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Abstract
The plumes from the rivers of the South Brazilian Bight (SBB) and South Brazil (SB) were studied using a realistic model
configuration. River plume variability on continental shelves is driven by the input of river runoff into the shelf, by wind
variability, and also by ambient currents and its seasonal variability, especially the Brazil Current, which are realistically
modelled in this study. It is presented a simulation of 4 years using a nested configuration, which allows resolving the region
around Florianópolis with very high resolution (∼150 m). The dispersion of river plumes was assessed not only with the
hydrodynamical model results but also by using passive tracers whose dynamics was analyzed seasonally. Several dyes were
released together with the river discharges. This approach allowed calculating the depths of the riverine freshwater, and
the resulting regions affected by the plumes. Northward intrusions of waters from the southern region, under the potential
influence of the distant La Plata river plume, were evaluated with a Lagrangian approach. The local river plumes are confined
to the inner shelf, except south of 30◦S where discharges from Lagoa dos Patos disperse over the shelf in the spring and
summer. The Brazil Current flowing southward over the slope prevents the river plumes from interaction with oceanic
mesoscale dynamics. The river plumes are, thus, mainly controlled by the wind forcing. The plumes from SBB are able to
disperse until SB following the southward wind regime typical of the summer. And both the SB and La Plata river plumes
are also able to reach SBB, forced by the northward wind typical of the winter season, until the latitude of 25.5◦S. A low
salinity belt (below 35) is present along the coastal region of SB and SBB year-round, supported by contributions from both
the large and small rivers. The interaction between the different plumes influences the dispersion patterns, shielding the
Florianṕolis coastal region from plumes of distant rivers, and dispersing the plume of SBB rivers away from Santa Catarina
Island as it disperses southward during the summer months.

Keywords South Brazilian Bight · South Brazil · Florianópolis · River plumes dispersion · River plumes interaction ·
2-way model nesting

1 Introduction

Florianópolis is located in the Brazillian coastal region
around 27◦S, in the state of Santa Catarina. It consists of
a main island, also called Santa Catarina; a continental
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part; and several small islands (Fig. 1). The region has
an important metropolitan area and several main ports,
including the Port of Itajaı́, the second largest of the
country in container handling. There is a growing concern
over urban discharges and industrial activity, including oil
exploration, affecting the beaches and coastal waters. As
a consequence, there are impacts on the quality of life,
in coastal ecosystems, and in environmentally protected
regions, like the Arvoredo Marine Biological Reserve,
located very close to urban areas (Fig. 1c). Santa Catarina
Island is approximately 54 km long and 18 km wide, and the
narrowest channel separating it from the coast is about 400
m wide. To the north, between the mainland and the island,
there is the North Bay (∼10 km wide) and to the south, the
South Bay (∼6 km wide) ending in another narrow channel
1 km wide.
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Fig. 1 Regions of study. a Geographical location of the model domain
D1. b D1 and HYCOM meshes every 10 grid lines and location of
the rivers, where the relative mean discharge is indicated by the red
horizontal bars (discharge values are provided in Fig. 2); the high-
lighted river names indicate the rivers in the region of Florianópolis;
the green rectangle near the southern domain boundary is the region

of Lagrangian floats release; the four transects (labelled north, centre,
south1, and south2) show locations were vertical profiles of several
variables are analyzed; the sets of three dots on each transect indicate
sites where wind (black dots) and currents (red dots) time series were
extracted; the three blue dots indicate buoys used for model validation.
c Zoom around Florianópolis showing the domains D2 and D3
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In order to understand the oceanic features of the region
surrounding Florianópolis, several oceanic observational
and modelling projects have been conducted (e.g., Noern-
berg and Alberti 2014; de Souza and Schettini 2014; Bordin
et al. 2019). It has been, however, difficult to simulate realis-
tically this very small-scale region because of the influence
of large-scale forcings. For instance, the need to include
in the simulations accurate tidal circulation and river forc-
ing away from the region of study may require a large
domain, compromising the high resolution needed. Rivers
and regional coastal features like upwelling, away from the
site but important for the region, may not be present in the
parent global- or basin-scale model/dataset used to force the
local regional model. In particular, the riverine freshwater
has an important role in coastal systems, generating density
gradients and currents and thus is important for dispersal of
pollutants in industrialized regions or marine routes (e.g.,
Kourafalou and Androulidakis 2013; Marta-Almeida et al.
2013b; Magris et al. 2019), for marine reproduction and
growth (e.g., Lohrenz et al. 1999) and for the whole ecosys-
tem in general (e.g., Hickey et al. 2010; Waterhouse et al.
2012). Even relatively small amounts of discharge may be
crucial in regions dozens or hundreds of km away from the
discharge locations.

The region of Florianópolis lies in the south of the South
Brazilian Bight (SBB), extending from Cape Frio (23◦S) to
Cape Santa Marta (28.6◦S), with an along coast extension of
about 1000 km (Fig. 1). South of Cape Santa Marta, down
to the Brazil-Uruguay boundary, is the South Brazil region
(SB), with an extension of 720 km. The coastal region
of the SBB and SB has been studied over the past with
models and observations, more intensively on the southern
part around Lagoa dos Patos (e.g., Zavialov et al. 2002;
Soares and Möller 2001; Soares et al. 2007a, b; Palma et al.
2008; Matano et al. 2010). In general, the studies at coastal
scale are focused on a particular region, and large-scale
studies are typically focused on certain periods (believed
to be characteristics of the seasonal variability), or, in
case of modelling studies, they frequently lack the realistic
capabilities that are nowadays available to the modelling
community. Being located in a region with strong mesoscale
features and the presence/influence of the La Plata river, the
role of several freshwater sources along the coast has been
typically disregarded, or at least not included in large-scale
studies, eventually with the exception of the river discharges
into Lagoa dos Patos (e.g., Palma et al. 2004; Soares et al.
2007a, b; Palma et al. 2008; Matano et al. 2010; Mendonça
et al. 2017). For instance, south of Ilhabela archipelago,
the SBB has an average riverine freshwater input of about
1600 m3 s−1, including the rivers from Itapanhau to Santo
António (Figs. 1b and 2). This value is comparable to the
discharge into Lagoa dos Patos, the main fresh water source
of SB (excluding the low salinity waters entering through

the south originated in the La Plata river), with an average
discharge of 1844 m3 s−1 (includes the rivers Guaı́ba,
Camaquã, and the São Gonçalo Channel, connecting Mirim
Lagoon and Lagoa dos Patos). The importance for shelf
dynamics of relatively small, but closely spaced rivers, has
been reported in the literature (e.g., Peliz et al. 2002; Otero
et al. 2008; Saldı́as et al. 2016; Osadchiev and Korshenko
2017). And while studies of large river plumes sometimes
consider them independent from small sources, their fate
and dispersion may be strongly influenced by plume-to-
plume interactions (Warrick and Farnsworth 2017).

