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[1] This study analyzes and discusses data taken from oceanic and atmospheric
measurements performed simultaneously at the Brazil-Malvinas Confluence (BMC)
region in the southwestern Atlantic Ocean. This area is one of the most dynamical frontal
regions of the world ocean. Data were collected during four research cruises in the region
once a year in consecutive years between 2004 and 2007. Very few studies have addressed
the importance of studying the air-sea coupling at the BMC region. Lateral temperature
gradients at the study region were as high as 0.3�C km�1 at the surface and subsurface. In
the oceanic boundary layer, the vertical temperature gradient reached 0.08�C m�1 at
500 m depth. Our results show that the marine atmospheric boundary layer (MABL) at the
BMC region is modulated by the strong sea surface temperature (SST) gradients present at
the sea surface. The mean MABL structure is thicker over the warmside of the BMC
where Brazil Current (BC) waters predominate. The opposite occurs over the coldside of
the confluence where waters from the Malvinas (Falkland) Current (MC) are found.
The warmside of the confluence presented systematically higher MABL top height
compared to the coldside. This type of modulation at the synoptic scale is consistent to
what happens in other frontal regions of the world ocean, where the MABL adjusts itself
to modifications along the SST gradients. Over warm waters at the BMC region, the
MABL static instability and turbulence were increased while winds at the lower portion of
the MABL were strong. Over the coldside of the BC/MC front an opposite behavior is
found: the MABL is thinner and more stable. Our results suggest that the sea-level
pressure (SLP) was also modulated locally, together with static stability vertical mixing
mechanism, by the surface condition during all cruises. SST gradients at the BMC
region modulate the synoptic atmospheric pressure gradient. Postfrontal and prefrontal
conditions produce opposite thermal advections in the MABL that lead to different
pressure intensification patterns across the confluence.
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1. Introduction

[2] The western region of the South Atlantic Ocean is
highly complex in terms of ocean circulation, water masses
formation, and mixing both at the open ocean and at the

coast. The open ocean is modulated by strong mesoscale
variability, mainly dominated by the Brazil Current (BC)
and the Malvinas/Falkland Current (MC) at their meeting
region known as the Brazil-Malvinas Confluence (BMC).
These currents are characterized by high temporal and
spatial variability of the transport, sea surface temperature
(SST), chlorophyll concentration, and sea surface height.
The BMC region is known as one of the most dynamically
active regions of the world ocean [Chelton et al., 1990;
Piola and Matano, 2001]. When reaching the BMC region,
the tropical/subtropical (warm) waters transported south-
ward by the BC interact with the subantarctic (cold) waters
transported by the MC in opposite direction. The mixing of
these distinct water masses define the western end of the
subtropical convergence in the South Atlantic, a region
known for the formation and subduction of the South
Atlantic Central Water (SACW). The last spreads itself all
over the South Atlantic Ocean in subsurface layers. In
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particular locations at tropical regions of the Brazilian coast,
depending on the intensity and persistency of the prevailing
northeastern winds, the SACWis upwelled bringing nutrient-
rich waters to the continental shelf and promoting the
establishment of well-known phytoplankton blooms [e.g.,
Castro et al., 2006].
[3] The surface thermal contrasts between distinct water

masses in the ocean are known to contribute toward the
generation of intense momentum gradients and energy
vertical fluxes between the ocean and the atmosphere. These
fluxes affect the dynamical and thermodynamical structure
of both ocean and atmosphere [Chelton et al., 2001;
Hashizume et al., 2002; Pezzi et al., 2004, 2005; Tokinaga
et al., 2005; Spall, 2007, Small et al., 2008]. In addition to
that, the turbulent processes occurring at small spatial and
temporal scales (order of kilometers and hours) may induce
variations on the evolution of large-scale processes [Pezzi
and Richards, 2003], at the order of thousands of kilometers
and several days. The large-scale processes have direct
influence on themeteorological and oceanographic processes
affecting the South American coastal region [Gan and Rao,
1991; Hoskins and Hodges, 2005].
[4] Not long ago, Xie [2004], and recently, Small et al.

[2008], have made comprehensive reviews of previous
studies concerning the ocean-atmosphere (OA) interactions.
The authors focused especially on areas of strong oceanic
fronts such as the equatorial Pacific cold tongue [Chelton et
al., 2000; Liu et al., 2000; Polito et al., 2001; Pezzi et al.,
2004], the equatorial Atlantic [Hashizume et al., 2001;
Caltabiano et al., 2005], and the Southern Ocean [O’Neill
et al., 2003]. Those reviews emphasized the necessity to
study the coupling mechanisms between ocean and atmo-
sphere at oceanic frontal regions. The authors pointed out
the fact that over cold waters (where deep atmospheric
convection does not occur), the OA interactions differ
markedly from those occurring over warm waters. In this
last case, many examples taken from Xie [2004] and Small
et al. [2008] describe that the marine atmospheric boundary
layer (MABL) becomes unstable and is deepened over
warm surface waters. The turbulence and the vertical mixing
within the vertical atmospheric column increases. As a
consequence, the vertical shear decreases, and the surface
winds become stronger over warm waters. Over colder
waters an opposite situation is observed: the MABL is often
more stratified and the surface winds are weaker.
[5] In a recent study, Tokinaga et al. [2005] provided a

detailed analysis of the climatological characteristics of the
surface atmospheric stability at the BMC region. The
authors showed that there is a positive correlation between
SST and surface wind speed at this region. Their findings
were corroborated by Pezzi et al. [2005], and both are
consistent with the mechanism proposed by Wallace et al.
[1989], suggesting that the strong meridional SST gradient
between BC and MC waters affects the vertical atmospheric
mixing. This in turn will affect the MABL stability and will
modulate the winds at lower atmospheric levels.
[6] Although the ocean-atmosphere coupling mecha-

nisms, such as the vertical mixing, in the BMC region can
be expected to mirror the behavior of other oceanic regions
such as the equatorial Pacific and others, no observational
data of the atmospheric and oceanic mixed layers structure
(as well as of air-sea coupling parameters) are currently

available for the BMC region to our knowledge. An
exception to this is the pioneering work of Pezzi et al.
[2005]. These last authors presented a description of both
oceanic and atmospheric boundary layers from observations
made during a single research cruise at the BMC region in
November 2004. Nevertheless, simultaneous descriptions of
the synoptic conditions of the MABL and of the oceanic
boundary layer (OBL) are still very rare for the BMC region
as well as for the whole of the South Atlantic Ocean.
[7] This paper extends the previous work made by Pezzi

et al. [2005] and presents a synoptic description of the
MABL and OBL structure as well as the air-sea coupling at
the BMC region. The work is based on in situ data collected
during four research cruises performed during specific dates
in the austral spring from 2004 to 2007. The paper is
outlined as follows: section 2 presents the sampling design,
the in situ data, and the applied methodology. A synoptic
analysis of the atmosphere and the ocean at the experimen-
tal period is made in section 3. The OBL and MABL
structure and the atmospheric adjustment to the oceanic
front are discussed in section 4. The paper finishes with a
section presenting our concluding remarks and suggestions
for future studies.

