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VERTICAL CURRENT MEASUREMENT IN THE
OREGON COASTAL UPWELLING REGION

INTRODUCTION

Seasonal coastal upwelling begins off the Oregon coast in late

spring as the North Pacific high pressure cell strengthens. The winds

during this period are not steady but in general are predominantly

southward until about September. A description of the hydrography,

winds, and currents during this upwelling season is covered in some

detail by Pillsbury (1972).

Upwelling occurs mainly along the western coasts of the con-

tinents where southward winds carry the surface water away from the

coast in the Northern Hemisphere. Water from depths of up to a few

hundred meters is then brought into the upper several meters near

shore.

Ekman (1905) provided a basis for understanding the effect of

wind stress on ocean circulation by showing that the net transport of

water T /f due to the wind stress 'T is directed 90° to the right of the

wind in the Northern Hemisphere (f is the Coriolis parameter).

Applying the Ekman theory, Thorade (1909) demonstrated the direct

effect of the coastal winds on upwelling by showing that a southward

wind blowing parallel to the Pacific coast of the United States could

induce offshore transport of surface water resulting in a near shore

replacement flow of water from deeper layers.



The summer of 1972 saw an intensive effort to study the upwell.-

ing process over the continental shelf bordering Oregon. Many people

spent many hours designing experiments, collecting and processing

data, and studying the results of their efforts. One of the experiments

was designed to get direct measurements of vertical water movements

during this period of favorable winds for upwelling. In recent years

vertical current meters (VCM) have been developed and used at Woods

Hole Oceanographic Institution. Woods Hole personnel came to Oregon

State University in July of 1972 and brought with them three of their

VCM's for use in the Coastal Upwelling Experiment. The meters

were deployed several times from the R/V Yaquina in a region where

moored current meter arrays were already collecting data on hori-.

zontal current variations.

Organization of Thesis

The operation and some particular characteristics of the VCM's

are explored in the next two sections. Then some details of the cruise

are discussed including particular launchings of the VCMs, the data

collected, and some of the problems that were encountered. Some of

the high points in processing the data are then noted including some

filtering and spectral analysis work. The results of the good dives are

then presented along with possible correlations with wind, sea level,

and isopycnal movements.
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Characteristics of the Vertical
Current Meters

Measurement of the vertical component of current in the sea is

difficult because it is usually much weaker (by two to three orders of

magnitude) than the horizontal current which threatens to contaminate

the measurement. Great care must be taken with moored instruments

to either align the instrument with the vertical or to make precise

measurements of the angle of tilt. Recently, neutrally buoyant floats

have been designed to make direct measurements on the vertical water

velocity at any depth.

There is a permanent density stratification nearly everywhere in

the ocean. Even though there may be neutral stability as a result of

vertical mixing, the density increases steadily with depth as a result of

the increase in pressure. If ballasted correctly, a neutrally buoyant

float with less compressibility than sea water will sink to water of a

desired density and be held there in equilibrium by small restoring

forces, Such neutrally buoyant floats have been designed to ride this

density gradient and make measurements on vertical water movements.

The earliest such instruments (Webb and Worthington, 1968;

Voorhis, 1968) were expendable glass spheres with tilted vanes fas-

tened around the outside and an acoustic projector suspended beneath

resembling one of those fantastic flying machines. They sensed only
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their rotations which were transmitted acoustically to a nearby

receiver.

The instrument used to collect the data presented in this paper

is pictured in Figure 1. It is a solid of revolution about its vertical

axis with eight vanes fastened around the outside. The vanes are

mounted at an angle of 450 to the vertical and rotate the instrument

about its axis once for every 110 cm of water that is convected ver-

tically past it. The rotation is detected by an internal magnetic

compass. Pressure is measured using a conventional strain gauge

and temperature is measured using an externally mounted thermistor.

Detailed records of the temperature, pressure and instrument rota-

tions are recorded on a Rustrak chart recorder. Typical resolutions

that can be achieved are ± 0.4 db in pressure, ± 0. 05°C in temperature,

and ± 30 in the rotation angle of the instrument. An internal clock or

an acoustic command is used to release a weight after a predetermined

time allowing the instrument to float to the surface. The flashing light

helps to locate the surfaced instrument at night. The pressure data

were transmitted to the R/V Yaquiria using pulse delay telemetry. The

maximum horizontal range to detect the signals depends on the local

acoustic refraction and can be up to 24 km under good conditions. The

acoustic pings were also used to track the instrument by towing two or

four hydrophones from the ship and then fixes from Loran A and radar

were made once the ship was over the VCM.
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The response characteristics of the vertical current meter are

summarized by Voorhis (1971). The vertical movement of the instru-

ment itself is obtained from the pressure record. That is,

Zf = -0.9921 P (1)

where Zf is the depth in meters of the VCM relative to a fixed frame

(the sea surface) and P is the recorded pressure in decibars. The

vertical water displacement relative to the VCM is found using the

rotation record. That is, --

for

Zr = Q (AN) (2)

r2 1/2
Q = + T---

(3)

where Zr is the relative vertical water displacement in meters, Q is

the pitch or the vertical water displacement per revolution of the VCM,

tN is the fraction of a revolution of the VCM occurring during time

Ext, X and F are length constants equal to 1. 10 meters and 0.28 meters

respectively and T is the steady rotation damping time constant equal

to 1380 seconds. A good approximation is

Q = 1. 10 meters. (4)

The rotation rate dependent Q was used in processing the VCM data

although this was unnecessary for the rotation rates encountered in

this experiment. The vertical water displacement, z w' relative to a



fixed frame is then

z =z+z.w f r

Literature Review

(5)
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Several experiments have been carried out to get measurements

on the VCM's frequency response and its response to vertical shear.

