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ABSTRACT 
 

 

  

The oceanic mixed layer is a region of intense mixing, where turbulence homogenizes vertical 

temperature and salinity distributions down to depths of O(100) m.  Below the mixed layer, in 

the upper layers of the stratified thermocline, turbulent energy levels are greatly reduced. The 

transition between these two regions is the focus of this investigation.  Traditionally, this 

transition is assumed to take place abruptly at the mixed-layer base. However, observations 

suggest that enhanced turbulence penetrates significantly into the stratified water below the 

mixed layer.  Here, I present an examination of existing turbulence data documenting open ocean 

conditions with steady wind forcing in both the sub-tropical Atlantic and Pacific. These data will 

allow for direct estimates of diffusivity and diapycnal flux occurring in the mixed 

layer/thermocline transition layer.  This analysis establishes statistics for turbulence dissipation 

levels occurring just below the well-mixed layer, which have not been previously documented. 

My investigation suggests that while the transition layer thickness can vary considerably (from 

O(10) to O(100) m for my data), the diabatic fluxes in this region, as measured by the turbulent 

dissipation rate, are 4-8 times greater than in the thermocline under typical surface forcing 

conditions. 
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CHAPTER 1 

INTRODUCTION 
 

 

 

The oceanic mixed layer, where turbulent processes act to distribute scalar properties rather 

uniformly with depth, is the primary reservoir through which the ocean communicates with the 

atmosphere. Properties linked directly to the mixed layer include sea surface temperature (SST), 

perhaps the single most important variable influencing the ocean’s link to climate. The 

momentum transfer between the atmosphere and ocean interior also depends on mixed-layer 

processes, where turbulent stresses give rise to the Ekman flux. In addition, the biogeochemical 

fluxes and euphotic zone of the upper ocean share the mixed layer. It follows that all forms of 

forcing (thermodynamic, mechanical, and biogeochemical) are transmitted between the 

atmosphere and ocean interior through the mixed layer.  Property fluxes, such as temperature and 

salinity are distributed rather uniformly in the well-mixed layer due to the strong turbulent 

response to atmospheric forcing.  Consequently, the bulk of all fluxes between the surface and 

ocean interior occurs across the base of the well-mixed layer, making it a region of fundamental 

importance.  For example, these fluxes determine the rate at which cooler, nutrient rich water is 

brought into the well-mixed layer and made available to primary producers in the euphotic zone.  

Also, the degree of cooling in the surface waters following deep-mixing storm events is of 

critical climatological significance.  

Oceanic surface boundary layer studies have generally focused on the mixed layer as a 

whole, with models taking slab (e.g., Kraus and Turner, 1967; Pollard et al., 1973; Price et al., 

1986) or depth-dependent (e.g., Kantha and Clayson, 1994; Large et al., 1994) forms.  Under this 

approximation, the mixed-layer base is taken as a steep density step where the nearly 

homogenous water of the well-mixed layer meets the stratified waters of the upper thermocline.  

Figure 1 illustrates the typical mixed-layer approximation employed by bulk or “slab-like” 

models.  Here the density interface between the well-mixed surface layer and the stably stratified 

thermocline (or pycnocline) is treated as a discontinuity in the velocity (V; black), density (ρ; 

red), and temperature (T; blue) profiles.  By considering such a sharp transition at the mixed-

layer base, upper ocean studies often ignore specific details of this transition.  However, I intend 

to show that these details are important in understanding the mixed layer kinetic energy balance.  
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Thermocline studies also have generally ignored the precise nature of the turbulent transition 

occurring at the mixed-layer base. Models of thermocline dynamics generally consider the 

mixed-layer base as an upper boundary condition, where forcing conditions such as temperature, 

salinity, and Ekman flux can be imposed based on conditions at winter’s end (Luyten et al., 

1983).  However, recent observations have shown that wind-driven momentum and enhanced 

mixing penetrate past the mixed-layer base into the transition layer (e.g., Toole et al., 1987; 

Moum et al., 1992; Farrari and Boccaletti, 2004; Plueddemann and Farrar, 2006).   

 
 

Figure 1:  Diagram showing a typical bulk mixed layer model.  Here the velocity (V, 

black), density (ρ, red), and temperature (T, blue) are all constant in depth (z) within the 

mixed layer.  The density step (Δρ) at the base of the mixed layer represents a 

discontinuity in the profile.  Below the mixed layer lies the stably stratified water of the 

main thermocline (or pycnocline).  
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The transition layer is generally defined as a region through which turbulent mixing rates 

change from highly energetic in the surface mixed layer to relatively calm in the interior.  The 

transition layer is also characterized by stratification and shear maxima (Johnston and Rudnick, 

2009).  The present study will focus on these main issues: 

 

1. Establishing a working definition for the transition layer. 

 

2. Quantifying the turbulent mixing rates in the mixed layer, transition layer, and thermocline 

for a given data set. 

 

3. Comparing the relative buoyancy fluxes between each of the layers. 

 

4. Determining the importance of the transition layer in the transfer of energy out of the 

mixed-layer base into the ocean interior. 

 

5. Assessing the ability of a simple one-dimensional model to represent the density structure 

and mixing in the transition layer.  

 

6. Emphasizing the need to improve transition layer parameterizations in general circulation 

models (GCMs).  

 

The primary resource for this investigation will be a pair of data sets collected during the 

FLUX-STATS experiment in April of 1991 and the North Atlantic Tracer Release Experiment 

(NATRE) in March of 1992.  These data were collected using specialized profiling instruments 

which measure temperature, salinity, and velocity microstructure on scales of O(1 mm) to O(1 

cm).  Both data sets consist of a series of profiles, each of which serves as a snapshot of the 

vertical structure of the ocean.  Together, these profiles provide a time series at that location and 

time.  ADCP velocity data will also accompany the analysis of microstructure data.  Specific 

properties of the data will be described in more detail in the data section. 

The next section begins by providing some additional background on the problem.  Then I 

will outline the method of analysis, including a description of the data properties that were 

observed.  This will be followed by a presentation of various results of this analysis, and a 

detailed discussion of the results.  
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CHAPTER 2 

BACKGROUND 
 

 

 

Most studies detailing measurements of turbulence in deep open-ocean mixed layers have 

focused on the equatorial ocean (Gregg et al., 1985; Peters et al., 1988; Moum et al., 1992a,b).  

Direct measurements of turbulence were made during the “Tropic Heat” experiments of 1984 

and 1987.  These data show enhanced turbulence levels modulated by the diurnal heating and 

cooling cycle of the mixed layer.  Surprisingly, measurements showed that these turbulence 

levels extended as deep as 90 m, through the base of the mixed layer and into the upper regions 

of the undercurrent core.  The Tropic Heat studies also documented a clear coupling between the 

diurnal cycle of the mixed layer and internal wave forcing.  Kantha and Clayson (1994) have 

highlighted the fluctuations of turbulent kinetic energy (TKE) at the mixed-layer base in 

numerical simulations.  In addition, Clayson and Kantha (1999) have shown the tendency of 

modeled TKE dissipation levels to modulate with the diurnal cycle of mixed-layer deepening. 

Significantly, their model results show that the parameterized effects of turbulence (a Mellor-

Yamada 2.5 closure scheme) penetrate to depths considerably in excess of the mixed-layer base. 

Indeed, the sensitivity of a mixed-layer formulation to the effects of turbulence is inherent in the 

K-profile parameterization (KPP; Large et al., 1994), commonly employed as a mixed-layer 

formulation in ocean models.  In that formulation, the diffusivity profile in the mixed layer 

interior actually depends on the diffusivity at the mixed-layer base through similarity relations.  

A review of mixed layer models was given by Plueddemann and Farrar (2006). They 

describe the differences between a simple damped-slab model, like that introduced by Pollard 

and Millard (1970), (e.g., D’Asaro, 1985, 1995; Alford, 2001) and convective models that allow 

for shear instability at the mixed-layer base (e.g., Price-Weller-Pinkel (PWP; Price et al., 1986); 

K-profile parameterization (KPP; Large et al., 1994)).  Plueddemann and Farrar (2006) compare 

the ability of both classes of models to estimate the mixed-layer response to atmospheric forcing.  

They find that while all models do a reasonable job simulating inertial currents for impulsive 

wind forcing, the models differ considerably in their damping characteristics under strong, 

resonant forcing.  Specifically, the convective class of models exhibits more efficient damping of 

inertial energy.  Plueddemann and Farrar (2006) attribute this to shear driven mixing at the 
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mixed layer base, parameterized as a Richardson number constraint in the slightly modified 

version of the PWP model they utilized.  This provides clear evidence of the importance of 

turbulent properties below the mixed-layer base, where shear is concentrated between the mixed-

layer and thermocline.  

While the processes acting internal to the mixed layer are numerous and complex, the highly 

stratified region between the mixed layer and thermocline must also be considered a region of 

fundamental importance.  This region is often referred to as the “transition layer”, which I will 

define as the layer where the Brunt-Vaisala frequency (N
2
 = -g/ρo ∂ρ/∂z) increases below the 

surface well-mixed layer to a local maximum, before dropping to values typical of the 

thermocline (Figure 2).  Here g is the acceleration due to gravity, ρ is the density of the fluid, and 

ρo is a reference density.  It is important to understand that this study is not a survey of the 

surface-forced entrainment zone at the bottom of the mixing layer.  Rather it is an investigation 

of the specific layer that connects the turbulent, well-mixed surface waters to the stable, stratified 

thermocline below.  Consequently, the transition layer of interest here is marked by a maximum 

in the density gradient (or stratification, N
2
), and often contains a maximum in shear.  At times 

when surface convection extends to the base of the well-mixed layer and impacts stratification 

below, the transition layer may also be the site of mixed-layer entrainment.    However there 

often exists a deeper, well-mixed layer that extends well below the zone of active surface 

convection, marking the remnants of a past mixing event (Brainerd and Gregg, 1995).  Under 

these conditions, the transition layer lies within the stratification maximum below the well-mixed 

layer and is removed from direct surface forcing.  This distinction will be discussed in more 

detail within the data section, but it is an important point to keep in mind. 

