units. This

water is fresher and warmer than water at these depths in July and

September. However a temperature inversion was maintained at the

surface by a freshening of surface water so that February surface

temperatures were colder than in July or September.

Summary

Density stratification varied from month to month. The largest

density gradient between 20 and 60m existed in July; this gradient was

slightly less in September. In February conditions were isopycnal

between these depths.

A temperature inversion was present at 40m in July. This will

complicate the interpretation of the time series obtained in July at

this depth.
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CHAPTER 4. OBSERVATIONAL PROGRAM

A sensor array consisting of current meters and thermographs

was moored off Depoe Bay in July 1965 and February 1966 and on

Stonewall Bank in September and October 1965.

Instrumentation

Current Meters

Current velocity was measured by Braincon type 316 Histo-

gram current meters (Braincon Corporation, 1965, and Sunbiad,

1965). Performance characteristics for the current meter are given

in Table 1. Current speed was sensed by a Savonius rotor; the out-

put of the rotor is integrated over the recording period (9 or 19

minutes2) on photographic film as arc length. The Savonius rotor

has two advantages as a speed sensor: (i) it is insensitive to small

vertical motions (Gaul, 1963) and (ii) output is nearly a linear func-

tion of speed (Sexton, 1964). However a disadvantage is that response

is omnidirectional and all horizontal motion contributes to speed.

Current direction is sensed by a vane which is about one

meter square. During the recording period, direction is continuously

The current meter takes an additional minute to reset itself.
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Table 1. Performance specifications for the Braincon Type 316
Histogram Current Meter (Braincon Corporation, 1965)

Current Speed Sensor
Speed Range
Calibration Threshold
Minimum Starting Velocity
Sensitivity

Current Speed Output
Sensitivity
Accuracy

Current Direction Sensor
Sensitivity

Current Direction Output
Sensitivity
Accuracy

Instrument Tilt Sensor
Tilt Range

Instrument Tilt Output
Sensitivity

Accuracy

Timing Mechanism
Accuracy

0.05 to 5 Knots
0.05 Knots (Minimum)
0.01 Knots
83 R.P.M./Knot

78. 85°/Knot
± 3% of Full Scale (5.0 Knots)
When used with calibration
curve and corrected for Tilt
when required, including total
error band

± 5° at 0.05 Knots

± 0.50

± 1° (± 0.3% Full Scale)

0° to 40°

± 0.5° Tilt, ± 0.5° Tilt
Direction
± 1. 0° Tilt Angle, ± 1. 0° Tilt
Direction

± 10 seconds/day, Rate
adjusted
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recorded on photographic film in a circular format.

The dimensions of the vane and the rotor are such that

response is complete for currents with a period greater than 30

seconds (Sunblad, 1965). Hence, for a 19 minute recording period,

the current meter determines (approximately) the mean speed and

the most frequent direction of at least 38 velocity vectors. For the

purposes of this study, this defines current velocity.

Note that this definition of current velocity (the mean speed

and most frequent direction) could differ considerably from the vec-

tor average flow during the recording period, especially if direction

varied a great deal. Since direction is recorded continuously, a

range for current direction can be obtained for each recording

period. If current direction is assumed to have a normal distribu-

tion during the recording period, then the range is about four stand-

ard deviations of direction (Sunblad, 1965). For ZOm currents in

July 1965, the mean value of the range of direction during the

sampling period was 420. Hence the standard deviation of direction,

during a sampling period, averaged 110. Similar values were

obtained in other months and at other depths. Since direction had a

low standard deviation during the recording period, it was acceptable

to consider the output of the current meter as current velocity.

The current meter also measures and records instrument

tilt,
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The rmog raphs

Water temperatare was measured by Braincon type 146

recording thermographs. These were fitted with .-ZC to +25C

mercury-in-glass thermometers. In this instrument the thermome-

ter is between a phosphorescent source and photographic film, so

that temperature is recorded as a thick dark line where the mercury

prevents film exposure. The film was advanced every five minutes.

The thermograph achieves 95% of final value in ten minutes

(Brainard, 1964). Thermometer readout accuracy is ± 0. 1C

(Brainard, 1964).

For any given thermometer, the lag coefficient, X , is

defined as the time required for a difference in temperature to be

reduced to 1/e of its initial value (Middleton, 1942). For the

Braincon thermograph, the lag coefficient is three minutes (Brainard,

1964). The frequency response of the thermograph, R(f), is given

by

22 2
IR(f)I (1+4w f X (3-1)

tan(-2fX)

(Holloway, 1958). For a frequency of seven cycles per day,

JR(f)I = 1.0

4 =5.0°
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and it is possible to neglect the effect of the lag coefficient for

frequencies less than seven cycles per day.

Instrument Arra

A diagram illustrating the system used to moor these instru-

ments is given in Figure 5. Details concerning the hardware are as

follows:

Subsurface Floats - Two 42-gallon hot water tanks bridled by

means of chain or flat bar cages; pressurized with 50 lbs

of air. When submerged, the depth of the top of the sub-

surface float was 15 meters.

Diesel-Filled Floats - Five Geodyne #B-322 mooring floats

filled with diesel oil and used to provide additional buoyancy

at depth.

Main Anchor - A 55-gallon drum filled with scrap steel and

concrete; total weight about 1350 lbs.

Ground Line - -inch non-rotating galvanized performed wire

rope; 400-700 meters of wire were laid between the main

anchor and the secondary anchor. The secondary anchor

was attached to the ground line with 1_inch pendants and

wire rope clips; the wire from the surface float to the main

anchor was continuous.
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Figure 5. Diagram of the instrument array.
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Secondary Anchor - Seven 35-lb shackles and one 25-lb

Danforth anchor.

Surface Float - Five air-filled PVC floats (Geodyne #B-322).

The surface float was provided with a 2:1 scope.

Components of the instrument array were fastened together with

7/16-inch galvanized chain safety shackles and 3/l6-inch6 x19

preformed stainless steel wire rope was used in the instrument

array. Half-inch swivels were used below the subsurface float and

the surface float.

Measurements

The sensor array was moored on the Oregon shelf on four

occasions.

July

The mooring was set at 44°51.3N, 124°15.31W in 60 fathoms

of water at 1700 PDT 11 July 1965 by the M/V Tide and re-

trieved by the M/V Tide at 0900 PDT 2 August 1965. Useful

data were obtained from current meters at 20 and 60 meters and

thermographs at 20 and 40 meters for the period 2140 PDT 12 July

to 0840 PDT 2 August. Current observations were made every 20

3 length of wire between anchor and floatscope depth of water
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minutes.

September

The R/V Yaguina set the mooring at 44°28. 9'N, 124°26. 7'W

at 2100 PDT 28 August 1965 in 40 fathoms of water. Retrieval was

accomplished by the Yaguina at 1515 PDT 24 September. Data were

obtained for the interval 0010 29 August to 1205 PDT 23 September

by current meters at 20 and 60 meters depth and by thermographs

at depths of 20 and 40 meters. Current observations were made

every 10 minutes.

October

The array was immediately remoored by the R/V Yaguina at

the September position. Only the current meter at 20 meters and

the thermograph at 20 meters operated, giving a data record which

extended from 2010 PDT 24 September to 2005 PDT 19 October. The

current meter cycled at 10 minute intervals and the thermograph

cycled at 5 minute intervals.

February

The array was set by the R/V Yaguina at 44°51.Z'N, 124°14.3'

W in 60 meters of water at 1200 PST 24 January 1966. The Yaguina

retrieved the array at 1245 19 February 1966. Current meters were
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placed at depths of 25, 50, and 75 meters and thermographs at 25 and

50 meters. All instruments yielded data from 1210 PST 24 January

to 1150 PST 19 February 1966 although the rotor on the 25m current

meter jammed. The current meters recorded at 20 minute intervals.

In July, September, and October, the sensor array was

moored within two miles of the oil drilling barge WODECO III. The

drilling barge served as a navigational aid, a shield against offshore

shipping, and also as a platform from which additional oceanographic

observations were made. In July and September, meteorological,

sea level, and ten meter current observations were made by Chevron

Research Corporation at the WODECO III (Burke, 1966). Meteoro-.

logical observations at the drilling platform Bluewater no. 2 were

provided by Shell Oil Company during September, October, and

February periods. Geographic coordinates for barge positions are

given in Table 2.

Table 2. Drilling barge positions

Barge Month Latitude, N

Position

Longitude, W Description

Wodeco III June-July, 1965 44°-13'-29" 124°-16'-41" off Depoe Bay

September, 1965 O_29I 47 124°-28' -54" on Stonewall Bank

Bluewaterno. 2 August-Oct., 1965 44°-13'-16.4" 124°-28'-11.4" on Heceta Bank

February, 1966 46°-02'-SO" 124°-29'-SS" near Tillamook
Head
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Data Processing

Processing of the data has been described by Collins, Creech,

and Pattullo (1966). The process of obtaining useful numbers from

analog records was arduous and time consuming. It was necessary

to optically project the analog film record and measure the quantities

recorded. These measurements, unprocessed data, were placed on

punched cards and processed by computer. The result was referred

to as uprocessedt data.

Processed data were plotted by computer; this was done at

Western Data Processing Center with program BMDO5D. Computer

plots were used to look for errors in the data. If an observation

differed appreciably from those which immediately preceded and

followed, it was checked by rereading the original film record.

No attempt was made to correct current meter records for

mooring motions. Neither were current meterrecords compensated

for the effect of surface swell.

Mooring Motion

The motion of an instrument array has been studied by Fofonoff

(1965, 1966) and by Paquette and Hendersen (1965). Paquette and

Hendersen (1965) studied a slack-line moor buoyed by a surface

float; the vertical displacement of the surface float (caused by surface
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waves) imparted considerable horizontal motion to instruments

attached to the line, even at depth. A taut-line moor buoyed by a

subsurface float overcomes much of this difficulty so we used a taut-

line moor.

Fofonoff (1965) considers a taut-line moor. Neglecting inertia,

and requiring horizontal drag force to be equal to horizontal

restoring force at the surface float, he obtains

l/Zp CDAV2 = FBrL' (3-2)

where p is water density, CD drag coefficient, A effective

mooring cross section, V water speed, FB float buoyancy,

r horizontal displacement of the float, and L mooring length.

Equation (3-2) can be written

whe r e

r = Ky2 (3-3)

K 1/ZpCDALFB'

The parameter K is a measure of the "softness" of a mooring.

From Table 3, the instrument array used in this study had a K

of 23 sec2cm'; Fofonoff (1965) states that deep water moorings with

good performance characteristics have a K of 5 to 20 sec2cm.



28

Table 3. Characteristics of the mooring

Components
(with fittings)

Weight
in air
(lbs.)

Weight
in water

(lbs.)

Cross-sectional
Are (A)

(ft ) Cd

Subsurface Float 2 138 -219 6.5 1.2
Subsurface Float 3 162 -195 6.5 1.2
Current Meter 95 67 2,7 1.2
Thermograph 23 6 .6 1.2
Diesel Filled Float 96 -15 2.1 0.6
One Foot of Wire .065 .053 .015 1.2

Since the current meter measures tilt, as well as speed, it is

possible (with Fofonoff's assumptions) to obtain an "observed" K

by regression (Equation 3-3). The robservedu value of K is 0. 5

sec2cm'. Differences between observed and computed K are

indicative of the degree to which Fofonoff's model approaches nature.

It seems that the model is a useful approximation and that the array

used in this study had good performance characteristics. Table 4

indicates that instrument tilt was minimized and supports the latter

view.

For low or intermediate frequency rotary currents, the ratio

of mooring speed r to current speed V0 is

1

r Zir[Kr 12

T
0
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where

T = rotation period of the current

r0 = an initial displacement

for Fofonoffs model (Fofonoff, 1965). For a semidiurnal tidal

current and an initial displacement of 875 cm,4

r

i.e. a 60 cm sec' rotary semidiurnal tidal current will be under-

estimated by 1 cm sec'. This effect is negligible.

Table 4. Instrument tilt

Month Depth Mean Variance Maximum
(m) (0) (°2) (0)

July 20 0.3 1.0 5.0
60 0.3 0.6 5.0

September 20 0.0 0.4 4.0
60 0.0 0.2 7.0

October 20 0.3 1.0 6.0
February 25 0.1 0.0 2.0

50 0.3 0.5 4.0
75 0.9 0.0 6.0

Read by Braincon Corporation.

4 0875 cm sin 5 x lOOm



Response to Swell

Extreme wave conditions occurred on 4 October when 18-24

foot, 10 sec waves were observed and on 5 February when 27 foot,

9 sec waves were observed. The former result in 56 cm sec, 5
sec horizontal speed oscillations at ZOm (using Airy wave theory);

the latter result in 21 cm sec', 44-sec horizontal speed oscillations

at SOm. It is important to know how the current meter might respond

to these motions.

The dimensions of the direction vane, lm by im, preclude its

participation in this motion. Variability of the direction vane and

tilt indicator were normal during periods of heavy sea conditions.

Gaul, Snodgrass, and Cretzler (1963) summarize their attempts

to determine the dynamical response of a Savonius rotor:

The Savonius rotor is a highly inertial device. Response
to acceleration can be several times fasterthan to. deceleration
(when the flow past the meter is stopped) and response factors
are strongly dependent on the magnitude of speed changes.

However they note that "when the (true) speed varied almost

sinusoidally with a period of roughly 4 seconds. . . the speed (mdi-

cated by the Savonius rotor) followed the mean trend but failed to

indicate the variations."

Speed data have been examined thoroughly for swell effects.

Since it is expected for current speed as well as wave height to
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increase with wind speed, a current speed-wave height relationship

is ambiguous. So a qualitative approach was used. Peak sea height

occurred at the same time as maximum wind and each led the maxi-
5mum of smoothed current speed by 8-16 hours (Table 5). In the

absence of wind, or with only light breezes, current speed seemed

independent of swell height, but in this case the amplitude of the

swell was seldom more than a meter. Hence, the effect of swell on

the current meter did not seem to mask most variations in mean flow.