2. Data and Methods

2.1. In Situ Data Collection

[8] In order to better understand the temporal and spatial
variability of the oceanographic processes and properties
occurring in the southwestern Atlantic and their relationship
to the Southern Ocean variability, a research program was
established in Brazil in 2002 under the umbrella of the
Brazilian Antarctic Program (PROANTAR). Most of the
projects in the field of oceanography were headed by a
research group called the High Latitudes Oceanography
Group (GOAL). The research group has, among others,
the objective of investigating the kinematics and dynamics
of the BMC region and their relation to the Antarctic and
Subantarctic environments. The program for measuring and
analyzing the air-sea interactions under the GOAL program
is specifically named Air-Sea Interaction at Brazil-Malvinas
Confluence (INTERCONF). One of its objectives is the
investigation of the air-sea coupling in the BMC region and
its impact on the weather and climate of the adjacent South
America coastal regions.
[9] During a sequence of INTERCONF cruises during

austral spring, simultaneous oceanic and atmospheric obser-
vations were made onboard the Brazilian Navy Oceano-
graphic Support Ship (OSS) Ary Rongel while crossing the
BMC region. In this study we present an interannual
analysis of the MABL thermal structure mostly based on
vertical profiles collected during four cruises between the
years of 2004 to 2007. During the cruises, data for both
MABL and oceanic boundary layer (OBL) were obtained
in the BMC region. The in situ experiments were inspired
by previous works where the air-sea coupling was inves-
tigated at oceanic frontal regions in the equatorial Pacific
[Hashizume et al., 2002], in Agulhas Current return flow
[Rouault et al., 2000], and in the BMC region itself [Pezzi
et al., 2005; Tokinaga et al., 2005].
[10] The OSS Ary Rongel departs from Brazil toward

Antarctica every year during the austral spring. Prior to the
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ship’s departure from the port of the Rio Grande city in
southern Brazil, the position of the BC return flow at the
BMC region is mapped. The strong surface thermal
gradients between BC and MC in the region are deter-
mined by satellite imagery and guide the ship toward the
region of maximum thermal gradients between BC and
MC (BC/MC front).
[11] The study area of the experiments described here is

located between 30� to 50�S and 50� to 60�W (Figure 1).
This area was covered during specific dates from 2004 to
2007 as indicated in Table 1. While crossing the BC/MC
front, Expendable Bathy-Thermographs (XBTs) were
launched from the ship in order to measure the water
temperature as a function of depth along the ship’s route.
When at the close vicinity of the front (Figure 1 and
Table 3), a sequence of Vaisala (RS80 and RS90) radio-
sondes were also launched from the rear deck of the ship.
The radiosondes measured pressure, temperature, and rela-
tive humidity (RH) in the atmosphere. Wind speed and
direction were also estimated from the relative movement
of the radiosonde balloon in the atmosphere. The measure-
ments were made at regular intervals of 2 s, which guaran-
teed a fair number of observations within the MABL, with
vertical resolution varying from 7 to 10 m in the first
kilometer of the MABL height. The position of the radio-
sonde balloons was traced with the help of a Global Position
System (GPS) device onboard of the ship. Other atmospheric
variables were automatically derived by the radiosonde
receptor in real time: potential temperature (q), dew point
temperature (Td), ascension rate, geopotential height, and
mixing ratio or specific humidity (q).
[12] Before each radiosonde ascent, a ground (onboard)

check was made in order to obtain correction values for the
primary measurements of each radiosonde. During that
check, the humidity sensor was placed in a tight sealed dry
chamber, and the sensor humidity was adjusted to zero
percent. The temperature was measured by an independent
thermometer and checked against the radiosonde measure-
ment. In situ independent measurements made by the ship’s
meteorological station were used to correct for ground check
differences. After this procedure, the onboard receptor was
synchronized with the radiosonde, which was attached to a
balloon for release. The radiosondes were launched when
the ship was crossing over from the BC (warm waters) to
the BC/MC front and then to the MC (cold waters),
respectively launching as many radiosondes as possible in
a period of up to a day. The XBTs were launched simul-
taneously with the radiosondes in distances close to a
quarter degree latitude.

2.2. Satellite and Atmospheric Data

[13] A number of different data sources were employed
over the course of this investigation. As the atmospheric
conditions during the experiments were mostly cloudy, the
synoptic thermal surface structure of the BMC region could
not be observed by infrared imagery. However, satellite
microwave data from the Advanced Microwave Scanning
Radiometer onboard the EOS-Aqua satellite (AMSR-E) was
fully available for the date of the experiments with no cloud
contamination. The Aqua satellite is polar orbiting, offering
a global coverage of the planet.

[14] AMSR-E is a 12-channel passive microwave radi-
ometer (6.9, 10.7, 18.7, 23.8, 36.5, and 89.0; vertical and
horizontal polarizations). Raw data is processed into SST at
Remote Sensing Systems (RSS) that is a NASA partner for
data processing and distribution. Global AMSR-E SST data
are available on a daily basis at the RSS Web site (http://
www.rems.com) as well as wind vectors from the QuikScat
scatterometer. Wentz et al. [2003] performed a preliminary
validation of the AMSR-E SST against Reynolds Optimum
Interpolation (OI) weekly SST. The root mean square error
(RMS) differences between AMSR-E and OI SST were
0.76�C over a 3-month period spanning from June to
August 2002. The nominal spatial resolution of the RSS
AMSR-E global product is 25 km. A more recent evaluation
of the AMSR-E accuracy is presented by Chelton and Wentz
[2005].
[15] Gridded analysis data from the National Centers for

Environmental Prediction (NCEP) Global Forecast System
(GFS) at 1� grid spacing were used for all diagnostics of
the atmospheric synoptic conditions occurring during the
experiments (e.g., Figure 2). Also, GOES Imager infrared
images for the period of all the experiments (several
images per day in the period of the study) were obtained
from the Brazilian Center for Weather Forecast and Cli-
mate Studies (CPTEC, http://www.cptec.inpe.br) and used
in order to complement the synoptic analysis (not shown
here).

2.3. Surface Bulk Flux Calculation and Stability
Parameters

[16] From the raw radiosonde data, the turbulent fluxes of
latent heat (QL) and sensible heat (QS) were calculated
following the scheme proposed by Fairall et al. [1996].
A comprehensive description of the method is offered by
those authors. The method was developed specifically with
the Tropical Ocean Global Atmosphere–Coupled Ocean-
Atmosphere Response Experiment (TOGA-COARE) data.
The basic structure of the Fairall et al. [1996] algorithm
follows the well-known Liu-Katsaros-Businger scheme and
includes a different specification to the stress/roughness
relationship. This approach considers the roughness due to
the gravity waves and molecular viscosity [Smith et al.,
1996]. The humidity, temperature, and momentum profiles
as a function of the stability under very unstable conditions
are modified to adjust to the Panofsky and Dutton [1984]
free convection scheme. The bulk formulas allow that
sensible, latent heat and momentum fluxes can be estimated
from the observed variables at 2 or 10 m (reference-level
zr). The basics of this scheme are presented below [Fairall
et al., 1996]:

QS ¼ rcpChU qair � SSTð Þ ð1Þ

QL ¼ rLeCeU qs � qairð Þ ð2Þ

where Ch and Ce are the heat and humidity transfer
coefficients, which depend on atmospheric stability and are
given by similarity relationships. qair is the potential
temperature, qs is the specific humidity at sea level, and
qair is the specific humidity at zr. U is the mean speed of
surface winds relative to the sea surface. All these variables
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Figure 1. Brazil-Malvinas Confluence (BMC) study area with cruise routes, radiosonde ascent
positions (black circles), and thermal front positions. QuikScat wind speeds (m s�1) are the lines
superimposed onto AMSR-E sea surface temperature (SST) images. All data are coincident in time with
the experiments. The color bar denotes SST in �C. Experiments are from (a) OP23, (b) OP24, (c) OP25,
and (d) OP26 routes.
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are measured at zr. In this study we also evaluate the total
heat flux (QT) as given as

QT ¼ QL þ QS ð3Þ

The induced additional flux due to the scale variability of
the boundary layer and considering the gustiness effect is

also taken into account. The scaling parameter L defined as
the Obukhov length is also calculated by the Fairall et al.
[1996] algorithm. According to Stull [1988], the physical
meaning of this parameter is that L represents the height in
the boundary layer at which buoyant factors first dominate
turbulence produced by mechanical factors, e.g., shear. An
atmospheric boundary layer stability parameter at 10-m
height (z) is derived using L:

z ¼ 10=L ð4Þ

where z < 0 means statically unstable (negative) and z > 0
means statically stable (positive) conditions.

