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ABSTRACT

The freshwater-influenced region of the Patos
Lagoon discharge to the Southern Brazilian Shelf
(SBS) is a region of complex fluid dynamics.
Seasoning and synoptic variable winds and coastal
current conditions create an alternating flow
pattern. The aim of this paper was to investigate
the occurrence of persistent coherent structures
in this environment. A numerical approach was
chosen to describe the main hydrodynamic
features of the region during a climatological year.
The open-source finite-element code Telemac-
Mascaret was applied to the three-dimensional
domain. In addition the two-equation k-epsilon
model described the turbulence mechanisms. The
presence of persistent high-turbulent structures
was identified within the study area. These occur
as a strong curvilinear disturbance characterized
by higher turbulent production and dissipation
rates, which increase local mixture. As a result,
upward circulation flow was observed, which
may be due to irregularities in bottom topography
associated with wind-induced stress forces.
These results increase the information about the
circulation structures of the study area by means
of numerical modelling analysis.

Descriptors: Coastal current, Coherent structures,
Turbulence, TELEMAC3D, Finite element
method.
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Resumo

Dentre as diferentes influéncias que a hidrodinamica da
plataforma continental sul brasileira sofre, uma de desta-
que ¢ a pluma de agua proveniente da Lagoa dos Patos,
gerando no seu entorno uma regiao com elevada comple-
xidade na dindmica do escoamento. Além disto, ventos
sazonais, sinéticos e variaveis, bem como as condi¢oes
das correntes costeiras levam a padrdes alternantes de es-
coamentos. Deste modo, foram investigadas ocorréncias
de estruturas coerentes persistentes neste ambiente. Para
tal fim, foi utilizada uma metodologia numérica capaz
de descrever as principais caracteristicas fluidodinamicas
durante um ano climatologico. O cédigo aberto de ele-
mentos finitos Telemac-Mascaret foi aplicado no dominio
tridimensional, juntamente com o modelo k-épsilon para
a descric¢ao dos efeitos turbulentos. Estruturas persistentes
de elevada turbuléncia foram identificadas na area de estu-
do, as quais ocorrem como perturbagdes de curvatura de-
finidas por altas taxas de produgao e dissipagao turbulenta.
Como resultado, ha um aumento local na mistura entre
por¢des de fluido, caracterizado por um fluxo ascendente.
Este fenomeno pode ser atribuido as irregularidades na
topografia do leito, associado as tensdes de cisalhamen-
to provocadas pela acdo do vento. Os resultados obtidos
por modelagem numérica contribuiram para aumentar a
informagao disponivel sobre as estruturas de circulagdo
nesta regiao.

Descritores: Correntes costeiras, Estruturas coer-
entes, Turbuléncia, TELEMAC3D, Método dos
Elementos Finitos.
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INTRODUCTION

Investigating  the  three-dimensional  structure
of mesoscale eddies along offshore regions is still a
challenging task. Their complex dynamics and a lack of
field data are the main shortcomings. The yet not fully
understood relations of these three-dimensional formations
and the associated dynamics of the ocean coherent
structures are of great importance for the determination of
the role that these phenomena play from smaller towards
larger scales.

Turbulent —structures in stratified system are
responsible for important fluxes on the general circulation
and climate as well as for local transport and dispersion
of thermal energy and chemical species. Due to the large
number of variables that influence the fluid dynamics in an
ocean environment, the spatial and temporal structures of
turbulent scales present significant variations in horizontal
and vertical directions. The three-dimensional structure is
responsible for the intensity, endurance and dissipation of
the eddy. Strong vertical transport, high values of vertical
velocity and vorticity can be caused by the sub-mesoscale
structures. These are formed by the interaction between
larger scale structures and frontogenetic processes (wind
fronts) (Rosso et al., 2014).

