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Abstract 11 

Abstract 

Microstructure measurements were taken as part of a mult i-disciplinary study of 

a shallow seamount in the North Pacific. Cob b Seamount, approximately 500 km 

west of Washington state, rises from the abyssal sea-floor at 3000 m to within 27 m of 

the surface. The waters around Cobb contain high concentrations of planktonic and 

fish communities whose presence is believed to be the result of interactions between 

physical processes and phytoplankton . 

The microstructure measurements at Cobb were urnque because they were the 

first to include observations within the bottom boundary layer (bbl) of a seamount. 

Wit hin the bbl, t he diurnal tide and internal waves dominate t he mean flow around the 

seamount . Bot tom mixing and bottom mixed layer t hickness are intermittent ; with 

periods ranging from a few hours to 24 hours . The effective verti cal eddy diffusivity 

within the bbl of the seamount is 2- 10 x 10-4 m 2 s-1 . Hence, the mixing·within the 

bbl of Cobb can be as great as the mixing occuring in 1000 km2 of the open ocean . 

Internal tides t hat are generated and internal waves that are reflected by the 

bottom produce enhanced and persistent t urbulence within 8 km of the flank of Cobb . 

Most of the t urbulence is generated by semi-diurnal internal t idal waves originating 

from the rim of the seamount. The average vertical diffusivity 3 km from the flank 

was > 10-3 m 2 s- 1
, more than 2 orders of magnitude larger t han what is observed 

in the open ocean. The mixing that occurs at Cobb is equivalent to the mixing that 

occurs in 10,000- 100 ,000 km2 of the open ocean . If all seamounts are as effici ent 

mixers as Cobb, t hen they could produce 1- 10 t imes more mixing in the deep Pacific 

Ocean than occurs within the ocean:s int erior . 

Internal wave dri ven motions over the seamount obscure the bending of isopycnals 
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by the geostrophic-mean flow. Previous claims of isopycnal doming over and around 

Cobb were made without accounting for this effect. Therefore, the existence of doming 

over Cobb is still an open question. 

Microstructure measurements made with airfoil shear probes contain anomalous 

signals that are mostly caused by particle hits. I have determined that these particles 

are on the order of 0.3 mm and greater. The particles are primarily biological in 

origin , but may be either living or dead. It may be possible to use these anomalous 

signals to determine relative and perhaps absolute particle concentrations. 

Dr. R.y ~~ .• .. ~-Supervisor (School of Earth and Ocean Sciences) 

Dr. A. Weaver , Departmental Member (School of Earth and Ocean Scien.ces) 
-

~~...-~ ..... __.... ................... , ... ~-
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Dr. N. Djilali , External Examiner (Mechanical Engineering) 



Table of Con tents 

Table of Contents 

Abstract 

List of Tables 

List of Figures 

Acknowledgments 

1 Introduction 

2 Background: Theory and Equipment 

2.1 Mean Flows and Sea.mounts 

2.2 Turbulence and Mixing .. . 

2.3 Measuring Turbulent Dissipat ion 

2.4 The Bottom Boundary Layer 

2.5 Internal Waves 

2.6 Large Scale Mixing 

3 Equipment and Data Processing 

3.1 Measurem ent Positions 

3.2 

3.3 

3.4 

FLY II Profiler . . . . 

Digital Signal Processing of FLY II Data 

3.3.1 Pressure and Fall Speed .. ... 

3.3.2 Low Resolution Temperature and Temperature Gradient 

3.3.3 Conductivity and Salinity 

Enhanced Temperature . . . . . . 

lV 

11 

Vll 

Vlll 

xv 

1 

6 

6 

10 

11 

13 

16 

20 

23 

23 

26 

28 

29 

30 

30 

33 



Table of Contents 

3.5 E as Determined by Microstructure Shear . . . . . . . . . . . . 

3.5.1 Removal of Anomalous Signals in Microstructure Shear 

3.5.2 Spectral Estimates of E . . • • • • • . . 

3.6 Length Scales and Decay Time of Turbulence 

4 Background Observations 

4.1 Mean Circulation 

4.2 Internal Waves 

4.3 Biological Implications of Cobb Seamount 

4.4 CTD Results . . . . . . . . . . . . . . . . 

5 Transects 

5 .1 Isopycnal Surfaces . 

5.2 Dissipation Rate Transects 

5.3 Diffusivity Transects 

5.4 Mixing Transect . 

5.5 Discussion .. .. 

6 Time Series 

6.1 Isopycnal Surfaces. 

6.2 Dissipation Rate Time Series . 

6.3 Diffusivity Time Series 

6.4 Discussion . . . . . . . 

7 Bottom Boundary Layer Observations 

7.1 Log Layer ......... ... . 

7.2 Stratification Capped Turbulence 

7.3 Stratification with Uncapped Turbulence 

7.4 Capped Dissipation in BML . ..... . 

V 

36 

36 

39 

43 

47 

47 

49 

52 

53 

56 

56 

59 

64 

68 

69 

74 

74 

76 

79 

82 

84 

86 

88 

92 

92 



Table of Contents 

7.5 Bottom Mixing Efficiency 

7. 6 Bottom Mixed Layer Thickness Models 

7. 7 Discussion . . . . . . . . . . . . . . . . 

8 Counting Spikes 

8. 1 Measurements 

8.2 Source of Spikes . 

8.3 Discussion . 

9 Thorpe Scales 

10 Conclusions 

Bibliography 

V J 

96 

97 

99 

101 

101 

108 

110 

112 

117 

121 



List of Tables Vll 

List of Tables 

3.1 Characteristics of each successful series . . 24 

3.2 Signals recorded on the fast and slow channels .. 28 

4.3 Fluctuation kinetic energies of currents with periods less than 20 hours 

for the 1992 cruise (Freeland pers. comm.). The values are in cm2 s- 2
. 49 

7.4 Number of profiles where FLY II landed on the bottom. 85 

7.5 Number of profiles of each BBL type. .. 90 



List of Figures Vlll 

List of Figures 

1.1 Cobb Seamount's position relative to the west coast of North America. 

( Codiga ptrs. comm.) . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 

1.2 Bathymetry of Cobb Seamount with contours at every 100 m and the 

shallowest contour at 100 m. 

3.3 Positions of series 3 profiles. Solid line contours begin at 100 m and 

continue at 100 m intervals; dashed line contours begin at 150 m and 

continue at 100 m intervals. 

3.4 Positions of series 4 profiles. Solid line contours begin at 100 m and 

continue at 100 m intervals; dashed line contours begin at 150 m and 

3 

25 

continue at 100 m intervals. . . . . . . . . . . . . . . . . . . . . . . . 25 

3.5 Positions of series 5 ( +) and 6 ( o) profiles. The contour lines are at 

every 100 m where the minimum contour is 100 m. . . . . . . . . . . 26 

3.6 The FLY II free-falling microstructure profiler. This is the same con­

figuration as used during the June 1992 cruise with the exception of 

the brush, which was replaced with increased flotation ( adapted from 

Dewey 1987). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 

3. 7 Profiles of salinity after various levels of temperature correction. The 

labeled profiles had: (0) no correction, (1) a lag of 24 units, (2) .a lag 

of 24 units and the Buttenrnrth filter, and (3) a lag of 24 units, the 

Butterworth filter, and thermal inertia correction. . . . . . . . . . . . 32 



List of Figures 

3.8 Spectra of 30 s of quiescent data; pre-emphasized digital signal (upper 

solid curve) and its quantization noise spectrum ( upper dashed line); 

enhanced digital signal (lower solid curve) and its quantization noise 

IX 

spectrum ( sloping dashed line). . . . . . . . . . . . . . . . . . . . . . 34 

3.9 A 50 m segment of temperature off the seamount from transect 1. 

This section is turbulent and had a mean vertical gradient of less than 

1 m°C m-1
. The solid horizontal line indicates the size of a bit "prior 

to pre-emphasis ....... ..... ... . 

3.10 Vertically integrated microstructure shear. 

3.11 Power density spectrum of microstructure shear. From 0- 40 Hz the 

spectrum is dominated by turbulence. From 40- 70 Hz the spectrum 

is dominated by t hree large spikes that are due to body vibrations. 

Above 70 Hz the spectrum is dominated by white noise due primarily 

35 

37 

to quantization. The dissipation rate for the data is 1.4 x 10-7 W kg-1 . 38 

3.12 Thorpe displacement for a region of strong turbulence and no intrusions. 44 

3.13 Thorpe scale for the same profile as Fig. 3.12, as determined by a 20 m 

runnmg average. 45 

4.14 Along isobath flow on the flat top of Cobb, 3 m above the bottom. 

The filled curve is for flow to the SE. The series began June 23, 1992 

at 14:59. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50 

4.15 Cross isobath flow on the flat top of Cobb , 3 m above the bottom. The 

filled curve is for flow upslope. The series began June 23, 1992 at 14:59. 51 

4.16 A t ime series of vertical temperat ure gradient, as determined from the 

bottom two current meters of :\I 1. that is normalized by the far field 

temperature gradient. The filled curve is for gradients larger than the 

norm. The time series is from J une 28- 29, 1992. . . . . . . . . . . . . 52 



List of Figures 

4.17 Salinity (dots), temperature ( decreasing with depth), and density (in­

creasing with depth) for one profile from the eastern flank of the 

X 

seamount. All parameters are averaged into 1 m bins. . . . . . . . . . 53 

4.18 The far field buoyancy frequency, N , as determined from an average of 

the last 20 profiles from the first transect and a 20 m running average. 54 

4.19 The e-folding time, Tc , as determined from the N in Fig. 4.18. . . . . 54 

5.20 Constant ar surfaces for the first transect. The ticks on the upper x­

axis indicate profile positions. The isopycnals are set 0.1 kg m-3 apart, 

with isopycnals of 25 and 26 kg m-3 marked. The bottom depth is 

indicated by the solid line at the left of the plot. . . . . . . . . . . . . 57 

5.21 Constant ar surfaces for the second transect. The ticks on the upper 

x-axis indicates profile posi t ions. The isopycnals are set 0.1 kg m-3 

apart, with isopycnals of 25 and 26 kg m-3 marked. . . . . . . . . . 57 

5.22 log10 E for transect 1. Contours for E = 10-6 , 10-7 and 10-s W _kg- 1 

are plotted . E has been averaged into 10 m bins. The solid line that 

begins at the rim and extends to ;::::; 10 km from the pinnacle is the ray 

path for a semi-diurnal internal wave derived by Kevin Lamb (pers. 

comm.), assuming no mean current. . . . . . . . . . . . . . . . . 60 

5.23 log10 E for t ransect 2. Contours for E = 10-6 , 10-7 and 10-s W kg-1 

are plotted. E has been averaged into 10 m bins. . . . . . . . . . . . . 61 

5.24 log10 I<v for transect 1. Contours for I<v = 10-1 , 10-2
, 10-3

, 10-4 and 

10-5 m 2 s-1 are plotted. I<v has been averaged into 10 m bins. . . . . 65 

5.25 log10 I<v for transect 2. Contours for I<v = 10- 2
, 10- 3

, 10-4 and 10-5 

m 2 s- 1 are plotted. I<v has been averaged into 10 m bins. 

5.26 Depth averaged I<v for transect 1. ... .... . .... . 

66 

67 



List of Figures 

5.27 Area of open ocean equiva lent to t he obsel'\'ed m 1xmg m ~ransect l. 

The solid Jim' in cludes al l profi les in it s mass flux sum mation , while the 

dotted line has had t he profile with the largest dens ity flu x removed 

whe n determin ing the mass flux. . . . . . . . . . . . . . . . . . . . . . 70 

5 .28 The northeast P acific of t he region surrounding Cobb Seamount. Con­

tours a re at 500 m interval~ beginning at 500 m a nd ending a t 4000 m. 

Cobb Seamount is centered in the l\\'o boxes plot1 <x i. The boxes have 

an area of l0.000 and 100,000 km 2
. . . . . . . . . . . . . . . . 71 

6.29 Constant aT surfaces for th e 19 hour tim e se ri es . The t icks on the 

upper x-axis indi cate profil e t imes. The isopycnal s a re set 0.1 kg m- 3 

a part , with iso pycnals of 25 and 26 kg m -:.i marked ...... . . · 75 

6.30 Constant aT surfaces for the CTD 1ime series. T he ticks on the uppe r 

x-ax is indi cates profile times. The isopycnals are set 0.1 kg m - 3 apart, 

with isopycnals of 25 and 26 kg m- 3 marked. T !te solid line at the 

bottom givPs the depth of the water column .. 

6.3 1 log10 E for t !t c 19 hour t ime series . Contours for c = 10-G _ 10- 7 and 

l:J 

10-s \ ir kg- 1 a re plotted. c has bern a\·eraged into 10 m bi11s . 77 

6.32 log10 E for the CTD t ime se ries. Contours for E = 10- 5
• 10- 7 a nd 10-s 

\A/ kg- 1 are plotted. E has been awragecl into 10 m bins. SO 

6.33 log10 K v for the 19 hour time series. Contours fo r f< v = I 0- 2
. 10-3

, 

10- 4 and 10- 5 m 2 s- 1 are plotted. }\·,, has been awraged in1 o 10 m bin s. SJ 

6.34 log 10 f( v for the CTD ti1rn' series. Contours for r\·,, = 10<1
. 10--1 and 

10- 5 m 2 s-1 are plotted. I<v has been averaged into 10 m bin s. . . . . 83 



List of Figures 

7.35 The shallowest bottom boundary layer profiled during t he first t ran­

sect. The diagrams from bottom to top are of high resolution tempera­

ture, microstructure shear , high resolution dissipation rate (solid line) 

with the t heoret ical dissipation for log layer ( dashed and dotted line) 

and friction velocity. The thickness of the bml ( *) and the turbulent 

Xl l 

bbl ( o) are given, along with the water depth at t he top of the diagrams. 87 

7.36 The unsmoothed version of high resolution dissipation from figure_7.35. 

Only the bottom 20 m has been plotted . The dotted diagonal lines all 

reduce as 1/ z . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88 

7.37 A bottom boundary layer over the fl at top from the second transect. 

The diagrams from bottom to top are of high resolution temperature , 

microstructure shear , high resolut ion di ssipation rate and friction ve­

locity. The thickness of the bml ( *) and the turbulent bbl ( o) are given , 

along with t he water depth at the top of the diagrams. . . . . . . . . 89 

7.38 The unsmoothed version of high resolution dissipation from figure 7.37. 

Only the bottom 20 m has been plotted. The dot ted diagonal lines all 

reduce as 1/ z . .............. . .... .. . . .. . . 

7.39 Thorpe displacement of the temperature profile in figure 7.37. 

7.40 The deepest bottom boundary layer profiled during the second ·tran­

sect. The diagrams from bottom to top are of high resolution tempera­

ture, microstructure shear, high resolution dissipation rate and fri ction 

velocity. The thickness of the bml ( *) and t he turbulent bbl ( o) are 

given, along with the water depth at the top of the diagrams. 

7.41 The unsmoothecl version of high resolution dissipat ion from figure 7.40. 

Only the bottom 20 m has been plotted. The dotted diagonal lines all 

reduce as 1/ z . ......... ...... ........... . 

7.42 Thorpe di splacement of the temperature profile in figure 7.40. 

90 

91 

93 

94 

94 



List of Figures 

7.43 The bottom boundary layer from a shallower profile of the second tran­

sect. The diagrams from bottom to top are of high resolution tempera­

ture , microstructure shear , high resolution di ss ipation rate and fri ction 

velocity. The thickness of t he bml ( *) and the turbulent bbl ( o) are 

Xlll 

given , along with the water depth at the top of the diagrams. 95 

7. 44 The unsmoot hed version of high resolut ion di ssipation from figure 7.41. 

Only the bottom 20 m has been plotted. The dotted diagonal lines all 

reduce as 1/ z. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96 

7.45 Modeled versus measured bottom mixed layer thicknesses . The model 

thickness is ht1 = 2114u*/ (f N) 1!2
. The points are plotted by seri es ; + 

for the 19 hour t ime series, o for the CTD time series, * for transect 1, 

and x for t ransect 2. . . . . . . . . . . . . . . . . 98 

8.46 A section of shear signal from a single profile in the 19 hour t ime 

series . The upper curve is the original shear signal before the spikes 

are removed . The bottom curve is a plot of the signal after despiking, 

intentionally staggered down 100 counts . . . . . . . . . . . . . . . . . 102 

8.4 7 Ensemble averages of spikes for each series. The solid lines are the 

averages while the dashed lines are the averages plus 2 sample stan-

dard deviat ions . The dashed-dotted lines are 95 % confidence limits 

assuming the spikes follow a Poisson distribution. . . . . . . . . . . . 103 

8.48 Suspended parti culate matter ( right curve) and the ensemble average 

of number of spikes (left curve) for the CTD time series . 104 

8.49 Spike profiles for the first transect . Contours from 5 to 20 spikes, at 

intervals of 5 spikes have been plotted. . . . . . . . . . . . . . . . . . 105 

8.50 Spike profiles for the second transect . Contours from 5 to 25 spikes, at 

intervals of 5 spikes have been plotted. . .. .. . ...... . 106 



List of Figures XJV 

8.51 Spike profiles for the 19 hour time series. Contours from 5 to 30 spikes, 

at intervals of 5 sp ikes have been plotted. . . . . . . . . . . . . . 107 

9.52 A profile near the rim of the seamount during the first transect. The 

top-left diagram is a profile of t he Thorpe displacement . The top-right 

diagram contains profiles of the Ozmidov scale ( solid line) and Thorpe 

scale ( dashed line). The bottom diagram is t he Thorpe scale against 

the Ozmidov scale. There are two diagonal lines, the solid line is for 

l0 = 0. 8lT and t he dotted line is for l0 = 0.89lT. . . . . . . . . . . . . 114 

9.53 A profile in the far-field during the fi rst transect. The top-left diagram 

is a profile of the Thorpe displacement. The top-right diagram contains 

profiles of the Ozmidov scale ( solid line) and Thorpe scale (dashed-line) . 

The bottom diagram is the Thorpe scale against the Ozmidov scale. 

There are two diagonal lines, t he solid line is for l0 = 0.8lT and the 

dot ted line is for l0 = 0.19lr. . . . . . . . . . . . . . . . . . . . . . . . 116 



Acknowledgments xv 

Acknowledgments 

The research for this t hesis has been the result of ass istance and guidance I have 

received from many people. I wish to thank my supervisory committee, Rolf Lueck , 

Chris Garrett, Andrew Weaver and Bill Crawford for t heir knowledge and skillful 

direction. I especially thank Rolf and Chris for their financial aid and encoµragement. 

This research would have been completely impossible without the gracious loan 

of Bill's FLY II microstructure instrument . This loan proved very generous indeed ; 

during two of the first four profiles t he retrieval line of FLY II became entangled 

with the bottom. The first time it took over 1/ 2 hour to free the in st rument and the 

second time it took over 2 hours. Wi thout the quick and professional action of the 

officers and crew of the CSS Tully the instrument would have been lost permanently. 

A number of researchers have kindl y shared their data with me. Dan Codiga and 

Charlie Eriksen have an ftp site with bathymetry of Cobb Seamount. John Dower and 

Howard Freeland provided the CTD data and cu rrent meter data sets from the 1992 

cruise. Howard also produced one of the plots in this thesi s. Kevin Lamb modeled 

the ray of internal tides for the conditions at Cobb. 

For creating the data logging software I thank Anne Gargett, George·Chase and 

Chris MacK ay. I also wish to thank Hide Yamazaki and Jim Bishop for many helpful 

discussions about particulate matter. For those friends and family who have put up 

with me and helped me a long the road to finis hing this thesis, thanks. 



Chapter 1. Introdu ct ion 1 

Chapter 1 

Introduction 

Seamounts are region s of significant biologi cal and physical interact ions. Topograph­

ical feat ures, especia ll y shallow seamounts, are sources of high biomass and primary 

productivity due to in teractions between physical processes and planktonic communi ­

ties. The interaction of seamounts and mean currents generates gyres over or around 

t he seamount . These gyres, if geostrophi cally balanced, wi ll li ft or depress isopycnals. 

