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ABSTRACT

A summary of one phase of a direct observational program conducted
in the coastal region off Oregon is presented, The measurements were
made primarily on the continental shelf in late coastal upwelling season
(August and September 1966). The principal measurements were time

~series of horizontal current velocity and temperature fields; these
- observations were made with an array of moored, recording meters.

Supplementary measurements of hydrographic variables, wind, atmospheric
pressure, and mean sea level were also made,.

The emphasis of this data report is on the graphical and tabular
display of first-order statistics, Limited descriptive remarks are
made in order to provide some interpretation for these initial results.
More thorough analyses and discussions of the observations are expected
to follow from this stage of analysis,

In brief, this set of measurements in the coastal upwelling frontal
zone indicates the flow field:

i) is highly variable on the time scale of tidal-like motions to that
of motions with several-day periods.

ii) has a southerly mean at a depth of 20 meters (in the ''surface
layer").

iii) has a northerly mean at a depth of 60 meters (at the base of the
"permanent pycnocline'),

iv) has a marked response to variations in the wind field on the time
scale of several days, ' ‘

Recommendations regarding future observations and analyses are made,



Figure Number

1

2

10

11

LIST OF FIGURES

Figure Caption

Array Configuration

Locations of Array and Hydrographic Stations
off Depoe Bay, Oregon, August-September 1966

Instrument .String Schematic

Vertical Sigma-t Section (Depoe Bay Line)
August 1966

Vertical Sigma-t Section (Depoe Bay Line)
September 1966

Mean and Standard Deviation of Hydrographic
Profiles, Anchor Station DB 25, August
1966 .

a. Temperature

b. Salinity

c. Sigma-t

Mean and Standard Deviation of Hydrographic
Profiles, Anchor Station DB 25, September
1966 i

a. Temperature

b. Salinity

c. Sigma-t

Vertical Profiles of Temperature at Sensor
Sites

a, 15-16 August 1966

b, 26-27 August 1966

C. 23-24 September 1966

Vertical Profiles of Salinity at Sensor Sites
a. 15-16 August 1966
b. 26-27 August 1966
c. 23-24 September 1966

Vertical Profiles of Sigma-t at Sensor Sites
a, 15-16 August 1966
b, 26-27 August 1966
c. 23-24 September 1966

Temperature-Salinity Diagrams at Sensor
Sites

a, 15-16 August 1966

b. 26-27 August 1966

c. 23-24 September 1966

17

17

20

21

22

23

24

28



12

13

14

15

16

17

18

19

20

21

22

23

24

Temperature Salinity Diagrams at Anchor
Stations
a, DB 25, 27-28 August and 26-27
September 1966
b. DB 40, 28-29 August 1966 and NH 65,
30-31 August 1966

Static Stability, Anchor Station DB 25, 26-27
September 1966

Sound Speed Gradient, Anchor Station DB 25,
26-27 September 1966

BT Vertical Sections 21-24 August 1966

Current Speed Vertical Profiles, Depoe Bay
Line 23 - 24 September 1966

Vertical Profile of Mean Horizontal Velocity,
Anchor Station DB 25 27-28 September 1966
a. Velocity in cartesian components
b, Velocity in polar components

Vertical Profiles of the Mean of the Scalar
Speed and Speed of the Vector Mean, Anchor
Station DB 25, 27-28 September 1966

Progressive Vector Diagrams of Currents,
Depoe Bay Array 15 August - 24 September
1966

Progressive Vector Diagrams of Winds, 1
August - 31 September 1966

Low-passed Horizontal Velocity Components
Versus Time

a. DB 5, 20 meters

b. DB 10, 20 meters

c. DB 5, 60 meters

d. DB 15, 60 meters

Low-passed Temperature Versus Time

Low-passed Mean Sea Level and Atmospheric
Pressure Versus Time

29

30

30

32,33

34

35

36

38

41

42,43, 44,45

47

48

Histograms of Speed, Direction, and Current 49,50,51,52

Velocity Components

DB 5, 20 meters
DB 10, 20 meters
DB 5; 60 meters
DB 15, 60 meters

Qa0 o



25

26

27

28

29

30

31

32

33

34

Histograms of Velocity Differences
a, DB 5-DB 10, 20 meters
b. DB 5-DB 15, 60 meters
c. DB 5, 20-60 meters

Histograms of Temperatures
a, DB 5, 20 meters
b, DB 15, 20 meters

Histograms of Temperature Differences
a. DB 5-DB 10,20 meters

Histograms of Meter Tilt and Current
Direction Variability, DB 5, 20 meters
a, Tilt direction
b, Tilt magnitude
¢. Current direction variability

Histograms of Meter Tilt and Current
Direction Variability, DB 10, 20 meters
a, Tilt direction
b, Tilt magnitude
¢, Current direction variability

Histograms of Meter Tilt and Current
Direction Variability, DB 5, 60 meters
a. Tilt direction
b. Tilt magnitude
¢, Current direction variability

Histograms of Meter Tilt and Current
Direction Variability, DB 15, 60 meters
a, Tilt direction
b, Tilt magnitude
¢, Current direction variability

Histograms of Wind Velocity
a, Directly measured winds, velocity
components
b, Geostrophic winds, velocity components
¢, Directly measured winds, speed and
direction
d. Geostrophic winds, speed and direction

Daily Wind Stress
a, Eastward
b, Northward

Daily Total Kinetic Energy of Currents Versus
Time

a., DB 5, 20 meters

b, DB 10, 20 meters

¢, DB 5, 60 meters

d, DB 15, 60 meters

54

57

58

59

60

61

62

63, 64

66

67, 68



35 Daily Component Kinetic Energy of Currents 69, 70
Versus Time

a. DB 5, 20 meters, eastward (E),
northward (N)

b. DB 10, 20 meters, eastward (E),
northward (N)

c. DB 5, 60 meters, eastward (E)
northward (N)

d. DB 15, 60 meters, eastward (E),
northward (N)

2

36 Daily Component Kinetic Energy of Winds 71,172,773
Versus Time

a, Eastward component, directly
measured, August 1966

b, Eastward component, directly
measured, September 1966

c. Eastward component, geostrophic,
August 1966

d. Eastward component
September 1966

e. Northward component, directly
measured, August 1966

f. Northward component
August 1966

g. Northward component, directly
measured, September 1966

h. Northward component, geostrophic,
September 1966

, geostrophic,

geostrophic,

37 One-Half of Daily Variance of Hourly-Average 75
Temperature '
a. DB 5, 20 meters
b. DB 15, 20 meters

38 Daily Potential Energy of Low-passed Atmos- 76, 77
pheric Pressure and Mean Sea Level
a. Atmospheric Pressure, August and
September 1966
b. Mean Sea Level, 29 August - 30 September
1966 '

39 Sample Correlation Functions Based on Numeric- 78
ally-tapered Data (Eastward component, DB 5,
60 meters)
a, High-passed
b. Band-passed
c. Low-passed

40 Sample Auto Spectral Functions Based on 79
Numerically-tapered Data (Eastward component,
DB 5, 60 meters)
a. High-passed
b. Band-passed
c. Low-passed



Table Number

LIST OF TABLES

I

II

IIT

Iv

VI

VII

VIII

Table Title _
ARRAY FACTS
CRUISE FACTS

SUMMARY OF AVAILABLE DATA
RECORDS

SIGMA-T DATA (DEPOE BAY LINE)
TEMPERATURE, SALINITY, AND
SIGMA-T MEANS AND STANDARD
DEVIATIONS AT ANCHOR STATIONS

TEMPERATURE, SALINITY, AND
SIGMA-T DATA AT SENSOR SITES

MEAN FLOW AND TEMPERATURE

FIRST FOUR STATISTICAL MOMENTS
OF SEVERAL VARIABLES

MEAN VELOCITY DIFFERENCES



LIST OF APPENDICES

Appendix Number Appendix Title
I Data Processing Programs
II . Derivation of Error Detection
Formula
I | Cosine-Lanczos Taper and Filter

Characteristics (Used for Data
Smoothing and Band Separation)



INTRODUCTION

This is the second data report of a program designed to study physical
processes in the Oregon coastal regime by means of moored arrays con-
taining recording instrumentation and by use of complementary hydrographic
and atmospheric data, Various first-order statistics and plots of error-
corrected and numerically-tapered data are presented for time series of
current velocity and of temperature. Supplemental data from hydrographic
sections and anchor stations, and from sea level, atmospheric pressure,
and wind velocity measurements, are shown, The data were collected
in August and September 1966, principally on the Oregon continental shelf.

The data report of the first phase of this program was compiled in a
similar format (Collins, Creech, and Pattullo, 1966). A comprehensive
summary of the results from the first phase of this program has been
given in a Ph, D, thesis by Collins (1968) from which formal papers are
being prepared, Some preliminary results of the second phase of this
program were described by Mooers and Smith (1967). A pair of papers is
in preparation synthesizing some of the measurements and the interpretations
of the first two phases (PartI, Collins, Mooers, Stevenson, Smith, and
Pattullo; PartII, Mooers, Collins, Smith, and Pattullo).

After sets of data have been acquired, reduced, and processed to the
extent that advanced statistical calculations or graphical descriptive
discussions can commence, we have found it useful to present some of
the data and first-order statistics. The principal objective is to "show
the potential'' of the data so that we and others will know what has been
measured by available instruments, what exists oceanographically to
be measured by these instruments, and what future measurements and
analyses show appreciable promise. Most of the calculations presented
can be considered in the category of ""preliminary" or 'initial' results;
similarly, the descriptive remarks made in the textare limited in
depth and scope. The determination of what constitutes an adequate
set of presentations in a data report of this nature is a significant
problem in itself; comments from the readers will be appreciated,

As examples of the variety of approaches recently employed to achieve
similar objectives, see Webster and Fofonoff (1967), Davidson and
Birchfield (1967), Durham and Reid (1967), and Maloney (1967).

Rather than tabulate our ''data bank]' we think it is of greater interest
to display our data records in graphical and tabular forms of first-order
statistics. By pursuing this approach, we can provide feedback for
subsequent measurements and calculations rather rapidly--months to
years in advance of formal publication of only the principal results. A
secondary objective is to indicate the need for nauxiliary data'' of good
quality by showing the utility of that which has actually been available.
Since we think it is important to develop the descriptive art of time series
and vertical profile presentation at an intermediate stage, i,e., preliminary
to correlation and spectral analyses, we expect to continue to experiment
with various graphical and tabular representations in the future, rather
than to adhere to a rigid format, In a data report of this nature, it will



be necessary to record some items only once, others on all occasions,

By exposing ourselves to internal and external review, we hope to stimulate
constructive criticism. We believe it is also true that our work is

most useful to a broad audience of oceanographers in this intermediate
form; the subsequent, more sophisticated analyses are likely to be

chiefly of interest to dynamical or theoretical physical oceanographers.

OBSERVATIONAL PROGRAM

The observational program can be divided into two phases: the
moored-meter installations and the hydrographic sampling program,
The latter can be further subdivided into two categories: vertical
sections (primarily in the onshore-offshore direction) and anchor stations,

The main portion of the moored-meter installation consisted of
three vertical strings of sensors, each composed of a current meter pair
and a thermograph, One of the three sets was installed at each of the
stations designated DB 5, DB 10, and DB 15 (Figures 1 and 2) for a period
of 40 days; a fourth set, consisting of a single thermograph, was installed
at DB 10B (Figure 2), but failed to function, Table I summarizes several

pertinent facts about these installations,

The hydrographic cruises consisted chiefly of standard Nansen bottle
and BT casts along tracks normal to the bottom topography off Depoe Bay-
and off Newport, Oregon; several anchor stations were taken for a lunar
day at stations over the continental slope, Figure 2 gives the station
locations for the three cruises, and Table II summarizes assorted facts
about the cruises and the extent of the discussion of their results in

‘this report. At certain anchor stations (Table II), vertical profiles of

horizontal velocity were directly sampled with a Savonius rotor current
meter, designated HPCM. On the Depoe Bay line, an effort was made to
obtain a high definition of the complex vertical profiles of temperature

and salinity by special bottle spacing, by dense station spacing, and by
occupying anchor stations. This sampling procedure meant a departure
from the Department's ''standard' hydrographic sampling program but
represented a considerable improvement in definition of coastal hydrographic
features, '"Real-time' data reduction, analysis, and interpretation were
attempted in order to modify sampling procedures as the cruise proceeded
and to enhance the educational aspect of each cruise, This effort was
Targely successful, but required excessive manual effort without an
on-board computer,

MOORED-METER INSTALLATION

Array

~ An instrument string, consisting of recording current meters and
thermographs, was installed at several positions (Figures 1 and 2) on the
Oregon continental shelf with the following installation scheme. A schematic
of a typical taut-wire, instrument string used in the array is given in
Figure 3. (For a general discussion of several types of mooring schemes
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Figure 2, Locations of Array and Hydrographic Stations off Depoe Bay, Oregon, August-September 1966,
Legend: « Hydrographic Station *¢ Anchor Station
e Instrument Installation DB Depoe Bay

St ation numbers are given in nautical miles offshore and depth contours in meters,



TABLE I
ARRAY FACTS

Data Length '

Location Installation Water Meter Identification Meter

Number Depth (m) (Serial Number) Depth (m) (days)

DB 5 1 80 BRCM 1 (316-049) 20 17
BRT 1 (146-087) 20 40 .