The transition layer also separates two environments with radically different turbulent 

properties, namely, the strong convective processes of the mixed layer and the inertial wave-

dominated motions of the upper thermocline.  Turbulence mixing levels are known to drop 

sharply across the transition layer, from O(100) cm s
-2

 diffusivities in the well-mixed layer to 

O(0.1) cm s
-2

 in the thermocline.   Therefore, the nature of this drop in energy across the 

transition layer is of key interest in understanding the kinetic energy balance of the mixed layer.  

For example, momentum and property fluxes across the well-mixed-layer base have important 

biological implications in terms of the cycling of nutrients between the interior and surface 
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ocean.  Also, accurate modeling of surface currents requires a better understanding of the inertial 

energy damping in the well-mixed layer.  

Finally, lets consider the integrated kinetic energy balance (1) for the mixed layer and 

transition layer: 

dE

dt
=
1

f

d

dt
" # u( ) $ % (& dz)

$(Z ML +' TL )

0

( + Jb $ E f (1)  

 

where f is the Coriolis parameter, τ is the wind stress, u is the horizontal velocity vector, ε is the 

turbulent kinetic energy dissipation (TKE) rate defined below, zML represents the base of the 

mixed layer, δTL represents the transition layer thickness, Jb represents the conversion of 

 
 

Figure 2:  Diagram showing mechanisms of energy loss in the mixed layer and transition 

layer. Wave driven and convective turbulence in the mixed layer, shear instability in the 

transition layer, and energy flux into the thermocline all contribute to the decay of inertial 

currents.  Panel (a) illustrates the transition layer thickness (δTL) found using my first 

definition (TL1), where it is simply the distance between the mixed-layer base and top of 

the thermocline.  My second transition layer definition (TL2), shown in (b), is based on the 

half-width between the mixed-layer base and the maximum in N
2
.  
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potential energy to mechanical energy via buoyancy forcing, and Ef represents the flux of energy 

out of the layer via near-inertial internal waves.  This equation is integrated from the bottom of 

the transition layer (zML + δTL) to the ocean surface, and represents the major sources and sinks 

of mechanical energy in the layer.  The first term on the right side of the equation is the source 

term, where wind drag across the ocean surface inputs kinetic energy to the mixed layer.  ε, 

which is defined in equation (2), represents the rate at which kinetic energy is removed by the 

viscous shear stresses in turbulent eddies. 

 

" = 15 /2( ✮★ ($u /$z)
2

(2)  

 

Here, ν is the kinematic viscosity, and the assumption of isotropy has been made to allow for the 

relation of the rate of strain tensor to the vertical microstructure shear "u /"z( )  (Yamazaki and 

Osborn, 1990), as is typical in ocean microstructure based-studies.  From equation (1) it is clear 

that the flux of energy out of the mixed layer / transition layer via internal waves (Ef) depends on 

the amount of energy consumed by turbulent dissipation (ε) in the mixed and transition layers. 

Additionally governing this system is the Turbulent Kinetic Energy (TKE) equation (3), 

which details the processes of TKE production and destruction over time. 

 

"q
2

"t
= # $ w $ u 

"u 

"z
+

g

%o

$ % $ w #
"

"z

$ p $ w 

%o

& 

' 
( 

) 

* 
+ #
1

2

"

"z
$ u , $ u $ w ( ) #- (3)

  

 

Where q
2 =
1

2
" u 
2 + " v 

2 + " w 
2( )  is the mean turbulent kinetic energy (TKE), ρo is a reference 

density, ρ’ is the density perturbation, ε is the dissipation rate of TKE, and p is the pressure.  The 

left-hand side represents the rate of change of TKE.  The first term on the right is the production 

or loss of TKE by mean shear interactions.  The second term is the dampening or production of 

turbulence by buoyancy forcing.  The third and fourth terms represent the redistribution of TKE 

by turbulent pressure fluctuations, and the transport of TKE by turbulent eddies, respectively.  

The final term, of course, represents the removal of TKE by viscous interactions in the turbulent 

fluid.  
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2.1 ONE-DIMENSIONAL MIXED-LAYER MODELS 

 

2.1.1 Price-Weller-Pinkel (PWP) Dynamic Instability Model  

In an effort to say something about the sensitivity of the transition layer to atmospheric forcing, I 

will compare the Price-Weller-Pinkel (PWP; Price et al., 1986) mixed layer model output to the 

observed data under the same forcing conditions.  As previously mentioned, Plueddemann and 

Farrar (2006) found the Price-Weller-Pinkel model to exhibit more realistic damping of inertial 

currents when compared to simple slab models, due to its parameterization of shear-driven 

mixing at the base of the mixed layer.  Here, the entrainment of fluid below the mixed layer can 

lead to deepening and shoaling of the mixed layer base, and likewise the transition layer.  As a 

result, I suspected that PWP might do a reasonable job at reproducing the transition layer. 

PWP is a one-dimensional mixed layer model that uses air-sea fluxes to predict time-

evolution of the vertical ocean structure at a given location (Price et al., 1986).  The model 

operates under the approximation that the mixed layer has a “slab-like” structure, with no 

vertical shear.  This approximation is typical of mixed-layer models (e.g., Kraus and Turner, 

1967; Pollard et al., 1973; Niiler and Kraus, 1977), and produces rather realistic representations 

of inertial currents in the upper ocean (Plueddemann and Weller, 1999; Plueddemann and Farrar, 

2006).  However, the unstratified mixed layer may still contain significant shear at sub-inertial 

frequencies (Weller and Plueddemann, 1996) and in the presence of horizontal density gradients 

(Cronin and Kessler, 2009). 

The inspiration for bulk mixed-layer models like PWP is that horizontal momentum is input 

by the wind and quickly mixes downwards, working to homogenize temperature, salinity, and 

velocity distributions within the mixed layer.  Thus, shear is primarily concentrated at the mixed-

layer base.  Eventually this shear becomes large relative to the stratification, and overturning 

ensues.  This results in the entrainment of deeper fluid into the mixed layer, deepening the mixed 

layer base.  Plueddemann and Farrar (2006) highlight the importance of shear-driven instability 

in the transition layer as a necessary mechanism for reproducing mixed-layer energetics. 

Three mixing parameterizations are employed by the PWP model to simulate mixed-layer 

dynamics.  Using the convention of Plueddemann and Farrar (2006), these parameterizations are 

shown below.  The first applies a static instability criterion (4) to the density field at the 
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beginning of each time step.  Next, a bulk Richardson number instability criterion (5) is applied, 

where H is the mixed-layer depth, ρ0 is a reference density of 1.025 x 10
-3

 kg m
-3

, U is the vector 

velocity, and the finite difference Δ is taken between the mixed-layer and the level just beneath.  

This acts to simulate the entrainment of deeper, stratified fluid at the mixed-layer base.  Finally, 

the model uses a gradient Richardson number constraint (6) to impose a shear instability 

criterion.  

 

PWP instability criteria: 

"# /"z ❁ 0 (4)

Rb ❂ (gH$#) /#0($U)
2 ❁ 0.65 (5)

Rg ❂ (g"# /"z) /#0("U /"z)
2 ❁ 0.25 (6)

 

 

The PWP model is a commonly used tool to simulate the seasonal behavior of bulk 

temperature, salinity, and velocity properties in the upper ocean, and to compute a mixed-layer 

depth (MLD) over various time scales (e.g. Cronin and McPhaden, 1992; Zhang and Rothstein, 

1999; Plueddemann and Farrar, 2006).  It has also been implemented to prescribe a vertical 

mixing estimate in the Hybrid-Coordinate general circulation Ocean Model (HYCOM; Bleck, 

2002).  It should be noted that by prescribing a shear-instability mechanism at the base of the 

mixing layer, PWP is ideal for simulating a slab-like boundary layer with entrainment at its base.  

For this reason, the PWP model has been shown to accurately reproduce observations of the 

upper layer that is being actively mixed by atmospheric forcing (Plueddemann and Farrar, 2006).  

However, it is unclear how well the model will represent the deeper, well-mixed layer base and 

transition layer, which contain significant levels of shear-driven mixing.  As a result, this study 

also assesses the ability of the PWP model to represent the bulk properties of the transition layer, 

which has not yet been investigated. 

 

2.1.2 Kantha-Clayson (KC) Turbulence Closure Model 

The Kantha-Clayson (KC; Kantha and Clayson, 1994) second-moment closure model will be 

used to investigate the ability of a turbulent closure model to reproduce mixing in the transition 

layer.  KC is an improvement on the classical Mellor-Yamada (MY; Mellor and Yamada, 1982) 
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2.5–level closure model.  Like MY, the KC model solves the primitive governing equations in 

terms of the bulk variables, second order turbulent moments, and empirical-based 

parameterizations of third order terms.  However, the MY model is known to systematically 

underestimate mixing, leading to a warm sea surface temperature (SST) bias (Kantha and 

Clayson, 2000).  Crawford (1993) found that the MY model did not accurately reproduce the 

observed lowering of warm isotherms below the mixing layer and reduced SSTs, following a 

storm event.  This suggests that considerable mixing occurs below the conventional mixing 

layer, which is not captured in the model.  Since this type of event will condition the water 

column for future mixing events, it is important to accurately model the mixing in the stratified 

layer below the well-mixed layer, the transition layer. 

The KC model contains several improvements to remedy the problems associated with under 

mixing and warm SST bias in MY.  First, the model has incorporated empirical insight from 

Large Eddy Simulation (LES) turbulence models to better model the unknown terms in the 

second-moment equations.  The KC model additionally includes a mixing model of the highly 

stratified but strongly sheared region immediately below the mixed layer to help remedy the 

problem of inadequate mixing beneath the mixed-layer base (Kantha and Clayson, 2000).  Like 

the modified version of PWP (Plueddemann and Farrar, 2006), the KC model uses an empirical 

Richardson-number-based model to prescribe episodic mixing events below the mixed layer.  

