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ABSTRACT OF THE DISSERTATION

Subantarctic Mode Water formation: air-sea fluxes and cross-frontal
exchange

by

James Holte

Doctor of Philosophy in Oceanography

University of California, San Diego, 2010

Lynne Talley, Chair

This dissertation focuses on Subantarctic Mode Water (SAMW) formation.
A new hybrid method for finding the mixed layer depth (MLD) is developed that

models the general shape of each profile, searches for physical features in the profile, and
calculates threshold and gradient MLDs to assemble a suite of possible MLD values. It
then analyzes the patterns in the suite to select a final MLD estimate. The algorithm is
applied to Argo profiles from the southeast Pacific Ocean, a SAMW formation region.
In general, threshold methods find deeper MLDs than the new algorithm and gradient
methods produce more anomalous MLDs than the new algorithm. The deepest MLDs
in the region typically occur in August and September, routinely reach 500 m, and are
found immediately north of the mean Subantarctic Front (SAF).
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Two hydrographic surveys in the southeast Pacific Ocean and a one-dimensional
mixed layer model are used to assess the role of air-sea fluxes in forming the deep SAMW
mixed layers. The simulated winter mixed layers generated by five forcing products
resemble Argo observations of SAMW. Mixing driven by buoyancy loss and wind forcing
is strong enough to deepen the SAMW layers. Wind-driven mixing is central to SAMW
formation, as model runs forced with buoyancy forcing alone produce very shallow mixed
layers. Air-sea fluxes indirectly influence winter SAMW properties by controlling how
deeply the profiles mix. The stratification and heat content of the initial profiles are
important in determining the properties of the SAMW and the likelihood of deep mixing.

An optimum multiparameter (OMP) analysis is used to estimate the cumulative
effect of the cross-frontal exchange, revealing an along-front increase in Polar Frontal
Zone (PFZ) water fractional content in the region north of the SAF between the 27.0
and 27.3 kg m−3 isopycnals. The fractional content of PFZ water north of the SAF
increases by approximately 0.1 for every 15◦ of longitude in the southeast Pacific. A
simple bulk calculation reveals that this magnitude of cross-frontal exchange could cause
the downstream evolution of SAMW mixed layer properties.
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Chapter 1

Introduction

Typical ocean observations reveal a well-mixed surface layer in which tempera-
ture, salinity, and density are nearly vertically uniform. This mixed layer is a highly
temporally and spatially variable feature in the surface ocean, yet it contributes to the
large-scale ocean circulation and structure. Wind forcing acts through the mixed layer
to drive ocean circulation. In areas where deep convection occurs, winter mixed layer
conditions set the properties of the deep and intermediate water masses of the ocean’s
interior.

The deepest mixed layers in the Southern Ocean form north of the Subantarc-
tic Front (SAF), the northernmost front of the Antarctic Circumpolar Current (ACC).
McCartney (1977) labeled these deep winter mixed layers Subantarctic Mode Water
(SAMW). SAMW forms along large portions of the ACC path, becoming progressively
colder, fresher, and denser as it nears Drake Passage from the west (McCartney, 1977;
England et al., 1993; Talley, 1996; Hanawa and Talley, 2001).

SAMW is important to many global-scale processes. It forms part of the upper
limb of the global overturning circulation (Sloyan and Rintoul, 2001), renewing the lower
thermocline in the southern hemisphere’s subtropical gyres (McCartney, 1982). The
heat, freshwater, and carbon transports associated with SAMW’s global-scale circulation
make it relevant to the Earth’s climate and to the ocean’s global overturning circulation
(Keeling and Stephens, 2001; Pahnke and Zahn, 2005).

This thesis examines SAMW formation in the southeast Pacific Ocean, a forma-
tion site of some of the deepest and the densest SAMW mixed layers. The second chapter
details the development of a new algorithm for finding the mixed layer depth (MLD) of

1
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Argo profiles and its application to profiles from the southeast Pacific Ocean. In 2005
and 2006, two research cruises in the southeast Pacific Ocean set out to study SAMW
and Antarctic Intermediate Water formation. Many processes contribute to SAMW for-
mation, including: gyre inflow; cross-frontal advection in the form of Ekman transport,
eddies, and intrusions; heat and freshwater fluxes at the air-sea interface and at the base
of the mixed layer; and mixing. The third and fourth chapters use data from the two
cruises to assess the role of air-sea fluxes and cross-frontal exchange in forming the deep
SAMW mixed layers observed north of the SAF.

SAMW formation is difficult to observe; it occurs in geographically remote areas
under stormy, winter conditions, making it ideal for observation by Argo. Chapter 2,
as a prelude to the two cruises, details the development of a new algorithm for finding
the MLD and its application to Argo profiles from the southeast Pacific Ocean. The
new algorithm avoids many of the pitfalls of threshold and gradient methods, which
are limited by their dependence on the surface reference value and the chosen thresh-
old value. Threshold methods, especially those based solely on temperature, inherently
overestimate the MLD. This is particularly true for winter profiles, where the mixed
layer gradually blends into the deeper waters. Lukas and Lindstrom (1991) found that a
density criterion is more reliable for finding the MLD than a temperature criterion, yet
there is an order of magnitude fewer density profiles than temperature profiles (Lorbacher
et al., 2006). Threshold methods using density falter in density compensating layers, and
those using temperature falter in the presence of salinity barrier layers (Lukas and Lind-
strom, 1991; Sprintall and Tomczak, 1992). These traits motivated the development of
the new algorithm, which was designed to reliably identify MLDs with only temperature
profiles. The algorithm models the general shape of each profile, searches for physical
features in the profile, and calculates threshold and gradient MLDs to assemble a suite
of possible MLD values. It then analyzes the patterns in the suite to select a final MLD
estimate. The algorithm MLDs are extensively compared to threshold MLDs calculated
using de Boyer Montégut et al. (2004)’s criteria, and to gradient method MLDs. The
algorithm is then used to examine SAMW formation, providing the location, time of
year, and temperature, salinity, and density characteristics of this oceanic process that
has historically proven difficult to observe.

SAMW differs from other mode waters in that it lacks a neighboring continental
land mass to power large heat fluxes; Subtropical Mode Water, which forms near the
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Gulf Stream in the Atlantic Ocean, experiences winter heat fluxes in excess of -1000 W
m−2 (Joyce et al., 2009). The largest fluxes observed during our 2005 austral winter
cruise reached -200 W m−2. Many recent studies have found that air-sea fluxes cannot
account for the observed temporal variability of SAMW (Speer et al., 2000; Sloyan and
Rintoul, 2001). Others have shown that turbulent mixing driven by buoyancy loss (Wang
and Matear, 2001) and wind forcing (Sloyan et al., 2010) are important to the formation
of deep SAMW mixed layers. Chapter 3 seeks to clarify the importance of air-sea fluxes
to SAMW formation using observations from two cruises in the Southeast Pacific Ocean.
It first characterizes the SAMW mixed layers and their proximity to the SAF. It then
focuses on the relationship between the deep SAMW mixed layers and the air-sea fluxes.
Cruise meteorological measurements are used to calculate latent and sensible heat fluxes
with the COARE algorithm and to explore the meteorological conditions that produced
the deep SAMW mixed layers. The fluxes from both cruises are used to evaluate a
number of heat flux products, including NCEP, ECMWF, OAFlux, and Ofuro. The
multitude of heat flux products, along with precipitation, are used to evolve profiles
from the 2006 austral summer cruise in a one-dimensional KPP mixed layer model.
We neglect any advective mechanisms, and focus on how air-sea forcing, initial profile
stratification, and mixing determine the SAMW mixed layers’ depths, properties, area
extent, relationship to the SAF, and downstream variation.

Chapter 4 examines the importance of cross-frontal exchange to SAMW forma-
tion. It addresses whether the ACC acts as “barrier or blender,” that is, whether the ACC
limits lateral exchange or drives increased mixing. This question was first addressed for
the Gulf Stream by Bower et al. (1985), and later for the Agulhas by Beal et al. (2006).
Studies of the ACC have shown that eddies are likely to be significant in maintaining
local heat budgets in the SAMW formation region north of the SAF, and so influence
SAMW property variability (Ansorge et al., 2006; Sallée et al., 2008; Herraiz-Borreguero
and Rintoul, 2010). Others have demonstrated that Ekman transport dominates the
temporal variability of SAMW properties (Speer et al., 2000; Sloyan and Rintoul, 2001;
Rintoul and England, 2002a). In this chapter, cross-frontal exchange is considered as
a possible mechanism for the along-front freshening and cooling of profiles north of the
SAF between the 27.0 and 27.3 kg m−3 isopycnals. This isopycnal range is generally
below the mixed layer, and so is not locally forced by air-sea fluxes or wind-driven mix-
ing. Profiles from the two cruises are examined for evidence of cross-frontal exchange,
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yielding numerous eddies and intrusions. An optimum multiparameter (OMP) analysis
is used to estimate the cumulative cross-frontal exchange. A simple bulk calculation
reveals that the cross-frontal exchange diagnosed by the OMP analysis is consistent with
the downstream evolution of SAMW mixed layer properties.



Chapter 2

A new method for finding mixed
layer depths with applications to
Argo and Subantarctic Mode
Water formation

2.1 Introduction

The surface layer of the ocean records past winter mixing events, the subsequent
onset of spring re-stratification, as well as the traces of all physical processes occurring
above the ocean’s permanent thermocline. Typical ocean observations reveal a well-
mixed layer, in which temperature, salinity, and density are nearly vertically uniform,
embedded in the surface layer. Turbulent mixing processes powered by wind stress
and heat exchange at the air-sea interface create this neutrally buoyant and thoroughly
mixed column in the upper ocean. This turbulently mixed layer is highly variable. In the
summer, mixed layer depths can reach tens of meters or even be absent. In the winter,
deep convection driven by surface heat loss can mix the water column to two thousand
meters in select locations (Marshall and Schott, 1999). Coupled with the intense seasonal
and spatial variation of the mixed layer is a complexity of structures in the ocean surface
layer that can often obscure the depth of the turbulently mixed layer (Sprintall and
Roemmich, 1999; Dong et al., 2008).

The mixed layer is important to a variety of ocean processes. The mixed layer

5
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responds to atmospheric fluxes and transmits those fluxes to the ocean interior. Wind
forcing acts through the mixed layer to drive ocean circulation (Chereskin and Roem-
mich, 1991). The depth of the mixed layer establishes the volume of water over which
the surface heat flux is distributed (Chen et al., 1994; Ohlmann et al., 1996). In areas
where deep convection occurs, winter mixed layer conditions set the properties of the
deep and intermediate water masses of the ocean’s interior (Talley, 1999).

Widespread interest in the processes at work in the mixed layer has spawned
numerous arbitrary definitions of the mixed layer as well as a corresponding number
of schemes for finding its depth. Due to the paucity of ocean turbulence and mixing
measurements, these schemes use temperature and density profiles to find the mixed
layer. In these schemes and in this paper, mixed layer depth (MLD) refers to the depth
of the uniform surface layer that is assumed to owe its homogeneity to turbulent mixing.

The most widely favored and simplest scheme for finding the MLD is the thresh-
old method. Threshold methods search for the depth at which the temperature or density
profiles change by a predefined amount relative to a surface reference value. Kara et al.
(2000) and de Boyer Montégut et al. (2004) examined various threshold criteria used
in the literature and determined their own optimal global threshold definitions of the
MLD. In deciding upon their own criteria, de Boyer Montégut et al. (2004) determined
that the larger threshold values commonly used with averaged profiles, such as the 0.5◦C
threshold value used by Monterey and Levitus (1997) and the 0.8◦C used by Kara et al.
(2000), overestimated the MLD of individual profiles. Likewise, smaller critera of 0.1◦C
underestimated the MLD. After examining numerous profiles, de Boyer Montégut et al.
(2004) concluded that 0.2◦C was the optimal temperature threshold. They similarly de-
termined an optimal density threshold value of 0.03 kg m−3. To avoid diurnal heating in
the surface layer, de Boyer Montégut et al. (2004) chose a surface reference level of 10 m.
These values were recently employed by Oka et al. (2006) in examining the seasonality
of the MLD in the North Pacific and by Dong et al. (2008) in examining the mixed layer
of the entire Southern Ocean.

Gradient methods, which are also widely used, work much like threshold methods;
they assume that there is a strong gradient at the base of the mixed layer and therefore
search for critical gradient values (Lukas and Lindstrom, 1991). Commonly used values
range from 0.0005 to 0.05 kg m−4 for density gradients and 0.025◦C m−1 for temperature
gradients (Dong et al., 2008).
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Threshold and gradient methods are limited by their dependence on the surface
reference value and the chosen threshold value; it is difficult to decide on a single thresh-
old value or gradient criterion for all ocean profiles. Threshold methods, especially those
based solely on temperature, inherently overestimate the MLD. Threshold methods using
density falter in density compensating layers, and those using temperature falter in the
presence of salinity barrier layers (Lukas and Lindstrom, 1991; Sprintall and Tomczak,
1992). Lukas and Lindstrom (1991) found that a density criterion is more reliable for
finding the MLD than a temperature criterion, yet there is an order of magnitude fewer
density profiles than temperature profiles (Lorbacher et al., 2006).

A variety of more complex methods for finding the MLD have been developed.
The “curvature method,” proposed by Lorbacher et al. (2006), uses conditions for the
second derivative and the gradient to identify the MLD. Thomson and Fine (2003)
introduced the “split and merge” method, which fits a variable number of linear segments
to a profile. They found that their method performed similar to threshold methods.
Chu et al. (1999) created a geometric model to determine the MLD of Arctic profiles.
Lavender et al. (2002) used the intersection between a straight line fit to the upper layer
and an exponential plus second-order polynomial fit to the deep layer to estimate the
MLD of individual temperature profiles in the Labrador Sea. This method apparently
worked in the North Atlantic, but efforts to implement the method in the Southern
Ocean did not produce realistic MLDs.

This paper introduces a new algorithm for finding the MLD of individual pro-
files. The algorithm builds on traditional threshold and gradient methods by tying its
estimate of the MLD to physical features in the profile. It accomplishes this by first
modeling the profile’s general shape; it approximates the seasonal thermocline and the
mixed layer with best-fit lines. It then assembles a suite of possible MLD values by
calculating the threshold and gradient methods’ MLDs, identifying the intersection of
the thermocline and mixed layer fits, locating profile maxima or minima, and searching
for intrusions at the base of the mixed layer. Finally, it looks for groupings and patterns
within the possible MLDs to select the final MLD for each profile. Section 3 details how
the algorithm calculates the possible MLDs and selects the final MLD estimate. The
algorithm’s selection criteria were developed through subjective analysis of individual
temperature, salinity, and potential density profiles from all oceans, though the greatest
emphasis was placed on the Southeast Pacific and Southwest Atlantic. The algorithm
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initially produces a temperature MLD estimate (referred to as the temperature algo-
rithm). If the profile also includes salinity, the algorithm subsequently determines the
MLDs of the salinity and potential density profiles. The salinity MLD estimate mainly
serves to verify the potential density MLD estimate (referred to as the density algo-
rithm) if they are at the same depth. The complete algorithm is provided in online at
http://mixedlayer.ucsd.edu.

Visual examination of the numerous profiles and the algorithm’s MLDs confirms
that the algorithm successfully identifies the MLD. The new algorithm avoids many
of the pitfalls of threshold and gradient methods; the threshold methods overestimate
the MLD relative to the other methods and the gradient methods find more anomalous
MLDs than the other methods. Section 4 compares the algorithm’s results to those
of standard threshold and gradient methods. For the data set considered in this pa-
per (introduced in Section 2), the temperature algorithm especially improves upon the
temperature threshold and gradient methods. Assuming that density MLD estimates
are more reliable than temperature MLD estimates (as found by Lukas and Lindstrom
(1991)), the standard deviations of the differences between the density algorithm MLDs
and the three temperature method MLDs can serve as a rough measure of each temper-
ature method’s accuracy. The temperature algorithm’s MLDs nearly match the density
algorithm’s MLDs; the standard deviation of the difference between the temperature al-
gorithm and density algorithm MLDs is 31 dbar, whereas for the temperature threshold
and the temperature gradient methods, the standard deviation of the differences with
the density algorithm MLDs are 62 dbar and 121 dbar, respectively. The density algo-
rithm tends to find slightly shallower MLDs than the density threshold method. The
density gradient method finds many anomalous MLDs and is less reliable than either of
the other density methods. Preliminary results of applying the algorithms to a larger
Southern Ocean data set, courtesy of Shenfu Dong, generally support the findings from
the study region (Dong et al., 2008). The algorithm’s greatest utility lies in its ability to
find accurate MLDs using only temperature profiles. It can easily be adapted to work
with XBT and other temperature-only profiles.

The new algorithm is used to examine Subantarctic Mode Water (SAMW) and
Antarctic Intermediate Water (AAIW) formation using Argo data. SAMW is the name
given to the waters encompassed by the deep mixed layers immediately north of the
Antarctic Circumpolar Current (ACC). AAIW, a subset of SAMW, can be traced as a
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relatively low salinity tongue throughout almost all of the Southern Hemisphere and the
tropical oceans at about 1000 m depth (Deacon, 1937). AAIW is believed to form in the
Southeast Pacific Ocean upstream of Drake Passage (McCartney, 1977; England et al.,
1993; Talley, 1996). The AAIW formation region is a good place to test the algorithm
because it features a strong seasonal thermocline in the summer and deep winter mixed
layers rivaled only by the North Atlantic, and it is monitored by a collection of Argo
floats. The region has been relatively unstudied during the winter. Sections 5 discusses
the results of applying the algorithm to Argo data from the SAMW/AAIW formation
region.

2.2 Data

This study uses temperature and salinity profiles from 277 profiling floats de-
ployed in the Southeast Pacific and Southwest Atlantic Oceans as part of the Argo
program (Roemmich et al., 2001). In addition, randomly-selected profiles from Argo
floats in other oceans are used to test the algorithm. Argo is a global observing system
of 3000 floats designed to give upper and middle layer fields for temperature and salinity
for the world’s oceans. Argo floats are designed to provide a temperature accuracy of
0.005 ◦C and a salinity accuracy of 0.01 PSU.

The region of interest for this study encompasses sections of the Southern Pa-
cific and Atlantic Oceans from 40◦S to 66◦S and 110◦W to 35◦W (Figure 2.1). Within
this region, Argo floats collected 15,037 profiles between October 2002 and November
2008 (available online at: http://www.usgodae.org/Argo/Argo.html). In 2002, Canada
deployed 6 floats in the South Pacific and the United Kingdom deployed 4 floats in the
South Atlantic. These floats were supplemented with larger deployments in March 2004
and April 2005. Since 2005, additional deployments and an influx of floats from the
growing Argo array have vastly increased the number of profiles in this region. Argo
floats typically profile to 2000 meters and measure temperature, salinity, and pressure
at 70 depth levels. Sample spacing for most floats is less than 20 meters to depths of 400
meters, below which the spacing increases to 50 meters. Figure 2.2 shows the temper-
ature, potential density, salinity, and sampling interval for a typical Argo profile. The
longest float record contained 95 profiles, whereas the shortest contained only 1 profile.
All of the profiles included both temperature and salinity data.

