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loaded from AVISO (https://www.aviso.altimetry.fr/en/data/products.html).
Maps of Sea Surface Temperature (SST) were obtained from Operational Sea

Surface Temperature and Sea Ice Analysis (OSTIA) database (http://ghrsst-pp.
metoffice.com/pages/latest_analysis/ostia.html), which supplies 5 km resolution
images of SST. Sea Surface Salinity (SSS) was obtained from Soil Moisture Active Pas-
sive (SMAPV2) dataset (https://podaac.jpl.nasa.gov/dataset/SMAP_RSS_L2_SSS_
V2?ids=Collections&values=SMAP-SSS). Daily river discharge data for the La Plata
estuary was obtained from the Argentinean Hydrologic Agency (Borús et al., 2008).

As shown in section 1.2.2.1, the behavior of normally incident internal waves ap-
proaching abrupt topography can be predicted from α,

α =
∂H/∂x

γ
, (2.12)

where ∂H/∂x is the topographic slope and γ = tanθ = [(ω2 − f 2)/(N2 − ω2)]1/2 is the
internal wave characteristic slope. N2 was calculated from climatological annual mean
averages of temperature and salinity for the region, obtained from the World Ocean
Atlas (WOA) database.

The SML is the quasi homogeneous layer in the upper ocean where variation of
density is negligible, whose depth was calculated from the TS profiles and a temper-
ature difference criterion of 0.2° (e.g., Thomson and Fine, 2003; De Boyer Montégut
et al., 2004).



Chapter 3

Results

3.1 Part I: buoyancy-driven effects on turbulent diffu-

sivity induced by a river plume in the SBS

3.1.1 Field observations

3.1.1.1 Hydrographic observations: first cruise (early June of 2015)

High resolution transects of salinity (Fig. 3.1, panel (a)) and temperature (panel (b))
highlight the variability associated with the presence of the plume. PPW is observed
at the surface along the entire transect, reaching the vicinities of the shelf break. Our
observations show that the plume interface follows along the ∼23.5 kgm−3 isopycnal.
The liftoff point of the plume, i.e., the location where the bottom attached salinity front
loses contact with the bottom, is visible at the inner shelf region, approximately 50
m depth and 35 km from the starting position of the transect (about 75 km from the
coast). TW and SACW are also observed in the final portion of the transect, as it
reaches the shelf break. Warm and salty TW is associated with the southward flow of
the Brazil Current (Soares and Möller, 2001) and SACW is ubiquitous on the Brazilian
continental shelf from the northern portions of the South Brazilian Bight (e.g., Castro,
2014; Cerda and Castro, 2014) to the Brazil-Malvinas Confluence (e.g., Piola et al.,
1999; Möller et al., 2008). Colder waters from the SACW may intrude the shelf region
because of instabilities associated with the meandering of the Brazil Current as it flows
along the shelf-break (Lima et al., 1996). Along the boundary between PPW and TW,
STSW is observed, formed due to mixing between those water masses.

The transect of buoyancy frequency (Fig. 3.2, panel (a)) shows the strong stratifi-
cation induced by the plume in this portion of the SBS. Values up to 0.05 s−1, in the
mid-section at the continental shelf, and close to the surface at the shelf break, are ob-
served. The vertical shear of the horizontal, geostrophic velocities (panel (b)) is mostly
weak along the transect, but it is enhanced at the shelf break close to the surface, sug-
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Fig. 3.1: High resolution hydrographic transects of (a) salinity and (b) temperature obtained with the
UCTD. The black lines are the isopycnals in kgm−3.

gesting strong advection (northward at the southern hemisphere) at the most offshore
portion of the transect. This strong shear led to the reduction of Rig at this location
(panel (c)). Low values are observed from the surface to the bottom of the profiles,
suggesting that instabilities are occurring at the shelf break. This is consistent with
what appears to be a vertical intrusion observed at, approximately, 50 m depth, which
is clearer on the temperature data (c.f., Fig. 3.1, panel (b)). Warm and saltier water
on the shallow side rises while fresh and colder water on the deeper side of the shelf
sinks, suggesting a vertical overturning at a sloping bottom, followed by a geostrophic
jet (e.g., Wang, 1984). Over continental shelf, Rig increases substantially in the mid
transect section, where layers of enhanced N are observed, suggesting strong stabil-
ity. Low values of gradient Richardson number are also found at the shallow inner shelf
portion, where stratification is weakened due to the shallow depth.

3.1.1.2 Microstructure observations: second cruise (early July of 2015)

For effects of comparison between cruises, the La Plata River daily discharge (Fig.
3.3) shows no significant changes from the first to the second cruise, varying between
∼21000-25000 m3s−1. The same happened for the SST distribution (Fig. 3.4), where
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Fig. 3.2: Transects of (a) N , (b) ∂v/∂z and (c) Rig estimated with UCTD data. The black lines are the
isopycnals in kgm−3.

the plume did not alter significantly its temperature or position during the time apart
between cruises.

In Fig. 3.5 and 3.6, are hourly time series of net heat flux (panel (a)) and wind
shear (panel (b)) for the location of each transect of VMP-250 profiles. The weather
conditions were more or less stable during most of the second cruise. However, in July
3 the passage of a frontal system caused a large increase in the surface wind shear and
surface heat loss during the time of the last stations of the AL transect. These frontal
systems are vey common in the subtropical southwestern Atlantic, specially during
Austral winter (Stech and Lorenzzetti, 1992). Wind shear was significantly reduced at
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Fig. 3.3: Daily river discharge from La Plata River measured by the Instituto Nacional del Agua (Ezeiza,
Argentina - 2008). The black triangles are the times of the UCTD and the VMP-250 transects.

Fig. 3.4: 5 km resolution Sea Surface Temperature (SST) daily images from OSTIA data base. The
panels refer to UCTD transect (left), VMP AL transect (middle) and VMP SM transect (right). The black
lines are is UCTD transect, the red dots the VMP stations and the white line is the 33.5 PSU isohaline.

the SM transect location, yielding no significant influence on surface mixing.
The frequency of occurrence of KT and Rρ for both transects were clustered into

continental shelf and shelf break data due to differences regarding the presence of
PPW. For the AL transect, KT was nearly normally distributed (Fig. 3.7, panel (a)),
being similar for continental shelf and shelf break. A storm occurred at the end of
the AL transect, which enhanced mixing and surface KT in the shelf break profiles,
increasing the occurrence of larger values. The averages of each distribution were
similar, being slightly larger at shelf break. For the SM transect (Fig. 3.8 panel (a)), on
the other hand, the distributions were unequal for both areas, being nearly bi-modal.
This happened because of the smaller amount of plume waters in the continental shelf
off Sta. Marta Cape, allowing increased levels of vertical diffusivity in the shelf region,
on average, nearly one order of magnitude greater than at the shelf break.

The Rρ distributions (panel (b) in Fig. 3.7 and Fig. 3.8) evidence the differences
between continental shelf and shelf break. In the shelf break profiles, DDC can be
developed by salt-fingers, where warmer and saltier TW lies over colder and fresher
SACW. In the continental shelf, conversely, where colder and fresher waters from the
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Fig. 3.5: Spatially averaged hourly time series of (a) net heat flux and (b) wind shear for the location of
the AL transect. The red dashed lines is the time of each station.

