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This study examined the tidal variance in a large data set

collected on the West Florida Shelf between 1973 and 1975. An attempt

was made to analyze the dynamics of the Kl and M2 bands.

Two significant factors were found to contribute to the com-

plexity of the diurnal tides in this region. First, the Gulf of

Mexico is bordered to the North by 30°N latitude, where the inertial

and diurnal frequencies coincide. Secondly, the diurnal frequencies

are near a basin resonance of the Gulf. The depth-independent Ki

currents appear related to the external tide and are about 5 cm/sec.

The depth-dependent K1 currents approximate the magnitude of the

depth-independent currents and contain several characteristics of

inertial motions. Specifically, these characteristics include a high

vertical mode number, larger magnitudes near the surface than near

the bottom, and intermittent coherences.

A detailed analysis of the dynamics and energetics of the M2 tide

reveals that the currents are predominantly depth-independent and

stationary. The dynamics over the middle and outer shelf are linear

and inviscid. The cross shelf flow increases toward the coast at a
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rate of less than depth- (e.g., 2.5 cm/sec at 200 m and 8.5 cm/sec

at 50 m) and is the dominant contributor to the sea level change. The

alongshore flow is about 25% of the onshore flow and only contributes

to sea level changes as a result of an alongshore phase propagation.

Depth-dependent velocities are less than 2 cm/sec and have a low mode

number structure. The amount of dissipation within this region is

consistent with a bottom drag law. Order of magnitude estimates

indicate that dissipation will be important in the momentum balance

only in a narrow region near the coast.



Tides on the West Florida Shelf

by

Chester John Koblinsky

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Doctor of Philosophy

June 1979



APPROVED:

Professor! of
inóharge of major

Dean of School of Oceanography

Dean of Graduate School

Date thesis is presented .26
I,

Typed by Cheryl E. Curb for Chester John Koblinsky

Redacted for privacy

Redacted for privacy

Redacted for privacy



ACKNOWLEDGMENTS

The data base analyzed in this thesis came from several sources,

all of whom deserve special. banks. The VACM measurements were pro-

vided by Dr. P. P. Niiler. The Aanderaa measurements were obtained

from Drs. C.N.K. Mooers and J. F. Price. Drs. M. Wimbush and L.

Larsen provided the sea level and bottom pressure measurements.

Dr. M. Wimbush also provided the Hunk and Cartwright response analysis

routines.

I would especially like to thank my advisor, Dr. P. P. Niiler,

for his generosity in helping me to complete my Ph.D. program. His

emphasis on the careful presentation of simple ideas led me through

the maze of numbers involved in this analysis. For the past two years,

his insights, advice, and ideas from the other side of the wall have

been an invaluable and pleasant educational experience.

I am deeply indebted to Sally for refining my writing skills and

making my life enjoyable during this project,

Funding for this thesis was generously provided by Dr. P. P.

Niiler through NSF grant OCE 76-22681401. Additional computing funds

were obtained from the OSU Milne Computing Center.



TABLE OF CONTENTS

I. Introduction 1

II. Data Base and Procedure 9

DataBase......................... 9
Current Meter Intercomparisons .............. 18
Methods of Analysis .................... 21

III. Description of the Tidal Variance .............. 26
Description of the Tidal Pressure Field .......... 28

The Kl Pressure Field ................. 28
The M2 Pressure Field ................. 28
Sunuiiary ........................ 33

Description of the Temperature and Velocity Fields . 35

General Description of the Tidal Variance ....... 36
Temperature Data ................. 36
Velocity Data ................... 40

The Predicted Variance ................ 43
Summary ........................ 51

IV. M2 Momentum, Continuity, and Energy Balance ......... 56
Momentum and Continuity Balance .............. 56
Energetics ........................ 59
Model of the Depth-independent Momentum Balance ...... 65
Summary ..........................

V. Conclusions ......................... 69

Bibliography ......................... 71

Appendices .......................... 74
A. Sea Level Response Analysis Results ......... 74
B. Temperature and Velocity Spectral Analysis ...... 80
C. Velocity Response Analysis Results .......... 104



LIST OF FIGURES

Figure Page

1.1 The West Florida Shelf study region 2

1.2 Ki amplitudes (cm) and Greenwich phase lags at 3

several locations in the Gulf of Mexico

1.3 M2 amplitudes (cm) and Greenwich phase lags at 4

several locations in the Gulf of Mexico

1.4 plitude and Greenwich phase lag contours for the 7

M2 sea level in the Gulf of Mexico computed by
Grijalva (1971)

11.1 Locations of sea level and bottom pressure 10

measurements

11.2 Locations of current meter moorings 11

11.3 Scatter diagrams of Aanderaa speed (cm/see) 20

vs. VACM speed

111.1 Autospectral density estimates for sea level, kinetic 27

energy and temperature at two locations on the West
Florida Shelf

111.2 Subjective contours of 1(1 amplitude (cm) and Greenwich 29

phase lag over the West Florida Shelf

111.3 Subjective contours of M2 amplitude (cm) and Greenwich 30

phase lag over the West Florida Shelf

111.4 The cross shelf variation of the M2 sea level tide 32

111.5 M2 and Ki internal tide rays for typical hydrography 38

in Array 3

111.6 Temporal variation of the M2 tidal ellipses on the 44

West Florida Shelf

111.7 Temporal variation of the 1(1 tidal ellipses on the 45

West Florida Shelf

111.8 Spatial variation of the M2 tidal ellipses during the 48

Fall 1973

111.9 Spatial variation of the M2 tidal ellipses during the 49

Fall 1974



LIST OF FIGURES (Cont)

Figure Page

111.10 The detailed spatial variability of the M2 tidal 50

ellipses

IV.l An estimate of dissipation on the West Florida Shelf 62

IV.2 The cross shelf amplitude and Greenwich phase lag of 67

u, v, and as estimated by Equations IV.5



LIST OF TABLES

Table

11.1 Sea level and pressure measurements

11.2 Current meter measurements

111.1 Tidal character

111.2 The temperature advection balance

111.3 The M2 depth-independent and depth-dependent
velocities

111.4 The Ki depth-independent and depth-dependent
velocities

IV.1 Estimates of terms in the depth-independent
momentum balance for the M2 tide

IV.2 Estimates of terms in the depth-independent
continuity balance for the M2 tide

Page

12

13

34

41

52

54

58

[.11]



TIDES ON THE WEST FLORIDA SHELF

I. INTRODUCTION

Although many aspects of tidal dynamics in the ocean are well

understood, little is known about the dissipation and scattering pro-

cesses at the boundaries. In the current decade, several continental

shelf and slope experiments have been conducted to study the complexity

and variability of these processes (e.g., Munk, Snodgrass, and Wimbush,

1970; Petrie, 1974). This thesis examines the tidal variance in a

large data base collected over the West Florida Shelf. Two specific

objectives were addressed. First, the M2 tide was examined to clarify

the properties of depth-independent motion over the shelf. Secondly,

the Ki tide was examined to demonstrate abnormal properties of tidal

flow over a shelf near the critical latitude.

The continentaL shelf off the West Florida coast is bordered by

Cape San Bias to the north and the Dry Tortugas to the south. The

shelf slopes gradually to a shelf break at 100 meters (m) depth, and

below a second shelf break at 200 m changes rapidly into the Florida

escarpment. Figure 1.1 depicts the region of the shelf examined in

this thesis, and illustrates its locations within the Gulf of Mexico.

Unlike the tidal surface elevation in the neighboring Atlantic

and most other oceans, the tide in the Gulf of Mexico is predominantly

diurnal. Figures 1.2 and 1.3 show the dominant diurnal (Kl) and semi-

diurnal (M2) amplitudes for several locations in this area. Several

theories have been advanced to explain the dynamics of these tides.

The most recent reviews and descriptions of Gulf of Mexico sea level



Figure 1.1. The West Florida Shelf study region. Bathymetric contours

in meters Cm) from lJchupi (1966).
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Figure 1.2. Ki amplitudes (cm) and Greenwich phase lags at several

locations in the Gulf of Mexico. The West Florida Shelf

study region (see Figure 1.1) is shaded. Values for

locations 1 and 2 are from the Monaco I.H.B. tables.
Values for locations 3 through 24 are from Zetler and

Hansen (1971). Values for locations 25 and 26 are from

Mofjeld and Wimbush (1977).
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tides have been made by Zetler and Hansen (1971) and Mofjeld and

Winibush (1977). Hansen (1974) has reviewed the work on free normal

modes of the Gulf of Mexico.

As can be seen from Figure 1.2, the diurnal amplitudes and phases

in the gulf are quite uniform. For the values shown in the figure,

the mean amplitude in the gulf is 15 centimeters (cm) with a standard

deviation of 4 cm, and the mean phase is 270 with a standard deviation

of 130. The amplitudes are quite similar to those found on the

Atlantic side of Florida (e.g., 10 cm at Daytona Beach, #2 in Figures

1.2 and 1.3), while the mean phase is nearly 180° out of phase with

values from the Atlantic (e.g., 196° at Daytona Beach).

An early theory by Marmer (1954) suggested that a near resonance

at the diurnal frequency was the cause of the predominantly daily tide

in the Gulf. Recent computations by Platzman (1972) and Hansen (1974)

suggest the existence of a free normal mode of the gulf near the

diurnal frequency. Both sets of computations show this mode as a

Helmholtz type resonance with the Atlantic. The amplitudes and phases

in Figure 1.2 are consistent with this type of response. Mofjeld and

Wimbush (1977) have made two deep sea pressure measurements (at loca-

tions 25 and 26 in Figure 1.2) to check for resonance at the diurnal

frequency. The admittance curves for both measurements suggest a

resonance at a frequency slightly below the diurnal. A modern

numerical simulation of the Ri tide in the Gulf has yet to be success-

fully carried out.

The previous studies do not find resonances near the semi-diurnal

frequency in the Gulf of Mexico. As a consequence, the amplitudes are



much smaller than in the Atlantic. For the values shown in Figure 1.3,

the mean amplitude in the Gulf is 12 cm with a standard deviation of

9 cm. In comparison, the amplitude at Daytona Beach is 59 cm. Phases

are found to vary substantially around the perimeter of the Gulf.

Such phase values are characteristic of an amphidromic type wave

propagation or seiching mode.

Several numerical models have been used to simulate the M2 tide

in the Gulf of Mexico. The results of one model, developed by

Grijalva (1971), have been found to be the most consistent with the

recorded sea level and pressure measurements. In addition to the

co-oscillation forcing at the Straits of Florida and Yucatan used in

other models, Grijalva's model also includes local astronomical

forcing. Viscous effects are parameterized with a quadratic drag

term. On the solid boundaries, the velocity normal to the boundary

is zero. The grid resolution of this model is about 70 kilometers

(km). Figure 1.4 shows the amplitude and phase contours computed for

the Gulf of Mexico using Grijalva's model.

An examination of Grijalv&s model of the Gulf shows that the

amplitude and phase contours are almost parallel to bathymetric con-

tours over the West Florida Shelf. At the coast, the model under-

estimates measured Greenwich phase lags by 30° on the average. Over

the shelf, his amplitudes are larger than those measured by Mofjeld

and Wimbush (see Figure 1.3, #26). The velocity field computed with

this model shows tidal ellipses oriented perpendicular to the bathy-

metric contours on the shelf.
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M2 sea level in the Gulf of Mexico computed by Grijalva
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The model coastal boundary is shown by the thin straight
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This thesis seeks to further explore the behavior of tidal

motion over the West Florida Shelf. An attempt was made to provide

a detailed description of spatial and temporal variability of the

tides. This objective was facilitated by the recent acquisition of

an extensive set of measurements in this region. A second objective

was to increase our understanding of the role of tidal dissipation

over the shelf through an examination of the momentum balance and

energetics.

These objectives are addressed in the remaining four chapters.

Chapter II describes the data base and the procedure of analysis.

Chapter III examines the temporal and spatial description of the tidal

variance. Characteristics of the Ki tides are compared with those of

the M2, In Chapter IV, the behavior of the M2 tide is examined more

closely through an analysis of the momentum and continuity balances

and energetics. The last chapter summarizes the major findings of

the thesis.
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II. DATA BASE AND PROCEDURE

A. The Data Base

Between 1973 and 1975 a group of investigators from several

oceanographic institutions participated in a continental shelf dyna-

mics experiment on the West Florida Shelf. The measurement sites for

pressure and currents in this experiment are shown in Figures 11.1

and 11.2. Tables 11.1 and 11.2 list the temporal and geographic

information for these measurements. All pelagic measurements were

made from subsurface taut line moorings.

The observations used in this thesis have been analyzed for their

tidal content. Several previous studies have analyzed other aspects

of the data. Niiler (1976) has described the sub-inertial velocity

field. Price (1976) has discussed the hydrographic response to pass-

ing atmospheric cold fronts. Weatherly and Van Leer (1977) have

studied the bottom boundary layer over the shelf.

The initIal processing and editing of the data was carried Out

by the investigators responsible for the measurements. The data sets

and processing procedures have been discussed in data reports by Price

and Mooers (Array 1 - 1974a, l974b; Array 3 - l974c, 1975); Plaisted,

Waters and Niller (Arrays 2 and 4 - 1975); and Koblinsky and Niiler

(Arrays 5 and 6 1979). All of the current meter and temperature

data were low pass filtered with a 1/4 power cutoff at 0.5 cycles per

hour (cph) and interpolated to hourly Intervals on the hour. The sea

level data was handled similarly or low passed with a 1/4 power cutoff

at 0.25 cph and decimated to approximately 2 hour intervals without



Figure 11.1. Locations of sea level and bottom pressure
measurements.



Figure 11.2. Locations of current meter moorings.