Profiles collected before November 2005 were manually examined to remove in-
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Figure 2.1: Profile locations of 277 Argo floats in the South Pacific and Atlantic Oceans.
The profiling floats collected 13601 temperature and salinity profiles between February
2002 and November 2008. The time separation between each float’s subsequent profiles
is 10 days. The study region extends from 40◦S to 66◦S and 110◦W to 35◦W. The
climatological Subantarctic and Polar Fronts are represented by the white dashed and
solid lines (Orsi et al., 1995). The track of float 3900082 is in grey. The bathymetry is
contoured at 1000 meter intervals.

4 6 80
200
400
600
800
1000
1200
1400
1600
1800
2000

Temperature (  C)o

D
ep

th
 (m

)

34.2 34.4 34.6
Salinity (PSU)

26.6 27 27.4
Density (σθ )

Figure 2.2: Example Argo profiles of temperature, potential density, and salinity to
2000 meters from float 3900082 on January 29, 2003 at 52.7◦S and 89.7◦W. To 400
meters the float’s sampling interval is 10 meters, after which it increases to 50 meters.
This profile is from a Canadian Argo float.
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consistencies in temperature, salinity, and pressure. Most floats sampled at regular
pressure levels, though the Canadian Argo floats often sampled at irregular pressures
and required substantial editing. Float profiles that failed to meet basic quality con-
trols or lacked locations or time stamps were eliminated. Temperature-Salinity (TS)
plots allowed the comparison of float data to two World Ocean Circulation Experiment
(WOCE) sections, P17E, along 50◦S in the Southeastern Pacific, and P19C, along 88◦W
(Tsuchiya and Talley, 1998). Except for visually examining the float salinity profiles to
confirm that they were largely consistent with the salinity observed during the WOCE
cruises, no calibrations of the floats’ salinities were performed. This quality control pro-
cess trimmed the field to 13601 profiles. The locations of these profiles are shown in
Figure 2.1. Potential density was calculated for each profile.

2.3 Methodology

This section outlines the algorithm’s procedure for finding MLDs. In brief, the
algorithm models the profile’s general shape, calculates a suite of possible MLD values,
and then looks for groupings and patterns within the possible MLDs to select the final
MLD estimate for each profile. It does this separately for each temperature, salinity,
and potential density profile to produce final MLD estimates for the temperature and
potential density profiles. The temperature algorithm is detailed in this section because
it offers a substantial improvement over its threshold and gradient counterparts. The
salinity and potential density algorithms work in a similar fashion. The entire algorithm
is supplied in online supplemental material. The following description of the tempera-
ture algorithm is divided into three parts. The first part describes how the algorithm
calculates the five possible MLD values. The second part explains how the algorithm
selects the final MLD estimate from the pool of possible MLDs. The third part presents
an example.

2.3.1 Assembling the possible MLD values

Examples of typical summer and winter profiles are shown in Figure 2.3, as well as
the five possible MLD values that the temperature algorithm calculates for each profile.
For temperature profiles, the five possible MLD measures are: the intersection between
the mixed layer and thermocline fits (MLTFIT), the temperature maximum (TM), the
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Figure 2.3: Temperature, salinity, and potential density profiles (black dots) collected
by float 3900085 in (a) winter and (b) summer. The winter profile was collected on
July 12, 2003 in the South Pacific Ocean at 54.3◦S and 87.8◦W. The summer profile was
collected on February 12, 2003 at 52.6◦S and 89.4◦W. The algorithm identifies a unique
MLD for each temperature, salinity, and density profile (horizontal bold solid lines). The
temperature algorithm does not use the density threshold MLD. The algorithm’s mixed
layer (thin solid line) and thermocline (dashed line) fits are also plotted. The five mixed
layer estimates used in the temperature algorithm’s selection process are: the intersec-
tion of the mixed layer and thermocline fits (MLTFIT, orange circle), the temperature
maximum (TM, light blue circle), the temperature gradient estimate (DTM, green tri-
angle, criterion of 0.005◦C dbar−1), co-located temperature and temperature gradient
maximum (TDTM, located at the temperature gradient maxima, light blue square),
and the temperature threshold MLD (TTMLD, green square, de Boyer Montégut et al.
(2004)’s threshold of 0.2◦C). For the density and salinity profiles the threshold density
MLD (red square, de Boyer Montégut et al. (2004)’s threshold of 0.03 kg m−3) and the
gradient density MLD (red triangle, criterion of 0.0005 kg m−3 dbar−1) are plotted for
each profile. The light blue circles correspond to profile minima and the yellow circle
corresponds to the salinity gradient extreme.
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Table 2.1: Acronyms for the temperature algorithm’s five possible MLDs.
MLTFIT Intersection of mixed layer and thermocline fits

TM Temperature maximum

DTM Temperature gradient MLD estimate

TDTM Co-located temperature and temperature gradient maxima

TTMLD Temperature threshold MLD estimate

temperature gradient MLD estimate (DTM), nearly co-located temperature and temper-
ature gradient maxima (TDTM; this represents intrusions at the base of the mixed layer),
and the threshold MLD estimate (TTMLD). For reference, the five possible MLD values
for temperature are listed in Table 2.1. For salinity, the possible MLD values are the
density threshold MLD estimate, the salinity minimum, the salinity gradient extreme,
co-located salinity and salinity gradient minima (representing an intrusion at the base of
the mixed layer, if one exists), the intersection of the salinity mixed layer and thermo-
cline fits, and the final temperature algorithm MLD. For density, the algorithm uses the
density threshold MLD estimate, the density gradient MLD estimate, the intersection of
the density mixed layer and thermocline fits, as well as the temperature threshold MLD
estimate, co-located temperature and temperature gradient maxima, the temperature
maximum, and the final MLDs from the temperature and salinity algorithms.

The algorithm derives its five possible MLD values for temperature as follows:
1. The algorithm initially uses a simple threshold method to find the approxi-

mate MLDs of the temperature and potential density profiles. Starting at the surface,
threshold methods search progressively deeper levels until they find a level where the
temperature or potential density differs from the surface reference value by a specified
threshold. To calculate the temperature threshold MLD (TTMLD), the algorithm looks
for the minimum depth for which |T (p)− T (po)| ≥ ∆Tt, where T is the temperature,
p is the pressure, po is the reference pressure, and ∆Tt is the temperature threshold.
The algorithm linearly interpolates the temperature profile between Argo measurements
to find the depth that exactly matches the threshold criterion. For potential density,
the algorithm implements the same procedure but uses the potential density anomaly,
σθ. Following de Boyer Montégut et al. (2004), 0.2◦C and 0.03 kg m−3 are used as the
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threshold difference criteria and the Argo measurement closest to 10 dbar as the surface
reference value.

2. The algorithm then calculates the temperature, salinity, and potential den-
sity gradients using a difference formula. For calculating the temperature gradient, the
algorithm uses

∂Ti
∂pi

= Ti − Ti+1
pi − pi+1

, (2.1)

where i is the depth measurement index from the surface (i = 1) to one level above the
bottom of the profile (i = n − 1). The algorithm first uses the gradient to calculate
gradient MLDs for temperature (DTM) and potential density; it finds the depth at
which the temperature and potential density gradients exceed specified gradient criteria.
Following Dong et al. (2008), the algorithm uses a potential density gradient criterion of
0.0005 kg m−3 dbar−1. It uses a temperature gradient criterion of 0.005◦C dbar−1. This
criterion was found to better approximate the MLD than larger criteria. For temperature,
the algorithm looks for the depth at which |∂T (p)/∂p| ≥ 0.005◦C dbar−1. If these
gradient criteria are not met, the algorithm takes the depth of the maximum of the
gradient’s absolute value as the gradient MLD. To aid in identifying persistent change in
each of the variables (such as the thermocline, later identified in step 4), the algorithm
then smoothes the gradient with a three-point running mean to eliminate small vertical-
scale spikes and small-scale intrusions.

3. The algorithm fits a straight line to the mixed layers of the temperature,
salinity, and potential density profiles. Starting at the surface, the algorithm uses the
first two points of the profile to calculate a straight-line least-squares fit to the mixed
layer. It increases the depth and the number of points used in the fit until it reaches
the bottom of the profile. For each fit the algorithm calculates the error by summing
the squared difference between the fit and the profile over the depth of the fit. For
temperature, this is expressed as:

Ei =
i∑

j=1
(T (j)− TMLfiti(j))

2. (2.2)

In this example, Ei is the error for the ith fit (extending to depth index i), TMLfiti is the
straight-line temperature fit, and i indexes the depth of the fit and the fit itself. There
is a different error and fit for each i. The algorithm only sums the error over the depth
of the fit, so a straight line fit no longer accurately describes the profile as the depth of
the fit increases past the mixed layer, and the error increases. The algorithm normalizes
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the errors by dividing each Ei by the total sum of the errors. The normalized error, Ein ,
is given by:

Ein = Ei∑n
i=2Ei

. (2.3)

Normalizing the error removes dependence on the magnitude of the seasonal thermocline
and produces a unit-less error. The algorithm takes the deepest mixed layer fit that
satisfies a specified error tolerance, ET = 10−10. This small error tolerance is used to
ensure that the mixed layer fit closely matches the mixed layer and does not use any
points in the seasonal thermocline; it consistently produces a straight line fit to the
mixed layer and results in the average use of 3.5 Argo measurements per mixed layer fit.
Varying the error tolerance has little effect on the MLDs found by the algorithm (Figure
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Figure 2.4: Distribution of MLDs for the temperature algorithm with varying error
tolerances of 10−6 (dashed grey), 10−8 (light grey), 10−10 (dark grey), and 10−12 (black).
An error tolerance of 10−10 was chosen for the algorithm.

2.4).
4. Straight lines are fit to the seasonal thermoclines of each temperature, salinity,

and potential density profile. The algorithm later finds the intersection of the thermocline
and mixed layer fits as one possible measure of the MLD. The algorithm identifies the
center of the seasonal thermocline for each profile as the depth of the maximum of the
absolute values of the smoothed temperature, salinity, and potential density gradients
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(calculated in step 2). For temperature, this is expressed as:

itherm =
∣∣∣∣∂Ti∂pi

∣∣∣∣
max

, (2.4)

where itherm is the depth index of the thermocline. It is quite successful in the summer,
when the seasonal thermocline is easily identifiable as a large spike in the dT/dp, dS/dp,
and dσθ/dp profiles. The algorithm uses itherm and the two neighboring points (itherm−1
and itherm + 1) to fit a straight line to the seasonal thermocline. Because Argo floats
record few data points in the thermocline, including more than three points in the fit
skews the thermocline vertically.

5. The algorithm assembles the possible values of the MLD for each temperature,
salinity, and potential density profile. The five possible MLD values for the temperature
algorithm are given below in (a) through (e).

(a) The first possible MLD is from the temperature threshold calculation (TTMLD).
This is represented as:

p(T = To ± 0.2 ◦C), (2.5)

where To is the surface reference temperature. The salinity and density algorithms use
the density threshold, p(σθ = σθo + 0.03 kg m−3), where σθo is the surface reference
potential density.

(b) The second MLD value for temperature is the result of the gradient MLD
calculation (DTM). This is represented as:

p

(∣∣∣∣∂T∂p
∣∣∣∣ > 0.005 ◦C dbar−1

)
. (2.6)

If the gradient criterion is not met, the algorithm takes the gradient extreme:

p

(∣∣∣∣∂T∂p
∣∣∣∣
max

)
. (2.7)

The potential density gradient MLD is calculated in the same manner, using a criterion
of 0.0005 kg m−3 dbar−1. The salinity algorithm uses the salinity gradient extreme.

(c) The algorithm then finds the depth of the temperature maximum (TM) and
the salinity and density minima. For temperature, this is represented as:

p(Tmax). (2.8)

(d) For the fourth possible MLD value, the algorithm searches for a specific
feature in the profile. Surface cooling and intense wind events in the winter deepen the
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mixed layer and erode the summer thermocline. This process often leaves subsurface
anomalies of temperature or salinity at the base of the mixed layer. An example of this
feature is shown in Figure 2.3 (a). The algorithm identifies these features in temperature
profiles by searching for maxima of the smoothed temperature gradient profiles within
a specified distance (the parameter ∆D) of subsurface temperature maxima (TM); the
algorithm takes the shallowest of the two as the fourth possible MLD value (TDTM).
This is represented as:

p

((
∂T

∂p

)
max

, Tmax

)
min

if
∣∣∣∣p((∂T∂p

)
max

)
− p(Tmax)

∣∣∣∣ ≤ ∆D. (2.9)

The fourth possible MLD value is set to zero if the temperature and temperature gradient
maxima are separated by more than ∆D:

0 if
∣∣∣∣p((∂T∂p

)
max

)
− p(Tmax)

∣∣∣∣ > ∆D. (2.10)

Figure 2.3 (a) provides an example of a subsurface temperature anomaly where TM and
the temperature gradient maximum are separated by 50 dbar. Setting ∆D, the maximum
allowable separation between TM and temperature gradient maxima, to 100 dbar allows
the algorithm to identify temperature intrusions at the base of the mixed layer. As shown
in Figure 2.5, this value of ∆D encompasses the profusion of deep MLDs scattered around
0.0 dbar of separation between TM and the temperature gradient maximum.

(e) The final possible MLD value represents another physical feature in the pro-
file; the depth of the intersection point of the mixed layer fit and the seasonal thermocline
fit (MLTFIT). This is designed to capture the MLD in profiles with homogenous mixed
layers near the surface and strong seasonal thermoclines. For temperature, this is repre-
sented as:

p(TMLfit = TThermfit), (2.11)

where TMLfit is the mixed layer fit and TThermfit is the seasonal thermocline fit. MLT-
FIT is set to 0 if the fits do not intersect. The salinity and density algorithms use their
respective fits. This MLD measure works especially well in the summer, when the algo-
rithm can easily identify the seasonal thermocline, but occasionally falters in the winter,
when the seasonal thermocline is weak.

2.3.2 Selecting the MLD estimate

The algorithm selection process is divided into two parts. In summary, the
algorithm first determines whether the profile resembles a summer or winter profile.
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Figure 2.5: Pressure difference between the depth of the temperature maxima and the
temperature gradient maxima (p(TM) − p((∂T/∂p)max)) plotted against the MLD as
determined by the density threshold method. Only values for subsurface temperature
maxima or temperature gradient maxima are plotted. The vertical lines denote pressure
differences of -100 and +100 dbar.

Simplistically, a summer profile generally consists of a homogenous mixed layer near
the surface, a seasonal thermocline where the temperature, salinity, and density change
abruptly with depth, and a deep water layer that is seasonally invariant. Winter profiles
lack the strong summer thermocline; the mixed layer visually blends into the underlying
waters. The algorithm’s initial MLD selection is dependent on the “type” of profile.
Then, over a series of steps, the algorithm examines the other possible MLD values,
looks for clusters of possible MLD values, and either confirms or replaces the initial
MLD selection. The algorithm selects MLDs for each temperature and potential density
profile; the algorithm also selects a salinity MLD, but it only serves to verify the potential
density MLD. The temperature algorithm’s selection process is outlined in the following
steps:

1. Before the algorithm can search for clusters of the possible MLDs, it must first
define a depth range over which to search. The possible MLDs are rarely at the same
Argo depth levels, but might be within 15 dbar of each other; this range parameter, r,
allows the algorithm to identify clusters of possible MLDs separated by less than r and to
accommodate Argo’s sampling scheme. The algorithm also avoids selecting temperature
maxima at the surface by checking whether they are deeper than r. The distribution of
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Figure 2.6: Distribution of the maximum separation between MLTFIT, TTMLD, and
DTM ((|TTMLD−DTM|, |MLTFIT−DTM|, |TTMLD−MLTFIT|)max). The bin width
is 10 dbar, so the first bin, centered at 0 dbar separation, includes all profiles where these
MLD estimates are separated by a maximum of 5 dbar.

the maximum separation between MLTFIT, TTMLD, and DTM, plotted in Figure 2.6,
determines the value of r. MLTFIT, TTMLD, and DTM are separated by a maximum
of 5 dbar for 1941 profiles; 4054 profiles have maximum separations of 5 to 15 dbar and
1645 profiles have maximum separations of 15 to 25 dbar. Because there is a fall-off in
the number of profiles with maximum separations greater than 25 dbar, r is set to 25
dbar, the approximate equivalent of two Argo depth bins.

2. The algorithm uses the temperature or potential density change across the
thermocline (∆T and ∆σθ) to estimate whether a profile is summer-like (strong ther-
mocline beneath the mixed layer) or winter-like (weak thermocline beneath the mixed
layer). The temperature change across the thermocline, in terms of Argo depth bins, is
defined as T (iMLTFIT ) − T (iMLTFIT + 2), where iMLTFIT is the Argo depth index of
MLTFIT; the potential density change is calculated in the same manner. The algorithm
compares this temperature change to a third parameter, ∆Tc, a temperature change
cutoff, for information about the strength of the seasonal thermocline and to decide if
a profile is summer-like or winter-like. Figure 2.7 plots the temperature and potential
density changes across the thermocline against the MLD, as well as the temperature and
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Figure 2.7: In (a), the temperature change across the thermocline, ∆T, is plotted
against MLD; (b) is the same, but for potential density. In both cases the MLD was found
using the density threshold method. The vertical lines correspond to the temperature
and potential density change cutoffs. The temperature change cutoffs are 0.5◦C and -
0.25◦C. The potential density change cutoff is -0.06 kg m−3. Temperature changes within
the temperature cutoffs and potential density changes greater than the potential density
cutoff are treated as winter-like profiles by the algorithm.
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potential density change cutoffs. If the temperature change is within the cutoff region
(0.5◦C > ∆T > -0.25◦C), then the algorithm initially assumes that the profile is winter-
like. The potential density change cutoff, σθc , is -0.06 kg m−3 (∆σθ > -0.06 kg m−3 for
winter-like profiles). In the study region, 83% of profiles with MLDs deeper than 200
dbar are within the temperature change cutoff range; 90% of the profiles with MLDs
deeper than 200 dbar are within the potential density change cutoff.

3. If ∆T falls outside of the winter cutoff (∆Tc), the algorithm initially as-
sumes that the profile features a strong thermocline. Figure 2.8 shows the temperature
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MLD > TTMLD

MLD = TTMLD

T < -0.25˚C

if MLD >TTMLD
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Figure 2.8: The temperature algorithm’s summer flow diagram.

algorithm’s flow path for these summer-like profiles. Because summer-like profiles are
assumed to feature strong thermoclines, the algorithm first assigns the intersection of the
mixed layer and thermocline fits, MLTFIT, to the final MLD. Steps 3.1 and 3.2 check
the other possible MLDs to ensure that this MLD assignment is reasonable; if not, the
MLD is re-assigned to one of the other possible MLDs as described.

3.1. Profiles with multiple temperature inversions, such as polar profiles, often
have shallow MLDs but lack identifiable seasonal thermoclines. These profiles can cause
the algorithm to mis-identify the thermocline and thus confound MLTFIT. To identify
these profiles, in Figure 2.8 (a) the algorithm searches for temperature increases beneath
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the mixed layer (∆T< 0) and checks whether MLTFIT overestimated the MLD relative
to the temperature threshold MLD, TTMLD. If so, the algorithm assigns the MLD to
TTMLD.

3.2. This step treats TTMLD as an upper bound on the MLD to evaluate MLT-
FIT and TM. The algorithm first tests the current MLD against TTMLD (Figure 2.8
(b)); the final MLD is assigned to the current MLD if it is shallower than TTMLD.
If the current MLD is deeper than TTMLD, the algorithm subsequently examines the
temperature maximum, TM. If TM is beneath the surface and shallower than TTMLD,
then the algorithm assigns the MLD to TM; if not, then it assigns the MLD to TTMLD
(Figure 2.8 (c)).