Fig. 3.6: Same of Fig. 3.5 for the SM transect.

plume stand above relatively warm and salty oceanic waters, DDC can occurs due to
a diffusive regime. Actually, the distribution mode of Rρ in the continental shelf for the
AL transect suggests that diffusion is unlikely to occur since the most frequent values
were around 0.01. This is result of the strong stratification induced by plume waters
in the southern portion of the SBS. For comparison, in the SM transect the mode is
around 0.28, which is more likely to yield diffusivity.

The profiles of N in the AL transect (Fig. 3.9, panel (a)) match the hydrographic
observations from the UCTD, with values up to 0.05 s−1 at the plume interface, the well
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Fig. 3.7: Frequency of occurrence of KT and Rρ for the AL profiles. In panel (b), DR stands for diffusive
regime and SFR for salt-finger regime. The vertical dashed lines in (c) refer to the thresholds within
each type of DDC regime is prone to occur. The red lines are the log-normal probability functions fitted
to the data (full for continental shelf, dashed for shelf break).The ensemble average of each distribution
is displayed in the figures.

Fig. 3.8: Same of Fig 3.7 for the SM profiles.

stratified layer from stations AL03 to AL06, around 25 m depth. Below the ∼25 kgm−3

isopycnal stratification is considerably reduced and the surface mixed layer (SML) sinks
significantly beyond the shelf break. This significant sinking of the SML depth is also
related to a storm that occurred near the location of station AL08. The strong vertical
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Fig. 3.9: Vertical profiles of (a) N , (b) ∂S/∂z and (c) ∂T/∂z calculated from microstructure data for the
AL transect. The black lines are the isopycnals in kgm−3, the thick dashed black line is the 33.5 PSU
isohaline and the red dashed line is the SML depth.

shear induced by this event caused the SML to reach nearly 135 m depth at this station.
At the location of the SM transect, a substantial reduction in N occurs (Fig. 3.10, panel
(a)) and a retreat of the plume interface towards the coast is observed.

Salinity and temperature gradients for both transects (Fig. 3.9 and 3.10, panels (b)
and (c)) highlight the freshwaters over the continental shelf, as well as the stronger gra-
dients in the southern transect, specially of salinity. Because of the buoyancy-driven
salinity, temperature increases with depth (within the plume layer), an ubiquitous fea-
ture for all locations where PPW is observed (e.g., Castello and Möller, 1977).



CHAPTER 3. RESULTS 58

Fig. 3.10: Same of Fig. 3.9 for the SM transect.

In the AL transect, KT and Bf (Fig. 3.11, panels (a) and (b)) are significantly in-
creased within the SML at AL08. In fact, heat diffusivity is very large, up to O(−2)

m2s−1. Both heat diffusivity and buoyancy flux are reduced towards the continental
shelf, mainly at the plume interface. At this location a reduction of nearly four orders
of magnitude, when compared to the SML in AL08, is observed. In the SM transect,
KT and Bf are also large in the SML at the shelf break profiles (Fig. 3.12, panels (a)
and (b)). But since no strong mixing event occurred, these relatively large values may
be associated with surface convection, as the SML depth is nearly the same for both
profiles, around 75 m. Heat diffusivity and buoyancy flux are reduced in the continental
shelf, but not as much as observed in the AL transect. In fact, at the plume interface,
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no clear reduction in diffusivity is observed, as stratification is not as strong as in the
location of the AL transect.

Fig. 3.11: Log10 profiles of (a) KT and (b) Bf for the AL transect. The black lines are the isopycnals in
kgm−3, the thick dashed black line is the plume boundary and the red dashed line is the SML depth.

3.1.1.3 Individual profiles (AL04, AL08, SM05 and SM03)

These four profiles were selected to demonstrate the dynamical differences found
in the SBS. AL08 and SM05 were made at the shelf breaks areas of Albardão and Sta.
Marta Cape, while AL04 and SM03 were taken in areas influenced by plume waters.

• Profile AL04 (Fig. 3.13): At the location of this profile, strong stratification is
observed, where N peaks ∼ 0.07 s−1 at approximately 10 m depth. As both
temperature and salinity increase with depth, DR may be developed. However,
there is no sign of well developed thermohaline staricases, A SML is visible on
the first 10 m, where LT , KT and Bf are increased. Below this depth, however,
all three are significant reduced due to stratification. The lack of shear-stratified
flows is evidenced when comparing the profiles of N and LT . The product LTN
may be an indicator of active shear-stratified turbulence1. However, since the

1A estimative of dissipation can be obtained using the relation ε = cL2
TN

3. However, it depends on
c = (LO/LT )2, and a significant amount of uncertainty relies on the ratio of the Ozmidov and Thorpe
scales, as they are linked to the temporal variability of turbulent overturns [Smyth and Moum (2000)]
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Fig. 3.12: Same of Fig. 3.11 for the SM transect.

profiles of N and LT have opposite behaviors, it is unlikely that active shear is
occurring.

• Profile AL08, (Fig. 3.14): This profile is much different than AL04, as there is
no influence of freshwaters. The dynamics at AL08 is instead influenced by the
strong meteorological event. The mixing caused by this event increased greatly
the levels of Bf and KT in the SML. As a consequence of the shear input, LT
is significantly enhanced at the base of the layer. The magnitude of the stratifi-
cation, ∼ 0.03 s−1, is much less when compared to the one registered at VT04.
Thermohaline staircases appears to be present, where LT is reduced, which may
be an indicative of SFR. Density overturns are also enhanced at approximately
180 m, the interface with colder and fresher waters from SACW, where shear in-
stabilities may occur, as stratification is not strong as it is at the base of the SML
depth. At this layer, KT and Bf are increased, which suggests that KH billows
are transporting heat through this layer.

• Profile SM03 (Fig. 3.15): This profile was made at the plume boundary, showing
similar conditions to the AL04. However, as density gradients are reduced due
to increased dilution of freshwaters with oceanic waters, stratification diminished,
being ∼0.03 s−1. As a consequence, LT is slight larger in the plume interface
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in comparison to AL04, as well as KT and Bf . Staircases are barely seen, but
similar structures are seen at, approximately, 15 m, where both N and LT are
increased. A DR may be occurring, but it is hard to discriminate it from heat
diffusivity due to shear instabilities.

