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This article analyses the results from a high resolution numerical model of the North Patagonian Gulfs
(San Matias Gulf, SMG; Nuevo Gulf, NG; and San José Gulf, S]G), a region of the South Western Atlantic
Shelf that has long been recognized for its high productivity and biodiversity. The aim of the study is to
explore the physical processes that control the mean circulation and its seasonal variability with focus on
the generation of recirculation features (gyres) and frontal structures. The numerical results showed that
both tidal and wind forcing significantly contribute to delineate the frontal structures and the seasonal
circulation in the North Patagonian Gulfs. The overall summer circulation pattern in SMG is dominated by
two strong cyclonic subgyres in the northern and southern sectors while NG showed only one gulf-wide
cyclonic gyre. The northern subgyre in SMG and the NG gyre are caused by the interaction of the tides
and the evolving stratification driven by surface heat and freshwater fluxes. A series of sensitivity
experiments showed that the formation and intensity of a summer zonal front in SMG is controlled by
the wind-driven advection of cold waters from a homogenized pool generated by intense tidal mixing in
the inner continental shelf (east of Valdés Peninsula). From April to August, when winter erodes the
stratification, the northern SMG subgyre and the NG gyre spin down and gradually shrink in size. At this
time of the year, the western SMG and NG are occupied by an anticyclonic gyre driven by intense
westerlies. In contrast, the mean circulation in SJG is dominated year-round by a pair of strong counter-
rotating eddies produced by tidal rectification.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The North Patagonian Gulfs (NPG) (Fig. 1) comprise three semi-
enclosed gulfs: the San Matias (SMG), Nuevo (NG) and San Jose

The inner continental shelf circulation is strongly influenced by
the configuration of the coast and the bottom topography, which
can control the exchange of mass and properties with the open
ocean and therefore determine the main biological characteristics
of the coastal ecosystem. Several studies have linked the distribu-
tion of plankton as well as fish larvae and shellfish dispersion to
semi-enclosed circulations and the cycles of vertical stratification,
whose characteristics are mostly established by the configuration
of the coast (e.g. Hill et al., 1997; Horsburgh et al., 2000). Given the
strong links between the physical characteristics of the shelf and
its biological response, a better understanding of the circulation
patterns, associated frontal systems, and their dynamical balance
is needed.

* Corresponding author.
E-mail addresses: mtonini@criba.edu.ar, mhtonini@gmail.com (M.H. Tonini).

0278-4343/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.csr.2013.06.011

(SJG) (Fig. 1a and b) and is one of the most productive areas of the
Patagonian Shelf ecosystem (Acha et al., 2004). The energy
cascades from phytoplankton to higher trophic levels, including
major fishing resources like Patagonian anchovy, Argentinean
hake, squids and scallops (Lasta and Bremec, 1998; Bogazzi et al.,
2005). The coastal areas also present high diversity of birds and
mammals (Acha et al., 2004). The high rates of biological activity
have been associated with the formation of frontal systems,
particularly the Valdés Front (VF, Fig. 1b), and are therefore
strongly linked to the shelf dynamics (Carreto et al., 1986;
Sabatini and Martos, 2002; Acha et al., 2004; Bogazzi et al.,
2005). However, the details of the circulation within the Gulfs,
the exchanges between the gulfs and the adjacent shelf, the
formation process and dynamics of the frontal systems and their
biological impact are still poorly understood.

The NPG region is characterized by large tidal amplitudes
(Glorioso and Flather, 1997; Palma et al., 2004a; Moreira et al.,
2011), intense westerly winds, particularly in winter (Palma et al.,
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Fig. 1. (a) Location of study area and (b) schematic drawing of the mean flow. The thin lines indicate the 50, 100 and 150 m isobaths and the thick gray lines in b indicate the
Valdés (VF) and SMG (ZF) surface fronts, respectively. The black dots indicate the stations analyzed in the model spinup, from south to north, west of Nuevo gulf (NG), east of

Valdés Peninsula (VP), San Jose gulf (SJG) and north of San Matias gulf (SMG).

2004Db), and significant surface heat and freshwater fluxes (Scasso
and Piola, 1988; Rivas and Beier, 1990). The dynamical interplay of
these forcings together with the coastal and bottom configurations
set up the ocean circulation and lead to the generation of strong
fronts and gulf-wide re-circulating patterns (gyres). There are few
direct current observations in the shelf area and even fewer inside
the Gulfs that are long enough to provide an estimate of the
annual mean flow or its seasonal variability (e.g. Framifian et al.,
1991; Rivas, 1997). Most observations are near-shore and the
records are masked by high-frequency variability (e.g. Lanfredi
et al,, 1979; Moreira et al., 2009), inertial and tidal fluctuations,
preventing the determination of mean flow patterns in the inner
gulfs. For this reason, the mean circulation and their connections
with the adjacent continental shelves have been inferred from
water mass property distributions and biological indicators
(Carreto et al., 1974; Glorioso, 1987; Piola and Scasso, 1988; Rivas
and Beier, 1990) and by simplified numerical models (i.e. Barros
and Krepper, 1977; Glorioso and Simpson, 1994; Mazio et al., 2004;
Moreira et al., 2011).