Frictional forces near the bottom produce Ekman flows that can push water up or 

down slope. Frictional forces also produce shear of the mean flow from which t urbu­

lence result s. Tida l forcing occurs over topograp hy, generat ing trapped and internal 

waves, turbulence and a myriad of complex flows. Internal waves that are generated 

and reflected affect the structure of the bottom boundary layer by thinning and thick­

ening the bottom mixed layer. Internal waves are transmitted into th e ocean interior 

and break, generat ing turb ulence and mixing near seamounts. There is a complex 

interp lay of m ean and tidal flows with internal waves around seamounts. 

In this thesis I have tried to answer some questions about t he in terplay of these 

physical processes and to take special notice of how they affect mixing near a seamount. 

Data were collected as part of a mul t i-disc iplinary st udy of Cobb Seamount, whi ch 

is situated about 500 km west of the \i\iashington state coast at 46° 45' N and 130° 

50' W (Fig. 1. 1) . It is a shallow seamount whi ch ri ses from the abyssal sea floor at 

about 3000 m to a min imum depth of 27 m (Fig. 1.2). It is fl at topped and has a rim 

between 200 and 300 m. 

The Lueck group, of which I was apart. join ed the study at Cobb in July 1992, 

aft er one cruise to Cobb on each of the t,,·o previous summ ers . Th is joint" t hree year 
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Cobb Sea ount 

■ 

45 °N 1"'1-------+-------+-----------,1-------, 

North acific Ocean 

45°N 

35°N ~-===--===i-c::::..-=::::::.-==ii~==-c===--==--===--c:::f"l 35 °N 
140°W 135°W 130'W 125°W 120°W 

2 

Figure 1.1: Cobb Seamount's posit ion relative to t he west coast of North Ameri ca. 
(Codiga pers. comm.) 
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study has been dubbed the Cobb Seamount Experiment or CS EX. T he experiment 

set out to st udy both phys ical and biologi cal characterist ics at Cobb. There were 

observations of phytoplankton, fish larvae and other biological cha racteristi cs (Dower 

et al. 1992: Dower 1994) . Surveys with CTDs (Conducti vity. Tem perature, Depth 

in st ruments). moored and ship moun ted ADCPs (Acoustic Dop pler Current Profiler), 

moored current meters (Freeland 1994) , and a free fall mi crost ructure profiler were 

completed . Our work included the moored ADCP and the free fall ing microst ructurc 

profiler FLY II (Fig. 3.6). The ADCP provided li tt le useful information , but FLY 

II showed some surprising and dramatic boundary layer structure and near bottom 

mixing. For the crui se, FLY II was equipped with a guard that protected the sensors 

and allowed the instrument to land on the bottom. This a llowed the nose mounted 

sensors to profile t he entire water column to within 15 cm of the bottom. Above 10 m 

depth , the data m ay be biased by surface waves and the ship 's wake. 

The next three chapters give an overview of theory, equipment and background 

resul ts at Cobb. In chapter 2, I present some pertinent t heory and discuss the phys­

ical interact ion of a mean flow with the abrupt topograph y of a seamo_unt. Some 

im portant ideas of turbulence and turbulent mixing also are discussed along wit h 

the development of equipment for measur ing turbulence. Bottom boundary flow s 

and structure are investigated; internal wave dynami cs and turbulent mixing , espe­

cially reflection and generat ion effects. are di scussed; and the effect of mixing at th e 

seamount on the large scale mixing of the entire ocean is delved into as well. Chapter 

3 is a di scussion of FLY II and data processing techn iques. Standard CTD processing 

techniques are presented, as well as a rarely used t echnique of signal enhancement. A 

comprehensive approach to estimat ing dissipat ion ra te is a lso presented . Chapter -t 

has a brief discussion of background obsen·at ions at seamounts. parti cularl y at Cobb. 

Of great interest are the measurements of mean currents and int erna l waves at Cobb. 

Chapters 5- 8 present the measurements carried out by FLY II during the 1992 
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cruise. Transects of the seamount by the microstructure instrument are presented 

in chapter 5. The effect of mean flows versus that of internal waves on isopycnal 

positions is investigated . The region and source of enhanced turbulence and mixing 

around Cobb is shown . Most significantly, I est imate t he amount of mixing occuring 

at seamounts and find t hat they may produce a significant portion of the mixing 

occuring in t he deep Pacific . Two t ime series with t he microstructure instrument are 

presented in chapter 6. The time dependence of turbulence and mixing is studied to 

det ermine if t urbulent processes around Cobb are periodic. The series also provide 

some information to the spatial characteristic of enhanced t urbulence at Cobb . In 

chapter 7, I present some results from the profiles within the bottom boundary layer 

of the seamount . A method of determining relative plankton concentrations with a 

microstructure instrument is presented in chapter 8. 

A brief di scussion of Thorpe and Ozmidov scaling is completed in chapter 9. The 

las t chapter is a brief conclusion of t he important physical characteristics of Cobb . 

Previous claims of isopycnal doming over Cobb are put in doubt. Bottom boundary 

layer characteri stics are found to be highly periodic, with significant changes over the 

period range of an hour to a day. Near bottom mixing, probably generated by internal 

waves, is the dominate mixing around Cobb. It exists over a large enough area where 

it so greatly enhanced over open-ocean mixing that it may contribute significantly to 

mixing of the ocean on a much larger scale. 
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Chapter 2 

Background: The ory and Equipment 

2.1 Mean Flows and Seamounts 

Observations over seamounts have shown the presence of an ant i-cyclonic flow field . 

Some show only a deflect ion of t he mean flow (Roden 1984; Roden and Taft 1985) . 

Others indicate the presence of anti-cyclonic Taylor caps with closed streamlines 

(Owens and Hogg 1980; Davies et al. 1990; Freeland 1994) over topography. These 

gyres are not in the form of a column that goes from the bottom to the surface; rather , 

due to stratificat ion , the horizontal scale of the gyres decrease with height above t he 

bottom, forming what is called a Taylor cone or cap. 

To gain some insight into t he flow fi eld around Cobb I first take the case of no 

stratification , and an invisid, incompressible fluid. I have used an f-plane approxi­

mation , which is reasonable for Cobb Seamount given that it is only 30 km wide at 

its base. The flow around t he seamount is taken to be geostrophically balanced . This 

is a plausible assumption where t he nonlinear terms in t he momentum equations are 

small relat ive to the Coriolis term or , equivalently, the Rossby number 

u 
Ro= JD<{::: 1, (2. 1) 

where U is t he horizontal velocity scale. f is t he planetary vort icity and D is t he 

horizontal length scale. For Cobb the mean current U ~ 10 cm s- 1
. It s pinnacle is 

at latitude 46.75° N; hence the planetary \·orticity f = 1.06 x 10-4 s-1 . The radius 

of Cobb varies from 5 km at the fl at top to 15 km at the base. The Rossby number 

is, therefore, in t he range of 0.06- 0.19. \,hi ch meets t he condition of (2 .1 ). 



Chapter 2. Background: Th eory and Equipment 7 

The horizontal momentum equat ions become a simple balance between the Cori­

olis force and the pressure gradient 

l op -fv = --­
Po ox ' 
1 op 

j u = ---
Po oy' 

(2.2) 

(2.3 ) 

where p0 is t he water density, p is the pressure, and u and v are hori zontal velocities 

in the x and y directions. If we also take a hydrostatic balance in the vertical 

lop 
0 = -- + g, 

Po oz (2.4) 

where g is the acceleration due to gravity. Eliminat ing p by cross differentiation in 

the horizontal moment um equations gives 

Using the continuity equation, v' · u = 0 , (2.5) leads to 

ow 
~=0. 
u z 

Differentiating the horizontal moment um equations with respect to z gives 

ov OU 
----0 oz - oz - . 

Hence, we have the Taylor-Proudman theorem 

OU 
-=0· ;1 ) uz 

(2.5) 

(2.6) 

(2.7) 

(2.8) 

the flow does not vary in t he vertical. All hori zontal flows, where th e Rossby number 

is small compared to 1, follow isobaths. If a horizontal flow encounters abrupt topog­

raphy, then the flow is incapable of flowing over the topography, and would instead 

have to flow around it ; t hus, a Taylor column forms over the t op of the topography. 

For seamounts in t he Northern Hemisphere, t his column will have an ant i-cyclonic 

flow as suggest ed by conservation of potential vorticity 

_E_ ((+I)= o 
Dt h ' 

(2.9) 



Chapter 2. Background: Theory and Equipment 8 

where the relative vorticity 

( = av - au 
- ax ay' (2.10) 

and h is the depth of the water. Take a column of water during spin up of a mean 

flow (a condition where Taylor-Proudman t heorem does not hold ) t hat has no relat ive 

vorticity. When it fl ows over an obstacle it s height is reduced and acquires relative 

vort icity, and in the Northern Hemisphere th is forms an anti-cyclonic gyre over the 

topography. 

The oceans are much more complex than this simple model. To study the effects 

of stratification and viscous forces on the flow over topography a number of laboratory 

experiments (Davies 1972; Boyer et al. 1987; Boyer and Zhang 1990; Zhang and Boyer 

1993) and numeri cal models (Chapman and Haidvogel 1992) have been developed. 

The complexity of flows over seamounts becomes clear when trying to apply the 

results of these experiments and models to the conditions at Cobb. I begin with the 

approach set out by Freeland (1994) who used the results of Chapman and Haidvogel 

(1992). Three criti cal parameters were determined to defin e whether a Taylor cap 

formed: the Ross by number Ro, the fractional height of the seamount 5 = h/ H , 

where h and H are t he heights of the seamount and water column off the seamount, 

and the Burger number S =NH/ f D, where N is the buoyancy frequency. For a tall 

seamount with 5 = 0.9 , which is similar to Cobb , they determined that Taylor caps 

could occur for S = 1 and Ro < 0.1 5. Freeland (1994) discusses the parameter space 

within which the flow around Cobb lies. He argues t hat , because of changes in the 

mean flow in the vertical, the Rossby number may lie in the range of 0.12- 0.24, the 

fractional height is between 0. 7 and 1, ,,hile t he Burger number li es between 7 and 

34. Chapman and Haidvogel 's (1992 ) highest value of S = 1 is much smaller than 

seen at Cobb. Freeland argues that the change in critical Rossby number at which 

closed circulation first occurs is small for Chapman and Haidvogel's (1992) models 

where S goes from 0 to 1. He concludes that if the mean flow occurs only above 
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300 m , and we consider the area of the pinnacle as negligible. t hen the flow around 

Cobb lies within the region of parameter space in which a Taylor cap will exist. He 

a lso concludes that the verti cal height ( which scales as f D /N) of the cap above t he 

flat top is only 40 m. \t\fh ile these results explain observations, that are given later, of 

closed circulat ion over the seamount , the model th at Freeland used ignores periodi c 

flows. I believe the t idal components of the flow may play as significant a role as the 

mean flow component in determining the flow fie ld around Cobb. 

The laboratory work of Boyer and Zhang (1990) and Zh ang and Boyer (1993) 

shows a more complex picture of the flow field around topography. They chpse to work 

in an area of parameter space appropriate for Fieberling Guyot (32° 28' N, 127° 4 7' 

W) , as part of a large theoretical and observational study of Fi eberling. Perhaps the 

most significant parameters they included were the result of adding viscous terms and 

a sinusoidal current component that was superimposed on a mean flow. Given that 

the parameters of Cobb and Fieberling are significant ly different, and the complexity 

of parameter space di scussed by Freeland (1994), the laboratory result s cannot be 

directly appl ied to Cobb, but they do suggest a number of flow regimes that may be 

observed at Cobb. 

First from Boyer and Zhang (1990 ), where the mean current was taken to be non­

zero, at low Ross by number, Ro = 0.01 , t here is a Taylor cap over the top of the 

seamount. With mid-values of the Rossby number , Ro= 0.07, standing vortices form 

on the lee side of the seamount. For high values of the Rossby number, Ro = 0.1 8, 

vortex shedding occurs on the lee side of the seamount and res ults in the formation of 

a vortex street. Second, Zhang and Boyer (1993) changed the flow field to contain no 

mean current and found 6 flow regi mes. A common characteri st ic of all these regimes 

was the presence of a rect ified , anti-cyclonic. topographically t rapped current . These 

r sults suggest that the flow field around Cobb may be very complex, with sign ificant 

variations over t he time scales of days and ,,·eeks as mean and t idal flows change. 
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2.2 Turbulence and Mixing 

There are various places where a discussion of oceanic three dimensional turbulence 

theory could begin, but I will will start with the turbulent kinetic energy (TKE) 

equation (Kundu 1990) 

D (1 2 ) 8 ( 1 _ 1-2 -) 
Dt 2u i = - OXj Po puj + 2u i Uj - 2vuieij 

__ aui g -,- ·2 - u ·u ·- - -p w - 2ve-
i J :::i tJ ' uxj Po 

(2.11) 

where the fluctuating strain rate is 

eij = ~ (oui + ouj ) , 
2 OXj OXi 

(2.12) 

the velocity is ui + Ui , [Ji = ui, Ui = 0, the density is Po+ p', /io = Po, p' = 0, v is 

the kinematic viscosity, and the overbar implies a spatial average that is longer than 

the turbulent scales yet shorter than the energy containing scales. The first three 

terms on the right hand side of (2.11) are of the form of a flux divergence; hence 

they represent a transport of turbulent kinetic energy. The fourth term, the shear 

production P , represents the rate of generation of turbulent kinetic energy by an 

equivalent loss of mean kinetic energy. The fifth term, referred to as the buoyancy 

production B , can be either positive or negative; hence can either be a source or sink 

for turbulent kinetic energy. The last term is the viscous dissipation denoted 

(2.13) 

which is a sink for turbulent kinetic energy. 

With observations of oceanic turbulence the assumption is made that the local 

rate of change and the transport terms of (2.11) are small. This leads to a simple 

balance of production, dissipation and buoyancy flux 

BU; g­
- UiUj -. - = -p'w + E. 

OXj Po 
(2. 14) 

The ratio of the buoyancy flux B to production P is known as the flux Richardson 

number R 1 = B / P; hence (2.14) becomes 

(2.15) 
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and 

9- R 1 
B = -p'w = R f. = r E, 

Po 1- J 

11 

(2 .16 ) 

where r is known as the mixing efficiency. Direct measurements of P and B are 

technically difficult but they can be derived from the relat ively easily measured f. 

when r is known. By taking the Osborn (1980) model, representing the flux as an 

eddy diffusion , 

(2.17) 

where J{P is the the vertical eddy diffusivity. Using (2.16) and (2 .17) gives the eddy 

diffusivity in terms of the dissipation rate 

(2.18) 

where the approximation N 2 ~ - .!L 
8! 0 is assumed. With the knowledge of dissipa-

Po uz 

tion rates, buoyancy frequency and the mixing efficiency vertical diffusivi.ties can be 

estimated 

2.3 Measuring Turbulent Dissipation 

Oceanic turbulence measurement has seen the development of both sensors and in­

struments. The pioneering work for measuring oceanic turbulence was completed by 

Grant et al. (1962) using a pair of platinum film probes. One probe was sensitive 

to temperature and the other, functioning as a hot film anemometer, was sensitive 

to velocity. The sensors were mounted on the nose of a body that was towed in 

a tidal channel. The signals proved prone to problems from high frequency vibra­

tion and phytoplankton passing close to or becoming attached to the velocity probe 

(Nasmyth 1970). The greatest drawback of the velocity sensor was its sensitivity to 

both velocity and temperature variations. ,vhich made it inappropriate for many open 

ocean conditions where there were small velocity fluctuations and large temperature 

fluctuations; the permanent thermocline is an example. 
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Grant et al. (1968) also mounted the sensors on a submarine in the open Pacific 

Ocean. They found sharp interfaces between turbulent and quiescent patches. This 

intermittency, plus motions from internal waves, created a complex combination of 

horizontal and vertical variability. This inspired the development of vertical profiling 

instruments that originally focused on the temperature fluctuations (Osborn and Cox 

1972) as determined by fast response thermistors. Here the velocity was not measured, 

instead the variance of the temperature gradient was used to determine a vertical eddy 

diffusivity for heat. The method assumed steady and lateral homogeneous conditions 

and no divergence of heat flux variance across boundaries. Similar techniques for 

small-scale salinity and density measurements were developed by Gregg et" al. (1973). 

Direct velocity measurements were finally available with the development of the 

airfoil shear probe (Osborn 1974), which was initially used on vertical profilers. The 

probe tip is an axisymmetric body of revolution aligned with the axis of the free falling 

profiler. Fluctuating horizontal velocities produce fluctuating angles of attack of the 

total velocity vector, causing fluctuating lift force on the probe tip. These forces are 

transferred through the silicon rubber tip to two piezoceramic Bimorph beams that 

are embedded in the tip. The beams produce voltage potentials when bent. A number 

of vertical profilers are developed around this probe ( Oakey and Elliott 1982; Gregg 

and Sanford 1988). Some of the profilers have been capable of sampling very near the 

bottom. Examples are the expendable instrument developed by Lueck (Price et al. 

1993) and non-expendable instruments such as FLY (Fast Light Yo-yo) II (Dewey et 

al. 1987). The FLY II collected all the microstructure data that will be presented in 

this thesis. 

Other instruments that have been developed around the airfoil shear probe have 

returned to the initial experiments of horizontal profiling. This includes towed bodies 

that have been developed (Osborn and Lueck 1985a) and are continuing to be de­

veloped by Lueck (pers. comm.). Turbulence packages with the airfoil shear probe 
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have also been mounted on a submarine (Osborn and Lueck 1985b). Perhaps the 

most challenging of vehicles making horizontal measurements is a moored instru­

ment developed by Lueck (pers. comm.). For this instrument , turbulent patches are 

advected past the shear probes by the mean current. This instrument has forced 

another development in airfoil shear probes. The original probe tips developed by 

Osborn (1974) were made with silicon rubber. The rubber was sufficient"in keeping 

water from the ceramic beam during the profile time of the free falling instrument 

( ~ 1 hour). Various coatings of the beams have improved their life time. The best 

result achieved by Lueck was over 25 days by coating the beam with a thin layer of 

tin-lead solder. Another approach to reducing probe degradation is the development 

of a strain gauge sensor to replace the ceramic beam. The strain gauges are mounted 

on an aluminum beam and surrounded by silicon rubber. The strain gauges are not 

as prone to degradation by water but are still being studied for their temperature 

response. 

A very different approach to measuring turbulence has been developed by Gar­

gett (1988). The technique uses the vertical velocity field as measured by an ADCP. 

By using a length scale approach to isotropic, three dimensional turbulence, Gar­

gett (1988) relates the vert ical velocity field and its gradient to E. The technique is 

best used where the vertical scales and velocit ies of turbulent eddies are large, such 

as in coastal regions. 

2.4 The Bottom Boundary Layer 

The definition of the bottom boundary layer (bbl) is in most cases arbitrary. The 

bottom boundary layer can be considered a region where either the flow field or 

stratification are directly affected by t he bottom. Even this vague definition is perhaps 

too specific to encompass all of the oceanic conditions and processes that are affected 

by the bottom. Within this thesis, I ,,ill consider the bbl as a region that is 0~20 m 
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thick, where t here is a bottom mixed layer and/or where turbulence is created by 

viscous forces near the bottom. 

The no-slip boundary condition implies that st rong shear can occur near the bot­

tom, which can induce t urbulence and mixing. Wall bounded shear flows of an oth­

erwise homogeneous mean current in an unst rat ified fluid with no Coriolis forcing 

and no time dependence are well known and can be deri ved by simple dimensional 

analysis. I will fo llow the development of this dimensional analysis as set out by 

Kundu (1990). Near a smooth wall , the mean velocity U should be dependent only 

on density p, the shear stress on the wall To, the viscosity v and t he distance from 

t he wall z . A commonly defined parameter 

(2.19) 

is the friction velocity. Hence, the mean velocity U = U ( u*, v, z) and can be expressed 

in a non-dimensional form 

(2 .20) 

which is known as the law of the wall. 