In terms of circulation and water masses, the region is
dominated by two mesoscale features: the warm and salty
Brazil Current (BC) transporting tropical water (TW) over
the slope (Stramma et al. 1990) and South Atlantic Central
Water (SACW) under the TW (SACW off BC extends over
the platform until the coast) and the Malvinas Current (MC)
which meets the BC by the latitude of La Plata river, off
Argentina, at the Brazil-Malvinas Confluence (BMC, Piola
and Matano 2001). The shelf of Uruguay and the region
around the Brazil southern boundary is characterized by the
presence of fresh waters from river La Plata which extends
northward in late fall, and retracts during the spring/summer
months, having the wind as forcing mechanism (Palma
et al. 2004; Piola 2005; Soares et al. 2007b; Burrage et al.
2008; Möller et al. 2008; Pezzi et al. 2016). The freshwater
from Lagoa dos Patos and intrusions of sub-Antarctic Shelf
waters exhibit the same seasonal pattern (Palma et al. 2008).
The La Plata plume reaches 38◦S and 28◦S (very close to
Florianópolis), representing excursions of about 1200 km
(Palma et al. 2008). Some studies believe the possibility of
the presence of the La Plata plume further north, reaching
the southern regions of the SBB (e.g., Piola et al. 2000). This
winter time northward-flowing coastal current, opposed to
the BC and carrying cold and fresh waters, has been called
Brazilian Coastal Current (BCC) (Zavialov et al. 2002; de
Souza and Robinson 2004; Palma et al. 2008). While under
the influence of La Plata discharge and wind driven away
from La Plata river mouth, it is also argued that the BMC
may play a role in the development of the BCC, namely due
to the spreading of cross-shelf pressure gradients created by
the MC (Palma et al. 2008). At subsurface, the Uruguay–
SB region is dominated by the Subantarctic Shelf Water
from the south and the Subtropical Shelf Water, from the
north. These water masses are separated by the Subtropical
Shelf Front, extending meridionally south of Lagoa dos
Patos (Piola et al. 2000, 2008; Mendonça et al. 2017). The
Subtropical Shelf Water is originated by dilution of SACW
with freshwater discharges by SB rivers and by the La Plata
river.

In general, the major forcings of the SBB and SB are
wind, tides, riverine freshwater and western boundary cur-
rents. Contrarily to the Patagonia Shelf (south of 40◦S),
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Fig. 2 Discharges of the rivers north of Florianópolis (a), in the Flo-
rianópolis region (b, inside domain D2) and south of Florianópolis
(c). The legends show the river names and the percentage contribution

of each river to the total discharge in each of the regions, as well as
the mean discharges (m3 s−1). The rivers are indicated from North to
South and the largest river in each subregion is shown in black

tides north of the La Plata river are week and the shelf cir-
culation is mainly driven by river discharges and wind. The
region is characterized by northeasterly winds throughout
the year (Satyamurty et al. 1998), a pattern that is mod-
ified by the cold frontal systems, more frequent during
austral winter (Campos et al. 1995; Palma 2004). The SBB
is primarily driven by prevailing upwelling favorable south-
ward alongshore winds and offshore by the BC (Matano
et al. 2010), which shows no significant seasonal variability.
Increased turbulence has been identified in previous studies
(e.g., Oliveira et al. 2009) at the SBB and should be mainly
associated with the abrupt change in coastline geometry
south of Cape Frio. SB is mainly influenced by southward,
seasonally reversing winds, by the discharges of La Plata
river and Lagoa dos Patos, and offshore by the BC and the
BMC.

The objective of this work is to study the seasonal
dynamics of river plumes in the SBB and SB and the
possibility of the plume dispersion to affect the region
around Florianópolis. The modelling configuration pre-
sented addresses the difficulties of simulating both the large
and the very small scales, taking into account the realis-
tic mesoscale and other important forcings. The modelling
approach uses stereoscopic 2-way online nesting, a rela-
tively recent development in coastal modelling and used for
the first time in the Brazillian region. This study tries to cope
with the several limitations of common modelling practices
in the region and gives attention to the many small riverine
sources. The possibility of intrusions of the La Plata river

waters in the SBB is also assessed. Model validation is pro-
vided against observations of temperature, salinity, currents,
and sea level anomaly (in terms of geostrophic currents).

2Methods

This modelling study used the primitive equations, free-
surface, terrain-following Regional Ocean Modeling Sys-
tem (Haidvogel et al. 2008). Three online nested domains
(2-way) were used (Fig. 1) with a nesting ratio of 5.
This means the resolution increases 25 times between the
larger scale domain and the third, local very high-resolution
domain. The parent domain, D1, extends from Ilhabela to
the Brazil-Uruguay boundary, covering almost the entire
SBB and the SB regions. The domain averaged horizontal
resolution is 4385 m and around 4000 m in the Florianópolis
region. The intermediate domain, D2, extends north (includ-
ing river Itajaı́-Açu) and south of Florianópolis and offshore
until the 100 m isobath. The horizontal resolution is about
700 m. The smallest domain, D3, covers the Santa Cata-
rina island and adjacent waters with a resolution of about
150 m. The vertical axis was discretized with 30 s-levels.
The configuration used fourth-order horizontal advection
for momentum and third-order upwind advection for trac-
ers. Explicit horizontal diffusion for momentum was set to
5 m2s−1 in the coarse grid. The model ran 4 years, 2013–
2016, with realistic atmospheric, tidal, riverine, and lateral
forcings.
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Other realistic coastal modelling implementations using
ROMS, although without nesting, have been done in
several Brazilian regions in recent years at diverse time
and space scales. These have been used to study subjects
like ocean–continental shelf interactions (Amorim et al.
2013), upwelling processes (Aguiar et al. 2014, 2018),
estuarine dynamics and exchange (Marta-Almeida et al.
2017, 2019; Aguiar et al. 2019), pollution dispersion
(Marta-Almeida et al. 2016; Magris et al. 2019), and
operational oceanography (Marta-Almeida et al. 2011a,
b, 2013b). These modelling studies were implemented
using one domain offline nested into large-scale or global
models, which while a technique known to improve model
skill (Marta-Almeida et al. 2013a), it may be difficult
to simulate both the mesoscale and the very small-scale
coastal/estuarine features without using online nesting. A
very different approach was recently implemented in the
Brazillian Northeast region, in which Marta-Almeida et al.
(2019), using a multicorner domain, were able to span
a wide range of spatial scales. Such technique, however,
depends greatly on the geometry of the coastline and is
not suitable for the current study region. Also recently,
a coupled ocean-atmosphere configuration of ROMS was
used for SB, Uruguay, and Argentina regions to study water
masses and currents (Mendonça et al. 2017). The study used
realistic atmospheric forcing (the same as here, described in
the next paragraph), while having a climatological approach
for the oceanic counterpart.

The surface forcing was obtained from the Climate
Forecast System Reanalysis (CFSR, Saha et al. 2010),
enabling the model to exchange momentum, heat, and fresh
water with the atmosphere. The data is available every 6 h
with a resolution of 0.3◦. CFSR is considered more accurate
than the previous reanalysis from NCEP (National Centers
for Environmental Prediction), in particular in the Southern
Hemisphere. This dataset has been successfully used in
previous Brazilian coastal modelling studies (e.g., Aguiar
et al. 2018; Magris et al. 2019; Marta-Almeida et al. 2019).

Tidal forcing was added to the parent domain D1
(Fig. 1b), consisting in tidal amplitudes and phases of tidal
elevation and ellipses of the barotropic tidal currents. The
tidal dataset used was TPXO (Egbert and Erofeeva 2002)
which provided data for the main semi-diurnal (M2, S2, N2,
K2) and diurnal (K1, O1, P1, and Q1) constituents.

As initial and lateral boundary conditions, D1 used
state variables, free-surface and currents from the global
model HYCOM–NCODA (Hybrid Coordinate Data
Assimilation—Navy Coupled Ocean Data Assimilation,
Wallcraft et al. 2009). This realistic dataset has a horizontal
resolution of 1/12◦ and is available with daily periodicity.
Around the border of the domain it was applied a nudging
relaxation towards the HYCOM solution (Marchesiello
et al. 2001).