Table 1. Experiment Names and Dates

Experiment Name Date

OP23 2 to 3 November 2004
OP24 28 to 29 October 2005
OP25 27 to 28 October 2006
OP26 16 to 17 October 2007

Figure 2. Surface synoptic weather analysis, averaged over 0000 and 1200 GMT. Sea-level pressure
(hPa) with surface wind (m s�1) vectors superimposed for (a) OP23, 3 November 2004; (b) OP24,
28 October 2005; (c) OP25, 16 October 2006; and (d) OP23, 27 October 2007.
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[17] It is important to remark that the Fairall et al. [1996]
scheme was originally developed to be used on turbulent
fluxes over the warm pool in the western Pacific Ocean
at the COARE study region. However, Fairall et al.
[1996] argues that this scheme has also included extra-
tropical data from other research programs. An update
version of the original algorithm was proposed by Fairall
et al. [2003] where the authors present the COARE
algorithm version 3.0. Therefore, this model is considered
to be suitable for extratropical studies as in our case, being
even used in the past for polar regions [Fairall et al., 1996].
The method is largely used by others authors at oceanic
frontal regions, e.g., Rouault et al. [2000] at the Agulhas
Current.
[18] Another parameter widely used for estimating the

near-surface stability is obtained by computing the difference
between the SST and the near-surface air temperature [Pezzi
et al., 2005; Tokinaga et al., 2005]. Both variables were
routinely recorded in shipboard observations. In this work,
the stability parameter is defined as SSTbulk � Tship, where
SSTbulk is the bulk-based, in situ manually collected SST by
the OSS Ary Rongel crew along the ship route, and Tship is the
air temperature. These observations were collected at enough
spatial and temporal resolutions to allow us the construction
of high-resolution data sets. These data sets were used to
investigate the MABL stability adjustment to the strong
BC/MC front thermal gradients and test the vertical-mixing
mechanism. Tship, sea-level pressure (SLP), and RH were
measured by the meteorological weather station located at
the upper level of the ship, at 11 m above the sea surface.
Wind speed measurements (Windship) were made at 22 m.
All calculations using the meteorological weather station
data are hourly averages.

2.4. MABL Composites

[19] The mean MABL structure is described with vertical
structure composites (averages) of the radiosondes profiles
calculated using a similar strategy of Pyatt et al. [2005]. The
composite method was applied for each transect accom-
plished during the four experiments. The radiosonde data
were grouped as a function of their location relative to the
SST gradients at the BMC region. Because of the nature of
the main currents in the area, the warm (cold) waters are
always located northward (southward) of the BC/MC front.
For example, during the first experiment (OP23) in the
spring of 2004, five radiosondes were launched (Figure 1a).
Three of them were released over the warmside of the front,
being then used to calculate what we define here as the
warm composite of the MABL vertical structure. The other
two ascents over the coldside of the front were used to get

the cold composite of the OP23. Warm and cold composites
were computed for all four experiments.
[20] In order to obtain an accurate description of the

vertical structure for this composite analysis, the soundings
made at the northern (warm) part of the front and at the
southern (cold) part of the front were independently aver-
aged, generating averaged profiles for the warm and cold
regions. At each averaged profile, the MABL top height
(h0), was subjectively determined using both q and q
profiles. This is the region where the capping inversion
layer or entrainment zone lies. The average h0 values for all
experiments are indicated in Table 2. According to Stull
[1988], we can assume that the parameters q and q are well
mixed within the MABL and remain approximately con-
stant (adiabatic) in the mixed layer. MABL height depends
on the turbulent mixing. A strong gradient of q and q is
observed at higher levels of the atmospheric profile when
the inversion layer is reached. After that level, the inversion
layer and the h0 are determined by the point when an abrupt
change occurs on the profiles, with q increasing and q
decreasing [Fisch et al., 2004]. When this criterion is not
met, Santos [2005] suggests the use of the q profiles to
determine h0 as errors or malfunctions are more common on
humidity sensors than on the temperature ones. A similar
approach is also used by Albrecht et al. [1995]. Over the
coldside of the confluence, especially in cases with warm-
air advection, a very stable layer is observed above the
surface. Nevertheless, above this layer, it is possible to
observe a less stable layer, capped by a stronger inversion.
In such cases, this upper inversion was considered as the
MABL height. The MABL top height determination using
qv was investigated, and it did not show significant differ-
ences with respect to calculations using q.
[21] The vertical composites were obtained using a non-

dimensional height scale. According to Albrecht et al.
[1995] and Pyatt et al. [2005], this procedure preserves
the MABL structure and the inversion height (h0) main
characteristics even if there are no changes from one
sounding to another. This is implemented by normalizing
the radiosondes height (h) by the mean top MABL height of
the warm and cold portions separately, h0,

h* ¼ h=h0 ð5Þ

[22] This procedure actually transforms h in a nondimen-
sional vertical axis (h*). After this step, we look at the
average profile from the surface to h0 and computed
perturbations, which are the differences of each variable
to the mean profiles within the MABL. Those mean values

Table 2. Description of Quantities Used in the Radiosonde Profiles Normalization on q, q, and RH Composites Calculation and

Horizontal and Vertical Temperature Gradientsa

OP h0warm h0cold qwarm qcold qwarm qcold DThor DTver

OP23 280 235 17.2 13.0 8.9 6.7 0.03 (39.0�S) 0.08 (39.0�S-400 m)
OP24 700 500 10.1 8.6 3.9 3.9 0.03 (39.2�S) 0.09 (39.4�S-400 m)
OP25 800 250 14.7 12.6 6.9 6.5 0.05 (38.8�S) 0.07 (39.4�S-400 m)
OP26 1060 250 15.2 11.3 7.8 7.6 0.01 (39.8�S) 0.09 (39.6�S-200 m)

aOP is the experiment name. Included are the top marine atmospheric boundary layer (MABL) height for the warm (h0warm) and cold (h0cold) composites;
mean MABL potential temperature for the warm (qwarm) and cold (qcold) composites; mean MABL specific humidity for the warm (qwarm) and cold (qcold)
composites (units are meters for h, �C for q, and g/kg for q); the horizontal temperature gradient (DThor) at sea surface with the latitude indicated in the
parentheses, and the vertical temperature gradient (DTver) with the latitude and depth indicated in parentheses (both gradients are in �C m�1).
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were calculated for the cold and warm cases, as seen in
Table 2. After that, the composites were calculated as well
as the averaged perturbations of each variable throughout
the four experiments. The variables were finally restored by
multiplying the vertical coordinate by the mean h0 and then
adding the mean values of each variable to the composited
perturbations. The analysis of the MABL presented here is
restricted to the first 1200 m from the sea surface.

