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Ninety-nine drogues were set at various times and at selected

depths from zero to 500 meters. Data are examined for mean cur-

rents. Time variations in current direction and speed are consid-

ered, and vertical shear is examined. Volume transport off the

Oregon coast is computed. The feasibility of using subsurface dye

patches in the open ocean for an estimate of mean drift and mixing is

examined.

The mean longshore current, throughout the water column, is

toward the south. A representative speed in the upper 500m is 5 to

10 cm/sec. Some northward movement of surface water occurs in

winter. The mean zonal transport reverses direction in the pycno-

dine. In the surface layer the transport is toward the east; below

the pycnocline the transport is toward the west. Within the pycno-

dine there is little east-west transport.

By the use of the autocorrelation method of analysis, fluctua-

tions of three dominant periods were detected in the drogue data. A
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semi-diurnal tidal period was identifiable on two-thirds of the re-

cords. On four observations either an inertial oscillation or diurnal

tidal period occurred.

Dye dispersal tests showed that the dye concentration at the

surface varied as This is in good agreement with experiments

made by other workers. Data from the subsurface experiments

yielded slower dispersal rates. At SUm depth, the dye concentration

was proportional to t1 at lOOm, the dye concentration was pro-

portional to t1 This change in time dependence occurred within

the pycnocline layer. The experiments were compared with two

available diffusion models. Okubo's diffusion model appears to de-

scribe the surface diffusion; Ichiye' s diffusion model describes sub-

surface conditions.

From this data, the motions appear to be grouped into three

distinct domains: the steady state (no change within 25-50 hours),

periodic fluctuations of frequency close to that of the semi-diurnal

tide, and small random fluctuations.
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SUBSURFACE CURRENTS OFF THE OREGON COAST

INTRODUCTION

One of the most important features of the hydrosphere is its

circulation, manifest through a broad spectrum of motion. The mo-

tion is a combination of large scale drift as well as more sharply de-

fined "currents. " Tidal and turbulent motions are superimposed on

the large scale features. Any direct measurements of ocean currents

are difficult to interpret because of the time and spatial limitations

imposed by the means used to acquire the data. Furthermore, the

number of direct measurements of area currents at depth are very

small in number. Little is known of subsurface current patterns,

and almost nothing of periodic or turbulent fluctuations at depth.

The purpose of the present work has been to study, by direct

measurement, some aspects of the mean and variable drift in water

flow off the Oregon coast. Special emphasis has been given to learn-

ing more about velocity structure near the permanent pycnocline that

exists off our coast. While the data were being collected it became

apparent that some estimate of the importance of periodic fluctuations

on mean drift could be obtained. Refinements in field measurement

techniques were developed for this purpose.
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Methods used for estimate of currents

Indirect evidence. In the past the majority of inferences made

about subsurface currents were based on indirect evidence. The two

most common indirect methods used were flow estimates based on

geostrophic computations, and drift inferences based on gradients of

temperature, salinity, and oxygen. Assumptions of steady state are

usually made when either of these two methods are used. The real

ocean possesses a wide variation in temperature and salinity with

time and local space. Under such conditions then, one can infer only

rough approximations to real currents.

Inferences about water flow and mixing, based on temperature,

salinity, and oxygen variations off the western coast of N. America,

have been made by Goodman and Thompson (1940), Tibby (1941),

Sverdrupetal. (1942), Doe (1955), Reid etal. (1958), Rosenberg

(1962), Dodimead etal. (1963), Collins (1964) and Smith (1964). Geo-

strophic computations were used in studies made by Thompson et al.

(1936), Tully (1937), Wyatt and Kujala (1962), and Dodimead etal.

(1963).

Offshore conditions based on indirect methods of measurement.

The following facts seem to be established. Two wind patterns signi-

ficantly influence the water movement off the Oregon coast. From

October through March the wind comes from the south or southwest;
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a northward surface current nearshore develops and is called the

Davidson Current. During the summer, the wind comes from the

north or northwest and the surface water flows toward the south.

Frequently coastal upwelling occurs in the summer, and the surface

flow is toward the southwest while the subsurface water is transported

toward the east. The entire western shore of the United States is a

region of mixing between subarctic and equatorialwaters and this

mixing adds to the complexity of the system.

The offshore water is influenced by the California Current. At

a depth of 200 meters or more, a counter current has long been in-

ferred. (This counter current however, is unsubstantiated by our re-

cent direct measurements.

Methods of measurement of currents

Direct methods of measurement of current fall into two general

categories: 1) stationary instruments which respond in some way to

the passing of water and 2) instruments or materials (floats) that

move with the water and are observed over a period of time with ref-

erence to a fixed vantage point. Both methods possess advantages and

shortcomings.

Stationary current meters. A common example of stationary

meters is the rotating-element meter, such as an Ekman meter.
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These instruments are easily placed over the side of a ship but suffer

from the serious drawback of sharing the various motions of the ship

during the observational period. The Ship? s motion adds an unknown

amount of 'information' to the data series. The direction sensor, in-

corporating a magnetic compass, often will not respond as quickly to

water movement as the rotating-element. At low speeds almost all

current meters become insensitive. Current meters that rely upon

moving elements become frozen' due to bearing friction and system

inertia.

An additional problem in using current meters is in the inter-

pretation of the data. The data series from a current meter yields

information on the current as a function of time at the position of

sampling. One usually assumes the data are representative of the

area of interest. This may not be a realistic assumption because

there are frequently small-scale disturbances that combine to pro-

duce the large-scale properties of a region. A more reliable descrip-

tion of local water movement may be obtained by the employment of a

number of current meters distributed in an areal grid pattern.

Float methods. Floats predate current meters in use. Pieces

of wood or scraps of paper provided the early sailor and scientist

with an estimate of the direction of water flow. Ships' drift estimates

constitute the largest body of data on surface water motion. The
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drift of instruments or materials which remain with the water as it

moves provide a good estimate of the water flow.

Floats used are drift bottles, subsurface acoustical floats,

drogues, or areal floats such as dye patches. The discrete type of

float can provide only one displacement trajectory. A dye patch pro-

vides both a trajectory and a change in dye distribution due to turbu-

lence. On the other hand, the area of the dye patch may be difficult

to trace accurately.

An advantage of the discrete float is the ease of handling the

data series. The total displacement may be converted to a mean

flow without delay. Observation of pairs of duplicate floats at the

same depth provides an estimate of local changes in the water flow.

Current shear may be studied with the use of subsurface floats

by placing several floats in a water column at various levels. Sev-

eral floats can provide a good estimate of a water column's move-

ment. A disadvantage to the theoreticians is the matching of the data

series to the Eulerian mathematical models normally used to study

circulation. Also, in practice only a few floats can be tracked during

aiiy given observational period.

Comparison between flow and float methods. Current meters

can be used in place of drogues for open ocean work provided the nec-

essary assumptions seem justified. One of the most important



assumptions is that the current being metered by the instrument is

typical of the field surrounding the instrument; that is, the variations

detected by the instrument are occurring almost simultaneously within

a local area. Simultaneous comparisons of drogue and current meter

observations are needed to examine the applicability of this assump-

ti on.

Current meters sense wide variations in speed and direction

with time. This variability (due to turbulence) results in a fairly high

noise level. The drogue, on the other hand, tends to integrate the

small random displacements with a zero net effect on displacement.

Only those turbulent features whose size approaches the parachute

canopy diameter influence the drogue' s trajectory.

The large scale flow pattern based on indirect methods of mea-

surement does not adequately describe the water movement offshore.

Direct measurements are thus essential. To date, however, few di-

rect measurements of currents have been made. Table 1 lists all of

the published reports that the writer could readily find for the world

ocean.
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Table 1. Chronological order of published current studies made by
direct measurement.

Observation Reference or Location of
Date Investigat. work

Devices used

1888-89 Pillsbury ('91) Gulf Stream Pillsbury current meters
Wiist (1924) West Indian 6 to 238 meters depth
v. Schubert('32)waters

1910 Helland- (a) Straits of Ekman current meters-
Hansen(1930) Gibralter & down to 250m (a) and 730

(b) S. of m (b) depth
Azo re

1925-27 Defant(l932) Atlantic be- Ekman-Merz and Ekman
tween 24°N & meters-down to l000m
28°S. and a few obs. to 2500m

depth

1929-30 Lek(1938) Dutch East Ekman-Merz and EI<.man
Indian waters meters-down to l000m

and a few obs. to 3000m

1930 Ekman and N. E.Atlantic Ekman and Sverdrup-Dahl
Helland-Hansen meters-5m to l000m and

a few obs at l400m and
2000m

1937 Defant(l937) N. Atlantic Bhnecke meter-8m to
800m depth

1938 B6hnecke('37) N.Atlantic Same as above
v. Schubert('39)

1938 Defant(1940) N. Atlantic Bohnecke meter used.
Measurements from 5m
to 800m.

1952 Cromwellet Pac. equa- drogues-surface down to
al. (1954) tonal un- 243m
Montgomery dercurrent
et al. (1962)

1954 Stommel ('54) Cen.N.Atlantic drogues used



1954 Brodie (1960) N.Zealand surface drift cards

1955 Swallow (1955) 15°W. ,41°N. Swallow floats-from 800m
to 1500m depth

1956 Japan Meteor Kuroshio parachute drogues used
Agency (1956) Current

1956 Pickard (1956) Strait of Georgia
Current

1957 Swallow(1957) 0°W. , 63°N Swallow floats-340m-
& 15°W.35°N. 2900m

1958 Jennings & California drogues-60m depth
Schwartzlose Current
(1960)

1958 Wooster & E. tropical G.E.K (surface)
Cromwell Pacific
(1958)

1958 Stommel (1958) Gulf Stream Summary of floats and
meters used - down to
4000m depth

1959 Knauss & Pac. equator Roberts meter down to
Pepin (1959) countercurrent 300m, swallow floats 370

to l000m depth

1959 Taylor (1959) Gulf of Alaska parachute drogue survey

1960 Knauss (1960) 60°N. , 120°W swallow floats-500m to
to 15°N, 120° 2100m depth
W.

1960 Knauss(1960) Cromwell Roberts meters and
Current drogues-obs down to

l000m

1961 Swallow & Gulf Stream Swallow floats-1500m to
Worthington 29 OOm. drogue s-down to
(1961) 2800m
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1961 Knauss(1961) Pac.equator Roberts meters, drogues
countercurrent and G.E.K. (surface)

Swallow float data-down
to l500m

1961 Wooster & Peru-Chile parachute drogues-down
Gilmartin undercurrent to 300m

1961 Voorhis & 19°W. , 0°N. parachute drogues-lOOm
Bunce (1961) depth

1962 Knauss (1962) 28°N. , 139°W Swallow floats-700-3900
23°N.,139 mdepth
28°N. , 118°W.

1961 Gakkel & Kara Sea radio-buoys (surface)
Sams oniya
(1961)

1961 Webster(1961) GulfStream GE.K. (surface)

1962 LaFond (1962) 32°N. , 117°W cubical grid with stream-
ers (observed from Tn-
este at 645 fm. depth)

1962 Steele etal. S.of Iceland Swallow floats-1300 to
(1962) 1800m. depth

1962 Volkmann 37°N. , 69°W. drogues and Swallow
(1962) to 39°N. , floats lOm down to 3000

710W. mdepth

1962 Reid (1962) 30°N. & 650 G.E.K. (surface)
km. west of
Calif.

1962 Belevich centr. N. E. M. I. T. (Russian)
(1962) Pacific current meter (surface)

1948- Bumpus & continental drift bottles (surface)
1962 Lauzier shelf between

(1965) Newfoundland
& Florida
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1962 Crease(1962) W. N. Atlan- summary of several sour-
tic ces of data for deep water

1962 Reid (1962) California drogues-down to 250m
Countercurrent depth

1960- Talbert & E. Gulf of drift bottles-(surface)
1962 Solsuo(1964) Mexico

1961- Barkley & central drift bottles and drift
1963 Ito (1964) Pacific cards (surface)

1961- Parker l2Omiles drogues (equipped with
1962 (1963) S. of Ber- radio transm.)50m down

muda to 4000m depth

1963 Cook (1963) NE Provi- floats used
dence chan-
nel and Tongue
of the Ocean,
Bahamas

1963 Webster Woods Hole to Richardson current
(1963) Bermuda line meters-down to 5000m

depth

1963 ?ochapsky near Virgin Pochapsky floats-down
(1963) Is. 180°N. , to l400m depth

63°W. 400
miles E. of
Bermuda, 250
miles E. Ber-
mud a

1963 Stalcup & 25-35°W. ,in drogues-75m to ZOOm
Parker (1965) Equator. depth

Atlantic

1963 Reid etal. W.ofnortherndrogues-l0mto l000m
(1963) Baja, California depth

1963- Brown(l965) Gulf of Calif.&drogues-lOm to 300m
1964 33°N. off Calif. with a few down to 1000

coast m depth



1964

1963

1964

1964

1965

1965

1965

1965

1965

1965

11

Welsh (1964) Aguihas Bank Ekman meter-5,50 and
& Current lOOm depth

Burt & Wyatt off Oregon drift bottles-(surface)
(1964) coast out to

165 miles

Knauss (1965) 32°N. , 68°W Richardson current me-
to 36°N. 730 ters(moored)-.3500 to
W. (4 stations)5 100 meters depth, and

G,E.K. (surface)

Tomczak S.W. of drift cards and bottles
(1964) Hawaiian (surface)

Is.

Tomczak vic. Hawaiian drift cards-(surface)
(1965) Is.