Piola and Scasso (1988) suggested that the circulation in SMG is
characterized by a 30 km radius cyclonic gyre located in the northern
half of the gulf. Their study also suggests less defined closed
circulation patterns in the southern SMG (Fig. 1b). Scasso and Piola
(1988) indicate that SMG presents a salinity maximum relative to the
open shelf waters due to an excess evaporation over precipitation of
around 100 cm yr™!, which is favored by the relatively higher sea
surface temperatures found within the gulf. Based on data collected
during two cruises carried out in April and September 1986, Rivas
and Beier (1990) suggested that this relative salinity maximum might
be generated by the isolation of the gulf waters in northern SMG.
They also argued that the southern sector remains colder and fresher
by the injection of shelf waters through the mouth (Fig. 1b).

These recirculation patterns may have biological and environmen-
tal implications. In the Irish Sea, for example, the gyre circulation
contributes to the retention of larvae of Norway Lobster, Nephrops
norvegicus (Brown et al., 1995; Hill et al.,, 1996) and of pelagic juvenile
fish (Dickey-Collas et al., 1997). Similar circulation patterns could act to
retain contaminants in the event of an oil spill (Horsburgh et al., 2000).

Similarly, the isolation of the northern SMG in spring-summer may be
important in the larval retention and persistence of shellfish popula-
tion (Amoroso et al,, 2011).

Carreto et al. (1974), pointed out that SMG presents two regions
with clear differences: the north and west regions filled with “gulf
waters” of high temperature and salinity and an intense thermocline in
summer; and the south and east regions, filled with shelf waters,
characterized by lower temperature and salinity, lack of a seasonal
thermocline and high concentrations of nitrates. Based on the analysis
of hydrographic data Piola and Scasso (1988) indicate that these
regions are separated by a zonal thermohaline front (ZF) situated near
41° 50’ S and suggested that the cold-fresh water found south of the
front enters the gulf through the southern portion of the mouth
(Fig. 1b). Satellite data confirm the existence of this front (Gagliardini
and Rivas, 2004) and suggest that intense exchanges with SJG could
influence the thermohaline structure of the southern SMG and the
formation of the ZF (Amoroso and Gagliardini, 2010).

More recent research based on the analysis of barotropic (i.e.
constant density) numerical models of ~1 km of spatial resolution
indicates that tidal forcing plays a dominant role in shaping the
annual mean circulation (Tonini and Palma, 2011). Presumably the
barotropic simulation is representative of the winter season, when
the water column is well mixed. The main goal of the present
study is to increase our physical understanding of the NPG
dynamics by exploring the effects of stratification on the mean
three dimensional circulations with focus on the formation, inter-
action and seasonal variability of gulf-wide recirculation features
and formation mechanisms of the frontal structures. The use of a
numerical model allows us to reduce the complexity of the
problem by separately analyzing the effects of various interacting
factors. An improved understanding of the behavior (dynamics)
of the circulation and its variability is essential to understand
the spawning cycle, feeding and reproduction patterns of a
variety of species which use these ecosystems. After this Introduc-
tion, Section 2 describes the numerical model and its physical
configuration. In Section 3 we present and analyze the model
results and in Section 4 the summary and conclusions are
presented.
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2. Ocean model

The numerical model used in this study is the Regional Ocean
Modeling System (ROMS). ROMS is a free-surface, terrain-following,
primitive equations ocean model widely used for a diverse range of
applications (e.g., Haidvogel et al., 2000; Marchesiello et al., 2003). The
algorithms that comprise the ROMS computational kernel are
described in detail in Shchepetkin and McWilliams (2005). In the
vertical, the primitive equations are discretized over variable topogra-
phy using stretched terrain-following coordinates. The stretched
coordinates allow increased resolution in areas of interest, such as
surface and bottom boundary layers. In the horizontal, the primitive
equations are evaluated using orthogonal curvilinear coordinates on a
staggered Arakawa C-grid. The vertical mixing parameterization in
ROMS can be set either with local or nonlocal turbulent closure
schemes. In this study we used a local scheme originally developed by
Mellor and Yamada (1982).

2.1. Model setup

The computational grid has 271 nodes in alongshore (N-S) and
241 nodes in a cross-shore (W-E) direction and extends from 40°
to 44° S and from 60° to 65° W (Fig. 1b). The spatial resolution of
the grid is variable, with maximum resolution (~1 km) in the gulfs.
In the vertical the model equations are discretized in 20 sigma
levels, with higher vertical resolution at the top and bottom layers.
The bathymetry is based on digitized nautical charts. The model
has three open boundaries (Fig. 1a) where a combination of
radiation and advection conditions is used (Marchesiello, et al.,
2001). At these lateral open boundaries we imposed tidal ampli-
tudes and phases of six constituents (M, S,, N», O, M; and P,)
interpolated from a global tidal model (TPOX6, Egbert et al., 1994).
At the sea surface we forced the model with the monthly mean
climatological wind stress () from the SCOW 8-year Quikscat
climatology of Y degree spatial resolution (Risien and Chelton,
2008) and heat and freshwater fluxes. The net downward heat flux
(Q) is calculated according to the formulation of Barnier (1998)

