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Hydrographic, tidal, and meteorological data collected near

Newport, Oregon, were analyzed to determine the relative contribu-

tions of temperature, salinity, and air pressure variations to the

recorded departures of sea level from mean sea level.

Nearshore the steric and recorded sea levels exhibited a

similar seasonal oscillation, with high sea levels inwiriter and low

sea levels in summer.

Analysis of the steric topography indicated the presence of two

distinct regions off Oregon, one extending from shore to 45 nm, and

the other from 65 nm offshore toseaward of NH 165. Theseasonal

oscillations of sea level were approximately six months out of phase

in the two regions.

The nearshore region was greatly influenced by upwellirig and

local runoff, while the offshore region was dominated by the Columbia

River plume which flows south during the summer months.
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Steric departures were of greater magnitude than air pressure

departures, but no single dominant cause of sea level oscillation

could be identified, thus justifying the labelling of this region as a

transition zone from steric to pressure dominance in sea level

determination.

Thermal and haline components of the steric departure were

shown to be of comparable magnitude and in phase. The range of

steric departures was approximately 16 cm, a figure compatible with

ranges reported for stations of similar latitude,



Steric Contributions to the Seasonal Oscillation
in Sea Level off Oregon

by

Burlie Allen Brunson

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Master of Science

June 1973



APPROVED:

Professor of Ocãnography
in. charge of major

Head ofpepartmeflt of Oeanography

Dean of Graduate School

Date thesis is presented / 7-

Typed by Mary Jo Stratton for Burlie ALlen BrunsOti

Redacted for privacy

Redacted for privacy

Redacted for privacy



ACKNOWLEDGEMENTS

I would like to express my gratitude to all of the individuals who

have helped me complete this thesis. In particular, I am indebted to

the late Dr. June G. Pattullo. As my major advisor, she was the

guiding force behind this project.

I would like to thank Dr. William P. Elliott for accepting the

responsibility of being my major advisor upon Dr. Pattullo's death.

I am especially thankful for the help given me by Dr. Henry

Crew, who made it possible for me to use the computer to analyze

the great quantity of data.

Finally, a special word of thanks to my wife, Lois, for her

continued encouragement and understanding.

This investigationwas supported by the Office of Naval Research

Contract N00014-67-A-0369--0007. In addition, my studies were

further made possible by financial support from the Sletera&s

Administration Vocational Rehabilitation Program.



TABLE OF CONTENTS

Page

INTRODUCTION 1

Definitions 3

SELECTED STUDIES 5

THE ANALYTICAL METHOD 11

Determination of Mean Sea Level 11

Determination of Isostatic Effects 13

Determination of Steric Sea Level 14
Determination of Atmospheric Pressure Effects 18

Determination of Geostrophic Currents 20
Determination of "Level of No Motion" 21

THE DATA 22

Description of the SamplingArea 22
Meteorological Data 22
Recorded Sea Level Data
Hydrographic Data 26

Temperature and Salinity Distributions 27

Coastal Upwelling 28
The Columbia River'Plume 29

ANALYSIS AND INTERPRETATION 32

The Measured Depazture of Sea Level 32
The Departure of Sea Level Due to

Atmospheric Pressure 34
The Steric Departure from Mean Sea Level 37

Relative Contributions of Salinity and
Temperature 45

A Model of the Sea Surface off Oregon 46
Geostrophic Currents Due to Steric Departures 49
Comparison of Sea Level Departure Components 55

Relative Contributions of Steric and
AirPressure Effects 59

Residual Sea Level Departures: Possible Causes 59
Dynamic Effects: Coriolis Force 60
Wind Stress: Piling Up Effect 61



Page

Local Addition of Mass: Runoff and Rainfall 62
Other Possible Causes 62

SUMMARY AND CONCLUSIONS

BIBLIOGRAPHY

APPENDICES

64

67

Appendix I. Coefficients Used for Sigma-t
Determination 7 1

Appendix II. Mean Temperatures and Salinities 72
Appendix III. Thermal, Haline and Steric

Departures from Mean Sea Level 74



LIST OF FIGURES

Figure Page

1 The Oregon coast showing the NH line. 23

2 Outer limits of the Columbia River plume. 30

3 Monthly mean sea level at Newport. 33

4 Measured departures from mean sea level
at Newport. 33

5 Typical pressure corrections in the
Northeast Pacific. 36

6 Sea level departure after pressure
corrections. 36

7 Contours of thermal departures from
mean sea level. 39

8 Contours of haline departures from mean
sea level. 41

9 Contours of steric departures from mean
sea level. 44

10 A model of the sea surface off Oregon. 48

11 Nearshore geostrophic currents. 51

12 Offshore geostrophic currents. 52

13 Resultant geostrophic currents. 54

14 Measured departures from MSL corrected
for isostatic effects. 58

15 Rainfall, streamfiow, mean sea leveL.
January-March 1968. 63



LIST OF TABLES

Table

1 Seasonal deviation in sea level and
associated phenomena.

2 Monthly mean sea level and departures.

3 Barometric correction to mean sea level.

4 Departures from mean sea level.

Page

13

25

35

57



STERIC CONTRIBUTIONS TO THE SEASONAL OSCILLATION
IN SEA LEVEL OFF OREGON

INTRODUCTION

The elevation of a point on land is usually given with reference

to mean sea level. Such a statement implies that sea level is fixed,

and that it can be determined and defined. To a first approximation

this is true. The sea surface is nearly perpendicular to gravity at a

given point; it lies nearly on an equipotential surface.

To a navigator, coastal engineer, or oceanographer, this first

approximation is not good enough. Deviations from the equipotential

are observed from place to place and time to time. They may some-

times amount to several meters, and on rare occasions be large

enough to cause severe flooding and coastal damage. Even small sea

surface slopes may be related to major ocean currents which trans-

port millions of tons of water per second. In order to understand and

describe these motions, we need to know (1) the average elevation and

shape of the sea surface, and (2) its variations with time.

The level of the surface of the sea varies continually and, if we

disregard variations with periods shorter than the diurnal tide, at

least six factors are involved in these fluctuations:

(1) Changes in heat content of the water with season affect the

specific volume.
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(2) Changes in salinity due to rainfall, runoff, or evaporation

affect specific volume.

(3) Changes in the distribution of air pressure over the ocean

induce the inverted barometer effect (if the pressure

increased everywhere over the oceans, there would be no

observable effect on sea level, because sea water is nearly

incompres sible).

(4) There are annual astronomic tides.

(5) The total amount of water in the ocean varies with the

season.

(6) Monsoon winds and currents pile up water along coastlines.

Changing heat content (1) accounts for most of the annual varia-

tions in sea level between 45°N and 45°S. Changing salinity (2),

while not thought to be of widespread importance, does induce (in the

Bay of Bengal) the largest annual range in the world. The shift in air

pressure distribution (3) explains most of the observed variations

north of 45°N and possibly south of 45°S. The annual tides (4), and

the changing quantity of water (5) are small effects, generally on the

order of one or two centimeters. The effects of winds and currents

(6) are not known, except in a few small areas.

This study will examine the seasonal oscillation of sea level off

Oregon by analysis of hydrographic and meteorological data collected

near Newport, Oregon (44°37'N, 124°05'W) during the years 1960-1969.



We will attempt to assess the relative importance of temperature,

salinity, and pressure in determining the recorded departures of sea

level from the Long term mean, and compare the results with previous

findings as reported by other investigators.

rf niH

Mean sea level is the plane about which the tide oscillates. It has

been determined by averaging hourly observed tidal heights over a

period of five years. This mean sea level is subtracted from the

monthLy means to obtain the measured departure from mean sea level.

Thermal departures from mean sea level are those variations

caused by changes in the temperature of the water column.

Haline departures from mean sea level are those variations

caused by changes in the salinity of the water column.

Steric departures from mean sea level are due to the combined

effects of thermal and haline departures which alter the specific

volume of the water column. Steric levels are similar to dynamic

heights as used in geostrophic flow calculations, but one important

advantage which steric levels hold over dynamic heights is that

component parts, namely temperature and salinity, may be examined

separately. In this way it is possible to evaluate the relative contribu-

tions to the total departure.

Atmospheric departures from mean sea level are those inverted
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barometer effects which result from changes in the distribution of air

pressure over the ocean.

Isostatic conditions prevail if the hydrostatic pressure due to

the atmosphere and ocean at a point on the deep sea floor does not

change with time. Under such conditions the measured pressure at

this point would remain nearly constant, varying only in response to

accelerations in the fluid motion. In an isostatic region, surfaces of

constant pressure coincide at depth with surfaces of constant gravita-

tional potential.

Annual mean temperatures and salinities are averages of monthly

vaLues for the ten-year period under consideration. This long term

averaging tends to damp anomalous conditions which might occur ina

given year.