The main rivers inside the study region were used in
the simulations, a total of 17. Their locations and relative
discharges are shown in Fig. 1b. The discharge time series,
given in Fig. 2, are divided in rivers north of Florianópolis,
rivers around Florianópolis (inside the intermediate domain
D2), and rivers south of Florianópolis. These three regions
represent 25%, 16%, and 59% of the riverine discharges
into de modelling domains, respectively. Daily discharges
are available through measurements for part of the rivers,
while others were introduced in the model as monthly
climatologies. In the northern region, climatological values
were used for some rivers, but for the main one, Iguape
(about 60% of the discharge in this subregion), as well
as for Babitonga, daily data were used. Iguape was used
as climatological in 2016, though, due to the lack of
observations available beyond 2015. In the central region,
around Florianópolis, all the rivers have daily values except
Biguaçu, which is a very small river, with an average
discharge of 11 m3 s−1. In the southern region only
Tramandaı́ has daily observations available, while the large
rivers debouching in Lagoa dos Patos have climatological
values, including the largest river used in this study, the
Guaı́ba, with an average discharge higher than 1100 m3 s−1,
close to 1/3 of the total discharge in the simulations.

The seasonal variability of the river plume dispersion
was evaluated with the help of passive tracers of unitary
concentration (dyes). Four dyes were released: one for the
rivers in the northern region (Fig. 2a), two for the central
region (Fig. 2b), and one for the southern region (Fig. 2c).
Due to the large discharge of river Itajaı́-Açu in the central
region, this river was studied alone with one dye, and
another dye was assigned to the other three rivers of this
subregion. While there are in the region rivers larger than
Itajaı́-Açu (rivers Guı́ba in the southern region and Iguape
in the northern region), they represent about half of the
discharge in their subregions, while Itajaı́-Açu represents
more than 80% of the discharge around Florianópolis. For
this reason, it was studied with one dye while larger rivers,
with a less relative contribution in their subregion, were
studied together with the surrounding smaller sources. The
dye concentration was then vertically integrated resulting
in plume depths which indicate the regions of freshwater
influence.

Releasing dyes into the rivers to study the riverine
freshwater has been applied in many coastal modelling
studies (e.g., Zhang et al. 2012; Marta-Almeida et al. 2016;
Rayson et al. 2016; Magris et al. 2019). However, the linear
relationship between river discharge and dye concentration
is not always observed since there are sources (other than
the rivers) and sinks of salinity in the ocean. In particular,
for very low dye concentration, the water parcel may no
longer have freshwater properties. Moreover, the salinity in
the vicinity of one river also changes due to the presence of
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the plumes of other rivers, possibly simulated with different
dyes. Finally, numerical over and undershoots of salinity
may occur in the vicinity of the plume front, but can
be controlled with implicit or explicit horizontal diffusion
(Hetland 2005).

It becomes thus necessary to identify a minimum
reference dye concentration below which it may no longer
be considered that the dye represents riverine freshwater.
For that, linear regression between the daily model output
of shelf salinity and the sum of all dyes was used. The
distribution of the dye values around the regression salinity
for dye zero was then obtained (using a salinity range
of 0.05) and the half maximum of dye variability was
considered the reference value. This was done using the
monthly averaged output from D1 (excluding the first
year of the simulation), dividing the region every 10 grid
cells along the coast. A schematic representation of the
calculation of the reference dye is shown in Fig. 3a. The
result is shown in Fig. 3b. From these time and space
values, the percentile 75% was calculated resulting in a
reference dye of 0.005. A single value was adopted in order
to obtain consistent results for the several subregions and
periods analyzed. The percentile 75% was chosen as the
value above which the main freshwater areas did not change
appreciably.

The core of this study is seasonal, based on monthly
means of freshwater depths. The first year of the simulation
was not considered in the seasonal analysis since there are
no dyes at the model initialization and because of the model
spinup. While the numeric adjustment of the dynamics may
be fast, the filling of the shelf with the riverine dyes may
take several months. To help in the analysis, the monthly
means of model surface salinity, temperature, currents, and
wind were also calculated for the same period. In addition,
four transects of salinity, temperature, currents, and dye
concentration were analyzed, also in terms of monthly
means, together with the wind and surface currents time
series on the shelf over the transects. In order to have a
broader picture of the interannual variability, the time series
analysis was done for the entire simulation period, i.e., also
including 2013.

The possible presence of La Plata river waters near
Florianópolis, or even its migration to higher latitudes inside
the SBB, was evaluated using a Lagrangian approach. Since
La Plata is not inside the model domain (D1), the Eulerian
approach cannot be used. Thus, a set of 66 particles was
released near the model southern boundary every day and
followed hourly during the whole simulation. The release
location is indicated in Fig. 1a. The latitudinal variability
was then analyzed, consisting of 96,426 trajectories (66
releases per day, for the four years of the simulation).

Fig. 3 Schematic representation of the calculation of the reference dye
(Dref) (a) and reference dye obtained, indicating the lower limit of
riverine waters (dyes are released with unitary value) (b)

3Model validation

River plume variability on continental shelves is in general
driven by the input of river runoff, by wind variability,
and also by ambient currents (Fong and Geyer 2002;
Hickey et al. 2005; Choi and Wilkin 2007; Otero et al.
2008). The aim of this model validation section is not
to validate the quick response of river plume to wind
variations, since proper data sets are scarce, but to show
the model reproduces realistically ambient circulation and
its variability. Thus, sea surface salinity and temperature,
and geostrophic currents, are used to show the BC that

64 Ocean Dynamics (2021) 71:59–80



transports warmer and saltier waters southwards over the
slope is modelled realistically. Adequate modelling of this
slope current relies partly on the skill of the model in
representing adjacent ocean waters, and this skill is shown
by the comparison to a dataset of temperature and salinity
profiles. Nevertheless, while there are no observations over
the shelf, other than those provided by global datasets, there
are three buoys at the shelf break inside the study domain.
These buoys, operated by the Brazilian Navy, measure
hourly sea surface temperature (SST) and currents in the
upper ocean layer.

Although seasonal analysis of the results disregards the
first year of simulation, the entire simulation period was
used in the model validation.

The model sea surface salinity was compared with
AQUARIUS satellite salinity (https://podaac.jpl.nasa.gov/
aquarius). AQUARIUS is available until the end of May
2015 as L4, with a spatial resolution of 0.5◦ and one global
snapshot per week. Model data was averaged for the time
and space scales of AQUARIUS. The resulting spatial bias
and root mean square error (RMSE) are shown in Fig. 4a,
b. In order to evaluate the robustness of the model, the sea
surface salinity of HYCOM (used as lateral forcing of the
ROMS domain D1) was also compared with AQUARIUS
(Fig. 4c). In addition, time series of RMSE were calculated
for the ROMS output and for HYCOM. The result is shown
in Fig. 4d. Model bias is in general between −0.5 and
0.5, except in the coastal region of the SBB and in a large
portion of the domain in front of Lagoa dos Patos. In the
SBB coast, the model has lower salinity, while in the south,
the model salinity is higher than AQUARIUS. This may be
associated with the AQUARIUS lower capabilities near the
coast and in regions influenced by large rivers, as is the
case of SB (Kao et al. 2018). The model spatial RMSE is
lower than 0.5 also in most of the domain, except in those
areas with higher bias, where RMSE can reach values of
1.5. The HYCOM results show a very similar comparison,
except in the inner shelf of the SBB, probably because
HYCOM does not use realistic rivers in that region. The
comparable ROMS and HYCOM errors give confidence in
the model salinity in the southern region, where errors are
higher. Ignoring regions with errors higher than 0.5, the
RMSE time series (Fig. 4d) shows errors in general lower
than 0.15 and no predominance of ROMS or HYCOM in
terms of better performance. In the first 3 months of the
simulation period, the higher errors are not due to the model
adjustment of the initial conditions, since they are also
observed for HYCOM. They may be the result of some
temporary deficiency in the HYCOM solution or in the
satellite observations.