4. If ∆T is within the winter cutoff range, the temperature algorithm assumes
that the profile is winter-like and follows the flow path shown in Figure 2.9. The selection
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Figure 2.9: The temperature algorithm’s winter flow diagram.

process is conducted in the following steps:
4.1 The algorithm first tests whether it identified a seasonal thermocline (and
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therefore a meaningful MLD value for MLTFIT) by checking if MLTFIT and TTMLD
are in close proximity (|MLTFIT−TTMLD| < r) and by comparing MLTFIT to TDTM.
TDTM represents a subsurface temperature anomaly at the base of the mixed layer, if
such an anomaly exists. When the algorithm fails to identify a seasonal thermocline, it
often instead identifies the permanent thermocline, producing a very deep estimate for
MLTFIT. Therefore, if MLTFIT is shallower than TDTM and if TDTM and TTMLD
differ by more than r, the algorithm has most likely identified the seasonal thermocline,
so the MLD is assigned to MLTFIT (Figure 2.9 (d)) and the algorithm proceeds to step
4.4.

4.2 If the algorithm did not capture the seasonal thermocline (the MLD was not
assigned to MLTFIT), then the algorithm searches for temperature anomalies at the base
of the mixed layer; if TDTM exists and is not at the surface, the algorithm assigns the
MLD to TDTM (Figure 2.9 (e)). It then checks that TDTM does not greatly differ from
the other possible MLDs (Figure 2.9 (f) and (g)). It accomplishes this by first searching
for clusters of three other MLD estimates; it determines if any two sets of MLTFIT,
TTMLD, and DTM (|MLTFIT−TTMLD|, |MLTFIT−DTM|, or |DTM−TTMLD|) are
separated by less than r, as they often are for profiles with seasonal thermoclines. If so,
the MLD is assigned to MLTFIT (Figure 2.9 (f)). As a final check, if the MLD is deeper
than TTMLD, the MLD is reassigned to TTMLD in Figure 2.9 (g). The algorithm then
proceeds to step 4.4.

4.3 Convective winter mixing does not necessarily produce temperature anomalies
at the base of the mixed layer, so TDTM does not necessarily exist. Figure 2.9 (h) and
(i) are evaluated if TDTM does not exist and if the algorithm did not assign the MLD to
MLTFIT. The algorithm again considers MLTFIT by comparing MLTFIT to TTMLD;
if MLTFIT is not more than r deeper than TTMLD (MLTFIT−TTMLD < r, in Figure
2.9 (h)), the MLD is assigned to MLTFIT. If MLTFIT is more than r deeper than
TTMLD, the MLD is assigned to the gradient MLD estimate, DTM. To test DTM, the
algorithm checks whether it is deeper than TTMLD (Figure 2.9 (i)). If DTM is deeper
than TTMLD, the MLD is reassigned to TTMLD.

4.4 The algorithm checks for poor thermocline fits by testing whether the final
MLD estimate has been assigned to the surface and whether this near surface MLD
differs from TTMLD (|MLD−TTMLD| < r), If these conditions are met, the MLD is
most likely shallow and the algorithm assigns the MLD to TM (Figure 2.9 (j)). In two
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final checks, the algorithm assigns the MLD to TTMLD if TM is at the surface or if it
is deeper than TTMLD (Figure 2.9 (k) and (l)).

2.3.3 Example selection processes

Figure 2.3 (a) provides an example of the temperature algorithm’s selection pro-
cess. The algorithm first compares the temperature change below MLTFIT to the tem-
perature change cutoff, ∆Tc. For this profile, ∆T is 0.06oC, so the algorithm considers
this a winter-like profile and follows the path in Figure 2.9. MLTFIT is deeper than
TDTM (Figure 2.9 (d)), so the algorithm looks for a subsurface temperature maximum
at the base of the mixed layer (Figure 2.9 (e)); TDTM is greater than r, so the algorithm
assigns the MLD to TDTM. In Figure 2.9 (f), the algorithm checks whether there might
be a thermocline, but MLTFIT is 100 dbar shallower than TTMLD. TDTM is also much
shallower than TTMLD (Figure 2.9 (g)), so the final MLD is assigned to TDTM. From
visual inspection of the salinity and potential density profiles, it is clear that the tem-
perature algorithm’s MLD is closer to the actual MLD than the temperature threshold
and temperature gradient MLDs.

Figure 2.3 (b) provides another example. This profile has a strong seasonal
thermocline (∆T of 1.4oC), so the algorithm considers this a summer-like profile and
initially assigns the MLD to MLTFIT. MLTFIT is at the same depth as TTMLD, so the
MLD assignment does not change.

For the temperature profiles in this study, the algorithm uses the intersection of
the mixed layer and thermocline fits as the MLD for 58% of the profiles in the study
region. The threshold MLD is used for 22% of the profiles and the gradient MLD is used
for 9%. Co-located temperature and temperature gradient maxima are used for 7% of
the profiles and temperature maxima are used for 4%.

2.4 Comparison to other methods

The MLDs produced by six different methods are considered here to evaluate the
algorithm. The six MLD estimates are: (1) the temperature algorithm’s estimate, (2) the
density algorithm’s estimate, (3) a temperature threshold estimate (threshold of 0.2◦C),
(4) a density threshold estimate (threshold of 0.03 kg m−3), (5) a temperature gradient
estimate (criterion of of 0.005◦C dbar−1), and (6) a density gradient estimate (criterion
of 0.0005 kg m−3 dbar−1). The threshold estimates are from de Boyer Montégut et al.
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(2004) and the gradient criteria are derived from Dong et al. (2008). We evaluate the six
methods by first examining their MLDs for a single profile and then a single float record.
For the float record, the exact MLD was determined by visually identifying the homoge-
nous mixed layer and comparing it to the six methods’ MLD estimates. The analysis is
then expanded to the distribution of MLDs for all of the profiles in the Southeast Pacific
and Southwest Atlantic. The algorithm and threshold MLD distributions for the entire
Southern Ocean are briefly examined.

2.4.1 Individual profile comparison

The algorithm’s MLDs are first compared to threshold and gradient MLDs for
the two sets of temperature and potential density profiles in Figure 2.3. For the winter
profile (Figure 2.3 (a)) the algorithm calculates MLDs of 220 dbar for temperature and
200 dbar for potential density. The temperature threshold (∆T of 0.2◦C) calculates a
MLD of 375 dbar; the density threshold (∆σθ of 0.03 kg m−3) calculates a MLD of 225
dbar. The temperature gradient method (criterion of of 0.005◦C dbar−1) identifies a
MLD of 360 dbar and the density gradient method (criterion of 0.0005 kg m−3 dbar−1)
identifies a MLD of 220 dbar. The temperature algorithm seizes upon the close proximity
of the temperature maximum and the temperature gradient maximum to identify the
MLD (Equation (2.9) represents the MLD). The temperature threshold and temperature
gradient methods both overestimate the MLD by nearly 150 dbar. In general, winter
profiles, with no strong, sustained gradients in density or temperature below the mixed
layer, prove difficult for the temperature threshold and gradient methods. The density
threshold and gradient methods slightly overestimate the MLD compared to the density
algorithm.

For the summer profile (Figure 2.3 (b)) the algorithm calculates MLDs of 80
dbar for both temperature and potential density using the intersection between the
thermocline and mixed layer fits (represented by Equation (2.11)). All of the threshold
and gradient methods find similar MLDs, though the threshold MLDs are slightly deeper.
These MLDs are representative of typical results. In general, the algorithm, threshold,
and gradient methods produce similar summer MLDs; the strong seasonal thermocline
and pycnocline prohibit the threshold and gradient methods from advancing very far
below the actual MLD and ensure that the algorithm identifies and fits the thermocline.
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2.4.2 Individual float comparison

  90oW   84oW   78oW   72oW   66oW 
  60oS 

  58oS 

  56oS 

  54oS 

  52oS 

12/20/02
07/18/03

10/26/03

08/11/04
09/20/04

MLD < 200 dbar
MLD > 200 dbar

Figure 2.10: Track of Argo float 3900082. The float was deployed in the Pacific Ocean
off Chile at 53.5◦S and 91.7◦W in December of 2002 and has since passed through Drake
Passage. Profiles with mixed layers deeper than 200 dbar are represented by open squares
(MLD calculated by the density algorithm). The first period of deep mixed layers lasted
from July 18, 2003 to October 26, 2003; the second lasted from August 11, 2004 to
September 20, 2004. The Subantarctic and Polar Fronts are represented by the dashed
and solid lines (Orsi et al., 1995).

Having examined two profiles, the comparison between the algorithm, threshold,
and gradient methods is expanded to an entire float record. Figure 2.10 presents the
track of float 3900082. The float was deployed in December, 2002, off the coast of Chile
in the Southeast Pacific Ocean. It collected 95 profiles before it ceased transmitting
in August, 2005. Entwined in numerous eddies, it crossed the ACC and was carried
through Drake Passage and into the polar ocean surrounding Antarctica. The potential
density time-series of float 3900082 is plotted in Figure 2.11 (a), in addition to three
MLD time-series. Figure 2.11 (b) is the temperature time series of the float, again with
three MLD time-series.

The density algorithm, threshold, and gradient methods generally produce com-
parable MLDs in summer (Figures 2.3 (b) and 2.11 (a)). Subtle gradients in temperature,
salinity, and density that blend mixed layers into deep waters, as well as a wide variety of
subsurface features, such as salinity intrusions, often obscure the MLD of winter profiles.
The density threshold’s winter MLDs are generally deeper than the density algorithm’s
winter MLDs (Figure 2.11 (a)). As in Figure 2.3 (a), weak density gradients at the base
of the mixed layer cause the density threshold method to slightly overestimate the MLD
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Figure 2.11: Time series of (a) potential density and (b) temperature for float 3900082.
The profiles extend to 2000 dbar but are only shown to 700 dbar. The time series runs
from December 2002 to August 2005; the tick marks along the time axis denote 10 day
profile separation. In (a), the contour intervals are 0.02 kg m−3 and three MLD time
series are plotted: the density threshold calculation, using de Boyer Montégut et al.
(2004)’s criterion (red circle), the density gradient calculation (white circle), using a
criterion of 0.0005 kg m−3 dbar−1, and the density algorithm’s result (light blue circle).
Solid lines connect each MLD timeseries. In (b), the contour interval is 0.2◦C, the
temperature threshold is plotted in green (de Boyer Montégut et al. (2004)’s criterion),
the temperature gradient result is plotted in white (criterion of 0.005◦C dbar−1), and
the temperature algorithm result is plotted in light blue.
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in winter. The density gradient is much more erratic than the other methods, as evi-
denced by its frequent jumps to both shallow and extraordinarily deep MLDs in Figure
2.11 (a). In winter 2004, the density gradient method estimates the MLD to be over 100
dbar deeper than the other methods. These anomalous density gradient MLDs do not
fit with the exact MLD’s general trend.

In summer the temperature algorithm, temperature threshold, and temperature
gradient methods find similar MLDs. The MLD time-series in Figure 2.11 (b) closely
follow each other in the summer because of the strong temperature gradient beneath the
mixed layer. The temperature algorithm is generally much more successful at finding
winter MLDs than the temperature threshold and gradient methods. Judging the actual
MLD visually, the temperature threshold method overestimates many MLDs during the
winter of 2003 by approximately 200 dbar (Figure 2.11 (b)). Likewise, the temperature
gradient method overestimates many MLDs during the winter of 2004. An example of
this is given in Figure 2.3 (a), where the temperature is nearly uniform to a depth of
300 dbar. The MLD and density of this set of profiles are determined by salinity; the
MLD is clearly 200 dbar in the salinity and density profiles. The temperature threshold
and gradient methods estimate the MLD to be 375 and 360 dbar, respectively. The
temperature algorithm identifies a small temperature protrusion at the base of the mixed
layer and estimates a MLD of 220 dbar. This estimate is tied to a physical feature of the
profile and, compared to the temperature threshold and gradient MLDs, is much closer to
the actual MLD. The temperature algorithm’s continued success at finding such features
is evident in its MLD’s similarity to the density algorithm and density threshold MLDs
(Figure 2.11 (a) and (b)).

2.4.3 Southeast Pacific and Southwest Atlantic comparison

An analysis of the six methods’ MLDs from the Southeast Pacific and Southwest
Atlantic Oceans confirms that the temperature algorithm improves on the temperature
threshold and gradient methods and that the density algorithm offers a slight improve-
ment over the other density methods. The MLD distributions of the six methods are
plotted in Figure 2.12. The temperature threshold method consistently overestimates
deep MLDs relative to the other methods; it finds more MLDs between 250 and 600 dbar
than any other method. The temperature and density gradient methods find the deepest
MLDs; the temperature gradient method finds nearly 250 MLDs deeper than 700 dbar,
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Figure 2.12: Distribution of MLDs found in the entire study region by six meth-
ods: temperature algorithm (solid black), density algorithm (dashed black), temperature
threshold using de Boyer Montégut et al. (2004)’s criterion (solid dark grey), density
threshold using de Boyer Montégut et al. (2004)’s criterion (dashed dark grey), tempera-
ture gradient (solid light grey, criterion of 0.005◦C dbar−1) and density gradient (dashed
light grey, criterion of 0.0005 kg m−3 dbar−1); (a) is the distribution for all MLDs and
(b) is the distribution for MLDs between 200 and 700 dbar. The sawtooth pattern of
the distribution in (b) is due to the depth sampling scheme of the Argo floats.
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Figure 2.13: Comparison of algorithm, threshold, and gradient MLD estimates from
the study region: (a) temperature algorithm and temperature threshold, (b) temperature
algorithm and temperature gradient, (c) density algorithm and density threshold, and
(d) density algorithm and density gradient. The thin black line has a slope of 1.

and the density gradient method finds 100 MLDs deeper than 700 dbar. None of the
other methods find mixed layers this deep. Figure 2.11 (a) and (b) contain multiple
examples of these deep gradient method MLDs. Both gradient methods, particularly
density, are also prone to finding anomalously shallow MLDs; in Figure 2.12 (a), both
gradient methods find many more shallow MLDs (50 dbar or less) than the other meth-
ods.

Figure 2.13, the scatter of temperature and density algorithm MLDs against
the temperature and density threshold MLDs, shows that the temperature and den-
sity algorithms generally find shallower MLDs than their threshold counterparts. The
temperature threshold method systematically overestimates many MLDs relative to the
temperature algorithm, forming a cluster of MLDs highlighted in Figure 2.14 (a). Of
these highlighted profiles, the temperature algorithm uses co-located temperature and
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Figure 2.14: Comparison of (a) temperature threshold and temperature algorithm
MLDs, with a subset of MLDs highlighted by black dots; (b) plots the average temper-
ature profile for the subset of profiles. Three average MLD estimates are plotted in (b):
the average temperature algorithm MLD (black circle), the average temperature gradient
MLD (white triangle) and the average temperature threshold MLD (grey square). The
thin black line in (a) has a slope of 1.
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Figure 2.15: Comparison of (a) temperature threshold, (b) temperature gradient, and
(c) temperature algorithm MLDs to the density algorithm MLD. The thin black line has
a slope of 1.

temperature gradient maxima (Equation (2.9)) to find the MLD for 75% of the profiles.
This results in an average temperature algorithm MLD that better approximates the
actual MLD than the average temperature threshold method, which overestimates the
MLD by nearly 200 dbar (Figure 2.14 (b)).

Numerous examples of anomalously shallow and deep MLDs found by the tem-
perature and density gradient methods are shown in Figure 2.11 (a) and (b); Figure 2.13
(b) and (d) confirm the gradient methods’ tendencies to find anomalous MLDs. The
temperature gradient method finds more than 250 MLDs deeper than 700 dbar; these
anomalously deep gradient MLDs correspond to temperature algorithm MLDs ranging
from 25 to 600 dbar (Figure 2.13 (b)). The temperature gradient method’s proclivity to
overestimate the MLD in profiles with weak gradients beneath the mixed layer is also
illustrated in Figure 2.14 (b); for the subset of profiles, the average temperature gradient
MLD is 250 dbar deeper than the average temperature algorithm MLD. Figure 2.13 (d)
illustrates the density gradient method’s tendency to find anomalous MLDs; there is a
large cluster of points corresponding to density gradient MLDs from 0 to 100 dbar and
density algorithm MLDs varying from 0 to 600 dbar. Likewise, a similar cluster corre-
sponds to density gradient MLDs deeper than 600 dbar and density algorithm MLDs
between 25 and 600 dbar. Brainerd and Gregg (1995) found gradient methods to be less
stable than threshold methods, a result mirrored in these distribution plots.

Figure 2.15 compares the density algorithm MLDs to the three temperature meth-
ods’ MLDs. Table 2.2 lists the means and standard deviations of the six methods’ MLDs,
as well as the mean and standard deviation of the difference between the temperature
methods’ MLDs and the density algorithm MLD. Together, these provide a means to
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Table 2.2: MLD means and standard deviations in dbar for the six methods: temper-
ature algorithm (TA), temperature gradient (TG), temperature threshold (TT), density
algorithm (DA), density gradient (DG), and density threshold (DT), as well as the means
and standard deviations for the differences between DA and the three temperature meth-
ods.

TA TG TT DA DG DT DA-TA DA-TG DA-TT

mean 90 110 109 86 81 99 -4 -24 -23

std 75 161 105 72 105 86 31 121 62

evaluate the temperature methods relative to the density algorithm.
The cluster of deep temperature threshold MLDs highlighted in Figure 2.14 (a)

is reproduced in Figure 2.15 (a). There is no similar cluster in the scatter of density
algorithm MLDs against the temperature algorithm MLDs (Figure 2.15 (c)). The tem-
perature threshold method systematically overestimates deep MLDs, producing a mean
MLD of 109 dbar. This mean MLD is 19 dbar deeper than the temperature algorithm’s
mean MLD and 23 dbar deeper than the density algorithm’s mean MLD.

The temperature gradient method does not systematically overestimate the MLD
relative to the density algorithm; rather, it identifies occasional anomalously deep MLDs
compared to the density algorithm (Figure 2.15 (b)). These anomalously deep MLDs
result in a mean temperature gradient MLD of 110 dbar (24 dbar deeper than the mean
density algorithm MLD) and a MLD standard deviation that is much larger than any
other method, 161 dbar.

The temperature algorithm more closely tracks the density algorithm than the
other temperature methods. The standard deviation of the difference between the tem-
perature algorithm and the density algorithm MLDs is much smaller than the standard
deviation of the difference between the density algorithm and the other temperature
methods (Table 2.2). The temperature gradient method produces many MLDs similar
to the temperature algorithm but is hampered by its tendency to find anomalously deep
MLDs. The temperature threshold method routinely overestimates the depth of deep
mixed layers.
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Figure 2.16: Algorithm and threshold MLD estimates for the entire Southern Ocean for
(a) the temperature algorithm and temperature threshold and (b) the density algorithm
and density threshold. The thin black line has a slope of 1. These plots were provided
by Shenfu Dong.

