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I EXECUTIVE SUMMARY

Physical oceanographic enviro,' .ental data were collected during the 14-day Technology

Evaluation Testbed (TET) experiment conducted in late September and early October, 1992.

The TET experiment is part of the Port Area Surveillance (PAS) program, which is investigating

a variety of a,- u.tic and non-acoustic sensors to detect surface and subsurface vessels at and

around the entrance to ports. The purpose of the TET experiments is to evaluate sensor

performance and assess noise reduction techniques in a realistic ocean environment.

The goals of the oceanographic measurements made during the 1992 experiment were (1) to

provide environmental data to support the performance evaluation of the TET sensor systems

deployed during the experiment and (2) to extend the base of knowledge of physical

oceanographic phenomena in the local area beyond the measurements of the previous years. Sea

water is an electrolyte and the motion of sea water produces electric and magnetic fields that

may degrade the performance of electric and magnetic sensors. In particular, two hydrographic

phenomena--the bottom boundary layer turbulence and internal waves-- were identified in

I previous TET oceanographic studies as specific phenomena for study during for the 1992

experiment. These phenomena were examined by studying the bottom boundary layer,

I characterizing the strength and persistence of fronts, characterizing the frequency of occurrence

of internal waves, and estimating the electromagnetic field induced by natural hydrographic

I phenomena.

During the 1992 TET experiment, four moorings instrumented with current meters and

temperature recorders were deployed for 14 days at the TET site near Neah Bay, Wa. They

collected time series of current and temperature data at fixed locations and depths. Three

moorings were arranged in an "L"-shaped configuration and contained instruments in the upper

60 m and the bottom 10 m of the water column to measure the speed and direction of internal

waves. A single mooring deployed several instruments in the bottom 10 m of the water column

I to measure the current and temperature in the bottom boundary layer.

In addition, vertical profiles of currents and of temperature and salinity were collected during

multiple surveys over the duration of the 1992 TET experiment using, respectively. an Acoustic



Doppler Current Profiler (ADCP) and a conductivity, temperature, and depth (CTD) profiler.

Of the moored instruments, the 15 temperature recorders provided a data return of 94% while

the II current meters provided a return of 66%. ADCP surveys were conducted on 5 days and

approximately 25 hours of data were obtained on 20 ADCP drifts. CTD surveys were conducted

on 5 days and included 28 cross shelf transects and 53 time series surveys for a total of 81 casts

and a data return of 84%.

Processed data and preliminary data products were provided to program participants for

evaluation of sensor performance. In addition, various data products generated from the data

sets are included in this Final Report. For each current meter, a time series of the alongshore

(E/W) and across-shore (N/S) current velocities was generated. For mooring 1, with 50% of

the temperature recorders concentrated in the upper 50 m, a times series showing the progression

of the temperature isotherms was generated to portray the evolution of the vertical temperature

structure with time. For each ADCP survey, a plot of the alongshore, across-shore, and vertical

current velocity time series was generated. For the CTD surveys, transects and time series' of

the temperature, salinity, density, and B-V frequency were presented for the cross shelf transect

and time series surveys, respectively.

The passage of fronts, as evidenced by a rapid change in the velocity or temperature structure

of the water column, is a common occurrence in the study area. There were three or four strong

frontal passages over the course of the experiment. The presence of fronts may have implications

in the operation of acoustic sensors that rely on the knowledge of the speed of sound

distribution.

The bottom boundary layer was investigated with a mooring instrumented with current meters

and temperature recorders at about I m, 5 m, and 10 m above the bottom. A rectified secondary

flow was observed in the near bottom boundary layer producing offshore flow during both flood

and ebb tides. Increased turbulent activity in the near bottom boundary layer was also evident

when flow above this layer reached approximately 50 cm/s. The achievement of this threshold

varied with the tidal cycle. The periodic variations of increased turbulent activity have been

shown by other investigators to adversely affect performance of some TET sensors presumably



because of the electric and magnetic "noise" generated by the near bottom turbulence.

U Internal waves are of interest because of their potential to generate electro-magnetic signals.

Understanding the structure and occurrence of soliton-like internal waves may provide the ability

to improve signal to noise and false alarm rates in TET sensor systems. In 1992 soliton-like

internal waves were strongly associated with the peak flood tide. Median values of the

propagation speed and wave length from 13 distinct internal waves were 56 cm/s and 514 m

respectively. Propagation directions were evenly distributed between both alongshore directions.

To summarize, the 1992 environmental measurements have provided a unique data set with

detailed information regarding the occurrence of soliton-like internal wave, bottom boundary

layer phenomena including turbulent activity and frontal activity for the TET site. Significant

physical phenomena occurring during the experiment have been identified and quantified. This

3 data set should be a valuable resource to be used in the evaluation of the performance of TET

sensor systems.I
I
I
I
I
I
I
I
I
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1. INTODUCTION

This report describes the physical oceanographic measurements of the ocean environment

collected during the 1992 Technology Evaluation Testbed (TET) experiment. The TET is part

of the Port Area Surveillance (PAS) program, which is investigating a variety of acoustic and

non-acoustic sensors to detect surface and subsurface vessels at and around the entrance to ports.

The purpose of the TET experiments is to evaluate sensor performance and assess noise

reduction techniques in a realistic environment. Oceanographic environmental measurements

were made to investigate various oceanographic phenomena which are potential sources of noise.I
The 1992 TET experiment was conducted from 20 September to 3 October in the Strait of Juan

de Fuca, offshore of Neah Bay, Washington. Non-acoustic data were collected using bottom-

mounted arrays of magnetometers and long baseline electric field sensors, both of which had

previously been deployed at the TET site. These sensors were used to collect background noise

throughout the experiment and to collect target data during calibrated source runs. All the dates

3 and times are in Universal Coordinated Time (UTC). The local time in the study area (PDT)

was seven hours earlier than UTC.I
In support of the non-acoustic measurements, standard oceanographic instruments were used to

make environmental measurements. There were three types of measurements: moored current

and temperature instrumentation; drifting current measurements with a downward-looking

I Acoustic Doppler Current Profiler (ADCP); and vertical profiles of conductivity, temperature

and depth (CTD) with a CTD profiler. The CTD data also allows calculation of the vertical

I salinity and density structure.

I The measurements discussed here have focused on the study of strong internal waves and the

bottom boundary layer (BBL): two types of hydrographic phenomena which are potential sources

of magnetic and electric field noise.

I 1-1
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1.1. Background

As part of the TET program, oceanographic environmental data has been collected near Neah

Bay, Washington during various periods over the last three years: September 1989,

August/September 1990, and August/September 1991.

During September 1989 (Gunn and Rubenstein, 1989), a single subsurface mooring was

deployed to monitor the temperature and current structure at the test site in order to evaluate the

need for further detailed measurements. Significant internal wave activity was observed in both

the vertical temperature structure and in the near bottom velocities. Strong peak tidal flows

(> 60 cm/s) in the near bottom currents (- 1 m above the bottom) were also observed. These

measurements were confirmed by more detailed surveys in 1990 with multiple moorings of

thermistor strings and current meters deployed for two periods (in August and September) (Gunn

and Rubenstein 1991).

In August and September 1991 (see Gunn et al 1992), after the deployment of some TET sensor

systems (short baseline electric field and acoustic sensor systems) a more extensive study of

oceanographic phenomena was conducted with the goal of parameterizing the amplitude, phase

speed and propagation direction of the internal waves. The internal waves observed during this

deployment propagated with speeds of approximately 60 cm/s superimposed on a tidal flow

which reached speeds in excess of 150 cm/s. Amplitudes of the internal waves ranged from 10

to 35 m with a typical wave length of approximately 300 m. Soliton-like internal waves were

found to be common with wave lengths between 300 and 600 m and amplitudes of 11-23 m.

Propagation directions were all in the southeast quadrant. BBL measurements showed depth

limited internal waves present just above the bottom and turbulence to be a regular occurrence

aat times of peak tidal flows.

Based on the results of previous years work and recommendations from the analysis of those

studies the goals and objectives of the present study were defined.

I
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1.2. Goals and Objectives

The goals of the oceanographic measurements conducted during the 1992 TET experiment were

(1) to provide environmental data to support the evaluation of the performance of the TET

sensor systems deployed during the experiment and (2) to extend the base of knowledge of

physical oceanographic phenomena in the local area beyond the measurements of the previous

years. Specific objectives for the 1992 study included the following:

0 bottom boundary layer: sample the bottom boundary layer, preferably over a

spring and neap tidal cycle.

0 fronts: characterize the strength and persistence of fronts.

0 internal waves: characterize the frequency of occurrence of soliton-like internal

waves, including their propagation speed, direction, and wave length.

3 induced electric and magnetic fields: estimate the induced electric and magnetic

fields due to natural hydrographic phenomena.

I stratification: characterize the stratification as it relates to internal waves.

I 1.3. Organization of Report

U This remainder of this report is divided into four major sections. Section 2 is a discussion of the

3 instrumentation used, while Section 3 is a presentation of the observations and a discussion of

the field operations. Section 4 is a detailed discussion of the phenomena of interest and Section

3 5 presents conclusions and recommendations. Complete data products are presented in

Appendices A-G.

1
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2. INSTRUMENTATION

A variety of oceanographic instruments were used to make measurements during the 1992 TET

experiment and included current meters, temperature recorders, a current profiler and a

conductivity and temperature profiler. The current meters and temperature recorders were

deployed in an array of moorings to provide a continuous time series of the temperatures and

currents at fixed depths. Profiling instruments were used in surveys to provide information on

the vertical structure of the water column over short time intervals. These oceanographic

instruments are described below.

2.1. Current Meters

Commercial current meters were chosen for this study in order to provide proven, reliable

technology and to facilitate logistical support. Because of the number of instruments needed,

two types of current meters were used in this program: the EG&G Smart Acoustic Current

Meter (SACM) and the InterOcean S4 electromagnetic current meter (S4). Both are vector

averaging instruments that measure the current velocity along two orthogonal paths but with

different measurement techniques.

The SACM computes two current velocity components by measuring the Doppler shift along

two acoustic paths as a 1600 kHz acoustic signal is bounced off an acoustic mirror located below

and between two pý s of orthogonal transducers (Figure 2-1). The velocity along each path is

converted to north/south and east/west (magnetic) components by comparison with an internal

compass. Specifications for the SACM are shown in Table 2-1. Communication with the SACM

3 was performed for instrument set-up and data retrieval using a PC and EG&G-supplied OEM

interface (SAIL current loop).

The S4 computes current velocity components by sensing the induced electric field as seawater

(an electrolyte) flows past electrodes in the side of this spherical current meter while present in

the magnetic field of the earth. These components are also converted to magnetic north/south

* 2-1
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Table 2-1 Specifications for Mooring Instrumentation

INSTRUMENT JJ SACM S4 _MICROTEMP1

Velocity Range 0 - 360 cm/s 0 - 350 crils N/A

Velocity Resolution 0.1 cm/s 0.2 cm/s N/A

Velocity Accuracy + lcm/s or 3% + 1 cm/s or 2% N/A

Direction Range 360 Degrees 360 Degrees N/A

Direction Resolution N/A 0.5 Degrees N/A

Direction Accuracy + 5 Degrees + 2 Degrees N/A

Direction Tilt Limit + 25 Degrees + 25 Degrees N/A

Temperature Range N/A N/A 0.0 - 400 C

Temperature Resolution N/A N/A + 0.01 °C

Temperature Accuracy N/A N/A - 0.1 °C

Thermistor Response Time N/A N/A 3 - 5 secsI
and east/west components using an internal compass. See Table 2-1 for specifications for the

S4. Communication with the S4 for instrument set-up and data retrieval was accomplished using

a PC and OEM interface (RS232).

2.2. Temperature Recorders

The temperature recorders used were Coastal Leasing MicroTemps, which are self-contained

instruments that store the data in internal random access memory (RAM). The temperature

sensor used is a YSI thermistor with a response time of 3-5 seconds. Direct communications

between the MicroTemp and a computer (PC) are via a RS232 cable and vendor supplied

software. Specifications for the MicroTemp are listed in Table 2-1.