Ideally this should allow for some representation of the transition layer in the models.  The final 

goal of my study will be to briefly assess the ability of the PWP and KC models to represent the 

bulk properties of the transition layer over time.  One clear advantage of the Kantha-Clayson 

model over PWP is that it directly computes the terms in the TKE budget (equation 3), providing 

an estimate of the TKE dissipation rate, ε.  This will allow me to make a direct comparison of 

dissipation estimates between the observed and modeled (KC) transition layer. 
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CHAPTER 3 

ANALYSIS PROCEDURE 
 

 

 

The present study focuses on a detailed examination of turbulent levels in the transition layer, 

with the goal of documenting how mixing in this region is different from the layers above and 

below.  The turbulent nature of each layer will be characterized by the TKE dissipation 

parameter (ε, Figure 2), which is defined above in equation (2).  This study will utilize time-

series measurements of microstructure turbulence data that spans the surface mixed layer to the 

upper thermocline, documenting typical open-ocean conditions.  I have also limited my analysis 

to cases where data was collected in sufficient density to allow for meaningful averages over 

several days.  Eliminating many coastal data sets, there exist only several cases of mid-latitude, 

deep-ocean microstructure time series.  To begin, I have examined data from the two most 

promising: the FLUX-STATS Experiment, and the North Atlantic Tracer Release Experiment 

(NATRE).   

The FLUX-STATS Experiment was conducted in the eastern North Pacific approximately 

1000 km off the coast of California during May 1991 (Herbert and Moum, 1994) with the goal of 

quantifying the upper-ocean response to air-sea forcing.  The tethered, free-falling 

CHAMELEON turbulence profiler system (Moum et al., 1995) was used to make over 400 

vertical profiles.  A time series of microstructure at 39 N, 135 W spanning a six-day period 

provides optimum data for this study.  Data from the FLUX-STATS experiment was provided 

courtesy of Jim Moum of Oregon State University (Hebert and Moum, 1994).  NATRE occurred 

in the eastern North Atlantic during March-April 1992, with the goal of measuring mixing 

processes using both tracer and microstructure methods (St. Laurent and Schmitt, 1999).  Data 

were obtained using the autonomous, free-falling High-Resolution Profiler (HRP; Schmitt et al., 

1988).  A microstructure time-series consisted of 150 profiles taken over the course of 26 days 

(St. Laurent and Schmitt, 1999).  Profiles were taken roughly 4 hours apart, over a 400 km
2
 grid 

centered at 26 N, 28 W.  This data will be treated as time series only, ignoring the presence of 

mesoscale spatial variations influencing the hydrographic field.  
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3.1 DATA PROPERTIES 

 

A first look at the data is achieved by plotting temperature (
o
C), the buoyancy frequency (N

2
; s

-

2
), the finestructure velocity (U; m s

-1
), and the TKE dissipation rate (ε; W kg

-1
) versus depth for 

each data profile, as shown in Figure 3.  Here I have plotted two individual profiles from each 

data set, with the purpose of highlighting some key characteristics of the data.  The first thing to 

note is the presence of a well-mixed layer in the temperature records, often extending to depths 

of 120 m.  The base of the well-mixed layer can be estimated visually by locating the “elbow” in 

the temperature profile.  This is where the nearly homogeneous and well-mixed surface waters 

meet the stratified layers below.  Also present in the temperature record is the stratified 

thermocline, which can be identified as the near-constantly slopping region that typically starts at 

depths greater than 150 m. 

For FLUX-STATS (Figure 3a), the temperature record reveals the presence of an upper, 

active mixing layer as indicated by the small temperature step at about 75 m in Figure 3a.  

Herbert and Moum (1994) referred to this feature in the FLUX-STATS experiment as the 

seasonal thermocline.  This mixing layer is actively undergoing convection processes, capping 

the deeper well-mixed layer that remains from a past mixing event (Brainerd and Gregg, 1995).  

For this study, I am not interested in the specific details of the convection zone, but rather those 

of the transition from the well-mixed layer and to the upper thermocline.  In the given profile 

(Fig. 3a), the base of the well-mixed layer extends to about 130 m, and is followed by the main 

thermocline, which begins around 180 m.  The 50-m thick region between the base of the well-

mixed layer and the top of the thermocline is what I seek to investigate. Again, this region is 

characterized by a stratification (N
2
) maximum, as is consistent with other transition layer 

descriptions (e.g., Johnston and Rudnick, 2009).  However, this is not the site of surface-forced 

entrainment into the active mixing layer. 

The next panel contains the buoyancy frequency record.  The profile in Figure 3a contains a 

local N
2
 maximum of roughly 4 x 10

-4
 s

-2
 near 150 m depth.  By definition, this peak in the 

buoyancy frequency corresponds with the sharp density gradient found at the base of the mixed 

layer (Brainerd and Gregg, 1995; Johnston and Rudnick, 2009), and therefore occurs within the 

transition layer.  Likewise, this region contains a spike in the velocity shear, a feature commonly 
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observed in the well-mixed layer/thermocline transition layer (Johnston and Rudnick, 2009). 

Please note that only the magnitude of the finescale velocity [U = (u
2
 + v

2
)

1/2
; where u and v are 

the eastward and northward velocity components respectively] was provided with the FLUX-

STATS data (no directional information was given).  In the dissipation record, maximums of 

O(10
-8

 W kg
-1

) are found near the top of the mixed layer and below the mixed-layer base. 

For the purpose of isolating the transition layer, I want to exclude the deepest layer of well-

mixed, nearly homogeneous fluid.  As a result, the deeper well-mixed layer base (rather than the 

depth of the actively mixing region) is sought.  For example, the top of the transition layer (base 

of the well-mixed layer) for the profile in Figure 3a is located at a depth of about 135 m.  For my 

Figure 3:  Two vertical profiles are plotted from both the FLUX-STATS (a., b.) and NATRE 

(c., d.) data sets.  Each plot contains the temperature profile (leftmost panel), followed by the 

buoyancy frequency (N
2
), horizontal velocities*, and the dissipation rate (ε) for the upper 300 

m.  *Note that only one component of the horizontal velocity field was provided to me with 

the FLUX-STATS data.  This represents the magnitude [(u
2
 + v

2
)

1/2
] of the flow. 
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analysis, I will define the well-mixed layer in such a way that it agrees most closely with this 

observation.  This definition will be given in the next section. 

While most of the FLUX-STATS temperature records contain an upper actively mixing layer 

(seasonal thermocline; Herbert and Moum, 1994), there are some instances, such as the profile in 

Figure 3b, where enhanced mixing below 50 m has begun to erode the fossil well-mixed layer.  

In this case, the base of the mixed layer is found at around 80 m and a thicker transition layer is 

present.  Again, an N
2
 maximum and elevated dissipation rates are found in the transition region 

in Figure 3b.   

The NATRE temperature profiles (Figs. 3c and 3d) share some key features with those of 

FLUX-STATS, including a well-mixed layer that reaches depths of 120 m.  However, the 

NATRE profiles do not typically contain an intermediate actively mixing layer, as nighttime 

convection typically reaches the base of the well-mixed layer (Figs. 6b and 7b).  A clear 

transition region that extends 30 (Fig. 3d) to 50 (Fig. 3c) meters below the mixed-layer is also 

present in the NATRE temperature records.  Likewise, local buoyancy maxima and elevated 

dissipation rates of O(10
-8

 W kg
-1

) are associated with the transition layer here.  The maximum 

dissipation rates (O(10
-8

 W kg
-1

)) in Figure 3c are found in the surface mixed layer, presumably 

in response to active wind forcing.  Plotting a selection of the data in this manner (i.e. Figure 3) 

has provided some useful insight into choosing a method for isolating the transition layer.  Exact 

details of this definition are given in the next section.  Then, each of the 400 (FLUX-STATS) 

and 150 (NATRE) profiles will be examined in order to compare the dissipation and mixing rates 

of the transition layer to those occurring in the surface mixed layer and upper thermocline. 

 

3.2 DEFINING THE TRANSITION LAYER 

 

While some recent attention has been paid to the transition layer (e.g. Johnston and Rudnick, 

2009; Tinkham and Tandon, 2007), a universal definition has not yet been established.  In light 

of this consideration, I felt compelled to employ two different definitions and conduct an 

independent analysis of each.  Both definitions rely, in part, on the buoyancy frequency (as seen 

in Figure 2) to determine the transition layer thickness for each data cast.  The first transition 

layer definition is more liberal, and involves finding the mixed layer and the top of the 

thermocline, taking the transition layer to be the depth range between those two points.  The 
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second definition sets somewhat more conservative bounds on the transition layer, and involves 

finding the half-width of the N
2
 peak. 

 

3.2.1 First Transition Layer Definition (TL1) 

Here I employ a simple definition of the transition layer that provides both a rough and liberal 

estimate of the transition layer thickness.  The first step is to define the base of the well-mixed 

layer, which marks the top of the transition layer.  Differences from near surface potential 

temperature or density values are typically used to identify the depth of the well-mixed layer 

(e.g., Brainerd and Gregg, 1995; Johnston and Rudnick, 2009).  This is because the mixed layer 

is characterized by weak vertical temperature and density gradients, followed by a pronounced 

density step at its base.  The transition layer can be visually identified in the density profile as the 

region of this density step.   

The mixed-layer base can be defined both in terms of potential temperature and potential 

density.  Using temperature, one can define the base of the mixed layer as the depth at which the 

temperature differs more than 0.1 
o
C from a near-surface temperature (depth of the first reading, 

usually near z = 5 m).  Alternatively, a potential density difference of 0.03 kg m
-3

 (from a near-

surface value) can be used to define the mixed-layer base.  This value was chosen as it agrees 

most fittingly with the depth at which the near-constant temperature and N
2
 values of the well-

mixed layer begin to deviate.  Both mixed layer definitions were employed independently, and 

the results compared.  Using a difference in potential density yields slightly more consistent 

mixed layer estimates, thus was used as the definition of choice for the results presented here.  