Neumann & 14-15°W. at drogue s-down to 50m
Williams equator. At- depth
(1965) lantic

Gerard & Caribbean
Salkind (1965)

Webster & Woods Hole
Fofonoff(l965) to Bermuda

line

Richardson & Straits of
Schmitz, Jr. Florida
(1965)

Barrett(1965) Cape
Hatteras

drogues-down to l000m
depth

Richardson current me-
ters-down to at least
l000m depth

Richardson free-falling
instrument-down to 830m
depth

G.E.K. (surface) and
floats-800 to 2500m
depth.
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Only fourteen of the studies listed were made in the Pacific.

Eight of the fourteen references deal with studies made at latitudes

between 35°N. and S. A real need has existed to undertake direct

current measurements at higher latitudes, in particular off the Wash-

ington and Oregon coasts.

Float methods were selected for use in the present study. The

displacement trajectories of drogues,when used in the open ocean, pro-

vide a good estimate of the path of the water, A mean value for the

displacement distance with elapsed time easily provides a mean cur-

rent speed and direction. Preliminary experiments were also con-

ducted using dye patches. The results of the dye experiments will be

considered further in the paper. The following sections describe and

discuss the findings from the 15 drogue cruises.



OBSERVATIONS

Collection of data

13

This paper is a report on cruises for the direct measurement of

currents between January, 1962, and September, 1965. Almost all ob-

servations were made 45 miles west of Newport, Oregon, at a sea lo-

cation near 44° N. , l24°W. The water depth varies from 650 to 1200

m due to the presence of a submarine dome. This dome is located

on the continental slope. The bathymetry of the continental slope fol-

lows a north-south trend in the vicinity of the dome.

On each cruise we set 4 to 12 parachute drogues at depths Se-

lected by examination of the vertical gradients of density; we placed

floats above, in, and below the permanent pycnocline. The pycno-

dine at this location lies usually between 75 and 200 meters (Collins,

1964). The depths sampled were between 10 and 500 meters; on three

occasions drogues were set at 1,000 meters.

We used the type of drogue described by Volkman etal. (1956).

Each drogue consists of 4 parts: a parachute canopy 21 feet in diam-

eter; a weight of 10-20 pounds attached at the end of the shroud lines;

a length of steel or polypropolene line running from this point up to a

surface float; and a float (truck inner-tube) attached to a bamboo pole.

A signal light, numbered pennant, and a radar reflector, are placed

at the top of the pole.
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For our purposes we needed to know the relative positions of the

drogues, and the changes in position over a period of time, as accu-

rately as possible. We found that the most satisfactory way of obtain-

ing the highest accuracy was to anchor a reference buoy and to deter-

mine all positions, including that of the ship, by radar range and

bearing from the anchor buoy.

The anchor buoy was made of two oil-drums welded together end-

to-end. A three-inch diameter pipe extended from each exposed face.

A radar reflector and bright flasher light were mounted atop the pipe

section extending above water. A numbered pennant and a steady

light were placed below the reflector. The buoy was taut moored by

securing an anchor line to the end of the submerged pipe section.

Loran fix accuracy in the area of observations is about 1/2 mile.

Therefore, the absolute location of the anchor buoy was determined to

± i/a nautical mile by Loran navigation.

Our radar observers determined range and bearing of each

drogue at fifteen minute intervals. We estimate the accuracy of the

radar fixes as ± 0. 01 nautical mile and ± 0.25 degree. Periodic

ranging on the anchor buoy provided a means of estimating the ship s

position at any time. As a result of these limitations, the smallest

mean drift detectable for an arbitrary period of 10 hours was 0. 1 cm/

sec.

On two occasions the use of duplicate drogues made it possible
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to detect the parting of the line that connected the float with the para-

chute.

The first five cruises were made using Loran to determine

ship' s position and radar to locate the drogues with reference to the

ship. During the four following cruises we used both an anchor buoy,

when possible, and ship Loran. Radar was used for positioning on all

later cruises; Loran was used only for geographic location of the an-

chor buoy.

There is some uncertainty as to whether the drogues actually

reach and maintain the desired depths. Gerard and Salkind (1965)

have discussed constancy of depth of drogues. Their drogues re-

mained at the expected depths to within the accuracy of their depth-

time recorders. Our drogues were set at smaller depths than those

of Gerard, and hence should pose even less of a problem in vertical

drift.

To test this assumption, Scuba divers observed the attitude of

a number of drogues. Diogues, set at a depth of 50 meters or less,

were examined to estimate the amount of opened chute, and for the

wire angle of the connecting line. Deeper drogues were checked only

for the wire angle of the connecting line. The wire angles were ob-

served to be near zero degrees. The parachutes seen were opened

90 percent or more.

Scuba divers also released small quantities of Rhodamine B
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dye around a parachute in order to observe any relative motion be-

tween the water and the drogue. No such slippage was noticeable.

Divers also observed the tensions on the connecting line and the

shroud lines of shallow water drogues Their gauges indicated surge

forces up to 30 pounds on the connecting line, and slightly less force

on the bridle line of the chute shroud lines. The observations were

made during a sea state of 1-2. In rough weather the magnitude of

the forces must markedly increase, but no data are yet available.

Fifteen cruises were made between January 1962, and Septem-

ber 1965. The trajectories for one cruise is shown in Figure 1; the

remaining trajectory sets are found in Appendix 2.

Analysis of Data

The data series from each cruise were processed to obtain sev-

eral kinds of information from each drogue. The north and east corn-

poiient of mean speed for each drogue were determined by least-

squares fit. These time-averaged velocity components were then

subtracted from the original series. Subtraction of the mean velocity

components from the data series produced two normalized or zero-

mean series. That is, each consisted of terms Y., such that
1

N y. represents an individual
0 va'lue and N = number of

observations in the series.
i=1
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Figure 1. Drogue trajectories for the July, 1965:, cruise



The lengths of our time series were too short for conventional

spectral analysis except for very short periods (ca. 3 hours). There-

fore, we used an autocorrelation analysis method first suggested by

Fuhrich (1933) and described by V. Conrad and L. Pollak (1950).

This method has appeared in recent oceanographic literature only in-

frequently; it has been used by Belyakov and Belyakova (1963) for in-

ternal wave analysis. A good presentation of the theory of the method

is provided in Conrad and Pollaks' text.

The method used is as follows. Suppose we have a time series
N

such that
=

Suppose further that this series is made up of

purely i1 periodic fluctuations. For each period there is some

amplitude and phase angle. We take the data series and transform it

by using an auto-correlation function where we employ successive

time lags. The first transformed series is generated by the following

component equation:

N-k N-k N
Y. Y. + k - -j Y

a izl i1 i=k+1
JN-k EN-k N rN 1

N-k H Nk[i
Li=l JLi=k+1 i=k+lj

where k represents the time-lagging of the individual
coefficients of the series, and a (non-operative) indi-
cates the number of the transformed series.
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A similar equation is used for the X-component data series.

After the transformation has been executed, for all time lags,

we have the first transformed series. This new series will have auto-

correlation coefficients of -1. 0 < Y < 1. 0. The transforming pro-

cess can be repeated by using the first transformed series as data

for generating a second transformed series. This generation of Se-

ries may be done any number of times; each time it results in a re-

duction (but by only 2 or 3) in the total number of data points.

A property of a series formed in this way is that, as the trans-

formation is repeated, the values of the series will approximate a co-

sine function if there is a significant periodic variation contained in

the original series. In the limit, the period of the cosine function ob-

tamed approximates the period of the variation within the original

time series.

In practice we first compute several successive transformed

series, these are then plotted. Figure 2 illustrates a transformed

series from the drogue data of Suly, 1965, cruise (Figure 1).

The third transformed series is often a good approximation to

a sinusoidal form. We accept as the dominant period in the original

data the period of the transformed series. Determination of the dom-

inant period is done by determining the time lag times between suc-

cessive zero intercepts, clearly delineated points, rather than by

searching for curve extrema. This is not only because the extremum
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Figure 2. Example of a plot of transformed series from a drogue
(500m depth) trajectory (July, 1965, cruise).
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must be determined as a tangential point rather than an intersection,

but also because the larger lag parts of the curve are determined by

fewer data and are thus less reliable.

There are three important characteristics of the autocorrelation

technique: 1) the period of the cosine function and the period of the

most significant (largest amplitude) oscillation present in the data are

the same, 2) random noise in the data is suppressed more in each

successive transformed series, and 3) the series length necessary to

evolve a. periodic variation of significance is much less than in spec-

tral analysis.

After the period of largest amplitude variation is identified, its

amplitude can be determined from the usual Fourier expression:

r l2rN
122 4

LL iLl
A1 Y. Sin(i ) + Y. Cos (i1)

where

The phase angle 8, is given by:

Tan (6) =

Cos (i1)

N

Sin(i)
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The effect of this dominant period can then be subtracted from

the normalized series and the remainder series retreated as the orig-

inal series. By such successive treatments one can solve foras many

periodic fluctuations as necessary to reduce the remainder to the

noise level. Each of the successive amplitudes will be smaller than

the preceding one, if they are statistically significant.

In our time series, we found that the first-order amplitude pro-

vided Lor almost all of the periodic motion that could be identified

above the noise in the data series.

Conrad and Pollak suggest that the time series may be as short

as twice the period of the fluctuation present. This feature is impor-

tant for meteorological and oceanographic applications, because two

or three days of data are adequate for evaluation of significant van-

ations of periods of up to 24 hours.

Finally, we need a means of estimating the reality of any pen-

odic motion so described. Fuhrich has not provided critical signifi-

cance numbers such as are found in most formal statistical tests. He

states that one of the criteria of significance is whether or not the

subtraction of the period results in a residual series of smaller am-

plitude. Conrad and Pollak appear to support this view.

A semi-quantitative test for probable significance is described

in detail by Conrad and Pollak and outlined by Belyakov and Belyakova

(1963, p. 9). They suggest that one compute the variance to estimate
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how much the transformed series differs from a cosine curve. We

can describe the variance of a transformed series by

where a = number (non-operative)

2_ \'()2 of the transformed series. M =
M L' 1

number of the auto-correlation co-

efficients in the series.

In order to compare a cosine curve with our variance we need to

remember that urn a-2 for a cosine curve. From Conrad andaoo a 2

Pollak we know that lim Y' = A. Cos (i h) where h = 2rr/(T/N).aoo 1 1

We can now compare the difference between the 1/2 and the value of

the smaller the difference, the more closely the transformed

series approaches a cosine curve.

For convenience, Belyakov and Belyakova define as the disper-

sion of the transformed series

For aperfect cosine curve

1
P = 2a-

a

1
P 2(1/2) = 1

The degree of departure of the data series from a perfect cosine

curve results in a larger p : periodic functions that are continuous

will produce transformed series with p> 1. One or more periodic
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functions plus random 'noise' constitute a data series. If the data

series is random the autocorrelation coefficients are less than one

and approach zero. The variance (o) of this series will be small due

to the size of the coefficients. Therefore, p will become large and

may exceed the number of observations in numerical size.

The magnitude of p is qualitatively useful, but it is not corn-

pletely adequate. There is certainly a difference in reliability for 10

observations with a p = 1.3 and for 100 observations with a p = 1.3.

If we compare p with N/2 instead of 1 we obtain a number that includes

the number of observations. By using both p and N/2 we can estimate

the validity of the period in view of the number of observations used

(i.e., p/(N/2) = 1.3/50 vs.1.3/5).
This autocorrelation technique is useable only if adequate corn-

puter facilities are available, because the computations are extensive.

However, the method is powerful, almost completely objective, and

seems well suited to oceanographic and other geophysical data, where

series length is often short.

During the course of this investigation we developed several

computer programs and used them to facilitate reduction and interpre-

tation of the data. The first program accepted raw data, converted it

to Cartesian coordinates, and interpolated linearly for positions at

intervals of fifteen minutes. A plotter program was then used to plot

the interpolated trajectories on an IBM 1620 computer with plotter.
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Each average velocity component was obtained as the machine-corn-

puted regression coefficient for a least squares fit of position as a

function of time.

For further processing, a computer was programmed to nor-

malize the drogue time series by subtracting the regression values.

Another plotter program was used to plot the transformed series for

each of the two component data series quickly and accurately. The

use of the computer facilities of the Western Data Processing Center

for our autocorrelation program made possible the extensive compu-

tations necessary to define the transformed series. The computer

programs are listed in Appendix 3.

Mean currents

The average current speeds are listed in Table 2, and summa-

rized in Figure 3. The mean values, averaged for all observations

at each depth, were determined vectorially.