In one such experiment Voorhis (1968) used a neutrally buoyant float

off the New England coast and found energy in the vertical component

of motion in the frequency range between the local inertial period and

the local Brunt-Visl. period. He found that the energy spectral

density tends to decrease very rapidly in the region of the Brunt.-

Visth' frequency and suggested that the dominant carriers of energy

in this frequency range are internal waves.

The high end of the frequency range of the VCM is limited by the

high moment of inertia of the float and the low frequency range is

limited by the viscous effect of water in the immediate vicinity of the

VCM moving in phase with the instrument's motions. Webb, Dorson,

and Voorhis (1970) estimated that the approximate range of measure-

ment is from a minimum speed of 0. 02 cm/sec or less to a maximum

speed of 20 cm/sec.

Once the VCM is set in motion, energy can be lost to frictional

effects and to generation of internal waves. In experiments done on a

neutrally buoyant sphere, Larsen (1969) observed that damping could



be explained entirely by the radiation of energy by internal waves.

The fluid in the immediate vicinity moves almost in phase with the

sphere after the first cycle and the oscillations approach the Brunt-

Vis.la frequency quite rapidly. l4arsen found that damping could be

quite accurately described by an in.viscid model.

When the meters are surrounded by stably stratified water,

Stommel, Voorhis, and Webb (1971) found that the vertical currents

were weakest with oscillatory flow caused by internal waves. In

mixed, neutrally stable water the vertical displacements were larger

with longer periods and less wavelike motions.

Contamination of the vertical velocity measurements by the

vertical component of vorticity has also been studied. The possibili-

ties for vertical vorticity as seen by the VCM are internal waves,

oceanic turbulence, and horizontal shear. The vertical vorticity

induced by internal waves is probably less than or equal to the plane-

tary vorticity (less than 2 x IO rev/sec) and arises solely from the

interaction between the water convergence and divergence and the

planetary vorticity (assuming linear theory). Vertical vorticity can

arise from oceanic turbulence primarily from interaction of vertical

flow and vertical shear. Also, horizontal flow and horizontal vorticity

can cause the VCM to rotate if there is sufficient vertical shear to tilt

the instrument.



Voorhis (1968) initially got an estimate of the vertical vorticity

off the New England coast by setting the fins on the glass sphere to the

vertical position. The rotation rate was very low, on the order of

l0 rev/sec. However, the fins could not be perfectly aligned with

the vertical so that the estimate could have been in error. He there-

fore used a similar glass sphere type float with four horizontal rods

fitted around the sphere's equator, With these instruments and data

taken near Bermuda and the Gulf Stream (Voorhis, 1969, 1970), he

estimated the vertical vorticity fluctuations to be between 10 and

10 rev/sec for spacial scales greater than 30 cm--the approximate

size of the instrument, This would, by equation (2), be interpreted as

a vertical velocity of 10 to cm/sec. He found that the float

would riot respond very well to scales of vorticity smaller than the

instrument in steady rotation and that it would respond poorly to

fluctuations of vertical vorticity with periods of less than 1 to 2

minutes in unsteady rotation.

Voorhis (1971) aLso made some estimates of the vertical velocity

that would be induced into the record if the VCM was subjected to

vertical shear. For what he considers an extreme example of a linear

vertical shear for typicaj. oceanic conditions (0. 1 sec'), he estimates

the induced vertical current to be less than i02 cm/sec. The vertical
-1shear found off the Oregon coast is on the order of 0. 003 sec . Also

for a step shear with an abrupt hcrizontal velocity discontinuity of
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10 cm/sec he estimated that the fictitious vertical current would be of

the order of l0 cm/sec.
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THE EXPERIMENT

Cruise Narrative

Everything went fine in preparation for the VCM cruise of the

B/V Yaquina except in the few hours just before departure. The three

VCM's which had been readied the day before needed to be made

neutrally buoyant in sea water of a known density. The ideal solution

would have been to use a large tank but none was available. There-

fore, Yaquina Bay was used. Unfortunately the moon dictated the

lower low of a spring tide for the evening of 9 July 1972. There was

only a period of about 10 minutes during which the water in the bay

was motionless enough to allow for correct ballasting of the VCMTs.

