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Abstract: We investigate the dynamics of meso- and submesoscale features of the northern South
Brazil Bight shelf region with a 500-m horizontal resolution regional model. We focus on the Cabo
Frio upwelling center, where nutrient-rich, coastal waters are transported into the mid- and outer
shelf, because of its importance for local and remote productivity. The Cabo Frio upwelling center
undergoes an upwelling phase, from late September to March, and a relaxation phase, from April to
early September. During the upwelling phase, an intense front around 200 km long and 20 km wide
with horizontal temperature gradients as large as 8 °C over less than 10 km develops. A surface-
intensified frontal jet of 0.7 ms~! in the upper 20 m and velocities of around 0.3 ms~! reaching down
to 65 m depth makes this front a preferential cross-shelf transport pathway. Large vertical mixing
and vertical velocities are observed within the frontal region. The front is associated with strong
cyclonic vorticity and strong variance in relative vorticity, frequently with ¢(1) Rossby numbers.
The dynamical balance within the front is between the pressure gradient, Coriolis and vertical mixing
terms, which are induced both by the winds, during the upwelling season, and by the geostrophic
frontal jet. Therefore, the frontal dynamics may be largely described as sum of Ekman and turbulent
thermal wind balances. During the upwelling phase, a mix of barotropic and baroclinic instabilities
dominates in the upwelling center. However, these instabilities do not lead to the local formation of
coherent eddies when the front is strong. In the relaxation phase, the front vanishes, and the water
column becomes less stratified. The interaction between eastward coastal currents generated by sea
level variability, coastal intrusions of the Brazil Current, and sporadic wind-driven, coastal upwelling
events induce the formation of cyclonic eddies with diameters of, approximately, 20 km. They are
in gradient-wind balance and propagate along the 100-m isobath on the shelf. During this phase
baroclinic instability dominates. Cold filaments with widths of 2 km are formed due to straining and
stretching of cold, coastal temperature anomalies. They last for a few days and are characterized by
downwelling as large as 1 cms™~!. The turbulent thermal wind balance provides a good first order
estimate of the dynamical balance within the filament, but vertical and horizontal advection are
shown to be important. To our knowledge, this is the first account of these smaller scale features
in the region. Because these meso- and submesoscale features on the shelf heavily affect the water
properties crucial to productivity of the South Brazil Bight, it is important to take these features into
account for a better understanding of the functioning of this ecosystem and its resilience to both
direct human activities as well as to climate change.

Keywords: coastal upwelling; continental shelf; western boundary current; Brazil Current;
mesoscale dynamics; submesoscale dynamics

1. Introduction

The South Brazil Bight (SBB) is adjacent to the most densely populated area of the
Brazilian coast. Economical activities on the shelf region and offshore include, among oth-
ers, tourism, fisheries, oil and gas exploration and navigation. This puts significant pressure
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on the ecosystem services provided by the ocean and requires a thorough understand-
ing of the functioning of the marine environment. This will guide conservation efforts,
help mitigate the human impact on the ocean. and provide sustainable development under
the likely consequences of a changing climate.

Relevant processes associated with ecology, marine conservation, and protection
include wastewater and oil dispersal, larval transport and connectivity, phytoplankton
productivity, and cross-shelf exchange. They largely depend on physical processes that
occur on spatial scales of hundreds of meters to a few kilometers which are usually not
resolved either by traditional observational sampling or by global and even regional
model simulations.

Coastal and shelf regions are strongly sensitive to spatially variable forcing such
as winds and smaller-scale topographic features. Observational studies in coastal up-
welling regions estimate shear-induced convergence as large as f, the Coriolis parameter,
within small scale fronts [1,2]. This would lead to the accumulation of surface debris
and/or organic material resultant from surface productivity and affect the rate of particle
export [3], thus modulating phytoplankton distribution, species composition, and the sup-
ply of organic material to benthic communities. Coastal eddies with radii of 4-15 km and a
life span of 2-6 days are thought to impact nutrient delivery and organic matter export [4].
This is comparable to the radius of deformation on the shelf, R; = NTh, where N is the
averaged buoyancy frequency in a water column of depth /1 and f is the Coriolis parameter.
Using average values for the region yield R; ~ 15 km. The radius of deformation is the
horizontal scale of mesoscale eddies in the ocean while the typical length-scales for subme-
soscale motions is around % [5,6]. Therefore, coastal eddies and fronts are the transition
between meso- and submesoscale motions. Their interaction with sheared coastal currents
may lead to the formation of filaments, which are extrema in surface density, thinner and
more episodic than fronts, and are associated with very strong downwelling [7]. Eddy-
filament systems have been shown to affect the distribution and transport of dissolved and
particulate organic carbon in the north-western Africa upwelling system [8].

Previous modeling studies have shown that as horizontal resolution is increased,
energetic submesoscale processes emerge, and are associated with ageostrophic motions
on spatial scales of one kilometer or less and temporal scales of one day or less [5,6,9].
In the open ocean, both numerical simulations and in-situ observations have in the last
two decades shown the importance of these motions to both the dynamics and the bio-
geochemistry of the upper ocean. This has potential consequences for long-term climate
predictions primarily due to the restratification induced by mixed layer instabilities [10].
Nearshore and on the continental shelf, high-resolution, surface observations [11-13] and
submesoscale-resolving model simulations [14,15] have recently shown the importance of
coastal submesoscale fronts, filaments, and eddies on transport properties and dynamics of
these regions.