2.3. Acoustic Doppler Current Profider

A self-contained RD Instruments Acoustic Doppler Current Profiler (ADCP) mounted on a spar

buoy was used to collect current profiles in the upper 60 m of the water column. The ADCP

U measures currents in discrete bins throughout a depth range of the water column by calculating

* 2-3



the Doppler shift of acoustic pings of a precise frequency as they are reflected back toward the

instrument by particulates in the water. The ADCP measures water velocity along each of four

beams and computes two horizontal components and a vertical component of velocity.

The ADCP used had a remote transducer head with a 600kHz downward-looking array of four

orthogonal transducers, each angled at 30' from the vertical. The ADCP electronics were

attached via cable and kept on the boat. The spar buoy was deployed from the stem of the

survey boat and allowed to drift through the study area, driven by the tidal flow and wind

(Figure 2-2). The ADCP was deployed at sites intended to allow the buoy to drift past the

current meter moorings. As the buoy drifted away from the study area it was retrieved and

redeployed at a new up-current location so that it would drift past the mooring array repeatedly.

I Drifting past the current meter array allowed comparison of the two data sets. Ship motion was

measured by a differential Global Positioning System (GPS) receiver with the master unit located

* at the operations base in Neah Bay.

The ADCP was programmed to ensemble average 114 pings every 30 seconds and store the

average in memory. The vertical profiles were segmented into 30 vertical bins, each 2 m deep,

for a total vertical range of 60 m. The data was collected relative to magnetic north with a

reduction of the system noise in velocity to a standard deviation of 1.2 cm/s. Specifications for

the ADCP velocity data are summarized in Table 2-2.

Table 2-2 Specifications for the Measurement of Current Relative to the ADCP

Velocity Range (horizontal) + 0.01 - 9.5 m/s

Velocity Resolution 0.25 cm/s

Velocity Accuracy 0.5% of measured velocity ± 0.5 cm/s

Maximum Profiling Range 70 m

2-4
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I

S2.4. Conductivity Temperature and Depth Prof'der

I The vertical structure of the temperature and conductivity was measured using a SeaBird SeaCat

SBE19 Profiler with a pumped conductivity cell. This self-contained instrument uses the SeaBird

temperature and conductivity sensors and a Sensor-Metrics strain gauge pressure sensor. Data

collection is controlled by an external magnetic on/off switch which, when triggered, records

the cast number, date, and time with the associated temperature, conductivity, and pressure data.

Data are collected at a rate of 2 data scans per second, recorded internally in random access

memory (RAM). Direct communications and data retrieval between the CTD and a PC are via

a RS232 cable and vendor supplied software. The specifications for the CTD profiler are

summarized in Table 2-3.

STable 2-3 Sensor Specifications for the SeaCat CTD

Sensor Range Resolution Accuracy

CTD Temperature (0C) -5 to 35 0.001 0.01

CTD Conductivity (S/m) 0 to 6.5 0.0001 0.001

CTD Pressure (psi) 0 to 300 0.15 1.5

II
I
I
I
I
I
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3. OBSERVATIONSI
This section describes the oceanographic observations made during the 1992 TET experiment.

IFirst, the field operations are reviewed, followed by a description of the data processing

approach for each of the data sets. Then, the observations are presented for moored current

I measurements, moored temperature measurements, current profiles, and CTD profiles.

3.1. Field Operations

The 1992 environmental measurement for the TET took place in the Strait of Juan de Fuca,

approximately 3 kilometers northeast of Neah Bay, Washington, from 20 September to 3

October 1992. The instrumented moorings were deployed the first day and retrieved the last.

Four moorings instrumented with current meters and temperature recorders were deployed on

the first day of the experiment and were recovered on the last day. During the experiment,

profile data were collected during surveys on five days at various locations using the CTD

profiler and on five other days along various drift tracks using the ADCP. The location of the

I moorings, the CTD stations, and the envelope of the ADCP drift tracks are shown in Figure 3-1

and timeline of the mooring and survey periods are displayed in Figures 3-2 and 3-3. After the

I initial data processing, the data return for the various types of oceanographic instruments was

determined, as summarized in Figure 3-2. Overall, the ADCP provided the best data return

I (100%), followed by the temperature recorders (94%), the CTD profiler (84%) and finally, the

current meters (66%).

3.2. Data Processing

Data from the internal recording instruments were recovered in ASCII characters as either

uncalibrated integer counts or scientific units, depending on the instrument. The data were

converted into scientific units, if necessary, and then checked for proper calibration and time

base. Any unusable portions of the data, such as pre- and post-deployment periods, were

removed. Data were then analyzed and displayed using MATLAB, a commercial time series

i analysis software package.
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1 3.2.1. Current Meter Data Processing

The current meter data was recovered from the individual instruments in ASCII format using

either a terminal emulation program (KERMIT) or software supplied by the manufacturer

(SACM). The data were converted into scientific units after conversion into a MATLAB format.

The time bases for the individual records were checked by comparing deployment events (in and

out of water changes) to the logged times recorded during the field work. Pre and post

deployment periods of unusable data were removed as well as any periods of poor quality data.

The quality of the data was evaluated by comparison of the data with adjacent instruments or

with data values typical for the study area.

A subset of the current meters (5) required more complex consideration of the data quality due

to problems that prevented deployment and/or recovery periods from the instrument memory.

Some data were lost due to instrument problems, ships hitting the moorings and other problems

of an unresolved nature. The upper current meter on mooring 3 was hit by a cable from a tug

and barge which terminated the data collection. The upper current meter on mooring 2 failed

to record usable data shortly after being deployed. The other current meters showed data gaps

U beginning from initially after deployed, however they then started to collect data in September

within a few hours of each other. All but one failed at approximately the same time 4 days

later. A reasonable explanation for the coincidental failure and performance of these instruments

has not been determined. Tests by the manufacturer have failed to show any susceptibility for

failure due to external stimulus. All but the 60 m microtemp on mooring 1 performed well.

3 3.2.2. MicroTemp Data Processing

MicroTemp data was transferred to a PC via manufacturer supplied software ' . After down-

loading into a personal computer (PC), the data were converted into an ASCII format. For this

'WIZARD v5.OORb
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m deployment the MicroTemps were set to collect data at 7.5 second intervals. The data were

averaged to 1-minute samples before being loaded into MATLAB. It was plotted, calibrated,

m. truncated to in-water time only, and re-plotted. Prior to the deployment, an in-house calibration

had been performed on the MicroTemps to insure accuracy. The instruments were submerged

in a tank and comparisons between the MicroTemp recorded temperature and coincident data

collected in the tank with a SeaBird SeaCat profiler resulted in 6 point calibration between

6.0 oC and 18.5 *C. These values provided the calibration coefficients for the data.

m The lack of data from the upper current meter on Mooring 2 required a slight modification of

the procedure for calculating the wave propagation speed and wave length from last year's report

(Gunn, et. al., 1992). In that previous report the current meter data was used for calculating the

passage of the soliton internal wave (SIW) past each mooring. Since this year's data did not have

upper level current data at all moorings the temperature time series from each mooring was used

to indicate the arrival of a particular SIW at a mooring. This time difference, with the known

distance between moorings, was used to calculate a net velocity between moorings. The current

data was then low pass filtered with a cutoff frequency of 1 hour to estimate the mean velocity

of the tidal flow. When the mean velocity was subtracted from the net velocity, the difference

was the propagation velocity of the SIW.

3.2.3. ADCP Data Processing

The ADCP data were downloaded from the instrument after each day's survey using RD

Instruments software2. These files were converted to ASCII and input to MATLAB for

correction for ship drift and display. The GPS data which was collected at 1 second intervals

was low-pass filtered and decimated to a 30 second interval to match the sampling parameters

3 of the ADCP. The ship's velocity was then calculated from the latitude and longitude of the GPS

data and added to the ADCP relative velocity resulting in the absolute water velocity. The data

3 from the ADCP were retrieved in earth coordinates, meaning the u, v velocities were relative

to magnetic north. The data were converted from integer counts in the ASCII files to "cmls",

2SCADCP version 4.03
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the velocity magnitude was adjusted for the local speed of sound in water then the data were

converted into a MATLAB data base. The data displays were produced either by mapping the

velocities into a range of color values (color map) or by standard time series type plots.

3.2.4. CTD Data Processing

The CTD data is initially processed with manufacturer supplied software3 . The Pressure,

Temperature, and Conductivity data are calibrated and converted to an ASCII file. The

temperature is advanced in time relative to the pressure to account for the slower sensor

response time. The upcast is removed from the data file, since the conductivity for this portion

of the data is unusable when using the pumped conductivity cell. Only the downcast data are

processed through the following steps. A routine, LOOPEDIT, is then run to mark scans where

the CTD is moving less than the minimum velocity (0.25 m/s) or travelling upwards due to ship

roll. The depth, salinity, and density are computed from the pressure, conductivity, and

temperature and the data is averaged into 1 meter bins and plotted. Data spikes are edited out

using a text editor by substituting the bad data values with a no data value of -9.99Exl0-29.

After the cleaned data set was plotted and examined, an ASCII data file was extracted, with the

header and no data values removed. A header file was created for the survey that lists cast

numbers and start times. The data files were then formatted into files compatible with

MATLAB for advanced processing and analysis.I
Once in MATLAB, the data for each variable (temperature, salinity, sigma-t(density), depth, &

pressure), were merged into a uniform matrix so that the data could be contoured. Data for each

survey were contoured on a transect across the shelf and in a time series near the moorings for

each variable. The Brunt-Vd.isiili (B-V) or buoyancy frequency was then calculated, merged into

a uniform matrix, and contoured.

3 SEASOFT v4.018
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I 3.3. Moored Current Measurements

I The currents were measured at four mooring sites from 20 September 1992 through 3 October

1992. Three of the moorings were arranged in an "L-shaped array," with 4 current meters on

the central mooring (at 15, 30, 60 meters depth and at W0 m above the bottom (145 m)), and two

on each of the outer moorings (at 15 m and 10 m above the bottom). The fourth mooring had

three current meters vertically spaced at one, five, and ten meters above the bottom and was

located approximately 1 km to the ENE.

A perspective view of the mooring location is shown in Figure 3-4. The vertical arrangement

of the instruments on each mooring is shown in Figure 3-5 and listed in Table 3-1. The three

moorings south of the inbound shipping lane were arranged in a L-shape, nominally 300 m on

a side, to ailow measurements directed at studying the propagation of the soliton-like internal

waves. The fourth mooring was positioned in the center of the inbound shipping lane between

the two TET sensor arrays (not shown) in order to study the BBL and turbulence in the vicinity

of these sensor systems.

The instruments were set to store one minute vector averages throughout the two week

deployment period. The current measurements were concentrated in the upper portion of the

water column (5 current meters at depths less than 60 m) and in the near-bottom portion of the

water column (6 current meters within about 10 m of the bottom) in order to resolve the

3 boundary effects of waves and turbulence. The data will be discussed in Section 4 and is

presented in its entirety in Appendix A.I
3.4. Moored Temperature MeasurementsI
MicroTemp recorders were also deployed on the same moorings as the current meters, although

3 at a greater number of depths, in order to measure the evolution of the vertical temperature

structure.

I
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Table 3-1 Mooring Deployment Summary

I I =,

Mooring Depth Inetr. seral Sample Start I Latitude Longitude
I_ _ _I (mn) I j Rate Date/Time j N w

1 15 S4 0642 60 s 9/20192 48024.3040" 148033.8822'
22:2e

15 MT 10127 7.5 s317.5 MVT 10128 7.5se

20 MT 10129 7.5 s

30 SACM 1228 60s

30 MT 10130 7.5 s

40 MT 10140 7.5 s350 MVT 10141 7.5s

60 SACM 5171 60s

60 MT 10142 7.5 s

145 SACM 5332 60s

145 MT 10143 7.5 s

2 15 S4 0760 BOs 9/20/92 48024,3762' 148033.8795'
23:46

s15 MT 10144 7.5 s

148 SACM 1230 60s

148 MVT 10145 7.5 s

483 15 S4 1670 60s 9/21/92 48024.1523' 148033.4076'
00:59

15 MT 10146 7.5 s

129 SACM 1231 60s

129 MT 10147 7.5 s

4 185 S4 5047 60 9/21/92 48024.4600' 148032.3489'

01:44

165 MT 10148 7.5 s

170 S4 0661 BOs

170 MT 10149 7.5 s

174 MT 10156 7.5s

174 S4 0655 60s

i Note: MT = Microtemp Instrument

I
I

3-11I



I

I
Figures 3-6 and 3-7 show time series of the temperatures measured at the different moorings.