Table IIi. Sea level and bottom pressure measurements made on the West Florida Shelf

Station Measurement

Location

Latitude(N) Longitude(W)
Depth
(meters)

Good Data
(hours)

Dates

Start Stop

Naples Sea level 26 08.5 81 48.0 - 18262 1/1/73 1/31/75

St. Petersburg Sea level 27 45 82 37 - 8760 1/1/74 1/1/75

Wi Pressure 26 40.5 84 15.2 147 5366 4/7/74 11/17/74

Wi Pressure 26 40.5 84 15.2 147 4236 11/22/74 5/22/75

Li Pressure 26 00.9 83 27.4 62 2453 8/6/73 11/16/73

L2 Pressure 26 48.3 83 37.6 62 5676 4/5/74 11/27/74

H
I.,,



Table 11.2. Current meter measurements made on the West Florida Shelf. Instrument type:
A Aanderaa, V VACM, G Model 85. * start times uncertain, NA time
series not available for analysis.

Location Dates
Instrument Depth/Bottom Good data
Code Type Measurement Latitude(N) Longitude(W) (meters) (hours) Start Stop

Array 1

A 1 V T,U,V 26 17.0 84 26.0 125/200 NA NA NA
2 V T,U,V 130/200 734 2/73* 3/73*

3 A T,U,V 133/200 702 2/73* 3/73*

4 A T,U,V 195/200 702 2/73* 3/73*

B 1 V T,TJ,V 25 42.2 84 22.3 106/200 727 2/73* 3/73*

2 V T,U,V 111/200 NA NA NA

C 1 A T,IJ,V 25 57.9 83 58.0 25/140 690 2/73* 3/73*

2 A T,U,V 56/140 600 2/73* 3/73*

3 A T,U,V 130/140 690 2/73* 3/73*

D 1 A T,U,V 26 09.1 83 50.7 24/100 690 2/73* 3/73*

2 A T,1J,V 55/100 690 2/73* 3/73*

3 A T,TJ,V 86/100 690 2/73* 3/73*

E 1 A T,U,V 25 52.0 83 46.0 25/101 690 2/73* 3/73*

2 A T,U,V 56/101 690 2/73* 3/73*

3 A T,U,V 87/101 690 2/73* 3/73*

F 1 A T,U,V 25 59.0 83 05.0 26/ 49 641 2/73* 3/73*

2 A T,U,V 40/ 49 641 2/73* 3/73*

I-

(J



Table 11.2. Continued

Array 2

Location Dates
Instrument Depth/Bottom Good data
Code Type Measurement Latitude(N) Longitude(W) (meters) (hours) Start Stop

G 1 V T 26 19.2 84 25.6 49/200 2785
U,V 744

2 V T 125/200 2785
U,V NA

3 V T 194/200 2786
U,V 1338

H 1 V T,U,V 25 37.7 84 24.6 56/202 2700
2 V T,U,V 196/202 2700

I 1 V T 26 40.5 84 15.2 44/147 2776
1J,V NA

2 A T,IJ,V 46/147 2653
3 V T,U,V 136/147 NA
4 V T,U,V 141/147 2775

J 1 V T,TJ,V 25 17.3 84 10.7 47/150 965
2 V T 138/150 2696

U,V NA
3 V T,U,V 143,150 2696

K 1 V T 25 59.8 83 51.0 39/105 1652
T3,V 1043

2 V T,U,V 69/105 1652
3 V T 94/105 1652

U,V NA
4 V T,U,V 99/105 NA

8/ 7/73 12/ 1/73
9/22/73 10/23/73
8/ 7/73 12/ 1/73

8/ 7/73 12/ 1/73
8/ 7/73 10/ 2/73
8/ 6/73 11/27/73

8/ 7/73 12/ 1/73

8/11/73 11/29/73

8/ 7/73 12/ 1/73
8/ 6/73 9/15/73
8/ 6/73 11/27/73

8/ 6/73 11/27/73
8/ 6/73 10/14/73

9/19/ 73

8/ 6/73 10/14/73
8/ 6/73 10/14/73

I-.



Table 11.2. Continued

Array 3

Location Dates
Instrument Depth/Bottom Good data

Code Type Measurement Latitude(N) Longitude(W) (meters) (hours) Start Stop

R 1 A T,U,V 26 01.1 84 31.1 23/200 1073 10/16/73 11/30/73
2 A T,U,V 73/200 1073 10/16/73 11/30/73
3 A T,U,V 123/200 1073 10/16/73 11/30/73
4 G u,v 193/200 1073 10/16/73 11/30/73

S 1 A T,U,V 26 00.8 84 05.4 26/151 1073 10/16/73 11/30/73
2 A T,U,V 76/151 1073 10/16/73 11/30/73
3 A T,U,V 126/151/ 750 10/16/73 11/16/73
4 G U,V 144/151 1073 10/16/73 11/30/73

u 1 A T,U,V 26 04.5 83 51.9 25/100 1073 10/16/73 11/30/73
2 A T,U,V 75/100 1073 10/16/73 11/30/73

V 1 A T,U,V 26 06.5 83 06.5 25/ 50 1073 10/16/73 11/30/73
2 G IJ,V 43/50 NA

Ui



Table 11.2. Continued

Array 4

Array 5

Location Dates
Instrument Depth/Bottom Good data

Code Type Measurement Latitude(N) Longitude(W) (meters) (hours) Start Stop

12 1 V T 26 40.5 84 15.2 53/147 2913 12/ 2/73 4/ 2/74
U,V NA

2 V T,U,V 141/147 2913 12/ 2/73 4/ 2/74
J2 1 V T,1J,V 25 17.2 84 10.7 54/150 2996 11/28/73 4/ 1/74

2 T,IJ,V 143/150 2925 11/28/73 3/30/74
1(2 1 V T,U,V 25 59.8 83 51.0 39/105 2945 11/30/73 4/ 2/74

2 V T 69/105 2945 11/30/73 4/ 2/74
TJ,V 1397 2/ 3/74 4/ 2/74

1501 V T 27 21.8 84 21.4 54/148 5369 4/ 6/74 11/16/74
U,V NA

02 V T,U,V 139/148 5369 4/ 6/74 11/16/74
1601 V T,IJ,V 26 42.4 84 15.0 ?/154 NA

02 V T 147/154 5347 4/ 7/74 11/16/74
U,V NA

1701 V T,U,V 25 18.3 84 10.9 91/157 1255 4/ 8/74 7/25/74

0'



Table 11.3. Continued

Location Dates
Instrument Depth/Bottom Good data
Code Type Measurement Latitude(N) Longitude(W) (meters) (hours) Start Stop

Array 6

2901 V T,U,V 27 24.1 84 34.8 142/150 3898 11/22/74 5/ 4/75
3001 V T 27 26.9 84 15.0 73/ 81 3997 11/18/74 5/ 3/75

tI,V 1547 11/18/74 1/22/75
3101 V T 26 43.1 84 16.0 144/151 3897 11/22/74 5/ 4/75

U,V 2021 11/22/74 2/15/75
02 V T 53/151 3897 11/22/74 5/ 4/75

IJ,V 1853 11/22/74 2/ 8/75
3201 V T 26 44.0 84 03.4 106/114 3866 11/23/74 5/ 3/75

U,V 2369 11/23/74 3/ 2/75
02 V T 46/114 2866 11/23/74 5/ 3/75

U,V 1769 11/23/74 2/ 5/75
3301 V T 26 58.0 83 56.1 54/ 83 3885 11/23/75 5/ 4/75

U,V 1862 11/23/74 2/ 8/75
3401 V T 26 50.6 83 40.2 51/ 59 3888 11/23/74 5/ 4/75

U,V 2436 11/23/74 3/ 4/75
3501 V T,TJ,V 26 28.4 84 10.9 142/150 3867 11/23/74 5/ 3/75
3601 V T 26 30.0 83 58.2 107/115 3868 11/23/74 5/ 3/75

U,V 2204 11/23/74 2/22/75
3701 V T 25 35.4 84 10.2 151/149 3804 11/25/74 5/ 3/75

U,V 2363 11/25/74 3/ 3/75
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interpolation. Hydrographic data for the winter and fall of 1973 (see

and Mooers, 1974a; 1975) were obtained from the National Oceanographic

Data Center in Nansen cast format.

B. Current Meter Intercomparisons

Three models of current meters were used in the West Florida

Shelf study: the Vector Averaging Current Meter (VACM), the Aanderaa

RCM-4, and the Geodyne (now EG&G) model 850. Several intercomparisons

of these models have been recently summarized by Beardsley, Boicourt,

Huff and Scott (1977). In these tests, the VACM and the 850 have com-

pared well when used on subsurface moorings over the continental shelf.

However, the Aanderaa has shown some measurement problems in shelf

tegions, causing some of its measurements to differ substantially from

those of the VACM and the 850.

Although subsurface mooring techniques remove the effects of

surface wave pumping, which are significant in all of these methods

when used near the surface, the Aanderaa sampling scheme can still

alias the high frequency energy. In both VACH and the 850, vane

direction and rotor speed are split into vector components which are

then averaged over a present sample interval and recorded. In the

Aanderaa, rotor speed is averaged over the sample interval and

recorded with an instantaneous measurement of direction. In the pre-

sence of a sluggish low frequency motion the high frequency motions

will govern the position of the direction vane, provided they are of

sufficient scale. The VACM and 850 sample schemes will tend to aver-

age out these high frequency variations in direction, but the
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Aanderaa scheme will not. Therefore, whenever the Aanderaa instrument

is used, it is necessary to carry out a few intercomparisons with other

instruments to determine if the Aanderaa sampling noise is significant.

Two intercomparisons between the Aanderaa and VACM instruments

were carried out during the West Florida Shelf experiment. The first

was made at a depth of 130 m in 200 m of water at mooring A in Array 1

during the winter of 1973. This intercomparison revealed a high

degree of similarity in the data collected with the VAQI and Aanderaa

instruments. A scatter diagram of the reconstructed speeds

(speed = (u2 + v2)2) is shown in Figure II.3a. The scatter is shown

about a line indicating a perfect 1:1 correspondence and is typical of

what one finds for VACH-VACM intercomparisons (see Figures 1 and 2 in

McCullough, 1975). When high frequency energy is contaminating the

Aanderaa measurements, one typically finds that the Aanderaa over-

estimates the low values of the reconstructed VAM speed. Since this

behavior is not indicated in this intercomparison, we can conclude

that the two instruments give a consistent estimate of the velocity.

Figure II.3b presents a scatter diagram of the speeds after they

have been band pass filtered about the semi-diurnal tidal band (.08

cycles per hour ± 4-1/2 cycles per month). The half power points of

the filter are at approximately .065 and 0.1 cph. Again, we do not

see the characteristics of poor Aanderaa performance. However, a low

signal to noise ratio is evident in this band. This noise, whether

real or instrumental, is random in the two instruments and is

responsible for the low correlation.
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Figure 11.3. Scatter diagrams of Aandraa speed (cm/sec) vs. VACM
speed (cuh/sec) for Array 1 intercomparison on mooring A
(instruments A2 and A3). Upper figure: (a) hourly values
of U and V from low-pa series (cutoff at .5 cph) have
been used to compute speed. A linear regression yields
Aanderaa speed = 0.098 * VACM speed -0.42 with a cor-
relation coefficient of .94. Lower figure: (b) hourly

values of U and V from M2 band pass series (cutoffs at
.065 and .100 cph) have been used to compute speed.
Linear regression yields Aanderaa speed = 0.66 * VACM
speed + 0.77 with a correlation coefficient of .64.
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The second intercomparison between the VAM and Aanderaa instru-

ments was made in Array 2 at a depth of 50 m in 150 m of water during

the fall of 1973. The instruments were placed on mooring I in order

to be near or in the seasonal thermocline. Data was collected for a

four month period. Unfortunately, intermittent sticking of the VAM

rotor throughout the recording period made it impossible to conduct

a valid intercomparison.

The VACM instruments used in this experiment were identical in

design to those used in the MODE experiment. These instruments

usually developed carbonate deposits on the rotor bearings, causing

the rotors to stick after a few months in the water (Dexter, Milliman

and Schmitz, 1975). For this study, rotor sticking was determined by

visually examining the time series plots of rotor speed for unrealistic

intervals of zero value. End times were set at least 12 hours prior

to the first detectable onset of rotor sticking. After tidal analysis

was performed on the edited data, evidence of fouling was found to

occur prior to the sticking of the rotor. Consequently, only the first

two months of any VACM time series were used.

C. Methods of Analysis

Several standard forms of data analysis were used in this study:

tidal analysis, spectral analysis, and separation of the variance in a

tidal band into depth-independent, depth-dependent, and background

noise.

All of the tidal analyses have been performed using the response

method of Munk and Cartwright (1966). Admittance functions are
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computed with respect to the equilibrium gravitational tidal potential.

Methods for converting the admittance into constituent amplitudes and

phases, and for determining the confidence limits are described by

Mofjeld and Wimbush (1977). For currents, a constant admittance

function is assumed across a particular tidal band (± 4-1/2 cpm) due

to the low signal-to-noise ratio found in the tidal bands of the cur-

rent measurements. This assumption has been discussed by Cartwright,

Munk and Zetler (1969). For sea level and pressure measurements, the

optimum number of weights in the response function are determined

using criteria defined by Zetler and Munk (1975).

Spectral analysis of the data has been performed using the con-

ventional Fast Fourier transform technique. The rotary spectra

methods used in this analysis have been described by Mooers (1973).

For cross spectra estimates, the bias has been removed from the co-

herence using an empirical formula developed by Benignus (1969).

Significance levels for the coherence function were computed using

standard procedures which have been clarified by Julian (1975). Con-

fidence intervals for coherence phase were computed according to the

criteria outlined by Jenkins and Watts (1968, p. 434).