Monthly means are averages of all available temperatures and

salinities for a given month during the study period.

Inverted barometer effects refer to the lowering of sea level due

to high air pressure and the rise in sea level during periods of low air

pressure. Thus when the barometer reading is high, the sea level is

low.

The Millibar is the unit in the cgs system which is used to

express pressure. One millibar is equal to 1000 dynes per cm2. The

average pressure at sea level is taken to be 1. 0316 x 106 dynes per

cm2, or 1013.6mb.
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SELECTED STUDIES

The study of sea level variations has occupied the mind of ma-n

for a surprisingly long time. Papers on the subject date back ZOO

years. The early papers could oniy speculate on the causes of the

observed sea level variations, since proper and reliable data were not

available until the end of the 19th century. From that time on

scientists have kept up a lively discussion of the forces and pheno-

mena which cause sea level to fluctuate.

Galle' (1926) wrote one of the first summaries of the work which

had been done in Europe up until that time. Early in the 20th ceri-

tury, European scientists examined the data available and advanced

hypotheses relating sea level variations to meteorological and

oceanographic conditions.

Montgomery (1938) observed that variations in monthly sea

level, corrected for atmospheric pressure, agreed closelywith

dynamic height calculations. He listed eight possible contributions to

the long term sea level fluctuations, including:

(1) Dynamic effects due to fluctuations in gradient currents.

(2) Effect of local winds or Windstu.

(3) Local addition of mass. This is especially effective in

tidewater rivers where sea level fluctuates with river dis-

charge.



(4) Changes in configuration of the ocean floor.

(5) Atmospheric pressure.

(6) Widespread effects due to the action of any of the above at

a distance or over large areas.

(7) Thermal effects.

(a) Local thermal effects due to seasonal temperature

variations.

(b) Advection. Heat or fresh water supplied or withdrawn

from a region by advection of different water masses.

(8) Astronomic tides of long period.

LaFond (1939) points out an annual cycle in the records of sea

level along the West Coast of the United States. Observations at San

Diego show high sea levels insummer and lows in winter, but as one

progresses north there is a reversal with Seattle exhibiting high sea

levels in winter and lows in summer. He attributes the major portion

of these fluctuations to variations in the water density and atmospheric

pressure. Dynamic height calculations are used by LaFond to show

that approximately 75% of the variations are due to density fluctuations.

Sea level and dynamic heights with respect to a 75 m reference level

are shown to exhibit a 1:1 correlation, as most density changes occur

in the upper 75 m. Sea surface topography with respect to a 500 m

reference level is equated with the absolute topography since 500 m
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may be considered as a ITlevelit surface with regard to seasonal

changes in density.

An exhaustive description of world sea level oscillations was

presented by Pattullo, Munk, Revelle and Strong in 1955. In low and

temperate latitudes steric and recorded departures were in phase,

with temperature fluctuations in the upper 100 m accounting for most

of the changes in sea. level. Higher latitudes exhibited some correla-

tion between steric and recorded departures, but the results were

inconclusive. Deep salinity measurements were scarce, being

available only for the Oyashio region near Japan, where the haline

departures were found to be equivalent to the thermal departures and

together they showed a reasonable agreement with recorded depar-

tures. This suggests that the steric term can be important even in

subpolar latitudes. It was suggested that deep seasonal salinity

changes could account for this agreement between steric levels and

recorded departures.

Studies by Eugenie Lisitzin (1959) point out that the magnitudes

of steric departures at high latitudes are small, on the order of 2. 5

cm. Local effects such as summer heating and runoff tend to decrease

the nearshore density, resulting in high sea levels, while in deeper

waters the increase of density with depth diminishes these surface

effects.

The International Geophysical Year of 1957-1958 saw a concerted



effort to measure sea level fluctuations at widespread points in the

Pacific Ocean, Pattullo's (1960) analysis of 40 sea level records

established a seasonal cell pattern in the Pacific with a noticeable

phase shift north of 40°N latitude. In this region the sea levels

reached a maximum in winter in contrast to the summer maximum

exhibited to the south, The Northwest Coast of North America

exhibited some large anomalous areas, suggesting that nonisostatic

influences such as sea slope, wind, and currents could lead to

appreciable regional deviations.

A statistical study of the factors contributing to sea level

deviations was conducted by Roden in 1960. He showed that sea level

anomalies were distributed in a Normal manner.

Theresponse time forsea level to reach equilibrium with

atmospheric pressure fluctuations was estimated by Roderi to be one

to two months, and the use o sea level data collected near a river

mouth was shown to be greatly influenced by river runoff, with the

discharge of fresh water having a significant effect on the coherence

of thermal anomalies and recorded sea level.

Lisitzin and Pattullo (1961) presented an analysis of the princi-

pal causes of sea level oscillations, in which the effects of atmospheric

pressure and steric deviations were stressed. It was proposed that

these two components be known collectively as the isostatic portion of

sea level fluctuations. The word isostatic was chosen to point out that



these components affect only the volume of the water above thesea

floor, leaving the mass per unit area unchanged. They reported that

atmospheric pressure deviations and recorded sea level departures

exhibited a 1: 1 correlation in high latitudes, but subarctic records

showed a lower correlation, thus emphasizing the need to consider

other factors in these regions. Both pressure effects and steric

departures were shown to be significant off Japan; the only region

exhibiting these conditions.

Saur (1962) updated the studies of variability of monthly sea

level in the Pacific. At Seattle there was significant correlation

between sea level and atmospheric pressure for all months, and the

residual sea level variations not accountabte to pressure fluctuations

were attributed to steric oscillations brought on by advection of

different water masses by ocean currents,

In 1963 Pattullo presented a summary of scientific thought cori-

cerning the causes of sea level oscillations. She reiterated the

hypothesis that the variation in total mass over the sea floor was

small, allowing consideration of isostatic effects. In the case of local

sea level change, two-thirds of the change in heat content of the water

was attributable to local heating. The remainder was composed of

wind set-up, current transport, and mixing. For the most part

salinity variations have been considered comparatively small, but this

was shown to be erroneous in at least one instance. In the northern
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Indian Ocean the combined precipitation and wind mixing accompany-

ing the monsoon creates large salinity variations, and these salinity

variations contribute a significant portion of the total steric deviation.

Estimates of the magnitudes of various phenomena pointed out the

general predominance of steric and atmospheric pressure deviations.

These were shown to be of equal magnitude, reaching values approach-

ing 20 cm in some instances.

The studies presented serve to point out several unanswered

questions. Foremost are the questions: what is the relative contribu-

tion of salinity to the combined steric term, and what roles do steric

and atmospheric pressure terms play in the total sea level oscillation

in subpolar latitudes. One of the aims of this study is to answer

these questions as they pertain to the sea off Oregon.
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THE ANALYTICAL METHOD

Determination of Mean Sea Level

Mean sea level has been previously defined as the plane about

which the tide oscillates. It is generally assumed to constitute an

equipotential surface; but as derived from tide observations, mean sea

level deviates somewhat from an equipoteritial surface in consequence

of the effects of agencies such air pressure, winds, and variations in

specific volume. Since these agencies are of interest in this study,

a method of determining mean sea level while suppressing variations

of tidal frequency was sought.

Strictly speaking, mean sea level should be determined by

integrating the tide curve. This is a difficult, time-consuming

process requiring a great deal of precise measurement. An alterna-

tive method is to average the tabulated hourly heights as measured by

a gage. For very short determinations the difference between

averaging and integrating may be relatively large, but for a long

series of observations the difference between the two methods becomes

insignificant.

If the hourly heights for a given day are denoted by h0, h1, h2,

h3, ... h23, h24, where h0 is the height at midnight beginning the day

and h24 is the height at midnight ending the day, then the best inter-

pretation would yield mean sealevel equal to 1/24 (1 /2 h0 + h1 + ... +
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h23 + 1 /2 h24). It is much less complex and more convenient to

express the daily mean sea level as 1/24 (h0 + h1 + ... + h23) with

very little loss in accuracy. This last method has been used in this

study. The averaging of hourly heights has the added advantage of

largely eliminating the influence of diurnal, semi-diurnal and shorter

tidal components (Roden, 1960).

The suppression of all major periodic components of the tide may

be accomplished by averaging over a period of 19 years or more.

This method accounts for the longest period significant contribution,

namely, the revolution of the Moon's nodes, which occurs every 18. 6

years. Records of this duration or longer are known as primary

determinations of mean sea level, and shorter records may then be

corrected with reference to these primary observations. Corrections

performed along the Pacific Coast result in a difference of 1. 5 cm for

a single year's record. As the years of observation increase, the

correction varies as 1. 5n_1/Zcm, where n is the number of years of

observation. This results in a correction of +0. 6 cm fora five-year

record (Mariner, 1951). the length of the observed tidal record at

Newport, Oregon.