Models that describe the ocean dynamics demand
methods that represent a combination of multiscale
(usually coupled) phenomena under influence of external
forces in complex domains. The choice for unstructured
grids show several advantages, allowing great control of
spatial resolution to represent with accuracy important
features of the geometry such as coastlines and bathymetry
or embayment and straits (Hill et al., 2012). Nevertheless
numerical solutions of ocean models are still limited by the
spatial resolution affordable with current computational
power.

To analyze the transient behavior of eddy dynamics,
satellite altimetry coupled with in situ measurements
would be needed. However, to obtain such data is
difficult since there are large limitations in time and space
resolution (Calado et al., 2010). To overcome this problem,
most studies rely on numerical models combined with
remote measures (if those are available) to investigate the
turbulent structures. Nevertheless, there is a lack of such
investigations concerning the Southern Brazilian Shelf
(SBS), for which the understanding of the fundamental
dynamic characteristics such as momentum, vorticity
and spatial energy variations are not complete. Most
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ocean models rely on standard turbulence closure models,
particularly one- or two-equation turbulence schemes
such as the Mellor-Yamada level 2.5 and k-epsilon models
(Wang and Gan, 2014).

In this context, the aim of this paper is to analyze the
three-dimensional structure of a portion of the Southern
Brazilian Shelf (SBS) and its dynamic characteristics
by means of a validated regional ocean model. We seek
to improve the description of the circulation structures
through numerical analysis considering all major forcing
on the SBS, interaction with shelf and the deep ocean.
Furthermore, in order to properly identify the coherent
structures, a suitable time scale must be considered to
describe the seasonal variability of the region. This is the
first study that focuses on the identification of persistent
structures during the highly variable seasonal conditions.

MATERIAL AND METHODS

STUDY AREA

The South American Atlantic coast is subject to major
large scale currents. The Southwestern Atlantic Shelf
(SWAS) is the largest continental shelf of the southern
hemisphere and a highly biological productive area. A
subregion of the SWAS is the SBS, which extend from
35S to 28S (Figure 1). The influence of astronomical tides,
large freshwater discharges and highly variable winds are
the driven forces of the circulation pattern in the shelf
(Podesta, 1997; Souza and Robinson, 2004). The general
circulation is characterized by two major currents. The
northeastwards Malvinas Current flows from Patagonia
to the La Plata River and the southwestwards Brazilian
Current, which flows southward along the continent coast
down to a point where it combines with the former, forming
the South Atlantic Current, which in turn flows eastwards
(Castro et al., 2006; Moller et al., 2008; Rodrigues et al.,
2010). The SBS main freshwater sources come from the La
Plata River (annual mean discharge of 22,000m?/s) and the
Patos Lagoon (about an order of magnitude lower volume
flow rate), the latter composed of a 201,000km? drainage
basin (Marques et al., 2009; Marques et al., 2011).

Even considering the ecological and social-economic
importance of this region, few observation data are
available and a small number of numerical studies were
developed for the region, usually not for a long enough
period of time for annual means or seasonal variability
analysis. (Fernandes et al., 2002; Palma et al., 2004; Piola
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Figure 1. The study regions composed of the Patos Lagoon and adjacent Southern Brazilian Shelf with a detail of the Patos Lagoon discharge
region, the black box on the zoomed in picture is the analysis area of this study. The bathymetry data is in meters.

et al.,, 2008; Marques et al., 2009; Tonini et al., 2013;
Stringari et al., 2014).

Altogether there is a predominant southward flow
that decreases its intensity during winter. The circulation
patterns are reflected by two main water masses that
characterize the SBS hydrographic structure. The
Subtropical Shelf Water (Salinity >34) in the north and
the Sub-Antarctic Shelf Water (Salinity <34) in the
south. These are separated by the density compensated
Subtropical Shelf Front (Piola et al., 2000).

A northeastward high-salinity inflow occurs during fall-
winter and a southward low-salinity from La Plata River
during spring-summer in the southern portion of this region.
The northern region is characterized by a southward flow
that decreases its intensity during winter. Both waters are
separated by the Subtropical Shelf Front (32 S).