BRCM 2 (316-054) 60 40

DB 10A 2 140 BRCM 3 (316-055) 20 40
BRT 2 (146-088) 20 1/4

BRCM 4 (316-088) 60 1

DB 15 3 200 BRCM 5 (316-089) 20 0

BRT 3 (146-089) 20 25

BRCM 6 (316-090) 60 40

DB 10B 4 140 BRT 4 (146-090) 20 0

LEGEND: BRCM - Braincon Current Meter;
NOTE: 9% Data Recovery (1 +17 + 4 x 40)

10.x 40

TABLE 1II
CRUISE FACTS

BRT - Braincon Thermograph
x 100 = 50.75070 .

Cruise Track (with

Designation Hydrographic

(Year/Month) Dates and BT Data Anchor Stations Remarks
6608-A 15-16 August DB installation Discussed
6608-C 26-30 August DB line Discussed
6608-C 26-27 August DB 25 (with HPCM) Discussed
6608-C 28-29 August DB 40 (with HPCM) Discussed
6608-C 1-2 September NH line Not discussed
6608-C 30-31 August NH 65 Discussed
6609 -B 23-24 September DB line and recovery .

(with HPCM) Discussed

6609 -B 27-28 September DB 25 (with HPCM) Discussed
6609 -B 24-26 September NH line Not discussed

LEGEND: DB- Depoe Bay; NH -
Casts

Newport; HPCM - Hydroproducts Current Meter
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and their relative merits, see Daugherty (1966); sensor performance under
a variety of environmental conditions is also reported.,) Details concerning
the hardware are as follows:

Main Anchor--A 55-gallon drum filled with scrap steel and concrete;
total weight in air of about 1300 1bs, ;

Ground Line--1/4-inch 7 x 19 preformed galvanized wire rope; 400-700
meters of wire were laid between the main anchor and the secondary
anchor, The secondary anchor was attached to the ground line with
1/4-inch pendants and wire rope clips; the wire from the surface
float to the main anchor was continuous,

Secondary Anchor--Seven 35-1b shackles and one 25-1b Danforth anchor,

Surface Float--A toroid, constructed of fiberglas over a urethane
foam core; major diameter of 4 feet and minor diameter of 1 foot;
this float had a positive flotation of 400 lbs and was equipped
with a radar reflector and navigation light,

Subsurface Floats--Two 42-gallon hot water tanks were bridled by
means of flat bar cages and pressurized with 50 lbs of air; when
submerged, the depth of the top of the subsurface float was
15 meters,

A 3/16-inch 7 x 19 preformed stainless steel wire rope was used in the
instrument string per se; components of the instrument string were fastened
to it with 7/16-inch galvanized chain safety shackles, Half-inch swivels
were used below the subsurface and surface floats and above the main anchor,

The sensors are launched first, and they float on the surface; they
are then attached to the main anchor, which is lowered by the ground
line, The ground line is payed-out until the secondary anchor and then
the surface float are attached and launched, The instrument string is
recovered by an operation inverse to the launch operation when the
surface float remains attached. When the surface float is missing, a _
dragging operation is conducted to '"snag'' the ground line, and the recovery
proceeds from there, It was necessary to drag for the gound line at
DB15; though the operation was successful, it taxed the depth limits
of the feasibility of the dragging procedure.

A linear array of instrument strings was installed on the continental
shelf off Depoe Bay, Oregon, near 45°N, The bottom topography in this
region is relatively smooth, and it is oriented approximately 020-200°T.
Instrument strings were installed at 9-kilometer increments from 9 to
27 kilometers offshore, where the water depths at the installations were
80, 140, and 200 meters, respectively, The array configuration was designed
to study internal tides and inertial motions, as well as some of the details
of the mean and the time-varying flow at periods greater than a pendulum
day (about 17 hours) in the coastal frontal region during the later stages
of the nominal upwelling season, (A plan for an early upwelling season
installation in 1966 was inhibited by the sudden appearance of a Russian
fishing fleet in our coastal waters, whose trawling operations were



considered a potential hazard to our array. That particular expeiiment
was eventually performed in the spring of 1967 and will be the subject of
the next data report. The Russians remained in the region during our
late summer installation; but, having been notified of our intentions,
they did not interfere with our work,) Current meters were set at the
base of the surface layer and near the base of the permanent pycnocline,
giving a samplc at two depths of perhaps a multi-layered or vertically
continuous flow regime., A thermograph was set in the lower portion
of the thermocline to estimate the vertical scale of motion, e, g., the
vertical motion associated with upwelling or internal tides. (We have
ncever sel recording meters at depths shallower than 20 meters, hoping
to avoid significant mooring motions and direct data contamination from
surface waves,) In order to detect the directionality and to test the
longcerestedness of the wave-fronts of internal tides and inertial motions,
a single thermograph was positioned 9 kilometers to the south of the
18-kilometer offshore station, DB 10B (Figure 2), but that sensor never
functioned.

Instruments

Current velocity in the sensor array was measured by Braincon Type 316
Histogram Current Meters (Braincon Corporation, 1965a; Sunblad, 1965).
Current observations were made continuously over a 10-minute period and
recorded on photographic film; actually, one minute of the sampling
period was used for film advance so only nine minutes of data were
recorded at the 10-minute sampling rate. Current speed was integrated
by the meter over this period (note: it is possible to obtain a 10-minute
speed sample by taking the difference between the '"arc-value'' at the
beginning of the speed arc on successive film frames), and current
direction was sampled by the meter as a quasi-frequency curve such
as to serve as a low quality histogram which is usually sufficient to
identify the extremes and the mode of direction. The mode of direction
is taken to be the ""mean direction.' The '"'mean direction' and the
speed are then combined in a polar coordinate format to give the mean
velocity in an observational interval, since a true vector mean is impossible
to achieve with the present recording procedure. The implicit hypothesis
in this procedure is that the combined speed and direction variability
was sufficiently small on a time scale less than ten minutes so that the
vector formed from separately-determined speed and ""mean direction"
is not significantly different from the mean vector velocity. This hypothesis
can only be tested qualitatively by checking the consistency of the resultant
time series pattern of velocity and by examining the statistics of the
direction variability, The hypothesis would be untenable if the flow
actually had a zero mean velocity on a time scale of the order of ten
minutes; because even if the actual current direction was highly variable
(in the extreme, uniformly distributed over all values), if the measured
speed was significantly large, we would record a non-zero velocity.



The operational characteristics of the Type 316 Histogram current meter
are summarized below (see Braincon Corporation, 1965a):

speed sensor: (Savonius rotor)

i) calibration threshold: 2. 6 cm/sec (minimum starting velocity
is 0.6 cm/sec) :

ii) sensitivity: 0.55° of film arc//1 cm/sec for a 10-minute cycle
iii) precisibn of film readout: T 2 cm/sec for a 10-minute cyéle
iv) accuracy: in ekcess of readout precision

v) operating range: 2,6 to 260 cm/sec |

direction sensor:. (3 foot-by-3 foot vane)

i) threshold: t5° at 2.6 cm/sec
ii) sensitivity: T 5° atcurrent speed of 2.6 cm/sec
iii) precision of film readout: ¥ 3°

iv) accuracy: T 1°, again in excess of readout recision |
Yy ’ 1n excess :

v) operating range: O to 360° magnetic
Compasses were checked and found to be free from detectable deviation,

The current meter rotors were post-calibrated at the Division Hydraulic
Laboratory of the Corps of Engineers, U, S. Army, Bonneville, Oregon,
(For a thorough discussion of the calibration facility at Bonneville and
of general considerations in current meter calibration, see Johnson (1966).)
Revolutions of the rotor were sensed through the current meter's pressure
casing by a magnetic reed switch, The resultant pulses were fed into
a time-distance recorder provided by the Laboratory. Current speed was
observed to be linear with respect to rotor pulses/sec/rev for all of the
rotors at current speeds of 6 to 25 cm/sec, As expected from the manufacturer's
specifications, a slightly non-linear relationship was observed for current
speeds in the range 25 to 40 cm/sec. (This non-linear response is
incorporated in our data conversion procedure,) The current speed
calibration of our meters is consistent with the manufacturer's calibration
curve; the examination of the calibration consistency is the principal
purpose of our calibration work at Bonneville, (For more comprehensive
analyses of Savonius Rotor performance in general, see Gaul, Snodgrass,
and Cretzler (1963), Sexton (1964), and Fofonoff and Ercan (1967).)

Velocity measurements have not been corrected for mooring motions,
Motions of the instrument array weie minimized by the use of subsurface
floats and do not appear to seriously contaminate velocity data: the effects
of array motions have been examined by comparing data sampled under
different wave and wind conditions and by examining the tilt variations.
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In general, tilt was very small; substantiation of this statement is
given below,

TILT MAGNITUDE
(Per Cent of Samples)

Note: 1° of tilt is
equivalent to the hor-

Number izontal displacement
Meter of listed below for each
Identification Samples 0° <1° < 3% =5° sensor (meters)*
BRCMI 5734 6.4 28,3 86.1 4.0 1.0
BRCM2 2078 3.7 46.0 90.6 6.4 0.3
BRCM3 5229 57.7 95.2 100.0 0.0 2.1
BRCM6 5340 12,2 73.3 99.8 0.0 2.4

*The assumption is made that an instrument string tilts as would a rigid
body, which we would ndt expect to be strictly true.

Water temperature was measured by Braincon Type 146 Recording
Thermographs (Braincon Corporation, 1965b; Brainard, 1964). These
were fitted with -2°C to +25°C thermometers, (The two rapid response
thermographs, fitted with +5°C to +15°C thermometers and installed at
DB 10A and DB 10B failed to function and are not evaluated here,) The
thermometer was placed between a phosphorescent source and photographic
film; temperature was recorded as a thick dark line where the mercury
did not prevent film exposure. The thermographs were set to advance
every ten minutes; our laboratory tests indicate that their 63% response
time is about 10 minutes, which checks the manufacturer's specifications.
Thermometer readout accuracy is T 0, 1€C° (Brainard, 1964). Thermograph
calibration tests were conducted in 2 constant temperature bath which
was cycled through temperature variations as a consistency check, The
absolute temperature values checked within the limits of the resolution of
the readout.