Patience was drawn thin toward the end of this period resulting in the

breaking of one of the vanes on VCM 1. Only the two remaining

instruments (VCM 2 and 3) were used on the cruise. Departure was

delayed the next morning in order to wait for the next peak of the tide

so that the ballasting could be checked. Once under way I was only

able to help carry one of the VCMt5 to the control room before I

succumbed to the motions of the R/V Yaquina and retired to the stu-

dents' quarters. The remaining crew carried out the missions of the

VCM's. The following is a summary of the dives that were launched

during that cruise,
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During each of these dives, hydrographic stations were made,

some in the immediate vicinity of the VCM's. The hydrographic

measurements were made with a Geodyne conductivity-temperature-

depth (CTD) unit and have been published in a data report (Anonymous,

1972). Hydrographic sections from these data have been done by

Huyer (1973). Several of the anchored horizontal current meter arrays

off Newport and Depoe Bay were in operation.

The first couple of dives were hampered as a result of the

initial ballasting problem. The instrumentts weight is critical in

getting it to float at a certain depth. The VCMs weigh about 30 kg

and an 8-gram change in weight is equivalent to about a 100-meter

change in depth. During the first few dives the flashing light was

replaced by a pump which controlled a dense liquid contained in a

rubber bulb. The pump could be acoustically activated to release

discrete parcels of this liquid resulting in an adjustment in the depth

of the VCM. At depth a VCM would keep a record of its temperature,

pressure, and rotation fluctuations while it periodically transmitted its

pressure depth to the ship where it was also recorded.

The Vertical Current Meter Dives

Dive 1: VCM 3 was launched on the first dive at 0202 (Green-

which) on 11 July. Since a desiccant package was forgotten, the meter

stabilized at a shallower depth than desired, 28 meters, and the launch
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was scrubbed. The instrument surfaced one hour later but was not

found until 1340 on 11 July due to lack of light and morning fog.

Dive 2: VCM 2 was launched on the second dive at 2048 on

11 July. If it would have been equipped properly it might have brought

back a good core sample. It stabilized on the bottom at 120 meters.

The pump did not work. It was recovered one and one-half hours later.

Dive 3: VCM 3 was again launched on dive 3 at 2328 on 11 July.

This time, with the desiccant in place, it stabilized at 70 meters and

was allowed to complete its mission for a total duration of 26 hours.

The record of temperature, pressure and rotation variations experi-

enced by the instrument is displayed in Figure 2. Hydrographic

stations taken near the VCM are indicated by the station numbers.

Fixes that were taken while over the VCM are indicated by letters when

no hydrocast was made. Temperature differences between that

measured by the VCM and the CTD unit used in the hydrocasts are

noted on the temperature record in Figure 2 assuming a correspondence

in the pressure depths. For example, at station 9, the VCM's rnea-

sured temperature was 0. 08°C higher than that measured at the same

depth by the CTD. An isotherm topography was drawn up in Figure 3

using the station data. The VCM trajectory through this isotherm

field, as calculated from Equation (1), is also plotted.

An initial crossing of the 7. 9°C warm water intrusion is mdi-

cated in both Figures 2 and 3. The VCM then sank steadily to cooler
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temperatures during which about 0. 75 meters of water slipped upward

relative to the instrument. After station 9 the instrument rose,

closely following the 7. 8°C Lsotherm as indicated in Figure 3 and also

indicated by the leveling off of temperature in Figure 2. Water con-

tinued to slip upward relative to the instrument but at a faster rate.

The rest of the dive was characterized by a relatively constant pressure

depth and a constant temperature of about 7. 7°C except toward the last

when the meter dove toward cooler water. Water moved upward

relative to the meter at a relatively constant rate during this time.

It was recovered at 0130 on 13 July.

Dive 4: VCM 3 was then launched on dive 4 at 0253 on 13 July.

Its data record is shown in Figure 4. It stabilized at 68 meters before

starting a slow upward movement over the next 15 hours. As the meter

drifted upward, it passed through a temperature inversion layer as is

indicated in Figure 4 and when station 30 was made later. The initial

part of the dive was also characterized by a stepwise downward move-

ment of water relative to the instrument which seems to be correlated

to the VCM's upward drift. The VCM rose to warmer water late on

13 July during which there was a slow upward relative water move-

ment. This slow upward velocity characterized the rotation record for

the rest of the dive except for the occurrence of intermittent surges.

The first downward step in relative water movement occurred at about

1800 on 14 July and was accompanied by an upward drift of the meter
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to warmer water. The meter was sinking to cooler water when station

43 was made at which time a high rate of upward relative water move-

ment was experienced. This can be attributed to anything from volley-

ing by dolphins to the instrument passing through a slightly neutrally

stable region as indicated by station 43. The latter has also been

experienced by Storrimel etal. (1971).

