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Heat content was found to be a poor indicator of plume water

because of large additions of heat to the plume as the waters flowed

southward and because the layer over which heat content was inte-

grated (0 to 20 meters) was inconsistent with the depth of the plume.

High variability among observations made analysis of mixed layer

depth difficult and reduced its utility as an indicator of plume waters.

Hydrographic sections taken during the summer months off

Oregon from 1960 through 1969 were also examined. The axis of

the Columbia River plume was located in 70 instances. The salinity

axis was found to lie inshore of the temperature axis by a mean
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distance of 8.5 nautical miles. This displacement increased down-

stream and was most pronounced in July and August. A simple

model showed the displacement to be the result of a large tempera-

ture gradient across the nearshore portion of the plume pynocline.
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PHYSiCAL PARAMETERS AS TRACERS OF
COLUMBIA RIVER WATER

I. INTRODUCTION

The Columbia River is the major contributor of fresh water to

the northeastern Pacific Ocean. The 1,200-mile-long Columbia drains

259,000 square statute miles or about 7% of the United States and a

corresponding area in Canada. At maximum runoff its discharge is

about 600,000 ft3 sec'. This occurs as a sharp peak in the runoff in

late May and early June (Budinger, Coachman and Barnes, 1964),

During the rest of the year the runoff is fairly constant and amounts to

about one-third of the peak runoff. Depending on the season, the

fresh-water runoff from the Columbia constitutes from 60% to 95% of

the river and stream input to the ocean between the Strait of Juan de
0Fuca and the Rogue River at 42 30' N.

This fresh-water tends to fan out from the mouth of the river

covering thousands of square miles. In the summer months the pre-

vailing wind and current patterns carry this effluent to the southwest

in the form of a large plume. Owen (1963) notes that the plume can be

detected up to 300 miles offshore in the summer. A salinity of 32. 5%o

or less, was used by Budinger, Coachman and Barnes (1964) to trace
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the plume as far south as Cape Mendocino, California, Chromium-

51, a radioisotope produced in Columbia River water used to cool the

nuclear reactor at the power plant at Hanford, Washington, has been

used to trace the axis of the plume for over 325 miles (Osterberg et

1966).

The waters of the plume are separated from underlying oceanic

waters by a strong density gradient called a pycnocline. This pycno

dine tends to inhibit the transfer of properties such as heat, and

salt. For this reason, p1um water mixes very slowly with the

surrounding oceanic water. The plume imparts small amounts of heat

to the surrounding water, as the temperature of the river water is

200 C in early August while the oceans temperature ranges from 7 to

170 C. Plume water also lowers the salinity of the surrounding

water.

Columbia River water has a marked effect on the biology of

plume waters. Pearcy (1968) and Owen (1968) state that albacore may

migrate into Oregon waters along the warm waters associated with the

plume. Salmon and saury are known to feed in and along the edges

of the plume. The Columbia River acts as a source of nutrients for

the oceanic euphotic zone (Ball, 1970).

In the past, the plume has often been defined by the parameters

of salinity, temperature, and occasionally sigma-t (a function of the

density). Budinger, Coachman and Barnes (1964) and Duxbury,
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Morse and McGary (1966) have used the 32, 5'oo isohaline and the 25

sigma-t surface to define the plume. Pattullo and Denner (1965) used

170 C and 30%o during 1961 and 1962 to define the center of the plume.

Other authors have used chemical parameters such as dissolved oxy-

gen and alkalinity (Ball, 1970) and radioisotopes of chromium

(Osterberg et al. , 1966) to trace plume waters.

It was felt that physical parameters such as heat content (heat

contained in a given volume of water) and mixed layer depth (used

here as the depth of the isothermal layer) might also be used to define

the plume. As stated previously, plume water is warmer, less saline

and essentially isolated from underlying oceanic water by a sharp

pycnocline. The dpth of the pycnOcline ranges from near the surface at

the mouth of the Columbia to about 40 meters offshore. By definition,

this means that plume water has a shallow mixed layer depth. In

addition, one would expect that the plume would act as a heat sink for

incoming solar radiation due to its insulation from subsurface waters.

For this reason, heat content should be higher in the shallow plume

waters than in adjacent waters.

Past observations indicate that the plume axes, as defined by

salinity and temperature may not coincide, Pak (1970) indicated a

displacement of the temperature axis from the salinity axis in the

plume. The magnitude of the displacement is unknown and the factors

influencing the displacement have not been studied. Since the plume
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axes are easily identified in vertical sections, a historical study of

past hydrographic sections from the plume area should answer this

question.

One cruise COOC.-6, made by the research vessel Yaquina, was

chosen for a detailed study of heat content and mixed layer depth in

the plume. COOC-6 encompassed the northern half of the Oregon coast out

to 165 miles for the period, starting on 31 July and ending on 12 August 1969.

The 56 hydro stations and 248 bathythermographs (BTs) taken afforded excel.-

lent coverage of the plume area. In addition, hydro sections of the

plume. area. for the summer months between 1961 and 1969 were examined.

In order to evaluate heat content and mixed layer depth as

tracers of Columbia River water, it was first necessary to define the

horizontal and vertical limits of the plume. The established practice

of using vertical sections of salinity, temperature and sigrna-t were

used to this end. Once this had been done, the areas defined as

plume water were compared to surface contours of heat content and

mixed layer depth. The hydro sections were examined to locate the

salinity and temperature axes of the plume. The resulting informa

tion on the displacement of the plume axes was tabulated and treated

statistically.