The mean speed decreased from 14 cm/sec at 10 m, to 4 cm/

sec at 1000 m. The maximum observed on any cruise was 48 cm/Sec

at 10 m (to the east, in September, 1962). Deeper than 50 m, no

speeds greater than 18 cm/sec were observed on any cruise.
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Figure 3. Variation of mean drift with depth. Mean current speeds and
directions are shown by open circles.
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Table 2. Averaged velocity components for drogue cruises

Depth Duration 0

Cruise (m) (hrs) u(cm/sec) v(cm/sec) No.Obs. Vr(cm/sec)(deg)

Jan 10 53.57 13.40 -4.05 20 14.0 106.8
(1962) 50 53.72 5.67 -3.71 18 6.4 123.1

100 53.03 2.92 -.41 23 3.0 98.0
150 53.33 3.27 +. 77 21 3.4 76.8
200 53.47 .66 +2.24 24 2.3 16.5

Jan 10 25.75 2.24 -21.04 12 21.2 173.9
(1963) 10 42.75 -1.33 -15.82 18 15.9 184.9

50 43.50 -1.83 -17.93 19 18.0 185.9
100 24.25 3.94 -16.15 11 16.6 166.3
200 37.25 -0.77 -7.97 17 8.0 185.5

Feb 10 43.33 11.83 -7.78 13 14.2 123.3
(1962) 10 43.38 11.90 -9.39 11 15.1 128.2

50 42.42 10.81 -6.35 8 12.5 120.3
100 41.42 8.58 -5.31 13 10.0 121.7
150 37.58 8.68 -5.65 12 10.3 123. 1
200 34.60 7.82 -4.95 12 9.3 122.3

March 10 28.25 -1.2 -11.2 114 11.3 186.2
(1965) 10 25.75 -2. 1 -12.0 104 12.2 189.9

10 18.50 -3.4 -8.6 75 9.2 201.5
100 48.25 -0.5 -9.6 194 9.6 182.9
100 48.00 0.6 -9.6 194 9.6 176.5
100 15.25 -0.6 -11.4 62 11.4 183.0
200 24.25 -4.8 -10.8 98 11.8 204.0
200 50.25 -0.2 -5.8 201 5.8 182.0
200 21.00 -0.3 -7.8 86 7.8 182.2
500 9.00 2.2 -2.6 37 3.4 139.8

May 10 40.00 2.46 -1.39 12 2.8 118.5
(1962) 10 39.92 3.16 +. 12 12 3.2 87.9

50 40.78 2.54 -1.60 12 3.0 122.1
100 36.40 4.58 +0.71 11 4.6 81.2
150 26.40 5.88 +3.01 9 6.6 62.9
200 36.63 2.97 +1.39 11 3.3 65.0

1000 40.53 3.19 +5.59 14 7.0 32.6

May 10 29.50 -5.8 -4.6 119 7.4 231.6
(1964) 10 29.50 -6.0 -4.8 119 7.6 231.3

40 30.50 -6.5 -6.4 123 9. 1 225.5
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Table 2 Continued
Depth Duration 0

Cruise (m) (hrs) u(cm/sec) v(cm/sec) No. Obs. Vr(cm/sec)(deg)
May 40 25.75 -6.8 -4.2 104 8.0 238.3
(1964) 40 9.75 -2.9 0.0 40 2.9 270.6

200 28.00 -8.5 -7.4 113 11.2 229.0
200 26.50 -8.6 -7.6 107 11.5 228.6

June 10 29.75 -3.10 -6.82 10 7.5 204.5
(1963) 30 30.00 1.08 -2.04 3 2.3 152.1

60 29.25 -2.95 -13.04 9 13.4 192.8
90 44.00 1.98 -9.64 12 9.8 168.2

120 30.00 1.68 -0.42 3 1.7 104.0
240 48.25 0.11 -0.25 4 0.2 156.2

July 10 35.28 -2.47 -13.92 8 14.1 190.2
(1962) 100 42. 17 +0.93 -6.70 11 6.8 172. 1

150 42.70 -.01 -10.86 9 10.9 180. 1
250 43.45 -2.52 -11.63 10 11.9 192.2
550 42.92 -.41 -4.36 9 4.4 186.4

July 0 20.75 1.0 -20.2 84 20.2 177.1
(1965) 0 20.75 1.4 -20.4 84 20.6 176. 1

10 20.25 1.4 -20.7 82 21.1 176.1
10 17.00 2.8 -21.8 69 22.0 172.7
10 28.25 3.2 -17.2 131 17.4 169.4
10 32.25 4.2 -15.0 130 15.7 164.4
20 27.50 2.2 -17.0 111 17.1 172.6

100 32.25 4.0 -7.6 227 8.1 150.2
100 56.50 4.3 -6.7 223 8.0 147.3
200 55.50 3.5 -6.6 230 7.5 152. 1
200 31.50 3.2 -6. 1 228 6.9 152.3
500 55.50 2.2 -3.6 230 4.2 148.5

August 10 16.00 15.69 -23.25 7 28.2 146.1
(1963) 30 17.00 12.48 -20.16 7 23.7 148.2

60 18.50 6.51 -12.94 7 14.5 153.3
120 18.50 7. 15 -9.60 7 12.0 143.2
200 15.50 4.39 -17.19 6 17.8 165.6

Sept 10 45.42 32.49 -4.83 18 48.3 98.5
(1962) 10 50.23 35.50 -2.04 5 35.5 93.2

50 63.72 24.98 +0.98 14 25.1 87.8
100 49. 65 -3. 14 +0.6 24 3.2 280.8
150 61.83 -2.28 +1.88 33 3.0 309.5
200 59.76 +2.17 +3.59 33 4.2 31.2



Table 2 Continued
Depth Duration 0

Cruise (m) (hrs) u(cm/sec) v(cm/sec) No. Obs. Vr(cm/sec)(deg)
250 60.01 +1.85 +2.41 33 3.04 37.8

1000 64.98 -029 -0.74 33 0.80 201.4

Sept 10 57.75 3.80 -5.01 231 6.2 142.9
(1965) 10 57025 4.47 -6.65 229 8.0 146.1

50 55.75 7.66 -7.25 223 10.5 133.5
90 54.50 12.84 -10.99 218 16.9 130.5
90 54.00 11.97 -10.80 216 16.1 132.1

200 52.75 11.66 -12.99 211 17.5 138.1
200 52.00 11.40 -13.58 208 17.7 140.0

Oct 10 23.75 6.2 -.6 96 6.2 264.5
(1964) 10 23.75 -6.3 -.2 96 6.2 268.2

75 23.75 -11.2 4.9 96 12.2 293.6
75 23.75 -12.1 8.4 96 14.8 304.6

500 23.75 -11.5 -8.5 96 14.3 233.5

Nov 10 8.50 -2.80 -13.87 4 11.3 191.4
(1962) 10 8.50 -10.66 +0.98 4 15.3 315.9

50 16.17 -0.74 +6.04 15 6.1 353.0
100 21.00 -0.93 -3.28 16 3.4 195.9
200 25.75 +5.89 -4.52 10 7.4 127.5
300 20.50 +4.50 -1.95 13 4.8 113.5

1000 27.38 +7.91 +0.89 10 4.2 83.5

Dcc 10 20.75 4.1 5.8 82 7.1 035.2
(1964) 10 20.75 4.3 6.0 82 7.4 035.6

100 5.25 4.0 -0.8 48 4.1 078.7
100 20.75 2.7 0.3 84 2.7 083. 3

The average direction had a southward component at all depths.

At 50, 100, and 1000 m the average flow was toward the southeast:

at other depths it was almost directly southward. This was a sur-

prise, because ithas long been believed that there is a subsurface flow

from the south along this coast both at 200 m and 1000 m. Flow with

a northward component was observed only 20 times among 99 drogue

drifts, and 14 of these northward flows occurred at or near the
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surface (0 to 150 m), not below the pycnocline. Either our observa-

tions represent a very poor sample, or flow to the north is not at all

common in the coastal region at any depth except the surface layer.

A low value for mean speed may be due to: 1) a majority of low

speed observations, or 2) a range of velocities with widely varying

directions. Only a majority of large speeds, headed in the same di-

rection, produces a large mean speed.

The variation of net drift with depth is illustrated in Figure 3.

The mean values for direction and speed are indicated by open cir-

des; individual drogues are represented by solid dots.

The variations, both in direction and speed, go through a mini-

mum at about 100 m. At depths greater than 300 m the number of ob-

servations is too small for computation of valid averages and varia-

tions. Table 3 illustrates the distribution of the drogue observations

about each mean value. To illustrate the variables we have computed

percentages of 'cluster" around the mean.

Table 3. Distribution of speed and direction of currents
about their means.

Depth Mean Direction Mean Speed Percent Within Percent Within
(m) (degrees) (cm/sec) (± 25%) (± 2 cm/sec)
0-10 156.1 9.9 32 13

40-60 151.3 6.2 25 17

75-150 151.5 4.8 35 35

200-250 165.5 6.2 37 37

500-550 201.5 5.1 25 75
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From Figure 3 and Table 3 we can draw several conclusions:

1) The water in the upper 10 meters had a southward net direc-

tion and a high mean speed. Cluster percentages both for direction

and speed, were iow.

2) Water at a depth of 40-60 meters had a more easterly direc-

tion than water at any other depth interval. Cluster percentages for

speed and direction were low.

3) The smallest mean water speed at any depth was at 75-150

meters (within pycnocline). High cluster percentages for both cur-

rent direction and speed resulted from observations grouped largely

near the mean values.

4) The flow at 200-25 0 meters depth exhibited slightly less

variability in current direction and speed than the 75-150 meter layer.

The majority of observations were closer to the mean values than in

the 75-150 meter layer.

5) The water flow at 500-550 meters depth was to the west of

south. The current direction and speed percentages are useless,

however, due to the small number of observations. While the range

in speed was not large, the direction cluster percentage was small

(Fig. 3). This is because there were few observations and they were

scattered over an appreciable spread in direction. The variability in

speed was small and the mean was approximately in the center of the

range.
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At 10 m depth the general direction of flow was southward in the

summer and northward during fall and winter. During spring (and

some fall periods) the currents tended to be transitional and variable.

These observations are in agreement with known mean seasonal fluc-

tuations in surface current direction. The drogue data appear to corn-

pare well with both ships drift data, and with surface currents as in-

ferred from drift bottle recoveries (Burt and Wyatt, 1964, and

Maughan, 1963). Figure 4 illustrates the direction of surface cur-

rents and those at a depth of 10 meters. The agreement in direction

is fairly good in summer. More variability in direction between

ships' drift observations and drogue measurements is noted during

the winter than during summer.

Unknown errors are present when two types of observations are

compared. The ships' drift is a combination of surface water motion

plus movement caused by the wind forces on the sail-surface of the

ship. These two methods of measurement may produce divergent re-

sults.

Vertical shear

The drogue data are probably most useful for obtaining esti-

mates of the vertical shear. By shear we mean the change in hori-

zontal velocity with change in depth. Figure 5 shows the mean veloc-

ity of each drogue on a cruise-by-cruise basis.
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Figure 1i. Direction of surface currents vs. currents at lOin depth.
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A change in current direction often occurred between 75 and

150 meters. A speed minimum also occurred frequently at this depth

interval. This is undoubtedly related to the fact that the pycnocline

lies in the depth interval 75 to 200 m. Table 4 lists the components

of vertical shear.

Table 4. Vertical shear derived from mean velocities of drogues
-3 -1 v -3 -1

Month Depth (m) (x 10 sec ) (x 10 sec

Jan 10
(1962) -1.94 +0.08

50 -0.55 +0.66
100 +0.070 +0.24
150 +0.52 +0.29
200

Jan 10
(1963) -0.903 +0.122

50 +1.15 +0.356
100 -0.471 +0.818
200

Feb 10 -0.26(1962) 50 -0.44 +0.20
100 +0.02 -0.06
150 -0.02 +0.14
200

March 10
(1965) +0.22 +0. 004

100 -0.16 +0.21
200 +0.13 +0.18
500

May 10 -0.06 -0.22
(1962) 50 +0.40 +0.46

100 +0.26 +0.46
150 -0.58 -0.32
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Table 4 Continued

-3 -1 (x lO3sec1)Month Depth (m) (x 10 sec

May 200
(l96) 1000 +0.002 +0.05

May
(1964)

10

40

200

+0.16
-0.20

+0.39
-0.24

June 10 +2.09 +2.39(1963) 30 -1.34 -3.67
60 +1.64 +1.13
90 -0. 10 +3. 07

120 -0.013 +0.014
240

July 10 +0.38 +0.80
(1962) 100 0. 18 -0.83

150 -0.25 -0.08
250 +0.07 +0.24
550

July 0 +1.7 +1.7(1965) 10 -0.7 +1.6
20 +0.25 +1.2

100 -0.09 +0.08
200 -0.037 +0.09
500

August 10 -1.60 +1.59(1963) 30 -1.99 +2.40
60 +0.11 +0.56

120 -0. 34 -0.95
200

2.26 +1.10
50 -5.62 -0.08



Month Depth (rn)
Table 4 Continued

l03sec)

37

103sec')

Sept 100
(19 62) +0.17 +0.50

150 +0.89 +0.34
200 -0.06 -0.24
250 -0.002 -0.042

1000

Sept 10
(1965) +0.88 -0.355

50 +1.18 -0.91
90 -0.079 -0.22

200

Oct 10 -0.83 +1.08
(1964) 75 +0.002 -0.35

500

Nov 10 +1.50 +4.57
(1962) 50 -0.04 -1.86

100 +0.05 -0.124
200 -0.14 +0.257
300 -0.048 +0.041

1000

Dec 10 -0.1 -0.68(1964) 100

Minimum shear occurred near the center of the pycnocline

(75-200 m). The shear is larger at the top and bottom of this layer.

Between 150 and 250 meters the vertical shear increases. From 250

meters down to our deepest drogues we find a decrease in shear

again.

A feature illustrated in Figure 5 and Table 4 is the change in
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direction of shear with depth. Figure 6 illustrates the results in con-

densed form.

A surface-layer Ekman spiral would be represented in this dia-

gram by clockwise shear from 0 to 50 or 100 meters. This upper

layer of water was flowing in a manner consistent with the theoretical

Ekman spiral only on 7 cruises. On the other 8 cruises the near-

surface shear was counterclockwise.

A counterclockwise shear at 500 m occurred on six cruises. A

counterclockwise shear is produced when friction exists between the

ocean floor and a near-bottom current. This shear is an inversion of

the surface Ekman spiral. Ekman theory suggests that the thickness

of the layer of frictional influence may be 100 meters. The actual

water depth was between 650 m and 1200 m. We conclude that the

subsurface currents at depths greater than 500 m were probably in-

fluenced by bottom friction.

In general, then, the flow of upper water off the Oregon coast

does not exhibit an Ekman spiral kind of shear. If the classical

spiral commonly exists off our coast, it must be limited to the upper

few meters. A change in direction of shear occurred within the pyc-

nocline in 11 of the 15 cruises. The pycnocline evidently exerts a

strong effect.
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Figure 6. Sense of vertical shear in horizontal velocity.



Volume Transport

We have estimated the volume transport from interpolation of

velocities between drogue measurements, assuming a linear change

in velocity with depth between drogue depths. Usually no surface

drogue was available; the velocity was assumed uniform from 10

meters depth up to the surface. A simple numerical integration was

performed using the velocity components of the drogue. Table 5 lists

the transports, by northward and eastward components, for each

cruise.