In both tidal and spectral analyses, the effect of side band

leakage has been minimized. Time series lengths are chosen so that

harmonics nearly coincide with the dominant tidal frequencies. Data

lengths of 696 hours (29 days) or 360 hours (15 days) are normally

used. The dominant equilibrium tidal line in the frequency band of a

harmonic is the tidal line associated with that harmonic. For

example, the 29th harmonic of a 360 hour time series is centered at
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.0806 cph with a width of .0028 cph. Since the M2 line at .0805 cph is

the dominant line in the 29th harmonic, this band is designated the M2

band, For 696 hour data lengths, all of the major bands (Kl, 01, N2,

M2 and S2) are well separated. For 360 hour data 'lengths, the real

N2 (.0790 ± .0013 cph) overlaps the designated M2 (.0806 ± .0013 cph)

by almost 50%. However, the N2 band associated with current measure-

ments is rarely above the background noise level and therefore does

not represent a ccntamination problem. In addition to optimizing the

data length to reduce the sideband leakage, a 10% cosine taper window

function was applied to the data lengths prior to analysis. The

window function is normalized so that the variance in the data segment

is preserved.

The response method, of tidal analysis separates energy in the

frequency band that is phase-locked to the equilibrium gravitational

tide from the time series. This phase-locked energy is called the

predicted variance. The residual variance is that which remains when

the predicted variance is removed from the frequency band. The prob-

lem which remains is to separate the predicted variance into depth-

independent and depth-dependent components0

The simplest method for isolating the depth-independent mode is

to vertically average the real and imaginary components of the pre-

dicted analysis. The danger in using this method for shelf tides is

that an instrument may have an abnormally large amplitude associated

with its proximity to an internal tide generation region or ray path

(Torgrimson and Hickey, 1977). Caution must be used to insure the

average is not severely biased by one or two large values. In this
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study, only half of the 28 moorings had vertical coverage. Of these,

A, I, 31, 32, H, U, K, 3, and F have two instruments; C, D, and E have

three instruments; and R and S have four instruments.

Since the latter method yields only a rough estimate, a second

method was also used. This method, developed by Petrie (1974),

extrapolates values computed for nearshore locations to offshore

locations using continuity arguments. The depth-averaged equation of

continuity is:

(u.h))( 1- (vh) = 0
11.1

where subscripts denote partial differentiation, (x,y) are the cross-

shelf and alongsheIf distances, (u, v) are the (x, y) velocity com-

ponents, h is the depth below mean sea level, and V) is the deviation

of the sea surface about mean sea level. The currents measured

closest to the shore may be designated as location i. The distance

from the coast to location I is xj, the depth is h1, and the velocity

components are u1 and v1. If the flow is predominantly depth-

independent with a uniform alongshore mass flux ( (vh) = 0), the

simple differences In equation 11.1 can be used to compute the currents

at location j. The equations are:

- h
Lcs.')X

11.2
J

rh

where is the surface elevation at x/2. In this case vj is

assumed to be in phase with v1. To determine the phase of uj, we
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assume a standing mode of oscillation over the shelf, making u i

quadrature with rj. It will later be shown that this method is

applicable to the conditions on the West Florida Shelf
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III. DESCRIPTION OF THE TIDAL VARIANCE

The characteristic picture of oceanic pressure, temperature,

and kinetic energy spectra in the range of io- to 101 cpd is that of

tidal peaks superimposed on a red background. Figure 111,1 shows

the spectra of these three variables at two locations on the West

Florida Shelf between 1973 and 1975. This thesis is concerned with

the tidal peaks.

Several features are of interest in Figure 111.1. First, the

tidal signal-to-noise ratio at both locations decreases from a high

for the pressure measurements to a low for the temperature measure-

ments. Secondly, the diurnal energy maximum is larger than the semi-

diurnal except at instrument 34, where shoaling effects cause the

semi-diurnal kinetic energy maximum to be larger than the diurnal.

Finally, the low frequency energy is important in all three variables

and dominates the temperature signal at both locations.

A general description of the tidal variance found in the West

Florida Shelf measurements is presented in this chapter. The chapter

begins with a description of the sea level and pressure measurements

made during the experimental period. These measurements have been

analyzed using the response method. The results of these analyses

are presented in Appendix A.

In Section B, the current meter measurements are described.

The general features of the total variance in the tidal band were

determined using spectral analysis and are described in part 1. The

tidal variance, which is coherent with the forcing function, was



27

,0

(I M2

I -
0.

Id

(00

I III,. I 11111 I I

lot Ii
PERIOD (DAYS)

STATION Wi-SEA LEVEL

95IJ

(021 I I I 611111 I I

PERIOD (SAYS)

STATION W 1 KINETIC ENERGY

I

'a3

10 10

PERIOD (DAYS)

STATION WI TEMPERATURE

I

PERIOD (DAYS)

STATION L2 SEA LEVEL

101 101

PERIOD (DAYS)

STATION 3401-KINETIC ENERGY

,04f;i..
101 00 01

PERIOD (DAYS)

STATION 3401- TEMPERATURE

Figure 111,1. Auto spectral estimates for sea level, kinetic energy
and temperature at two locations in the West Florida
Shelf study area. The current meter at location Wi
is at 140 m in a total depth of 150 m. The current
meter at location 3401 is at 50 m in a total depth of
59 m. Estimates have been made from data collected
between August 1973 to May 1975.
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separated with response analysis. The stationarity (predictability)

and spatial variability of the tidal currents are examined in part 2.

Finally, the depth-independent and depth-dependent fields are

separated and examined,

A. Description of the Tidal Pres&ure Field

1. The Ki Pressure Field

Although a majority of the Gulf of MexLco has a uniform amplitude

and phase at the Kl frequency, there are local variations. Figure

111.2 shows subjective contours of amplitude and phase across the

West Florida Shelf. The phase contours snow a significant alongshore

variation, whereas the amplitude is essentially uniform.

The phase propagates northward along the west coast of Florida.

The phase speed is about 60 rn/sec. Since the source of this distur-

bance is the Straits of Florida, it appears to be an adjustment to the

co-oscillation forcing in this channel.

2. The N2 Pressure Field

Figure 111.3 shows subjective contours of amplitude and phase

over the shelf. Both amplitude and phase contours are nearly parallel

with the topographic contours. Hence, the spatial gradients of phase

and amplitude are predominantly cross-shelf. This pattern of contours

is similar to that on the continental shelf along the eastern United

States (Redfield, 1958).

Redfield (1958) has described the nearly uniform progression of

the semi-diurnal tide in the Atlantic onto the continental shelf. He
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Figure 111.2. Subjective contours of Ki amplitude (cm) and Greenwich
phase lag (dashed line) over the West Florida Shelf.
Data points are represented by solid triangles. The
study area is shaded.
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Figure 111.3. Subjective contours of M2 amplitude (cm) and Greenwich
phase lag (dashed line) over the West Florida Shelf.
Data points are represented by solid triangles. The
study area is shaded.
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notes a relationship between the width of the shelf and the coastal

properties of the tide. In modeling this relationship, he assumes

that the motion over the shelf is due to a cooscillation with the

basin and is frictionally damped. His model allows for variation in

topography but ignores the Coriolis force. Pressure measurements

made over the U.S. Atlantic Shelf by Beardsley, Mofjeld, Wimbush,

Flagg, and Vermersch (1977) are consistent with Redfieldts model.

Figure 111.4 shows the variation of M2 phase and amplitude at

two cross-shelf sections on the West Florida Shelf. Both the phase

lag and amplitude increase monotonically. The rate of chance in both

quantities are consistent for the two sections. Significant (.05

level) linear correlations (r) were found between the shelf width and

phase lag (r = 0.89), and shelf width and amplitude (r = 0.75) for

stations from Key West to Warrington (stations 4-10 in Figure 1.3).

The width of the shelf was defined as the shortest distance between

a station and the 1000 in depth contour. The alongshore phase speed (cp)

is about what one would expect for a shallow water gravity wave in the

basin: c= 180 fsec. ' Jj (h3M)

wve1er+ () 50000 k

The variety of depth-independent intertial-gravity motions over

a shelf has been shown by Munk et al. (1970) for idealized topography.

The important parameters are the horizontal wave length, the frequency

of the motion, and the topography. Two resonance conditions are

possible. For short alongshore wave lengths discrete edge wave modes
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are excited. Resonance can occur for onshore motion if the shelf

width approaches one-quarter of the cross-shelf wave length (see

Webb, 1976). When wave lengths are large enough that resonance con-

ditions do not exist, simple models like that of Redfield should yield

the essential distribution of phase and amplitude. A model of the M2

tide on the West Florida Shelf is presented in Chapter IV.

The continental shelf plays an important role in determining the

character of tidal motions in the Gulf of Mexico. The character of

the tide (R) over the shelf can be evaluated by examining the ratio of

the dominant tide lines in the semi-diurnal and diurnal frequency

bands (M2, S2, 1(1, and 01, respectively). Thus, R = (Kl + 01)!

(M2 + S2) wifl give an indication of the type of tide 71, diurnal;

'-1, mixed; ((1, semi-diurnal). Table 111.1 shows how the tide in

the Gulf of Mexico changes from diurnal in the basin to mixed over the

shelf.

3. Summary

In summary, the Kl pressure field is uniform over the shelf

except for the alongahore variation in phase. This variation is

apparently a result of the forcing at the Straits of Florida. The

behavior of the M2 tide over the West Florida Shelf is similar to that

found on the U.S. continental shelf bordering the Atlantic. The

alongshore and onshore wavelengths are too large for shelf resonance

effects. The dominant mass flux is onshore in adjustment to the tidal

motion of the basin. This produces a nionotonic increase in the sea

level amplitude in the onshore direction over the shelf, causing the



Table 111.1. The character of the sea level tide in the Gulf of Mexico.

Station
Depth

(in) R

Distance onshore of 1000 m
bathymetric contour

(I) Reference

Deep Sea (#25, Fig. 1.2) 3400 10.0 - (Mofeld and Wimbush, 1977)

Wi (#26, Fig. 1.2) 150 2.4 65 Appendix A

L2 60 1.9 133 Appendix A

Li 60 1.3 133 Appendix A

Naples (#6, Figure 1.2) 2 0.8 263 Appendix A

Equilibrium tide 0.7 - (Cartwright and Edden, 1973)
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tidal character to change from diurnal in the basin to mixed over the

shelf. The alongshore propagation is consistent with an alongshore

gravity wave in the basin.

B. Temperature and Velocity Fields

Figure 111.1 shows that unlike the well-defined tidal structure

found in the pressure measurements, velocity and temperature measure-

ments have a much higher background noise level. Over the West

Florida Shelf the signal-to-noise ratio (S:N) of pressure measure-

ments in the K1 or M2 bands is greater than 100, whereas the mean S:N

for temperature measurements is less than 2 and the mean S:N for

velocity measurements is between 5 and 10. As a result of this fac-

tor, spectral analysis is used to obtain a general description of the

tidal temperature and velocity fluctuations. Results of this analysis

are presented in Section 1 below. In Section 2, the predictable

variance of the velocity field is described using the results of

response analysis.

Only the diurnal and semi-diurnal tidal constituents have been

extensively analyzed. Record lengths are too short to consider the

long period tides and the S:N is too small in the 'tshaflow water" tide

bands (e.g., M3, M4, etc.). The inertial frequency on the West

Florida Shelf (".0365 cph) is within the diurnal tide band (.034 -

.047 cph). The critical latitude where the tidal frequency is equal

to the inertial frequency is 27°42'N for 01 and 30°06'N for Kl. Both

the 01 (.0387 cph) and the 1(1 (.0418 cph) constituents are large over

the West Florida Shelf. However, only the results for the 1(1
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constituent are examined here because the 01 band is not well

separated from the inertial band in time series of a month or less in

duration. In the semi-diurnal band, only the M2 constituent (.0805

cph) was found to have a consistently significant S:N. Therefore, it

is the only semi-diurnal constituent which can be confidently dis-

cussed.

1. General Description of the Tidal Band Variance

Spectral analysis was performed on the data set to examine the

total variance in the tidal bands and the coherence pattern. Rotary

spectra were computed for the velocity measurements. All analyses

were carried out by ensemble averaging l5day non-overlapping seg-

ments. The results are presented in Appendix B.

Temperature data. A common feature of the temperature data

collected on the West Florida Shelf is that the semi-diurnal and

diurnal bands rarely contain a significant energy peak in the spec-

trum (see Figure 111.1). The dominant fluctuations of temperature

are below the inertial frequency. The mean M2 band amplitude of all

measurements is 0.04°C, with a standard deviation of 0.02°C for 41

estimates. The mean fluctuation in the Kl band is 0.08°C, with a

standard deviation of 0.05° for 41 estimates. Since the amplitudes

and S:N ratios are small, the tidal temperature fluctuations are

probably due to advection by the external tide rather than to large

vertical advection of an internal tide.

Previous research (e.g., Prinsenberg, Wilmot, and Rattray,

1974; Torgrimson and Hickey, 1977; and Baines, 1974) on the
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continental shelf indicates that the internal tide will travel along

ray paths which generally eminate from the continental slope. For

realistic topography, the most effective generation region appears to

be near the bottom where the slope of the internal tide is equal to

the slope of the bottom (Baines, 1974). For predominantly vertical

stratification and small mean shear, the slope of the internal tide

ray (dz/dx) at frequency U.) is given by:

- '(,zç2)/z-
N

111.1

where N is the Vaisala frequency.

Figure 111.5 shows ray paths of the Kl and M2 tides over the

West Florida Shelf at 26°N. The rays have been traced by integrating

equation 111.1. This computation utilized typical hydrography for

the time period for Array 3. Rays are drawn shoreward of the point

where (dz/dx) is equal to the bottom slope. Two important factors

are illustrated by this figure. First, the bottom location where

(dz/dx) is equal to the shelf slope differs for the Ki and M2 tides.

For the Kl tide the most effective generation region is closer to the

surface and therefore the K1 rays will be closer to the bottom over

the shelf. A second factor shown in Figure 111.5 is that the N2 ray

path has a much shorter horizontal wavelength than the Ki ray path.