This study indicated that heat content, as treated in this paper,

was complex and difficult to use as a tracer of Columbia River

effluent. Although mixed layer depth was similar in complexity, it
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was found to possess unusual properties that aided in defining plume

waters. This was especially true in offshore areas where plume

water was indicated by closed contours of shallow mixed layer. The

information obtained from the hydro sections indicated that a dis-

placement of the temperature axis from the salinity axis in the plume

does occur. This displacement was predictable and appeared to in-

crease in a downstream direction.



II. REVIEW OF THE LITERATURE

To examine the movements of the Columbia River plume it is

necessary to study the general oceanography off Oregon as well as the

Columbia River and its plume. The literature in these fields is exten-

sive and is reviewed briefly.

Orem (1968) computed flow rates for ungauged sections of the

Columbia River. He found flow rates at the mouth ranging from 130

ft3 sec1 to ZZO ft3 sec1, depending on the season. Because of these

high flow rates, the lower estuary of the Columbia is an area of in-

tense mixing of salt and fresh water. Horizontal diffusion coefficients

of 5000m2 sec' have been measured in the estuary (Hansen, 1965).

In spite of this, vertical salinity gradients of ZOYOo produce a highly

stable water column and vertical mixing is inhibited (Hansen, 1965).

Anchor stations off the mouth of the Columbia indicate that fluctuations

in river discharge are in phase with the tidal cycle. Maximum outflow

occurs semi-diurnally in conjunction with low tide (Morse and McGary,

1965). During the flood tide, the net flow is actually up river (Tidal

Current Tables, 1969) and discharge from the estuary is essentially

shut off.

Dodimead, Favorite and Hirano (1963) have classified the upper

waters off Oregon as a "Coastal Domain". They define this domain

by the 32. 4%° isohaline at 10 meters depth. The water under this is
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categorized as the "California Undercurrent Domain which is mdi-

cated by temperatures of> 6 00 C on the 34%° salinity surface.

Tibby (1941) and Rosenberg (196Z) evaluated the water masses off the

Oregon coast. Four water masses were detected off Oregon; namely,

Subarctic, Equatorial and two that were not identified, In the upper

ZOO meters, from 60% to 70% of the water is of Subarctic origin

(Rosenberg, 1963).

Anderson et aL, (1961) surveyed the literature pertinent to the

chemical and hydrographic features of the Columbia River plume.

Processes effecting the temperature and salinity of the surface waters

off Oregon have been investigated by Pattullo and Denner (1965).

They plotted hydrographic observations on a temperature and salinity

field and assigned each modifying process to an appropriate sector of

the field. A strong halocline associated with the plume becomes

superimposed on the summer thermocline. As a result, a rapid warm-

ing of plume waters occurs in summer (Owen, 1968). A formula pre-

dicting the change in salinity with time in the plume has been pub-

lished by Duxbury, Morse and McGary (1966), BalI. (1970) reviewed

the distribution of physical and chemical properties in the area of the

plume over an entire year, while Evans (1970) examined the plume

and the neighboring coastal upwelling region for the summer of 1969.

Geostrophic winds have been calculated for the Oregon coast by

Lee (1967), Panshin (1967) and Fisher (1970). Panshin and Fisher,



respectively, used regression equations to relate wind stress to

changes in sea level and water temperature. Bourke (1969) used re-

gression analysis to relate observed winds to the water temperature

in a coastal estuary. Observed winds along the Oregon coast for the

summer of 1969 have been studied in conjunction with land-sea breeze

effects (Detweiler, 1971),

The current structure off Oregon is characteristic of an "East-

em Boundary Current" region. The California current flows slowly

to the southward, bringing Subarctic water to the surface waters off

Oregon (Sverdrup, Johnson and Fleming, 1942, p. 724), By contrast,

a northward flow exists below the permanent pycnocline during most

of the year (Mooers, 1970). Geostrophic flows off Oregon are weak,

with the current averaging about 5 cm sec'. The direction of the

flow changes with the season (Lee, 1967), Duxbury, Morse and

McGary (1966) infer that these currents are manifestations of the

seasonal and long term wind drifts in this area, Using drogues,

Stevenson (1967) found that currents in the upper 500 meters averaged

from 5 to 10 cm sec

Heat exchange between the ocean and the atmosphere is almost

exclusively controlled by the non-conservative processes of radiation

and evaporation. These processes play the predominate part in

determining the surface temperature in the plume, Lane (1965)

studied the effects of radiation and evaporation in the coastal and



offshore regions off Oregon for all seasons of the year. He found

that coastal values of air and sea temperature were higher than the

offshore values in the winter while the opposite was true in the sum-

mer. Pattullo, Burt and Kuim (1969) examined the effects of advec-

tion on fluctuations in the heat storage for Oregon waters.

A great deal of effort has been directed towards tracing iso-

topes induced by the nuclear power plant at Hanford and towards

engineering studies by the Corps of Engineers on the river. These

works do not concern this thesis and are, in general, not considered

here.
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III. DATA COLLECTION

In selecting data for use in this study, it was important to 1)

obtain oceanographic and wind data from the plume area for the sum-

mer months when the plume is best developed in Oregon waters; 2)

that the sampling period cover a short time span (two weeks) and 3)

that the sampling density be sufficient to give adequate coverage of the

area of interest. Data were collected from the northern Oregon coast

between latitudes 44° -00. 'N and 46° -35'N, out to 165 miles offshore

between 31 July to 12 August 1969. The sampling density was such

that the plume area was well covered. Sixty-five hydrographic sta-

tions (Figure 1) consisting of a Nansen bottle cast and a bathythermo-

graph (BT) cast and 183 ET stations were occupied, The Nansen

bottle casts, generally, had a terminal depth of 200 meters with bottles

placed at 0, 3, 6, 10 20, 30, 40, 50, 60, 75, 100, 150 and 200

meters. This spacing gave a high sampling rate in water depths in-

fluenced by the plume. Although other properties were observed at

each depth, only salinity and temperature measurements were used in

this study.