5Current speed was smoothed to remove tidal and inertial
variations which would mask response to the slower buildup of
swell (equation (5-1)).



Table 5. Response of the current meter to swell, September-October, 1965

Date, time
Wind Maxima

speed
mph

direction
Swell Maxima

Date, time height
ft

ZOmSmoothed Current Maxima
Date, time speed

1cm sec

8/29, 1800 30 355 8/29, 2300 11 8/30, 0000 20. 1

9/16, 2130 30 335 9/16, 2200 9 9/18, 1200 7.7

9/23, 1200 30 020 9/23, 0800 12 9/25, 1200 10.4

10/2 , 1800 20 175 10/2 , 2100 8 none

10/4 , 1300 60 zoo 10/4 , 1300 21 10/5 , 0130 24.1

10/14, 0600 50 175 10/14, 0600 16 b/is, 1200 13.6
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CHAPTER 5. ANALYSIS METHODS

Progressive Vector Diagrams

Current velocity time series are graphically presented as pro-

gressive vector diagrams. Progressive vector diagrams, or vector

displacement diagrams, are constructed by plotting the locus of

N

It is convienent to think of a progressive vector diagram as a particle

trajectory, but this can be misleading. A progressive vector diagram

would coincide with a particle trajectory only in the special case

where the field of motion is independent of position over the spatial

scale of the vector diagram (Webster, 1964).

A vector average is defined

z 2
lvi = (i1 +V

= arctan (ii/T)

This is the vector which connects the origin and the final position of a

progressive vector diagram.
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Filtering Scheme

Two smoothed time series, (t) and (t), were obtained

from the original data, x(t), using a numerical cosine filter as

follows:
m

i Z(t_k)Ix(t_k)tmm+1 ,N-m+lZm+l Zm+1x(t) = [l+cos
k-m (5-1)

p

'+1: {
Zrr(t-k)x(t)= 1+cos ]x(t-k),t=p,p+1 ..... ,N-p+l

zp zp+l
k=-p

where

and

m = Z4 for xno. samples/hr.

p
no. samples/hr. = 5/6 for

Using (t), (t), and x(t) three 'new' variables were defined:

"1(t) ='(t)

y(t) = x(t) - x(t)

y(t) = x(t) -

Note that

(t) + (t) + y(t) = x(t)

The frequency response of the filter used to obtain '(t) is de-

fined



m
R(f) 2ni+l

Ziik1.+cos )cosZrrfk
2m + 1

k m

where frequency, f, is cycles per data interval (Holloway, 1958),

Similarily,
p

p+l
R.,(f) = 1+cos )cosZrrfkx zp+l

k =. p

Then

R(f) = R(f)
y x

R.... (f) = R,, (f) - R (f)
y x x

Ry(f) = 1 - R(f)

35

R, R, and RZ are plotted in Figure 6. The frequency cutoff

a filter is defined as the frequency at which R = e . R e is

indicated in Figure 6.

This filtering technique effectively divides the variance into

three frequency domains (i) the low frequency domain from zero to

one-half cycle per day ((t)); (ii) the intermediate frequency domain

from one-half to seven cycles per day ((t)) (iii) the high frequency

domain from seven to 144 cycles per day. This classification makes

sense physically. The low frequency domain includes response to

meteorological storms and long period shelf waves. The intermediate

frequency domain contains tidal and inertial variations. The high

frequency domain contains stability oscUlations. Each domain is
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studied with different statistical techniques and from different view-

poiits.

Spectral Analysis of Time Series

Introduction

Spectral analysis of time series is used to divide the variance

of a time series or the covariance of two time series into discrete

frequency bands. Oceanographers were introduced to spectral apaly-

sis of observations obtained at regular time intervals by Munk,

Snodgrass, and Tucker (1959). Spectral methods have since been

applied to many oceanographic studies including analysis of sea level

oscillations, temperature oscillations, and current velocity os cilia -

tiors. Spectral methods have been clearly reviewed by Yampol'skiy

(1965) and are in such general use that they have been presented in a

recent introductory oceanography text (Neumann and Pierson, 1965).
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Computational Procedure

For observed time series x(t), y(t) ...... , t = 1, 2 ...... ,N,

the mean was computed:

N1x(t)

then the autocovariance:
N =p

A() A A
C =C (pt) =C (T) = x(q)x(q+p),p=0,i,...,m,xx N-p

q=1 (52)
and the cross-covariance:

N-p
(P) x(q)y(q+p), p = 0,1,.... ,m (5-3)xy N-p

q=1

N-p
(-p) x(q+p)y(q), p = 0,1 ..... ,m.xy N-p L

q=1

Note that the variance is estimated by

AZ NA A=C (0)r'-C (0)x N-i xx xx

and that the correlation function is

A A A A

p (T) =C (T)[C (0) C (0)] (5-4)xy xy xx yy
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The correlation function satisfies the inequality

- 1 < p (T) < + 1 (5,5)xy

The beta coefficient is given by

A A A

ç)
= C ('r). [C (0)1_i (5-6)xy xx

(the beta coefficient is the change of y which corresponds to a

change of one unit of x).

From the autocovariance function and the cross-covariance

function were estimated the power spectrum,

m
(h) h71 A ()G G ( ) G (f) E C cos (5-7)xx m t p c m

p=0

the cospectrum,
m

(h) \' (C(P)+C) )cos (5-8)xy Trtjp xy xy m
p=0

and the quadrature spectrum,

m
'(h) (C(P)+CP))sin (5-9)xy p xy xy m

p=0

where h = 0, 1, Z ....... , m and
(1/2, p=O,

0<p<m
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The cross-spectrurri is defined as

rJ r.J

G (f) = X (f) + iQ (f) (5-10)xy xy xy

Since the variability of estimates (5-7), (5-8), and (5-9) does not de-

crease with increased sample size for constant N/rn, it is necessary

to smooth these estimates by "Hamming":

A
'o' '"o'G' ' = .540' ' + .46G'xx xx xx (5-11)

A (h "'(h-1 r\.4(h0' ' = 23G' ' + . 54G' ' + .230' 0 < h < rn
XX XX XX XX

(m) 540(m) + .46G(ml)
xx xx xx

From these smoothed estimates were calculated the coherence square

2(h) (X
A (h)2 A (h). A (h+Q )(G (5l2)xy xy xx yy

(note that 0 < yf) < 1 ),

the phase
' (h) -1 A (h)/(h)) (5-13)=tan (Xxy xy xy

and the transfer function from x(t) to y(t)

(5-14)

These quantities were computed with a "canned" program, BMDOZT,

at Western Data Processing Center (Dixon, 1962).
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The power spectrum measures the density of variance as a func-

tion of frequency. (It is usual to refer to the density of wariance as

!energy? density.) Specifically, Equation (5-7) estimates the propor-

tion of total variance of x(t) due to frequencies in a band, centered

around h/Zm oscillations per time interval, of roughly 1.3/rn

units of frequency in width (Hamon and Hannan, 1963). The estimate

of the power spectrum has a chi-square distribution with v degrees

of freedom, where
ZN

V =- (5-15)m

(Blackman and Tukey, 1958). Hence the interval

A A
G (f) G (f)xx xx

) (5-16
x(°.95) 2(O.O5)

V

A

is a 90% confidence interval for G (f) (Borgrnan, 1967). A peak
xx

in a power spectrum is significant at the 90% level if the background

spectrum (noise level) does not lie within the 90% confidence interval.

The noise level is estimated from values of energy density on either

side of the spectral peak.

The cross-spectrum is best interpreted by coherence square

and phase. Coherence square measures the strength of association

between two series at a given frequency in the same way as correlation
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describes the strength of association between two random variables

(Hamon and Hannan, 1963). The phase describes the phase lead or

lag of y(t) relative to x(t) at a given frequency (Hamon and

Hannan, 1963).

Coherence square (and the association between x(t) and y(t) )

is significant at the 90% level if

AZ 4
V >-xy V

(5-17)

(Roden, 1965). Further evidence that the relationship between x(t)

and y(t) is significant is provided by phase estimates. When phase

estimates are steady, or change slowly, from one frequency band to

the next, one has greater confidence in estimates of coherence square

and in estimates of the amplitude of the cross-spectrum. Unfortun-

ately, there is no quanitative test which uses this information.

For the system

input black outputf
x(t) box y(t)

the transfer function provides an estimate of the output y(t) by a

linear operation on the input x(t). The transfer function is impedance-

like and has an amplitude and a phase. For values of coherence

square greater than 0. 35, the 90% confidence interval for the transfer
A

function is a circle of radius r centered at H (f).xy
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AG(f)

2 2 AZ yyr (f) (F )[l-y (f)]v-Z Z,v-Z, 0.10 xy Ô (1) (5-18)xx

F22 0.10 = 10% point of an F-distribution with 2

and v-Z degrees of freedom

(Bendat and Piersol, 196.6).

The choice of m, the maximum number of lags, is a com-

promise between resolution thigh m and small bandwidth) and re-

liability (small m and a large v). Although in engineering it is

usual to maintain between 30 and 100 degrees of freedom (Bendat and

Piersol, 1966), in oceanography the use of eight or ten degrees of

freedom is not unusual (Sabinin and Schulepov, 1965). In this study

ten degrees of freedom were maintained in the low and intermediate

frequency domain. Twenty degrees of freedom were used in the high

frequency domain.

Misleading results in spectral analysis result from the lack of

stationarity of the original time series, quantization of the original

signal, aliasing, and limitation due to finite record length. A com-

ment by Borgman (1967) is pertinent:

In view of the many approximations and deviations
involved in most time series analysis (e. g. covariance-
stationarity, constant mean, instrument accuracy and
calibration, and data processing numerical approxima-
tions), one should not attempt to be needlessly precise
at this point. A tolerant attitude is more in keeping with
the realities of the analysis. If the variability of the es-
timate is extremely important, it would be better to study
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it by repeating the experiment a number of times or by
replication of data recording systems at different loca-
tions,

A 90% confidence limit was used as a significance test with low fre-

quency and intermediate frequency analysis. A 99% confidence limit

was used with high frequency temperature studies.

AmIitde Estimation

If a time series x(t) contains a sinusoidal constituent with a

period Zm/h time intervals, then the amplitude of this constituent,

A, may be estimated from the power spectrum as follows:

A 2rr [G(h)G(h)G(h+l)])1/2 (5-19)A mtt xx xx xx

This estimate of A agrees reasonably well with estimates of A

obtained from Fourier and least square analysis (Table Z3).

Estimation of Regression Coefficients

The transfer function is difficult to interpret and often a rela-

tionship of the form

y = x + a

is desired. 3 should contain as much of the informatian of the trans-

fer function as possible. It may not be possible to obtain a suitable

3 if the transfer function is strongly frequency dependent.
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Consider the special case where the phase between input and

output is either zero of 1800 for all frequencies.

Then
A A

b (f) = X (1) [G (f)] = H (f) (5-20)
Xy xy xx xy

Hamon and Hannan (1963) have described how the b (f) can be usedxy

to estimate :

Each of the quantities b(f) provides an estimate
of

1
and (substantially) this estimate uses the informa-

tion from the frequency band in an optimal fashion. How-
ever each b (f) is not equally useful as an estimate of
3, and indeelit will be obvious that those b(f) from
bands where the signal to noise ratio.. . is higli will be the
most useful. An estimate of this signal-to-noise ratio is

A

N(f) = C (f) IC (f). [2 (ffl1xx \yy xy

This suggests the formation of a weightedve rage of the bxy(f)

e (f) N(f)b(f)

b _______________ (5-21)
xy V' A

)E(f)N(f)
f

This is the proposed estimator of 3. Its variance may be
estimated as... (rn/N) times the reciprocal of the denominat-
or of. bxy. . . The statistic will be nearly normal when
N is large.
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Estimation of the Dominant Long Period Constituent

Sinusoidal variations were evident in all low frequency filtered

time series and a quanitative estimate of the period and amplitude of

these oscillations was desired. Time series were usually not suffi-

ciently long for the power spectrum to be of use, so the autocovariance

function, C (T), was used.xx
The autocovariance function of the onshore component of current

velocity at ZOm in July is illustrated in Figure 7. TI dominant per-

iod, Td, can be estimated by (i) the first lag at which Ct)
is zero, here Td = 4'T, (ii) the lag at which C(T) is a minimum,

here Td = ZT, and (iii) the lag at which C(T) is a maximum,

here Td = T. When possible, the third criteria was used.

The standard deviation, C(0)2, provides a rough esti-

mate of the rms amplitude of the constituent with period Td.

The correlation function at lag T has been defined (Equation 5-4).

For Td/4 < T < 5Td/4, minimum and maximum values of the cor-

relation function correspond to (ii) and (iii). The value of the corre-

lation function corresponding to (i) is zero.

It should be noted that this estimation of the dominant long per-

iod constituent is, in fact, a description of the autocorrelation func-

tion. To interpret the autocorrelation function in this manner is not

entirely correct and results may be misleading. It would be more
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accurate to regard the standard deviation as the rms amplitude of

the nriginti sic na1 and the correlation at lag Td a measure of its

dispersion or damping. However, amplitudes and periods obtained

seemed to adequately describe low frequency data in most cases.

Notation

V = ui + vj Current at depth z. Current direction is the direction

toward which the current is flowing.

T Temperature at depth z.

Sea Level. Measured at the Marine Science Center

in Newport with the tide gauge described by Swanson

(1965). "0" corresponds to 2.60m on the tide staff,

or 1. 13m above mean lower low water (USC&GS 1929

datum).

W = x1i + x2j Wind. Wind direction is the direction from which the

wind is blowing. For southerly winds, is positive;

for westerly winds, x1 is positive.

x, y, z Coordinate system. x is positive eastward, y posi-

tive northward, and z positive downwards. z is

measured in meters.
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Figure 7. Autocovariance of the onshore component of
current velocity at ZOm in July 1965.
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CHAPTER 6. ELEMENTARY ANALYSIS OF CURRENT VELOCITY

The current velocity observations are summarized using

progressive vector diagrams and elementary statistics.

Current Velocities

Velocity statistics are presented in Table 6. Modes were taken

from histograms presented by Collins, Creech and Pattullo (1966).