Near the wall , the Reynolds stresses are small, therefore, the flow is dominated 

by viscous effects and this region is called the viscous sublayer. Within the sublayer 

t he stress can be considered constant and equal to the wall stress 

so that 
Z 'To 

U = - = Z+· 
// 

(2 .21 ) 

(2.22) 

This viscous sublayer is very thin , < 1 cm for Chriss and Caldwell (1982); however , 

FLY II can profile only to within 15 cm of the bottom. I can, therefore, ignore the 

viscous sublayer for the measurements taken at Cobb. 
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In the region outside the viscous sublayer there is a transition region or buffer 

layer. Outside the buffer layer is the region known as the internal sublayer or loga­

rithmic layer , where turbulence stresses are dominant. It can be determined simply 

by dimensional analysis which gives 

dU 
dz ' K Z 

where the von Karman constant K ~ 0.4. Integration gives 

u* 
U = - In z + constant. 

K, 

(2.23) 

(2.24) 

There may be no viscous sublayer if the bottom is rough , but the flow field above the 

rough elements of the bottom should contain an internal sublayer. If the roughness 

elements have a height z0 , then above these elements the flow will be logarithmic and 

of the form 
U l z - = -ln-. 
u* K zo 

(2.25) 

The bbl may also be approached in terms of turbulence rather than mean flow. 

In the log layer the gradient of the mean velocity is given by (2.23). Hence, the 

production rate of TKE for a smooth wall bounded shear flow (Tennekes and Lumley 

1972) is 
__ aui u: 

- u·u ·--­
i 

1 ox · - kz' 
J 

(2.26) 

where the Reynolds ' stress is assumed equal to u;. Consider the region of the bottom 

mixed layer (bml) where there is no stratification. There is effectively n? buoyancy 

flux and, hence, production equals dissipation of TKE, 

u 3 

t: = - ·. 
kz 

(2.27) 

This simple approach is only useful ,,here B ~ P, which is only true where the bbl 

is well mixed. 
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2.5 Internal Waves 

16 

Another source of near bottom turbulence is internal waves. Internal waves are both 

generated and reflected by topography (Munk 1966; Baines 1974; Baines 1982; Eriksen 

1985 ; Gilbert and Garrett 1989; Sjoberg and Stigebrandt 1992). T his results in 

increased energy density of the internal wave field near topography, which may lead 

to increased internal wave shear and breaking, and the production of turbulence and 

m1xmg. 

Some of the dynamics of internal waves in a stratified rotating fluid as developed in 

Kundu (1990) are outlined below. The equations of motion of linear internal gravity 

waves in a stratified, invisid, Boussinesq , incompressible fluid are 

au av aw 
0 -+-+- = ax ay oz 

au l 8p 
-- fv ---
at Po 8x 
av l 8p 

(2.28) --Ju ---
at Po 8y 

aw l 8p 
- --- +g 
at Po 8z 

op po N 2 

0, - - --w 
at 9 

where f is the planetary vorticity, p is the pressure, p0 is the density, g is the accel­

eration due to gravity and N is the buoyancy frequency. By assuming a solution for 

the velocity vector of t he form 

U = [u, v, w] = [£t(z), v(z), w(z): ei(kx+ly - wt) (2.29 ) 

the equations of motion can take the form 

d2 A 

w 2 A 0 
-d2+ mw = 

z 
(2 .30) 

where 
2 - (k2 + /2)[N(z)2 - w2] 

m(z) = 2 f2 , 
,.;.) -

(2.31) 
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and t he wa.\·enumber vector K = [k, l , m]. If m 2 < 0, the n w is expon ent ia ll y decaying 

or growing with z . If m 2 > 0, then w is sinusoidal and in ternal waves occur. This 

limi ts the frequency band of internal waves to 

I < w < N , (2.32) 

where it is ass umed that N > f , which is true for the scope of t hi s thes is. Assum­

ing a. slowly vary ing N( z ) wit h depth and orienting t he x-axis in t he direct ion of 

propa.gat ion , t he di ~persio 11 relat ionship for internal waves becomes 

(2.33 ) 

The frequency of an internal wave determin es the direction s of it s phase velocity 

wK 
C =-

]( 2' 
(2.34) 

a nd group velocity 

(N 2 - f2)km 
Cg = (m2 + k2)3/2(m2f2 + k2 N2)1 /2 [m, -k] (2 .35) 

but not thei r magni t udes . The velocity components of the wave 

u m 
- = ±- = ta.n0 
w k 

(2 .36) 

wh ere 0 is the angle of th e wavenumber vector K with th e horizontal. The phase 

velocity c is in the direction of K , but group velocity cg is orthogonal to K . The flui d 

velocity u is parall el to cg. 

The modeling o f internal wave generation has been don e by ray theory (Baines 

1974; Baines 1986) or local genera.tors (Sjoberg and St igebra.ndt 1992). Both models 

use the basic phys ical prem ise that the normal component of a barotropic tide that 

impinges on topography must go to zero . This results in the production of a. pe riodi c 

barocl ini c fl ow, the intern a l t ide . The ray pat h m eth od has a. fla,\· that is pointed ou t 

by Sjoberg and Stigebra.ndt (1992). the internal wave fi eld at any point depends on t he 
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entire generation area. Internal wave fields originating from separate local generators 

are assumed to be coherent. They argue that there should be no such coherency 

given the three-dimensional nature of natural slopes . By using the local generator 

approach at vertical steps with data bases for bathymetry, vertical density gradient, 

and barotropic tides, Sjoberg and Stigebrandt estimated the flux of tidal energy to 

turbulence via topographically generated internal tides. By using a flux Richardson 

number R1 ~ 0.05, approximately that of the global R1 (Lueck and Reid 1984), they 

showed that all the upward vertical transport (156 m3 s- 1
) in the deep ocean could 

be explained by the dissipation of topographically generated internal tides. 

Eriksen (1985) argues that reflection of internal waves of all frequencies may gen­

erate sufficient turbulent mixing to provide all the upward vertical transport in the 

deep ocean. Upon reflection, two properties of an internal waves are conserved. The 

frequencies of the incident and reflected waves are equal, implying that the angles 

of the wavenumbers of the two waves to the vertical are equal. Therefore, two ray 

paths of an incident internal wave that reflects off a flat sloping bottom will either 

be further apart or closer together upon reflection and either decrease or increase 

the wavenumber's magnitude. Ray paths that are further apart upon reflection re­

duce the energy density of the wave by spreading its energy over a larger volume. 

Ray paths that are closer together upon reflection increase the energy density, which 

may increase the likelihood that the internal wave will become unstable and produce 

turbulence. If the bottom has the same slope as the wave, then a critical reflection 

occurs and the energy density of the reflected wave goes to infinity. 

Where the boundary condition is one of no normal flow, Eriksen (1985) shows 

that the ratio of reflected to incident verti cal wavenumbers is 

m · 
' 

cos( CY - 0;) 

cos( CY+ 0;) 

sin 20i sin 2CY( cos <pi - 1) 

2 cos(CY + 0;) cos(CY - 0i ) 
(2.37) 

where s = tan CY is the bottom slope . tan 0 = m(k2 + l2) 1l 2 and subscripts i and r 

refer to incident and reflected values. Azimuth <p corresponds to the ray path normal 
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to the isobaths and tan ¢ = k / l. When the incident wave is inclined the same as the 

bottom slope, reflected waves are unable to propagate away from the boundary. This 

arises at the critical frequency of 

(2.38) 

The ratio of the energy density of the reflected and incident waves is 

(2.39) 

Eriksen (1985) shows a number of conditions where the energy density of the wave 

can be amplified upon reflection. There are a large hierarchy of results but these are 

not important for the work at Cobb. \t\That is required is a spectrum of waves incident 

on bottom with varying slope. 

Eriksen (1985) determines the effect of an incident internal wave field that follows 

the Garrett-Munk (GM) spectrum (Munk 1981) reflecting off a flat sloping bottom. 

The spectrum of the reflected wave was amplified at frequencies close to the critical 

frequency. Using the observational requirement that the spectrum of the internal 

wave field must readjust to the GM spectrum a few hundred meters above the bottom, 

Eriksen computed a redistributed energy flux normal to the bottom; the difference 

in the energy density of the incident and reflected wave fields integrated over all 

azimuths, frequencies and wavenumbers. Only a small percentage of the redistributed 

energy flux needs to go into turbulence and mixing to produce an effective vertical 

diffusivity Kv = 10-4 m 2 s-1 in the world 's oceans. 

Gilbert and Garrett ( 1989) developed t he response of internal waves reflecting 

from a bottom of varying slope. They suggest that concave sites are less likely than 

convex sites to show energy enhancement near the critical frequency. Hence, dis­

sipation rates associated with internal ,rn,·e breaking should be higher near convex 

topography rather than concave topography. However , they note that the most con­

vincing evidence of energy and shear enhancement near W e was near topography that 
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was neither concave nor convex, but had a nearly constant slope. 

2 .6 Large Scale Mixing 

I am particularly interested in Cobb Seamount with respect to t he amount of mixing 

occuring around it. There has been a cont inuing debate as to where the mixing in 

the ocean occurs. It has been well understood that t here is enhanced turbulence 

and mixing near continental margins, in coastal waters , around islands and near 

seamounts (Dewey 1987; Eriksen 1985; Osborn 1978; Nabatov and Ozmidov 1988; 

Toole pers. comm). Whether this enhanced mixing occurs over a wide enough area 

to affect the overall mixing in the ocean is uncertain. 

This debate, as pointed out by McDougall (1989), is inspired by the difference in 

vertical diffusivity required by ocean models versus measurements of vertical diffu­

sivities in the open ocean . The Stammel and Arons (1960) model for the circulation 

of the deep ocean presents an upwelling velocity field that is homogeneous in both 

latitude and longitude, and increases linearly with height above the bottom. For the 

upwelling velocity field to balance the deep water formation rate requires a vertical 

diffusivity Kv ;::::::; 10-4 m 2 s-1
. Munk (1966) assumed a simple vertical advective­

diffusive balance wi thin the deep-central Pacific, where the renewal of bottom water 

was assumed to occur at great depths. Thus, from vertical profiles of temperature 

and salinity he acquired a scale height Kv/w ;::::::; 1 km and from vertical profiles of 

Carbon 14 he acquired a scale time I<u / w2 ~ 200 years. Munk estimated the upward 

vertical velocity and vert ical diffusivity in the deep Pacific as w ~ 4.4 m year-1 and 

Kv ~ 1.3 x 10-4 m 2 s- 1 . Indirect measurements of vertical diffusion by microstructure 

observations (Lueck et al. 1983; Gregg 1987; Schmitt et al. 1994; Polzin et al. 1994) 

in the open ocean have put Kv ;::::::; 10-5 m2 s- 1 over a depth range of 25- 3000 m. 

The indirect nature of t hese measurements has been crit icized; however , r~cent direct 
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measurements of vertical diffusion by a tracer experiment in the North Atlantic (Led­

well et al. 1993) has shown the microstructure estimates are rob ust, with an error 

of less than a factor of 2. The order of magnitude difference in verti cal diffusivity 

between models and measurements in the open ocean has led to the argument t hat a 

large portion of t he ocean's mixing occurs at its boundaries . 

The significance of boundary mixing was postulated by Munk (1966). Tempera­

ture and salinity (T-S ) characteristics acquired at the boundaries are readi ly trans­

fered along isopycnals or , more correctly, along neutral surfaces (McDougall 1989). 

Isopycnals that outcrop at high lati tudes may be as deep as 1 km at low latitudes. 

Thus , the surface boundary may be vital to the upper ocean ( < 1 km deep) while the 

bottom boundary may be vital to the deep ocean . The efficiency of near boundary 

processes in mixing the oceans is uncertain. Armi (1978) and Phillips et al. (1986) 

have indicated processes that can advect mixed water at a sloping boundary into 

the ocean interior; however the efficiency of mixing wit hin a turbulent wall bounded 

layer may be quite small . Garrett (1979) argues that t he strongest turbulence occurs 

within the bottom mixed layer and contributes negligible effective mixing in t he al­

ready diminished stratification. The near boundary mixing originating from internal 

waves reflecting (Eriksen 1985; Gilbert and Garrett 1989) and generating (Baines 

1982; Sjoberg and Stigebrandt 1992) from the bottom is not limi ted by t he problem 

of restratification in the bml. The enhanced t urbulence from internal wave breaking 

and shear occurs l 00's of meters above the bottom , which is well above t he typical 

lO 's of meters of the mixed layer. 

Armi (1 978), McDougall (1989) and Garrett (1991 ) discuss the hyp~thesis that 

strong mixing near the bottom boundary is equivalent to weaker m ixing throughout 

t he open ocean. McDougall (1989) has it in the form 

} , 4. 1•ef JA '+i =\ ; i (2 .40) 

where K b is the verti cal diffusivity near the boundary, Ab is the area of the enhanced 
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mixing near the boundary, I<t11 is the effective diffusivity that the boundary mixing 

produces in the ocean interior and Ai is the area of the ocean interior. This model 

(2.40) is true only where the vertical density gradient is horizontally uniform. What 

we really need to compare is the mass flux near the bottom boundary versus the 

m ass flux in the open ocean. This approach is used later in this t hesis to show the 

significance of mixing at Cobb and other seamounts for mixing the world's oceans. 
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Chapter 3 

Equipment and Data Processing 

3 .1 Measurement Positions 

Measurements with the FLY II free fall microst ru ct ure profiler were taken around 

Cobb Seamount between June 23 and June 30, 1992. This was part of a crui se 

to Cobb on the CSS Tully which left Victoria on June 22 and returned on July 1. 

There were three groups aboard. The Freeland and Dower group deployed three 

current meter moorings and 2 satellite tracked dr ifters, and performed CTD/rosette 

and zooplankton surveys. The Juniper and McBell group incubated samples from 

the CTD rosette. The Lueck group, of which I was a member , deployed an Acoustic 

Doppler Current Profiler (ADCP) and performed a microstructure surve}'.' with FLY 

II. 

With the microstructure survey, eight seri es of profiles were performed numbered 

from 0 to 7. Series 0 was a set of profiles, and shipboard tests . During one of the 

profiles the retrieval lin e became entangled with the bottom and the profiler stayed 

on the bottom for over 30 minutes. Series 1 involved only one profi le during which the 

retrieval line was entangled for over 2 hours. Series 2 suffered from radio transmission 

interference and winch problems. Kone of the profi les from t hese seri es have been 

converted to physical units. 

The first successfu l set of profiles \\·as series 3. T his was an attempt at a 24 hour 

time series on the eastern fl ank of the seamount (Fig. 3.3). After a number of success­

ful profiles above the bottom , a new retrieYal technique, referred to as the kiss and nm 

method, was developed that allowed profiling to the bottom with a reduced chan ce of 
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II II 
series 

3 4 5 6 II 
profiles 68 9 39 25 
start day 27 28 29 29 
start t ime 16:15 00:46 14:44 22:50 
series length [hour] 19.58 5.05 6.88 2.90 
transect dist ance [km] N/A N/A 13 .9 4.8 
mean time between profiles [min] 17.5 37 .9 10.9 7.2 
m edian t ime between profiles [min] 12.1 36 .6 11.2 8.1 
m ean distance between profiles [km] 0.71 0.76 N/A N/A 
median distance between profiles [km] 0.46 N/A N/A N/A 

Table 3.1 : Characteristics of each successfu l series. 

line entanglem ent. At the beginning of each profile a depth sounding was taken. Us­

ing the real t ime display of pressure from FLY II we determin ed when the instrument 

was 10- 20 m above the bottom and then began to retrieve the line, thereby reducing 

slack in the line, which reduced the chance of line entanglement. Some of our profiles 

using t his t echnique did not end at the bottom because the depth sounder det ermines 

the depth with some hori zontal averaging; hence, the water column through which 

the instrument fell was as much as ±20 m deeper. An equipment failure ended series 

3 after less then 20 hours. There were two breaks of over 1.5 hours, both were on 

June 28 at about 01:30 and 16:30 hours PDT. 

Series 4 coincided with a 12 hour CTD t ime series by the Freeland and Dower 

group (Fig. 3.4). Series 5 and 6 were transects of the seamount beginning at the 

pinnacle. Series 5 extended from the pinnacle to the southeast and series 6 ext ended 

from the pinnacle to the east (Fig. 3.5 ). All posit ions were measured by the Global 

Positioning System (GPS ) at the start of the profiles . The accuracy is cla,imed to b e 

±30 m , but Lueck (pers. comm.) has determined the rms fluctuations to be as large 

as 100 m. The currents advected FLY II. during its free-falL horizontally 10- 50% of 

the profile depth. 

Series 7, an attempt at followi ng tu rbulent patches , did not prove to be very 
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Figure 3.3: Positions of series 3 profiles. Solid line contours begin at 100 m and 
cont inue at 100 m intervals; dashed line contours begin at 150 m and continue at 100 
m intervals. 
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Figure 3.4: Positions of senes 4 profil es . Solid line contours begin at 100 m and 
continue at 100 m intervals; dashed line contours begin at 150 m an d cont inue at 100 
m intervals. 
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Figure 3.5: Positions of series 5 ( +) and 6 ( o) profiles. The contour lines are at every 
100 m where the minimum contour is 100 m. 

successful and no data from this series has been converted to physical units. Only 

series 3, 4, 5 and 6 have been processed and used in this thesis. These series are also 

respectively referred to as the 19 hour time series, the CTD t ime series, transect 1 

and transect 2. 

3.2 FLY II Profiler 

The FLY II (Fast Light Yo-yo) was designed as a microstructure free falling profiler 

that could land on the bottom (Dewey et al. 1987). It is able to simultaneously mea­

sure vertical gradients of the horizontal perturbation velocities, temperature, conduc­

tivity and pressure. vVith the probe guard installed, the instrument's nose mounted 

sensors profile to within 15 cm of the bottom. Unfortunately, the instrument proved 

to be prone to tangling with basalt columns or boulders on the bottom with its almost 

neutrally buoyant Kevlar™ retrieval line. 

For the June 1992 cruise at Cobb. FLY II was equipped with airfoil ceramic shear 

probes(~~), two fast response thermistors (T1 and T2), a SeaBird™ conductivity cell 
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Figure 3.6: T he FLY II free-falli ng mi crostruct ure profiler . This is t he same config­
urat ion as used duri ng the J une 1992 cru ise wit h t he exception of the brush , which 
was replaced wit h increased flotation (adapted from Dewey 1987). 
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II II>------3~ 4_ senes_5 -6 ~1~ 
fast 1 du du du du 

,Ii, ,I I --;,, T, 

fast 2 du T1 + a - 1 o/+ T -1 ·' T i .,. 
,II 1 + a 7, 1 + a - T, 

slow 1 fu d'J , 
d;,° fu 

ri/ ,// Ji 
slow 2 Battery Battery Battery Battery 
slow 3 T2 T2 T2 T2 
slow 4 p p p p 

slow 5 fu fu fu dl 
,// ,!f rlt T, 

slow 6 Ti ltl Tiltl Tiltl Tiltl 
slow 7 C C C C 
slow 8 Tilt2 Tilt2 Tilt2 Tilt2 

Table 3.2: Signals recorded on the fast and slow channels. 

(C), a pressure transducer (P) and two t ilt gauges. The T1 signal was not recorded 

as is but was instead added to its scaled time derivative. The reasons for this will 

become clear later in this chapter. The t ime derivative of T2 and the internal power 

supply ( alkaline c-cells) voltage were also recorded. Analog boards and analog to 

digital ( A/D ) electronics were contained within the pressure case. Sensor signals were 

digitized by a 12 bit A/ D converter with 2 fast channels , sampled at 1920/7 ~ 274 

samples per second , and 8 slow channels , sampled at 240 / 7 ~ 34 samples per second 

(Table 3.2). The A/D converter ranged from -2048 to 204 7 counts, which corresponds 

to voltage of -5 to + 5 volts . The digitized signals were transmitted in real t ime 

through conductors in t he retrieval line and logged by a personal computer (PC ) on 

deck. Data files were later transferred to magnetic tape as a permanent archive. 