Q =Qc + Dg(SST,—SSTc) M

where Q¢ is the monthly mean climatological net heat flux
(including short wave, long wave, latent and sensible heat com-
ponents), Dy is a monthly mean climatological heat flux sensitivity,
SST, is the model-derived sea surface temperature (SST) and SST,
is the monthly mean climatological SST. Q¢ was determined using
a simplified model proposed by Rivas and Piola (2002)

Qc = Q, cos[a(t—to)] 2

with Q, = 1443 W/m?, o =2x/360; and to=-18 days. Dg, SST.
and the net monthly mean climatological freshwater fluxes (E-P,
evaporation minus precipitation) were obtained from COADS
(dasSilva et al., 1994).The climatological fields (¢, Dg, SST. and E
-P) are interpolated onto the model grid, and for each time step in
the model integration the instantaneous values are calculated by
time-intepolating the climatological fields between the two brack-
eting months. Each month is assumed to consist of 30 days; thus a
model year consists of 360 days. Near coastal winds (<25 km
from shore) were obtained from the first available oceanic record
and extrapolated towards land using a five-point laplacian filter.
Fig. 2 shows the model's wind stress for January (austral summer)
and July (austral winter). Depending on the experiment design, the
model was initialized either with constant density (NOHEAT experi-
ment) or with annual mean and area averaged (horizontally uni-
form) vertical profiles of temperature and salinity extracted from
Conkright et al. (2002) (i.e., in the benchmark experiment hereafter
referred to as BENCH) and run for four years (Table 1 lists the
characteristics of the numerical experiments described in the text).
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Fig. 2. Sea surface climatological wind stress interpolated onto the model grid.
Vectors indicate direction and magnitude of the wind stress [Pa]. (a) January
(summer) and (b) July (winter).

Fig. 3 shows the four-year time series of SST and sea surface salinity
(SSS) at four selected grid points (indicated in Fig. 1b) of the model
domain from the BENCH experiment. The seasonal cycle has been
clearly established both in SST and SSS. The model ocean responds
rapidly in SST but it took more than two years to reach an
equilibrium state in SSS. The year-four model results are thus
employed to analyze the simulated circulation in the study region.

3. Results and discussion
3.1. Non-stratified solution

To isolate the effect of stratification on the circulation we have
performed a first experiment (NOHEAT, Table 1) forced with tides
and winds but without initial vertical variations of density and no
surface heat and salt fluxes. The tidally driven response can be
characterized by the amplitude and phase of the principal
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Table 1
General description of the numerical experiments.

Experiment Heat flux Wind Tide SJG-SMG Remarks
NOHEAT No SCcow Yes Connected Non-stratified experiment
BENCH COADS Scow Yes Connected Stratified experiment (Benchmark)
NOTIDE COADS Scow No Connected No tidal forcing at open lateral boundaries
NOSJG COADS SCOW Yes Not connected The mouth of SJG is closed
NOWIND COADS No Yes Connected No wind forcing at the surface
05WIND COADS 0.5 SCOW Yes Connected half magnitude of wind stress
2WIND COADS 2 SCOW Yes Connected Double magnitude of wind stress
19 sG], : : . tidal currents (Tonini and Palma, 2011). The vertical integrated
18 ",. el ! N i\ ' stream function shows that the nonlinear interaction between the
i v tidal circulation and the bottom topography leads to the formation
17 kS of several robust residual circulation patterns (Fig. 5a and b). Other
1644 studies based on residual vorticity (Zimmerman, 1981; Robinson,
T ! 1983) classified the residual gyres (hereafter referred to as eddies
S, 15H because of their small dimensions) according to their geomorpho-
= i logical origin: basin eddies, headlands (coastal) eddies and topo-
8 14 graphical (bathymetric) eddies. Based on this classification,
13 NOHEAT presents basin scale gyres at NG and SMG, and bathy-
metric induced vortices at the mouths of SJG and NG (Fig. 5b).
12 Further details and analysis on the tidal and wind-forced baro-
” tropic response are given in Tonini and Palma (2011).
10 3.2. Stratified solutions
34.4 Fig. 5c¢ shows the mean January circulation for BENCH. The
SJG .
— most relevant differences observed between NOHEAT and BENCH
et M are the generation of robust cyclonic circulations in SMG and NG,
34.2 h l'. and a reduced exchange between SMG and the open shelf waters
i _.;' : . (Fig. 5a and c). As we will show later, these differences are due to
a " Hi o ] '.'1 2 the interaction between tidal forcing and the development of the
o 34w, Al e ;; i vertical stratification induced by the relatively large net summer
N Rt SO ' aE N 'f H heat fluxes. The general cyclonic circulation inside SMG is char-
" ” 3 . . . .
% L : o B : acterized by two re-circulating subgyres: one gyre centered in the
33.8 : y H i northern portion of the gulf, around 41° 20’ S 64° 30’ W and
H < Y another gyre located around 42°S-64° 30° W (Fig. 5c¢). Although
A the southern gyre is of smaller size, both carry similar transports
33.67 (016 Sv, 1Sv=1.10°m>s7"). A similar circulation pattern in the
north has been suggested by Piola and Scasso (1988) using
: : synoptic hydrographic data. The same study suggested a less
33'40 1 2 3 4 defined cyclonic closed circulation pattern in the south, but the

Time [years]