A reversal with depth in direction from east to west or north to

south, or vice versa, occurred four times. Twice the change in di-

rection with depth was simulteneous for both components i. e. , the

total transport changed in direction by 900 or more.

There is little change in the meridional transport estimates in

the upper 200 meters (Table 6). At greater depths transport is still

to the south but at a lower rate per month. The zonal transport, how-

ever, exhibits a systematic change with depth. The mean transport

is toward the east in the surface layer. The rate decreases with in-

crease in depth and becomes almost zero at 200 meters depth. Be-

low this depth, the zonal transport is toward the west. This flow pat-

tern is in agreement with upwelling conclusions of Smith and Collins.

Figure 7 illustrates the transport off the Oregon coast.
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Table 5. Volume transport for each cruise
Jan (1962) Jan (1963) Feb March May (1962) May (1964)

-103cm3sec) (xlO3cm3/sec) (xl03cm3sec) xlO3cm3/sec) (xlO cm/sec) (xlO cm/se

51.5 -2.3 57.4 -7.0 13.5 -25.3
51.5 2.3 -7.0 13.5 -25.

21.4 +5.2 -6.0 17.8 -12.8
72.9 +2.9 102.8 -13.0 31.3 -38.

15.4 +7.9 43.2 -4.8 26.2 -12.8
88.3 +10.8 146.0 -17.8 -50.

9.8 +7.9 41.2 -4.8 22. 1 -12.8
98.1 +18.7 187.2 -22.6 79.6 -63.2.0 30.8

-20.6 110.44.0 61 6
-16.6 172.0

-19.6
-10.3 -19.6
+3.029.9

-26.9
-19.4

-91.2
-91.2-85.2

-176.4-60.3
-236.7-60.3
-297.0

-38.4
-38.4-29.2
-67.6-27.4

-26.5 -95.0
-121.5

-52.2
-52.2-52.0

-104.2
-149.7
-195.2
-248.9-107.4

-5.0
-2.2
3.3

11.0
34.9
69.8

-5. 0
-7.2

2. 1

13. 1

48.0
117.8

3

1

7

-20. 8
-20.8-27.6
-48.4-27.6
-76.0-27.6

-103.6



June (1963)
3 3Zm (xlO cm /sec)

0 -7.0
50 -7.0-0.5

100 6. 33 7.5
T 50 -1.2+4.45

200 +3.2
300

500

July (1962)
(x103 cm3/sec)

-5.4

2.4
-6.3

-13.6
-29.2

-5. 4
-9.0
-6. 6
-12.9

-26.5
-55. 7

Table 5 Continued
July (1965) August (1963)

3 3 3 3
(xlO cm /sec) (xlO cm /sec)

14. 1

16.0

18.7
18.7
27.6
55.2

14. 1

30. 1

48.8
67.5
95.1

150.3

0
-30.8 -55.2 -73.4

50 -46.6 -30.8 -5]..6 -55.2 -60.2
100 -106.8 -133.6-11.1 -43.9

T. 150 -88.5 -150.7 -167.1-1.6 -56.2
200 -90. 1 -206.9 -200.6-96.2 _
300 -303.1 -249.9

-159.8. -98.6
500 -462.9 -348.5

62.7
+37.2 62.7

+31.0
+28.8

130.9

159.7

-100.0

-61.6 -100.0

-62.7 -161.6

-67.0 -224.3
-291.3

Sept
(x103 cm3/sec)

152.0
52. 1

-13.6
-0. 2

+14.4
+15. 6

-8.3

+4. 0

+16.2

+13.6
19.1

16.6

152.0

204. 1

191.0
190.8
205. 2
220. 8

+11:9

25.

44. 6
61.2

Sept (1965)
3 3

(xlO cm/sec)

+27.6
27.6+52.1

+60.0 79.7

+60.0
199.7

-37.8
-37.8-48.4
-86.2-60.4

-146.6
-60.4

-207.0
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Table 5 Continued

Oct Nov

Zm (x103 cm3/sec) (xlO3 cm3/sec)

0
-41.9 -21.6

50 -41.9 -21.6
-45.1 -4.2

100 -87.0 -25.8
-58.0 12.4

150 -145.0 -13.4
_58, 0 12.4

200 -203.0 -1.0
-116.0 51.9

300 -319.0 +50.9
0 124.0

500 -551.0 174.9

0
12.0 -7.2

50 12.0 -7.2
+6.9

100 17.4 -0.3
-4.8 -19.5

150 12.6 -19.8
-4.8 -19.5

200 7.8 -39.3
-9.4 -32.4

300 -1.6 -71.7
-18.8 -10.6

500 -20.4 -82.3

3
(xlO

3
cm /sec)

19.2

19.2
18.7

37.9

17.2

14.2
17.2

31.4
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Figure 7. Schematic diagram of transport off the Oregon coast
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The depth of small mean zonal flow lies within the pycnocline. It is

interesting that there is only a small reduction in meridional trans-

port within the pycnocline (75-ZOO m). In other words, the low speeds

in the pycnocline reflect low east-west transport.

Table 6. Mean monthly transports
Depth (m) Mean transport/month (1 cm3/month/cm)

Northward Eastward

0 -88.24 (to S.) 49.68
50 76.79 33.47

100 -68.16 24.96
150 -68.65 22.81
200 -69.24 -1.07
300 -114.30 -0.30
500

Periodic motions

Fluctuations in direction and speed of movement were observed

on all of the drogue trajectories. It was not immediately apparent

whether these were periodic (perhaps tidal) or random and associated

with turbulence. Belevich (1962) has concluded that tidal currents in

the open ocean are significant, hence interpretations of measured

flow as steady current must be carefully approached. Reid (1962) has

noted significant periodic fluctuations in the California Current. Ob-

servations by Knauss (1962) with neutrally buoyant floats have shown
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periodic oscillations which were not in phase from depth to depth.

The autocorrelation analysis discussed in the Analysis of Data

section was used to examine the data for the possible existence of a

dominant period for each trajectory. Table 7 lists the phase angles,

(8 , 8 ), amplitudes (A , A ) and the reality parameters (p , p ),x y x y x y
and N/2 (N = no.obs), all associated with the dominant periods (T,

T). Figure 8 shows the distribution of the periods found.

Frequencies near the semi-diurnal tidal period show definite

prevalence; periods between 11 and 14 hours were indicated 65% of

the time. Small peaks also appear around 17.5 and 25.0 hours, the

inertial and diurnal tidal periods. However, dominance of fluctuations

of these periods was rare. A criterion for inertial motion is the pre-

sence of circular clockwise motion. In order to evaluate the possible

reality of these periodicities we examined the reality parameter, p

Figure 9 illustrates the frequency distribution of the p-values

according to the period-intervals used for the three peaks: semi-

diurnal period (11-14 hours), inertial period (16-19 hours), and di-

urnal period (24-26 hours).

As indicated in the Analysis of Data section, values of p close

to 1 indicate periodic variations that are most likely to be real.

From the data of Figure 9 we see that the semi-diurnal distribution

has 58% of its p-values in the range 1.0 to 1.3. These iow p's are

convincing, since there were 37 periodic components in the 11 to 14
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hour distribution. The number of series in the inertial peak distri-

bution were only 7. However9

3 of the 7 series have p -values be-

tween 1.1 and 1,2 There were only 3 series with a diurnal period

The p-values were between L 3 and 1.8. We conclude that the semi-

diurnal periodicities are real. The inertial period is probably real.

The diurnal period occurred on so few cruises that we cannot be ob-

jectively convinced of its reality



Table 7. First order periodic motions of drogues, derived by autocorrelation analysis
Z(m) T T A A 6 6 N/2 p p

x y x y x y x y

May 10 12.50 12.50 0.50 0.44 130.9 194.1 58.5 1.249 1.131
1964 10 11.75 12.50 0.40 0.49 107.3 196.0 58.5 1.413 1.112

40 25.50 14.75 0.41 0.88 10.4 200.6 60.5 1.704 1.479
40 12.50 12.00 0.50 0.30 85.9 148.5 51.0 1.281 2.932
40 4.00 4.50 0.07 0.06 308.7 202.0 19.0 1.973 1.486

200 11.75 12.50 0.25 0.77 49.0 152.8 55.5 1.924 1.263
200 12.50 13.00 0. 34 0.83 84.2 170.9 52.5 1.986 1.527

Oct 10 12.50 17.00 0.63 0.88 274.3 157.1 46.0 1.615 1.115
1964 10 13.25 12.50 0.66 0.73 259.8 20.0 47.0 1.126 1.129

75 10.00 11.25 0.30 0.37 214.7 41.8 47.0 2.184 1.371
75 14.00 11.00 0.68 0.30 275.9 1.9 47.0 1.118 1.270

500 Not available

Dec 10 14.00 11.50 0.55 0.40 116.8 140.9 41.5 0.908 1.084
1964 10 11.50 12.00 0.49 0.42 62.8 163.4 40.0 0.858 1.038

100 18.00 12.00 0.40 0.49 80.7 67.8 41.0 1.183 1.023
100 9.00 10.00 0.06 0.23 120.9 293.3 23.0 2.448 1.264

Mar 10 11.25 11.25 0.17 0.40 198.0 240.2 56.0 1.646 1.286
1965 10 13.50 10.00 0.29 0.33 246.2 205.5 51.0 1.173 1.133

10 19.50 19:50 0.50 0.23 105.7 194.3 36.5 0.929 1.073
100 12.50 12.50 0.13 0.27 193.2 259.8 96.0 1.237 1.480
100 38.00 12.50 0.09 0.23 320.3 260.7 96.0 1.597 1.593

'C



Table 7 Continued
Z(m) Tx T Ax A 6 5 N/2 p x p

y y x y y

Mar 100 12.50 3.50 0.60 0.14 248..5 33.2 30.0 l.l4 1.539
1965 200 11.50 11.50 0.15 0.43 225.5 240.0 48.0 1.170 1.062

200 27.00 11.25 0.14 0.37 275.2 195.6 99.5 1.840 1.290
200 26.00 11.50 0.13 0.25 331.8 29.5 42.0 1.529 1.372
500 10.50 10.00 0.19 0.32 273.1 257.6 17.5 1.037 1.135

July 0 10.50 12.00 0.27 0.43 354.7 131.4 41.0 0.943 0.977
1965 0 17.50 17.00 0.50 0.75 180. 1 228.0 41.0 0.853 1.062

10 12.50 13.50 0.43 0.61 85.1 179.9 40.0 0.829 0.953
10 7.00 10.00 0.10 0.36 136.1 166.7 33.5 0.848 0846
10 13.25 11.00 0.40 0.28 172.1 191.9 64.5 1.503 1.905
10 11.50 11.50 0.22 0.19 84.4 206.2 64.0 1.036 2.020
20 12.50 13.50 0.44 0.22 247.9 71.7 54.5 0.928 1.590

100 16.00 96.00 0. 18 0.52 358.3 157.7 112.5 2.892 0.892
100 16.00 25.00 0.19 0.55 32.4 56.0 110.5 2.285 0.949
200 11.00 24.00 0.23 0.67 55.8 5.6 114.0 2.551 1.011
200 10.50 96.00 0.21 0.59 0.3 157.7 113.0 2.305 1.000
500 11.25 12.00 0.12 0.17 40.4 177.6 114.0 4.048 2.308

Sept 10 12.50 13.50 0.34 0.37 274.7 72.2 113.5 1.815 2.192
(1965) 10 27.00 24.50 0.17 0.36 344.8 15.9 114.5 1.889 1.316

50 40.00 16.50 0.42 0.46 203.1 135.2 110.5 1.599 1.578
90 41.00 16.50 0.83 0.37 206.1 132.4 107.0 1.096 2.012
90 40.00 18.25 0.87 0.42 194.2 163.5 108.0 0.871 1.890

200 40.00 38.25 1.09 0.52 218.9 333.4 103.0 0.808 1.213
200 35.00 41.00 0.57 0.51 179.6 336.9 104.5 0.919 1.136
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Two of the analyses implied periods of at least twice the 48

hours of the series (not shown on the figure). The usual absence of

periodicities greater than 40 hours in length may be explained in sev-

eral ways. Perhaps periods greater than 40 hours in length just do

not dominate the flow often. Periodicities longer than half the length

of the data series cannot be well defined (Conrad and Pollak, p. 423)

(our series length is 25 to 50 hours). However, to examine data for

periods longer than 39 hours the data series should be at least 78

hours in duration.

The shortest period found was 3. 5 hours. The absence of pen-

ods of less than 3.5 hours in length may be explained by: 1) Persis-

tent periods of less than 3. 5 hours may not dominate the motion very

often. This we believe to be the major factor. 2) The physical tol-

erances of the drogue tracking system limit measurement of fluctua-

tions of high frequency. The drogue parachutes have appreciable

cross-section and may 'hold' a large mass of water. The mass of

water represents a definite inertia; it takes a period of time to trans-

fer motion through the connecting line. Probably the prime source of

error, however, is the accuracy of the radar fix. The limiting high

frequency of fluctuation of currents, at velocities observed, is of the

order of 1 or 2 hours.

The phase angles and amplitudes associated with the dominant

periods are shown in Table 7. In general the phase angles varied
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with depth. However, there was also usually a difference between

phase angles for pairs of drogues at the same depth. Frequently,

the agreement in phase for drogue pairs existed for only one direction.

Tidal theory which neglects the presence of internal waves and

bottom friction predicts uniform periodic variation throughout the

water column. For small horizontal distances there should be no

difference in phase angle, and the horizontal excursion (displacement)

should be the same. Field results show several deviations from

these expectations. There is only coarse agreement between mea-

surements made at a specified depth and separated by a short dis-

tance (ca. 1 nautical mile). From these differences, it seems ob-

vious that we are not observing effects only of a classical, simple

tide.