Visual inspection of each profile indicates that the density step (or elbow) at the base of mixed 

layer is consistently at O(100 m) depth.  As a result, I also require that the estimated mixed layer 

depth be greater than 50 m.  For example, if a density difference of 0.03 kg m
 -3 

or greater is 

found at a depth of 20 m, then I start from that depth (20 m) and look for the next point where 

the density difference exceeds 0.03 kg m
-3

.  This new depth is then chosen as the mixed-layer 

base (as long as it exceeds 50 m).  The goal of this approach is to avoid choosing the upper 

active mixing layer or some other near-surface anomaly as the well-mixed layer base.  As 

discussed above, the depth of the well-mixed layer is sought in defining the transition layer.  

Clearly this definition was adapted to suit the case of exceptionally deep well-mixed layers 

(O(100 m)), such as those found in my data, and may not be applicable to other data sets.  My 
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definition is especially important in the case of FLUX-STATS, which contains a small density 

step (at about 50 m depth) below the active convection zone, followed by a residual well-mixed 

layer below 100 m.  The following analysis is focused on the transition between the well-mixed 

surface waters and the stratified fluid of the main thermocline. 

Once the base of the well-mixed layer has been determined, a transition layer thickness (δTL1) 

can be identified as the vertical distance between the mixed-layer base and the top of the 

thermocline.  This offers a transition layer thickness, (δTL1 = |zThrm - zML|; shown in Figure 2(a)), 

where zThrm is the depth of the upper thermocline and zML is the depth of the mixed-layer base.  It 

has been well established that upper ocean values for shear and stratification reach a maximum 

near the base of the mixed layer (e.g., Brainerd and Gregg, 1995; Johnston and Rudnick, 2009).  

This is where the mixed layer, a region characterized by a near-zero density gradient and reduced 

vertical shear, interacts with the upper thermocline, a region characterized by a nearly constant 

change in density with depth.  Thus, by definition, the N
2
 profile reaches a maximum in the 

transition layer, returning to more constant values in the main thermocline.  With that in mind, I 

begin by calculating the buoyancy frequency with depth for each profile and find the depth of the 

maximum (zNmax).  Again, I take this peak to be within the transition layer.  Next I find the depth 

below this peak where the buoyancy frequency returns to a value nearly equal to the mean value 

for the upper thermocline.  This point is taken to be the top of the thermocline, which also serves 

as the lower bound on the transition layer.  This approach for determining transition layer 

thicknesses is similar to those employed by Johnston and Rudnick (2009), but is somewhat more 

liberal, spanning the entire region between the base of the mixed layer and the upper 

thermocline.  As a result, this method may result in thicker transition layer estimates than the 

methods used by Johnston and Rudnick (2009).  However, I intend to show that for the purpose 

of comparing TKE dissipation rates, minor differences in the transition layer thickness have little 

significance. 

The mean buoyancy frequency for the upper thermocline is taken as the average between 200 

and 350 m depth in each profile.  This is a more than reasonable estimate for the upper 

thermocline based on visual inspection of the density and buoyancy gradient profiles.  However, 

this approach would not be appropriate for other data sets that do not contain a main thermocline 

at that depth.  The buoyancy frequency was not used in calculating the mixed layer base because, 

unlike in the thermocline, mixed-layer N
2
 values are hard to quantify as they fluctuate around 
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zero.  With values for the mixed layer base and the top of the thermocline now established, I can 

make thicknesses estimates for the well-mixed layer and transition layer.  The major drawback of 

this definition is that it does not provide a universal method for defining the top of the 

thermocline, which is a rather vague feature to begin with.  Application of this method to other 

data would first require some physical insight to aid in choosing the average thermocline depth.  

Nonetheless, choosing the mean N
2
 between 200 and 350 m works agreeably for my data, as will 

be seen in the next section. 

 

3.2.2 Second Transition Layer Definition (TL2) 

I will now employ a second transition layer definition that is perhaps more agreeable with other 

data as it avoids the ambiguity of needing to define the top of the thermocline.  This second 

definition also offers a more conservative estimate of transition layer thickness than the first.  In 

fact, the average thickness estimated by this method is about one-half that found by the first.  

Once again, I will start by finding the depth of the mixed layer (zML) followed by the depth of the 

N
2
 maximum (zNmax), which occurs within the transition layer.  I then identify the top of the 

transition layer (zTLtop) as the halfway point between the well-mixed layer and the buoyancy 

maximum.  This leads to a new transition layer thickness (δTL2) that is defined as the distance 

between the well-mixed layer and the buoyancy maximum (i.e. δTL2 = |zNmax – zML|; see Fig. 

2(b)).  Now the top of the transition layer (zTLtop) can be expressed in this way: 

 

zTLtop � zML ✰
1

2
"TL 2 (7)  

 

Finally, the bottom of the transition layer (zTLbot) is defined to be the full distance, δTL2, below 

the top of the transition layer (i.e. zTLbot = zTLtop + δTL2).  Recall that in the previous definition, I 

consider the thermocline to begin at the bottom of the transition layer.  This is because the base 

of the transition layer was estimated more liberally in the first definition, extending well beyond 

the buoyancy and stratification maxima.  According to the second definition (TL2), however, the 

transition layer base is still within the region of elevated N
2
 values.  As a result, the top of the 

thermocline (zThrm) is set another half delta below the transition layer (i.e. zThrm = zTLbot + ½ 

δTL2).  This method for determining transition layer thickness from the buoyancy frequency is 
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similar to what Johnston and Rudnick (2009) refer to as the “full width at half maximum” in 

their treatment of the transition layer.  The main advantage to this method is that it provides a 

universal method of defining the transition layer based on the N
2
 profile, while avoiding 

complications associated with defining the top of the thermocline.  Since the well-mixed layer 

and the N
2
 maximum are ubiquitous features in the world ocean, this definition (TL2) can be 

applied to most data. 
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CHAPTER 4 

RESULTS 

 

 

 
Next I wish to quantify the turbulent characteristics of the transition layer relative to those found 

in the mixed layer and, more importantly, the thermocline.  To do so, the turbulent kinetic energy 

(TKE) dissipation rates (ε) and the turbulent diffusivities (κρ) were calculated for each depth in 

the profile using equations (2) and (8) 

 

"# = $ % /N 2
(8)  

 

where, Γ is the mixing efficiency parameter taken as 0.2 (Osborn, 1980) and the angle brackets 

denote an average over all profiles for a given layer (mixed layer, transition layer, or upper 

thermocline).  The efficiency factor, Γ, is equal to the rate of increase of potential energy in a 

turbulent flow divided by its rate of loss of kinetic energy.  This is taken to have a constant value 

of 0.2, as is typical of microstructure turbulence studies, but may not be true everywhere in the 

world ocean (St. Laurent and Schmitt, 1999).  For the thermocline estimates, I only consider the 

100 m interval below the base of the transition layer.  Mean diffusivities over the course of each 

data set were computed for the well-mixed layer, transition layer, and thermocline.  The results 

are shown in Table 1.  Note that the average diffusivity found in the transition layer is on the 

 

Table 1: Mean diffusivities 〈κρ 〉 estimated for the well-mixed layer, transition layer, and 

thermocline.  Diffusivities, κρ  (cm
2
 s

 -1
), were calculated using equation (2).  

 
 

 Mixed Layer 
Transition 

Layer 
Thermocline 

FLUX-

STATS 
110* 0.3 0.5 

NATRE 37* 0.08 0.08 
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same order as that found in the thermocline.  This is because the greater dissipation observed in 

the transition layer is nearly balanced by the increased stratification. 

 

4.1 DEPTH OF THE WELL-MIXED LAYER 

 

The temperature structure over time for FLUX-STATS (a) and NATRE (b) is highlighted in 

Figures 4 and 5.  Here one can see a nearly homogenous well-mixed layer that extends decidedly 

below 100 m in both data sets.  Note the presence of a seasonal thermocline above the deeper 

well-mixed layer in the FLUX-STATS record.  The mixed layer depth for both the FLUX-

STATS and NATRE time series is represented by the black line in Figures 4 and 5 (Transition 

layer definitions 1 and 2 respectively).  The entire FLUX-STATS time series (Figs. 4a, 5a) yields 

an average mixed layer depth of about 90 m with a standard deviation of 16 m.  The standard 

deviations reported herein reflect variability in the data, as opposed to the uncertainty on the 

mean.  For example, given that the mixed layer depths have a nearly normal distribution, about 

68% (1σ) of the stations have a mixed layer depth between 74 and 106 m.  Wind stress 

magnitude (N m
-2

) and net heat flux (W m
-2

) time series are additionally plotted in Figures 4 and 

5.  Net heat flux is calculated as a summation of the incoming shortwave (solar) radiation, 

outgoing longwave radiation, latent heat of evaporation, and sensible heat flux.  In the FLUX-

STATS record, a clear diurnal signal is present in the seasonal thermocline (shown in magenta; 

Herbert and Moum, 1994), as deepening occurs during nighttime convection.  Enhanced 

nighttime convection occasionally drives down the active mixing layer, merging it with the 

deeper well-mixed layer.  Also note the periods of enhanced wind stress associated with the 

passage of two storm fronts around 0.5 and 4.5 days.  Such strongly episodic wind events 

characteristically produce upper ocean velocities that oscillate at nearly the local inertial 

frequency (Pollard and Millard, 1970; D’Asaro, 1985).  By concentrating energy in the inertial 

frequency band, these conditions are favorable for the generation of near-inertial internal waves 

at the base of the well-mixed layer (Alford, 2001).  This idea will be revisited in the discussion 

of the turbulent dissipation rates.  The meteorological data for FLUX-STATS was taken from 

shipboard observations, allowing for more accurate linkage between the atmospheric fluxes and 

the oceanic response.   
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For NATRE (Figs. 4b, 5b), the mean and standard deviation mixed-layer depths were more 

like 140 m and 38 m, respectively.  Unlike FLUX-STATS, the NATRE data does not contain a 

seasonal thermocline as surface forcing is able to penetrate to the base of the well-mixed layer.  