• Profile SM01 (Fig. 3.16): Similar to AL08, this profile has no influence of freshwa-
ters. KT and Bf are enhanced in the SML and N is ∼0.01 s−1. LT is increased
at the base of the SML due to the active mixing that increased heat diffusivity
and buoyancy flux. At the bottom of the profile, at approximately 220 m, there
is subtle indication of shear turbulence, as both LT and N are increasing. This
portion may the interface with SACW, as both salinity and temperature decrease.
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Fig. 3.13: Details from profile made at station AL04. In (a) temperature profile (red line) with temperature gradient (black line), (b) salinity profile (blue line)
with salinity gradient (black line), (c) density, (d) N , (e) LT (red line) and δT (black line), (f) log10(Bf ), (g) log10(χT ) (red line) and log10(χS) (blue line) and (h)
log10(KT ) (red line) and log10(KS) (blue line).
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Fig. 3.14: Same of Fig. 3.13 for AL08.
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Fig. 3.15: Same of Fig. 3.13 for SM03.
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Fig. 3.16: Same of Fig. 3.13 for SM05.
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3.1.2 Effects of freshwaters stratification on mixing

In general, turbulent mixing in freshwater plumes is driven by shear-stratified flow
instabilities in the form of KH billows within the stratified interface (Stacey et al., 1999).
The stratification induced by PPW and the high Rig values found on the UCTD data at
the southern inner shelf implies low shear variance. Hence, the large-scale La Plata
River plume reduces the level of mixing expected for a shallow continental shelf. In
large-scale ROFI (Regions Of Freshwater Influence) systems, the spreading outflow
tends to stratify the water column, opposed by stirring due to tides, waves and winds
(Simpson, 1997). This highly stable outflow inhibits the mixing at the interface due to
the positive buoyancy input from low salinity waters, which exceeds the buoyancy loss
from surface cooling. In the case of La Plata River plume, the induced buoyancy is
very strong, so this ROFI system remains stratified even when the other portions of
the shelf are mixed. Atmospheric forcing in the SBS, specially in the southern area,
is restricted to the surface due to the effective isolation from bottom layers promoted
by the freshwater-driven stratification (Zavialov et al., 2002). This explains the very
shallow SML depth observed within the plume and the magnitude of N observed in the
plume interface.

Figure 3.17 shows δT calculated from the microstructure density profiles made on
the SBS. Displacements are reduced in the AL profiles, more specifically, at the corre-
sponding location of the plume interface. The density range of ∼21-24 kgm−3, where
buoyancy frequency reaches values up to 0.05 s−1, is a strong and stable interface that
inhibits mixing on the continental shelf and prevents the generation of shear instabil-
ities. At the location of the SM transect, the density front is weakened due to higher
dilution with oceanic waters. Consequently, it is more susceptible to shear-stratified tur-
bulence, as seen by the increase in δT . The presence of density overturns in strongly
stratified flows is an indication of the amount of TKE within a flow, rather than its rate
of dissipation (Mater et al., 2013). The reduced overturns at the plume interface in the
AL region suggests that the flow, although energetic as an estuarine outflow, is stable.

Near-field river plumes are usually characterized by large turbulence and mixing,
commonly found at estuaries with narrow channels (e.g., Luketina and Imberger, 1989;
MacDonald et al., 2007, 2013). The wide the La Plata estuary, however, will rarely
generate large velocity differences between upper and lower layers and shoaling as
the plume leaves the estuary. As a consequence, a near-field region will not exist in
the La Plata River plume and no large turbulence is expected to occur near the source
region. Due to its large spatial scale, which is larger than the internal Rossby radius
(Pimenta et al., 2005), the La Plata River plume behaves as a far-field river plume,
where motions are mainly driven by the Coriolis force and the wind shear away from
the source region. When winds and local currents are not sufficient to advect the plume
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Fig. 3.17: Density displacements calculated from the observed instantaneous micro-scale density pro-
files from the VMP-250 for the AL (a) and SM (b) transects; the black lines are the isopycnals in kgm−3;
The thick dashed black line is the plume salinity boundary; the red dashed line is the SML depth.

offshore, the far-field plume forms a geostrophic coastal current that propagates as a
coastal Kelvin wave (Horner-Devine et al., 2015), leaving the coast to the left in the
southern hemisphere. This northward flow of the La Plata River plume is known as the
BCC (De Souza and Robinson, 2004), stronger during a SW wind regime. Although
the UCTD data suggests a strong stability on the continental shelf, values of Rig are re-
duced when reaching the shelf break. The temperature data showed a vertical motion
that appears to be related to the mechanism described by Wang (1984). In a rotating
fluid over a slopping bottom, when two different water masses form a sharp density
front, it stretches out from its initial position due to a reduction in the bottom layer ve-
locity due to friction, increasing the relative velocity in the top layer. Assuming that
no mixing occurs, the density structure is a layer of lighter water overlaying a layer of
heavier water. The resulting velocity distribution is a relatively strong recirculation, with
sinking at the head of the surface front and rising at the head of the bottom front. In
the observations, however, there is no indication of vertical intrusion, since the density
contours remain partially stable, but vertical stretching is observed (c.f., Fig. 3.1). A
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baroclinic alongshore jet can be generated due to the geostrophic adjustment at the
front. This is consistent with the increased ∂v/∂z at the offshore limit of the plume
and the fact that the La Plata River plume advection is nearly geostrophic (Pimenta
et al., 2005). The occurrence of this mechanism at the bulge of the plume, the region
where the river water outflow transitions into a geostrophic or wind-dominated far-field,
suggests that the La Plata River plume owns a mid-field region, which is not usually
expected for large-scale plumes.

Therefore, results show that plume stratification inhibits larger mixing at the Al-
bardão region. Further north in the Sta. Marta region reduced stratification facilitates
the generation of shear-stratified turbulence, increasing levels of diffusivity at the plume
boundary. Moreover, our observations suggest the presence of a unstable mid-field re-
gion.

3.1.3 Heat eddy diffusivity as a tracer for turbulent mixing in a es-
tuarine plume

As explained in section 1.2.2.2, DDC may be an important factor for mixing at sub-
surface levels in the ocean. In some of the SBS profiles, the vertical distributions of TS
suggest favorable conditions for double-diffusive processes. Areas affected by PPW
are DR favorable, while at the shelf break SFR may occur. The TS distributions at the
shelf break, such as in AL08 and SM01, together with the reduction in density over-
turns at the thermocline plus Rρ above unity, suggest favorable condition for generation
of salt-finger mixing. Moreover, at the thermocline, small-scale layers that resemble
TS staircases (c.f., Fig. 1.5) can be seen, which is a possible indicative of active SFR.
Within the plume interface, however, salt transport in the form of SFR is very unlikely
to occur, since it only develops when salt is the destabilizing component, i.e., warmer
saltier water above cooler fresher water (Kunze, 2003), such as in the Mediterranean
outflow (Schmitt, 1994). In the present case, salt is a strong and effective stabiliz-
ing component of buoyancy, upholding colder waters at surface layers. Alternatively,
DR may arise in the plume interface, as cold, fresher waters are in the surface layer.
However, the strong buoyant and advection will unlikely allow a efficient heat loss by
molecular diffusion. Moreover, there is no clear evidence of staircases layers at pro-
files made within the PPW. The heat diffusion by DDC is more frequently found in high
latitude precipitation zones, such as the Arctic Ocean and sites around Antarctica, and
salt stratified lakes with geothermal or solar heating (Schmitt, 1994; Kelley et al., 2003).
But those regions differ greatly to a highly dynamic region such as the La Plata River
plume. Hence, DDC is unlikely to be a relevant process in diapycnal mixing in the La
Plata River plume.