Once the astronomic tides are eliminated, the residual fluctua-

tions can be assumed to be due to thevarious factors which have been

discussed in the literature. Table 1 presents these phenomena and

estimates their magnitudes.
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TabLe 1. Seasonal deviation in sea level (cm) and associated phenom-
ena.

0 10 20

(a) Fall in. local air pressure (total air-
mass over oceans constant) x

(b) Increase in heat content of water
(mass of sea water constant) X

(c) Decrease in salinity of water (mass
of sea water constant)

(d) Increase in speed of onshore
component of wind X

(e) Increase in speed of longshore
component of wind or current x

(f) Approach of annual or semiannual
high of astronomic tide x

(g) Increase in total mass of water
in oceans x

(h) Decrease in mixing of water x

(from Pattullo, 1963)

This paper will be primarily concerned with the determination of

the first three phenomena by analysis of oceanographic data.

Determination of Isostatic Effects

Assuming isostatic conditions, a change. in the density of the sea

water or the pressure over the water surface wiLl be accompanied by

a change in thevolume of the water column. This change is exhibited

as an increase or decrease in the height of the water column. Lisitzin

and Pattullo (1961) have shown this assumption of isostasy to be
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reasonably applicable to the ocean, thus allowing computation of sea

level deviations from a known set of density anomalies and atmospheric

pressure deviations.

Determination of Steric Sea Level

Generally the reciprocal of density, namely specific volume, is

considered in oceanographic calculations. Since this study is con-

cerned with departures from average conditions, it is necessary to

use a specific volume anomaly ta which is dçfined as:

Ea = a(T,S,P)- a(T,S,P)

where T and S represent the annual means of temperature and salinity

respectively, a (T, S, P) is the specific volume at a. given depth and

location under mean monthly conditions. Thus I.a represents the

monthly deviation of specific volume from the annual mean. For

steric calculations it is necessary to separate the specific volume

anomaly ibto its component parts. One must first define the respec-

tive anomalies of temperature, salinity, and pressure as

= T-T
ts = S -
EP = P -

These represent the monthly devia,tions of temperature, salinity, and

pressure from their annual means. It ma.y be reasoned that for a

given depth, the seasonal fluctuations in pressure are small (Pattullo
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etal. , 1955). For this reason, the terms involving pressure will not

be considered.

For small values of AT and AS the corresponding departure in

specific volume is given by
Fjcx

= a (T,S,P) - a(T,S,p) = (-) AT + (-)AS +

in which the second and higher order terms have been regarded as

insignificant. The quantities and are to be evaluated at T and

S.

Pattullo etal. (1955) used these expressions to obtain a set of

equations defining the "thermal, " "haline" and "steric" departures

from mean sea level. The "thermal" and "haline" departures are

defined by

ZT = ATdP, (1)

Z = g (-) AS dP, (2)

and the "steric" departures equal

1

Za = g AadP (3)

where a
is the atmospheric pressure and P the pressure to which

the integration has been carried, generally that pressure below which

seasonal effects vanish. The steric departure is equal to the sum of
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the thermal and haline departures only if second and higher order

terms of the specific volume anomaly are disregarded.

Since values of temperature and salinity are generally expressed

in terms of depth and not pressure, the actual computations are

carried out utilizing the hydrostatic equation to convert the limits of

integration from units of pressure to units of depth. Since, under

hydrostatic conditions, dp = pgdZ, Equations (1), (2), and (3) become

ZT =

Zr
= ()ESdZ

Zr
Za =i5ç tadZ

(4)

(5)

(6)

where j5 is the average density of the water column, and Zr is the

depth below which seasonal effects vanish. The vertical distribution

of specific volume is determined from tabulated observations, thus the

integrals in Equations (4) and (5) are computed approximately, usually

by the trapezoidal method

Z -Z
V(T,S,Z)dz n+1 [V(T,S,Z)+ V(T,S,Z1)J

where V(TS, Z) represent those quantities which are functions of

temperature, salinity, and depth. Here Z and Z+l designate the
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depths of two neighboring measurement levels and m is the number of

layers between the reference level Z and the surface (Z0).r
For computer operations it is desirable to have a function which

aa aa
will allow the mathematical determination of and -. Pattullo

aa aa
etal. (1955) utilized a graphical display of and -as functions of

T and S. This method is unsatisfactory when large amounts of data

are analyzed. Cox, McCartney and Culkin (1970) have recently

derived a mathematical expression for specific gravity in terms of

temperature and salinity which allows the computation of and

directly from the measured temperatire and salinity.

Sigma.-t is the parameter generally used to express the density of

sea water at a given temperature, salinity, and atmospheric pressure,

and may be expressed in the form

= STO - 1)

Converting this to specific volume we have

a STO (1 + 103cTt)'

aa aa
and - may then be expressed as

qa -3 t -3 -z
= -10

&T
(1 + 10 (7)

aa -3 -3 -z
= -10 (1 + 10 o) (8)

Theexpression derived by Coxetal. (1970) is given as



t;i

= a.. T1 S O i and j - 3 (9)
t J I-i

The coefficients for this summationwere determined experi-

mentally and are listed in the appendix. Performing the operations

indicated in Equations (7) and (8) on Equation (9), and evaluating at
- - 8a
T and S leads to the determination of -j- and which are used to

evaluate Equations (4) and (5). The availability of these values allows

analysis by computer resulting in values for ZT Z5, and Z

Determination of Atmospheric Pressure Effects

Atmospheric pressure has a pronounced effect on sea level,

especially in higher latitudes. The inverted barometer effect on the

sea surface height can be determined by

Eh = LP
pg

(10)

where h is the height of sea level (cm), p is the density of the water

(gm/cm3), g is the acceleration of gravity (cm/sec2) and P is the

atmospheric pressure (dynes /cm2). Sea level will be depressed

approximately 1 cm for a rise in atmospheric pressure of 1 millibar.

Thus, on first consideration, the variation in monthly mean sea level

(cm) due to fluctuations in atmospheric pressure may be compensated

for by adding the departure of the monthly mean atmospheric pressure

from the annual mean atmospheric pressure (mb) to the respective

monthly mean sea level of a given station. For short term studies it
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is permissible to use air pressure values observed near the sea level

recorder to determine the means. Rodert (1960) observed that thesea

surface response time to compensate for atmospheric fluctuations is

much shorter than a year. Since we are dealing with annual sea level

oscillations, we must take into account the annual change in mean

pressure over all oceans, due principally to a shift in air mass

toward Siberia in winter. The local sea level has sufficient time to

compensate for this annual change, and it seems appropriate to

relate the sea surface fluctuations to global mean sea level. In order

to do this we must correct the local recorded sea level by the factor

CP -P
S 0

where P (mb) is the monthly mean pressure in the vicinity of the

sea level recorder and P (mb) is the mean pressure over all oceans
0

for the same month. The factor C? (cm) is the monthly correction

for local sea level relative to global mean sea level. We are inter-

ested primarily in the seasonal fluctuations about this global mean sea

level, so we define C, the monthly correction factor for air pressure

fluctuations, as:

C = C' -'
where C' is as defined above, and C' is the annual mean correction

factor for local sea level relative to global mean sea level. The factor

C (cm) is added to the recorded sea level to correct for the effect of

pressure.
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Determination of Geostrophic Currents

When flow results from a balance between the horizontal pressure

gradient force and the Coriolis force, the motion is said to be geo-

strophic. In the case presented later in this study, we assume that

the only forces acting are the pressure gradient force, the Coriolis

force, and gravity. These forces must be in balance such that

18p- (zc2i 4 )v, (11)
p UX

- = (-22 sin 4 )u, (12)

(13)g

The third equation of motion is the hydrostatic equation, while

the other two equations describe geostrophic motion with reference to

a fixed geographic coordinate system. Since it is difficult to fix a

coordinate system at sea, a further simplification is utilized to

transform coordinates to an arbitrary locaL system by applying the

Pythagorean theorem (assuming no vertical motion);

ap [8p2 ap
+

and

Iz 2
c = +v

as a result Equations (11) and (12) may be expressed as

= (2 2 sin c) c. (14)
p aq
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Substituting f for the Coriolis parameter 2 sin , we have

L = fc, (15)
p

where c in this case is the geostrophic velocity at right angles to a

measured pressure difference p aI.ong a Line r, also perpendicular to

c. Applying Equation (13) we can convert from units of pressure to

units of length, thus Equation (15) becomes

g--j = fc (16)

where Zais equal to thesteric departure (cm) from mean sealevel as

defined in Equation (6).

Determination of "Level of No Motion"

Since this study is concerned with seasonal oscillations, the

term "level of no motion" does not adequately portray the referencç

depthto which steric integrations are carried. A better term might

be "level of no seasonal fluctuation. " This level has been estimated

to be 500 m. It is generally determined by estimating the level below

which the density field shows insignificant seasonal oscillations. In.

current calculations this is the depth below which there is little

contribution to sea level departures.

