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contain important portions of the coherent energy. Complex dernodu-
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Ths water continually flowed and flowed
and yet it was always there;

it was always the same
and yet every moment 1t was new.

Hermann Hesse
Siddhartha
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A DESCRIPTION OF HYDROGRAPHY, WINDS, AND
CURRENTS DURING THE UPWELLING SEASON

NEAR NEWPORT, OREGON

I. INTRODUCTION

This thesis is a description, from the viewpoint of a physical

oceanographer, of the pattern of events known as coastal upwelling.

Upwelling has been defined as an ascending motion, of some minimum

duration and extent, by which water from subsurface layers is brought

into the surface layer and is removed from the area of upwelling by

horizontal flow (Smith, 1964). A horizontal divergence in the ocean's

surface layer is necessary for this definition to be satisfied. This

divergence must exist for sufficient time and be of such an extent to

produce ascending motion in the water beneath the surface layer rais-

ing deeper water to the surface. Along the Oregon coast a divergence

occurs when the wind from the north causes an Ekman transport of

surface waters away from the coast. This transport of water caused

the deeper water to ascend into the surface layer near the coast where

it is removed by the continuing action of the wind. The pattern of

events along the Oregon coast thus satisfies the definition of upwelling,

and it is this pattern which is described.

The purpose of this dissertation is to aid oceanographers in

understanding upwelling by providing an overview of the upwelling sea-

son near Newport, Oregon. The overview has clarified and
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strengthened the conceptual model of upwelling on the Oregon coast.

This model should aid oceanographers in the planning of experiments

performed on this coast and in the prediction of their outcome. It is

used to generate hypotheses about coastal dynamics and to evaluate the

relative importance of the various factors in those hypotheses.

Upwelling on the Oregon coast is an oceanographic phenomenon

with a strong seasonal variation. Phenomena with variations that are

seasonal require several seasons worth of observations to produce a

basis for a reliable conceptual model. Data have been taken on the

Oregon coast for an extended period with the aim of producing an

understanding of upwelling. These data can now be formed into aver-

ages, which should be representative, based as they are on data that

extend in time over several seasons.

Averages of oceanographic and meteorological data are used in

the structure of the model, but they find other uses as well. Averages

aid oceanographers by bringing together an accumulation of informa-

tion in a way which can be readily assimilated. The comparison of

averages with specific data tests the reliability of both the average

data and the specific data each time it is made. Perspective provided

by these averages enhances the predictive capability of the model,

which is the core of its usefulness.

The results are based on hydrographic data, on geostrophic

winds as computed from weather maps, and on directly measured
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currents, temperatures, and winds. The data were collected at

water depths to ZOO meters, between the coast and 25 nautical miles

offshore, from 1960 to 1970. The length of the data series used

varies as the availability of each type of data varies. In general, the

philosophy used in the construction of averages was to include all

pertinent data rather than selected portions. The data used are

restricted to observations made during the upwelling season, which

we define as extending from early April until late September.

The hydrographic data used have been collected by members of

the Oceanography Department at Oregon State University for a period

of 11 years. This extremely valuable set of data is presented and

described in detail in Section III. The geostrophic wind data were

provided by Fleet Numerical Weather Center in Monterey, California.

These winds are used to produce the average wind for the upwelling

season. The direct current observations were taken with Richardson-

type meters suspended on a taut wire mooring. The length of any

particular series of these data was limited by the recording capacity

of the instrument itself and by the actual length of time it operated

successfully at sea. The observational program for currents was

begun in 1965 and continues to the present time.



Organization of Thesis

The structure of the conceptual model of upwelling near

Newport, Oregon, has determined the order in which the observations

are discussed. The mechanism of upwelling, including a short

theoretical discussion of its dynamics, is given in Section II. This

discussion allows for the inclusion of some of the work done in this

region by other oceanographers and gives reasons for the particular

emphasis assigned to data in the later sections.

A detailed review of the data available for the construction of

the model is also given in Section II. The review is presented in

order to give the reader a knowledge of much of the data available and

to give proper credit to the many people involved in the collection of

the data. This section includes a brief review and description of data

reports, theses, and papers which apply to the model.

The hydrographic characteristics of the region are very impor-

tant to the study of upwelling on the Oregon coast. It is the structure

of these coastal waters which serves as an indicator of upwelling,

and the description of that structure serves as the framework for the

model. In Section III of the thesis, the hydrographic background is

provided.

Following the presentation of this background, a description of

the mean currents and mean winds is given in Section IV. Averages
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of hydrographic data are used to compute geostrophic currents which

serve as a framework for the discussion of the direct current and

wind observations. The emphasis is on averages and the usual condi-

tions of a representative upwelling season.

To provide a contrast to the smooth flow of events as pictured in

Section IV, Section V is a presentation of the time series analysis of

currents and winds. This section introduces rotary spectra and uses

these spectra to describe some of the statistical properties of these

data.

The variation in the statistical properties as a function of time

is discussed in Section VI. The discussion uses complex demodula-

tion to study the time variability of the amplitudes in selected fre-

quencv bands.

Section VII contains the conclusions and recommendations. The

generalized flow patterns for the upwelling season are given for both

the directly measured currents and the geostrophic currents computed

from the average hydrographic data. Some of the observed changes in

both the current structure and the hydrographic field are related to

changes in the wind field. Some conclusions are drawn from this

description, and recommendations are made for additional experi-

ments most useful in verifying those conclusions. Recommendations

are also made for experiments to supplement the existing data where

it is clearly insufficient for a complete understanding of specific

relationships in the upwelling phenomenon.



II. A REVIEW OF THE THEORY, LITERATURE,
AND DATA ON UPWELLING NEAR NEWPORT

Theory Review

Equations of Motion

The equations of motion for an incompressible, inviscid fluid on

a rotating earth in Eulerian representation are given as (Neumann,

1968, Chapter III):

whe re:

du iE+fv 1 8 8 8
T + T + T ]dtp8x + xx 8y xy 8z xz

8 8T +T +T ]

dt p8y p 8x yx 8y yy 8z yz

t= ---
dt p 8z g

f Coriolis parameter = 2w sin

Earthts angular velocity = 7.3 x 105/sec

Latitude

p Density of water

p Pressure

g = Acceleration of gravity

i- etc. = Reynolds stressesxx

u, v, w = Velocity components in the x, y, z directions.



These equations are obtained from the Navier-Stokes equations, the

basic equations for fluid flow. Without the Coriolis term, they are

called the Reynolds equations, since they were first put in this form

by Osborne Reynolds. Thus they are Reynolds equations generalized

to include the effects of the earth's rotation. These equations are

referred to a right-handed Cartesian coordinate system rotating with

the earth. The positive x-axis is directed eastward, the y-axis

northward, and the z-axis upward, with the origin at the mean free

surface of the ocean. The velocities as used in the equations are the

"average velocities, i. e. , the velocities with the relatively high

frequency, small scale random turbulent fluctuations in the velocity

field averaged out. Molecular viscosity terms have been omitted,

since they are negligible for scales of motions considered. It is also

assumed that turbulent fluctuations of density can be neglected, which

is true for the types of flow being considered. For all of the work

presented here, the third equation can be reduced to the hydrostatic

equation

pg.

The Reynolds stresses are often parameterized as products of the

gradients of the average flow and the eddy viscosity coefficients



E]

au
T =A etc.xxx

Under these simplifying assumptions, the equations of motion can be

written:

-+fv+1[(A )+-(A -)+-(A -)]
dt p ax p ax xx 8x ay xy a az

fu
1{ a

(A + (A + p-- (A ) I

dt p ay
+

p ax yx ax ay yy ay az yz az

az
pg.

The terms of the form, (A can be thought of as normal
ax xxax

stress terms (dynamic pressures). These are neglected here. The

terms of the form, p-- (A represent the lateral friction such
ay xyay

as might be introduced in a turbulent boundary layer. The terms of

the form, (A represent vertical stresses such as might
az xzaz

be caused by wind stress. It is these two last terms which are impor-

tant in the models considered.

Ekman Steady State Theory

In the early part of this century, a theory which gave the first

satisfactory physical explanation for upwelling was put forward by

Ekman (1905). This theory provides the basis for our present-day

understanding of the effect of the wind on the sea. Ekman showed that



the wind-produced transport of water is directed to the right of the

wind in the Northern Hemisphere. It is this transport, which results

wnen the wind from the north blows along the Oregon coast, that

necessitates an upward flow from deeper layers to replace the water

transported offshore.

Ekman, in his most simple model, assumed steady state motion

in a uniform and homogeneous ocean of infinite extent with a steady

and uniform wind stress at the surface. Under these assumptions,

the Coriolis force balances the vertical shear stress introduced by

the wind. The equations of motion are:

18fv+--(-r )0p8z xz

ia
-fu +(T )0.p8z yz

The surface boundary condition is that the wind stress equal the

shearing stress in the fluid:

T =T I T =Tx xzly yziz0 'zO

where T , 1 are the x and y components of the wind stress.
x y

If it is assumed that the velocity and velocity gradients vanish at

depth, then the mass transport caused by the wind is:
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0

M = C pudzT If
x y

p0
M = \ pvdz=-T If.

y J x
-

These important equations relating winds and wind-induced mass

transport are referred to as the Ekman transport equations.

In calculations of Ekman transport, the most important param-

eter is the stress exerted by the wind on the sea surface. It is the

transfer of horizontal momentum across the air- sea interface which

results in the currents associated with the winds. The stress of the

wind is usually computed by indirect methods, since more direct

measurements usually are not available. The stress equation most

often used is:

wh e r e:

T = C U Ua D a a

Density of air

CD = Dimensionless drag coefficient

Ua Wind velocity.

The wind velocity is usually measured at 10 meters above the sea

surface, and CD is thus a function of the measurement height.

CD is probably also a function of the wind speed, surface roughness,
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and the stability of the air. The exact functional form of CD is not

known yet, but there are sufficient simultaneous measurements of -r

and U to show that this parameterization is useful (Pond, 1971).
a

Geostrophic Flow and the Sverdrup Equation

Geostrophic flow occurs when the only large terms in the

horizontal equations of motion are the Coriolis forces and the pres-

sure gradients. Thus accelerations and friction are neglected. Since

the equations for Ekman flow and geostrophic flow are linear, such

flows can be superimposed. The divergence in an Ekman flow can be

compensated for by a geostrophic convergence. The interior of

oceans, away from the western boundaries, is believed to have simple

flows of this mixed Ekman geostrophic type (Neumann, 1968). In

order that continuity be satisfied for this type of flow (assuming either

that the flow vanishes at the bottom or that the bottom is level and

bottom friction is small), the Sverdrup equation

3M = curl T
y zs

must be satisfied. 1 = is the variation of the Coriolis parameter
dy

with latitude. M is the total (Ekman and geostrophic) transport in

the north-south direction, and curl T is the vertical component of
z S

VXT where T is the surface stress. The Sverdrup equation is



12

also the form the vorticity equation takes for this type of flow. For

such flow there can be north-south transport only if curl-v 0.

Smith-Yoshida Model

For the Oregon coast where neither the wind field is stationary

nor the water homogeneous, Ekman' s theory is too simple to explain

in detail the observed motion of the water. Yoshida (1955) modeled

the upwelling associated with winds of a few days to a week duration

for a two-layer ocean bounded by a straight coastline. The results of

his model have been used to explain upwelling on the California coast

with fair agreement.

In his upwellirig model, Smith (1964) used an approach similar

to Yoshidas though differing in detail and specialized to certain areas

such as the Oregon coast. His model is also two layered and non-

stationary. It is based on the following equations of motion

a 10fv-g--+ 8z

A 2
+! yzH8v

p 8z p

and on the simplified equation of continuity

8x 8z
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wh e r e:

Elevation of the sea surface

All Horizontal coefficient of eddy viscosity.

The pressure gradients in the upper homogeneous layer are repre.-

sented by the slope of the sea surface.

Following the onset of the wind, drift currents are established

within a day. Isostatic equilibrium is assumed to occur; the slope of

the sea surface and the slope of the pycnocline layer will establish an

isostatic condition in the deep layer. The relationship between the

surface slope and the slope of the pycnocline is

p1g -gAp ax

wh e r e

p1 Density in the upper layer

A p = Density difference between the upper and lower layers.

Using this relationship and the conservation equation, the vertical

velocity at the base of the pycnocline is given by

w
AHa2

-h at p ax2

where h is the depth of the surface layer.

In the earlier stages of upwelling, it is expected that the rate of
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ascent of the pycnocline closely approximates the vertical velocity.

In the equilibrium or steady state stage when the pycnocline is

approximately stationary, lateral mixing balances the vertical advec-

tive motion.

Using the isostatic condition, continuity, and setting the stress

at the sea surface equal to the wind stress, Smith found

W -h pf

which is the vertical velocity at the bottom of the surface layer.

This solution is dependent on the parameter, k, defined by

k2

which is a function of latitude and density structure. The effective

width of the coastal upwellirig belt is given through the parameter, k.

A 'test of how well this equation for vertical velocity was satisfied

by collected data is given in Smith, Pattullo, and Lane (1966)

Thermal Wind Relationships

The direct current measurements made during 1965 were

examined in detail by Collins and Pattullo (1970) who were looking for

relationships between the hydrography and the directly measured
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currents. The consistency of the vertical shear in the longshore

velocity and the positive slope of the isopycnals during this period

suggested to them the potential validity of the thermal wind equation

f

where E is the static stability, f is the Coriolis parameter, and

s is the zonal (east-west) slope of an isopycnal. To examine what

simplifying conditions are needed for the above expression, the fol-

lowing derivation is given.

The equation of motion is referred to the same right-handed

Cartesian coordinate system used in the Ekman derivation. The

velocity field is stationary, and only the pressure and the Coriolis

force act in the east-west direction simplifying the equation of motion

to

pfv =

From this equation of motion and from the expression for hydrostatic

pressure

pg 8z

one can eliminate the pressure to find

av apf(p+v) = g
az az ax
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Solving this for the vertical shear, one obtains

az fpaxpaz

In the coastal region, the longshore velocity has been measured to be

about 10 cm/sec making

1o6
fp p

The slope of the isopycnal:

dz_____
S

'p=const.

and in this coastal region during the upwelling season is not often less

than 10 Thus the ratio of

/E
fp 3x/ p 8z

is approximately 1000. The second term can thus be neglected leaving

8z fp8x

The static stability, E, can be expressed as

p 8z



hence

and finally

1 8pEs

= -g/f Es.