Bucket thermometers were used to make sea surface tempera-

ture measurements at all locations where BT casts were made. The

bucket thermometer measurements were used to correct the tempera-

ture readings obtained from the BT casts. Each of these casts was
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made to a depth of at least 200 meters (water depth permitting), the

depth of the hydro casts. The BT data were used in analog and in

digitized form. The digitized data consisted of temperatures in whole

degrees centigrade, tabulated at five meter intervals for each BT

obs ervation.

Surface winds were observed at the Columbia River Lightship

(Lat. 46° 11'N) and at Newport, Oregon (Lat. 44°49'N) during the

period from 28 July to 13 August 1969. The wind data from the

Columbia River Lightship consist of instantaneous anemometer obser-

vations made by U.S. Coast Guard personnel at six-hourly intervals.

The wind data for Newport were collected by a recording anemometer

on the South Jetty. The anemometer recorded the number of rotations

of the anemometer rotor over an hourly period. These measurements

were easily converted to hourly averages of wind speed (see

Detweiler, 1971).
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IV. REDUCTION OF THE DATA

The hydrographic,BT and wind data collected on Cooc6 were

processed and manipulated in various ways to provide information

useful in defining the plume. The temperature and salinity data from

the hydrographic casts were used to construct vertical sections of

salinity, temperature and sigma-t. The BT profiles were used to

compute values for heat content and mixed layer depth. The observed

wind data from the two coastal stations were plotted in U (East-West)

and V (North-South) components and these were used to compute

Ekman transports.

Winds

The winds observed at the Columbia River Lightship and at

Newport were sampled at different rates. The observations from

both stations were converted to Greenwich Mean Time and averaged

over a 24 hour period by John Detweiler. These daily averages are

plotted in Figure 2 in U and V components.

Vertical Sections

Hydrographic data obtained along four separate station lines

were used to plot vertical sections of salinity, temperature and sigma-

t. These vertical sections are shown in Figures 3-6. Information
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concerning these hydro lines is included in Table 1, The actual

position of the hydro lines and hydro stations used in construction of

the vertical sections are shown in Figure 1,

All of the station lines except the Cape Lookout (CL) line were

sampled in serial sequence, from inshore-offshore or vice versa.

For example, the Depoe Bay (DB) line was sampled from the coast

out to 154 miles offshore. The first station, located one mile off

Depoe Bay was occupied on 31 July and the last station was completed

on 2 August. The nine hydro stations that composed the Cape Lookout

line were selected at random and were not occupied in any specific

time sequence.

As can be seen in Figure 1, the Depoe Bay and Cape Lookout

lines do not extend due west from the coast, The Depoe Bay line is

situated so as to lie perpendicular to the bottom contours. The off-

sets that occur in the Cape Lookout line, are due to the random posi-

tioning of the hydro stations,

The corrected and error detected hydrographic data was made

available in punch card form by William Gilbert, These temperature

and salinity data were processed on the CDC -3300 computer using a

program (COOCPLT) prepared by Nathan Keith, Vertical plots of

salinity, temperature and sigma-t were generated by computer based

on interpolated depths and contoured by hand, These plots extended

from the surface to 200 meters depth and from the shore out to the



Table 1. Information concerning the hydro lines used in the construction of the vertical sections
(Figures 3-6).

Hydro Line Abbreviation
Latitude
of Origin

Length
(Nautical Miles)

Orientation
(Degrees True)

Number
of Stations

Figure
Number

Astoria AS 46°09' 35 900 - 270° 4 3

Cape Lookout CL 45°19' 137 109° - 289°* 9 4

Depoe Bay DB 44°47' 154 1120 292° 15 5

Newport NH 44°38' 165 90° 270° 13 6

*This is the mean direction or orientation of the Cape Lookout hydro line. The line is not straight
(see Figure 1).

U,
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last hydro station.

The computer program did not handle inversions which had to be

corrected by hand, using the original hydro data. After the plot had

been visually error detected, the bathymetric contours were drawn

in. The isograms were smoothed during the final drafting.

In addition, vertical sections of salinity, temperature and sigma-

t were constructed in a like manner for all of the summer cruises

from 1961 to 1969 giving a total of 40 sets of sections for the months

of May through October. These sections are not included in this

thesis but they will be referred to later.

Heat Content

Heat content was determined from the digitized BT data.

Computations of heat content were made for each of the Z48 BTs

taken on COOC-6 using the following formula:

H

i1
pCpT(Z)103 (1)

Where

H = Heat content in kg cal cm2 from the surface to 100

meter s;

p = The average density in gm cm3, in the i th layer;

Cp Specific heat of the water in the i th layer;
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T = The mean temperature of the i th layer in °C;

tZ = The thickness of each layer, ZO meters;

(after Pattullo, Burt and KuIm, 1969). The mean temperature (T)

for each ZO meter layer from 0-100 meters was computed using the

following formula:

T=

Where

t +Zt +2t +2t +t
o 5 10 15 ZO (2)

t = The temperature in for the indicated tabulated depths

in meters (it is necessary to change the subscripts for

the computation of T in the four deeper layers).