Fig. 3. Numerical model spin-up analyzed in four stations of the computational
domain (Fig. 1b). (a) Time evolution of the sea surface temperature and (b) Time
evolution of the sea surface Salinity.

harmonic (M,) and the tidal dissipation rate (Fig. 4). The tidal
signal propagates from the southwest as a Kelvin wave and
amplifies after entering the SMG (Fig. 4a), dissipating much of its
energy at the mouth and northeast of Valdés Peninsula (Fig. 4b).
There is an amphidromic point located at 41°30'S, 61°W (Fig. 4a)
which has been reported in previous simulations (Palma et al.,
2004a; Moreira et al., 2011). Inside NG and SJG the tidal amplitude
presents small spatial variations with the maximum being larger
at SJG (=3 m). The zones of higher energy dissipation rate (Fig. 4b)
denote intense vertical mixing and are correlated with the location
of the thermal fronts detected by satellite imagery (Glorioso, 1987;
Romero et al., 2006). The total area-integrated energy dissipation
attains 12.3 GW with local maxima larger than 7.4 W/m? concen-
trated NE of Valdés Peninsula (Fig. 4b).

Since in January the wind stress is relatively weak (Fig. 2a), the
mean (non-stratified) summer circulation is dominated by residual

data was too sparse at that location. In the model, the southern
gyre appears to be mainly controlled by topographic rectification
of tidal currents (Fig. 5a) but the intensity of the circulation is
increased by the stratification (Fig. 5c). The inclusion of stratifica-
tion and heat fluxes also intensifies the NG gyre (Fig. 5¢). NG has
only one deep basin and therefore only one cyclonic gyre is formed
that spans the entire gulf. Unlike SMG, the circulation near the
gulf's mouth is similar to NOHEAT and dominated by tidal residual
currents (Fig. 5a and c). The SJG circulation is relatively insensitive
to the inclusion of stratification and surface heat flux forcing. The
dynamics in both the mouth and the interior is dominated by a
pair of counter-rotating eddies generated by tidal residual currents
near the mouth and extending towards the interior (Fig. 5b and c).

To better display the role of tidal forcing on shaping the January
mean circulation, we performed another experiment (NOTIDE)
initialized and forced at the surface as BENCH but without tidal
forcing at the lateral boundaries. The resulting stream function
shows completely different circulation patterns (Fig. 5d), with
weak gyres in the SMG and NG interior and the absence of the SJG
dipole. Note also that the feeble SMG northern gyre is anticyclonic.
This experiment denotes the predominant role that the tide plays
on shaping the depth-mean circulation of the region. We will
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return to this experiment in the analysis of the SMG ZF formation
mechanisms (Section 3.4).

3.3. Gyre generation

The model results indicate that the formation of cyclonic gyres
(north of SMG and in NG) involves the interaction of vertical
stratification, bottom topography, and tides. In winter, the com-
bined effect of vertical mixing induced by the strong westerlies
and the negative surface heat fluxes completely mix the water
column (Scasso and Piola, 1988). The subsequent increase of heat
flux into the ocean in spring—summer induces vertical stratifica-
tion thus limiting vertical mixing. In turn, the tidal fronts formed
at the mouths of SMG and NG in summer (e.g. Rivas and Pisoni,
2010) contribute to isolate the waters within the gulfs. The
combination of these processes generate cold and dense water
domes remnant from previous winters that are retained in the
deeper layers and are blocked by the steep depressions of bottom
topography inside the gulfs year-round (Fig. 6a and b).

Hill (1996) showed that domes of dense deep water in shelf
seas can be expected to induce significant baroclinic circulations.
Although many geostrophic flow states can support a bottom
dome structure, cyclonic circulation develops in the upper layers
over a stagnant bottom layer. Using a two-layer quasi-geostrophic
model Hill (1996) demonstrated that due to the higher bottom
friction induced in macrotidal shelf seas, the bottom layer will spin
down to rest over a time-scale of a few days, and that, due to layer
coupling through vortex stretching/compression, will concentrate
the cyclonic flow in the surface layer. Hill's theory was applied to
the western Irish Sea summer cyclonic gyre and verified using in-
situ data, satellite tracked free drifting buoys and numerical
models (Hill et al., 1997; Horsburgh et al, 2000). A similar
mechanism can explain the intensification of SMG and NG sum-
mer cyclonic gyres (Fig. 5c).

Given that the vertical density structure plays a prominent
role in the gyre's intensification in summer, we compare the
model vertical density structures (recall the model was initialized
with climatological area averaged temperature profiles) with
the few available observations. The modeled vertical density
distribution along section A (Fig. 6a) shows a strong pycnocline

at ~20 m depth. The waters beneath the seasonal pycnocline
present a clear doming, with denser waters over the deepest part
of the gulf and isopycnals deepening around the edges of the gyre.
Near the SMG mouth, the isopycnals deepen sharply in response to
the intense vertical mixing induced by the tides at that location
(Fig. 4b). The overall density structure displayed by the model in
the central part of the section (black rectangle, Fig. 6a) resembles
the structure displayed by a CTD section collected in December
1987 (Fig. 6b). Note the 20-50 m deepening of the 26 kg/m>
isopycnal from the gyre center towards the edges (Fig. 6b). This
dome-like shape of the density field also resembles the topogra-
phy of the 14 °C isotherm observed in April 1977, which deepens
from ~50 m in the gyre center to about 80 m around the edges,
(Piola and Scasso, 1988). Thus, the near-bottom vertical density
structure combined with strong tidal-generated bottom friction
appear to be the main elements leading to the summer intensifi-
cation of the cyclonic circulation.