Numerous tests have been run in the laboratory on the stability of the
clocks which govern the film advance mechanisms. Pre- and post-
installation laboratory tests were run to establish clock-error estimates,
For sensors which ran throughout the installation period, or those current
meters which had Timex watches photographed on each frame, logbook
entries for installation and recovery times could be compared with film
frame counts to further check clock-error, The results of these tests are
tabulated below for those sensors which ran usefully long:
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Actual Frame Count

Meter Lab Pre-test Lab Post-test vs Equivalent Frames
Identification (sec/day) (sec/day) (""Time in Place')

BRT 1 +6 0 5627 vs 5629

BRT 3 no data 0 '~ indeterminates

BRCM 1 -7 no data indetermainate

BRCM 2 -22 no data indeterminate

BRCM 3 +30 no data indeterminate

BRCM 6# +2 no data 5734 vs 5730

*Indeterminate means sensor was not operating upon recovery,

#0Only Timex which was readable on each frame; though the watch gained
20 minutes over the duration of the installation, it was quite useful in the
data reduction phase, especially for "starting’' the film readout and for
verifying the frame count; the other five Timex watches ran from 2 to 30
minutes fast,

In summary, the greatest clock-error is of the order of plus 30 sec/day,

or 2 frames in 40 days, i, e, clock stability was approximately 1 part in
3,000, Instrument depths are referenced to mean sea level and are accurate
to T 1 meter, as determined by wire lengths and water depth from fathometer
records and charted depths., One limitation in positional accuracy is
imposed by the nature of our installation procedure: the launch is made
with reference to the main anchor, but the recovery is made with reference
to the surface float. Consequently, it is difficult to determine whether or
not the main anchor has dragged. Our navigational data suggest an upper
bound of about one kilometer of drag to the south,

Despite their simple modular construction and our systematic checkout
procedures, these instruments continue to require considerable care and
preparation if they are to record worthwhile data; the instrument recovery
rate (100%) has been superb, but the data recovery rate (51% for this
installation) has been disappointingly low.

HYDROGRAPHIC SAMPLING PROGRAM

The hydrographic sampling program was essentially split into two
sections: the Newport and the Depoe Bay hydrographic lines. The Newport
line is sampled routinely by OSU: this line has ten-mile* station spacing
inshore of 45 miles, and twenty-mile station spacing between 45 and 165
miles offshore, and Nansen bottles are set at ""standard depths.'" The
only modifications of the Newport line, in late Sugust, consisted of taking
near-bottom samples at NH 65, of occupying an anchor station at NH 65
and of obtaining a deeper-than- ordinary sample at NH 47 rather than
sampling at the usual, relatively shallow NH 45, Additional samples were
taken inshore of NH 5, which had been the usual inshore terminus.

* We have attempted to use metric units throughout this data report, but
the hydrographic stations are layed-out and designated in units of nautical
miles,
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On the Depoe Bay line, samples were taken generally at five-mile
increments but no further than 50 miles offshore on three cruises. One set
of samples commenced at 1 mile offshore; the other sets commenced at
5 miles offshore, Anchor stations were also occupied at DB 25 (in both late
August and September) and DB 40 (only in late August). Special bottle spac-
ing was employed on the Depoe Bay line in order to more precisely define
the depth zone of a commonly occurring temperature inversion, Bottles were
generally spaced at five-meter vertical increments in the depth zone of the
temperature inversion as the supply of bottles permitted. The maximum
depth of casts was limited to 300 meters,

Table II lists the hydrographic stations occupied on each cruise, The
data will be reported in the OSU Department of Oceanography's hydrographic
data series, but selected plots of the data for the Depoe Bay line and the
anchor stations have been included here, Since much of our thinking is based
on the assumption that the hydrographic fields are essentially uniform in the
alongshore direction, the only available alongshore BT section during this
period of time is also presented (Figure 15),

A summary of available data records and details of recordlng meter
data records are given in Table IIIL

DATA PROCESSING AND PRESENTATION

Time Series Data

For the recording sensors, the data processing operation is divided
into several steps:

i) photographic film development (performed commercially)

ii) film reading and data entry into a data log book (performed by
project personnel, with support from the OSU Work-Study Program;
see Acknowledgments)

iii) data punching and verification (performed both by OSU Computer
Center key punch personnel and by project personnel)

iv) data editing (performed by initial visual checks and then computer-
ized error detection (Appendix II), followed by visual verification
and correction of indicated errors with reference to data log books
and/or film)

v) data conversion (performed by computer program (Appendix I) in
order to convert from mechanical to oceanographic units, from
polar to cartesian coordinates, etc,)

vi) time series data plots (performed by computer programs, either a
time series of a scalar variable or a progressive vector diagram
(PVD) for horizontal velocity)

vii) data histograms (computer-program-calculated(Appendix I) but hand-
plotted)
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A. Available Data Records

TABLE Il

SUMMARY OF AVAILABLE DATA RECORDS

Data on Cards/Tape

Low-passed Data

13

Hourly Averages

Data Sampling # Data  Start Stop # Data Start itop Start Stop

Serics Interval Points Time/Date  Time/Date Points Time/Date Time/Date  Time/Date Time/Date
Recording Meter Data

BRT 1 10 Min 5628 1230//8/15 T520//9/23  Bl6 0100//8/1& 0100//9/21 1300//8/15 1400//9/23
RRT 3% 10 Min 2994 1800//8/15 2010//9/4 - 360 0600//8/13 0600//9/2 1800//8/15 1000//9/8

BHOEM L 10 Min 2078 1230//8/15 2240//8/29 204 1030//8/18 2230//8/26 1300//8/15 2100//8/29
NRCM 2 10 Min 5229 1240//8/15 2000//9/20 726 1040//8/16 1040//9/17 1300//8/15 1900//9/20
BRCM 3 10 Min 5337 1430//8/15 1550//9/21 744 1230//8/18 1230//9/18 1500//8/15 1500//9/21
I'RCM b 10 Min 5734 1810//8/15 1340//9/24 810 1610//8/18 101 0//9/21 0000//8/16 1200//9/24

*Due to erratic film advance, questionable data begins at 2010//9/4 and ende at 1810//9/7 and is not used

in the main,

Complementary Data

Atmos -
pheric
pressure 1 Hour 1464

Sea
Level *% 1 Hour 900

Bluewateyx
Winds 1 Hour 1464
Geostro-

phic Winds 6 Hours 241

0000//8/1  2300//9/30
1200//8/24 2300//9/30
0000//8/1  2300//9/30

0000//8/1  2300//9/30

1344

786

1200//8/3 1200//9/28

1200//8/27 - 1200//9/28

** Gaps occurred in sea level record for: 0130//9/15-1100//9/15, 1500//9/16-0100//9/17, and

1500//9/17-1030//9/19.

The gaps were filled by fitting predictions from tide tables to contiguous

data and testing by error detection procedures until anomalous behavior of the data was reduced to

an acceptable level,

B. Details of Recording Meter Data Records

Estimate of Time Maximum Actual
Meter Maximum Maximum Frame Time Main Array Expected # Usable
Identi- Time In Time Out Possible Error due to Anchor on Broke of Usable Frame
fication Water Water Frames Clock Error Bottom Surface Frames Count

{No. of Frames)

BRT 1 1205//8/15 1536//9/23 5633 +0 1234//8/15 1525//9/23 5629 5627
BRT 3 1713//8/15 1345//9/24 5738 0 1810//8/15 1317//9/24 5730 2894
BRCM 1 1205//8/15 1536//9/23 5633 -0 1234//8/15 1525//9/23 5629 2078
BRCM 2 1218//8/15 1530//9/23 5630 -2 1234//8/15 1525//9/23 5629 5229
BRCM 3 1345//8/15 1734//9/23 5683 +2 1433//8/15 1724//9/23 5671 5337
BRCM 6 1716//8/15 1343//9/24 5738 40 1810//8/15 1311//9/24 5730 57344

* Total good data, i.e., prior to detectable, erratic film advance,

*¥ Only meters running upon recovery; frame count discrepancy may in part be attributed to the total time
taken for the meter to "'settle down' upon ingtallation and to be retrieved "after unsettling'' upon recovery;

from logbook entries, the best estimate is a total of 40 minutes (4 frames) in the case of BRT 1 and 80

minutes (8 frames) in the case of BRCM 6,



viii) other first-order statistics (by computer, Appendix I)

ix) weighted averages, i.e,, numerical tapering (or filtering) of data
(by computer, Appendix III),

1L

In brief, the data processihg phase consists of data reduction and first-

order analyses designed to detect errors and to examine basic statistical-
oceanographic features of the data. At the completion of this phase of the
analysis; a data report can be prepared and higher-order time series
analyses can commence,

In presenting the moored-meter data, we have followed the format

used by Webster and Fofonoff (1965) as closely as feasible, Data are pre-

sented as follows:

i) Progressive vector diagrams (PVD's) (see Webster (1964) and
definition belows)

ii). Current velocity time series

a) Histograms of speed, direction, U and V, and direction varia-
bility

b) Plots of smoothed, i.e,, '"low-passed,' velocity components
versus time |

c) Daily kinetic energy
iii) Temperature time series
a) Histograms of temperature

b) Plots of smoothed, i, e., "low-passed, " temperature versus
time

c) One-half of daily-variances
iv) Histograms of meter tilt magnitude and direction,

Speed histograms give relative frequency for successive 2 cm/sec
intervals; velocity component histograms are constructed for successive

intervals of 5 cm/sec. Direction histograms are incremented in ten-degree

intervals, Because reading bias distorted temperature histograms by

* A progressive vector diagram is simply a graphical vector addition of
successive velocity vectors measured at a single spatial point in the
Eulerian sense. It is not to be interpreted in the Lagrangian sense,
i, e., it does not represent the trajectory of a water parcel, With a
modicum of thought, many qualitative and quantitative results can be
extracted firom such diagrams,



15

favoring even-and half-degree values, the following averaging scheme has
been used: 5.9°, 6.0°, and 6.1° constitute one class; 6, 2° and 6. 3°, the
second class; 6.4°, 6,5°, and 6. 6°, the third class; 6.7° and 6, 8° the
fourth class; etc,

The available sea level, atmospheric pressure, geostrophic wind,
and directly-measured wind data have been processed and presented in a

similar manner,

Hydrographic Data

The hydrographic data processing has been by standard means, The
OSU hydrographic group computer-edited and processed the data, Because
we had intentionally used special bottle spacing for much of our work, we
chose to work with data at observed depths, All vertical space and time
sections have been plotted from smoothed vertical profiles of edited data
at observed depths rather than by direct interpolation of data fields. The
bulk of the effort has been invested in graphical representation of the
scalar vertical profiles, vertical time and space sections, and T-S diagrams,
and then in testing them for consistency. Some of the first-order statistics
for the hydrographic data are presented, For the vector field of the vertical
profiles of current velocity, first-order statistics on both the vertical
profile and the individual time series at fixed depths have been computed.
Only selected portions of this work are presented in this data report.

Since hydrographic samples were taken to complement the recording
current meter and thermograph measurements, certain material has been
chosen for explicit display in this data report in order to give our estimate
of the hydrographic environment at the sensor array. An attempt at exten-
sive oceanographic interpretation of the combined hydrographic and flow
fields would be premature and inappropriate for a data report. As a conse-
quence, the remarks will be confined to the identification of the key features
in each figure.

DISCUSSION OF DATA PRESENTED

Hydrographic Data

Certain portions of the hydrographic data have been tabulated and
plotted to convey some idea of the '""hydrographic setting" of our time series
measurements; only the data which appear in the plots have been tabulated.
(For general background on the hydrography of the coastal upwelling region,
see Collins, 1964,) :

Table IV lists the sigma-t data at observed depths for the Depoe Bay
hydrographic line (see Figure 2) for 26-29 August and 23-27 September 1966,
These data were used for the construction of the vertical sections of sigma-t
shown in Figures 4 and 5; the sections extend from the surface to a depth of
150 meters, The locations of the recording meters are indicated on the
figures., The current meters and the thermographs located at a depth of 20
meters were situated near the 25. 0 isopycnal and at the base of the near-
surface or seasonal pycnocline (governed principally by the thermocline and
secondarily by a halocline), The current meters at a depth of 60 meters were



Depth(m) DB 5 DB'10OA DB 15 DB 20 BB 25-1 DB 35 - DB 40-1
0 2,98  24.10 23.7h 23.73  23.65  23.58  23.62  23.44  23.24
10 25.08 24,38 23.93 23.74 2441  24.36  23.87 2,.03  23.51
20 25.69  25.33 25,25 25,15  25.16  25.23  2L.77 23.93  24.28
30 25.96 25,49 25,42 25.34  25.30  25.36  25.04 25.22  24.89
50 26.19  25.84 25.74 25.60  25.47  25.55  25.37 25.47  25.35
75 26.25 26.15 25.99  25.80  25.93  25.90 25,93  25.77
100 26.42 26.33 26,28 26,18  26.2,  26.28 26,21  26.18
150 26.56 26,54,  26.53  26.53  26.55 26,52 26.45
| 200 26 .6l 26.65 26.63 26.66 26.65 26.60
250 26,72 26,74 26.71 26,72 26.71 26,70
LBOO 26,77  26.79  26.76  26.76 26.76  26.76
Date 26 28 27 27 27 28 28 28 29
‘Time 2155 2330 0121 0423 0624, 0800 0933 1250 1537
(Date: 23-27 September 1966)
Depth(m) DB5 DB 10OA DB15 DB20 DB25-1 DB 30
0 2L .36 23.70  23.67  23.55  23.k2  23.55
10 2L .41 2,.68  23.69  23.55  23.51 . 23.55
20 25.07 25.32  2,.89  24.82  23.59  24.69
30 25.78 25,56  25.29  25.28  24,.85  25.11
50 26,14 25.94,  25.45  25.53  25.38  25.39
75 26.25  26.03  25.93  25.72  26.82
100 26.41  26.25 26,30 26,26 26.23
150  26.52 26,50 26.48
200 26.57 26,54 26,60
250 26.62 26.61 26.68
300 26.68 26,70 26.75
Date 23 23 2, 24, 27 2L
Time 2255 0627 0820 1022 0635 1242

TABLE

v

SIGMA-t DATA, DEPOE BAY LINE

(Date; 26-29 August 1966)

DB 30

DB 50
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situated near the 26. 0 isopycnal. The meter locations relative to the basic
hydrography were similar in both August and September, Those at 20 meters
we consider to be in the"surface layer," with the thermograph just above the
base of the thermocline, and those at 60 meters to be at the base of the
permanent pycnocline (governed by a halocline).