Starting on 15 July, the VCM slowly rose accompanied by a slight

increase in temperature and a slight upward drift of water relative to

the instrument. Then near station 54 the meter experienced oscilla-

tions from a large internal wave train with amplitude on the order of

10 meters accompanied by a sharp downward movement of water. The

data from station 54 indicate a stably stratified isothermal condition

surrounding the VCM at that time. After station 54 the instrument

tended to remain at constant depth and temperature with a slow upward

movement of water. After 3 days at sea it was recovered at 0238 on

16 July and it was noted that the rubber bulb containing the dense

liquid was completely depressed. Therefore it is suspected that the

initial upward drift of the VCM was caused by the leak. Differences

arising from comparing temperatures measured by the VCM and by the

CTD are indicated in Figure 4 near the station. The stations made

during this dive were too sparse to warrant plotting of the isotherm

field.
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During all of the dives thus far described, the pump was in

place on the VCM's and the pressure was being recorded on a scale

which allowed for a depth resolution to only ± 1. 0 meter. For the

rest of the dives the pump was replaced by the flashing light and the

sensitivity to pressure was increased to allow for a depth resolution

of ± 0. 4 meter.

Dive 5: VCM 2 was launched on dive 5 at 1445 on 14 July with

the light in place and with greater pressure sensitivity. However, it

stabilized at 120 meters--the bottom. It ws recovered 20 hours later

at 1115 on 15 July.

Dive 6: With a ballast adjustment VCM 2 was again launched on

dive 6 at 2125 on 15 July. It stabilized at 52 meters and was allowed

to drift for the next 27 hours. The data recorded during this period

are displayed in Figure 5. The pressure record in generat indicates

that the instrument slowly sank. Intermittent down surges of the VCM

are well correlated in the temperature record. As shown by the data

obtained from station 69, a deep temperature inversion layer existed

here at that time. The rotation record was the most active so far with

strong internal wave action of about a 17-minute period. The most

notable event occurred at about 0500 on 16 July when the instrument

sank to warmer water. During this time about 3 meters of water

slipped down past the VCM. Two hours later about 2 meters of this

water moved back upward relative to the VCM which was also ascending.
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The rotation record also indicated that there was a net downward flow

of water relative to the VCM over the entire record. The temperature

measured at the one station made during this dive agreed with that

measured by the VCM. The meter was recovered at 0003 on 17 July.

Dive 7: Serviced for another dive, VCM 2 was then launched on

dive 7 at 0230 on 17 July. It stabilized at 50 meters and was allowed

to continue on its mission for the next 31 hours. The variations in

temperature, pressure and instrument rotations that it encountered

are shown in Figure 6. As in dive 6 the rotation record shows much

variation with strong internal wave action of 15 to 30 minute periods.

A temperature inversion is indicated by the pressure and temperature

records but it does not show up in the data at station 81 taken near the

VCM at that time. During this dive the VCM generally tended to sink

as it slowly oscillated to a period of about 7 hours. Water tended to

slip upward past the VCM during 17 July with large one-hour gyrations

occurring at high noon on that day. Most of this upward water motion

was cancelled during the first few hours on 18 July as water slipped

back down past the VCM. Station 81 was made right on the VCM loca-

tion wLth three other stations being taken near it. All stations indicated

that the VCM was consistently registering a temperature of about

0. 3°C lower than the CTD measured. Therefore, all temperature

values were increased to agree more favorably with the CTD values.

Temperatures during this dive were for the first time low enough to
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warrant a scale shift in the data recorded, a shift which is automati-

cally done within the VCM when temperatures fall outside the range

being recorded. This was the only alteration that was made in the

data obtained on the VCM cruise. Dive 7 was recovered at 0942 on

18 July.

Dive 8: VCM 3 was launched on dive 8 at 0450 on 17 July and

stabilized at a depth of 55 meters. It was recovered 30 hours later at

1136 on 18 July. Upon inspection of the Rustrak record, it was noted

that the VCM must have been setting on the bottom because the

rotation record was quite irregular. This was the last dive attempted

during that cruise.

Comparison of Lagrangian and Eulerian
Current Measurements

The tracks followed by the VCM's while on dives 3, 4, 6, and 7

are drawn with dashed lines on the Mercator map in Figure 7. These

Lagrangian tracks are constructed using the locations of the fixes and

stations taken while over the VCM's and are labeled with the respec-

tive letters and numbers used in the data already presented. The

track made on dive 3 is enlarged in Figure 8 for clarity only. The

times and locations of these fixes and stations are listed in Table I.

Also drawn on the map with solid lines are Eulerian progressive

vector diagrams (PVD) obtained from the moored current meter
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Table I. Times and Locations of Fixes and Stations Made During the
VCM Cruise.