Pattullo, Burt and KuIm (1969) found that the product off Op

was always equal to 0.94 cal cm3 deg1, plus or minus a few per-

cent for the upper 100 meters of the ocean off Oregon. This value was

used for all computations. The heat content computations were made

using a program written for the Monroe Epic calculator. The program

utilized formulas (1) and (2) to compute the heat content for each 20

meter layer and kept a running total of heat content for the entire

upper 100 meters of the water column. The results of these calcula-

tions are summarized in Table 2.
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Surface Contours

Surface contours of mixed layer depth and heat content were

prepared (Figures 7 and 8). Heat content was computed as outlined

above and contoured for the 0-ZO meter layer (Figure 7). An irregu-

lar contour interval was used in this plot because of the high degree

variability in the nearshore heat content.

The mixed layer depth was read visually for each BT. Th-e

depth of the mixed layer was determined from the original BT slides

by using the correct BT grid. These values were plotted and con-

toured at a five meter contour interval (Figure 8). This contour

interval was used throughout, except that a 2. 5 meter isogram was

included because it was felt that Columbia River water would have a

shallow mixed layer depth.
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V. DATA ANALYSIS AND DISCUSSION

A unique feature of this study is the short time span over which

the data were collected; all of the data were collected by a single

ship during a 13-day period. This short sampling period filtered out

much of the longer period fluctuations in the movement of the plume.

Before examining heat content and mixed layer depth as tracers

of plume water, it was necessary to establish criteria for determining

the horizontal and vertical boundaries of the plume. This was

accomplished by examination of the vertical sections of salinity,

temperature, and sigma-t for the isohaline, isotherm or isopycnal,

respectively, that best defined the plume boundary. The 3Z%° iso-

haline proved to be the best boundary. The horizontal contours of

heat content and mixed layer depth were then compared with the ver-

tical salinity sections. Using the 32%o isohaline as a model, it was

possible to ascertain the merits of heat content and mixed layer depth

as tracers of plume water.
Some inconsistencies occurred when the axis of the plume was

defined with respect to temperature and then with respect to salinity

these were also examined. In 70 cases between 1961 and 1969 the

salinity minimum and temperature maximum axes were located in the

plume for the summer months. The results showed that the salinity

minimums lay inshore from the temperature maximums by a mean
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distance of 8.5 nautical miles. A one-tailed t-test was used to test

the hypothesis that the salinity minimum and the temperature

maximum wer& coincident (see Table 3). The hypothesis was

rejected at 1% significance level (see Table 4). A model depicting

the reason for the displacement of the two axes was developed and

explained (see Figure 13).

Wind and Current ReRimes

Observed winds were generally stronger at the Columbia River

Lightship than at Newport, however, winds at Newport tended to be

more northerly (Figure 2). The difference in the winds observed at

the two stations is more likely related to the fact that the Lightship is

located offshore rather than the spatial separation of the two stations.

According to Fisher (1970), northwesterly winds tend to be de-

flected offshore at Newport. As the wind flow approaches the shore,

the friction created by the impingment of the flow on the shoreline

causes a net decrease in the wind speed and a corresponding deflec-

tion of the flow to the right. This accounts for the more northerly and

lighter winds observed at Newport.

On 30 July winds were from the northwest at about 12 knots at

the Lightship and from the north at 5 knots at Newport. This condi-

tion, with a gradual slackening in wind, prevailed until 4 August. At

this time the wind shifted to southwest and south at the Lightship and
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Newport respectively with a wind speed at both stations of about 5

knots, On 6 August, the wind shifted back to the northwest and north

at both stations. These general conditions prevailed for the remain-

der of the sampling period which ended on 13 August. The maximum

wind speed during the period from 6-13 August was 7 knots.

It should be noted that the values in Figure 2 are 24-hour

averages of the wind speed. During the summer, off Oregon, the

winds are much stronger during the day than at night. Detweiler

(1971) found the diurnal component (land-sea breeze component) to be

second in importance only to the annual component in determining the

winds off Oregon. For this reason it is probable that instantaneous

wind speeds well in excess of 12 knots occurred during this period.

Since this paper is concerned with a sampling period of about two

weeks, fluctuations in the wind speed with a period of less than one

day have been ignored.

During the summer months there is a weak flow of subarctic

water to th south off Oregon. This may be a manifestation of the

long-term and seasonal wind drifts. Superimposed on this weak

current -field are the wind driven currents in the surface waters.

Because of its shallowness, the Columbia River plume readily res-

ponds to surface wind stress. Duxbury, Morse and McGary (1966)

treated wind drift in the surface layers off Oregon as Ekman trans-

port. Using their formula for Ekman transport, a wind speed of 12



23

knots gives a transport of 9 cm sec' (0.2 knots). This would be the

maximum transport that occurred during the sampling period. The

mean value for the transport is closer to 5 cm sec'. Since the

direction of the net Ekman transport is 900 to the right of the applied

wind stress, the plume waters were transported to the southwest and

west at the Lightship and Newport respectively, during most of the

period. Within the plume, the transport is confined to the shallow

waters above the plume pynocline (Budinger, Coachman and Barnes,

1964). Since it takes up to a day for steady-state Ekman transport to

develop (ibid.), the wind induced transport of plume waters would

have been to the southwest, except on 5 August. At this time the

transport was to the southeast and east at the Lightship and Newport,

with a maximum current of about 3 cm sec

For the above reasons, the period from 31 July to 12 August is

assumed to be one of near steady-state conditions. The winds were

light and generally from the north and northwest. The Ekman trans-

port was to the west and southwest at 9 cm sec' or less for all but

one day. This flow was superimposed on a weak southerly drift of

subarctic water. Under these conditions, the period of COOC-6 was

nearly an ideal time for an investigation of this type.