The permanent pycnocline is deeper at the anchor station DB 25 than at
the array, and the seasonal pycnocline is deeper there only in the September
vertical section; these facts are important in comparing velocities determined
at the anchor station Vvis-a-vis those measured at the sensor sites,

The vertical density structure has several characteristic features:

i) The permanent pycnocline rises from 40 to 100 meters at 45
kilometers offshore to 20 to 60 meters at 10 kilometers off-
shore; this inshore rise of the permanent pycnocline is a key
indication of coastal upwelling,

ii) The near-surface, seasonal pycnocline tends to break the surface
at 10 to 20 kilometers offshore, rising from a depth of 10 to 20
meters at 30 kilometers offshore; in September, the seasonal
pycnocline ''splits" inshore, with downwarping in its lower half
indicative of strong mixing. : '

iii) There are 10- to 20-meter vertical ""kinks' in the permanent
pycnocline centered about 35 to 50 kilometers offshore; they may
be manifestations of standing or progressive internal waves, or
their associated downwarping may be a geostrophic indication of -
northward flow in the '"lower layer, '

iv) The low values of sigma-t visible in the upper 10 meters offshore
are probably associated with the Columbia River plume,

Table V lists the mean and the standard deviation of the temperature,
salinity, and sigma-t data at the August and September DB 25 anchor stations
and at the August DB 40 and NH 65 anchor stations, which were each occupied
for a lunar day, Figures 6 and 7 were plotted from Table V, No attempt has
been made to remove temporal variability from Figures 4 and 5, such as that
due to the internal tides, though Figures 6 and 7 give an indication of such
variability at the anchor station DB 25. (To estimate the standard error of
the mean profile, divide the standard deviation by the square root of the sam-
ple size given in Table V.) The temperature profiles are remarkably similar
in August and September, es pecially the depth and the temperature maxima
and minima of the temperature inversion; the greatest differences are in the
warming of both the surface and the lower layer between late August and late
September, The average salinity and density profiles are also very similar
in kind, though the September profiles show more variability, The surface
sigma-t decreased from late August to late September by 0,3 of a sigma-t
unit due to surface warming (+1.7Ce)and freshening ( -0. 09%o),

Figures 8, 9, and 10 display the temperature, salinity, and density
vertical profiles, respectively, sampled adjacent to the sensor arrays upon
array installation, midway in the sampling period, and upon array recovery;
they are based on the data listed in Table VI. A temperature inversion
generally appeared beneath the surface thermocline and the depth of the



TABLE V

TEMPERATURE, SALINITY, AND SIGMA-T MEANS AND

STANDARD DEVIATIONS AT ANCHOR STATIONS

(no. casts=14)

Anchor Station DB-25

(Date:

27-28 August 1966)

Depth (m) TEMPERATURE (°C) SALINITY (o/oo) SIGMA -t
mean  std, dev, mean std, dev, mean std, dev,

0 14.52 0.38 31.94 0.07 23,74 0.08
10 11,93 .11 32.17 0,26 24,42 0,34
20 9. 30 0,32 32,44 0.02 25,09 0,06
30 8.45 0.19 32.49 0.02 25,26 0.04
40 7. 86 0.10 32.55 0.03 25, 40 0,04
50 7. 64 0.04 32.67 0.05 25,52 0,04
60 7.58 0.02 32,83 0.05 25.65 0.04
70 7.62 0.05% 33.05 0,05 25,82 0.04
80 7. 86 0,06 33,33 0.08 26,00 0.06

100 7.75 0.04 33,60 0.05 26,23 0.04
125 7.49 0.05 33,77 0.02 26. 40 0.02
15¢ 7.22 0.06 33,88 0,02 126,53 0,02
200 6.73 0,05 33.95 0.01 26, 65 0.01
300 6.04 0.06 34,02 0,01 26, 80 0.01
(no, casts=18) (Date: 27-28 September 1966)

0 16,22 Q.35 31.85 0.02 23.48 0,10
10 15. 72 0,35 31,89 0..05 23.93 0.26
20 12.74 1.38 32,22 0.18 24. 82 0,17
30 9.90 0.67 32.47 0.02 25.15 0.06
40 8.54 0,32 32,53 0.02 25,30 0.05
50 8.06 0.11 32.59 0.23 25,39 0.05
60 7.7 0.08 32,70 0.05 25,51 0.07
70 7. 70 0.08 32,90 0,10 25,173 0.10
80 7.93 0.14 33,21 0.14 25,94 0.06

1060 7.87 0.08 33,60 0.08 26,19 0.04
125 7.61 0.05 33..80 0.03 26,42 0.04
150 7.44 0.06 33,87 0.02 26.53 0.02
200 7.32 0.06 33.92 0.01 26, 66 0.02
300 6.79 0.07 34,00 0.0t 26, 76 0.01
Anchor Station DB-40
(no, casts=14) (Date: 28-29 August 1966)
Depth () TEMPERATURE (°C) SALINITY (0/00)  %x10-3 gmcm-3)
mean std, dev, mean  std. dev, mean  std, dev,

0 15. 86 0. 38 31.98 0.06 23,48 0.10
10 14,15 0. 89 32.09 0.10 23,93 0. 26
20 10, 87 0,78 32,43 0.05 24, 82 0.17
30 9.12 0,32 32.48 0,02 25,15 0. 06
40 8. 44 0. 20 32.54 0,03 25, 30 0,05
50 8.07 0,17 32,59 0.03 25,39 0,05
60 7. 79 0.13 32.68 0,07 25,51 0,07
70 7. 69 0.03 32,95 0.12 25,73 0.10
80 7.7 0.02 33.23 0.08 25,94 0,06

100 1. 81 0.03 33,56 0.05 26,19 0,04
125 7.48 0,12 33.179 0.02 26,42 0. 04
150 7. 15 0.06 33,87 0,02 26,53 0,02
200 6, 77 0. 09 33.97 0.02 26, 66 0,02
300 6, 32 0.03 34,02 0,01 26, 76 0.01
(no. casts=12) Anchor Station NH-65 (Date: 30-31 August 1966)

0 16, 29 0. 34 31.98 0.61 23,25 0.12
10 15, 30 0. 85 32.06 0. 60 23,54 0.24
20 11.98 1.02 32.28 0.19 24,55 0. 26
30 10. 19 0,74 32.42 0,18 25,05 0,29
50 '8, 39 0, 27 32,54 0,06 25,32 0,07
7% 7. 88 0. 06 32.84 0.14 25, 65 0.06

100 7. 96 0.07 33,30 0,25 26,04 0,05
150 7.52 0,05 33,74 0. 26 26, 44 0,03
200 7.01 0.22 33,88 0,13 26,59 0,03
250 6.42 0.29 33,93 0. 04 26,69 0,03
300 5,91 0.33 33.96 0.03 26,77 0,04
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132,528

32,573
32.778
33.080
33.197
33:326
33.507
33,608
33.708
33,748
33,780
33,816
33,844
33.908
33,945

(Date: 26-27 August 1966)

32,162
32,279

32,935
32,954
32,933
32,768
32.813
32,902
33,041
33,165
33.259

33,541
33,6106
33. 787

{Date:

31.960
32,007
32.627

32,622
32.658
32,728
32,849
32,967
33,269
33,245
33,362
33,413

33,536
33, 680
33,782

24,09
24,38

25.32
25,40
25.48
25.55
25,62
25.72

DB 10B

T Q)

14,11
10, 82
8.35
7.50
7.50
7.51
7.49
7.45
7.45
7.47
7.50
7.57
7.44
7.20
6,97
6. 69
6,53

St
31,977
32,342
32,540
32. 701
32.878
32.978
33,174
33,270
33,333
33, 466
33.577
33,659
33,776
33, 891
33,940
33. 964
33,980

23-24 September 1966)

23,69
23.76
24,67

25,31
25,44
25.56
25. 64
25,72
25,87
25.93
26,03
26,07

26.18
26,31
26,40

14, 60
14.18
12.04
8. 80
8.43
8.15
7.86
7.72
7.61
7.66
7.7
7.84

T
7,82
6.51

31.933
32.025
32.372

32.506
32.528
32,555
32. 630
32.676
32. 815
32.984
33, 009
33, 244

33. 391
33.598
33. 796

DB 15

T C)
11.55

8. 61

8. 00

7.53
7.52
7.56
7. 49
7.49
1.66
7.4
7. 65
7. 60
7. 60
7. 47
7.12

13.67
13,07

8. 54
8,02
1. 17
1.67
7,41
1.46
7.52

1.57

7.7
7. 7%
7. 67
7. 47
7.10

15,05
15. 06
14,97

10,19
8.7
8.51
8.37
B. 21

7.92
1.62

1.97
8.03
.80
7.65
6,68

32,230
32.434
32.529
32.678
32. 800
32,857
33.018
33.136
33,258
33,398
33.458
33.500
33, 652
33. 825
33.910

31.697
31. 801

32,481
32,519
32.557
32,591
32.676
32,746
32.913
33.054
33,180

33.396
33,562
33.697
33.827
33.89%4

31.986
31.987
31,986

32,357
32.502
32.525
32,537
32,559

32.616
32, 828

33,252
33,470
33,619
33. 769
33;874

25

T

24.54
25,19
25. 36
25.54
25. 64
25,68
25. 81
25,91
25.98
26.08
26. 14
26,18
26,30
26,45
26,57

23,73
23,93

25, 24
25,135
25. 41
25,47
25.55
25. 60
25,73
25.83
25.93

26.07
26,20
26,32
26,45
26.56

23,66
23, 66
23,68

24.88
25.23
25,28
25,31
25,35

25.44
25, 65

25,93
26.09
26,24
26,38
26, 60
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thermograph, In the late August period, the temperature gradient was non-
uniform at the thermograph depth., The salinity profiles generally show a
shallow, strong halocline and a deeper halocline, but a strong salinity inver-
sion is indicated at DB 10 in late August. The density profiles generally
show:

i) t he shoreward increase of density at any given deptE

il) a decrease in the density of the nsurface layer' (about 20 meters
deep) from mid-August to late-September due to warming and
freshening

iii) a degradation in the '""regularity' of the vertical profile patterns
from mid-August to late-September, particularly in the permanent
pycnocline, '

In Figure 8, the vertical temperature profiles at the sensor sites can
be characterized by a shallow thermocline from the surface to about 30 meters,
a temperature inversion with a maximum value in the depth range of 40 to 80
meters and an intensity of 0,2 to 1. 0C°,and a nearly uniform gradient below
the temperature inversion, The thermographs (at 20 meters depth) were near
the base of the shallow thermocline, The meter at DB 15 was in a nearly
linear region of the thermocline, though the gradient was not constant through-
out the installation period; the meter at DB 5 was in a more variable regime
which was quite non-linear, especially in late-August. Estimates of the
corresponding temperature gradients (C°/m) are:

15-16 August 26-27 August 23-24 September
DB 5 0.1 0.03 0.4
DB 15 0.1 0.1 0.3

One point to be emphasized is the difficulty of converting temperature vari-
ation, as observed in time series, to equivalent vertical displacements with
gradients as variable as these in general and as non-linear as those at DB 5
in particular, Typical semidiurnal temperature variations observed at the
thermographs and the corresponding estimates of peak-to-peak vertical dis-
placements are:

15-16 August 26-29 August 27-28 September
DB 5 1C°,20 m 3C°, 20 m 4C°, 15 m
DB 15 1.5C°, 15 m 2C°, 15 m no data .