Dive 3
Station 7
Station 9
Station 10
Station 11
Station 18
FixA
Station 19

Dive 4
FixB
Station 30
FixC
FixD
Station 43
Fi.xE
Station 54
FixF
FixG

Dive 6
FixH
Station 69
Fix I
Fix J

Dive 7
FixK
Station 8 1
FLXL
Fix M

Time Longitude Latitude
(Gre e nw Ic h

2330 11 July
0820 12 July
1000 12 July
1210 12 July
2200 12 July
0028 13 July
0130 13 July

0330 13 July
0112 13 July
1300 14 July
1340 14 July
2105 14 July
1250 15 July
1350 15 July
0100 16 July
0230 16 July

2125 15 July
1431 16 July
2321 16 July
0003 17 July

0244 17 July
0830 17 July
2343 17 July
0918 18 July

Moored Current Meter Arrays
NH-6
NH-lU
NH-iS
NH-20
DB-7
DB-lO
DB-13
DB-15
POL Buoy

124° 24.0'
124° 23. 8'
124° 23. 9'
1240 24. 1'
124° 24.41

124° 24,31

124° 23. 7'

124° 25.51

124° 26. 7'
124° 29. 4'
124° 29.3'
124° 28. 9'
124° 31.51

124° 30.0'
124° 36.8'
124° 36.0'

124° 23. 5'
124° 31.31

124° 31.0'
124° 32.0'

124° 13.2'
124° 13.6'
124° 17.0'
124° 15. 1'

124° 12.2'
124° 18.0'
124° 25. 4'
124° 31.5'
124° 12.2'
124° 16.3'
124° 19.0'
124° 22. 4'
1240 17. 1'

44° 45. 1'
44° 45,5'
44° 45. 5 I

44° 44. 8'
44° 44. 9'440 44, 41
44045.21

440 44,31
440 44 5440 41.5'440 41.0'
44° 38.3'440 34. 0'440 34 31
440 29. 7'
44° 28.5'

440 44, 5 I440 41. 9'440410,
440 40. 4'

440 44 51

440 44, 51
440 44. 2'440 47.8'

4403881
440 39. 1'440 30.0'
4403861
440 51.2'440 53,0'440 54.01
440 55, 31
440 44 7
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arrays off Newport and Depoe Bay. An additional PVD is drawn for

dive 7 using a dotted line. Each PVD is labeled as to its source and

also with the corresponding letters and numbers used on the tracks

themselves. No PVD was found that satisfactorily matched the track

of the vertical current meter on dive 3. The data used to plot the

PVDt5 were selected from the moored current meter which most

closely matched the VCM depth, the average depth of water where the

VCM drifted, and the proximity of the moored current meter and the

VCM. Some moored current meter arrays were not in operation

during the VCM cruise. Table II lists the overall speed and direction

of the horizontal currents as measured by the VCM floats and the

moored current meters.

Table II. Speeds and Directions Obtained from Lagrangian and
Eulerian Current Measurements.

Type of Source of Speed Direction
Measurement Measurement (cm/sec) (CW from N)

Dive 3
Lagrangian Fixes made on VCM 3 0. 44 065

Dive 4
Lagrangian Fixes made on VCM 3 12. 7 206
Eulerian 40 meters at NH-15 14. 8 210

Dive 6
Lagrangian Fixes made on VCM 2 14. 1 236
Eulerian 40 meters at NH-15 16. 7 237

Dive 7
Lagrangian Fixes made on VCM 2 3. 62 320
Eulerian 60 meters at NH-b 3.28 327
Eulerian 60 meters at DB-7 9.09 246



DATA PROCESSING

Measurements of temperature, pressure, and rotations were

human read from the Rustrak record of the first good dive, dive 3, at

7. 5-minute time intervals. Since this is a very laborious and time

consuming process, it was desired to have a machine read other

records. The computer facility at OSU has the capability of digitizing

strip chart data to a possible resolution of 0. 01 inch, The charts

were first enlarged and copied at WHOI and then sent to OSU for

processing. By comparing the 'true' human read data with the corn-

puter read data, it was noted that there could be a linear drift induced

in the latter due to the chart being placed on the digitizing table with a

slight tilt. Therefore, periodic checks were pumped into the process-

ing programs to correct for this resulting in good agreement between

the human and computer read versions. Also, a rather random time

increment between data points resulted during the digitizing process.

Therefore a program was written to make this time increment con-

stant.

While processing the data, it was noted that large steps were

being induced into the pressure record. The pressure record is

rather flat to begin with and small variations tend to be squared off

when it is digitized. Since most of the energy is contained in this

record, large spike fabrications in the vertical water velocity would



result. Therefore a low-pass filtering of the pressure record was

desired. The local Brunt-Vis.la frequency should be the highest

frequency observed in the vertical water movement record. Low-

passing the pressure record to this frequency should result in the

elimination of most of the noise found there.

Two methods were found to determine the local Brunt-V.is.l.

frequency. First, according to Mooers (1970), in the coastal region

off the Oregon coast the local Brunt-Vàisál frequency can be found

approximately by

dcr
(2N)2 = [(- ) () I 10 (6)

p dz
0

where N is the local Brunt-Vis.1 frequency in cycles per second,

g is the gravitational constant, p is the average sea water density,

is the local density anomaly without regard to adiabatic effects,

(p - 1) 1O3, and z is the depth from the sea surface assuming posi-

tive upwards. Estimates of N were calculated using
o

values from

the hydrographic data taken during the VCM dives at depth ranges over

which the VCM drifted. Second, it is hypothesized that the highest

frequency in both the pressure and rotation records should be the

Brunt-Vislà frequency. For each dive the water velocity relative to

the VCM was computed by taking the time derivative of the rotation

record (from Equation 2) which seemed to be better defined and less

contaminated by noise than the pressure record even after digitizing.
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The energy spectrum of this relative velocity time series was then

computed and, as found by Voorhis (1968), the spectrum decreased

very rapidly in the region of the Brunt-Visl& frequency, a decrease

that could not be observed in the pressure record due to noise. There

was usually close agreement in the Brunt-Vàislä frequency as deter-

mined by these two methods, especially in the seemingly less noisy

records made by VCM Z on dives 6 and 7.