A similar comparison was done for SST (Fig. 5), using
the Multi-scale Ultra-high Resolution Sea Surface Temper-
ature Analysis (MUR SST, https://mur.jpl.nasa.gov). This

L4 product combines satellite measurements with surface
observations, providing daily SST with a spatial resolution
of 0.01◦. In most of the region, the model bias is between
−0.25 ◦C and 0.25 ◦C, in particular in the region around
the slope, where the warm BC flows. Bias higher than 1 ◦C
is found in the inner shelf along the whole domain. This
may be due to the lack of surface measured data in the
coastal region of Brazil to correct the satellite values. The
spatial RMSE (Fig. 5b, c) also shows errors higher than
1 ◦C in the coastal region as well as in at a portion of the
shelf break and ocean at the south of the domain, where
the actual eddy activity of the BC cannot be captured with-
out data assimilation. In most of the regions around the
slope, however, the errors are lower than 0.75 ◦C. Regard-
ing the HYCOM dataset, the higher errors are located at
the same locations but in a much smaller extension. Com-
paring with ROMS, the HYCOM regions with errors higher
than 1 ◦C are very small. HYCOM is an assimilated global
model and it uses the same sources of SST as MUR SST, so
that this outcome is not surprising. The RMSE time series
(Fig. 5d) confirms this result, with the ROMS errors higher
most of the time. The difference is however small, being the
mean errors of ROMS and HYCOM 0.62 ◦C and 0.58 ◦C,
respectively. While satellite uncertainties near the coast may
justify, to some extent, the differences found, the wind res-
olution and the spatial variability of the water type (Jerlov
1976) may also be important for the accuracy of the surface
thermal fluxes. The high RMSE found in the south of the
domain, away from the coast, is less worrisome because in
that region the bias is low.

In order to validate also the thermohaline structure, the
profiles of temperature and salinity from the Coriolis Ocean
Dataset for Reanalysis (CORA, Cabanes et al. (2013)) were
compared with model results. The version 5.2 was used,
having monthly composites with horizontal resolutions of
0.5◦. The data is available between the surface and 2000 m
depth. The model monthly means were horizontally and
vertically interpolated to the CORA 3D coordinates and
the comparison is shown in Fig. 6a, b. At the latitudes of
the SBB and SB, the main water masses are TW at the
upper layers around the slope; SACW between 100 and
500 m and; Antarctic Intermediate Water (AIW) at deeper
layers (e.g., de Macedo-Soares et al. 2014). For temperature,
above 100 m, the differences between the mean profiles
are about 0.3 ◦C. The differences between the standard
deviations of the spatial mean are lower than 0.5 ◦C. Below
100 m, the differences of the mean profiles become much
smaller, typically lower than 0.05 ◦C, except by the lower
depths of SACW, where differences also around 0.5 ◦C
are found. Regarding salinity, at the upper layers, the
differences between the profiles are 0.3 (standard deviations
are comparable, about 0.1), decreasing to less than 0.02
below 250 m. The differences increase between 600 and
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Fig. 4 Comparison of model surface salinity with AQUARIUS. a Bias. b Spatial RMSE. c Spatial RMSE using HYCOM. d Temporal RMSE of
ROMS vs AQUARIUS and HYCOM vs AQURIUS

1200 m to a maximum of 0.07 by 800 m, and below 1600 m
with a maximum of 0.05 by 1800 m. These temperature and
salinity differences are very small, except for the salinity
at the upper layers where the mean differences are higher
than the standard deviations. This is related to the higher
bias in salinity in some regions, in part over the shelf where
the CORA is less reliable. To test this, the comparison
was done again considering only the locations with depth
higher than 1000 m (Fig. 6c, d). The new comparison
shows an almost perfect match for upper layers’ temperature
mean and standard deviation. For salinity, the maximum
differences in the upper layers decreased from 0.3 to 0.23.
The comparison of realistic ROMS model results, also using
initial and boundary conditions from HYCOM, with CORA,
was done in recent studies for other Brazilian regions and
periods, also with positive results (Amorim et al. 2013;
Marta-Almeida et al. 2019), reconfirming the suitability of
the global HYCOM solution to force regional models in the
Brazilian coasts.

Regarding the circulation, the model geostrophic currents
were compared with those from AVISO (Archiving, Vali-
dation and Interpretation of Satellite Oceanographic data,
Pujol et al. 2016). The model geostrophic currents were cal-
culated every day for the wider domain (D1) and seasonally
averaged. The AVISO currents were downloaded from the
Copernicus database (http://myocean.eu) for the same years
with daily periodicity and were also seasonally averaged for
comparison with model results. The summer (DJF) and win-
ter (JJA) averages are shown in Fig. 7. In general, it is shown
the BC flowing southward along the slope with intensities
around 0.5 m s−1. The currents are slightly more intense
during the austral summer. The model replicates the AVISO
BC location, intensity, and variability. The poorest compari-
son is found near the northern boundary where the BC from
AVISO currents turns almost 90◦ to the left before enter-
ing the model domain over the slope. In the model output,
the currents close to the northern boundary show a strong
meander off the slope and the currents enter the domain
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Fig. 5 Comparison of model surface temperature with MUR SST. a Bias. b Spatial RMSE. c Spatial RMSE using HYCOM. d Temporal RMSE
of ROMS vs MUR SST and HYCOM vs MUR SST

Fig. 6 Vertical profiles of the
time and space averaged
temperature and salinity of
model results and CORA
dataset. The profiles are
bounded by the standard
deviation of the spatial mean. In
the second row, c and d, the
profiles considering only sites at
depths higher than 1000 m are
shown
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Fig. 7 Comparison of
geostrophic currents from
AVISO and from model output

from a different angle. Given the proximity to the model
boundary, the horizontal structure of the modelled currents
are very influenced by the lateral boundary forcing, i.e., by
the results of HYCOM, which may have limitation in this
region, around 25◦S. At the southern boundary during the
summer, the anticyclonic eddy around the latitude 35◦S is
also reproduced by the model. The BCC, flowing equator-
ward over the shelf, visible in the AVISO winter currents
south of 30◦S, is also present, although with less intensity,
in the model geostrophic currents, mainly at the outer shelf.