As a result, the diurnal convective signal is evident in the well-mixed-layer depth.  Superimposed 

on the daily convection is the variability induced by lateral ship migration and moderate 

fluctuations in wind forcing.  Meteorological forcing data was not available for NATRE.  

Instead, data was taken from the central mooring of the Subduction experiment (Moyer and 

Weller, 1997), which occupied the same region during the time of the 26-day NATRE 

observation.  The computed meteorological fluxes were provided courtesy of Robert A. Weller 

of the Woods Hole Oceanographic Institution. 
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(a)   

FLUX-STATS Temperature (
o
C) Time Series 

 
(b)   

NATRE Temperature (
o
C) Time Series 

 
Figure 4:  Temperature contours and layer depths using my first transition layer definition (TL1) 

for the FLUX-STATS (a) and NATRE (b) time series.  Plotted here are the well-mixed layer 

base (black) and the bottom of the transition layer (magenta).  The transition layer thickness is 

represented as the region between the mixed layer and transition layer base (also represents the 

top of the thermocline in this definition).  
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(a)   

FLUX-STATS Time Series of Layer Depths 

 
(b)   

NATRE Time Series of Layer Depths 

 
 

Figure 5:  Temperature contours and layer depths using my second transition layer definition 

(TL2) for the FLUX-STATS (a) and NATRE (b) time series.   Plotted here are the well-mixed 

layer base (black), the top of the transition layer (green line with circles), and bottom of the 

transition layer (magenta).  
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4.2 THICKNESS OF THE TRANSITION LAYER 

 

The transition layer is characterized by a stratification maximum associated with the sharp 

temperature gradient found below the mixed-layer base.  The transition layer estimates presented 

here (Figures 4 and 5) do a good job of capturing this feature.  As a result, I believe they serve as 

a reasonable working definition for the transition layer.  The transition layer fluctuations in 

NATRE (Fig. 4b) appear diurnal, but this is a partial artifact of the sampling interval (O(4 

hours)), which is much closer to the diurnal period than FLUX-STATS (O(15 minutes); Fig. 4a).  

With that said, this difference is largely due to the contrasting roles that surface forcing plays in 

each of the two data sets.  In FLUX-STATS the surface induced mixing is confined to the upper 

active mixing layer (or seasonal thermocline), and does not typically reach the well-mixed-layer-

base.  Consequently, the transition layer is highly decoupled from atmospheric fluxes in the 

FLUX-STATS data.  Whereas, in NATRE, surfaced induced convection reaches the base of the 

well-mixed layer, setting its depth.  In this case, daily atmospheric forcing has a more direct 

impact on the transition layer.  This observation is seen more clearly in the dissipation record 

(Figs. 6 and 7). 

 

4.2.1 First Transition Layer Definition (TL1) 

In accordance with my first definition (TL1), the transition layer thickness is given by the 

distance between the well-mixed-layer base and the top of the thermocline (the distance between 

the black and magenta lines in Figure 4) for each station.  For this definition, the top of the 

thermocline also serves as the bottom of the transition layer (Fig. 4).  The resulting thickness for 

FLUX-STATS (Fig. 4a) is on average 120 m, with a standard deviation of 26 m and a maximum 

of 180 m.  This is considerably larger than previously reported values of transition layer 

thickness (Danabasoglu et al., 2008; Johnston and Rudnick, 2009).  Interestingly, the times when 

the transition layer is thickest correspond with a shallower than average mixed layer.  

Conversely, when the mixed layer is deepest, the transition layer thickness appears to be 

reduced.  This observation is especially true for NATRE, and is because mixed-layer dynamics 

are tied directly to the surface forcing (i.e. wind conditions and inertial energy), whereas, 

changes to the transition layer base are mitigated by turbulence processes occurring in the mixed 

layer, making its depth more stable.  When forcing conditions favor stratification and a shoaling 
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of the mixed layer, a broader and more stable transition region is present.  It follows then that 

mixed layer deepening may lead to narrowing of the transition layer as stratified fluid is 

entrained in the mixed layer.    

The NATRE time series (Fig. 4b) has a consistently narrower transition layer.  Here, the mean 

transition layer thickness is about 40 m, with a standard deviation of 30 m and a maximum of 

130 m.   It is interesting to note that the transition layer thickness for FLUX-STATS is 2-3 times 

larger, on average, than for NATRE.   This observation seems to be the result of several factors.  

For one, the larger amounts of shear-driven mixing observed during FLUX-STATS acts to 

entrain fluid below the base of the well-mixed layer.  This process works against the 

stratification to broaden the isopycnals in the transition layer.  Also, deeply penetrating surface 

mixing acts to drive down the base of the well-mixed layer, thereby squeezing the transition 

layer in the NATRE data set.  This does not occur in FLUX-STATS, because surface induced 

mixing is confined to the seasonal thermocline and does reach the deeper base of the well-mixed 

layer.  

 

4.2.2 Second Transition Layer Definition (TL2) 

Unlike the transition layer definition described above, this second method does not require that 

the transition layer begin at the base of the well-mixed layer (Fig. 2) and, in fact, they are often 

separated by O(20 m).  The same is true of the transition layer bottom and the thermocline.  To 

make this distinction, the transition layer is represented as the region between the green and 

magenta colored lines in Figure 5.  Using this new transition layer thickness criterion (δTL2), a 

mean thickness of 44 m for the FLUX-STATS data set (Fig. 5a) is obtained.  The record also 

contains a standard deviation of about 20 m and a maximum thickness of 102 m.  For NATRE 

(Fig. 5b), the new mean thickness is 21 m, with a standard deviation of 27 m and a maximum of 

105 m.  Note that this second method is a more conservative estimate of the transition layer, 

producing average thicknesses that are 50 to 60 percent less than those determined by the first 

method.  However, I will show that this seemingly substantial difference does not significantly 

impact my primary objective of characterizing the turbulent properties of this region. 

 

 

 



26 
 

4.3 TKE DISSIPATION RATES 

 

Dissipation estimates were derived from microstructure shear using (2).  The results of this 

calculation are shown in Figures 6 (TL1) and 7 (TL2) for the first and second transition layer 

definitions, respectively.  In the FLUX-STATS record (Figs 6a and 7a), there is a clear diurnal 

signal in the upper 50 m.  Here we observe deeper penetration of enhanced dissipation rates 

during nighttime convection.  The figures also reveal the surface response to wind forcing.  The 

highest dissipation rates (greater than 10
-7

) drop off with wind stress around day three of the 

record.  Additionally, there is about a one-day lag between the maximum observed wind stresses 

and the greatest dissipation of that energy via turbulence.  One interesting observation is that the 

surfaced induced mixing in FLUX-STATS is largely confined to the upper, actively convective 

region (i.e. “seasonal thermocline”; Herbert and Moum, 1994), rarely penetrating into the deeper, 

well-mixed region left over from a recent mixing event.  The stratification separating the actively 

mixing region from the deeper mixed layer also disconnects the transition layer from surface 

forcing. 

Another noteworthy observation is that overall dissipation rates for FLUX-STATS are nearly 

an order of magnitude higher than those for NATRE (Figs. 6b and 7b).  This is clearly a result of 

the highly sheared velocity structure during FLUX-STATS (Fig. 8).  Here the magnitude of 

vertical shear (dU/dz) is calculated over a 10 m depth bin, where U = (u
2
 + v

2
)

1/2
 is the 

magnitude of the horizontal velocity.  Two strong pulses of enhanced wind stress (O(0.5 N m
-2

); 

days 1 and 5), each occurring over a period of roughly one day, are favorable for the generation 

of strong inertial oscillations in FLUX-STATS.  These inertial motions in the mixed layer are 

generally regarded as a source of internal waves below the mixed-layer base (Alford, 2001).  

Herbert and Moum (1994) present a detailed analysis of the decay of a near-inertial wave during 

the FLUX-STATS experiment, which is surely the source of the enhanced shear band in the 

transition layer.  Finally, a key point of interest in Figures 6a and 7a is the presence of large 

patches of elevated turbulence around 150 m depth.  This consequence of shear-induced mixing 

in the transition layer likely acts as a sink for mixed-layer inertial energy. 

A slightly different story can be inferred from the NATRE data.  Again there is a clear diurnal 

signal in the turbulent dissipation record (Figs 6b and 7b), which is modulated by periods of 

strong and weak wind forcing.  But unlike FLUX-STATS, surface enhanced mixing is able to 
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penetrate well below 100 m, to the base of the well-mixed layer in the NATRE record.  In fact, 

strong convection and a lack of near-surface stratification allow elevated dissipation rates to 

extend beyond 150 m around day 17.  After the winds die off around day 20, diurnal buoyancy 

forcing is confined to the upper few meters, and turbulence at the dissipative scale is greatly 

reduced at depth.  However, larger scale turbulent eddies persist for the next few days, keeping 

the layer relatively well mixed.  Once again, NATRE reveals patches of elevated TKE 

dissipation rates in the transition layer relative to those in the thermocline.  Unlike in FLUX-

STATS, this dissipation is not the product of internal wave activity within the layer.  Rather, 

shear instability and surface-forced entrainment dominate across the well-mixed/transition layer 

interface in NATRE.  Dissipation rates less than 10
-10

 have been removed from Figure 9 to 

highlight the slight increase in dissipation across the NATRE transition layer, relative to the 

thermocline.  

To further illustrate this point, I will directly compare the depth integrated dissipation rates 

for the transition layer to those in the thermocline.  Here I have taken the vertically integrated 

TKE dissipation rates within the transition layer and thermocline at each profile in the time 

series.  The resulting time series of average transition layer and thermocline dissipation rates is 

shown in Figure 10.  Average TKE dissipation rates for the mixed layer (not shown) were 

observed to be one to two orders of magnitude higher than those for the thermocline.  This result 

should be expected, as the mixed layer, by definition, is a region of enhanced energy dissipation 

via turbulent mixing.  A less obvious (and more noteworthy) result is found in the transition 

layer dissipation record (shown in blue).  Here the average dissipation rates, while considerably 

less than those observed in the mixed layer, are still several times greater than the dissipation 

rates of the thermocline (shown in red).  