2.4.4 Southern Ocean comparison

Expanding our analysis to algorithm and threshold MLD distributions for the en-
tire Southern Ocean produces a more complex distribution of MLDs, though the general
pattern is similar to the MLD distributions from the study region. Dong et al. (2008)
produced a Southern Ocean MLD climatology from Argo float data and provided us
with plots of the scatter of MLDs found by the temperature and density algorithms and
threshold methods for the entire Southern Ocean (Figure 2.16). As in the study region,
the density methods produce very similar MLDs, though the threshold method tends to
overestimate deep MLDs relative to the algorithm. The temperature methods exhibit
much more scatter than the density methods. In general, the temperature algorithm
estimates shallower MLDs than the temperature threshold method; a cluster of MLDs
similar to the cluster highlighted in Figure 2.14 (a) is also visible in the Southern Ocean
distribution.

The algorithm’s ability to identify physical features in the profiles allows it to
track and identify the MLD more accurately than a traditional threshold method. Like-
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wise, it is more stable than gradient methods. This accuracy makes the algorithm useful
for identifying density-compensating layers and barrier layers. An accurate estimation
of the mixed layer depth is important for ocean models that tune their turbulent mixing
parameters to match observed ocean mixed layer depths (Noh et al., 2002). Because of
its complexity, the algorithm is slower than threshold and gradient methods and it, like
any MLD-finding method, is liable to be stumped by unusual profiles.

2.5 Application to SAMW mixed layers

One region of the ocean known for persistent deep winter mixed layers and water
mass formation is immediately north of the ACC. The ACC encircles Antarctica as it
flows eastward through the southern Pacific, Indian, and Atlantic Oceans. There are
three fronts in the ACC associated with zonal jets in the current (Orsi et al., 1995). The
deepest mixed layers in the Southern Ocean are associated with the northern side of the
northernmost front, the Subantarctic Front (SAF). The waters defined and enclosed by
these deep mixed layers were termed SAMW by McCartney (1977). AAIW, characterized
by relatively low salinity, high oxygen, and low potential vorticity, is the densest, deepest,
and freshest SAMW and is thought to form in the Southeast Pacific just before the ACC
enters the Drake Passage (McCartney, 1977; England et al., 1993; Talley, 1996; Hanawa
and Talley, 2001).

AAIW can be traced as a relatively low salinity (34.4 psu) tongue throughout
almost all of the southern hemisphere and the tropical oceans at about 1000 m depth
(Deacon, 1937). The global-scale heat and freshwater transports associated with AAIW’s
movement into the world’s oceans reflect its relevance to studies of the Earth’s climate
and of the ocean’s global overturning circulation (Keeling and Stephens, 2001; Pahnke
and Zahn, 2005). The SAMW and AAIW formation region is an ideal location to test
methods for finding MLDs. The mixed layer exhibits great variability; in winter, the
mixed layers north of the SAF can reach depths of 500 meters and blend into deeper
waters and remnant mixed layers. This makes determining the exact mixed layer difficult
for many MLD-finding methods. Likewise, polar waters and summer stratification test
methods’ abilities to detect shallow mixed layers.

The algorithm identifies deep mixed layers, providing the locations, time of year,
and temperature, salinity, and density characteristics of this oceanic process that has
historically proven difficult to observe. The locations of SAMW formation, identified by
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Figure 2.17: The (a) MLD map and (b) mixed layer T-S diagram for the MLDs calcu-
lated by the density algorithm. The MLDs range from 0 dbar (blue) to 650 dbar (red).
In (a), the Subantarctic and Polar Fronts are represented by the solid lines (Orsi et al.,
1995). Profiles from the boxed region (50◦S to 62◦S and 110◦W to 68◦W) are used in
the MLD time series in Figure 2.18 and the zonally-averaged salinity section in Figure
2.19. Each mixed layer’s average temperature and salinity are plotted in (b); the color
of each point corresponds to the MLD.
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deep mixed layers, are found by mapping all of the MLDs found by the density algorithm
(Figure 2.17 (a)). The deepest mixed layers are found in the Southeast Pacific Ocean,
immediately north of Orsi et al. (1995)’s climatological Subantarctic Front. The deepest
MLDs are about 650 dbar, with numerous MLDs reaching 500 dbar. No regions of
similarly deep mixed layers are found in the South Atlantic.

The density algorithm’s MLD map (Figure 2.17 (a)) generally features a broader
region of deep mixed layers compared to four MLD climatologies (not shown). The
95% oxygen saturation depth has been used by Talley (1999) as a proxy for the MLD.
Using 2005 World Ocean Atlas 95% oxygen saturation depth as a MLD proxy produces
MLDs of roughly the same depth range as the algorithm, but the climatology’s region
of deep MLDs is more localized and centered at 92◦W and 53◦S (Antonov et al., 2006).
Levitus and Boyer (1994)’s MLD climatology shows MLDs of 1000 meters, far deeper
than anything found by Argo in the study region. Their deepest MLDs are also localized
and centered at 87◦W and 52◦S. The deepest MLDs of de Boyer Montégut et al. (2004)’s
climatology reach 450 m at 90◦W and do not extend farther west. Kara et al. (2003)
used 1994 World Ocean Atlas density in constructing their climatology. The spatial
distribution of their MLDs is similar to the density algorithm’s, but their MLDs reach
800 m, considerably deeper than any mixed layers found by the density algorithm.

The temperature, salinity, and potential density characteristics of the deep mixed
layers are identified with a T-S diagram (Figure 2.17(b)). The deepest mixed layers have
average potential densities of approximately 27 kg m−3, salinities of 34.1-34.2 psu, and
temperatures of 4-5◦C.

Figure 2.18 plots the MLD time series of the floats in the area of the Pacific
with deep mixed layers. This region, from 50◦S to 62◦S and 110◦W to 68◦W, is boxed
in Figure 2.17 (a). The deepest MLDs occur in August and September. The temporal
extent of the deep MLDs was greater for the 2003 winter than for any other. The
mixed layers gradually deepen over the course of six months leading up to August and
September, after which they quickly restratify. The average MLD reached in winter
is approximately 300 dbar, though individual floats record MLDs exceeding 650 dbar.
As shown in Section 4, the threshold methods overestimate the MLD relative to the
algorithms. In particular, the temperature threshold method produces winter periods of
deep mixed layers that are of earlier onset, greater duration, and greater depth than the
temperature algorithm (Figure 2.18 (a)).
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Figure 2.18: Time series of MLDs (thin colored lines) derived by the (a) temperature
algorithm and (b) density algorithm for floats within the region of deep mixed layers
in the Southeastern Pacific (50◦S to 62◦S and 110◦W to 68◦W). In (a), the average
temperature algorithm MLD is plotted in black and the average temperature threshold
MLD is in red; (b) plots the average potential density algorithm MLD in black and the
average potential density threshold MLD in red.

To examine how the deep mixed layers relate to AAIW, the zonal average salinity
for the Pacific study region during winter is plotted in Figure 2.19. From this average
section the low-salinity water mass at mid-depth (500 to 600 decibars in Figure 2.19,
between the 27.0 and 27.1 kg m−3 isopycnals) can be traced to a surface density out-
cropping between 58◦S and 60◦S. The region of deep mixed layers corresponds to a sea
surface salinity maximum between 54◦S and 57◦S. On average, these deep winter mixed
layers in the Southeast Pacific Ocean appear to penetrate into the low-salinity layer at
56◦S and inject low-salinity water of the correct salinity, density class, and depth as
AAIW into the ocean interior.

2.6 Summary

A new algorithm was developed to find the MLD of individual Argo ocean pro-
files. The algorithm fits straight lines to the mixed layer and thermocline, searches for
subsurface property anomalies, and incorporates threshold and gradient methods to find
the MLD. The temperature and density algorithms tend to find shallower MLDs than
their threshold counterparts. The temperature algorithm MLD nearly matches the den-
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Figure 2.19: Zonally-averaged salinity of all profiles collected in the Southeastern Pa-
cific region (Figure 2.17) during winter. The study period covers six winters, identified
as intervals of deep mixed layers running from mid-June to early November for the years
2003 through 2008. An Akima spline was used to interpolate each profile to uniform
vertical spacing, at which point they were averaged into one degree latitude bins. The
salinity is contoured at 0.025 PSU intervals. The bold black line is the average winter
MLD based on the density algorithm MLD of each profile. The dashed thin black line,
representing the maximum winter MLD in the one degree bin, is the average of the
five deepest MLDs, again determined by the density algorithm. Three potential density
contours (σθ = 27.0, 27.1, and 27.2 kg m−3) are plotted in grey.
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sity algorithm MLD. In the study region, the temperature algorithm offers a marked im-
provement over a temperature threshold method using the criterion of de Boyer Montégut
et al. (2004); the temperature threshold method frequently overestimates winter MLDs
by nearly 200 dbar for profiles in which the temperature algorithm successfully identi-
fies temperature anomalies at the base of the mixed layer. The temperature algorithm
is preferred over the temperature gradient method because of the gradient method’s
tendency to find anomalously deep MLDs. The density gradient method also produces
many anomalous MLDs. The algorithm was used to investigate the formation of SAMW
and AAIW in the Southeast Pacific and Southwest Atlantic Oceans. We find that the
deepest MLDs routinely reach 500 dbar and occur north of the Orsi et al. (1995) mean
SAF in the Southeastern Pacific Ocean. Within the Pacific study region, the deepest
winter mixed layers occur in August and September at 57◦S and are concurrent with the
subsurface salinity minimum, a signature of AAIW.
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Chapter 3

The role of air-sea fluxes in
Subantarctic Mode Water
formation

3.1 Introduction

The deepest mixed layers in the Southern Ocean are found equatorward of the
Subantarctic Front (SAF), the northernmost front of the Antarctic Circumpolar Current
(ACC). Termed Subantarctic Mode Water (SAMW) by McCartney (1977), the waters
enclosed in the deeply-mixed region are characterized by a potential vorticity minimum
and an oxygen maximum. The warmest SAMW is found in the South Atlantic and west-
ern Indian Oceans. The densest, coolest, and freshest SAMW is formed in the southeast
Pacific Ocean just before the ACC enters Drake Passage (McCartney, 1977; England
et al., 1993; Talley, 1996; Hanawa and Talley, 2001). McCartney (1977) attributed the
observed eastward freshening and cooling of SAMW from south of Africa to Drake Pas-
sage to the cumulative effects of air-sea fluxes of heat and precipitation.

SAMW is important to many global-scale processes. The formation of thick mode
and intermediate water masses is a primary mechanism for sequestering anthropogenic
CO2 in the ocean interior (Sabine et al., 2002). SAMW forms the upper limb of the
global overturning circulation (Sloyan and Rintoul, 2001) and renews the waters of the
lower thermocline in the subtropical gyres (McCartney, 1982). The heat, freshwater, and
carbon transports associated with SAMW’s global-scale circulation confirm its relevance
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to studies of the Earth’s climate and of the ocean’s global overturning circulation (Keeling
and Stephens, 2001; Pahnke and Zahn, 2005).

Because of its importance to climate, many recent studies have investigated
SAMW variability. The Southern Ocean’s mid-depth warming is well documented,
especially near the ACC (Gille, 2002). In the Pacific sector of the Southern Ocean,
SAMW has warmed and freshened (Wong et al., 2001; Bryden et al., 2003), and this
observed freshening may be attributed to anthropogenic climate change (Banks et al.,
2000). Naveira Garabato et al. (2009) examined the interdecadal variability of SAMW
in Drake Passage and determined that the variability was primarily due to modes of
Southern Hemisphere climate variability, such as the Southern Annular Mode and El
Niño-Southern Oscillation. As noted in Rintoul and England (2002a), the implications
of observed freshening of SAMW are difficult to deduce without knowledge of the for-
mation mechanisms.

Many processes contribute to SAMW formation: gyre inflow, cross-frontal advec-
tion in the form of Ekman transport, eddies, and intrusions; heat and freshwater fluxes
at the air-sea interface and at the base of the mixed layer; and mixing. Many papers have
focused on the importance of Ekman transport, which transports polar waters across the
SAF into the SAMW formation region, citing that air-sea fluxes alone cannot account
for the observed temporal variability of SAMW (Speer et al., 2000; Sloyan and Rintoul,
2001). Eddies have been shown to modify Ekman transport and air-sea fluxes (Sallée
et al., 2008) and to influence SAMW property variability (Herraiz-Borreguero and Rin-
toul, 2010). Wind energy input to the ocean drives considerable mixing at and below the
base of the mixed layer in the SAMW formation region (Sloyan et al., 2010). Chereskin
et al. (2010) have shown that SAF meanders are quasi-stationary, and therefore the deep
mixed layer regions maintain their position relative to the front on seasonal time scales,
such as during the winter formation of SAMW.

Two recent hydrographic cruises in the southeast Pacific Ocean were designed to
study formation of the densest variety of SAMW and its subsequent restratification and
subduction. The first cruise, in austral winter (August 23 to October 5, 2005) observed
the deep winter mixed layers. The 135 CTD/Rosette/LADCP stations, 371 XCTDs,
and underway ADCP, surface ocean, and meteorological data provide a high resolution
view of the SAMW mixed layers and the frontal and eddy structure. The second cruise,
in austral summer (January 30 to March 14, 2006), observed the subsequent restratifi-



44

cation. The summer cruise followed the same track as the winter cruise, occupying 105
CTD/Rosette/LADCP stations and deploying 352 XCTDs.

These near-synoptic surveys are used to assess the role of air-sea fluxes in forming
the deep SAMW mixed layers north of the SAF. In this study, we consider SAMW
formation as a one-dimensional process, neglecting any advective mechanisms, and focus
on how air-sea forcing, initial profile stratification, and mixing determine the SAMW
mixed layers’ depths, properties, area extent, relationship to the SAF, and downstream
variation. In a companion study (Chapter 4) we evaluate how cross-frontal exchange
affects SAMW formation in this region.

Section 2 describes the data collected during the two cruises. Section 3 summa-
rizes the 2005 austral winter cruise SAMW mixed layer observations. The cruise heat
flux measurements are outlined in section 4 and used to evaluate various model and
observation-derived heat flux products in section 5. The flux products are then used to
force a one-dimensional mixed layer model to test how air-sea fluxes contribute to the
deep mixed layers. The model runs are initialized with profiles from the 2006 austral
summer cruise and evolved with the flux products for one year beginning at their collec-
tion time. The simulated winter mixed layers, taken as the August mean of each model
run, are compared to profiles from the 2005 austral winter cruise and Argo. Section 6
contains the mixed layer modeling results and analysis. Section 7 discusses the results
of three model runs with altered NCEP forcing. Section 8 examines the importance of
initial profiles in SAMW formation. Section 9 summarizes the results.

3.2 Data

Two hydrographic surveys conducted on R/V Knorr in the southeast Pacific
Ocean provide high quality, synoptic observations of the SAMW formation region during
winter and summer (Figure 3.1). The first cruise, from August 23 to October 5, 2005,
observed the deep winter mixed layers. The second, from January 30 to March 14, 2006,
observed the subsequent restratification. Both cruises departed from Punta Arenas,
followed a sawtooth path out to 103◦W, and concluded near Puerto Montt, crossing the
SAF six times. CTD station spacing was approximately 50 km. Each cruise included
two diamond-patterned intensive surveys, one in the SAMW region and another at the
SAF; the location of these surveys varied by cruise depending on the position of the
SAF.



45

Mixed Layer Density (kg m  )

 102oW   96oW   90oW   84oW   78oW   72oW 

  60oS 

  56oS 

  52oS 

  48oS 

  44oS 

25.4

25.6

25.8

26

26.2

26.4

26.6

26.8

27

27.2
Mixed Layer Depth (m)

 102o W   96o W   90o W   84o W   78o W   72o W 

  60oS 

  56oS 

  52oS 

  48oS 

  44oS 

50

100

150

200

250

300

350

400

450

500

550
-3

Mixed Layer Salinity (PSU)

 102oW   96oW   90oW   84oW   78oW   72oW 

  60oS 

  56oS 

  52oS 

  48oS 

  44oS 

33

33.2

33.4

33.6

33.8

34

34.2
Mixed Layer Temperature (ºC)

 102oW   96oW   90oW   84oW   78oW   72oW 

  60oS 

  56oS 

  52oS 

  48oS 

  44oS 

1

2

3

4

5

6

7

8

9

10

SAF

Figure 3.1: Mixed layer depth at CTD and XCTD stations for the 2005 austral winter
cruise extend from 0 m (blue) to 550 m (red). The mean AVISO dynamic topography
contour that most closely matched the SAF location in hydrography and ADCP data is
also plotted (black line). The mean dynamic topography was calculated over the cruise
period, August 23 to October 5, 2005. The three sections plotted in Figure 2 were taken
along 103◦W, 89◦W and 77◦W.
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The 135 CTD/rosette stations from the 2005 austral winter cruise and 105 sta-
tions from the 2006 austral summer cruise provided full depth profiles of temperature,
salinity, and oxygen in the SAMW and AAIW formation region. Bottle samples (from
a 24 bottle rosette in winter and a 36 bottle rosette in summer) were analyzed for
dissolved oxygen, salinity, and nutrients. These data were acquired and processed by
Scripps Institution of Oceanography’s Ocean Data Facility. Carbon parameters and
chlorofluorocarbons were also collected during the winter cruise (Hartin et al., 2010).

Intensive XCTD sampling complemented the CTD stations by providing higher
vertical and horizontal resolution observations of the mixed layer and frontal and eddy
structure, but profiled to only 1100 meters. 371 XCTDs were deployed during the 2005
austral winter cruise and 352 were deployed during the 2006 austral summer cruise.
Generally, three XCTDs were deployed by hand launcher from the rear of the ship
between CTD stations, resulting in typical XCTD spacing of 15 km. The XCTDs were
TSK probes from Sippican. Many XCTDs failed during the 2005 austral winter cruise
because of a grounding problem with the ship’s data acquisition computer. Scripps
Institution of Oceanography provided a data acquisition computer for the 2006 austral
summer cruise, and XCTD failure rates were greatly reduced.

A quality control process following Albérola et al. (1996) was implemented to
offset XCTD profiles that deviated greatly from neighboring CTD profiles. This method
uses a linear regression in θ-salinity space to calculate salinity offsets for XCTDs. It
presumes that neighboring CTD and XCTD profiles should have the same θ-salinity
relationship at depth; this is not always the case in highly variable frontal regions.
Applying the method reduced XCTD salinity variance at depth. XCTDs that greatly
differed from nearby CTD stations were discarded. Due to the response of the conduc-
tivity sensor, many profiles exhibit spurious salinity values near the surface, usually in
the form of unrealistically high salinity tails that gradually blend into the mixed layer.
These profiles were trimmed as deeply as necessary to remove the spurious data. Only
profiles deeper than 400 m were used in this study. These quality controls reduced the
number of available profiles to 303 for the 2005 austral winter cruise and 342 for the 2006
austral summer cruise. To eliminate high frequency noise in the XCTD salinity profiles,
the XCTD temperature and salinity profiles were smoothed with a 5 m running-mean
filter.

The underway and lowered acoustic Doppler current profiler data sets (SADCP
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and LADCP, respectively) are described in Chereskin et al. (2010). The SADCP unit,
a RD Instruments 75 kHz Ocean Surveyor, was averaged into 10 m depth bins centered
from 50 m to 810 m. The SADCP data was binned into 5 minute average profiles.
The LADCP, a 150 kHz RD Instruments Phase 3 broadband ADCP, sampled full depth
profiles from 60 m interpolated to a 20 m sampling interval.