The intensity of wind stress is weak yet with significant
seasonal variations and the tidal amplitudes are relatively
small (Palma et al., 2004; Palma et al., 2008). The wind
field is dominantly northeast (NE) during summer and
southwest (SW) during winter (Piola et al., 2005; Braga
and Krusche, 2000), thus affecting the coastal circulation
(Moller et al., 2008; Marques et al., 2009; Marques et
al., 2010; Marques et al., 2011). It is worth mentioning
that these winds are enhanced by the El Nino Southern
Oscillation (ENSO) events (Piola et al., 2005).

MODEL IMPLEMENTATION

In this study the open-source Telemac-Mascaret model
is used to solve the three-dimensional and transient flow in
the ocean environment. A detailed theoretical description
of the numerical formulation is given by (Hervouet, 2007;
Hervouet and Van Haren, 1996). This model uses a finite-
clement method to solve the Navier-Stokes equations
and the transport-diffusion equation of scalar quantities
such as temperature and salinity. The free-surface flow
is considered to be incompressible and the Boussinesq
approximation is applied. The Reynolds-Averaged Navier-
Stokes (RANS) k-epsilon model is used for the description
of the turbulence in the ocean current flow. This isotropic
model considers the Boussinesq eddy viscosity hypothesis
and consists of two transport equations for the production
and dissipation of turbulence energy, closed by semi-
empirical standard constants (Pope, 2000).

Grid horizontal resolution affects the vertical motion
in numerical simulations (Rosso et al., 2014), hence
sufficient grid resolution for resolving eddies is necessary.
The numerical domain covers the southern region of the
Brazilian shore, including the estuarine region of the Patos
Lagoon. The unstructured mesh uses 15 levels in sigma-
coordinates for vertical resolution and horizontal grid
spacing of ~ 0.8km near the coast increasing to ~ 10-20km
at outer boundary region for the ocean. Also a horizontal
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spacing ranging from ~ 0.05km to ~lkm in the lagoon
region was applied, as can be seen in Figure 2. Thus,
the mesh consists of 111,106 nodes horizontally, which
yields about 1.6 million nodes in total. At this resolution
the minimum number of nodes by Rossby radius of
deformation is about 2 (20-40km). According to Malone
et al. (2003) and Masumoto et al. (2004) global models
using finite difference methods relies on 1/10° to 1/12° of
resolution to prescribe correctly large eddies. Therefore,
the grid resolution was considered to be eddy-resolving
for our study area. The Rossby radius of deformation is
a horizontal scale relating the effects on fluid dynamics
by the rotation of the Earth. The mesoscale motion is of
the same order as the first baroclinic Rossby radius of
deformation (Osinski et al., 2010).

The bottom topography follows the bathymetric data
from ETOPO2 (1/30Deg) from National Geophysical Data
Center (GEBCO). Lateral open boundaries are forced for
water levels, current velocity, salinity and temperature,
with data acquired from the HYCOM + NCODA Global
1/12° Reanalysis using datasets (GLBa0.08) from several
experiments ranging from 2003 to 2014 data range (i.e
expt_60.5, expt 90.2, expt 90.3, expt 90.6, expt 90.8,
expt 91.1), (HYCOM, 2015). Tidal amplitudes and phases
on these boundaries are interpolated from the global tidal
model OTPS (Egbert and Erofeeva, 2002), which is

natively assimilated into Telemac-Mascaret code (Pham
et al., 2013). Additionally, a constant annual-averaged
discharge of three major rivers into the Patos Lagoon is set,
according to information of the Brazilian National Water
Agency (ANA, 2015). The atmospheric conditions forcing
the free surface are calculated using the National Oceanic
& Atmospheric Administration (NOAA, 2015) reanalysis
data. The forcing conditions are time-dependent, updated
every 6 hours for atmospheric conditions and every 24
hours for the oceanic boundaries. Since the aim of this
paper is to analyze persistent structures, the model was
run in hindcast using a climatological year consisting
of a 12-years mean (2003 - 2014) of surface and lateral
boundary conditions. A constant time step of 90s was kept
for the simulation during the entire climatological year.