In constructing these histograms an interval of 20 was used for speed

histograms, an interval of 5 cm sec for u and v histograms,

and an interval of 100 for direction histograms. It should be noted

that means and principal modes seldom coincided and that all but one

direction histogram was bimodal. For direction, u and v this

is indicative of the fact that flow was usually longshore, either to

the north or south. Speed did not have a normal distribution.

July

Progressive vector diagrams are presented in Figures 8-11.

July current flow at 20 meters was southerly and nearly

parallel to local bottom topography. The average vector had a

direction of 1970. The vector average speed was 16. 5 cm sec at

20 meters and the mean speed was 21 cm sec. The direction

histogram for ZOm had a single mode at 215° which had a relative



Table 6. Current velocity statistics

Depth Number of Standard Principal Secondary
Date (m) observations Variable Mean Deviation Maximum Minimum Mode r.f.(%) Mode r.f.(%)

July 20 1472 Speed, cm/sec 21.0 7.5 49.8 5.7 15.7 4.9 17.7 4.2
u, cm/sec - 4,7 10.3 26.2 -30. 1 -12. 5 19.9
v, cm/sec -15.6 11.0 21.4 -49.7 -17.5 20.4
Direction, °True 215. 11.4

60 1472 Speed, cm/sec 13.3 3.5 29.5 5.7 12.2 13.6
u, cm/sec 1.4 6.8 17.7 -18.8 +2.5 27.5
v, cm/sec - 4. 1 11.2 22.2 -29.5 -12.5 30.5 7.5 14.9
Direction, °True 195. 9. 3 25, 4. 8

September 20 3672 Speed, cm/sec 13.8 4.8 43. 8 5. 2 9. 8 18.4
u, cm/sec 0.0 9. 1 31.0 -31.5 - 7.5 21.6 7.5 19. 3
v, cm/sec 0.8 11.4 28.2 -33.6 + 7.5 21.0 -7.5 14.7
Direction, 0True 25. 5. 7 225. 4. 5

60 3672 Speed, cm/sec 15. 4 5.2 42.9 5. 2 12. 8 14.5
u, cm/sec - 0.7 8.5 20. 5 -31.4 + 2. 5 20.4 - 7.5 17. 6
v, cm/sec 6. 1 12.3 35.8 -41.5 +12.5 25.9 -12.5 7.7
Direction, °True 005. 8.0 175. 2.5

October 20 3600 Speed, cm/sec 19.3 7.4 50. 5 5. 2 17. 1 12.2
u, cm/sec 1.2 13.5 49.0 -40.1 + 7.5 14.9
v, cm/sec 3.9 15.0 44.1 -49.0 +12.5 18.5 -12.5 9.6
Direction, °True 25. 6. 5 205. 2.9

February 50 1559 Speed, cm/sec 26. 3 14.3 73. 1 7.9 12. 2 5.0 40. 3 1.9
u, cm/sec - 3.4 9.3 28.7 -21.7 -12.5 24.1
v, cm/sec - 5.6 27.7 72.6 -55.9 -12.5 13,6 12.5 7.1
Direction, °True 195. 26.0 15. 9.1

75 1872 Speed, cm/sec 27.0 13.2 61.1 7.2 13.6 4.6 38.4 2.3
u, cm/sec - 4.6 9.8 24.4 -28.1 -12.5 20.2 7.5 12.1
v, cm/sec - 9.8 26.3 61.1 -53.2 -37.5 10.5 -12.5 10,2
Direction, °True 195. 18. 3 15. 7. 5

U,'0
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Figure 10. Progressive vector diagram for currents at
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frequency of 11.4%.

On July 14 and 15 currents at 40m were observed. Themean

current vector had an average direction of 2090 and a magnitude of

l6.Ocm sec'. The meanspeed was 17.6cm sec.
Current velocity at 60 meters was variable during July.

From July 13 to July 19, July 22 to July 24, and July 29 to August 1,

flow was southerly with a direction of about 1840 and an average
-1vector speed of 2. 3 cm sec . From 19 July to 22 July and 24 July

to 27 July flow was northeasterly (0 420) with a vector average speed

of 1.9 cm sec. Periods of northward flow at 60m corresponded to

periods during which the velocity at 20 meters was reduced in magni-

tude. The direction histogram for 60m wasbimodal with a principal

mode at 195° (9. 3%) and a secondary mode at 025° (4.8%). Flow at

60m was offshore during only one period, 29-30 July. The vector

difference between the average flow at 20 meters and the average
-1 oflow at 60 meters was 13.0 cm sec , 202

September

Flow was northerly at 20 and 40 meters in September. The

vector average flow at 20 meters was 0.8 cm sec, 000, and at

60 meters was 6.1 cm sec, 353. The difference of these vectors,

vetor average shear, was5.3 cm sec, 3520. Themeanspeed at

60 meters, 15.4 cm sec, was greater than that at 20 meters,



13.8 cm sec. The histograms of direction were bimodal.

When the array was installed on 28 August flow was southerly

at 20 and 60m with a pattern very similar to July flow. Currents at

60m then rotated to the west (offshore) and became northerly (as did

currents at 20m). Again on 16 September southerly, flow occurred

at 20 and 60m and again 60m current turned to the west and became

northerly. This contrasts with the behavior of July 60m currents

which always rotated to the east (onshore) to become northerly.

October

Currents were measured at 20m in October. Among the data

collected, October data exhibited the largest variance of the u

component, 182 cm2sec2 (compared to a minimum of 46 m2sec2

for July 60m flow). Vector average flow for October was 4.0 cm

sec1, 0180, and the meanspeed was' 19.3 cm sec. The principal

mode of the direction histogram was 025° (6. 5%).

February

Progressive vector diagrams of February data (Figure 11)

are notable for their geometrical similarity (despite failure of the

speed sensor at 25 meters), the degree to which flow paralleled

bottom contours, and the very large variance of the north-south

component of velocity. It is evident that there was little shear
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between current meters and that even minor variations in flow,

such as the change from 1 February to 2 February, were consistent

from depth to depth.

Northerly flow, from 29 January to 31 January and 4 February

to 6 February, had a vector average of 8.0 cm sec', 0130 at 50m

and 7.7 cm sec, 014° at 75 meters. Southerly flow, from 7

February to 15 February had a vector mean of 8.8 cm sec', 1970,

at 50 meters and 8.6 cm sec, 1970 at 75 meters. Hence, vector

averages for periods of northerly flow were nearly equal to those for

southerly, flow.

Direction histograms for February are bimodal. The large

values of relative frequency for each mode indicate that onshore or

offshore flow does not occur often. In February the mean speeds and

the maximum speeds were the largest encountered at depth in our

observations.

Considerable offshore 1ow occurred at 50 and 75m from 25

to 28 January and during this time flow at 25m was northerly with an

onshore component. Onshore flow must have occurred in the water

column and this suggests that flow was onshore above 25 meters.



Currents at Ten Meters

Additional data on currents at a depth of ten meters were

obtained from a current meter suspended from the drilling barge

WODECO III. This current meter was operated by Chevron Research

Corporation as part of a program to determine drillship motion

(Burke, 1966). The meter was sampled randomly in June and July

1965 and somewhat more regularly in September 1965. Current

roses are presented for these observations in Figure 12, statistics

are given in Table 7, and Figure 13 is a progressive vector diagram

which was constructed from 156 September observations.

July

The vector average current had a direction of 1570 and a mag-

nitude of 32.9 cm sec'. Fifty-one percent of the observations

indicated southerly flow and no currents with northerly components

were observed. The mean speed was 38 cm sec'.

September

The average current vector had a direction of 2250 and a

magnitude of 3.0 cm sec'. Current speeds were weaker than those

6These data were furnished by Mr. Ben Burke of Chevron
Research Corporation.



59

JUL Y SEPTEMBER

1-12 CMSEC'

13-25 CMSEC'
26-37 CMSEC'
38-50 CMSEC'

FREQUENCY SCALE

I I

0 20 40 60

Figure 12. Current roses for the lOm currents in July and
September 1965 (data furnished by Chevron
Research Corporation).



Table 7. Statistics for lOm current.s (data furnished by Chevron Research Corporation)

Month Variable
Mean

cm sec
Variance
cm sec

No. of
Observations

July speed 37. 7 244. 143

u 7.5 301. 143

v -32.0 288. 143

September speed 8.9 11. 185

u -2.0 29. 185

v -2.1 53. 185
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Figure 13. Progressive vector diagram for current
velocity at lOin from September 5, 1965,
to September 20, 1965.
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at 20m and 40m and averaged 8.9 cm sec'. Southerly currents were

observed most frequently (30%) (Figure 12).

Flow at lOm was southerly on 4 September (as it was at 20 and

60m) and then became westerly. From 5 15 September, vector

mean flow at lOm was 2740, 3.0 cm sec', vector mean flow at ZOm
0 ..l 0was 014 , 3.9 cm sec , and vector mean flow at 60m was 359

5.1 cm sec. From 15-20 September, currents were southerly at

lOm.

Summary

In July, mean speed decreased with depth. In September mean

speed increased with depth.

Strong southerly flow existed at 10, 20 and 40 meters in July.

Flow at 60m in July was usually southerly but became northerly on

occasion. In September, flow at 60m was to the north; northerly

flow at ZOm was much weaker than that at 60m and flow at lOm was

southerly more often than it was northerly. Flow was onshore at 10

and 60m and offshore at 40m in July; July ZOm flow exhibited no on-

shore-offshore component. In September flow was offshore at lOm,

onshore at ZOm, and offshore at 60m. Shear was greater in July

than in September, as was the density gradient.

February currents exhibited little shear and flowed both to the
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north and the south.

Flow was usually parallel to local topography.
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CHAPTER 7. LOW FREQUENCY VARIATIONS

Current velocity, temperature, wind velocity, barometric

pres sure and sea level time series were numerically filtered to

remove inertial and tidal variations. Smoothed (low frequency)7 sea

level observations were adjusted for effects of smoothed barometric

pressure using a 1:1 in phase barometric response factor.8 These

time series are illustrated in Figure 14. Several time series were

sufficiently long that power spectra with suitable low frequency

resolution could be estimated. These spectra are illustrated in

Figure 15 (spectra have been compensated for the effect of the numeri-

cal filter).

Current Velocity

Smoothed velocity data were resolved into longshore and on-

shore components. Bathymetry off Depoe Bay is such that bottom

7Throughout the remainder of the thesis, 'smoothed' and "low
frequency't will be used interchangeably, i. e. smoothed time series
are those which have been generated with equation (5_1)

8A mean barometric pressure of 1014 mb was used. Then one
cm was subtracted from sea level for each millibar of pressure less
than 1014 mb or one cm was added to sea level for each millibar of
pressure greater than 1014 mb. This was done so that the effects
of barometric pressure would not need to be considered in a later
chapter.



Figure 14. Smoothed time series. For velocity time
series, the closed dot represents the on-
shore component and the open dot represents
the long3hore component.
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contours are parallel to 020_2000; bottom contours near the current

meter installation site on Stonewall Bank run north-south.

Table 8 gives the variance of low frequency velocities as a

percentage of the variance of the unfiltered time series. More than

90% of the variance of longshore current for July 20m and February

50m and 75m was in the low frequency domain.

At 20m the longshore currents had a dominant constituent of

8.0 days in July, 5.5 days in September and 8.3 days in October.

Values of the correlation function (Equation 5-4) for these long period

constituents were, respectively, -0.09, 0.07, and -0.21; amplitudes

were 11.7, 9.7, and 10.0 cm sec. The spectrum for September-
October 20m longshore flow had no significant peaks, but peaks

occurred at 0.05 cpd (20 days), 0.35 cpd (2.9 days) and 0.55 cpd

(1.8 days). The amplitudes of these peaks were, respectively, 8.4

cm sec, 3.7cm sec, and l.4cm sec'.
2Om onshore flow had a dominant constituent of 3.2 days in

July, 6. 2 days in September, and 7. 6 days in October. Values of

the correlation function for these long period constituents were,

respectively, 0.38, 0.32, and -0.70; amplitudes were 2.6, 5.3 and

9.6 cm sec'. The spectrum for September-October 20m onshore

flow had significant peaks at 0. 15 cpd (6.7 days), 0.35 cpd (2.9

days) and 0.60 cpd (1.7 days); the amplitudes of these peaks were,

respectively, 6.7, 2.9, and 1.6cm sec.



Table 8. Statistics for smoothed current velocity

Low
Frequency

Depth Month Variance
m cm2sec2

onshore currents
20

50
60

75

longshore currents
20

50
60

75

Percentage
of Total

Variance
Dominant

Period
days

Correlation
at Lag Td

July 3 5 3.2 0.38
September 14 17 6.2 0.32
October 46 25 7.6 -0.70
February 17 31 6,3 0.33
July 5 6 2.8 0.37
September 5 8 5.5 -0.35
February 18 28 7.2 -0.26

July 68 91 8.0 -0.09
September 47 36 5.5 0.07
October 50 22 8.3 -0.21
February 735 96 30.0 -

July 60 46 5.6 -0.37
September 39 26 5.1 0.26
February 698 96 30.0 -
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Longshore flow at 60m had a dominant constituent of 5. 6 days

in July and 5. 1 days in September. The value of the correlation

function for these constituents was -0.27 in July and 0.26 in

September; amplitudes were 11.0 cm sec' in July and 8.8 cm

sec' in September. Onshore flow at 60m had a dominant period of

2.8 days in July and 5.5 days in September; associated values of the

correlation function were 0.37 and -0. 35. Amplitudes were 3.3

cm sec' inJuly and September.