I The amount of temperature variability seen in the time series is greater at the locations near the

surface (depths < 50 m) due to the greater vertical temperature gradient present. Vertical

I motions past the sensors show greater temperature change for a given displacement due to the

greater gradient. The time series of temperatures from Mooring 1 were contoured in time and

displayed with the currents from 15 m as shown in Figure 3-8. The variability of the temperature

structure and its relationship with the tidal flow is evident. The entire deployment is shown in

Appendix B.

I 3.5. Current Profiles

I Surveys of current profiles in the vicinity of the moorings were conducted on five days using

an ADCP. On each day a number of "drifts" were conducted, where a "drift" consisted of

positioning the vessel up-current from the moorings, deploying the ADCP with a spar buoy

3 behind the vessel, and allowing the vessel and ADCP to drift with the current past the moorings.

Once the vessel had drifted some distance past the moorings, the ADCP was recovered and a

new drift was conducted.

3 The drifts conducted on each survey day are summarized in Table 3-2. A total of 20 ADCP

drifts were conducted on five days, with durations of 0.1 to 2.2 hours, depending on the initial

3 position of the vessel and on the speed and direction of the drift. An example of a typical drift

track conducted on September 21 (JD 265) is shown in Figure 3-9. The complete set of drift

* tracks is shown in Appendix C.

For each survey day, the profile time series of three absolute velocity components (U,V and W)

of the vertical profiles were plotted as shown in Figure 3-10. The time series for all survey days

Sare shown in Appendix D. In these time series, rapid changes in the velocity are evident in the

horizontal components and, at times, in the vertical velocity. The variation of velocity with depth

3 as the tidal flow changes gives some indication of the strong vertical shear in the upper 60 m

occurring during reversals of the tidal flow. There are also abrupt changes in the velocity field
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MT data Mooring 1 Temperature (dog C)

6j4 266 268 270 272 274 276 278

64 266 268 270 272 274 276 278

264 266 2.68 2.7r0 2.72 274 276 278

Julian Day (UTC)
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MT data Mooring 3 Temperature (dog C)

264 266 268 270 272 274 276 278

12

I I I

264 266 268 270 272 274 276 278

Julian Day (UTC)

Figure 3-7 MicroTemp Mooring 2 Temperature Data
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Table 3-2 ADCP Drift Times

Julian Date Drift Start I Stop Duration

Day hh:mm

265 09/21/92 1 19:56 22:23 02:27

2 22:48 23:35 00:46

268 09/24/92 1 16:02 18:11 02:09

2 18:36 19:28 00:51

3 19:59 20:53 00:53

4 21:33 22:44 01:10

5 23:07 23:15 00:07

272 09/28/92 1 17:00 18:16 01:15

2 18:46 20:03 01:17

3 23:03 00:04 01:01

273 09/29/92 1 15:33 16:40 01:06

2 17:36 18:22 00:46

3 18:54 20:10 01:16

4 20:37 22:13 01:36

5 22:37 00:13 01:36

274 09/30/92 1 15:57 17:16 01:19

2 17:57 18:18 00:20

3 18:33 18:54 00:20

4 19:01 21:19 02:18

5 21:34 00:00 02:26

Total Elapsed Time = 1 day 1 hour 8 minutes
= 25:08

3-16



I
I
I
I
i TET 1992 - ADCP Drift 1- 21 September

10 a,

9 "" - .- '- "'

I+

7

EI4. 6-

5I
S4- Noah Bay

3 4 5 6 7 8 9 10
Kilometers

Figure 3-9 ADCP Track, Drift 1, Day 265
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Figure 3-10 Alongshore, Across-shore and Vertical Current Time Series, ADCP Drift 1 and

2, Day 265
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I as fronts pass under the ADCP and occasional sharp velocity changes indicative of the passage

of internal waves. At times a strong vertical coherence of the currents is evident as the velocities

pulse throughout the upper 60 m.

I 3.6. CTD profiles

U CTD data were collected during five days of the mooring deployment. Profiles were collected

* along an across-shelf transect station and at a specific location for a time series of profiles. The

across-shelf transect included seven stations starting near Waddah Island and heading northeast

across the channel (Figure 3-11). During the time series profiles, between 11 to 18 casts were

taken at a single location, designated "TS" in Figure 3-11. Table 3-3 lists the specific type of

profiles collected on each day of data collection. A total C-f 81 CTD casts were taken with 68

casts returning usable data for a data return of 84%. Thi,-teen casts were unusable due to a

malfunction of an electronic component in the CTD.

Table 3-3 Hydrographic Data Collected

I CTD Surveys

Survey Julian Transect Time Series
De Jay # casts # casts
Day Day _________________ _________________

I 09/22/92 266 7 0

09/23/92 267 0 18

09/25/92 269 7 12

10/01/92 275 7 11

10/02/92 276 7 12

The CTD profiles provide specific information on the fine vertical scale structure of temperature

and salinity. In the waters off Neah Bay the strong tidal flow quickly advects the water past a

given location, confusing temporal and spatial variability. CTD profiles took approximately 5 -

10 minutes and were taken as the ship drifted with the current. Thus the vertical structure
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Figure 3-11 CTD Station Locations
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I revealed represents a close approximation of the instantaneous profile, since the instrument was

moving in a similar direction as the water throughout the cast.

The vertical structure can vary quite rapidly in time, from relatively smooth profiles, to ones

with step like structures in the thermocline. A long time series of profiles taken over a

significant portion of the tidal cycle (12 hours), reveals a changing maximum cast depth that

varies with the tide. This is a result of the measurement technique. Since the profiler doesn't

have a real-time deck readout, the casts were taken to a predetermined wire-out point. At

certain times of the tidal cycle noticeably shallower casts resulted because of stronger drag on

the cable which caused significant wire angle with the vertical. The CTD locations, contour

plots and transects of time series profiles are shown in Appendix E and G.

II
I
I
I
I
I
I
I
I
I
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4. DISCUSSION

Understanding the response of TET sensors to environmental phenomena requires an

examination of what phenomena are capable of effecting TET sensors, specifically what

phenomena produce EF and MN signals in the frequency bands of interest with amplitudes that

could be measured with present sensor technology. As a precursor to answering this question

it is important to know the types of phenomena present at the study site and the range of their

variability. Previous years work have shown that phenomena of interest are principally soliton-

* like internal waves and BBL turbulence. These two phenomena are dynamically distinct and

well-enough understood to lend themselves to theoretical treatment to predict their effect on the

electric and magnetic fields.

3 The purpose of the present discussion is to present the observations of these phenomena with

sufficient detail to allow evaluation of possible signals measured by the different sensor systems.

Other phenomena are discussed in order to clarify the processes taking place, particularly in the

BBL, that may effect sensor performance due to unforseen interaction. It is important to

3 understand the dynamics of the BBL because of its proximity to the sensor systems even if the

processes seem unrelated to BBL turbulence per se. For example, the 1991 measurements

showed that internal waves were present in the BBL. The presence of these wave so close (2-3

meters) to the sensor systems could result in signals unforseen by just consideration of SIW's

or BBL turbulence.

This discussion will first present the variability observed in the vertical stratification due to its

supporting role in the presence of SIW's. Next the structure and occurrence of the internal

waves themselves will be discussed with comparisons between the different measurement

systems. The variability of the characteristics of the BBL with the tidal flow will be presented

3 as well as the dynamics driving an offshore flow in the boundary layer, a phenomena observed

to date only at the site of the 1992 BBL mooring. This suggests that sensor deployment sites

I should be studied individually for the presence of any localized phenomena. Finally we discuss

the induced electric and magnetic fields as estimated by a depth averaged model.

I
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4.1. Stratification

Stratification provides the mechanism for supporting internal waves. Knowledge of the variability

in the strength of the stratification, as represented by the buoyancy frequency, provides means

for insight into the causes of the variability in the strength and occurrence of the soliton-like

internal waves discussed later (Section 4.2). The stratification is a result of the variation of

density with depth and is affected by the temperature and salinity of the water. Salinity can be

changed by variations in river runoff or the influx of more saline ocean water, which flows in

at depth. The flood and ebb of the tide, seasonal and shorter period solar insolation variability

as well as fronts and internal waves can affect the vertical distribution of density. The previous

year's measurements have suggested that the stratification is weakening this time of year as the

solar insolation diminishes with the season. Actual quantification of this would require

measurements over a longer period than the present two week survey since the stratification is

also affected by shorter period variability such as the diurnal and semi-diurnal tide as well as

the fortnightly spring and neap tidal variability. However the trend is consistent with the known

seasonal variability of the region.

In examining the stratification we present views of the vertical structure of temperature, salinity

and buoyancy frequency. The buoyancy (or Brunt-Viisidl) frequency represents the natural

frequency of oscillation for a water parcel displaced vertically and influenced by gravity and the

restoring force of buoyancy. The buoyancy (or Brunt-Vdiis;il) frequency, N, is defined by the

equation (Phillips, 1969):

N 2 
- ap _I P0 az

where p = density, z = depth and g is the acceleration of gravity. Since N2 is negative, it only

results in a real frequency (N) when the density is increasing with depth. N represents the

highest internal wave frequency supported by the stratification and the distribution of N gives

some indication of the location of the interface along which the interfacial internal waves travel.

I
Two views of the temperature and salinity distribution and buoyancy frequency are presented

here. First are five cross shelf transects which delineate the structure as one proceeds off shore.
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The second is a time series derived from the profiles which elucidates how the vertical structure

evolves in time at a specific location.I
4.1.1. TransectsI
Cross shelf transects of CTD profile data were collected on four different days, three of which

I were just prior to the CTD time series data discussed in the next section. The transect consisted

of 7 stations, extending 5 km offshore into the separation zone between the inbound and

outbound shipping lanes (Figure 3-11). The vertical sections of temperature (Figure 4-1) and

salinity (Figure 4-2) show that the thermocline and haliocline vary in position and time, but are

generally in the upper 100 meters. The result of the variability of temperature and salinity on

the stratification is shown in Figure 4-3. The maximum in the Brunt-VdislI (B-V) frequency

is generally between 0.2 and 0.3 cycles/min (cpm) and is limited to the upper 25 m in two of

the four days. In the other two days it is deeper (40-60 m) and weaker on 1 October, when it

remains less than 0.2 cpm. There is no evidence of any persistent cross shelf structure in the

stratification. In contrast, the temperature does show a mid-shelf temperature maximum in three

of the four days.

4.1.2. Time Series

Time series' of the vertical stratification were measured by two methods: by multiple casts of

the CTD profiler and by the thermistor string temperature measurements on Mooring 1.

Comparison between the two measurement systems requires some insight into their differences

since the CTD sampled the water column at 0.5 hour inte.vals, but had detailed depth resolution

(1 meter), whereas the thermistor string sampled very frequently in time (1 minute), but had

coarser depth resolution (generally 5-10 meters in the thermocline). The CTD provides detailed

information concerning the vertical structure, but can alias the internal wave activity in time,

whereas the thermistor string provides excellent information on the temporal variability but less

information on vertical spatial structure at depth (between 50 and 145 m). The mooring sites and

the CTD profile locations were also slightly different. Despite these differences both time series

agreed qualitatively.