The initial condition considered current, temperature
and salinity condition for the ocean and a static constant
salinity and temperature condition for the Patos Lagoon,
due to the absence of observed data. The initial water level
was fixed to 0.75m, the approximate mean tide height of
the region (Moller et al., 2001).

CALIBRATION AND VALIDATION

Even though the model ability to represent the
circulation of the Patos Lagoon and adjacent coastal
region was demonstrated by previous studies (Marques et

Figure 2. Numerical mesh of the domain, where the dots represent the locations of measured data available for validation.
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al., 2009; Marques et al., 2010a; Marques et al., 2010b;
Marques et al., 2011; Kirinus et al., 2015), additional
validation of the numerical results with available
observations are presented. The experience gathered by
those previous studies were crucial for establishing values
for many physical parameters (such as the wind influence
coefficient and friction coefficient), which were used to
conduct this study.

For the calibration of the climatologically averaged
simulation no observed data for an uninterrupted long
period of time was available. Therefore the same mesh,
numerical parameters and methodology were applied to a
simulation covering a shorter period of time with existing
observed data.

The simulation was conducted comprising the period
of December 2010 to January 2011, where only the last
month was considered. The observed data was collected
in the Patos Lagoon channel to the ocean (32°07’S,
52°06°W) with an ADCP positioned at -17m. The
comparison of superficial and bottom current velocity for
the numerical result and observed data for this period is

shown in Figure 3.

Hodapp et al.: Near coast hydrodynamic numerical simulation

Time series of the velocity oscillations during the
calibration period provide a visual representation of
the comparison between model and observed data.
Nevertheless, further evaluations using well known
performance skills and statistical metrics can enhance the
comparison (Willmot, 1982; Janssen et al., 1997; Wilks,
2006; Chawla et al., 2013; Teegavarapu, 2013). Therefore,
a statistical analysis was performed for the time series,
including the parameters described next. The Root Mean
Square Error (RMSE), Mean Absolute Error (MAE) and
Mean Square Error (MSE) indicate the accuracy of the
simulation, best results when errors tend to 0 (Wilks,
2006). Another parameter, the Index of Concordance (IC)
of Willmot (Willmot, 1982) represents the ability of the
model to reproduce the observations, meaning that if IC
=1 then the simulation is perfect, otherwise, if IC tends
to zero the numerical result is unacceptable. The Relation
of Variance (RVAR) was also applied, since this skill
indicates that the variance of the observed and modeled
data is the same (best result must be closer to 1).

Performance skills for the validation are presented in
Table 1. The high IC values indicate that the model can

Figure 3. Comparison between the numerical simulation (red line) and the observed data (black dots) during January 2011.
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Table 1. Performance skills for model validation.

Skill Superficial velocity Bottom velocity
RMSE 0.199 0.201
MAE 0.165 0.158
MSE 0.040 0.040
IC 0.917 0.868
RVAR 0.780 0.641

predict well the observations, in addition to acceptable
values of MAE, RMSE and MSE. RVAR is related to
the variance of the data, since it represents the distance
between the data and its average. Thus, RVAR results point
out that the model is able to represent overall velocity
patterns, particularly more promptly on the surface.

The validation process found similar values consistent
to other numerical evaluation (Hashemi et al., 2015).
Furthermore, considering that January is a month of high
variability in wind condition, the model was considered
satisfactory for the representation of the hydrodynamics of
the Patos Lagoon discharge to the adjacent coastal region.