3. Synoptic Analysis

3.1. Oceanic Synoptic Analysis

[23] In order to present a wider view of the oceanic
characteristics of the study region, the synoptic conditions
present on the four INTERCONF cruises are shown in
Figure 1. Figure 1 shows AMSR-E derived SST fields with
near-surface QuikScat wind vectors superimposed. The
distribution of the warmer BC waters (in tones ranging
from yellow to red) and of the colder MC waters (in blue to
green) can be easily seen in the images. The meeting
location of the opposite Brazil and Malvinas currents is
noticed by strong SST gradient typical of the encounter
between both currents in the area. The location of the front
in the BMC region responds to the mesoscale variability of
the confluence as well as the large-scale climatic (atmo-
spheric and oceanic) regime which has strong seasonal
behavior [Legeckis and Gordon, 1982].
[24] Figure 1 also indicates with black circles the radio-

sonde-launching positions during all cruises. From these
positions the ship routes crossing the BC/MC front can be
approximately inferred. The tracks representing the ship’s
routes indicate that the BC/MC front was consistently
crossed at about 39�S to 40�S and 53�W to 54�W. System-
atically, in all cruises the SST reached a maximum of
approximately 20�C over the BC warm core. On the other
hand, the SST values dropped down to values near 5�C over
the cold core of the MC. This remarkable surface SST
gradient is present during the four experiments and agrees
with descriptions made for the BMC by many authors [e.g.,
Legeckis and Gordon, 1982; Garcia et al., 2004; Souza et
al., 2006]. Another remarkable synoptic characteristic of the
study area clearly seen in Figure 1 is that the wind speed
tends to adjust to the SST field at BC/MC front. Wind speed
minima are observed over the cool water at the MC core. In
opposition to that, winds are quite strong away from the MC
core in coastal regions and over the BC warm waters. This
synoptic pattern of wind modulation agrees with the annual
climatology presented by Tokinaga et al. [2005] for the
BMC region.
[25] It is also worth remarking that several cyclonic

(clockwise in the southern hemisphere) and anticyclonic
(anticlockwise) eddies are continuously shed from the MC
and from the BC, respectively. They are three-dimensional
structures that can easily be identified in SST satellite
images for their warm (cold) signatures on cold (warm)
waters. Vertically, warm (cold) eddies act pushing (pulling)
down (up) the thermocline. For instance, Souza et al. [2006]
tracked a warm-core eddy shed by the BC in the BMC
region assessing its lifespan and characteristics such as the
heat and salt content, as well as the available potential
energy. As the structures can persist for up to 3 months as
they travel over the mean flow in the southwestern Atlantic,

they are considered an important player on the salt and heat
balance of the region. During the analyzed period it was
possible to identify some of those warm-core structures
which can be associated to either shedding eddies or the
meandering of the BC. It is out of the scope of this study to
discuss the exact classification of those structures here;
instead we want to remark that our data suggest that the
wind speed over these oceanic features follows the same
modulation pattern described before for the BC/MC front
itself. Very discernable warm-core eddies are found in the
study area during the OP24, OP25, and OP26 experiments,
all centered around 39�S and 53�W. All of these eddies are
associated to stronger winds (9 to 10 m s�1) at the
atmosphere over them. On the other hand, weaker winds
are noticed over cold-core eddies. This is the case observed
during OP25 where a 6 m s�1 wind speed is estimated over
a cold eddy located at 42�S, 51�W.

3.2. Atmospheric Synoptic Analysis

[26] During the OP23 (2–3 November 2004) according
to onboard observations, the sky was almost fully covered
with clouds when the radiosondes were released. These
observed clouds were mainly associated with instabilities
produced by the subtropical jet stream and to a weak trough,
both diagnosed by satellite images (not shown) and the
surface synoptic charts seen in Figure 2a. A low-pressure
system was located in the region between 45�S and 60�W,
positioned to the east of the ship’s route. This low pressure
was associated with a weak frontal system that was crossing
the region at the south. A satellite image animation (not
shown) and a sea-level pressure chart of the period also
showed that the large-scale northerly winds associated to the
quasi-permanent Atlantic anticyclone were prevailing over
most of the experiment area. This fact is reinforced by the in
situ SLP observations made along the OSS Ary Rongel
route and exhibited in Table 3. The data demonstrate that
there was not any significant change on the measured SLP
values compared to the ones measured by the radiosondes.
[27] The OP24 (28 October 2005) was performed under

totally cloud covered conditions. This was mostly due to the
presence of a low-pressure system located right over the
route of the OSS Ary Rongel (Figure 2b). Although weak,
this system was responsible for the observed cloudiness
during OP24. Even in the presence of this system, the SST
frontal gradient caused an impact on the SLP of the region.
This is better discussed later in section 4.4 of this work (see
Figure 7 and Table 3).
[28] During OP25 (27 October 2006), a low pressure with

an associated frontal system was centered over the Malvinas
(Falklands) Islands. The frontal system extended northward
to the Malvinas Islands reaching the vicinity of the La Plata
River. This frontal system was covering a large part of the
sampling route of the ship during OP25 (Figure 2c). It is
interesting to note that this experiment had a high-pressure
system in the vicinity of the ship’s route and a low-pressure
system to the south of it. Besides the situation observed in
the synoptic chart and satellite imagery of 27 October 2006,
this fact is also corroborated by the SLP measurements
taken onboard the ship. The measurements indicate higher
SLP values over warmer waters while the opposite occurs
over cold waters. A similar synoptic situation and SLP
behavior were observed during OP26 (16 October 2007) as
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shown in Figure 2d. In this last case, however, the high-
pressure system was prevailing over the sampling region.

4. OBL and MABL Observations

4.1. OBL Mean Structure

[29] Figure 3 presents the simultaneous profiles of atmo-
spheric potential temperature (q) and ocean temperature
taken along the route of the OSS Ary Rongel during the
four INTERCONF cruises. Data were taken from the
sequences of radiosonde and XBT measurements. Here
we concentrate our analysis in the oceanic part of Figures
3a–3d where the temperature data collected with the XBTs
are displayed as a function of depth. The OBL vertical
structure shows that the sharp thermal gradients between
BC and MC extend from the surface to about 500 m depth.
These vertical and horizontal gradients characterize the very
strong oceanic front of the BMC region. The estimated
horizontal (DThor) and vertical (DTver) temperature gra-
dients are shown in Table 2. DThor refers to the maximum
horizontal gradient at the surface.DTver displayed in Table 2
refers to the maximum vertical gradient found in the BC/MC
interface at depth. The latitude and depth where the maxi-
mum gradients were found are also indicated in Table 2.
DThor was found to range from 0.01�C m�1 (OP26) to
0.05�C m�1 (OP25 at surface and at the vicinity of 39�S
where the BC/MC front was located). The average gradient
is 0.03�C m�1. This value agrees with some early estimates