In waters which do not exceed 500 in in depth, this "level of no

motion" is equated with the bottom. While this may appear to be a

hazardous assumption, it has been used by previous investigators with

good success (LaFond, 1939; Pattullo etal. 1955).
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THE DATA

Description of the Sampling Area

The waters adjacent to the Oregon coast (see Figure 1) affordan

excellent opportunity to study simultaneous records of recorded sea

level, steric departures from mean sea level, and air pressure fluc-

tuations. Newport, Oregon, is the site of a recording tide gage in

addition to being the end point of a regularly occupied hydrographic

line. The Newport Hydrographic Line (NH) consists of a series of

sampling stations which are routinely occupied by research vessels

from Oregon State University. The NH line begins at Yaquina Head,

approximately seven miles north of Newport, and extends westward

along 44°39. 1' N latitude. The Oregon State University Marine Science

Center, located on Yaquina Bay near Newport, is the site of a record-

ing tide gage which collects the data necessary to determine mean sea

level. The proximity of the data sources allows direct comparisons

to be made of recorded sea level and steric departures from mean sea

level, as determined bythe information gathered along the NH line,

with littleconcern for the spatial variations which generally accom-

pany such studies.

Meteorological Data

Rainfall and air pressure in the vicinity of the tide gage were
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extracted from observations as reported by agencies of the National

Weather Service.

The air pressure values are monthly averages compiled for

Astoria, Oregon, bythe Pacific Northwest River Basins Commission.

Astoria was chosen because of its proximity to Newport, the length of

the pressure record (14 years), and the similar coastal location. The

mean monthly values over the oceans were extracted from Pattullo et

al. (1955). All pressure values, along with the correction factors used

to modify the recorded sea level to compensate for the pressure

effects on mean sea level, will be discussed in a subsequent section.

Recorded Sea Level Data

The data used to determine mean sea level consists of observa-

tions taken at the Marine Science Center utilizing a Fisher-Porter

recording tide gage. This gage samples the water level at six-minute

intervals and records the values on punch tape which is then processed

by the Nation3l Ocean Survey, Tides Section, National Oceanic and

Atmospheric Administration, to obtain hourly, monthly, and longer

term mean sea levels. These sea level values reflect the combined

influence of all the previously mentioned components of mean sea level

fluctuations. Table 2 summarizes the monthly mean sea levels deter-

mined since the beginning of gage operations in February, 1967.



Table 2. Monthly mean sea level and departures (cm).

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Mean

1967 270.4 285.3 277.1 260.0 264.0 261.2 264.6 272.2 274.9 277.7 281.3 271.6

1968 283.8 291.4 281.3 253.6 265.8 260.6 264.3 274.0 270.4 278.3 287.7 302.7 276.1

1969 299.0 300.2 272.8 279.5 267.6 268.8 259.4 261.8 271.6 276.5 278.6 297.8 277.7

1970 301. 1 288.0 274.0 256. 3 256.0 260.0 260.0 263.3 262. 1 273.7 287. 7 299.9 273.4

1971 281.3 271.9 281.9 272.8 262.7 267.0 264.3 271.0 272.5 267.9 275.5 288.0 273.1

Mean 291.3 284.4 279.1 267.9 262.4 264.1 261.8 266.9 269.8 274.3 281.4 293.9

MSL 274.6

Departure 16.7 9.8 4.5 - 6.7 -12.2 -10.5 -12.8 - 7.7 - 4.8 - 0.3 6.8 19.3

N)
01



Hydrographic Data

The hydrographic data were taken from data reports published

annually by the Department of Oceanography, Oregon State University.

The University of Washington supplied supplementary data on the

Columbia effluent region (Budinger, Coachman and Barnes, 1964).

The observations used to compute steric levels were those taken

along a segment of the NH line extending from 3 to 165 nautical miles

offshore during the period 1960 through 1969 (see Figure 1). Each

sampling station is identified by the prefix NH followed by a number

delineating its distance offshore, thus NH 5 is a station five nautical

miles offshore along 44°39. 1' N latitude. These station designations

will be used in the remainder of this paper. The depth to which

observations extend varies with the station, but all stations from NH

65 and beyond extend to at least 1000 m.

Salinity values were determined by an inductive salinometer with

an accuracy of 0. 003°/co as reported by Brown and Hamon (1961).

Temperature readings were obtained from protected reversing

thermometers attached to National Institute of Oceanography (NIO)

bottles. Calibrations wereperformed by Oregon State University

using Scripps Institution of Oceanography standard thermometers and

tanks. The accuracy of temperature readings was reported as ± 0. 02°C

(Wyatt and Gilbert, 1967).
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The annual mean temperature and salinity distributions for each

station are listed itt the appendix.

Temperature and Salinity Distributions

The surface monthly mean temperature ranged from 8. 9°C at

NH 165 in February, to 18. 6°c at NH 145 inAugust. The salinity

extremes occurred nearshore with a minimum of 28. 9O/ for February

at NH 3, and a maximum of 33. 7°/co during August at the same station.

Temperature decreases and salinity increases rapidly in the

upper layers (less than 200 m). Below these surface layers the

gradients are smaller, becoming negligible below 1000 m. The mean

temperature and salinity at 1000 m remains nearly constant at 3. 5°C

and 34. 4°/co respectively.

Horizontal variations are large, reflecting the influences of

local processes, Upwelling, rainfall, and river runoff greatly alter

the distributions.

Salinity decreases from the coast to offshore stations during the

summer. The high nearshoresalinities may be partially attributed to

coastal upwelling which brings deep, high salinity water to the surface

during the summer periods of surface divergence. This phenomena

is also responsible for the colder nearshore water temperatures

encountered during the summer. The nearshore to offshore gradients

of temperature and salinities are enhanced by the presence of warm,



relatively fresh water from the Columbia River, which is found off-

shore during the summer months.

Since the influences of coastal upwelling and river runoff appear

to play major roles in the development of the Oregon hydrographic

environment, it might be profitable to examine these two p henomena

in more detail.

Coastal Upwelling

A study of the wind pattern off Oregon will show a shift in the

predominant wind direction in April from southerly to northerly

(Pillsbury, 197Z), The surface divergence produced by this northerly

wind shift is the primary source of up welling and the attendant

presence of cold, saline water at the surface nearshore. Heat budget

studies show a lowering of surface air temperatures and decreased

heat losses during the period from June through September (Lane,

1965). The movement of water to thesurface from depth (usually less

than ZOO m) causes the surface temperature to drop, and the salinity

to increase. This combination of decreasing temperature and increas-

ing salinity results in an increase in the water density, a factor which

is of great importance when computing steric sea level departures.

The extent of the upwelling region varies from year to year, and may

be delineated by hydrographic data for a particular year, but heat

budget studies have shown that, on the average, the area off Oregon
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may be separated into two regions, one nearshore and one offshore

(Lane, 1965). The nearshore region, which extends 60 nautical miles

offshore, is dominated by the effects of upwelling, as we will point

out in the analysis of steric departures from mean sea level.

The Columbia River Plume

The offshore region determined by Lane's 1965 heat budget

studies extends from 60 nautical miles offshore to a distance of 190

nautical miles offshore. This is the area dominated by the effluent of

the Columbia River, in contrast to the area shoreward of 60 nm

which is under the influence of upwelling.

Hydrographic observations indicate the existence of reLatively

fresh and warm water conditions in the offshore region during the

summer.

The records of daily mean flow of the Columbia River show a

peak during the months of June and July as a result of thespring thaw

in the Columbia River Basin. During this period a thin layer of

effluent from the Columbia is acted upon by wind stress, currents,

and diffusive processes which distribute the plume to a distance of 500

nm southwest of the mouth of the river. Figure 2 shows various

positions of the plume. During the period of maximum river dis-

charge, the plume axis is located approximately 85 nm from Newport,

with the inner boundary of the plume approximately 25 nm from shore.
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During the winter months the Columbia River plume lies in a

20 -30 nm wide belt adjacent to the Washington Coast and extends

northward to the Straits of Juan de Fuca (48°38' N). This coincides

with the period of highest surface salini.ties in the offshore waters of

the NH line.
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ANALYSIS AND INTERPRETATION

The Measured Departure of Sea Level

A plot of the monthly mean sea level as recorded at Newport

(Figure 3) reveals the existence of an annual cycle. The highest sea

levels occur in winter (December-February) and the lowest levels

occur in late spring and early summer (May-July), a cycle similar

to that recorded at Seattle (LaFond, 1939).

The analysis of a plot of the measured departures from mean sea

level (Figure 4) shows a cycle similar to the monthly mean sea level,

with extreme deviations occurring in summer and winter, being of

opposite sign. The range of sea level variations is 32 cm, an amount

somewhat larger than those deviations previously reported at other

stations in the Northeast Pacific (Pattullo etal. , 1955), but exhibiting

asimilarseasonal cycle (Saur, 1962).