Finally, the skill of model output on the outer shelf
was evaluated comparing with hourly SST and currents
measured at three buoys (two buoys at sites with about
250 m depth and one at about 200 m). The location of the
buoys is shown in Fig. 1b and the model vs in situ data
comparison obtained, in terms of correlations, is shown in
Table 1. Only the southernmost buoy, located in front of
Lagoa dos Patos, measured currents during the simulation

period, and only for summer 2014. The currents were
measured with an ADCP under 1.5 m from the surface,
every 1.5 m, with good quality data in the upper 20 m. The
model output was recorded also every hour and interpolated
to the measurement depths. The alongshore currents of
both model and observations were then tidally filtered with
a 33-h low pass filter. The velocity correlations obtained
at the several depths ranged between 0.50 and 0.59, with
an average of 0.55. The location of this southernmost
buoy has a depth of 243 m and is under influence of the
ambient circulation and its mesoscale turbulent features.
In addition, the slope is the region most affected by
bathymetry smoothing in models with terrain-following
vertical coordinates. For these reasons, the correlations
obtained for currents are fair. The SST was measured by
the three buoys and for a much longer period in two of
them (more than two and more than three years). However,
the quality of the data is low, having many missing values
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Table 1 Correlation coefficient (corr) between measured and modelled sea surface temperature (SST) and alongshore currents in the upper 20 m
of the water column (ADCP). The location (lon, lat) of the three buoys used are shown in Fig. 1b. The ocean depth at the buoys’ sites and the
deployment date (init) is also provided. The interval (start, end) and duration of valid ADCP and SST data is given, as well as the percentage of bad
values in the interval used. The ADCP correlation corresponds to the mean of the correlations calculated for each depth (every 1.5 m, excluding
the upper 1.5 m)

Buoy Lon Lat Depth Init ADCP SST

(m) Start End Duration % Bad Corr Start End Duration % Bad Corr

Santos −44.928 −25.273 248 2012-04 – – – – – 2014-11 2015-04 154 d 61 0.92

Itajaı́ −47.382 −28.509 192 2009-04 – – – – – 2013-02 2016-07 3.44 y 14 0.96

Rio Grande −49.875 −31.582 243 2002-05 2014-01 2014-04 102 d 0 0.55 2013-12 2016-07 2.65 y 6 0.96

and outliers. To overtake this limitation, while keeping the
event-scale comparison ability, the SST from the buoys
and from the model were 3 days averaged prior to the
comparison. And the resulting correlations obtained were
high (0.92 and twice 0.96).

4 Results

4.1 Northern region

The rivers in the northern region (north of Florianópolis,
Fig. 2a) have discharges by the end of the year (from
September to March) about twice as large as in the drier
months around July. The variability is, however, large: the
first year, 2013, experienced some weeks of high discharge
in June and July, reaching 2000 m3 s−1, associated with
peaks from river Iguape. In 2014, the highest peaks occurred
in February, June, and December and were not registered in
the other years (except for a small peak in July 2016). The
main river is Iguape, with close to 60% of the discharge in
this subregion, located about 350 km north of Florianópolis
(following the coast). In this region, the wind blows mostly
towards the coast, converging to the bay (SBB), being
predominantly directed southward along the coast (Figs. 8a
and 9). The number of episodes of equatorward alongshore
wind is variable. While in 2014 and 2015 they occurred only
a couple of times per year, in 2016, this was the predominant
regime during the winter months, from May to September.
Over the slope, the currents are strong and are associated
with the BC (Figs. 8a and 9). The flow is predominantly
southward with limited sensitivity to wind reversals. Many
episodes of northward slope flow events are however not
associated with the wind but probably with eddy activity
known in the region (Campos et al. 2000; Oliveira et al.
2009). Over the shelf, the currents are much weaker and
more correlated with the wind (Fig. 8a).

A core of low salinity, centered at the mouth of river
Iguape is present along the year, with salinity values under
34 covering practically all the coastal region of the SBB

(Fig. 9). The northernmost latitude reached by this salinity
value occurs in the winter (July) when it extends until the
vicinity of Ilhabela. Salinities on the range 35–36 cover
most part of the shelf in autumn and winter (April and
July), retreating to the inner shelf in the summer. This
seasonal variability is not related to wind regime or riverine
discharge, but with the seasonal variability of evaporation,
as can be inferred from the variability of the sea surface
temperature. Temperatures higher than 28 ◦C are found at
the coast during the summer along the entire SBB. The
sea surface temperature decreases in the following months
reaching by July values over the shelf ranging from 20 ◦C to
22 ◦C, with an along coast gradient. The temperature starts
increasing towards the year-end having already by October
values above 23 ◦C in a great part of the SBB (north of
27◦S).

Rivers’ plume occupies the inner shelf of the SBB along
the year (Fig. 10, 1st column). In January, the plume has
the greatest southward extension reaching latitudes south
of Cape Santa Marta, occupying the central region in front
of Florianópolis mostly in January, but also in October,
between the isobaths 50 and 100 m. This southward
spreading of the plume is consistent with the southward
wind regime in the summer months. Due to the orientation
of the Santa Catarina Island, the meridionally flowing
freshwater increases the separation from the island towards
the south. This separation also seems to be associated with
the presence of the plume from the southern region (Fig. 10,
1st line—see 1st and 4st columns). Model results show no
evidence of the plume from the northern region being able
to reach coastal locations around Florianópolis, namely the
bay of river Tijucas and the North and South Bays (the bays
between the Santa Catarina Island and mainland).

The vertical transects of salinity, temperature, current
speed, and dye concentration further clarifies the seasonal
variability of the region (Fig. 11, 1st column). Salinity
values above 36 are found at the shelf in January, under the
plume waters at the inner shelf and reaching the surface at
the middle shelf. This salinity band is displaced offshore
in the following months, being almost absent from the
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Fig. 8 Wind and currents time
series at sites located in the
northern (a), central, in front of
Florianópolis (b), and southern
region of the domain (c) and (d).
The locations are shown in
Fig. 1b as red dots for currents—
on the isobaths 50 and 500—and
black dots for wind—on the
isobath 100. For each region, (i)
the wind (90 days low-pass
filtered), (ii) the alongshore
component of the wind (30 days
low-pass filtered, red/black
means positive
(equatorward)/negative), (iii and
iv) and the currents on the 50
and 500 m isobaths (30 days
low-pass filtered) are plotted
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Fig. 9 Seasonal variability of surface temperature (◦C), surface salinity, wind and surface currents. The central month of each season is shown.
The right column is a zoom of the 3rd column around Florianópolis
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Fig. 10 Seasonal variability of the rivers’ freshwater depth (m). The central month of each season is shown. In black are shown the isobaths 200
and 1000 m and in red the isobaths 50 and 100 m
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shelf by July. The higher salinity values are transported
southward by the BC on the shelf break with maxima
speeds near the surface above 0.3 m s−1. The temperature
stratification at the shelf is higher in January (16–28 ◦C,
with plume temperature above 24 ◦C) and is lower in July
(16–22 ◦C), when the upper 70 m is well mixed (20–22 ◦C).
Note that in Fig. 11 the temperature contours are shown
mostly every 5 ◦C for clarity and this analysis is based
on contours with higher resolution, not shown. In April
(autumn), the equatorward current contour of 0.05 m s−1 is
visible. The plume is thinner in the summer (January) with
a maximum depth of 25 m, while by July, it reaches the
bottom at 45-m depth. This vertical variability of the plume
depth is associated with the plume displacement southward
during the summer. The offshore extent of the plume does
not however vary significantly throughout the year. The
vertical stratification of the plume offshore, thus, decreases
in the winter season when the interaction with the bottom
is higher. The plume is illustrated by the contours 0.005
and 0.02 of dye concentration, using the sum of all dyes.
These contours follow very well the contours of salinity, i.e.,

in this region, the freshwater is highly correlated with dye
concentration. Local river discharge is thus the main driver
of buoyant waters in the inner shelf.