The SBB is a region with considerable overlap between shelf and open-ocean dynam-
ics. The southward-flowing Brazil Current (BC) follows the shelfbreak as it abruptly veers
eastward at around 23° S. The change in coastline orientation induces meandering of the
BC and the occasional generation of mesoscale eddies which often occupy a portion of the
shelf [16]. These eddies affect the circulation on the outer shelf below the surface, by mod-
ulating intrusions of South Atlantic Central Water (SACW) onto the shelf, while helping
export coastal surface waters from the upwelling center offshore (Figure 1).
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Figure 1. (a) Sea Surface Temperature (in °C) obtained by the AVHRR-15, Level 3 product and surface
geostrophic velocoties from AVISO on 25 April 2002. (b) Surface chlorophyll (in log;g (kg m?)) for
25 April 2002 obtained by the SeaWIFS product. Dashed lines show the isobaths of 10 m, 50 m,
100 m, and 200 m.

Northeasterly winds primarily force the Cabo Frio (CF) coastal upwelling center
during summer months [17,18]. In-situ observations collected during the DEPROAS
Experiment [19-21] in the summer of 2001 and 2002 show the vertical and horizontal
structure of the upwelling front off Cabo Frio (Figure 2). While the horizontal resolution
of CTD stations does not resolve submesoscale features, it shows the strong horizontal
gradients in temperature and density over a distance of around 10 km. Figure 2a shows the
upwelling front during the summer of 2001 just off Cape Frio with a surface temperature
varying from 15 °C to 25 °C within 20 km from the coast. Colder waters from the oceanic
seasonal and permanent pycnoclines upwell nearshore. Figure 2b depicts the horizontal
distribution of the upwelling front during the summer of 2002 when the plume occupied
at least 250 km of the inner shelf just west of Cabo Frio with minimum temperatures of
around 15 °C nearshore. In addition to the wind-driven upwelling front, coastal currents
may be induced by sea level variability due to local winds or remote forcing, such as
continental shelf waves [22,23]. As the coastal upwelling center off CF interacts with
coastal currents and the BC eddies and meanders, a front is generated with a width of
0 (1-10) km and stretches for tens to hundreds of kilometers southwestward along the SBB
shelf [24]. In fact, sea surface temperature (SST) images (Figure 1a) suggest a preferential
pathway of cross-shelf transport probably arising as a consequence of the interaction
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between the wind-driven upwelling center, coastal currents, and intrusions of the BC. This
leads to the horizontal advection of recently upwelled, coastal, and nutrient-rich waters
along this front to the mid-shelf, thereby affecting biological productivity of the shelf region,
as suggested by Figure 1b. These images show that colder waters from the CF upwelling
center occupy a large portion of the northern SBB shelf and are preferentially advected
southwestward along the front. This elongated front on the shelf seems to be formed by a
combination of the effect of the open-ocean cyclonic eddy on the shelf and coastal currents
which squeeze and eject cold waters southwestward from the coast all the way to the 200-m
isobath. The chlorophyll-a image (Figure 1b) shows a filament of high chlorophyl aligned
with the upwelling front showing that the front advects high-biomass waters from the
coastal region into the mid- and outer shelf. Cross-shelf transport is also directly induced
by the open ocean cyclonic eddy as it engulfs coastal waters at its northeastern side and
advects them offshore. This is also seen in the chlorophyll-a image, where coastal waters
with higher chlorophyll concentration are transported offshore, spiraling into the cyclonic
eddy. Also note the headland wake that is formed near Sdo Sebastido island at around
45.4° W, 24° S, which suggests the existence of secondary upwelling centers in the region
which, to the authors” knowledge, has not been previously reported.
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Figure 2. The Cape Frio upwelling front from the DEPROAS Experiment conducted aboard R/V
Prof. W. Besnard of the Oceanographic Institute of the University of Sio Paulo. (a) The front vertical
structure sampled in the summer of 2001. The red triangles represent the position of each CTD
station, which were spaced from about 5 km in the inner portion of the transect to 20 km over the
shelf break. (b) The front horizontal distribution of the upwelling front during the summer of 2002.
The red dots represent the location of the CTD stations, which were on average spaced 15 km from
each other.
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The interaction between the upwelling center—located between 42° W and 43° W,
23° S—with sheared currents can potentially give rise to a wealth of smaller scale processes.
In the adjacent open ocean, a number of recent studies has shown the importance of subme-
soscale dynamics on the BC system and its interaction with bathymetric features [25-27].
On the shelf, however, despite the potential importance of submesoscale motions and
fronts for the ecosystem of the SBB, knowledge about the local dynamics is based on
climatological estimates from historical records [23,28], point-wise time-series over specific
periods [29], and mesoscale-resolving observational studies or numerical simulations [16].
While these more commonly studied mesoscale motions are important components of the
local circulation and act as modulators of the intrusions of the nutrient-rich SACW onto
the outer shelf [30], there are indications that the neglected smaller scale processes may
play an important role in explaining the productivity on the SBB shelf.

In this study, we use a 500-m resolution regional model whose domain encompasses
both the shelf and open ocean region in order to explore the occurrence of submesoscale
features and their importance on the shelf, shelfbreak, and adjacent open ocean in the
SBB. We focus on three specific features that are commonly observed in the region, namely,
coastal eddies generated by headlands, the CF coastal upwelling front, and cold filaments
that arise as cold temperature anomalies are squeezed due to convergent flow.

2. Methods

We use the Coastal and Regional Ocean Community Model (CROCO) at a horizontal
resolution of 500 m and 50 sigma vertical levels, with stretching parameters chosen (85 = 7.0,
0, = 2.0 and Tcline = 300) so that higher vertical resolution in the upper ocean is attained.
The model is forced with daily surface wind stress from QuikSCAT for the year 2003 and
climatological heat fluxes from COADS. At the three open boundaries, we use the Simple
Ocean Data Assimilation reanalysis, version 3.3.1 [31] with a 5-day temporal resolution for
the year 2003. Barotropic tides from TPX07 [32] are added to the forcing. The horizontal
and vertical advection schemes used for tracers and momentum are the 5-th order weighted
essentially nonoscillatory scheme (WENO5). Vertical mixing is parameterized with the
k-profile parameterization (KPP), both in the surface and bottom boundary layers [33]
which has been shown to be suitable for coastal applications [34].