Resonable results for conversion of temperature variations to vertical dis-
placements probably could be achieved from BT traces sampled at time inter-
vals of the order of a few days; this is an argument for the efficacy of hydro-
graphically monitoring an array site at least weekly.

In Figure 9, the vertical salinity profiles at the sensor sites can be
characterized by a strong halocline in which the salinity generally increases
by 1% from the surface to a depth of 40 or 80 meters, The DB 5 profiles are
exceptional in the first and third cases, being nearly isohaline below 10 meters
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and 40 meters, respectively. Even though there are inversions and kinks

in the salinity profiles as well as in the temperature profiles, in late August
and late September, the salinity gradient is essentially constant over a depth
range large enough to give a linear response to large vertical motions on a
salinograph set in the halocline,

In contrast to Figures 8 and 9, the sigma-t profiles of Figure 10 have
not been offset (a beneficial, graphical by-product of coastal upwelling! ).
The rise of the permanent pycnocline inshore is obvious, as is the breakdown
of the regularity of profile patterns from mid-August to late-September. In
general, a decrease of 2 sigma-t units occurs in the upper 60 meters, i. e.
across the seasonal and the permanent pycnoclines,

Figure 11 depicts the T-S diagrams for the inshore bydrographic stations
adjacent to sensor strings on the Depoe Bay line; it is also based on the data
listed in Table VI. The principal features are the variations of the T-S curves
within the permanent pycnocline, which is generally isothermal except for the
frequent presence of a temperature inversion near the base of the permanent
pycnocline, and for warming on the permanent pycnocline's upper side, where
it approaches the surface inshore,

The T-S diagrams plotted from the average temperature and salinity
profiles (see Table V), measured over a lunar day, at the four anchor stations
of August and September 1966 are shown in Figures 12a and b. Figure 12a
contains the two T-S diagrams computed for DB 25, one in August and the
other in September; they are remarkably similar, both indicating a tempera-
ture inversion at the base of the permanent pycnocline. The permanent
pycnocline is about 5 meters deeper in September than in August. Figure 12b
shows the T-S diagrams at DB 40 and NH 65 for August. The curve for DB 40
is very similar to the curve for DB 25 August, except that the permanent
pycnocline is 5 meters deeper. The T-S curves for DB 40 and NH 65 are
similar; they differ primarily in that the pycnocline is 15 meters deeper and
the temperature inversion is less intense at NH 65.

The temperature and the salinity components of the static stability,
E,., and E_,, respectively, are shown in Figure 13 based on the average pro-
fifres of téemperature and salinity at anchor station DB 25 in September. These
plots again show that the near-suface pycnocline is governed primarily by the
thermocline, but that the shallow halocline also contributes, and that the
permanent pycnocline is governed by a deeper halocline, with an intensity
equal to that of the near-surface halocline, and which more than offsets the
destabilizing effect (in the hydrostatic sense) of the temperature inversion,

In a similar fashion, the temperature and the salinity components of
the sound speed gradient, V..C and VSC, respectively, shown in Figure 14
are based on the same data “as used ~ in Figure 13, The salinity increase
with depth causes a small positive sound speed gradient; its contribution is
largest in the two haloclines, The temperature decrease with depth in the
thermocline causes a large negative sound speed gradient, but the tempera-
ture inversion causes a positive sound speed gradient. The result is that the
sound speed gradient due to both temperature and salinity is negative at all
depths except in the temperature inversion at depths above the maximum
temperature of the inversion, Since the sound speed gradient due to pressure
is positive (equal to about +0, 018 sec™ ) the net result is that a sound speed
maximum is found at the depth of the temperature inversion; thus, there is a
narrow, weak sound speed minimum, or sound channel, above the depth of the
maximum temperature of the inversion,
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Figure 15a shows an alongshore, vertical temperature section from
near San Francisco to about 20 to 40 kilometers north of the Depoe Bay line.
The depth zones and intensities of the inversions are indicated graphically.
The figure shows that there is a sharp thermal front near 40° N((i. e., near the
Mendocino Escarpment); more precisely, a sharp divergence (or upwelling)
appears at 41°N, Otherwise, the temperature field is relatively uniform
in the alongshore direction., The general but spasmodic occurrence of a
subsurface temperature inversion is apparent., Figure 15b shows an onshore,
vertical temperature section roughly parallel to the Depoe Bay line; its -

features are similar to those observed on the Depoe Bay and the Newport

lines, viz, the inshore rise of isotherms in the upper 200 meters and an
inshore shoaling of the subsurface temperature inversion, The table in
Figure 15c records the positions, time, and surface temperatures of the BT
casts used to plot Figures 15a and b,

Vertical Profiles of Current Speed

One of the inherent difficulties with a moored-meter system is the lack
of available vertical detail in the vertical profile of horizontal velocity. In
order to avoid developing erroneous notions about the flow field based on
lengthy time series measurements at fixed depths, several vertical profiles of
horizontal velocity were measured by a Savonius rotor current meter lowered
from the YAQUINA in September 1966, Since the ship was anchored only at
DB 25, the profiles sampled at the other locations can give values relative
only to the surface flow, Nevertheless, this method was sufficient to detect
and to locate an important recurring feature in the flow: a subsurface speed
minimum and a deeper, relative maximum (see Figure 16). Direction data
are not given because these data are based on a single profile and direction has
been generally observed to vary considerably over a tidal cycle, and could
thus be misleading. The speed curve at DB 5, in particular, suggests that
samples at 5 to 10 meter vertical increments are necessary to detect and to
define the subsurface, relative maximum in the speed. With the evidence to
be shown in Figures 17 and 18 for DB 25, it can be concluded that this sub-
surface feature of the speed occurs in a zone at least 36 kilometers in width,
The depth of the speed maximum is generally that of the temperature inversion
in the lower portion of the pycnocline, The minimum in the current speed
occurs near the depth of the base of the thermocline,

Because of its position with respect to the permanent pycnocline, the
subsurface relative maximum in the speed can be thought of generally as a
weak '"pycnoclinic jet. ' Because the jet's depth is near the lower current
meters (i. e., at 60 meters), the possibility that the depth of the jet oscillates
vertically to alternately include and exclude the depth of the current meter
must be considered., This jet has been detected on other occasions, but it is
premature to state that it is a stationary feature, If it is dynamically linked
to the upwelling front, its depth and intensity may vary with variations in the
intensity of upwelling, As is made apparent in the profile of DB 5, a five-
meter spacing was essential for proper déefinition of this feature at that loca-
tion, whilethe moored meters had a 20-meter spacing.

Figure 17 shows the mean northward and eastward components of the
velocity computed from the current meter casts at anchor station DB 25. The
point we wish to make with these curves is that the mean flow was to the north
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and east at the base of the permanent pycnocline and below; this fact should be
used in comparison with results from the moored meters,

Figure 18 shows the mean of the scalar speed and the speed of the
vector mean at the September, DB 25 anchor station as a function of
depth, The mean scalar speed decreases nearly linearly from about 20 cm/sec
at the surface to about 10 cm/sec at 50 meters, remains nearly constant from
50 to 70 meters, increases to about I5 cm/sec at 85 meters, decreases to 10
cm/sec again at 100 meters, and remains nearly constant to 150 meters. This
is the strongest evidence available for the occurrence of the subsurface speed
maximum at the base of the permanent pycnocline., And since the mean scalar
speed is generally several times greater than the speed of the vector mean,
especially at a depth of 85 meters and except at a depth of 125 meters, this is
evidence for highly variable flow at 85 meters, near the base of the pycnocline,
and for relatively steady flow at 125 meters. Further evidence for these
features will be found in Collins, et, al. (in press).

Time Series of Current Velocity, Temperature, Wind, Atmospheric Pressure,

and Sea Level

Figure 19 presents the progressive vector diagrams (PVD's) for the
four current meters which ran usefully long, Midnight of every day is indicated;
that of every fifth day is explicitly labelled, The first observation is that the
flow is to the south at 20 meters, 9 and 18 kilometers offshore, and to the north
at 60 meters, 9 and 27 kilometers offshore, The second observation is that the
flow tends to follow the local topography, with the notable exception of DB 15,

60 meters; there a significant onshore component occurred, particularly in
the latter portion of the observation period. The third observation is that
there are frequent "wiggles' in the curves associated with tidal-like motions.
The fourth observation is that time intervals of acceleration and deceleration
of the flow can be detected visually, including an actual reversal in the flow

at DB 5, 60 meters for four days, from the 17th to the 21st day. The flow was
also to the south at this site for the initial three days of record, followed by a
reversal to the north, Some of the statistics of the basic flow data are listed
in section a of Table VII,

Figure 20 shows the PVD's for the geostrophic and the directly-mea-
sured surface wind fields from 1 August to 31 September. Again, midnight of
every fifth day is labelled explicitly, but beginning from 1 August vice 15
August for the current data. The geostrophic wind is based on 6-hourly sur-
face pressure charts; the surface geostrophic wind was determined for a
point centered at 45°N, 125°W (about 50 kilometers seaward of the array site),
by using the method of measuring isobar spacings and directions, The directly-
measured wind is based on hourly observations taken from an anemometer
located at a height of 10 meters above the sea surface on an oil-drilling plat-
form (named Bluewater), The oil-drilling platform was located at the follow-
ing points on the indicated dates: ‘

1-25 August -- (46.0°N, 124,6°W), 30 miles off Astoria, Oregon

26-28 August -- undertow

29 August - 5 September -- inside mouth of Columbia River

6-7 September -- undertow

8-30 September -- (44,5° N, 124.4° W), 20 miles off Newport, Oregon,
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a. Mean Flow

TABLE VII

MEAN FLOW AND TEMPERATURE
(Based on 10-minute samples)

Depoe U v Scalar Speed Vector Mean

Bay Depth N (cm/sec) (cm/sec) (cm/sec) Speed Dir

Station (meters) (No. of days) Meant S.D.* Meant S.D. Meant S.D. (cm/sec) Deg True)

5 20 14.5 -2.1t11.4 -17.9t11.8 23.4%t 7.0 18.0 187
60 35. 4 7t 7 5.1 t12.6 14.3t 5.8 5.8 028

10A 20 37.1 -0.8111.0 -13.6t 8.6 18.4t1t 6.3 13.6 183
60 5 very little data----------------------

15 20 0 | emmmmmm e nodata---—--c-memmmmm e e m— -
60 39.8 4,8t 7.6 3.9t 8.5 12,51 3.4 6,1 051

b. Mean Temperature

Depoe

Bay Depth N Temperature (°C)

Station (meters) (No. of days) Mean t S. D.