I
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The first CTD surveys (Figure 4-4) show a shallow thermocline with some vertical variability

and with the thermocline deepening later in the day. The latter two surveys show a deep

thermocline at first, shallowing later in the plot. The time series from the mooring shows this

variation in the depth of the thermocline to be an effect seen with each tidal cycle (- 12 hours)

rather than a result of longer period variability. A more detailed comparison between the CTD

and mooring data for the first survey is shown in Figure 4-5. Although the moored data shows

more temporal variability, as would be expected, the general trends are consistent. From this

we are able to conclude that the thermistor string on mooring 1 was adequate to resolve general

temporal variations of the temperature structure.I
The salinity (Figure 4-6) shows a strong haliocline in the upper 50 m during the first two

surveys. The last two surveys, a week later, the salinity is much lower in the upper 100 m of

the water column, consistent with the depressed thermocline. This transition also agrees with the

picture presented by the thermistor array which shows a significant change in the water column

characteristics after JD 275 (1 Oct).i
The associated contours of B-V frequency (Figure 4-7) also show a transition of stratification

between early and late. Peak values greater than 0.25 cpm are common in the upper 20-30 m

for the first two days, actually reaching values over 0.3 cpm. Deeper values (depths > 50 m)

are generally less than 0.1 cpm. For the later part of the survey however the maximum values

are much deeper with peaks values (> 0.2 cpm) in the 80-100 m depth range.I
The temperature variability, as observed by the thermistor string, is shown in Figures 4-8 and

4-9 for two 2-day periods. (The entire study period is displayed in Appendix B.) The current

measured at 15 m is also displayed to provide a cross reference to the velocity field. In Figure

4-8 the temperature stratification is strongest in the upper 50 m with a definite weakening of the

stratification associated with the maximum flood tide, as indicated by the peaks in the dashed

(E/W) current line. This could be a result of the normal two-layer estuarine distribution being

replaced by less stratified oceanic water as the estuarine-type water is pushed inward by the tidal

flow. There also appears to be more high frequency variability with the flood tide than at other

times. This conclusion is supported by the other portions of the time series.
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I

Figure 4-9 shows a period later in the survey, when the temperature structure changes from this

"two-layer" character to a continuously stratified regime. This change is associated with the

passage of two fronts (at t=274.55 and 275.70). The latter portion of the figure shows a

temperature gradient that is fairly constant throughout the 150 m water depth. The second front

is marked by a very strong decrease in the N/S velocity with initially a drop and then a rapid

increase in the N/S velocity (-50 cm/s change). This front was also evident in the currents at

145 m depth.

The stratification in the study region therefore varies on tidal time scales and with longer period

variability due to fruntal movements or the influx of different water types from the open ocean

or estuarine region. The most significant factor as far as the generation of SIW's is concerned

appears to be the tidal variability. The influx of different water types could change the

stratification enough to preclude the generation of SIW's but the extent to which this happens

cannot be addressed during such a short study. The typical distribution for the stratification

seems to be characterized by a strongly stratified layer positioned over a deeper weakly stratified

layer rather than by two layers separated by a interface as desired for the simple dynamics for

theoretical considerations (see Section 4.2). Although peak B-V frequencies in the thermocline

were typically between 0.2 to 0.3 cpm suggesting wave periods of 3-5 minutes, the strongest

SIW's observed had periods 3-4 times longer. This suggests that the period of the SIW is more

dependent on the stratification averaged over longer depth scales which would give values in the

0.05-0.1 cpm range (wave periods of 10-20 minutes).

The implications of these observations of stratification on the distribution of SIW's are that the

two level structure required for optimal application of the theory varies in its position of the

5 interface. There is significant structure in the upper level which will complicate the internal

wave structure. This is commonly the case, however, and is one reason why the isolation of

* these phenomena and the application of a theoretical picture is so complex.

I
I
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4.2. Internal WavesI
The use of electric and magnetic field sensors in the TET program requires knowledge of the

environmentally induced EF and MF fields. This section documents the occurrence of strong

soliton-like internal waves in order that the effect of these on the TET sensor systems can be

3 evaluated.

Knowledge of the nature of soliton-like internal waves (SIW's) in the TET region is important

because of their potential impact on electric and magnetic field sensors. As sea water, an

3 electrolyte, flows through the earth's magnetic field, it produces electric and magnetic fields and

electric currents. Although the resulting fields are complex, understanding the structure and

3 probability of occurrence of SIW's can allow analysis of their possible effects and evaluation of

their importance in target detection.I
In a two-layer system, interfacial internal waves can propagate along the interface and under the

I proper conditions can become non-dispersive. These non-dispersive internal waves are

designated as Soliton Internal Waves (Apel et al 1985). The 1992 TET experiment did not try

3 to determine the dispersive characteristics of these internal waves, so they will be referred to as

soliton-like internal waves (SIW). Following the discussion of Osborne and Burch (1980), these

I internal solitary waves, or solitons, propagate on the interface with a distinctive signal. Figure

4-10, adapted from Osborne and Burch (1980), shows an idealized picture of an internal soliton.

It clearly shows the relationship between the horizontal velocities in upper and lower layers,

thermocline depression and vertical velocity structure. This idealized picture matches the

structure observed in the Strait of Juan de Fuca, described below, thus providing some

justification for this simplification. In this idealized picture the horizontal velocity pulses in the

upper and lower layers are directionally opposed with magnitudes inversely proportional to the

3 thicknesses of the respective layers and with little variation of velocity with depth in each layer.

The vertical velocity is oppositely directed on either side of the wave and its magnitude may

I vary with depth.

I
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Figure 4-10 An Internal Soliton in a Two-Layer Fluid of Finite Depth When h, < h2 (from

Osborne and Burch, 1980.
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In the Strait of Juan de Fuca these solitons are generated by and transported back and forth by

the strong tidal flow. The oscillating tidal currents, the strong velocity shear in the vertical, and

the closeness of the study site to the coast all contribute to the complexity of the local situation

and significant deviation from the idealized picture. Nevertheless, at times very good agreement

with the theoretical picture is seen.I
4.2.1. SIW StructureI
Following the discussion of Osborne and Burch (1980) there are three regimes where SIW's

occur -- very deep, very shallow and intermediate -- defined by the ratio of the water depth to

the length scale of the soliton. The SIW's encountered during the TET experiment fall into their

very shallow case defined as h/X > > 1, where X = twice the wave length of the soliton and h

= depth of water.I
The waters of the Strait of Juan de Fuca have essentially a two layer structure with the interface

between the layers typically between 20 and 50 meters depth this time of year. The stratification

can be more complex with multiple intermediate interfaces or with vertical gradients evenly

i distributed throughout the water column (see Sections 3.4 and 4.1.2) but for the purposes of this

discussion we will choose the two layer system with the simpler dynamics. The complexity of

i the actual situation and the presence of an interface between layers with a discrete width

produces a less distinct signal of these processes in the measurements.

The time series of current velocity showed many events consistent with SIW's passing the

mooring. One particularly well-defined event (JD = 274.91) occurred during a relative maximum

in the flood tide with a current velocity magnitude near zero and had a strong negative pulse in

the east/west current at 15 meters depth, as observed by the current meter and a 30 m depression

of the isotherms (Figure 4-11). There was no opposing pulse in the velocity in the deep current

meter (145 1, Jepth) on Mooring 1, only a small "jump".

Another view of this SIW was collected by the ADCP on the fifth drift of the day. The ADCP

was a short distance away from the mooring and observed a different part of the wave. The
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Figure 4-11 Time Series of N/S (Solid) and E/W (Dashed) Current Velocity at 15 m and 145I m and of Temperature Isotherms, Mooring 1.
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details of the velocity signal as seen by the ADCP, however show very good agreement with the

data observed by the current meter as shown in Figure 4-12, and with the expected theoretical

signal. The ADCP observed the horizontal pulse flanked by the downward and upward vertical

velocity. The duration of the velocity pulses in the ADCP data are considerably longer than

those observed with the current meter. This may be because it is measuring a different section

of the wave or it could be a doppler shift due to the fact that the ADCP is drifting under the

influence of the wind and surface current.I
4.2.2. Soliton Internal Wave OccurrenceI
The time series of the currents and temperature from the mooring array were used to investigate

the occurrence of strong and well defined SIW's. The time series was examined for the

characteristic short duration (10-15 minute), solitary pulse in horizontal velocity. When possible

these events were examined in both the current and temperature data bases to determine their

spatial and temporal extent. Table 4-1 lists thirteen SIW events that were distinct and observed

in both the velocity and temperature time series.

I Time series of all the current meter data are presented in Appendix A for reference but a

representative four day time series from Mooring 1 at 15 m depth is shown in Figure 4-13.

I Sharp negative pulses of the east/west velocity are seen at several times (273.58, 273.83, 274.91

and 275.58) as well as in the north/south velocity (274.41, 275.58). There are also some rapid

I frontal transitions in the north/south velocity (272.44, 275.66). Generally, the SIW's were

observed just before or just after peak flood tide.

The times series of temperature from Mooring 1 has been contoured into isotherm depths in

Figure 4-11 for the SIW event at 274.91. Also shown is the velocity at 15 and 145 m depth

from Mooring 1. The isotherms show a vertical displacement of approximately 25 meters

throughout the upper 100 m of the water column. This is concurrent with a decrease in the E/W

current component of 45 cm/s, a signal indicative of a SIW passing the mooring. This was one

of the strongest, most distinct SIW's during the study period, but it was not unique. A similar

pulse occurred a day earlier and less distinct but quite recognizable pulses were common.
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U Table 4-1 Parameters of Observed Soliton-like Internal Waves

U Julian Time Prop Prop Wave Wave
Day UTC Speed Direct Length Amplitude

(cm/s) (mag) (M) (M)

267 21:35 43 168 203 18

268 03:07 100 115 263 11

269 19:12 199 246 885 32

1 269 19:40 48 100 500 28

269 22:33 51 243 251 50

270 08:52 125 116 1720 44

271 09:21 195 258 762 14

271 21:35 41 149 514 22

273 13:55 56 224 463 25

273 19:55 43 242 856 19

274 09:50 74 123 445 16

274 21:50 63 210 518 25

275 12:43 30 114 736 24

I
I
I
I
I
I
I
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The intensity of the stratification plays a critical role in defining the SIW. Since the stratification

seen by the thermistor string varies considerably with the tide (Section 4.1.2) this may be the

mechanism that links the SIW to the peak flood tide. There may be other possibilities too, in

that the occurrence of SIW's is also associated with the passage of fronts which could provide

increased vertical density gradients that promote stronger SIW activity.

The propagation speed of the SIW's can be estimated by subtracting the mean tidal current from

the observed velocity of the SIW. The velocity of the SIW (in a vector sense) is estimated by

the timing of its passage past the mooring array and the mean tidal current is obtained by iow

pass filtering the current time series with a cut off frequency of 1 cycle per hour. The

propagation speed of the SIW's ranged from 40 to 125 cm/s with a median value of 56 cm/s.

The direction was quite evenly distributed between westward and southeastward with some

waves traveling directly onshore (Figure 4-14). Most of the SIW's (9 out of 13) occurred on the

flood tide with six propagating westward and five travelling southeastward.I
Thus SIW's are seen to occur frequently at the TET site with occasional strong and distinct

associated velocity signals. They can be propagating in either along-shore direction with a slight

on-shore component. Expected propagation speed is 60 cm/s but they can be significantly faster.

The SIW's generally (70% of the time) occurred near the peak flood tide.

I 4.3. Fronts

I The passage of fronts, defined here as a rapid change in the velocity or temperature structure

of the water column, is a common occurrence in the study area. They can be distinguished from

I SIW's because fronts typically transit part of the mooring producing a signal that is not a "pulse"

as much as a transition to a different current regime. Surface expression of these fronts were

quite visible in this and prei .ous year's field operations. The structure of these fronts can be

quite abrupt, showing rapid changes in the upper layers both temporally and spatially. An

example of this is shown in Figure 4-15, which shows a 4.8 hour window of the alongshore and

across-shore current velocity on day 268. The upper plot shows the velocity time series of the
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Figure 4-15 Time Series of Current Velocity at 15, 30 and 60 m, Mooring 1, Julian Day
268.8 to 269.0: (a) Across-Shore (N/S) Current Velocity and (1) Alongshore
(E/W) Current Velocity
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I across-shore (N/S) current from the upper meter on Mooring 1. The across-shore currents were

weak at 15 and 60 m depth when t=268.86, but the 30 m currents were southward at 30 cm/s.

The 15 m current then aligns with the 30 m current and the deeper 60 m current increases to 20

cm/s northward resulting in a 55 cm/s shear over the 30 m depth interval. As the front passes

the currents at all three depths realign around -20 cm/s. There is only a slight increase in vertical

shear in the East/West component as the front passes (lower panel). The rapid decrease in the

N/S current at 60 m takes place over a 10 minute period. The passage of this front can also be

seen in a larger context in Figure 4-i( where the water column warms up considerably as the

front passes. There is a change in depth of the 8.5°C isotherm of approximately 70 meters on

either side of the front. This magnitude of change can often be seen associated with the tidal

variations and in the temperature and current structures as shown in the figures in the data

appendices.