February onshore currents had a period of 6. 3 days at SOm

and 7. 2 days at 75m. The values of the correlation function for these

constituents were, respectively, 0.33 and -0.26; amplitudes were

5.8 cm sec and 6.1 cm sec'. Longshore currents had a period

of 30 days at 50 and 75m; amplitudes were, respectively, 38. 3

cm sec and 37. 3 cm sec

Summary

Longshore velocities had larger values of energy dens ity than

onshore currents at most low frequencies. Longshore velocities

had dominant periods ranging from 5 days in September to 30 days

in February but values of the correlation function were low, usually

less than 0.25. Periods near 7 days and near 2.8 days dominated

onshore flow; values of the correlation function were usually between

0.2 and 0.4 and amplitudes ranged from 2.6 to 9.6 cm sec.
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During a single month, periods f o r ZOm flow were longer than those

for 60m flow; values of the correlation function were larger at 60m.

Temperature

Statistics for observed temperature are given in Table 9.

Column four indicates the percentage of total variance of tempera-

ture in the low frequency, domain; all of February variance and 76%

of October variance were included in the low frequency domain.

Temperature at ZOm

Temperatures at ZOm were coolest in July; both the average,

8.2C, and the minimum, 7.00, were the lowest observed. The

presence of a temperature inversion inJuly resulted in the minimum

temperature at ZOm equalling the minimum temperature at 40m;

often temperatures at 40m were warmer than those at 20m. Tern-

peratures were slightly warmer in September and had an average of

8. 9C. Although a temperature inversion was not usually, present in

September, one did develop from 28-29 August and from 5-10

September and during this time it was not unusual for temperatures

at 40rn to be warmer than those at 20m. This resulted in a cooler

minimum temperature at ZOm, 7. 6C, than at 40m, 7. 7C. The tern-

perature increased rapidly in October and a maximum temperature

of 12. 7C was observed on 15 October.



Table 9. Statistics for temperature data

Percentage of
Standard Variance in the Dominant Correlation

Month Mean Deviation Low Freq. Domain Max. Mm. Period at Lag Td
°C days -

at 20m/25m
July 8.23 0.73 24 10.5 7.0 6.0 -0.37
September 8.94 0.63 28 11.4 7.6 7.3 -0.16
October 10.23 0.98 76 12.7 8.3 - -

February 9.80 0.14 100 10.4 9.4 - -

at 40rn/50m
July 7.33 0.16 28 8.5 7.0 9.0 -0.06
September 8.00 0.13 24 9.5 7.7 6.6 0.40
February 9.80 0.16 100 10.3 9.4 - -

-J
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During February the ocean was nearly isothermal between 25

and SOm; in Figure 14 the size of a single point was sufficient to

represent the temperatures at both depths. The mean temperature

at 25m and 50m was 9.8C; this was cooler than the October mean

(10. 2C) but greater than either the September mean or the July mean.

October temperatures had the largest variance and February

temperatures had the least variance.

Temperatures at ZOm had a long period constituent of 6. 0 days

in July and 7. 3 days in September. Values of the correlation function

for these long period constituents were, respectively, -0.37 and

-0. 16; amplitudes were 0.47C and 0.5C. Due to the rapid increase

of temperature in October, the spectrum for September-October ZOm

temperature decreased rapidly from ft to 0.5 cpd. A peak (which was

not significant) occurred at 0.40 cpd; its amplitude was 0.ZC.

Temperature at 40m

Temperatures at 40m were coolest in July, 7.3C, slightly

warmer in September 8. OC, and much warmer in February, 9. 8C.

The variances of these time series were nearly the same, about

0.02C2. Maximum temperatures at 40m occurred at about the same

time as minimum temperatures at ZOm.

40m temperatures had a dominant constituent of 9. 0 days in

July and 6. 6 days in September. Values of the correlation function
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for these long period constituents were, respectively, -0.06 and

040; amplitudes were 0 1ZC and 0.08G.

Jones (1918) indicated that summer winds are predominately

northwesterly or north-northwesterly and that winter winds are

usually southeasterly or southwesterly. Our data follow this pattern

(Table 10).

In July the vector average direction of wind was 335°. The

mean speed for July wind was 3.7 m sec. In August the vector

average direction was more northerly, 3390, and the mean speed

increased to 3.9 m sec'. September winds were still more

northerly, 3560, and the mean speed was 4.0 m sec'. In October

the vector average direction of wind shifted to southerly, 1860, and

the mean speed increased to 5.0 m sec. February winds, by far

the strongest, had a mean speed of 8.6 m sec' and a maximum

wind speed of 33 m sec'. The vector average direction of February

winds was 1860.

February winds had the largest variance. In February the

variance of the onshore component of wind, 38 m2 sec2, was larger

than the variance of the longshore wind 31 m2sec. In July the

variance of onshore wind, 5.0 m2sec2, wasalso larger than the

variance of longshore wind, 4. 7 msec 2; however in July this was



Table 10. Statistics for smoothed winds

Mean Varianc Maximum Minimum
Month m sec m2 sec m sec' m sec1

onshore component
July
August
September
October
February

longshore component
July
August
September
October
February

Dominant
Period

days

Correlation
at Lag

1.6 5.0 7.2 -2.4 5.3 0.24
0.4 1.5 3.7 -2.7 - -

0.3 0.4 1.8 -1.0 6.9 -0.31
0.2 3.0 5.8 -2.5 4.3 -0.29
0.3 38.0 11.9 -10.1 29.5

-1.7 4.7 1.7 -7.1 6.2 0.53
-1.5 13.7 5.9 -8.2 - -

-2.9 4.8 1.8 -7.4 2.5 0.06
2.2 23.8 15.0 -4.3 9.9 -0.63
3.0 314 17.6 -5.6 7.2 0.18

U.'
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largely due to speed changes of the north-northwesterly wind. In

other months longshore wind had about ten times more variance than

onshore wind.

The spectrum of July-October longshore wind had peaks at

0.08, 0.16, 0.26, 0.40, and 0.50 cpd; the amplitudes of these peaks

were, respectively, 3.4, 2.6, 1.8, 1.7, and 1.6 m sec. The
spectrum of onshore wind had peaks at 0.13, 0.18, 0.29, and 0.40

cpd. The amplitudes of these peaks were 1.3, 1.2, 0.9 and 0.9

m sec'. The energy density of onshore wind was nearly constant

from 0 to 0.4 cpd while the energy density of longshore wind de-

creased rapidly in this range. At most frequencies, the longshore

wind had five to ten times the energy density of the onshore wind.

Longshore wind had a dominant period of 6.2 days in July,

2.5 days in September, 9.9 days in October, and 7.2 days in

February. Values of the correlation function for these constituents

were, respectively, 0.53, 0.06, -0.63, and 0.18; amplitudes were

3.1, 3. 1, 4.9, and 6.2 m sec'. Onshore wind had a dominant

period of 5. 3 days in July, 6.9 days in September, 4.3 days in

October, and 29. 5 days in February. Values of the correlation

function for these constituents were 0. 24 in July, -0. 31 in September,

9 . 2
2 The variance of the north-northwesterly wind was 9. 3 m

sec and the variance of the east-northeasterly wind was 0.4
m2sec -2
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and -0.29 in October. Amplitudes were, respectively, 3.1, 0.9,

and 2. 5 m sec

Barometric Pressure

As with wind, February barometric pressure had the largest

variance, 72 mb2, and in February the maximum barometric pres-

sure, 1031 mb, and the minimum barometric pressure, 996 mb,

were the extrema noted for all observations (Table 11). The mean

barometric pressure was nearly the same for August, September,

October, and February, about 1015 mb. The mean barometric pres-

sure for July was slightly lower, 1008 mb.

The spectrum of July-October barometric pressure had a

peak at 0.16 cpd (6.4 days) which was significant at the 90% level.

This peak had an amplitude of 3.1 mb. Other peaks, which were not

significant, occurred at 0.40 cpd and 0.50 cpd; amplitudes were,

respectively, 1. 1 mb and 0.7 mb.

Barometric pressure had a dominant long period constituent

of 5.8 days in July, 5.0 days in September, 5.3 days in October, and

27. 3 days in February. Values of the correlation function for these

constituents were 0.34 in July, 0.32 in September, and -0.63 in

October; amplitudes were 2.8 mb in July, 3. 2 mb in September, and

7.0 mb in October.



Table 11. Statistics for smoothed barometric pressure

Month Mean Variance
mb mb2

Maximum M inimurn
mb mb

Dominant
Period

days

Correlation
at Lag Td

July 1008 4 1019 1010 5.8 0.34

August 1015 6 1021 1009 - -

September 1015 5 1019 1010 5.0 0.32

October 1014 24 1022 1002 5.3 -0.63

February 1013 72 1031 996 27.3 -
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Sea Level

The tide gauge did not operate in February. The monthly mean

of sea level was lowest in July, 8.5 cm, although the minimum value

of sea level, 0 cm, was recorded on 29 August (Table 12). The

monthly mean of sea level increased in August to 14. 2 cm, decreased

to 13. 3 cm in September, and was highest, 13. 9 cm, in October.

The variance of sea level was greatest in October, 26 cm2, and least
2in July, 11 cm

Peaks occurred in the spectrum of sea level at 0. 16 cpd (6.3

days), 0.34 cpd (2.9 days) and 0.50 cpd (2 days); amplitudes were,

respectively, 3.5 cm, 1.4 cm, and 1.1 cm. The 0.5 cpd peak was

not significant.

Sea level had a dominant constituent of 9. 7 days in July, 6.0

days in September, and 9. 3 days in October. Values of the correla-

tion function for these constituents were, respectively, -0.28, -0.29,

and -0.35; amplitudes were 4.9 cm, 5.6 cm, and 7.2cm.

Qualitative Description of Relationship
between Time Series

Data presented in Figure 14 were used to obtain a qualitative

estimate of changes in sea level, current velocity, and temperature

associated with storms. Results are listed in Table 13. In general,

northerly winds were associated with a lowering of sea level,



Table 12. Statistics for smoothed sea level

Dominant Correlation
Month Mean Varince Maximum Minimum Period at Lag Td

cm cm cm cm days -

July 8.5 11.84 17 4 9.7 -0.28

August 14.2 21.81 21 2 - -

September 13.3 15.34 21 0 6.0 -0.29

October 19.3 25.80 35 11 6.3 -0.35



Table 13. Changes in sea level, current velocityathtemperature associated with storms

Date Wind Sea Level Current Velocity Temperature
Barometric
Pressure

1965
16 July strong NNW'ly breeze falling slowly 20m: max S'ly flow, 29 cm sec 20m: mm 7.7 C steady

11 m sec (60m) 6Orn: max S'ly flow, 13 cm sec 40m: increasing
23 July moderate NN\'ly gale mm 2cm 2Orn: max S'ly flow, 24cm sec 1

20m: mm 7.8°C falling
17 m sec 60m: max Sly flow, 18 cm sec 40m: max 7. 5°C

5 Aug strong NNE'ly breeze miii 5 cm - - falling
12 in sec

12 Aug strong SSW'ly breeze max 21 cm - - rising
11 in sec

29 Aug moderate N'ly gale miii -o cm 20m: max S'ly flow, 20 cm sec 20m: mm 8. 3°C falling
15 in sec 60m: max S'ly flow, 14 cm sec 40m: steady

16 Sept moderate NNW'ly gale mm +2 cm 20m: max S'ly flow, 6 cm sec 20m: mm 8. 8°C falling
-115 in sec 60m: I -1max S ly flow, 10 cm sec 40m: 0max 8. 1 C

23 Sept moderate NE'l? gale rising 20m: going from SSW'ly to NNW'ly 20m: increasing falling
15 in sec

4 Oct SxE storm 31 in sec max 35 cm 20m: NNE'ly, 23 cm sec 1 20m: increasing rising
1966

128 Jan S'ly hurricane1 - SOm: max N'ly flow, 47 cm sec1 - falling
33 in sec 75m: max N'ly flow, 42 cm sec

5 Feb whole SSE'ly - 50m: max N'ly flow, 35 cm sec - low,sale
25 in sec 75m: max N'ly flow, 35 cm sec 1004 mb

11 Feb strong NW'ly gale - 50m: max S'ly flow, 45 cm sec - rising
23 in sec 75m: max S'ly flow, 45 cm sec



southerly currents, and cooler temperatures. Southerly winds were

associated with a rise in sea level, northerly currents, and an in-

crease in temperature. In the summer and fall, northerly storms

were associated with a falling barometer and southerly storms were

accompanied by a rising barometer; in the winter the reverse was

true.

On 29 August, 1965, current response on Stonewall Bank to a

north-northwesterly gale was nearly identical to current response

off Depoe Bay to a north-northwesterly breeze on 16 July.

Summary

In July currents were southerly, wind was north-northwesterly,

and sea level, barometric pressure, and temperature were low. In

September, temperatures were warmer than in July. Currents and

winds were northerly in September; sea level and barometric pres-

sure were 'taverage. 1 In October the winds shifted to southerly, and

ZOm currents, although northerly, were quite variable. Tempera-

tures at 20m rose rapidly in October and sea level was much higher

than in September. Barometric pressure was average in October.

In February, currents, winds, and barometric pressure had a

larger variance than in other months. Maximum current and wind

speeds were observed, as were maximum and minimum values of

barometric pressure. Temperatures were warmer in February than
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in July and September but cooler than in October. In February the

ocean was isothermal between 25 and 50 meters and the variance of

temperature time series was negligible.

In summer and fall months of 1965, most smoothed time series

had a dominant period close to one week. The amplitudes of these

variations were, approximately, 3. 1 mb for barometric pressure,

3.5 cm for sea level, 2.6 m sec' for longshore wind, 1.2 m sec

for onshore wind, 0.4C for 20m temperature, 0. 1C for 40m tern-

perature, and 5 cm sec for longshore and onshore currents.



CHAPTER 8. RELATIONSHIPS BETWEEN THE VARIABLES
FOR LOW FREQUENCY VARIATIONS

The qualitative relationship between sea level, wind, and long-

shore flow suggests the following: (i) sea level is elevated or

depressed by wind action; (ii) longshore flow adjusts to balance sea

level change. The latter relationship is referred to as geostrophic

balance and satisfies

v (8-1)f ax fL

This equation is obtained from the equations of motion by neglecting

acceleration, friction, and density differences. The relationship

between sea level and longshore flow and the relationship between

wind and sea level are discussed in this chapter.