We chose the 500 m horizontal resolution as an optimal compromise between domain
size and horizontal resolution in a dynamically consistent model domain that allows the
simulation of the open ocean dynamics, its connection to the shelf, the boundary current
system along the shelfbreak, as well as the shelf dynamics. This study should be considered
as a lower bound estimate for the importance of the submesoscale on the shelf region.
At higher spatial resolution (e.g., ¢ (10 m)), not only some of the processes observed would
be fully resolved but other processes would emerge as shown by recent modeling work in
other coastal regions [15]. Because of the highly advective nature of the fronts, filaments,
and coastal eddies, a nested approach with a small domain in the region of interest would
probably not allow the full evolution of submesoscale structures that are advected over
relatively large distances.

Our model simulation was spun up starting from 1 Jan. 2003 of the SODA reanalysis
and repeating the same cycle for three years. All results in this work are based on daily
averages of the 4th year of the model run. Despite the ephemeral nature of submesoscale
features such as fronts, eddies, and filaments, we focus on those which were robust enough
to persist for at least one day and investigate the averaged effect of these processes on a
daily basis. Instantaneous snapshots of specific variables yield a myriad of smaller scale
patterns whose detailed analysis is out of the scope of the present study. We discuss
potential implications of these motions in Section 4.
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3. Results
3.1. Overview and Observational Motivation

We focus on the northern part of the SBB and how shelf and open ocean currents
interact with the most prominent oceanographic feature of the region, namely the the
coastal upwelling center off CF (Figure 1). The primary forcing mechanism of the coastal
upwelling are the northeasterly winds which blow in the area during the upwelling phase,
from late September to March. During the relaxation phase, from April to late August
winds subside and occasionally reverse, alternating episodes of coastal upwelling and
downwelling but with less intensity than during the upwelling phase. The relaxation
phase in 2003 started at around day 70 (mid March) and lasted until day 200 (end of July),
when larger peaks in Ekman pumping start to occur at higher frequency (Figure 3(top)).
Sea level at the coast is strongly influenced by the local winds but there is considerable
low-frequency variability which could be due to continental shelf waves, which are known
to occur in the region [22], or large-scale variability (Figure 3(middle)). The relaxation phase
in this year coincides with a period when net heat flux decreases and becomes negative
(from days 160 to 220) which, together with the reduced upwelling-favorable winds, leads
to a less stratified water column because of the reduced intrusion of SACW from below.
Figure 3(bottom) shows the net heat flux from the climatological COADS product and
Ekman pumping calculated from the QuikSCAT winds for 2003, both box-averaged over
the Cape Frio coastal upwelling center (the green rectangle in Figure A1). The distinction
between the upwelling and relaxation phase is clear, as the winds subside, Ekman pumping
decreases. This is the season when the net heat flux also decreases, thus favoring mixing
and a more uniform water column, as opposed to the two-layered system during the
upwelling season.

Remotely-sensed products clearly lack the spatial and temporal resolution to provide
sufficient detail on the generation and evolution of fronts and eddies on the shelf and
near the coast. SST and chlorophyll-a images do suggest, however, that the interaction
between the coastal upwelling center and strongly sheared currents leads to the formation
of filaments, coastal eddies, and continental shelf fronts. In addition, satellite imagery
provides anecdotal evidence for some of the processes analyzed in detail in our model
solutions. Specifically, we selected three dates with relatively clear images in 2003, the same
year of the model run, where a coastal eddy, a filament, and a front were detected. Figure 4a
shows a recently-formed, cold anomaly at 42° W, between the 50-m and 100-m isobaths,
just southwest off CF on 23 May 2003, during the relaxation phase, when the winds and
heat fluxes are reduced the water column near the coast is less stratified than during the
upwelling phase, when strong winds bring colder waters near the coast thus maintaining a
largely two-layered system. The coastal eddies have diameters of a few tens of kilometers
and seem to be formed by instabilities caused by sheared currents near the region of
coastline veering. Although not much can be said from the AVISO velocities on the shelf,
the coastal jet may interact with coastal currents induced by the propagation of continental
shelf waves, which are most intense in the fall/winter due to atmospheric forcing [22].

Figure 4b shows a cold filament on 10 September 2003 extending from the coast to the
mid-shelf, between the 100-m and 200-m isobaths. This filament was formed after a strong
wind burst in the region (day 250 on Figure 3(top)). Our model results show the evolution
of a feature that is very similar to this one (Section 3.3). Figure 4c shows a more developed
upwelling center with colder temperatures near the coast on 21 December 2003 and what
looks like an ejection of a cold filament advected southwestward by a coastal branch of the
BC, as seen from the AVISO velocities.

The examples shown in Figure 4, namely a cold eddy at the end of May 2003, a filament
in September 2003 and the upwelling front in December, coincidentally look very similar
to modeled results around the same dates. We stress, however, that we did not attempt
to simulate observed features with our 500-m model simulation. Instead, we explored
the simulation for phenomenological discovery of processes that have, to our knowledge,
not been reported before. This coincidence shows the importance of local, synoptic wind
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forcing for the processes observed on the shelf. We explore the dynamics of these features
in the following sections. A brief validation of our model run is shown in the Appendix A.