The variations observed in recorded sea levels are a composite

of the influences of the various physical phenomena which have been

mentioned previously in connection with sea level oscillations

(Montgomery, 1938). In addition to the various oceanographic factors

discussed, there are the added influences of the Columbia River plume,

and the nearshore phenomenon of upwelling.

The measured departures may be thought of as the gross sea

level departures, and corrections can be made to these gross
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departures for those influences which are independently measured or

calculated.

The Departure of Sea Level Due to
Atmospheric Pressure

The measured sea level for a given month is generally adjusted

for the effects of atmospheric pressure. This has been shown to be

approximately 1 cm change in sea level for each millibar deviation

from the mean pressure. The question which must be answered is;

what constitutes the mean pressure? For short term studies the local

average barometric pressure may be used, and corrections to mean

sea level may be made for deviations from this local average pressure.

For longer term studies (in excess of a month) the variation of

pressurewith time over the whole ocean must be considered. Since

this study is one of annual cycles, the sea level is able to adjust to

these large time variations and the second method must be employed.

Table 3 is a display of the station pressure, P, the mean

ocean pressure, P, and the pressure correction factors, C and C.

The deviations due to atmospheric pressure (C) are quite small,

with a range of only 2 mb, the equivalent of 2 cm of sea level deviation.

Figure 5 shows some typical air pressure corrections for selected

sites in the Northeast Pacific. These show small magnitude depar-

tures from mean sea level due to atmospheric pressure. It maybe

readily concluded that atmospheric pressure effects in the 45° N



Table 3. Barometric correction to mean sea level.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

p (mb) 17.2. 18. 5 16. 5 18.2 18. 5 18.2 18. 9 18.2 16.8 17.2 16, 8 17.8
(minus 1000)

P0 (mb) 12. 4 12. 4 12. 8 12.8 12. 8 13. 5 14. 0 13. 3 13. 4 12.8 12, 6 11. 9
(minus 1000)

C' (cm) 4.8 6.1 3.7 5,4 5,7 4,7 4,9 4,9 3,4 4.4 4.2 5.9

C (cm) 0. 0 1. 3 -1. 1 0. 6 0. 9 -0. 1 0. 1 0. 1 -1. 4 -0. 4 -0. 6 1. 1

Ui
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latitude region are almost insignificant on a seasonal basis. The

magnitudes of the pressure corrections do not account for a very

large portion of the total sea level departure as shown in the recorded

fluctuations of sea level. Figure 6 is a graph of sea level departure

before and after application of the pressure correction term, C.

Here we can see the relative magnitudes of the total departure and

the pressure correction. The application of the pressure correction,

C, has very little effect on the range or phase of the recorded

departure curve. This is in agreement with the findings of Pattullo

et al. (1955).

The Steric Departure from Mean Sea Level

A discussion of thermohaline influences on mean sea level off

Oregon must be primarily concerned with the location, intensity and

duration of upwelling and river runoff, especially the Columbia River

plume. In this section of the study we will deal with just such

thermohaline effects and their contributions to the departure from

mean sea level (MSL).

In the section on analytical methods we showed how the steric

departure from MSL is composed of two constituents; thermal depar-

tures and haline departures. The value of determining departures

from MSL in the manner prescribed is that each of these components

may be examined independently, and its relative contribution to the

total steric departure from MSL may be assessed.



Figure 7 represents the effects of temperature fluctuations on

MSL. A positive departure from the annual mean temperature will be

accompanied by a decrease in density such that a given mass of water

will occupy a greater volume. Consequently, a positive departure

from the annual mean temperature will result in a positive departure

from MSL.

Nearshore (NH 3-NH 45) the range of thermal departures is

tempered by the effects of certain seasonal phenomena including

upwelling, seasonal cooling and warming, and evaporation. We

generally associate the winter season with a period of below average

temperatures. In this nearshore region we find the opposite to be

true. Temperatures in the water column during November and

December are as much as 2°C warmer than the annual mean tempera-

tures. These above average temperatures contribute to the positive

thermal departures from MSL which are depicted in the winter

nearshore regions of Figure 7. An analogous situation occurs during

the summer period (June-August). The average temperatures for this

period are nearly 2°C cooler than the annual mean temperatures.

These conditions are reflected as negative thermal departures during

the summer in the nearshore region.

The existence of these negative thermal departures during the

summer coincides with the upweLling season during which cold water

enters the nearshore surface layers. It is during this period that the
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nearshore thermal departures reach their greatest negative values.

The seasonal cycle is easily distinguished inFigure 7. The nearshore

sea level is depressed in summer, begins to rise in the fall, and peaks

in the winter.

The offshore region (NH 65-NH 165) exhibits a similar seasonal

cycle, but the high sea levels occur in the summer and the low sea

levels occur in the winter. This phase shift offshore is partially due

to the absence of intense upwelling seaward of NH 45, but the presence

of very low salinity river effluent during the summer months is also

quite significant. Since this fresh water from the Columbia River is

much less dense than the sea water, it forms a thin (less than 40 m),

stable lens over the sea surface. This lens resists vertical mixing

and may be responsible for retaining heat near the surface in the off-

shore region, thereby promoting the higher than normal surface

temperatures observed in the summer (Lane, 1965).

In contrast, in thewinter this relatively fresh water is not

present, and the normal processes of cooling and mixing dominate the

offshore region.

Haline departures from MSL are caused by deviations from the

mean annual salinities. An increase in salinity will be accompanied

by an increase in dens itywhich wilL in turn be responsible for a

decrease in the volume occupied by a given mass of sea water. The

contours of Figure 8 depict the seasonal departures from MSL at a

given distance offshore,
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A look at the contours for the summer season shows the greatest

negative departures nearshore, with a shift to the maximum positive

departures offshore. During the summer the two regions are greatly

influenced by upwelling (nearshore) and the Columbia River (offshore).

Nearshore the upwelled water raises the surface salinity quite

significantly, consequently the summer salinity averages are higher

than the annual salinity means. These conditions are manifested as

negative departures from MSL, with the maximum negative haline

departure occurring at NH 35 in August. This large negative departure

coincides with the inner boundary of the Columbia plume, an area of

minimum fresh water dilution. The disparity between summer and

winter salinities might be greater were it not for the concomitant

depression of evaporation during the upwelling season, which is due to

the lowered air temperature and high relative humidity encountered

near the sea surface.

Offshore the contours depict a large positive haline departure

from MSL during the summer, corresponding with the period of maxi-

mum transport for the Columbia River plume which is being driven

south during these months. The presence of great volumes of rela-

tively freshwater counters the effects of evaporation, and results in

low sal.inities leading to the maximum haline departures from MSL.

The contours exhibit a wave-like progression of high andlow sea

level as the haline departures are alternately positive and negative.



The presence of two distinct regions, nearshore and offshore, approxi-

mately six months out of phase, is recognizable.

The resultant of the combined haline and thermal departures

from MSL is shown in Figure 9. The magnitudes of the departures

indicate that within either of the two regions, the departures due to

temperature andsalinity must be in phase. If this were not so, the

steric departure from MSL would approach zero, since the two

components are of comparable magnitude.

A cross sectionof the sea surface from shore to NH 165 would

resemble a standing wave. We could see the increase in magnitude

to an antinode located at NH 35, the decrease to a node around NH 75,

and an increase once again to an antinode seaward of NH 165. Cross

sections taken during March and August would best point out the

uridulations of this wave. Such a pattern divides thesea off Oregon

into two geographic regions similar to those proposed by Lane (1965)

in his study of the regional heat budget. These regions serve to

delineate the zones of predominance of nearshore upwelling and the

offshore presence of the Columbia River plume.

Geographic variations in sea level modulate in amplitude accord-

ing to the season. The maximum range occurs during September

when a difference of 1Z. 5 cm is estimated between thesea surface

height at NH 25 and that at NH 145.

The seasonal fluctuation may have an appreciable range.
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Nearshore the range is 9 cm at NH 25, and the offshore range reaches

16 cm at NH 145. These annual ranges of departure from MSL are

comparable to steric departures calculated for stations at similar

latitudes. The Oyashio Current region of the Pacific Ocean (41-43° N

latitude) exhibited a range of 15. 5 cm, with a balance between the

thermal and haline constituents (Pattullo et al. , 1955).