Sea Level and Longshore Current

Cross-covariance functions were computed for sea level and

longshore flow. Results are given in Table 14. TR isthe lag at

which the cross-covariance function had the maximum value and it

indicates the number of hours that sea level lagged longshore flow.

Sea level usually lagged longshore flow by a few hours. Sea level

took longer to balance changes in strong longshore flow; in July sea

level took two hours longer to balance changes in strong 20m flow



Table 14. Relationship between sea level and longshore current

from the cross-covariance functions from spectra
depth TR b b

hours 1

v(TR) v(TR)
1

Month m cm sec - sec' sec sec

July 20 -6 21.1 0.75 1.8 1.4 0.31
60 -4 16.5 0.62 1.4 1.2 0.33

September 20 0 19.7 0.73 1.3 1.3 0.14
60 -8 19.2 0.79 1.2 1.2 0.14

October 20 -10 21.1 0.60 0.8 0.5 0.17
September-October 20 -6 22.9 0.60 0.8 1.0 0.09



than weak 60m flow and in September sea level took eight hours

longer to balance strong 60m flow than weak ZOm flow. The beta

coefficient for sea level and longshore flow, P (TR), was greater

in July than in September or October. This means that a unit change

in sea level was associated with a larger change in longshore velocity

in July than in September or October. The fact that the beta co-

efficients were positive indicates that longshore flow and sea level

were in phase, i. e. flow to the south was associated with low sea

level.

The transfer function from sea level to ZOm longshore current

for September-October is illustrated in Figure 16; coherence square

and 90% confidence limits are also shown in Figure 16. Phase was

steady and coherence square estimates were significant from 0. 14

to 0. 60 cpd. The amplitude of the transfer function was largest at

frequencies of 0.20, 0.35, and 0. 60 cpd; this suggests that the shelf

was resonant at these frequencies. However the amplitude of the

true transfer function could have been constant (independent of fre-.

quency) with a value of 0.9-1.7 sec' and still fit within the 90% con-

fidence interval of each estimate.

Phase estimates indicated that sea level lagged longshore cur-

rent at most frequencies. The true value of phase could have had a
0 0 . . .value of 000 to -018 and still fit within the 90% confidence interval

of each phase estimate.
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Estimates of the transfer functions for sea level to longshore

flow are tabulated in Table 15 for individual months. Most coherence

square estimates were significant and phase estimates were near zero

and consistent from one frequency to adjacent frequencies. The

amplitude of the transfer function was, in general, largest in July

and smaller in October.

Regression coefficients, b, , were calculated by the method

of Chapter 4 and are presented in Table 14. The assumption

= 0, 0< f< 0.5

appears to have been justified (Table 15). Regression coefficients

did not differ significantly for July and September and had a value of

about 1.3 sec. The regression coefficient for October was lower,
-10.5 sec

If equation (8-1) is valid, then

b =g__ (8-Z)
,v fL

i. e. the regression coefficient is a measure of current width, L.

A regression coefficient of 1.3 sec requires a current width of

75 km; a regression coefficient of 0.5 sec' requires a current

width of 180 km.

The width of the Oregon continental shelf is variable. The 100

fathom curve is 28km from the coast off Depoe Bay and 67 km from



Table 15. Transfer functions from sea level to longshore current

depth(m) month cpd sec degrees --

20 July 0 1.98 349 0.65
0.15 1.97 345 0.62
0.30 1.58 356 0.44
0.45 1.43 022 0.53
0.60 0.93 047 0.32

20 Sept. 0 1.58 007 0.47
0.12 1.31 004 0.50
0.24 1.21 346 0.71
0.36 1.32 349 0.82
0.48 1.43 349 0.84
0.60 1.40 007 0.86

20 Oct. 0 0.73 335 0.25
0.12 0.92 331 0.41
0.24 1.10 335 0.58
0.36 0.78 321 0.36
0.48 0.30 331 0.11
0.60 0.44 050 0.29

60 July 0 1.23 346 0.43
0.15 1.55 342 0.44
0.30 2.34 000 0.49
0.45 1.52 007 0.36
0.60 0.90 072 0.41

60 Sept. 0 1.32 335 0.77
0.12 1.34 331 0.86
0.24 1.37 331 0.79
0.36 1.49 331 0.56
0.48 1.75 327 0.56
0.60 1.77 342 0.55



the coast off Heceta Head. The geostrophic current width deduced

from our observations, 75km, is quite close to the latter value.

Defant (1952) computed relative sea level heights geostrophically off

Northern California and found an inflection in sea level near the edge

of the continental shelf. Lee (1967) noted a coastal regime and an

offshore regime but he selected a station 200km from the coast as the

dividing line and did not study water properties on the continental

shelf. An inshore current regime of 75 km explains why Stevenson

(1966) measured few northerly currents 80 km offshore while our

observations indicate that northerlyflow is common.

Several aspects of the sea level-longshore current relationship

deserve further comment. If longshore flow is primarily the result

of sea level changes, then sea level should lead longshore flow, not

vice versa (as observed) However for sea level and longshore flow

the value of the cross-covariance function at lag TR did not differ

significantly from the value of the cross-covariance function at a lag

of zero hours. Further, if sea level values were used which were

not adjusted for barometric pressure, then longshore flow lagged

unadjusted sea level. For example, in September-October longshore

current at ZOm lagged unadjusted sea level by four hours. Finally,

low frequency near-shore or bay processes could affect sea level.

Hence the relationship between sea level and longshore flow is

approximate and sea level and longshore flow are in-phase as opposed
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to being one or two days out of phase.

It seems appropriate to regard Equation (8-1) as a satisfactory

approximation. Accelerations are neglected, but for smoothed data

acceleration was usually much less than longshore velocity. Friction

is also neglected; Rattray (1958) has shown that differential equations

which do not consider friction give a satisfactory representation of

tides at Umatilla Reef Lightship (48°lO'N, 124°50'W). The effect of

onshore flow on sea level is also ignored, but onshore flow is much

less than longshore flow in all months except October. The most

serious deficiency of Equation (8-1) is that density differences are

neglected. In 1962, the largest change in onshore-offshore density

differences occurred in October when sigma-t surfaces 25. 5 and

26.0 changed slope (Collins, 1962).

Reasons for the regression coefficient for October being low

have been given: (i) a large change in density stratification occurred

and is not included in the simple model (Equation (8-10) ); (ii) onshore

flow is of the same magnitude as longshore flow.
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Wind and Se,.a Level

To compute transfer functions which relate a vector, wind ye-

loaity, to a scalar, sea level

x1(t)+ H1(f)
(t)

x2(t)-3. H2(f)

it is necessary to take into account the effects of one component of the

wind, say x2(t), on sea level when computing the transfer function

from the other component of wind, x1 (t) to sea level. The follow-

ing procedure does this (Bendat and Piersol, 1966): (i) First residual

spectra are computed
A

A r
G (f)G

G (f) G [i
X1XZ

2 1

X1.X2 X1, (f)Ô (f) I

(8-3)
xx x j22 1

F. A

G (f) = G (f)[1 v2 (f)]x1xl.x2 'x1xl x1x2

A A
G (f) G= f)[1 - ,(f)]

2

(ii) Then the transfer function from x1(t) to ,(t) is computed as

the ratio of the two terms
I'

G (f)
A x1l,.x2
H (f) (8-4)

x1xl.xz



and (iii) the partial coherence square between x1(t) and (t) is

given by

93

(f)I
A

Yll,.xz (f) (f) (8-5)
x1x1.xz ,.xz

(iv) Finally, the multiple coherence square between both inputs,

x1(t) and x2(t), and the output, ,(t), is

(f) = 1 - [G (f)'G(f)]1 (8-6)
A

.w rr

where G (f) can be computed as the last diagonal element of

A A -1
G (f) G (f) G (f)xlxl xlxz xl,
A A A
G (f) G (f) G (f)xzxl x2x2

G(f)x1

The relationship between x1(t) and sea level is significant at the

90% level if partial coherence square satisfies Equation (5-17); mul-

tiple coherence square estimates are significant if

A2 4y,(f) >j
(Bendat and Piersol, 1966).

(8-7)
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The transfer function, partial coherence square, and multiple

coherence square for wind and sea level in July-October are illustrat-

ed in Figure 17. The transfer function for longshore wind to sea level

had steady phase and significant partial coherence square for frequen-

cies from zero to 0. 18 cpd (53 days); the amplitude of the transfer

function was close to one cm m' sec in this frequency range and

peaks occurred at 0.026 cpd (41 days) and 0.132 cpd (7.6 days).

Phase, for frequencies from zero to 0.18 cpd, required sea level to

lag longshore wind slightly. At frequencies greater than 0. 18 cpd,

the amplitude of the transfer function was less, about 0.4 cm

sec; at these frequencies the phase of the transfer function was not

steady and values of partial coherence square were, in general, not

significant.

Few estimates of partial coherence square for onshore wind and

sea level were significant; phase and amplitude of the transfer func-

tion from onshore wind to sea level changed rapidly from one frequen-

cy to the next. Near zero frequency, onshore wind and sea level were

out of phase; this means that at these frequencies westerly winds de-

pressed sea level. At a frequency of 0. 32 cpd (3. 1 days), onshore

winds and sea level were in phase so onshore winds elevated sea level.

It is doubtful that the relationship between onshore wind and sea level

was significant. This is due, in part, to the fact that few onshore

winds occurred during the July-October period (Table 10).
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Cross-covariance functions were computed for longshore wind

and sea level. Results are given in Table 16. TR is the lag at

which the cross -covariance function had the maximum value and it

indicates the number of hours sea level lagged longshore wind.

varied from three hours in September to 12 hours in October and the

value for the merged time series which extended from July to October

was eight hours. The value of the cross-correlation function was

highest in October, 0.79, and least in July, 0.50. The beta coeffi-

cient, indicates the change in sea level resulting from

an increase of longshore wind of one m sec 1 Beta coefficients

ranged from 0.8 to 1.0 cm m' sec. The fact that beta coefficients

were positive indicates that longshore wind and sea level were in

phase, i.e. northerlywinds depressed sea level.

For the wind-sea level case, the regression model is

+ x +a
x1 . x2 . x1 2

where 3 and
1

are partial regression coefficients.xl,.x2 x2,.x1
To estimate the partial regression coefficient, I

, Equation
1

(5-21) may be used if

A

b (f) = X (f), [G (f)]x2t.x1 x.x1 x2x2.x1

and

(8-9)
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N(f) (f)[ (fi(1-y (f) )]' . (8-10)

But the assumptions for computing this coefficient are

= 0

0< f< 0.5 (8-11)
b (f) = constantx2,. x1

and these were not satisfied for the longshore wind-sea level relation-

ship. For example, in July-October the partial regression coefficient

relating sea level to longshore wind was 0.4 cm m' sec for frequen-

cies from zero to 0.5 cpdand 1.1 cmm1 sec for frequencies from

zero to 0. 18 cpd. The latter value was better because for frequencies
I'

from zero to 0.18 cpd (i) partial phase, (f), was close to
1

zero and the regression coefficients, b ,.
(f), were approxi-

Z' 2
mately constant, (ii.) all partial coherence square estimates were

significant, and (iii) more than 90% of the energy density of the par-
4

tial cospectrum, X (f), was included. To obtain partial re-
1

gression coefficients for individual months, only significant spectral

estimates were used, i.e. estimates for which partial coherence

square was significant. Partial regression coefficients are presented

in Table 16. Partial regression coefficients were similar to values

of the beta function and differences between partial regression coef-

ficients for individual months were not significant. However a change



in longshore wind of one m sec1 was associated with larger sea level

changes in September than in July or October.

Wind and Longshore Current

There were no sea level data obtained for February, but it is

possible to compare wind with longshore velocity. As onshore winds

were strong and variable in February, their effect on current should

also be considered. In order to interpret the results, longshore wind

and longshore velocity were compared in other months.

February currents seem to flow in a direction determined by

the preceding storm. Southerly and easterly winds were associated

with northerly flow and westerly and northerly winds were associated

with southerly flow. But the ocean responded more readily to

westerly winds. For example, a west-northwesterly breeze on 1-2

February was sufficient to disrupt northerly flow at 25, 50, and 75

meters but a similar southerly breeze on 10 February had no effect

on southerly flow. Again, southeasterly breezes blew on 25 and 26

January but a reversal of southerly flow at 50 and 75 meters did not

occur; yet westerly breezes on 6 February were associated with an

immediate reversal of northerly flow at 50 and 75 meters.

Cross-covariance functions were computed for longshore wind

and longshore flow for all months. Results are given in Table 17;

TR is the lag at which the cros s-covariance function had the



Table 16. Relationship between longshore wind and sea level

from the cross-covariance functions from spectra
T (T) D (T) 3 (T) bR x2 R -1 R x, x2çx1

1sec
b1

month hours m cm sec - cm m sec cm m cm m sec

July-Oct 8 15.3 0.67 1.0 1,1 0.13
July 10 3.7 0.50 0.8 0.8 0.15
September 3 4.8 0.56 1.0 09 0.19
October 12 19.4 0.79 0.8 0.8 0.14



Table 17. Relationship between longshore wind and longshore current

Month
depth

m

from the covariance functions
T C (T) p (T)

R x2v R X2V R
hours cm m sec -

13 (T)x2v R
cm m

from spectra
bx2v.x b
cm m cm m 1

July 20 8 12.1 0.70 2.5 1.7 0.48
60 10 12.2 0.75 2.5 1.8 0.51

September 20 0 9.8 0,65 2.0 1.6 0.33
60 0 7.1 0.53 1.5 2.1 0.33

October 20 10 18.4 0.53 0.8 0.7 0.46
February 50 15 120.2 0.79 3.9 2.4 1.6

75 17 118.0 0.80 3.8 2.5 1.5

Sept.-Oct. 20 3 15.2 0.47 0.7 0.7 0.13

CC
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maximum value. TR indicates the number of hours longshore flow

lagged longshore wind. TR varied from zero hours for 20 and 60m

longshore flow in September to 17 hours for 75m longshore flow in

February. In July, longshore flow at 60m took two hours longer to

respond to longshore wind than 20m flow. Similarily, in February

75m flow took two hours longer to respond to longshore wind than

SOm flow. In September, 20 and 60m longshore flow responded at

the same lag, zero hours, to longshore wind.