presented in the literature [e.g., Garzoli and Garraffo, 1989;
Saraceno et al., 2004; Souza et al., 2006]. DTver ranged
from 0.07�C m�1 to 0.09�C m�1 at 400 m depth, approx-
imately, in most cases. At our study area, the surface
subantarctic (MC) waters (colors ranging from blue to green
in Figure 3) meet with the subtropical (BC) waters (colors
ranging from yellow to red in Figure 3). At the confluence
of those two water masses, mixing produces the South
Atlantic Central Water which dives and spreads itself below
the subtropical waters toward the north. The later water
mass is associated to the thermal signature below 500 m in
latitude lower than 39�S (Figure 3). Bianchi et al. [2002]
reported the occurrence of a cross-frontal BC/MC interleav-
ing, which produces the layering of relatively cold low-
salinity waters over warm salty waters. This interleaving
might be playing an important role on the BC/MC front,
mixing physical properties by means of small-scale turbu-
lent processes. Owing to their very high spatial resolution
compared to previous hydrographical data presented in the
BMC region, our temperature data (Figure 3a) were able to
indicate the presence of mesoscale to small-scale structures
at the subsurface in the ocean at the BC/MC front. These
structures are particularly noticeable at approximately
39.5�S, confined to the first 400 m depth. In this case,
some interleaving is clearly noticeable between the waters
in the region. Pezzi and Richards [2003] demonstrated the
strong influence of the lateral mixing enhancement at the
vicinity of the equator in the Pacific Ocean. The physical

Table 3. Experiments Name, Date, and Locations of the Radiosondes Ascenta

OP Date Time (LT) Lat (S) Lon (W) SSTSat Tair SLPRad WindRad WindSat

OP23 2 November 2004 1930 38.12 53.55 17.40 19.40 1010.0 10.00 8.80
2 November 2004 2130 38.43 53.68 17.10 16.50 1007.0 10.00 9.00
3 November 2004 0022 39.00 53.89 16.65 18.00 1006.0 7.00 9.20
3 November 2004 0220 39.54 54.11 13.20 11.00 1007.0 5.00 8.80
3 November 2004 0518 40.01 54.30 9.75 10.00 1008.0 7.00 5.80

OP24 28 October 2005 0232 38.63 52.58 16.65 15.00 1009.0 10.00 7.60
28 October 2005 0329 38.76 52.68 16.95 14.00 1008.0 6.00 7.20
28 October 2005 0451 38.95 52.82 17.25 14.00 1008.0 7.00 7.40
28 October 2005 0714 39.27 53.02 16.65 12.00 1008.0 5.00 7.00
28 October 2005 0811 39.42 53.15 14.70 12.00 1010.0 5.00 6.40
28 October 2005 0916 39.60 53.26 12.60 10.00 1010.0 5.00 5.60
28 October 2005 1024 39.77 53.36 11.40 14.50 1009.0 4.00 5.80
28 October 2005 1201 40.00 53.50 10.95 15.00 1010.0 4.00 6.60
28 October 2005 1322 40.04 53.52 10.95 15.00 1010.0 4.00 6.60
28 October 2005 1421 40.18 53.61 10.95 15.00 1010.0 4.00 6.60
28 October 2005 1619 40.35 53.82 11.10 14.00 1010.0 4.00 7.00
28 October 2005 1746 40.54 54.03 11.25 11.50 1010.0 4.00 7.20

OP25 27 October 2006 1101 38.51 53.51 13.80 17.50 1014.2 13.00 8.20
27 October 2006 1351 38.73 53.00 17.55 18.00 1016.0 5.00 9.40
27 October 2006 1502 38.86 53.27 15.15 20.00 1015.0 6.00 8.80
27 October 2006 1615 38.94 53.53 12.75 20.00 1015.0 6.00 7.60
27 October 2006 1812 39.14 53.99 10.20 13.50 1013.0 3.60 5.60
27 October 2006 1913 39.23 54.20 9.15 13.00 1013.0 4.10 5.40
27 October 2006 2104 39.40 54.60 8.70 13.00 1012.0 5.10 4.60
27 October 2006 2247 39.55 54.95 8.55 10.00 1012.0 5.10 4.40
28 October 2006 0022 39.68 55.26 8.70 10.00 1012.0 8.20 4.20
28 October 2006 0153 39.81 55.57 8.40 10.00 1011.0 8.20 4.00

OP26 16 October 2007 0512 39.52 54.50 13.05 11.00 1015.0 8.70 6.40
16 October 2007 0706 39.68 54.62 13.05 14.00 1013.0 10.00 6.40
16 October 2007 0806 39.81 54.77 10.65 14.00 1013.0 9.00 5.60
16 October 2007 0852 39.93 54.91 8.85 12.00 1010.0 10.00 4.60

aThe variables are air temperature (Tair) in �C, sea-level pressure (SLPRad) in hPa, and wind speed (WindRad) in m s�1. Data collected by the radiosondes
on all experiments. AMSR-E sea surface temperature (SSTSat) and QuikScat wind speed (WindSat) are satellite data measurements approximately
coincident with the radiosondes ascent time and positions. Note that Tair is the first-level radiosonde data.
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reasoning to which they have been based for explaining this
enhanced mixing was the effect of the observed interleaving
of water masses in producing a meridional flux of tracers

and momentum at oceanic fronts [Richards and Edwards,
2003]. Although this process is likely to occur in the BMC
as well, further study is necessary to better investigate the

Figure 3. Temperature profiles (K) of the atmosphere and ocean taken simultaneously by radiosondes
and XBTs along the OSS Ary Rongel’s routes during the four experiments OP23, OP24, OP25, and
OP26. Meridional wind vectors (m s�1) are also displayed. The profiles are for (a) 3 November 2004,
(b) 28 October 2005, (c) 16 October 2006, and (d) 27 October 2007.
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characteristics and impacts of these small-scale features in
the BMC zone.

4.2. MABL Mean Structure

[30] The thermal structure of the MABL, as measured by
the radiosondes for each cruise, is displayed in the upper
half of Figures 3a–3d. Figure 3 displays the atmospheric

potential temperature (q) together with the meridional wind
also estimated from radiosonde data. Generally, at the south
of the BC/MC front location, the air temperature is lower
than at the north. Figure 3 clearly shows that MABL is
being influenced by the OBL temperature distribution. Over
the warm waters, we observe strong winds with an unstable
mixed layer. On this side of the front, a reduction in the

Figure 3. (continued)
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wind shear and a decrease in the static stability of the near-
surface atmosphere are also seen. Over the coldside of the
front, on the other hand, the MABL is more stable, the wind
shear is stronger, and the surface winds are weaker. Those
signatures are consistent with the mechanism proposed by
Wallace et al. [1989]. Still over cold waters, the atmosphere
presents an increased vertical wind shear and a weakening
of the surface winds. Our analysis shows that this vertical
mixing mechanism occurring in the BMC region at synoptic
time scale is in close agreement with the climatology
described by Tokinaga et al. [2005]. Nearly all aspects of
the ocean-atmosphere coupling observed in our results are
also in agreement with previous studies made for other
oceanic frontal regions, such as the eastern equatorial
Pacific [Wallace et al., 1989; Hayes et al., 1989; Chelton
et al., 2001; Hashizume et al., 2002; Pezzi et al., 2004;
Small et al., 2005; Spall, 2007]. It is worth mentioning that
the atmosphere at the BMC region responds to the strong
SST gradients with a consequent strong horizontal thermal
gradient (Figure 3). The radiosonde wind data is also in
close agreement with the surface winds estimated from
QuikScat measurements (Figure 2). The satellite-derived
winds indicated that during three out of our four experi-

ments (OP24 is an exception), a predominant northerly
meridional component was present along the ship’s track
where our in situ data were taken. Southern winds domi-
nated the area during OP24. This information is crucial for
understanding the mean characteristics of the MABL across
the BC/MC front at BMC region. Distinct air temperature
advection patterns take place depending whether the large-
scale winds are blowing from the cold toward the warm
region, or vice versa.
[31] Now we turn our attention to analyzing the vertical