Horizontal and Vertical Limits of the Plume

The vertical sections (Figures 3-6) are used to define the plume
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boundaries in both the vertical and the horizontal. To do this, it is

first necessary to determine what values of salinity, temperature or

sigma-t constitute plume boundaries.

As has been indicated, the plume is separated from the sur-

rounding waters by a strong pycnocline (that point where the isograms

of sigma-t have the closest spacing). In these vertical sections it can

be seen that the pycnocline is essentially a halocline. That is, the

strongest salinity gradient (halocline) is located near the pycnocline

and has a greater effect on the density than does the temperature. In

examining the sigma-t section for the station line extending west from

Astoria (Figure 3), the pycnocline is bounded on the bottom by the 25

sigrna-t surface. Above this surface, the spacing of the isopycnals

decreases, with the center of the pycnocline occurring near the 23. 5

sigma-t surface. The 23. 5 sigma-t surface coincides almost exactly

with the 32%o isohaline in the accompanying salinity section. In addi-

tion, these surfaces are the deepest isohaline and isopycnal to break

the sea surface offshore, If the plume is considered to be finite

within the geographic confines of the hydrographic section, it follows

that the defining surfaces should break the sea surface on either side

of the plume. The temperature section bears little resemblance to

either the salinity or sigma-t sections. The isotherms break through

both the pycnocline and the halocline.

In examining the vertical sections for the station line extending
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offshore from Cape Lookout (Figure 4), the features are found to be

much the same as off Astoria. The base of pycnocline lies above

the 25 sigma-t surface and the 32. 5%o isohaline. The complex struc-

ture and inversions that occur in the 32. 5%o isohaline are not indica-

tive of the high stability that is associated with a halocline. For this

reason the plume boundary lies above the 32. 5%o isohaline. The 23. 5

sigma-t surface and the 32%o isohaline are coincident and are the

deepest surfaces to reach the sea surface on either side of the plume.

As off Astoria, the isotherms cut the isohalines and isopycnals. This

makes it nearly impossible to compare temperature to either salinity

or density.

A similar pattern was observed in the section off Depoe Bay

(Figure 5). The 25 sigma-t surface appears to mark the base of the

pycnocline. The 32%o isohaline and the 23. 5 isopycnal are coincident

and break the sea surface on either side of the plume. In this section

the plume appears to be splitting into two parts. This is most appar-

ent where the 32%o isohaline breaks the surface between the two

segments. The temperature section bears a little closer resemblance

to the salinity and sigma-t sections in this instance but none of the

isotherms break the sea surface on both sides of the plume. West of

Newport (Figure 6) similar conditions prevail except that no salinity

inversion in the 32. 5%o isohaline was observed.

These observations indicate that the 32%o isohaline and the 23. 5
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sigma-t surface best identify the plume boundaries in this study.

The 25 sigma-t surface and the 32. 5%o isohaline mark the base of

the pycnocline. Temperature appears to be inconsistent with salinity

and density when considered as a plume boundary parameter.

Because of this fact, the 32%o isohaline, and to a lesser extent

the 23. 5 sigma-t surface, have been chosen to define the limits of

the plume in this study. Using these parameters as plume boundaries,

the geographic limits of the plume are defined:

Off Astoria the plume is shallow and relatively fresh. The

effluent extends from the beach to about 24 miles offshore with a

maximum depth of 5 meters. The surface salinity minimum is only

26. 3%o. Fifty miles further south off Cape Lookout, the plume

reaches a maximum depth of 25 meters and extends from 3 to 85

miles offshore. The axis of the plume is located about 37 miles

offshore where the surface salinity is <30, 5%o. At this point the

surface temperature reaches a maximum of 170 C. The base of

the thermocline is quite evident in this section as marked by the

90 C isotherm. A region of weak temperature and salinity gradients

lies below the 90 C isotherm and 32%o isohaline. This is denoted by

inversions in the 8° C isotherm and the 32. 5%o isohaline.

West of Depoe Bay the plume extends to a maximum depth of

25 meters and appears to be splitting into two segments. The inshore

segment appears to be the main segment, extending from 25 to 88
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miles offshore. The surface salinity reaches a minimum of < 3l%o

at about 57 miles offshore. The offshore segment has a maximum

depth of 15 meters and extends from 88 to 145 miles offshore. A

surface temperature maximum of > 170 C exists about 130 miles off-

shore.

Off Depoe Bay as off Cape Lookout, inversions occur in both

the 32. 5%o isohaline and the 8° C isotherm. in this section, the base

of the thermocline seems to be better represented by the 100 C iso-

therm, especially offshore.

Off Newport, 95 miles south of the Columbia, the split in the

plume is less distinctive. Here, the plume appears to extend from

20 to 165 miles offshore, with a maximum depth of 30 meters.

Salinity minimums occur 65 and 142 miles offshore with values of

< 31.5 and < 31%o respectively. In contrast to the situation off Depoe

Bay, the offshore segment of the plume appears to be the main seg-

ment. Also, the 32. 5%o isohaline is much more regular with no

inversions, but inversions are still evident in the 80 C isotherm. As

off Cape Lookout, the 90 C isotherm marks the base of the thermo-

cl me.

These observations, as well as past summer hydrographic sec-

tions from this area indicate that the salinity and temperature gradi-

ents below the thermocline are very weak between Newport and the

Columbia River. Inversions occur frecuently in both the 32. 5%°



isohaline and the 80 C isotherm and are most intense off Depoe Bay.

Salinity inversions rarely occur off Newport and inversions in

temperature or salinity are uncommon south of Newport.