Both cruises collected underway temperature, salinity, and dissolved oxygen data,
providing a record of the surface layer at very high resolution. Similarly, the Improved
METeorological (IMET) sensors mounted on R/V Knorr measured air temperature, wind
strength and direction, sea level pressure, shortwave radiation, humidity, and precipita-
tion. The underway and IMET data were reported at 30 second intervals. Latent and
sensible heat fluxes were computed by feeding raw IMET data and underway temperature
into the COARE bulk algorithm (Fairall et al., 2003). These instantaneous fluxes were
averaged into one-hour bins. National Centers for Environmental Prediction (NCEP)
Reanalysis 1 longwave fluxes were interpolated to the one-hour bins to calculate net
heat fluxes.

Thirteen Argo floats were deployed during the 2005 winter cruise. Argo has
continuously sampled the cruise region since 2003, providing greater temporal coverage
but reduced horizontal and vertical resolution relative to the cruise. The mixed layer
depths and properties from 8703 Argo profiles collected in the cruise region between
January 2003 and February 2010 were calculated using the algorithm developed by Holte
and Talley (2009). Argo data are available online (Table 3.1).

Remote sensing observations are used to identify the large-scale conditions in
the SAMW formation region. QuikSCAT winds provide the overall wind field and show
the passage of storms. AMSR-E supplies microwave sea surface temperature (SST)
observations. QuikSCAT and AMSR-E provide daily fields with 0.25 degree resolution.
AVISO merged satellite topography, available weekly at 0.25 degree resolution, is used to
identify eddies, map the geostrophic flow, and determine the relationship of the SAMW
mixed layers to the SAF. These products are all available online (Table 3.1).

3.3 Mixed layer observations

Observations from the 2005 austral winter cruise reveal a band of deep mixed
layers extending north from the SAF (Figure 3.1). Forty-two profiles with mixed layers
deeper than 400 m were observed. The latitudinal extent of the band of deep mixed
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layers decreases eastward; along 89◦W the band’s latitudinal extent is 6◦, whereas just
upstream of Drake Passage the latitudinal extent is 3◦. The deepest mixed layers, to
550 m, are found just upstream of Drake Passage. Along the western section at 103◦W
the MLDs are between 200 and 300 m. The SAMW mixed layers are influenced by the
meanders and eddies of the SAF, which forms the southern boundary of the SAMW
formation region. The cruise track crossed two cold core eddies in the SAMW formation
region at approximately 96◦W and 57◦S and 80◦W and 58◦S. These eddies modulated
the MLD, decreasing it by more than 200 m compared to the nearby SAMW mixed layers
(Figure 3.1). South of the SAF, profiles are characterized by interleaving temperature-
salinity layers and decreased mixed layer temperature, salinity, and depth relative to
the deep SAMW mixed layers north of the SAF (Figures 3.1 and 3.2). Within this
region south of the SAF, several locally unusual deep mixed layers of nearly 300 m were
observed along 77◦W. At the SAMW formation region’s northern boundary, the SAMW
was capped by shallower, fresher, and warmer mixed layers.

The vertical and horizontal structure of the SAMW mixed layers in austral winter
2005 is evident in the three long SAF crossings (Figure 3.2). The SAMW is identifiable
in each section as a large, uniform mass of water extending north from the SAF. In
all sections the deepest SAMW mixed layers occurred immediately north of the SAF,
usually within 100 km of the front. In the westernmost section at 103◦W, the SAMW
had a density range of 26.95 to 27.0 kg m−3. Along 89◦W the SAMW had potential
densities between 27.0 and 27.02 kg m−3. At the section closest to Drake Passage, along
77◦W, the SAMW had potential densities between 27.02 and 27.04 kg m−3. The SAMW
in each section was not completely uniform. Along 89◦W, the SAMW within 2◦ of the
SAF was approximately 0.4◦C colder and 0.05 psu fresher than the SAMW farther north
along the same section (Figure 3.2); it also had a lower oxygen fractional saturation.

The SAMW mixed layers are characterized by higher salinities relative to neigh-
boring waters (Figure 3.3). The deep SAMW mixed layers form a cluster in temperature-
salinity space and have salinities ranging from approximately 34.075 to 34.2 psu. Outside
of the cluster of deep SAMW mixed layers, the mixed layers have lower salinities be-
tween approximately 33.95 and 34.075 psu. This pattern persists throughout the year;
the highest salinities observed during the 2006 austral summer cruise were found in the
SAMW formation region (not shown). The cluster of SAMW is organized spatially into
two groups (Figure 3.3). One group is composed of mixed layers from the western por-
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Figure 3.3: The (a) location and (b) temperature-salinity diagram of mixed layers
deeper than 200 meters from the 2005 austral winter cruise, using all CTD and XCTD
profiles. Mixed layers with densities greater than 27.0 kg m−3 are plotted in blue; those
with densities less than 27.0 kg m−3 are plotted in red. Grey dots denote the remainder
of the CTD and XCTD profiles. The geographical distribution of these two mixed layer
density classes is shown in (b). Potential density (black lines) is contoured at 0.1 kg m−3

intervals.
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tion of the cruise with potential densities less than 27.0 kg m−3; the other is composed of
mixed layers from the cruise’s eastern sections upstream of Drake Passage with potential
densities greater than 27.0 kg m−3. In terms of potential density, these spatial groups
correspond to an along-front variation in mixed layer potential density of 0.05 kg m−3

over a distance of 1500 km. In Argo, this downstream change in SAMW is continuous;
the distinct grouping is the result of the cruise spatial sampling.

3.4 Air-sea forcing: cruise observations

In this study, we neglect advective mechanisms and evaluate the extent to which
SAMW formation can be considered a one-dimensional process. Taking this simplified
view, where SAMW formation is driven by buoyancy loss at the surface and by wind
stress, allows us to focus on one aspect of SAMW formation and to examine a number of
forcing scenarios. The buoyancy flux has two components, a thermal component due to
heat fluxes and a saline component due to evaporation and precipitation. The equation
for the buoyancy flux is:

B = gα

cp
(Qsh +Qlh +Qlw +Qsw) + gSβ(P − E) (3.1)

where α = ρ−1∂ρ/∂T and β = ρ−1∂ρ/∂S are the thermal and saline expansion coef-
ficients of seawater (which depend on the surface temperature and salinity, T and S),
cp is the specific heat capacity of water, g is the acceleration due to gravity, Qsh is the
sensible heat flux, Qlh is the latent heat flux, Qlw is the net longwave radiation, and Qsw
is the incoming solar radiation at the sea surface. These heat flux terms determine the
thermal component of the air-sea buoyancy flux. During winter, ocean heat loss to the
atmosphere, in the form of latent, sensible, and longwave heat fluxes, destabilizes the
water column; the surface density increases, resulting in convective overturning. Short-
wave heat fluxes stabilize the surface layer. The saline buoyancy component depends
on the surface salinity and the difference between precipitation, P , and evaporation, E.
Evaporation is calculated as E = Ql/Lv, where Lv is the latent heat of vaporization
(Sathiyamoorthy and Moore, 2002). Evaporation increases the surface density, whereas
precipitation freshens the surface water, decreasing the density and stabilizing the sur-
face layer. We use the convention that a negative heat flux corresponds to ocean heat
and buoyancy loss.

During the 2005 austral winter cruise the regions of oceanic heat loss generally
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Figure 3.4: Total synoptic heat fluxes along the 2005 cruise track ranged from 100 W
m−2 (red, ocean heat gain) to -200 W m−2 (blue, ocean heat loss). The instantaneous
latent and sensible heat fluxes were calculated using the COARE algorithm from cruise
IMET data. Shortwave fluxes were measured by the IMET system. Longwave fluxes are
from NCEP reanalysis. The fluxes are six-hour averages smoothed with a 2 day running
mean to soften daily peaks in the shortwave radiation and plotted every six hours. The
mean AVISO dynamic topography contour that most closely matched the SAF location
in hydrography and ADCP data is also plotted (black line).
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Figure 3.5: Maps of (a) vector wind (m/s) and (b) air-sea temperature difference (oC)
along the 2005 cruise track. The mean AVISO dynamic topography contour that most
closely matched the SAF location in hydrography and ADCP data is also plotted (black
line).

corresponded to regions with deep SAMW mixed layers (Figures 3.1 and 3.4). The
largest heat fluxes, nearly -200 W m−2, were observed along 77◦W. These fluxes are small
compared to the fluxes of nearly -1000 W m−2 that are associated with the formation
of Subtropical Mode Waters near the Gulf Stream and Kuroshio (Joyce et al., 2009).
Large fluxes were also observed north of the SAF along 89◦W and between 96◦W and
83◦W. This suggests that active mixing was occurring during the survey (Sloyan et al.,
2010). In the northern and northwestern sectors of the cruise the heat flux is small, and
at times positive; deep SAMW mixed layers were observed sporadically in these regions.

The large heat fluxes that contribute to SAMW formation are caused by winds
from the south. The winds recorded during the 2005 cruise exhibit considerable variation
in direction and magnitude (Figure 3.5), reflecting the many synoptic storms that passed
through the SAMW formation region during the cruise; the predominant wind directions
are southwesterly and northwesterly. The SAMW formation region is remote from any
upstream continental land masses that could produce extreme cold air outbreaks, so
the cold polar waters south of the SAF serve as the largest atmospheric heat sink in
the region. Winds from the south originate over this relatively cold region, and when
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Figure 3.6: Comparison of mixed layer oxygen saturation and MLD for CTD profiles
north of the SAF (colored circles). The color corresponds to total synoptic heat flux.
The mean heat flux and mean mixed layer depth are calculated for mixed layer oxygen
saturation bins centered at 0.96, 0.97, 0.98, 0.99, 1, and, 1.01 (colored squares).

they blow north across the SAF, they encounter warmer water. This creates the air-
sea temperature difference that produces large sensible and latent heat fluxes over the
SAMW formation region (Figure 3.5).

These heat fluxes contributed to active mixing in the SAMW formation region.
The deepest mixed layers tended to have fractional oxygen saturations of 0.96 and cor-
responded to the largest synoptic heat fluxes at the surface (Figure 3.6). These low
fractional oxygen saturations are typical signatures of active mixed layer deepening; as
the mixed layer deepens it entrains water at its base that has a lower oxygen fractional
saturation, lowering the fractional oxygen saturation of the entire mixed layer. Simi-
larly, low saturations of chlorofluorocarbons were observed in the deep mixed layers on
the 2005 austral winter cruise for the same reason (Hartin et al., 2010). The mixed layers
with the most vertically uniform oxygen saturations were located immediately near the
SAF (Figure 3.2). Away from the front the mixed layer fractional oxygen saturation
has a slight vertical gradient, increasing toward the surface. The oxygen distributions
suggest that the mixing was most active near the front.
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3.5 Air-sea forcing: product comparisons

The cruise IMET heat fluxes described in section 2 are compared to various
reanalysis and observation-derived heat flux products. We use fields from NCEP Re-
analysis 1 (Kalnay et al., 1996), European Centre for Medium-Range Weather Forecasts
(ECMWF) Interim, Japanese Ocean Flux Data sets with Use of Remote Sensing Obser-
vations (J-OFURO), Kelly, OAFlux, and the Southern Ocean State Estimate (SOSE).
The heat flux products provided by NCEP, ECMWF, J-OFURO, and OAFlux are avail-
able online (Table 3.1). The reanalysis products, NCEP and ECMWF, provide flux fields
four times and two times daily, respectively; the other products are available once daily.
J-OFURO, Kelly, and OAFlux are mostly derived from direct observations. J-OFURO
primarily incorporates remote sensing data. The Kelly latent and sensible heat fluxes are
computed by Kathryn A. Kelly’s group at the University of Washington with the COARE
v3.0 algorithm, using QuikSCAT wind speed maps, the NOAA OISST sea surface tem-
perature product (www.ncdc.noaa.gov/oa/climate/research/sst/oi-daily.php), and EC-
MWF analyses for the remainder of the input variables. Kelly fluxes have 0.5◦ resolution.
OAFluxes are derived from satellite observations, surface observations, and a reanalyzed
atmospheric model (Yu et al., 2008). SOSE synthesizes NCEP fluxes and a wide vari-
ety of observations in an eddy-permitting model; it outputs, among many other fields,
modified NCEP fluxes that are consistent with the in situ observations (Mazloff et al.,
2009). Products missing any of the four heat flux terms, wind stress, or precipitation
are supplemented with the NCEP fields (Table 3.2).

In general, most of the products’ total heat fluxes track the total heat fluxes
observed during the 2005 and 2006 cruises fairly well, capturing the high and low heat
flux events from both cruises (Figure 3.7) [comparison for the 2006 cruise not shown].
NCEP, ECMWF, and Kelly fluxes most closely match the cruise fluxes, particularly for
the 2005 austral winter cruise. All of the heat flux products deviate more from the 2006
austral summer cruise fluxes than they do from the 2005 austral winter cruise fluxes
(Table 3.3). J-OFURO and SOSE have the poorest fits to the cruise observations and
produce many spurious heat flux events, though SOSE’s mean fluxes are similar to the
cruise mean. J-OFURO has the largest root mean square differences from the cruise
fluxes. OAFlux is biased more than 30 W m−2 higher (less ocean heat loss) than the
cruise fluxes.

The latent and sensible heat fluxes have roughly the same magnitudes as each
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Figure 3.8: Along track wind from the 2005 cruise compared to NCEP and Quikscat
winds.

other (Figure 3.7). Surprisingly, the sum of the latent and sensible heat fluxes is the
same for both the austral winter and summer cruises (Table 3.3). The northward wind
mechanism that produces the enhanced ocean heat fluxes during the winter cruise also
works in summer, even though the temperature gradient across the SAF is reduced in
summer. During summer the shortwave heat flux component overwhelms the latent and
sensible heat fluxes, so the net heat flux is positive.

Besides heat fluxes, air-sea fluxes of momentum and precipitation are also impor-
tant to SAMW formation. NCEP and QuikSCAT closely track the wind measurements
from the 2005 winter cruise (Figure 3.8). NCEP captures the large synoptic storms, on
the scale of 5 days, and also shorter scale fluctuations. In the one-dimensional model
runs, NCEP wind stress is used as the default wind stress for the flux products that
do not provide wind fields (e.g. Kelly and OAFlux). Accurate precipitation measure-
ments are difficult to obtain at sea, especially in high-wind conditions (Yuter and Parker,
2001). ECMWF and NCEP are the only products that provide precipitation. Rather
than compare the products’ precipitation fields to the cruise measurements, we use our
mixed layer modeling results to evaluate the precipitation fields.

3.6 One-dimensional mixed layer modeling with observed
forcing

A one-dimensional mixed layer model is used to assess the role of buoyancy forcing
and wind mixing in forming deep winter SAMW mixed layers from stratified summer
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profiles. Five sets of runs are evolved in the model, each with different sources for the
heat, precipitation, and momentum fluxes; the NCEP, ECMWF, Kelly, J-OFURO, and
OAFlux forcing fields used in each set of runs are outlined in Table 3.2. Each set of
the five model runs is initialized with 100 CTD profiles from the 2006 austral summer
cruise. The fluxes are interpolated to each profile location, commence on each profile’s
collection date, and evolve the profiles for one year. To allow comparison with the
2005 cruise observations and with winter Argo profiles collected in the cruise region, a
representative simulated winter mixed layer is calculated at each CTD station as the
temporal mean of each model run during the month of August, producing 100 simulated
winter mixed layers for each flux product. August was chosen for calculating the mean
because the maximum mean Argo MLD occurs in August and the heat flux becomes
positive after August. Averaging the simulations over longer winter periods does not
substantially alter the results.

We use a simple configuration of the Regional Ocean Modeling System (ROMS)
for our one-dimensional mixed layer model (available at: http://www.myroms.org/).
The model is initialized with 250 depth levels and a profile depth of 2000 m. The profiles
are evolved for one year with a time step of 60 seconds; the fluxes are interpolated to
match this time step. ROMS has many possible configurations. We tested 20 different
configurations, using different combinations of the KPP mixing scheme of Large et al.
(1994), the Kantha and Clayson (1994) stability function, and the Mellor and Yamada
(1982) level 2.5 closure scheme, as well as various numerical modules in ROMS, such
as the tracer advection schemes. To test the model set-up, each configuration was run
for three different initial CTD profiles from the 2006 austral summer cruise: two in the
SAMW formation region (station 143 at 76◦W and 56.5◦S and station 147 at 77◦W and
58◦S) and one south of the SAF (station 154 at 77◦W and 61.5◦S). The three profiles
were evolved for one year with NCEP forcing corresponding to the CTD locations. Most
of the 20 configurations produced remarkably similar winter SAMW mixed layer depths
and properties; for each initial profile the configurations’ maximum winter MLDs differ
by less than 80 m. The chosen configuration is essentially the KPP mixed layer model,
which includes diffusive mixing due to shear instability, convective mixing due to shear
instability, double-diffusive mixing, with non-local transport activated. Our set-up differs
slightly from the standard configuration; we use splines vertical advection because of the
high vertical resolution of our simulation. We also conducted test runs with the Price-
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Weller-Pinkel mixed layer model (Price et al., 1986), but its simulated SAMW mixed
layers were unrealistically shallow.

In terms of MLD, the five forcing products all produce some sort of SAMW, in
that they all produce deep mixed layers in the region where SAMW was observed during
the 2005 austral winter cruise (Figure 3.9). They all correctly reproduce the band of
deep SAMW mixed layers north of the SAF. The band of MLDs is wider to the west,
and the mixed layers generally deepen to the east. This mirrors the 2005 austral winter
cruise MLDs and the range of Argo MLDs. In the Argo data, which span several winters
from 2003 to 2009, the band of deep winter SAMW mixed layers narrows near Drake
Passage and has largely the same areal extent as the SAMW observed during the 2005
austral winter cruise. Argo features more numerous and deeper SAMW mixed layers in
the cruise’s western section. Argo recorded 10 MLDs deeper than 600 m, whereas the
deepest MLDS observed during the 2005 austral winter cruise reached 550 m. All of the
forcing products except for OAFlux tend to produce deeper SAMW MLDs than were
observed during the cruise. NCEP and Kelly produce very similar MLDs to each other
because the Kelly model runs use NCEP longwave, shortwave, precipitation, and wind
stress fields (Table 3.2).

The observed and simulated SAMW mixed layers differ in a number of ways.
ECMWF and J-OFURO produce few deep SAMW MLDs in the cruise’s western sections,
as does OAFlux. OAFlux produces shallower MLDs throughout the SAMW formation
region. It only produces MLDs to depths of approximately 400 m in a very thin band
just north of the SAF. ECMWF, J-OFURO, and OAFlux produce more accurate MLDs
south of the SAF, whereas NCEP and Kelly’s MLDs south of the SAF are more than
100 m deeper than the MLDs observed on the 2005 austral winter cruise. Argo has
recorded MLDs to 350 m south of the SAF, so the MLDs produced by NCEP and Kelly
are possible.

The temperature-salinity characteristics of the simulated SAMW mixed layers
generally match the Argo observations (Figure 3.10). The J-OFURO, NCEP, and Kelly
mixed layers overlap the Argo SAMW more than the ECMWF and OAFlux mixed
layers. The SAMW mixed layers produced by ECMWF and OAFlux are too fresh;
neither product produces simulated SAMW mixed layers with salinities greater than
34.15 psu. None of the simulated SAMWs capture the full range of the Argo SAMW
salinities, and in general they tend to reproduce the fresher SAMWs in the cruise region.
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The cruise SAMW mixed layers do not have as wide a range of salinities as the Argo
SAMW mixed layers.