A estuarine/river plume will become increasingly diluted as it propagates away
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from its source region, characterized by decreasing density gradients between the
plume and oceanic waters, owing to the increase diapycnal transports of salt and
heat (Horner-Devine et al., 2015). However, freshwater dilution accounts for turbu-
lent processes, such as the stirring due to tides, winds and bottom friction. Therefore,
the transports of heat and salt are mainly driven by turbulence at the interface. It is
assumed here that diapycnal diffusivity in the La Plata River plume interface can be
estimated by temperature alone, as it is passively transported across isopycnals due
do shear-stratified instabilities. In turbulent field with low Rig, the eddy diffusivities of
salt and heat are very similar (Schmitt, 2003). The increase in KT found in the SM
profiles was a possibly a consequence of increased shear-stratified turbulence in the
form of KH billows, as increased density overturns are observed. The increased in-
stabilities resulted from the reduced stratification at the far-field region of the La Plata
plume, where it is more susceptible to ambient stirring. Increased levels of KT were
also found at fully vertical mixed profiles close to the coast and at surface levels in
the shelf break profiles. i.e., away from PPW influence. The disruption of temperature
gradients in a turbulent profile can be expressed by KT and Bf (and both are esti-
mated from χT ), and can be a quantitative measure of mixing in the absence of shear
variance. Reliable estimates of temperature variance can indeed produce estimates
of diapycnal turbulence from heat (e.g., Luketina and Imberger, 1989; Steinbuck et al.,
2009; Fernández-Castro et al., 2014).

3.1.4 Part I conclusions

Our results show how the large-scale La Plata River plume affects vertical mixing in
the shallow and dynamic SBS. Our observations are limited to two cruises of opportu-
nity during Autumn conditions. However, two important conclusions may be drawn: (1)
the transects in the SBS represent two distinct scenarios, as one was made close to
the source region of the plume, where stratification due to freshwaters is very strong,
and the other made a hundred of kilometers away from it, where the freshwater outflow
is more diluted with oceanic waters. In this sense, both show differences regarding
shear-induced variability in the interface with oceanic waters, expressed by the density
displacements and magnitudes of heat diffusivity. Near the source region, the plume is
highly stable, while away from the plume, going northward, shear instabilities are sig-
nificantly increased; (2) the instability observed in the hydrographic data close to the
shelf break, associated with low values of gradient Richardson number, suggests that
the large-scale La Plata plume has a mid-field region of turbulence mixing, besides the
far-field region located in the vicinity of Sta. Marta Cape. At the mid-field, data sug-
gests that instabilities due to overturns in a sloping bottom is a source of turbulence,
while in the far-field, KH instabilities are the causes of larger KT .
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Given the limitations imposed by the logistic of opportunity cruises and the limita-
tions of our observations, this study is an initial contribution to the knowledge of the La
Plata River plume dynamics and provide a good base for future turbulence studies in
this important region in the southwestern Atlantic Ocean. More detailed surveys in the
area are necessary in order to fully characterize the turbulent mixing of the La Plata
River plume. Future investigations may include:

• In order to verify closely the possible implications of the BCC on the turbulent pat-
tern in the coastal areas of the SBS, data must be obtained in areas between the
AL and SM transects during SW winds regime. This would allow us to determine
how this current can alter the shape of the turbulence within the plume;

• Obtain profiles of microstructure data near the entrance of the La Plata estuary,
which could provide important information regarding the dynamics of the estuar-
ine outflow at the source region;

• Verify the implications of seasonal changes in the wind field and discharge rate
of the La Plata estuary on the plume turbulence pattern;

• Although to assume Kρ similar to KT is a valid approximation in a turbulent sce-
nario, it would be interesting to obtain estimates of the salt eddy diffusivity in the
plume interface to complement the results obtained here;

• Obtain measurements of ε from velocity shear variance, measured with shear
probes (as those were not available during the survey herein) to estimate flux
coefficient and mixing efficiency in the plume interface.
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3.2 Part II: turbulent mixing induced by topographic

features in the Vitória-Trindade ridge during Aus-

tral summer

3.2.1 Field observations

In Fig. 3.18 is show a perspective view of the VTR bathymetry from ETOPO2 (panel
(a)), with the location of the main topographic features. The map highlights the large
local bathymetric variability, with abrupt changes within a relatively short spatial scale.
The quantitative measure of this the variability is given by the topographic roughness
(panel (b)). Sharp topography is seen at the flanks of seamounts and banks of the
ridge, as well as the area of the continental slope/ shelf break north of Abrolhos Bank.
At these sites, increased interaction with the circulation is expected.

Fig. 3.18: Panel (a): perspective view of VTR bathymetry from ETOPO2 with location of the main
seamounts (S) and banks (B). The black line is the transect’s path and the red triangles are the oceano-
graphic stations. Panel (b): map of estimated topographic roughness (r) for the VTR.
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As expected for a subtropical, quiescent region, specially during summer, both heat
and wind dynamics were very weak and nearly constant, with no great changes during
the survey (Fig. 3.19). The net heat flux time series (panel (a)) shows the diurnal cycle
of cooling and heating, with convective mixing at night and thermal stability during the
day. The wind shear (panel b) was weak during the survey and thus did not affected
significantly the surface mixing. In such conditions, convection may be an important
contributor to vertical mixing in the SML [e.g., Shay and Gregg (1986)].

Fig. 3.19: Spatially averaged hourly time series of (a) net heat flux and (b) wind shear for the VTR
region. The red dashed lines are the time of each station.

A high resolution transect of potential density obtained from the UCTD is shown
in Fig. 3.20. The underway hydrography sampling was interrupted due to the lost
of the SeaBird probe after station VT14. The data shows frequent oscillations along
the isopycnals, particularly at the base of the SML, which varies significantly along
the transect. Such variation is related to increased instabilities when approaching the
seamounts, mostly between VT01 and VT06, where large vertical displacements of
isopycnals are observed. Between Congress Bank (CON) and Montague Seamount
(MON) isopycnals appear to be sinking from the base of the SML down to ∼200m,
increasing the SML depth. An increase in subsurface oscillations is seen within the
depths of ∼150-300 m, between VT13 and VT14, north of the summit of the Columbia
Seamount (COL). A doming of isopycnals is observed at, approximately, 125 m, while
a sinking of isopycnals is observed at around 250 m.

Away from the seamounts, there is no significant variation of the SML. As men-
tioned previously, the VTR region has significant mesoscale activity, but the most co-
herent mesoscale features are seen near the continental shelf off Abrolhos and Royal-
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Fig. 3.20: High resolution potential density (σθ) obtained with the UCTD. The black rectangle highlights
the doming of isopycnals observed at subsurface levels. The acronyms stand for: (BES) Besnard Bank,
(VIT) Vitoria Seamount, (CON) Congress Bank, (MON) Montague Seamount, (JAS) Jaseur Seamount
and (DAV) Davis Bank. There is no data available after station VT14 because the UCTD probe was lost.