17

A more detailed discussion of the cross-stream and mainstream

shear flow was given by Mooers (1970). He examined the data from

an array of recording sensors moored on the Oregon continental shelf

in August and September of 1966. He also used data from hydro-

graphic cruises made in the vicinity during the same period. To help

explain the observed cross-stream flow, he introduced the concept of

frictional cross-stream flow. If the balance in the y-component of

momentum is

2av
fu A

V 2
az

where A is the vertical coefficient of eddy viscosity, then a

frictional cross-stream flow exists. Using the thermal wind equation,

this cross-stream flow can be written

=
as)

Using this equation and the observations, he deduced a consistent



picture of the flow field during this period.

Thus the simple theory of Ekman provides a model of the flow

field under steady state conditions. This Ekman flow produces a

divergence in the surface layer and a corresponding convergence in

the deeper layers. This flow modifies the density field and produces a

more complicated interior flow which is accounted for in Mooers

equilibrium cross stream flow theory. When certain conditions are

satisfied, the vertical velocity can be obtained from the equations

derived by Smith.

Literature Review

The ocean near Newport, Oregon, has been studied intensively

by oceanographers at Oregon State University for more than ten years.

This intensive study of an important region of coastal waters has pro-

duced a wealth of information that is unique both in its duration and in

its diversity.

Oregon coastal waters are subject to many local influences, but

they are derived largely from Subarctic waters; characteristics for

the northeastern Pacific Ocean have been described by Fleming (1955)

and by Tully and Barber (1960). Pattullo and Denner (1965) examined

the temperature and salinity data for Oregon coastal waters gathered

during 1961 and 196Z. They found that, along the northern Oregon

coast, mixing with Columbia River water occurred 23% of the time;
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while near Cape Blanco, upwelling in conjunction with heating was

important. Their figures are based largely on data gathered by

observers at several points along the coast at sampling intervals

ranging from daily to weekly.

In May of 1963 off the southern Oregon coast, observations were

made which provided unique data on the early stages of coastal

upwelling. Smith, Pattullo, and Lane (1966) were able to compute

from these data the offshore transport associated with upwelling from

changes in the distribution of temperature and salinity, heat budget

considerations, and Ekman transports. All of the estimates of off-

shore transport were in good agreement.

Pattullo and McAlister (1962) described the possibility of

frontogenesis (formation of fronts) off Oregon. Then Collins (1964),

using hydrographic data collected from June 1961 to May 1963,

delineated the quantitative limits of the oceanic front. He chose an

upper limit of 25. 5 and a lower one of 26. 0 o, and changes in the

position of those surfaces with time and the requirements of contin-

uity were used to obtain zonal (east-west) flow rates for the frontal

and surface layers.

In an excellent review article, Smith (1968) discussed the

dynamics of upwelling, including Ekmants model and Yoshida's work.

He included a discussion of the worldwide regions of upwelling and

considered many of its effects. The thorough bibliography is complete

through 1968.
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Collins (1968) described in detail the measurements of current

velocity and temperature made during 1965 and early 1966. He found

that northerly currents were common and dominated the September

and October flows, while in the early summer the flow was to the

south. He computed spectra of currents, temperature, and sea level

and found that tidal and inertial frequencies were present in all of the

data examined.

Collins and Pattullo (1970) found on 14 July 1965 that the thermal

wind equation was satisfied exactly. In addition to this comparison,

they investigated the relationship between the ocean currents and the

wind. They introduced a regression model in the manner suggested

by Hamon and Hannan (1963) and found that the lag time between the

longshore wind and the longshore current ranged from 0. 0 to 0. 7 days

depending on the record used. They concluded that none of the lag

times computed were significantly greater than zero days. One of the

results of the regression model was a residual current. They meas-

ured it to be 16 cm/sec in the absence of winds during February of

1966.

Continuing with this work using the concept of a residual current,

Huyer (1971) compared the data gathered from a moored current

meter to data gathered by a moored recording anemometer. She

analyzed both the current meter record and the wind record using time
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series techniques. She concluded that the slow changes in the wind

are related to similar changes in the current, while rapid changes in

the wind amplify intermediate frequency oscillations in the current.

She proposed a model for the currents based on a more-or-less steady

residual current and a response current which follows closely the

variations in the wind. During rapid changes in the wind, both the

residual and response current can change unpredictably.

In an important theoretical study of the coastal upwelling region,

Mooers (1970) concentrated the bulk of his attention on the interaction

of the internal tide with the frontal zone. In order to verify his model

of that interaction, he discussed in detail the observations of currents

and hydrography made during 1966. He introduced a cross-stream

model which remains the best model we have of the cross-stream

flow. Mooers also examined in detail the field of static stability and

developed a technique for spectral analysis of vector time series. A

paper on the dynamic structure of a frontal zone in the upwelling

region (Mooers etal. , in preparation) will extend and amplify much of

the work to date.

Hopkins (1971) gives a description of the circulation on the shelf

off Washington. The major contribution of this work is a model of

upwelling which includes the Ekman current, a barotropic current

established by coastal divergence of the Ekman transport, and a hot-

tom friction current induced by the interior flow. He has indicated the
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relevant physical processes and the general circulation along the

coast under various conditions by comparing both model and observed

velocities as well as by presenting dynamical arguments. This model

should be applicable to the circulation off Oregon.

Review of Available Data

The most extensive set of data reports are those connected with

the offshore hydrographic work done at Oregon State University.

(They are listed in the addendum to the bibliography under Hydro-

graphic Data Report Series. ) This ten-volume set of reports contains

information about the data collection, processing, and computations.

Included are estimates of the accuracy and precision of the measure-

ments. When measurements of Oi PO4, pH, alkalinity, and NO3 are

available, they are also presented. An attempt is made to run a

routine Newport hydrographic line each month. The success of this

attempt depends on availability of ship time and weather conditions.

The distribution in time of these cruises is seen in Figure 1.

A program of shore sampling of ocean temperature and salinity

along the Oregon coast has been carried out by the Department of

Oceanography, Oregon State University (Shore Station Data Report

Series). These observations are useful because they may serve as a

monitor of the offshore conditions.

In 1965 under support from the National Science Foundation, a
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study was begun on frontal and tidal currents on the shelf and on

related changes in the distribution of properties. This study has con-.

tinued until the present time and has revealed much about the complex

current system on the shelf (Current Meter Data Report Series). The

data are reported in a manner following Webster and Fofonoff (1965).

Data available during the current meter observation period (1965- 1969)

are shown in Figure 2. Periods for temperature indicate when

thermograph data were collected in conjunction with the current meas-

urement program. Geostrophic winds have been calculated by other

investigators at Oregon State University (Mooers etal. , 1968; Fisher,

1970; Detweiler, 1971) in conjunction with their work, and these data

are also indicated in Figure 2. In addition, geostrophic winds, as

will be discussed in Section IV, are available for the whole period

from Fleet Numerical Weather Center, Monterey, California. Hydro-

graphic data are repeated to show overlap with the other data; cruise

numbers are indicated. "Measured' winds used for comparisons with

current observations are shown; with the exception of 1965 and 1969,

these winds are from shore stations. Sea level measurements from

the Marine Science Center begin in 1966 and are indicated.
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III. HYDROGRAPHIC BACKGROUND

i)uring the upwelling season, the prevailing northeast wind pro-

duccs a divergence in the surface layer near the shore. This diver-

gence causes an ascending motion in the layers beneath, and colder

water from these layers appears at the surface. This cold water has

long been the primary indicator of upwelling. The cold water is also

rich in nutrients, and its appearance in the photic zone produces an

area of high organic production. This high productivity, which is an

ZecL f the upwelling, is one of the reasons for the study of these

regions; as Ryther (1969) has discussed, the high primary productivity

and the shortness of the food chain in these regions may enable half of

the worldrs fish supply to be produced there. As important as this

particular effect of upwelling is, the physical oceanographer is more

concerned with the distribution of the water properties as reflected in

the hydrography and current structure. The hydrography and currents

are related and influence each other directly; both of them, in turn,

influence the distribution of other variables.

To determine the average behavior during the upwelling season,

the hydrographic data have been analyzed in several ways. The analy-

sis can be structured around the variation with distance from shore,

depth, and time. The variation in the longshore direction must also

be studied to check the implicit assumption of longshore uniformity
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and to use data taken on adjacent sections. The major portion of the

direct current measurements has been made at station DB7 (Figure 3).

The currents at this station need to be related to the local hydro-

graphy. However, the major portion of the hydrographic data has been

gathered on the Newport hydrographic line some 20 kilometers to the

south; hence there is the need to show that Newport and Depoe Bay

hydrographic sections are comparable.

Historically, the Newport line was studied because of its

proximity to Yaquina Bay, the location of the present Oregon State

Marine Science Center. Much of the hydrographic work has continued

on this line for obvious reasons. The site off Depoe Bay was chosen

for the current measurements because of the regular bottom topog-

raphy and, therefore, hopefully more easily understood flow patterns.

Some hydrographic work has been done on the Depoe Bay line in con-

junction with this work, but these data are insufficient as yet to give a

good seasonal picture.

Comparison of Shore Station Data to Offshore Hydrographic Data

The Newport line hydrographic data are first compared to data

collected at a shore station. The shore station data are potentially

useful because long time series are readily obtained, and because if

coastal upwelling is a nearshore phenomenon, shore station data

might be a good indicator of upwelling (Bourke, 1969).
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The shore station data used here are the intake temperature and

salinity for the aquarium at the Marine Science Center of Oregon State

University. Satisfactory data exist for only 1966 and 1968 when the

temperature and salinity were measured during the high tide each day.

This water may then be representative of the coastal shelf waters.

During 1967 too few data are available to be used.

Following the analysis method of Pattullo and Denner (1965), the

data have been divided into class intervals of 0. 5°C temperature and

0. 5°/ salinity. Each pair of temperature and salinity intervals

defines a cell on the T-S field as used by Montgomery (1955). The

features of the temperature and salinity distributions can be seen in

Figure 4. In 1966 there were 139 observations; in 1968, 99. Three

values in 1968 are omitted because the salinities are too low, and one

value in 1966 is omitted because the temperature is too high. The

values for the two years are shown separately in the cumulative totals

but are not distinguished on the bivariant plot.

In 1966 during the upwelling season, the temperature observed

at Yaquina Bay ranged from 8.5°C to 16.0°C, while the salinity

ranged from 30. 50/00 to 34. 0°/. The most commonly observed tern-

peratures were in the range from 9. 1°C to 10. 0°C, but other tempera-

tures were observed nearly as often. The salinity range, 33. 10/00 to

34. 00/00, includes 70% of the observations. In 1968 during this same

season at Yaquina Bay, the temperature ranged from 8. 6°C to 16. 0°C.
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In 1968, as in 1966, the temperatures observed were well distributed

over the range. The salinity was more evenly distributed over the

range in 1968 than it was in 1966. It varied from 30. b°/ to 34. 0°/

with the most commonly observed salinities ranging from 32. 6°/ to

33. 0°,. The range from 32. l°/ to 33. 5% includes 60% of the obser-

vations.

The set of T-S data selected for comparison to these shore sta-

tion data consists of measurements gathered by ship in the nearsur-

face, nearshore region close to Newport, Oregon. The nearshore

region has been defined here as including the stations designated NH3

and NH5 (Figure 3). The nearsurface has been defined as 0 to 10

meters depth. These data are considered so that a comparison can be

made to the data from Yaquina Bay and because this nearshore, near-

surface region should be where the most deeply upwelled water occurs

without modification. A bivariant plot is shown in Figure 5.

In 1966 during the upwelling season, only 17 samples are avail-

able. Station NH3 was not occupied in 1966; all of the samples are

from NH5. They range in temperature from 7. 5°C to 14. 5°C and in

salinity from 32. 1°/ to 34. 0°/. There are two few data to talk about

a modal cell. In 1968 when there were 29 observations, the tempera-

ture and salinity ranges are similar. Looking at Figure 5, it can be

seen that the minimum temperature and the maximum salinity

occurred together in the range from 8. 1-8. 5°C and 33. 6-34. 0°/. The
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most common water observed was 8. 1-9. 5°C and 32. 6-34. 0°/ with 14

observations or about 50% of the time. From this distribution one can

see that more cold saline samples were taken during 1968 than in

1966. There are insufficient data to determine if this feature is due

to greater frequency of sampling during intense upwelling in 1968 or

to more intense upwelling. What is clear is that it was not uncommon

to see very saline water, 33. 1-34. 0°/, 50% of the time or to see very

cold water, 7. 5-9. 0°C, 30% of the time in these nearshore, nearsur-

face samples.

The shore station data are, in general, warmer and much more

scattered than the nearshore, nearsurface hydrographic data, although

the salinity distributions are comparable. Pattullo and Denner (1965)

had observed that the surf zone waters are nearly the same tempera.-

ture as the nearshore, surface waters, but their samples were from

the open coast, not Yaquina Bay. It appears that the coldest, most

saline samples in the Yaquina Bay data are representative of coastal

waters but that many of the samples relect local effects in the bay.

The presence of warmer water in Yaquina Bay is probably due to

warming on the tidal flats in the estuary.

Comparison of 1966 and 1968 Data to All Available Data

To determine if 1966 and 1968 were representative years in the

hydrography, a third set of T-S data was selected for analysis which
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consists of all of the hydrographic data collected at stations NH3 and

NH5 for the period 1960 through 1970. Station NH3 was not sampled

on every cruise. The number of cruises per year has increased

through this period (Figure 1) so that results are weighted toward the

latter half of the period. A.gain, only samples in the upper 10 meters

are considered and only those taken during the upwelling season.

There are 188 observations presented in Figure 6. These range in

temperature from 7.0°C to 16. 5°C and in salinity from 29. 5°/oc, to

34. 0°/. Some 52 of these samples, or 28%, are between 8. 1°C and

9.0°C in temperature and 33. 1°/ and 34. ü°i, in salinity. Very few of

them, 13%, lie above 12. 0°C, and only 17% are below 32. 0°/ in

salinity. Comparing Figures 5 and 6, it appears that 1966 and 1968

were not unusual years.