With these two estimates in mind a half power frequency, F,

was chosen and a low-pass filter designed for each dive. Each filter

had 85 weights, a transition bandwidth of 0. 04 cycles per data interval

and a ripple of 0.01. Only the pressure records were then filtered,

the rotation records being left untouched before computing the vertical

water depth and velocity using Equation (5) and its time derivative.

The energy spectrum of the vertical water velocity was then computed.
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RESULTS

Organization of Data Presented

Three figures are presented for each dive. The first figure

presents the energy spectra of the vertical water velocity relative to

the VCM. Time series had to be broken down into two or three parts

due to limitations in computer memory. Doing this also emphasizes

the nonstationaryness of the time series. Fourteen degrees of free-

dom were used in computing these spectra. The vertical scales are

in energy per unit mass (cm2 /sec2). The data interval or time

increment between data points is noted along with N, the B runt-

Vis.l frequency computed from Equation (6), and F, the half power

frequency of the low-pass filter designed. Both N and F are given in

cycles per data interval. Various peaks and valleys in the spectra

that seem to be present in all parts of the time series are noted by

black dots near which the period is noted in seconds. A line drawn

under this period designates that it also can be found in the total

vertical water velocity. Other correspondences probably can be found

but these at least enable one to see more clearly how the energy

distribution changes with time. The shortest period noted is that

which seemed to be the local Brant-Visl. frequency.

The second figure presents the depth of the VCM (meter depth)

as a function of time along with the depth of the water parcel (water
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depth) that the VCM was initially in contact with at the beginning of the

record. The corresponding northward wind speed and unfiltered sea

level are also given. Wind velocity was measured continuously from

the south jetty at Newport, Oregon. Hourly values of speed and

direction were obtained by averaging over a 20 -minute interval cen-

tered on the hour. Sea level was measured by a permanently main-

tamed tide gauge at Newport. The times of fixes on the VCM and

stations are also designated as before. Intervals are also indicated

by small arrows over which a least mean square estimate of the water

velocity is made. An overall velocity estimate is given in the lower

left hand corner, The units of these estimates are cm/sec.

The third figure presents the energy spectra of the total vertical

water velocity. Again some peaks and valleys in the spectra are

noted. The scale on the vertical axis is again cm2 /sec2 and is usually

one to two orders of magnitude greater than the relative water velocity

spectra implying most of the energy being contained in the pressure

record. Most of the major internal waves encountered had periods of

from 6 to 30 minutes.

Notable Events and Correlations
During Each Dive

The energy spectra derived from the rotation record of VCM 3

on dive 3 are shown in Figure 9. It was decided from this to low-pass
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Figure 9. Partial power spectra of the vertical water velocity
from the (A) first and (B) second aIf of the rotation
data as measured by VCM 3 on dive 3.
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the pressure record to a period of 419 seconds. The oscillations

moving to the beat of 800 seconds per cycle can also be seen later in

the spectra of the total vertical water velocity. Figure 10 shows the

vertical trajectory followed by the '1CM on dive 3. As can be seen

here, most of the water depth measurement comes from the pressure

record which is less accurately known than the rotation record.

Winds during this period were consistently from the south and there-

fore not theoretically favorable for upwelling. The initial water

parcel found itself about 13 meters deeper in the water column at the

conclusion of the dive. There does not seem to be any correlation

between the water parcel depth and sea level changes. However, it

can be seen that vertical movements of isopycnals determined from

hydrographic stations are directly correlated with the water parcel

depth as measured by the '1CM. The density of the water in contact

with the VCM was found from the profile at station 9. The changes

in the depth of this water density (from one station to the next) and

corresponding changes in the measured water depth are summarized

in Table III. The displacements are in meters, a positive sign indicat-

ing a net upward movement. The energy spectra for the total vertical

water velocity during this dive are presented in Figure 11. There

seems to have been a slight shift of energy from lower to higher

frequencies during this period.
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Figure 11. Power spectra of the (A) first and (B) second half
of the vertical water velocity data as measured
by VCM 3 on dive 3.
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Table [II. Comparison of Water and Isopycnal
Surface Depth Changes During Dive 3.