As a result, M2 and Kl internal tides should be measured by different

instruments in Array 3. For example, instrument S3 lies in the path

of the Kl ray but not the M2 ray. The opposite is true for instrument

R2.
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It is important to try to separate the tidal variation due

to internal and external tides in this study. Since the tidal signal

to noise ratio of the temperature fluctuations is small, response

analysis cannot adequately extract the energy which is coherent with

the external forcing. Instead, a balance of the temperature advection

equation is computed to see if the depth averaged velocities are suf-

ficient to account for the temperature fluctuations that have been

observed.

At the tidal frequencies weassume the temperature fluctuations

are balanced by advection:

L ) T uT v T -

where T is the temperature fluctuation amplitude, (u,v,w) are the

horizontal and vertical velocity components at the frequency U)

and T, T, Tz are the east-west, north-south, and vertical com-

ponents of the mean temperature gradient. Harmonic interactions are

much smaller than interactions with the mean gradient on the West

Florida Shelf. The horizontal velocity field is assumed to be depth-

independent. The vertical velocity is derived by linear interpola-

tion of its boundary conditions: w = i at the surface (where

is the surface fluctuation at the frequency U) ) and w = 0 at the

bottom. Estimates of u and v are obtained from vertical averages

of the values in Tables 5 and 6 of Appendix B. The mean temperature

gradients have been calculated using hydrographic data. Phase

computations are neglected because the S:N ratio of the temperature
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is too small to place confidence in the phase estimates of T. Only

an order of magnitude balance is computed.

The results of this balance for moorings R through V are shown

in Table 111.2. The balance is correct to an order of magnitude.

The vertical advection term is the least significant contributor to

the balance for all of the instruments. An increase in w by one or

two orders of magnitude produced by internal wave motion would have

substantially changed the balance. Hydrography is not available to

compute such balances at the other instruments.

In summary, the temperature variance at the Ki and M2 frequencies

is small. Large fluctuations due to strong internal wave fluctuations

have not been found. The data suggests that the internal tide field

over the shelf is probably weak.

Velocity data. The results of the spectral analysis (Tables 3

and 4, Appendix B) reveal several general characteristics of the tidal

velocity field. First, the Kl field is usually larger in magnitude

than the M2 field. On the average, 32% of the total kinetic energy

is in the diurnal band and only 8% is in the semi-diurnal band. Thus,

one can conclude that tidal currents are predominantly diurnal on the

West Florida Shelf. Secondly, it can be seen that the M2 field is

consistently oriented in the cross-shelf direction, whereas the Kl

field has no preferred orientation. Thirdly, the tables reveal that

the M2 velocity field is significantly coherent in measurements ob-

tained from 95% of all pairs of instruments in either sense of rota-

tion. In contrast, the 1(1 velocity field is coherent in less than

two-thirds of all pairs. Furthermore, coherences at the Kl band do
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Table 111.2. Magnitude estimates of the M2 and K]. temperature
advect ion balance.

uT v;:f

T= + _1. +
L&i

Instrument

-

LU

-

W
ITI

Estimated Observed

1. M2 band

Ri .0011 .0006 .0006 .00 .03

R2 .0185 .0096 .0019 .03 .10

R3 .0332 .0156 .0015 .05 .06

Si .0049 .0003 .0002 .01 .02

S2 .0509 .0142 .0034 .07 .07

Ui .0112 .0052 .0001 .02 .03

U2 .0956 .0448 .0018 .14 .03

Vi .0223 .0073 .0006 .03 .02

2. Ki band

Ri .0039 .0052 .0027 .01 .04

R2 .0671 .0092 .0098 .17 .06

R3 .1211 .1603 .0077 .29 .16

Si .0174 .0336 .0005 .05 .02

S2 .1812 .1525 .0084 .34 .10

Ui .0232 .0309 .0007 .06 .03

U2 .2187 .2648 .0030 .49 .10

Vi .0181 .0215 .0006 .04 .03
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not show a consistent length scale or pattern. A fourth important

characteristic of the velocity field is that the M2 field increases

in amplitude in the cross-shelf direction. It is essentially uniform

in the alongshore and vertical directions. The Ki velocity field

shows no preferred horizontal gradient, but decreases significantly

with depth at all moorings except 32. Finally, it should be noted

that the preferred rotation sense of both M2 and Kl bands is clockwise.

The previous factors support a predominantly depth-independent

flow field for the N2 band. In contrast, the consistent vertical

structure of the energy suggests a strong depth-dependent component

in the 1(1 band. As a result of the few degrees of freedom in the

cross-spectral computations, the phase relationships of these flow

fields are ill-defined. In either band, less than 50% of the clock-

wise coherence phases are significantly different from 00 at the .20

level. In the M2 band, 75% of the significant non-zero horizontal

phase estimates are consistent with the northwesterly propagation of

the sea surface. In the vertical direction, only one pair (R2 and R3)

is significantly out of phase in the M2 band. In the Kl band only

seven horizontal pairs have a clockwise coherence phase significantly

different from 00. Of these, three of the four alongshore pairs

suggest northerly propagation. In the vertical direction, two phase

lags (Sl and S2, 3101 and 3102) are significantly different from 0° in

the Kl band.

In summary, the analysis of the velocity field reveals that the

M2 band is coherent over all length scales of the arrays and is pre-

dominantly depth-independent in character. The Ki velocity field
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shows a consistent vertical amplitude structure, suggesting a signif i-

cant depth-dependent component. The Ki field is found to be much less

coherent than the M2.

2. The Predicted Variance

In order to examine the tidal variance in more detail, response

analysis was performed on the velocity data. The data was separated

into 29 day segments with time periods in the segments identical from

year to year. The method has been described in Chapter II, section 3.

The results of these computations are presented in Table 1, Appendix C.

A tidal ellipse was computed for each segment using the estimated

tidal velocities in Appendix C. The ellipse is the locus of the hori-

zontal velocity vector at a particular tidal frequency. The orienta-

tion and phase of the ellipse are determined by finding the positions

of the velocity vector when its magnitude is at a maximum (see Munk

etal., 1970). The M2 ellipse parameters are presented in Table 2,

Appendix C.

Several months of velocity data were available from three mooring

sites, permitting an investigation of the stationarity of the response

estimates. The locations from which velocity data were obtained are:

(a) moorings 15 and 29; (b) moorings I, 12, 16 and 31; and (c) moor-

ings J, J2 and 17. Figures 111.6 and 111.7 show the temporal varia-

tion of the tidal ellipses for the M2 and 1(1 bands, respectively, at

these three mooring sites.

Figure 111.6 shows that the M2 tidal estimates are quite sta-

tionary, with the exception of consistent variation in the size of the
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ellipses. For December 1974, the ellipse at instrument 3101 is

almost identical to the ellipse measured in the previous year by

instrument 122. The orientation, the phase (the difference between

the position of the equilibrium maximum at Greenwich and the maximum

velocity), and the rotation sense are consistent at each mooring. One

exception is the phase difference between instruments 1502 and 2901.

This difference is believed to be the result of a start time error for

1502. The magnitude of the ellipses exhibit a consistent decrease in

time for each instrument. This decrease is also apparent in the 1(1

ellipses shown in Figure 111.7. The decreasing trend in the magnitude

ceases when a new instrument is installed. This evidence indicates

that an instrument malfunction was the cause of the decrease in magni-

tude. As noted in Chapter II, the rotors in the VACM appeared to foul

prior to their sticking. Aanderaa and 850 time series were not of

sufficient length for comparison with VACM measurements.

Figure 111.7 shows that the Ki ellipses are much less stationary

than the M2 ellipses. Few similarities in the data collected with

instruments 3101 and 122 were found. In contrast to M2 characteristics,

the phase, orientation and magnitudes of the 1(1 ellipses were not

steady.

The error estimates for the 1(1 response velocities are much

larger than those for the M2 estimates due to the presence of the

inertial frequency in the diurnal band (see Table 1, Appendix C).

Much longer time series would be required to substantially improve

the Ri velocity resolution. For example, if the recorded and predicted

variance remained the same for a 12 x 29 day series as for a 29 day

series, the error would be reduced by 70%.
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Figures 111.8 and 111.9 show the typical pattern of the M2

velocity field for two different arrays. As expected from Figure 111.6,

the velocity field is similar for both arrays. The general properties

of the field reflect the spectral analysis results. First, the velo-

city field is predominantly cross-shelf. Secondly, the phase estimates

with respect to maximum velocity are uniform with a slight increase in

the north and west directions (see Table 2, Appendix C). Finally, the

most significant spatial derivative of the velocity field is in the

cross-shelf direction. A more detailed illustration of the onshore

and alongshore variation of the major and minor axis is presented in

Figure 111.10. In examining the mass flux, it can be seen that the

onshore flux is much larger than the alongshore flux. The alongshore

velocity is much smaller than the cross-shelf velocity, and the term

(hv)y is non-zero only because of a slight phase change along the coast.

This phase change is consistent with the phase propagation of sea level.

The term (hu) is non-zero due to a change in magnitude with a change

in depth. The phase of the onshore velocity is effectively constant in

x and y. Detailed momentum and continuity balances will be examined

in the next chapter.

Of final concern is the separation of the predicted tidal velocity

fields into depth-independent and depth-dependent components using the

methods outlined in Chapter II. For the M2 tide, the separation has

been performed for the two cross-shelf sections defined by moorings R

through V and moorings 31 through 34. Table 111.3 lists the depth-

independent and depth-dependent velocities for these sections.

Examination of Figure 111.10 reveals that the criteria necessary for
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using equation 11.2 (method B, Table III3) to find the depth-

independent velocities are satisfied for the M2 tide. For comparison,

vertical averages (method A, Table 111.3) have been made wherever

possible. Results of the two methods were found to be very similar.

The depth-dependent velocities are substantially smaller than the depth

average velocities, confirming the depth-independent nature of the flow.

Table 111.4 lists the depth-independent and depth-dependent Ki

velocities obtained by vertical averaging the response estimates from

moorings R through U. The depth-independent velocities are consistent

in phase and amplitude, reflecting the lack of horizontal gradient

found in sea level measurements. The phase-locked depth-dependent

velocities are approximately 25% to 75% of the depth-independent

velocities. The mode number of the depth-dependent velocities is the

maximum at each mooring, indicating undersampling of the vertical

structure.

3. Summary

The tidal temperature fluctuations over the West Florida Shelf are

relatively small (less than .10°C). These fluctuations are primarily

the result of horizontal advection of the mean isotherms by the depth-

independent flow.

The tidal currents over the West Florida Shelf are predominantly

diurnal. A large fraction of the kinetic energy in the diurnal band

is incoherent with the tidal potential. Depth-independent velocities

in the Ki band are about 5 cm/sec and in phase with one another across

the shelf. While the depth-dependent structure was not completely



Table 111.3. M2 depth-independent and depth-dependent velocities. For two cross shelf sections:
(1) between moorings R and V; (2) between moorings 31 and 34. The two methods
outlined in Chapter II are used. Method A is the vertical average. Method B uses
equations 11.2. Current meter coordinate system.

U (cm/sec)

Method:
V(cm/sec)

A B A B
Instrument Amp ± Phase Amp. ± Phase
or mooring (% error) (.0 error) Amp. Phase (% error) (0 error) Amp. Phase

1. Depth-independent velocities

R 2.5 (40) 21 (34) 2.9 29° 1.2 (58) -39 (33) .7 - 37°
S 3.4 (33) 40 (19) 3.7 32° 1.0 (50) -18 (29) .9 - 370

U 4.2 (30) 62 (17) 5.3 340 2.0 (44) 9 (26) 1.4 - 370

V 8.6 (19) 47 (11) 7.9 41° 2.8 (36) -37 (21) 2.8 - 370

Depth-dependent velocities

Rl 1.2 -87 1.7 93 -.7 -56 1.1 - 52
R2 .8 3 .8 - 40 .7 131 .2 117
R3 1.5 134 1.4 138 1.4 -87 1.2 70

Si .8 177 1.3 167 .8 150 .7 124
S2 .2 -64 .4 166 .4 20 .8 23
S3 .7 11 .5 53 .6 -64 .6 -39
Ui .9 92 2.9 146 .3 -34 1.5 42
U2 .9 -89 2.4 -175 .3 148 1.4 60
Vi - - 1.1 95 - - -

'J1



Table 111.3. Continued

U(ctn/sec) V(cm/sec)
Method:

A B A B

Instrument Amp. ± Phase Amp. ± Phase

or mooring (% error) C °error) Amp. Phase (% error) C °error) Amp. Phase

2. Depth-independent velocities

31 3.1 (33) 36 (19) 2.6 29° 1.1 (49) -46 (28) .7 -44

32 4.5 (28) 38 (16) 3.3 32° 1.3 (45) -42 (26) .9 -44

33 - - 4.2 33° - - 1.3 -44

34 - - 5.3 36° - 1.8 -44

Depth-dependent velocities

3101 .7 121 1.1 101 0.0 45 .4 -45

3102 .7 -59 .6 -9 0.0 -117 .4 -45

3201 1.4 11 2.3 32 .7 -79 1.0 -61

3202 1.4 -169 .9 131 .7 101 .5 53

3301 - .1 90 - - - -

Lii
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Table 111.4. Vertical average estimates of the. Ki depth-independent
and depth-dependent velocities for moorings R through
U. Values are listed in the current meter coordinate
system.

U (cm/sec) V (cm/sec)

Instrument Amp. ± Phase ± Amp. ± Phase ±
or mooring (% error) (O error) (% error) (0 error)

Depth-independent velocities

R 2.9 (63) -44 (36°) 4.1 (60) -111 (34°)

S 2.2 (65) -48 (38°) 2.9 (65) -117 (37°)

U 2.7 (65) -47 (37°) 3.7 (62) -114 (350)

Depth-dependent velocities

Ri .9 -45 1.4 -92

R2 .5 42 1.8 88

R3 1.1 16 .4 -92

Sl 2.2 8 1.6 -108

S2 2.5 174 2.2 90

S3 .6 60 .8 -55

Ul .6 -68 .8 -87

U2 .6 112 .8 103
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resolved in the study measurements, the evidence suggests that it is a

significant part of the variance. Depth-dependent velocities are at

least of the same order of magnitude as the depth-independent veloci-

ties.