5 20 38.1 8.9t1.1

10A 20 0 no data

10B 20 0 no data

15 20 23.7 10.8t 1.6

%S, D.: Standard Deviation

6€
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The directly-measured wind is limited by direction resolution into 16 points

of the compass; it leads to a generally lower estimate of the mean wind, but
the patterns were basically similar for both wind measurements until the 35th
day. Both curves indicate the breakdown of the predominantly northwesterly
winds beginning on about the 23rd day, The directly-measured wind more
dramatically indicates the oscillatory behavior of the alongshore winds in the
latter six weeks of its plot; because of the limited direction resolution, the
PVD makes the reversing pattern quite angular, The directly-measured wind
from 8 to 24 September is particularly significant to us because it was sampled
about 30 kilometers to the south of our array site, In summary, the winds were
relatively steady from the northwest during the first two weeks of our samp-
ling period, while they oscillated, primarily in the alongshore direction, during
the latter four weeks with a period of the order of a week,

An interesting result, which is obtained from a casual comparison of
data shown in Figures 19 and 20, is that when the steady northwesterly wind
pattern '"broke' on the 25th of August, the flow at DB 15, 60 meters, ceased
running predominantly to the north and developed a strong set to the northeast,
More careful comparison yields other, less dramatic, relationships between
the winds and the currents, The above discussion is an argument for the
efficacy of having PVD's of both winds and currents available for examination,

Figures 2la, b, ¢, and d are plots of the '"low-passed" components of
the horizontal velocity. The basic data have been numerically tapered, i.e.
submitted to a weighted average, yielding time series with a half-power point
of 40 hours. The details of the numerical taper are discussed in Appendix III,
but the practical effect is that the tides and the higher frequencies have been
suppressed and periods of two days or greater have been separated from the
basic data to form the ""low-passed' data. The solid and the dashed curves are
the northward and the eastward components of the flow, respectively, From
these curves, one can visually estimate the mean flow and the long- period
variability about the mean. There appear to be significant oscillations with
periods of the order of several days to a week; there also appears to be some
coherency to these oscillations, which must be tested by spectral analysis,

The dynamic range, i.e., the '""peak-to-peak" amplitude of the ""low-passed'
flow is listed below:

Fastward Northward
Component (cm/sec) Component (cm/sec)
DB 5, 20 m 30 | 30
DB 5, 60 m 15 40
DB 10, 20 m 15 20
DB 15, 60 m 10 : 20

In general, the dynamic range is greater in the alongshore ( northward) compon-
ent than the onshore-offshore (eastward) component; the largest values of the
oscillations in the alongshore component are found inshore at DB 5, The
results of these curves provide strong arguments for the necessity of the ac-
quisition of lengthy time series, at least one hundred days long, in order to
accurately resolve the low frequency periodic or quasi-periodic components.



; |
\ GEOSTROPHIC -
S 15 .,”—.—’4/

— —-—

/._,/—Q\\ 20——' o - e ——
rd
s
4
~
Y
/225
<
~
~
RN
~
)
7 .
\
. 8 DIRECTLY MEASURED -
~
(_%o\ __re~ -~ ¥30 N—.
Py
( Ve 203 % T N——
> 60
4‘?,.——/ 35
¢\\‘ 40
N o :
45
\
\
\
/
sod
N
\_,\ Figure 20. Progressive Vector Diagrams of Winds, 1 August - 31 September 1966,
~
\
A
559~
\ —-—
o _-



42

Ny
8
QO
(7)Y
g
S
N
S
N
O
N |
§ - 305 5 10
TIME (days)

Low-passed Horizontal Velocity Components Versus
Time DB 5, 20 meters,.



20

VELOCITY (ecm sec-!)

-30

43

Figure 21b,

10 15 20 25
TIME (days)

Low-passed Horizontal Velocity Components Versus Time, DB 10, 20 meters.



VELOCITY (cm sec-!)

30,

20

10

_lo

-20

-30

IS

N

44

Figure 21c,

10 5 20 25
TIME (days)

Low-passed Horizontal Velocity Components Versus Time, DB 5, 60 meters,

30



VELOCITY (cm sec-!)

45

15—
10
2N " ,/'\\U , ’ / \
~ /'\ ~ \ \ /
- / N/ V7t -~ / -
51— \/, \\-'” ,I \\/ / J P \\ / \\ N\ {
\ ’.\ \ ,/ v /
\ / \ ,, \ \\./ \
‘\ / [, N \v, \ \ !
O / N AV
\
\' vy
- 5 \V)
1o | | | | | |
(o) S 10 15 20 25 30
TIME (days)
Figure 21d. Low-passed Horizontal Velocity Components Versus Time, DB 15, 60 meters.




L6

In a similar fashion, the '"low-passed' plots of temperature are shown
in Figure 22, (The solid and the dashed curves correspond to DB 5 and DB 15
respectively, at 20 meters, ) Again, the observer can estimate the mean and
the long period variable components of the temperature field, The tempera-
ture was generally 2C° warmer at DB 15 than at DB 5. The dynamic range
at both sites is of the order of 3C°, The most striking feature is the warm-
ing trend at the end of each record, which occurred over a period of about
ten days and raised the temperature about 3C° at each site., The warming
trend commenced about two weeks earlier at DB 15 than at DB 5. The
warming trend occurred after the steady winds from the northwest shifted
and weakened,

Figure 23 shows the "low-passed" plots of sea level and atmospheric
pressure, beginning 23 August. Atmospheric pressure and sea level were
not simply related; more precisely, sea level did not respond simply as an
inverse barometer and had greater variability than atmospheric pressure.
The diurnal variability in sea level is probably due to slight '"leakage' of the
diurnal tide through the numerical filter,

Figures 24a, b, ¢, and d show the histograms for the basic data of
current speed, current direction, the northward component of velocity, and
the eastward component of velocity for each recording current meter. The
means, standard deviations, skewness, and kurtosis are listed
in Table VIII, These graphs are quite self-explanatory; there are only
two points which we wish to emphasize: most of the histograms are essen-

tially unimodal and the extreme values of the speeds are generally of the

order of 50 cm/sec while the means and the standard deviations of the
velocity components are of the order of 0 to 20 cm/sec and 6 to 17 cm/sec,
respectively, :

Figure 25 displays the histograms of the velocity-differences (or
essentially shears) of hourly averages for those records which ran usefully
long. Figures 25a and b show the histograms of horizontal velocity-differences
at 20 meters, between DB 5 and DB 10, and at 60 meters, between DB 5 and
DB 15, respectively, Figure 25c shows the histogram of the vertical velocity-
differences between DB 5, 20 meters, and DB 5, 60 meters. The means and
the standard deviations are also tabulated in Table IX; note that the various
sample sets of velocity-differences are of non-uniform size. The maximum
value of mean shear occurs in the vertical shealr of the northward component
at DB 5, which is of the order of -5 x 10 3sec™"; a geostrophic estimate of
the vertical shear of the northward component from Figures 4 and 5 and the
so-called thermal wind equation (&Y ¥ E f-ls: E is static stability, f is
Coriolis parameter, and s is slo%ezof frontal surface, i.e., pycnocline) yields
a value of about -2.5 x 10-3 sec™l., The mean horizontal shear in the north-
ward component is about -6 x 10-6 sec-l and +1 x 10- sec~! between DB 5 and
DB 10 at 20 meters and between DB 5 and DB 15 at 60 meters, respectively;

i. e., anticyclonic and cyclonic vorticity occurred at 20 and 60 meters,
respectively, The mean horizontal divergence in the eastward component is
about -7 x 10-6 sec-! and -1 x 10-6 sec-! between DB 5 and DB 10 at

20 meters and between DB 5 and DB 15 at 60 meters, respectively, i.e.,
convergence occurred at both 20 and 60 meters. The variability in the
velocity-differences is strikingly large and, from other analyses (especially
spectral), appears to be principally associated with tidal and inertial motions.
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TABLE Vill

FIRST FOUR STATISTICAL MOMENTS OF SEVERAIL, VARIABLES

a. Current Statistics

Data Ideniification

Variable

BRCM 1
DB 5, 20 m

BRCM 2
DR S5, 60 m

BRCM 3
DB 10, 20 m

BRCM 6
DB 15, 60 m

Speed

u:

Eastward

V: Northward

Direction Variability

Tilt
Tilt

Mean Flow Dircctions
Direction of Mean Flow

magnitude
direction

Speed

U

Fastward

V: Northward

Direction Variability

Tilt
Tilt

Mean flow direction¥*
Direction of mean flow

magnitude
direction

Speed

U

Eastward

V: Northward

Direction Variability

Tilt
Tilt

Mean flow direction
Direction of mean flow

magnitude
direction

Speed

uU:
V:

Tilt
Tilt

Mean flow direction
Direction of mean flow

#Mean flow direction computed in the same way as explained for mean tilt direction.

b. Wind Stress Statistics

Geostrophic Winds
Aug, ~Sept.

August
September
Bluewater Winds
Aug. -Sept.
August

September

¢, Temperature Statistics

BRT 1
BRT 3
Hourly Temperature

Tau
Tau
Tau
Tau
Tau
Tau

Tau
Tau
Tau
Tau
Tau
Taun

Eastward
Northward
Direction Variability

magnitude
direction

X (Eastward)
Y (Northward)

R R

KR X

Differences (BRT 1 - BRT 3}

5'3

No, of Samples Mean Variance Skewness Kurtosis

2078 23,37 49. 88 .6h3 3.10
-2.09 129. 44 .09 2. 31
-17.92 140,17 .05 3.53
27,73 308. 06 3. 85 26, 90
2. 13 1. 40 .57 3.31

182.4

187, 2

186, 7
5229 14, 26 33.94 .18 2.4
2,608 414, 83 -0, 77 3.37
5. 05 159, 78 ~0. 38 2,50
20, 79 410,58 8.10 110. 44
1.91 1..72 1.79 7.00

0.7

185. 6

27.8
5337 18.40 39. 81 1.1 4. 64
-0.177 120. 75 .20 2.44
-13,56 73.22 .20 4, 24
40, 71 575. 69 3,74 28. 64
.47 .35 .90 3.09

358.9

36. 8

176. 8
5734 12,46 11.29 1.29 6. 04
4. 74 57. 60 -0.76 3.21
3.87 71.48 -0.53 2.35
89,25 4323, 35 1. 79 5. 84
1.17 .44 .40 3,60

65.9

49.9

50, 6

241
0.6 I, 0 -2.79 27.13
-0.9 4.0 .03 4. 39
0.7 1.0 .60 5. 85
-1.5 4,0 .45 5.50
0.3 0.0 1. 70 8,47
-0.8 4.0 -0, 71 6. 70
1464

0,3 1.0 -0.02 9.97
-0.5 4.0 .06 5.15
0.7 2.0 .70 3.50
-1.0 4,0 .16 7.20
0.4 0.0 1. 75 6. 86
-0.5 2.0 -0, 71 11,33
5627 8. 86 1. 37 1.08 3.87
2894 10, 71 2. 35 .67 2. 82
482 -2, 37 3,49 ~0.73 2,85
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TABLE IX

MEAN VELOCITY DIFFERENCES

(Based on Hourly Averages)

Sensor and Mean + Standard Deviation _

Station Grouping AU (cm/sec) AV (cm/sec) No. of Hourly Averages
DB 5, 20-60 meters  -5,0 + 13.0 -18.6 + 10,7 345

DB 5-DB 10, 20 meters -6.8 ¥ 14,6 ~ -5.7 T 10.6 343

DB 5-DB 15, 60meters -2.2% 9.5 +#1.5 t 15,8 860

A U: Eastward Velocity Difference

AV

Northward Velocity Difference
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Figure 26 displays the histograms for temperature at the two thermo-
graph sites; they are skewed towards high values. This skewness pattern is
related to the fact that the thermographs were located near the base of the
thermocline. The temperature extremes are indicative of rather large
vertical oscillations, of the order of 10 to 20 meters, as can be estimated
from the vertical profiles of temperature shown in Figure 8.

Figure 27 presents the histogram for the temperature difference
between the two thermographs, viz DB 5, 20 meters, minus DB 15, 20 meters,
based on hourly averages, On the average, it is 2C° cooler at DB 5 than at
DB 15, but extreme values of 8C° cooler and 3C° warmer occur.