3.3 Digital Signal Processing of FLY II Data 

In post-cruise processing the data fi les from t he successful series were demultiplexed 

and truncated before being converted to physical values. The data files were demul­

tiplexed on a P C and were then transferred to a UNIX based machine and converted 

to IEEE standard from the IBM P C standard. Poor quality data at the beginning 
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and end of the files were removed by truncating the files. Surface waves produced a 

pitching motion of the profiler that decayed away by 10 m. This motion contributed 

to the shear probe signals and had to be removed. Data collection was usually ended 

after the instrument hit the bottom or after the instrument was beginning to rise 

during its retrieval when no bottom hit occured. The time of a bottom hit could 

be approximately resolved with depth and tilt signals, but it was the shear probes 

that reacted the most swift ly and sharply to the impact. All data after the impact 

were removed. For the profiles where no impact occured, the first indication that the 

instrument was beginning to reduce its fall speed, due to retrieval, was taken as the 

end of the file and all remaining data were truncated. 

3.3.1 Pressure and Fall Speed 

The pressure transducer voltage signal ½ was recorded on one of the slow channels. 

It was converted to physical units by the calibration 

p AP+ Bp½ 

-63.0 to 368.2 m 

152.61 m 

43.11 m v- 1
. 

(3.41) 

The signal was then smoothed forwards and backwards with a Buttenyorth filter 

which had a 1/4 Hz cutoff frequency. This ensured that no phase lag was created 

during the filtering process. The smoothing was necessary to produce a fall speed that 

was not contaminated by the high frequency noise of the original pressure signal. The 

fall speed was calculated by taking the first difference of the smooth pressure signal 

and dividing by the sampling time for a slow channel (Ts = 0.0292 s). 
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3.3.2 Low Resolution Temperature and Temperature Gradient 

FLY II was equipped throughout the experi ment with one FP07 fast response ther­

m istor in its nose. The signal voltage for thi s t hermistor ½ was record ed on one of 

the slow channels. The calibration was 

T2 A1 + B1 Vi + Ci \1t2 + D1 v/ (3.42) 

Range -2.42 to 27.90 °C 

,4t 14.5589 °C 

Bt 2.68429 °C v- 1 

Ct 0.0241041 °C v- 2 

Dt -0.00546280 °c v-3
. 

The signal was differentiated by analog circuit s before the A/ D conversion. Two 

of the slow channels were fi lled with the temperature derivat ive voltage signal V~ 
dt 

which was converted to temperature gradient with 

dT2 v~ (Bt + 2C1 ½ + 3Dt v? ) 
(3 .43) dt 

dz GW 

Range -56 .4 to 56.4 °C m - 1 

G 0.19 s, 

where W is the fa ll speed and G is the gain of the differentiator circuit. 

3.3.3 Conductivity and Salinity 

The signal from t he SeaBird™ conductivi ty cell was converted from a frequency 

signal into a vo ltage Ve. The calibration for conductivity ratio was 

C 

Rang e 0. :3.509 to 1. 2405 

0. 7289-52 

(3.44) 
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Be 0.0893144 v- 1 

Cc 0.00266985 v-2 

De -0.0000145388 y-3 

The conductivity ratio , temperature and pressure were converted to salinity using the 

Lewis and Perkin (1981) method. 

Salinity, the total amount of solids in grams contains in one kilogram of water 

when all the carbonate has been converted to oxide, the bromine and iodine replaced 

by chlorine and all organics oxidized, is measured indirectly with conductivity, tem­

perature and pressure. This empirically determined practical salinity has a precision 

of ±0.003 psu (practical salinity units). Salinity spiking was initially a serious prob­

lem (Fig. 3.7). Short term anomalous spikes of over 0.2 psu occured and longer term 

problems produced anomalous non-monotonic salinity profiles. The temperature sig­

nal was processed for the mismatch between the temperature and conductivity signals, 

which was the cause of the spiking. Three different lags in the conductivity signal 

created the mismatch, two were short term lags and one was a long term lag. 

The simplest of the short term time lags was primarily due to the placement of 

the conductivity cell 15 cm downstream of the thermometer. The correction of the 

lag produced a temperature 

(3.45) 

where n is the sample number and the subscript 2 indicates that this is the tempera­

ture signal recorded in one of the slow channels (Table 3.2) . The result (Fig. 3. 7) was 

the reduction of some of the short term spiking. The other short term lag was discov­

ered when the transfer function from temperature to conductivity was calculated for 

the isohaline region above 100 m. In t his region changes in conductivity were almost 

entirely due to changes in temperature: hence the transfer function should have been 

flat if there was no mismatch between the two signals. However , the transfer function 
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Figure 3. 7: Profiles of salinity after various levels of temperature correction . The 
labeled profiles had: (0) no correction, (1) a lag of 24 units, (2) a lag of 24 units and 
the Butterworth filter, and (3) a lag of 24 units, the Butterworth filter, and thermal 
inertia correction. 

was not flat but was similar to a first order Butterworth with cutoff frequency of 

Jc= 0.52 Hz . The relative reduction in the frequency response of conductivity was a 

result of the spatial averaging between the electrodes in the cell and boundary layer 

effects within the cell. A digital Butterworth filter with this cutoff frequency was ap­

plied to the temperature signal. With the two short term corrections applied to the 

temperature signal, all of the short term spiking was removed (Fig. 3. 7). The second 

correction also reduced quantization noise, as can be seen between 90 and 95 m. The 

corrections did not remove a longer term mismatch that implied the water column 

was unstable in salinity at some depths. 

A long-term lag in the conductivity signal, due to the thermal capacity of the 

SeaBird™ conductivity cell, was reported and corrected by Lueck (1990) and Lueck 

and Picklo (1990). They modified the conductivity signal to reduce the signal mis­

match. Unfortunately, the method required prior knowledge of the temperature co­

efficient of conductivity and a temperature signal corrected for short-term mismatch 

as well as the conductivity signal. Further ,rnrk by Morison et al. (1994) was merely 



Chapter 3. Equipment and Data Processing 33 

a change in Lueck's algorithm. They modified the temperature signal rather than 

the conductivity signal. This method is simpler because it does not require any prior 

knowledge of the temperature coefficient of conductivity and requires no knowledge 

of the conductivity signal. The velocity dependent filter they applied is 

(3.46) 

where 

4fNaT 
(3.47) a 

1 + 4fNT ' 

b 
2a 

(3.48) 1 - -
' a 

0.1018 
(3.49) a 

W - 0.0256' 
6.7856 

(3.50) T = JW + 4.4015' 

T{3 is the temperature corrected for the thermal inertial effect, T{ 2 is the temperature 

corrected for the two short term lags, f N is the Nyquist frequency and W is the fall 

speed. Removing the two short term lags and one long term lag resulted in a dramatic 

reduction in the salinity spiking (Fig. 3. 7). 

3 .4 E nhanced Temperature 

The digital temperature signal that was produced with the FP07 thermistor discussed 

in section 3.3.2 had insufficient resolution for some applications. We considered that 

if the signal spanned the full oceanic temperature range then it would not have suffi­

cient resolution to determine the temperature changes in the bottom boundary layer 

nor was it useful in determining Thorpe scaling where overturns were small or in 

regions of low temperature gradient; hmvever the original analog temperature signal 

did have sufficient resolution for our needs. The reduction in temperature resolution 

was the result of digitization, which created quantization noise, the difference be­

tween an analog signal and its digitized signal. For series 4~6, one of the two shear 
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Figure 3.8: Spectra of 30 s of quiescent data; pre-emphasized digital signal ( upper 
solid curve) and its quantization noise spectrum (upper dashed line); enhanced digita l 
signal (lower solid curve) and its quantization noise spectrum (sloping dashed line). 

probes mounted in FLY II 's nose was removed and was replaced with a second FP07 

thermistor. By adding a special analog circuit to F LY II to pre-emphasize the ana­

log signal from thi s second thermistor , we reduced the effects of quantization noise 

and , thereby, created a higher resolution digital tem perature signal. This follows the 

m ethod of Mudge and Lueck (1994) of combining an oceani c signal plus its scaled 

time derivati ve to produce a pre-emph asized signal before digi t izat ion. The combined 

digital signal is then deconvolved into an enhanced digital oceani c signal with a dig­

ital filter. The method is simple to apply, numerically effi cient and very effect ive in 

reducing quanti zat ion noi se and increasing signal resolution. 

The spectrum of the noise (Fig. 3.8) in the enh anced digital signal is 

(3.51 ) 

where [2 is the angu lar frequency, the gain of the differenti ator is a- 1 = 0. 50 s 

and <I>, the spectrum of the quanti zation noise of the pre-emphasized digital signal, 

is a constant. If the scaled time deri,·ati,·e had not been added to the the analog 

temperature signal , the spectrum of the noi e in the digital signal would have been 

<I>. Hence, the enhanced signal has the same noise level as an unenhanced signal for 
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Figure 3.9: A 50 m segment of temperature off the seamount from transect 1. This 
section is turbulent and had a mean vertical gradient of less than 1 m°C m-1

. The 
solid horizontal line indicates the size of a bit prior to pre-emphasis. 

D <t: a while at all higher frequencies there is considerable reduction in the noise , 

with the greatest reduction at the highest frequencies. 

The spectra of the pre-emphasized digital signal shows the pre-emphasized ana­

log signal dominates quantization noise over the entire resolvable frequency band 

(Fig. 3.8). Therefore, the enhanced digital signal is a good approximation of the 

original analog temperature signal for all frequencies. From Fig. 3.8 it is clear that 

without the pre-emphasis the original signal would have been dominated by noise for 

all frequencies above 1 Hz. By pre-emphasis we have increased the useful frequency 

band of our temperature signal to the limit where the signal may be interpreted as 

temperature. There is attenuation of the temperature signal above 20 Hz due to 

the thermistor and above 50 Hz there is significant attenuation due to the analog 

electronics. Therefore, it is unrealistic to consider improvement in the signal to noise 

ratio above 50 Hz. At 50 Hz the imprO\·ement in resolution of the signal was about 

160. Hence, pre-emphasis has raised the resolution from 9.5 m°C to 60 µ°C at 50 Hz. 

The increase in resolution allows us to produce Thorpe scaling for turbulent patches 
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with a small mean temperature gradient, such as t he 50 m patch in Fig. 3.9. Many 

of the overturns in the 50 m section would be unresolvable if the t emperature signal 

was not enhanced. 

The overall improvement in variance of the signal by the pre-emphasis is 

a2 
e 

a2 

7i Cl' 

2 n.v (3.52) 

where CT; and a 2 are the variances of the quantization noise in the enhanced and pre­

emphasized digi tal signals, while D. N is the Nyquist frequency of the digital signal. 

The overall reduct ion in variance in t he signal was 162 and if we ignore _data above 

50 Hz the reduct ion was 102
. 

3.5 E as Determined by Microstruct ure Shear 

3.5.1 Removal of Anomalous Signals in Microstructure Shear 

Microstructure shea r, and thereby the rate of di ssipat ion of TKE E, was among the 

most difficult physical values to determine. The initi al processing of t he microstruc­

ture shear involved removal of anomalous sp ikes and periods of high variance that 

were unrelated to oceanic turbulence. 

Spiking in the shear signal is suspected to be primarily due to particle hits on th e 

probes. Spiking and its possible sources are more completely discussed in chapter 

8. Other anomalous shear signals were probably the result of guard hits of larger 

objects, fish wakes, or objects that vibrate. such as jellyfi sh , attaching to the profiler. 

All of t hese anomalous signals increase t he power of the shear sign al in the band 

of frequencies that a re of interest; hence these anomalous signals can significantly 

contribute to the variance of the shear and bias the estimated dissipation rates. 

Identifi cat ion and removal of anomalous signals was performed interact ively. un­

processed signal from a shear probe \\·as plotted in 2000-point sect ions a long with 

temperature grad ient for the section and. when available, the shear signal from the 
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Figure 3.10: Vertically integrated microstructure shear. 

other probe. By comparing the three signals and by finding very short sections of 

signal with anomalously high variance, spikes were identified. Each spike plus 10 

points on both sides of the spike were removed and replaced by the mean of the 20 

points surrounding the removed section (Fig. 8.46). 

Once spikes were removed, the shear signal was filtered to remove regions of the 

frequency band that were biased by movement and vibration of the profiler. The 

guard on FLY II was wrapped with nylon line to reduce von Karman vortex shedding, 

which proved to be a major noise source. The wrapping was recognized by Dewey 

(1987) to reduce significantly the approximate 30 Hz vibration and overtones of the 

vortex shedding, however it created a torque on the profiler that caused it to spin 

in one direction as it fell. Most of this torque was removed by wrapping the guard 

in both directions. This still leaves some torque on t he profiler as can be observed 

in Fig. 3.10. There is periodic reversal of the velocity with a length scale of 15 m 

which is probably due t o rotation of the instrument. To remove t his effect, the shear 

series was high pas~ed filtered in one direction by a second-order Butterworth filter 
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Figure 3.11 : Power density spectrum of mi crostructure shear. From 0- 40 Hz t he 
spectrum is dominated by turbulence. From 40- 70 Hz t he spectrum is dominated 
by three large spikes that are due to body vibrations. Above 70 Hz the spectrum is 
dominated by white noi se due primarily to quantization. The dissipation rate for the 
data is 1.4 x 10-7 W kg- 1 . 

with a 0.5 Hz half power cutoff frequency. Vibrations in the profiler were observed 

at higher frequencies, primarily around 60 Hz (Fig. 3.11) . The main pressure case 

is suspected to have a vibrational oscillation at 64 Hz (Crawford pers. comm.) . 

The lower frequency vibrat ions are probably the result of the guard on t he FLY II. 

Removal of most of these signals was accomplished by a ninth order elliptical filter 

wit h a 50 Hz cutoff frequency. This does not dramatically bias most of our results for 

di ssipation. At 50 Hz and a fall speed of .5 m s- 1 the probe resolves only 20% of the 

power density of the shear. If the dissipation rate is ~ 10-5 W kg-1
, then over 95% 

of the variance of the shear is due to turbulence below 50 Hz. The percentage is even 

higher for lower dissipat ion rates. If needed, the bias can be corrected for di ssipation 

rates > 10-6 VV kg-1 . 
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The despiked and filtered shear probe signal was t hen converted to vertical shear of 

u, a horizontal component of the fluctuating velocity field; 

OU 
oz 

1 OU 
wot (3.53) 

where Vo is the differentiated voltage of the shear probe, G is the gain in the dif­

ferentiator, S is the sensitivity of the shear probe, and W is the fall speed of the 

instrument. 

The total rate of dissipation is 

1 ( oui OUj) 
2 

t: = -v -+-
2 OXj OXi ' 

(3.54) 

where v is the kinematic viscosity, repeated indices indicate summation and the over­

bar implies a spatial average (Tennekes and Lumley 1972). A shear probe senses 

only one component ( u) of t he fluctuating velocity field, and u varies in both space 

and time. The probe must traverse a turbulent field with a speed (W) large enough 

( u ~ W) that we can assume the frozen-turbulence approximation and take our 

average for (3.54) as a spatial average (Tennekes and Lumley 1972). For isotropic 

turbulence (Oakey 1982) 

(
Oui 0Uj )

2 

_ (ou) 2 

-+- -15 -
OXj O X i oz ' (3.55) 

thus under ideal circumstances for a continuous-time signal 

, = 7 5v ( :: ) 
2 

= 7 5v f </>(f)df, (3.56) 

where <I>(f) is the power density spectrum of the microstructure shear as resolved 

in frequency space f which has a corresponding cyclic wavenumber k = f /W. The 

rate of dissipation is calculated in W kg- 1
. For oceanic turbulence it is not necessary 

to integrate the power density from O to x . From the empirical universal spectrum 
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determined by Nasmyth (1970), of which Oakey (1982) publi sl1cd 15 data points, over 

95% of the variance of the microstructure shear comes from the band 0.0039- 0.12 in 

normalized wavenumber space kj ks, where 

(3.57) 

is the Kolmogorov wavenumber. For t he case of <: = 10-5 vV kg- 1
, W = ·0.56 m s- 1 

a nd ks = 796 m- 1
, the integration limits in frequency space are 1.7 and 53.5 Hz, 

which is approximately the frequency band unaffected by filt e ring. 

There are two methods of determining the variance of microstructure shear as 

suggested by (3.56), either a spatial average (Yamazaki and Lueck 1990) or the clas­

sical approach of spectral integration (Osborn 1974). The spat ial average technique 

provides a higher spatial resolution but suffers from a poorer dissipation resolution 

than the spectral integration technique. I will first ex plain the technique of spectral 

integration and then I will develop the technique of spatial average. 

The first technique for determining the variance of the shear signal was by the 

summation of the shear signal's power spectrum est imate <P ;. The shear series was 

divided into sections of J\1 = 1024 points, with a spatial scale of;::::; 2 m. A spectrum 

<.P ; was determined over each section by one periodogram using a Hanning window. 

The ith component of the power spectrum <Pi has a corresponding frequency 

(3.58) 

where f N is the Nyquist frequency. Hence . the corresponding cyclic wavenumber is 

The spectrum was smoot hed by a running mean with a 5-point window and was 

then corrected for the roll-off response at high frequencies for the Osborn type shear 

probes. The correction developed by :'\innis (1984) is 

(f) (f )2 (f )3 T; = 1.000 - 0.164 ~ - 4.537 ~ + 5.503 ~ 
ko ko ko (

f )4 
- 1.804 k~ (3.59) 
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where ko = 1.7 x 102 m- 1 is the zero response cycli cal wavenumber for Osborn type 

shear probes. The corrected spectrum is then 

(3.60) 

For a continuous shear signal , the vari ance can be est imated by integrat ing part 

of t he spectrum 

(3.61) 

Assuming the spect rum follows the universal spectrum, the limit J can be chosen 

such that a; is 85% of th e total variance. Unfortunately, to determine J exactly 

requires prior knowledge of the total variance . 

For the discrete signal , estimating J and , hence, u2 is reasonably simple. A series 

of cumulative sums of the smoothed and corrected spect rum was determined 

(3.62) 

from which I estimated dissipation rate seri es 

(3 .63) 

and partial Kolmogorov wave number series 

k . _ (c· - 3)1/4 
SJ - LJ V . (3.64) 

The point where k_i/ ks j ~ 0.075 was found. The cumulative sum of the spectrum 

at this point resolved 85% of the total variance, ass uming that t he spect rum follows 

Nasmyth's universal spectrum; however our est imate of k sj was about 95 % of its true 

value, which produced an underest imation of the total varian ce of a few percent. Thi s 

error has been ignored. Where kj/ k sj ::::::; 0.075 was t rue for k1 < 10 cpm , the end 

point of the sum of <I> f was taken at X·j ::::::; 10 cpm. If kj / k sj ::::::; 0.075 was true for 

Ji > 50 Hz, the cutoff frequency of the ellip ical filter , t hen t he end point was taken 
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at Ji ~ 50 Hz. By performing a spline fit to Nasmyt h's universal spectrum for the 

value of kj/ ks j used as the end point of the integration, I determined the fraction Fu 

of the total variance integrated. The spectral est imate for the di ss ipation rate is then 

(3 .65) 

where J is now the end point for the summation. The minimum resolvable dissipation 

rate that was poss ible with this spectral technique was ~ 10-9 W kg- 1 . 

T l1 e second method for determining the di ss irati o11 rate is a sratial average 

(au) 2 

E = 7.5v OZ , (3.66) 

whi ch is outlined by Yamazaki and Lueck (1 990). Th e method 's greatest advantage 

is the high spatial resolution that is possible. While t he di ssipation rates estimated 

over a small scale are statistically uncertain , the log-normal nature of E implies there 

may be severe underes timations but relatively small overestimations. The method 's 

greatest disadvantage is a result of the variance being determined from all frequencies 

of the power density spectrum, including those which are dominated by noise. This 

leads to a high estimate of the dissipation when the dissipation rate is sm all ( E < 

10-3 W kg- 1
) because spectral components dominated by noise are included in t he 

estim ates. For moderate values of dissipat ion (10-8 \A/ kg- 1 < E < 10-6 VI/ kg- 1
) the 

technique suffers little from the bias created by noi se or from the limited frequency 

band (0.5- 50 Hz) of the filtered shear signal. 