Figure 3.11 shows a time series of simulated MLDs and forcing fields for three
regions from the cruise. The simulated MLDs generally fall within the range of Argo
observations. The deepest Argo SAMW MLDs occur in August, whereas the model
runs have much longer periods of deep MLDs, most likely because the model restratifies
poorly. The deepening in the simulated eastern profiles seems to correspond to a peak
in the wind stress forcing in May. By the end of winter the cumulative forcing fluxes for
the three groups of profiles are largely the same.

Examining the mean forcing fields for the period from February to September,
2006, illuminates some of these differences in the simulated SAMW mixed layers. This
period runs approximately from each profile’s collection date during the 2006 austral
summer cruise to the following winter.

For heat flux, the NCEP, ECMWF, Kelly, and J-OFURO mean fields are quite
similar in the SAMW formation region. The NCEP and ECMWF fluxes in Figure 3.11
(a) are representative of these fields. There is little zonal variation in heat flux in both
NCEP and ECMWF, though the fluxes are slightly stronger in the cruise’s southeast
section, where the deeper MLDs were simulated. J-OFURO features a stronger zonal
gradient, with the strongest negative fluxes closer to Chile; these strong fluxes produce
unrealistically deep MLDs near Chile (Figure 3.9 (e)). The shallower MLDs produced
in the northwestern cruise sections by all of the flux products are due to lower heat loss
in these sections. OAFlux produces shallower SAMW MLDs throughout the SAMW
formation region because its mean February to September heat fluxes are more than 10
W m−2 less negative than the other products. Because the OAFlux mixed layers are
shallow, they do not entrain the saltier water beneath, and the mixed layers are too fresh
(Figure 3.10 (f)).

The evaporation minus precipitation fields for NCEP and ECMWF are very dif-
ferent (Figure 3.11 (b)). ECMWF’s precipitation is much stronger than the precipitation
in NCEP. ECMWF’s precipitation overwhelms the heat flux in the cruise’s western sec-
tions, overpowering the heat flux and suppressing mixing. This produces shallow MLDs
in the west that are too fresh.

The entire SAMW formation region is characterized by elevated annual mean
wind stress relative to regions to the north and south. There is little longitudinal vari-
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Figure 3.11: Spatial-mean cumulative (a) heat flux, (b) evaporation minus precipita-
tion, (c) wind stress, and mean (e) MLD and (f) mixed layer potential density. The mean
cumulative air-sea fluxes in (a-c) were calculated from 2006 NCEP fields (colored lines,
corresponding to colored boxes in (d)) and 2006 ECMWF fields (black line, correspond-
ing to red box in (d)). The CTD stations (dots) sampled on both cruises are plotted in
(d); the highlighted groups of blue, green, and red CTD stations are used to calculate
the mean mixed layer properties in (e) and (f). The mean AVISO dynamic topography
contour that most closely matched the SAF location in hydrography and ADCP data
is also plotted (black line). In (e) and (f), the mean simulated mixed layer depths and
potential densities for the groups of CTD stations are plotted, as well as the Argo values
(grey dots) for all profiles collected within the black box in (d). The black dots denote
Argo from 2006. In (e), the mean Argo MLD for all years is the cyan line; the mean
Argo MLD for 2006 is the black line.
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Figure 3.12: MLD maps and temperature-salinity diagrams of simulated winters for
three alternative configurations of ROMS run with NCEP forcing: (a,d) no wind, (b,e)
mean initial profile (but different forcing), and (c,f) mean forcing (but different initial
profiles). The mean profile in (b,e) is derived from seven profiles north of the SAF along
89◦W (green profiles in Figure 3.15). In (c,f), the forcing is the mean NCEP forcing in
the box spanning 54 to 56◦S and 90 to 94◦W. In (d), (e), and (f) the simulated winter
mixed layers are denoted by circles with black borders. The mixed layers from winter
Argo profiles are denoted by circles with no borders. The potential density is contoured
at 0.1 kg m−3 intervals from 26.5 to 27.1 kg m−3.

ation in wind stress in the SAMW formation region (Figure 3.11 (c)), though all of the
fields represent slightly stronger wind stresses in the west. The elevated wind stress in
the SAMW formation region most likely helps drive mixing, as was shown in Sloyan
et al. (2010). J-OFURO has weaker wind stress than NCEP and ECMWF, resulting in
decreased mixing, and hence shallower and fresher MLDs.
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3.7 One-dimensional mixed layer modeling with idealized
forcing

To further test the importance of mixing driven by heat fluxes and wind stress,
we run a series of three test cases with NCEP forcing: (1) with NCEP heat fluxes and
precipitation but without wind stress, (2) with standard NCEP forcing but replacing
the initial profiles with a mean profile from the SAMW formation region, and (3) with
initial profiles from the 2006 austral summer cruise but forced by spatial-mean NCEP
fields from the SAMW formation region (Figure 3.12). We use NCEP forcing because it
has similar heat fluxes to Kelly and ECMWF, but its evaporation minus precipitation
fields allow it to produce SAMW that more closely resembles Argo SAMW observations
than ECMWF (Figure 3.10).

In run 1, when driven only with heat fluxes and no direct wind stress, the model
poorly reproduces SAMW; it only produces a few shallow SAMW mixed layers in a
thin band along the SAF. From this we conclude that wind-driven mixing is essential
for forming SAMW mixed layers, at least to the extent that SAMW formation can be
explained by one-dimensional mixed layer processes.

Run 2 is initialized with a mean profile. The mean profile is calculated by aver-
aging seven 2006 austral summer CTD profiles collected in the SAMW formation region
at CTD depths levels; the profiles are highlighted in green in Figure 3.11 (d). This run
illuminates the effect of variable forcing on SAMW. In the cruise’s northwestern section,
where the NCEP heat flux is smaller, the simulated SAMW mixed layers are shallower
than for the cruise’s eastern section, where the heat flux is larger. An annual mean heat
flux difference of approximately -30 W m−2 results in winter SAMW MLDs that differ
by 200 m. The western SAMW MLDs in this test case are deeper than the MLDs in
Figure 3.9 (b). This test run fails to capture any of the SAMW property variability
observed by Argo, as the simulated SAMW properties are all clustered around the ini-
tial profile’s temperature-salinity properties (Figure 3.12 (e)). The variable forcing is
not strong enough to replicate the observed range of SAMW properties. Therefore the
initial profile, and any preconditioning processes, are important in determining the final
SAMW mixed layer depths and properties.

Likewise, in run 3 we apply mean forcing to all of the actual profiles and the
SAMW formation is much more extensive, especially in the cruise’s western sections
(Figure 3.12 (c)). The mean forcing is calculated as the spatial average of the NCEP fields
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Figure 3.13: Maps of (a) average N2 and (b) scaled heat content of the upper 600 m
for the 2006 austral summer cruise CTD profiles. The heat content is scaled to represent
the average heat flux that would homogenize the profile to a depth of 600 m over 200
days. The mean AVISO dynamic topography contour that most closely matched the
SAF location in hydrography and ADCP data is also plotted (black line).

in the box spanning 54◦S to 56◦S and 90◦W to 94◦W. With this forcing, the simulated
SAMW mirrors the full range of SAMW temperature-salinity properties as observed by
Argo (Figure 3.12 (f)). Applying mean forcing essentially strengthens the forcing in the
cruise’s western sections, deepening those mixed layers and filling out the temperature-
salinity characteristics of the SAMW. In this way, forcing strength indirectly determines
the winter SAMW properties by controlling where and how deeply the profiles mix.

3.8 Importance of preconditioning to SAMW formation

The above analysis shows that air-sea fluxes are important for deepening the
SAMW mixed layers. We now look at how the initial summer profile both determines
the temperature-salinity characteristics of the final winter SAMW and can also limit the
extent of the deepening.

The 2006 austral summer cruise profiles in the SAMW formation region were
characterized by low mean stratification in the upper 600 m, generally less than 1x10−5

s−2 (Figure 3.13 (a)). The lowest stratifications were found in the western section of
the cruise, which was slightly unexpected, given that the deepest winter mixed layers
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of the colored boxed regions near each station group in Figure 3.11 (a).
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were found in the eastern sections of the 2005 austral winter cruise, as were the deepest
simulated winter SAMW mixed layers, even in the case with mean forcing (Figure 3.12
(c)). Summer profiles from the cruise and Argo have high mean stratification in the east
because they have very warm, fresh, and shallow mixed layers in the summer (Figure
3.15). Runoff contributes to the summer low surface salinities in profiles near Chile’s
coast.

The heat content of the summer profiles is also important, as this heat must be
removed for the profiles to mix deeply in the winter. To allow an approximate comparison
with observed heat fluxes, we scale the heat content to represent the average heat flux
that would homogenize the profiles to a depth of 600 m over 200 days. Summer CTD
profiles in the eastern SAMW formation region had less heat stored in the upper 600 m
than profiles farther to the west (Figure 3.13 (b)). Figure 3.14 confirms that both heat
content and stratification are important in determining the final winter MLD. A summer
mean stratification in the upper 600 m of less than 1x10−5 s−2 seems to be a requirement
for forming deep SAMW mixed layers. For profiles with mean stratifications less than
1x10−5 s−2, a lower summer heat content will result in a deeper winter MLD (Figure
3.14).

This pattern of heat storage carries over into the Argo data. Mean upstream
profiles from the cruise and Argo exhibit much more salinity structure in the upper 600
m than downstream profiles (Figure 3.15). Profiles from the west have a subsurface
salinity maximum at about 400 m depth, but this feature erodes downstream. This
salinity change is accompanied by a downstream decrease in temperature between 100
and 400 m, making downstream profiles denser at depths between 100 and 400 m relative
to upstream profiles. This structure promotes the formation of deep mixed layers in the
eastern profiles because there is less heat to remove at depth during fall and winter. A
low summer heat content alone does not ensure a deep winter mixed layer; the winter
forcing must be strong enough to remove the summer mixed layer stratification. In
this way, variations in forcing strength do contribute to each winters’ expression of the
SAMW mixed layers by controlling where and how deeply the SAMW mixes.

Many processes could contribute to the stratification and downstream reduction
in heat content. Sloyan et al. (2010) indicate that wind mixing, particularly in summer
to early autumn, when heat and precipitation fluxes stabilize the water colum, creates
the buoyancy difference between east and west. Cross-frontal transport could also trans-
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port polar waters into the SAMW formation region, changing the heat content in the
surface layer. Many intrusions in SAMW density classes were observed during the 2006
austral summer cruise. Sallée et al. (2010), in estimating Southern Ocean mass exchange
between the surface layer and the interior, find that substantial eddy-induced and Ek-
man transports of nearly 30 Sv approximately counterbalance in the surface layer. Cold
core eddies were observed in the SAMW formation region during the cruises, and these
eddies could potentially disperse polar waters in the SAMW formation region, reducing
the stratification and heat content.

3.9 Summary

Forty-two SAMW mixed layers deeper than 400 m were observed during the 2005
austral winter cruise. The SAMW was observed north of the SAF, with the densest,
coldest, and freshest mixed layers found in the cruise’s eastern sections near 77 ◦W.
Undersaturated oxygen values in the mixed layer suggest active mixing. The deep mixed
layers were observed concurrently with ocean heat loss at the surface of around -200 W
m−2. These heat fluxes were primarily caused by the northward winds of synoptic storm
systems crossing the SAF and driving relatively large sensible and latent heat fluxes.

The heat, momentum, and precipitation flux fields of five flux products are used
to force a one-dimensional KPP mixed layer model initialized with profiles from the
2006 austral summer cruise. The simulated August (winter) mixed layers generated
by all of the forcing products resemble Argo observations of SAMW in the southeast
Pacific. Mixing driven by buoyancy loss and wind forcing is strong enough to deepen
the SAMW layers; cross-frontal processes are apparently not necessary for deepening
the SAMW mixed layers in winter, supporting the findings of Wang and Matear (2001).
The simulated SAMW mixed layers evolved by NCEP most closely resembled Argo’s
SAMW observations. Wind-driven mixing is central to SAMW formation, as model
runs forced with only buoyancy forcing produce very shallow mixed layers that do not
resemble SAMW, supporting the results of Sloyan et al. (2010). The air-sea fluxes only
effect small property changes in SAMW, but forcing strength indirectly influences the
winter SAMW properties by controlling how deeply the profiles mix. The stratification
and heat content of the initial profiles are important in determining the properties of
the SAMW and in the likelihood of deep mixing. Highly stratified profiles with large
heat storage are less likely to form deep SAMW mixed layers. In contrast, the summer



74

profiles just upstream of Drake Passage have less heat stored between 100 and 600 m
than profiles from farther upstream, and so, with sufficiently strong winter forcing, form
a cold, dense variety of SAMW.
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Chapter 4

Optimum multiparameter
analysis of cross-frontal exchange
at the Subantarctic Front

4.1 Introduction

Strong westerly winds over the Southern Ocean propel the Antarctic Circumpolar
Current (ACC). During winter, deep mixed layers form north of the Subantarctic Front
(SAF), the northernmost front of the ACC. McCartney (1977) named these deep winter
mixed layers Subantarctic Mode Water (SAMW). SAMW becomes progressively colder,
fresher, and denser as it nears Drake Passage from the west (McCartney, 1977; England
et al., 1993; Talley, 1996; Hanawa and Talley, 2001). SAMW is characterized by low
potential vorticity (PV) and high oxygen content and is important to many global-scale
processes. It forms part of the upper limb of the global overturning circulation (Sloyan
and Rintoul, 2001), renewing the lower thermocline in the Southern Hemisphere’s sub-
tropical gyres (McCartney, 1982). The heat, freshwater, and carbon transports associ-
ated with SAMW’s global-scale circulation make it relevant to the Earth’s climate and
to the ocean’s global overturning circulation (Keeling and Stephens, 2001; Pahnke and
Zahn, 2005).

Many processes contribute to the formation of the deep winter SAMW mixed
layers, including air-sea fluxes, wind-driven mixing, and cross-frontal advection in the
form of Ekman transport, eddies, and intrusions. Previous studies have shown that
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turbulent mixing driven by buoyancy loss and wind forcing is essential for forming the
deep SAMW mixed layers (Wang and Matear, 2001; Sloyan et al., 2010; Holte et al.,
2010). McCartney (1977) credited the cumulative effects of air-sea fluxes of heat and
precipitation with driving the observed eastward freshening and cooling of SAMW from
south of Africa to Drake Passage. In Chapter 3, it was shown that air-sea fluxes alone
were strong enough to deepen the SAMW mixed layers in the southeastern Pacific but did
little to alter the SAMW properties, which were strongly dependent on the stratification
and heat content of the initial summer profile. Cross-frontal exchange, in the form of
ACC meanders and eddies, Ekman transport, and intrusions, could overcome the strong
PV gradient associated with the SAF to contribute to the downstream evolution of
SAMW by transporting cold, fresh Antarctic Surface Waters across the ACC.

Eddies, identified as distinct cold or warm core rings or as deviations from a long-
term mean, have been shown to transport polar waters across the ACC and to disperse
those waters via mechanical mixing. Ansorge et al. (2006) found that eddies were likely
to be significant in maintaining local heat budgets in the SAMW formation region north
of the SAF; they also argued that the meridional heat and salt fluxes associated with
the eddies must be adequately quantified for incorporation into climate models. Eddies
have been shown to modify Ekman transport and air-sea fluxes (Sallée et al., 2008)
and to influence SAMW property variability (Herraiz-Borreguero and Rintoul, 2010).
Morrow et al. (2004) observed that cyclonic eddies southwest of Tasmania penetrated
to 1,500 m depth and carried cold, fresh water into the SAMW formation region. Jayne
and Marotzke (2002) have shown that the majority of eddy heat transport across the
ACC is in the upper 1000 m. Studies investigating the relationship between ACC eddy
diffusivities and PV gradients (Marshall et al., 2006) and the mean flow (Shuckburgh
et al., 2009) have shown that lower cross-stream PV gradients and lower mean flows
generally correspond to higher eddy diffusivities.

Many studies have looked at the importance of cross-frontal intrusions to the
SAMW and Antarctic Intermediate Water (AAIW) layers, including Ekman transport.
Intrusions are generally viewed as evidence for strong lateral fluxes of heat and salt and
generally indicate sub-surface lateral exchange between water masses (Joyce, 1977; Rud-
dick, 2003). Ekman transport dominates the temporal variability of SAMW properties,
as air-sea fluxes alone cannot account for the observed temporal variability of SAMW
(Speer et al., 2000; Sloyan and Rintoul, 2001; Rintoul and England, 2002b). Dong et al.
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(2008) found that Ekman transport could contribute to SAMW formation in the Indian
Ocean. Ito et al. (2010) identified Ekman transport as the primary mechanism for the
transport of anthropogenic CO2 across the ACC. Northward Ekman transport is ap-
proximately balanced by southward eddy transport (Karsten and Marshall, 2002; Sallée
et al., 2010). Park and Gambéroni (1997), in the Indian Ocean, found that cross-frontal
injections of AAIW across the SAF were not continuous in time and space, but occurred
impulsively and were associated with meanders and eddies in the ACC.

In this study we use observations from two recent hydrographic cruises and an
optimum multiparameter (OMP) analysis (Tomczak and Large, 1989) to evaluate the
cumulative exchange, via transport and mixing, across the SAF in the southeast Pacific
Ocean. The first cruise, in austral winter (August 23 to October 5, 2005) observed the
deep SAMW mixed layers that form north of the SAF; the second cruise, occupying the
same cruise track in austral summer (January 30 to March 14, 2006), observed their
subsequent restratification.

The 135 and 105 CTD/Rosette/LADCP stations collected on the winter and
summer cruises, respectively, were first examined for evidence of cross-frontal exchange.
Numerous intrusions crossing the SAF were observed, as well as cold-core eddies in
the SAMW formation region. The temperature, salinity, and nutrient datasets were
then used to conduct an OMP analysis to estimate the overall effect of the cross-frontal
exchange along various isopycnals, rather than focusing on the specific mechanisms.
OMP is an inverse method typically used to examine the spreading and mixing of water
masses, so it is useful for tracking the exchange of waters from south of the SAF into
the SAMW formation region.

The remainder of the chapter is organized as follows: section 2 describes the
cruise and remote sensing data used in the analysis; section 3 describes the evidence
of cross-frontal exchange; section 4 outlines the OMP method and its application. Sec-
tion 5 contains the OMP results. Section 6 summarizes the findings and considers the
implications for SAMW formation.