Sampling errors

Uncertainties in the results are aggravated by two types of er-

rors known in kind but not in effect: errors due to acquisition of data,

and errors due to the analysis of the data. First consider the samp-

ling errors due to acquisition of data.

Some errors may have been introduced by our choice of sailing

dates. Sailing for our first six cruises was contingent upon reason-

ably calm weather. While weather conditions still cannot be dis-

counted, this influence has been reduced by the use of a large vessel
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and excellent radar. We are currently attempting to combine a RDF

(radio direction finding) system with the radar techniques already in

use. This combination will be helpful in rough sea conditions. Lo-

cation errors were discussed in the Analysis of Data section.

The second part of sampling errors deals with analysis errors.

Conrad and Pollak provide an estimate of error; they solve a

problem.' Their data series consisted of two sinusoidal periods of

unequal amplitude plus random fluctuations. The series length was

4 times the dominant period length; forty-two observations comprised

the series. Their values based on the 'solved problem' suggest an

error of less than ±2% for both the period and amplitude determina-

tion. The determination of phase angle has an uncertainty of less

than ±50. Since our data series are numerically similar to theirs

we believe that these error estimates by Conrad and Pollak are ap-

proximately applicable to our results.
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DYE EXPERIMENTS

Review of dye dispersal experiments

Dye dispersal experiments provide information about mean cur-

rents and turbulence. Diffusion models exist that describe simple

two-dimensional diffusion. Diffusion is more readily measured by

dye dispersion than is the mean flow. To date, however, the appli-

cability of diffusion models has not been adequately verified by field

tests in the open ocean. No known attempts have been made to deter-

mine subsurface currents from dye dispersal experiments.

Most researchers have considered diffusion models without

velocity terms. The use of the models has been, in general, more

qualitative than quantitative. A simple model by Ichiye (1963) is one

of the few models with mean velocity terms included.

Most dye dispersal experiments and data analyses, conducted

to date, have been in rivers, major lakes and bays. Representative

work in such enclosed areas has been done by Ebel (1964), Csanady

(1964), p.85-101), Cline (1960), Fisher (1962a, l6Zb, 1963a, 1963b,

1963c), Gallagher (1963a, 1963b). Representative work in the open

ocean has been summarized by Okubo (1962, 1964). Interesting mdi-

vidual studies have been reported by Isayeva (1963), Ichiye (1964),

Costin (1963), and Katz (1965). All of the published data on dye

spreading in the oceans,moreover, have been derived from
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observations made at the surface (depths of 3 meters or less).

The oceanic work has usually commenced with the dispersal of

about a barrel (20-50 gallons) of dye solution on the sea surface. The

changes in the resulting patch of dye have been observed both by pho-

tographic observation from airplanes, and by sampling of the surface

ocean water for determination of the presence of the dye material.

These surface experiments have encouraged researchers to formu-

late several diffusion models, but a diffusion model incorporating the

various real-life complexities of the ocean has yet to be presented.

Through the presentation of the field data, and a discussion of it,

the strong and weak points of the two best-known contemporary dif-

fusion models will be considered. The data presented here and new

data obtained from experiments was made at the surface and at sub-

surface depths.

Fluorometr

Fluorometry is the detection and measurement of fluorescent

radiation caused by certain types of molecules. A necessary condi-

tion for the molecules is that they possess available pi states. Fluo-

rescent radiation is produced when the molecules make a direct

transition from an excited vibrational singlet state back to the ground

state. The length of time required for the transition is approximately
o8 seconds. Artificial stimulating radiation is usually provided to
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make the molecules enter the excited state.

Molecules that possess certain types of resonant bonds are of-

ten good radiators of fluorescent energy. Many organic compounds

fall into this category. Rhodamine B (alkyl aminophenol derivative)

has long been recognized as one of the most efficient fluorescing

compounds.

Operation and selection of fluorometers The instrument that

produces, detects and measures the presence of fluorescence is

called a fluorometer. A fluorometer consists of three parts: a

source of stimulating radiant energy, an optical system including a

photomultiplier to detect the fluorescent radiation, and a means of

measuring the level of fluorescent radiation. The source of stimu-

lating light is a spectral lamp, often a mercury vapor lamp. A spe-

cial power supply provides the current necessary to operate the lamp.

The detector system consists of several sections. A light shut-

ter is used to control the level of incoming monochromatic light. The

radiation passes through a set of primary filters that pass only the

wavelength that causes excitation of Rhodamine B molecules (5500A).

Fluorescent radiation is produced when the monochromatic light

passes through the cuvette (test tube). A set of secondary filters

subsequently pass only the fluo re scent radiation (57 OOA). When flu

orescent radiation is detected by the photomultiplier, a small voltage
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is produced.

The third part of any fluorometer provides a means of evalu-

ating the voltage produced by the fluorescent energy. A Wheatstone

bridge with a null meter often performs this task. Other fluorome-

ters record via readout meters that are physically separated from

the fluorometer.

Three fluorometers were evaluated for possible use; two were

used in the field experiments and lab work: the Turner fluorometer

and the Farrand fluorometer.

The Turner fluorometer contains both a detector of fluores-

cence and a readout system. A mercury lamp provides the excita-

tion energy. The level of excitation energy is adjusted by a light

shutter that contains 4 light apertures. (To change the aperture a

door in the fluorometer is opened. ) The radiation passes through a

set of primary filters (5500A) and then, as monochromatic light,

through the cuvette that contains the sample solution. Fluorescent

radiation that leaves the cuvette at a right angle to the incident light

passes through a second set of filters (5700A).

The photomultiplier tube produces a voltage that is proportional

to the level of fluorescence. The voltage is displayed via a self-

balancing bridge, and the level of fluorescence is obtained from a

readout dial calibrated in percent-U to 1UU. Dial accuracy is about

± 1/2%. The only provision made for measuring over a wide range



of concentration is the c:hoice provided by use of four light apertures.

Excitation energy for the Farrand fluorometer is provided by a

high-pressure mercury lamp. The radiation level is externally ad-

justed by a light shutter with six graduated apertures. The primary

filters (5500A) are placed in a collimated light beam between the cu-

vette and the light shutter, and collimated fluorescent radiation is

passed by a second set of filters (5700A) located between the cuvette

and the photomultiplier tube.

The electrical signal produced by fluorescent radiation is de-

tected via an electronic microammeter. The range of concentration

levels is scanned by the use of one or more of the six meter-scales.

The accuracy of the combined electrical system is 1-2% on the most

sensitive scale used.

Calibration of fluorometers. Rhodamine B powder diluted with

distilled water was used as the fluorescent material in the calibration

of both fluorometers. The tests were made repeatedly; each time a

different light aperture setting on the instrument was used.

Figure 10 shows the data from calibration of the Turner flu-

orometer. Our tests showed that the instrument had a threshold

sensitivity for Rhodamine B of about 5xlO gm/cc water. (The

high sensitivity kit was used with the fluorometer to obtainthis value.;

Figure 11 contains the calibration curves for the Farrand
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instrument. The Farrand instrument, apparently, has a threshold

sensitivity for Rhodamine B of about 4x10 gm dye/cc water. Be-

cause of the high sensitivity, quartz optics, and ease of selection of

light aperture, we chose the Farrand instrument for the latter por-

tion of our field experiments.

Variability of fluorescence with change in temperature

Fluorescent-dye compounds tend to undergo a decrease in fluores-

cence emission with increase in temperature; this change is indepen-

dent of change in quantity of dye. Feuerstein, etal. (1963) has ex-

perimentally determined the relationship between fluorescence and

temperature shown in Figure 12.

During our field experiments the temperatures varied between

7 and 11 degrees Centigrade. According to Figure 12 this corre-

sponds to a change in fluorescence of 9%. In practice we usually did

not apply a temperature correction, although temperatures were

measured while the samples were being tested. A change in temper-

ature of 2 to 3 degrees during an experiment was within probable ob-

servational error in the fluorescence data.

Effect of susoended material on natural fluorescence back-

ground. Background levels for offshore water were examined. Flu-

orescein dye compound appears to have a higher natural background

fluorescence than Rhodamine B or Pontacyl Brilliant Pink. Water
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Figure l2 Efficiency of fluorescence as a function of
temperature.

samples were taken at a standard hydrographic. station 75 miles west

of Newport Oregon, and examined at the shore laboratory. The

samples were divided into two lots samples were measured without

centrifugation and samples were first centrifuged and then measured

A Turner fluorometer with high sensitivity attachment, was

used. The concentration scale is on the basis of 100 units or %) of

full scale on the readout dial. The drift of the servoindic,ator was

about ± 1/2% so this was considered the threshold of the fluorescene

measurements
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Figure 13 shows the results of the laboratory tests. Fluores-

cein dye emission wavelength appears to have a higher natural back-

ground than Rhodamine B or Pontacyl Brilliant Pink. Only trace

values were indicated on the readout dial for these two compounds.

A comparison between the centrifuged and uncentrifuged samples for

natural Fluorescein background suggests that a small but detectable

change occurred in the readings. On the basis of this figure there

are no materials in offshore sea water that interfere noticeably with

the emission spectra of either Rhodamine B or Pontacyl B dye

compounds.

Effect of susDended material on adsorotion of dye comoounds.

We estimated adsorption of Rhodamine B dye on suspended material

from published results (Feuerstein etal., 1963). A graph based on

their data is shown in Figure 14. They centrifuged their samples

before measurement. Their results indicated that as chiorosity in-

creased, adsorption decreased. With a heavy sediment load (200

mg/l), and 0 chiorosity, 46% of the Rhodamine B dye present could

be detected. For the same load at 18 gm/l chlorosity, 92% of the

dye present could be detected. At a lower load of 25 mg/l and 0

chlorosity, 88% of the dye present would be recorded. At 18 gm/l

chlorosity, the detectable amount will be more than 92%; perhaps

98 or 99%. Because the data showed that the amount of adsorption
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Figure 13. Natural fluorescence level for Fluorescein, Rhodamine
B and Pontacyl EP dye compounds.
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in saline water is low, we decided that it was not necessary to cen-

trifuge the samples before measurement. The suspended material

tends to reduce the effective fluorescence9

but the tracer adsorbed

on the dye will fluoresce and partially compensate for the loss due to

scattering
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Preparation of dye solutions. Rhodamine B dye is available

both in powder form and in concentrated solutions. Dispersal of dye

in powder form has proved difficult (Nickerson, 1961 and Ebel, 1964).

Suppliers of Rhodamine B solutions recommended two solutions as

being useable in sea water. The first solution included acetic acid

as the main solvent; the second solution was with ethylene glycol. The

suppliers were able to provide only a rough specific gravity value

for the "acetic acid" formulation, and only a few density values at

various temperatures were quoted for the ethylene glycol solution.

To use these solutions it was necessary to determine the change

in density with temperature. The volume change associated with

change in temperature was also determined in several tests. When

measuring out volumes of dye solution and solvents it is often more

necessary to know the correct volume at room temperature rather

than to know the density alone at room temperature.

Because the "acetic acid" dye solution had a density greater

than sea water, laboratory tests were made to determine the change

in density (specific gravity) of acetic acid with progressive addition

of methyl alcohol. The tests were made at three temperatures. Suc-

cessive volumes of methyl alcohol were added to 35 ml of glacial

acetic acid. The mixing ratio curves in Figure 15 show the amount

of solvent to add to a known volume of acetic acid at room tempera-

ture to obtain a desired density.
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The Handbook of Chemistry and Physics (p 2067) contains an

equation for the cubical expansion of methyl alcohol. Figure 16 illus-

trates the volume change of various aliquots of alcohol with tempera-

ture change. This figure was used to determine the alcohol volume

at room temperature when given the volume ata different temperature.

The cubical expansion equation was used to determine the

change in density with variation in temperature (shown in Figure 17).

During the preparation of the dye solutions it was often necessary to

know alcohol density at different temperatures.

The relationship between ethylene glycol density and tempera-

ture was determined in laboratory tests. A concentrated solution of

Rhodamine B (BMG) dye in a graduate cylinder was placed in a ther-

mostat. Observations of density change with temperature variation

(14-24°C) were made via a hydrometer. Three data points obtained

from the du Pont Company technical representative are included in

Figure 18. Apparently dye density was greater than the value noted

by the company. A relationship between ethylene glycol density and

temperature variation was determined by an approximate empirical

curve. The two curves shown have slightly different slopes. The

difference is caused by an actual mixing ratio that isdifferentfromthe

company s formulation.

Prior to dispersal, the dye solutions were adjusted so as to

have a specified density at a certain temperature. In all cases the
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dye solutions were initially too dense. They were diluted either with

distilled water or with methanol. It was assumed that the sum of the

liquid volumes before mixing was equal to the total liquid volume af-

ter mixing. The error introduced because of this assumption was

small (1 to 2%) in the overall adjustment process. The equation used

to determine the amount of alcohol or water needed for any desired

density change in the dye solution was:

PdVd +PaVaV =V +V =
5 d a p5

where Vd, Va, and V refer to volumes for dye, alcohol,
and solution and Pd' a' and p5 refer to densities for dye,
alcohol, and solution.

In field work we decided on the dye dispersal depth and the den-

sity of the dye solution was then adjusted to match the in situ

conditions.

Observations at sea

Techniques of dye dispersal. Use of fluorescent dye at depth

demands the capability of placing the dye in the subsurface water.

The dye can be placed at the desired depth by: 1) pumping the dye to

the depth; or 2) by carrying the dye volume to the depth and then dis-

persing it. We chose the latter of these choices.

The dye solution was placed at the desired depth by using
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the hydro line on the ship. A dye container was attached to the hydro

line and lowered over the ship-side.

A dye container must satisfy two requirements: 1) The contain-

er must break rapidly and thoroughly or rapidly empty itself; and 2)

The container must be easy to handle and to connect to the hydro line.