When the di ss ipation rate is large ( E > 10-6 W kg- 1
) less than 95% of the varian ce 

of microstructure shear is in the frequency band 0. 5- 50 Hz. Much of the spectrum 

of th e shear is within t he band where there is significant roll-off response due to the 

Osborn type shear probes. This produce a low estimate of the di ssipation rate. Us­

ing the inverse of the correction proposed by Ninnis (1984) on Nasmyth's universal 

spectrum, the response of an Osborn type shear probe to a turbulence fi eld with vari­

ous dissipat ion rates was determined. Estimates of th e \'ariance of the microstructure 
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shear in the band 0~50 Hz from the modified universal spectrum were determined for 

the various dissipation rates. These variance estimates were then used to determine 

the underestimated dissipation rates that were due to the roll-off response of the 

shear probe and the filtering of the shear signal. An interpolation of the relationship 

between the true di ssipation and the underestimated dissipat ion rates was then used 

to correct the measured dissipation. The minimum resolvable dissipation rate using 

the spatial averaging technique was approximately 3~4 times larger than was possible 

with the spectral technique; however the spatial scale of the dissipation rates was 20 

times smaller by using the spatial averaging technique. 

The estimate of dissipation rate can be broken down into 5 steps; 1) despiking 

of microstructure shear, 2) band pass filtering of shear, 3) spectral estimation and 

Ninnis correction, 4) spectral integration and 5) variance adjustment (extrapolation). 

The error in dissipation rate estimates is in general ± 50% (Oakey 1982). The primary 

error sources are; the assumption of isotropy (Yamazaki 1990), the measurement of 

fall speed c~ 20% error in E), the calibration of shear probe ( ~ 10% error in E), 

the temperature dependence of shear probe sensitivity ( ~ 20% error in E) and the 

assumption of the spectral shape of the shear signal. 

3.6 Length Scales and Decay Time of Turbulence 

In the study of turbulence, a number of length scales have been derived. Some are 

related to the mean scale of overturns in turbulent patches. A common length scale 

that was developed through mixing-length models is the Ozmidov scale 

( 

E ) 1/2 

lo= JV3 ' (3.67) 

where N is the buoyancy frequency, is proposed to be proportional to the height of the 

largest eddy that is unaffected by buoyancy in stratified, turbulent shear flow (Dillon 

1982). A vertical scale of eddies Zr determined from high-resolution temperature 

signals was proposed by Thorpe (197, ) to be proportional to l0 . 
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Figure 3.12: Thorpe displacement for a region of strong turbulence and no intrusions. 

The Thorpe scale lr is ideally determined from a density profile Pi . The density 

profile is sorted into a monotonic sequence Pn that represents a stably stratified water 

column. The distance each water parcel is moved, the Thorpe displacement, is 

(3 .68) 

where Zi and Zn are the depth of the corresponding Pi and Pn · The Thorpe scale is 

then defined as 

l = (d2)1 /2 T i , (3.69) 

where the overbar indicates an appropriate average. The choice of an appropriate 

average will be discussed in chapter 9. 

The resolution of density measurements is generally insufficient to resolve Thorpe 

displacements. Only the largest overturns(> 10 m) can be resolved from the density 

records taken at Cobb. For smaller owrturns, high resolution temperature signals 

must be used instead. This works only where there is a monotonic relationship 

between temperature and density. In reg10ns of intrusions, lr as determined from 
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Figure 3.13: Thorpe scale for the same profile as Fig. 3.12, as determined by a 20 m 
runnmg average. 

the temperature record is overestimated. For my estimates of Thorpe displacement I 

found 

(3. 70) 

was less noisy than (3.68). If there were no motions on any scale but the largest, then 

(3.68) and (3. 70) are mirror images of each other. It is the small scale turbulence that 

causes the Thorpe displacement to be noisier in the reference frame of the turbulent 

unsorted temperature (3 .68). Ideally, the Thorpe scales derived from (3.68) and 

(3. 70) should be equivalent with appropriate averaging. When averaged over an 

entire disturbance, such as the one between 80 and 100 m in Fig. 3.12, the Thorpe 

scales are virtually identical. 

By comparing the length scales l0 and lr , an estimate has been made for the decay 

time scale of turbulence ( Crawford 1986). The Ozmidov scale is dependent upon the 

rate of dissipation while the Thorpe scale depends on the available potential energy 

(APE) of the water column. Assuming that t he APE is related to the kinetic energy 
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KE of the turbulent patches as KE = 3 APE, t he decay t ime of turbulent kinetic 

energy is approximately 

3APE 

E 

This leads to a dimensionless time scale 

l. 5(lo / lr )2 

N 
(3 .71 ) 

(3. 72) 

T he ratio of t he Ozmidov and Thorpe scales for the ocean range from 0.8 (Dillon 

1982) to 0.66 ± 0.27 ( Crawford 1986) . The related dimensionless decay scales are 0.37 

and 0.49 respectively. My calculations assume Tc = 0. 5, giving perhaps an overes­

t imated decay t ime; hence derivations completed later in this thesis of t he distance 

turbulent patches can advect away from the source of turbulence before they decay to 

a background level or before they become undetectable may be overestimated. The 

overestimation is unimportant for my results . 
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Chapter 4 

Background Observations 

Cobb Seamount has been studied for answers to the biological and physical effects 

of a shallow seamount. Questions of biomass, biological productivity, mean currents , 

isopycnal doming and internal waves have been addressed by Dower (1994), Freeland 

(1994), and Eriksen and Codiga (pers. comm.). Was the high biomass and pro­

ductivity at Cobb associated with some physical process of the mean currents and 

isopycnal doming? Were there other important physical processes that determined 

the biological and hydrographic conditions around Cobb? 

4.1 Mean Circulation 

From the mean current measurement , Freeland (1994) shows the presence of an anti­

cyclonic Taylor cap over Cobb Seamount. Current meter moorings were deployed 

by Freeland during three summer cruises to Cobb (1990, 1991, 1992). All moorings 

had identical arrangements, with lnterOcean current meters at 3, 10 and 50 m from 

the bottom. The current meters on the individual mooring were arranged to be in 

the bottom boundary layer, near the top of the bottom boundary layer and at mid­

depths. All mean currents 50 m above the bottom follow isobaths. Progressive vector 

diagrams of the currents show rectilinear motion with only small reversal due to tides. 

Shipboard ADCP surveys of Freeland (1994) during 1990 and 1992 show recircu­

lation ( closed streamlines) over Cobb . Anti-cyclonic motion begins at ~so m depth 

and complete recirculation is evident by 120 m. Hence, the Taylor cap extends to 

within 100 m of the surface. Dower (1994) has supporting evidence of isopycnal 
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doming but finds that the doming occurs 10- 30 km away from the summit, on the 

leeward side. This does not correspond with Freeland 's observation of recirculation 

over the seamount. A hydrographic transect of Cobb by Eriksen and Codiga (pers. 

comm.) shows large scale variations due to internal waves and no obvious isopycnal 

doming. Only by comparing two ensemble averages of profiles over the seamount and 

off the seamount was isopycnal doming found. Hence, Dower's observations over the 

seamount are probably aliased by internal waves, and true doming was not resolved. 

Freeland (1994) indicates there is consistent counter-clockwise veering of the mean 

current at 3 m versus that at 50 m. This is attributed to a mean downslope Ekman 

pumping that is expected for an anti-cyclonic Taylor cap over the seamount. Freeland 

determined the radially outward flow to be approximately 3 cm s-1
, requiring a return 

flow at mid-depth of 0.2-0.4 cm s-1
. Some debate over the depth of the return flow 

has occurred: Greg Holloway (pers. comm.) has suggested that the return flow may 

occur below the Ekman layer and not above it. The flow would be up small canyons 

of the seamount where the canyons walls support the pressure gradient required for a 

geostrophically balanced flow. Holloway points out that if the return flow was above 

the Ekman layer and was geostrophically balanced, the mean pressure gradient around 

a horizontal circle centered at the seamount would be non-zero and the pressure would 

be multi-valued. He also cites the presence of a thin, cold, bottom mixed layer over 

the seamount (to be shown later). However , the mid-depth return flow need not 

be geostrophically balanced. The Coriolis forces perpendicular to the ~eturn flow 

decelerates the anti-cyclonic flow over the seamount by the process of spin-down 

( Garrett et al. 1993). Hence, there is no requirement of isopycnal tilting to balance 

the Coriolis forces. The presence of the cold bml may be easily explained by internal 

waves that are observed both in the current meter and CTD records. Holloway's idea 

of return flow in thin, narrow layers below the Ekman layer requires certain conditions 
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of the flow that would be difficult to satisfy. This canyon flow returns through a cross­

sectional area that is much smaller than that of the Ekman layer but the volume flux 

in both must be identical. Therefore, the speed of the return flow must be larger than 

the flow in the Ekman layer. I estimate that the canyon flow would have to be greater 

than 30 cm s- 1
. The canyon flow goes upslope , thereby working against gravitational 

forces. To generate the fast canyon flow against gravitational forces requires a large 

pressure gradient but there is no obvious source for this pressure gradient . A mid­

depth return flow is 100 times slower and can follow isopycnals, thereby requiring a 

smaller pressure gradient. 

Two satellite-tracked drogued-drifters were deployed over Cobb during the 1990 

and 1992 cruises by Freeland (1994). They indicated the mean current in the region of 

Cobb is 10-12 cm s- 1 . During the 1990 and 1992 cruises the current was in eastward 

and south-eastward directions respectively. 

4.2 Internal Waves 

The current meters deployed during the 1992 cruise show an energetic internal wave 

field. The moorings were deployed in a line east of the pinnacle. Moorings Ml, M2 and 

M3 were placed over the flat top of the seamount, near the rim of the seamount and on 

the flank of the seamount. They were anchored at the 153, 200, and 350 m isobaths. 

Freeland (p ers. comm.) indicates that the kinetic energy of the internal wave field 

is greatest near the bottom of mooring M2 (Table 4.3). The energy of the internal 

II Height II Ml I M2 I M3 II 
50 m 51.2 50.8 35.8 
10m 63.1 113.9 13.8 
3m 50.6 101. 7 13.6 

Table 4.3: Fluctuation kinetic energies of currents with periods less than 20 hours for 
the 1992 cruise (Freeland pers. comm. ). The values are in cm2 s- 2

• 

waves below the rim (M3) takes a maximum at the 50 m current meter. I propose 
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Figure 4.14: Along isobath flow on the flat top of Cobb, 3 m above the bottom. The 
filled curve is for flow to the SE. The series began June 23, 1992 at 14:59. 

that this is the result of internal waves from the rim traveling radially out~ards with 

a slight downward inclination. Freeland also notes the spectra of the 3 m current 

meter on M2 has large deviations from the Garrett-Munk (GM) spectrum, showing 

increased energy in the internal wave field, especially at the semi-diurnal internal tidal 

frequency. Hence, Freeland concludes that there is significant amplification of internal 

waves near the rim of Cobb . Dower (1994), from two time series of isopycnals, one on 

the eastern side of Cobb and the other 25 km north of the seamount, found internal 

waves were more energetic near the seamount. 

My examination of the data collected by Freeland gives a clue to the structure 

of the bottom boundary layer at Cobb. Currents are shown from the 3 m high 

current meter from mooring Ml. It was positioned on the flat top of the seamount, 

2 km east of the pinnacle. The along-isobath flow (Fig. 4.14) has strong diurnal and 

semi-diurnal components but shows little reversal. Freeland found the semi-diurnal 

component of flow is more energetic at 3 m than at 50 m, showing the presence of an 

energetic internal wave with a near semi-diurnal period . The cross-isobath (Fig . 4.15) 
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Figure 4.15: Cross isobath flow on the flat top of Cobb, 3 m above the bottom. The 
filled curve is for flow upslope. The series began June 23, 1992 at 14:59. 

is dominated by flows occuring at periods of a few hours and not by the diurnal and 

semi-diurnal components. The flow implies there may be a strong dependence of 

vertical motion along the boundary on high frequency internal waves. 

The temperature gradient in the bottom boundary layer as determined from Free­

land 's data shows variations in the bottom mixed layer at both tidal and higher 

frequencies (Fig. 4.16). The normalized temperature gradient is the temperature dif­

ference between the current meters at 10 m and 3 m on Ml divided by 7 m and by 

the average temperature gradient from t he far field of transect 1 at approximately 

the same isotherm as sampled by the current meters. The normalized temperature 

gradient correlates well with the diurnal component of the along isobath flow. A 

stronger flow produces a smaller temperature gradient and thereby a thicker bml. 

This is related to the stronger flow generating more turbulent mixing and downslope 

Ekman flow, both create thicker bottom mixed layers. The temperature gradient, 

when the diurnal component of the along isobath flow is small, becomes quite high 
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Figure 4.16: A t ime series of vertical temperature gradient, as determined from the 
bottom two current meters of Ml , that is normalized by the far field temperature 
gradient. The filled curve is for gradients larger t han the norm. The time series is 
from June 28~29, 1992. 

( over 6 times above the far field value). Short period variations are perhaps the re­

sult of internal waves. The stratification in one case goes from 6 times far field value 

to no stratification in less than an hour. Based on the above, the diurnal tide and 

higher frequency flows dominate the mean flow in determining bbl structure. Profiles 

in the bottom boundary layer that show rapid variations in bml height with times of 

extremely high temperature gradient can therefore be expected. 

4.3 Biological Implications of Cobb Seamount 

Dower (1994) has found high concentrations of both phytoplankton and zooplank­

ton over the seamount. He finds that high phytoplankton concentrations are due 

to the effects of phytoplankton uplift by doming of isopycnals over the seamount as 

the phytoplankton are advected by the mean current; thus bringing the phytoplank­

ton into a shallower depths with improwd light conditions. The high zooplankton 
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Figure 4.17: Salinity (dots), temperature (decreasing with depth), and density (in­
creasing with depth) for one profile from the eastern flank of the seamount. All 
parameters are averaged into 1 m bins. 

concentrations are the result of t he high phytoplankton productivity. 

4.4 CTD Results 

The typical structure of the water column around Cobb during the cruise can be seen 

from one of the profiles taken off the seamount 's eastern flank by FLY II (Fig. 4.17). 

Between O and 50 m is the seasonal pycnocline and between 100 and 200 m is the 

permanent pycnocline (Fig. 4.18). Abo,·e 100 m the water is relatively {sohaline in 

comparison to the rest of t he profile. There were no strong wind events during the 

cruise; therefore the structure of the ,rnter column stayed relatively constant for all 
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Figure 4.18: The far field buoyancy frequency, N, as determined from an average of 
the last 20 profiles from the first transect and a 20 m running average. 
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profiles. 
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The decay time scale of turbulence is dependent upon the buoyancy frequency. 

Taking Tc as given in (3. 72) equal to 0.5 , the e-folding time scale rd will probably 

be overestimated. The e-folding time scale ranges from a minimum of 4 minutes to 

a maximum of 18 minutes for the cruise (Fig. 4.19). For example, if a patch were 

to be advected by the mean current of 10 cm s- 1 over a distance of 1 km , then the 

turbulent patch would e-fold between 9 to 42 times depending on the depth of the 

patch. This implies that turbulent patches advect a short distance ( < 1 km) from 

where they were generated before decaying to a background level. 
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Chapter 5 

Transects 

During the 1992 cruise we performed two t ransects of the seamount with the m1-

crostructure instrument FLY II. These allow us to address a number of questions: 

• Do isopycnals dome over the seamount? 

• Is turbulence around Cobb primarily generated by the mean flow or internal 

waves'? 

• Is there enhanced turbulence associated with the rim of the seamount where 

enhanced internal wave energy was observed by Freeland? 

• Is there enhanced mixing at Cobb and how significant is it? 

5.1 lsopycnal Surfaces 

Isopycnal doming is not evident in either of the transects (figures 5.20 and 5.21 ). The 

complete lack of a large scale trend in the isopycnals is the most prominent feature 

of both plots. From transect 1 the 24.8 kg m-3 isopycnal at the depth of 50 m has no 

mean change in height from near the pinnacle to over 13 km away. The 25.0 kg m-3 

isopycnal is lowest near the seamount, while the 26 .5 m-3 isopycnal rises near the 

seamount up to 30 mover its far field depth. In the second transect , isopycnals above 

50 m all dome over the pinnacle, but this is a very small scale effect, less than 1 km 

hori zontally from the pinnacle. 

The lack of obvious large scale trends is due to the dominance of internal waves. 

Motions near the bottom, especially near the pinnacle, have a very small horizontal 
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Figure 5.20: Constant r7T surfaces for the first transect. The ticks on the upper x-axis 
indicate profile positions. The isopycnals are set 0. 1 kg m-3 apart, with isopycnals 
of 25 and 26 kg m-3 marked. The bottom depth is indicated by the solid line at the 
left of the plot. 
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Figure 5.21: Constant r7T surfaces for the second transect. The ticks on the upper 
x-axis indicates profile positions. The isopycnals are set 0.1 kg m-3 apart , with 
isopycnals of 25 and 26 kg m-3 marked . 
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scale ( < 1 km) but they correspond to vertical displacements of isopycnals of over 

20 m. Motions away from the pinnacle are on a larger horizontal scale ( 1- 4 km), with 

some vertical displacements over 15 m. In the far field there is little isopycnal motion. 

Without proper time averages of density profiles over t he seamount internal wave 

motions will bias large scale isopycnal displacements that are the result of circulat ion 

over the seamount. The t ime averages would have to be equal to or greate·r than 12.5 

hours to remove the effect of the strong semi-diurnal internal wave signal observed 

by Freeland (pers. comm.). 

The effects of internal waves on isopycnals within the bbl and the structure of 

the bml, are extraordinary. There is a complete lack of a consistent structure for t he 

entire bml. In transect 1 isopycnals 24.9 and 26.3 kg m-3 show a local decrease in 

the density of the bbl relative to the far field, while isopycnals 25.1 and 26.5 kg m-3 

show local increases in density. Some areas of the bbl have isopycnal spreading wit h 

surrounding regions of convergent isopycnals . Some examples are at 110, 150 and 

180 m. These correspond to areas of thick bml surrounded by areas of thin bml. 

High frequency internal waves during a t ime of small along-isobath flow are likely 

sources of this structure. Transect 2 shows a similar effect of internal waves in t he 

bbl. 

These transects are not snap shots of the isopycnals as the measurements were not 

synoptic. The time for the completion was 7 hours for the first transect and 3 hours 

for the second. Given the low period internal waves observed in the current meter 

measurements and isopycnal motions by Dower ( 1994), we are unable to differentiate 

between t emporal and spatial variability in the isopycnals. This issue is also confused 

by the lack of dependence of wavelength and group speed on the frequency of internal 

waves . The wavelength we observe may be the result of an internal wave of any 

frequency. 
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5 .2 Dissipat ion R ate 'lransects 

The seamount is a source of enhanced dissipation (figures 5.22 and 5.23). Some 

patches near the seamount have dissipat ion rates more than three orders of magnitude 

larger than the far field ; however the maxima in care not at the botto m but are lO 's to 

lO0 's of meters vert ically and lO0 's to l000's of meters horizontally from the bottom. 

In transect 1 there are two prominent layers of enhanced t urbulence. The shal­

lowest of the enhan ced dissipation layers is centered at 150 m and is approximately 

100 m thick. It becomes distinct from bottom enhanced turbulence at 5 km from 

the pinnacle and becomes indistinct from background turbulence at 12 km from the 

pinnacle. The di ssipation rates in this feature are only an order of magnitude larger 

than far field results. Interestingly, the layer is at the same depth as the perma­

nent pycnocline. The source of t his enhanced dissipation layer is most likely internal 

waves. Within the permanent pycnocline thee-folding time scale of turbulence is ap­

proximately 5 minutes. Given the mean current observed by the drogued drifters , the 

e-folding length scale is only 30 m ; therefore the source for this enhanced dissipation 

has to be local , within a few lO 's of meters of where the observat ions took place. The 

enhanced turbulence cannot be the result of turbulent patches that are generated at 

the bottom of the sea.mount by shear in the mean flow and advected the many kilo­

meters to where enhanced dissipation is observed. High frequency, 4- 7 cph , internal 

waves can exist only in the seasonal and permanent pycnocline. These internal waves 

will be trapped within the pycnocline and will not fo rm the characteristic sloping ray 

path of internal waves in a slowly and monotonically varying, strat ifi ed fluid. Inter­

nal waves of lower frequencies are refracted within the pycnocline, bringing ray paths 

closer together and increasing t he energy density thereby increasing the likelihood of 

internal wave breaking . Therefore: the layer is likely generated by internal waves 

that originate from the sea.mount and are trapped or refracted within the pycnocline. 