Water Depth Isopycnal Depth
Change Change

(m) (m

-19 -12
15 9
4 3

-3 1

-10 - 2

The data taken during dive 4 tended to be quite noisy after

digitization as can be seen from the energy spectra from the rotation

record shown in Figure 12. This was due to the fact that there was

very little movement in either the pressure or rotation records and

computer induced steps became important. The energy spectra of

the rotation record tend to approach that of white noise, the spectra

of the pressure record being worse yet. However, as seen in Figure

12, there does seem to be a drop in the energy spectral density as the

Brunt-V.is.l. frequency, as determined from the profiles, is

approached. The vertical movements of the VCM on dive 4 are shown

in Figure 13. The trajectories of the VCM and initial water parcel do

diverge more here than on the previous dive but most of this is due to

intermittent large rotations of the instrument. The two depth trajec-

tories are otherwise of similar character. I would suspect that the

bnlb on the pump was compLetely depressed after the first 8 hours of

the dive causing the initial rise of the VCM and also resulting in the
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initial separation of the VCM and its original water parcel content.

The wind shifted to a southward flow in the early afternoon of

13 July, a situation favoring upwelling. From this time until the end

of the dive the water parcel did not tend to show any definite trends of

vertical movement. Water did however seem to rise during slack

periods in the wind at mid-day on 14 and 15 July. A slight increase in

wind during this period on 15 July may have resulted in the large

vertical oscillations experienced by the VCM a short time later.

There does not seem to be any direct correlation with sea level

although it could be masked by changes in the wind stress. Only very

general measurements could be made comparing the water parcel

depth and the depth of isopycnals since only three stations were made

during this dive. Data were also available from three hydrographic

sections taken along 44° 40' N (Huyer, 1973), Since the VMC on dive

4 tended to follow the 125 meter depth contour (Figure 7) and since

it crossed 440 40' N at about 40 km offshore, the isopycnal movements

at 40 km offshore in these sections was assumed to be similar to that

experienced by the VCM during the entire dive. The changes in the

measured water depth and the corresponding changes in the depth of

isopycnal surfaces as determined from both hydrographic stations and

sections are summarized in Table IV. The low correspondence can be

attributed to several things: 1) The assumption made in using the

hydrographic sections could be invalid; 2) the VCM was for extended
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Table IV. Comparison of Water and Isopycnal Surface
Depth Changes During Dive 4.

Water Depth Isopycnal Depth Change (m)
Change From From

(m) Stations Sections
0 -3 -8

9 -8 3

periods of time separated from the water parcel it was keeping track

of; 3) a slight time shift in the VCM data can result in vastly different

water depth measurements since large water depth changes occurred

near the stations; 4) the hydrographic sections represent the sea state

over about a 6-hour period. Large intermittent surges of vertical

water movement, as indicated on dive 4, could make isopycnal depth

comparison invalid.

The energy spectra of the vertical water velocity during this

dive is shown in Figure 14. The very low energy, high frequency

ripples beyond the 470 second period come directly from the rotation

record noise which was not filtered out.

The Rustrak record of dive 6 was characterized by dynamic rota-

tional movements of the VCM. LLttle noise was induced into the record

by digitizing as can be seen in the high frequency range of its energy

spectra shown in Figure 15. There is close agreement in the Brunt-

V.isàl. frequencies as determined from the hydrography and from

this record. Internal waves of about a 17 -minute period carried most
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of the rotational kinetic energy during the last half of the dive. The

winds were strong from the north as shown in Figure 16 but neverthe-

less the water sank about 15 meters during this dive. Water sank very

fast when the wind speed decreased on 16 July after which it rose

slightly and then sank again as higher wind speeds resumed. The VCM

tended to stabilize at about 52 meters depth during the latter part of

the dive while water slowly slipped downward past it.

Only one station was taken near the VCM and the only hydro-

graphic sections available are at 44° 40' N on 15, 16, and 17 July.

No comparison of isopycnal depths can be made here because there

is too much time between sections. The 15 July section was completed

20 hours before dive 6 was launched and the 17 July section was started

15 hours after dive 6 was finished. The VCM did however tend to drift

in an offshore direction near 44° 40' N (Figure 7). Therefore, using

the section of 16 July, the isopycnal surface dropped 16 meters during

the time when the water depth as measured by the VCM dropped

17 meters.

Again there seems to be no correlation between sea level and

water depth movements. The spectra of the vertical water velocity

are shown in Figure 17.

The energy spectra from the rotational record of dive 7 falls

off at a longer period than the other dives as shown in Figure 18. A

longer period yet is predicted from the hydrography. The pressure
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from the (A) first and (B) second half of the rotation
data as measured by VCM 2 on dive 7.



record was low-pass filtered to a period of 10. 5 minutes. The energy

distribution if still very time dependent. The winds during this dive

were predominantly from the north with a brief calm period on 17 July

as shown in Figure 19. It is interesting to note that the water parcel

and VCM seem to separate for just about the same duration as the calm

period with a little time lag. That is, the stress of the southward

wind being relaxed, water sank very rapidly and then drifted upward

during the calm period in the wind. When the wind resumed its

southward blow the water was pressed back down again. The initial

water parcel still found its way to deeper water and in general sank

about 10 meters during the 31 hours that VCM 2 was down on dive 7.

Also there seems to be a hint of a correlation of VCM depth and sea

level.