4.2 Around Florianópolis

The rivers discharging in the central region have the largest
peaks of the whole domain, reaching values higher than
4000 m3 s−1, Fig. 2b (in reality this may not be true since
about 95% of the discharge in the southern region, with
a much higher mean discharge, is climatological, and its
daily values may also have strong discharge events). This
region is dominated by river Itajaı́-Açu with 83% of the
discharge. The months of higher discharge are variable
but occur typically between June and October. The wind
is more intense than in the northern region and has also
stronger northward periods (Fig. 8b). While in 2013, the
northward winds occurred in several periods until October,
in the other years they took place mostly during the autumn.
The stronger northward winds originate stronger northward
currents at the inner shelf, much stronger than in the region

Fig. 11 Vertical profiles of salinity in four transects along the coast
(the locations are illustrated in Fig. 1b). The white contours represent
the passive tracers concentration of 0.005 and 0.02 (sum of all dyes).
The red contours show the poleward alongshore currents. The light

red contours represent equatorward currents of 0.05, 0.1 and 0.15 m
s−1. Temperature is shown as black contours. The NORTH and CEN-
TRE panels include a zoom near the coast (100 m depth by 100 km of
distance from coast)
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north of Florianópolis. While still weaker than that at slope,
the shelf currents here are more intense (than in the northern
region) and in many periods comparable to the slope
currents. The seasonal surface maps of wind and currents
(Fig. 9, right panels) show the wind converging to the
coast at Florianópolis during the spring and summer months
(October and January), associated with strong southward
alongshore currents. During the autumn, the wind turns
from northeast to southeast and the shelf currents reverse,
moving equatorward. In the winter (July), the average wind
blows from the northwest with spatially variable intensity,
resulting in also spatially variable, but weak, currents,
mainly diverging from the coast, moving offshore and
southward over the shelf.

Salinity (Fig. 9, left panels) shows very little seasonal
variability, with values of 34–35 in the inner shelf, except
in the vicinity of the rivers, and 35–36 in the outer
shelf, year-round. Surface temperature oscillates 3 ◦C, from
19–20 ◦C in the winter to 22–23 ◦C in the summer.
The plume of Itajaı́-Açu (Fig. 10, 2nd column) has its
greater extension northward in the winter (July, 25◦S)
and southward in October, reaching the latitudes of Cape
Santa Marta one season before the plume from the rivers
north of Florianópolis. The separation from Santa Catarina
island, as the plume disperses southward, is also observed
(analogously to the northern rivers’ plume). During the
spring, the plume enters the bay of Tijucas, and by the
summer, it enters the North Bay, though in a very small
amount. January has the lowest area occupied by the plume,
probably due to the strong inner shelf currents by year-
end (Fig. 8b, ii) and also due to the river discharge smaller
than during the winter. The other three rivers of the central
region (Tijucas, Biguaçu, and Cubatão do Sul, Fig. 10, 3rd
column) are very regional, with a total mean discharge of
93 m3 s−1. Biguaçu, in the North Bay, and Cubatão do
Sul, in the South Bay, with very low discharge (33 m3

s−1 in average, together), have influence only locally in
the bays they drain into. Tijucas, the largest of the three
rivers (average discharge of 61 m3 s−1), occupies the coastal
region from the Bay of Tijucas to the north of Santa Catarina
Island. In the winter, the currents off coast disperse the
plume a few km until the Arvoredo reserve (see Fig. 1c).

The vertical transects (Fig. 11, 2st column), illustrating
the variables west of Santa Catarina Island, show the small
seasonal variability of the shelf and slope salinity. Near the
island, the salinity is higher than in the northern region, in
the range 34.5–35.5 in all the seasons except autumn (April)
when it has values of 35–35.5. The shelf temperature ranges
14–28 ◦C in January, with plume temperature above 22 ◦C.
This stratification decreases along the months, and in July,
the temperature range becomes 14–22 ◦C (14–20 ◦C at the
inner and middle shelf). The equatorward current (contour
of 0.05 m s−1) in April is also visible in this region. The dye

contour 0.02 is practically absent all year. In this transect,
the freshwater comes from the rivers of the northern region,
from Itajaı́-Açu, and from the southern region (possibly
La Plata and the rivers included in the model south of
Florianópolis). And indeed, from the maps of the spatial
distribution of dyes (Fig. 10), April has the lowest presence
of freshwater in the central region, with contributions from
the southern rivers only. Being under the influence of rivers
discharging away from Florianópolis justifies the higher
salinity in this region, and also justifies the small interaction
of the plume with the topography. On the other hand, the
dye contour 0.005 does not match the contours of salinity as
closely as in the northern region, which may be associated
with air-sea fluxes as the plume sources are far away from
the transect. It may be also associated with the presence of
freshwater from sources not included in the domain, i.e., the
La Plata river plume.

4.3 Southern region

In the southern region, the highest discharge takes place
from June to October, similarly to the central region. Eighty-
six percent of the discharge in this region occurs in Lagoa
dos Patos (rivers Guaı́ba, Camaquã and São Gonçalo),
which is connected to the ocean about 600 km south of
Florianópolis. The region has important spatial variability
of the wind. The wind time series at the shelf by the north
of Lagoa dos Patos (on the transect South1 in Fig. 1b)
has the strongest southward regime of the whole domain
and has few northward periods, except in 2016 with strong
northward wind events between mid-April to September
(Fig. 8). In front of Mirim Lagoon (South2), the southward
wind is much weaker and the northward wind is much
stronger and very common in the autumn, winter, and
spring. At both locations, the inner shelf currents respond
to the wind relaxation and inversion. As happens through
the domain, the inner shelf currents are weaker than over
the slope, where a couple of strong current reversion events
(moving northward) are observed and not associated with
northward wind events. They may be associated with the
BMC influence in the origin of the BCC (Palma et al. 2008;
Dalbosco 2019).

Freshwater with salinity values lower than 30 is found
around the mouth of Lagoa dos Patos (Fig. 9). Low salinity
waters are however present over the shelf in the south of
the domain and in part provenient from the La Plata plume
through the southern boundary. This low salinity band
disperses northward during the winter, due to the northward
wind regime, until the latitude of Cape Santa Marta. It then
retracts southward in the summer months (e.g., Piola 2005;
Soares et al. 2007b) until the mid-latitude of Lagoa dos
Patos. South and in front of Lagoa dos Patos it occupies
the whole shelf, narrowing north until the coast. Sea surface
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temperature also oscillates seasonally due to the different
wind regimes together with the seasonally variable surface
thermal fluxes. In July, waters colder than 16 ◦C extend
north until close to 30◦S. By October, the 16 ◦C isoline has
already retracted to the latitudes of Mirim Lagoon (∼33◦S).
Temperature continues increasing during the summer to
values of 23–26 ◦C in January. The shelf waters contrast
with the warmer BC moving southward over the slope.

The plume of the southern rivers (Fig. 10, right panels)
disperses north until the latitude of Florianópolis the whole
year, but in greater volume during the winter season (July).
The region in front of Tijucas Bay, the North Bay, and the
South Bay of Florianópolis is however not affected by this
plume. Also, in July, the plume has the smallest southward
extension, reaching about 33◦S, while during the other
seasons it reaches the south model boundary. The plume
offshore extension follows the upwelling/downwelling wind
regime, with the plume occupying a large part of the
shelf south of 30◦S during spring and summer (upwelling
regime), and confined to the inner and middle shelf during
autumn and winter (downwelling regime). This seasonal
response of river plumes on SB has been described in Soares
and Möller (2001) and Soares et al. (2007b), which focused
on plumes from Rio de la Plata and Lagoa dos Patos and its
dispersion on the shelf south from 30◦S.