Relative Contributions of Salini
and Temperature

Pattullo etal. (1955) identified a total of 29 stations at which

calculations for both thermal and haline departures from MSL were

available. Of these 29 stations, 15 indicated thermal departures

which were significantly greater than their haline counterparts, 12

stations showed temperature and salinity variations of equal impor-

tance, and in only two cases were salinity variations shown to be of

more importance than temperature variations in determining the

steric departure from MSL. Of the 12 stations with comparable

haline and thermal departures, nine were located between 350 and 550

latitude. The signs of the two components were opposite in half the

cases, indicating that thermal and haLine departures of equal magni-

tudes do not necessarily combine to givelargesteric departures from

MSL. The extreme case cited was the Bay of Bengal, where thermal

and haline departures of equal sign combined to give a range of steric

departures from MSL approaching 55 cm. This was one of the two



stations where haline departures exceeded thermal, in fact this area

exhibited the greatest haline departures from MSL recorded; 21 cm.

A list of monthly thermal, haline,and steric departures from

MSL off Newport may be found in the appendix. These calculated

values show the nearly equal contributions of temperature and salinity

to the total steric departure from MSL. Hatine departures range

from -4. 8 to +4. 0 cm, while thermal departures vary from -4. 1 to

+4. 8 cm.

Generally the two components are in phase, as attested by the

range of steric departures (-7. 5 to +8. 5 cm). The presence of the

largest seasonal range in the offshore region rather than the near-

shore region might be explained by the fact that thermal and haline

departures are in phase approximately 75% of the time offshore, while

nearshore the two components are in phase in only 55% of the cases.

Out of phase components will tend to damp the resultant magnitude

significantly, since the values are of comparable value.

Observations cited by Pattullo etal. (1955) for stations of

similar latitudes agree with these findings of a near equality in the

magnitude and sign of the thermal and haline components of the steric

departure from MSL.

A Model of the Sea Surface Off Oregon

The plots of sea level oscillations lend themselves to a
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three-dimensional display. Figure 10 is a portrayal of theseasonal

and geographical oscillations of the sea surfacewhich allows the

gross topographical features to be easily recognized, and the sea

surface at a given month and station to be ascertained.

Each individual curve corresponds to a station. The first

curve represents seasonal oscillations at NH 5, the second represents

oscillations at NH 15, and so on toward the top of the figure. The

horizontal line labelled with the station number serves as the zero

reference for that station's curve. Positive or negative departures

from the reference are measured vertically up or down using the

scale located on the left side of the figure.

The curves for NH 5 to NH 45 are not based on a 1000 m "level

of no motion. " If these were dynamic heights, this use of a shallow

reference might introduce large errors due to the presence of hori-

zontal gradients of temperature and salinity. Steric levels, while not

free from errors, present a more acceptable picture since they are

based on deviations from the annual means at a given station and not on

deviations from a standard ocean. LaFond (1939) showed that refer-

ence levels as shallow as 75 m could be used with very good success,

and for this reason it is felt that the nearshore topography is repre-

sentative of the actual steric oscillations which we might encounter.

The model is, then, a composition of graphs of oscillations of

sea level relative to the annual mean conditions. Since departures
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Figure 10. A Model of the Sea Surface off Oregon.
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from MSL, as depicted, are functions of the departures of salinity and

temperature from their respective annual means, the average height

over a year at a given station is necessarily zero. The model is only

a representation of the undulations due to steric effects. This surface

may be superimposed on an existing surface which may either rein-

force or oppose the features shown. At present the only direct way to

measure the elevation of a point on the sea surface is to use surveying

instruments to measure the difference in height between a fixed object

on land and the nearby sea surface. This is clearly unsatisfactory

once we are out of sight of land. Measurements from space platforms

may offer a future means of determining the absolute sea surface, but

at present the precision is inadequate to determine small differences.

This leaves us with the problem of determining sea levels by whatever

means we find at our disposal. To be sure, at a given time we will

not find the sea off Oregon in a configuration such as the one depicted,

but we do have a rough idea of how it might appear.

It is possible to test this model to a small degree. We may

calculate geostrophic currents based on the slopes depicted and then

compare them with currents that have been calculated by other methods

or measured by current meters and drogues.

Geostrophic Currents Due to Steric Departures

The sea surface slopes depicted in Figure 10 may lead to the
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development of meridional currents which flow alternately north and

south with the seasonal shift in sea surface slope.

Ocean currents may be computed from the observed, density-

derived, sea surface slopes on the assumption that (1) the horizontal

pressure gradient is balanced by the Coriolis force, (2) the horizontal

velocity and horizontal gradients vanish at a moderate depth below the

sea surface, (3) the motion is non-accelerated and frictionless.

In this study we will present a compilation of the average

monthly currents as derived from ten years of hydrographic data.

These calculations are done in an attempt to verify the sea surface

slopes predicted by steric determinations. Where possible the 1000

m surface was chosen as a "level of no motion' in order to compare

the currents obtained with previous calculations which used the 1000

rn surface as a reference. Nearshore the data do not extend to 1000

m, so more shallow reference levels were used. The use of shallow

reference levels does not invalidate the currents obtained, since most

season.l fluctuations in density take place in the upper few meters of

the water column. For convenience in describing the general trend

of currents, stations NH 5-NH 45 are classified as nearshore stations,

and stations NH 65-NH 165 are offshorestations. All offshore stations

extend to a common 1000 m reference level.

The results of the calculations are shown in Figures 11 and 12.

The currents are presented at 10 nm intervals nearshore (Figure 11)
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and at 20 nm intervals offshore (Figure 12). The individual currents

show a confused mixture of northward and southward flow as we

proceed offshore. Figure 13 depicts the resultant flow in the two

regions. We believe this to be a more meaningful representation of

the general trend. These currents result from summing the individual

components of the meridional flow, and the general directions, mag-

nitudes, and seasonal oscillations are readily apparent.

Studies of the dynamic topography off Oregon were conducted by

the University of Washington (Budinger etal.. , 1964) in an attempt to

assess the strength and direction of the current regime. The results

of these studies showed a weak northerly flow in January which inten-

sified in March then decreased in intensity with a reversal in June.

The southward flow continued until November when it began to break

up into weak cells, finally becoming northerly again in December. The

nearshore region was generally less intense, seldom reaching

velocities exceeding 10 cm/sec.

Drift bottle studies by Burt and Wyatt (1964) showed that the

northward flowing Davidson Current could be observed from October

through March. They observed varying surface currents flowing both

north and south during the spring (April and May) and fall (September)

transition periods. The Davidson Current appeared to vary in width,

sometimes reaching 165 miles wide, and was observed as far north as

50°N latitude.
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An analysis of Figure 13 shows a good correlation between the

previous geostrophic calculations performed by the University of

Washington (Budinger etal. , 1964), the drift bottle observations of

Burt and Wyatt (1964), and the currents determined from steric

departures from MSL. From Figure 13 we see that nearshore the

flow is northward from October through May, in agreement with the

drift bottle observations. Offshore the northward flow occurs from

December through April, paralleling both the drift bottle observations

and the geostrophic flow calculations of the University of Washington.

The maximum northward flow occurs from December to March,

reaching a maximum of 22 cm/sec in March. The period of maximum

southerly flow is July through August, with velocities approaching

20 cm/sec.

The good agreement between the University of Washington geo-

strophic calculations, the drift bottle observations, and currents

resulting from the steric topography tends to add some credence to

the slopes presented in the steric sea surface model.

Comparison of Sea Level Departure Components

Since the departures from MSL, as measured by a

gage, are composed of many components, it is sometimes possible to

separate some of the components and assess their relative contribu-

tions to the total departurefrom MSL. Past studies have found that
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isostatic effects, those due to steric and air pressure fluctuations,

form a significant portion of the total departure from MSL. Table 4

lists some components of sea level departure so that we may view

their relative magnitudes.

The steric departure from MSL (S) is represented by values

computed for NH 3. This station was chosen for its proximity to the

tide gage in Yaquina Bay. The air pressure correction (C) is the

departure of barometric pressure relative to mean oceanic pressure,

and the gage departure (G) is that departure measured at the Marine

Science Center in Yaquina Bay.

A plot of measured departurewhich has been corrected for

isostatic effects (Figure 14) shows a large decrease in the range (32

cm versus 25 cm) and & slight change in the shape of the curve,

especially during the summer months. The correction for steric

effects seems to smooth the double minima recorded in May and July

into a singLe minimum in July.

The ratio of isostatic departure to measured departure shows a

minimum in the winter, possibly due to the increased influence of run-

off and winds during this period. In almost all cases the isostatic

correction tends to lessen the absolute magnitude of the measured

departure.

Since we are concerned with the steric contributions to the

seasonal oscillations of sea level, it is necessary to assess the relative



Table 4. Departures from mean sea level (cm).