We tested rubber balloons and after some difficulties found that they

could be used as dye carriers. If we placed one balloon inside a

second one, the filled balloons were quite resistent to accidental

breakage. Breakage usually occurred only after more than 3-1/2

liters of liquid were pumped into the inside balloon.

A small air pump provided the necessary pressure. The air

was directed into a heavy-walled glass bottle through one hole of a

two-hole stopper. Dye fluid flowed out the second hole of the stopper

via a long glass tube and hose network. The fluid passed through a

small rubber stopper and into the inner rubber balloon. After the in-

ner balloon was filled, the two nozzles were tied off and any droplets

of dye on the nozzles were removed. During the pumping operation,

the balloon was kept in a small plastic bucket to minimize the effects

of accidental spillage and balloon breakage. The filled balloons were

left in their individual buckets (covered) until they were needed.

When we used the 'acetic acid' dye formulation however, the

rubber of the balloons dilated and leaked dye. A petroleum jelly

coating was applied on the inside balloon surfaces and prevented
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leakage for about 6 hours. Petroleum jelly however, prevented rapid

movement of the rubber surface5 in flexing. The result was that of-

ten one or both balloons broke after being rolled about in the tests.

In recent experiments we used a solution of dye with ethylene glycol

instead of acetic acid. Talc powder was substituted for the jelly.

The talc powder permitted expansion and movement of the full bal-

loons with no breakage.

During the first subsurface field experiment we lashed the bal-

loon to the hydro line. We found this method unfavorable and designed

a balloon carrier. The carrier is cylindrical; the diameter is 18

inches and the height of the basket is 4 inches. The basket is lined

with 0.6 cm mesh netting to provide support for the balloons. The

basket is large enough to hold up to 4 balloons at a time; under these

conditions each of the balloons holds up to 2-i/z liters of dye solu-

tion. A similar piece of netting is placed over the top of the balloons

and basket and is fastened in place with binder rings. The balloon

carrier is clamped to the hydro line by means of a Nansen bottle

clamp welded to the underside of the basket.

A special messenger was made to break the balloons. Eight

spikes, each 7.5 inches long were welded to the outside of a 6 inch

diameter collar. A standard messenger was brazed to the center of

the collar. When the messenger was released, it descended on the

wire and hit the balloons. The combination of the many sharp spikes
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and the tension of the balloons' surfaces resulted in a rapid release of

dye with minimum input of energy.

Methods for obtaining sea water samples after dispersal of dye.

Two methods were used to obtain sea water samples; hydrocasts, and

subsurface pumping. The hydrocasts were made by using both

Frautschy and Nansen bottles.

Just prior to dye dispersal a hydrocast was made. Fluoromet-

nc analyses were made from each of the Nansen bottles to determine

the natural fluorescence level. The results of a quick plot of the

temperature profile suggested any necessary change in depth of the

dye dispersal. We believe that this corrective measure reduced the

vertical movement of dye after dispersal.

The dye was dispersed after the first hydrocast. As soon as

the dye dispersal apparatus was cleared from thehydro line, Nansen

bottles were put back on the line for sampling purposes. Hydrocasts

were made as rapidly as possible; usually at 20 minute intervals.

Nansen bottles were placed at various depths; including bottles above,

within, and below the depth of dye dispersal. After the Nansen bot-

tles returned to the surface, water samples were drawn into glass

bottles. The bottles were checked for presence of dye material.

The subsurface pumping method was used on the 5 more recent

dye tests. A submersible pump was used to provide the pressure
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needed for a high volume flow. The pump provided a flow rate of

about 30 gallons per minute. Conventional garden hose was used to

bring subsurface water into the wet-laboratory. On four of the five

tests made with the pump system, samples were drawn from the hose

and placed into glass bottles. The sampling rate was limited to the

rate at which the bottles could be handled; this turned out to be three

bottles per minute- -a real improvement over the hydrocast method.

For the last dye test, a continuous flow cell was used (see Figure 19);

thus eliminating the need for drawing discrete samples and later

making the fluorometric analyses. The flushing rate for the flow cell

was determined to be about once per second. Continuous sampling is

provided by the use of the pump and flow cell system.

Discussion of experimental dye concentration data. According

to Okubo (1962), in the ocean only 5 diffusion experiments have been

made which provided numerical results. For this reason it is diffi-

cult to draw definite conclusions on how the ocean behaves. Figure

20 shows the results of the 4 dye experiments contained in his review.

The curves show a relationship between dye concentration and time

on a log-log scale. The experiments were made at different geogra-

phic locations. Two of the experiments suggest a dye concentration

vs. time dependence of St2 while the other two experiments suggest

a dependence close to S t3. The data were obtained from the upper
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3-4 meters of water.

Results from our first dye experiment are shown in Figure 21.

The dye experiment was made in I\4ay, 1964. The dye was dispersed

at a depth of 100 meters. Figure 22 illustrates the locations of the 8

stations at which water samples were taken.

Water samples were obtained from depths of 25, 50, 75, 100,

125, 150, and 175 meters. It appears from Figure 21 that the dye

volume streamed upward and assumed an equilibrium depth of be-

tween 25 and 50 meters. The dye solution that was used contained

appreciable quantities of alcohol, which was later discovered to pro-

duce heat, upon mixing with sea water. The change in temperature

of the solution could easily have accounted for the shift in depth of the

dye.

Stations 1, 2, and 3 were close to each other in position. The

dye curves for these three stations show an interesting pattern. The

dye concentration increased from the first station to the second sta-

tion. Between the second cast and the third, the dye concentration

had fallen off to marginal fluorescence readings. Evidently, the edge

of the dye patch had passed by between the first and the third cast.

The ship was moved in an effort to trace the movement of the patch.

Data from the upper 50 meters of water in curves 4-8 again show an

increase of dye concentration with time, followed by a general de-

crease with time. Although the overall change in quantity of dye
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detected was not great, the data suggest a definite pattern. The dye

volume underwent a gradual expansion after dispersal. The edge of

the initial stage was detected in the first three casts. The ship was

then moved about a mile distant from the input point of the dye. By

this time, the outer edge of the dye had reached these stations and

some of the inner portion of the dilute dye patch was detected. The

total quantity of dye dispersed in this experiment was small--less

than 3 liter of solution. The solution had a concentration of slightly

less than 40% by weight.

The 4 remaining dye experiments were conducted on the July,

1965 drogue cruise. The dye volumes were dispersed at depths of

2, 12, 50, and 100 meters. The experiments will be considered in-

dividually.

The experiment conducted at a depth of 2 meters was quite suc-

cessful. Although less than 3 gallons of dye solution were used the

dye patch was followed for more than 1-1/2 hours. The ship drifted

'off-station during this experiment and had to be moved several

times with the aid of the ships bow-thruster engine. According to

experimental design, the ship was to have remained stationary with

respect to an anchor buoy. The ship's movement resulted in some

of the jaggedness of the dye concentration data during the experiment

(see Figure 23). The dye concentration changed more than 5 decades

according to our data. Such a great change may be explained by the
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fact that the ship hovered near the dispersal point throughout the ex-

periment.

The detection of dye was not successful for the test conducted

at a depth of 12 meters. The curve (Figure 24) suggests some detec-

tion of dye with passage of time. The important decrease in dye con-

centration with time however, was absent. Evidently, only the outer

boundary of the dye patch was detected.

The experiment conducted at a depth of 50 meters was almost

as successful as the test at a depth of 2 meters. The concentration

of the dye initially increased at a rapid rate (see Figure 25). This

increase was due to simultaneous dye dispersal and sampling of wa-

ter. After the concentration peaked,' the concentration underwent a

rapid decay with time. With further increase in time, the background

level of fluorescence was reached. In this test the sampling was

started near the center of the dye patch but the ship quickly drifted

away from its station in spite of the ship' s corrective movement.

Figure 26 shows the results from the experiment conducted at

a depth of approximately 100 meters. While the data are not as

striking as the previous figure, the curve does suggest a definite de-

crease of concentration with time. Several times the ship drifted

away from the intended sampling station. The drift and corrective

motion may be seen as the odd dips and surges in dye concentration.
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While Figures 23-26 depict the change in concentration with

time., it is difficult to appreciate any empirical relationship in the

above figures. For further use of the data, only the maximum values

of dye concentration were used and the short-term dips in each exper-

iment were neglected. The data from the dye experiments conducted

at 2, 50, and 100 meters were replotted, using the dye concentration

vs time on a log-log scale. Figures 27-29 illustrate the data from



20x1010

[iP,4

DISPERSAL
DEPTH (50m)

JULY ,1965

C.,

.Io
E

z80
4
a: 6
I-
z
LU

C-)

z040
Ui
>-

3

21 -

0 12 24 36 48 60
TIME (mm)

Figure Z5, Dye concentration as a function of time



87

these three experiments.

Figure 27 depicts the data from the test made at 2 meters

depth. For convenience St2 and St 3reference lines have been

drawn. From the data we can see that an experimental fit would sug-

gest a dye concentration vs. time dependence between the two refer-

ence curves. The experimental curve is approximately St2 2

The data from the test conducted at 50 meters depth is shown

in Figure 28. For this figure, S"t1 and St2 reference lines have

been drawn. Only the first 5 observations were used in constructing

an empirical curve. While the slope is approximate, the experi-

mental dye concentration dependence appears to be about S,tL 1

Reference lines with St1 and St2 dye dependence were used

for Figure 29. This experiment was made at a depth of 100 meters.

In this figure only the first 4 observations were used. The experi-

mentally determined dye concentration vs time relationship is about
-1.3

When a comparison is made between the experimentally deter-

mined concentration vs- time dependencies we find an interesting fea-

ture; namely, that the time dependence varies with depth. In the up-

per few meters the largest time dependence is noted: that is, the

most rapid dye concentration decay occurs. We would expect that

the surface water would have large quantities of turbulent energy

which would mix up the dye patch rapidly. At a depth of 50 meters
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we note a minimum of time dependence vs. dye concentration. This

minimum suggests a lower rate of mixing than the surface water.

This depth probably was within the summer portion of the pycnocline.

The high stability of the pycnocline would result in quick effective

dissipation of the turbulent motion of the water. The turbulent mo-

tions would probably be smaller in displacement than above the pyc-

nocline, At a depth of 100 meters we note an increase in time
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dependence of the dye concentration. The magnitude of the dependence

however, has not increased back to the surface value, nor is it close

to the surface value (S"t2 2)

Within the pycnocline, the zonal transport undergoes a reversal

in direction. Such a change could result in more effective mixing and

hence, a larger dye concentration vs. time dependence.
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Figure 29. Dye concentration as a function of time (empirical
fit of data).

A comparison was made between our data and those values

noted by Okubo. Of our 5 dye experiments, only one was made at a

depth comparable with the dye experiments described by Okubo. The

comparison will be limited to the experiment made at 2 m depth on

the July, 1965, cruise. The dye concentration vs time dependence

of S 2 for this test compares quite favorably with the 4 experi-

ments (St 2 to St 3) noted by Okubo.
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Comparison of theoretical diffusion models with experimental data

In his review of theoretical diffusion models, Okubo lists six

models as special cases of a general statistical solution to dye dif-

fusion. In a more recent paper, Ichiye (1964) derives a diffusional

model based on Fickian type diffusion.

Two diffusional models were selected for comparative purposes;

an improved model developed by Okubo (1962), and the diffusion

model used by Ichiye. The two models were considered in turn.

The equation used by Ichiye was modified only slightly and is:

M 2
S 4Kt exp [(-(u-xt) - (v-yt)/4Kt]

where M = the initial dye mass,K the diffusion 'constant
and is considered equal to the component constants (K=K =
Ky) t elapsed time after dye dispersal, u and v= velo
city components, and S = the dye concentration at any time
after dispersal.

In order to obtain this solution several assumptions were made; that

K <<K , no vertical gradient is present = 0, and that K is
z x,y az x,y

independent of x and y. The above equation describes relative diffu-

sion by means of a symmetrical dye patch moving in a uniform velo-

city field. The equation was programmed for computer in order to

obtain a x-y grid of concentration values with increase in time (see

Appendix 4).

The equation used by Okubo was defined for a stationary
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homogeneous field. The dye concentration is given for a rotationally

symmetrical field (polar) as:

M 4/3 22
S (3/4)w3/2a3t3 exp (-r /a t

where a = energy dissipation parameter and has units of
crn2/3/sec, = elapsed time, M = mass of dye, r radius
of dye patch, and S = dye concentration at any time after
dispersal.

Assumptions used for Ichiye' s solution hold for Okubo s model. If a

uniform field velocity is added to Okubos equation we have;

M 2 22/3 22
S = (3/4)3/23t3 exp - [(x-ut) + (y-vt) /a t

This equation was programmed for computer in order to obtain a

time series of concentration values for a simple grid pattern (Appen-

dix 5). A comparison of the dye concentration isopleths for the two

models suggests that the concentration gradients are larger for the

Okubo model than for the Ichiye model.

Okubo compared six diffusion models with the data from the 5

surface diffusion experiments. He concluded that his new model

(above equation) provides a better fit with experimental data than the

other models do. Ichiye, however, is content to use his model for

experimental purposes.

A comparison was made between our data and the two models.
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On the first dye experiment water samples were taken from eight

different stations. An attempt was made to compare the concentra-

tion values at 50 meters with specific data points found on the

x-y grids (Figure 30) of the two models. The diffusion model curves

are based on a mean field velocity of 2 cm/sec. The actual subsur-

face current at 40 meters depth was 8.5 cm/sec. The departure of

Ichiye' s curve from the experimental data may be due to this velocity

difference. The curve obtained from the Okubo model, however, ap-

pears to depart markedly from the field data.