Looking at the ten-year set of T-S data for the nearshore, near-

surface, one sees that 60% of the points lie along a band connecting

two water 'types'. The first of these water types is clearly that of

the deeper water on the shelf represented in the range from 33. 5°/

to 34. 0°/ in salinity and 7. 5°C to 8. 5°C in temperature. The second

water type is not as distinct in its T-S characteristics, since it is the

mixture of Columbia River water with the surface water. This water

type can be represented by the range, 30. 5°/ to 31. 5°/ in salinity

and 11.0°C to 12. 0°C in temperature. Neither of these ranges is

really a water type, since a water type by definition is only a point on
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a T-S plot, not a region (Sverdrup, Johnson and Fleming, 1942).

What these ranges do represent are the end points of a mixing line

near which some 60% of all the collected samples occur (Figure 6).

Variation in Hydrography with Distance from Shore

Looking now at the variation with distance from shore, the

temperature and salinity information for the upper 10 meters at the

three stations, NH5, NH15, and NH25, for the entire upwelling season

is presented in Figure 7. The presence of high salinity, low tempera-

ture water at the nearshore station NH5 is apparent from these figures.

The gradual warming and freshening of the surface waters during this

season as the distance from shore increases is also clearly evident

from these data. Thus one expects the surface isograms to show, on

the average, increasing temperature and decreasing salinity with

increasing distance from shore. These data strengthen the evidence

for upwelling being a nearshore phenomenon.

The Seasonal Variation in the NH25 Hydrography

Upwelling, as evidenced by ascending motion in the lower layers,

shows up clearly at station NH25. NH25 is emphasized in this analysis

because the water there is 260 meters deep, and average data exist to

depths where the effects of upwelling should be minimally felt. At the

two shallower stations nearer shore, the entire water column can



37

40

20

0

40

002:

Fri

20

0

40

20

0

40

Oü
0

) 0

Z4
2

NH 1 5

- NHZ5

6 8 10 12 14 16 18

Temperature (°C)

NH 5

NH 1 5

NH 25

28 29 30 31 32 33 34

Salinity (°/)
Figure 7. T -S histograms for nearsurface water (0-10 meters),

1960-1970, April-September inclusive.



change in structure more rapidly, and the short-term variability

partially masks the seasonal changes.

Figure 8 presents the seasonal picture of the temperature dis-

tribution at NH25, while Figure 9 presents the corresponding salinity

picture. Looking first at the deepest data for this station (bottom line

of Figure 8, top line of Figure 9), one sees a change in the tempera-

ture at 200 meters over the season but relatively little change in the

salinity at this depth. This temperature variation suggests that the

effects of upwelling extend to 200 meters at this station. In Table I,

the values plotted in these figures are listed along with their corres-

ponding standard deviations ( (- (X.i)2)1/2 where x is a

value, is the mean, and N is the number of samples). The

variability becomes increasingly marked in the nearsurface layers.

The changes in salinity and temperature during the season are both

very marked for most of the column. The changes over the season

are significant, that is, they are larger than the standard error of the

mean, SE SD/.fN. Plus or minus one SE equals approximately

63% confidence for the mean; plus or minus twice the SE represents

approximately 95% confidence. Thus these data show that the upwelling

follows a pattern which repeats from year to year with some variation.

The changes observed in the surface layers at NH25 are a result

of at least two processes. The early changes observed in the surface

layers, i.e. , warming and freshening, are probably due to the
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Table 1. Average NH25 hydrographic data, 1960-1970.

Month
Depth

(m) T (°C) ± SD S (°/) ± SD ± SD Samples

April 0 10.1 ± 0.7 31.9 ± 0.6 24.7 ± 0.4 10

10 9. 9 ± 0. 5 32. 0 ± 0. 5 24. 7 ± 0.3 9

20 9.7 ± 0.4 32. 1 ± 0. 5 24. 9 ± 0. 4 9

50 9.1±0.5 32.6±0.1 25.2±0.1 9

100 8. 7 ± 0.3 33.5 ± 0. 2 26.0 ± 0. 2 9

200 7.1±0.4 34.0±0.0 26.6±0.1 8

May 0 11.8±1.0 31.4±0.6 23.8±0.5 7

10 11.0±0.7 31.5±0.2 24.1±0.3 7

20 10.4 ± 0.7 32.0 ± 0.3 24.6 ± 0.3 7

50 9.2±0.6 32.5±0.2 25.2±0.2 7

100 8. 2 ± 0.4 33.5 ± 0.3 26. 1 ± 0.3 7

200 6.6 ± 0.4 34.0 ± 0. 0 26.7 ± 0. 1 5

June 0 13.7 ± 1. 0 30. 1 ± 1. 2 22.4 ± 1. 1 9

10 11.6±0.8 31.4±0.7 24.0±o,.6 8

20 9.7 ± 0.4 32. 1 ± 0.4 24.8 ± 0. 1 8

50 8.2 ± 0.6 32.6 ± 0.1 25.4 ± 0.1 8

100 7.9±0.2 33.6±0.1 26.2±0.1 8

200 6.7±0.5 33.9±0.2 26.7±0.2 7

July 0 14.1±1.6 31.5±0.7 23.5±0.8 10

10 11.8±1.8 32.0±0.3 24.3±0.5 9

20 9.6±1.4 32.4±0.2 25.0±0.4 8

50 8. 2 ± 0. 7 32.9 ± 0.3 25.6 ± 0.3 8

100 7.6±0.3 33.7±0.1 26.4±0.1 8
200 6. 5 ± 0. 2 34. 0 ± 0. 0 26. 7 ± 0. 0 7

August 0 13.0 ± 1.8 32.1 ± 0.4 24.2 ± 0.6 4
10 10.3 ± 1.4 32.4 ± 0. 2 24. 9 ± 0.4 4
20 9.0±0.8 32.7±0.7 25.3±0.2 4
50 7.7±0.2 33.2±0.3 25.9±0.2 4

100 7.8 ± 0. 1 33.8 ± 0. 1 26.4 ± 0.0 4
200 6.9±0.3 34.0±0.0 26.7±0.1 4

September 0 13.9 ± 1.4 32.0 ± 0.4 23.9 ± 0.6 7

10 12.1 ± 2.2 32.4 ± 0.3 24.5 ± 0.6 7

20 9. 7 ± 1. 5 32.6 ± 0. 1 25. 2 ± 0.3 7

50 8.3 ± 0.6 33. 0 ± 0.3 25.7 ± 0.3 7

100 7.9 ± 0. 2 33.7 ± 0. 1 26.3 ± 0. 1 7

200 7.4 ± 0. 2 34. 0 ± 0.0 26.6 ± 0. 1 6



42

Columbia River plume. As the season progresses, the effects of

coastal upwelling become increasingly important as seen in the

increased salinity and cooler temperatures of these layers.

Seasonal Variation in the Density Structure

The combined effects of both salinity and temperature variability

through the season are seen in the density changes. The density

structure of the water near Newport was investigated by Collins

(1964), He defined the permanent pycnocline as a density front

bounded by the isopycnals of 25. and 26. 0 The depth of these

isopycnals indicates the depth of the front; the depth difference

between them is inversely proportional to the intensity or stability of

the front. Based on observations on the Newport line from 1961 to

1963, he found the mean depth of the 26.0 surface to be about 110

meters. The observed average depth of 100 meters for the 26. 0

isopycnal at NHZ5 in April is very near the annual average depth found

by Collins for this density. Figure 10 shows how this isopycnal and

the 25, 5 cr isopycnal behave on the average over the upwelling season.

The rise in the 26. 0 surface is clearly evident even 25 nautical

miles from the shore. By September this isopycnal had not returned

to its pre-season value.
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Seasonal Variation in the Potential Energy

As the permanent pycnocline rises, the average density of the

entire section increases due to the colder, more saline water in the

section. If one assumes that the total volume of the section remains

constant, then the increased potential energy resulting from the

increased density of the water can be easily calculated (Pofonoff,

1961). The potential energy is calculated from the hydrographic data

by computing the product of the density and the distance above a

reference depth. What is actually calculated and presented in the

potential energy description is

PE =

where ZR is the reference depth. This potential energy differs

from that calculated by Fofonoff only by a constant. The reference

depth for potential energy calculations is arbitrary, and usually only

differences in potential energy are considered. If potential energy is

considered to be the first moment of density about the reference

depth, then it can be seen that the contribution of any parcel of water

in the section to the total can be emphasized by the choice of reference

depth. By choosing ZOO meters as a reference depth, the energy is

influenced more strongly by the variable surface waters, since the

distance from the reference is greatest for these samples. This
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particular emphasis is chosen because upwelling increases the

density of the upper layers more than it does the lower ones and

because the presence or absence of light surface waters is a good

indicator of upwelling.

The hydrographic data considered are taken at discrete depths

and discrete distances from shore. This fact precludes an exact

integral technique for computing the potential energy. Instead the

average density and depth are computed for various polygons whose

shape and size is determined by the sample locations. The polygons

used for the Newport line are shown in Figure 11 for the full section

and the intermediate section which had to be used in some cases

because the full section was not sampled. To get comparisons between

the Newport and Depoe Bay line, a shallow section (omitting all data

below 50 meters of the full section or the 1,5, 2,5, 2,6, 2,7, and

2, 8 polygons of the full section) was also used for some data. A

similar polygon structure with the same total volume was used for the

Depoe Bay line for the shallow section.

A potential energy index, rather than the actual potential energy,

is used in comparing the various sections. The reason for using this

index is that it avoids the problem of seeing small differences between

very large numbers. The potential energy index is defined as:

PE-PE
3PE1= PE xlO
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The reference PE, PE, is calculated using the same

polygons as are used in the calculation of the potential energy for the

hydrographic data, but all of the water in the section is assumed to

have a a- of 24. 0. This a- was chosen to make all of the poten-
t t

tial energy indices positive. The potential energy anomalies defined

by Fofonoff (1962) make use of the specific volume anomaly of water of

salinity 35°/, and temperature 0°C. Such water has a of 28. 1

which would make the potential energy indices negative.

A comparison among the potential energy indices for the full,

intermediate, and shallow Newport sections is shown in Figure 12.

These curves are averages over all the available data (1960-1970

inclusive); the error bars on the intermediate section show ± one

standard error of the mean (approximately 63% confidence limits).

Since more sections can be calculated for the intermediate section

than for the deeper one, this comparison is presented to show that the

intermediate section is as representative of the seasonal changes as

the deep section. The shallow section is also representative. While

the three curves are similar in shape, the values are not the same,

since the sections have different volumes. Thus one can only compare

magnitudes if the same set of polygons is used in the calculation of the

indices. Using the shallow section allows comparisons to be made

between the Depoe Bay and Newport data.

In Figure 13 all of the potential energy indices which can be
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calculated for the intermediate Newport section are shown. The

curve shows average values, and the error bars show one stand-

ard error. The actual values for these individual sections are listed

in Table 2.

Table 2. Potential energy indices for the intermediate Newport
section.

April May June July August September

1960 50 74

1961 43 44 57 68 75

1962 46 39 43 81 74

1963 41 57 59

1964 53 65

1965 61 71

1966 50 65 68 60

1967 42 32 48 66 80

1968 45 49 76 71 39

1969 52 55 34 66 83

1970 72

Mean 47 43 54 69 73 65

St. Err.
of
Mean 1.6 3.3 5.0 2.6 3.0 6.4

The Depoe Bay potential energy indices for the shallow section

are plotted in Figure 14. Averages and error bars are shown for

May, June, and August, the only months with sufficient data to get

averages. The Newport shallow section curve (dashed line) is shown

for comparison. The bottom topography, geographical direction, and

standard station spacing differ in the Depoe Bay and Newport
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hydrographic lines. The lines cannot be made exactly comparable for

these reasons, and Figure 14 represents the best average comparison

which can be made.

The largest number of potential energy indices for Depoe Bay

can be produced by using a shortened shallow section from DBS to

DB15. Figure 15 shows these indices. The indices based on NH5 to

NH1S are also shown. Within the limits of the available data, it

appears that the Depoe Bay and Newport average indices are similar.

There are slight differences, e. g. , Depoe Bay values appear to drop

more rapidly after July and appear lower over-all, but more data are

needed before one could be sure that there are any real differences.

Because the seasonal picture given by the behavior of the isopycnals

and by the potential energy index is the same and because the potential

energy index tends to average out sampling errors, it is useful to

quantify the strength of upwelling using the potential energy index.

The slope of the isopycnals has sometimes been used to indicate the

strength of upwelling (Small and Ramberg, 1969). In Table 3, the

slope of the isopycnals, the potential energy index for the intermediate

section, the average depth of the permanent pycnocline, and other

quantifiers are presented for comparison. These are calculated for

the monthly Newport hydrographic average sections based on all the

available data from 1960 to 1970. Based on these average data, the

seasonal behavior presented by all of these measures is consistent.
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But because the potential energy index, as a quantifier, uses more

information from any given section, it can be most reliably used in

comparing a single section with another. It is also useful in making a

detailed comparison between individual Depoe Bay and Newport hydro-

graphic sections.

Table 3. Seasonal variation of some upwelling indicators.

April May June July August September

PE1 47 43 54 69 73 65

D 55 50 32 31 24 24

tan 0 x 10 1.73 2.34 2.51 2.48 1. 51 1. 13

tan x l0 2.32 3.44 2.51 2.44 2.04 0.46

V 21% 27% 19% 18% 19% 24%

PE1 Potential Energy Index ( -1) x 10 PE1

- DNHS+DNH15+DNH25 -
D Average depth of 25. D

3

tan 0 = Slope of 25.5 surface from NHZ5 to NH5

tan = Slope of 25. 5 surface from NH15 to NH5

V = Volume ratio between permanent pycnocline volume and
total volume in section
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Short-term Behavior of the Newport and Depoe Bay
Potential Energy Indices

The complexity of the hydrographic cruises and the correspond-

ing richness of the data have increased in recent years. There are

now sufficient data to begin to answer the question of how representa-

tive a hydrographic section is of the actual hydrography. The Newport

line was repeatedly sampled over a short period during 1970. The

Depoe Bay line was repeatedly sampled in 1967, 1968, and 1970. A

simultaneous sample synoptically gathered from both lines is not yet

available, and before a comparison is attempted between the two lines,

a study of the internal repeatability must be done. The potential

energy index is a simple quantitative measure to use in such a study.