Wind Stress at a coastal location at 42.5'W, 23°S
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Figure 3. (Top) Stickplot of the wind stress magnitude and direction (positive northward) from QuikSCAT, used to force
the model, for 2003 at a coastal location at the Cabo Frio upwelling center. (Middle) Time-series of the ROMS Sea level at
the same location. (Bottom) Box-averaged net heat flux and Ekman pumping over the Cape Frio upwelling region (See
Figure Al). Vertical blue lines mark the beginning and end of the relaxation phase on days 72 and 185, respectively.
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a) SST from AVHRR-17 and AVISO velocities on May 23 2003
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Figure 4. (a) SST (in °C) from AVHRR-17 and surface geostrophic velocities from AVISO on 23
May 2003 showing a coastal cyclonic eddy recently formed just off Cabo Frio. The size of the eddy
and the timing of its formation is similar to the modeled eddy shown in Section 3.2.3. (b) SST and
surface geostrophic velocities on 10 September 2003 showing a coastal filament. (c) SST and surface
geostrophic velocities on 21 December 2003 showing the coastal upwelling center off Cabo Frio.
Dashed lines show the isobaths of 50 m, 100 m, and 200 m.

3.2. Meso- and Submesoscale Activity in the CF Upwelling Center

In order to identify regions prone to the emergence of submesoscale processes, we
calculate the mean, variance, and the skewness of the local Rossby number, Ro = ]é,
where ( is the surface relative vorticity and f is the Coriolis parameter. The variance
and skewness of surface divergence are normalized by the absolute value of the Coriolis
parameter (Figure 5). Overall, we see that large cyclonic vorticity is associated with the
region where the upwelling front separates from the coast. There are significant deviations
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from the mean state, as seen from the large variance of Ro and the negative skewness
of the horizontal divergence. It shows that that nonlinearity and ageostrophy, typical of
submesoscale fronts and filaments, is important [15,35].

o
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Figure 5. Annual mean (a), variance (b) and skewness (d) of the local Rossby number. Variance (c) and skewness (e) of the

horizontal divergence. All metrics are calculated from 365 daily averages of the modeled horizontal velocities for 2003.

Figure 5 indicates different dynamical regions within the coastal upwelling center.
Just west of Cape Frio, between the isobaths of 50-m and 100-m, we find large vorticity
variance, low vorticity skewness, and low divergence variance and skewness. A similar
pattern is seen in the coastal region shoreward of the 50-m isobath. This suggests that these
regions are consistently forming strong cyclonic vorticity which is largely in geostrophic
balance. The first region is a place of abrupt change in coastline orientation and isobath
convergence. The second one is the region where the coastal jet flows to the west.

Along the 100-m isobath, we see low variance and large skewness of relative vorticity,
as well as relatively large skewness in horizontal divergence. This suggests that this is a
region of sporadic but robust cyclonic vorticity events which are mostly, but not completely,
in geostrophic balance. As will be seen in the next sections, these cyclonic eddies have
diameters of a few tens of kilometers, are preferentially formed in the relaxation phase
when the upwelling front is weak or nonexistent and may either propagate coherently
across the shelf or be ejected into the open ocean depending on specific conditions during
their formation.

Thirdly, we see a high variance of the local Rossby number in the region where
waters from the coastal upwelling center are preferentially advected across the shelf over
a few hundred kilometers, from the coast to the 100-m isobath. This is the location of a
semipermanent front, which is intensified during the upwelling phase. It is associated
with strong convergence as seen from negative values of the skewness of the horizontal
divergence (Figure 5e). While the location of the front is relatively fixed, as seen from the
average Rossby number, the variance around the mean is also large (Figure 5a,b). The front
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(see Section 3.2.1) vanishes in the relaxation phase, but episodic upwelling events form
weaker, more episodic fronts at approximately the same location (see Section 3.3).

As discussed above, the dimensions of the front and coastal eddies are similar to the
deformation radius on the shelf which makes these features largely mesoscale. However,
the strong ageostrophy and nonlinearity associated with them frequently gives rise to
submesoscale features such as cold filaments, formed when cold temperature anomalies,
usually generated by coastal upwelling, are stretched and squeezed thereby intensifying
existing horizontal density gradients. As a consequence, cross-filament, counter-rotating,
ageostrophic secondary circulations (ASC’s) develop on each side of the filament resulting
in very large downwelling due to the sum of downwelling component on each counter-
rotating ASC [7,36,37] (See Section 3.2.2). They are ephemeral, but intense features whose
existence may be reflected on the large values of skewness of relative vorticity and conver-
gence throughout the shelf.

Based on the one year model simulation, we can characterize the region as front-
dominated, during the upwelling phase, where the local formation of coastal eddies is
hindered and as eddy-dominated, during the relaxation phase, when the front is weaker or
nonexistent and coherent eddies develop locally. These features are important both from a
dynamical and biogeochemical point of view. In the remainder of this paper we explore
them in more detail. We will discuss their implications in Section 4.

3.2.1. The CF Upwelling Front

Figure 6a shows modeled SST for 17 December 2003 and gives a general idea of the
conditions during the upwelling season in the northern part of the SBB. While we will focus
on features that are formed in the vicinity of the CF upwelling center, it is worth noting that
there are smaller, localized regions of increased upwelling along the coast. In particular,
we note the region in the lee of the Island of Sao Sebastido (45.5° W, 23.8° S) between the
10 m and 50 m isobaths. The observed SST shown in Figure 1a confirms the existence of
this secondary upwelling center, which is independent of the CF upwelling center and
is formed due to interactions between the coastal flow and the island /headland. To our
knowledge, this has not been reported before. Although localized and somewhat restricted
to the inner shelf, it may help explain local productivity patterns.