To quantify the impact of heat fluxes and tidal mixing strength
on the model vertical stratification, we analyzed the January
potential energy anomaly (PEA). Following Simpson (1981), the
PEA is defined as

1 0
b=p / g2z 3)
with
1o
r=p /e

where h is the total depth, p the local density, p the mean density, g
is gravity acceleration and z is the vertical coordinate. The model's
PEA distribution clearly displays the difference between well
mixed and stratified waters, which determine the location of
thermal fronts previously detected from remote sensing data, such
as Valdés Front (VF) located southeast of Valdés Peninsula and
extending in a SW-NE direction (Fig. 6¢ and d). The PEA distribu-
tion also displays a stratification increase in the SMG interior,
while the water column is well mixed east of the mouth. In
agreement with previous studies (Carreto et al., 1974; Piola and
Scasso, 1988) SMG presents two clearly distinct regions: stratified
in the north and relatively well-mixed in the south, with a
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lines indicate the zero contour. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

transition associated with the ZF located near 41°30'S. The PEA
reaches 70]J/m> in the northern gyre center while decreases to
~35]/m° further south (Fig. 6¢). These values are similar to those
calculated by Hill et al. (1997) in the Irish Sea gyre, where
oceanographic conditions are comparable. Though NG presents
lower overall PEA its center displays relatively high PEA (~30 J/m?)
compared to the gyre periphery. Southeast of the VF the PEA is much
higher (> 60]/m?) because tidal mixing is not strong enough to
overcome the summer stratification in the mid shelf region (see
Bianchi et al., 2009). The average January 2011 SST from satellite data
(Fig. 6d) shows a clear correlation between the surface thermal fronts

(ZF and VF) and the stratification areas delineated by the model's
PEA. The satellite data was obtained from the G1SST product, a daily
global sea surface temperature data set at 1 km by the JPL Our Ocean
Portal (ROMS group, http://ourocean.jpl.nasa.gov/SST/). The satellite
SST also displays the maximum north of SMG (19 °C) and minima in
well mixed areas such as the mouth of SJG, NG and East of Valdés
Peninsula (Fig. 6d).

The summer SST distribution and frontal patterns in BENCH are
in overall agreement with high resolution satellite SSTs (Figs. 6d
and 7a). In BENCH the SMG is divided in two regions north and
south of 41° 30" S (Fig. 7a). In the north surface waters are warm
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(>18.5°C) and saline ( > 34.2, Fig. 3b), where the surface currents
delineate the northern cyclonic gyre while in the south, SSTs are
lower (15 °C), less saline (33.5, not shown) and surface currents
are stronger and suggest the input of shelf waters towards the gulf
interior (Fig. 7a). Similar temperature and salinity distributions
have been previously described by Carreto et al. (1974) based on
hydrographic data. Although the model displays a surface tem-
perature range larger than satellite observations, both distribu-
tions present cold regions along the mouths of SMG and NG and
west of VF. Given that the model is forced with climatological wind
stress and a proxy of long-term averaged heat fluxes the agree-
ment between model and observations is quite good. The model
SST in NG is nearly homogeneous (~16 °C), except for a tongue of
cold water that extends westward from the mouth along the south
coast. This feature is more apparent in the model than in the
satellite observations (Figs. 6d and 7a). However, daily satellite
derived SST distributions also clearly depict cold water tongues
along the south coast of NG (e.g. Amoroso and Gagliardini, 2010,
their figure 2a). The small spatial dimensions of SJG and its
shallower waters, lead to a reduced influence of stratification

6w 6é°w

oW

Fig. 6. Vertical density (oy, in kg m™3) sections along line A derived from the January (austral summer) simulation (BENCH, a) and from observations collected in December
1987 (b). The section locations are indicated by the dashed lines in c. (c) Potential Energy Anomaly (PEA, in J/m?) distribution from the baroclinic simulation (BENCH) in
summer. The black circles indicate the stations used to construct the vertical section shown in b. Monthly mean (January 2011) Sea surface temperature (CI=1 °C) from JPL-
G1SST, 1 km spatial resolution (d). The gray dashed lines in d indicate the Valdés Front (VF) and the SMG Zonal Front (ZF).

65w

compared to tidal forcing. A meridional front in SJG has been
detected using daily high resolution (~1km) satellite data
(Amoroso and Gagliardini, 2010). Although this front is not well-
defined in the model SST distribution, both, model and observa-
tions show that the west part of the gulf is slightly colder than the
eastern region (Fig. 7a). This zonal temperature contrast is prob-
ably associated with the asymmetry in the location of the gulf's
mouth, which leads to higher tidal mixing and homogenization in
the west.