The deeper layer begins at the rim and extends horizontally 4 km and down 50 m. 
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Its t hickness is at lea.st 50 m but may be significant ly more because the profiles were 

not deep enough to observe the bottom of the layer. Th e di ssipation rates in th e 

layer a.re over a magnitude larger than t hose in t he layer at 150 m. Th e maxima. 

of 10-6 W kg- 1 a.re 3 km southeast of and 1 km above the sea.mount . As with the 

sha llower la:,-er, t he source of the en hanced di ssipation is internal waves. Thee-folding 

time sca le of turbul ence a.t t he depth of the layer is 12 minutPs, with a. corresponding 

length sea.le of 70 m. If the patches of maximum di ssipation in t he layer were generated 

at t he sea.mount and advected the required 3 km , the patches wo uld have e-folded 

over 40 times . The original patch would have had a dissipation rate of 101 2 W kg- 1 ! 

Only a. couple of kilograms of water with such a high dissipa1ion rate a.re required to 

suppl y th e 1.9 x 101 2 vV of energy di ssipated by the ~ecu lar deceleration of the Moon 

- Ocean - Earth system (Dewey 1987). If we assume a. heat capacity of t he wate r 

to be approximately t hat of pure water a.t one atm osp here t hen the origin al patch 

would increase its temperature by 1 °C every 4 fl S, causing al l of the boui1d a.ry laye r 

to quickly boil away. 

T he lower layer follows the ray pa.th of a semi-diurnal int erna l wave originating 

from t he rim of the seamount . The ray pa.th was calcu lated by h: e\- in Lamb (pers. 

comm.) using the average N profi le in Fig. -!.18 and by assu min g no mea.11 current. 

The magnitude of t he group velocity of t he wave is dependent on wavelength but is 

independent of freq uency. Therefore, the mean flo w of JO cm s- 1 to the south-ea.st 

will tend to reduce the slope of the ray pa.th . 

It has also been assumed t hat the internal wave is radiating radially outward. The 

az imuth of the incident a nd reflected internal waves need not be zero; however the 

smallest slope of a reflected wave that could have been observed by t he t ransect wou ld 

be a. wave whose horizontal ray pa.th ,ms parallel to the transect and orthogonal to 

the isoba.ths. This implies that t he top of the layer may be we ll defined but t he 

bottom is not and it may not be parallel to the top. The semi-diurna l inte rnal tide 
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5 .4 Mixing Transect 

The total amount of mixing performed by the seamount can be est imated from t he 

first transect. The density flux from (2.16 ) is 

( , } f t:p 
pw =-, 

g 
(5. 73 ) 

where the overbar has been replaced by <> . In tegrating (5 .73 ) produces a mass flux 

FM ass = j (p'w) dA = L (p'w); A ;, (5 .74) 
t 

wh ere the sum is over every profile i, and A; is the circumferential area of each profile 

i, namely 

(5.75) 

where r i is the distance of the profile from t he pinnacle, and f...r; is the width of the 

ring with in which each profile is centered. Di viding the mass flux near the seamount 

(5.74) by the density flux in the open ocean 

A _ I:: i (p'w)i A i 
0 - ( / ) ' p w o 

(5 . 76) 

provides a way to determ ine A 0 , the area of the open ocean t hat does an equivalent 

amount of mix ing as t he waters around Cobb. (p'w), is the density flux in the open 

ocean as determined by 

( 
, ) _ HvpN2 

p w O - ' 
g 

(5 .77) 

where I<v = 10-5 m2 s- 1 is taken from the results of Ledwe ll et al. (1993) for the 

mid-Atlantic at a depth of about 300 m and N is from an average of th e last 20 

profi les in tran sect 1. Th e assumption that J{v is independent or is at least slowly 

varying with depth is reasonable for the open ocean. Verti cal diffus iviti e? in t he far 

fie ld of transect 1 are depth independent (Fig. 5.24). Lueck et al. (1983) found tha t, 

wes t of Vancouver Island, vertical diffusi,·ities ranged from 0.4- 2.l x l0-5 m 2 s- 1 over 

the depth range 25- 1125 m. Obsen·ations 20-40 km from F ieberling Gu yot (Polzin 
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et al. 1994) , show J{v = 0.69 to 1.60 x 10-5 m2 s- 1 over the depth range 100- 3000 m , 

with no depth dependence. 

The resulting profile of A 0 (Fig. 5.27) shows t hat the mixing at Cobb is equivalent 

to as much as 100,000 km 2 of open ocean mixing at depths between 250- 300 m. At 

most depths t he area is less t han this and is closer to 10 ,000 km 2
. If we consider 

the local region around Cobb (Fig. 5.28) , within the 100 ,000 km 2 box centered on 

Cobb t here are at least 4 other large seamounts and a number of smaller seamounts; 

within the 10,000 km 2 there are two large seamounts. By comparing these boxes to 

local geography a better picture of the large region that must be affected by mixing 

at Cobb may be obtained 

The larger value of 100 ,000 km2 implies that Cobb mixes t he equivalent of about 

0.06 % of the open ocean portion of the Pacific , or about 0.12% for the Atlantic. Smith 

and Jordan (1988) approximate that the number of seamounts in the Pacific is 30,000. 

If each searnount was as effective as the maximum mixing at Cobb, then seamounts 

would produce 18 times more mixing than what occurs in the open Pacific Ocean. 

This would readily provide t he order of magnit ude increase in diffusivities required 

to explain the difference in diffusivi t ies observed in the open ocean versus what is 

required by ocean models. If we assume instead that each seamount only mixes the 

equivalent of 10 ,000 km2, then seamounts still produce ~ 1.8 t imes the mixing that 

occurs in the open ocean . 

5.5 Discussion 

No isopycnal doming that could be associated to a Taylor cap was observed at Cobb 

Seamount. Internal wave driven isopycnal motions appear to dominate any ti lting 

that may be due to the mean geostrophic current. The effects of a Taylor cap might 

be observed by averaging profiles taken o\·er at least 12.5 hours to remove the internal 

semi-diurnal tide signal, or over 16 .4 hours to remove all internal wave signals. The 
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doming observed by Dower (1994) off the seamount may simply have been t he resul t 

of internal waves and have nothing to do with a Taylor cap or standing vortices. 

While the isopycnals show that internal waves are energetic around the seamount , it 

is not obvious whether the rim region is more significant than other areas. 

Enhanced turbulence is found fur ther away from the bottom than the typical l0 's 

of meters for a t urbulent bottom boundary layer t hat is gen erated by a mean flow. 

High values of dissipation rate are found l00 's to l000's of meter from the bottom. 

The only likely source for the turbulence is internal waves that originate from the 

seamount . The most significant portion of the internal wave fi eld appears to be the 

semi-diurnal internal tide. The most significant mixing at the seamount occurs where 

the internal tide that originating from the rim , where the minimum slope is nearly 

criti cal, is t ransmitted. The total mi xing done by the seamount in the depth range 

150- 350 m is equivalent to mixing in 1- 10 x 104 km2 of the open ocean. 

The effect of mixing at Cobb appears, by our estimates, to be important on a basin 

scale but may also have significant impacts on a local scale. The mixing may help to 

support t he large biomass around Cobb. The high diffusivities around the seamount, 

plus the periodic upslope flow , should bring nutrient rich water up to a depth where 

phytoplankton can exploit it. This may insure that phytoplankton growth is not 

nutrient limi ted over Cobb. 

The mixing at Cobb may be either overest imated or underestimated for a number 

of reasons. The dotted line in Fig. 5.27 is an estimate of mixing when. the profile 

with t he largest values of density flux is removed. This has reduced the area of open 

ocean by ½-¼ of the original value at some depths. This shows the large degree of 

statistical uncertainty in our estimate. The assumption of cylindrical symmetry could 

be significant ly incorrect. No profiles ,._ere taken on the northern and western fl anks 

of the seamount and the limited extent of the second transect does not allow it to 

confirm or reject t he presence of an enhanced E and I<v layer off t he rim; however, 
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the 19 hour time series, that will be shown later , does show a similar layer off the 

eas tern flank of the seamount. The 19 hour time seri es will also show the turbulence 

to be persistent for the length of the series but t here may be significant longer term 

variabi li ty. Only a few profiles in went below 300 m and none below 350 m during 

the cruise. Profiles that did not go below 300 m make no contribution t_o the mass 

flux estimate, and t hi s produces an underestimate of the mixing between 300- 350 m. 

Below 350 m we have no knowledge of the mixing. This is especially important 

considering t he circumference of the seamount is greater with depth. The area of t he 

enhanced mixing ring could be over 4 times larger near the base of the seamount with 

a similar increase in the mixing at thi s depth. With all of these possible sources of 

errors , many t hat are not completely understood, it is not possib le to place error bars 

on the estimate of mixing occuring around Cobb. 
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Chapter 6 

Time Series 

Two t ime seri es were comp leted with t he FLY II. The longest . t he 19 hour t ime seri es, 

was performed over the eastern flank of Cobb. The other , the CTD time series, was 

over the fl at top , sout h of t he pinnacle. The t ime seri es a ll ow us to address som e 

questions: 

• Do isopycnals show strong intern al wave signals? 

• Are there depth vari a tions in enhanced turbulence, and might they give clu es 

to the source? 

• Is there an enhanced di ssipati on layer similar to the lower layer in transect 1 

over the eas tern fl ank of the seamount ? 

• Is enhanced turbulence persistent ? 

6.1 lsopycnal Surfaces 

The isopycnals from t he 19 hour and CTD t ime series show t he effect s of internal 

waves of m any different frequencies (F ig. 6. 29 and 6.30). Th e sampling time of th e 

19 hour time seri es was ra pid enough that we might expect to observe flu ctuations 

of the isopycn al s that happen with a period of 25 minutes or greater. For the CTD 

t ime seri es the lowest resolvable period is 80 minutes. 

The isopycn al surfaces of the 19 hour t ime seri es have va ri ous periodi c mot ions 

(Fig. 6.29 ). Throughout t he permanent pycnocline, but part icularly at t he t op of 

the pycnocline, t here is a semi-di urnal isopycnal displacement of greater t han 20 m. 
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/sopycnals - 19 hour Time Series 

18 20 22 24 26 28 30 32 34 
Time[hr] 

Figure 6.29: Constant O'y surfaces for the 19 hour tim e seri es . The ti cks on the upper 
x-axis indicate profi le times . The isopycnals are set 0.1 kg m-3 apart , with isopycnals 
of 25 and 26 kg m- 3 m arked . 

/sopycnals - CTD Time Series 

25 

1.5 2 2.5 3 3 .5 4 4 .5 5 5 .5 
Time [hr] 

Figure 6.30: Constant O'y surfaces for the CTD time series . The t icks on t he upper 
x- axis indicates profile times . The isopycnals are set 0.1 kg m-3 apart, with isopycnals 
of 25 and 26 kg m-3 marked . The solid line at the bottom gi\·es the depth of th e 

water column. 
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Within the first 8 hours, motions with a 2 hour period are evident from 15 m to 

the top of the permanent pycnocline at 110 m. The displacements are between 15 

and 20 m. Between 27:00 and 31:00 hours, motions with a period of 1.5 hours are 

present but displacements are less than 10 m . Within the last 4 hours of the time 

series a periodic motion of 2 hours occurs but here the displacement of. isopycnals 

are present from 15 to 160 m. Some of these displacements are over 20 m. Within 

the seasonal and permanent pycnoclines, isopycnal motions with periods of an hour 

and less occur. Some of these can be detected throughout the entire pycnocline while 

others occur in only part of the pycnocline. The majority of the displacements of 

isopycnals at these low periods are less than 10 m. There is a general trend that 

longer period waves produce larger isopycnal displacements; therefore long period 

waves are resolved without significant aliasing. 

The isopycnals of the CTD time series have motions that occur from time scales 

larger than the length of the time series to the smallest resolvable period (Fig. 6.30). 

Isopycnals near the surface tend to rise and those near the bottom tend to drop with 

time. If this motion is periodic it is the result of an internal wave with a period 

greater than 10 hours. Near the surface there are motions with periods· of 2 hours 

and isopycnal displacements of less than 5 m. Between 60 and 80 m the motions 

have a period of 5 hours. Within the permanent pycnocline the motions occur at 

periods between 1 and 2 hours. Some of the related displacements are over 10 m. 

Some isopycnal movements may be the result of very strong mixing in the pycnocline 

(Fig. 6.32) and not internal waves. 

6.2 Dissipation Rate Time Series 

Dissipation rates have large scale changes with depth in the 19 hour time series 

(Fig. 6.31). Dissipation rates above 100 mare generally < 10-s Vv kg-1 while below 

100 m they are generally > 10-s "~ kg- 1
. Below 230 m c tends to be lower than 
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above 230 m. Dissipation maxima, areas with f > 10-6 VI kg-1 , occur from 70 to 

150 m above the bottom before hour 26:00 and less than 50 m after hour 32:00. These 

dissipation maxima are reminiscent of the lower enhanced dissipat ion layer in transect 

1. The drifting and reposi t ioning of t he ship during the time series provided t he 

opportunity to transect t he high dissipation layer numerous t imes. T he area covered 

by the time series has a maximum north-sout h distance of~ 4.1 km and m aximum 

east-west distance of ~ 2.4 km. Between 18:00 and 25:00 hours the profiling pattern 

was equivalent to 5 t ransects from the rim to over 2 km east of the rim (Fig. 3.3). 

Profiles taken after 32:00 hours were to t he south of the profiles taken b°efore 26:00 

hours. The profiling was done in a nort h-south line, with all t he profiles close to the 

rim. The maxima we see here are similar to the high-dissipation lower layer that 

begins at the rim in transect 1. Between 26:00 and 32:00 hours the di ssipation rates 

are not as large as at other times, however , between 27:00 and 29:00 hours there is 

a layer of e: > 10-7 W kg- 1 at a depth of 230 m. These profiles were taken further 

north and in deeper water ( 450-550 m ) t han any other profiles in the series. The 

layer at 230 m may also be part of an enhanced turbulence layer as exists before 

26:00 hours and aft er 32:00 hours, only further from its source. We have, therefore, 

found an enhanced turbulent layer over t he entire eastern portion of the seamount 

that is covered by the 19 hour time series . This indicates that the turbulent layer 

originating from the rim in transect 1 (Fig. 5.22) is not a unique featu re of the south­

east portion of the seamount . 

Before 26:00 hours t he enhanced di ssipation layer persi st ed for the entire 8 hours 

we were profiling east of the rim. The layer between 26:00 and 32:00 hours was 

present for the entire 2 hours we profiled in t he deep water. After 32:00 hours the 

layer persisted for the 3 hours we were near the rim . During t hese times the dis­

sipation rates in t he layer never dropped below 10-7 V,/ kg- 1
. Given the e-folding 

time of less t han 10 minutes at the depth of 200 m, the internal wave field must 
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be continually creating turbulence over the time of our observations. Therefore, the 

internal-wave-driven enhanced-turbulence layer is a persistent feature whose time av­

erage is probably within an order of magnitude of f values from a single profile. The 

thickness of the layer is less than 60 m and is thus only a feature associated with the 

nm. 

The CTD time series has what were initially unexpected dissipation rates (Fig. 6.32). 

A layer of enhanced dissipation is present within the permanent pycnocline. It is the 

only feature of enhanced dissipation present in the time series and it was first ob­

served over 100 m above the bottom. The enhanced dissipation layer was persistent 

throughout the entire 5 hours of the series. The layer went deeper with time and was 

within 30 m of the bottom on the second last profile. The maxima in dissipation in 

the layer are > 10-6 Vv kg-1 . 

The layer is unlikely the result of turbulent patches generated at the bottom and 

advected to the site of the time series. The layer is both thin and persistent along 

with being over 3 km from the pinnacle; therefore boundary separation at the pinnacle 

would need to be persistent, producing turbulent patches with dissipation rates that 

are a number of orders of magnitude larger than what was observed in the time series 

(27 orders if the mean advection was only 10 cm s-1 
). Also, boundary separation 

could only occur over a depth range of 50 m to produce such a thin layer. This source 

for the layer is very unlikely given that the observations of dissipation rates near the 

pinnacle were no greater than those observed in the CTD time series. The source of 

the enhanced dissipation is probably an internal wave originating from the bottom. 

6.3 Diffusivity Time Series 

As with dissipation rates, there are large changes in diffusivity with depth for the 

19 hour time series (Fig. 6.33). Diffusi\·i t ies greater than that of the open ocean, 

10-5 m 2 s-1
, occur below 70 m for the \·ast majority of t he time series. The enhanced 
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dissipation layer generated near the rim has the highest diffusi\·ities . The sha llowest 

(175 m) part of the layer has maximum diffusivities of > 10- 3 m 2 s- 1 after 32:00 

hours, as does the deepest (230 m) part of the layer between 26:00 and 32:00 hours. 

However, the largest diffusivities in the time series occur before 26:00 hours at t he 

dep t hs of 200 and 250 m and are > 10-2 m 2 s- 1
. These m axima are as large as a ll 

but one of the local maxima found in transect 1. Therefore, enhanced mixing occurs 

over a large depth range and is pe rsistent on the eastern flank of t he seamount but 

Lhe greaLest mixing occurs ill the iuternal wave generated layer off t he rim , as we saw 

in transect 1. 

The CTD time series has diffusiviti es that follow the pattern of the diss ipati on 

rates (Fig. 6.34). There is an enhanced diffusivity layer within the permanent pyc­

nocline whose center drops with time from 130 m at the start to 180 m at the end 

of th e time series . The layer persists through the ent ire 5 hours of the series. Th e 

maximum diffusivity in the layer, > 10-3 m 2 s- 1 , is over 2 order of magnitude larger 

than open ocean values. 

6.4 D iscussion 

Isopycnals have motions of various frequencies . Some of the ampli tudes of these in­

ternal wave driven motions are greater than 10 m. Enhan ced di ssipation is generally 

found at greater depths and near the bott om. The most intense turbulence is found 

too far above the bottom to be associated with shear of the mean flow near th e bot­

tom. As seen in the transects, internal waves probably generate most of the enhanced 

turbulence. Most important was the di scovery of an enhan ced turb ulence layer orig­

inating from the eastern portion of the rim which proves that enhanced turbulence 

layers generated by the semi -diurnal internal tide arc not unique to transect l. Tur­

bulence around the sea mount is persistent with dissipation rates vary ing by only a 

factor of 10. 
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Chapter 7 

Bottom B oundary Layer Observations 

F LY II was designed to land on the bottom we planned t o have the majority of t he 

profiles fini sh on t he bottom. Unfortunately, during two of t he fi rst fo ur profiles, the 

instrument 's retrieval line became entangled for extended periods. It was only after a 

number of successful profiles away from the seamount during the 19 hour t ime series , 

and a change in retrieval technique, that we began to allow the instrument to land 

on the bottom again. Unfortunat ely, we did not acquire many bbl profiles because of 

the then limited amount of time left fo r t he cruise. 

These first ever profi les through the bbl of a seamount by a microstructure instru­

ment allow us to address some questions: 

• Does the bottom boundary layer show evidence of periodic domination by t he 

t idal current and internal waves as was observed in the current meter results? 

• Is the bottom boundary layer turbulent and does it follow a log layer structure? 

• Is mixing in t he bottom boundary layer more effi cient then typically assumed? 