Type of
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

departure

Measured (C) 16.7 9.8 4.5 -6.7 -12.2 -10.5 -12. 8 -7.7 -4. 8 -0. 3 6.8 19.3

Air pressure (C) 0.0 1.3 -1.1 0.6 0.9 -0.1 0.1 0.1 -1.4 -0.4 -0.6 1.1

StericNH3(S) - 2.4 -2.4 -1.1 -1.1 2.9 2.0 3.4 3.5 1.9 0.4 1.8 4.5

Isostatic(I) - 2.4 -1.1 -2.2 -0.5 3.8 1.9 3.5 3.6 0.5 -0.8 -2.4 - 3.4

Residual (G+I) 14.3 8.7 2.3 -7.2 - 8.4 - 8.6 9.3 -4.1 43 -1.1 4.4 15.9

Departure ratios

hG - 0.14 -0.11 -0.49 0.07 - 0.31 -0.18 - 0.27 -0.47 -0.10 2.66 -0.35 - 0.18

S/G - 0.14 -0.24 -0.24 0.16 - 0.24 - 0.19 - 0.27 -0.45 -0.40 1.33 -0.26 - 0.23

C/S 0.00 -0.54 1.00 -0.55 0.31 - 0.05 0.03 0.03 -0.74 1.00 0.33 - 0,24

Ui
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contribution of the steric term to the total departure. We may see

from Table 4 that the steric departure accounts for a large portion of

the isostatic effect on sea level. In all but one case (April) the steric

term decreases the absolute magnitude of the measured departure.

The greatest contribution is recorded in the summer when the upwell-

ing effects on density are largest. The smallest ratios are during the

winter when runoff accounts for a large portion of the measured

departure from MSL.

Relative Contributions of Steric and
Air Pressure Effects

The latitude encompassing the study area is generally regarded

as being within the transition zone from steric dominance to pressure

dominance with regard to the departures from MSL. This studyshows

a slight steric departure dominance during the summer (Table 4), but

during the transition periods of spring and fall, neither pressure nor

steric effects are dominant. March and October exhibit equal pressure

and steric departures.

Since neither effect is overwhelmingly important in determining

sea level departure from the mean, regarding the area as a transition

zone is justified.

Residual Sea Level Departures:
Possible Causes

In Table 4 we see that not all the monthly sea level departures



can be attributed to steric or pressure anomalies. The possible

causes of these residuals are many, arid in this section of this study

we will examine a few of the more obvious possibilities.

Dynamic Effects: Coriolis Force

The dynamic effects of the Coriolis force may be observed in all

moving bodies on a rotating globe. In coastal locations sea level may

be greatly altered by variations in longshore currents. The effect is

such that for an increase in the velocity of a southerly current in the

East Pacific, the Coriolis force will cause the water to move to the

west, in order to reestablish geostrophic balance, and thesea level

will be lowered at coastal locations. The current studies conducted in

this paper (see Figure 13) show an increase in southerly flow from May

to September in the nearshore region. This corresponds to the period

of greatest negative residual departures as depicted in Table 4.

Unfortunatelywe are not able to measure the dynamic effect of

ocean currents, but Roclen (1960) has estimatedthat a current flowing

northward along the west coast of North America, with an average

velocity of 10 cm/sec, would cause a rise in sea level of about 10 cm.

It is evident that relatively small changes in current speed can lead to

appreciable changes in sea level.



61

Wind Stress: Piling Up Effect

The wind stress may exert two types of influence on sea level.

The first is that caused by an onshore wind which may pile up large

quantities of water at a coastal station. The longshore wind stress

mayset up currents which exhibit dynamic effects similar to those

discussed in the previous section. This Ekman effect will cause

surface currents to move to the right of the wind in the Northern

Hemisphere, thus a strong northerly wind will lower sea level at

stations on the West Coast of North America. This phenomenon leads

to the divergence and upwelling encountered in the study area. Since

the strongest northerly winds coincide with the largest negative

residual departures from MSL, they are probably responsible for at

least a portion of this negative departure from MSL. Since the oppo-

site conditions prevail during the winter, we might expect to see large

positive departures if the two conditions are related. A look at Table

4 will show that this is in fact true. The actual magnitudes of these

wind effects is hard to measure, since they are generally accompanied

bypressure anomalies and other effects which would make separation

impossible. Roden (1960) has statistically estimated the wind effect

to be responsible for less than 30% of the sea level fluctuations along

the West Coast of the United States.
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Local Addition of Mass:
Runoff and Rainfall

The location of a sea level recording device in the moulh of an

estuary generally leads to large runoff and rainfall effects which are

included in the measured departures from MSL. The importance of

these effects may be seen in Figure 15. The daily values for stream-

flow, rainfall,and MSL during January, February, and March of 1968,

show the mutual responses to local additions of mass in the form of

rain. These peaks are somewhat damped by long term averaging, but

the seasonal high departures and their occurrence during high rainfall

periods cannot be ignored. Roden (1960) studied sea level records at

the mouth of th Columbia, and concluded that runofL may account for

15 to 50% of the measured departures from MSL.

Other Possible Causes

The examples of possible causes of sea level departures which

have been discussed in this section are by no means exhaustive.

Other possibilitiessuch as tectonic activity, glaciation, and long term

astronomic tides might have been included, but their magnitudes are

such that it was felt that they would have very little effect on sea level

in the area under consideration.
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SUMMARY AND CONCLUSIONS

In the present study the relationships between steric, barornet-

nc pressure, and measured departures from mean sea, level have

been examined at a common location, and their contributions to the

seasonal oscillation in sea level have been assessed.

Steric effects proved to be most important during the summer

months, but during the remainder of the year neither air pressure nor

steric departures showed dominance in the determination of the

measured departure from mean sea level.

The sea surface off Oregon was compared to a standingwave

with an antinode a,t NH 35, a node at NH 75, and an antinode seaward

of NH 165. This wave-like pattern divides the sea off Oregon into

two geographic regions. Nears hore, from the coast to NH 45, the

steric departures are due primarily to seasonal upwelling, while

offshore, from NH 65 to NH 165, the principal cause of steric depar-

tures is the presence or absence of the Columbia River plume.

The presence of sea surface slopes may lead to the development

of meridional currents which flow alternately north and south with the

seasonal shift in sea surface slope. These geostrophic currents were

determined, and shown to be in agreement with previously calculated

and observed currents, both in magnitude and direction. The agree-

merzt between these currents and previous findings supports the
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topographic model of the steric induced sea surface which is presented

in the study.

The relative contributions of thermal and haline departures to

the total steric departure from mean sea level have been examined,

and the two components were shown to agree both in magritude and

sign. Haline departures ranged from -4. 8 to +4. 0 cm, while thermal

departures varied from -4. 1 to +4. 8 cm. The fact that the combined

steric departure has a range of -7. 5 to +8. 5 cm indicates that the

two components must be in phase.

The 16 cm range of steric departures agrees quite favorably

with steric departures observed at similar latitudes. The seasonal

oscillation in mean sea level was quite apparent, with a phase shift

between the riearshore region and the offshore region. Nearshore the

departures are positive in winter and negative in summer; offshore

the departures are negative in winter and positive iii summer. The

difference in phase is due to the counteracting influences which

dominate the two regions during the summer. Nearshore the presence

of upwelling with its accompanying low temperatures and high

salinities leads to negative departures from mean sea level, while

offshore the presence of the warm, relatively fresh Columbia River

plume is responsible for large positive departures from mean sea

level.

Comparison of measured sea level departures with steric, air



pressure, and isostatic departures show that steric departures

account for about one-third of the measured departures, and the corn-

bined effects of steric and pressure variations may account for about

45% of the total departure from meansea level. Local rainfall and

river runoff is significant during the winter months, and the dynamic

effects of wind and longshore currents, though not measured, are

thought to be important during isolated periods of the year.
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APPENDIX I

COEFFICIENTS USED FOR SIGMA-T DETERMINATION

The expression for at
derived by Cox et al. (1970) is:

.TLSJ 0iandj3
t . . 1.,)ii

A00 + A10T + A01S + A2 0T2 + A1 1ST + A02S2

+ A3 0T3 + A2 1ST2 + A1 2S2T + A03S3

where S = salinity in parts per mule and T = temperature in °C. For

this expression the polynomial coefficients are:

. A..
I J 13

0 0 8.00969062 x 102

1 7.97018644x 10

2 1.31710842 x l0l
3 -6. 11831499 x io8

1 0 5.88194023 x 102

1 -3.25310441 x

2 2.87971530 x 106

2 0 -8. 11465413 x103
1 3.89187483 x 10

3 0 4.76600414x 105

These coefficients are necessary to evaluate the expressions for the

change of specific volume with temperature and salinity which are:

-3 t -3 -2
= -10 aT (1 + 10

aa -3 °t -3 -2
= -10 as (1 + 10 crt)



APPENDIX II

MEAN ANNUAL TEMPERATURE AND SAUNITY

Mean annual temperature (°C).