RESULTS

The circulation pattern is more intense in the shallow
region near the 25m isobath (Figure 4a). The salinity
in this area changes smoothly towards fall, winter and
spring (Figure 4 c, d, e), although during winter the
regular presence of alternating wind directions results in
a prevailing south-northern wind-driven current forced
by the passage of meteorological systems that promotes
the dispersion of the Patos Lagoon plume northwards
(Marques et al., 2010a), associated with high freshwater
discharge (Barros and Marques, 2012). The opposite is
seen in the summer (Figure 4 f), when the northern winds
prevail upon the Patos Lagoon plume enhancing the
salinity on the coast in addition to lower river discharge
into the lagoon.

All these factors enhance the highly dynamic
dominance near the Patos Lagoon jetties, in fact, a
distinct feature on the current pattern was remarkably
distinguished from the regular dynamics (Figure 4b). The
feature is more than 20km away from the coast ranging
from 3 to 6km of diameter and being widely marked by
seasonality and irregular topography gradients.

From Figure 5 it is seen that the persistent coherent
structures present similar vertical distribution. Along the
surface (Figure 5a) the direction of rotation is cyclonic

resulting in local net inflow towards the surface. In the
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middle of the water layer (Figure 5 b), distinct vorticity
patterns are observed, characterized by asymmetric
intensities with rotation direction being primarily anti-
cyclonic. Near the bottom the net flow rotates mainly
cyclonic (Figure 5 ¢).

Vertical transects cutting through the persistent
meanders (indicated by the line in Figure 5) of turbulent
kinetic energy (k) and eddy dissipation rate (epsilon) are
presented in Figure 6. The distribution of turbulent energy
was consistent with the flow behavior and had larger
values near the surface and bottom, due to shear stress at
the water-air and water-seabed interfaces respectively.

The source of the superficial turbulent kinetic energy
(Figure 6a) is related with the wind variability and strong
near-surface dynamics (Marques et al., 2010b). At the
bottom, however, for the first and second eddies relatively
low levels of turbulent kinetic energy are generated.
For the last eddy, however, the bottom energy source is
connected with the bathymetric slope, which intensifies
the superficial energy as well. The production of turbulent
energy is associated with regions of strong fluid motion
(Wang et al., 2014).

The spots with high turbulent kinetic energy are also
related with high eddy dissipation rate (Figure 6b). This is
due to friction forces imposed by the wind and topography
on the surface and bottom boundary respectively resulting
in stronger velocity gradients and thus in enhanced
mixture.

Furthermore, Figures 6 c) and d) reflect the turbulent
effects on the temperature and salinity vertical fields. A
change in the local flow direction leads to upwelling,
creating local gradients. This effect is enhanced by the
presence of a nearby low salinity and momentum source
from the Patos Lagoon discharge to the ocean, which may
be an additional reason for the persistence of this near
coast structures.

The associated mean advection pattern (Figure 7)
indicates a vigorous three-dimensional mixing effect.
The local water masses and the spatial dimension of
these structures produce a strong upward circulation flow.



Figure 4. a) bathymetric information of the region near the jetties, in
meters. Velocity vectors for the surface and salinity contour in PSU
for: b) climatological average c) fall average; d) winter average; e)
spring average; f) summer average.
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Figure 5.a) Mean horizontal vorticity fields (s-1) and mean velocity
vectors located: a) surface; b) intermediate level (sigma 9); ¢) near the
bottom (sigma 14).

Variations in bottom topography lead to an increase in
potential vorticities which in turn enhance vertical mixing,
due to the Eckman dynamics (Jacobs et al., 1999).

DISCUSSION

The intersection of different water masses
characterizes the hydrodynamic condition of the Patos
Lagoon discharge and adjacent coastal region (Costa
and Moller, 2011). The climatological analysis depicted
the mean season variability, being fitted for persistent
structure identification.

The Patos Lagoon discharge is located in an indent
where the 50m isobath moves away from the shore.
Within this isobath, the area is marked by rough and
irregular topography nearby the jetties and shoreline. This
region is subject to prevailing NE winds associated to a
high-pressure center of the South Atlantic, characterized
by higher intensities during summer (Costa and Moller,
2011). Periodic reversals in wind direction (S, SE and SW)
occur due to meteorological fronts and the coastal currents
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Figure 6.a) Mean vertical fields along the persistent structures of: a)
turbulent kinetic energy (k) in m%s2; b) eddydissipation rate (epsilon)
in m%s3; ¢) temperature in °C; d) salinity in PSU.