One hydrographic station was made while over the VCM on dive

7. However three others were made near it in space and time. Sta-

tions 79, 98, and 103 were made near the corresponding fixes K, L,

and M. From these stations Table V was constructed comparing

isopycnal and water depth movements.

Table V. Comparison of Water and Isopycnal
Surface Depth Changes During Dive 7.

Water Depth Change Isopycnal Depth Change
(ni) (m)

1.6 12
-0.7 - 3
-6.6 - 9
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The energy spectra of the vertical water velocity during dive 7

is shown in Figure 20. More similar spectral characteristics can

be found not only between the first and last half of the dive but also

between pressure and rotation records.
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SUMMARY

In the region where the VCM's were deployed, water tended to

sink during periods of northward and southward winds. During north-

ward winds surface waters tend to move inshore as shown by Huyer,

Smith, and Pillsbury. A general intermittent downwelling of

water could result over the entire width of the shelf at such times.

During southward winds surface waters move seaward and upwelling

is observed near shore. Downwelling could still occur under these

conditions at seaward locations over the shelf.

There is no conclusive evidence of vertical water movement

being correlated with sea level variations but the effect could be

masked by wind variations. There does however seem to be a direct

correlation between vertical water movements and the vertical move-

ments of isopycnal surfaces, especially when VCM and CTD measure-

ments were simultaneously made as on dive 3. Large intermittent

vertical water movements of up to 0. 22 cm/sec were experienced by

the VCM's at times, particularly during changes in wind speed.

From current profiles (Huyer et al. ) for sea conditions

during the VCM cruise and from work done by Voorhis (197 1), I esti-

mate that on the order of 1O4 cm/sec vertical velocity could be

induced into the record due to vertical shear.

When southward wind speed was reduced, water tended to sink
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very rapidly followed by an upward drift. When the southward wind

increased again, the water was pushed back down at depths where

the VCM's were deployed. A steady southward wind seems to produce

a slow downward movement of water. A summary of the VCM depths

and predominant wind speeds and vertical velocities is presented in

Table VI.

Table VI. VCM Dive Summary.
Depth of Depth to Northward Average Vertical

Dive Instrument Bottom Wind Speed Velocity (cm/sec)
(m) (m) (m/sec) A B

3 70 119 5 0.0037 -0.014
4 45 121 -10 0.0062 0.0043
6 51 135 -10 -0.014 -0.017
7 49 75 - 6 -0. 010 -0. 0045

*A) From best linear least mean square estimate
B) From net vertical displacement over the dive period.

If the VCM and water parcel become separated, error can be

induced into the Lagrangian measurement. This error depends on the

product of the vertical separation, the local vertical shear, 3nd the

time of separation. For example, the 4-meter displacement of VCM

and water parcel depth experienced on dive 7 lasted for about 13 hours.

For the vertical shear found off the Oregon coast (0. 003 sec'), the

VCM and water parcel could be separated horizontally by about 500

meters at the end of the 13-hour period. The VCM would no longer

be tracking the same water parcel. This particular error is probably
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not very significant but greater vertical displacements for longer

periods of time, such as the 10 to 15 meter vertical separation experi-

enced on dive 4 which lasted for over 2 days, could be very significant.

For future research done with the vertical current meters, the

following is suggested.

A) Initially, before a mission, the VCMTs need to be accurately

ballasted to the neutrally buoyant state in sea water of a known

density. Pumping sea water into a large tank would be ideal

for this.

B) The vanes could be made to clip on and off the meters. Now,

vanes are slipped on as a collar around the VCM to remain in

place during the entire mission, If the vanes could be easily

removed, transporting and storing the VCM's while on the ship

would be greatly simplified The vanes could be clipped on during

ballasting and just before launching.

C) An increase in pressure sensitivity to ± 0. 1 meters is desirable.

D) It would be worthwhile to get records for as long a time as

possible on each dive. This has its limitations due to the VCM

drifting out of the moored current meter area but they could be

launched tupstream' of this area and then recovered after pass -

ing through it.

E) More hydrographic stations need to be taken while over the

VCM's - -at least one every 4 hours.
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F) Two VCM's simultaneously launched to the same depth would

be revealing as to the reliability of the data measured.

G) A measurement of the vertical vorticity off the Oregon coast

using a modified VCM would be of value.

While at depth all VCM's were located near or just below the

permanent pycnocline. This region is generally characterized by

cool water which has been upwelled from depth to near shore regions

and then sinks along the lower portion of the pycnocline. This situa-

tion not only creates a downward flow during favorable winds for

upwelling but also creates a temperature inversion layer. Both the

sinking water and temperature inversion were experienced by VCM's

in this region during favorable winds for upwelling,

No continuity calculations were made using the horizontal and

vertical current measurements made during July of 1972, With the

data available such a calculation was not possible. In order to map an

individual convective element and get a feeling for possible topograph-

ical effects using moored current meters and Webb-Voorhis VCM's,

many more floats and current meters and a better means of tracking

would be needed,
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