MABL structure as a function of the SST bottom boundary
condition. Aiming for that objective, we use all radiosonde
data collected in the four experiments. Figures 4a–4d
display the composite calculations based on radiosonde
vertical profiles of q, q, RH, wind magnitude, and u and v
wind components. The RH profiles were divided by 101 in
order to plot q values in the same order of magnitude. The
analyses presented here are restricted to the first 1200 m of
height from the sea surface. These results are helpful to
better understand the atmosphere characteristics as a func-
tion of the lower boundary surface. The composites of the
atmosphere over warm waters (Figures 4a and 4b) show a
well-defined convective MABL structure, including the top

Figure 4. Vertical composite profiles of potential temperature (q), specific humidity (q), and relative
humidity (RH) for (a) warm and (b) cold cases. Vertical composite profiles of Wind speed (wnd) and
zonal (u) and meridional (v) wind components for (c) warm and (d) cold cases.
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height (h0). The observed changes seen in the composites
displayed in Figures 4a and 4c are consistent with the SST
changes observed from the warmside to the coldside of the
front. Figure 4a indicates that the MABL top was located at
approximately 600 m. This feature is noticeable in both q
and q profiles. The humidity is well mixed at the warm
region and does not present a strong vertical gradient. A
strong thermal (q) inversion occurs between 600 m and
800 m, after which a softer gradient is observed up to about
1600 m. At the lower levels inside the MABL, q remains
almost constant with respect to height owing to the vertical
turbulent mixing. In this case, a well-developed mixed layer
takes place. The specific humidity decreases with height
above h0 (�600 m). This decrease is less intense than that
of q.
[32] Figures 4c and 4d show interesting features of the

vertical composite profiles calculated over the coldside of
the BMC region. These profiles display a lower MABL top
with capping inversion at �300 m height, where the
atmosphere is becoming dryer (�60% of RH). At lower
levels the RH is between 70% and 80%. Above the
inversion level, q remains almost constant up to a secondary
inversion level, which is detected at 700 m. The vertical
structure of the inversions described here is observed in the
RH and qe profiles. These profiles indicate a strong reduc-
tion of moisture, which originates at the sea surface and
ascends toward the MABL. This fact suggests that the upper
MABL is decoupled from the surface layer. Hashizume et
al. [2002] observed a similar pattern over cold waters at the
eastern equatorial Pacific. It should be noted that the q
profile cannot be used alone to clearly characterize the
MABL top at our study region.
[33] Figures 4b and 4d show the composites of the

vertical distribution of the zonal (u) and meridional (v)
wind speed for the warmsides and coldsides of the BMC
region. Figures 4b and 4d show that for both sides of the
BC/MC front, the v component is negative indicating a wind
flowing from the north along the whole of the MABL. The
u component of the wind is positive at both sides of the
front, indicating that westerly winds prevail. A minimum
occurs at the surface. Near the surface, the northerly
direction prevails on v. Above 400 m, the westerly direction
dominates the u component of the wind. The larger magni-
tude of the northerly winds indicates that the large-scale
synoptic circulation mostly prevailed during the period of
our observations. For instance, Figure 2 shows that the
surface northerly wind direction seen along the ship’s route
is associated to the high-pressure (anticyclonic) circulation
present during OP23, OP25, and OP26. The meridional
winds have larger magnitude compared to the zonal winds
at BMC region. At the warm region of the oceanic front, the
u component (and consequently the wind speed) is stronger
at the surface when compared with the cold region (Figures
4b and 4d). Above 400 m, this situation is reversed: the u
component (and wind speed) is weaker at the warm part
of the front when compared to the cold part. This was not
the case for v, which is strong throughout the whole of
the MABL. The meridional component is high at both the
warm and cold regions from the surface (�4.4 m s�1 and
�4.2 m s�1, respectively) up to 1200 m (�5.0 m s�1 and
�1.6 m s�1, respectively). A stronger vertical wind shear
near the surface is seen in the v component profiles of the

cold-case composites. A less accentuated wind shear is
present in the zonal component of the wind for both warm
and cold cases. However, the vertical wind shear is more
accentuated for the zonal when compared to the meridional
component of the wind. These patterns indicate that the
coldside of the BMC region presents a larger static stability.
As a consequence, there is less mixing, and a more stratified
MABL develops. This layer presents a stronger vertical
shear at lower atmospheric levels compared to the warm
part of the BMC region. At this warm region, the wind shear
is less accentuated producing a more turbulent and mixed
MABL.

4.3. Near-Surface Fluxes

[34] The collected data by the ship-borne meteorological
station of OSS Ary Rongel were used to estimate the surface
turbulent flux calculations. Measured SSTbulk, Windship,
Tship, SLP, and RH are also included in the analysis here.
Negative values of the heat fluxes indicate fluxes from the
sea surface toward the atmosphere. The atmospheric bound-
ary layer stability parameter at 10 m height (z) was
multiplied by 102.
[35] Figures 5 and 6 show the near-surface data and

estimates for all the particular experiments (OP23 to
OP26). The wind speed displays some common features
of variability from year to year as seen in Figure 5. On the
northernmost part of the domain, the wind speed presents
values ranging from 5 m s�1 (OP24 and OP26) to 15 m s�1

(OP25). After this starting point, wind speeds begin to
gradually increase when the air is lying over the BC
(warmside) and near to the BMC oceanic front. The
maximum wind speed values at the BC side range from
11 m s�1 (OP26) to 23 m s�1 (OP25). All measurements
show that wind speed tends to decrease fairly slowly while
crossing the BC/MC front (denoted by the vertical line in
the graph) and when over the colder waters at the MC
domain. In some cases an abrupt decline in wind speed is
observed (as in OP23). The wind speed has dropped down
from 10 m s�1 to 6 m s�1. At the cold BMC side the
maximum wind speeds vary from 5 m s�1 registered in
OP23 to 11 m s�1 in OP25. It is interesting to note that in
OP25 even over cold waters the wind speed has increased
southward of the BC/MC front. This could be due to the
large-scale circulation phenomena rather than the local SST
modulation. However, even with this increase the wind
speed is still small compared to that of the warm BC/MC
side. It is more intense over the northern part of the domain,
where the warm waters are located. Over the cold waters,
the wind is less intense, so the reduction in wind stress is
associated to the air-sea uncoupling under stable profiles as
seen in section 5.2. This fact is also confirmed through the
stability indexes analyses later in this section.
[36] The near-surface stability parameter SSTbulk � Tship

clearly shows in Figure 5 that sea surface temperature
affects the MABL near-surface stability. This parameter
shows positive values over the warmside of the BC/MC
front, meaning that the sea surface is acting as a heat source
to the atmosphere. At the coldside, the opposite situation
occurs. A colder ocean than the near-surface air allows a
more stable MABL. In particular, the colder surface water
will induce the formation of a stable mixed layer that
decouples the upper MABL (as discussed in section 4.2)
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indicating a reduction of the vertical mixing. The near-
surface stability conditions verified in this analysis are also
verified by z calculations. The z results have negative
(positive) values north (south) of the BC/MC confluence,
which points to unstable (stable) conditions of the lower
atmosphere. The spatial distribution of z is in reasonable
agreement with the SSTbulk � Tship calculations.
[37] The total heat fluxes vary approximately from
�215 W m�2 to 50 W m�2. These estimates, as well as
their spatial variability, are in fair agreement with the
climatology presented by Tokinaga et al. [2005]. For all
experiments the maximum QT estimates are distributed
between 35�S and 39�S, for all QS, QL, and QT, approxi-
mately. The larger fluxes values found at the warmside are
associated with the larger air-sea temperature differences
and wind speeds occurring at this region (see also Table 3).