The vertical transects (South1 and South2, 3rd and
4th columns in Fig. 11) show that while the seasonal
variability of ambient salinity is small, the salinity and dye
concentration near the coast are very variable in the southern
region. At South1, waters with salinity values lower than
35.5 are more confined to the coast in the summer and
expand offshore through the shelf during the winter. The
dye concentration, however, does not follow this pattern. In
January, the dye occupies the shelf (at the surface), which
indicates the riverine waters moving south in the summer
already lost part of their freshwater characteristics, probably
because of spending many months away from the discharge
location. On the other hand, during the winter the amount
of fresh water is much higher than the amount of dye,
showing the influence of the low salinity waters from La
Plata moving north during the winter wind regime. The
depth reached by the plume from local rivers (dye) shows
low variability along the year, contrarily to its offshore
extent, in opposition to what happens in the northern region.
The temperature stratification varies between 16 and 26 ◦C
in January (with plume waters of SB rivers above 22 ◦C) and
16 and 20 ◦C in July, when colder waters are present in the
upper 50 m of the shelf (16–18 ◦C). The equatorward BCC
is stronger in April, and absent in October.

At South2 (Fig. 11, 4th column), closer to the southern
boundary, the difference between low salinity and dye
concentration contours is even larger than that at South1.
At these latitudes, water with salinity lower than 34 covers

most of the shelf year-round but with a greater extent
in the winter, associated with the northward transport of
freshwater from the southern boundary. In July, however,
the dye is almost absent at the latitudes of the South2
transect. In the summer, the extent of dye concentration is
closer to the extent of the low salinity waters because of the
freshwater at the shelf, originated from local rivers, moving
south with the summer wind regime. The temperature
stratification at the shelf ranges 15–24 ◦C in January (dye
plume waters above 22 ◦C) and 14–16 ◦C in July in most
of the shelf (15–18 ◦C at the outer shelf). Flowing along the
100 m isobath, the BCC is more intense in this transect.

4.4 La Plata river plume

A Lagrangian approach was used to assess the possible
migration northward of waters near the southern boundary,
under the influence of the La Plata river plume. Floats
were continuously released over the shelf and slope at the
south of the model domain and its position was followed
through the entire simulation period. The result is shown
in Fig. 12. The northward migration pattern is variable
along the years, but the higher latitudes are consistently
reached during late winter/early spring. In 2014 and 2015,
the floats reached latitudes around 30◦S, but in 2013 and
2016, they reached the region of Florianópolis (2013) and
latitudes north of river Paranaguá (2016, ∼25.5◦S). In 2013,
Florianópolis was reached about 180 days after release,
while in 2016, it was reached twice as fast, in about
90 days. The northernmost latitude in 2016 was reached
in June, 100 days after release. In this year, the northward
migration was very fast and until higher latitudes due to
the strong northward wind in the autumn and winter. This
means the southern waters spent 3 to 6 months migrating
northward. The southernmost locations (i.e., the percentiles
90% and 95% of the northernmost floats) is reached by
the summer months and the migration north restarts by the
end of summer/early autumn, when the age of the particles
is lower than 50–60 days. When the floats start migrating
back southward, their age continues increasing and then
decreases rapidly as the water mass moving south mixes
with the southern waters, increasing the number of younger
floats in the mean age percentile 90%.

5 Discussion

The online nesting modelling approach used in this study
resolved a wide range of spatial scales in the same
configuration. The largest domain covers SB and most of
the SBB (near 1500 km along the coast), while the smaller
domain covers the coastal region around Florianópolis with
resolution reaching 150 m. Such very high resolution is
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Fig. 12 a Percentiles 90% and 95% of the northernmost latitude reached by the Lagrangian floats released near the southern model boundary; the
latitudes of the Florianópolis region (27◦S–28◦S) are highlighted. b Mean age of the northernmost percentile 90% floats, bounded by the standard
deviation

needed to resolve the region between the Santa Catarina
island and the mainland (North Bay and South Bay), as it
includes narrow regions, including a 400-m-wide channel.
This configuration, thus, makes it possible to simulate
very small-scale bathymetric and coastal features in one
selected region, along with realistic ambient circulation and
mesoscale variability. And, in particular, it possibilitates
to study the influence of river plumes in Florianópolis,
including those from rivers far away.

The river plumes of the SBB and SB are in general
confined to the inner shelf, except the freshwater from
Lagoa dos Patos which disperses through the shelf south
of 30◦S during the spring and summer, as already put
forth in the numerical simulations by Soares et al. (2007b).
While affected by the riverine discharge, the plumes are
mostly controlled by wind time and space variability. The
plumes behave as buoyant surface advected plumes and
as intermediate plumes (Yankovsky and Chapman 1997),
spreading and mixing with seawater over the shelf by the
influence of Coriolis and baroclinic pressure gradients,
dispersing the plumes equatorward, and seasonal wind
(e.g., Fong and Geyer 2002; Lentz 2004; Whitney and
Garvine 2005; Horner-Devine et al. 2015). The interannual
variability of the interaction with the bottom depends on
the region, but is stronger during the winter season, when
the vertical stratification of the plume front is smaller.
The validation section showed that the model configuration
simulates realistically the warm and salty BC on the slope
(Stramma et al. 1990) and its seasonal variability. BC is
more intense in the summer and its separation from the
coast (at the BMC) is displaced to the south from spring on

(Olson et al. 1988). As a shelf/inner shelf feature in a region
with the strong and persistent large-scale BC flowing over
the slope, the river plumes are isolated from the oceanic
mesoscale dynamics. This shielding exerted by the slope
current appears to be stronger than in other regions, like the
Western Atlantic Iberia, where offshore induced cross-slope
transport is possible (Bettencourt et al. 2017). Nevertheless,
more studies are needed to evaluate the seasonal and event-
scale influence of offshore dynamics on the shelf and on the
river plumes in the region.

North of Florianópolis, in the SBB, the wind is
predominantly southward, with few episodes of northward
wind, and the shelf currents are weak. The freshwater plume
extends southward from the north of the domain (Ilhabela)
and reaches Florianópolis during the spring and summer.
During the summer, it disperses further south until the Cape
of Santa Marta, when the interaction with the bottom is
lower. Eddies associated with the BC may influence the
outer shelf and slope, but not the local river plumes.

The central region around Florianópolis is under the
influence of its largest river, the Itajaı́-Açu. Its smaller area
of influence occurs in the summer because of the strong
inner shelf currents and because of the lower river discharge.
The freshwater from this river reaches Cape of Santa Marta
in the spring, one season earlier than river plumes of the
northern region. While no river plumes of the northern and
southern regions are able to reach the coastal region of
Florianópolis (Tijucas Bay, North Bay and South Bay), the
shelf in front of the Santa Catarina Island is influenced
by rivers from both the northern and southern regions.
This influence has a minimum in the autumn when the
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contribution to the fresh water comes only from the south.
The wind has strong northward periods, mainly during the
autumn, stronger than in the northern region and the north
of the southern region. In this season, the circulation over
the shelf reverses becoming northward.

The region south of Florianópolis (SB) is influenced
by the river discharge from Lagoa dos Patos and by the
presence of the La Plata river plume. The wind spatial
variability in the region is high. While by the north
of Lagoa dos Patos the wind is stronger and mainly
southward, with few northward periods, in front of Mirin
Lagoon the northward periods are common from autumn
to spring. The upwelling/downwelling seasons (spring and
summer/autumn and winter) clearly affect the plume of
SB rivers, extending it over the shelf (south of 30◦S) or
confining it to the inner and middle shelf. While situated
600 km south of Florianópolis, the plume from Lagoa dos
Patos (mostly, as it represents close to 90% of the discharge
in SB) reaches Florianópolis in all the seasons, more
efficiently in the winter. BCC carrying cold and fresh waters
is very clear along the 100 m isobath in the simulation
results (geostrophic velocities, Fig. 7 and transects, Fig. 11)
to the south of the domain in autumn (April) and winter
(July), as expected from the literature (Zavialov et al. 2002;
de Souza and Robinson 2004; Palma et al. 2008).