Charlotte Banks. This is corroborated by Fig. 3.21, which shows SSH anomalies and
associated geostrophic velocities for Feb 6 2017. This date was selected because cor-
responds to the date when was detected the subsurface doming of isopycnals between
VT13 and VT14. Moreover, no significant changes in the surface circulation occurred
during the cruise, thus one image can be representative of the period. From VT07 to
VT16, no discernible mesoscale activity is observed in the SSH image, which suggests
that the doming of isopycnals is a intra-thermocline feature.

Mesoscale activity is evident from the spatial variability of the horizontal veloci-
ties (Fig 3.22), particularly in the western part of the transect, between VT01 and
VT06, where velocities, isopycnal displacements and SSH anomalies are increased
(c.f. Fig. 3.20 and 3.21). Zonal currents reach ∼0.5 ms−1 near the summit of the
Vitória Seamount (VIT) and at ∼400 m between this seamount and the Besnard Bank
(BES). A strong northward component is also observed at Jaseur Seamount (JAS).
Both horizontal velocities and isopycnal variability are significantly reduced away from
the seamounts (∼0.1 ms−1). However, between stations VT13 and VT14, increased
horizontal velocities are observed within the ∼150-300 m depth interval.

The frequency of occurrence of ε, Kρ, Rρ and Γ (Fig. 3.23) were clustered into data
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Fig. 3.21: Sea-level satellite altimetry anomalies plus geostrophic velocities from the AVISO database
for Feb 6 in the VTR region.

Fig. 3.22: Zonal (a.1) and meridional (a.2) current velocities along the VTR obtained with the onboard
ADCP. Positive (red) zonal and meridional velocities are east and northward, respectively.

collected in the SML (assumed to be less than 70 m) and the ocean interior (OI). In the
SML, distributions are nearly bi-modal for dissipation (panel (a)) and diffusivity (panel
(b)), while their shape is close to Gaussian in the OI . The bi-modal shape is result of
increased values of ε and Kρ closer to the surface. On average, turbulence was almost
one order of magnitude higher in the SML than in the OI . The modes and averages of
each distributions are displayed in Fig. 3.23. The Rρ distributions (panel (c)) for SML
and OI were similar, with the modes at ∼1.6 for both. The high surface temperatures,
ubiquitous in latitudes of the VTR, mainly during summer, leads to increase evaporation
and, hence, high surface salinity. Thus, as both background temperature and salinity
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decrease with depth, favorable conditions for SFR arise. This corroborates with much
of the salt finger favorable upper ocean waters at tropical, subtropical and mid-latitudes
[Kunze (2003)].

Fig. 3.23: Frequency of occurrence of (a) ε, (b) Kρ, (c) Rρ and (d) Γ computed within the surface mixed
layer (SML, < 70 m) and ocean interior (OI). In panel (c), DR stands for diffusive regime and SFR for
salt-finger regime and the vertical dashed line refer to the thresholds within each type of DDC regime is
prone to occur. The vertical dashed line in (d) is the threshold between shear-generated and diffusive
convection mixing, i.e., Γ = 0.2. The red lines are the log-normal probability functions fitted to the data
(full for SML, dashed for OI ).

The distribution of the flux coefficient, Γ, shows that shear is the main source of
mixing in the VTR. Mixing by DDC (mainly salt-fingers) represents a small fraction of
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the total amount of mixing. In the OI , about 11% of Γ values were above 0.2, which
increases to about 17% when Γ is computed for data in the SML. This means that mix-
ing by DDC is slightly larger close to the surface. This small increase is due to (1) the
values in the thermocline, where the probability of DDC generation increases because
of larger stability/slower dynamics and (2) the lower magnitude of shear variance. As
within the SML the potential energy gain due to vertical mixing is significantly larger
than in the OI , the average Γ is ∼0.12, while in the OI the average is ∼0.09.

The contribution of convection to ε in the VTR was verified through linear regression
between Bf and ε (Fig. 3.24). When computed over all data (panel (a.1)), the regres-
sion shows that about 31% of the magnitude of dissipation is related to buoyancy flux,
which increases to around 63% when the regression is computed with data from the
first 70 m (panel (a.2)). This demonstrates the importance of convection on uphold sur-
face mixing, specially in regions where temperature is the main mechanism controlling
buoyancy. The linear regression between Kρ and KT computed over all data points
(panel (b.1)) yielded about 58% of correspondence, increasing to almost 88% within
the first 70 m (panel (b.2)). As turbulence is the main mechanism driving mixing, heat
eddy diffusivity is very similar to density diffusivity [Schmitt (2003)].

The estimates of the efficiency of turbulent mixing in the VTR are shown in Fig 3.25,
expressed by Richardson flux number as a function of the turbulent Froude number.
The most effective turbulence, where Rf falls between 0.15 − 0.25, usually occurs at
Frt ≈ 1 [e.g., Ivey and Imberger (1991)]. Most points were located between 0 and 0.25
for Rif and 0.2 and 2 for Frt. High values of both Rf and Frt were associated with
low N , i.e., SML, where usually turbulence is highly inefficient because any shear input
within a vertically mixed water column will only result in dissipation into heat. Lower
values with high N can be related to the thermocline, where stratification is strong and
ε is usually low. Frt is, in general, reduced where N is enhanced. At the thermocline,
stratification overcomes shear significantly, reducing Frt, and when shear production is
not capable of overcome buoyancy, it results in low efficiency. Most values found within
the optimum range for efficiency were found at moderate stratification associated with
subsurface levels. For data obtained at depths less than 70 m, efficiency appears to
be patched at strong (thermocline) and weak (SML) stratification, with few points are
located in the optimum range.

Fig. 3.26 shows profiles of ε and Kρ obtained at each station. Larger values of dis-
sipation and diffusivity are observed in the upper ∼50-70 m, as turbulence is increased
near the air-sea interface due to convection and wind shear. The weak atmospheric
forcing during the survey resulted in a nearly constant SML depth, as seen in the σθ

transect (c.f. Fig. 3.20). Even so, the variation of the wind shear plus nighttime con-
vection yielded peaks of dissipation (e.g., station VT16). At shallow stations on top of
the seamounts and banks, vertical mixing is larger than surroundings due to increased
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Fig. 3.24: Linear regressions between (a) log10(Bf ) and log10(ε) and (b) log10(Kρ) and log10(KT ). In
(a.1) and (b.1) are the regressions over all data points and (a.2) and (b.2) are for the first 70 m. The
dashed black line is a perfect fit and the red dashed lines are deviations under and above the perfect fit
by an order of 2, 10 and 100.

currents and their interaction with the topography. In addition, both ε and Kρ profiles
reveal enhanced turbulence at VT13, in the subsurface levels within ∼250-300 m. The
turbulent patch together with the spreading of isopycnals and the strong horizontal ve-
locities, indicate an active mixing in the vicinity of COL. This highlights the importance
of flow-topography interactions in generating high levels of subsurface turbulence. At
station VT13 high levels of dissipation and diffusivity are observed, with magnitudes
of O(10−7)−O(10−6) Wkg−1 and O(10−2)−O(10−1) m2s−1, respectively, mostly within
pycnoclinic levels between 26.75 and 27.5 kgm−3.