During the upwelling phase, an intense front develops in the northern SBB ( Figure 6a).
This is a dominant feature of the region, as seen from the mean and variance of the
relative vorticity (Figure 5). It is a preferential pathway for water transport from the
coastal upwelling center into the wider continental shelf to the southwest. Note the
similarity, in terms of location of the front, with the observed SST pattern shown in
Figure 4c. Modeled SST is colder than the one obtained by remote-sensing, which is to be
expected given the positive bias, as large as 4 °C during the upwelling season, recently
observed in remotely-sensed products when compared to observations in the region [38].
The horizontal temperature gradient within the front is approximately 8 °C over a distance
of less than 10 km. The frontal jet flows from the coast southwestward at a bearing of
around 065° all the way to the 100-m isobath. A cross-frontal transect taken along the
green line in Figure 6a reveals a surface-intensified frontal jet core of 0.7 ms~! in the
upper 20 m and velocities of around 0.3 ms~! down to 65 m depth. Alternating up- and
downwelling velocities with values up to 1073 ms~! are seen extending from 10-m to 70-m
depth. The front is also associated with strong vertical mixing, particularly on its cold
side, with values as large as 0.016 m?s~!. Enhanced vertical mixing near the bottom may
be associated with the coastal upwelling process, as SACW near the bottom is displaced
shoreward during the upwelling season and not necessarily related to the frontal dynamics
per se [39].
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Figure 6. (a) Modeled SST (in °C) and surface velocities for 17 December 2003 with location of the transect highlighted
in green. Red lines show the isobaths of 10 m, 50 m, 100 m, and 200 m. (b) Temperature transect across the front with
associated isopycnals; (c) Along-front velocity transect; (d) Vertical viscosity coefficient transect; (e) Vertical velocity transect.
All values are obtained from daily-averages of the model output. Isopycnals are shown in black.

Given the importance of vertical mixing within the front, the dynamical balance may
be largely explained by the turbulent thermal wind (TTW) balance [36,37],

T1 T2 T3
AN N T
T T I »
faz_ ox 022\ "oz a
ou ob o2 v
E——@"F@(Kv&), (1b)
where Equation (1a) refers to the along-front direction and Equation (1b) to the cross-front
direction. b = %‘ip is the buoyancy, where p is the density and pg is a reference density,

in this case 1025 kgm 3

The dynamical balance calculated for the transect of Figure 6, using Equation (1),
shows that although the TTW seems to be a good first-order approximation, as shown in
Figure 7, it does not provide the full picture of the frontal dynamics. The unexplained part
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Tendency

of the balance may be due to tendency and advection as the front seems to be a consequence
of both the coastal upwelling and horizontal advection due to intrusions of the BC onto
the shelf. In order to investigate in more detail the dynamical balance of these features,
we extract daily averages of each term of the momentum equation. The momentum
equations in Cartesian coordinates are

Vert.Advection Pres.Gradient Vert.Mixing .
Horiz. Advection — e Coriolis — A Horiz. szmg Nudging
- ~ ou = o 0 ou ~~
-0y, - Vyu —wo- +fv 3 +$ s +@u +7 (2a)
v 9¢ 0 v
—0 - Vo — o —fu— = o, 2b
Oy th waz fu ay +aZ( vz )'f‘@v +S ( )

where 7, = (u,0) is the horizontal velocity, V), = (£, % ), ¢ is the dynamic pressure, 2 are
diffusive terms, and . are nudging terms. The last two terms are negligible and are not
shown. Figure 8 shows the remaining terms of Equation (2b) in the cross-frontal direction
for the front shown in Figure 6. The vertical mixing term largely balances the sum of the
pressure gradient and Coriolis terms in the upper 20 m. Part of this is due to the Ekman
balance, in which wind-driven mixing balances the Coriolis force and is independent of
the frontal structure. This is more common during the upwelling phase, when winds are
stronger. Another part is due to mixing induced by the geostrophic flow within the front,
which is associated with the TTW [37]. Between 20 km and 30 km, within the frontal jet,
horizontal advection becomes important with a smaller contribution of vertical advection

near 30 km.
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Figure 7. Terms from the turbulent thermal wind balance in the cross-frontal direction (Equation (1b)) calculated from

the transect in Figure 6. (a) f 5 (b) y (c) 32z (KV az) and (d) the difference between terms shown in (a,b). Isopycnals are

shown in black.
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Figure 8. Terms from the meridional momentum equation in the cross-frontal direction calculated for the transect in Figure 6.
Nudging and horizontal mixing terms are neglected.

3.2.2. Cold Filament

Cold filaments on the shelf are highly episodic, last no more than one or two days,
and are characterized by large vertical mixing and convergence. They are common not
only in the CF upwelling region but also in the wider continental shelf and the adjacent
open ocean given the intermittent wind forcing and strongly sheared currents which can
easily generate cold anomalies that are subsequently stretched and thinned. Figure 9 shows
the evolution of one of the cold filaments modeled in the region in May, in the beginning
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a)

SST and Surface Velocity for Model day May 18 2@%

of the relaxation season. It is formed as a consequence of convergence and straining of
the weakening upwelling center as it transitions from the upwelling to the relaxation
season due to the subsiding winds and cooling. The whole process takes around 4 days
and the cold filament itself reaches its strongest horizontal density gradient on 20 May.
A vertical transect is taken on this day and is shown in Figure 10. The filament has a
width of approximately 3 km and extends down to 20-30 m depth, roughly constrained
within the surface mixed layer. Its most striking feature is the very large downwelling at its
core, with vertical velocities as large as 1 cms ™!, consistent with previously modeled cold
filaments [7,37]. This is caused by convergent velocities in the cross-filament direction in
the upper 20 m (Figure 10). The cold filament is also associated with strong vertical mixing
in the upper 20 m, as seen by the large values of the modeled .

Figure 11 shows each term from the TTW calculated from the transects shown in
Figure 10. The vertical mixing term mostly balances the difference between the vertical
shear of the along-front velocity and the cross-front buoyancy gradients. The TTW balance
is not expected to be perfect, as it neglects the time tendency and advection terms, which
are clearly important in this case. Nevertheless, the TTW provides a good estimate of the
dynamical balance within the cold filament.

b)
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Figure 9. Modeled daily averages of SST (in °C) and surface velocities during the formation and dissipation of the cold
filament. Dashed lines show the isobaths of 10 m, 50 m, and 100 m.
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Figure 10. (a) Temperature transect across the filament shown in Figure 9c with associated isopycnals; (c) Along-filament
velocity transect; (c) Cross-filament velocity transect; (d) Vertical velocity transect; (e) Vertical viscosity coefficient transect.