For FLUX-STATS (Fig. 10a), mean dissipation rates in the transition layer range from 1 to 2 

x 10
-8

 W kg
-1

, while in the thermocline these values range from 8 to 9 x 10
-9

 W kg
-1

.  For 

NATRE (Fig. 10b), mean dissipation rates of 1 to 2 x 10
-9

 W kg
-1

 in the transition layer, and 7 to 

8 x 10
-10

 W kg
-1

 in the thermocline were observed.  Another interesting point is that the FLUX-

STATS dissipation record shows no phase relation between the mixed layer and the transition 

layer, indicating that mixing in the transition layer is completely decoupled from surface forcing.  

Dissipation rates in the NATRE transition layer, on the other hand, are very closely in phase with 
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the well-mixed layer.  This provides further evidence that surface forcing extends into the 

NATRE transition layer, driving mixing there.  
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(a)   

FLUX-STATS Time Series of TKE Dissipation Rate 

(b)   

NATRE Time Series of TKE Dissipation Rate 

 
 

Figure 6:  Time series of dissipation rates and layer depths for FLUX-STATS (a) and NATRE 

(b) using my first definition (TL1).  Plotted here are the well-mixed layer base (black) and the 

bottom of the transition layer (red).  Here the transition layer thickness is the distance between 

the black and red lines. 
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(a)   

FLUX-STATS Time Series of TKE Dissipation Rate 

 
(b)   

NATRE Time Series of TKE Dissipation Rate 

 
 

Figure 7.  Time series of dissipation rates and layer depths for FLUX-STATS (a) and NATRE 

(b) using my second definition (TL2).  Plotted here are the well-mixed layer base (black), the 

top of the transition layer (orange line with circles), and the bottom of the transition layer 

(magenta).  Here the transition layer thickness is the distance between the orange and magenta 

lines. 
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(a)   

FLUX-STATS Vertical Shear Magnitude 

 
(b)   

NATRE Vertical Shear Magnitude 

 
 

Figure 8.  Time series of vertical shear calculated from the magnitude of the horizontal 

velocity (dU/dz) for FLUX-STATS (a) and NATRE (b).  Also plotted are the well-mixed 

layer (black) and transition layer (red) depths computed using my first transition layer 

definition (TL1).  Note the greater presence of shear in the FLUX-STATS data relative to 

NATRE, and the enhanced shear in the transition layer. 
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NATRE Time Series of TKE Dissipation Rates 

  

 
 

Figure 9.  Contour of dissipation rates over time for NATRE with values less than 10
-10

 

(background levels) removed.  
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(a)   

FLUX-STATS Time Series of TKE Dissipation Rate 

 
(b)   

NATRE Time Series of TKE Dissipation Rate 

 

 
 

Figure 10:  Time series of dissipation rates for FLUX-STATS (a) and NATRE (b) using my 

first definition (TL1).  Plotted here are the depth averaged TKE values for the width of the 

transition layer (blue), and upper 100 m of the thermocline (red).  These depths were plotted 

using a running average by grouping the data into bins of three stations each.  Also note the 

change in scale, with smaller average dissipation rates observed for NATRE. 
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CHAPTER 5 

DISCUSSION 

 

 

 
The surface mixed layer plays a fundamental role in the exchange of physical and chemical 

properties between the ocean and atmosphere.  The physical processes acting within the mixed 

layer are the means by which the atmosphere transfers its momentum into the ocean interior.  

Consequently, these processes play a key role in regulating physical and chemical property 

fluxes in the surface ocean.  Of particular importance to interior ocean dynamics are the fluxes of 

energy and momentum across the mixed layer base.  Here, enhanced vertical shear drives 

turbulent mixing that, in turn, leads to greater temperature, salinity, and nutrient fluxes.  These 

processes must be parameterized in general circulation models, which do not resolve the 

transition layer (Farrari and Boccaletti, 2004).  Yet, surprisingly little has been documented 

about the dissipative nature of the transition layer.  Direct measurements of turbulence levels, 

such as those discussed here, are particularly lacking.  As a result, model parameterizations 

cannot accurately quantify the consumption of energy via turbulent mixing in the transition layer.  

In turn, GCMs may not be able to accurately reproduce the kinetic energy balance in the mixed 

layer. 

It has been documented that wind energy, which is input to the mixed layer in the inertial 

band, may ultimately leave the mixed layer base in the form of near-inertial internal waves 

(Plueddemann and Farrar, 2006).  However, accurate prediction of near-inertial wave formation 

at the mixed-layer base must account for the shear-driven dissipation that occurs in the transition 

layer, which may act as a sink for near-inertial energy.  Some attempts, such as those employed 

in the PWP model, have been made to parameterize the turbulent kinetic energy rates at the base 

of the mixed layer (Price et al., 1986).  My observations confirm that the dissipation of kinetic 

energy via turbulence in the transition layer is greater than initially thought.  In fact, enhanced 

levels of turbulent mixing were observed to extend as far as 100 m below the base of the mixed 

layer.  This is in agreement with observations made during the “Tropic Heat” experiments of 

1984 and 1987 (Moum and Caldwell, 1985; Toole et al., 1987). 
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5.1 FURTHER ANALYSIS 

 

Hopefully through a better understanding of turbulence in the transition layer, more realistic 

model parameterizations can be developed.  Therefore, my interest is to characterize the vertical 

flux supported by turbulence acting in each of the various layers I have examined.  A useful 

metric is to normalize the mean dissipation rates for each layer (depth integrated and time 

averaged), by the mean for the thermocline (〈ε〉).  In this way, estimates of dissipation may be 

use to examine the buoyancy flux (Jb) according to the Osborn (1980) relation: 
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where the denominator is calculated using thermocline levels (denoted by the “0” subscript), and 

the angle brackets represent averages in depth and time for the given layer.  The resulting 

buoyancy-flux ratios can be found in Table 2.  My observations reveal that buoyancy-flux ratios 

were on average 4 (NATRE) to 8 (FLUX-STATS) times higher in the transition layer relative to 

those found in the thermocline, when defining the transition layer according to the first method 

(TL1).  When applying an alternate transition layer definition (TL2), I observed similar average 

ratios of around 3 for NATRE and 8 for FLUX-STATS.  This strong agreement is surprising 

given a factor of 2-3 difference in the transition layer thicknesses used by each method.  Thus, 

the transition layer thickness does not seem to have a direct bearing on the dissipation within the 

layer.  It is also interesting to note that the average buoyancy flux ratios for the FLUX-STATS 

data set are roughly twice as large as the ratios for the NATRE.  This is likely related to the 

strong wind pulses that favor inertial oscillations in the FLUX-STATS data, rather than the mean 

wind intensity, which is comparable for both data sets.  Note that the FLUX-STATS time series 

(Figs. 4 and 5) includes two periods of enhanced wind forcing associated with the passing of two 

storm fronts around days one and four (Herbert and Moum, 1994).  Both of these storm events 

generated maximum wind speeds of O(20 m/s), which is nearly twice the maximum found in 

NATRE.  It seems reasonable to suggest that the elevated shear in the FLUX-STATS transition 
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layer is the by-product of enhanced near-inertial energy in the mixed layer.  Under these 

circumstances, the trapping of near-inertial waves in the transition layer may lead to increased 

shear instability and mixing.   

A recent study by Johnston and Rudnick (2009) examines transition layer thickness statistics 

from a comprehensive collection of 232 SeaSoar sections.  SeaSoar is a ship towed instrument 

that samples the upper few hundred meters of the water column while covering large horizontal 

spatial range.  A Seabird CTD is among the sensors mounted on the instrument.  These sections 

consist of over 25,000 vertical profiles of temperature and salinity.  Johnston and Rudnick found 

median transition layer thicknesses ranging from 8 to 24 m for the various definitions that were 

employed.  This is considerably narrower than the median transition layer thicknesses observed 

for FLUX-STATS (39 to 120 m), yet comparable to the median for NATRE (9 to 26 m).  

However, for both data sets, greater mean thicknesses of 44 to 120 m for FLUX-STATS and 21 

to 38 m for NATRE were observed.  This is, in part, because our data contain high frequency 

fluctuations in the depth of the well-mixed layer, which is used in finding the upper bound on the 

transition layer.  As a result, shoaling of the mixed layer may broaden the transition layer, whose 

base is more stable. The temporal resolution of FLUX-STATS and NATRE is neccesary to 

quantify fluxes in the mixed layer / thermocline transition layer.  Whereas, the broad spatial 

Table 2:  Ratio of the average TKE dissipation rates, 〈ε〉, for the mixed layer and transition 

layer, respectively, to that in the thermocline.  Here, 〈εo〉 denotes the average dissipation rate 

in the upper thermocline.  Also, separate ratios are reported for both the first (〈εTL1〉) and 

second (〈εTL2〉) transition layer definitions.  
 

 

 

 

 

 

Mixed 

Layer 

〈εML〉 /〈ε0〉  

Transition Layer 

Definition 1 

〈εTL1〉 /〈ε0〉  

Transition Layer  

Definition 2 

〈εTL2〉 /〈ε0〉  

FLUX- 

STATS 
171  8  8 

NATRE 15  4  3 
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coverage of SeaSoar data is preferable for estimating transition layer thicknesses of larger areas 

(Johnston and Rudnick, 2009).  I recognize that there is some flexibility in choosing a transition 

layer definition, however, any uncertanty in the transition layer thickness should not detract from 

my main objective of quantifying the dissipation levels in this region.  Here I have presented two 

alternative transition layer definitions, one resulting in a more conservative thickness estimate 

(21 to 44 m), while the other is more liberal (38 to 120 m).  Regardless of which definition is 

chosen, it has been shown that the TKE dissipation rates (and buoyancey fluxes) in the transition 

layer are consistantly 3 to 8 times greater than those found in the thermocline.  