Since the patch of subsurface mixing was only observed in VT13, a detailed view
is show in Fig. 3.27. The profile may be separated into four segments with different
turbulent characteristics: a fully mixed surface layer, a quiescent layer between ∼50-
150 m, a subsurface stratified layer between ∼150-225 and a homogeneous turbulent
layer between ∼225-275 m. No relevant discernible features are seen deeper. Within
the SML, shear variance is large, but both χT and LT (panels (b) and (c), respectively)
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Fig. 3.25: Distributions of Rif as a function of Frt for (a.1) all data points and (a.2) the first 70 m. The
colorbar refers to N associated with each point.

are very low. This is an indication of the absence of stratified layers and, therefore,
any shear input is only being dissipated as heat and no active mixing is occurring, i.e.,
low efficiency (c.f., Fig. 3.25). The Bf/ε profile (panel (a)) shows that Bf is occurring
due to convection, but overall dissipation overcomes the buoyancy flux, i.e., high shear
production. σθ is practically homogeneous, hence N2 is nearly zero (panel (d)). The
top of the quiescent layer (i.e., the thermocline) is highly stratified due to temperature
gradients. χT is increased, but both LT and shear variance are reduced, which shows
that the layer is stable. Below the thermocline, velocities are slightly increased (panel
(e)), but are still low and no significant shear variance arises. χT and LT are very
low, as no significant gradients are observed. Bf/ε is practically zero, as no buoyancy
production is occurring. This is an opposite situation of the one occurring in the SML,
but now the shear is not capable of overcome stratification and, again, efficiency is low
(c.f., Fig. 3.25). σθ increases monotonically with depth and N2 varies accordingly, but
remains close to zero as within the SML. At about 150 m deep, χT and LT increase
abruptly. Shear variance increases slightly, but it is greatly surpassed by Bf , suggest-
ing that buoyancy is being generated within the layer, hence increasing N2. This is
the approximate depth at which isopycnals start to spread vertically and horizontal ve-
locities start to increase significantly. The layer between ∼225-275 shows large shear
variance, increased χT and LT . This is indicative of active (and efficient) turbulence, as
shear input is being used against density gradients to yield vertical mixing, as opposed
to the SML. The large negative peak in Bf/ε suggests a strong downward heat flux,
implying that vertical heat fluxes are strong and active within the layer. As a result, N2

is nearly zero.
A close-up in the horizontal velocities and the σθ section (Fig. 3.27, (f) and (g))
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Fig. 3.26: Log10 profiles of (a) ε and (b) Kρ obtained in the VTR survey. The black lines are the isopy-
cnals in kgm−3 and the red dashed line is the SML depth.The black rectangle highlights the enhanced
turbulence found at subsurface levels.

above to stations VT13 and VT14, adjusted to the time of the profiles, shows that
oscillations increase significantly in amplitude, mainly within the 26.3 kgm−3 to 27.5
kgm−3 isopycnal interval. Those increased oscillations are coherent with an divergence
of horizontal velocities. Close to the northern flank of COL, the vertical displacements
of isopycnals becomes more vigorous and horizontal velocities become larger. Visually,
the section shows what appears to be an internal wave of approximately 15 m of height,
with a period of approximately 3 hours. If this is the case, the high subsurface TKE
dissipation at VT13 may by indicative of internal wave breaking, as a consequence of
interaction with the topography.

3.2.2 Turbulent mixing in the VTR region

The VTR is in a region where the high surface heat induces relatively strong strat-
ification, specially during summer. Hence, it suggests an overall vertical stability.
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Fig. 3.27: Detailed view of profile VT13; In (a) is the microstructure velocity shear variance (∂v′/∂z,
black), along with Bf/ε (red); in (b) is the microstructure temperature gradient (black), together with
the temperature variance (χT , red); in (c) are the density overturns (δT , black) and respective Thorpe
length scales (LT , red); in (d) are the profiles of N2 (red) and σθ (blue); in (e) the zonal (blue) and
meridional (red) velocity profiles; in (f) and (g) is a close up of the horizontal velocities and the σθ
section, respectively, at the location of the subsurface mixing patch, adjusted to the time of each profile.
The dashed line in (a) is Bf/ε = 1 and the horizontal black line is the SML depth calculated for this
profile. The white lines in (g) are to highlight the oscillations of isopycnals.

However, when considering mesoscales to small-scales, mixing processes can be ob-
served. Earlier studies demonstrated that the region is dominated by mesoscale activ-
ity, since the VTR is one of the first contact points of the BC to the Brazilian shelf [e.g.,
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Da Silveira et al. (2004); Soutelino et al. (2011, 2013); Arruda et al. (2013)]. When
such large and energetic western-boundary current reaches the continental shelf and
encounters a region with a such a complex and variable bathymetry, it causes the re-
distribution of energy in the form of mesoscale circulation features, e.g., cyclonic and
anti-cyclonic eddies. The velocity transect for both zonal and meridional components
and SSH data demonstrated this mesoscale variability. The UCTD data also show the
presence of oscillations that resemble internal waves, specially at the location of the
subsurface turbulent patch. Therefore, the VTR may subject to different patterns of
turbulence from different sources, being sometimes endemic to the region, as well as
transitory.

The correspondence of Bf and ε found in the linear regressions remarks the im-
portance of heat fluxes on generating mixing at the surface, specially at mid to low
latitudes regions where winds are generally weak and surface heat is high, such as the
VTR.

To determine the efficiency of turbulence using microstructure data from the open
ocean may be problematic. Most studies that evaluate efficiency use experimental
data, and large variability is usually disregarded [e.g., Ivey and Imberger (1991); Moum
(1996); Smyth et al. (2001)]. In spite of the large variability, the present observations
provided a rough estimative of efficiency of the VTR turbulence. Rf relates the relation
of buoyancy and shear production based on the flux coefficient, and Frt is a ratio be-
tween the scales of the turbulent eddies and the density overturns. Efficient turbulence
is generated in stratified interfaces where shear magnitude is coherent with the strength
of stratification, causing Ozmidov and Thorpe scales to have approximately the same
order [Dillon (1982)]. In the SML, LO is significantly higher than LT , reducing effective-
ness of mixing. On the opposite case, the overturns are much larger than shear, which
means that the density variations will unlikely evolve into KH billows [Smyth and Moum
(2000)].

3.2.2.1 Subsurface turbulence patch

One of the most interesting features found in the VTR survey was the strong levels
of ε and Kρ in the subsurface layer on the northern flank of a Columbia. The average
dissipation and diffusivity found within the patch were 3.4×10−8 Wkg−1 and 2.1×10−3

m2s−1, respectively, computed within the ∼150-300 m depth range at VT13. These
values were one order of magnitude larger than the averages for the entire transect ex-
cluding the SML, which were 2.5×10−9 Wkg−1 for ε and 1.2×10−4 m2s−1 for Kρ. Within
the subsurface patch, a strong shear-induced turbulent heat flux occurred, yielding ver-
tical density overturns, hence the large negative Bf and large χT . In order to restore
stability, buoyancy works against shear, yielding large variability in the Bf/ε ratio. The
microstructure temperature variance, χT , can be related to the presence and action



CHAPTER 3. RESULTS 82

of turbulent motion when shear variance is observed simultaneously [Steinbuck et al.
(2009)].