Values of the cross-correlationfunction were highest, from

0.7 to 0.8, for July and February and somewhat lower for September

and October. Beta coefficients indicate the change of longshore cur-

rent velocity per unit change of longshore wind velocity. Values of

the beta coefficient were smallest for October ZOm flow, 0.8 cm m,

and largest for February 50m flow, 3.9 cm m. The fact that beta

coefficients were positive indicates that longshore wind and longshore

current were in phase, i. e. northerly winds were associated with

southerly currents.

For February, cross-covariance functions were computed for

onshore wind and longshore flow; results are given in Table 18.

Longshore flow lagged onshore wind by three days at both 50 and 75m.

Values of the correlation function at this lag were greater than 0.9.

Beta functions were negative (this indicates that westerly winds were

associated with southerly currents) and a one m sec' change of



Table 18. Relationship between February onshore wind and longshore current

A A

T C (T) p (T) 3 (T) b a-depth R x1v R 2 x1v x1v R x1v.x b
m hours cm m sec - cm m' cm m- cm m -

50 72 -154.9 0.93 -4.1 -2.5 1.4

75 76 -152.2 0.94 -4.0 -2.3 1.4

C
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onshore wind was associated with a four cm sec change of long-

shore current velocity.

Transfer functions for February wind to longshore current are

given in Table 19. As with the relationship between wind and sea

level, conditions for computing partial regression coefficients (Equa-

tion (8- 10) ) w e r e not satisfied: the transfer function was fre-.

quency dependent and phase estimates were not close to zero or

1800. To compute partial regression coefficients for February,

only estimates for zero and 0.05 cpd were used. This was justified

on the basis that these estimates included more than 95% of the

amplitude of the cross spectrum; however phases were still not close

to 00 or 1800, especially for the longshore wind-longshore current

relationship. For other months, only significant estimates were

used in computing partial regression coefficients; in these cases,

phases were usually quite close to zero.

Partial regression coefficients for longshore wind and longshore

current are given in Table 17. July, September, and February

regression coefficients did not differ significantly and had a value of

about 2.0 cm m. The October regression coefficient was signifi-

cantly lower than this value, 0.7 cm m.

Partial regression coefficients for onshore wind and longshore

current are given in Table 18. They were equal in magnitude to the

partial regression coefficient for February longshore wind and



Table 19. Transfer functions for February wind to longshore current

frequency an2plitude phase coherence square
f IH I

,,2
Xv.y xv..y W.V

cpd cm rn-'

from to v 0 2.52 -154 . 32 .81
50 0.12 2.80 -166 .33 .72

0.24 1.07 054 .09 .58
0.36 0.18 -018 .03 .73

from x2 to v50 0 3.96 -037 .43
0.12 3. 36 -053 . 38
0.24 1.86 -023 .32
0.36 1.52 -056 .30

from to v75 0 2. 39 -150 . 33 .82
0.12 2.58 -165 .30 .72
0.24 1.14 055 .10 .58
0.36 3.13 041 .06 .60

from x2to V 0 4.11 -037 .47
0.12 3.35 -050 .39
0.24 1.83 -022 .31
0.36 1.12 -054 .41

C
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longshore current and had a value of 2.4 m sec. The regression
equation which related wind to longshore flow in February is

v-2.4x1+2.4x2 -16

Clearly, northwesterly winds and southeasterly winds are most

effective in producing longshore flow. Based on a careful appraisal

of February data, I do not wish to say that the constant term, -16

cm sect indicates a mean drift to the south. Rather, northwesterly

winds were more efficient in producing southerly flow than south-

easterly winds were in producing northerly flow.

Other Relationships

Other relationships between low frequency variations were

noted in Chapter 7. Statistics are given in Table 20 for relationships

which had significant values of coherence square.

Juiy

In July temperatures at 20m were coolest when north-

northwesterly winds were strong. Temperature at ZOm lagged north-

northwesterly wind by 27 hours. The beta coefficient and the ampli-

tude of the transfer function indicated that an increase of wind speed

of one m sec was associated with a temperature decrease of 0. 08°C.

Longshore velocity components at 20 and 60m were well



Table 20. Other significant relationshits between variables for low freauencv oscillations
from the cross-covariance function from the transfer function

T
A

C (T
) Pxy(TR) 1

('1
) f ()l ci) (f) '2 (f)

R xy R xy R xy xy xy
Month x y hours xy - cpd y/x 0

July u60 -3 -4.2 0.52 0.8 0.45 1.0 176 0.56
0.60 0.6 158 0.43

XNNW T20 27 0.7 0.65 0.08 0.30 0.08 83 0.54
V20 V60 -4 52.0 0.84 0.83 0.0 0.7 356 0.81

0.15 0.8 353 0.74
0.30 1.3 349 0.70
0.45 1.2 353 0.65

September t, U 2 11.2 0.76 0.73 0.0 0.80 356 0.62
20 0.12 0.79 0 0.69

0.24 0.76 18 0.71
'60 1 5.9 0.64 0.38 0.0 0.25 36 0.36

0.12 0.40 29 0.40
0.24 0.47 18 0.47
0.36 0.47 342 0.47

v20 v60 -10 17.8 0.76 1.25 0.0 1.30 345 0.77
0.12 1.23 331 0.66
0.24 1.38 309 0.67
0.36 1.36 317 0.54
0.48 1.36 320 0.53

v v -2 24.2 0.57 0.51 0.0 0.25 313 0.14
20 60 0.12 0.46 330 0.35

0.24 0.86 342 0.64
0.36 1.08 342 0.64
0.48 1.18 348 0.62

T -20 -0.24 0.62 -0.006 0.0 0.007 130 0.40
60 40 0.12 0.009 130 0.62

0.24 0.008 130 0.57
October U 7 15.2 0.46 0.64 0.36 0.87 052 0.48 0

2 20 0.48 0.54 0-58 0.51
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correlated in July; 60m flow led ZOm flow by four hours and the

average of the amplitude of the transfer function from ZOm longshore

flow to 60m longshore flow was near unity. Values of coherence

square were high, greater than 0.65.

Sea level lagged 60m onshore flow by two hours and was out

of phase, i.e. easterly flow was associated with low values of sea

level. The amplitude of the transfer function from sea level to 60m

onshore flow was about 0.8 sec

September

In September sea level was highest when onshore flow occurred

at 20 and 60m. 20m onshore flow lagged sea level by 2 hours and

60m onshore flow lagged sea level by one hour. The beta coefficient

and the amplitude of the transfer function indicated that an increase

of sea level of one cm was associated with an increase of onshore

flow of 0. 8 sec at ZOm and 0.5 sec at 60m. This is a different

relationship than existed in July.

Northerly flow at 60m was strongest when flow at ZOm was to

the north or onshore. Longshore flow at ZOm lagged 60m longshore

flow by two hours and ZOm onshore flow lagged 60m longshore flow

by ten hours. The amplitude of the transfer function indicated that

response of 60m longshore flow to an increase of one cm sec of

ZOm longshore flow increased from 0.25 at low frequencies to 1.28



at 0. 5 cpd. The amplitude of the transfer function from ZOm onshore

flow to 60m longshore flow was almost constant from 0 to 0.5 cpd and

had a value of 1. 3, i. e. an increase of onshore flow at ZOm of one

cm sec1 corresponded to an increase of longshore flow at 60m of

1. 3 cm sec

Temperature at 40m was coolest when 60m longshore flow was

to the north; 40m temperature led 60m longshore flow by 20 hours.

A one cm sec decrease of 60m longshore flow corresponded to a

40m temperature increase of 0.008 C. A similar relationship

between 40m temperature and 60m longshore flow existed in July but

was not significant.

October

In October, southerly winds were associated with onshore cur-

rents. Onshore flow at ZOm lagged longshore wind by seven hours;

an increase of longshore wind of one m sec was associated with an

increase of easterly current of 1/2 cm sec'.
The sharp rise of temperature in October was associated with

onshore currents. Largest temperature increases occurred on 3-6

October and 10-13 October when flow was onshore. Offshore flow on

8 and 9 October, associated with northeasterly winds, did not lower

temperatures; but offshore and southerly flow on 15 and 16 October

(associated with northwesterly breezes) did lower temperature at
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ZOm. An increase of onshore flow of one cm sec was associated

with an increase of temperature of 0. 12G.

Summary

In July when winds were calm:

sea level was higher than usual, 14 cm;

currents at ZOm were southerly, 5 cm sec';
currents at 60m flowed to the north with a speed of

10 cm sec;
temperatures at ZOm were warmer than usual, 8. 5C;

temperatures at 40m were cooler than usual, 7. 3C.

For each m sec increase of northerly wind in July:

sea level was lowered 0.8 cm;

currents at 20 and 60m increased their southerly

component 2 cm sec;

temperature at ZOm decreased 0.08 C (at a lag of

27 hours);

temperature at 40m increased 0.O1C (at a lag of

36 hours).

In September when winds were calm:

sea level was higher than usual, 18 cm;

currents at ZOm were northerly, 4 cm sec;

currents at 60m were northerly, 10 cm sec;
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temperature at 20m was 9. 1C;

temperature at 40m was 8. OC.

For each m sec increase of northerly wind in September, changes

of longshore current velocity, temperature and sea level had nearly

the same values as in July. An important difference between July

and September flow regimes is the relationship between onshore

flow and sea level. In July onshore flow at 60m corresponds to low

values of sea level while in September low values of sea level cor-

respond to offshore flow at 20 and 60m.

In October when winds were calm:

sea level was lower than usual, 21 cm;

currents were north-northeasterly at 20m, 5 cm sec.

For each m sec increase of southerly wind in October:

sea level rises 0. 8 cm (the same relationship as in

July and September);

northerly currents increased 1 cm sec;

easterly currents increased 0.5 cm sec';
temperature rose 0.12C.
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CHAPTER 9. DESCRIPTION OF INTERMEDIATE
FREQUENCY OSCILLATIONS

Table 21 indicates the variance of the intermediate frequency

data and its percent of total variance. Of velocity data at 20 meters,

October data have the largest variance, July the second largest

variance, and September the least variance. At 60m, September

flow had the largest variance. February velocity data were least

variable.

At 20 and 40m temperatures had the largest variance in July.

Sea Level

Sea level intermediate frequency spectra consisted of two bands

of energy--one at one cpd (the diurnal tide) and the other at two cpd

(the semidiurnal tide). Each energy band consists of many spectral

lines which are called partial tides (Munk, Zetler, and Groves, 1965).

Of the partial tides, the lunisolar diurnal tide (designated K1), the

principal lunar diurnal tide (Oi), the principal solar tide (S2), and

the lunar semidiurnal tide (M2) usually account for 70% of the varia-

tion of sea level (Defant, 1958).

To obtain values for the amplitude, A, and the phase, , of

each partial tide we fitted a sinusoid of the form
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Table 21. Variance of intermediate frequency, time series of current
velocity and temperature

IF
Variable Depth Month Vaiance2 % of total

m cm sec Variance

Northerly
flow 20 July 47 39

September 49 38
October 138 62

50 February 37 5

60 July 48 39
September 68 45

75 February 36 5

Easterly
flow 20 July 83 79

September 43 52
October 101 56

50 February 20 23

60 July 23 50
September 37 50

75 February 24 25

0c2

Temperature 20 July 0. 306 42
September 0.167 27
October 0.124 13

40 July 0.0094 37
September 0.0069 40
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z0 + A. cos (.t + ) (9-1)

where = mean sea level,

o-. speed of constituent i, and

the extra partial tide was N2.

Data used was the Newport sea level record for 5 July - 17 October

and the computation was done by the method of least squares (Zetler,

Schuldt, Whipple, and Hicks, 1965). Results are compared (Table

22) with values obtained for Newport in May, 1964, by Swanson (1965)

and by the Coast and Geodetic Survey in 1933. Agreement is good.

Table 22, Tidal constants

Partial Tide
M

2
S K

1
0

1
A cf: A 2 A A

Location cm degrees cm degrees cm degrees cm degrees

Newport:

USC&GS(1933) 85 347 22 15 42 116 26 98

May, 1964 86 348 21 0 44 104 22 100

This Study 85 347 22 16 44 116 28 98

Stonewall Bank 80 342 22 358 43 114 27 102

Depoe Bay 79 342 26 3 41 109 27 87

From the spectrum of sea level the amplitude of the energy at

one cpd was estimated to be 43 cm and the amplitude of the energy at

two cpd was estimated to be 86 cm. These equal, respectively, the
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amplitude of the K1 tide and the amplitude of the M2 tide (Table 22).

Driliship motion data obtained by Chevron Research Corpora-

tion on Stonewall Bank and off Depoe Bay were analyzed in the same

manner (equation 9-1) and results are also given in Table 22. Agree-

ment with the Newport tide was good. Hence near Newport the tide

on the shelf 8-12 miles offshore is adequately represented by sea

level observations at Newport.

Current Velocity

Spectra for current velocity are presented in Figure 18. In

addition to diurnal and semidiurnal energy peaks, energy was usually

significant at a frequency of 1.4 cpd--the inertial frequency for 44° N.

Analysis was first attempted by adding an inertial term to

equation (9-1) and fitting this to velocity data by the method of least

squares. Results were often not consistent; this was due to the fact

that the phase of the inertial oscillation was not constant. Amplitudes

for velocity components were obtained from power spectra; phase

was obtained from cross spectra with sea level. Table 23 compares

time series analysis results with those obtained from Fourier

analysis and least squares analysis. Amplitudes and phases

10Results for Fourier analysis provided by Mr. C. B. Taylor,
Mr. Bob Dennis, and Mr. Elmo Smith of the Currents Section,
Oceanography Division, Environmental Science Services Administra-
t ion.



Figure 18. Intermediate frequency spectra of current
velocity. The closed dot represefits the
east-west component of velocity and the
open dot represents the north-south com-
ponent of velocity.