Before going to Cobb Seamount we were already aware of the mean flow measure­

ments of Freeland (p ers. comm.) during t he two previous Summers. We expected the 

flow field over the seamount to be dominated by an anti-cycloni c Taylor cap which 

should have generated a generally downward fl owing Ekman layer. Following t he work 

of Garrett et al. (1993 ), t his should ha,·e resulted in a t hick bml where the downward 

flow was eventually arrested by the hori zontal density gradients that would have been 

created. There would still have been strong dissipation values in the bbl due to shear 
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II series II profi les II 
3 13 
4 4 
5 15 
6 19 

Table 7.4: >Jumber of profiles where FLY II landed on t he bottom. 

of the mean flow near the bottom but mixing in the bbl should have been ineffici ent 

in diminished stratification of the thick bml. 

As observed in chapter 4, the current meter measurements of vertical temperature 

gradient in the bbl during times of strong along isobath flow follow this general idea. 

However , about half of the time the along isobath flow is weak and internal waves 

dominate the bbl structure. During these periods , the bml goes through rapid changes 

in thickness, leading to four different types of bottom bounda ry layer observed at 

Cobb: 

1. The typical log layer. A bbl within which the di ssipation rate decreases propor­

tional to 1/z where z is the height above the bottom. 

2. Dissipation capped by stratification . A thin bm I that is capped by strong strat­

ification. The turbulence generated at the bottom is also capped by the strati­

fication. 

3. Stratification with uncapped dissipation. A thin bml that is capped by strong 

stratification; however , the turbulence penetrates th e stratified layer. 

4. Capped di ssipation in 6ml. A thick 6ml within which the dissipation rate 

decreases faster than 1/ z. 

Some of the profiles show characteristics of more than one of these bbl types. One 

profile has none of these characteri stics . ha,·ing a thick 6ml (;:::::: 20 m) with a nearly 

constant di ssipa t ion rate throughout the entire 6ml. 
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7 .1 Log Layer 
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From the first transect we have an example of the typical log layer type bbl (Fig. 7.35 ). 

The dissipation rate was det ermined by the temporal average technique to attain high 

spatial resolu t ion. The dissipation has been smoothed with a five point running aver­

age, resulting in a spatial resolution of::::; 0. 5 m. Th e friction velocity was calculated 

using t he high resolu t ion di ssipation without smoothing a.nd by ass uming that the 

di ss ipation fe ll off as for a smooth wall-bounded shear layer; thus (2.27) becomes 

(7.78) 

The top of the bml was taken to be the lowest point where t he temperature gradient, 

which was smoot hed by an a pproxim ately 0. 5 m running average, was greater than th e 

mean temperature grad ient taken over the entire 32.5 m of data shown . The minimum 

resolvab le height of the bml is 0.4 m because of t he 0.25 m edge effect of the smoothing 

and the 0.1 5 m between the sensors and the guard ring. The top of th e turbulent bbl 

is taken as the deepest point where the smoothed high resolution di ss ipation rate is 

below 10-7
-
5 'vV kg- 1

. The definitions of bml and turbulent bb l height are somewhat 

arbitrary and for this profile the defi nition of the bml height may be poor. In the 

bottom 3 m t here are temperature flu ctuat ions that are associated with t urbul ence 

and not a mean temperature gradient. Thi s does in dicate that the bottom 3 m are 

not well mixed but that t he top of the bml might be best taken to be at 13 m or 

18 m where there is a change in the mean stratification. This probl em might have 

been taken care of by furth er filtering of t he temperat ure record more; however thi s 

would have reduced t he resolution below what is req uired to resolve the. top of th e 

bml of other profiles. The t hickness of the turb ulent bbl wa s 10.9 m, showing that 

all or most of the bml is t urbulent , depend ing on which value of t he bml is taken. 

Again , the limits placed on the thi ckness of the bbl may be considered arbitrary. 

The dissipation rates a re almost ne,·er below 10- s W kg- 1
: yet the noise level of the 
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Figure 7.35: The shallowest bottom boundary layer profiled during the first transect . 
The diagrams from bottom to top are of high resolution temperature, microstructure 
shear , high resolution dissipation rate (solid line) with the theoretical di ssipation for 
log layer ( dashed and dotted line) and fri ction velocity. The thickness of the bml ( *) 
and the turbulent bbl ( o) are given, along with the water depth at the t op of the 
diagrams. 
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JU92p005.003 - Depth = 43 m 
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F igure 7.36: The unsmoothed version of high resolution di ssipat ion from figure 7.35. 
Only the bottom 20 m has been plotted. The dotted diagonal lines all reduce as 1/ z. 

instrument is ~ 10-9 W kg-1 . Therefore , all of the 32.5 m of the water column may 

be considered to be mixing. The fri ction velocity is nearly constant through t he first 

5 m after which it reduces slightly. This implies that the dissipation rate decreases 

as a log layer, at least in the first 5 m. 

The plot of di ssipation rates in log- log space shows that the di ssipation rate drops 

off as 1/ z (Fig. 7.36). As was implied by the friction velocity, the bottom 5 m of the 

dissipation profile follows a log layer. Above 5 m t here is a sudden drop in dissipation 

and the data follow the line that begins at 10- 5 W kg- 1
. T his profile typifies the bbl 

structure we expected to observe over Cobb at all t imes . The number of profiles t hat 

meet the criterion that a log layer extends at least 4 m above the bottom is given in 

Table 7.5. In some of these profiles the log layer is greater than 10 m t hick. 

7.2 Stratification Capped Turbulence 

From the second transect we have an example of dissipation rates that are capped 

by stratification (Fig. 7.37) . The bml is \·ery thin, only 0. 5 m. The t urbulent bbl 
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Figure 7.37: A bottom boundary layer over the flat top from the second transect. 
The diagrams from bottom to top are of high resolution temperature, microstructure 
shear, high resolution dissipation rate and frict ion velocity. The thickness of the bml 
( *) and t he t urbulent bbl ( o) are given . along with the water depth at th~ top of t he 
diagrams. 
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BBL Type 
series 1 2 3 4 

3 8 1 5 3 
4 2 3 0 0 
5 5 6 7 0 
6 7 6 6 4 

Table 7.5: Number of profiles of each BBL type. 
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Figure 7.38: The unsmoothed version of high resolution dissipation from figure 7.37. 
Only the bottom 20 m has been plotted . The dotted diagonal lines all reduce as 1/ z . 
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Figure 7.39: Thorpe displacement of the temperature profile in figure 7.37. 
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thickness is a slightly thicker 1.6 m. The dissipation rate in the bottom 1 mis nearly 

constant. Between 1 and 2 m the dissipation rate drops by 3 orders of magnitude 

(Fig. 7.38). The strong stratification caps the turbulence generated at the bottom. 

To have generated this bbl structure there must have been a thin ( < 2 m) upslope 

flow. The flow could produce strong turbulence which produces mixing, but it may 

not be strong enough to overcome the stratification effect of advecting cold water 

upslope. 

Above 12 m the dissipation increases by about 2 orders of magnitude to form a 

nearly constant dissipation layer that is 13 m thick. This layer was not generated near 

the bottom by shear of the geostrophic-interior flow. The profile was taken over the 

flat beach region on the eastern side of the seamount ; therefore any patch originating 

from the bottom would have to been advected many lOO 's of meters. This is unlikely 

given that the patch is within the permanent pycnocline where the e-folding time is 

less than 5 minutes. Within the dissipat ion layer there is a temperature inversion 

with a corresponding z-like Thorpe displacement (Fig. 7.39) that is characteristic of 
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a billow. The layer is most likely the result of the breaking of an internal wave. 

7.3 Stratification with Uncapped Turbulence 

An example of dissipation rates that are unaffected by strat ification is given in the 

t hird example of a bbl (Figs. 7.40 and 7.41 ). For this profile there is no bml. The 

temperature signal has a number of overturns in the bottom 3 m resulting from 

turbulence. The dissipation rates do not suggest that any log layer has formed. The 

rates are high for the entire bottom 25 m of the profile. The extremely cold bbl 

implies a thin jet is flowing upslope, perhaps generated by an internal wave. There is 

a temperature inversion between 13 m and 25 m which is also evident in the Thorpe 

displacement (Fig. 7.42). There are many other smaller overturns below 13 m and 

above 25 m. This profile was near the deepest part of the rim of the seamount , where 

internal tides may be generated and reflected. The turbulence is probably the result 

of shear in the flow near the bottom and internal wave breaking. It is an example 

of where it becomes impossible to distinguish between bottom generated turbulence 

and turbulence generated by internal waves. In these circumstances the turbulent 

bottom boundary layer can not be considered separate from the interior. 

7.4 Capped Dissipation in BML 

The last type of bbl is one with a thick bml but with a dissipation rate profile that 

decreases faster than 1/ z (figures 7. 43 and 7.44). The bml for our example is 11. 7 m 

thick; however the turbulent bbl is only 2.4 m thick. The bottom 2 m of dissipation 

rate profile is nearly constant, with a drop of 1.5 orders of magnitude in 30 cm at 

the height of 2 m . The dissipation ra te profile does not decrease as 1 / z in this case 

but unlike other profiles this non-log layer bbl is not the result of stratification . The 

source of this thin turbulent bbl can not be shear of the mean flow generated at a 

smooth bottom. The source is likely eit her form drag with high basalt columns and 



Chapter 7. Bottom Boun dary Layer Observations 

-st 
I I I ' ~ 

+ 0 

+ + . 
E ft- + 
-st 
L!) 

II 

E 
r---
1'-­
C\J 
II 

.c 
Q. 
Q) 

0 

(') 
C\J 
0 
cri 
0 
0 
0.. 

C\J 
C]) 
::::J 

E 
'SI: 

(\J ~ 
- o E 

0 ~ 

'---~---...._ _ _ ----1. ___ -'--__ ___;1....-__ _L ___ .J..._ __ __J 0 

::::J 

0.. 
Q) 

000 
'~ 

'---~---..._ __ __._ ___ _._ __ __,'--__ _.._ ___ .,__ __ __Jo 

0 

'---~---...._ __ __._ _ _ _ _._ __ __, ___ _.._ ___ .,__ __ __J C}I 

~--~---~--~---~--~----------~ ~ 

Ol 
_Q 

~ 
::::. 
N 

~ 
::::J 
-c, 

0 r--------~ --- _:__ __ u 
Ol 

<O Q) 

E 
..c 
0.. 
0 
I-

0 
-st 

LO 
C\J 

LO 0 LO 

~ 
I-

93 

Figure 7.40: The deepest bottom boundary layer profiled during the second transect . 
The diagrams from bottom to top are of high resolution temperature, microst ructure 
shear, high resolut ion dissipation rate and fri ction velocity. The thickness of the bml 
( *) and the turbulent bbl ( o) are given . along with t he wat er depth at the top of the 
diagrams. 
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ju92p006.023 - Depth = 277 m 
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Figure 7.41: The unsmoothed version of high reso lu tion di ss ipation from figure 7.40 . 
Only the bottom 20 m has been plotted. The dotted diagonal lines all reduce as 1/ z. 
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Figure 7.--1-2: Thorpe di splacement of the temperature profil e in figure 7.40. 
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Figure 7.43: The bottom boundary layer from a shallower profile of the second tran­
sect . The diagrams from bottom to top are of high resolution temperature, mi­
crostructure shear, high resolution dissipat ion rate and friction velocity. The thick­
ness of the bml ( *) and the turbulent bbl ( o) are given , along with the water depth 
at the top of the diagrams. 
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Figure 7.44: The unsmoothed version of high resolution dissipation from figure 7.41. 
Only the bottom 20 m has been plotted. The dotted diagonal lines all reduce as 1/ z. 

boulders or an ~ 2 m thick current that is flowing either along isobaths or downslope. 

If the flow were upslope then the temperature profile would be expected to show a 

rapid decrease in the bottom 2 m, as observed with other profiles. 

7. 5 Bottom Mixing Efficiency 

Bottom boundary mixing at Cobb is intermittent. The bml goes from being very thin 

( < 1 m) to moderately thick ( ~ 10 m) in a few hours. Over longer periods ( diurnal 

tides) the bml may thicken to~ 20 m. At the M3 mooring the bml is over-50 m thick 

on 7 occasions over less than 7 days of current meter records. The occurrences are not 

periodic. This intermittency in the bottom mixing is probably the result of internal 

waves and tides. By using the approach outlined by Garrett (1991) for intermittent 

boundary mixing I will estimate the effective mixing occuring in the bbl. 

Under conditions where there is no net upslope or downslope flow, Garrett derives 
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the effecti ve verti cal diffusivity in an intermittently mixed bml as 

J(eff = _!!_ 
v 24T' 
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(7. 79) 

where h is t he maximum ve rtical thi ckness of the bml a nd T is the average t ime 

between mixing events. For the lowest period between mixing events ( ~ 2 hours) 

J(i f f ~ 6 x 10-4 m2 s- 1
. For intermittent mixing at tidal frequencies K i f f ~ 2 x 

10-4 m 2 s- 1 . At M3 1<i f f ~ l x 10-3 m 2 s- 1 . These diffus ivi t ies are larger than open 

ocean conditions but they are smaller than many of the depth averaged diffusivities I 

derived for transect 1 (Fig. 5.26). These boundaries a.re also much thinner and affect 

a smaller cross-sect ional area of the ocean than the enhanced mixing layers generated 

by internal waves. Therefore, it is not surprising that intermittent boundary laye r 

mixing does the equivalent of 10- 500 km 2 of open ocean mi xing over the fl at top of 

the sea.mount, and 400- 1000 km2 over the fi a.nk, or about three orders of m agnitude 

less than the area of open ocean mi xed by in ternal waves (Fig. 5.27). 

There a.re a few important limitations to this derivat ion of effective boundary 

mixing. The in termi ttent mixing model I have applied was for no net upslope or 

downslope flow . To app ly Garrett 's (1991 ) extension of this model to cross-isoba.th 

flow is not trivia.I. The genera.I resul t is that isopycnals bend with net a.cross isoba.th 

flow , biasing t he bml thi cknesses . Any error in h creates a large error in !(i f f . The 

limited data sets make estimating maximum bml thickness difficult . The current 

m eter moorings poorly resolve h with on ly 3 thermometers and the number of mi­

crostructure profiles into the bml a.re not sufficient to estimate maximum h over the 

sea.le of hours to days . There is also the possibility that much of the bbl mixing m ay 

be the result of internal wave breaking and shear near the bot tom as was seen for the 

examples of bbl types 2 and 3; therefore cons idering the bbl mixing as separate from 

interior mixing m ay be incorrect . 

7.6 Bottom Mixed Layer Thickness Models 
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Figure 7.45: Modeled versus measured bottom mixed layer thicknesses. The model 
thickness is ht1 = 2114 u*/ (f N) 112

. The points are plotted by series;+ for the 19 hour 
time series, o for the CTD time series , * for transect 1, and x for transec.t 2. 

Various one dimensional bottom boundary layer models have been used to predict 

mixed layer thicknesses. Weatherly and Martin's (1978) model used a Mellor and 

Yamada Level II closure scheme and determined the boundary layer thickness to be 

u* 
hwm = 1.3 f[l + (N/ !)2]1/4' (7.80) 

over a flat bottom, where u* is the frict ion velocity, f is the planetary vorticity and 

N is the buoyancy frequency. Trowbridge and Lentz (1991) used a Pollard-Rhines­

Thompson model to determine 
21 /4u* 

ht1 = vTF!. (7.81) 

For the profiles from transect 1 hwm is 8.5% larger than htt. The difference between 

the largest and smallest percentage is only 0.01 %. Both models give nearly identical 

results, with only a small fractional difference, allowing me to use the simpler ht1 . 

\i\Teatherly and Martin (1978) find that over a sloping boundary where upslope flow 

occurs the bbl thickness is approximately given by (7.80) but where downslope flow 

occurs the bbl thickness may be appreciably larger then hwm · The Trowbridge and 
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Lentz model is similarly limited. 

Using the average u * (7.78) within the bml and N as determined from the far-field 

of transect 1, I have estimated htz for all of the bbl profiles . Most of the profiles were 

taken above the flat top of the seamount, where the slope ranges from 0.01- 0.06 . 

The ratio of J / N over t he flat top (0.008- 0. 02) is slightly smaller t han the slope, 

which implies that the top of t he seamount cannot be considered flat. Very few of the 

m easured bml thicknesses match the model predictions (Fig. 7.45). The t hree profiles 

with thicker bmls than predicted were taken over the flat portion of the seamount, 

near the rim. These may have been the result of a downslope flow but internal wave 

breaking and shear within and just above the bml are likely causes. The vast majority 

of the bottom boundary layers were thinner than t he predictions. The medians of 

model and measured thicknesses are 8.6 and 3.2 m . This is expected for a bbl over a 

slope but the severe overestimation of t he model for many of the profiles implies the 

bml at Cobb is rarely fully developed, which is probably a result of high frequency 

cross-iso bath flows. 

7. 7 Discussion 

The bottom boundary layer is periodically dominated by the strong diurnal tidal 

signal plus internal waves. The diurnal tide signal along isobaths produces a slowly 

varying bml thickness t hat may get as large as 20 mover the flat top of the seamount. 

Internal waves appear to create thin turbulent flows t hat drive bottom water up and 

down slope. These flows can be on the order of 1 m t hick , as seen with the example 

for the bbl t ype 2, but other profiles of the bbl that are not shown imply these bottom 

flows may be 5- 10 m t hick. 

The bbl follows a log layer structure for the bottom 4 m for almost 45% of our pro­

files. Approximately 55% of profiles are not log layers and may have been generated 

by internal wave breaking and shear. These may have been affected by stratification 
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less than 4 m from the bottom or may be the result of turbulence generated by form 

drag. Some bbls form a log layer structure near the bottom but the dissipat ion rates 

above the log layer rise (bbl types 2 and 3 are examples). In over 45% of the profiles 

bottom turbulence was either capped by stratification or dropped off well below the 

t op of the bml. For some of these cases bottom turbulence contributes nothing to mix­

ing water, due to diminished stratificat ion , while for others the turbulence penetrates 

part of strat ified layer. For over 35% of the profiles the turbulence is unaffected by 

the stratification at the top of the bml. For these profiles the strong turbulence near 

the bottom is producing effective mixing that is thickening the bml. Approximately 

20% of the profiles were difficult to classify as either bbl type 2, 3 or 4. Modeling of 

the bottom boundary at Cobb must consider both mixing by bottom generated shear 

of periodic currents and internal wave breaking. 

Mixing in the bottom boundary may be 10- 100 times more effective than equiva­

lent open ocean mixing for an equal volume of water; however , given the small volume 

of water in the bbl, the near boundary process of internal wave breaking does 10- 100 

times more mixing than bbl processes. 
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Chapter 8 

Counting Spikes 

Airfoil shear probes used in oceamc research are prone to anomalous signals that 

are unrelated to turbulence. The usual source of these anomalous signals is believed 

to be particle hits on the probes. The particles may by biological in origin, such 

as phytoplankton, zooplankton or detritus; or they may be inorganic particles, such 

as sediments near the bottom. By identifying spatial and temporal trends in the 

anomalous signals I will attempt to identify their source. 

~ost anomalous shear signals have a large amplitude and short duration. The 

spikes occur over 10- 20 samples, equivalent to a length of 2- 4 cm. These signals 

are usually two sided and are easily identified (Fig. 8.46). Their contribution to the 

variance and thereby the estimated Eis quite significant . For example , the variance of 

the upper, spikey curve is about 175 counts2 while the variance of the lower, despiked 

curve is about 39 counts2
. In order to determine an unbiased t, these spikes must be 

removed; however in identifying the number and positions of the spikes may allow us 

to determine the relative concentration of particles in the water. 

Spike identification was done manually. The number of spikes with an amplitude 

greater than 12 counts in 10 m bins was determined. The manual identification was 

biased in determining the smallest spikes. This bias has been removed because only 

spikes whose amplitude was greater than 2 standard deviations of a quies~ent signal, 

such as the bottom curve in Fig. 8.46 , have been counted. 