The M2 velocity field is predominantly depth-independent,

Seasonal variations are not found to be significant. The velocity

field is coherent over all spatial scales in the different arrays.

Depth-dependent velocities are less than 2 cm/sec. Depth-independent

velocities vary between 2 and 10 cm/sec in the cross-shelf direction.
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IV. MOMENTUM, CONTINUITY AND ENERGY BALANCES
FOR THE M2 TIDE

The data has demonstrated that the phase and amplitude of the M2

tide can change substantially across the West Florida Continental Shelf.

In this chapter, the dynamics and energy budgets of the M2 external

tide over the shelf are discussed. The dominant terms in the momentum

and continuity balances are derived from the data. A computation of

the energy budget demonstrates that the most significant dissipation

must take place shoreward of the arrays. An examination of the role

of friction in determining phase and amplitude changes across the

shelf is made using a linear model.

A. Momentum and Continuity Balances

The tidally forced linear depth-averaged momentum and continuity

balances on an f-plane can be written:

-fv=-3(7-Xr),, 4-F' IV.la

Vt. . = -
I9j

IV.lb

1- = 0
IV.lc

where E is the equilibrium representation of the tidal potential,

is a correction factor to account for the tidal response of the

solid earth, F, are the parameterized bottom stresses, surface

stresses are ignored, x is positive to the west, y is positive to the

south, the origin is at the coast, and only the cross-shelf variation

of depth is important.
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Estimates of the left hand side of equations IV.la and IV.lb can

be made for the M2 frequency band using the depth-independent velocity

estimates in Table 111.3. The estimates of the gradient components

of sea level can be found using simple differences between the sea

level measurements. Estimates of the viscous effects can be made by

assuming the dominant viscous dissipation is due to bottom friction.

This bottom friction is parameterized by the quadratic drag law:

F" = Y t( (yoo2)
h

Since the non-tidal variance is significant in all the current meter

records, lU! is the rms of the hourly time series. The forcing term

is of order l0- cm2/sec. Estimates of the other terms

involved in the momentum balance are listed in Table IV.l.

It has been assumed that non-linear effects are negligible. There

are two non-linear interactions which could be of significance at the M2

frequency: (1) an interaction of the M2 fluctuations with the mean flow,

and (2) an interaction of the Ki and 01 fluctuations. Computations

showed that these terms were at most of order i05 cm/sec2.

An examination of the estimates above and in Table IV.l show that

the forcing, frictional, and non-linear effects are second order. The

first order balance is between the left hand side of equations IV.la and

IV.lb and the surface pressure gradients. The balance of the x compo-

nent terms is better than the y direction terms. The offshore pressure

measurements are not separated well enough to yield an accurate esti-

mate of the y-direction pressure gradient.



Table IV.1. Estimates of terms in he M2 depth-independent momentum equations using the vertical
average values from Table 111.3. Values are listed In the current meter coordinate
sys tern.

Yktiv-Lw-v = _Lvf _3j-j

Mooring or
-

1 1
))

pairs

Array 3
R 2.9 104° .9 119° - - .06 .03

S 3.9 117° 1.2 -178° - - .09 .03

U 4.9 143° 1.7 166° - - .16 .08

V 10,3 136° 1.6 -147° - - .49 .16

Array 6
31 3.7 124° .5 .l7O0 -

32 5.5 126° 1.1 -159° -

33 5.2 126° 1.4 153°

34 6.7 129° 1.6 -128°

Li - Naples - 15.6 169° - - -

Wi - L2 - - 15,6 130° - -

Dry Tortugas
- L2 - - 3.0 -134° -

Li - L2 - - - 1.7 -101° -
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The continuity equation (IV.lc) can be checked at two locations,

moorings S and 31. At mooring S, the sea level is estimated by extra-

polating the curves in Figure 111.4. The alongshore simple difference

(hv) is taken between moorings I and J and the onshore difference

(hu) is taken between moorings R and U. At mooring 31, sea level is

measured, the alongshore difference is taken between moorings 29 and

35, and the onshore difference is taken between moorings 31 and 32.

Also computed are the onshore differences near pressure gauges Li and

L2 using moorings U, V, 33, and 34. The results are presented in

Table IV.2.

The results support the presence of a depth-independent flow in

view of the errors involved. Carrying through the errors estimated

by the response analysis, the magnitudes are found to be bounded by

approximately ± 100% and the phases by at least ± one radian. The

onshore flow is the dominant contributor to th sea level elevation.

The alongshore flow appears to play a secondary role. The contribution

of the alongshore flow to the sea level elevation is the result of

northward propagation.

B. Energetics

Using equations IV.l, an energy equation for the depth-

independent tide on the shelf can be written as:

+ o) i-



Table IV.2. Estimates of terms in the M2 depth-independent continuity equation using the vertical
aerage values from Table 111.3. Values are listed in the current meter coordinate
system.

(hu) +hv5

/ measured
LL.)Mooring Depth

(c) (9v.1) (v) Ccvi)

Array 3
S 150 36 55° - 7 50° 30 56° 10.2 66°

Array 6
31 150 20 145° -10 740 24 122° 6.7 970

Array 3
Li 60 11 _1200 - 11.8 105

Array 6
L2 60 16 168° - 10.4 109
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Integrating over a cycle of the M2 tide and denoting this average with

brackets yields:

<hv) = (VFIV.2

An estimate of the dissipation over the shelf can be made in the

triangle formed by stations Li, L2 and Wi (see Figure IV.l). The

estimate is performed by using the divergence theorem on equation IV.2.

JJ'f. Khctvl)n

S V

IV. 3

where n is the outward normal, ds(dv) is the surface (volume), element

for the triangle, and S(V) is the surface area (volume) of the triangle.

Estimates of are available at the corners of the triangle and

are shown in Figure IV.l. The integral is estimated by a summation

using linear interpolation between the corner points.

The average rate of dissipation estimated for the triangle in

Figure IV.l is 800 watts/km2. The estimated error in this value is

large. Standard errors for the values of used in

Figure IV.l are shown by the shaded areas. The error bands were deter-

mined by carrying through the errors determined by the response analysis

for and . In vertically averaging and horizontally inter-

polating values of the standard error of the mean was not con-

sidered. An error band for the average rate of dissipation in the

triangle can be estimated by carrying through the estimated errors of

The error bands were found to be approximately ±3000%.
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ow

27°N

Figure IV.l. Estimates of at three shelf locations. Shaded

areas are error bands carried through from response
analysis error estimates of and . . Scale is

3100 watts/rn/inch.
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In future attempts to estimate the average rate of dissipation with

this method, use of longer time series of current meter measurements

will reduce the response analysis error. Higher spatial resolution of

the currents will allow for the inclusion of the spatial averaging

error.

Although the error estimate for the average dissipation over the

mid-shelf is large, the data provides a check on the parameterization

of friction in equation IV.l. If the estimated dissipation for the

triangular region in Figure IV.l is parameterized by the quadratic drag

law, then (u2 + v2)l/2 at the frequency must be about 4.5 cm/sec in

this region. This value is consistent with the measured M2 velocities

for this region. Thus, the dissipation over the West Florida Shelf

can be adequately parameterized by the quadratic drag law.

If the values of e<h> shown in Figure IV.i are extrapolated

along the 60 m contour from the Florida Keys to Cape San Bias, it is

found that the average rate of dissipation shoreward of 60 m must be

greater than 5000 watts/km2. This estimate indicates that the tidal

dissipation must be concentrated in the near shore region. This find-

ing is qualitatively consistent with the quadratic drag law para-

meterization if the tidal velocities do not decrease in the onshore

direction.

Referring back to equations IV.ia, b and Table IV.i, it was found

that terms must be at least of order 1O4 to be important in the first

order balance. If the total rms and M2 currents near shore are of the

order 10 cm/sec, then bottom friction as parameterized by the quadratic

drag law will become important in the momentum balance for depths of
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less than 20 m. In the next section a linear model of the external

tide over the shelf will be used to determine whether the amount of

dissipation parameterized by the quadratic drag law is sufficient to

cause the measured phase 'change of u, v, and across the shelf.

Another check on the measured dissipation rate involves comparing

the rate of dissipation estimated in Figure IV.l with the estimate of

the total M2 dissipation for the Gulf of Mexico (Zetler and Hansen,

1970). Zetler and Hansen have estimated the energy loss by the Gulf

of Mexico to be 1.3 x 1010 watts. This estimate was determined by

computing the energy flux into the Gulf through the Straits of Florida

and the Straits of Yucatan. No confidence limits are given for these

estimates. However, since the current measurements available to Zetler

and Hansen were sparse and of short duration, the confidence limits

can be assumed to be quite large. For present purposes, it will be

assumed that their estimates are reasonable to an order of magnitude.

The loss of energy by the internal tides is unknowi and contro-

versial elsewhere (Wunsch, 1975). For the sake of argument, let us

assume that the internal tides dissipate 50Z of the energy, leaving

7 x lO watts. We can then assume that this energy is completely

dissipated above 200 m depth. The area above 200 m depth in the Gulf

of Mexico is about 4 x i0 km2 (Zetler and Hansen, 1971). From these

estimates and assumptions, it is determined that the average dissipa-

tion rate over the shelf should be about 2 x lO watts/km2. This

estimate is much larger than the rate determined for the mid-shelf

region in Figure IV.l, but similar to the rate shoreward of the 60 m

contour. The two estimates of the rates of dissipation over the shelf

areas are consistent when one considers the confidence of the estimates.
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C. A Model of the M2 Surface Tide

The last two sections identified the important first order momentum

balances over the shelf, and demonstrated that the viscous effects can

be parameterized by the quadratic drag law. These findings are used in

the present section to model the M2 tide over the West Florida Shelf.

Examination of this model allows us to determine whether or not the

amplitude and phase changes measured across the shelf are adequately

explained by these balances.

The basic equations for the model are:

'4-

u_ -v -h
IV.4a

yV
t =-h - __

IV. 4b

+ U. +V =0 IV.4c

where = (hu, hv) are transports. The motion will be assumed

to be harmonic in t and y:

u v (v, ) , ( ( - t))

Equations IV.4 are reduced to an ordinary differential equation in x

for the onshore transport with the assumption h h:

1- IV,5a



where: 9hL\/ch _f!i) )()() (Ti
(,<('lU1_,)

W)

IL
K (x) = - ___ fri (x)

b

The boundary conditions are:

ç=L.

UO h(o)° IV.5b

Figure 111.8 has demonstrated that the value of u0 is stable at

150 m. Price et al. (1971) show that (.L decreases slowly toward

shore from 23 cm/sec at 200 m to 14 cm/sec at 50 m. At a first

approximation, fLAJ will be estimated to be constant at 17 cm/sec.

The above equations have been solved numerically using the method of

Lindzen and Kuo (1969) along the shelf cross section at 26°N. A com-

putation for the shelf cross section near 27°N yielded similar results.

Results of the model obtained when using a value of the alongshore

wavelength consistent with the sea level data of -5000C km are shown

in Figure IV.2. M2 edge wave resonances were found at -900 km and

1200 km wavelengths. Figure IV.2 shows the results for two parameter-

izations of the quadratic drag law. The dotted line shows the results
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Figure IV.2, The amplitude and phase of u, v, and r at the 26°N cross

shelf section as estimated by equations IV.5. Solid line

is for %A4 = M2 rms current, dashed line is for kL.I = total

rms current. Depth averaged measured values shown with
averaged response estimate errors. Mooring identifiers
are in parenthesis.



for ttJ( equal to the total rms velocity. The solid line shows the

results for j( equal to the M2 rms current only. In the latter case,

since the rms tidal current must be defined from the predicted veloci-

ties, an iteration procedure is carried out on the above solution until

convergence is reached.

Both models simulate the variations in amplitude across the shelf

quite well. Phases are also modeled, but not so accurately as the

amplitudes. The only substantial difference in the results of the two

parameterizations is that the total rms velocity causes a more appre-

ciable change in phase. Further tests showed that by increasing

by a factor of 5-10, the phase estimates of U and could be improved

without changing the amplitude simulation. There is no reason to

believe that should be substantially different from .002. Thus, it

would appear that some dynamics have to be omitted from the model.

Since the model was derived from the principle balances over the mid-

shelf, one can conclude that the first order dynamics of the near shore

region are more complex.
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V. CONCLUSIONS

The behavior of tidal motions over the West Florida Shelf was

examined in this thesis. It was shown that, although diurnal tempera-

ture fluctuations are small and appear to result from the horizontal

advection of isotherms, the diurnal velocity field exhibits a strong

depth-dependent structure. It appears that this structure may have a

high mode number. Furthermore, it was found that the coherence of the

diurnal velocity and temperature fields is intermittent.

It may be concluded that the latter findings reflect the proximity

of the measurements to the critical latitude, where the Coriolis and

tidal forcing frequencies are equal. Although Hendershott (1973) has

examined the role of tidally forced inertial oscillations in the deep

ocean, theories have yet to account for these conditions over the

continental shelf. An understanding of these conditions is critical

to the analysis of the kinetic energy on the West Florida Shelf since

almost a third of the total kinetic energy is usually found in the

diurnal band.