All values are obtained from daily-averages of the model output. Isopycnals are shown in black.
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Figure 11. Terms from the turbulent thermal wind balance in the cross-filament direction (Equation (1b)) calculated from

the transect in Figure 9c. (a) f ‘3—’;, (b) %, (c) % (KV%) and (d) the difference between terms shown in (a,b). Isopycnals are

shown in black.

Analysis of each term of Equation (2b) in the cross-filament direction shows that
departure from geostrophy is to a large extent balanced by vertical mixing which confirms
that the TTW the dominant balance as seen from the alternating pattern of the vertical
mixing term on the different sides of the filament (Figure 12). Horizontal and vertical
advection are also important terms, which is to be expected because the filament deviates
from the prototype TTW which applies for fronts or filaments that are nearly straight, have
little ageostrophic secondary circulation, and are in steady state.

3.2.3. Coastal Coherent Eddy

A clearer distinction in terms of coherent structures formed in the coastal and shelf re-
gion of the SBB can be seen in the relaxation phase, from April to September. Weaker winds
cause a reduction or cessation of the coastal upwelling and coastal downwelling in some
occasions. Surface cooling also tends to homogenize the upper 50 m of the water column
near the coast, as opposed to a mostly two-layered system with TW on top of SACW during
the upwelling season. These conditions, associated with horizontal shear at CF, where the
coastline abruptly changes direction, favor the formation of coherent cyclonic eddies which
can propagate on the shelf for several months. The predominance of cyclonic vorticity at
this location is evident in mean, variance, and the positive skewness of relative vorticity
(Figure 5). The values are consistently positive starting from CF and following roughly the
100 m isobath.
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Figure 12. Terms from the meridional momentum equation in the cross-filament direction calculated for the transect in
Figure 9c. Nudging and horizontal mixing terms are neglected.

These vortices are different in size, relative vorticity, and formation mechanisms
from the well known cyclonic eddies associated with instabilities of the Brazil Current
system [40]. Because the Rossby radius of deformation on the shelf is, approximately,
10 km, these coastal eddies, whose diameter is around 20 km, should be characterized as
mesoscale. From a dynamical point of view, this is an important distinction and shows
the need to look at the different processes observed on the shelf not only in terms of their
nominal length scales but also in terms of how they compare to other dynamically relevant
quantities, such as the deformation radius.

Figure 13 shows one of the modeled eddies right after its formation, on 23 May 2003
and six days later when it is a coherent feature detached from the coast. Note the similarity
in terms of size and location with the eddy detected in the SST image shown in Figure 4 at
approximately the same date. Figure 14 shows that the vertical structure of the eddy on
29 May 2003 is mostly confined to the upper layer. Vertical mixing within the eddy is much
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smaller than in its surroundings, where large values are associated with cooling. Very large
vertical velocities are seen in narrow regions within and on the flanks of the eddy.

a), .
SS'Iz'zggd Surface Velocity for Model day Ma 23_2(5(3_35

124

123.5

24°s 21

Figure 13. Modeled daily averages of SST (in °C) and surface velocities during the formation of a
coastal eddy and its separation from the coast 6 days later. Red lines show the isobaths of 10 m, 50 m,
100 m, and 200 m.

The terms in Equation (1) are calculated for the meridional transect shown in Figure 13b
and show that it is largely in gradient-wind balance (Figure 15), as the difference be-
tween the vertical shear and the buoyancy gradient terms suggests that the centrifu-

gal force may be important. A back of the envelope calculation shows that VTZ equals
3.60 x 107> ms~2 using a maximum velocity of 0.6 ms~! and the radius of the eddy of 10 km.
This is roughly the same value as fV, which is 3.42 x 107> ms~2, using f = —5.8 x 107 s~ 1.
Therefore, the centrifugal force can not be neglected.

The analysis of the momentum budget in the meridional direction (Figure 16) confirms
that Coriolis, pressure gradient, and horizontal advection are the largest terms within the
eddy, with a small but non-negligible contribution of vertical advection. No strong surface
mixing is associated with the eddy, as opposed to the filament and the front discussed
above. These eddies can, however, have a significant impact on the shelf circulation as they
carry coastal waters into the mid- and outer shelf. Their lifetimes range from a few days to
many months. In this specific example, the eddy propagates southwestward as a coherent
feature for 4 months, decaying on model day 22 August 2003 at 46.90° W, 25.43° S.
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Figure 14. (a) Temperature transect across the coastal shown in Figure 13b with associated isopycnals; (b) zonal velocity
transect; (c) Vertical velocity transect; (d) Vertical viscosity coefficient transect. All values are obtained from daily-averages
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Figure 15. Terms from the turbulent thermal wind balance in the meridional direction across the coastal eddy (Equation (1b))
calculated from the transect in Figure 13b. (a) f g—g, (b) %, (c) % (KV%) . Isopycnals are shown in black.
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The eddy kinetic energy (EKE) was calculated for the Cape Frio upwelling region
(the green rectangle in Figure Al ) and averaged in the upper 50 m of the water column
(Figure 17). We define the daily-averaged output as the total field, 7 = 7 + o', where 7
is the monthly average and ¥’ are deviations from the average. The time-series of the
averaged EKE shows that it is larger during periods when the upwelling front is not as
intense. Note the peak from days 100 to 160, which is the period when the filament and
the eddy previously analyzed occurred. This suggests that a strong front would hinder
the local formation of eddies. This does not mean that the front is stable but rather that
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the instabilities generated at the front may be horizontally advected and develop further
downstream, while during the relaxation phase coherent eddies are formed locally.