The subsurface shear may have been caused by a variety of mechanisms. Surface
winds may provide conditions for subsurface instabilities, but it depends on the local
depth and on the wind magnitude [Price and Weller (1986)]. The data do not support
this hypothesis, since the turbulent patch is restricted to a specific subsurface layer and
wind shear was not strong enough to induce instabilities at subsurface levels.

Another plausible hypothesis would be an eddy-type circulation interacting with
the seamount topography. Previous work showed that the sSEC bifurcation is eddy-
dominated from 15°S to 19°S [e.g., Schmid et al. (1995); Arruda et al. (2013); Soutelino
et al. (2013)] and anticyclones related to the meandering of the BC suggest a flow in-
fluenced by the topography [Soutelino et al. (2011)]. The SSH anomaly map, however,
does not show any significant mesoscale feature between VT13 and VT14, which sug-
gest that the observed feature is restricted to subsurface levels. The shape of the
isopycnals can ber reminiscent of an Intra-Thermocline Eddy (ITE) [Riser and Owens
(1986)], as seen by the doming isopycnals observed in both UCTD and VMP-250 pro-
files, as well as the large horizontal velocities. However, the velocity pattern does not
resemble a coherent eddy structure.

Regions with abrupt topographic variations are usually prone to internal tides [Gar-
rett and Kunze (2007); Lamb (2014); Legg (2016)], and significant semidiurnal internal
tide activity occurs in the VTR in the vicinities of Abrolhos and Royal-Charlotte banks
Pereira et al. (2005). Previous studies have associated the importance of internal tides
on generating high levels of turbulence in regions of complex bathymetry [e.g., Toole
et al. (1997); Carter et al. (2006); Hall et al. (2013); Wain et al. (2015)]. At near critical
slopes (i.e., α ≈ 1), internal waves become nonlinear, leading to wave breaking and
turbulent mixing [Ivey and Nokes (1989)]. As seen in Fig. 3.18, the VTR is composed
of very sharp topographic variations, where steepness increases rapidly within a short
distance, and the spatial distribution of α (Fig. 3.28) shows that near-critical slopes are
found at the base and flanks of the seamounts in the ridge. The areas where α ≈ 1 are
restricted to narrow regions, changing to supercritical within a few kilometers. The hor-
izontal velocity pattern (Fig. 3.27, (f)) and the increased oscillations in the isopycnals
(Fig. 3.27, (g)), show consistent evidence to support the presence of internal waves
near COL.

The oscillations observed within ∼150-300 m were likely caused by the passage of
an internal tide at the location of profile VT13. Internal tides may have been generated
by the interaction of the barotropic tide with the near-critical slopes at the flanks of
COL. The present observations are consistent with other studies that reported strong
turbulence along the semidiurnal wave beam [e.g., Lueck and Mudge (1997); Lien and
Gregg (2001); Carter et al. (2006)]. An example of a M2 internal tide beam reflecting
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Fig. 3.28: Estimated topographic slope and wave characteristic slope ratio (α) plotted over the ETOPO2
bathymetry. The red contours are critical slopes (α ≈ 1), blue are supercritical (α > 1) and black
subcritical (α < 1). The location of the Columbia Seamount is highlighted.

from critical slopes in the VTR is shown in Fig. 3.29. γM2 was calculated assuming
ω = 1.4×10−4 s−1 (the angular frequency of the M2 tidal component), f = −5.56×10−5

s−1 and a climatological N2 profile for the region. The resulting wave beam crosses the
VT13 profile just above the observed turbulent patch. Therefore, internal tides as cause
of the observed shear is the most reasonable hypothesis. The wave beam may have
been generated at another location, since critical or near-critical topography is found all
over the ridge. However, the shape of the Columbia Seamount and its relative isolation
from the other topographic features of the ridge appears to yield ideal conditions for
internal tide generation.

Simulations of reflected tidal beams generated near critical bathymetric slopes show
that they tend to surpass the topography and induce instabilities [e.g., Johnston (2003);
Sarkar and Scotti (2017)]. In the deep ocean, tidal velocities are generally very small,
and flat topography tends to dissipate only a small amount of TKE. But when weak
deep-ocean barotropic flow encounters steep topography, it induces a non-linear re-
sponse, increased baroclinic velocities and the generation of small scales processes
that cause turbulence [Legg (2016); Sarkar and Scotti (2017)].

3.2.3 Part II conclusions

The VTR is a potential site for mixing in the southwestern Atlantic Ocean due to
the intricate circulation yield by the southern branch of the SEC and the complex
bathymetry. The main source of turbulence in the ridge is the flow-topography inter-
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Fig. 3.29: In (a) bathymetry of COL and vicinities. The dashed red line is the topographic section across
VT13 (upside down red triangle) and the seamount summit. The white contours are the areas of near-
critical to critical slopes; in (b) side-view of the section showing the estimated beam path for the M2

wave crossing the VT13 profile. The smaller panels show the vertical profiles of N2 (red line) and γM2

(blue line). The colorbar refers to the log10(ε) measured at the station.

actions. DDC may be developed, but accounted for a very small portion for overall
mixing. Wind shear plays a role in surface mixing, but as the survey was made in
summer in a normally quiescent region, most of surface mixing is associated with heat
fluxes. Enhanced subsurface mixing was also observed within the ∼150-275 m depth
range, northwest of the Columbia Seamount. Although the VTR is a site of substan-
tial mesoscale activity, the SSH anomaly maps and the ADCP data do not support the
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presence of a coherent mesoscale eddy interacting with the topography. The most rea-
sonable hypothesis is that the subsurface turbulent activity was generated by internal
tides that emanated from the critical topographic slopes in the vicinity of the seamount.

More detailed observational and modeling studies should be performed in the re-
gion in order to determine the turbulence pattern associated with internal tide gener-
ation. The results suggest that the VTR is a potential hotspot for mixing in the South-
western Atlantic Ocean. The fact mixing is induced at pycnoclinic levels may be rele-
vant for nutrient supply in this oligotrophic region and help explain the high biodiversity
associated with the seamount chain, with possible consequences for biogeochemistry
in the region.