The Lagrangian floats used to access the northward
influence of the La Plata river plume show the waters near
the boundary of Brazil–Uruguay have a variable northward
dispersion pattern. The northernmost locations are reached
by the late winter/early spring. The northward migrations
take 3 to 6 months and the floats are able to reach regions
north of Florianópolis (located at 27–28◦S). In the last
year of simulation, the floats dispersed until north of the
mouth or river Paranaguá (∼25.5◦S), 230 km north of
Florianópolis. This result shows the importance of the La
Plata river plume, mainly in SB, where a poor match
between the low salinity shelf waters and local riverine dye
concentration (of the local rivers) was obtained.

6 Conclusion

A modelling configuration was created for the SBB (South
Brazilian Bight) and SB (South Brazil) regions. The model
was forced with realistic surface and lateral forcing, with
river discharges and with tides. Three 2-way nested domains
were employed in order to obtain very high resolution
in the Florianópolis region, which was covered by the
third domain. This region has small-scale features like
islands and channels and was resolved with a resolution
of about 150 m. Model validation was done against
observational datasets of surface and vertical profiles of
temperature and salinity, altimetric geostrophic currents,

and time series of surface temperature and upper layer
ADCP currents, measured by three buoys along the domain
on the shelf break. The validation shows the model describes
realistically ambient circulation, namely the Brazil Current
(BC), and consequently shelf circulation, including the
Brazilian Coastal Current (BCC).

In order to study the dynamics of river plumes and
to evaluate possible intrusions of riverine waters from
distant sources in the Florianópolis region, several dyes
were released together with the river discharges. The dye
concentration was then used to calculate the depths of the
riverine freshwater, and the resulting regions affected by
the plumes were studied in terms of seasonal variability.
To access possible migrations of waters from the southern
region, under influence of the La Plata river plume, a
Lagrangian approach was used in which a set of floats was
released every day at the surface on the shelf and slope close
to the southern model boundary (near the Brazil–Uruguay
boundary). The latitudinal variability of the floats was then
analyzed along the simulation, as well as the age of the
northernmost floats. The results depict the migration region,
duration, and periods of the southern waters.

The analysis of the model output shows that the plumes
originated from rivers in the SBB and SB are in general
restricted to the inner shelf. The exception is the plume from
the rivers of Lagoa dos Patos which disperse over the shelf
south of 30◦S during the austral spring and summer. The
results also show that offshore circulation does not interact
with the shelf plumes due to the shielding effect of the BC,
flowing over the slope along the domain.

This work highlights the importance of the time
variability of the river discharge and, mainly, of the time
and space variability of the wind forcing in the fate of
the freshwater plumes. The presence of a freshwater belt
with salinities lower than 35, along the SBB and SB year-
round, also highlights the importance of considering the
rivers of the region, even the smaller ones. These have been
disregarded in modelling configurations, typically more
focused on the discharge of La Plata and Lagoa dos Patos.
The low salinity waters along the coast generate baroclinic
pressure gradients which force equatorward circulation.
This mechanism seems to complement the wind forcing on
the shelf circulation and dispersion of the river plumes in
the SBB and SB regions. By studying the rivers individually
or in regional groups, using passive tracers, the magnitude
of the several plumes and their interaction become more
evident. The dispersion patterns demonstrate the influence
of the presence of other plumes, in particular (i) the
Florianópolis coastal region is not reached by distant rivers,
in part because of the presence of local plumes (Fig. 10,
1st and 4th columns); (ii) the dispersion south of the
plume from the northern rivers and from Itajaı́-Açu spreads
offshore in front of Santa Catarina Island, influenced by the
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presence of the plume from the southern rivers (Fig. 10, 1st
and 2nd columns).

Another important conclusion is that river plumes from
SBB can cross the region of Florianópolis and Cape Santa
Marta and disperse through SB, forced by the summer
southward wind. On the same way, the river plumes from
both La Plata and SB rivers can reach regions inside
SBB, north of Florianópolis, driven by winter northward
wind, until the latitude 25.5◦S. Different wind regimes are
found along the domain and with significant interannual
variability, suggesting that it would be important to simulate
longer periods in a future work. Some effort should be also
made to obtain river discharges along the coast as faithfully
as possible. In the region, river discharge may suffer great
changes in El Niño years, for instance, and in such cases the
usage of climatological or poorly measured river discharges
may be unrealistic.
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Piola AR, Campos EJD, Möller OO, Charo M, Martinez C (2000)
Subtropical Shelf Front off eastern South America. J Geophys Res
105:6565–6578. https://doi.org/10.1029/1999jc000300
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Sobarzo M (2016) Satellite-measured interannual variability of
turbid river plumes off central-southern Chile: spatial patterns and
the influence of climate variability. Prog Oceanogr 146:212–222.
https://doi.org/10.1016/j.pocean.2016.07.007

79Ocean Dynamics (2021) 71:59–80

https://doi.org/10.1146/annurev-fluid-010313-141408
https://doi.org/10.1002/jgrc.20272
https://doi.org/10.1002/jgrc.20272
https://doi.org/10.1175/JPO2647.1
https://doi.org/10.1016/S0278-4343(99)00012-6
https://doi.org/10.1016/j.scitotenv.2018.12.238
https://doi.org/10.1016/S1463-5003(00)00013-5
https://doi.org/10.1016/S1463-5003(00)00013-5
https://doi.org/10.1080/1755876X.2011.11020123
https://doi.org/10.1080/1755876X.2011.11020123
https://doi.org/10.1016/j.envsoft.2010.11.015
https://doi.org/10.1016/j.envsoft.2010.11.015
https://doi.org/10.1002/jgrc.20163
https://doi.org/10.1016/j.marpolbul.2013.03.022
https://doi.org/10.1016/j.marpolbul.2016.07.039
https://doi.org/10.1016/j.renene.2017.01.047
https://doi.org/10.1016/j.renene.2017.01.047
https://doi.org/10.1007/s10236-019-01304-z
https://doi.org/10.5194/os-6-983-2010
https://doi.org/10.1002/2016jc011780
https://doi.org/10.1002/2016jc011780
https://doi.org/10.1016/j.csr.2008.03.012
https://doi.org/10.22564/rbgf.v32i2.451
https://doi.org/10.1029/2008jc004900
https://doi.org/10.1029/2008jc004900
https://doi.org/10.1016/0198-0149(88)90120-3
https://doi.org/10.1016/0198-0149(88)90120-3
https://doi.org/10.5194/os-13-465-2017
https://doi.org/10.1016/j.jmarsys.2007.05.016
https://doi.org/10.1029/2004gl021068
https://doi.org/10.1029/2004gl021068
https://doi.org/10.1029/2004jc002315
https://doi.org/10.1029/2007jc004720
https://doi.org/10.1016/s0924-7963(02)00076-3
https://doi.org/10.1002/2016jc011774
https://doi.org/10.1029/2004gl021638
https://doi.org/10.1006/rwos.2001.0358
https://doi.org/10.1006/rwos.2001.0358
https://doi.org/10.1029/1999jc000300
https://doi.org/10.1016/j.csr.2008.03.013
https://doi.org/10.5194/os-12-1067-2016
https://doi.org/10.1002/2015JC011181
https://doi.org/10.1175/2010BAMS3001.1
https://doi.org/10.1016/j.pocean.2016.07.007


Satyamurty P, Nobre CA, Dias PLS (1998) South America. In:
Karoly DJ, Vincent DG (eds) Meteorology of the southern
Hemisphere. American Meteorological Society, pp 119–139.
https://doi.org/10.1007/978-1-935704-10-2 5
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