Heat Content and Mixed Layer Depth as Tracers of Plume Waters

Surface temperatures in an area as complex as the Columbia

River outfall are subject to a number of modifying factors. Among

these are precipitation, evaporation and insolation. Since the effects

of these factors are most pronounced in the upper few meters of the

water column it was felt that heat content and mixed layer depth

might prove to be better tracers of Columbia River water than would

the surface water tempeature.

Table 2 summarizes the overall results of the heat content cal-

culations. Mean values of the heat content are tabulated for each 20

m layer as are the total values from the surface to the bottom of each

succeeding layer. The standard deviation about the mean has been

computed for each value of the mean. The smaller number of obser-

vations at depth is due to the fact that 64 BT castswere made in less

than 100 m of water.

As indicated in Table 2 almost 30% of the heat content in the

upper 100 m of the water column is contained in the first 20 m, while

over 50% of the heat is contained in the upper 40 m. The standard

deviation about the mean for each layer shows that the heat content
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(and therefore the temperature) is nearly twice as variable in these

surface layers. This variability was greatest in the 20 to 40 m layer,

indicating that, in general, the thermocline lay in this region. The

variability of the 0 to 20 m layer was almost as great, so surface

temperatures were highly variable. By contrast, the standard devia-

tion was least in the 60 to 80 m layer. The depth of this layer cor-

responds to the depth of the nearby isothermal layer observed in the

vertical sections.

Table 2. Heat content values in kg cal cm2 COOC-6, 31 July to 13
August 1969.

Number of Standard
observations Mean deviation

0 to 20 meters 247 25. 59 5.0071

20 to 40 meters 240 20. 10 5.6787
Running total 45.39 10. 3813

40 to 60 meters 225 16.43 2. 7108

Running total 63. 14 12. 6787

60 to 80 meters 211 15.20 1.2839
Running total 79.44 13. 6184

80 to 100 meters 193 14,84 2.4704

Overall total 193 95.66 13. 8226

Pattullo, Burt and KuIm (1969) computed heat content in a simi-

1.ar manner for the area in question. They divided the waters off

Oregon into three regimes--nearshore, transitional and offshore



34

zones (see Table 3), based on the distance from shore. Upon apply-

ing this scheme to the data analyzed here, it is clear that the heat

content values are lower in all three zones than the mean values

computed by Pattullo etal. In spite of this, they are well within the

range for the month of August found by the previous researchers.

This' indicates that the period sampled is not one of abnormal condi-

tions with respect to temperature and content.

-2
Table 3. Heat content from the surface to 100 meters. Values in kg cal cm

COOC-6 values
31 July to 12 August 1969

Standard
Observations Mean deviation

1962-65 values
Pattullo et al., 1969

Mean* Range*

Nearshore
25 to 65 miles 60 91. 33 7. 8489 97.0 84. 5-102. 5

Transition zone
75 to 103 miles 28 106. 36 7. 8273 109. 5 104.0-122.0

Offshore zone
115 to 165 miles 35 112.96 3.5231 119.0 110.0-127.5

*Values are approximated from the graphs in the original article

The variability of heat content was found to be nearly twice as

high in the inshore and transitional zones as in the offshore zone.

This variability among observations in these zones (from the coast to

105 miles offshore) indicates that the distribution of heat was complex

in this area. Pattullo et al. found the variability to be higher in the

offshore zone on a yearly basis. This was attributed to the dominant
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influence of the seasonal effect on the offshore zone.

Heat content computations made for three separate stations in

the Columbia River estuary produced values ranging from 22. 8 to

24. 8 kg cal cm2. This indicates that the effluent entered the ocean

with an initia heat content of about 24 kg cal cm2 in the upper 20 m.

The actual figures, as shown in Figure 7, for the 0-20 m layer outside

the river mouth are nearer to 20 kg cal cm2. It must be noted that

the plume has a maximum depth of five meters in this area as mdi-

cated in the vertical sections. This means that the 0-20 m values of

heat content off the river mouth are based on 25% Columbia River

water and 75% shelf water. Since the temperature of the shelf water

is less than 13. 5° C the heat content of the combination should be

less than the 24 kg cal cm2 found in the estuary.

Because of the shallow intense pycnocline between the plume and

the shelf water below it, heat added to the ocean by solar radiation is

retained largely, in the shallow plume water (Owen, 1968). For this

reason the heat content of the plume increases rapidly after leaving

the estuary. As an example, 55 miles to the south, off Cape Lookout

the heat content at the plume axis has increased 10 units to 30 kg cal

cm2. Off Depoe Bay the plume axes have heat contents of 30. 5 and

32 kg cal cm2. Further south, off Newport, the heat content at the

plume axes is about the same as off Depoe Bay. It is clear that a

great deal of heat is added to the plume between the Columbia River
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and Cape Lookout.

It had been hoped that isograms of heat content (Figure 7) would

clearly delineate the plume, however, this was not the case. The

reasons for this are that the heat distribution from the coast to 105

miles offshore is highly complex. In addition, within 55 miles of the

mouth of the river, the depth of the plume is less than the 20 meter

layer sampled. South of Cape Lookout where the plume is deeper

than 20 meters and heating of plume water occurs at a slower rate.

Here, the 30 kg cal cm2 isogram approximates the plume pycnocline

were sampled near the mouth of the Columbia River that the 30 kg

cal cm2 isogram would be a valid indicator in all cases. This would

necessitate, however, knowledge of the depth of the plume pycnocline.

Due to the shallow intense pycnocline associated with the base of

the plume, one would expect that depth of the mixed layer would be

shallow in plume waters. This seemingly simple approach to the

problem of tracing plume waters was complicated by two factors.