Meter Tilt and Current Direction Variability

Figures 28 through 31 give the histograms of tilt direction and magni-
tude and current direction variability; further associated statistics are listed
in Table VIII. These quantities are presented together as a measure of
sensor string stability and meter performance. (In the tilt direction histograms,
the direction was entered as 360° when tilt magnitude was zero. These values
were ignored when the mean direction was computed by the formula @ = tan”
(=, M,SIN(9,) /= ;M,COS(6;) ), where 0, is ith tilt direction and M; is ith tilt
magnitude. ) In general, mean tilt diréction corresponded with the direction of
the mean flow. A notable exception is the value for DB 10, 20 meters, where
mean tilt direction was northward (in opposition to the mean flow), which may
somehow reflect strong northerly flow in the lower layer, or it may indicate
that because the tilt magnitude was relatively small there, the mean tilt direc-
tion may have little significance, The mean tilt magnitude ranged from 0.5° to
2°; such tilt values are considered negligibly small for current meter calibra-
tions and for concern over spurious accelerations due to mooring motions,

The average direction variability ranged from 20° to 70°, and extreme values
ranged from 180° to 240°, Two comments are appropriate based on the
direction variability analysisr

i) There are probably motions of physical significance at time scales
less than our sampling interval of 10 minutes.

ii) If we had wanted to study a variable flow, DB 15, 60 meters, would

rate as an excellent site selection. (This remark is supported by
the other current statistics for this location. )

Winds

Figure 32 depicts the histograms for the directly-measured and the
geostrophic winds. Interestingly, though the PVD's for the two wind sets are
notably different in detail, both the means and the standard deviations for the
wind sets are quite similar. The wind speed was greater than or equal to the
so-called critical value of 7 to 8 m/sec for about 46% of the directly-measured
values and 70% of the geostrophic values., The greatest value of directly-
measured wind speed was 21 m/sec and that of geostrophic wind speed was
23 m/sec. The histogram of the directly-measured wind is skewed to the
north, and that of the geostrophic winds is skewed to the south, just as we
would expect from the PVD's,
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Figure 33 shows wind stress for August and September, computed from
geostrophic and directly-measured winds. The wind stress formula used is
- paCIV|V, where py is air denity (assumed equal to 1. 2x 1073 ¢, g.s.),
C=2.4x10"3 is the dimensionless drag coefficient, and V is wind velocity
in cm/sec. Since a high percentage of the wind speed values were greater
than the so-called critical wind speed value of 7 to 8 m/sec (see Figure 33),
we used the above value of C throughout the windstress calculations, It would
have been a simple matter to have used the value of C = 1,5 x 1073 for stress
calculations at subcritical values of the wind speed, but we are inherently
suspicious of any such refinement of the stress calculations which does not
take due regard of the air column's static stability, the state of the sea surface,
etc, The curves general agreement is rather good, especially in the northward
component and when it is considered that the geostrophic winds are "regional
winds'" while the directly-measured winds are '"local winds'" which are compli-
cated by coastal effects, The mean wind stress over the sample duration is
quite small (see Table VIII), but there are appreciable magnitudes on a time-
scale of roughly a week, B ‘ ‘ ’

Daily Kinetic and Potential Energy and/or Variance

Figures 34a, b, c, and d show the daily total kinetic energy (KE) per
unit mass, or one-half of the variance, for each of the current meters, Three
curves have been plotted: the solid curve, KE1, corresponds to the average
KE of the 10-minute samples; the long-dash curve, KE2, corresponds to the
average KE of the hourly averages, and the short-dash curve, KE3, corresponds
to the KE of the daily averages, The difference between KE1 and KE2
relates to energy at time scales of 10 to 60 minutes; the difference between KE2
and KE3 relates to energy at time scales of 1 to 24 hours. With a modest
amount of imagination, the viewer can interpret the KE curves as indicators
of the occurrence and the intensity of oceanographic storms and of epochs of
relative quiescence, For instance, on the third and fourth days a storm
occurred at all sensor sites; on the 20th day, a storm occurred at DB 5,
60 meters and DB 10, 20 meters, but not at DB 15, 60 meters. (Note: DB 5,
20 meters was inoperable by this date., ) If the tidal flows were of uniform
amplitude and were predominant, one might expect the difference between KE2
and KE3 to be constant; large variation in this difference may indicate the
occurrence of large inertial motions, The difference between KEl and KE2 is
generally small, suggesting that there is not significant energy at time
scales less than one hour in our data. These curves can be used to estimate
the effective '"decay rate': by visual inspection of the decay of large peaks, the
'""e-folding time'" is of the order of a day, corresponding to an effective damp-
ing coefficient of the order of 1072 sec-l, which is a value commonly found in
oceanographic data,

In Figures 35a, b, c, and d the kinetic energy per unit mass is resolved
into northward and eastward components, Since KE1 minus KE2 was shown to
be very small in the preceding figure, only KE2 and KE3 have been shown in
this figure, One observation is that most of the storm energy is found in the
northward component, with the exception of DB 15, 60 meters, perhaps because
the mean flow is to the northeast at the latter site. ‘

Figures 36a - f show the kinetic energy per unit mass for the velocity
components of the directly-measured and the geostrophic wind fields, broken
into the August and September sets. In this case, KE2 is the average kinetic
energy for the hourly and six-hourly values of the winds for the directly-
measured and the geostrophic winds, respectively. Again, these curves give
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Daily Component Kinetic Energy of Currents Versus
Time, DB I5, 60 meters, eastward (E), northward (N),
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a measure of wind variability at time scales less than a day and of storms

on a time-scale greater than a day, The difference between KE2 and KE3

is generally greatest for the eastward component of the directly measured
wind which may be related to the ''sea breeze' phenomenon. The atmospheric
storm on the 20th of August (5th day of array measurements) corresponds to
the previously noted oceanographic storm on that date. There are other
correlations between wind and current variability to be seen by inspection.
These curves are also a partial measure of the wind stress, without regard
for sign.

Figures 37a and b show one-half the daily variance of temperature
computed from the hourly averages of the two thermograph records; in a
sense, this is a ""pseudo-potential energy per unit mass'' plot. If the daily
mean temperature gradient was known and was uniform with depth, these
curves could be readily converted to estimates of variations in potential
energy per unit mass, The short-dashed curve is the average of the square
of the hourly averages (the long-dashed line has been plotted for visual
reference ), and the solid curve is the difference between the average of the
square of the hourly samples and the square of the daily mean., A simple
observation is that an increase of temperature variability on time scales
between one hour and one day accompanied the warming trend,

Figures 38a and b present the potential energy per unit mass com-
puted from low-passed atmospheric pressure and sea level in the dashed
curves. The solid curve is the residual PE2 minus PE3, whose small
values imply little energy in the data at time scales less than a day. The
curves for atmospheric pressure and sea level give additional measures of
atmospheric and oceanographic storms; certainly September had more storms

than August on this basis, but that is not in clear agreement with the wind or
current results.

Statistical Effects of Numerical Tapers

Figures 39 and 40 are complementary; Figure 39 shows autocorrela-
tion functions of representative current data which have been high-passed,
intermediate-passed, and low-passed by the numerical taper of Appendix III,
while Figure 40 shows energy spectra corresponding to the autocorrelation
functions. These curves make the effect of the numerical taper graphically
clear, The autocorrelation functions show the time scales of the "wiggles"
which survive the numerical tapering. The spectral functions also show the
frequency equivalent of this; further, they show where the half-power
points occur on the equivalent numerical filters, The low-passed and the inter-
mediate-passed curves intersect at a frequency corresponding to a period of
about 40 hours; the intermediate-passed and the high-passed curves intersect
at a frequency corresponding to a period of about 7 hours,
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O— — —O Daily Average of the Square of the Hourly Averages.
&—=A  The Difference between the Daily Average of the

Square of the Hourly Samples and the Square of the
Daily Mean.,
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RECOMMENDATIONS

At this stage of our work we can make a few general recommendations,
in addition to those made within the main body of the text, applicable to our
own future work and perhaps to that of other investigators.

The present investigation was initiated to fill-in some of the details of
coastal upwelling (by direct current measurement) which were indeterminate
by hydrographic methods. What has actually happened is that our "scientific
appetite" for hydrographic data, to be used in the evaluation of direct current
measurements, has been increasingly whetted! We have demonstrated the
usefulness of atmospheric and sea level data, when available, for interpreting
our oceanographic measurements; a need for more direct measurements of
atmospheric variables in the coastal region has been at least implicitly indi-
cated, With the strong baroclinic structure of the coastal region in the
summer season, and with the highly variable winds and currents observed,
the measurement of ""mean sea level' in the coastal region with bottom-
mounted pressure recorders promises to give further insight into the dynamics
of the flow. We now realize that we need to occupy more anchor stations,
especially on the continental shelf, and that the array site ought to be monitored
hydrographically at least weekly, Float measurements in conjunction with our
flow measurements can provide invaluable evidence for filling-in spatial detail
in the flow field; this point is based on results not discussed in thi's data
report. The use of STD instrumentation, and pairs of current meters, in the
temperature inversion and in the highly variable flow regions, promises
intriguing results. The nearly-uniform salinity gradient in the permanent
pycnocline is a linear feature that has yet to be exploited with a recording
salinograph. An attempt might be made to set meters along the mean position
of isopycnals rather than at fixed levels for examination of the isentropic or
nonisentropic nature of the flow, Future experiments will benefit from longer
records, more sensors in a vertical sensor string, an alongshore array,
extension of an offshore-onshore array both across the continental slope and
into shallower water, and near-bottom measurements., Certainly it is unlikely
that all of these objectives could be achieved simultaneously, but they could be
achieved step-wise within several years, We must consider that we are still
performing "pattern oceanograpby' rather than 'precision oceanography' and
will find it necessary to do so for the foreseeable future until a comprehensive,
first-order picture of the many facets of coastal upwelling is developed.
Fortunately, for our purposes, the ''signal-to-noise ratio' has been large,
with the proviso that one man's "'signal'’ may be another man's ''noise". Until
we are ready for more sophisticated experiments, the present instrumentation
seems reasonably adequate, though we would like to have some higher frequency
samples to study stability oscillations.

We consider that we are far enough along in the technological and
scientific aspects of our coastal oceanography study to begin to work with
others on interdisciplinary problems, e.g. ecological, fisheries, pollution,
sediment transport, and other studies.

We believe we have only ''scratched the surface' in our approaches to
"data massaging' and analysis. It may be useful to use coordinates oriented
parallel and perpendicular to the bottom topography, rather than geographic
coordinates for the current velocity analyses. We should make computation
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of tidal constants and related quantities part of our basic reports. Further
work should be done with the classical statistical structure of our data as
well as modern time series analyses. A deeper study of the relationship
between meter tilt and current velocity should be made to determine whether
or not mete r tilt can be reliably used when the speed or direction sensors
fail. A spectral study of meter tilt should be made to determine more quanti-
tatively whether or not a tidal, etc. correction for instrument string motion
should be made to our velocity calculations. '

Continued laboratory and field study of the meters' performance is a
necessity, Documentation of procedures plays a particularly essential role
in a project of this magnitude and complexity; it is the only solution to the
continuity -of-effort problem in an academic environment, In every sense of
the word, we cannot afford to re-learn past lessons., Many skills are required
to perform this work and are non-uniformly distributed over the indigenous
population; no single person can perform more than a fraction of the total
effort, In brief, a project of this nature needs to provide for the fact that at
least as much time is spent in training ""'new blood" as is available for research
and for the fact that "scientific escalation" makes discontinuities in effort
or skills prohibitively expensive, In this vein, we are attempting to reduce to
a routine all phases of the operation which are amenable to such an approach;
in particular, a comprehensive computer program system has become a
painfully obvious necessity in order to make research time available for more
advanced work, ‘

The future work should concern itself increasingly with model building,
using descriptive, analytical, numerical, and statistical-dynamical approaches.
One aspect of upwelling which appears feasible to investigate is that of the
time dependent divergence and vorticity fields, another is that of eddy flux
calculations. Within our data fields, there is the potential of contributing to
studies of the interaction of the tides with the continental slope and shelf. It
also appears feasible to study inertial and continental shelf wave oscillations
as a function of depth, distance offshore, and time, in conjunction with
atmospheric and sea level time series.
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APPENDIX I

DATA PROCESSING PROGRAMS

Program ERDET (Error Detection)

The general objective of the error detection program is that of a
rational, automated search of reduced data records for high-frequency
errors; e.g. film reading or key-punching errors. Any such erroneous data
points could be fatal to further analyses. The basis for the error detection
procedure is effectively a low-pass numerical filtering operation which is
determined by a least-squares analysis, and is explained in Appendix II, (In
addition to the computerized check, verification procedures are invoked at
all steps and a visual inspection of machine plots of the reduced data is made, )
If a data point appears erroneous by our criterion, we check the data record
books and the films to locate the suspect data point. In the event an error
appears in our test and the data record book or film appear to have been read
or transcribed incorrectly, the correct value is used; if a suspicious data
point appears to have been read, recorded, and transcribed satisfactorily,
it is replaced with the predicted value (this case rarely occurs), because, even
if the isolated data value were correct, it would appear as ''noise' in our
data due to the digital sampling.