In order to gain insight into the energy sources responsible for the features analyzed
previously, we calculate the energy conversion terms in the coastal upwelling region and
compare them with similar terms in the adjacent open ocean. The conversion from mean
to eddy kinetic energy, the total shear production (SP), may be divided into a sum of the
horizontal shear production (HSP) and the vertical shear production (VSP) [41,42]

SP = HSP + VSP, 3)
where
HSP — w22 _ g a0 00 )
VsP = w2 _ g (4b)
oz 0z’
BP = w'b. (4¢)

The analysis allows one to infer the preponderance of baroclinic instability, if BP > 0,
barotropic instability, if HSP > 0, or vertical shear instability, if VSP > 0.

We calculated these terms for an area representative for the coastal upwelling cen-
ter (the green box in Figure Al) and box-averaged them in the upper 50 m, based on
the vertical extent of the previously analyzed structures. Figure 18a shows the evolu-
tion of each averaged term over the whole year of simulation. In the first 100 days,
roughly from January to the beginning of April (the upwelling phase), baroclinic and
barotropic instabilities are dominant. The relatively high-frequency (=7 days) oscillations
are due to coastal currents driven by the local winds and by the passage of continental
shelf waves that flow along the coast as seen from variations on sea surface height (see
Figure 3(middle)). Upwelling-favorable winds bring colder water to the surface which
can lead to large horizontal buoyancy gradients, a strong thermal-wind jet, and baroclinic
instability. Coastal intrusions of the BC onto the shelf at CF may also enhance the jet and
lead to large horizontal shear production. During mid-April until the end of June (the re-
laxation phase) baroclinic instability dominates. This is the period when coherent, cyclonic
eddies are preferentially formed in the region. Buoyancy production is larger during the
period when stratification in the upper 50 m is weaker because during the upwelling phase
the stratification induced by coastal upwelling and the intrusion of SACW is included in
the the mean. Therefore, the anomalies, and hence BP, are smaller. During the relaxation
phase, sporadic events generate anomalies at the coast which are not horizontally advected
because of the absence of the front and weaker currents. This allows instabilities to grow
locally. As an illustration, we show the evolution of modeled SST and surface velocities
after a strong burst of upwelling-favorable winds on 7 September (day 250 in Figure 3(top)).
Note that the SST is not as cold as during the upwelling phase, but the deviation from the
mean is significant. In 4 days, from 7 September to 11 September, colder waters emerge in
the CF upwelling center, but a reversal of the winds induces an increase in sea level and a
coastal current flows eastward, giving rise to strong horizontal shear which result in five
cyclonic eddies along the 100-m isobath on 17 September (Figure 19), the same location of
large cyclonic vorticity skewness as shown in Figure 5.

In the remainder of the year, a mixed barotropic-baroclinic instability pattern is pre-
dominant. Note the positive bias in both BP and HSP which suggests that, on average,
there is a supply of energy from the mean to the eddy flow in the region from both the
horizontal shear and the eddy buoyancy flux. As a comparison, Figure 18b shows the
same calculation for an area on the adjacent open ocean (the green rectangle in Figure A1)
where a very different pattern is observed, with episodic—but at lower frequency than
in the coastal case—bursts of HRS due to the mesoscale eddies formed by instabilities of
the BC and increased eddy buoyancy flux from early autumn to late winter. Note that
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PeKe in this case may be underestimated as the buoyancy anomalies within open-ocean,
mesoscale eddies will reach deeper than 50-m. In the open ocean case, however, only the
eddy buoyancy flux has a positive average over the year, showing that baroclinic instability,
on average, is the dominant process for eddy variability. The large positive and negative
values of HRS tend to average out over the year.

EKE Averaged in the Upper 50 m

0.04

0.035 - 1

0.005 WJ ]

0 1 1 1
0 100 200 300 400

Model days

Figure 17. Box-averaged eddy kinetic energy in the upper 50 m of the water column over the Cape
Frio upwelling region.
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Figure 18. Time-series of the terms shown in Equation (4) for (a) the CF upwelling region and (b) the adjacent open ocean.

All terms are calculated within the rectangles shown in Figure Al and averaged in the upper 50 m.
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Figure 19. Modeled daily averages of SST (in °C) and surface velocities after a strong wind event on 7
September (day 250) which causes coastal upwelling and the subsequent formation of shear-induced,
coastal cyclonic eddies. Dashed lines show the isobaths of 10 m, 50 m, 100 m, and 200 m.
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4. Discussion and Conclusions

Our model simulation shows that during the upwelling phase, roughly from late
October to late March, the dominant feature is an upwelling front east of Cabo Frio. It is
an elongated stretch around 200 km long and 20 km wide with horizontal temperature
gradients as large as 8 °C over less than 10 km . The front is characterized by a strong jet
and is associated with enhanced vertical mixing. The dynamical balance within the front
may be described as a sum of Ekman and turbulent thermal wind. The large horizontal
velocities transport cold and nutrient-rich water hundreds of kilometers away from the CF
upwelling region [24]. This preferential route of cross-shelf export of coastal, nutrient-rich,
recently upwelled waters can be very important for larval transport and fisheries [43]
as well as benthic production [44,45] in the region. The existence of a strong front may
hinder the formation of coherent eddies locally. This is consistent with theoretical studies
showing that frontal regions associated with strong stretching inhibit the amplification of
disturbances that lead to the formation of coherent eddies [46,47]. It may also be that the
instabilities generated in the front are strongly advected and their effect is seen downstream,
which is what is seen in the model results to a certain extent. However, this meandering
when the front is strong does not lead to the formation of coherent eddies.