This feature is characteristic of the region where the MABL
is unstable and flux exchanges are intense. Conversely, at
the coldside of the confluence, QT is reduced to values
ranging from �20 W m�2 (OP24) to 60 W m�2 (OP25).
This reduction is also associated with the lower SST and
wind speed found in this region (Figures 5 and 7). During
OP25 and OP26 the energy fluxes at the coldside of the
oceanic front were directed downward. During these two
experiments, northerly winds blew at the confluence, driving
a warm-air advection toward the south and then creating a
very stable boundary layer at the coldside.
[38] The mean fluxes estimated over the warmside of the

BMC are generally higher than those obtained on the
coldside. As it should be expected, the warmside releases
more energy toward the atmosphere because of the higher
SST and stronger wind speed, driving a more unstable

Figure 5. Synoptic, in situ measurements taken along OSS Ary Rongel routes for (a) OP23, (b) OP24,
(c) OP25, and (d) OP26. (Windship): wind speed measured at the vessel; (SSTbulk � Tship) stability
parameters (�C); QT: total heat fluxes (�10 W m�2); z: atmospheric stability parameter (�102). All
information is derived from the ship-borne meteorological data. The vertical lines denote approximately
the Brazil Current (BC)/Malvinas (Falkland) Current (MC) front position.
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MABL. At the coldside of the front the behavior is opposite.
The flux results presented here are consistent with previous
studies at other oceanic fronts such as the Agulhas Current
region [Rouault et al., 2000] and the eastern equatorial
Pacific [Chelton et al., 2001; Hashizume et al., 2002; Pezzi
et al., 2004; Seo et al., 2007]. The agreement is also
noticeable when we compare our synoptic flux estimates
with the climatology of Tokinaga et al. [2005] for the BMC
region. All the above-mentioned studies were performed
aiming to understand the effects of SST on the vertical
MABL mixing modulation. Integrated analyses of the lower
boundary conditions such as SST, heat fluxes, and MABL
vertical structure (wind shear) provide strong evidence that
at the BMC region is a crucial mechanism in the ocean-
atmosphere system. The evidence of reduction (increase) of
the wind shear and strengthening (weakening) of the surface
wind speed over the warm (cold) waters is consistent with
the static stability mechanism proposed in previous studies
[Hayes et al., 1989; Wallace et al., 1989].

4.4. In Situ SLP

[39] The role of SLP on modulating the surface wind
speed is still an open question in the scientific community.
This was recently emphasized by the comprehensive review
made by Small et al. [2008]. Lindzen and Nigam [1987]
suggested a hypothesis attributing the surface wind adjust-
ments to variations of the SLP gradients caused by the
difference in air temperature on either side of an oceanic
front. According to their hypothesis, a lower SLP is
expected over regions of warm waters while higher SLP
are to be found over colder waters. As a consequence,
stronger winds would be found where the lowest pressure or
SST gradients are located. The cross-frontal, ship-borne
measurements of SSTbulk and SLP for OP23 to OP26 are
presented in Figure 7. As expected, lower SLP values were
indeed found on the warm part of the BC/MC front during
OP23 and OP24. SLP over the warmside of the front ranges
from 1016 hPa at 35�S decreasing to 1010 hPa at 39�S.
After crossing the frontal region, SLP raises up again to

Figure 6. Synoptic in situ measurements taken along OSS Ary Rongel routes for (a) OP23, (b) OP24,
(c) OP25, and (d) OP26. QS: sensible heat fluxes (�10 W m�2); QL: latent heat fluxes (�10 W m�2). All
information is derived from the ship-borne meteorological data. The vertical lines denote approximately
the BC/MC front position.
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1006 hPa near 41�S. During OP25 and OP26, however, the
SLP presented an opposite behavior. High pressure occurs
over the warmside of the front with values ranging from
1017 hPa (OP25) up to 1022 hPa (OP26). Over the cold-
side, SLP drops down to 1011 hPa and 1005 hPa for OP25
and OP26, respectively. These data, measured by the
barometer onboard the ship (Figure 7), are confirmed by
the radiosonde data (Table 3).
[40] Most of the observed SLP changes across the con-

fluence are, in fact, determined by the synoptic configura-
tion of the atmosphere. Figure 2 shows a broader-scale
pattern. Nevertheless, the questions about how much of the
hydrostatic MABL adjustments are caused by the local SST
modulation or by the synoptic scale systems still remain. In
order to complement our analysis, we plotted smoothed
latitude-height contours of the pressure perturbation indi-
vidually for each expedition (Figure 8). At each level, the
average pressure was removed, and then a ‘‘perturbation
pressure’’ was computed with respect to the horizontal
pressure average.
[41] In all cases except OP24 a reasonably large pressure

gradient exists above the boundary layer, with higher
pressure observed at lower latitudes (the warm sector).

Furthermore, all cases show an appreciable perturbation of
the pressure gradient within the boundary layer. This
perturbation is generally more intense at lower levels,
indicating that it must be associated to surface-related
processes. Besides these general agreements, some aspects
are remarkably different among each of the experiments.
During OP23, the confluence was responsible for weaken-
ing the pressure gradient within the boundary layer. In OP25
and OP26, on the other hand, the synoptic pressure gradient
was intensified within the boundary layer. In OP24, despite
the subtle synoptic pressure gradient, a well-defined pres-
sure gradient induced by the oceanic front occurs within the
boundary layer, with higher pressures at the coldside.
[42] Tomas et al. [1999] report that the MABL pressure

perturbation beyond the synoptic forcing depends on two
processes. First, the SST difference tends to generate lower
pressures over the warmer side of the oceanic front and vice
versa. However, the warmside boundary layer also tends to
be thicker as noticed in our results (Figure 4a), being
consequently denser than the free atmosphere air over a
deeper column that occurs over the coldside. This process
tends to induce higher pressures over the warm sector.
Therefore, the final result will depend on which of the two