JULY 20m

SEPTEMBER 20m

OCTOBER 20m

116

I 2 3 4 5 6 I 2 3 4 5 6

FREQUENC} CPD



Table 23. Tidal constants for September 20m velocity

Partial Tide

-1
K1

-1
01

-1
M2

Component Analysis Method cm sec degrees cm sec degrees cm sec degrees cm sec degrees

v20 Fourier Analysis 8. 6 066 2. 8 046 2.4 275 1. 2 289

Least Squares 6.0 072 2. 0 088 3. 1 248 1. 0 309

Time Series Analysis 7. 2 050 3. 6 280

u20 Fourier Analysis 3. 6 129 1. 6 059 6. 7 265 1. 3 231

Least Squares 3.6 137 2.0 088 6.2 261 1.3 233

Time Series Analysis 3.7 110 6. 2 267

J
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obtained from time series analysis compare favorably with Fourier

and least square results.

Current ellipses were constructed with standard methods

(USC&GS, 1950). These ellipses are illustrated in Figure 19;

ellipse dimensions are given in Table 24.

Diurnal Currents

Rotation of the 20m velocity vector was counterclockwise in

July and clockwise in September and October. Maximum velocity at

ZOm was largest in September, 7 cm sec, and smallest in July,

4 cm sec. The major axis of the ZOm ellipse formed an angle of

026° with the meridian in July; this angle was 018° in September and

October. At ZOm, maximum easterly flow occured 1 hour before high

tide in July, and at high tide in September and October.

Rotation of the 60m velocity vector was counterclockwise in

July and clockwise in September. The maximum velocity at 60m was

5 cm sec in July and 9 cm sec' in September. The major axis
0 .of the 60m ellipse formed an angle of about 350 with the meridian

in July and September. At 60m, maximum easterly flow occurred

11 hours before high tide in July and 6 hours after high tide in

September.

February ellipses were nearly straight lines. Maximum

velocities were the same at 50m and 75m, about 5 cm sec;
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Figure 19. Current velocity ellipses. ?tH?I corresponds to high
tide and north is toward the top of the page.



Table 24. Constants for current velocity ellipses

Semimajor Semiminor
Period Depth Month Axis Axis1-1m cm sec cm sec

Diurnal 20 July 4.1 1.0
September 7.5 3.1
October 6. 1 3. 2

50 February 5.4 0.4
60 July 5.4 0.6

September 8.6 3.8
75 February 5.5 0.1

Inertial 20 July 4.8 3.5
September 3. 3 2. 5
October 11.4 10.6

50 February 3.0 2.0
60 July 4.4 3.7

September 3. 5 2. 8
75 February 3.7 2.3

Semidiurnal 20 July 11. 0 5. 4
September 7.4 0.8
October 9.6 1.3

50 February 4.5 1.0
60 July 5.6 2.3

September 6.6 1.1
75 February 4.5 1.8

Orientation of
Major Axis with

Meridian

026
018
018
025
347
350
031

286
058
034
0 38
336
320
044

Rotation

counterclockwise
clockwise
clockwise
counterclockwise
counterclockwise
clockwise
counterclockwise
clockwise
clockwise
clockwise
clockwise
clockwise
clockwise
clockwise
clockwise
clockwise
clockwise
clockwise
counterclockwise
counterclockwise
clockwise

I-NC
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orientation with respect to the meridian was also the same at each

depth, 0300. Maximum easterly flow occurred two hours after high

tide.

Inertial Currents

Phase for the u component of inertial current was arbitrarily

taken as zero. Phase of the v component of current relative to the

u component of current was obtained from the cross-spectrum of

u and v.
Inertial currents were significant in July and October. Inertial

currents were always clockwise and nearly, circular, as required by

theory (Sverdrup, etal., 1942). Maximum velocities were 11.4

cm sec1 for October and 4.8 cm sec1 for July.

Semidiurnal Currents

Semidiurnal currents were significant at the 90% level at both

depths and during all four months. Rotation at 20m was clockwise;

maximum velocity was largest in July, 11 cm sec1, and smallest

in September, 7.3 cm sec. The major axis of the 20m ellipse

formed an angle of 286° with the meridian in July; this angle was

238° in September and 214° in October. At ZOm, maximum easterly

flow occurred 3 1/2 hours before high tide in July, 3 hours before

high tide in September, and 2 1/2 hours before high tide in October.
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Rotation of the 60m velocity vector was counterclockwise in

July and September. The major axis of the 60m ellipse formed an

angle of 336° with the meridian in July; this angle was 3200 in

September. Maximum 60m velocities were about 6 cm sec in

July and September. At 60m maximum easterly flow occurred 4 1/2

hours before high tide in July and5 1/2 hours before hightide in

September.

February semidiurnal currents rotated clockwise at 5Orn and

75m. The major axis of the 50m ellipse and the major axis of the

75m ellipse formed an angle of about 040° with the meridian. The

maximum velocity was the same at each depth, 4 cm sec'. In

February at 50m and 75m maximum easterly flow occurred two hours

after high tide.

Other Significant Oscillations

Other significant oscillations of current velocity occurred near

3 cpd, 4 cpd, and 5 cpd (Table 25). Harmonics of the tide and of the

inertial oscillation have frequencies similar to these. Amplitudes

decreased with increasing frequency and ranged from 2.7 cm sec'
for a 3 cpd oscillation of v at 20m in October to 0.7 cm sec" for

a 5 cpd oscillation of u at 75m in February.



Table 25. Other significant intermediate frequency oscillations of current velocity

Month Depth
m

f
cpd

Variable Amplitude
cm sec -1

2
uv

A

uvdegrees

July 20 2.6 u 1.6 0.61 247

3.7 u 1.7 0.68 219

September 20 2.9 v 1.6 0.19 273

3.7 u, v 1.6, 1.4 0.74 256

4.7 v 1.0 0.42 198

60 3.7 u 1.4
October 20 2.9 u, v 2.3, 2.7 0.85 281

4.0 U, v 1.6, 1.6 0.03 345

4.8 v 1.4 0.25 280

February 50 2.6 v 1.0 0.46 190

3.8 v 0.8 0.20 027

75 3.2 u 1.3 0.17 260

5.2 u, v 0.7, 0.8 0.001 049

(J-
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Temperature

Spectra of intermediate frequency oscillations of temperature

are presented in Figure 20. Statistics for spectral peaks which were

significant at the 90% level are given in Table 26.

Diurnal and Inertial Energy

Most noticeable was the lack of 1 cpd oscillations of ZOm tern-

perature spectra. If temperature oscillations were entirely the

result of a barotropic tide, the values of energy density would be

directly proportional to the product of the temperature gradient and

the amplitude of the surface tide. The amplitude of the diurnal tide

averaged 45 cm and the average temperature gradient in July was

-0.25°C m at ZOm so September barotropic temperature oscilla-

tions should have an amplitude of 0. 11°C The energy density at

1 cpd in July was sufficient to account for an amplitude of 0. 14°C.

Hence energy density was only slightly larger than the energy density

which would result from barotropic response.

Diurnal temperature oscillations were significant at 40m in

July and September. These were well correlated with current

velocity but the correlation (coherence square) with sea level was not

significant. Inertial oscillations were significant in October at ZOm

and had an amplitude of 1°C.
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Figure 20. Intermediate frequency spectra of temperature.



Table 26. Significant intermediate frequency temperature oscillations and their relationship to current velocity

Transfer functions:
fromT tou fromT toy from T from toT

Month Variable f Amp. y (f)
A2

{H(f)
ZA

(f)
A2
y (f)

AZ
[H(f)I

3c(f) r.2y(f)
0toT0

H(f)I 4(f)
A2
y (f)

A
H(f)

Z

P()
cpd 0C -

1 -10Ccmsec -
1 -10Ccmsec - - - Ccm -1 0

July T .1.9 3.19 0.91 18.1 357 0.93 8.3 123 0.75 0.56 255
2 0 3.2 0.21 0.31 5.6 309 0.83 8.5 76 0.08 1.11 233

4.0 0.18 0.42 4.9 351 0.69 9.3 188 0.11 1.65 316

T 1.0 0.25 0.81 31.7 340 0.81 60.2 29 0.63 0.27 156 0.30 0.046 338
1.9 0.45 0.57 105.9 174 0. 62 63. 8 57 0. 36 0. 08 193 0. 57 0.067 69
3. 8 0.22 0.46 24.3 141 0. 70 23. 3 343 0. 13 0. 10 233 0.07 0.24 171

4.6 0.15 0.46 26.1 206 0.87 40.6 331 0.41 0.19 122 0.04 0.15 172
5. 5 0. 13 0.62 23. 6 353 0. 31 19. 3 273 0.52 0. 14 223 0. 001 0. 02 77

September T20 1.9 2.00 0.08 5.5 25 0.07 2.4 213 0.02 0.019 302
2.5 0.98 0.34 5.8 349 0.52 4.9 185 0.26 0.378 55
3.8 0.84 0.68 9.3 79 0.91 10.7 117 0.19 0.379 84
5.5 0.48 0.11 3.3 21 0.59 2.1 12 0.01 0.15 138

T40 1.0 0.30 0.36 36.7 278 0.57 37.2 207 0.24 0.16 335 0.04 0.008 148
1.9 0.31 0.27 74.6 6 0.56 19.5 61 0.43 0.07 335 0.26 0.008 285
3.2 0. 14 0. 15 13. 8 335 0. 92 11. 1 125 0. 24 0. 12 107 0. 14 0.069 161

3. 8 0. 17 0.58 34. 5 343 0. 70 26. 5 94 0.83 0. 23 340 0.01 0. 01 179

4.9 0.13 0.04 6.0 116 0.65 12.8 348 0.26 0.20 266 0.01 0.02 164

October T 1. 6 1.49 0.08 7. 8 292 0. 32 18. 5 209 0. 14 0.45 152
2 0 1.9 1.47 0.33 12.0 206 0.76 27.2 203 0.69 0.23 103

2.9 0.61 0.22 10.0 276 0.49 16.5 197 0.15 0.64 81
4.8 0.35 0.52 15.8 339 0.18 9.8 226 0.01 0.21 114
5.6 0.33 0.41 10.8 12 0.32 9.3 132 0.01 0.22 288
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Semidiurnal Oscillations

Two-cpd oscillations were significant for all temperature time

series. Largest oscillations were observed in July, 3.2°C; values

of coherence square with ZOm velocity components were very high,

0.9, as was the value of coherence square with sea level, 0.75.

The value of the transfer function from sea level to July 20m tern-

perature was 0.56°C m, 2550, at 2 cpd, i.e. the maximum value

of temperature occurred 8.4 hours after high tide and had a value

which was greater than the meanby

0.56 x amplitude of the semidiurnal tide in meters.

The temperature gradient observed at this depthwas-0.25°C m,

about one half the value of the transfer function, 0.56°C m. This

difference, and the fact that the phase between sea level and 20m

temperature was not close to zero, requires the ocean to respond

baroclinically to the semidiurnal tide at 20m in July.

The amplitude of the semidiurnal 20m temperature oscillation

was 2.0°C in September and 1.4°C in October. September 20m

temperature oscillations were not well correlated with either 20m

velocity or sea level; October 20rn oscillations were well correlated

with v (a coherence square of 0. 76) and with sea level (a coherence

square of 0. 69). The value of the transfer function in the latter case
0 -1was 0.23 C rn , 103°.
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Semidiurnal temperature oscillations at 40m had an amplitude
0 0of 0. 45 C in July and an amplitude of 0. 31 C in September. July 40m

temperature was well correlated with v and with sea level; the
0 -1 otransfer function from sea level had a value of 0.067 C m , 069

the average value of the temperature gradient at 40m in July was

+0. 027°C m, about one half the amplitude of the transfer function.

The fact that July 40m temperature was out of phase with ZOm tern-.

peratures is explained by the temperature inversion. September 40m

temperature was significantly correlated with v and 20m tempera-

ture. In September, 40m temperature was in phase with 20m tern-

perature.

Other Significant Oscillations

Significant temperature oscillations occurred at frequencies

greater than two cpd. The amplitude of these oscillations usually

decreased with increasing frequency and the oscillations were usually

well correlated with 20m current velocity and poorly correlated with

sea level.

In July and September an oscillation near four cpd was common

to all time series. Its amplitude was largest, 0.8°C, in September

at 20m; the amplitude of the four cpd oscillation was nearly the same

at both depths in July, about 0. 2°C. The four cpd oscillation was

well correlated with both velocity components and, at 40m, with 20m
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temperature. In July the four cpd oscillation at 40m was out of phase

with ZOm temperature, due to the temperature inversion, and in

September it was in phase with 20m temperature.

It should be noted that a four cpd oscillation in the temperature

data would result from a two cpd internal wave if the temperature

gradient were non-linear. But if the four cpd oscillation in the

temperature data was entirely the result of a nonlinear temperature

gradient, then the four cpd temperature oscillation would not be well

correlated with current velocity as it was in this case.

Winds

Diurnal energy was significant for all wind spectra. Statistics

for diurnal wind ellipses are given in Table 27. The major axis of

the wind ellipse formed an angle of about 3500 with the meridian in

each month. The maximum velocity of the diurnal wind was about

3 m sec' in September, October, and February; in July the maxi-

mum velocity of the diurnal wind was 1 m sec. The strongest

north-northwesterlybreezes occurred in the late afternoon or early

evening in July, September, and October; in February, north-

northwesterly breezes were strongest at 1400.

11Meteorological data for July were obtained from a different
source so numerical differences may not be real.
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Table 27. Constants for diurnal winds

Orientation of Local
Semimajor Semiminor Semimajor axis Time of maximum

Month axIs -1 axis -1 with meridian Rotation NNW'ly wind
m sec m sec

July 0. 6 0. 3 345 clockwise 1900

September 2. 6 0. 3 350 clockwise 2000

October 1. 7 0.2 344 clockwise 1700

February 2. 2 0. 2 350 clockwise 1400

A sinusoid, similar to equation (9-1) but containing only diurnal,

inertial, and semidiurnal terms, was fitted to successive two-day

intervals for September and October by the method of least squares.