A front marking a transition into a different stratification appeared to have moved past the

moorings on day 275 (Figure 4-17). The character of the water column changes at approximately

t=275.7 as there is a precipitous drop in the isotherms throughout the water column. After the

passage of this front the water column is considerably warmer and the stratification is distributed

evenly over most of the water column instead of being concentrated near the upper layer. This

even distribution persists at least until the end of the study period a day later. The velocity signal

associated with this frontal passage is seen in Figure 4-18 (note: no data was available from the

30 m current meter). A sharp change in the N/S current at 15 meters is present but a drop in

the deep current (145 m) does not take place until 1.3 hours later and no strong signal is evident

at 60 m. This is consistent with the change in the temperature distribution which occurs later at

depth also.

U The effect of the passage of fronts on magnetic and electrit, fields is not known but in a region

such as the test site where strong fronts are common it is important to note their presence. Since

3 the strength of the velocity changes is similar to the magnitude of SIW's, a similar signal might

be produced in those fields with the rapid enough transit of a front.

I
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(E/W) Current Velocity.
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4.4. Bottom Boundary Layer

The Bottom Boundary Layer (BBL), considering the various TET sensor technologies being

mounted on or just above the sea bed, is an important area for study. An analysis of the 1991

TET EF data (Bentson et al, 1992) showed a loss of coherence between separate horizontal

components of electric field during periods of strong tidal flow in the near bottom currents.

Associated environmental measurements (Gunn et al, 1992) demonstrated a sharp increase in

turbulent activity in the BBL during these strong tidal flows. This connection between physical

processes in the BBL and sensor performance motivated the present study of site specific BBL

processes. In the present study a concerted effort was made to understand observed variability

in the BBL, not limited to turbulent activity, since only with such broader understanding can one

3 evaluate the importance of BBL processes to specific sensor performance problems. In pursuit

of such understanding we discuss below turbulence, depth limited internal wave signals and

secondary flow processes which occur in the BBL as well as estimate the drag coefficient and

bottom stress which are important for a full characterization of the BBL so these measurements

m can be related to other sites.

3 In 1992 one of the current meter moorings (Mooring 4) was deployed to investigate the structure

of the BBL. This mooring was equipped with current meters at heights of 1, 5 and 10 m above

the bottom. Data from this mooring were recovered for the period September 21 (Julian day

265) through October 3 (Julian day 277). The current records from this mooring are discussed

3 in this section, with comparisons to similar bottom boundary observations made in 1991 (Gunn

et al 1992) and the occurrence of a rectified secondary flow at the semi-diurnal tidal frequency.I
Time series of the alongshore current from the current meters at heights of one, five and ten

3 meters are shown in Figure 4-19. These three records clearly show the semi-diurnal tides, with

strong coherence between all depths. Maximum current speeds at 10 m above the bottom are

I on the order of 70 cm/s, while at 1 m above the bottom they rarely exceed 50 cm/s. This is

consistent with the TET BBL current observations from 1991 (Gunn et al 1992), and supports

I the conclusion from Gunn et al 1992 that the current shear associated with the BBL is confined

to a very shallow layer (- 1 m) immediately above the bottom (Gunn et al 1992).
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Figure 4-19 Time Series of Alongshore (EIW) Current Velocity at 10 m, 5 m and 1 m AboveI the Bottom, Mooring 4, Julian Day 265 to 278.
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Shown in Figure 4-20 are the cross-shore velocities measured at one, five and ten meterb above

the bottom. The most striking feature evident in these records is the relatively strong, rectified

semi-diurnal currents recorded at a height of I m. The data indicate a strong northward (locally

offshore) flow at 1 m above the bottom during both ebb and flood tide. No similar northward

flow was observed at five or ten meters above the bottom. This phenomenon is believed to be

a result of a secondary boundary circulation, and is discussed in detail in Section 4.4.2.

In 1992 the BBL current meters were all set to sample at one-minute intervals. This sample rate

is sufficient to provide a qualitative indication of the high frequency variability of the currents

in the turbulent boundary layer. Since the time scales associated with BBL turbulence are on

the order of 30 s, the present observations can not be used to evaluate the quantitative energy

level of the turbulent velocities as estimated in 1991 (Gunn et al 1992). However, the velocity

records shown in Figures 4-19 and 4-20 suggest a high signal variance during the periods of

maximum ebb and flood. The spatial and temporal variability of this qualitative turbulent signal

is discussed in section 4.4.1.

3 Due to the different sampling strategies employed in 1991 and 1992, the main results of the 1991

BBL analysis will be reviewed. Four current meters located at heights of one, three, four and

five meters were deployed for 22 hours in 1991. The high sample rate data from the current

meter at four meters above the bottom had significant high frequency (3.3 x 10.2 Hz > f > 1.7

x 10' Hz) variance in the currents associated with turbulent fluctuations. This high frequency

variance was well correlated (r=0.82) with the mean current speed, with an exponential

3 regression of y=0.234 e"', where y is the high frequency variance (identified as an indicator

of turbulent activity (ITA)) and Ui is the low passed current speed at the same height. This result

I suggests that a quantitative parameter associated with the turbulent kinetic energy in the BBL

can be estimated from lower frequency current observations, or even tidal current predictions

I (if these are available in the BBL).

I Also analyzed in the BBL current records from 1991 were strong internal wave signals. Internal

wave velocities were measured at heights of three and four meters, with variations on the order
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Figure 4-20 Time Series of Cross-Shore (NIS) Current Velocity at 10 m, 5 m and 1 m Above

the Bottom. Mooring 4. Julian Day 265 to 278.
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I of ± 10 cm/s at periods between 15 and 30 minutes. Although only a 22 hour record was

collected, the internal wave signatures were present throughout the 11'A tidal cycles. The

importance of separating the physics associated with high frequency turbulent velocities and

internal wave induced fluctuations was also discussed. The most important distinction is that

turbulent kinetic energy must be locally generated and dissipated, while internal waves can

propagate, thus extracting energy within a generating region and dissipating or influencing the

velocity characteristics at distant locations.

Although the current meter sampling rate in 1992 was slower (1 minute) than the fastest rate of

1991 (15 seconds), there are still strong qualitative indications of turbulent activity revealed in

the 1992 BBL current observations. The different nature of the BBL at such closely spaced

locations (-3 km) supports the need for site specific BBL measurements in future bottom

mounted sensor deployments.I
4.4.1. TurbulenceI
Turbulence is the high frequency random motion observed in fluid flows. A simple, yet accurate

interpretation of turbulence is that it is a superposition of many eddies of various sizes and

energies. Turbulence within the ocean plays two dominant roles with respect to ocean dynamics:

1) the dissipation of kinetic energy, and 2) the mixing and diffusion of quantities associated with

the fluid (e.g. heat, salt and momentum). However, turbulence can also interfere with

observations not directly related to these processes. In particular, turbulence can contribute to

the background electromagnetic noise. Scaling and parameterizing the relative strength and

variability both spatial and temporal, of the turbulence within the BBL will assist in the

interpretation of other field observations.

Turbulence is generated where flow instabilities arise. Within the BBL, these flow instabilities

I are primarily associated with regions of strong vertical shear. The flow near the bottom is

sheared because frictional and viscous effects result in a gradual decrease in the current speed

as the bottom is approached. In a real sense, the stationary bottom acts to slow the near bottom

currents. This reduction in speed is characterized by a flux of momentum to the bottom.
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I Momentum flux (stress) is most efficiently manifested by turbulent exchange. Once the flow

becomes unstable and turbulent, turbulent Reynolds stresses work against the mean velocity

shear to maintain a vertical momentum flux. Within a boundary layer driven by an oscillatory

(tidal) current, the strength of the current shear and consequently the turbulence intensity also

fluctuates. However, unlike the tidal currents which may act primarily in two dominant (ebb

and flood) directions, the turbulence will contain velocity components in all three (two horizontal

and one vertical) directions.

Temporal Variations in the BBL

Currents in the Strait of Juan de Fuca tend to be dominated by tidal variations. The dynamic

characteristics of the BBL are driven by the currents above the bottom. Therefore we can expect

the temporal variations of the BBL to be dominated by tidal fluctuations in the near bottom

currents. Already presented (Figures 4-19 and 4-20) are the along- (U) and cross- (V) shu:e

components of velocity measured within the BBL. Shown in Figure 4-21 are the U and V

velocity components from a height of one meter for a four day period. Apparent in both U and

V is the increase in small scale "noise" or turbulence during periods of maximum current

speeds. To further visualize this temporal variation in the high frequency components of the

current measurements, spectra were calculated.I
Shown in Figure 4-22 are surface plots of the temporal variation in the high frequency

(0.33 < f< 0.5 cpm) portion of the total velocity spectra (U+V) from the current meters located

at one meter and ten meters heights. The periodic increase in high frequency energy is clearly

I evident, corresponding to periods of strong near bottom currents. The currents at 1 m height

have significantly higher variance (energy) in this frequency band. The timing of the flat portions

I of the surface are significant. They occur at diurnal intervals (for this time interval) even though

the peak tidal currents are principally semi-diurnal. The reason for this is that the strongest

I turbulence doesn't seem to occur at 1 m height if the tidal flow doesn't exceed approximately

50 cm/s. As seen in Figure 4-19 the ebb tides sometimes don't exceed 50 cm/s on every cycle

(for example days 265-268) but during the stronger spring tides they do (days 268-270). The

* impact of this is that turbulent effects on bottom mounted sensors could depend on the strength
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Figure 4-21 Time Series of Alongshore (E/W) and Cross-Shore (N/S) Current Velocity at 1
m above the Bottom, Mooring 4, Julian Day 272 to 276.
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Figure 4-22 Variance-preserving spectra at 10 and 1 m above bottom on mooring4. Spectra
are for total current (U+V) between 0.33 and 0.5 cpm.
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and extent of this turbulent BBL which is a function of the strength of the tidal flow, shown to

have significant variability. Predicting these periods requires knowledge of the lower level

currents which have a slightly different phase and magnitude than the well predicted surface

currents.

For direct comparison to the analysis conducted in 1991, the variance in the high frequency

portion of the spectra was found to be correlated with the mean tidal currents at r = 0.79. Due

to the lower sampling rate used in 1992, estimates of the "indicator of turbulent activity" (ITA)

were not made. This increase in turbulent activity is most prominent when the near-bottom

currents (i.e. height = 5 m) reach speeds of 50 cm/s. Below this speed the turbulent layer

appears to be confined to a height < 1 m and is significantly less energetic.

Spatial Variations in the BBL

As already discussed, the vertical structure of the BBL depends on the vertical structure of the

associated current shear. Shown in Figure 4-23 are the time series for the estimated shear

between zero and one meter and between one and five meters. We can therefore safely interpret

that the dominant region of turbulence production is nearest the bottom of the BBL. The

question of the variability of the height of the BBL can only be fully answered by vertical

microstructure profiles (e.g. see Dewey et al 1988) which can provide more detailed vertical

measurements. The present study was more focused on the temporal vmaiability of the BBL than

in resolving the vertical spatial variability.

The height of the BBL depends both on the energetics of the turbulence generated near the

bottom and the strength of the vertical stratification. If the water is neutrally stratified, then the

height of the BBL is limited only by the size and energy of the largest turbulent eddies

generated. If, on the other hand, there exists stable stratification above the bottom, then the

height of the BBL is further limited by the rate at which the turbulent kinetic energy at the top

of the BBL can erode the stratification, through buoyancy flux. Three-dimensional turbulence,

and indeed any flow with vertical components, must work against both gravity and the restoring

pressure forces introduced by stratification. These constraints act to lessen the efficiency of
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to 276.
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turbulent mixing and limit the vertical height of the BBL.

The vertical structure of the currents can be used to estimate the magnitude of the bottom stress,

and the effective drag imposed by the bottom on the interior flow. From the current

measurements at heights of I and 5 m, a logarithmic fit with height allows an estimate of the

friction velocity (u.). Very near the bottom (z < 1 m) there is a layer where the turbulent

Reynolds stress is independent of height and approximately equal to the bottom stress

(To = ru2.). Within this "constant stress layer", the mean velocity shear is also nearly constant,

and can be approximated by

I dU _ u. (2)

d K z

U where K= 0.4 (von Karman's constant) and z is the height above the bottom. Integrating this

equation with respect to Z gives the logarithmic friction law (Tennekes and Lumley, 1972).