Figure 7. Synoptic, in situ measurements taken along OSS Ary Rongel routes for (a) OP23, (b) OP24,
(c) OP25, and (d) OP26. SLP, sea-level pressure measured at the vessel; SST, sea surface temperature
(�C). The vertical line approximately denotes the BC/MC front position.
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processes is dominant. Song et al. [2006] and Skyllingstad
et al. [2007] both suggested that in extratropical regions
(such as the BMC), the boundary layer structure over an
oceanic front will largely depends on the existing thermal
advection pattern of the atmosphere.
[43] In the case of cold-air advection (cold air coming

from the south of the BC/MC front) during our experiments,
a mixed layer occurs at the coldside of the front. The
advected cold air enhances the vertical air temperature
gradients and, consequently, the sensible heat fluxes over
the warmside of the front. This configuration results in a
thicker, warmer boundary layer over the warm sector
compared to that of the cold sector. Such a configuration,
with cold-air advection across the confluence, for instance,
happened during OP24. In this case, the coldside mixed
layer was approximately 500 m thick, with a mean potential
temperature of 281.75 K. Over the warmside of the oceanic
front, the mixed layer was 700 m high, associated to a mean
potential temperature of 283.25 K (Table 2). Such temper-
ature difference over a moderately deep boundary layer is
enough to dominate over the influence caused by the
thickness effect. Therefore, the cold-air advection, prevalent
in OP24, is responsible for positive (negative) pressure
perturbations over the coldside (warmside) of the BMC. A

similar process occurred during OP23. In that case, the
pressure perturbations locally induced at the BMC oppose
the existing synoptic pressure gradient, reducing it at lower
levels.
[44] In contrast, when warm-air advection (warm air

coming from the north of the BC/MC front) exists across
the BMC region, the mixed layer exists only over the warm
sector. In the cold portion, a shallow, highly stable boundary
layer is produced as a consequence of downward sensible
heat fluxes. Despite being appreciably colder than the warm
portion, such a stable boundary layer is shallower than the
mixed layer occurring over the warmside. In that case, the
thickness effect dominates over the atmospheric tempera-
ture effect, and the SST gradients are responsible for
positive (negative) pressure perturbations over the warmside
(coldside) of the BC/MC front. Cases of warm-air advection
were observed during OP25 and OP26, when northward
meridional winds prevailed. In both cases, the pressure
perturbation enhanced the existent synoptic gradient, as
shown in Figure 8.
[45] In a large-eddy simulations study, Skyllingstad et al.

[2007] investigated the flow across an oceanic front for both
cases of cold and warm thermal advection. Their results
confirm the description above made for our observations. In

Figure 8. Smoothed latitude-height contours of pressure perturbation for the four experiments OP23,
OP24, OP25, and OP26. The perturbations are determined with respect to the average pressure at each
height. Contour units are in hPa.
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a warm-air advection case, a negative pressure perturbation
occurs over the cold portion of an oceanic front. In
opposition to that, a cold-air advection determines a positive
pressure perturbation over the cold portion. Skyllingstad et
al. [2007], however, do not explain their pattern differences,
but Tomas et al. [1999] clarifies the issue. In conclusion, our
observations, together with the theory proposed by Tomas
et al. [1999] and the numerical simulations by Skyllingstad
et al. [2007] comprise a good set of evidence to demon-
strate how thermal advection drives a pressure gradient
across oceanic fronts. For emphasizing that conclusion, a
very simple conceptual model can be inferred, directly
associating the type of advection to the sign of the pressure
perturbation across the BC/MC front.

5. Concluding Remarks

[46] This work analyzed and discussed simultaneous
oceanic and atmospheric data collected during four experi-
ments carried out by the INTERCONF program at the BMC
region. This work extends and complements the study of
Pezzi et al. [2005] where only data from November 2005
were available. To our knowledge, this is the only systematic
observational ocean-atmosphere sampling effort conducted
at the Brazil-Malvinas Confluence region so far. Despite the
fact that this region is acknowledged as one of the most
energetic regions of the world ocean, very few studies have
addressed the importance of studying the air-sea coupling
processes there. Our results indicate the presence of lateral
SST gradients at BMC as high as 0.3�C km�1 at surface and
subsurface. Vertical water temperature gradients are on the
order of 0.08�C m�1 at depths of 400–500 m.
[47] Analyzing the MABL-OBL coupling during four

cruises between 2004 and 2007, this work offered elements
to conclude that the MABL is modulated by the strong
temperature gradients present at the sea surface of the study
area. An explanation for this modulation lies in the fact that
the MABL in the BMC region adjusts itself to the SST
modifications characteristic from oceanic frontal regions, as
already reported for other areas of the world ocean such as
the equatorial Pacific and the Agulhas Current region. Over
warm waters, the static instability and the turbulence within
the MABL are both increased. Still over warm waters, our
data indicated a reduction in the wind shear as well as an
enhancement of the surface winds at the MABL. Over the
coldside of the BMC region, the MABL is more stable and
is associated to an increased wind shear, resulting in weaker
surface winds. Both situations are in close agreement with
results presented by Wallace et al. [1989] for the eastern
equatorial Pacific Ocean. This process was already pro-
posed as an explanation for the air-sea coupling at other
frontal regions of the world ocean as described in the very
recent review paper by Small et al. [2008]. For our study
region, the mean MABL structure was thicker over the
warmside (BC) than over the coldside (MC) of the conflu-
ence. The warmside displayed systematically larger h0
values compared to the coldside. The surface QS and QL

fluxes always increased from the cold to the warmside of the
oceanic front owing to the increase of the wind and temper-
ature (q) difference between the sea surface and the air.
[48] Some interesting points arose from the results of our

observational effort. Our analysis suggests that the SLP was

locally modulated the surface condition during all experi-
ments. The static stability vertical mixing mechanism
explains this modulation. This was clearly observed in
OP23 and OP24, where lower (higher) SLP values are
located over warm (cold) waters (Figures 7a and 7b). Nev-
ertheless, the BMC SST gradients also modulated the syn-
optic pressure gradient observed during OP25 and OP26.
However, in these last cases, the SLP leaded an opposite role,
driving lower pressures at the coldside and higher pressures
at the warmside. Different results are reported by de Szoeke
and Bretherton [2004] and Small et al. [2005]. For addressing
this issue, we should bear in mind that the southwestern
Atlantic Ocean is a cyclone and anticyclone track region
[Hoskins and Hodges, 2005]. This fact distinguishes this
region from most of better previously studied frontal oceanic
regions, which are located in the tropics. We suggest that the
presence of large scale synoptic system affects the SLP
modulation at the Brazil-Malvinas Confluence region. The
effects of postfrontal and prefrontal conditions can result in
opposite advective patterns of the atmosphere in the region.
[49] To better investigate all these complex interactions

between the local and the large-scale processes, oceanic and
atmospheric models should be employed. Numerical mod-
eling can complement our observational results in the
future, as well as being useful for directing new experiments
toward particular regions of our study area. Both de Szoeke
and Bretherton [2004] and Small et al. [2005] offered a
similar approach for studying the equatorial Pacific Ocean.
Long numerical integrations (e.g., seasonal simulations
covering a large scale) may permit us to isolate the effects
of the large-scale signals from the local SST one, and then
we can check whether the hydrostatic stability is a relevant
player in the MABL stability process when a synoptic
system is active over the BMC region or, on the other hand,
it is negligible compared to the large-scale (pressure) signal.
[50] We finish by remarking that the southwestern Atlan-

tic Ocean is a very important region for the weather and
climate of South America, since it is a path for atmospheric
frontal and storm tracks and cyclone generation and inten-
sification. We expect that new, consistent efforts to better
study and understand the air-sea coupling in the BMC
region can benefit from the results presented here. It is
expected that, in the future, a continuous observing program
for studying the air-sea coupling processes in the south-
western Atlantic region can be established.
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