Station
Depth

NH3 NH5 NH15 N1-125 NH35 NH4S NH65 NH8S NH1OS NH125 NH145 NH165

0 10.28 10.08 11.34 11.86 12.20 12.32 12.56 12.53 12.77 12.78 12.75 12.69

10 9.91 10.05 1Q.46 11.02 11.61 12.07 12.30 12.35 12.62 12.66 12.73 12.64

20 9.37 9.56 9.78 10.21 10.68 11.04 11.47 11.79 12.12 12.30 12.47 12.36

30 9.00 9.31 9.42 9.71 10.10 10.27 10.63 11.01 11.36 11.72 12.01 11.77

50 8.95 9.10 9.08 9.25 9.42 9.47 9.59 9.79 9.95 10.25 10.32

75 8.54 8.76 S. 80 8.88 8. 84 8.79 8.80 8. 74 8. 83 8. 89

100 8.44 8.45 8.48 8.39 8.32 8.31 8.20 8.16 8.15

150 7.81 7.92 7.85 7.92 7.87 7.74 7.68 7.69 7.71

200 7.29 7.39 7.34 7.34 7.31 7.18 7.13 7.14 7.25

250 6.82 6.88 6. 80 6. 75 6.65 6. 57 6. 55 6. 65

300 6.47 6.44 6. 34 6.27 6. 16 6. 12 6.06 6. 15

400 5.68 5.60 5.51 5.42 5.40 5.34 5.35

500 5.11 5.09 4.99 495 4.94 4.86 4.87

600 4.71 4.70 4.63 4.58 4.59 4.51 4.62

700 4.35 4.35 4.29 4.29 4.22 4.24

800 4.09 4.09 4.03 4.00 3.96 3.98

1000 3.59 3.56 3.53 3.49 3.48 3.49

-J



Mean annual salinity (0/).

Station
eptD h

NH3 NH15 NH25 NH35 NH45 Nl-165 NH8S Nl-1105 NH12S NF1145

0 31.76 32.06 32.01 31.89 31.87 31.87 31.87 31.98 31.96 32.13 32.28 32.32

10 32.36 32.49 32.32 32.16 32.10 32.05 32.14 32.16 32.14 32.20 32.28 32.34

20 32.75 32.79 32.54 32.37 32.34 32.33 32.30 32.29 32.31 32.31 32.33 32.37

30 33.02 32.99 32.70 32.56 32.47 32.47 32.46 32.41 32.43 32.43 32.41 32.46

50 33.26 33.01 32.76 32.70 32.64 32.63 32.58 32.56 32.53 32.54 32.54

75 33.38 33.16 33.09 33.05 32.99 32.89 32.83 32.80 32.78 32.75

100 33.52 33.46 33.46 33.41 33.28 33.28 33.20 33.18 33.10

150 33.84 33.82 33.83 33.79 33.79 33.78 33.76 33.71 33.67

200 33.94 33.94 33.93 33.93 33.92 33.92 33.91 33.90 33.89

250 33.99 33.98 33.98 33.97 33.97 33.96 33.97 33.95

300 34.02 34.00 34.00 33.99 34.00 33.98 33.98 33.99

400 34.06 34.06 34.06 34.05 34.04 34.05 34.04

500 34.13 34.13 34.12 34.12 34.12 34.11 34.11

600 34.20 34.21 34.20 34.21 34.20 34.19 34.19

700 34.28 34.27 34.27 34.26 34.27 34.26

800 34.33 34.33 34.33 34.33 34.33 34.33

1000 34.41 34.41 34.41 34.41 34.41 34.41

-4



APPENDIX III

THERMAL, HALINE AND STERIC DEPARTURES FROM MEAN SEA LEVEL (CM)

Station Type Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

NH3 -.1 -.3 .1 .2 -.5 -.3 -.7 -.7 -.1 .9 1.1
Z5 2.6 2.7 1.0 .9 -2.4 -1.6 -2.8 -2.9 -1.8 - .5 .7 4.0
Za 2. 4 2.4 1. 1 1. 1 -2. 9 -2.0 -3. 5 -3. 5 -1. 9 .4 1.8 4. 5

NH5 ZT .3 - .3 .1 - .2 - .2 -1.0 -1.4 -1.1 - .2 1.2 1.8 1.0
Z5 2.2 2.2 1. 9 1. 3 .2 -2.0 -3. 5 -3. 3 -1. 9 - . 3 1. 3 1.8
Z 2. 5 2. 0 2. 0 1.2 0. 0 -3. 0 -4. 9 -4. 5 -2. 1 1. 0 3. 1 2. 8

NH15 ZT .4 .1 .3 .3 - .1 .9 -1.3 -1.2 - .8 .9 2.0 1.6

Z5 .8 1.4 1.2 1.2 2.0 0.0 -2.0 -2.0 -2.2 -1.3 - .2 1.0
Za 1. 2 1. 5 . 9 . 9 1. 9 . 9 -3. 3 -3. 3 -3. 0 - . 4 1. 8 2. 6

NH25 ZT 1. 6 1.0 - .2 - . 4 - .5 -1.7 -2.0 -2. 3 - . 9 1.0 2. 3 2.2
2.0 2.0 1.7 1.2 2.3 1.1 -1.5 -3.4 -2.9 -1.9 -1.0 .5

Za 3.6 3.0 1.6 .8 1.7 - .6 -3.5 -5.8 -3.9 .9 1.3 2.7

NH35 ZT .8 1.2 - .2 - .7 .9 -1.8 -1.8 -1.4 - .1 .6 1.7 2.6
Z .6 .4 1.7 1.0 1.8 1.2 - .4 -3.8 -1.0 -1.6 .4 - .5
Z 1.5 1.6 1.5 .3 . 9 - .6 -2. 1 -5.2 -1. 1 -1.0 2. 1 2.2

NH45 ZT 2.1 1.3 .1 -1.2 - .7 -2.3 -1.4 .9 .8 1.0 - .5 1.6

Z .4 - .3 1.6 .8 .5 .8 .3 -1.2 0.0 -1.4 .3 -1.3
2.5 1.1 1.8 - .4 - .2 -1.4 -1.6 -2.1 .8 - .4 - .2 .2

NH65 ZT .2 -1.0 .8 - .7 - .1 0.0 - .3 - .8 1.3 - .7 0.0 1.2
Z5 - .5 - .7 1.7 .1 .5 0.0 .7 -2.1 - .1 -1.4 .1 -1.7
Za . 3 -1.7 2. 5 - . 6 . 4 0.0 . 4 -2.8 1. 1 -2. 1 . 1 - . 5 -J

(Continued on next page)



Appendix III. (Continued)

Station Type Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

NH85 ZT -2. 7 -2.8 - .7 - . 1 - .7 1.8 1. 6 1. 9 1. 1 . 4 1. 9 - .7
Z5 - .4 -1.0 - .4 -1.3 - .8 2.8 2.2 -1.8 1.0 .9 .9 - .3
Z -3. 1 -3.8 -1. 1 -1.4 -1.5 4.5 3.8 . 1 2. 1 .5 1.0 -1. 1

a
NH1O5 ZT -1. 6 -2. 3 -4. 1 -3. 3 . 5 1.0 2. 3 3.2 4. 0 .8 1. 5 -1.0

ZS -1.5 - .5 -1.3 -1.9 .4 2.5 3.0 0.0 2.0 .6 -1.1 -2.3
Z -3. 1 -2.8 -5. 4 -5.2 . 1 3.5 5. 2 3.2 6. 1 1. 4 . 4 -3.2

NH1Z5 ZT -1. 4 -2. 1 -2. 2 -3. 1 -2. 5 - . 1 2. 0 3. 5 4. 4 1.7 1.2 -1. 5
ZS -3.2 -2.2 -1.5 -1.9 .3 1.0 1.8 .3 3.4 2.6 - .1 - .4
Za 4. 6 4. 3 3.7 _5. 1 -2. 2 . 9 3. 8 3. 8 7.8 4. 3 1. 2 -1. 9

NH145 ZT -2.0 -1.7 -3.2 -3.2 -3. 1 - . 3 2.2 5. 1 4.7 2. 5 . 3 -1.2
Z -2. 0 -1. 5 -4. 3 -2. 3 1.0 3.2 2. 5 1. 0 3.8 . 1 . 6 -2. 1

Za 4. 0 -3. 2 -7. 5 -5. 5 -2. 1 3. 0 4. 7 6. 0 8. 5 2. 6 . 8 -3.

NH165 ZT -3.0 -3. 4 -2. 5 -2. 6 -2. 1 -1.9 1. 5 4.8 4. 8 3. 4 1. 4 - . 5

ZS -1. 4 -2. 1 -4. 8 -2. 6 . 3 3.8 1. 6 1. 5 2. 5 1. 5 2. 0 -2. 2
Z -4. 4 -5. 5 -7.3 -5.2 -1.8 1. 9 3. 1 6. 4 7. 3 4. 9 3. 4 -2.8

-J
u-I