During May and also June of 1970, cooperative chemical, bio-

logical, and physical oceanography cruises sampled in detail the

Newport-Depoe Bay area. To allow sufficient time for the chemical

analyses to be done continuously and in sequence, the stations were

not always taken in sequence and the sampling was not always as deep

as normal. It is possible to compare sections from NH1 to NH15 and

DB1 to DB15 although they cannot be compared to the sections used in

the seasonal analysis. The first Newport section was taken on June

17 with a potential energy index of 65. The second section was taken

on June 21 and had a potential energy index of 83. This change repre-

sents a 28% increase in the potential energy index.
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To assess the relevance of this increase, the value for a sec-

tion made during May of 1970 was calculated. On May 5 the potential

energy index was 54. Thus one can see that the change from June 17

to June 21 was larger than the change from May 5 to June 17.

Because of the detail of the sample taken in this area in 1970,

the changes noted above in the sections observed at Newport can be

compared with those observed at Depoe Bay. The Depoe Bay line was

sampled on May 4, June 17, and again on June 22. The table below

summarizes the results.

May 4,5 June 17 June 21, 22

Newport 54 65 83
Depoe Bay 57 66 82

The potential energy indices of the Depoe Bay line are remarkably

similar to those of the Newport line for this sample.

The above example is the only one where such detail exists in

the data. There are four additional cases where short-period changes

in the Depoe Bay potential energy index can be studied. There are

also three more instances where Depoe Bay can be compared to

Newport for changes that are rapid.

The observations for 1967 (shallow section, stations 5-25, 0-50

meters) are:
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May 7 May 9 May 12, 13 June 5 June 12

Depoe Bay 34 35 28 16

Newport 28 42

For this case, some additional values for a modified Depoe Bay sec-

tion can be given. It should be noted, however, that the absolute

numerical values cannot be compared.

June 2 June 12 June 14

Depoe Bay 39 19 48

The very low value on June 12 is a result of very low salinities in the

surface water for this sample.

The short-period changes for 1968 for the shallow section are

summarized below:

June 24 June 28 July 2

Depoe Bay 31 25 42

For late July and early August a non-standard section had to be used,

so the values are not directly comparable except with one another.

July30 August 1 August 5

Depoe Bay 70 64
Newport 76

These are all the comparisons which can be made at this time

between successive runs of the Depoe Bay and Newport lines. The



conclusions which can be made are:

1. When Newport and Depoe Bay are sampled within a day or

two and sampled in the same fashion, the potential energy

index is very much the same.

Z. The changes observed in the index over a period of more than

two days can be considerable for both lines.

Mean Hydrographic Sections

Because the potential energy index can change rapidly, the index

computed for any given hydrographic cruise is representative for only

a few days. The short-term variation in the hydrography as reflected

in the potential energy index is large, but the seasonal behavior of

the index is smooth. The corresponding seasonal behavior of the

average Newport hydrography is indicated in Figures 16, 17, and 18.

These average hydrographic sections are made from all of the avail-

able hydrographic data gathered from 1960 to 1970. An average value

of at a standard depth is calculated for any given month by finding

the arithmetic mean of all of the values of for that depth. The

depth of the isopycnals is then calculated for sections formed from

such averages.

The seasonal behavior of the permanent pycnocline at NHZ5 is

very smooth, and one sees a correspondingly smooth behavior in the

permanent pycnocline in the entire section. The permanent pycnocline
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(shaded areas on the figures) rises, reaching its maximum elevation

in August. It has not returned to its pre-season level by September,

which indicates that the effects of upwelling extend later than this

month. This same skewness was noted in the behavior of the potential

energy index.
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IV. MEAN CURRENTS AND MEAN WINDS

ihe smooth seasonal pattern of the average hydrography sug-

gests that a similar behavior might be seen in the average current and

the average wind. This section develops the seasonal picture of the

geostrophic currents which can be derived from the hydrography and

adds to it the seasonal behavior of the winds and the currents.

Relative Geostrophic Currents

Usually in shallow water, or even near the surface in deeper

water, geostrophic currents are not reliable. There may be a host of

reasons, including internal wave contamination of the hydrographic

samples and the accelerated nature of the near surface currents, for

doubting the geostrophic currents. Clearly, the long-term averages

used in the hydrographic sections (Figures 16, 17, and 18) do not have

this kind of contamination, or at least it is minimal. For this reason,

it is useful to calculate the geostrophic velocities from these data.

The geostrophic velocities relative to the surface computed for these

averaged hydrographic data are shown in Table 4.



Table 4. Geostrophic velocities in cm/sec relative to the sur-
face computed for the average data from NH5 and
NH 15.

]J ep th
(m) April May June July August September

0 0 0 0 0 0 0

10 -1 2 5 6 4 1

20 -Z 5 9 12 8 2

30 -2 7 12 15 12 4

50 2 12 20 21 17 6

Absolute Geostrophic Velocities

Two methods are used here to produce absolute velocities. The

first method uses hydrographic data from a station on the Depoe Bay

line as well as from two stations on the Newport line. Average data

from the three stations, NH5, NH15, and DB7, form a closed cell and

allow one to calculate the absolute topography of the sea surface. The

analysis method used is similar to a technique described by Wyrtki

(1963) and successfully used in a study of upwelling on the Arabian

coast by Bottero (1969). The analysis is based on a continuity argu-

ment. The three stations form a closed cell, and the requirement is

made that the amount of water entering the cell be equal to the amount

leaving. The season considered is not one of heavy rainfall in this

region, and evaporation losses are small. The flow through the bot-

tom of the cell should be small because the hydrographic data allow
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the extension of the cell to very near the sea floor. In general, the

method is valid wherever these assumptions hold and the flow is

geostrophic.

The wind-driven component of flow is neglected here because no

satisfactory measurement of the winds exists. Looking back at the

Sverdrup equation for total mass transport in Section II, one sees that

under the simplifying assumptions used, the absence of wind stress

curl allows no net north-south transport.

The absolute geostrophic velocities computed using the above

method are shown in Figure 19. They were calculated for months

where sufficient data are available to make the result meaningful.

Too little data exist on the Depoe Bay line during April and September

to allow calculations for these months.

One interesting result emerges from this calculation. The flow

is along the general direction of the bottom contours. A second result

is that these calculations show poleward flow in the deep layers and

equatorward flow in the shallow layers. This flow pattern is the same

as that in the model given by Mooers (1970) for the quasi.-geostrophic

interior and is, of course, consistent with the thermal wind equation

and observed slope of the pycnocline. Mooers' model has the flow in

the interior either equatorward or poleward depending on the slope of

the pycnocline and the influence of the wind. In general the flow in the

deep layer is poleward, while that in the shallower water is toward the

equator.
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Absolute Velocities Using Directly Measured Currents

The second technique for determining absolute velocities from

relative ones uses directly measured currents. As seen in Figure 2,

there have been current meters installed over most of the upwelling

season; however, in none of the years do the data extend over the

entire season. To produce an average picture, the data are separated

into shallow (20 or 25 meters), intermediate (40 or 50 meters), and

deep (60, 75, or 80 meters) records.

There are too few current meter data to produce a reliable

statistical mean for the directly measured currents. The data that

are available have been averaged in five-day blocks. Five-day aver-

ages are a convenient way to treat these data. Although there is no

reason whatsoever to expect nature to keep the same day-to-day

calendar we do, it is convenient, whenever these five-day means exist

during the same period for different years, to average them. This

composite average represents the mean measured current. Because

so few records overlap from year to year, the five-day means and the

composite means are all shown in Table 5. The component of the

five-day mean along the bottom topography (taken to be 205°-25°) is

plotted in Figure 20. The scatter is large in this figure, but some

trends are indicated.



Table 5. Five-day means of directly measured currents

Date
1965

Speed Dir.
1966

Speed Dir.
1967

Speed Dir.
1968

Speed Dir.
1969

Speed Dir.
Average

Speed Dir.

Shall ow

4/15 44 204 44 204
4/20 41 205 41 205
4/25 42 203 42 203
4/30 46 197 46 197

5/5 52 197 38 201 45 198
5/10 29 194 32 197 28 196
5/15 52 198 26 192 39 197
5/20 62 193 62 193
5/25 37 192 8 331 31 202
5/31 10 215 10 215

6/5 36 203 36 203
6/10
6/15
6/20 27 188 27 188
6/25 10 148 10 148
6/30 9 180 9 180

7/5 8 180 8 180
7/10 2 78 2 78
7/15 21 194 10 162 15 184
7/20 13 198 5 250 7 219
7/25 10 203 12 180 11 190
7/31

8/1 5 167 27 210 16 203
8/5 12 188 29 208 20 201
8/10 3 189 29 205 16 203

DB5 DB15 0B5 DB15

8/15 25 17 156 25 4 311 26 203 11 221
8/20 18 11 213 159 24 206 16 199
8/25 16 132 21 210 15 177
8/30 2 51 18 198 31 218 16 209

9/4 5 40 9 198 22 210 7 204
9/9 8 360 16 198 9 238 6 227
9/14 2 276 16 193 9 74 4 165
9/19

cx



Table 5. Continued.

1965 1966 1967 1968 1969 Average
Date Speed Dir. Speed Dir. Speed Dir. Speed Dir. Speed Dir. Speed Dir.

Intermediate

4/15 37 198 37 198

4/20 32 203 32 203

4/25 31 201 31 201

4/30

5/5 42 204 42 204

5/10 36 199 36 199

5/15 38 205 38 205

5/20 47 200 47 200

5/25 35 197 6 354 15 201

5/31 34 204 6 204 20 204

6/5 20 198 20 198

6/10 6 186 6 186

6/15 17 196 17 196

6/20 14 188 14 188

6/25 6 52 6 52

6/30 2 65 2 65

7/5 2 62 2 62

7/10 8 25 8 25

7/15 2 165 2 165

7/20 9 195 9 195

7/25 4 150 4 150

7/31 6 43 30 192 25 186

8/5 2 140 35 197 36 195

8/10 8 21 33 203 25 203

8/15 15 14 25 199 10 207

8/20 18 16 15 189 4 46

8/25 13 8 22 198 9 201

8/30 0 41 37 202 37 202

9/4 16 15 24 195 8 195

9/9 13 180 13 180

9/14 14 25 14 25

9/19
0



Table 5. Continued.

1965 1966 1967 1968 1969 Average
Date Speed Dir. Speed Dir. Speed Dir. Speed Dir. Speed Dir. Speed Dir.

Deep

DB5 DB1O DB5 DB1O
5/5 13 24 203 198 18 200
5/10 2 26 71 191 12 189
5/15 20 203 20 203
5/20 21 30 190 193 25 192
5/25 5 31 20 194 1 81 13 193
5/31 28 199 2 41 12 197

6/5 23 194 23 194
6/10
6/15
6/20 9 163 9 163
6/25 11 41 11 41
6/30 6 44 6 44

7/5 4 81 4 81
7/10
7/15 6 169 6 169
7/20 4 112 9 198 5 174
7/25 1 122 2 80 1 90
7/31 3 197 3 197

8/5 12 237 12 237
8/10 12 226 12 226

DB5 DB15 DB5 DB15
8/15 7 26 147 44 15 234 3 64
8/20 8 23 293 29 3 74 9 16
8/25 7 15 36 291 5 55 5 338
8/30 9 1 9 13 181 104 12 241 2 167

9/4 13 354 16 10 14 119 11 248 5 2
9/9 6 0 16 10 13 84 9 55 7 31

9/14 4 356 14 5 13 26 7 12 0
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It is not clear from these data that a good representative mean

current has been measured. The short-term variability in the cur-

rents, including reversals in direction, absolutely precludes the

existence of a representative mean current on a scale of days. Too

few measurements have been made to determine if the long-term

seasonal behavior, such as was observed in the hydrography, has also

been observed in the currents.

Because of the uncertainty in the validity of the means of the

directly measured currents, they are not used to produce absolute

geostrophic velocities from the relative velocities shown in Table 4.

The magnitude and sense of the shear that one sees in Figure 20 are

the same as the shear given by geostrophic calculations. In fact, the

magnitude of the shear agrees very well with, and lends support to,

the use of the thermal wind equation to relate the current shear with

the slope of the isopycnals.

Currents need to be measured for the entire season for several

years to allow firm conclusions to be made regarding the mean cur-

rent structure.

Progressive Vector Diagrams

The current records shown in Table 5 can be examined in

another way. An impression of the vector mean flow and an estimate

of the slow changes can be gained from an examination of the
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progressive vector diagrams (PVDs). These are constructed by

vector addition, beginning with the initial observation at each meter

and adding successively a vector representing each ensuing observa-

tion of velocity. Such a PVD does not represent the actual path of the

particle unless there is homogeneous horizontal flow. The condition

for homogeneous flow cannot be satisfied for very long or for a very

large distance, since the presence of a coastal boundary clearly pre-

cludes homogeneity. The PVDs for some of the records have been

described by Collins (1968), Mooers etal. (1968), Collins and

Pattullo (1970), and Huyer (1971).

Figure 21 shows the PVDs for the shallow records used in

Table 5. All of these PVDs are from 20 or 25 meters depth. They

are not all from the same year, the same location, or the same instru-

ment. They are presented together to show the nature of the shallow

water flow. The scales are not uniform, since some of the PVDs

would be so compressed that little detail would remain. Thus one

must be careful in comparing them for velocity information. Most of

them show the same trend. The flow is usually toward the south to

southwest, and only occasionally is the flow toward the north.

The intermediate depth PVDs are shown in Figure 22. These

are from 40 or 50 meters depth. Again they are not all from the same

year, the same location, or the same meter. There is more variation

in the flow. Sometimes there is flow to the southwest, and more often

than in the shallow records there is flow to the northeast. The deeper
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records shown in Figure 23 are all from 60, 75, or 80 meters. These

deep records are clearly more variable than are the shallow or inter-

mediate.

Mean Wind

To complete the seasonal picture of upwelling, the behavior of

the wind is needed. The wind is the primary cause of upwelling, and

an understanding of it is of fundamental importance. To date, there

has been no adequately long direct measurement of the winds over this

coastal region.

During August and September 1969 at NH15, a successful meas-

urement of winds at sea from a buoy anchored near a string of current

meters was made. An investigation of the relationships between a

current meter record and the wind record was made by Huyer (1971).