The semi-diurnal tides often account for less than 10% of the

total kinetic energy over the West Florida Shelf, but are more easily

understood than the diurnal. It has been shown that the M2 tide in

this region is dominantly depth-independent. Depth-independent

velocities increase from 2 cm/sec to 10 cm/sec between the shelf

break near 200 m and the 50 m bathymetric contour. Depth-dependent

velocities are less than 2 cm/sec. A linear inviscid depth-independent

momentum balance simulates the motion in this region very well. Dis-

sipation can be parameterized by a quadratic drag law.
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It has been known for some time that the tidal dissipation in

shallow water is a significant factor in the global tidal energy budget

(Taylor, 1919; Miller, 1966). In the present global tidal models the

grid scales are too coarse to resolve the continental shelf and most

shallow seas (Hendershott, 1977). The models must either parameterize

dissipation or radiate energy at the boundaries. Results of this

thesis indicate that an understanding of the dissipation process will

not be complete until experiments are conducted in the nearshore region

to identify the physical processes involved. Such experiments will

contribute substantially to our knowledge of the radiative boundary

condition in global tidal models.
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APPENDIX A

The following tables list the admittance functions and tidal

constants for the five sea level and pressure statipis maintained dur-

ing the West Florida Slf dynamics experiment. The format used to

present this information has been adapted from Cartwright, Munk,

and Zettler (1969) The relevant temporal nd geographical rnforma-

tion for these instruments has been presented in Table II. 1 and Figure

II. 1 of the maip. text. The results have been described in Chapter

III, section A, the analysis for station WI was carried out by

Mark Wimbush and has already appeared in the published literature

(Mofjeld and Wimbush, 1977).



Station: Wi 26°42. 4N 84° 15. OW, Depth 154 m

1 2 3
1974 April 6; 1407 - November 18, 2122 CMT

Reference: C2(O, -s- 2, + 4), C2(0, + 2, + 4), C3

Admittances (Station/Reference) Principal harmonic constituents

Interval 1 cpm (0.0366011 cpd)

Frequency $ Frequency H C
(cpd) Real Imaginary R (deg) (cpd) (cm) (deg)

0.8929346 -0.51272 -0.03282 0.51377 -176.34 0, 8932441 2.58 356.5
0.9295357 -0.44564 0.04024 0.44745 174.84 01 0.9295357 11.73 005.2
0.9661368 -0.39082 0.05126 0.39417 172.53 (P ) 0.9972621 4.24 011.2
1.0027379 -0.33265 0.07310 0.34058 167.60 1.0027379 12.56 012.4
1.0393390 -0. 29103 0. 12712 0.31758 156.40 1

0
+1.3% +0.7

Recorded variance: 161.98 cm
Residual variance: 0.44 cm

1.3590714 0.00019 -0.10838 0. 10838 - 89.90 (N2) 1. 8959820 1.36 095.8
1 8956725 -0 01133 -0 11161 0 11218 - 95 79 M 1 9322736 6 74 097 1
1.9322736 -0.01322 -0. 10578 0.10660 -97.13 (S 2.0000000 3.51 102.5
1.9688747 -0.02223 -0.10632 0.10862 -101.81 2.0054758 0.97 101.7
2. 0054758 -0.02463 -0.11909 0.12161 -101.68 0

+1.0% + 0.6

Recorded variance: 30.43 cm2
Residual variance: 0. 05 cm

U'



Station: 12 26°48.3'N 83°37.6W, Depth 62 m
1974 May 14, - 1974 August 91 2

Reference: C2(0, +2), C2(0, +2)

Admittances (Station/Reference) Principal Harmonic Constituents

Frequency Frequency H G
(cpd) Real Imaginary R (deg) (cpd) (cm) (deg)

0.8929346 -.6223 0.0503 .6243 -1754 01 0.9295357 13.5 2.9
0.9295357 -.5154 .0260 .5161 177.1 Ki 1,0027379 14.6 11.9
0.9661368 -.4308 .0732 .4369 170.4
1.0027379 -.3860 .0814 .3945 168.1
1.0393390 -.3903 .0489 .3934 172.9 +4,8% +2.7°

Recorded Variance: 245.7 cm2
Residual Variance: 3.6 cm

1.8590714 .0370 -.3085 .3107 - 83.2 (N2) 1.8959820 2.6 94.5
1.8956725 -.0168 -.2183 .2189 - 94.4 M2 1.9322736 10.4 109.3
1.9322736 -. 0544 -. 1552 . 1645 -109.3 (S2) 2.0000000 4.8 110.7
1.9688747 -.0680 -.1324 .1489 -117.2
2. 0054758 -.0548 -. 1546 .1640 -109.5 9.4 +5.4

Recorded Variance: 71.0cm2
Residual Variance: 4.0 cm

Interval: I cpm (0.0366011 (cpd))

'-1
0\



Station: LI 26°OO.9'N 83°27.4W, Depth 62 m

2 2 1973 August 6, 1654 - 1973 November 1, 1454 GMT
Reference: C1(O, +2), C2(0, +2)

Admittanc es (Statioii/R efere Ice) Principal Harmonic Constituents

Frequency Frequency H C
(cpd) Real Imaginary R (deg) (cpd) (cm) (deg)

0.8929346 -.9337 .0908 .9381 174.4 01 0.9295357 12,1 2.3
0.9295357 -.4619 .0183 .4623 177.7 Ki 1.0027379 11.1 11.4
0.9661368 -.2327 .0069 .2328 178.3
1.0027379 -.2937 .0590 .2996 168.6
1.0393390 -.6322 ,.1638 .6531 165.5 ±11.8% +6.8°

Recorded Variance: 149. 3 cm2
Residual Variance: 13.3 cm

1.8590714 -.0694 -.4172 .4230 - 99.4 (N2) 1.8959820 3.4 101.6
1.8956725 -.0568 -.2775 .2833 -101.6 M2 1.9322736 11.8 105.5
1.9322736 -.0500 -.1797 .1865 -105.5 (52) 2.0000000 5.4 108.2
1.9688747 -.0504 -.1441 .1527 -109.3
2.0054758 -.0581 -.1781 .1873 .408,7 +6.9%

Recorded Variance: 95. 7 cm2
Residual Variance: 2.9cm

tuterval; I cpin (0.0366011 (cpd))



Station: Naples 28°08.S'N 81°48.0' W
1973 January 1, 0500 GMT - 1974 January 1, 0400 GMT

1 2Reference: C2(0, +2, +4), C2(0, +2, 4)

Admittances (Station/Reference) Principal Harmonic Constituents

Frequency Frequency H C
(cpd) Real Imaginary R (deg) (cpd) (cm) (deg)

0.8929346 -0.5810 0.0164 0.5812 178.4 01 0.9295357 12.8 4.3
0.9295357 -0,4862 0.0366 0.4876 175.7 Ki 1.0027379 13.8 16.4
0.9661368 -0.4048 0. 0348 0.4063 175.1

1.0027379 -0. 3596 0 1060 0.3750 163.6
1.0393390 -0.3012 0.2850 0.4170 136.6 10.Q% 4-

Recorded Variance: 231.5 cm2
Residual Variance: 61.5cm

1.8590714 -0.0298 -0.2768 0.2784 - 96.1 (N2) 1.8959820 4.7 129.2
1.8956725 -0.2442 -0.3010 0.3876 -129.1 M2 1.9322736 27.6 144.4
1.9322736 -0,3543 -0.2541 0.4360 -14-4.4 (S2) 2.0000000 6.2 165.6
1.9688747 .0, 3158 -0. 1529 0 508 -154.2
2.0054758 -0. 1808 -4.0398 0.1851 -167.6 +10.3%

590

Recorded Variance: 437.9 cm2

Residual Variance: 125.2 cm

Interval: 1 cpxn (0.0366011 (cpd))

-4
00



Station: Naples 28°08. 5N 81°48. O'W

1 2
1974 January 1, 0500 GMT - 1975. January 1, 0400 GMT

Reference: C2(0 +2 4), C2(0, +2, +4)

Admittances (Station/Reference) Principal Harmonic Constituents

Frequency Frequency H C
(cpd) Real Imaginary R (deg) (cpd) (cm) (deg)

0.8929346 -0.4393 0.0316 0.4404 175.9 01 0.9295357 132 3.6
0.9295357 -0. 5011 0.0313 0.5021 176.4 Ki I. 0027379 14. 1 16.5
&.9661368 -0.4746 0.0451 0,4767 174.6
1.0027379 -0. 3676 0. 1090 0.3834 163.5
1. 0393390 -0.2136 0.2152 0.3032 134.8 .6% 5.5°

Recorded Variance: 219.5 cm2
Residual Variance: 54.0 cm

1.8590714 -0. 1348 -0.2310 0,2675 -120.3
1.8956725 -0.2676 -0.2847 0.3907 -133.2
1.9322736 -0.3527 -0.2668 0.4423 -142.9
1.9688747 -0.3209 -0. 1730 0.3646 -151.7
2.0054758 -0. 1693 -0. 0338 0. 1726 -168. 7

Recorded Variance: 454.4 cm
Residual Variance: 128:. 4 cm

Interval: 1 cpm (00366011 (cpd))

(N2) 1.8959820 4.7 133.3
M2 1.9322736 28.0 142.9

(S2) 2.0000000 5.9 166.2



APPENDIX B

This appendix contains the results from the spectral analysis

of the velocity and temperature measurements from array 2 through

6. The methods of analysis are described in Chapter II, section C

of the main text. These results are described in Chapter III,

section A. 1.

Tables 1 (a-e) list the spectral matrices of the temperature

measurements for the M2 frequency band between August, 1973 and

May, 1975. Tables 2 (a-e) list the same information for the K1

frequency band. Values of the unbiased coherence amplitude (not

coherence squared) significant at the . 20 level are shown in the upper

right hand portion of each table. Significant coherence phase esti-

mates with 95% confidence intervals are listed in the lower left hand

corner, Phase is listed as the lag of the instrument in the left hand

column to the associated instrument in the upper row. The main

diagonal for each table, extending from upper left to lower right,

gives the fluctuation amplitudes in degrees centigrade. The right

hand column lists the number of non-overlapping 15 day data series

that were used in the ensemble average.

Tables 3 (a-d) list the rotary spectral matrices for velocities

at the M2 frequency band. Tables 4 (a-d) list the same information

for the Ki frequency band. Estimates of coherence amplitude and
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phase for the counter-clockwise rotating variance are in the lower

left corner. The phase estimates are leads in the direction of the

rotation for the instrument in the left side
column0 For example,

consider instruments 2901 and 3001 in Table 3d. For clockwise rota-

tion, the coherence amplitude is .95 and 2901 leads 3001 by 40 in

clock*ise direction. For counter-clockwise rotation, the coherence

amplitude is .97 and 2901 lags 300.1 by 120 in the counter-clockwise

direction, In the main diagonal (upper left to lower right) the auto

rotary estimates for clockwise (upper right) and counter -clockwise

(lower left) amplitudes are listed in cm/sec. For example, in

Table 3d, 2901 has a clockwise amplitude of 1.9 cm/sec and a counter

clockwise amplitude of 1. 1 cm/sec. Table 5 lists the coherence

amplitude at the . 20 level and the phases for cross spectra of U and

V, U and T, and V and T, for each instrument in the M2 frequency

band. Phase estimates are lags of V with respect to U, T with

respect to U, nd T with respect to V. Table 6 lists this information

for the K1 frequency band.



Table la. M2 temperature coherence amplitudes, coherence phases, andspectral amplitudes for Array 2.

Ci G2 G3 Hi H2 Ii 14 J3 Ni K2 K3 1(4 N

Cl .07 - .53 - - .62 .79 .68 - - - - (7)

G2 - .02 .79 - - .56 - - - - - - (7)

G3 57 85(14) .03 - - .63 - - - - .91 .74 (7)

Hi - - - .09 - .62 .59 - - - - - (7)

H2 - - - - .07 - - - - .76 - - (7)

Ii -166 -109 169 -7 - .05 .56 - - - .77 - (7)

14 -i12(39) - - 32 - 51 .03 .56 .86 - .78 82 (7)

J3 -i62(62) - - - - - -53 .02 - - - - (7)

Ki - - - - - - 77(19) - .05 - - .75 (4)

K2 - - - - 42 - - - - .03 - - (4)

K3 - - 59(17) - - 126 73 - - - .02 .69 (4)

K4 - - 26 - - - 30(21) - -56(21) - -23 .02 (4)

03



Table lb. M2 temperature coherence amplitudes, coherence phases, and spectral amplitudes
for Array 2.

Ri R2 R3 Si S2 Ui U2 Vi N

Ri .03 .93 .87 - .70 - - - (3)

R2 4 .10 .90 - - - - - (3)

R3 97 91 .06 - - - - - (3)

Si - - - .02 - - - - (3)

S2 -30 - - - .07 .85 - .80 (3)

Ui - - - - -128 .03 - .94 (3)

U2 - - - - - - .03 - (3)

Vi - - - - -95 32 - .02 (3)



Table ic. M2 temperature coherence amplitudes coherence phases
and spectral amplitudes for Array 4.

121 I?2 J21 J22 K21 K22 N

121 .03 .45 .52 .77 - - (8)

122 26 .03 .56 - .56 - (8)

J21 51 40 .06 .72 .53 - (8)

J22 -32(43) - -86(52) .03 - - (7)

K21 - 109 27 - .03 - (8)

1(22 - - - - - .04 (8)



Table id. M2 temperature coherence amplitudes, coherence phases,
and spectral amplitudes for Array 5.

1501 1502 1602 1701 N

1501 .09 .43 - .79 (14)

1502 -136 .04 - - (14)

1602 - - .02 - (14)

1701 2 - - .03 ( 3)



Table le. M2 temperature coherence amplitudes, coherence phases, and spectral amplitudes for Array 6.

2901 3001 3101 3102 3201 3202 3301 3401 3501 3601 3701 N

2901 .04 .56 - .50 .53 - - - .57 .56 - (10)

3001 20(68) .07 - - .52 - - - - .48 - (10)

3101 - - .02 - - - - - .45 - - (10)

3102 -81 - - .03 - - - - - - - (10)

3201 -14 -66 - - .04 - - - .48 .72 - (10)

3202 - - - - - .03 .45 - .51 - - (10)

3301 - - - - - -177 .02 .66 - - .57 (10)

3401 - - - - - - 6(46) .02 - - .54 (10)

3501 -54(65) - -24 - -46 9 - - .03 .50 - (10)

3601 -12 -56 - - 7(41) - - - 13 .03 (
9)

3701 - - - - - - -85(67) -101 - - .03 (10)



Table 2a. Xl temperature coherence arnplitude, coherence phaseb and spectral amplitudes for Array 2.