Chapter 4

Contribuição para a indústria do
petróleo1

O presente trabalho teve como objetivo caracterizar os processos turbulentos nas
duas regiões de estudo. A Plataforma Continental Sul-Brasileira é uma região alta-
mente dinâmica de alta importância econômica, não apenas pelos recursos disponı́veis
para a pesca comercial, mas também pelo intenso movimento de navios de grande
porte. A Cadeia Vitória-Trindade por sua vez, pode parecer a princı́pio uma região
oligotrófica, porém fora observado a importância da circulação gerada pela interação
do escoamento com feições topográficas em gerar diversidade biológica ao redor
dos montes submarinos e ilhas da cadeia. Para a indústria do petróleo, tanto na
questão logı́stica como na extração no oceano, o conhecimento dos processos de
mistura, tanto em relação á sua intensidade como a identificação dos chamados ’hot
spots’ de turbulência, é de suma relevância. Os padrões de turbulência superficial
podem influenciar a dispersão de óleo em caso de derramamentos e a localização
dos ’hot spots’ de mistura pode ajudar a reduzir os danos causados pela presença de
petróleo no oceano, uma vez que essas áreas podem potencializar a dispersão dev-
ido a turbulência local. Na Plataforma Continental Sul-Brasileira a dinâmica devido a
presença da pluma do Rio da Prata e ventos sazonais seguramente determinam como
substâncias despejadas no oceano são advectadas e misturadas. Esta tese forneceu
um panorama inicial de como a dinâmica da pluma pode afetar a mistura vertical e
contribuir para o planejamento de operações de contenção. Já a descrição dos pro-
cessos de mistura devido as interações com a topografia não apenas contribui para
o entendimento dos processos de mistura superficial, mas também podem auxiliar as
operações de extração de petróleo no fundo oceânico. Os padrões de turbulência junto
ao fundo estão diretamente ligados a dinâmica do escoamento e a complexidade da
topografia. Nesse âmbito, os resultados aqui presentes fornencem uma caracterização

1Parte do Programa de Recursos Humanos (PRH-27) - Petrobrás e Agência Nacional do Petróleo
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inicial dos processos de mistura ligados à topografia da Cadeia Vitória-Trindade que
podem contribuir para a logı́stica de extração de petróleo no oceano.



Chapter 5

Conclusions

This thesis presented the first observations of in situ turbulence performed at two
very dynamic and complex regions in the southwestern Atlantic Ocean. The results
demonstrated that both regions are subject to different forcings that lead to different
forms of turbulence generation.

Several researchers along the years have proved the relevance of the SBS in the
circulation in the south Atlantic basin by exploring its dynamics and respective implica-
tions to different fields. This continental shelf has a high socio-economical importance,
mostly due to fisheries and commercial navigation. The overall circulation, both in the
continental shelf and shel break, is well elucidated due to substantial contributions of
researchers from Brazil and Argentina. In a region of such importance and complex-
ity, the quantification of turbulence, and most importantly, how does the La Plata River
plume affects the vertical mixing, is of great value and contributes significantly to the
characterization of the SBS. Two very important conclusions were obtained in the SBS
survey: (1) the plume strong stratification reduces shear-induced turbulence at south-
ern areas of the shelf and (2) the La Plata plume owns a dynamic mid-field region.
Therefore, In spite of the limitations, a base for turbulence studies in the SBS is now
available.

The VTR is one of the first locations encountered by the southern limb of the BC
when reaching the Brazilian continental shelf, and the energy transferred from the
larger scales towards mesoscales and submesoscales have direct implications on cir-
culation and hence, turbulent mixing patterns in the ridge. As the survey was made
during austral summer, mostly of the surface mixing accounts for heat fluxes. However,
increased dissipation was found when reaching areas close to the continental shelf,
where topography is even more complex. The subsurface mixing patch near Columbia
Seamount is a good example on how isolated topographic features may lead to en-
hanced turbulence activity in the ocean when compared to surrounding areas. More-
over, the results corroborated with previous studies that demonstrated that the VTR is
(1) an important site of internal tide activity and is (2) a hotspot for mixing in the south-
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western Atlantic, with possible implications to the local biological productivity. Given the
potential importance of the VTR for turbulence generation and, consequently, the over-
all circulation of the South Atlantic Ocean, more detailed observational surveys should
be performed in the region. This would allow to determine the role of the topographic
features in generating turbulence in the area, as well as the potential consequences to
the larger scale circulation.

Results obtained represent an initial contribution in characterization and quantifica-
tion of turbulent mixing in these important regions in the southwestern Atlantic Ocean
and provide reference for future turbulence studies. Important conclusions regarding
the dynamics of mixing in both areas were obtained, but more effort must be imple-
mented to determine the variability of turbulent mixing dynamics in the SBS and the
VTR.

As presented in this thesis, turbulence has important implications in the distribution
of several properties in the ocean. Transports of momentum, heat, nutrients, chemicals
and organisms are strongly related to the mixing pattern by turbulence and/or diffusion.
Therefore, the knowledge of turbulence dynamics and its implications is very important
in oceanographic research.
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Lima, I. D., Garcia, C. A. E., and Möller, O. O. (1996). Ocean surface processes on
the Southern Brazilian shelf: Characterization and seasonal variability. Continental
Shelf Research, 16(10):1307–1317.

Lowe, R. J., Rottman, J. W., and Linden, P. F. (2005). The non-Boussinesq lock-
exchange problem. Part 1. Theory and experiments. Journal of Fluid Mechanics,
537:101–124.

Lueck, R. G. and Mudge, T. (1997). Topographically Induced Mixing Around a Shallow
Seamount. Science, 276(5320):1831–1833.

Lueck, R. G., Wolk, F., and Yamazaki, H. (2002). Oceanic velocity microstructure
measurements in the 20th century. Journal of Oceanography, 58(1):153–174.

Luketina, D. A. and Imberger, J. (1989). Turbulence and entrainment in a buoyant
surface plume. Journal of Geophysical Research: Oceans, 94(C9):12619–12636.

MacDonald, D. G., Carlson, J., and Goodman, L. (2013). On the heterogeneity of
stratified-shear turbulence: Observations from a near-field river plume. Journal of
Geophysical Research: Oceans, 118(11):6223–6237.

MacDonald, D. G., Goodman, L., and Hetland, R. D. (2007). Turbulent dissipation in a
near-field river plume: A comparison of control volume and microstructure observa-
tions with a numerical model. Journal of Geophysical Research: Oceans, 112(7):1–
13.



BIBLIOGRAPHY 95

Marcelo Acha, E., Mianzan, H., Guerrero, R., Carreto, J., Giberto, D., Montoya, N., and
Carignan, M. (2008). An overview of physical and ecological processes in the Rio
de la Plata Estuary. Continental Shelf Research, 28(13):1579–1588.

Matano, R. P., Palma, E. D., and Piola, A. R. (2010). The influence of the Brazil and
Malvinas Currents on the Southwestern Atlantic Shelf circulation. Ocean Science,
6(4):983–995.

Mater, B. D., Schaad, S. M., and Venayagamoorthy, S. K. (2013). Relevance of the
Thorpe length scale in stably stratified turbulence. Physics of Fluids, 25(7).

McWilliams, J. C., Sullivan, P. P., and Moeng, C.-H. (1997). Langmuir turbulence in the
ocean. Journal of Fluid Mechanics, 334(April):1–30.

Merryfield, W. J., Holloway, G., and Gargett, A. E. (1998). Differential vertical trans-
port of heat and salt by weak stratified turbulence. Geophysical Research Letters,
25(15):2773–2776.

Moller, O. O., Castaing, P., Salomon, J.-C., and Lazure, P. (2001). The Influence of
Local and Non-Local Forcing Effects on the Subtidal Circulation of Patos Lagoon.
Estuaries, 24(2):297.
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