U(z) = I'ln z + C (3)
K

I
K

where C is the constant of integration and is proportional to the granular roughness of the bottom

and z. is the length scale of the bottom roughness. Fitting the current measurements to this

logarithmic function results in a slope proportional to the friction velocity, and therefore the

bottoni stress. Shown in Figure 4-24 are two plots of the slope and intercept, the first (4-24a)

calculated using three heights, 0 (and v=0), 1, and 5 m, and the second (4-24b) using two

heights, 0 and 5 m. The friction velocities resulting from these two fits are indistinguishable,

supporting the conclusion that the velociry and shear structure between I and 5 m adds nothing

to the estimate of u..I
Although not unexpected, these results further indicate the limited vertical extent of the shear.

Most of the shear associated with the BBL, and therefore that which influences the generation

of near bottom turbulence, is confined to a layer of thickness on the order z < 1 m for the

I observed current speeds.
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I

From the friction velocity (u.) estimates, the bottom stress (T 0 can be calculated (r. = pu.2).

The bottom stress is closely related to the drag coefficient, defined by

2

CD=U.ICD=u-u (5)

I
where U1, is the mean current at a height of 1 m. The drag coefficient provides a means for

evaluating the local bottom flow characteristics. High drag regions are more turbulent than low

drag regions. In order to estimate the drag coefficient using the above equation (eq. 4), it is

3 necessary to measure the local turbulent field and estimate u.2 separately from measuring the

mean current at z= 1 m height. This was accomplished using the 15-second data collected in

1991 (Gunn et al 1992). The variance in the high frequency portion of the velocity spectra was

calculated by integrating the spectra above frequencies of 12 cph. This variance was termed the

"indicator of turbulent activity" (ITA) and was found to be proportional to the near bottom stress

(T-). The drag coefficient was then approximated by

ITA(
CDI U11 6

Shown in Figure 4-25 is a plot of CD estimated from the ITA integrated above 5 and 10 cph

respectively, as well as a number of theoretical predictions (White 1974) for the behavior of CD

as a function of the Reynolds number (UD/'). The similarity between the fit of CD calculated

using the above equation (eq. 5) and the predicted curves, suggests that the ITA is in fact a

reasonable indicator of turbulent-like velocity variance. This is in spite of the fact that the

current meters used were not designed to measure small scale turbulent velocities. The curves

are most similar at high Reynolds numbers, during periods of peak tidal currents. For high

Reynolds numbers, the asymptotic value for the drag coefficient is approximately CD=,7xl0"3 .

I Using this value for a drag coefficient, the friction velocity during peak-current periods can be

approximated by u.= 0.08 U1. This is in good agreement with the friction velocity calculated

I using the law of the wall eqn (2). Shown in Figure 4-26 are the two estimates of u. regressed

against each other. The coefficient of fit is r = 0.99. For Reynold's numbers on the order of
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5 Minutes ITA (1991 Data) and (b) Theoretical Predictions
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I 10, the flow may be transitional between laminar and turbulent. This explains the over-

estimated drag coefficient during periods of weak current associated with changing of the tide.

4.4.2. Secondary Boundary Layer Flow

Observations of the near bottom currents in 1991 at the TET site revealed an interesting

sequence of depth-limited internal waves (Gunn et al 1992). In 1992, the current observations

collected within the BBL reveal an equally interesting phenomena, which we believe indicates

the presence of a boundary limited secondary flow. The term secondary flow refers to any small

component of the flow that typically flows in a direction opposite to the main flow. Shown in

Figure 4-26 are plots of the U-V trace for the currents measured of z= 1, 5 and 10 m. The

strong V (northward) component in the record from z-1 m indicates the presence of a secondary

flow.I
The tidal currents which dominate all the current records for this area are characterized by

alternating ±U velocities (where U in our notation is the alongshore E/W component), for

example, the current record from z=10 m (Figures 4-19 and 4-20). The cross shore (N/S)

velocities are typically weak. However, at z= 1 m, the currents contained a strong offshore,

northward velocity component during each peak along shore current period (Figure 4-27). In

other words, during both ebb (-U) and flood (+U), a strong northward (+V) current developed.

This northward current was not present at z = 5 or 10 m, suggesting a shallow, along bottom

secondary flow.

I Boundary currents can be rotated from those away from the boundary due to the influence of

increased frictional drag. The two most common examples of this include the planetary Ekman

I transport and pressure induced secondary wall jets. Both of these phenomena are related to the

fact that the balance of forces away from the boundary, where friction is weak, drives the flow

i in a direction quite different from that when friction is introduced (i.e. near the boundary).

There are clear indications why we believe the observed currents are not a result of Ekman

dynamics, and more likely suggest a local radial flow accompanied by a shallow boundary

secondary flow.
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Above the BBL, where frictional effects are weak, ocean flows (either tidal or geostrophic) are

primarily driven by horizontal pressure gradients. Tidal currents are driven by a large scale tilt

in the <-,an surface, which oscillates back and fo-'.h in response to the gravitational attractions

of the moor' and sun. The surface tilt resulting from the gravitational forces induces a depth

independent (barotropic) pressure gradient, which accelerates the water from the regions of high

water to the regions of low water.I
Geostrophic currents are driven by a combination of surface slopes (tilt) and inclined isopycnal

surfaces (constant density). The 3D structure of the density field, induced by variations in the

water temperature and salinity, can result in tilted isopycnal surfaces. These act to induce

horizontal pressure gradients from regions of denser water (high pressure) to regions of lower

density (lower pressure). On the rotating earth, currents appear to slowly turn towards the right

(in the northern hemisphere). [In reality, the earth turns to the left under the ocean.] The

apparent force which causes currents to turn is called the Coriolis force. Once the current has

turned through approximately 900, the accelerating pressure gradient becomes oppositely

opposed to the Coriolis acceleration. This balance of forces, known as the geostrophic balance,

is the primary dynamics for most ocean circulations (i.e. the Gulf Stream, the Kuroshio). Near

the ocean bottom, friction begins to become a significant drag force, and the "balance" that

exists above the bottom no longer holds. This "imbalance" causes the currents to adjust

(accelerate) into a new state of balance, where the direction of flow is rotated from the currents

away from the boundary. This rotation is in the sense of alignment with the pressure gradient,

and in the northern hemisphere is to the left of the currents above the BBL. This current spiral

results in the boundary current which is referred to as the Ekman transport within the planetary

layer.

If the boundary layer secondary flow observed at z= 1 m (Figure 4-27) were, due to Ekman

dynamics, then the pattern would be quite different. The pattern traced out in the U-V plane

would more closely resemble a historisis, (i.e. .-..,) with a tilt towards negative V during negative

U flow and positive V during positive U flow. The observations reveal positive V during both

+U conditions. The observations suggest the existence of a pressure gradient in the bottom
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layer that is northward during both ebb and flood conditions. This condition is met if the flow

above the bottom has some curvature. This case is most easily described in terms of the classic

tea leaf experiment.

In an open cylinder, such as a tea cup, a rotating flow will result in a parabolic surface, with

low surface elevation in the center region. Within most of the flow in the cylinder, there is a

balance between the inward pressure gradient induced by the inward surface slope, and the

outward centripetal acceleration induced by the rotation. However, near the bottom, where

friction affects the flow, the centripetal acceleration, which has a magnitude of u2gr, where ur

is the tangential velocity and r the local radius, is reduced. The pressure gradient is not

reduced, and the water particles near the bottom are accelerated towards the center of the

circulation. If one performs this experiment with tea leaves, which slowly sink to the BBL, one

finds that the leaves pile up in the center. This inward flow occurs under both clockwise and

counter-clockwise circulations. If the local flow above the BBL in Juan de Fuca Strait near our

BBL mooring is curved, around a radius with a center to the north, then an internal isopycnal

may become tilted upwards towards the south during both ebb and flood tide. This tilt will

introduce a pressure gradient towards the north. Flow within curved portion of the circulation

is maintained by the balance of outward centripetal and inward pressure forces. Near the bottom

where U is reduced in magnitude, the centripetal force is less, and thv inward (northern)

pressure gradient accelerates the flow towards the north (positive V). Since the sense of

curvaure is similar for both ebb and flood, the bottom current is towards the north during both

ebb and flood (Figure 4-27).

Although we have little supporting evidence to support this hypothesis (e.g. strong topographic

ridge nearby that might steer the tidal current into a curved circulation), we know of no other

dynamics that would consistently generate such a strong, locally confined northward flow within

the BBL. The observation of this phenomena, in a similar manner to the locally generated

internal wave measurements made in 1991 (Gunn et al 1992), suggest tat each deployment

location may exhibit unique current dynamic structures which could influence nearby sensor

arrays.

I
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U- 4.5. Electric Field Modeling

The performance of non-acoustic sensor systems (magnetic and electric) in coastal oceanographic

environments is affected by, among other things, background noise and the motion of seawater

in the vicinity of such sensors is a significant contributor to the background noise. The previous

subsections have characterized the hydrographic parameters associated with internal waves and

the BBL. This subsection uses the environmental data to estimate the induced electric field

signals at the TET site.

The complete solution to the problem of predicting the electric field from environmental

measurements is a complex problem. This is particularly true for higher frequency motions

(super tidal) when certain simplifying assumptions cannot be made. As the water motion

becomes more complex, for example when vertical motion becomes important, the full equations

are necessary and effects such as self-induction become increasingly significant. The derivation

of methods and computational procedures for the complex problem are beyond the scope of this

effort. Rather this Section is an attempt to examine a simplified case, discuss the assumptions

required and examine the effectiveness of using the present measurements in the simplified case.I
We follow the results and notations of Chave et al. (1989), Chave and Luther (1990), and Luther

et al (1991). A Cartesian coordinate system is defined as (x,y,z)=(p,z), where z is measured

positive upward and is zero at the ocean surface. The symbol 2 represents a unit vector pointing

upward. The horizontal electric field is given by

where Eh(p) = C F, x <Vh> N (7)

0

l H f a(Z)vh(p,Z)dz' = <u>*.i + <v>*ý (8)<a> H _H

is the conductivity-weighted vertical average of horizontal velocity. H is the water depth, o is

conductivity (seawater), p is a horizontal position vector, and (a) is depth-averaged conductivity.

The quantity F. is the vertical component of electromagnetic induction. N is a small error term

that depends on the velocity field over a wide area and on random effects.
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The quantity C is a scale factor which depends on the structure of electrical conductivity beneath

the seafloor. The parameter C varies between 0 and I for the two limits of an infinitely

conducting and perfectly insulating seafloor, respectively. In the deep ocean, C is predicted to

lie between 0.9 and 1.0. Near coastlines, C is expected to vary over a wider range. For

example, Spain and Sanford (1987) measured values of C as low as 0.5 in the Florida Straits.

In the calculations described here, we take C=0.9 as a compromise between deep-water

predictions and the possibility of lower values that have been reported in a few shallow-water

* areas.

Figure 4-28 shows a set of four conductivity profiles provided by four CTD casts from the

TET 1992 measurement program. A smooth-fitting function of the form

arz) = o [1 +-3exp(-z/z,)] , (9)

is overlaid on the conductivity profiles, where or0=3.47 S/m, 5=0.13 S/m, and z,=30 m. The

variations of the individual profiles from the smooth function, a(z)-ao(z), are less than 0.1 S/m,

or less than 3% in amplitude. As a result, the conductivity-weighted integral in Equation (7)

is almost equal to the barotropic velocity. Baroclinic (depth-dependent) velocities are almost

entirely filtered out.

We can see this filtering effect in Figures 4-29 to 4-32. Figure 4-29 shows the eastward

component of current u from Mooring 1 from 15 m and 145 m depth. In addition, the

conductivity-weighted depth-averaged current component (u)* given by Equation (7) is

superimposed. We can easily see that the depth-averaged current is much smoother, and is

dominatd by the barotropic tide. Short-period motions have been filtered out. Figure 4-30

shows a blow-up of the current time series. The eastward current u is shown from depths 15,

30, 60, and 145 m, along with the depth-averaged component (u)*. In particular, note the three

sharp spikes in the 15 m record at the approximate time 269.82. These spikes probably

correspond to a soliton internal wave packet event, and are also visible in the 15 m temperature

record (see Figure 4-31). However, these spikes are almost completely filtered out in the depth-

averaging process, as can be seen in Figure 4-30 by comparing the thick and thin solid curves.