While few direct wind measurements exist, the barometric

pressure field allows computation of geostrophic winds. Computed

winds were obtained from Fleet Numerical Weather Center in

Monterey, California. The geostrophic wind is calculated from an

historical file of pressure field data. The data used are from the

12-hourly pressure charts and are for FNWC grid point 22,22

(45. 6°N, 125. 0°W). This grid point is about 80 nautical miles north-

west of Newport. The geostrophic wind is rotated about 20° to the

left and reduced in magnitude by about 5% to produce what is called the
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computed surface wind.

m addition to these sets of wind data, there is a third set which

is available. In 1969 the National Weather Service established an

observation station on the south jetty of Yaquina Bay. This set of data

has been collected more or less continuously since March of 1969 and

will probably form the basis for future studies of winds in this area.

Therefore, it is important to relate the three sets of wind observations

for the August and September period when they are all available.

The correlations for the various sets of data are shown in Table

6. Because the correlation between the FNWC v component and the

NH1S v component was large and the amplitudes of the variations were

similar in size, no change was made in the FNWC record except an

adjustment of the mean. The correlation does not depend on the mean,

since it is removed before the correlation calculation is made. The

correction to the mean was computed by finding the difference in the

means of the v component for August and September of 1969. The

mean of the FNWC wind data was -3. 99 m/sec and that of the NH1S

wind data was -1. 78 m/sec. Hence, the mean of the FNWC data was

reduced by 2. 21 rn/sec to correspond to the mean of the directly

measured wind. The final adjusted FNWC v component and the directly

measured v component for this 1969 period are shown in Figure 24.

To get some feeling for year-to-year variability of the winds

and to calculate an average wind for the upwelling season, the v
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component of the FNWC wind data from 1965 to 1969 was reduced by

2. 21 rn/sec for reasons given above and then averaged by the month

to produce the monthly means shown in Figure 25. The monthly

means for the five-year period were averaged together to produce the

composite mean which is also shown in Figure 25. The seasonal

picture given by these mean winds is the same as that of the winds

used by Smith (1964). Smith's wind data are produced from monthly

mean pressure fields, and his average wind uses 14 years rather than

5 years. The actual mangitudes do not agree, but the seasonal pattern

is the same.

Table 6. Wind correlations.

FNWC u vs. Newport u 0. 25
FNWCu vs. NH15u 0.23
Newport u vs. NH15 u 0. 57

FNWC v vs. Newport v 0. 66
FNWCv vs. NH1Sv 0.77
Newport v vs. NH15 v 0. 81
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V. TIME SERIES ANALYSIS OF WIND, CURRENT,
AND TEMPERATURE DATA

While not enough current meter data have been taken to give a

reliable statistical average of the currents during the upwelling sea-

son, there is a great deal more to be learned from these data. This

section examines the relationships between the currents, the winds,

and the temperature field from the viewpoint of time series analysis.

The relationships between these time series are studied for common

features as well as unique ones.

Coordinate System Invariant Analysis of Vector Time Series

Currents and winds are vector quantities, and time series of

vectors are more difficult to relate than are scalar time series.

Mooers (1970) studied this type of series with the aim of producing

spectral quantities which were independent of the coordinate system.

The technique for deriving the coordinate system invariant

spectral quantities can be based on a particular method of represent-

ing the original vector series. Let one term of a Fourier representa-

tion of a vector time series be:

U(t) = (u cos( t+),u sin(0t+4)),x 0 y

The total series is a sum over such terms with different a's. Now
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one can rewrite

U =U +Ux 1 2

U =U -u
y 1 2

U(t) = [u1 cos(0t+),u1 sin(0t+)]

+ Eu2 cos(w0t+4), -U2 sin(0t+)].

U(t) has now been expressed as two vectors of constant amplitude

which rotate in opposite directions. As it has been written, the tips of

the vectors will describe an ellipse. For simplicity, the phase was

kept the same for both components of the vector, which is the case

when the coordinate axes correspond to the axes of the ellipse.

In complex notation, the general case can be written:

j(w0t+a1) -j(0t+a2)
A(t) a1e + a2e

where here the tips of the counter rotating vectors trace an ellipse

whose axes do not coincide with the coordinate axes. Again we show

only one term.

To compute the cross-spectra of two such series, form the

lagged product



-j(u0t+a1) j(w0t+a2)
A(t)B(t+T) = [a1e +a2e

j(w0t+w0T+31) j(wot+woT+f3z)
x [be +b2e

-j(ci1 -1-o0T) -j(2w0t+a1+2+0T)
= a1b1e + a1b2e

j(Zw0t+0T+1+a2) j(cL2-I3-w0T)

+ ab1e + a2b2e

where denotes the complex conjugate.

The time average of the product, or covariance,

COVAB = A*B is

j(a2-P2-0T)

COVAB(T) a1b1e + a2b2e

Note that when A and B are sums over frequencies, COVAB

is a sum of terms of the form shown, since all terms containing pro-

ducts with different frequencies vanish on average. The vector cross-

spectrum, SABY is the Fourier integral transform of COVAB

SAB(w) = :C0VABTedT

j(a2_P2)
= a1b1e -) + a2b2e

Likewise, COVAB is the transform of SAB



COVAB SSAB()e3wTdw.

6(x) is the Dirac delta function. Thus we see that the spectrum has

a large value at w associated with the a1b1 term which

comes from the counterclockwise rotating parts of the vectors. At

w
.-,

the spectrum has a large value associated with the clock-

wise rotating vectors Thus positive and negative frequencies are

associated with counterclockwise and clockwise rotations respectively.

Note also that an oscillation of frequency w only contributes to

S(w) at The spectral values go to infinity which is what

theoretically happens if one has an infinite record of a single frequency.

The information is contained in the coefficient of the delta function

which is obtained from the amplitudes and phases of the Fourier coef-

ficients. In practice, one does not have infinite records, and one can

only make estimates for a band of frequencies w 2iT/T where T

is the record length and where the delta function is approximated by

1 /ui for - w + and is zero everywhere else.

This function has unit area localized around and becomes the

delta function as T

The appropriate formula for an estimate of SAB is

(arP)abe
S for ()AB 0



a2b2e
S = for = -wAB w 0

If we make the two series the same the cross-spectrum reduces to

the autospectrum, SAAY and we have:

SAA a= /w at

SAA a/w at w ::

Now in practice, one calculates the Fourier series for individual

components, and one wants to know how to obtain vector auto- and

cross- spectra. Going back to the special case

U(t) [U cos 0t+u sin(w0t+)].

The autospectrum for a single component (Jenkins and Watts, 1968) is

defined as

2
U

Luxux

2

Luy uy 4w

Because these autospectra are defined for both positive and negative

frequencies, there is a factor of two in the denominator that does not

appear in the usual one-sided autospectra. The one-sided autospectra

usually used arises from the fact that they are even functions of w.

Thus it is usual to multiply by two and consider only the range



o < < . The corresponding quadrature spectrum, Q ux uy
between the two components (the imaginary part of the cross-spectrum)

is given by

Q ux uy

Q is an odd function of frequency (Jenkins and Watts, 1968).

The computational formula for positive frequencies is

Suu(o)=L +L +ZQuxux uyuy uxuy

a a
u U u u

= ± _1_ +
4w 4&j 2Lw

Now since u = u + u and u u - u , this expressionx 1 2 y 1 2

becomes

1

Suu(wo) = [(u1+u2)2+(u1-u2)2+2(u1+u2)(u1-u2)]

which on simplifying becomes

2

SU(uo) =

Thus the autospectrum at positive frequencies gives the positively

rotating component of the vector.

The computational formula for negative frequencies is



S(-w) L + L - ZQuxux uyuy uxuy

2
U2

which is the negatively rotating component of the vector. Note that

2 2

Sd + total variance of the vector L

A similar analysis can be made for the more general case of the

cross-spectrum between two series represented by

A(t) A + jA ; B(t) B + jBx y x y

A(t)B(t+r) = [A (t)-jA (t)}[B (t+T)+jB (t+T)]x y x y

A (t)B (t+T) + A (t)B (t+T)x x y y

+ j[A (t)B (t+T)-A (t)B (t+T)].x y y x

The time average of this product is

Coy (T) = COy + Coy + j[COV -coy ]AB Ax Bx Ay By Ax Bx Ay By

and the corresponding cross-spectrum is

Fourier transform of {CAB(T)}

= CAB + CAYBy + jCAB CAyBx



where C , etc. , are the usual cross-spectra for pairs ofAxBx

scalar variables (Jenkins and Watts, 1968).

CAX Bx = LAX Bx jQ where L is the cospectrum and Q,AxBx
the quadrature spectrum. Thus

SAB() = LAX BX Bx + LAY By By

+ j[LAX By' i[LAY Bx'

= LAX Bx + LAY By
+

By

+ j[LAX ByAy BXAX BXA By1

= SCAB

where SC and SQ are the vector co- and quadspectra, respec-

tively.

The coherence squared,
B' is defined as:

2 (SC)2+(SQ)2
'AB SAASBB

(LAB+LAB+QABQAB)2+(LABLABQABQAB)2
(L +L +ZQ ). (L +L +2Q )AXAX AyAy AxAy BxBX ByBy BxBy

The phase, 4AB' is defined as



SQ
AB

= arctan(-

arctan 1yAy By
LAX Bx+LAy ByAx Bx

These definitions are analogous to those used in the cross-spectral

analysis of two scalar time series. Note that coherence squared

measures the relations of two series regardless of phase; it has a

range from zero to one.

Statistical Reliability of SDectral Estimates

In studying the following analysis, several general points should

be kept in mind. As Mooers (1970, p. 303) points out, the rotary

spectra are an accurate frequency domain representation of these

time series. Since many comparisons between various series are

made, the aim of both the analysis and the graphic display of this

analysis has been to be as consistent as possible throughout. Because

the study contains many series of varying lengths and from various

instruments, the number of degrees of freedom used in each spectral

estimate has been kept nearly constant. Ten degrees of freedom were

chosen as providing a good compromise between confidence and reso-

lution. The concept of confidence limits for spectral estimations is

based on the hypothesis that the variable sampled comes from a sta-

tionary, infinite, random Gaussian process. These series are
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probably not from such a process. In order to test the validity of such

a hypothesis or to find out what statistics are valid, many sample

series need to be drawn, and then confidence levels can be assigned

from the actual observations. Our records are from different mesa-

scale environments. The samples are not gathered uniformly either

in space or time nor are they gathered from an environment which is

uniform in either space or time. The reliability of such samples as

these can only be tested by repetitive sampling and we need a great

deal more data before such an approach can be taken.

In looking at any pair of records, a high coherence indicates

that similar oscillations were taking place at the two points. What

we cannot do from one pair of records is predict very precisely what

the next pair will show. To give consistency to the descriptive

remarks, the coherence squared estimates between 0. 25 and 0. 50 are

called fair; such a coherence squared indicates that 50% to 70% of the

amplitudes of the two records are coherent in that frequency band. If

the coherence squared for two records ranges from 0. 50 to 0. 80 (70%

to 90% of the amplitudes related), the coherence is called good, and if

it is 0. 80 and above, it is called very good.

The time series data were taken with internally recording instru-

ments, primarily current meters and thermographs, moored on a taut

wire mooring. The details of the mooring technique are discussed in

Pillsbury, Smith, and Tipper (i939). The instruments are of an
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integrating type, and currents were averages for 10- or 20-minute

periods, while temperature samples were for 5- or 10-minute periods.

The description of these instruments, including probable sources of

error, is given in Mooers etal, (1968).

The data were reduced and error detected in a manner described

in the appendix to Pillsbury, Smith, and Pattullo (1970). The 5-, 10-,

or 20-minute samples of current velocity and temperature were

filtered using a Cosine- Lanczos filter with a rapid roll-off' to

eliminate any possibility of aliasing and linearly detrended. The

details of the actual filter used are in Mooers etal. (1968). The

half-power point was 6. 7 hours for the filter; data down to 8 hours

(0. 12 cph) are shown in the figures.

Re1ationshipGiven b1 the Ana]ysis

Some of the consequences of this analysis method are easily

seen. A spectrum of a current meter record is shown in Figure 26.

Because the original series was written as two counter-rotating vec-

tors, this spectrum is called a rotary spectrum to distinguish it from

a normal one-sided spectrum. There are both positive and negative

frequencies, and corresponding spectral densities are represented for

each frequency band. To see some of the relationships such rotary

spectra reveal, consider the limiting cases. If for some frequency

there is energy only in the negative component, the vector is rotating
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in the clockwise direction, and the tip of the vector describes a circle.

If for some frequency band there is energy only in the positive com-

ponent, the vector rotates in the counterclockwise sense, and again the

tip of the vector describes a circle. A second limiting case which can

be easily understood is that of a vector whose positively and negatively

rotating components are equal. The tip of such a vector describes a

straight line. The orientation of that line depends on the phase rela-

tionship between the positive and negative components.

In the general case of unequal, but finite spectral density at both

the positive and negative frequencies, the tip of the vector has the

sense of the largest component; that is, if the spectral density is

largest for the negative frequency component, then the vector rotates

clockwise.

Looking now at the rotary spectrum shown in Figure 26, we see

that the inertial period oscillation (-0. 057 cph, indicated on the figure

by -I) can be represented by a vector rotating in the clockwise sense

whose tip describes a circle. This result indicates that inertial

motion is circular and rotates clockwise as one would expect from

theory.

The semi-diurnal tide has both clockwise and counterclockwise

rotating components (-0. 082 and +0. 082 cph, indicated by -5 and +S),

indicating that the tips of the vectors will trace an ellipse. The nega-

tive frequency spectral density is greater than is the positive one,
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showing that the tidal current rotates in the clockwise sense. The

behavior of the diurnal tide (F0. 04 cph, indicated by D) is very

similar to that of the semi-diurnal one, but it is much smaller in

amplitude. The eccentricity of the semi-diurnal tidal ellipse is 0. 98,

while that of the diurnal is 0. 93. A circle has eccentricity 0 and a

linear motion eccentricity 1. Mooers (1970) shows how to calculate

the eccentricities from the spectral amplitudes and also the orienta-

tion of the major-minor axes with respect to the coordinate system of

measurement.

The 1969 Experimental Array

The current meter record shown in Figure 26 was made during

the late summer of 1969. The 1969 experimental array consisted of

three strings of recording instruments. The strings were installed at

DB7, NH15, and NH3. The data from NH3 form too short a series to

be discussed. The string at DB7 was damaged, and only the current

meter and thermograph from 40 meters were recovered. The

thermograph data from DB7 have an unresolvable time error of sev-

eral hours and are not discussed. A current meter placed 20 meters

below the surface, a thermograph at the same depth, a thermograph

at 40 meters, and a current meter at 80 meters all operated at NH1S.