Figure 7.a) Mean vertical fields of: a) normal velocity with mean
velocity vectors in m/s; b) vorticity (s-1) with mean velocity vectors.

follow this atmospheric variability (Soares and Mdller
Jr, 2001; Zavialov et al., 2002; Marques et al., 2010b).
Additionally, the discharge of the Patos Lagoon into the
ocean, which has a frequent variability in current direction
and intensity, contributes to the dynamic behavior of this
region.

The average of the climatological-year simulation
(Figure 4 b) indicates the presence of persistent structures
along the coast. Winter-spring season is characterized by
the highest precipitation rates of the year, which associated
with the local wind pattern drive the current northwards
(Figure 4 d and Figure 4 ¢). This predominant flow direction
creates a series of submesoscale eddies north of the jetties
from the Patos Lagoon discharge area. On the other hand
during the summer-fall period (Figure 4 f and Figure 4c) the
wind and thus current flow invert direction. The identified
eddies for the former period were also observed under these
conditions.

The local influence of these features affects the salinity
field in the way of increasing the salinity inside the vortex
(Figure 4). This increase is due to the direction of the
vortex which is able to pump salinity from the bottom to
the surface, breaking a layer of brackish water from the
Patos Lagoon plume, resulting in salinities up to 2PSU
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higher inside the vortex. The vertical salinity field (Figure
6d) enlightens the mechanism of salinity pump towards the
surface, which also works in the opposite way, bringing
sub-surface less salty water (32.5PSU) to the bottom. Thus,
this mechanism promotes vertical mixture in the first and
second eddies, which results in a high stratified layer with
high eddy dissipation rates as well. The third eddy shows
a different behavior once it remains dynamically stable
without stratifications and also with high turbulent kinetic
energy and dissipation rates (Figures 6 a and b).

The presence of persistent structures occurs as a
disturbance in the current flow, generating a highly curvilinear
flow region characterized by a series of meanders and
eddies. Turbulence associated with this region implies higher
production and dissipation rates for turbulent flow energy
(Marques et al., 2010a). Therefore, vorticity fields are needed
in order to comprehend the influence towards the entire water
layer. From Figure 5, the results showed structures that become
wider and stretched toward the surface, due to the increased
influence of wind stress forces near the surface. The pattern of
vorticity corroborates with the salinity pump observed before.

The model results suggest that the persistent year-long
coherent structures are one additional characteristic of the
local hydrodynamic behavior. The structures presence and
effect on the local flow could be taken under consideration
by plume dispersion studies, since the described process
indicates that sediments would not settle easily there.

CONCLUSION

The application of a three-dimensional numerical
investigation on the turbulent features along the coast
proved to be an important tool to investigate persistent
coherent structures. In particular, the region near the Patos
Lagoon discharge to the ocean has presented persistent year-
long circulation patterns. Despite the seasonal variations,
the structures positions remained fairly restricted to a
specific location, indicating that this region is characterized
by strong mixture and upwelling. In addition, the numerical
model shed some light on the mechanisms behind these
coherent structures. The first and second studied eddies
are strongly influenced by frontogenesis being remarkably
controlled by mechanisms such as high mixture, high
stratification and also riverine influence through the Patos
Lagoon plume. On the other hand the third eddy is in fact
controlled by topographical features which generate and
dissipate turbulent energy increasing potential vorticities
resulting in vertical mixing. Furthermore, wind stress and

Hodapp et al.: Near coast hydrodynamic numerical simulation

bottom shear both play a significant role in this highly
dynamic region regulating changes in water density
through these eddies. Finally, it was possible to improve
the description of the study area circulation structures by
means of numerical modelling analysis.
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