8.1 Measurements 
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Figure 8.46: A section of shear signal from a single profile in the 19 hour time series. 
The upper curve is the original shear signal before the spikes are removed. The 
bottom curve is a plot of the signal after despiking, intentionally staggered down 
100 counts. 

The resulting profiles have been ensemble averaged over each of the four distinct series 

(Fig. 8.4 7). All four of the series have a strong gradients in the number of spikes, 

with the maximum number of spikes near the surface. 

During the CTD time series 11 profiles of the CTD operated by Freeland and 

Dower coincided with the 9 profiles by FLY II. I have converted the percent light 

transmission, measured by a transmissometer on the CTD, into suspend~d particu­

late matter (SPM) concentrations by Bishop's (1986) method. The ensemble average 

of SPM from the 11 profiles was smoothed with an 11 m running average and plotted 

with the ensemble average of number of spikes from the CTD time series (Fig. 8.48). 

Both profiles follow the same general trend that the maximum concentration of par­

ticles is near the surface; however the relative gradient of number of spikes is larger 

above 50 m than the relative gradient in SPM, indicating that one of the instruments 

detected different particles. 

The light transmission profiles from the cruise in 1990 (Dower 1994) show similar 
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Figure 8.4 7: Ensemble averages of spikes for each series. The solid lines are the aver­
ages while the dashed lines are the averages plus 2 sample standard deviations. The 
dashed-dotted lines are 95% confidence limits assuming the spikes follow a Poisson 
distribution. 
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Figure 8.48: Suspended particulate matter ( right curve) and the ensemble average of 
number of spikes (left curve) for the CTD time series. 

spatial trends as profiles of the number of spikes taken by FLY II during the 1992 

cruise. In a 55 km east-west transect of the seamount the minima in light transmission 

(the equivalent of a maximum in spm) were not over the pinnacle of the seamount 

but was 5~ 10 km away from the pinnacle. Spikes show corresponding maxima away 

from the pinnacle of the seamount (figures 8.49 and 8.50). Near the pinnacle there 

are less than 10 spikes in each 10 m bin while 10 m bins at the same depths away from 

the pinnacle have typically more than 10 spikes and sometimes more than 15 spikes. 

Both transects appear to have two local maxima in spikes off the pinnacle. The first 

transect has local maxima at about 3 and 9 km away from the pinnacle while the 

second transect has maxima at about 1 and 2.5 km away from the pinnacle. 

The longest time series shows that the spiking of the shear signal has no distinct 

time dependence (Fig. 8.51) . The lack of a daily fluctuation of the spiking, especially 

the lack of a daily signal that would show a local spike maxima rising in the evening 

and dropping in the morning may indicate that species of zooplankton that are diel 
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Figure 8.51: Spike profiles for the 19 hour time series. Contours from 5 to 30 spikes. 
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migrators can not be the source of the spikes. An organism, such as a zooplank­

ton: may be able to sense the probe's approach and swim out of the way; however 

Dower (pers. comm.) indicates that most of the larger zooplankton in the subarctic 

Pacific are not diet migrators. Most of the zooplankton are confined to the upper 

80-100 m of the water column, which leaves them as candidates for some of the probe 

hits. 

8.2 Source of Spikes 

I have made an order of magnitude estimate for the force detected by the shear probe 

during the production of a spike in order to determine the minimum size of a particle. 

The total cross force applied to the shear probe by a turbulent velocity field (Osborn 

and Crawford 1980) is 

Fu = poAWu, (8.82) 

where p0 is the water density, A is the cross sectional area of the probe, W is the fall 

speed and u is the fluctuating component of the cross stream flow. This force can be 

compared to the force of the probe hitting a particle 

(8.83) 

where ½ is the volume of a particle, which is assumed to have the same density as 

the water p0 surrounding it, Up is the cross stream particle velocity and t is time. 

The approximate acceleration of a particle because of a hit is W over the time T that 

the particle is in contact with the probe. The time can be estimated either by the 

observed time for each spike, T ~ 10 samples ~ 0.036 s, or by the amount of time 

the particle takes to advect past the probe. T ~ l cm/ 50 cm s-1 ~ 0.020 s. Hence, 

we can rewrite (8.83) as Fp = p0 v;, W/ T. and if we equate the particle force and the 

turbulent flow force then 

.4. u = \ ~/T. (8.84) 
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The highest resolution attained for u with the FLY II during t he cruise was ~ 

0.1 mm s-1
, which is similar to the res ults of Fleury and Lueck (1994) . The diameter 

of the shear probe is 5 mm and a cross sectional area of 20 mm 2. For the impact time I 

take the lower va lue of 0.02 s. Therefore, the smallest parti cle resolvable by the shear 

probe has a volume V0 = 0.04 mm3 and a length scale of L = V} l3 = 0.3 mm. Hence, 

the sensor may just barely detect hi ts of the largest microplankton (20- 200 µm ) but 

should be able to easily resolve hits with macro- (200- 2000 µm) and megaplankton 

(> 2000 µm ) (Parsons and Takahashi 1973). The shear signal that would be attained 

by collisions with the particles that are L = 2000 µm is 

Bu 
-~ oz (8.85) 

The maximum shear resolvable as set by the A/ D converter is about 20 s-1 . This 

value could be attained for any particles larger than ,j mm, the diameter of the shear 

probe. 

The fall speed of FLY II allows us to make the frozen-turbulence approximation 

( u « W ); therefore the fact that the particles are in a turbulent velocity fi eld should 

have no effect on the encounter rate of particles with the probe. In every 10 m of 

th e water column the probe will profile through 20 x 10-5 m2 
• 10 m = 2 x 10-4 m3 

of water. The diameter of the particl e increases the volum e of water within which 

particles can be detected. If the parti cles t hat are hit are small (L « 5 mm) then the 

volume of water within which they are detected is 2 x 10- 4 m3
. If t he particl es are large 

(L 2: 5 mm) then the volum e becomes significantly larger, four times for particles wit h 

L = 5 mm. This implies that for each particle hit in every 10 m bin the particle density 

is 1000- 5000 particles m-3
. The maximum number of parti cle hits vve obse rved was 

> 30 which impli es a parti cle concentration> 30- 150 x 103 part icles m-3
. The average 

particle numbers near the surface was :::::: 15 which implies a particle concentration 

15- 75 x 103 particles m-3
. Below 100 m the particle concentration detect~d was only 

1- 5 x 103 particles m- 3
. 
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The actual source of these particl es is st ill uncertain. The probe does not exclusively 

hit marine snow (m a rine aggregate), which has concentrations of 1- 4 x 103 part i­

cl es m-3
, bu t does not have a large enough concentration grad ient to explain the 

large gradi ent rn spikes near t he surface (Vernon et al. 1992). It is Bishop 's (pers. 

comm. ) opinion t hat t he parti cles are biological in origin but may be either li ve 

zooplankton or dead materi a l. Certain poor-swimming zoopla nkton concentrations 

a nd fecal m ateri a l concentrations have large gradients (Bishop et al. 1987) that may 

explain the gradi ent in numbers of sp ikes. 

Though the results a re interesting t here are st ill some points of concern. In 

Fig. 8 .4 7 there are two diffe rent error estimates p lotted on the diagrams; .the sample 

standard deviation and the standard deviation du e to count ing, assuming the spikes 

follow a Poisson distribution. The average number of spikes id entified in each bin is 

small ( < 15), causing t he counting errors to be quite large. T hi s can obscure spatia l 

a nd temporal trends. This is especially true for the CTD t im e series where all of 

the va riance in t he measure ments can be explained by counting errors. For the other 

three series, the variance in measurements near the surface is la rger than what can 

be explained by count ing errors a lone; t herefore the hori zonta l and t emporal trends 

I identified above 100 m a re believab le but below 100 m it may be impossible to 

di stinguish any trends, such as those of die! migrators. In some profiles off the rim in 

t ransect 1 the spiking is contaminated by other anomalous signals, probably caused 

by something attaching to the instrument. My est imates of particles sizes a re biased 

by the approximation that the change in cross st ream particle velocity is W. Many 

particles m ay only make gla ncing blows on the probe, especia lly t he sm a llest part icles 

which will move with the potential flow field around the probe . This may reduce the 

cross st ream particle velocity to a small fractio n of TV. If t hi s technique of measur­

ing particle concentrat ions is to become practical it must st ill cal ibrated wit h other 



Chapter 8. Counting Spikes 

accepted techniques. 

111 



Chapter 9. Thorpe Scales 112 

Chapter 9 

Thorpe Scales 

The high resolut ion temperature was initially designed to produce Thorpe scaling 

from the data taken at Cobb. The result s have not proven to be completely satis­

fying. The Thorpe scaling indicates that temperature inversions coincide with the 

turbulent mixing we observed. However, acquiring equivalent values of vertical dif­

fusi vity proved difficult. Some of the profiles, especially in the far field of transect 1, 

went through int rusions . The assumption that there is a monotonic correspondence 

between temperature and density is therefore invalid and Thorpe scaling cannot be 

completed with a t emperature record. 

Much of t he difficulty in comparing the Thorpe ( lr ) and Ozmidov ( 10 ) scales 

deri ves from t he averaging that is done. This is especially important when dealing 

with the Ozmidov scale, where the value derived from averaging the dissipation rate 

E and buoyancy frequency N separately or averaging c/ N 3 can be very different. 

Various averaging lengths can produce dramatic differences in the res ult s. This is 

especially important in determining N because 10 is more sensit ive to changes in N 

than E. Garrett (pers . comm.) has suggested that it m ay be best to average E, 

N and the Thorpe di splacement separately over most of the water column. Another 

approach has been to use the maximum Thorpe displacement (Gibson et al. 1993) but 

Dillon (1982 ) argues t hat the three dimensional nature of oceanic t urbulence makes 

the rms lr the more statistically stable value. I believe the best approach ( to taking 

averages) is Dillon 's, which is long enough to include all of a di stinct disturbance yet 

short enough that the conditions do not change greatly. As I indicated earli er, t he 

rms of the Thorpe di splacement determined over a complete di st urbance is invariant 
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of the referen ce frame in which the Thorpe displacement is determined. This is not 

true where the rms is taken over on ly part of a disturbance. Ideally, for each distinct 

disturbance an average E, an average N and an rms lT should be determined. A fixed 

lengt h runnin g average will be generally inappropriate. 

To determine the buoyancy freq uency over a disturbance, N must be calculated 

with t he sorted profile, as was done by Crawford (1986). Unfortunately, this re­

quires that dens ity and salinity are simple functions of temperature . This approach 

is mandatory where the so rted N differs greatly from within to outside of the dis­

turbance. If in stead N vari es little then an N determined from the unsorted profile 

by a running average that is larger than the maximum Thorpe displacement may be 

adequate. Given the insensiti vity of l0 to c:, a running average of fixed length can 

produce reasonable results for a slowly varying E. 

My calculations of the Ozmidov and Thorpe scales are heavily averaged and all 

of the averages are over a fixed length . In determin ing the buoyancy frequency, the 

temperature T and salinity S signals are smoothed to remove all fluctuat ions that 

occured on scales less than 15 m. The buoyancy frequency can not be determined from 

t he so rted profil e because density and sa linity are not si mple fun ctions of temperature. 

Instead, N 2 is calculated using the unsorted profile. The Ozmidov scale is then 

( 

_ ) 1/2 

lo = c:3/2 ' 
JV2 

(9.86) 

where the overbar implies a 15 m running average and Eis determined by t he spectral 

method. The va.lues of l0 and lr that are presented are rms's taken with a 15 m 

runnmg averages. 

The first example is a profile with no intrusions (Fig. 9.52). The maximum Thorpe 

di splacements are less than 10 m; hence the 15 m ru nning averages are probably ap­

propriate, assuming the properties vary slo\\'ly. For the bottom diagram the regression 

curve was taken for !0 = alrn. For this profile n = 1.049 and a = 0.895 and thus 
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Figure 9.52: A profile near t he rim of the seamount during the first transect. The 
t op-left diagram is a profile of the Thorpe displacement . The top-right diagram 
contains profiles of t he Ozmidov scale ( solid line) and Thorpe scale ( dashed line) . 
The bottom diagram is the Thorpe scale against the Ozmidov scale. There are two 
diagonal lines, the solid line is for l0 = 0. "lr and the dotted line is for l0 = 0.89lr. 
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a good approxima.tion is lo = 0.90lr. The res ults match closely with those of Dil­

lon (1982), who determined a= 0.8. The good relationship between l0 and Lr shows 

that the turbulent kinetic energy of the water column is related to the available po­

tenti al energy in an averaged sense. This impli es that t he Thorp e scale can be used 

to est imate heavily averaged values of E and I<u for thi s profile. This al so impli es that 

N and E are slowly va.rying, making averages over distinct disturbances unnecessary. 

Unfortunately, this is not representative of all profiles, m any show badly underest i­

mated l0 for small ( < 5 m) di sturbances. This is probably the result of overestimated 

values of N within the disturbances . 

In the second example of Thorpe scaling there is no monotonic correspondence 

between t emperature and density (Fig. 9. 53) . Below 200 m there are a series of intru­

sions, regions unstable in temperature yet stable in density. The result is a:iomalously 

large Thorpe displacem ents and scales, resulting in a meaningless fit between l0 and 

lr. Most of the far field profiles of the first transect and some profiles near and over 

t he seamount were biased by the presence of intrusions. 

The Thorpe scales calculated for profiles around Cobb indicate that regions of high 

di ssipation rates are related to changes in the density stru cture, a clear indication of 

mixing . Some of the Thorpe displacement profiles contain di stinct disturbances with 

the classi c z- t y pe overturn. These large disturbances(> 10 m) were probably billows 

generated by internal wave breaking. However, the presence of intrusions requires 

great care be taken in relat ing Thorpe scales to turbulent mixing. Even the removal 

of the intrusions from the data sets would produce biased results because some of the 

intrusions were present in turbulent water near the seamount. Due to the significant 

effort required to evaluate unbiased Thorpe scales, to apply flexible averaging as 

discussed by Dillon (1982) and the marginal benefit of doing so, I have not explored 

Thorpe scaling further. 



Chapter 9. Thorpe Scales 

JU92p005.032 
0.-------.-----r----r----, 

50 

100 

E 150 
.c: 
0.. 
~ 200 · 

250 · 

350~- ~ --~--~-~ 
-40 - 20 0 20 40 

Thorpe Displacement [m] 

.. ... , .. ,.,., ......... . 

· ···· ·····••'••····· 
,,, ..... ..... . . 

. . . . . . . . . . . . . . . . 

······ · ··· ·····'· ..... . . , .. . .... . . . . . . ' . . . . . . . . 
. . . . . . . . . . . . . . . . . · ···•·· 

. . .. 

......... : : :i: ~:(:-//f:~ ! ~+. 7 ->H-~~ ~ . 

ju92p005.032 
0.---------r--------, 

50 · 

100 

150 

200 

250 

300 

350~-~--~--~- ~ 
10-2 100 102 

lo and IT [m] 

.. . . . ········ ·· · · ····· ·· · · . ' ,, . . . .. . .. . . . . . . .. . . . . . . . ... ...... ·-· ........ ... . .. .... .. . ...... . 

10-2~-~~~~--~-~~~~-~~~~~~-~~~~~ 
10-2 100 

lo [m] 

116 

Figure 9.53: A profile in the far-field during the first transect. The top-left diagram 
is a profile of the Thorpe displacement. The top-right diagram contains profiles of 
the Ozmidov scale (solid line) and Thorpe scale (dashed line). The bottom diagram 
is the Thorpe scale against t he Ozmido,· scale. There are two diagonal lines, the solid 
line is for l0 = 0.8lr and the dotted line is for l0 = 0.l9lr . 
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Ch apter 10 

Conclusions 

In this thesis I set out to study the interactions of physical processes in the ocean 

around Cobb Seamount. Some of the observations may be characteristic only of Cobb 

but I believe many are applicable to all seamounts and perhaps other topographical 

features. 

Chapter 5: Transects 

• No doming of isopycnals was found over the seamount because of internal waves. 

Ensemble averages of profiles taken over a period greater than 12.5 hours would 

be necessary to resolve any doming. I am unaware of any any data sets that 

satisfactorily address this problem , which leaves doming unvarified . 

• Internal waves are the primary source of turbulence and t urbulent mixing around 

the seamount. Eriksen (1985) cited observational evidence that internal waves 

generate turbulence lO0's of meters from their source. My observations show 

enhanced turbulence generated by internal waves at least 4000 m and maybe as 

much as 8000 m away from the source of the waves . 

• The largest turbulent mixing around Cobb was the result of internal waves 

originating from the rim. These are most likely semi-diurnal, internal tides 

generated and/ or reflected at the seamount . 

• Mixing around the seamount is equivalent to mixing in 10,000- 100,000 km2 

of the open ocean over the dept hs 1-S0-350 m. If all seamounts were as effi­

cient as Cobb t hen they would perfo rm 1- 10 times more mixing than the open 
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ocean:s interior. Most of this mixing would occur in the deep ocean because 

few seamounts are as shallow as Cobb. 

Chapter 6: Time Series 

• Isopycnal motions show the presence of energetic internal waves of various fre­

quencies around the seamount. 

• Most of the enhanced dissipation is separated from the bottom and is driven by 

internal waves. 

• An enhanced dissipation and diffusivity layer was found off the east rim. Hence, 

mixing by internal tides originating from the rim is not unique to transect 1. 

• Enhancement of turbulence is persistent, with only an order of magnitude vari­

ation in dissipation rates and vertical diffusivities over 19 hours. 

Chapter 7: Bottom Boundary Layer Observations 

• The bottom boundary layer structure is periodically dominated by both tidal 

currents and internal waves. The mean flow is insignificant in determining the 

bbl conditions. 

• The bbl has many different structures which can vary rapidly in time ( < 1 hour) 

and space ( < 1 km). Non-log layer like structures are common and may be the 

result of strong stratification, internal waves and form-drag with large (> 1 m) 

bottom objects (boulders and basalt columns). 

• Not all turbulence in the bbl is dri ven by shear at the bottom. Some is the 

result of internal wave breaking or shear within or just above the bottom mixed 

layer. 

• Intermittent mixing at the bottom is more efficient than open ocean mixing but 

the volume of water in the bbl is small . The bbl mixing may only be equivalent 
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to what occurs in 1000 km2 of the open ocean. This is considerably less than 

the mixing generated around the seamount by internal waves. 

Chapter 8: Counting Spikes 

• Shear probe signals are contaminated by hits from particles that are on the 

order of 0.3 mm or greater in diameter. The largest particles commonly hit are 

probably greater than 5 mm wide. 

• The particles are primarily biological in ongm but whether they are mostly 

living or dead is uncertain. 

• Mean relative and absolute particulate densities can be approximated with the 

spikes in shear probe signals . The absolute particulate densities have yet to be 

calibrated properly. 

Chapter 9: Thorpe Scales 

• There are large Thorpe scales within regions of high dissipation near the seamount. 

This clearly indicates that enhanced dissipation is related to changes in the den­

sity structure and mixing. 

• Though fixed length averages were adequate for some profiles, averagmg over 

distinct disturbances would have probably produced better results. Unfortu­

nately, determining N 2 for the sorted profile proved impossible. 

There are a few very significant conclusions as a result of observations made at 

Cobb Seamount. The existence of isopycnal doming over Cobb has yet to be con­

vincingly proved. This brings into quest ion many of the conclusions on flow field 

and biological production that depend on the existence of a Taylor cap. The role 

of internal waves and rough bottom topography may have to be considered in bot­

tom boundary layer models, which ha\-e generally dealt only with mean currents and 
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smooth bottoms, in order to simulate the bbl feat ures we observed. While bottom 

mixing appear more efficient than predi cted, it is insignificant on a large scale. The 

near boundary mixing by internal waves, primarily internal t ides , dominates all other 

mixing at the seamount , including bottom mixing, which is ten times smaller. Even 

though my estimate for mixing in the world 's oceans by seamounts has a large degree 

of statistical uncertainty for many reasons , it does indicate that mixing near bound­

aries, in particular seamounts, is not insignificant. Further observations and process 

studies of internal wave generation and reflection from boundaries are still needed. 
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