I
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The depth-averaging process smoothes out variance over the entire frequency band, as shown

in Figure 4-32. In this figure, the peak at frequercy 0.08 cph corresponds to the semi-diurnal

tide. In the low-frequency range (f< 0.1 cph), the spectra of current at 15 m depth and the

5 depth-averaged current are virtually identical. In the high-frequency range (f> 0.1 cph) the

spectrum of depth-averaged current is about a factor of 10 weaker than the spectral density at

15 m.

In fact, the factor of 10 reduction in variance due to depth-averaging is probably an

underestimate. Four current meters were used to estimate <vh>*in Equation (7). The vertical

resolution of the current meters is aliasing this estimate. To see that this is true, consider

Figure 4-33. Coherence amplitude is shown between the u-components of velocity for three

pairs of current meters; 15 and 30 m, 30 and 60 m, and 60 and 145 m. The horizontal dashed

lines show the 95 % confidence levels. Coherence amplitudes which exceeds this level are

significant. Significant coherence between vertically-separated current meter records is observed

primarily at low frequencies. These low frequencies are dominated by the barotropic tide. The

high frequency range (f> 0.15 cph, approximately) shows only a few isolated harmonic

components with significant coherence. Generally, the internal wave frequency band f> 1.0 cph

shows little significant coherence. This indicates that our estimate of depth-averaged velocity

is aliased due to insufficient vertical resolution. A well-resolved velocity structure should show

that the depth-averaged velocity in the internal wave band is close to zero.

I The vertical electric field is given by

E.(p, z) = -[vh(p, z) X Fh] (10)

The vertical electric field depends on the horizontal water velocity at the point of measurement;

3 unlike the horizontal electric field, a vertical average is not involved. Note that Eh is depth-

independent; its value is the same everywhere in the water column. This result is in contrast

to E., which is depth-dependent.

Figure 4-34 shows spectra of three components of the electric field. The upper panel shows

spectra of the North and East horizontal components from Equations (6,7), while the lower panel

shows the spectrum of the vertical component from Equation (9). The power spectra of the
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North and East components are comparable in amplitude in the internal wave frequency band

(f> 0.2 cph). The North component dominates in the low-frequency band (f< 0.2 cph) because

the barotropic tidal current is dominant in the along-channel (east-west) direction.

In the low-frequency band, the North component of E. dominates the vertical component E..

because the earth's magnetic component F, in Equation (6) is about 2.5 times stronger than F,

in Equation (9). In the internal wave band, Eh and E. are approximately comparable because the

stronger magnetic component is approximately counter-balanced by the depth-averaging process.

Equations (6-9) are not exact. They are subject to the following approximations:

1) Continental boundaries are distant, and the seafloor is flat with laterally homogeneous

conductivity.

I 2) The horizontal length scale of the water motions is assumed to be large compared to the
water depth.

3) The vertical velocity component is negligible compared to the horizontal components.

1 4) The geomagnetic effect of self-induction is small.

5) The geomagnetic field is modeled as an inclined geocentric dipole.

The last three of these assumptions are realistic for the problem at hand, while the first two

assumptions are not. The first assumption has to do with the assumption that the seafloor

conductivity is negligible. We do not know, a priori, whether or not this is the case. Non-

negligible seafloor conductivity allows current to leak into the bottom. The problem is swept

into the value of the proportionality factor, C. According to Chave et al (1989), direct

comparisons between measured ocean currents and horizontal electric fields is a good technique

for estimating the value of C. In particular, because barotropic tides are depth-independent, a

comparison between the barotropic tides and tidal-frequency fluctuations in Eh would give a

direct estimate of C. However these are not available due to limitations in the E-field collection

equipment. Because seafloor conductivity does not change in time, once C was estimated at a

particular location, Equation (6) could be applied directly to estimate Eh.
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The second assumption is certainly correct for barotropic tides, but it is not correct for small-

scale internal waves. The assumption is probably of marginal validity for internal soliton

packets. Individual waves of a soliton packet have approximately a 150 m wavelength in this

environment, approximately equal to the bottom depth. If one were not to make use of

Assumption 2, then formally, the factor C in Equation (6) would represent a convolution of a

spatial smoothing function with <Vh>*. The smootding function has a width several times the

depth of the water column. Its approximate shape is discussed by Chave and Luther (1990), but

the importance of its exact shape is downplayed. The net result of applying the smoothing

function would be to reduce the amplitude of Eh, as follows.

Consider a prototypical internal wave propagating along the density interface near the surface

(e.g., a soliton). Judging from the density profiles in Figure 4-35, the wave's propagation speed

would be approximately c-0.7 m/sec. We will use this propagation speed to translate from the

time domain to the space domain.

Figure 4-36 (upper panel) shows the form of Qj(kop), the electric field averaging kernel given

by Chave and Luther (1990). The parameter kc is a wavenumber, on the order of the reciprocal

of the bottom depth. Its exact value is not stated. If we consider 01(kop) to be a filter in the

space domain, then its Fourier Transform to the wavenumber domain gives an effective transfer

function, as shown in the middle panel of Figure 4-36. We can crudely put this transfer function

into the frequency domain through

f[cph] = kc p [cyclesperbottomdepth] • c • 3600/H , (11)

where H= 150 m is the bottom depth.

The resulting transfer function is shown in the lower panel in Figure 4-36. Basically the transfer

function has a sharp cutoff at about 3 cph. Figure 4-37 shows the result of applying the transfer

function to Eh. Variance above the 3 cph cutoff frequency is reduced dramatically. One cannot

take this cutoff frequency to be a hard and fast number for several reasons. First, the advective

effects of tides may cause it to vary considerably. Second, we have assumed here that all of the

internal waves have the same propagation speed, c, and that they propagate as unidirectional

plane waves. Third, the value of kc was not clearly stated.
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Thus the assumptions of this simplified theory limit the applicability to addressing the question

of the electric field signal of internal waves. Signals that are filtered by the conductivity

weighted depth average are significantly reduced. However this model has shown that the

vertical current profile is probably undersampled for the higher frequency ranges of motion. This

suggests that a full depth ADCP might be a more appropriate instrument to choose for measuring

data for an EF model that intends to use a measured velocity structure as input. The model also

provides an electric field signal that can be compared to measured values for subtidal

frequencies. Comparison of the results of this model with measured electric field from the TET

experiment remains a desirable goal.
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I5. CONCLUSIONS AND RECOMMENDATIONS

This section summarizes the conclusions and recommendations from the 1992 TET

environmental measurements. The following conclusions are grouped by subject area.I
Field Program

U An ADCP is an effective instrument to monitor internal wave activity. There was
good agreement between the ADCP and current meter data and both were useful

for identifying internal waves and determining their propagation velocity and
phase. A single ADCP could be used to determine speed and direction
characteristics of internal waves, as well as providing a detailed description of
currents throughout the water column. The ADCP drifts provided useful

information but the removal of drift velocity may not be as effective as needed.

A continuous time series at a fixed location would be less susceptible to this

problem. Differential GPS locations were critical in improving this data set when

compared to the 1991 measurements.

I IMoorings with instruments deployed over the full depth of the water columns
were vulnerable to ship traffic. The use of an upward-looking ADCP for current

measurements is recommended to avoid expensive instrument damage in locations
where this may be a problem. The temperature recorders were inexpensive

I enough that duplicative instruments could provide data redundancy with minimal

cost impact.I
The current meters suffered a higher failure rate than other instruments but no
reason was determined for most of the recording failures. The use of redundant

instrumentation may be required in areas of particular importance.

I * The current meters were useful in defining periods of increased turbulent activity.

I
I
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U Stratification

I The late summer stratification at the TET site varies with the phase of the tide,
intensifying during strong tidal flood currents. This cycle plays a key role in the
production of the soliton-like internal waves that occur primarily near peak flood
tide.I

Fronts

Strong fronts passed through the mooring array several times over the course of
the two week experiment. They presented a strong signal in both the velocity and
temperature fields with velocity changes the same order of magnitude as the
SIW's but lower on the frequency scale. Fronts may have isolated the inshore
mooring from some of the internal wave activity.I
Rapid changes in the water column structure as seen in the passage of these fronts
could produce changes in the sound velocity profile. This may be a consideration

in optimizing the use of acoustic sensor systems.

I
Internal WavesI

During the 14 day experiment, 13 clear internal wave signals were identified in
the current and temperature time series data.

0 Median values for wave length, propagation speed and wave amplitude were 514
m, 56 cm/s and 24 m respectively. Propagation directions were evenly distributed
between flood and ebb directions.

0 Internal wave structure for the strongest waves, as observed by current meters
and the ADCP, was consistent with theory for shallow water solitons.

I
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I

Bottom Boundary Layer

Strong vertical shear was present between a height of 1 meter and the bottom with
peak velocities at 1 meter of 50 cm/s.

I Indications of strong turbulent activity near the bottom occurred when current at
5 m above the bottom reached or exceeded 50 cm/s. This happened on almost
every flood tide, but occasionally this threshold speed was not reached and

turbulent activity was noticeably reduced.

1 Observations at the BBL mooring were consistent with a rectified return flow,
probably a result of a local radial flow. This secondary flow resulted in an

I offshore component of the current during both flood and ebb tidal cycles.

I Calculations of a drag coefficient for the bottom resulted in a value of 7xl0-3 for
high Reynolds numbers. This compares well with other historical observations for
a bottom drag coefficient.

I Internal Wave EM Signatures

I A simplified model was applied to the 1992 field data in order to initially evaluate

the use of field data to calculate the electric field induced by soliton-like internal
* waves.

I The assumptions required to simplify the calculations to a reasonable level
restricted the value of the results to subtidal frequencies. Complex internal wave

3 signals were small in the depth averaged calculation.

I Environmental measurements have been collected at the TET site in late summer from 1989 to
1992. In two of those years various TET sensors were also deployed concurrently. It is evident
from these measurements that environmental data has been helpful in the isolation of noise

sources in the TET sensor systems. We have the following recommendations for subsequent

* studies with the TET program.
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I

1 Measurements to date in the TET program suggest high variability of

environmental phenomena in the near shore area, even over short distances (2-3

km). Individual deployment sites may need to be environmentally characterized

to fully understand the range of oceanographic phenomena present.I
The electric field and magnetometer data should be evaluated for possible internal

wave induced signals. The 1992 data would be most appropriate for this since

both data types were collected concurrently this year.

I Consideration should be given to development of a real time data collection

system for the environmental data. This will allow higher data rates than have

been used in the past and may improve the evaluation of the TET sensor data in

real time. A real-time algorithm for the detection of strong internal waves and

strong bottom turbulence would also be useful.

3 * Further work is required on the SIW/EM signature model to make the transition

to super tidal signals. This is a particularly complex problem and should be

performed if analysis of electric field and magnetometer data show evidence of

internal wave signals.

II
I
I
I
I
I
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APPENDIX A

Current Velocity Time Series, Moorings 1-4

Two day alongshore (E/W) and across shore (N/S) current velocity time series plots are shown
for each working current meter. Alongshore currents are shown with a dashed line and across
shore currents are shown with a solid line. Directions are in magnetic North.
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APPENDIX B

Time Series of Temperature Isotherms and Current Velocity at 15 m, Mooring 1

I Time series plots of Temperature Isotherms throughout the water column and two day
alongshore (E/W) and across shore (N/S) current velocity time series plots are shown at 15
meters for mooring 1. Alongshore currents are shown with a dashed line and across shore
currents are shown with a solid line. Directions are in magnetic North. There are 2 two day
windows plotted on each page.