A wind gauge was mounted 2 meters above the surface on a toroidal

buoy within a kilometer of the NH15 current meter installation (Huyer

et al., 1971). The cross-rotary spectra can be used to determine



some of the relationships between the various series of data recorded

by these instruments.

Current-current Relationshpjr 1969 Data

Consider first the two current meter records from NH15. The

upper instrument was 20 meters below the surface, and the deeper

one was 80 meters below the surface, making it 20 meters above the

bottom. These were almost certainly separated by the permanent

pycnocline. The rotary coherence squared between the 20 meter and

the 80 meter current records is shown in Figure 27. There are many

frequencies where the coherence squared is above 0, 5. The highest

peak of 0. 75 occurs at the semi-diurnal frequency, but others, includ-

ing the very low frequency and the diurnal tide at 0.042 cycles/hour,

are nearly as coherent. The rotary coherence squared can be mis-

leading, however. For instance, looking at the rotary coherence

squared, there appears to be coherent motion at -0. 10 to -0. 11

cycles /hour; however, looking at the two rotary autospectra, one

sees that there is very little energy at these frequencies.

A combination of the rotary autospectra and of the rotary coher-

ence squared is more informative than either alone. One combination

of the rotary coherence squared and the autospectra that has physical

meaning is the transfer spectrum, which is defined as the product of

the rotary coherence squared and the rotary autospectrum. Such a
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product gives a measure of the amount of energy in one record which

is coherent with another record (or in terms of linear systems analy-

sis, the part of the energy in one record that appears to come from

the other). The two transfer spectra for the NH15 20 and 80 meter

records are shown in Figure 28. In each half of Figure 28, the upper

line represents the amount of energy present in the record and the

lower line, the amount that is coherent with the other record. Since

coherence squared has no dimensions, the transfer spectra have the

same units of spectral density as do the autospectra. The advantage

of such transfer spectra is their greater simplicity over the coher-

ence squared function. The transfer spectrum only shows a peak when

there is energy in the record and when the coherence squared is large.

The x!s on the upper curve indicate the frequencies at which

spectral estimates were made. As noted earlier, each point has 10

degrees of freedom, but the peaks contain 35 points and thus have

30-50 degrees of freedom associated with them.

Looking at Figure 28, one sees that the tidal, inertial, and very

low frequency peaks remain in the transfer spectra. These fre-

quencies are marked on the figure with arrows as -S, -I, and -D,

which are the clockwise semi-diurnal (-0. 082 cph), inertial (-0. 057

cph), and diurnal (-0, 041 cph), respectively. Counterclockwise semi-

diurnal and diurnal frequencies are shown as S and D. The low

frequencies (about 0. 005 to ±0. 005 cph) are denoted by L. Since
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virtually all of the energy is contained in the bands centered about

these frequencies, only the coherences squared and phases for these

frequencies are of interest. The table in the upper corner gives the

coherence squared and phases for these peaks based on the three to

five values in the vicinity of the peak. The phase is the amount the

20 meter oscillations lead or lag the 80 meter oscillations. Positive

phase indicates that the 20 meter oscillations lead; negative, that they

lag. Coherences squared are rounded off to the nearest 0. 05. Phases

are rounded to the nearest 5° although in some cases where there are

large changes over the band, which is often true for the L band,

they may only be representative to ±20°. Phases are omitted for

coherence squared less than 0. 25.

The transfer spectrum for the 20 meter record approaches its

autospectrum most closely at the negative semi-diurnal frequency,

though the amount of coherent energy is a considerable fraction of the

available energy at several of the peaks. The inertial peak shows that

there is coherent inertial energy between these two records. The 80

meter record contains a noticeably larger peak than the 20 meter

record at the very low frequencies. Looking back at Figures 21 and

23 in the last section, one sees that the PVDs show more low fre-

quency oscillations at 80 meters than at 20 meters.

The transfer spectra between the 20 meter current record at

NH15 and the 40 meter current record at DB7 are shown in Figure 29.
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These two stations are both near the 100 meter bottom contour and are

about 25 kilometers apart in the longshore direction (Figure 3). It is

not possible to separate the effects of horizontal separation from

those of vertical separation on the coherence observed between the

records.

The coherences squared at the peaks are nearly the same as for

the two records from NH15, except for the negative semi-diurnal

which is clearly not coherent for these two records. The coherence

squared for the inertial energy is slightly lower than for the two

meters separated in the vertical at NHI5. The record from DB7

shows considerably more low frequency energy which can probably be

attributed to its depth. It is in the region of high shear between the

poleward flow at depth and equatorward flow nearer the surface. It

might be expected to show more long-period oscillations (speeding up

and slowing down) if the boundary between the layers moves up and

down in the vertical. The PVD (Figure 22) for this record does not

look as variable as the PVD for NH15, 80 meters (Figure 23) because

this type of oscillation, although it may have more energy than flow

reversals, does not show up as markedly on the PVD.

The transfer spectra for the 80 meter NH15 current record and

the 40 meter DB7 current record are shown in Figure 30. The trans-

fer spectra for these two records, like those shown in Figure 29, con-

tam the effect of both a vertical and a horizontal separation. The
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coherence observed is good except for the negative semi-diurnal tidal

frequency where it is only fair.

The coherence squared and phase for the three possible sets

from 1969 of current-current transfer spectra can be compared in the

table below.

20m-80m ZOm-40m 80m-40m
2 2 2

4) 4) 4)

-s 0.70 -170 0.05 -- 0.25 -60
-I 0.60 -170 0.50 165 0.65 -140
-D 0.40 30 0.35 -160 0.65 145
L 0.60 0 0.60 30 0. 80 0

D 0.65 50 0.70 -135 0.80 140
S 0.40 60 0.35 110 0.75 0

Most of the coherences between the 40 meter DB7 current record and

the 80 meter NH15 record are larger than are those for the 20 meter

NH15 current record and the 80 meter NH15 record or 40 meter DB7

current record. The coherence at the negative semi-diurnal tidal

frequency is much less for those instruments separated in the long-

shore direction than for those records separated only in the vertical.

The low frequency coherence is good for all three sets. The inertial

and the positive diurnal frequencies also show good coherence.

Current-temperature Relationships for the 1969 Data

Temperature is a scalar. If a rotary spectrum is plotted for a

scalar, it is symmetrical about zero frequency. By keeping a general
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representation here, one can use the same coordinate system inde-

pendent analysis to compare a scalar (temperature) with a vector

(current or wind).

The upper part of Figure 31 shows the rotary autospectrum for

the temperature at NH15, 20 meters. The rotary coherence squared

between this temperature and the NH15 20 meter current record is

shown in the lower part of Figure 31. The rotary coherence squared

shown in this figure has the same general appearance as the one

between the two current records (Figure 27), The two transfer spec-

tra between the 20 meter NH15 current record and the 20 meter NH15

temperature record are shown in Figure 32 along with the correspond-

ing autospectra. The coherence squared at the inertial frequency is

very good. All of the peaks except the diurnal tide in both transfer

spectra show these two records to be coherent. The two instruments

were separated by only a meter, so such coherence is not unexpected.

The low coherence for the diurnal tide is probably due to a noticeable

lack of energy in the temperature record at these frequencies.

A second thermograph was moored 40 meters below the surface

on this same mooring line. It is likely to have been just at the base of

the permanent pycnocline. Figure 33 shows the autospectrum of this

thermograph. Above the thermograph autospectrum is the autospec-

trum of the 20 meter current record and the transfer spectrum from

the 40 meter thermograph record. Below the thermograph autospec-

trum is the autospectrum of the 80 meter current record and the transfer
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current record and the NH1S 20 meter temperature record.
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spectrum from the 40 meter thermograph record. The differences in

these transfer spectra from those shown in Figure 30 are large.

There is no coherence except at the semi-diurnal frequency. It

should be noted in comparing the plot for the autospectrum of the 20

meter thermograph record with that of the 40 meter thermograph

record that they are on different scales. There is very little variance

in the deeper record in comparison with that of the shallower one.

The relationship for the two thermograph spectra is shown below.

2OmT-4OmT

L 0

D 0.15
I 0

S 0.55 -60

Only the semi-diurnal frequency shows any coherence for these two

records. The coherence is good at that frequency.

Wind-current Relationships for the 1969 Data

The 1969 wind record is the first such record from the Oregon

coast available for analysis in conjunction with current meter records.

This record was made at sea within a kilometer of the NH15 current

meter installation. Huyer (1971) has studied the wind-current rela-

tions for this wind record and the 40 meter DB7 current record.

Figure 34 shows the transfer spectra between the 20 meter NH15
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111

current record and the NH15 buoy-measured winds. At the very low

frequencies, most of the energy in the current record is coherent and

in phase with the wind. Similarly, the transfer spectrum of the cur-

rent to the wind shows good low frequency transfer. Presumably the

current does not drive the wind, but the spectrum is presented to show

how much of the very low frequency energy in the wind is coherent

with the current and to show how small the inertial peak is in the wind

spectrum.

If one considers the occasional reversals in the wind from the

viewpoint of a Fourier series representation, each such reversal is

composed of many frequencies. Each frequency has a certain phase

relative to the occurrence of the reversal. The large inertial

response seen in the current meter transfer spectrum indicates that

the small amount of inertial energy present in the wind record is

coherent with the currents. The analogy might be made to any

resonant oscillatory system which is acted upon with a step-function

force. The systems response is at the resonant frequency after the

short-term transients have died out. The ocean responds to a step-

function input by oscillating at the inert;ial frequency with a certain

phase relative to the occurrence of the reversal. Thus even though

the inertial oscillation in the wind is a small harmonic of the step

function, it is coherent with the inertial oscillation in the current

because of the constant phase between them. The coherence is not
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very high because the reversals are random and because the inertial

harmonic in the wind is not large compared to the background 'noise'

The next most prominent peak in the transfer spectrum is at the

diurnal frequency, but here both the currents and winds are respond-

ing to a periodic forcing function. As Huyer (1971) pointed out, the

coherence here may be due to the wind and the current responding

independently to driving forces with a similar period. It is not pos..

sible with these data to determine the nature of this coherence.

The 40 meter DB7 current record and the 80 meter NH15 cur-

rent record transfer spectra from the wind are shown in Figure 35.

Both records show good low frequency coherence and are in phase with

the wind. The coherences squared at tidal frequencies are fair to good

in general. The coherences at the inertial frequency are poor.

The 1967 Experimental Array

In 1 967 three strings of current meters were placed on the Depoe

Bay hydrographic line. The experiment was designed to study the cur-

rents and temperature structure early in the upwelling season. The

meters were installed at DB5, DB7, and DB1O, giving an array which

was perpendicular to the bottom contours and the predominant current
direction. The details of the array and a preliminary study of the

records are in Pillsbury, Smith, and Pattullo (1970). The current

meter and thermograph installed 20 meters below the surface at DBS
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both operated for more than 24 days. The current meter-thermograph

pair installed at 40 meters at DB7 and a third thermograph installed

at 20 meters above this pair operated for 23 days or more. Finally,

a current meter installed 60 meters below the surface at DB1O

yielded a long enough series of data to include in the analysis.

There were no direct wind measurements made during this

installation. No attempt is made here to relate the currents and the

FNWC winds which are available, since only the v component of the

winds is believed to be reliable and only 12-hourly observations are

available.

Current-current Relationships for the 1967 Data

The transfer spectra for the 20 meter DB5 current record and

the 40 meter DB7 current record are shown in Figure 36. The van-

ance in the 40 meter record is considerably smaller than in the 20

meter record. The coherences are good except at the inertial fre-

quency. This is likely to be a result of both records having very

little inertial energy.

The transfer spectra for the 20 meter DB5 current record and

the 60 meter DB1O current record are shown in Figure 37. These two

records are separated more both vertically and horizontally than

those shown in Figure 36. The record from 60 meters shows about

the same amount of variance as the 40 meter DB7 record except at the
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low frequencies where it has only about half as much. The coherences

range from poor at the low frequencies to good at the semi-diurnal

frequency. These two current records are the first ones discussed to

show very low coherence at the low frequencies.

The transfer spectra for the 40 meter DB7 current record and

the 60 meter DB1O current record are shown in Figure 38. Here the

coherence squared is 0. 4 and above. The inertial frequency shows a

coherence squared of 0. 75 which is higher than that of any other fre-

quency for these spectra. These two records are longer than the 20

meter DBS current record, and the transfer spectra are calculated

for a longer series of data.

Current-temperature Relationships for the 1967 Data

The rotary spectra between the 20 meter DB5 current and the

20 meter DB5 temperature are shown in Figure 39. The coherence at

low frequencies is very good. As these two records were made one

meter apart, this result is not surprising. What is surprising is the

contrast between Figure 39 and Figure 32, where 2(L) is only 0. 5
2 . 2and ' at -S and S is good and y (-I) is very good. Both

are for a thermograph-current meter pair suspended a meter apart on

the same mooring line; both are for instruments 20 meters below the

surface. Two things are different for the two installations; one is that

they differ in time of year, the other is that they differ in location.
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Figure 39 refers to 2 instruments 5 miles from the coast in May and

June, while Figure 32 is for 2 instruments 15 miles from the coast in

August and September. The differences in the transfer spectra may

be accounted for by only these two differences, but there are other

differences as well. The autospectra shown in Figure 39 have much

smaller amounts of variance at the diurnal, inertial, and semi-

diurnal frequencies than do those shown in Figure 32. The lower

coherence in 1967 at all but the low frequencies may be due to a lack

of energy.

The transfer spectra for another current meter-thermograph

pair at 40 meters at DB7 are shown in Figure 40. Here only the

inertial and low frequencies show fair coherence. This is the first

current-temperature case presented where the low frequency coher-

ence is only fair.

Another current meter-thermograph combination of interest is

that of the 40 meter DB7 current and the 20 meter DB7 thermograph.

A summary of the results of the rotary cross-spectral analysis for

this pair is shown below.

40m DB7 Current from
2OmDB7 Temperature

2

-I 0.45 100
L 0.35 0

All of the other frequencies have coherences that are poor.
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Temperature-temperature Relationships for the 1967 Data

The thermograph records from 20 meters and 40 meters at DB7

show a fair coherence ( = 0. 45) at the low frequencies only; at

all of the other frequencies, the coherences are poor. The thermo-

graph records from 20 meters at DBS and 20 meters at DB7 show very

good coherence at the inertial (j2 0. 8) and low (y = 0. 95)

frequencies. They show good coherence at the semi-diurnal frequency

( 0. 65) and fair coherence at the diurnal frequency (2 = 0. 3).