The dye experiments made during the July, 1965, cruise were

individually compared with the two diffusion models. Data from the

test made at a depth of two meters is shown in Figure 31. Although

the experimental data are of smaller magnitude than the reference

curves, the curve trends are similar. The model curves indicate

the concentration decrease at the center of the dye patch with elapsed

time. During the experiment, however, the ship drifted slightly. The

dye volume was mixed in the upper ten meters of water which de-

creased the amount useable for the 'initial dye mass. ' A fundamen-

tal difference in dye dispersion is the main reason for the departure

of the model curves from the actual data. The Okubo model appears

to provide a better fit with the experimental data than Ichiye's model.

The agreement between the Okubo model and the data is reasonable

because the dye concentration vs time dependence for the Okubo
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model is S t-3. The concentration vs time dependence of the experi-

mental data was (Figure 27).

The data from the test made at 50 meters depth and two diffu-

sion reference curves are shown in Figure 32. The reference curves

represent the hypothetical dye concentration at the center of the dye

patch. We conclude that the data appear to fit Ichiye s diffusion

model better than Okubo s model. The large value of K needed for a

close fit with the field data is due to some ship drift. The exact ex-

tent of drift is uncertain due to the presence of subsurface current.

The data from the experiment made at 100 meters and two dif-

fusion reference lines are shown in Figure 33. Because of ship drift

only a rough comparison can be made. Ichiye' s model seems to pro-

vide a closer fit with the data than Okubo' s model.

In all of the experiments discussed, the value of a was set

equal to 2.5 cm2/3/sec. This value is considerably larger than what

Okubo suggests as typical for several surface dye experiments

(1x102 to 8x10 2 cm2/3/sec). No plausible reason can be given for

this discrepancy in a other than that the Okubo model is not prefer-

able to the Ichiye model for analyses of subsurface dye measure-

ments.

Sources of error

While several possible sources of error have been mentioned
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elsewhere it is worthwhile to list them together. The sources of er-

ror may be divided into two parts; errors incurred in the dye disper-

sal, positional errors in navigation during the experiment, and samp-

ling errors; and errors brought about by conversion of fluorescence

readings into absolute values, and comparison of these values with

available diffusion models. The field errors will be considered

first.
Error may be incurred while dispersing the dye aliquot. The

dye density may be incorrectly fixed, or the solution may undergo a

noticeable increase in temperature due to mixing with sea water. We

found that if a small quantity of water was added when the initial ad-

justment was made, the dye volume did not exhibit large additional

increases in temperature when dispersed. Part of the dye volume

may be unused during the experiment. If an improper combination

of solvents is used with the dye, some of the dissolved dye will re-

crystallize out of the solution upon mixing with sea water.

Positional errors are caused by the inability of the ship to re-

main stationary with respect to an anchored buoy while the dye patch

is moving; and the inability to determine position changes while both

ship and dye patch are moving with respect to an anchor buoy. The

magnitude of these sources of error vary with weather conditions.

Sampling errors may occur due to inaccurate placement of the pump

at depth.
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The second type of errors may occur after the water samples

have been collected. If the temperature of the water samples varies

by more than three or four degrees Centigrade within the duration of

an experiment the level of fluorescence will be affected. Improper

calibration of the fluorometer results in poor conversion of fluores-

cence readings into the absolute concentration values.
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It is difficult to interpret fluorescence readings that are based

on turbid water samp1es Finally, an uncertainty exists as to the

most appropriate means of interpreting the data in terms of diffusion

models.



102

SUMMARY AND CONCLUSIONS

Subsurface water off the Oregon coast is influenced by the

California Current. The ni.ean flow of surface and subsurface water

is southward throughout the year. The pycnocline, present at 100-

200 m, has no apparent effect on north-south flow. Above the pycno-

dine, the transport is eastward. East-west flow is evidently linkcc1

to the density structure. The reversal in zonal transportation direc-

tion satisfies the necessary boundary condition that there is continu-

ity in zonal transport near the coast.

Northward water flow at 200 meters, postulated by some work-

ers (e.g. Sverdrup etal. 1942), was not substantiated by our data.

Our few observations of drogues set at l000m depth, however, does

not preclude the possibility of northward flow at this level.

Although surface currents were variable, a northward flow of

surface water was noted from several measurements. This flow is

probably associated with the Davidson Current. Burt and Wyatt

(1964) concluded that the Davidson Current results from local wind

stress on the sea surface. Our data seem to support their conclusion.

The number of drogues used in estimating periodicities was

fairly small, but we feel that drogues may be successfully used for

the study of periodic fluctuations in the ocean. The requirement is

that the observations be closely and uniformly spaced in time. 'The
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occurrence of a 'smear of periods about the semi-diurnal tidal pe-

nod rather than just the 12.5 hour period is puzzling. The length of

the data series influences the resolution of the periodicity for any

particular data series. The variation in periodicity is larger than

can be attributed to this effect alone. That is, the real ocean is ex-

hibiting variability.

The use of the autocorrelation method of analysis permitted de-

tection of periods as long as 24 hours from a two-day time series.

Semi-diurnal flucturations were dominant on two thirds of the

cruises. Inertial oscillations and diurnal oscillations prevailed on

three of the cruises. The distribution of amplitudes and phase angles

for these periods has led us to conclude that simple classical tidal

theory (that neglects internal waves and bottom friction) is inadequate

for a description of subsurface periodic motions in the open ocean.

A partial picture of subsurface turbulence in the open ocean

was obtained from the dye dispersal tests. From a study of these

tests and a comparison with other available dispersal tests, several

conclusions may be made:

1) The rate at which the dye concentration decreased with time

was found to be proportional to t2 to Okubo's diffusion model

appears to describe this type of diffusion fairly well. Our surface

dye dispersal results were in good agreement with other tests.

2) The rate at which subsurface dye concentration decreased
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1 2with time was found to be proportional to t' to St The writer

could not find any published value 5 to compare with these measure-

ments. lchiye' s model appears to describe this regime of diffusion.

3) The change in the size of the time exponent for the subsur-

face tests implies that the subsurface turbulence was smaller in in-

tensity than the surface turbulence. The depth at which the subsur-

face values were determined were within the pycnocline. The pycno-

dine is a layer of water with a high density gradient. It is reason-

able to conclude therefore, that the presence of the pycnocline is re-

sponsible for the change in time dependence.

On the basis of the different concentration vs. time dependen-

des, it may be useful to consider one diffusion model for the surface

water and another model for subsurface conditions.
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Appendix 2

Plots of drogue trajectories
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Appendix 3

Computer program printouts (6)
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DROGUE CURRENTS-PROGRAM NO. 1. COORDINAtE CONVERSION AND TIME
INTERPOLATION OF DATA OBSERVATIONS.

100 FORMAT 1I3,F7.3,F5.t ,F4.0,F2.0, 14,2F5.O,FlO.3,F9, 1,240,12)
200 FORMAT (46HINDROG 8 01ST 0 01ST TiE NSET NO CAR0,98,

IBHWIND VEIl
300 FORMAT II 3,2F10.3,F1O.2,21 5, 12X,2F5.0I
400 FORMAT (2F6.3(

READ 11,4001 XA,YA
N00
NDL=O
NM =0
NUO
WRITE (3,200)

18 READ (1,1001 NDROG,RANG,BEAR,TIM2.E2,NSET,WIND,VEL.RG,8ER,NANCH
IF (NOROG.LT.0( GO TO 660
NOINOZ+NANCH
IF (NOROG.Gl.O( GO 10 21
WRITE (3,200)
NO0
NMO
NUO
T10.
T2 .0.
N0t0
El 0.
E20.
XI =0.
02=0.
01=0.
020.
Ti 1=0.
GO TO 18

21 IF )BEAR.GT.90.) GO TO 16
BEAR=90.-BEAR
GO TO 20

(6 BEAR =450.-REAR
20 E2E2..0166667

T2= TIM2 + £2
IF )BER.GT.90.) GO TO 15
REX =00.-ABA
GO TO 90

SN REX 450.-BER
99 BRRAER .0174532

RRREAR .0l74532
ANCXRG .COS)BRR)
ANCYRG SIN)BRR)
XX.RANG COS)8R)
YVRANG .SIN)BR(
IF (NOZ.GT.0I GO TO 1
X2=XX-ANCX
02YY-ANCY
GO TO 3

1 X2XX-ANCX-XA
02 V-A MC V-VA

3 NO =40+1
IF (NO.11.1) TTI=TIMT
IF (NO.01.1) GO TO 17
01=02
VlY2
T1T2
El E 2
GO tO 18

(7 IF (12.LT.TI) T2T2+ 24.0
IF (T2.LT.Tl) T2T2+ 24.0
IF (T2.LT.T1) T212+ 24.0
IF)T2.LT.T1) 12=T2*24.0
IF )TTI.GT.T2( GO TO 2
A (Xl-X2)/(1l-T2)
6A)Y1-V2( /101-12)
8=01- A.11
EBVI-AA.Tl
GO TO 22

2 31=02
V1Y2
T1T2
GO TO 18

22 IF (NM.G1.0( GO TO 19
IF IEI-.25) 5,6,7

5 61.25
6 GO TO 44
1 IF (El-.50) 8,9,10
8 E1. 50
0 GO tO 44

10 IF )El-.15I 11,12,13
11 E1.75
12 GO tO 44
13 11=1.00
44 TTI=Ttl+ El

GO TO 19
14 TTITT1*.25

(F (TTI.GT.T2) GO TO 23
59 8 6TTI+B

O AA.TTI+BB
NMNM+ I
WRITE 12.300) NOROG, X,V,Ttl ,NSET,NM,WIND,VEL
WRITE 13,3001 NDROG,X,V,Tt1,NSET,NM,WlND,VEL
NUNIJ+1
IF (NU.LE.5O) GO TO 28
WRITE 13,200)
NUO

28 IF (NM.GE.I( GO TO 14
23 01-32
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Y)Y2
I1T2
GO TO 19

660 STOP
ERG

DR000E CURRENTS-PROGRAM NO. 2. PLOTTER PROGRAM FOR DISPLAYING TIME
INTERPOLATID OBSERVATIONS.
27 READ 100, AMAX, XMIN,YMAX,YM!N, ED,YD,)C.XL,YL

100 FORMAT )F2.0,F3..O,F2.O,F3.0,F3.1,F3.1, (3,2F3.1(
80.
READ 200,NBR

200 FORMAT ((4)
N CALL PLOT )101,XMIN,8I'AX.XL,XD,YMIN.YMAX,YL,YD)

CALL PLOT (09)
CALL PLOT (90,EM!N,YMAR)
CALL CHAR (1,0.2,O,NBR)

666 FORMAT II3HDROGUE CRUISE,I51
CALL PLO) (99)

2 READ 1, NOROG.X,Y,ND
I FORMAT (1X,A2,F10.3,F1O.3,26X, 121
4 IF (ND.!) 7,6,8
9 CALL PLOT (0,X,Y)

NDG NO RD C
iOO TO 2

I CALL PLOT (99)
TYPE 771

177 FORMAT )389F0fl MULTIPLE ORTIGUE PLOTS TURN ON SW.1)
TYPE 778

778 FORMAT (36HUSE ONLY TRAIL. CARD, AND CHANGE PEN)
PAUSE
(F (SENSE SWITCH)) 38,39

38 A- XM(N- (1.2+2..A).XM(N/XL
CALL PLOT )90,A,YMAX(
CALL PLOT 99)
CALL CHAR (1,D.2,O,NOG)

334 FORMAT )2H,D,42)
CALL PLOT (99)
RR* .8
CALL PLOT (90,O.,0.)
PAUSE
CALL PLOT (99)
GO TO 2

39 CALL PLOT (90,XM(N,YMAX)
CALL PLO) (99)
CALL CHAR I1,0.2,O,NDG)

333 FORMAT (30H ,DRDGUE NO.,A2)
CALL PLOT (7)
GO TO 9

6 TYPE 300
300 FORMAT (3RHLOAD FOR MORE GRAPHS, TURN ON SWITCH 2)

8 XNIN- )7.2+2..8).XMIN/XL
CALL PLOT (99)
IF (SENSE SW(ICHI( 26,23

26 CALL PLOT (90,A,YMAX(
CALL PLOT (99)
CALL CHAR I1,0.2,0,NDG)

889 FORMAT (2H,D,A2(
GO TO 12

23 CALL PLOT )90,XMIN,YMAX)
CALL PLOY (90)
CALL CHAR (1,O.2.O,NOG)

889 FORMAT ITOH DROGUE NO.,A2)
CALL PLOT (99)
TYPE 400

400 FORMAT (24HSHIFT PEN FOR SECOND ROW)
CALL PLOT )9O,XM)N,YMAX(

12 PAUSE
IF (SENSE SWIICH2) 15,11

15 CALL PLOT (99)
CALL PLOT (7)
GO 10 27

11 STOP
END

OROGUE CURRENTS-PROGRAM NO. S. DETERMINATION OP MEAN VELOCITY
COMPONENTS AND SURSEQUENT NORMALIZATION OF DBSERVATIONS.

DIMENSION X(300(,Y(300),T(300(
101 FORMAT (I3.2F10.3(
102 FORMAT ((3,3F10.3)
109 FORMAT (IIHI VALUE,10H Y VALUE,68,4HTIME,IIH DROGUE NO.,14(
105 FORMAT (24H 3 VELOCITY COMPONENT .,F7.2,7HCM/SEC.,59,23HY VELQC(T

IY COMPONENT -,F7.2,THCM/SEC.)
1 IT-C.