 

5.2 COMPARISON USING MIXED-LAYER MODELS 

 

Using both the Price-Weller-Pinkel and Kantha-Clayson models, I will evaluate the ability of a 

one-dimensional mixed layer model to reproduce the observed transition layer of the NATRE 

data set.  This comparison was made by running both models for the final seven days of the time 

series.  The reason for doing so is that the first 100 stations in the time series fall on a 400 km
2
 

grid with considerable spatial variability.  This can be seen in Figure 11 where the lateral 

temperature field at 10 m depth has been plotted.  Surface temperature differences of O(1 
o
C) 

across the meridional transect can be seen.  Obviously a 1-D model cannot account for this 

spatial variability.  Instead, approximately 50-stations centered near 26 N and 28 W within the 

small grid (Fig. 11) were used to compare the model.  Minimal spatial variability exists in this 

region. 

The models are first initialized by setting the vertical density field to that of the observational 

data.  Each consecutive time step is then forced by the bulk heat, momentum, and fresh water 

fluxes specified by the data set. A record from the central mooring of the Subduction experiment 

(Moyer and Weller, 1997), which collected meteorological data at the same time and 

approximate location as the NATRE observation, is used to force the PWP and Kantha-Clayson 

(KC) runs.  The models were then run with a vertical resolution of 0.5 m and a time step of 1 

hour, matching the resolution of the forcing data.  PWP was also run for the FLUX-STATS data 

set, but the results are not shown here.  Recall that the FLUX-STATS transition layer is 

completely decoupled from the surface forcing, which is confined to the active mixing layer.  

Because PWP is only capable of modeling physical processes forced at the surface, it does a poor 
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job of representing the transition layer of FLUX-STATS, where other physics is important.  

Details of this model run for FLUX-STATS are, instead, presented in Appendix B.  

After running each model for the NATRE data, the output was used to produce a time series 

of layer depths (mixed layer, transition layer, and thermocline), using the same definitions as 

before.  The results are shown in Figure 12.  Here the observed layers are shown in black, the 

PWP run in red, and the KC run in blue. Solid lines represent the mixed-layer base, and dashed 

lines the bottom of the transition layer.  There is reasonable agreement between the PWP and KC 

models, however both do a poor job of reproducing observed mixed layer- and transition layer-

depths.  Perhaps this is not surprising as the models are only capable of reproducing the physics 

represented by the forcing parameters. The modeled mixed layer has a clear diurnal signal, 

illustrating the model’s sensitivity to buoyancy forcing.  During periods of high wind forcing, 

wind-driven mixing will tend to dominate over the diurnal convective cycle in the modeled 

mixed layer.  However, this is not really observed in the NATRE model runs after day 16 as the 

winds are relatively weak.  While 1-D models can be useful diagnostic tools, they have no 

mechanism for dealing with lateral density gradients or advective motions.  This may be less of a 

problem when modeling shallow mixed layers that are dominated by atmospheric forcing.  

However, the NATRE data contains unusually deep mixed layers, where other physical forcing 

such as internal waves and measoscale interactions are much more important in driving the 

transition layer.  PWP and KC simply lack the ability to account for this additional physics.  

The model runs presented here have been initialized with the velocity shear profile from the 

observation.  This is necessary to give the model a mechanism for producing more realistic 

currents at depth. For example, Figure 13 compares the observed inertial currents (a) to the 

modeled currents with (b) and without (c) an initial shear profile.  Here we can see strong inertial 

currents that extend below 200 m when shear is included in the model (Fig. 13b).  However, 

without the inclusion of initial shear conditions (Fig. 13c), these currents die out below 130 m. 

As for the transition layer, the mixing in the models does not seem to reach beyond mixed 

layer base and into the transition layer.  As a result, the isopycnals forming the N
2
 maximum in 

the initial density profile (see Fig. 14a and b) do not experience upheaving or restratification 

during the model run.  Since the transition layer definition is based on this maximum, we do not 

observe any significant change in the transition layer depth over time in the models.  Figure 14a 

shows the evolution of the buoyancy frequency profile for the observed data (black), PWP (red), 
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and Kantha-Clayson (blue) for the 47 stations located in the small grid (Fig. 11).  Again, this plot 

depicts significant vertical motions in the observed N
2
 maximum, whereas the stratification in 

the PWP and KC runs is relatively stagnant at depth.  This illustrates the fact that kinetic energy 

input by the model does not propagate down far enough to mix out this stratification. 

Further comparison between the PWP and KC mixed‐layer models  is shown in Figure 

14b.   Here  I have plotted  the observed N2  profiles  for  the  stations  lying across  the  zonal 

transect at 26.75 N (Fig. 11), as well as the corresponding PWP and KC profiles from the full 

model run.  Significant mixing in the Price‐Weller‐Pinkel model appears to be limited to the 

upper 50 m, within the active convection zone.  The Kantha‐Clayson model, however, offers 

slight  improvement over PWP in  its mixing efficiency at depth.    In Figure 14b we can see 

that  the  initial stratification peak present at 130 m is slowly eroded over time due to the 

mixing of fluid at this interface.  In PWP, no evidence of mixing exists at this depth.  This is 

because  the  shear  in  the  model  is  not  high  enough  to  meet  the  Richardson  number 

criterion, which is the only mechanism in PWP to induce mixing at this depth.   KC, on the 

other hand, explicitly solves the TKE budget to simulate turbulence below the mixed layer.  

Regardless, these results indicate that both models may severely underestimate mixing in 

the transition layer.   

Perhaps the greatest advantage that the KC model offers over PWP is that, as a turbulence-

based mixing scheme, it is capable of accurately reproducing the TKE dissipation rates (ε) within 

the well-mixed layer and slightly below (Fig. 15).  A clear diurnal pattern of enhanced 

dissipation at depth is present in the model (Fig. 15b), which closely mirrors the observed 

microstructure signal (Fig 15a).  In this case, the model was initialized with the observed shear 

profile.  When shear values exceed a critical threshold, instabilities are formed that mixing 

parameterizations in the model work to stabilize.  The model’s ability to reproduce deeper 

mixing events is greatly improved by the inclusion of shear in the initial configuration. However, 

the model still fails to capture episodes of enhanced dissipation that occur below 150 m in the 

transition layer, where internal waves and unresolved 3-D effects are important.  This 

observation highlights the importance of quantifying the additional mixing which is missing 

from the models, as I have done here. 



40 
 

 

NATRE 10 m Temperature Field 

 
 

Figure 11:  Lateral temperature field at 10 m depth spanning the first 100 stations of the 

NATRE time series, as well as the smaller grid where the remaining 47 stations were sampled. 

Every ninth station is labeled and the cruise track is indicated.  Also labeled is the zonal 

transect (26.75 N) across which I compare the observation and models. 
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NATRE Time Series of Layer Depths 

 

Figure 12:  Time series of mixed layer (solid lines) and transition layer (dashed lines) depths 

for the NATRE observation (black), KC model (blue), and PWP model (red). 
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(a) 

Observed (NATRE) Velocity 

 
(b) 

Modeled (PWP) Velocity with Initial Shear 

 
(c) 

Modeled (PWP) Velocity with No Initial  Shear 

 
 

Figure 13: Contours of the eastward velocity component, U, from (a) the NATRE 

observation, (b) the PWP model where initial shear has been included, (c) and the PWP model 

with no shear. 
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(a)   

N
2
 Profiles for Final 47 Stations 

 
(b)   

N
2
 Profiles across Zonal Transect  

 
Figure 14:  Comparison of observed (black), PWP (red), and Kantha-Clayson (blue) vertical 

N
2
 profiles for (a) the final 47 stations and (b) the zonal transect shown in Figure 11. 
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(a) 

Observed (NATRE) Dissipation 

 
(b) 

Modeled (Kantha-Clayson) Dissipation 

 
 

Figure 15:  Contours of the TKE dissipation rates for (a) the NATRE observation and (b) the 

Kantha-Clayson mixed layer model. 
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 CHAPTER 6 

SUMMARY AND CONCLUSIONS 

 

 

 
The ocean transition layer is a unique region where the combination of high stratification and 

enhanced velocity shear make for an interesting turbulence regime.  Here, the mechanisms by 

which momentum is transferred from the surface ocean into the interior are of fundamental 

physical and biological importance, as they control the fluxes of physical properties, nutrients, 

and oxygen across the mixed-layer base.  Proper characterization of the turbulence in this region 

first requires a convenient way to define the transition layer.  Here I have established that using 

the buoyancy frequency (N
2
) profile is a reliable method of defining the transition layer, as the 

stratification maximum is known to occur within this layer.  Using the half-width of the N
2 

maximum, one can define a meaningful transition layer thickness (Figs. 5, 7) that is applicable to 

most data.   

In many cases, enhanced turbulent mixing (i.e. ε > 10
-8

) occurs as much as 100 m below the 

base of the well-mixed layer, in the transition layer.  In my observations, average transition layer 

thicknesses are between 30 and 100 m.  The nature of this data has also allowed me to present 

direct estimates of the turbulent diffusivity and dissipation rates, which have not previously been 

documented for the transition layer.  Here I find enhanced buoyancy fluxes to be 4 to 8 times 

greater than in the upper thermocline under moderate forcing conditions.  I suspect that fluxes in 

the transition layer would be even higher under strong storm forcing, because shear and 

entrainment would be enhanced at the mixed-layer base.  This provides an interesting area for 

future investigations that make use of remotely operated instruments, such as gliders, which are 

capable of safely collecting data during heavy seas and high wind conditions.  The enhanced 

transition layer turbulence observed under more typical daily forcing (as shown here) is enough 

to emphasize the importance of the layer in the communication of energy between the surface 

and the deep. Since General Circulation Models cannot resolve the transition layer, they must 

rely on parameterizations to capture the physical influence of the processes documented in this 

study.  Without a specific parameterization for the transition layer, GCMs likely miss a 
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significant fraction of mixing in the upper ocean.  As Plueddemann and Farrar (2006) suggest, 

mixed layer models that do not accurately account for the dissipation of energy in the transition 

layer will overestimate the wind-forced inertial currents in the mixed layer under strong, resonant 

forcing.  This is because such models lack proper damping mechanisms to balance the input of 

kinetic energy by the wind. 