They are generally in phase at these frequencies. The DB7 40 meter

and DB5 20 meter records show good low frequency coherence
(2

= 0. 5) and fair coherence at semi-diurnal (2 = 0. 35) and

inertial (2
= 0, 5) frequencies.

The 1966 peimenta1 Array

The experimental array for 1966 was designed primarily to

study the currents late in the upwelling season. Three strings of

instruments were installed on the Depoe Bay line; one at DB5 one at

DB1O, and one at DB1S. Instruments on a fourth string south of the

Depoe Bay line failed to operate. Each string on the Depoe Bay line

contained two current meters and one thermograph. Four of the eight

instruments yielded data records of sufficient length to be discussed

here. At DB5 a thermograph installed at 20 meters and a current
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meter at 60 meters gave a useful data series. At DB1O only the 20

meter current meter record is of sufficient length to be used; while

at DB15, only the 60 meter current record is useful. These data and

associated observations are presented in detail in Mooers etal. (1968).

A more intensive study is presented in Mooers (1970).

A brief summary of the 1966 current-current relationships is

given in Table 7. The table contains some of the results of the cross-

spectral analysis and the corresponding autospectral information.

The units of the autospectra are the same as have been used on the
3 2 2figures, 10 hr cm /sec

The 60 meter DB15 record has a relatively large inertial peak

in its autospectrum. There are small peaks at the inertial frequency

in the spectrum of the record from 60 meters at DB5 and the record

from 20 meters at DB1O. There is good coherence at the inertial

frequency only for the pair, DB15 60 meters and DB1O 20 meters.

In general, the low frequency coherence is good for the current-

current comparisons but is only fair for those two meters at the same

level but 10 miles apart in a direction perpendicular to the bottom

contours and predominant current direction. The coherences shown

at the tidal frequencies are more complicated, but the counterciock-

wise rotating portions show more coherence than do their correspond-

ing clockwise rotating portions.
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Table 7. Rotary spectra results of the 1966 data.

Current-current Relationships
1 D L D S

60m DB5 0. 15 0. 15 0. 05 0. 30 0.40 0.50
60m DB1S 4:i -- -- -- 0 100 100

is5 4.97 058 0.70 9.06 0.61 1.7651

s
0.85 6.85 0.43 3,01 0.40 0.93

15,15

ZOm DB1O 0. 20 0. 50 0. 15 0.60 0. 50 0. 55
60m DB15 4) -- 100 - 75 80 80

Sb 11.63 1.96 1.06 3.65 0.47 3.74
'

101

s
0. 83 6. 94 0.42. 3. 17 0.41 0. 89

15, 15

6OmDB5 0.60 0.10 0.50 0.60 0.60 0.80
ZOm DB1O 4) -30 - - 0 0 40 0

Is5 4.96 0.58 0.69 9.04 0.61 1.765)
11.40 1.85 1.08 3.53 0.46 3.72

15,15

Current-temperature Relationships
-S -I -D L D S

60m DB5 C 0. 30 0.40 0. 15 0. 15 0. 15 0. 30
20m DB5 T 4) -180 -20 .-- -- -- -80

ISI 4.94 0.56 0.69 9.02. 0.61 1.76
s TT

10.3 1.4 0.6 109.4 0.6 10.3

2ZOm DB1O c 0. 55 0. 00 0. 05 0.40 0. 05 0.45
ZOm DB5 T 4) -150 -- -- 0 -- -80

ISCCI 11.63 1.95 1.06 3.66 0.47

STT
10. 3 1.4 0.6 108.6 0.6 10.3

Temperature units are hr C2

The current-temperature relationships are also shown in Table

7. The low frequency temperature oscillations are coherent with the

currents at the same level and 5 miles away but are incoherent with

I
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those currents measured 40 meters below at the same location. The

only other frequency with much temperature variance is the semi-

diurnal one, and oscillations at that frequency show fair to good

coherence with the two current meters closest in space. Because

there is so little energy in the 60 meter DB15 current record at the

semi-diurnal frequency and because of the large horizontal separation,

it is not compared to the thermograph record.

The 1965 Data

The 1965 data ana]zed here are from a single string of instru-

ments installed in the late upwelling season on Stonewall Bank (Figure

3). The data obtained are similar in their vertical distribution to

those at NH15 during 1969. A current meter-thermograph pair

operated for 27 days at 20 meters, a thermograph at 40 meters, and a

current meter at 60 meters for a similar period. A. discussion of the

mooring, associated observations, and first-order analysis of these

data is presented in Collins, Creech, and Pattullo (1966). In addition,

the data are discussed in some detail by Collins (1968) and by Collins

and Pattullo (1970).

The results from the rotary spectral analysis of these data are

shown in Table 8. The two current records show good to very good

coherence except at the inertial frequency where it is only fair. The

20 meter thermograph record and the 20 meter current record show
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Table 8. Rotary spectra results of the 1965 data.

Current-current
-s -I -D L D S

20m 0.50 0.40 0. 90 0.50 0. 80 0. 80
60m -180 -100 -35 0 0 20

3.28 1.15 6.42 7.24 1.18 2.072 20, 0 2.40 1.56 8.92 3.39 1.46 1.69S60 60

Curr ent- temperature
-s -i -D L D S

2OmC 0.05 0.50 0.45 0.10 0.40 0.05
ZOmT 4 -- 40 180 -- 20 --

ISI 3.28 1.15 6.42 7.24 1.18 2.07

ISTTI
6.4 1.1 0.9 11.7 0.9 6.4

26OmC 0.10 0.30 0.05 0.20 0.0 0.15
4OmT -- 180 -- -- --

JSCi 2.39 1.56 8.92 3.39 1.46 1.69

ISTTI
0.1 0.1 0.1 0.21 0.1 0.1

Temperature-. temperature
-S -I -D L D S

20m 0.45 0.30 0.15 0.0 0.15 0.45
40m 20 45 - - - - - - 20

Is20 6.4 1.1 0.9 11.7 0.9 6.4
Is40 0.1 0.1 0.21 0.1 0.1

401
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good coherence only for the inertial frequency. In 1969 and in 1967

when there were current meter-thermograph pairs 20 meters below

the surface, the spectral results show good coherence at the low fre-

quencies. Thus this pair from 1965 is the first to show poor coher-

ence at low frequencies. Except for this low frequency difference, the

pair from 1965 show a very similar result to the pair from 1967.

The 1968 Data

In 1968 an attempt was made to measure the currents at DB7 for

the entire upwelling season (Pillsbury, Smith, and Pattullo, 1970).

These data were collected and analyzed in detail by Cutchin (1972).

There are two data series from this set which are comparable to the

data from other years. The first of these is a current meter-

thermograph pair from the early upwelling season. They were

installed 25 meters below the surface. The table below gives the

pertinent coherences from this pair.

-S -I -D L D S

25mG 0.30 0.05 0.05 0.05 0.10 0.25
25mT 30 -- -- -- -- -30

2.55 2.92 0.97 3.98 0.54 0.72

STT
0.0 0.1 0.0 0.5 0.0 0.0

From this table it appears that only the semi-diurnal frequency

oscillations were even fairly coherent. There is very little energy in
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the thermograph record, and the generally low coherence is probably

a result of this low energy.

The transfer spectral information from a second set of records

from 1968 is shown in the table below. These current meters were

installed at 25 and 50 meters in late June and early July.

-s -I -D L D S

25m 0,70 0. 25 0. 80 0. 90 0. 95 0. 70
50m -170 -100 0 0 0 -20

2.86 2.58 2. 19 11.56 2.06 1. 1125 2
1.08

s
0.85 1.26 6.52 1.04 0.47

50,50

These two records show good to very good coherence except at the

inertial frequency where it is fair.
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VI. COMPLEX DEMODULATION OF THE CURRENT AND
TEMPERATURE DATA

In the relationships shown for the wind and the current, some of

the most interesting ones are not seen. Experience has shown and

models predict (Hopkins, 1971; Ekman, 1905) that a varying wind

stress will result in a varying current. Comparisons of the wind and

current vectors as displayed in a PVD show that the wind-water sys-

tern is fairly well coupled. A second method of comparison that has

proven to be useful is to display the wind and the current roses side by

side on the graphics display of a computer. This time display is very

convincing about the question of the coupling of the wind and the water.

It shows more clearly than the PVD the changes occurring during a

short period of time.

Collins (1968) noted that inertial currents were associated with

storm passages in this area. Webster (1968) has reviewed the obser-

vations of inertial period oscillations by numerous investigators at

deep sea locations. He indicated that inertial motions have a transient

nature, with generation and decay times of a few days. Our records

provide an opportunity to stud.y the variation in the amplitude of the

inertial motion in a stratified coastal environment. Other results

giving examples of the variation of inertial period amplitude with time

have been presented by Day and Webster (1965), Hunkins (1967),

Webster (1968), Pollard (1970), and Pollard and Millard (1970).
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The low frequencies of the wind and current are coherent as we

have seen. The wind also appears to produce inertial oscillations and

by modifying the baroclinicity probably affects the tidal oscillations.

These effects on the high frequencies are not obvious from the rotary

spectra. We need to examine the amplitudes as a function of time

when reversals in the wind are occurring. A.s Huyer (1971> has shown,

the variability of the low frequencies in the wind and current can be

seen by examining low-pass filtered records which have the tidal and

inertial oscillations filtered out.

A technique which can be used to study the variability of the cur-

rent meter data is complex demodulation. The rotary spectra of the

current meter and thermograph data show most of the variance is in

several discrete frequency bands. Complex demodulation can be used

to study how the energy in these bands is distributed as a function of

time. In this section, an analysis is made using complex demodulation

of the 1969 and 1967 records. The records were demodulated to deter-

mine the amplitude behavior of the inertial oscillations. In addition,

the records were demodulated at the tidal frequencies to study the

variation in time of the energy within these bands, which the rotary

spectra indicated contain much of the variance.

Theory of Complex Demodulation

Complex demodulation is accomplished by shifting the frequency
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of a given time series until the frequency component of interest is at

zero. The resulting series is passed through a sharp low-pass filter,

and the output gives the amplitude and phase of the selected compo-

nent. This technique has been discussed in detail by Tukey (1961) and

Granger and Hatanaka (1964) and was used by Webster (1968) to deter-

mine amplitude behavior.

A second similar method of determining the amplitude behavior

of a frequency band is called heterodyning. It is not used on these

data but is mentioned here to give, what may be a more familiar con-

cept, as an aid to understanding the results of complex demodulation.

Heterodyning is done by beating together (adding) two signals, one at a

known amplitude and frequency, the other, the unknown, possibly con-

taming several frequencies of varying amplitude. That portion of the

unknown signal which is near the frequency of the known signal will

produce a low frequency envelope as a result of the summing and dif-

ferencing of frequencies. This mixed signal can then be put through a

rectifier and a low frequency filter, and the output is a function of the

amplitude of the unknown signal in the frequency band near the fre-

quency of the known signal.

Complex demodulation is based here on a particular representa-

tion of the time series. The series is assumed to be non-stationary,

and the analysis is aimed at providing a description of the non-

stationary character of the series. If the non-stationary data series
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can be represented by

tc

jwty(t) = e a(t,)dz()

where a(t,) is slowly changing with time, then the time variation

of a(t,) can be determined using complex demodulation. The time

series discussed are finite, and it is not possible to find a(t,)dz(w)

exactly. It is possible to form as estimate

A(t,w.) a(t,)dz(o)
J w.-d

from these series, where d is a small frequency increment.

Let x(t), t 0, 1, 2. . be the time series and let be the

frequency at which the demodulation is centered. The algorithm used

here has three steps:

1. First the two series

y1(t,o.0) = x(t) cos(0, t)

y2(t,u0) = x(t) sin(0, t)

are formed.

2. Then these series are low-pass filtered and two new result-

ing series are obtained.
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and z2(t,u0)

3. The output series are then formed.

A(tw0) Zz(tw0) + z(t,0)

z2(t, w)
= - arctan

Clearly A(t,w0) is an amplitude and (t,0) is a phase

angle, but the precise meaning of these two quantities depends on the

width of the low-pass filter and the actual behavior of the original

time series. Some examples should help make their meaning clearer.

Let R(o) be the filter response function, then for a low-pass filter

R(0) = 1 and R(cr) < 1 for a > 0. A good low-pass filter has

Rto) Z 1 for some range 0 ± o , where o is the roll-offr r
frequency, and R(cr) drops rapidly to zero for

I

> r' reaching

zero at o = ±o, the cut-off frequency, The simplest example of

complex demodulation is one in which the original series consists of

a single sinusoid, H(t) cos (w0t+0(t)). Assuming that H and 0

vary much more slowly than the cosine does, then if the record is

demodulated at w0, one gets

A(t, w0) H(t)

(tw0) 0(t).
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If the record is demodulated at some other frequency, o1, the

result is

A(t,.0) = H(t)R(c0)

(t,w0) 8(t) + (0-)t.

Real oceanographic time series, of course, contain more than a

single sinusoid. The results quoted above do hold if only one ener-

getic component is within the passband of the filter. If two sinusoids

are within the passband, A(t,w) itself oscillates with a beat fre-

quency, - u, where and are the frequencies of the

two components. The maximum value of A(t,w) is

and the minimum is

+ H2(t)R(w2-c,)

H2(t)R(2-.)I.

The quantity, output as phase, oscillates also in a rather complicated

way and has no obvious clear meaning. For more than two sinusoids

in the passband, the situation is correspondingly more difficult.

Reliability of the Demodulation Results

To obtain an output which can be correctly interpreted, the

passband of the filter should contain only one energetic component
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which requires a narrow filter. The Lanczos taper used here is

symmetrical and has 241 weights. (The term taper is used when a

weighting function is applied to the time series. This process is

equivalent to filtering in the frequency domain. See, for example,

Mooers etal. (1968). ) The filter is flat to 0. 0025 cycles/data inter-

val and reaches zero at 0. 013 cycles/data interval; the maximum

sidelobe value is R(a) 0. 010. The filter response function is shown

schematically in Figure 41, where the filter has been centered at

three different frequencies corresponding to the semi-diurnal tide,

the inertial frequency, and the diurnal tide.

The data used in the demodulation computer program were

obtained by filtering the original data to produce hourly values. When

these series are then demodulated, the first point obtained is 120

hours or five days from the beginning of the record, and the last point

obtained is five days from the end of the original record.