Gi G2 G3 Hi H2 Ii 14 J3 Xl K2 K3 K4 N

Cl .13 - - - .49 .68 - - .68 - - - (7)

G2 - .06 - .53 - .50 .57 .62 - - - - (7)

G3 - - .02 - - .51 - - - - .82 .94 (7)

Hi - -151 - .15 - - .50 - - - .79 .70 (7)

H2 91 - - - .13 .64 - - - - - - (7)

Ii 80(60) 38 -74 - 11(77) .14 - - .78 - - - (7)

14 - 68 - -134 - - .03 - - - - - (7)

J3 - 55 - - - - - .03 - - - - (7)

Xl 128 - - - - - .09 .77 - - (4)

1(2 - - - - - - - - 67 .06 .64 - (4)

1(3 - - -4(67) 137 - - - - - 65 .06 .92 (4)

1(4 - - -10(29) 143 - - - - - - 5(34) .05 (4)

-4



Table 2b. Ki temperature coherence amplitudes, coherence phases, and spectral amplitudes
for Array 3.

Ri R2 R3 Si S2 Ui U2 Vi N

Ri .04 - - - 83 - - - (3)

R2 - .07 .85 .84 - - - - (3)

R3 - -22 .16 - - - .90 - (3)

Si - 138 - .02 - - - - (3)

S2 83 - - - .10 - - - (3)

Ui - - - - - .03 .78 .74 (3)

U2 - - -84 - - 85 .ii .87 (3)

Vi - - - - - -i02 -173 .03 (3)



Table 2c. Ki temperature coherence mplitudes coherence phases,
and spectral amplitudes for Array 4.

121 122 J21 J22 K21 K22 N

121 .07 .54 .47 - .47 - (8)

122 72 .12 .74 - - .58 (8)

J21 93 32(41) .04 - - .51 (8)

J22 - - - .06 - .54 (7)

:1(21 -22 - - - .05 - (8)

K22 - 10 -1 141 - .09 (8)

Co



Table 2d. K1 temperature coherence amplitudes, coherence phases,
and spectral amplitudes for Array 5.

1501 1502 1601 1701 N

1501 .26 .34 .80 (14)

1502 0 .07 .54 - (14)

1602 36 2q53) .03 (14)

1701 -149 - - .09
(

3)

'.00



Table2e. Ki temperature coherence amplitudes, coherence phases, and spectral amplitudes for Array 6.

2901 3001 3101 3102 3201 3202 3301 3401 3501 3601 3701 N

2901 .05 - - .41 .45 .40 - - - - - (10)

3001 - .13 - - - - - - - - (10)

3101 - - .06 .48 - .48 - - .77 - - (10)

3102 -124 - -81 ;08 - .43 - .50 .44 .41 - (10)

3201 18 - - - .12 - - - .49 .71 - (10)

3202 40 - 52 102 - .06 - .50 .44 - - (10)

3301 - - - - - - .06 .46 .44 - - (10)

3401 - - - 5 - -72 159 .04 - - .49 (10)

3501 - - -42(32) 59 -77 -110 167 - .04 .55 - (10)

3601 - - - 40 23(42) - - - 109 .09 ( 9)

3701 - - - - - - - 107 - - .07 (10)

'0
I.



Table 3a. M2 velocity rotary coherence amplitudes, coherence phases,
and ipectral amplitudes for Array 2.

G3 Hi H2 14 J3 N

G3 1.5 .85 .96 .89 .88
G3 1.1 3 28 40 43

Hi .96 2.0 .84 .72
4Hi 4 1.2 30 44

H2 .96 .92 1.1 .87 .80
H2 12 6 1.2 -1 22

14 .98 .77 .93 2.5 .87
14 2 -6 -8 1.2 23

J3 .98 .82 .95 .99 1.3
J3 12 3 2 10 1.1

N.)



Table 3b. M2 velocity rotary coherence amplitudes, coherence phases, and rpecal amplitudes
for Array 3.

Ri R2 R3 Si S2 Ui U2 Vi N

Ri 2.0 .82 .79 - .83 .82 .80 .74
Ri 1.2 29 82 - 56 81 69 49

R2 - 1.8 .94 .82 .99 .97 .98 .96
R2 - 1.3 55 34 21 51 36 21

R3 .76 .97 1.9 .96 .96 .98 .93 .99
R3 -86 -30 1.3 -16 -33 -6 -15 ..33

3

Si - .93 .96 2.1 .85 .88 .85 .94
Si - -.48 -17 1.6 -15 9 7 -16 (3)

S2 - .91 .95 .90 2.5 .98 .98 .96
S2 - -7 20 40 1.4 29 16

Ui .84 .93 .96 .99 .90 3.5 .93 .98
Ui -90 -44 -14 3 -37 1.6 -13 -27

U2 .76 .88 .95 .97 .94 .97 2.9 .95
U2 -66 -24 5 24 -15 21 1.6 -17 3

Vi .77 .94 .97 .93 .98 .93 .94 5.9
Vi -106 -46 -19 -2 -39 -5 -26 3. 1

3

'.0
(-A)



Table 3c. M2 velocity rotary coherence amplitudes, coherence
phases, and spectral amplitudes for Array 4.

122 J21 J22 1(21 N

122 2.2 .83 .52 .88
4

122 1.1 -25 - -15

J21 .91 2.4 .62 .94
4

J21 24 2.1 - 13

J22 .77 .74 1.2
4

J2Z 41 9 .9 ()

1(21 .87 .94 .76 2.6
4

1(21 11 -11 -26 1.6



Table 3d. M2 velocity rotary coherence amplitudes, coherence phases, and spectral amplitudes for Array 6.

2901 3001 3101 3102 3201 3202 3301 3401 3501 3601 3701 N

29O1 1.9 .95 .91 .83 .92 .89 .97 .95 .83 .92 .94
42901 1, 1 4 -21 -36 -39 -15 -18 -36 -6 -31 -70

3001 .97 3.1 .93 .81 .96 .97 .98 .96 - .93 .85
3001 12 1.6 017 30 -40 -18 -19 -33 - -28 -75

3101 .92 .95 2.3 .85 .95 .91 .96 .97 .89 .95 .88
3101 -6 -12 1,1 -11 -20 -2 2 -15 21 -12 -44

3102 .96 .95 .95 2.0 .92 .87 .90 .92 .78 .88 .82
3102 11 8 19 1.2 -5 14 16 -1 42 7 -23

3201 .98 .95 .96 .99 3.8 .97 .97 .98 .87 .97 .89
3201 12 7 21 0 1.8 19 21 4 45 9 -23

3202 .94 .94 .91 .97 .96 2.1 .95 .95 .76 .94 .81
3202 5 -1 13 -9 -8 1.2 0 -16 27 -9 -46

3301 .92 .92 .91 .95 .96 .99 3.0 .99 .85 .96 .92
3301 15 7 23 0 2 8 1.4 -17 18 -12 -48

3401 .95 .97 .99 .98 .98 .96 .96 3.3 .86 .95 .99
43401 6 1 13 -6 -7 2 -8 1. 8 37 32 10

3501 .92 .95 .98 .97 .95 .93 .2 .99 1,9 .88 .95
43501 -14 -4 -22 -23 -13 -22 -16 1.1 -36 -61

3601 .95 .95 .99 .97 .98 .96 .96 .90 .98 3.1 .90
3601 16 tO 23 3 3 10 1 -29 26 1.7 -22

3701 .89 .89 .94 .94 .90 .86 .85 .98 .98 .92 2.4
3701 38 31 43 27 25 37 27 6 49 22 1.7

'.0

Lii



Table 4a, Xl velocity rotary coherence amplitudes, coherence phases,
and spectral amplitudes for Array 2.

G3 Hi H2 14 J3 N

G3 1.7 .85 .78 -
G3 .6 3 62 - ( )

Hi .87 5.4 - * .67
Hi -20 .9 - - -48

H2 - .64 2.7 - - (4)
H2 - 44 1.3 - -

14 - .64 .69 1.9
14 - 35 -18 .6 4

J3 .83 .66 - .95 3.0
J3 6 21 - -7 .8

C'



Table 4b. Ki velocity rotary coherence amplitudes, coherence phases, and spectal amplitudes
for Array 3.

Ri R2 R3 Si S2 Ui U2 Vi N

Ri 9.6 - .74 .97 .83 .90 .82 .83
Ri 2.4 - 15 7 -114 29 194 -44

R2 - 4.7 .84 - - - .76 .88
R2 - L3 20 - - - -75 -30

R3 - .93 4.1 .83 - .84 .75 .98
R3 - -29 .6 -4 - -2 -96 -56

Si - .87 - 9.4 .78 .96 .84 .91
Si - -7 - 1.1 -122 19 -102 -48

S2 - .95 .93 .81 4.1 - .90
3

S2 - 0 27 13 1.2 - 12

Ui - .93 .78 .88 .91 6.8 .76 .88
Ui - -30 -8 -13 -32 1.7 -119 -59

U2 - .95 .93 .86 .98 .89 4.8 .81
U2 - 12 40 23 9 43 1.3 46

Vi .83 .83 .80 - .95 .84 .88 4.0
(3)

Vi -52 - 27 - 1 32 -4 1. 1

-.4



Table 4c, Ki velocity rotary coherence amplitudes, coherence phases,
and spectral amplitudes for Array 4,

122 J21 J22 1(21 N

122 7.7 .80 - -
(4)122 1.2 -6 -

J21 .74 7.8 .87 .76
(4)J21 16 1.6 4 52

J22 .89 .86 2.8 .87
4J22 51 41 .9 55

1(21 .91 .78 .82 4.2
41(21 27 6 -19 1.7

'0
Co



Table 4d. K1 velocity rotary coherence amplitudes, coherence phases, andspectral amplitudes for Array 6.

2901 3001 3101 3102 3201 3202 3301 3401 3501 3601 3701 N

2901 3.5 - .75 .70 .81 - .80 .80 - - 42901 .5 - -74 162 25 - 39 -43 - - -

3001 - 5.6 - - - .97 .75 - - -
33001 - 7 - - - -165 -52 - - - -

3101 .71 - 2.7 .93 .93 .68 - .86 .86 .76
43101 50 - .9 -139 93 -117 - 46 43 109 -

3102 - - .69 5.4 .91 .80 - .74 .84 .66
43102 - - -32 1.1 -135 26 - -17& 176 -117 -

3201 - - .86 .64 5.7 .69 - .81 .92 .79 .72
3201 - - -45 12 1.2 162 - -54 -52 S 44

3202 - - .82 .85 .65 1.8 - - - -
43202 - - -33 -10 5 .9 - - - -

3301 .84 - .88 .83 .73 .74 1.5 - - -
43301 32 - -17 12 11 16 1 - - -

3401 .73 - .84 .65 .66 .78 .86 1.3 .85 .83
43401 48 - -18 -8 18 -3 0 16 -2 63

3501 .77 - .94 .79 .78 .90 .89 .85 3.3 .91
43501 38 - -14 16 27 15 5 8 .7 56

3601 .66 - .75 .69 - .75 .65 - .78 5.9
43601 -12 - -35 8 - 14 -27 - -17 .6

3701 70 - .88 - - .87 .73 .73 .94 .82 2.S
3701 55 - -3 - - 30 16 18 16 33 1. 0



Table 5, M2 coherence amplitudes, coherence phases, and spectral anlpHtudes for U, V and T at each instrument in Arrays 2 through 6.

Spectral
U'T V'T' WV' Amplitudes

Number of Significance
Instrument Chunks Level (809) Coherence Phase Coherence Phase Coherence Phase T U V

Array 2
G3 3 .74 .80 - 96 .61 -31 - - .02 1.8 0.4
Hi 4 .64 ,71 -101 .74 - 2 .65 -87 .09 2.2 0.7
H2 4 .64 - - - - .70 14 .08 1.5 0.6
14 4 .64 .76 -114 - - .73 -72 .02 2.4 1.1
J3 4 .64 - - - - .75 4 .02 1.4 0.9

Array 3
Ri 3 .74 - - - - - - .03 1.7 1.5
R2 3 .74 .88 -104 - - - - .09 2.1 06
113 3 .74 .96 - 56 .95 -30 .99 -26 .06 2.1 1.0
Si 3 .74 - - - - - - .02 2.5 0.7
52 3 74 .74 -176 - - .96 -48 .07 2.7 1. 1
S3 3 .74 NA NA NA NA NA NA NA NA NA
Ui 3 .74 - - - - .92 -64 .03 3.5 1.6
U2 3 .74, - - - - - - .03 2.9 1.4
Vi 3 .74 - - - - .97 -97 .02 6.4 2.1

Arra,r 4
122 8 .45 .80 - 96 .75 -25(42) .72 -77 .03 1.7 0.7
J2i 7 .49 .69 - 17 - - - - .06 2.8 0.9
J22 8 .45 - - .57 167 - - .03 12 0.5
K21 8 .45 .49 5 .57 103 .80 -82 .02 2.7 0.9

Array 5
1501 14 34 - - - - .95 -31 .03 2.4 1.4
1701 3 .74 - - - - - - .03 1.6 0.9

I-.00



Table 5. Continued.