The measured value is tested against the predicted value; if the
absolute value of the difference exceeds a specified criterion, an error
indication is made. Initially, a test value is inserted into the program;
after twenty-five data values have been tested, enough data have been entered
to justify computing a standard deviation which, when multiplied by a variable
factor, becomes the test criterion. A running criterion is computed on the
previous twenty-five values; thus, this criterion takes explicit account of low
and high variability sections of the data. The test is repeated until 1% of the
data is "culled-out" for error checking; on each repetition the variable
factor is reduced by 0. 2 (from an initial value of 2. 0). Individual versions
of the basic program have been written for scalar and vector data; in the
latter case, the scalar components are individually tested, These tests have
been run on our temperature, atmospheric pressure, sea level, and wind and
current velocity data.

Program CUMSAD (Current Meter Speed and Direction)

Program CUMSAD makes several necessary conversions of raw data
and calculates several first-order statistics., The program reads month, day,
year, time, tilt magnitude, tilt direction, clockwise limit of the direction arc,
modal direction, counterclockwise limit of the direction arc, and speed in
degrees of arc, It then performs the following conversions on each observa-
tion: changes speed to cm/sec, corrects speed for instrument tilt in the
event it is necessary, changes magnetic direction to true direction, finds
direction variability from the limits of the direction arc, and resolves velo-
city into eastward (U) and northward (V) components. These processed
observations are written on magnetic tape in a card image format, sample
mean and standard deviation are printed for speed, U, V, tilt magnitude, and
direction variability. Hourly and daily averages for speed, U, V, and
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direction are printed. The total daily kinetic energy is computed from one-
half of the square of the speed of the daily mean (KE3), of the sum of the
squares of the hourly average speeds (KE2), and of the sum of the squares
of the observed speeds (KEl). Similar kinetic energy calculations are per-
formed on the velocity components, Potential energy for scalar variables is
computed in a similar fashion. The output magnetic tape is used as input for
subsequent calculations performed locally and data card preparation for
calculations performed at off-campus computer installations. »

Program HISTO (Histogram)

Program HISTO prints tables of values from which histograms may be
plotted; it computes the frequency of occurrence of each value, the relative
frequency (%) of each value, and a class relative frequency.

Two basic versions of this program have been used; one for tempera-
ture data and one for current data, The temperature data version uses values
to the nearest tenth, but temperature classes are x,.4, x.5, and x. 6 in one
class, x.7 and %, 8 in another class, and x.9, x.0, and x.1 in another class,
These class intervals were chosen to overcome the natural bias of the film
reader to call more readings x, 0 thanx,1 or x.9 and x, 5 than x. 4 or x. 6. The
current data version uses speed, U and V in tenths of a cm/sec, and direction
to the nearest degree, Other first-order statistics (mean, standard deviation,
skewness, and kurtosis) are also computed for speed, U, V, and direction.
Other scalar and vector time series are processed in a similar manner,
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APPENDIX II

DERIVATION OF ERROR DETECTION FORMULA

The general objective is to produce a predicted value for each
element of a time series in an optimum fashion and to compare the
difference between the two with a reasonable criterion, If the
difference exceeds the criterion, the element under examination is
labeled suspect and requires manual checking.

First we assume any time series can be represented as

x(t) = Ta, cos (ot +8,), (i =1, 2, ...).
i
Second we decide to form a predlcted series from the three
preceding and the three succeeding values: i.e.,

3
¥(t) = = [by x(t-j) +byx(tH)] .
. j=1
The problem is then to determine the coeff1c1ents b., (j = -3, -2, -1,
1, 2, 3)in an optimum fashion. One approach'is to Jsubstltu.’t:e the assumed
forrn of x(t) into the formula of x'(t) and consider the results: '

3
x'(t) = Ziiai{j‘:a‘l[ (b-j + bj? cos (joj)] - cgs (o t+ 6,)

w

+E [(b -b)51n (jo)] - sin (o¢+ 91)}
J._

Since it is undesirable to cause a phase shift in the harmonic constituents
of x'(t) as compared to x(t), it is sufficient to force the b.'s to be
symmetric; i.e., by = b_j, by = b_,, and by = b_g so thit all of the

sin (o;t + 6;) terms vanish, We then have

1 —
x'(t) = Zl) F (Oi) a, cos (Ui‘t +Q.1),
where

3
F(ci) = 2 _jf bj cos (_]0.1).

Another logical constraint is to require F(e;) to be normalized in the
sense that it equals unity at zero frequency, i, e.

F(0) =1 = 2 (b +b, +b,).

1
Now, two degrees of freedom remain., Next, we assume that errors will
naturally appear as high frequency noise so that the predicted series
ought to suppress high frequencies in preference for low frequencies;
i.e., F(ei) should be as 'flat'" as possible at the origin, o = 0,




89

Logically, this is achieved when
d%F a*F

—T = 0 and -‘_T = 0 at ¢ = Ov
dg d |

(Note that odd-order derivatives equal zero by the even symmétry of
F({@;).) In other words, (setting o; = o, i.e., o continuous):
i) dF = 2[ -b, sin (@, -2 b, sin (20) - 3 b, sin (30)]
1 ’ 2 3 _
o~ 0 o = 0

-2 sin (g) [b; + 4 b, cos (o) + 3by (4 cos? (o) -1)] )
o‘ =

=0
iy aéF - &Y o - L2 cos (o) [b, + 4b, cos (o)
+ 3b,(4 cog’) - 1)]

- 2 sin (o) [-4b2 sin (o) - 24b, sin (o) cos (o)]

3
o =0

or, b +4b2+9b3 = 0 : o

> 71
iii) _cl?_’g = {2 sin (o) [b1 + 4:b2 cos (o) + 3b3 (4 COSZ(U) -1 ]
3
de o= 0 -4 cos (o) [-4bZ sin (o) - 24b3 sin (¢) cos (0)]
- 2 sin (o) [ -4b_, cos (o) - 24 b, cos (o) ]
2 : f
=0
) o' e
do'4

2 cos (o) [by + 4b, cos (o) +3b; (4 cos%(g) - #)]

Q
"

o
I

+ 6 sin (o) [-4b2 sin (g) - 24b; cos (g) sin (o)]
+ 6 cos (o) [-4b2 cos (o) - 24b; cos (20)]

- 2 sin (o) [4b2 sin (o) + 48b, sin (20)]}
' c=0

H

2 [b1 + 4b, + 9b,] + 24 [b2 + 6b3]

or, b, + 6b3 = 0.
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Finally, we must solve the third-order, linear inhomogeneous algebraic
system of equations for by, by, and bs:

b, +b, +b; = 1/2

1

b, + 4b, +9by = 0

0 - b1+b2+6b3= 0.
Solving: b, = 0. 75, b, = -0.30, by = 0.05, so

<'(t) = 0.75 [ x (t-1) + x (t+1)]
-0.30 [ x (t-2) + x (t+2)]
+0.05 [ x (t-3) + x (t+3)]

and
F(o) = 0,75 cos (o) - 0.30 cos (20) + 0.05 cos (30).

This is the formula used in our error detection program; it could be

readily generalized to include higher order coefficients but this would,

of course, increase the expense of computer implementation, To demonstrate
the efficacy of F (o) in its designed task, F(o) is evaluated at several periods
for a record sampled digitally at 10-minute intervals: ‘

2m

F T = —& (minutes)
1.00 oo
1,00 120
0.95 60
0.74 50
0.60 40
-0.35 ‘ 30
-1,60 24
-3.20 20

Thus isolated, individual errors are greatly exaggerated:

the difference x(t) - x'(t) squared is of the order (3. 2)2, or ten times
magnified, (Note: another practical consequence of this procedure
is that a genuine error generally produces a cluster of suspect data

points in the test, making bona fide errors easy to find in the center

of a cluster,)




COSINE-LANCZOS TAPER AND FILTER CHARACTERISTICS

APPENDIX III

USED FOR DATA SMOOTHING AND BAND SEPARATION
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The Cosine-Lanczos Taper is the Fourier transform of the product of

' a cosine and a Lanczos filter, or the Cosine-Lanczos Filter,

The Cosine-

Lanczos Filter is a low-pass filter with a rapid ""roll-off" and is thus very

effective in separating sections of the energy spectrum of a time series.

The principal quantities of the taper and the filter (as we use it) are

tabulated below:

X.

i observed value

y;: tapered value

Symbol:

Taper Operation: A :é (xi+ Zf{m) (x(iem)+x¢(i+m)
m=

(-

1 +2 Zf(m) = 17.05

Weighting Factor: £f(m)

Normalizing Factor: G

C-1.121

1

Half-Power Point;

a) 10-minute sampling rate: 6.7 hours

b) 1-hour sampling rate:

60

_))

60

0.7wm/12

m=1
60 '
Filter Function: F(o) = [1 + Zn?_lf(m)cos(mcr)] / G

The weighting factors are listed below:

m  f(m)

1 0.989
2 0.970
3 0,943
4 0,900
5 .0,847
6 0,787
7 0,719
8 0,648
9 0,570
10 0.490

m

11
12
13
14
15
16
17
18
19
20

f(m) m
0.409 21
0.331 22
0.256 23
0.184 24
0.118 25
0.0589 26
0. 00676 27
-0, 0374 28
-0.0738 29
-0.102 30

31
32
33
34
35
36
37
38
39
40

f(m)

-0,
-0.
-0,
-0,

0.

0471
0309
0163
00329

00747

0.0162

OO OO0

. 0225
. 0266
. 0288
. 0295

40 hours

[E

41
42
43
44

45

46
47
48
49
50

m

51
52
53
54

55
56
57
58
59
60

1 + cos (#m/60) sin (0. 74)'m/12)]

f(m)

0. 000452
-0. 000468
-0. 000961
-0, 00112
-0. 00102
-0. 000793
-0. 000487
-0. 000219
0. 0000452
0.0



The filter function is evaluated below for several periods (T = 2.

units of hours); it is evaluated for a sampling rate of once per hour’ For
any other sampling rate, it is a simple matter of scaling the time units of
T to obtain the proper filter function, '

T (Hours) F (o) T F (o) T F(o) T F ()

100. 1.004279 32. "..376798 24,066 . ,012338 12,192 -,000132
80. 1.006590 .30. . 263081 23.934 . 009995 12. -, 000028
60. . 989450 29. .207416 22.306 -,005725 11.967 -,000010
50. . 931550 28. .154763 20, -, 001245 11,755 . 000094
45, . 861464 27. .107036 15, -,000119 8.280 . 000047
42, . 795247 26.868 ,101208 12.905 =-,000202 6. -. 000001
40, . 737569 26. . 066166 12.872 -,000214 5. -, 000000 .
38. .667192 25.819 . 059641 12.658 -,000256 4, -..000000
36. . 583084 25. . 033841 12.626 -,000257 3. -, 000000
34. . 485460 24.833 .029364 12,421 -. 000225 2. -. 000000

It should be recalled when applying a numerical taper that the corres-
ponding filter function operates in the amplitude vs. frequency domain, while
its square operates in the energy vs. frequency domain. |

You will note that each tapered value consists of a symmetric, weighted
average of the observed value and its 60 preceding and 60 succeeding values,
Usually, when we taper a series to '"low-pass' it, we also obtain the '"high-
passed' series; where y (t) is the ''low-passed' value, then 1 -y (t) is the
"high-passed''value. Our procedure has been to ''low- and high-pass' the
error-detected/corrected data sampled at 10-minute intervals, and to then
""thin' (or, "sub-sample' or ""decimate'") the "low-passed' data to 1 -hour
intervals and repeat the tapering procedure., The resultant is three tapered
time series;

a) "High-passed,' 1 0-minute intervals, half-power point at Ts 6. 7 hours;
symbol: HP

b) "Low-low-passed,' 1 -hour intervals, half-power point at T 240 hours;
symbol: LP - :

c) "High-low-passed' (0r, "intermediate-passed'), l-hour intervals,
half-power points at T ® 6, 7 hours and 40 hours; symbol: IP

Thus, a complex problem of oceanographic analysis has been broken into three
simpler problems: '

a) HP: for the study of stability oscillations, etc.
b) LP: for the study of continental shelf waves, etc.
c) IP: for the study of tidal and inertial motions, etc.

An example demonstrating that the C-L 121 Taper/Filter in fact accomplishes
this objective is given in Figures 39 and 40,
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