4.2 Data

Two hydrographic surveys conducted on R/V Knorr in the southeast Pacific
Ocean provide high quality, synoptic observations of the SAF and the SAMW formation
region during winter (August 23 to October 5, 2005) and summer (January 30 to March
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Figure 4.1: Mixed layer depth at CTD stations for the 2005 austral winter cruise extend
from 0 m (blue) to 550 m (red). Underway ADCP currents (black arrows) averaged from
100 to 450 m are plotted every half hour along the cruise track. The maximum velocities
are approximately 0.5 m s−1. The mean AVISO dynamic topography contour that most
closely matched the Subantarctic Front location in hydrography and ADCP data is also
plotted (black line). The mean dynamic topography was calculated over the cruise
period, August 23 to October 5, 2005. The bathymetry is contoured at 1000 m intervals.
The sections plotted in Figure 4.3 were taken along 89◦W.
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14, 2006). Both cruises departed from Punta Arenas, followed a sawtooth path out to
103◦W, and concluded near Puerto Montt, crossing the SAF six times on each cruise
(Figure 4.1). CTD station spacing was approximately 50 km. Each cruise included two
diamond-patterned intensive surveys, one in the SAMW formation region and another
at the SAF. The location of these intensive surveys varied by cruise depending on the
position of the SAF. Both cruises can be divided into three regions: (1) the region of
shallow mixed layer depths (MLDs) equatorward of the deep SAMW mixed layers (north
of 52◦S and along Chile’s coast); (2) the region of deep SAMW mixed layers north of
the SAF (capped in summer); and (3) the region south of the SAF, the Polar Frontal
Zone (PFZ), characterized by shallower, colder, and fresher mixed layers relative to the
SAMW region. These regions are referred to as the gyre, SAMW, and PFZ regions in
the paper.

The 2005 austral winter and 2006 austral summer cruises collected 135 and 105
CTD/rosette/LADCP profiles, respectively, providing full depth profiles of temperature,
salinity, oxygen, and velocity. Bottle samples (from a 24 bottle rosette in winter and
a 36 bottle rosette in summer) were analyzed for dissolved oxygen, salinity, phosphate,
nitrate, and silicate. These data were acquired and processed by Scripps Institution
of Oceanography’s Ocean Data Facility. Carbon parameters and chlorofluorocarbons
were also collected during the winter cruise (Hartin et al., 2010). The lowered acous-
tic Doppler current profiler (LADCP), a 150 kHz RD Instruments Phase 3 broadband
ADCP, provided full depth profiles from 60 m interpolated to a 20 m sampling interval.
The velocity data are described in Chereskin et al. (2010).

In addition to the cruise data, remote sensing observations and autonomous
floats are used to identify the large-scale conditions in the cruise region. Argo floats,
of which the winter cruise deployed thirteen, have continuously sampled the cruise re-
gion since 2003, providing greater temporal coverage but reduced horizontal and ver-
tical resolution relative to the cruises. Argo floats generally sample to a depth of
2000 meters and measure temperature, salinity, and pressure at roughly 70 depth lev-
els. Vertical sample spacing for most floats is less than 20 meters to depths of 400
meters, below which the spacing increases to 50 meters. In this study we use 4994
Argo profiles collected in the SAMW region of the cruise. Argo data are available
online at http://www.usgodae.org/argo/argo.html. AVISO merged satellite topogra-
phy, available weekly at 0.25 degree resolution, is used to determine the mean position
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of the SAF during the cruises and to identify eddies. AVISO is provided online at
http://www.aviso.oceanobs.com. All densities listed in the remainder of the paper are
potential densities referenced to the sea surface (σθ).

4.3 Evidence of cross-frontal transport

Argo profiles in the SAMW formation region freshen and cool between the 27.0
and 27.3 kg m−3 isopycnals from 103◦W to 73◦W (Figure 4.2). SAMW mixed layers in
the southeast Pacific attain their maximum winter potential density of approximately
27.05 kg m−3 just upstream of Drake Passage, near 75◦W. Therefore, much of the fresh-
ening and cooling observed by Argo is well beneath the mixed layer and hence is not due
to local air-sea fluxes of heat and freshwater. Likewise, the 27.1, 27.2, and 27.3 kg m−3

isopycnals are beneath most of the wind-driven turbulent mixing identified by Sloyan
et al. (2010), which is primarily concentrated in the upper 600 m. One possible mecha-
nism for this along-front evolution of properties in the SAMW region is the cross-frontal
exchange of cool, fresh polar waters.

Waters from the PFZ, however, do not flow freely across the SAF. Sections
along 89◦W from the 2005 austral winter and 2006 austral summer cruises reveal a
clear separation between waters in the SAMW region and polar waters south of the SAF
(Figure 4.3). Both the PV structure of the SAF and kinematic effects of the ACC inhibit
cross-frontal exchange. Bower et al. (1985), in a study of the Gulf Stream, found that
above 1800 m cross-frontal mixing was primarily limited by the PV gradient. Similarly,
Beal et al. (2006) found that a high cross-stream gradient of PV was the dominant
mechanism for water mass separation near the surface in the Agulhas Current. These
current systems differ from the ACC observations in this study, in that they often exceed
1 m s−1.

Kinematic effects can also limit cross-frontal exchange above a current’s “steering
level,” the depth at which the current speed is equal to the phase speed of meanders
in the current (Owens, 1984; Beal et al., 2006; Abernathey et al., 2010). Abernathey
et al. (2010) calculated a phase speed of ∼2 cm s−1 and a “steering level” of 2000 m for
the ACC. Following the approach of Abernathey et al. (2010), we construct a Hovmöller
diagram of sea surface height in the study region to estimate the meander phase speed
of the ACC (not shown). The observed phase speed of ∼2.8 cm s−1 corresponds to a
“steering level” of approximately 1500 to 2000 m; thus, kinematic effects could also limit
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Figure 4.2: (a) Map of 4994 Argo profiles collected between January 2003 and February
2010. The profiles collected between 53 and 57◦S are binned into five longitude groups;
the bins, of 7◦ width, are centered at 73◦W (red), 80◦W (orange), 87◦W (green), 94◦W
(light blue), and 101◦W (dark blue). The mean AVISO dynamic topography contour
that most closely matched the Subantarctic Front location during the 2005 austral winter
cruise in hydrography and ADCP data is also plotted (black line). The mean dynamic
topography was calculated over the cruise period, August 23 to October 5, 2005. The
SAF defined by Orsi et al. (1995) is marked by the dashed black line. The latitude range
of the binned profiles is generally north of the SAF and in the SAMW formation region.
The temperature-salinity diagram of the binned profiles is plotted in (b), where color
again corresponds to each profile’s longitude bin. The mean temperature and salinity
values for each longitude bin are also plotted (black lines). The mean profiles cool and
freshen to the east. Potential density is contoured at 0.1 kg m−3 intervals from 27.0 to
27.5 kg m−3.
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Figure 4.3: Sections of (a,b) potential temperature, (c,d) salinity, (e,f) downstream
velocity, and (g,h) Ertel potential vorticity along 89◦W from the 2005 austral winter
cruise (left column) and the 2006 austral summer cruise (right column). Potential density
(bold black lines) is contoured for the 27.0, 27.02, 27.1, 27.2, and 27.3 kg m−3 isopycnals.
The 2005 cruise MLD (grey line) is plotted for (a,b,c, and d); it is shifted 0.6◦ for the
summer sections to match the location of the Subantarctic Front. White contours in
(e,f,g, and h) denote velocities and Ertel potential vorticities that are less than zero.
The CTD station locations are denoted by circles at the surface. The LADCP was
removed from the rosette for northerly stations during the summer cruise, hence the
data gap.
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Figure 4.4: Ertel potential vorticity contoured against density and latitude for sections
along 89◦W from the (a) 2005 and (b) 2006 cruises. The location of the Subantarctic
Front during each section is marked by the dashed line.

cross-frontal exchange at SAMW densities.
To examine how the PV structure of the SAF might limit cross-frontal exchange,

we calculate the 2-D Ertel potential vorticity (EPV) following Beal et al. (2006). EPV
includes terms for the horizontal and vertical velocity shears that, because of the sloping
isopycnals within the SAF, can significantly contribute to the vorticity normal to the
isopycnals (Beal et al., 2006; Joyce et al., 2009). The cruise sections are first rotated
into a cross- and along-front coordinate system; the origin is located at the maximum
vertically-averaged current and oriented so that the cross-front direction is normal to the
maximum current vector. The density profiles are smoothed with a 20 m running mean
and sub-sampled to match the LADCP sampling. The EPV is then calculated using

EPV = g

ρ

[
f
∂ρ

∂z
+
(
∂v

∂x

∂ρ

∂z
− ∂v

∂z

∂ρ

∂x

)]
, (4.1)

where g is the acceleration due to gravity, ρ is the potential density, f is the Coriolis
parameter, z is the vertical coordinate (positive upwards), x is the cross-front coordinate
and v is the along-front velocity. The first term on the right-hand-side is the planetary
vorticity term. The second and third terms are related to the horizontal and vertical
shears, respectively. An analysis of the terms of the EPV reveals that in this region of
the SAF the planetary term dominates the shear terms.

During the 2005 austral winter cruise, a strong EPV gradient was observed along
89◦W between the 27.05 and 27.175 kg m−3 isopycnals and is hypothesized to limit
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Figure 4.5: Temperature-salinity diagrams for 3 regions from the 2006 austral summer
cruise; (a) 89◦W, (b) zig-zag centered at 83◦W, and (c) 77◦W. The profile locations for
each region are shown in (d). Red corresponds to profiles in the SAMW formation region
and blue corresponds to profiles in the PFZ. Potential density (black lines) is contoured
in (a), (b), and (c) at 0.1 kg m−3 intervals from 27.0 to 27.3 kg m−3.

exchange across the SAF (Figure 4.4 (a)). The density break between the SAMW mixed
layers and the waters south of the SAF is also clearly visible. The 2006 austral summer
cruise EPV is notable for a small EPV gradient across the SAF between the 27.04 and
27.08 kg m−3 isopycnals, perhaps a pathway for cross-frontal exchange at the base of
the SAMW mixed layers (Figure 4.4). The small EPV gradients beneath the 27.3 kg
m−3 isopycnal, the proximity to the “steering level,” as well as the convergence of Argo
temperature-salinity relationships at this density in Figure 4.2, suggest that cross-frontal
transport and mixing is not limited at densities greater than 27.3 kg m−3. The EPV
barrier took a similar form along 77◦W and only extended to densities of 27.05 kg m−3

along 103◦W.
Numerous specific instances of cross-frontal exchange were observed during the

cruises. Rather than cataloging all of the intrusions, we present a few examples represen-
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tative of both cruises. The temperature and salinity sections along 89◦W from the 2006
austral summer cruise reveal a large intrusion in the SAMW formation region just north
of the SAF (Figure 4.3 (b,d)). This relatively fresh and cold feature impinged on capped
SAMW layers, and corresponds to the minimum cross-frontal EPV gradient in Figure 4.4
(b). The temperature-salinity characteristics of the large intrusion along 89◦W, as well
as other intrusions from the 2006 austral summer cruise, are shown in Figure 4.5. The
largest intrusions were observed at the base of the SAMW layers, between the 27.0 and
27.1 kg m−3 isopycnals. The intrusion observed along 89◦W seems to extend to 77◦W,
as similar intruding structures were observed in downstream SAF crossings, particularly
along the entire section that parallels the SAF (Figure 4.5 (b)). A similar structure was
observed in the same region during the 2005 austral winter cruise, visible in the temper-
ature and salinity profiles from 79◦W in Figure 4.6. Chereskin et al. (2010) found that
SAF meanders in the Southeast Pacific are quasi-stationary, maintaining their position
relative to the deep SAMW mixed layers on seasonal time scales, which could allow for
the formation of such large features.

Many intrusions were observed at the six frontal crossings during the 2005 austral
winter cruise, particularly in the layers immediately below the SAMW mixed layers,
between the 27.0 and 27.1 kg m−3 isopycnals (Figure 4.6). Fewer intrusions into the
SAMW mixed layers were observed during the 2005 austral winter cruise, most likely
because any intrusions would be quickly incorporated into the SAMW by convection-
driven turbulent mixing in the mixed layer.
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The salinity of the shallow summer mixed layer in the SAMW formation region
also suggests the importance of cross-frontal exchange in the form of Ekman transport
(Figure 4.3). The highest summer mixed layer salinities along 89◦W are at 55◦S and are
approximately 0.05 fresher than the capped SAMW. Farther south in the SAMW forma-
tion region, the shallow summer mixed layer freshens, increasing the salinity difference
between the capped SAMW and the summer mixed layer to 0.1. This pattern suggests
that surface waters from south of the SAF could penetrate to nearly 3◦ north of the SAF
during summer. In winter, this freshwater would be mixed into the deep SAMW mixed
layers.

Besides intrusions and Ekman cross-frontal exchange, a cold core eddy was ob-
served in the SAMW formation region at approximately 96◦W and 56◦S during the 2005
austral winter cruise. The eddy’s cyclonic rotation was captured by the LADCP (Figure
4.1). The eddy’s mixed layer was 0.3◦C cooler and 0.03 fresher than the surrounding
SAMW mixed layers, and more than 150 m shallower. As the eddy decays, the polar
water that it is transporting will be dispersed into the SAMW formation region.

From these observations, it appears as if intrusions frequently overcome the SAF’s
PV barrier to transport PFZ water into the SAMW formation region. Many of these
intrusions are near the maximum densities of the winter SAMW mixed layers. Cross-
frontal exchange via eddies and Ekman transport was also observed. The cumulative
cross-frontal exchange driven by these mechanisms is difficult to quantify.

4.4 Optimum multiparameter analysis: method and set-up

We employ an optimum multiparameter (OMP) analysis to examine the cumu-
lative effect of cross-frontal transport and mixing on waters in the SAMW formation
region. OMP, originally developed by Tomczak and Large (1989), is an inverse method
for calculating the relative contributions of various user-defined source waters to a water
sample. We use a MATLAB OMP package provided online by Johannes Karstensen
at http://www.ldeo.columbia.edu/∼jkarsten/omp std/. OMP has been used to assess
water mass mixing in the thermocline in the Eastern Indian Ocean (Tomczak and Large,
1989) and the Atlantic Ocean (Poole and Tomczak, 1999), to examine shelf waters in the
Ross Sea (Budillon et al., 2003), and to look at water masses in Southern Drake Pas-
sage (Frants et al., 2008). Klein and Tomczak (1994) used OMP to study the diapycnal
mixing of North and South Atlantic Central Water.
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OMP analysis is implemented by solving an overdetermined system of linear
equations, written as

Gx− d = r, (4.2)

where G is a matrix defining the source water parameters (in our case the temperature,
salinity, silicate, nitrate, phosphate, and oxygen levels of the source waters), d is the
vector of observed parameters for all of the cruise CTD stations, x is the solution vector
giving the relative contribution of each source water at each CTD station, and r is the
residual. Mass is added as an additional constraint; it is set to 1 for the source waters
and the CTD stations and is unitless. The mass balance residual is then used to gauge
the uncertainty of the result. Mass residuals less than or equal to 0.05 are generally
considered acceptable (Tomczak and Large, 1989; Poole and Tomczak, 1999; Budillon
et al., 2003). Standard OMP analysis assumes that the source water parameters defined
in G are conserved, which is acceptable if the study region is small and the source
waters are fairly close together (Leffanue and Tomczak, 2004). Including the Redfield
ratio (Redfield et al., 1963), which accounts for the consumption of nutrients and oxygen,
allows OMP analysis to be expanded to basin scales, as in Poole and Tomczak (1999).
As our analysis is much smaller than basin-scale, we do not include a Redfield constraint.

A weight matrix, W, accounts for each parameter’s varying ability to distinguish
the source waters in each water sample. For example, if the nitrate distribution in all
of the water samples is largely random, it should not be given much weight in the OMP
analysis. The weights can also be interpreted as accounting for differences in parameter
data quality. Weights are calculated for each parameter following Tomczak and Large
(1989),

Wj =
σ2
j

δjmax
, (4.3)

where j indexes the parameter and δjmax is the largest source water variance for param-
eter j; σ2

j is described below. First, the variance, δj , is calculated for each source water.
Neighboring profiles similar to the source, as judged from the temperature-salinity di-
agram, are assembled for each source water; the variance of each source water group
is then calculated, and the largest variance is used as δjmax. The source water groups
used in this study are illustrated in Figure 4.7. For smaller variances the source water
parameter is representative of nearby profiles, whereas higher variances signal that there
is considerable parameter variability near the source water, and that it might therefore
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period.
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be an unreliable parameter. Lastly, σj is calculated as

σj =

√√√√1/n
n∑
i=0

(Gij − Ḡj)2, (4.4)

where Gij is an element of G (parameter j, source water i) and Ḡj is the mean value
of parameter j for the source waters. There are n source waters. Traditionally, σj is
interpreted as a measure of how useful parameter j is at resolving the source waters; if the
source waters have very different values of parameter j, then it will be a useful parameter
for tracking the source waters in each of the water samples, and correspondingly have a
large σj and weight.

Our source water selection is guided by the necessity of needing an upstream
profile representative of the western SAMW region and a profile in the PFZ south of
the SAF to represent the water crossing the front. We add a third source water, a
profile representing subtropical gyre water, to help the OMP analysis resolve samples
collected north of the SAMW formation region. The PFZ possesses the widest range
of temperature-salinity profiles (Figure 4.7). In general, profiles from the PFZ cool and
freshen to the east and to the south. Proximity to the SAF is important, as profiles close
to the SAF are probably most representative of the water crossing the SAF. For the
2005 cruise we select a PFZ source water profile from 103◦W, the westernmost section
of the cruise. The 2006 austral summer cruise barely crossed the SAF at 103◦W, so we
use a profile from 89◦W. Upstream profiles in the SAMW region, near 103◦W, exhibit
salinity maximums centered on the 27.1 kg m−3 isopycnal, a feature that has eroded by
89◦W. Profiles with these subsurface salinity maxima are selected as the SAMW region
source waters, as these features form extremes on the temperature-salinity diagrams.
The subtropical gyre region was characterized by two groups of profiles on both cruises.
One group, fresher between the 27.0 and 27.3 kg m−3 isopycnals, was observed closer to
Chile’s coast; the other was observed on the sections north of 52◦S. The gyre source water
is chosen from the northern section, as this is more likely representative of the gyre; the
fresher branch could be the result of mixing with water from the PFZ or SAMW region.

Numerous source water stations were tested, all of which produced similar results.
A final combination of stations was selected based on its reliable mass balance residuals.
The stations used for the 2005 OMP analysis are located at 102◦W and 54.5◦S (SAMW),
103◦W and 58◦S (PFZ), and 85◦W and 47◦S (subtropical gyre). For the 2006 analysis,
the stations are located at 103◦W and 55◦S (SAMW), 89◦W and 58◦S (PFZ), and 82◦W
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and 46◦S (subtropical gyre). The locations and profiles of the source waters are shown
in Figure 4.7.

The OMP analysis is conducted for two primary isopycnal ranges: 27.1 - 27.2 kg
m−3 and 27.2 - 27.3 kg m−3. Isopycnals in these ranges display the greatest downstream
change in temperature and salinity characteristics (Figure 4.2) and are outside the direct
influence of air-sea fluxes. An OMP analysis is also run for the 27.0 - 27.1 kg m−3

isopycnal range for the 2006 austral summer cruise. These lighter isopycnals outcrop
during winter, particularly south of the SAF, but provide a sense of the transport closer
to the winter mixed layer. Cruise bottle data is averaged within each isopycnal range.
All of the OMP runs use temperature, salinity, oxygen, silicate, nitrate, and phosphate
as parameters. An additional set of five repeat runs includes PV as a parameter. The
PV is calculated using only the planetary term, fN2, as an analysis of the terms in
Equation (4.1) reveals that this term dominates the EPV. The EPV terms related to
the vertical shear of horizontal velocity only marginally contribute to the EPV because
there is relatively little vertical velocity shear in the upper 1000 m in this section of the
ACC, particularly compared to Joyce et al. (2009)’s observations of the Gulf Stream.
The parameter values for all of the OMP runs are shown in Table 4.1; the weights are
shown in Table 4.2. The weights are similar to weights used by Budillon et al. (2003)
and Frants et al. (2008). The weights for phosphate and nitrate are small because these
parameters displayed little variation between source waters. The PV and mass balance
weights are arbitrary; as other studies have done, we employ the temperature weight for
mass and PV.