First, inshore of the plume an area of shallow mixed layers occurs

during this period of the year due, in part, to coastal upwelling.

Second, the near shore (out to 60 miles) mixed layer structure was

very complex. In fact it proved necessary to ignore many of the data

points when contouring the data in this area.. The contours of mixed layer

depth (Figure 8) readily show this complex structure in the nearshore
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region. Even after contouring mixed layer depth, the plume did not

appear as a pronounced feature. Since, mixed layer depths were

shallow throughout the entire near shore region, it became difficult to

tell if the plume was represented by a relatively shallower or deeper

mixed layer in this area.

Off the mouth of the Columbia River the mixed layer is 5 m as

indicated in the vertical sections. South of the mouth of the river it

is possible to detect two troughs of deeper mixed layer (10 meter)

separated by a shallow (5 meter) ridge. Between Cape Lookout and

Depoe Bay there is a marked divergence of these two ten meter

troughs. As was indicated in the vertical sections, the plume

appears to split in this region. It is possible that the two troughs

are manifestations of the two plume segments seen in the vertical

sections. However, this is complicated by the fact that the centers

of the two plume axes, as determined by mixed layer depth are

located Z8 and 60 miles off Depoe Bay The salinity section off

Depoe Bay places the plume axes at 110 and 12.5 miles offshore,

respectively. A similar condition exists off Newport. This compli-

cates utilization of mixed layer depth as a plume tracer as does the

fact that the depths of the plume axes as indicated by mixed layer

depth do not coincide with plume depths as defined by the vertical

sections.

Several cells! of shallow mixed layer are present in the
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contours. The most pronounced of these cells is centered 110 miles

west of Newport, Since the outflow of fresh water from the Columbia

is cut off on the flood tide, these cells are almost certainly remnants

of fresh water parcels produced by the reversing of the current in the

Columbia River estuary. If this is the case, then these cells mix

only very slowly into the surrounding water, This makes mixed layer

depth a useful tool for tracing plume water in the offshore zone,

All of these cells are surrounded by troughs of deeper mixed

layer. This may be a phenomena associated with the mixing pro-

cesses. In any case, it is a subject that warrants further examina-

tion.

Displacement of Temperature and Salinity Axes in the Plume

The geographic center of the plume (plume axis) has often been

defined by physical parameters such as salinity and temperature,

The axis of the plume occurs where salinity is at a minimum and

temperature is at a maximum (see Figure 9). An examination of the

vertical sections of temperature and salinity (Figures 3-6) indicates

that the temperature axis and the salinity axis in the plume are not

coincident, the salinity axis lies inshore of the temperature axis.

This same phenomenon was noted by Pak (1970),

To determine if this was a persistent feature in the Columbia

River plume, 40 hydrographic sections taken between 1961 and 1969
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for the months of May through October were examined. The hydro-

graphic sections used transected the plume and ranged westward

from the coast between Astoria, Oregon (Lat. 46° -1l'N) and

Brookings, California (Lat. 42° -03'N). In those sections where the

plume was indicated, as defined by the 32%o isohaline, the axis of the

plume was located with respect to salinity and with respect to

temperature as illustrated in Figure 9. The plume axis, as deter-

mined by both properties, were then tabulated as distances from

shore in nautical miles.

The plume was located in 70 instances (see Table 4); in 33

cases the salinity axis lay inshore of the temperature axis while the

reverse occurred in only four cases. In ten cases the temperature

and salinity axes were coincident and in 23 cases it was impossible

to locate either the temperature axis or salinity axis of the plume.

From these observations it would appear that the salinity axis of the

plume lies inshore of the temperature axis, the mean axis displace-

ment being 8.5 nautical miles. The data showed that this displace-

ment was smallest near the mouth of the Columbia and increased in

a downstream direction. In addition, there appeared to be little

variation among years with respect to the magnitude or sign of the

dis placement.

The variation among months is best indicated by the mean axis

displacement, as the number of observations per month is small.



Table 4. Displacement of the temperature and salinity axes in the plume.

Salinity Salinity
Number of axis inshore axis offshore Cores

1
Cores 2

Mean axes
Month observations of temp. axis of temp. axis coincident undefined displacement

May 7 4 0 1 2 +10.2

June 15 6 3 4 2 +2,6

July 22 12 0 2 8 +11,5

Aug. 11 6 0 1 4 +17.6

Sept. 1.0 5 1 1 3 + 6,0

Oct. 5 0 0 1 4 -

Total 70 33 4 10 23 + 8,5

These are instances where the two cores coincide.
2These are cases where it was impossible to define either the temperature core or the salinity core,

indicates salinity axes inshore of temperature axes.
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The largest displacement of the temperature and salinity axes occurred

in August with the smallest occurring in June. It is interesting to note

that the temperature axis lay inshore of the salinity axis in only three

cases in June and one in Spet ember. In July and August, when the

largest number of observations occurred, the salinity axis was always

inshore of the temperature axis and the largest mean axis displace-

ments occurred. This suggests that this phenomenon is strongest

during these months

To provide further evidence as to the nature of the axes displace-

ment, a one-tailed Student's t test was employed to test the hypothesis

that the mean axes displacement was zero (Ho: = 0) or that the

salinity axis and the temperature axis are coincidenL The alternate

hypothesis that the salinity axis lies inshore from the temperature

axis (Ha: >0) was also tested. This was done for each month and

for the total of the 47 instances where it was possible to define both

axes in the hydrographic sections. An existing computer program

*TONE was used to perform the I test at the 1% significance level on

the CDC-3300 computer. The results are tabulated in Table 5.