I
I
I
1
U
I
I
I
I
I
I
I
I B-i

I



LIST OF FIGURES

APPENDIX B

Mooring 1 Temperature Isotherms and Current Velocity at 15 m, JD 264 - 266 ..... B-3

Mooring 1 Temperature Isotherms and Current Velocity at 15 m, JD 266 - 268 ..... B-4

Mooring 1 Temperature Isotherms and Current Velocity at 15 m, JD 268 - 270 ..... B-5

Mooring 1 Temperature Isotherms and Current Velocity at 15 m, JD 270 - 272 ..... B-6

Mooring 1 Temperature Isotherms and Current Velocity at 15 m, JD 272 - 274 ..... B-7

Mooring 1 Temperature Isotherms and Current Velocity at 15 m, ID 274 - 276 ..... B-8

Mooring 1 Temperature Isotherms and Current Velocity at 15 m, ID 276 - 278 ..... B-9

B-2



., ..... ... ........ 0 0..... .. ...

00~

SOa

..... . ... 0...
e%4 --

zk

C ..4... ....... ....
* 0 ba--- '0

A- . .. .... .... ........ "

eq-I

'-C4

'V:
.. .. ......... .........

C4 C4

e4 C14

.. .. .. ... ....... ..... .. .... .. .. .. .. ... .

C4 C14

0r 0o C X0

-ua -lo~ - S3 43019A



00 00

16'

. ... .... ... ... .....-.

.•- ............. ................ .... -------- .. .......... ......
- 4t,-.......0

00 o

[ C-,..

- ,

C~4

C;0

I 
I,

e4( ) o

... .. . ...

OEu 00do 00M) P



0 00

... .. ... ..... ...... .. - •

i~~~~~~~~~~~ ......... .. ...... ....... ........ .. .... .. ...... ...... ... ... .. ............I I4!

00 00

.. . . .. ........................ '0 ,0

00 00

C4"

00

-- Cu (,4

(•) I~d•l (s•;•)L1!OlCO



I
I

- '-
00 0

'-_..__.~ - ,-

_ <• _ • •= z ~ .. ............. .......... ..................... .. ........ ....

C o. ................... ......... .. ..... .......... .... .. ....... .... ...
N- -•-r--

I

(14 d.( . -A

00

. . ........ -- ---- -- ----- ......

03

0 41

r- Z

ol 000

N 0

0

*r 0 0zcx
- - - -

(uu aio~ aSt3 A!aO



7
I

-- --------

C4 C4-

e4I

. '. . ... . .-

C4~

,,Y/ . ", l"

............ ...... -....'. .. "..-....- . ......

.
S.

o r . S

... .......... ............. .. .. ... ..

.

00

.........

-Af

(ua) qid~oi (s/mu) £APOIA



'0 0

C4I

C4I
beI

e4 U

00 00 00

C.- C14

e14l

CI
............ ............. ............. ..... ... C... .

0 0 0 q
.r ..... 0.. .... ....... ...

I I I I

(t) -dC -SUO "4O IQ



I.. ...................1 .
...' ......

. ....... ..... ... .. .....~.......* ........- ...

o0 b 00
.... ........ .. ... .. ..... . ..... ...o r

0q

..... .... .. ... ... .. ... -....... ....... ..... ....0.

. ..... . ... .... ........ .... .. ..... . ....-.. . ........

C.- I-
.. .... .. ........ .... ..

ell.

Itu -a.z~ 'C-.) P0



I

APPENDIX C

ADCP Drift Tracks

I ADCP Drift Tracks are shown for each drift that was taken. The beginning of each drift is
shown by an "S" near the starting position. Current Meter Mooring locations are shown with
a + for reference.
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Table C-I ADCP Drift Times

Julian Date Drift Start Stop Duration

Day hh:mm

265 09/21/92 1 19:56 22:23 02:27

2 22:48 23:35 00:46

268 09/24/92 1 16:02 18:11 02:09

2 18:36 19:28 00:51

3 19:59 20:53 00:53

4 21:33 22:44 01:10

5 23:07 23:15 00:07

272 09/28/92 1 17:00 18:16 01:15

2 18:46 20:03 01:17

3 23:03 00:04 01:01

273 09/29/92 1 15:33 16:40 01:06
2 17:36 18:22 00:46

3 18:54 20:10 01:16

4 20:37 22:13 01:36

5 22:37 00:13 01:36

274 09/30/92 1 15:57 17:16 01:19

2 17:57 18:18 00:20

3 18:33 18:54 00:20

4 19:01 21:19 02:18

1 21:34 00:00 02:26
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APPENDIX D

Alongshore, Across-Shore and Vertical Current Time Series from ADCP Drifts

Colormap for velocity scale for U and V components is included at end of Appendix for each
day's drifts. Velocity scale for vertical velocity, W, was -10 to 10 cm/s for same range of
colors for all plots.
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APPENDIX E

CTD Station Locations

Each CTD cast is plotted with an "X" representing the Transect casts and a "." representing the
Time Series casts. Since the Time Series casts are clustered in the same area only a "TS" is
printed for the cast name.The Current Meter Moorings are shown with a "+" for reference.
The following table lists each cast with Date (PDT), Time(UTC), Latitude, and Longitude.
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Table E-1 CTD Cast Times and Locations

Date JD Station Time Depth Latitude (M) Longitude (W)

(M) D M S D M SI
09/22/92 266 1 16:12 48 48 23 24.41 124 35 53.20

09/22/92 266 2 16:34 89 48 23 57.09 124 35 34.22

09/22/92 266 3 17:02 120 48 24 22.04 124 35 6.45

09/22/92 266 4 17:24 180 48 24 49.62 124 34 44.48

09/22/92 266 5 17:52 200 48 25 15.47 124 34 25.08

09/22/92 266 6* 18:25 235 48 25 46.60 124 34 4.29

09/22/92 266 7 18:58 243 48 26 5.91 124 33 48.39

U 09/23/92 267 TSl 15:28 143 48 24 32.05 124 34 52.25

09/23/92 267 TS2 15:58 135 48 24 23.71 124 34 26.66

09/23/92 267 TS3* 16:29 134 48 24 22.97 124 34 29.08

09/23/92 267 TS4* 17:00 130 48 24 18.54 124 34 19.77

09/23/92 267 TS5 17:29 132 48 24 22.96 124 34 28.93

09/23/92 267 TS6 17:58 135 48 24 24.47 124 34 26.50

09/23/92 267 TS7 18:31 132 48 24 22.36 124 34 28.22

09/23/92 267 TS8 19:01 132 48 24 23.19 124 34 28.06

"09/23/92 267 TS9 19:29 130 48 24 22.11 124 34 29.34

09/23/92 267 TSIO 20:00 130 48 24 21.31 124 34 26.99

09/23/92 267 TSI1 20:30 132 48 24 24.62 124 34 31.25

09/23/92 267 TS12 21:01 132 48 24 24.52 124 34 32.77

09/23/92 267 TS13 21:30 123 48 24 18.28 124 34 29.23

09/23/92 267 TS14* 22:00 132 48 24 23.90 124 34 31.21

09/23/92 267 TS15 22:30 123 48 24 18.20 124 34 29.10

09/23/92 267 TS16 23:02 130 48 24 21.29 124 34 30.01

09/23/92 267 TS17 23:31 124 48 24 19.04 124 34 25.61

09/23/92 268 TS18 00:00 122 48 24 17.83 124 34 27.15

I
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I
Table E- I CTD Cast Times and Locations

Date JD Station Time Depth Latitude (N) Longitude (W)

(M) D M S JD M S

I 09/25/92 269 1 15:01 48 48 23 26.41 124 35 55.39

09/25/92 269 2 15:24 87 48 23 57.59 124 35 32.87

09/25/92 269 3 15:48 122 48 24 26.95 124 35 9.12

09/25/92 269 4 16:08 172 48 24 47.68 124 33 44.68

09/25/92 269 5 16:44 210 48 25 15.86 124 34 24.10

09/25/92 269 6 17:12 235 48 25 45.43 124 34 1.69

09/25/92 269 7 17:40 242 48 26 5.40 124 33 48.79

09/25/92 269 TS1 18:34 130 48 24 21.31 124 34 29.80

09/25/92 269 TS2 19:04 132 48 24 22.45 124 34 24.15

09/25/92 269 TS3 19:29 134 48 24 23.44 124 34 27.56

09/25/92 269 TS4 20:00 130 48 24 20.70 124 34 24.70

09/25/92 269 TS5 20:29 130 48 24 21.58 124 34 29.27

09/25/92 269 TS6 20:59 128 48 24 21.32 124 34 32.36

09/25/92 269 TS7 21:30 135 48 24 25.65 124 34 33.40

09/25/92 269 TS8 22:01 135 48 24 2. 37 124 34 21.88

09/25/92 269 TS9 22:30 133 48 24 24.18 124 34 28.29

09/25/92 269 TS1O 23:00 132 48 24 22.84 124 34 27.86

09/25/92 269 TSII 23:29 132 48 24 24.39 124 34 33.58

09/25/92 269 TS12 23:59 128 48 24 21.90 124 34 30.81

I
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Table E-1 CTD Cast Times and Locations

Date JD Station Time Depth Latitude (N) Longitude (W)

(M) D M S D M S

10/01/92 275 1 15:37 52 48 23 27.5 124 35 51.9

10/01192 275 2 15:56 87 48 23 57.4 124 35 30.9

"10/01/92 275 3 16:13 122 48 24 23.9 124 35 3.4

10/01/92 275 4 16:31 175 48 24 44.5 124 34 42.4

10/01/92 275 5 17:04 210 48 25 14.2 124 34 19.8

10/01/92 275 6 17:36 234 48 25 46.6 124 34 3.4

10/01/92 275 7 18:10 240 48 26 6.2 124 33 53.6

10/01/92 275 TSI 18:56 125 48 24 19.5 124 34 32.3

10/01/92 275 TS2 19:31 130 48 24 21.98 124 34 30.07

10/01/92 275 TS3 19:58 130 48 24 20.64 124 34 28.55

10/01/92 275 TS4 20:29 130 48 24 23.35 124 34 28.66

10/01/92 275 TS5 21:00 130 48 24 23.14 124 34 29.21

10/01/92 275 TS6 21:30 132 48 24 23.85 124 34 29.40

10/01/92 275 TS7 22:00 130 48 24 22.94 124 34 31.39

10/01/92 275 TS8 22:30 134 48 24 23.70 124 34 30.40

10/01/92 275 TS9 22:58 130 48 24 23.70 124 34 28.46

10/01/92 275 TSIO 23:30 130 48 24 21.59 124 34 29.96

10/01/92 276 TSLL 00:00 130 48 24 22.41 124 34 28.10

E-
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Table E-1 CTD Cast Times and Locations

Date ID Station Time Depth Latitude (N) Longitude (W)

(M) D M S D M S

I 10/02/92 271S 1 16:19 48 48 23 23.10 124 35 43.80

10/02/92 276 2 16:32 88 48 23 59.53 124 35 33.26

3 10/02/92 276 3 16:51 122 48 24 24.66 124 35 6.34

10/02/92 276 4 17:12 176 48 24 48.95 124 34 42.24

10/02/92 276 5 17:39 209 48 25 15.53 124 34 22.91

10/02/92 276 6 18:06 235 48 25 48.19 124 34 5.68

10/02/92 276 7 18:32 240 48 26 5.25 124 33 51.94

10/02q92 276 TSI 19.13 132 -i 24 21.18 124 34 25.06

10/02/92 276 TS2 19:45 130 48 24 21.04 124 34 29.58

10/02/92 276 TS3 20:15 132 48 24 24.34 124 34 29.11

3 10/02/92 276 TS4 20:43 131 48 24 22.97 124 34 37.86

10/02/92 276 TS5 21:14 132 48 24 22.78 124 34 31.5

I 10/02/92 276 TS6* 21:44 138 48 24 24.39 124 34 38.51

10102/92 276 TS7* 22:15 132 48 24 22.90 124 34 31.5

10/02/92 276 TS8* 22:45 130 48 24 19.73 124 34 29.7

10/02/92 276 TS9* 23:16 133 48 24 23.59 124 34 28.54
10/02/92 276 TS90* 23:44 130 48 24 23.79 124 34 27.2

10/02/92 277 TSIL* 00:15 133 48 24 22.74 124 34 28.58

L 10/02/92 277 TS12* 00:45 48 24 23.42 124 34 29.94

* = Bad or no data
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i APPENDIX F

CTD Transects: Temperature, Salinity, Density, and B-V Frequency
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APPENDIX G

CTD Station Tin,.: Series: Temperature, Salinity, Density, and B-V Frequency
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