3.4. SMG zonal front formation mechanisms

While in the open shelf the net surface heat flux is partially
balanced by northeastward advection of cold water (Rivas and
Frank Langer, 1996) the isolation of the northern SMG by the
spring-summer cyclonic circulation increases its temperature
beyond shelf values. In turn, this increase in SST augments the
evaporation compared to open shelf waters causing an increase in
surface salinity (Scasso and Piola, 1988). Given that the surface
heat flux is approximately uniform over the entire region, the
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meridional SST difference observed in summer at SMG (Fig. 7a) is
possibly due to horizontal advection of colder waters into the
southern sector. The colder waters may be associated with
different physical mechanisms: (i) waters from the adjacent shelf
(e.g. east of Valdés Peninsula) carried by the mean circulation (ii)
waters expelled from the SJG, or (iii) water locally upwelled in
SMG southern coast and advected northward by the mean
circulation. In an attempt to clarify the possible physical

mechanism in the ZF formation we conducted a series of addi-
tional process oriented numerical experiments (see Table 1). Only
the January results, when the front is fully formed, are presented.

To test mechanism (i) we return to the NOTIDE experiment
which did not form the surface pool of cold water, east of Valdés
Peninsula (Fig. 7b). Consequently, waters advected into the south-
ern SMG are warmer than in the satellite data (Fig. 6d) and the
benchmark experiment (BENCH, Fig. 7a). The surface currents are
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weaker, therefore the transport is reduced. In the absence of
vertical tidal mixing the southern and northern regions of SMG
have similar stratification distributions (Fig. 8b) Thus, the bottom
waters and the bulk of shelf waters below the mixed layer flowing
into the gulf are colder than in experiments with tides (compare
Fig. 8a and b). The region of relatively low surface temperature and
the northward flow observed at the southern SMG coast suggests

the influence of the southerly winds (Figs. 7b and 2a).
In the NOTIDE simulation the meridional temperature gradient is
weak and there is no indication of the presence of the ZF, as in
BENCH (Fig. 9a).

To evaluate the role of waters expelled from SJG in the
formation of the ZF we closed the gulf mouth (Experiment NOSJG).
In this case the surface temperatures in the southern portion of
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SMG are slightly higher than in BENCH (Fig. 7c) and therefore the
intensity of the ZF is reduced ~10% (Fig. 9a). The strong tidal
mixing decreases and the stratification increases in the southern
sector of SMG and inside SJG (Fig. 8c). The cold surface waters still
observed in southern SMG appear to be due to the influence of
waters from the western side of the VF that are advected by the
surface circulation (Fig. 7c). Furthermore, when SJG is connected
with SMG it is possible that a fraction of the VF waters re-circulate
and mix inside SJG before being exported to SMG, as suggested by
daily high resolution satellite images (Amoroso and Gagliardini,
2010). NOSJG shows that mixing through the mouth of SJG affects
mainly the middle and deeper layers of the southern SMG (Fig. 8c)
and therefore plays a secondary role in the formation of the ZF.
To test the role of the wind in the formation of the ZF, we
conducted an additional experiment with the same settings as in
BENCH but excluding wind stress forcing (NOWIND). Although this
experiment forms the pool of cold water west of the VF (Fig. 7d) and
tidal currents generate intense vertical mixing at the SJG mouth, in the
absence of wind the advection of cold waters from the vertically
mixed shelf regions into the southern sector of SMG is greatly reduced.

The SST in SMG is practically uniform (Fig. 7d) and no ZF is formed
(Fig. 9b). Additionally, without wind forcing, the weak coastal upwel-
ling forced by the cross-shelf winds in experiment NOTIDE and
suggested by the band of cold temperatures along the southeastern
coast of SMG is suppressed and replaced by cold waters advected
westward from the outer shelf (Figs. 7b and 7d). The absence of wind
stress mixing decreases the vertical mixing of heat and the model
develops a very thin and warm mixed layer overlaying the cold waters
that occupy the bulk of the volume underneath (Fig. 8d). This
experiment also shows that without wind forcing the tidal mixing
between SJG and SMG only exerts a local influence on the SST in the
southeast of the SMG and acts primarily to homogenize the deeper
layers (Figs. 7 and 8d).

Due to uncertainties in the determination of the wind stress
(algorithms used for processing the satellite data and parameter-
ization of the turbulent exchange at the sea surface), and given its
important role in determining the formation of the SMG ZF, we
explore the response of the NPG to variations of the magnitude of
the wind stress. Additionally, these experiments might be helpful
to predict the frontal response under synoptic changes of the wind
forcing. For this purpose we implemented two additional experi-
ments: one forced with half the wind stress magnitude (05WIND),
and the other doubling the wind stress magnitude (2WIND). The
increase or decrease in the magnitude of wind stress modified
mainly the depth of the thermocline in the northern half of SMG
and the intensity of the SST gradient at the ZF, otherwise the SSTs
structure and the frontal location are similar to BENCH. Halving
the wind intensity (O5WIND) reduced the thermocline depth
(~7 m, Fig. 8e) and decreased more than 35% the intensity of the
ZF (Fig. 9b). When we doubled the magnitude of the wind stress,
the thermocline deepens from ~10 m in BENCH to ~20m in
2WIND (Fig. 8f) and the SST gradient across the ZF is slightly
increased (Fig. 9b). The intensity of the ZF in these experiments
and the one estimated from the January 2011 SST observations are
displayed in Fig. 9b. Though in the simulations the SST front is
slightly south from its observed location, the frontal intensity
compares well with the BENCH experiment.