The tabular t statistic is larger than the computed t statistic

for all months except July. This means that in these instances we

may accept the hypothesis that the salinity axis and the temperature

axis are coincident. This result is due in part, however, to

the smaller number of observations available for these months
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Table 5. t test statistics of plume axis displacements.

Month
Number of
obs ervations

t statistic
at 1 percent

significance level
Computed Tabular

98 percent
Confidence

interval
(nautical miles)

May 7 1.9Z 3.75 -9.71 to 30.11

June 15 0.74 Z.68 -6,80 to 1Z.03

Jury ZZ 3.85 Z.&5 3.59 to 19.41

August 11 Z.65 3.14 -3.26 to 38.41

September 10 1.37 3.14 -7.72 to 19,72

October 5 - -

Total 70 4,52 2,41 3.98 to 13.09
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(never more than 15). The total t statistics, however, indicate that

we must reject the hypothesis that the salinity axis and the temper.-

ature axis are coincident at the 1% significance level. A similar result is

reflected in the 98% confidence intervals about the mean where a posi-

tive value indicates that the salinity axis lies inshore of the tempera-

ture axis. For this reason, it can be concluded, with 99% confidence

that the salinity axis of the plume lay inshore from the temperature

axis during the ten summers that were sampled.

Having established that the salinity axis lies inshore of the

temperature axis in the summer months, it is important to determine

the reason for this phenomenon. A simple model explaining the dis -

placement of the temperature and salinity axes in the plume is given

in Figure 10. Although Figure 10 represents an idealized situation,

the principles are generally applicable to the entire plume. As mdi-

cated in Figure 10, the plume is separated from the surrounding

waters by a strong pycnocline. Also, a great deal of heat is added to

plume waters by solar radiation which in turn increases temperature

of the plume water (it may be recalled that 10 kg cal cmZ of heat was

added to the plume within 55 miles of its leaving the Columbia). As

the plume water temperature rises, the plume salinity continues to

remain fairly constant

During this season of the year coastal upwelling is at a maximum

(Smith, 1968). Cold water ascends along the permanent pycnocline and
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breaks the surface from Z. 8 to 13. 5 nautical miles offshore (Mooers,

1970). This water then flows offshore, sinking along the permanent

pycnocline. The result is a stronger temperature gradient on the

inshore side of the plume. The salinity gradient on either side of the

plume is much more constant,

In spite of the fact that the plume pycnocline does tend to inhibit

mixing, some mixing does occur between plume water and the adja-

cent shelf waters. Laboratory experiments indicate that, in general,

the shelf water adjacent to the plume is mixed into the plume water

through the plume pycnocline (Budinger, Coachman and Barnes, 1964).

As a result, colder water is mixed into the nearshore side of the

plume. If mixing is assumed to be constant along the entire plume

boundary then the resultant combination of plume water will be colder

on the inshore side than on the offshore side. This process will

cause the temperature axis in the plume to move offshore with time

while the location of the salinity axis will remain fairly constant. It

may be hypothesized that if the plume axis were defined by a sigma-t

minimum then the axis would lie between the temperature and salinity

axes.



V. SUMMARY AND CONCLUSIONS

The purpose of this study was to evaluate heat content and

mixed layer depth as indicators of the Columbia River plume. In

addition, the displacement of the temperature axis from the salinity

axis in the plume was considered.

The plume boundaries were initially defined using vertical

sections of temperature, salinity and sigma-t. It was found that

the 32 oo isohaline and the 23.5 sigma-t surface defined the boun-

daries of the plume consistently; isotherms were inconsistent in

defining the plume boundaries.

The plume, as defined above, increased from a depth of 5 meters

at the mouth of the Columbia to 35 meters off Newport. The tern-

perature maximum at the plume axis was 17° C while the salinity

minimum ranged from 26. 3 %o at the river mouth to about 31 %o

off Newport. Temperature and salinity inversions occurred in the

8°C isotherm and the 32. 5 oo isohaline, respectively, between the

river mouth and Newport.

Heat content was most variable in the 20 to 40 meter layer, the

region of the thermocline and also highly variable in the surface

(0 to 20 meter) layer). Heat content values were within the limits

found by Pattullo, Burt and Kulrn(1969) for the same time of year.

Variability among observations was highest in the nearshore zone



50

(out to 65 nautical miles offshore). The opposite was found by

Pattullo, Burt and KuIm (1969), demonstrating the importance of the

seasonal factor in heat content variations.

Heat content in the upper 20 meters increased from24 cal

cm2 in the estuary to 30 kg cal cm2 off Cape Lookout and 30. 5

to 32 kg cal cm2 off Depoe Bay. Heat content was not a good

indicator of plume water because the layer sampled (0 to 20 meters)

was not consistent with the depth of the plume and large amounts of

heat were added to the plume after leaving the estuary.

Definition of the plume by mixed layer depth was complicated

by the following factors: 1) mixed layer depths were highly variable;

2) the depth of the mixed layer in the nearshore region was generalLy

shallow (< 10 m) due in part to the effects of coastal upwelling;

3) semi-diurnal tides caused interruption of the river discharge.

This resulted in "cells' of plume water being intermingled with

shelf water, especially in the offshore zone. These cells were sur-

rounded by troughs of deeper mixed layer.

Analysis of summer hydrographic sections for the period

1960-69 showed that the salinity axis of the Columbia River plume

off Oregon was displaced inshore from the temperature axis a mean

distance of 8.5 nautical miles. This displacement increased in a

downstream direction and was most pronounced in July and August.

A simple model for the plume indicated that the salinity axis
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displacement resulted from a large temperature gradient across

the nearshore portion of the plume pycnocline.
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