During the relaxation phase, from late April to late September, winds subside, the frontal
jet weakens and the water column becomes less stratified in the upper 50 m. In this period,
our model simulation shows a preference for the formation of coherent cyclonic eddies.
They carry coastal waters across the continental shelf and could be an important cross-shelf
transport mechanism of water properties and organisms that make use of these structure
to maintain a high level of spawning activity even during the winter, such as the Engraulis
anchoita [43]. The fact that these eddies maintain their coherency for many months could be
very useful for different species as a sheltered environment that would favor the survival
of larvae that would perish otherwise.

Because the horizontal scale of eddies (=20 km) is comparable to the shelf radius
of deformation (/10 km), these features should be characterized as mesoscale. This is
corroborated by the fact that these eddies are mostly in gradient-wind balance. Neverthe-
less, they are one order of magnitude smaller than the open ocean mesoscale eddies and
associated with small patches of very large vertical velocities on their flanks, so they are
prone to the development of submesoscale motions.

An analysis of the energy conversion terms show that during the upwelling phase
horizontal shear production and buoyancy production dominate, suggesting a mixture of
baroclinic and barotropic instabilities in the upwelling center. During the relaxation phase,
baroclinic instability dominates. Note that there is significant time-variability associated
with these terms, which could be associated with the wind forcing, continental shelf waves,
and relaxation events on shorter time-scales. Our results corroborate recent work showing
that baroclinic instability maintains a strong mesoscale eddy field on the shelf on scales
comparable to the shelf deformation radius [48,49].

The straining of the surface, cold temperature anomalies, and horizontal convergence
gives rise to the third feature highlighted in this work, namely, cold filaments. They are
ephemeral and last no more than one or two days. In our model simulation, the width of
the cold filaments is around 1 km; therefore, even our 500-m simulation is not sufficient
for a full description of their dynamics. Downwelling velocities as large as 1 cms~! and
strong vertical mixing is observed in their center. The turbulent thermal wind is shown to
be the leading order balance within the analyzed feature. There was no clear seasonality
associated with these features as episodic coastal upwelling events, surface convergence,
and horizontal straining are present throughout the year. The large downwelling in
relatively shallow regions makes the cold filaments potentially important for sediment
transport and the export of coastal organic material from the surface to the bottom of the
ocean, thus being important for the productivity of benthic organisms [44,45].

Given the importance of the CF upwelling region on the productivity of the SBB,
both locally and remotely, and the ubiquity of fronts, eddies and filaments on the shelf, it is
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important to take these features into account for a better understanding of the functioning
of this ecosystem and its resilience to direct human activities (e.g., oil exploration, fisheries,
tourism) and to climate change.
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Appendix A. Model Validation
Appendix A.1. The Brazil Current System

In this section we show some annually- and seasonally-averaged properties obtained
from one year of our model simulations in order to provide a degree of dynamical con-
sistency for our results. It is important to show that the large- and mesoscale fields are
consistent with observational estimates. A one-year average is not adequate as a long-term
average as specific mesoscale features may be too pronounced and influence the mean
field. Nevertheless, our model does show the main features of the western South Atlantic,
namely the BC and its meanders and eddies near Cabo Frio (Figure Al).

The annual average of the velocity along and across the transect from Figure Al is
shown in Figure A2, where we see the vertical structure of the Brazil Current system as
currently understood at this location, namely the surface intensified BC flowing southward
along the shelfbreak and the Intermediate Western Boundary Current (IWBC) flowing
northward deeper at the slope. The BC-IWBC system is studied in detail in [25,27]. The an-
nual average of the BC transport is 2.9Sv and for the IWBC it is 2.25v. Figure A3 shows
a TS-diagram for the transect during the summer and winter months, showing that the
vertical structure of water masses is consistent with the current knowledge of the region.

18°S
24.5
20°S 24
22°S ZS
24°S ZS
26°S is
20.5

28°S

48°W 45°W 42°W 39°w 36°W

Figure A1. Annual average of the modeled SST in °C (color) and velocity (arrows). Squares show the
region where the energy analysis in Section 3.3 was performed for the upwelling center and offshore.
The black line shows the transect along which the average velocity was calculated.
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Figure A2. Annual average of the velocity along the transect shown in black in Figure Al. The struc-
ture of the western boundary current system of the South Atlantic ocean is consistent with observed
estimates as shown by the southward-flowing Brazil Current in the upper 150 m and the northward-
flowing Intermediate Western Boundary Current below.
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Figure A3. Temperature-Salinity diagram for the section shown in Figure A2 for the summer and
winter months.
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Appendix A.2. Distribution of Water Masses in the Northern SBB

In this section, we look at the distribution of temperature and salinity properties in
the northern section of the SBB. The main deficiency of the model is that it does not contain
the low salinity values that are important for the stratification of the inner shelf [28]. This is
expected as we do not prescribe river flows in the current simulation. This is, however, not
a serious drawback for the current study as we focus on the mid- and outer shelf dynamics.
Other than that, both the structure of the temperature and salinity on the northern SBB
during summer and winter at different depths (Figures A4 and A5) are consistent with the
climatological estimates of [23], which is the most comprehensive dataset for the region
to date. Specifically, we note the minima in temperature and salinity south of CF where
bottom intrusions of SACW occur due the influence of mesoscale eddies [50] or topographic
steering of the Brazil Current onto the coast [51]. In addition, the TS-diagrams (Figure A6)
for the northern SBB are consistent with the observations except for the low salinity values
on the inner shelf, as previously mentioned.
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Figure A4. Summer (Jan-Mar) and winter (July-September) averages for temperature on the northern South Brazil bight at
the surface, 25 m and the bottom).
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Northern SBB during summer (red) and winter (blue)
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Figure A6. Temperature-Salinity diagram for the section shown in Figure A4 for the summer and
winter months.
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