3.5. The seasonal cycle

The summer circulation displays strong thermal fronts, robust
gulf-wide gyres and intense re-circulations. Since these patterns
can act as a retention mechanism of planktonic species (Brown
et al, 1995; Hill et al., 1997) they may be important from a
biological standpoint. Therefore, it is of interest to determine
whether any of these patterns persist throughout the year, or
show seasonal variability. To this end the seasonal cycle of the
circulation is analyzed below based on the strength and structure
of the vertically averaged stream function (Fig. 10 and 11).
Vertically integrated patterns give us a more complete idea of
the mean circulation and the impact of circulation structures
discussed above.

In winter (July, Fig. 10a) the strong westerly winds (Fig. 2b)
combined with the tidal residual circulation delineate a circulation
pattern zonally dividing SMG and NG into two gyres of opposite
sense of rotation. The western gyre is anticyclonic, while the
eastern gyre is cyclonic (Fig. 10a). Further analysis of the NOTIDE
and NOWIND experiments clearly shows that the cyclonic flow in
the east is mostly driven by the tides (Fig. 10b) while the antic-
yclonic circulation in the west is sustained by the wind (Fig. 10c).
The winter circulation pattern is very similar to that obtained by
Tonini and Palma (2011) using a barotropic model and a spatially
uniform (westerly) wind stress field.

In early spring (September, Fig. 11a) the wind stress intensity
decreases and the heat flux begins to increase the water column
stratification. In response to this change in the surface forcing
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Fig. 10. July (austral winter) vertically integrated stream function (CI = 2 x 10* m?/s). (a) BENCH, (b) NOWIND and (c) NOTIDE.

there is an intensification and expansion of the cyclonic circulation
in the southern gyre of the SMG and the center of NG (Fig. 11a).
The anticyclonic gyre, being mostly wind-driven, shrinks in size
(Fig. 11a). By late spring (November, Fig. 11b) the evolving inter-
action of the stratification and the tidal forcing intensifies the
southern cyclonic gyre and delineates a new re-circulating cyclo-
nic subgyre in the northern half of SMG. A similar intensification of
the circulation is observed in NG, but only a single cyclonic gyre is
apparent (Fig. 11b).

In summer (January, Fig. 11c) the intensity of the two cyclonic
subgyres in SMG reaches approximately 0.16 Sv, with the northern
gyre being largest in size. The strongest cyclonic circulation in NG
is also observed in this period (Fig. 11c). In late summer (March,
Fig. 11d) the cyclonic gyres in SMG reach their highest intensity
but begin to shrink in size. As a consequence of the summer's
closed circulation patterns SMG and NG waters are more isolated
from the shelf region.

The model results suggest that in autumn (May) the cyclonic
circulation weakens in SMG and NG (Fig. 11e). Simultaneously a
weak anticyclonic flow pattern develops along the west coasts of
both gulfs. In SMG this flow is connected with two semi-
permanents eddies located at the mouth of SJG. As the cyclonic
circulation relaxes in fall and early winter the excess heat and salt
accumulated in the northern part of SMG during the summer is
exported to the neighboring shelf along the northern coast
(Fig. 11e and f). The observation of high surface salinities ( > 34)
in the inner shelf off the northern sector of SMG during this time
of the year (Piola and Scasso, 1988; Lucas et al., 2005) suggests that
the eastward flow from the gulf along the northern coast is the
main export route of gulf waters to the adjacent continental shelf.

SJG shows a persistent year-long circulation pattern associated
with the structure created by residual tidal currents at the mouth
(a pair of counter-rotating eddies, Fig. 5b). Only the strong winds
during winter appear to generate an anticyclonic gyre in the
east coast (Fig. 11f).

4. Summary and conclusions

In the present study the mean three dimensional circulation of
the NPG was explored with focus on the formation, interaction and

seasonal variability of recirculation features (gulf-wide gyres and
eddies) and frontal structures using a numerical model. The model
was initialized with horizontally uniform temperature and salinity,
was forced with monthly climatological winds, heat and salt fluxes
at the surface and tides at the lateral open boundaries.

There are few direct current observations inside the gulf to
validate the modeled flow pattern, but our results show that there
is an intense cyclonic circulation in the northern SMG caused by
the interaction of the tides and the evolving summer stratification
in the presence of variable topography, and a smaller cyclonic
subgyre in the south that seemed largely controlled by tidal
residual currents. Similar circulation patterns in SMG had been
previously inferred based on property distributions and the
thermocline depth (Piola and Scasso, 1988). Cyclonic circulation
patterns in the warmer upper layers of an enclosed shelf basin are
also expected if there is a remnant dome of dense deep water that
remains stagnant by the effect of increased tidal-induced bottom
friction like in the SMG (Hill, 1996). The overall density structure
displayed by the model in the central part of SMG is confirmed by
in-situ observations. Similar circulation patterns associated with
dense, stagnant bottom water lenses have been observed and
modeled in the Middle Atlantic Bight (Houghton et al., 1982), the
Adriatic Sea (Henderschott and Rizzoli, 1976), the Gulf of California
(Lavin et al., 1997), the Yellow Sea (Hu et al., 1991), and Irish Sea
(Hill et al., 1997).