SUMTO.
SUM X0.
SUMY.O.
SUMXTO.
SUMYTO.
SUM)) 8-0.
SUMYY.O.
SUM 110.I-i
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0L4I) (1,101) N0000,*I(),Ylll
IF (NONIIG.LT.0) 00 10 600
IF INOROG.EQ.0) GO TO P
ITTT*.25
1)) )TT
00=0) I)
99.0)1)
S UN T = S UMT+ I I

SUMX=SUMX000
SuMy=SuM000Y
SUMO T.SUMX 1+00.11
SUMTTSUNYT+YYTT
SUMIISUMT TO TT.TT
SUMXX.SUM00000'*X
SUMYYSUMYY+YY'YY
1.1+1
NOON 00 N fiR 0 0

GO TO 1
2 Z1-I

S .)I.SUMXT-SUMX.SUMT)/Il.SUMTT-SUMT.SUMTI
SS=IZ.SUMYT-SUMY.SUMT( IZ.SUMTT-SUMT.SUMT
B .ISUMX.SUMTT-SUMT.SUMXT)/IZ.SUMTT-SUMT.SUMTI
BB= I SUMY'SUMTT-SUMTSUMYT I / I Z.SUMT1-SUMT.SUMT)
N.Z
WRITE (3,103) NOOROG
00 93 I=1,N
0)11=0)11-5.1)1)-B
0(I) =0)1(55.0)1)-BR
CALL PAGING (KR)
IF (KK.EO.E) GO 10 5
WRITE 3,103) 500100

5 WRITE (2,102) NODROG,X(I),YII),TII)
WRITE (3,102) NOONOG,XIt),YUI,II I)

53 CONTINUE
S'Nl .48.5
SS=51.48.SS
WRITE (3,105) S,SS
GO TO 1

600 STOP
END

DROGUE CURRENTS-PROGRAM NO. 4. AUTOCORRELATIDN ANALYSIS FOR (HE
FIRST SIX TRANSFORMED SERIES OF DATA IN COMPONENT FORM.

DIMENSION 30(300) ,XXI300I .01300) ,Y(300)
100 FORMAT 113)
101 FORMAT 1I3,2)40,F6.3))
102 FORMAT (12H ............
104 FORMAT I29HIAUTO CORRELATION ANALYSIS OF,32H TIME SPACED DRUGUE TN

1AJEC TON (ES
222 FORMAT (44H MONaD TRANSFORMED SERIES TIME CARD (OD.,12H SERIE

(S NO.,I2)
555 FORMAT )I3,4H X.,F6.3,4H Y.,F6.3,FR.2,I10)

READ (5,100) N
WRITE (6,102)

15 WRITE 16,104)
60=0
JM=1

1 IM=0
11=3.
1(1.0

SMO.
XSM.O.
IF )NO.GE.1) GO TO 75
00 7 I=1,N

TREAD (5,101) NOROG,X)I),Y(I)
WRITE 16,222) JM
MN'S
A.N
GO TO 13

75 LMN
NN.LM
A.LM
DO 2 I1,LM
Y) 11=00(1)
XII )X0) I)
0591.058-OX) I

22 SM=SM+V)I)
5 AVESM/A

000 SM/A
DO 99 I1,NN
XII (XI I )-AV

99 'V)I)=YI(I-AVE
13 91N-2

DO 2 K1,M
SUMM=O.
XSUMM.0.
SSQR=O.
X55080.
SUM= 0.
XSUM=0.
SSQA.O.
XSSQAO.
)IPROD.O.
PROD .0 =

U.N-K
NMK+ I
DO 3 (NM,NN
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YEY I)
XBA) I
SUMMSUMM+YB
I S UMMX SUM MW *8
X5SQ8XSSQ)3+g838

3 SSOT(SSQB+Y6.YB
PMN-K
DO 4 J1,MM
XR'X(J)
08.1) J)
SliMS SUM+YP
8SllMXSU)XB
500ASSQA+YB.YB
XSSQAX SSOA4X9X8
MMM=J+K
XPR0DXPF0T'AB.X (MMM)

4 PROO.PRUT).VR.Y)MMM)
SSA SUM*SUP
IS SA X S UM.X S UM
SSBsSUMM.SUM
ES SR X S UMP SUM')
YY)K)(PROD- SUM.SIIMM/Z)/ISQRAES((SSQA-SSA/Z(.(5SQB-SSB/Z)))(
XX(K)%PRO0-8SUM.XSUp46/Z)/(SQRT)ABS( )XSSQA-XSSA/Z).(XSSQB-XS59/Z('I))
IM(M,1
IHJHWI
(F (IH.LE.50( GD TO 27
WRITE (6,104)
WRITE (6,222) JN
I)1 I

27 TIET+.25
2 WRITE (6,555) Nl)ROG,00)K),YY)K),TT,IM

NN-2
NO40+ I
IF (40.01.1) 00 TO 98
WRITE (6,102)

98 JMsJMWI
IF (NO.01.5) GO TO 6
IF NO.07.4) WRITE (6,102)
WRITE (6,104)
WRITE (6.222) JM
GO II) I

6 WRITE (6,102)
READ (5,100) N
IF (N.EQ.0) GO TO 14
WRITE 6,102)
GO TO 15

14 STOP
END

OROGUE CURRENTS-PROGRAM NO. 5. PLOTTER PROGRAM DISPLAYS RESULTS
OF PROGRAM N.

DIMENSION X(300),Y)300)
TYPE 505

105 FORMAT (39H1URN ON SW.5 ONLY FOR L.A. VERSION DATA)
PAuSE
TYPE (02

102 FORMAT )36HTURN ON SW.4 FOR CURRENT METER PIOTSI
PAUSE

96 REED IO9,XMIN,XO,YMAT,YMIN,YL,yD,IC
109 FORMAT (6F5.1,I3(

IF (SENSE SWITCH 4) 4,10
10 READ 100, (ICRUIS

100 FORMAT (14)
IF INCRUI5 +0) 98.98,20

20 NTS"l
11 1=1

1 IF (SENSE SWITcH 3) 38,97
38 READ 191,NOROG,8(tI,Y(I)

191 FORMAT )(4.41,F6.3,4X,F6.3)
GO TO 90

97 READ 101,NOROG,X(I),Y(I(
101 FORMAT 113,4X.F6.3,4X,F6.3(
90 IF (40800*0) 98,3.22 II*l

NDG NOR 00
GO TO 1

3 XMAXI-1
XL. 1.1Mb
CALL PLOT (IC,XMIN,XMAX,XL,00,YMIN,YMA*,YL,YD)
CALL PlOT (99)
CALL PLOT (9O,XMIN,YMAX(
CALL CHAR) 3,0.2,O,NCRUI S,NDG,NTS(

222 FORMAT )130DROGUE CRUISE,(5,2H D,I3,I4H, * 1.5. NO.,12)
CALL PLOT (99)
T. 1.
J I

5 XAX)J)
CALL PLOT )90,T,XA(
T. E+ 1.
J.J, I
IF (XMAS-I) 6,5,5

6 CALL PLOT)?)
CALL PLOT (IC,XMIN,XMAX,XL,XD,YMIN,YMAX,YL,YD(
CALL PLOT (*9)
CALL PLOT (90,XMIN,YMAY(
CALL CHAR )3,0.2,O,NCRU)S,NDG,NYS
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333 FORMAT 4I3HOR000E CRU)S1,)5,2H fl,)3,1441, V ).S. NO.,12)

CALL PLOT 99)
k I

r i

7 VAY)K)
CALL PLOT )O0,T,VA)
1= T+ 1.

KK+ 1
IF IOMAXT) 8,7,7

8 TYPE 103
103 FORMAT (33HTURN ON SW.) FOE NEW CRUISE PLOTS)

CALL P101 (7)
PAUSE
IF (SENSE SWITCH I) 10,9

9 NTSNTS.+1
GO TO 11

4 READ 111,NCODE
111 FORMAT (14)

NTS I

IF (NCODE-0) 98,93,93
93 L1
14 READ 112,Nl,XIL),YIL)

112 FORMAT (14,4X,F6.3,40,F6.3I
IF INZ+O) 13,12,12

12 LL+1
NI1EPTHNZ
GO TO 14

13 XMAX=L-1
RLO. I.XMAX

(7 CALL PLOT )IC,XMIN,XMAX,XL.XD,YMIN,VMAX,YL,YD)
CALL PLOT 199)
CALL PLOT )9D,XMIN,YMAX)
CALL CHAR I 3,0.2,0,NCODE,NDEPTH,N1S)

444 FORMAT (IR4ICURRENT METER DATA,I5,35,RHDEPTH(M(,15,IOHX,T.S. NO.,
112)
CALL PLOT 499)
TI.
M=)

15 XAX(M)
CALL PLOT 490,1,8*)
T 1+1.
MM+l
IF (DM48TI 16.15,15

16 CALL PLOT 7)
CALL PLOT I IC,XMIN, XMAX,XL,00,YMIN,YMAX,YL,YD)
CALL PLOT 99)
CALL CHAR 43,0. 2,O,NCODE,NOEPTH, NTS)

555 FORMAT )18)ICURRENT METER OATA,15,3X,8HDEPTH)M),I5,IOHY,T.S. NO..
112)
JJ=1
1=1.
CALL PLOT (99)

95 YA=Y(JJ)
CALL PLOT (90,1,14)
1=1*1.
JJJJ1
IF (XMAXT) 94,95,95

94 TYPE 104
104 FORMAT (3I4ITURN ON 5W.2 FOR NEW C.M. PLOTS)

CALL P101)7)
PAUSE
IF (SENSE SWITCH 2) 4,18

18 NTS=NTS.i
GO 10 93

98 STOP
END

OROGUE CURRENTSPROGRAM NO. 6. DETERMINATION OF DOMINANT AMPLITUDE
AND PHASE ANGLE PLUS REALITY PARAMETER FOR DOMINANT PERIOD.

DIMENSION 0)300) ,Y)300I
(00 FORMAT (13,2F3.0)
101 FORMAT ))3,2FIO.3)
102 FORMAT 115)1 PHASE ANGLE X.F6.1,5HDEG. ,14HPHASE ANGLE Y,F4.I,4H0

lEG.
103 FO9MAT )IOH 0 PERIOD=,16.2,22HHDURS I AMPLITUDR=,F6.2,IIH V P

1ERIOD=,F6.2,22HHOURS V AMPLITUDE=,F6.2)
104 FORMAT (iNN PHASE ANGLE X=,F6.1,7HR*DIANS,2X,I4I4PH4SE ANGLE Y,

1F6.l.7HRADIANS)
105 FORMAT )5HIN/2=,F6.j,12H I VARIANCE',F7.3,4H RX=,F6.3,l2H V VARIAN

ICE=,F7.3,4H RY,F6.3)
106 FORMAT (I3,3F10.3(
107 FORMAT 1*4,13)
bR FORMAT(18HIDROGUE CRUISE N0.,A4,IIH DROGUE N0.,13I
109 FORMAT )I4,4X,F6.3,4X,F6.3)
4 READ (1,1071 NCRUIS,N

IF (NCRU!S.EQ.0) GO TO 99
RN
ANOR/2.
SIGX-O.
SIGY=O.
CD 2 K=I,N
READ (1,109) NOROG,X)K),Y(K)
SIGY=SIGY+Y)X ) .Y(K)

2 SIGX=SIGX +D(KI.X($((
SIGY=SIGY/R
SIGXSIGX/R
80=1.!) 2. S IGX
RY1./(2.SIGY(
WRITE (3,IOS) ANO,SIGX,RX,SIGY,RY
READ (1,100) N,TX,TY
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R.N
T0.
SSMX-0.0
SSMX20.
SSMY0.O
S5MY20.
PHI X6. 28318/ IX
PHIY6.28318/)Ty)
00 1 KI,N

Z=K
PHX.Z.PHI 0
PHYZ.PHI I
READ 1.101) Nfl0G,R(K),Y(I()
SSNY'SSMY* Y(IT).SIN) P1)1)
SSMY2SSMY2,YIK).COS) PHI)
SSMR=SSMX+X)K).SIN) PHI)

I SSMX2SSMX7+X)K).CUS) px
BMPX=(SSMX.SSMX+SSMX2.SS#X).4./)R.R)
BMPY. I SSMY.SSMy,SSMV2.S58y2) .4.1 (k.R)
AMPXT0RT I HMPR)
AMPY5QRT(8MPy)
TXTX..25
I 0= IV.. 25
WRITE 3,103) Tx,APIPX,)Y,A)IPO
I010=SSMX2/SSMX
TGUY=SSMV2 /SSMV
WRITE 3,104) I000,TGOV
T600.ANGLE SSMX, 558X2,0)
IGDY.ANGIE I SSMY,SSMY2,0)
600IGDX
001.1001
000ANGIE )SSMX SSMO2 I)
GDYANGIE I 55)11, SSMY2 1)
WRITE (3,102) 600, 601
00 3 K1,N
i.E
PH)) 'Z.PHIX
PHI .Z.PHIY

T=14.25
XIK)=X)K)AMPX.SIN) PHI +1001)
V)K)Y)K)AMPY.S)N( PHI +1603)
CALL PAGEND (KR)
IF (KK.EQ.I) GO TO 31
WRITE (3,108) NCRUIS.NDROG

31 WRIEE(3,106I NDROG,X)K),Y)K),T
3 WRITE )2,IO6INDROG,T)K),Y)k),r

GO TO 4
90 STOP

END
MONRI EXIT FORTRAN

FUNCTION ANGLEoX,Y,L)
0.0.
IF (1lI 1001,1002,1002

1001 Q1.
GO TO (003

1002 Q57.?051R
1003 IF IX) 1008.1004,1010
1004 IF (I) 1005,1006,1007
1005 ANCLE.Q.4.71239

RE TURN
1006 ANGLE .0

RETURN
1007 ANGIEQ.1.57080

RE TURN
1008 D3.14159
1009 ANGLE.0.)ATAN)Y/Xl+D)

RETURN
1010 IF)Y) 1011,1006.1000
1011 0.6.28318

GO TO 1000
END



Appendix 4

Diagrams for Ichiye s diffusion model
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Appendix 5

Diagrams for Okubo' s diffusion model
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