Since the taper used requires information from five days before

and five days after any given point, rapid amplitude variations are

spread in time. If an oscillation lasted for only one period, the

demodulation output would show that the amplitude began to change five

days before the oscillation actually began, and the changes continued

for five days after the oscillation stopped. However, actual experi-

ments on such series show that the significant changes occur over a

period of three to four days centered around the oscillation.
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Figure 4L Amplitude response of the demodulation filter.
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A compromise between resolution in the frequency domain and

location in the time domain must be made. The compromise chosen

for the analysis here clearly separates all three frequency bands of

interest. Such a separation requires long records and limits the

knowledge one has of the actual location and duration in time of any

amplitude variation.

Results of Demodulating the 1969 Data

There are several reversals in the 1969 NH15 record of the

north-south wind component which are shown in Figure 42. Most of

these reversals are due to frontal passages (D. B. Enfield, personal

communication), and these frontal passages are indicated on the fig-

ure by FPs. The amplitude of the currents in the semi-diurnal,

inertial, and diurnal frequency bands is also shown as a function of

time in Figure 42. The current shown is from the 1969 NH15 20

meter current record.

Looking first at the inertial frequency, one sees that there is a

large increase in the amplitude around A.ugust 27. There is a smaller

increase in amplitude around August 21. Both of these changes seem

to be associated with changes in the wind,

The variation in the amplitude of the semi-diurnal current is

marked for this record. The onshore-offshore or u component has

large semi-diurnal amplitude near the beginning of the period, while

the v component appears to have the largest amplitude in early
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September. Thus a change occurs in the semi-diurnal tidal current

ellipse during the period when this current was measured. The

diurnal tidal amplitude seems to be more constant than that of the

other frequencies during the record. It should be kept in mind that

there are biweekly periodicities and other long-period variations in

the tidal forcing functions which may account in part for the variations

seen in the amplitudes.

Figure 43 shows the demodulations of the 80 meter NH15 current

record. The amplitude change in the inertial band is large around

August 21. A similar oscillation was noted in the 20 meter current.

However, the large inertial oscillation seen around August 27 in the

20 meter record is not seen in the 80 meter record. There is a large

amplitude change at the inertial frequency around September 8 in the

80 meter current which is not seen in the 20 meter current. These

differences are clearly the reason why j2(-I) = 0. 6 is not larger for

these two records.

The current at the semi-diurnal tidal frequency shows a large

value in the u component of the 80 meter current around September

2. There is no corresponding change in the v component, and one

sees that the semi-diurnal tidal ellipse is changing for the 80 meter

current.

One could get similar results by doing spectral analysis on short

blocks of data (a few days in length) to get root-mean-square
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Figure 43. 1969 NH1S 80 meter current record demodulations.
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amplitudes averaged over a few days. However, the computational

cost would be much greater, and complex demodulation gives a smooth

curve as a function of time instead of a point every few days, bringing

out the amplitude variations more clearly. It helps to understand

differences in autospectra run for different sections of a record.

Figure 44 shows the autospectrum for two different periods of

the NH15 80 meter current record. The dotted line shows the auto-

spectrum for the first 36 days of the record, August 1 to September 5.

The solid line indicates the autospectrum for 36 days beginning on

August 10 and ending September 15. The contrast in these two spectra

is marked for both the negative semi-diurnal and the inertial fre-

quencies. The solid line shows the effect of picking up more inertial

energy from late in the record, while the dotted line shows that a large

contribution to the semi-diurnal variance is probably made early in

the record. What is clear from this figure is that the spectra are

from a non-stationary series.

Figure 45 shows the demodulations of the current record from

40 meters at DB7. The over-all amplitudes of the various frequency

bands appear to be smaller (Figure 29). The variation in the ampli-

tudes is large. Maximum inertial amplitude in the u component is

around August 20. A relative maximum inertial amplitude in the v

component is also centered around August 20 or 21. The inertial

amplitude remains high in the v component, while that of the u
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Figure 44. Rotary autospectra for the 80 meter NH15 current record. Dashed line
for 36 days beginning August 1. Solid line for 36 days beginning August 10.
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component shows a reduction following the 20th. There is a large

increase in the amplitude of the diurnal motion around the 25th of

August in the 40 meter current record. There is no correspondingly

large increase at this frequency for either of the other records.

Results of Demodulating the 1967 Data

Two of the available records for 1967 have been selected for

demodulation. The 20 meter DB7 thermograph record and the 40

meter DB7 current meter record are shown in Figure 46. For com-

parison, the FNWC north-south wind for the same period is also

shown. The unusual series of temperature oscillations, which begins

around May 27, is called an event here. This event appears to be

related to the wind reversal of May 26-30, The speed of the currents

begins to decrease when the wind reversal of May 26 occurs. The

effects of this wind change can be seen in all of the records for this

period, but the two selected extend far enough beyond the event to

allow the use of demodulation to study this event.

The amplitude of the temperature oscillations in the semi-

diurnal frequency bands is shown as a function of time in Figure 47.

The unusual behavior of the record during the event is clearly seen

The corresponding plots for the components of the DB7 40 meter

current are also shown in Figure 47. Like the 1969 results, the

amplitudes are not stationary. The amplitude of the currents at the
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tidal frequencies is clearly not constant, indicating that the tidal

structure is a function of time which is part may be due to the biweekly

change of the tidal producing forces. It is also clear that the ampli-

tudes of both temperature and current oscillations in the inertial band

are a function of time.
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Figure 46. Wind, temperature, and current records from DB7, 1967.
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VII. CONCLUSIONS AND RECOMMENDATIONS

This thesis represents an overview and extension of some of the

work done in physical oceanography on upwelling cn the Oregon coast

near Newport. The hope here is that the integrated picture provided

may serve as a framework for future investigators and give perspec-

tive to the historical works which have preceded it.

The Seasonal Model

The seasonal model is strengthened by this investigation. The

model, now based on a ten-year average of the hydrography and a

five-year average of the wind, predicts a smooth seasonal pattern of

events. In April the sign of the average wind velocity changes from

positive to negative. The average northerly wind increases to a

maximum in July and then decreases uniformly changing from nega-

tive to positive in September. Because the surface divergence pro-

duced by this northerly wind is the primary source of the upwelling,

it is used to define the upwelling season.

The averaged hydrography shows the permanent pycnocline

already inclined in April. This inclination would indicate upwelling

has already begun. The average depth of the surface continues

to decrease, reaching a minimum for the entire section in August

and September. The average depth of the inshore portion of the
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section reaches a minimum earlier than does the over-all section.

The maximum slope of the inshore portion of the pycnocline is

reached in May, while the over-all slope reaches a maximum in June

and July (Table 3). Thus the data indicate that upwelling effects begin

earliest nearshore and appear later offshore The shallower water

responds more quickly as one might expect.

The potential energy index reaches it maximum in July and

August. It appears to closely reflect the wind-driven effects of

upwelling. The potential energy index not only shows rapid response

to wind changes but also gives an average which corresponds closely

in shape to that of the wind average.

The wind is distributed in a smooth pattern through the season.

The hydrography as shown has a skewed distribution over the season.

The observed current pattern can tentatively be explained as a combi-

nation of the two variables wind and hydrography. A possible

explanation of this observed pattern is given in Mooers model for

steady state upwelling. The slope of the permanent pycnocline is a

result of the surface divergence resulting from the Ekman transport.

In the steady state situation, lateral mixing compensates for the

advective motion of the pycnocline. To reduce this steady state slope

requires enhanced mixing as well as advective motion, to increase the

slope to the steady state position requires only advection. It is

believed that the wind is more effective in increasing the slope
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(upwelling) than in reducing it (downwelling). As the wind changes

from predominantly southerly to predominantly northerly early in the

season, the Ekman divergence is effective in increasing the slope of

the permanent pycnocline. Then a quasi- steady state is set up as

mixing, caused by the horizontal gradients, reaches a balance with

advection. It is the slope of the permanent pycnocline which results

in current shear. The tendency for the deeper currents is poleward.

The actual direction of the flow is dependent upon the effects of fric-

tion and wind stress curl. When the northerly wind is reduced and

replaced by a stronger southerly wind, the pycnocline is eventually

mixed back to its pre-.season level, and the stage is set for the next

upwelling season.

The seasonal behavior shown for the currents is not defined as

well by direct observations, but some tentative conclusions can be

drawn from these observations.

The current distribution tends to show strong southerly flow

early in the season in all three layers. If the system is locally driven,

the early net southerly flow can be produced by wind stress curl. The

wind stress curl is either reduced or is compensated for by lateral or

boundary friction to reduce the net transport later in the season.

The surface layer shows reduced southerly flow by July and

occasional northward flow in August and September. The deep layer

shows predominantly southerly flow early in the season, and it shows



151

predominantly northerly flow later.

Short-term Variations in the Seasonal Model

The very smooth behavior of the currents as just described

seems to fit only for the mean picture. The local wind as measured

in 1969 showed many reversals in direction during the months of

August and September. Plots of the FNWC winds for the entire season

show that such reversals are most common early in the season and

late in the season. Each of these reversals has the effect of changing

the surface divergence near the shore to a surface convergence.

These changes in the nature of the wind result in what could be con-

sid er ed shorter upwelling-downwelling seasons that are superimposed

on the seasonal average. During the over-all upwelling season, the

mini-seasons are predominantly upwelling ones, while during the non-

upwelling season presumably the opposite occurs.

Results of the Time Series Analysis

Tables 9 and 10 give a summary of the coherences between

various records. While all of the cautionary remarks made about the

mean currents apply again here, there is an indication of a pattern.

It appears that the counterclockwise rotating portion of the current

records is more coherent than the clockwise rotating portion. It also

appears that low frequency coherence is good except when there is a
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Table 9. Summary of current-current coherence squared.

-S -I -D L D S

1969 Depoe Bay and Newport

Z0mNHl580mNH15 0.70 0.60 0.40 0.60 0.65 0.40
ZOm NH15 . 40rri DB7 0. 05 0. 50 0. 35 0. 60 0. 70 0. 35
40m DB7 8Orn NH15 0. 25 0.65 0.65 0. 80 0. 80 0.75

1967 Depoe Bay

ZOm DBS . 4Dm DB7 0.70 0. 35* 0.60 0.70 0. 65 0. 80
ZOm DB5 60m DB1O 0.60 0.30 0. 30* 0. 10 0. 25 0.45
40m DB7 6Orn DB1O 0.45 0.75 0.40 0. 50 0.65 0.45

1966 Depoe Bay

60m DB5 60m DB15 0. 15 0. 15 0. 05 0. 30 0.40 0. 50
ZOm DB1O 60m DB15 0.20 0.50 0. 15 0.60 0.50 0.55
60m DB5 . ZOm DB1O 0. 60 0. 10 0. 50 0. 60 0. 60 0. 80

1965 Stonewall Bank

2Dm SB. 60m SB 0. 50 0. 40 0. 90 0. 50 0. 80 0. 80

1968 Depoe Bay

25m DB7 . SUm DB7 0. 70 0. 25 0. 80 0. 90 0. 95 0. 70

Mean' 0.44 0.42 0.48 0.56 0.63 0.60

± SD ±0. 24 ±0.21 *0. 27 ±0.22 ±0. 20 ±0. 18

'For these means, values were neglected where there is little energy
(as noted with an



153

Table 10. Summary of current-temperature coherence squared.

-S -I -D L D S

1969 Depoe Bay and Newport

ZOm NH15C ZOm NH15T 0.70 0. 80 0. 25 0. 50 0.05 0.60
Z0mNH15C40mNH15T 0.60 0.01 0.05 0.20 0.10 0.60
ZOm NH15C 40m NH15T 0.50 0.01 0.02 0. 02 0. 10 0.25

1967 Depoe Bay

ZOm DB5C 20m DB5T 0. 10* 0.40 0. 35* 0. 80 0. 35* 0.03*
40m DB7C 40m DB7T 0. 10* 0.35 0.04* 0. 30 0. 10* 0.03*
40m DB7C ZOm DB7T - - 0. 45 - - 0. 35 - - - -

1966 Depoe Bay

60m DB5C ZOm DB5T 0. 30 0.40 0. 15 0. 15 0. 15 0. 30
ZOm DB1OC ZOm DB5T 0. 55 0. 00 0. 05 0.40 0. 05 0.45

1965 Stonewall Bank

ZOm SBC ZOm SBT 0. 05 0. 50 0.45 0. 10 0.40 0. 05
60m SBC 40m SBT 0. 10* 0. 30* 0. 05* 0. 20 0. 0* 0. 15*

1968 Depoe Bay

25m DB7C ZSm DB7T 0. 30 0. 05 0. 05 0. 05 0. 10 0. 25

Mean' 0.43 0. 30 0. 15 0. 28 0. 13 0. 35

±SD ±0.22 ±0.26 ±0.15 ±0.23 ±0.12 ±0.20

'For these means, values were neglected where there is little energy
(as noted with an



154

large cross-stream separation or when a cross-stream separation is

combined with a large vertical separation. The current-temperature

results show much more scatter.

Complex demodulation appears to enhance the understanding

given by the rotary spectra. It explains in part the relationship

between the wind reversals and the measured inertial motion. It gives

some hints as to why pairs of records are not more coherent than they

are.

Rec ommendations

More current measurements should be taken to verify the mdi-

cated tendency for net southerly flow in the early part of the upwelling

season. In support of these current measurements, extensive wind

observations need to be made. The wind stress curl is important and

can only be calculated from wind measurements made at several dif-

ferent points.

The occasional bursts of inertial frequency energy seen in the

records need additional study. These oscillations are superimposed

on an average current structure. The decay of such oscillations can

be studied by several arrays perpendicular to the average current

direction. The effectiveness of the wind in creating or destroying

deep-sea inertial oscillations has been shown to be a function of the

relative phase between the existing inertial current and the wind. This
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relationship needs experimental verification for stratified coastal

waters. The study of inertial current response should use experimen-

tal data to verify the various proposed models.

The hydrographic work should be continued and intensified. The

sampling of the Depoe Bay and Newport lines has indicated that short-

term variations are present. The relationship between the short-term

variations in the baroclinic structure and the associated short-term

variations in the currents needs to be studied.

The general recommendations are for increased density of

sensor locations, both for currents and winds, and for longer series

of data with more supporting hydrographic work.
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