Following Poole and Tomczak (1999) and Hinrichsen and Tomczak (1993), a
sensitivity analysis is conducted to determine the robustness of the results to variations
of the source water parameters. The source water parameters are defined in G. For
the sensitivity analysis, the OMP analysis is repeated with a simulated G composed
of parameters generated randomly from normal distributions with the same means and
variances as the original source water parameters. The means and variances of the
source water parameters are calculated for the same groups of source water profiles used
to determine δj . G is randomly generated fifty times for each of the five isopycnal
ranges, and run through the analysis to produce simulated OMP runs. The root-mean-
square (RMS) error of each station is calculated by taking the standard deviation of the
difference between the SAF water content of the standard and simulated OMP runs.
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The RMS error is then spatially averaged over all of the cruise stations.

4.5 Optimum multiparameter analysis: results

The OMP analysis reveals that the fractional content of PFZ water in the SAMW
formation region increases in the along-front direction between the 27.1 and 27.3 kg m−3

isopycnals (Figure 4.8). Profiles from the cruises’ eastern sections, near 77◦W, exhibit
greater fractional contents of PFZ water than upstream profiles. This is most evident
in the 27.1 - 27.2 kg m−3 isopycnal range for both cruises. The 2006 27.2 - 27.3 kg m−3

PFZ water fractional contents are noisier than for the other ranges, but follow the same
pattern within 4◦ latitude of the SAF. Profiles at or immediately south of the SAF have
high concentrations of PFZ water, as they should. Profiles farther south in the PFZ
have unrealistically large mass balance residuals, as the source waters were not defined
to resolve these profiles.

PFZ water fractional content essentially doubles along-front in the SAMW for-
mation region, increasing from approximately 0.1 near 100◦W to 0.2 near 77◦W (Figure
4.9). The 27.1 - 27.2 kg m−3 isopycnal range exhibits the largest along-front increase
in PFZ water fractional content, increasing by 0.15 in both cases. The PFZ water frac-
tional content of the 2006 27.2 - 27.3 kg m−3 isopycnal range increases by 0.15 between
the first two longitude bins, but decreases in the easternmost bin. Water samples from
2005 in the SAMW region between 27.2 and 27.3 kg m−3 exhibit the smallest along-front
increase in PFZ water fractional content, 0.075.

Adding PV as a parameter does not substantially alter the results (Figure 4.9).
Including PV improves the 2006 27.2 - 27.3 kg m−3 isopycnal OMP result; with PV,
we find an along-front monotonic increase in PFZ water content. With PV, both of the
2006 isopycnal ranges exhibit along-front PFZ water fractional content increases of 0.15.
They start with smaller PFZ water contents, and exhibit more of an increase in the final
longitude bin. The along-front increase in PFZ water fractional content remains at 0.075
for the 2005 27.2 - 27.3 kg m−3 isopycnal range. The along-front change in PFZ water
content is only 0.1 for the 2005 27.1 - 27.2 kg m−3 isopycnal run, most likely because
there is such a strong PV gradient across the SAF in this range during the winter cruise.

The OMP results for the 2006 27.0 - 27.1 kg m−3 isopycnal range also reveal
an along-front increase in the fractional content of PFZ water in the SAMW formation
region, mirroring the results of the denser isopycnals (Figure 4.10). This run also demon-
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Figure 4.8: OMP-derived fractional content of PFZ water for the 2005 austral winter
(a,c) and 2006 austral summer (b,d) cruises performed in two potential density ranges,
27.1 - 27.2 kg m−3 and 27.2 - 27.3 kg m−3. These OMP runs did not include PV as
a parameter. The fractional content of PFZ water is plotted against distance from the
SAF, which is calculated by interpolating the SAF latitudes observed in hydrography
and ADCP data to the profile longitudes (nearest two crossings). Color corresponds to
profile longitude, from 103◦W (red) to 73◦W (blue). Stations with mass residuals greater
than 0.05% are denoted by black circles.
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Figure 4.9: Mean PFZ water fractional content for the OMP runs averaged into zonal
bins for (a) standard OMP analysis and (b) OMP analysis that includes PV as a pa-
rameter. The OMP runs are performed for two potential density ranges for the 2005
austral winter cruise: 27.1 to 27.2 kg m−3 (green) and 27.2 to 27.3 kg m−3 (orange).
The same isopycnals are used for the 2006 austral summer cruise (27.1 to 27.2 kg m−3

(red) and 27.2 to 27.3 kg m−3 (blue)). For each run, all of the stations within 6◦ of the
front are averaged into bins from 103◦ to 90◦W, 90◦ to 83◦W, and 83◦ to 75◦W. Each
profile’s distance from the SAF is calculated by interpolating the SAF latitudes observed
in hydrography and ADCP to the profile longitudes.
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Figure 4.10: (a) Fractional content of PFZ water for the 2006 austral summer cruise
performed in the potential density range 27.0 - 27.1 kg m−3. The fractional content is
plotted against distance from the SAF, which is calculated by interpolating the SAF
latitudes observed in hydrography and ADCP data to the profile longitudes. Color
corresponds to profile longitude, from 103◦W (red) to 73◦W (blue). Stations with mass
residuals greater than 0.05% are denoted by black circles. In (b), the mean values of
fractional content of PFZ water for the 2006 potential density range 27.0 to 27.1 kg m−3

(black) are averaged in zonal bins as in Figure 4.9. The mean values for the other density
ranges are plotted in grey.
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Table 4.3: Mean root mean square (RMS) error of fractional PFZ water content for 50
simulations where the parameters of all three source waters are varied according to their
respective means and variances. The mean is calculated over all CTD stations.

2005 27.1-27.2 2005 27.2-27.3 2006 27.0-27.1 2006 27.1-27.2 2006 27.2-27.3
3.7% 5.9% 5.8% 4.6% 5.9%

strates PFZ water content as a function of latitude, with the largest PFZ water contents
found closest to the SAF and decreasing farther north. This shallow run exhibits a
greater final mean PFZ water content at 77◦W than any of the other runs (Figure 4.10).

The results of the sensitivity analysis are displayed in Table 4.3. Varying the
source water parameters produces RMS errors of PFZ water fractional concentrations of
up to 6% in the SAMW region, suggesting that the results are robust to source water
parameter variations. The result is not due to a fortuitous selection of source waters,
but rather would hold if we selected any of the nearby stations as source waters.

4.6 Discussion

Argo profiles in the SAMW formation region north of the SAF in the southeast
Pacific Ocean exhibit an along-front evolution, becoming fresher and cooler to the east
between the 27.0 and 27.3 kg m−3 isopycnals (Figure 4.2). The along-front evolution
cannot be produced by simple downstream vertical mixing, as this would only erode
the salinity minimum feature at approximately 27.1 kg m−3, not maintain it down-
stream. Likewise, the densest SAMW winter mixed layers in this region reach 27.05
kg m−3, so much of this range is outside the influence of local surface forcing. In this
study, cross-frontal exchange is considered as a possible mechanism that could produce
this along-front evolution. Cross-frontal exchange, both mixing and transport, can be
accomplished by many processes, including meanders in the SAF, intrusions, eddies,
frontal convergence, and current shear.

However, the steep isopycnals and EPV structure of the SAF generally act to
limit exchange in the upper ocean, as evidenced by the clear separation of waters north
and south of the SAF. Two cruises in the southeast Pacific Ocean in 2005 and 2006 were
designed to sample the SAMW formation region north of the SAF and the colder, polar
waters to the south. Cruise observations reveal that, above the 27.4 kg m−3 isopycnal,
the SAF effectively separates water masses on either side. Analysis of the EPV structure
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shows that it acts as a barrier to exchange above the 27.2 kg m−3 isopycnal, at a depth
of roughly 800 m north of the SAF.

Even with an EPV barrier, numerous instances of cross-frontal exchange were
observed during both cruises. Large intruding structures with longitudinal dimensions
of approximately 15◦ were observed (Figure 4.5). Numerous intrusions were observed at
the base of the winter SAMW mixed layers (Figure 4.6). A cold-core eddy was observed
in the SAMW formation region. Beal et al. (2006) found that cross-frontal mixing events
in the Agulhas were primarily driven by mesoscale features, such as meanders and shear-
edge eddies, even though kinematic steering and PV gradients inhibited cross-frontal
mixing near the surface.

With such a multitude of mechanisms for cross-frontal exchange, we utilize an
OMP analysis to estimate the fractional content of waters from south of the SAF in
the SAMW formation region. The OMP analysis does not distinguish between mixing
and cross-frontal transport, but instead provides an estimate of the cumulative effect of
cross-frontal exchange in the SAMW formation region. The OMP analysis reveals an
along-front increase in PFZ water fractional content in the SAMW formation region at
isopycnals between 27.0 and 27.3 kg m−3. The fractional content of PFZ water increases
along-front by approximately 0.1 for every 15◦ of longitude, even when PV is included
as a parameter (Figure 4.9). The cross-frontal exchange diagnosed by the OMP analysis
represents the cumulative cross-frontal exchange integrated over many seasons. For this
reason, the OMP results at individual CTD stations cannot be tied to specific cross-
frontal exchange features observed during the cruises.

What are the implications for SAMW if this pattern of cross-frontal transport
carries to the surface? We conduct a simple bulk calculation with SAMW mixed layer
properties from the 2005 austral winter cruise to determine if the OMP-diagnosed cross-
frontal exchange could account for the observed along-stream evolution of SAMW. The
similarity of the OMP results at all subsurface isopycnal levels tested here, including 27.0
- 27.1 kg m−3, gives us confidence that similar transport might occur near the mixed
layer. The calculation is initialized with SAMW winter mixed layers collected on the
2005 cruise along 103◦W. The OMP results show that as the profile moves downstream,
its PFZ water fractional content increases by approximately 0.1 every 15◦ of longitude
(Figures 4.9 and 4.10). The initial mixed layer temperature and salinity are therefore
adjusted downstream, mixing a 0.1 fraction of PFZ water into the mixed layer. The PFZ
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Figure 4.11: Mixed layer temperature-salinity diagram for Argo profiles collected in
the cruise region with MLDs deeper than 300 m; the color corresponds to the profile
longitude. Plotted over the Argo data are the results of a simple bulk calculation. The
bulk calculation is initialized with mixed layers from the 2005 austral winter cruise section
along 103◦W (open circles). The mixed layers are evolved with bulk cross-frontal fluxes
that increase the fractional content of PFZ water by 0.1. The PFZ water is represented
by the mean of the first three mixed layers south of the SAF along 103◦W. This mixed
layer is further evolved by cross-frontal exchange that increases the PFZ water fractional
content by an additional 0.1. Here the PFZ water is represented by the mean of the
first three mixed layers south of the SAF along 89◦W. The evolved downstream mixed
layers are plotted in grey (88◦W) and black (73◦W). Potential density (black lines) is
contoured at 0.1 kg m−3 intervals from 26.9 to 27.1 kg m−3. The Argo MLDs are
calculated following Holte and Talley (2009).

water is defined by the mean of the first three mixed layers immediately south of the SAF.
This evolution is performed for two iterations, corresponding to an along-front movement
of approximately 30◦, until the mixed layer should approximate the profiles observed in
the cruise’s eastern sections near 73◦W. Figure 4.11 shows that cross-frontal exchange
could cause the downstream evolution of SAMW mixed layer properties observed by
Argo; the mixed layers in the simple bulk calculation mirror the along-front freshening
and cooling of the SAMW mixed layers observed by Argo.

This result is consistent with Holte et al. (2010), which found that air-sea fluxes
were necessary for forming the deep SAMW mixed layers, but did little to change their
properties; cross-frontal exchange offers a viable mechanism for explaining the along-
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front evolution of SAMW properties. Sallée et al. (2006) found that Ekman transport of
cold and fresh water from the south was consistent with the loss of salt and heat in the
SAMW mixed layers. Studies looking at the temporal variability of SAMW have long-
cited Ekman transport as a prime source of variability (Rintoul and England, 2002b).
Naveira Garabato et al. (2009) found that the Ekman transport of Antarctic surface
waters from the south contributed significantly to SAMW freshening and cooling from
1990 to 2005. Our findings contrast with McCartney (1977), which hypothesized that
the cumulative effects of heat loss and precipitation modified the SAMW along the ACC
path.

The trend in cross-frontal exchange diagnosed by the OMP analysis cannot be
maintained around the entire ACC. If it held along the entire ACC path, a water sample
circumnavigating Antartica would retain only 2% of its original SAMW region water, the
remainder having been replaced by PFZ water. Our analysis uses one upstream source
of PFZ water, whereas in reality the water crossing the front also changes downstream,
becoming fresher and cooler (not shown). With fresher and cooler source waters, the
OMP analysis would require a smaller fractional content of SAF water in the SAMW
formation region. Besides variation in the properties of the PFZ water crossing the SAF,
the strength of the intrusions, Ekman transport, and eddies driving the exchange also
vary along the SAF. Ansorge et al. (2006) and Sallée et al. (2006) have shown that
eddy shedding is strongly dependent on bottom bathymetry. Shuckburgh et al. (2009)
found that eddy diffusivity in the ACC is suppressed by strong mean flow. An improved
understanding of the mechanisms controlling SAMW’s properties, including cross-frontal
exchange, will help scientists to interpret observations of SAMW’s temporal and spatial
variability.
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Chapter 5

Conclusion

Many processes contribute to Subantarctic Mode Water (SAMW) formation:
gyre inflow; cross-frontal advection in the form of Ekman transport, eddies, and intru-
sions; heat and freshwater fluxes at the air-sea interface and at the base of the mixed
layer; and mixing. This thesis primarily uses observational data from Argo and two
cruises to investigate the contributions of one-dimensional buoyancy forcing and cross-
frontal exchange to SAMW formation in the southeast Pacific Ocean.

Chapter 2 describes a new algorithm for finding the mixed layer depth (MLD) of
individual Argo profiles and its application to profiles from the southeast Pacific Ocean.
The algorithm fits straight lines to the mixed layer and thermocline, searches for subsur-
face property anomalies, and incorporates threshold and gradient methods to assemble
a suite of possible MLD estimates. It then searches for patterns in the suite to select a
final MLD. The algorithm is tested with Argo profiles from the southeast Pacific Ocean,
a region of SAMW formation where winter mixed layers reach 500 m. The algorithm
is compared to threshold methods that use de Boyer Montégut et al. (2004)’s criteria
and to gradient methods. We find that the temperature and density algorithms tend
to find shallower MLDs than their threshold counterparts. The temperature algorithm
MLDs nearly matches the density algorithm MLDs. In the study region, the tempera-
ture algorithm offers a marked improvement over a temperature threshold method using
the criterion of de Boyer Montégut et al. (2004); the temperature threshold method
frequently overestimates winter MLDs by nearly 200 dbar for profiles in which the tem-
perature algorithm successfully identifies temperature anomalies at the base of the mixed
layer. The temperature algorithm is preferred over the temperature gradient method be-
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cause of the gradient method’s tendency to find anomalously deep MLDs. The density
gradient method also produces many anomalous MLDs. The density algorithm reveals
that the deepest MLDs in the southeast Pacific Ocean routinely reach 500 m and occur
in August and September at the northern edge of the Antarctic Circumpolar Current.
This is not a groundbreaking interpretation of SAMW formation. Rather, it serves as
validation of the algorithm’s ability to accurately identify the MLD. In ongoing work,
the algorithm is being used to construct a global climatology of mixed layer properties
from more than 530,000 quality-controlled Argo profiles. The climatology’s enhanced
representation of global mixed layer depths and the seasonal cycle should improve cal-
culations of the mixed layer heat and CO2 budgets, and aid in studies of other processes
related to the mixed layer.

Chapter 3 examines the importance of air-sea fluxes of heat and momentum
to SAMW formation. It first catalogues and describes the deep SAMW mixed layers
observed during the 2005 austral winter cruise. Forty-two SAMW mixed layers deeper
than 300 m were observed north of the Subantarctic Front (SAF), with the densest,
coldest, and freshest mixed layers found in the cruise’s eastern sections near 77◦W.
The cruise fluxes are then used to evaluate five flux products. The products’ heat,
momentum, and precipitation flux fields are used to force a one-dimensional KPP mixed
layer model initialized with profiles from the 2006 austral summer cruise. The simulated
August (winter) mixed layers generated by all of the forcing products resemble Argo
observations of SAMW in the southeast Pacific Ocean. From this we conclude that
mixing driven by buoyancy loss and wind forcing is strong enough to deepen the SAMW
layers; cross-frontal processes are apparently not necessary for deepening the SAMW
mixed layers in winter. The simulated SAMW mixed layers evolved by NCEP most
closely resembled Argo’s SAMW observations. Wind-driven mixing is central to SAMW
formation, as model runs forced with only buoyancy forcing produce very shallow mixed
layers that do not resemble SAMW, supporting the results of Sloyan et al. (2010). The
air-sea fluxes only effect small property changes in SAMW, but forcing strength indirectly
influences the winter SAMW properties by controlling how deeply the profiles mix. The
stratification and heat content of the initial profiles are important in determining the
properties of the SAMW and the likelihood of deep mixing. Highly stratified profiles
with large heat storage are less likely to form deep SAMW mixed layers. In contrast,
the summer profiles just upstream of Drake Passage have less heat stored between 100
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and 600 m than profiles from farther upstream, and so, with sufficiently strong winter
forcing, form a cold, dense variety of SAMW.

In chapter 4, cross-frontal exchange is considered as a possible mechanism for the
along-front freshening and cooling of profiles north of SAF between the 27.0 and 27.3
kg m−3 isopycnals. This isopycnal range is generally below the mixed layer, and so is
not locally forced by air-sea fluxes or wind-driven mixing. The goal of this study was to
tie cross-frontal exchange to the along-front evolution of upper ocean heat content and
SAMW properties documented in chapter 3. Many instances of cross-frontal exchange
were observed during the cruises. Numerous sub-surface intrusions penetrated north of
the SAF, even though the potential vorticity (PV) structure of the SAF often acted as a
barrier to exchange. Cold-core eddies were observed in the SAMW formation region, and
the low salinity of the mixed layer during the 2006 austral summer cruise, especially near
the SAF, is hypothesized to be due to Ekman transport. An optimum multiparameter
(OMP) analysis is used to estimate the cumulative cross-frontal exchange. The OMP
analysis reveals an along-front increase in Polar Frontal Zone (PFZ) water fractional
content in the region north of the SAF at isopycnals between 27.0 and 27.3 kg m−3. The
fractional content of PFZ water north of the SAF increases by approximately 0.1 for every
15◦ of longitude. Retaining potential vorticity as a parameter in the OMP analysis does
not substantially alter the results. A simple bulk calculation reveals that this magnitude
of cross-frontal exchange could cause the downstream evolution of SAMW mixed layer
properties observed by Argo; the mixed layers in the simple bulk calculation mirror the
along-front freshening and cooling of the SAMW mixed layers observed by Argo. This
result is consistent with chapter 3, which found that air-sea fluxes were necessary for
forming the deep SAMW mixed layers, but did little to change their properties.
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