To investigate the fidelity of a simple, 1-D, mixed layer model in reproducing observed 

transition layer dynamics, I have compared the Price-Weller-Pinkel and Kantha-Clayson models.  

Subsequent analysis has shown that the models do a rather poor job of simulating the evolution 

of the density structure due to mixing in the transition layer (Figs. 12-14).  These models would 

likely perform much better in cases when the mixed layer is shallow and the transition layer is 

more directly impacted by surface forcing.  This is not true of the exceptionally deep mixed 

layers in my data, particularly FLUX-STATS, which contains a transition layer that is 

completely decoupled from direct surface forcing.  Including the initial shear conditions does 

improve the model runs by providing a mechanism for instability and mixing below the mixed 

layer base.  However, this is not enough to capture all of the dissipation in the transition layer, 

where 3-D interactions and internal waves are important sources for mixing. 

Polton et. al. (2008) suggest that the interaction of Langmuir cells in the mixed layer with the 

stratification below may generate high-frequency internal waves.  The frequency of freely 

propagating internal waves is limited by the local buoyancy frequency (N
2
), and these waves 

likely become trapped within the highly stratified transition layer and contribute to mixing there.  

It follows then that the generation of these internal waves may be an important mechanism for 

drawing inertial energy out of the mixed layer, as it provides a means for dissipating this energy.  

All of the above observations implicate the importance of the transition layer in governing the 

chemical, physical, and biological interactions between the surface and interior ocean.  As such, 

it is important to accurately represent how mixed-layer currents, internal waves, and stratification 

interact within the transition layer to regulate mixing.  The observations I have presented here 

offer a glimpse into the energetics of this dynamic region. 
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APPENDIX  A 

 

USING THE BUOYANCY RATIO TO DEFINE THE TRANSITION 

LAYER 

 

 

 

 

A.1 BACKGROUND 

 

The vertical density ratio, Rρ, is defined to be the ratio of the relative effect of temperature and 

salinity on density over a specified depth interval (equation (A.1)).  Containing useful 

information about the salt and heat content of the water column, the density ratio has been used 

extensively to characterize the thermohaline structure from vertical profiles (e.g. Ingham, 1966; 

Stern, 1969; Schmitt, 1981 and 1990). 
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Here α and β are the expansion coefficients of temperature and salinity, and θz and Sz are 

vertical differences of potential temperature and salinity.  It has been demonstrated that the 

density ratio provides a useful criterion for double-diffusive instability, as salt fingers are 

observed for 1 < Rρ < 100 (Schmitt, 1979).  However, Rρ, also has the curious property of 

remaining remarkably constant with depth in the main thermocline (Ingham, 1966).  As a result, 

I chose to investigate whether the density ratio may be a useful parameter for identifying the 

transition layer and upper thermocline.  For example, if a constant Rρ value can be used to 

reliably pinpoint the top of the main thermocline, then perhaps its slope could also help identify 

the transition layer above. 

Ingham first noted that observed temperature-salinity (T-S) relationships in the “Central 

Waters” of subtropical gyres fit best on a curve of constant Rρ rather than a straight line.  This 
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observation was confirmed quantitatively by Schmitt (e.g. 1981, 1990).  Schmitt suggests that 

any deviation from a constant density ratio is effectively removed by the convergence or 

divergence of the vertical salt flux, due to the strong dependence of salt-finger activity on Rρ.  

This double-diffusive mechanism is proposed by Schmitt to explain the constancy of Rρ in the 

main thermocline.  The greater transport of salt than heat by salt fingers make it a suitable 

mechanism for removing perturbations in Rρ (Schmitt, 1990). 

The observed constancy of Rρ in the main thermocline is illustrated in Figure A.1, adapted 

from Schmitt (1990).  Schmitt (1981) reports constant, upper thermocline Rρ values for the North 

Atlantic (Rρ = 1.95) and North Pacific (Rρ = 3.82).  Based on this observation, I chose to explore 

the plausibility of using Rρ values to identify the transition layer and thermocline in my data 

 

 

Figure A.1:  Vertical profiles of Rρ from the North Atlantic and North Pacific adapted from 

Schmitt (1990).  Note constant values near 2.0 and 4.0 in the main thermocline of the N. 

Atlantic and N. Pacific respectively. 
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from the N. Atlantic (NATRE) and N. Pacific (FLUX-STATS).  First I compute the density ratio 

with depth for each data profile using a running least squares fit over a 5 m depth interval.  Then 

I look for the depth at which Rρ reaches a constant value near 1.95 (for NATRE) and 3.82 (for 

FLUX-STATS).  This depth will be taken as a lower bound on the transition layer and the top of 

the upper thermocline, which is similar to the method employed in my first transition layer 

definition (TL1).   

 

A.2 RESULTS 

 

For NATRE, the density ratio was calculated with depth for each profile and then averaged 

across the entire time series.  The resulting average Rρ profile is shown in Figure A.2.  When 

averaging Rρ over the upper thermocline (between 300 and 600 m) I get a value of around 2.1 as 

opposed to the value of 1.95 reported by Schmitt (1981).  Worse yet, Figure A.2 reveals that Rρ 

 

NATRE Rρ Averaged over Time Series 

Figure A.2: Cumulative average of the density ratio, Rρ, for all profiles in the NATRE time 

series. 
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does not approach a constant slope in the main thermocline as was observed by Ingham (1966) 

and Schmitt (1981, 1990).  For example, average Rρ for the profile in Figure 2 is around 1.7 

between 300 to 350 m, yet is almost 2.5 between 550 and 600 m.  Also, the density ratio for a 

given data profile (Fig. A.4(a)) tends to have a series of spikes that are O(1) or larger, which 

make identifying the actual start of the thermocline based on Rρ rather difficult.  Consequently, 

Rρ is not a suitable parameter for defining the transition layer or thermocline in an individual 

vertical snapshot.  To further illustrate this point, I attempt to recreate the estimated transition 

layer depth time series using an Rρ-based criterion.  I define the transition layer base as the depth 

at which Rρ reaches an average between 1.85 and 2.05 for a minimum of 50 m bin length.  This 

range was chosen to best agree with the near constant thermocline value of 1.9 reported by 

Schmitt (1990).  Figure A.3 compares the resulting transition layer estimate to that found using 

the original N
2
-based definition (definition 1).  Gaps in the Rρ method (blue) indicate regions 

where no value in the specified range (1.85 to 2.05) was found in the upper 600 m.  It is clear 

Using Rρ to Find the Transition Layer 

  

Figure A.3: The depth of the transition layer as determined by a constant Rρ value near 2.0 (blue) 

is compared to the depth found using the original method (definition 1, black). 
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that Rρ method substantially overestimates the depth of the top of the thermocline, and is much 

noisier than the original method based on N
2
.  It is no surprise that a definition based on the 

actual stratification according to N
2
 is a much more reliable way of identifying the transition 

layer. 

For FLUX-STATS the situation is even worse as the density ratio does not even approach a 

constant value in the thermocline.  This can be seen in Figure A.4(b).  As a result, the usefulness 

of Rρ in identifying the FLUX-STATS thermocline warrants no further investigation. 
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 (a) 

NATRE Rρ vs.  Depth 

 

(b) 

FLUX-STATS Rρ vs.  Depth 

 
 

Figure A.4: Individual vertical profiles of Rρ are plotted once per day for the (a) NATRE and 

(b) FLUX-STATS data sets. 
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APPENDIX  B 

 

PWP MODEL RUN FOR THE FLUX-STATS DATA 

 
 

 

 

The Price-Weller-Pinkel dynamic instability model was also run for the FLUX-STATS data, and 

the results are presented here.  The model was run with a one-meter depth resolution and 15-

minute temporal resolution to match the FLUX-STATS forcing data.  The resulting time series 

of the density field was analyzed to produce estimates of the mixed-layer and transition layer 

depths as defined before.  In Figure A.5, the modeled well-mixed layer and transition layer are 

shown in red and magenta, respectively.  In this case, the model produces virtually no motion in 

 
 

 
 

Figure A.5: Time series of well-mixed layer (ML) and transition layer (TL) depths for the 

FLUX-SATS data and the PWP model simulation according to my first definition (TL1).  

Plotted here are the observed (blue) and modeled (red) well-mixed layer depths, and the 

observed (black) and modeled (magenta) transition layer depths.  The wind stress magnitude 

is also shown in black at the top. 
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the well-mixed layer and transition layer, and clearly does not capture the dynamics of the 

observed layers (shown in blue and black respectively).  Figure A.6 compares the modeled (a) 

and observed (b) temperature contours for the FLUX-STATS data.  This figure illustrates the 

lack of motion (and therefore mixing) below about 60 m in the model.  The reason being that 

surface forcing for FLUX-STATS is confined to the active mixing layer in the upper 50 m.  As a 

result, forcing in the model is unable to propagate down to the base of the well-mixed layer and 

transition layer.  The observed mixing at the well-mixed/transition layer interface in FLUX-

STATS is due to internal wave dynamics, which the model has no mechanism to reproduce.  As 

a result the PWP model is not a suitable tool for investigating the structure of the transition layer 

for data like FLUX-STATS, in which the transition layer is decoupled from surface forcing.  

Unfortunately I was unable to run a simulation of the FLUX-STATS data with the Kantha-

Clayson model before the completion of this study.  It would be an interesting exercise to see 

how the KC model would handle mixing in the FLUX-STATS transition layer.  I suspect that it 

might sufficiently reproduce the internal wave-induced dissipation in the transition layer if the 

model were properly initialized with the shear profile.  However, once the model was to mix out 

the initial shear, it would have no way to account for the continual input of shear by internal 

wave motions.  As a result, the KC model would likely miss a majority of the observed mixing in 

the transition layer after about one day of forcing.  Like PWP, I suspect that the KC model is not 

suitable for representing even the bulk properties of the transition layer in the FLUX-STATS 

data. 

 



55 
 

 
 

Figure A.6: Temperature contours from the PWP model simulation (a) and the observed 

FLUX-STATS data (b). 
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