Spectral
U'T VT' WV' Amlitudes

Number of Significance
Instrement Chunks Level (80%) Coherence Phase Coherence Phase Coherence Phase T U V

Array 6
2901 4 .64 73 -126 69 -105 82 -53 .04 2 1 0. 8
3001 3 .74 .79 - 32 - - .96 -51 .08 3.2 1.5
3101 4 .64 .78 - 99 .76 - 18 .97 -82 .02 23 G.9
3102 4 .64 - - - - .77 -70 .05 2.2 0,8
3201 4 .64 .88 -101 .77 .17 .96 -81 .05 4.2 1.6
3202 4 .64 - - - - .90 -58 .02 2.3 0.8
3301 4 64 - - - - .97 -63 .02 3. 1 1.4
3401 4 .64 - - - - .99 -84 .02 4.0 1.2
3501 4 .64 .73 -166 .76 -120 .89 -53 .02 2.1 0.8
3601 4 .64 .78 - 99 80 - 38 98 -64 .04 3. 7 1.2
3701 4 .64 .79 -139 - - - - .02 3.1 1.1

H0H



Table 6. Ki coherence amplitudes, coherence phases, and spectral amplitudes for U, V, and T at each instrument in Arrays 2 through 6,

Spectral
U'T' V'T' WV' Amplitudes

Number of Significance
Instrument Chunks Level (80%) Coherence Phase Coherence Phase Coherence Phase T U V

Array 2
G3 3 .74 - - - - - - .02 1.1 1.5
Hi 4 .64 - - - - .96 -77 13 3.2 3.8
H2 4 .64 .81 - 65 - - - - .13 2.,2 2.0
14 4 .64 .70 -116 .75 -51 .82 -85 .02 1.5 1.4
J3 4 .64 - - - - .79 -72 .03 2.0 2.4

Array 3
R1 3 .74 - - - - .91 -91 .04 5.8 8.1
R2 3 .74 .83 - 93 .86 -21 .96 -70 .06 2.9 3.9
R3 3 .74 .17 -142 .85 -61 .98 -80 .16 2.7 3.1
Si 3 .74 .76 23 .75 112 .98 -85 .02 6.2 7.2
S2 3 .74 - - - - .90 -70 .10 3.3 2.7
Ui 3 .74 - - .82 90 .94 -80 .03 4.0 5.8
U2 3 .74 .93 -123 .87 -55 .96 -65 10 3,6 34
Vi 3 74 - - - - .99 -62 .03 2.7 3.2

Array 4
122 8 .45 .90 -110 .85 -33 .97 -81 .12 5.0 4. 1
J21 7 .49 .60 - 62 .58 9 .97 -76 .09 5.3 5.1
J22 8 .49 .56 37 .57 89 .79 -72 .06 1.8 2.0
K2i 8 .49 - - - - .78 -72 .05 2.0 2.8

Array 5
1502 14 .34 91 - 88 .95 -17 .96 -71 .07 2.7 2.6
1701 3 .34 .86 - 81 .83 3 .92 -81 .09 5.3 4,3

0



Table 6. Continued.

Spectral
U'T V'T' WV' Amplitudes

Number of Significance
Instrument Churij< Level (80%) Coherence Phase Coherence Phase Coherence Phase T U V

Array 6
2901 4 .64 .69 -128 - - .98 -87 .05 4.4 3.5
3001 3 .74 .88 -102 .89 r20 .99 -81 .20 4.3 3.6
3101 4 .64 .91 - 91 .89 - 5 .98 -83 .03 2.5 1,4
3102 4 .64 - - - - ,97 -97 .06 3.0 4.2
3201 4 .64 .93 -129 .85 -55 .96 -71 .19 4.9 4.3
3202 4 .64 - - - - - - .03 1.0 1.7
3301 4 .64 - - - - - - .02 1.1 1.4
3401 4 .64 .66 -178 .70 -133 .90 -55 .02 1.5 0.8
3501 4 .64 .79 -148 .76 -70 .91 -79 .03 4.3 3.1
3601 4 .64 .92 -106 .85 -20 .98 -84 .12 4.9 4.5
3701 4 .64 - - .67 32 .70 -84 .06 2.5 2. 1

p.-.0
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APPENDIX C

In this appendix results of the response analyses of the velocity

measurements have been tabulated. Only the results for the first 29

day segment of each time series is listed. The current meter mea-

surements used here have been described in Table II. 2 of the main

text. The methods involved have been described in Chapter II,

section C. These results are discussed in Chapter III, section B.

In Tble 1, the amplitude in cm/sec and Greenwich phase lag

of the U (east-west) and V (north-south) components of the velocity

are listed for the M2 and Kl constituents. Since the analysis

involves only one weight the admittance function and values of the

other constituents in the semi-diurnal and diurnal bands can be found

from the values listed by retracing the steps outlined in Mofjeld

and Wimbush (1977). Error estimates are given in parenthesis as

percent of amplitude and degrees of phase. As an example, for time

period 1 at instrument G3, the M2 U component velocity amplitude is

2.3 cm/sec + 20% with a phase of 25° + 12°.

In Table 2, the ellipse paiameters for the M2 velocity estimates

from Table 1 are listed. Amplitudes are in cm/sec. The orientation

is given in degrees clockwise from true north. The phase is given

as the lag of the maximum velocity to the potential maximum at
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Greenwich. For the rotation direction, C implies clockwise, CC

implies counterclockwise. Time periods refer to those listed in

Table 1.



Table 1. M2 and Ki response velocity estimates for selected time periods,

M2 Ki

U V U V

Amp- Amp- Amp- Amp-
Instrument 1itude%Error) Phase+( Err) iitude%&ror) Phase( Err) litude(%Error) Phasej Error) litude%Eror) Phase Error)

Time Period 1: August 8, 1973 1000 GMT to September 6, 1973 0900 GMT

G3 2.3(20) 25(12) 0,4(56) -89(32)
Hi 2.5(38) 39(22) 1.0(51) - 1(29)
H2 2.3(34) 30(19) 0.8(54) 36(31)
14 3.1(29) 37(16) 1.3(49) -39(28)
J3 1.9(27) 26(16) 0.5(64) 19(36)
Ki 5.1(20) 47(12) 1,8(41) -47(23)
K2 2.3(27) 55(16) 0.9(56) 22(32)

Time Period 2: September 3, 1973 0000 GMT to October 1, 1973 2300 GMT

12 3.3(36) 61(20) 1.6(45) 27(26)

Time Perbd 4: October 16, 1973 1300 GMT to November 14, 1973 1200 GMT

0.5(66) 53(38) 1.6(54) -64(31)
4.7(53) -65(30) 5.4(49) -137(28)
3.2(61) 20(35) 3.5(52) -64(30)
1.0(63) -144(36) 0.7(67) -91(38)
1.7(60) -73(35) 2.6(55) -124(32)
3.7(62) -20(35) 4.6(59) -94(34)
2.4(50) -89(29) 3.2(51) -126(29)

2.2(62) 102(39) 3.0(67) 39(38)

Ri 2.4 (58) -7(33) 1.8 (61) -45 (35) 3.8 (65) -44 (37) 5.4 (63) -106 (36)
R2 3.2(30) 15(17) 0.5(63) -27(36) 1.7(65) -77(38) 2.5(60) -124(35)
R3 2.6(39) 60(22) 1,2(51) 35(39) 3.6(69) -28(34) 4.5(56) -109(32)
R4 0.2(69) -38(39) 0.9(65) 147(37) 5.7(61) -99(35) 6.7(57) 179(33)
Si 2.9(46) 52(27) 0,3(68) 13(39) 4.1(64) -28(37) 4.5(64) -114 (37)
S2 3.4(29) 37(17) 1.4(42) -7(24) 2.1(66) -117(38) 1.4(67) -163(38)
S3 4.1(23) 35(13) 1.5(42) -35(24) 2,1(66) -32(38) 3.4(63) -105(36)
S4 6.4(24) -55(19) 2.2(44) -116(25) 2.8(63) -178(36) 2.3(63) 140(36)
Ui 5,0(28) 67(16) 2.2(43) 4(25) 3.3(65) -51(37) 4.5(63) -109(36)
U2 3.4(31) 54(18) 1,8(45) 14(26) 2.2(66) -42(38) 3.0(61) -121(35)
Vi 8,6(19) 47(11) 2.8(36) -37(21) 4.4(43) -69(25) 4.2(49) -139(28)

0
0\



Table 1. Continued.

M2 Ki

U V U V

Amp- Amp- Amp- Amp-
Instrument litude %Error) Phases Error) litude %Eraor) Phase°Error) 1itude9Error) Phas Error) 1itude( %ErrOr) Phase* Error)

Time Period 6: Decmbcr 3, 1973 0300 GMT to January 1, 1974 0200 GMT

122 3.1(29) 55(17) 1.2(56) -34(32) 4.0(49) -142(28) 2.0(61) 129 (35)
J2 1 3.0(33) 34(19) 0.7(64) 88(37) 3.6(52) -111 (30) 2.9(49) -171(28)
J22 1.7(30) 29(17) 0.2(68) 61(39) 1.6(59) -102(34) 2.4(51) -149(29)
K2 1 3.3(29) 44(16) 0.3(67) -30(38) 2.6(43) -29(25) 4.2(38) -96(22)

Time Period 7: January 1, 1974 0300 GMT to January 30, 1974 0200 GMT

122 2.6(40) 65(23) 1.1(55) 10(32) 5.9(49) -73(28) 5.4(45) -150(28)
J2 1 4.3(31) 37(18) 1.2(47) -12(27) 6.6(35) -95(28) 7.9(32) -164(18)
J22 1.2(58) -48(33) 0.7(61) -178(35) 1.0(64) -126(36) 1.7(59) -158(34)
K2 1 4.4(27) 49(15) 1.7(38) -17(28) 3.7(46) -70(26) 4.3(44) -133(25)

Time Period 10; April 9, 1974 0900 GMT to May 2, 1974 2200 GMT

1502 4.2(41) -124(24) 2.7(50) -156(29) 3.6(65) -169(37) 3,5(64) 119(37)
1701 2.6(51) -172(25) 1.0(67) 140(38) 1.1(75) -61(43) 2.8(69) -68(40)

Time Period 18: December 3, 1974 0900 GMT to January 1, 197 0800 GMT

2901 2.8 (35) 60(20) 1.1 (52) 3(30) 3.8 (41) -108 (24) 2.7 (49) 158 (27)
3001 4.i (30) 60(17) 2.0(38) 6(22) 3.2 (55) -80T2) 3.3 (53) -160 (30)
3101 3.2(31) 48(18) 1.1(44) -44(25) 2.0(56) -143(32) 1.0(64) 132(27)
3102 3.1(35) 23(20) 1.1(54) -47(31) 1.6(66) 82(38) 3.6(57) -22(33)
3201 5.6(29) 32(17) 1.9(45 -54(26) 4.0(54) -57(17) 3.8(55) -133(32)
3202 3.3(27) 49(15) 0.9(48) -15(28) 0.4(68) 129(39) 1.2(60) -4(34)

I-.0



Table 1. Continued.

M2

U V U V

Amp- Amp- Amp- Amp-
Inatrument iitud %Error) Phae Error) 1itud%Krror) Phase( Error) litude %Error) Phase( Error) 1itude %Error) Phases Error)

Time Period 18: Continued

3301 4.4(25) 43(14) 1.9(43) -17(24) 1.5(52) -103(30) 0.8(61) -120(35)
3401 5.4(22) 37(13) 1.8(28) -44(16) 1.1(56) -85(32) 0.8(62) -118(36)
3501 2.1(42) 50(24) 0.5(63) 31(36) 3.9(48) -101(27) 2.7(54) -175(31)
3601 4.3(36) 47(21) 1.7(50) -4(28) 4.3(55) -39(32) 3.9(57) -117(32)
3701 3.5(38) -9(22) 1.2(58) -83(33) 06(68) -118(39) 1,3(66) -79(38)

I.0
Co



Table 2. Response velocity ellipses for the M2 tide.

Axis(cm/rec)
Instrument Major Minor Orientation Phase Eccentricity Rotation

Time Period 1

G3 2.3 .3 94 0 .99 cc
Hi 2.7 .6 73 26 .98 c
H2 2.4 .1 70 19 1.00 cc
14 3.1 1.3 83 22 .92 c
J3 2.0 .1 77 14 l.0O
Ki 5.1 1.8 92 19 .94 c
K2 2.4 .5 70 34 .98 c

Time Period 2

12 3.5 .8

Time Period 4

Ri
R2
R3
R4
Si
S2

S3

S4

Ui
U2
vi

67 42 .97 c

2.8 .9 56 28 .95 c
3.2 .3 84 7 1.00 c
2.8 .5 67 36 .99 c
.9 0.0 165 -76 1.00 c

2.9 .2 85 9 1.0 c
3.5 .9 71 28 .96 c
4.2 1.4 82 20 .94 c
6.5 1.9 79 -15 .96 c
5.1 1.9 77 47 .93 c
3.7 1.1 65 42 .96 c
8.6 2.7 88 20 .95 c



Table 2. Continued.

Instrument
Axis

Major
(cmfsec)

Minor Orientation Phase Eccentricity Rotation

Time Period 6

12 2 3,1 1.2 89 28 .93 c
J2 1 31 .6 82 1 .98 cc
J22 1.7 .1 85 3 1.00 cc
K21 3.3 .3 89 6 1.00 c

Time Period 7

122 2,7 .2 75 44 .95 c
J2 1 4.4 .9 79 19 .98 c
J22 1,3 .5 115 -41 .92 c
1(2 1 4.4 1.5 80 29 .94 c

Time Period 10

1502 4,8 1.2 59 -133 .97 c
1701 2.7 .7 74 -163 1.00 c

Time Period 18

2901 2.9 .9 76 38 .95 c
3001 4.3 1.6 71 44 .93 c
3101 3,2 LI 90 20 .94 c
3102 3,1 1,0 82 15 ,95 c
3201 56 1,9 88 13 .94 c
3202 3,4 .8 82 22 .97 c
3301 45 16 76 29 .94 c
3401 5,4 1,7 87 16 .95 c
3501 2,1 1 78 16 1,00 c
3601 4,4 1.3 75 30 .96 c
3701 3.5 1,1 84 2 .95 c

*