The same physical mechanism seems responsible for the
intensification of the summer cyclonic circulation in NG. This gulf
has only one deep basin and therefore a single cyclonic gyre
spanning the entire gulf is formed. The westward advection of cold
waters, vertically mixed by the tides in the mouth region,
contributes to the formation of a weak zonal surface front in
summer clearly depicted in high resolution satellite derived SST
distributions (Amoroso and Gagliardini, 2010). In contrast with
SMG and NG, the SJG circulation appears to be relatively insensi-
tive to the inclusion of surface heat flux forcing. The circulation at
SJG is dominated by a pair of counter-rotating eddies generated by
tidal residual currents near the mouth and extending towards the
interior.

The model reproduced the observed patterns of the January SST
distribution. Although the surface temperature range is larger than
in the observations, both distributions present cold regions along
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the mouths of SMG and NG and east of Valdés Peninsula. The PEA
distribution computed from the model results revealed the correct
location of thermal fronts previously detected from remote sen-
sing data, such as VF extending from Valdés Peninsula in a SW-NE
direction, a meridional front close to the SMG mouth and a zonal
front dividing strongly stratified and weakly stratified waters
within SMG. The model also captures a zonal temperature contrast
inside SJG which has been described based on high resolution
satellite data (Amoroso and Gagliardini, 2010). This feature is
probably associated with the asymmetry in the location of the
gulf's mouth, which leads to higher tidal mixing and homogeniza-
tion in the west.

The modeled meridional contrast of SMG surface waters during
summer (warmer and saltier (not shown) in the north; colder,
fresher and less stratified in the south) is in overall agreement
with hydrographic observations (Carreto et al., 1974; Piola and
Scasso, 1988) and with estimates of the SST gradient based on
satellite data (Rivas and Pisoni, 2010). A series of sensitivity
experiments showed that the cold surface waters in the southern
half of SMG are advected by the wind from the cold pool generated
by intense tidal mixing east of Valdés Peninsula. Without wind
forcing the tidal mixing only exerts a local influence on the SST and
acts primarily to homogenize the water column. Although it is
possible that a fraction of the advected waters re-circulate and mix
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inside SJG before being exported to SMG, as suggested by high
resolution satellite images (Gagliardini and Rivas, 2004; Amoroso
and Gagliardini, 2010), the experiments showed that mixing
through the mouth of SJG affects mainly the mid and deeper
layers of the adjacent SMG and therefore plays a secondary role in
the formation of the ZF. Additional sensitivity experiments showed
that variations in the wind intensity modified the depth of the
thermocline in the northern half of SMG and the intensity of the
SST gradient at the ZF, but otherwise the SST structure and the
frontal location remains similar to the benchmark experiment.

The interaction of atmospheric (wind and heat fluxes) and tidal
forcing drives a distinct seasonal circulation in the interior of SMG.
In September the ocean begins to gain heat from the atmosphere
and marks the spinup of a cyclonic circulation in northern SMG. By
November, the gulf-scale cyclonic circulation pattern is established
with two recirculation subgyres. The circulation accelerates
throughout the summer and reaches its maximum strength in
March. The fall-to-winter transition is characterized by decelerat-
ing cyclonic circulation and shrinking of the northern SMG
subgyre and the appearance of an anticyclonic wind-induced gyre
in the NW sector. The anticyclonic gyre grows in size with the
intensification of the winter westerly winds, filling the entire
western half of SMG and reaching its maximum meridional
extension and strength in mid-winter (July-August). There is a
similar seasonal response in NG, a single cyclonic gyre that
intensifies in summer and shrinks in winter with the simultaneous
developing of a weak anticyclonic circulation along the west coast.
In contrast, the mean ocean circulation in SJG is dominated by a
strong pair of counter-rotating eddies produced by tidal rectifica-
tion year-round.

Monthly wind climatologies as those employed in this study
are limited by the fact that the seasonal cycle contains a small
percentage of the total wind variability in localized regions. A large
part of this variability is concentrated in high-frequency scales
(daily to weekly) associated with synoptic atmospheric variability.
To the extent that the flow is only weakly non-linear, high
frequency oscillations will probably have an impact on local and
high-frequency circulations (like inertial oscillations) but no sig-
nificant impact on the mean circulation patterns. Our weakly non-
linear assumption is not only confirmed by the momentum
balance of the model and observations (Piola and Scasso, 1988),
which show that, to the zeroth-order, the gulf-wide circulation in
SMG is in geostrophic balance, but also by the results of explora-
tory experiments (not shown) conducted with daily ERA Interim
winds (Dee et al, 2011). The numerical solutions indicate limited
high-frequency dependence in the time averaged ocean response,
suggesting that the low-frequency response reflects the major
features of the monthly mean circulation.

In summary, the numerical results showed that both tidal and
wind forcing significantly contribute to delineate the frontal
structures and the seasonal circulation in the NPG. The summer-
mean circulation is mainly controlled by the interaction of the
tides and the evolving stratification driven by surface heat and salt
fluxes. The effects of wind forcing are more important in delineat-
ing the mean circulation in winter and in maintaining the SMG
surface zonal thermal front in summer. The results derived from
the numerical model are consistent with available data and
represent a significant step forward in the understanding of the
regional circulation.
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