Ellipse areas were computed for winds and ZOm currents. Results

are presented in Figure 21.

Sea level data show the regular progression of the tide;

inertial oscillations of sea level were not significant. Large diurnal

winds occurred on 17-18 September, 3-4 October, and 13-14

October. These large diurnal and inertial winds were associated

with rapid increases of mean wind speed.

Neither diurnal nor semidiurnal ZOm temperature oscillations

had a regular pattern. Semidiurnal temperature oscillations were

usually greater than diurnal temperature oscillations. Large

inertial temperature oscillations occurred on 5-6 October, 0. 4C,

and 15-16 October, 0.5C.
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Semidiurnal tidal currents did not exhibit the same pattern as

the semidiurnal oscillation of sea level. The area of the semidiurnal

current ellipse followed a random pattern and had an average value

of 67 cm2sec Diurnal currents do follow the pattern of the diurnal

surface tide but response to diurnal winds was also possible. Unfor-

tunately, large diurnal winds occurred almost simultaneously with

the maximum values of the diurnal tide so that the effects of each on

current is difficult to ascertain. For example, the area of the diurnal

current ellipse reached a maximum, 175 cm2sec2, on 3-4 October,

as did the area of the diurnal wind ellipse, but the amplitude of the

diurnal tide was greatest on 1-2 October.

Inertial currents were associated with large diurnal and inertial

winds in October. It took one time unit, two days, for inertial cur-

rents to appear after the inertial winds occurred. Inertial currents

continued for six days after the storm of 4 October.

T-T1f 11iit

Further insight into the nature of diurnal, inertial, and semi-

diurnal energy is provided by the cospectrum of onshore flow and
A

temperature at ZOm, X T (f) (Figure 22). This quantity is
20

usually referred to as heat flux, although for internal oscillations

it may not represent a true flux of heat.

In each month, the largest energy density of the cospectrum of
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ZOm temperature and onshore velocity occurred at two opd. In

July and September, heat flux was positive so onshore semidiurnal

tidal currents were associated with warm temperatures. In October,

heat flux was negative at two cpd, so onshore semidiurnal currents

were associated with cool temperatures.

Heat flux at the inertial frequency was opposite to that at two

cpd in July and October. In October, onshore inertial flow was

associated with warm temperatures; in July onshore inertial flow

was associated with cool temperatures.

Summary

Sea level spectra showed bands of energy at one cpd and two

cpd with corresponding amplitudes of 43 cm and 86 cm. Current

velocity spectra had, in addition to significant one and two cpd energy

peaks, a peak at the inertial frequency and energy at higher fre-

quencies, some of which was significant. Temperature spectra lack

well defined peaks at one and 1.4 cpd and were dominated by energy

at two cpd. Significant peaks in temperature spectra also existed

at higher frequencies and in particular at 4 cpd.

Considerable baroclinic motion was indicated by the following:

(1) When correlation between sea level and temperature was sig-

nificant, the amplitude of the transfer function from sea level to

temperature was larger than the observed temperature gradient; also
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the phase between sea level and temperature was close to neither

zero nor 1800. (ii) Current velocity ellipses exhibited changes with

depth and with month which are not characteristic of barotropic

motion. (iii) Temperature and current velocity were better cor-

related than either current velocity and sea level or temperature

and sea level.

Baroclinic response at a frequency of two cpd was much

greater than baroclinic response at one cpd. This is in agreement

with theoretical results (Cox, 1962).

Inertial currents were associated with storm passage, as were

inertial and diurnal winds.
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CHAPTER 10. HIGH FREQUENCY TEMPERATURE
OSCILLATIONS

Introduction

Oceanographers have viewed high frequency temperature

oscillations as internal waves. Groen (1948) showed that the highest

frequency at which a particle in a water column can oscillate is

given by the maximum value of the Vis.lä frequency N(z)max

where N(z) is the largest value ofmax
AN(z) = (2)[pg(dp/dz)] 2

which can occur in the water column. Mooers (1964) and Haurwitz,

Stommel and Munk (1959) present evidence that a "break" in the

spectrum of temperature occurs near the Vaisal. frequency, i. e.

that energy density above N(z) is much less than energymax
density below N(z) . But others have not noted this (Carsolamax
and Callaway, 1962). Another view, suggested by Haurwitz,

Stommel, and Munk (1959) and discussed explicitly by Sabinin and

Shulepov (1964) considers the sea as a series of finite layers, each

having its own Visl. frequency. The oscillations of such a sea

would resemble a linked pendulum system in which the frequency of

the pendulum with the largest mass dominates. Data. from the

Norwegian Sea support this view (Sabinin and Shulepov, 1964).
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Neumann (1949) believes internal oscillations can be cellular

waves (standing cellular stability oscillations) which have a frequency

given by

L L N(z)z x
where L and L are, respectively, the vertical and

horizontal dimensions of the cellular waves. Neumann (1949) found

values of L/L near 3. 5 for temperature oscillations in the

Baltic.

Method

Spectra were obtained for each month and each depth as

follows: first, spectra were calculated for selected two-day

periods; then these spectra were normalized, lumped together, and

multiplied by the mean value of C(0). Finally spectra were

compensated for the effect of the original numerical filter and the

thermometer lag coefficient.

Two-day spectra obtained for July were classed as "large

gradient" spectra or "small gradient" spectra on the basis of the

mean temperature difference between 20 and 40 meters. If there

was little temperature difference between these depths (less than

0. 5°C), the spectrum was classed as a small gradient spectrum; a

large temperature difference (greater than 1.0°C) was associated
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with a large gradient spectrum. Large gradient and small gradient

spectra were each lumped, recoloured and compensated in the same

manner as monthly spectra.

The large gradient--small gradient classification is based on

the fact that the temperature structure in regions where cold water

has been upwelled is more homogeneous than where normal tem-

perature stratification exists. Large gradient spectra should

represent waters in which the water is well stratified. Small

gradient spectra should represent upwelled water.

Results

Spectra (Figure 23) appeared to have three iegions: (a) a

region from zero to 0. 6 cph where a rapid decrease of energy

density occurred with increasing frequency; (b) a region of less

rapid decrease of energy density with increasing frequency from

0. 6 to 4. 5 cph; (c) a region of constant energy density, the "noise"

level, from 4. 5 to 6. 0 cph (40m spectra had an increase in energy

density in this frequency band due to compensation for the thermome-

ter lag coefficient).

Twenty meter spectra each had the same "noise" level, about

O.0025C2 cph. The July 20m spectrum hd significantly less

energy than September and October ZOm spectra in most of the 0. 6

to 4. 5 cph region. Prominent spectral peaks occurred in the
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Figure 23. High frequency temperature spectra.
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September 20m spectrum at 1. 5 cph and 3. 9 cph and in the October

20m spectrum at 3.9 cph; these peaks were significant at the 99%

level. Spectral peaks occurred at 3. 9 and 4. 6 cph in the July 20m

spectrum but these were not significant at the 99% level.

It is interesting to note that the July 40m spectrum had, at

all frequencies, a larger value of energy density than the September

40m spectrum. The July 40m spectrum also had two significant

peaks--at 1.8 cph and 4 cph. The September 40n-i spectrum had no

significant spectral peaks. tn general, 20m spectra had about ten

times the energy density of the 40m spectra.

July small gradient and large gradient spectra are presented

in Figure 24. Most noticeable is the peak at 2 cph (99% significant)

which occurred on the large gradient spectrum at 40m and on the

small gradient spectrum at ZOm. At ZOrn the small gradient

spectrum had greater energy density than the large gradient spec-

trum; at 40m the values of energy density were nearly the same.

Values of coherence square between 20 and 40m were

generally not significant, but exceptions occurred. In September,

coherence square between lumped 20 and 40m temperatures had a

value of 0. 13 (significant at the 99% level) at 2.2 cph; phase was

124°. For individual two-day spectra, a maximum value of

coherence square, 0.70, was obtained for 17-18 July at a frequency

of 3.4 cph; phase was 260° and the mean temperature difference
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Figure 24. Large gradient and small gradient high
frequency temperature spectra for July,
1965.
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between 20 and 40m was 0.46°C (a small gradient).

Discussion

Three features are of particular interest: the oscillations at

4 cph, the oscillations at 2 cph, and the low values of energy density

for the July 20m spectrum. The latter result is especially sur-

prisingin view of the large temperature gradient12 at ZOm in July

and the large values of energy density of July 20m temperatures for

frequencies of 1-6 cpd (usually greater than September or October).

This indicates that high frequency oscillations at ZOm were damped,

not enhanced, by the large density and thermal gradient.

The opposite situation existed at 40m in July. Due to a tem-

perature inversion, density gradients were a minimum near 40m,

much weaker than in September. Yet July 40m energy density

values were greater than those for September. Here the weak

vertical stability enhanced high frequency temperature oscillations.

Figure 25 illustrates the Väislã frequency as a function of

depth for several hydrographic casts. The maximum value of the

V.isälä frequency was near 12 cph in each case. This was beyond the

Nyquist frequency for our observations. Minimum values of the

'2The temperature variation associated with an internal
oscillation of a given height is directly proportional to the tem-
perature gradient.
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Vis.1á frequency occurred between 2. 4 and 4. 0 cph. In September,

and at 1410, 23 July (a small gradient case), the V.islâ frequency

minimum was at the surface and at depths of 80-hOrn. For the

large gradient profile, 1700, 22 July, the VäisàFâ frequency mini-

mum was at 50m and at depths greater than 90rn; the former was

associated with the temperature inversion.

Both the 2 cph oscillations and the 4 cph oscillations can be

explained as stability oscillations associated with layer of minimum

VisäFá frequency. But if this were the case, two distinct types of

stratification are required, one with a Vaisl. frequency rear 4 cph

and the other with a Vãisälä frequency near 2 cph. Further, the

ocean should proceed gradually from one type of stratification to the

next so that oscillations from 2 cph to 4 cph would have occurred.

This might have been the case and could explain several features

such as the masking of the 2 cph oscillations on the July 20m

spectrum. Stability oscillations of upwelled surface water could

have been represented by the 4 cph oscillations; stability oscilla-

tions of the layer of water in which the temperature inversion

occurred could have been represented by the 2 cph oscillations.

Other explanations are possible. For example, the 4 cph

oscillations could have been the linked pendulum response. When

these oscillations reached a critical amplitude, standing cellular
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oscillations could have occurred. Presumably, these had a frequency

of 2 cph; hence, L/L is two.
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CHAPTER 11. SUMMARY

Density stratification on the Oregon continental shelf varied

from month to month. In July and September the waters were

stratified: the density difference between 20 and 60m was 0. 75

sigma-t units. In February, conditions were nearly isopycnal

between these depths.

With strong density stratification, shear existed between cur-

rents at 20 and 60m. In July and September currents at 20m dif-

fered from those at 60m; this was true not only for the mean flow,

but for low frequency and tidal currents. On the other hand, in

February currents at 50m were similar to currents at 75m for all

frequencies studied.

Northerly currents are common on the Oregon continental

shelf. In February, flow was to the north at 25, 50, and 75m when-

ever strong southerly breezes blew; this flow seemed to be a direct

effect of the wind. In summer and fall, northerly flow was of a dif-

ferent nature. In July, flow was to the north at 60m whenever the

north-northwesterly breezes abated. In September, a strong

northerly current flowed at 60m despite northerly breezes. Cur-

rents at ZOm were northerly most of the time in September and

October, but were weak. This flow could be a part of the California

countercurrent.
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In July and September, currents at lOm were usually to the

south and were much stronger in July than in September. In July,

flow at 20m was also southerly.

In July the following pattern of onshore-offshore flow occurred

when north-northwesterly breezes were strong: flow at lOm had an

onshore component of 22.5 cm sec; at ZOm no onshore flow

occurred; 40m currents were offshore, 2.5 cm sec; flow at 60m

was onshore, 0.6 cm sec. Temperatures associated with this

current pattern were cooler than usual at ZOm and warmer than usual

at 4Orn. As north-northwesterly breezes abate, flow is onshore at

the surface and at 60m. As a result temperatures increase at 20m

and decrease at 40m.

After a summer of northerly breezes, the first strong

southerly wind occurred on 4 October. In response to this storm,

currents at 20m flowed to the north and onshore; temperatures at

ZOm warmed and sea level rose. In the wake of this storm, large

inertial currents occurred at 20m and these contributed to the flux

of heat onshore.

The relationship between variations of sea level and longshore

velocity agreed with the geostrophic equation, i. e. southerly cur-

rents were associated with low values of sea level and northerly

currents with high sea level. Values of coherence square were

significant and phase estimates were steady for all low frequencies.
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The regression coefficient between sea level and longshore velocity

was interpreted as geostrophic current width; the coefficient was

constant for July and September and implied a current width of 75

km.

The relationship between wind and sea level was studied.

The effect of onshore wind on sea level was not significant. The

relationship between.longshore wind and sea level was dependent on

frequency: longshore winds had a greater effect on sea level at fre-

quencies lower than 0.2 cpd than at higher frequencies. For fre-

quencies lower than 0.2 cpd, an increase of one m sec of southerly

wind was associated with a one cm rise of sea level.

Spectra of sea level, current velocity, and temperature were

studied for frequencies from one to six cycles per day. Sea level

spectra showed bands of energy at one and two cpd. Current

velocity spectra had, in addition to significant one and two cpd

energy, a peak at the inertial frequency, 1.4 cpd. Temperature

spectra lacked well defined peaks at one and 1. 4 cpd and were

dominated by energy at two cycles per day. These differences of

spectra were explained as follows. Inertial currents were associated

with storm passage. For the stratified ocean, baroclinic response

to the diurnal tide was slight, and temperature variations were only

slightly greater than would be expected from a barotropic diurnal

tide; however, baroclinic response to the semidiurnal tide produced
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temperature variations much larger than would be expected from a

barotropic semidiurnal tide.

High frequency temperature spectra were dominated by

oscillations of 2 cph and 4 cph. Further, at a given depth, values

of energy density were inversely proportional to the temperature

gradient; this indicates that weak vertical stability enhanced high

frequency vertical oscillations.
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