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SPECIAL ISSUE ON THE GULF OF SAN JORGE (PATAGONIA, ARGENTINA)

Schematic representation of the depth-averaged Gulf of San Jorge circulation during summer 
and winter. Solid lines indicate cyclonic circulation, dashed lines indicate anticyclonic circulation. 
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INTRODUCTION
The Gulf of San Jorge (GSJ) is the largest 
gulf of the Patagonian Shelf, the southern-
most portion of the eastern shelf of South 
America, and one of the most productive 
regions of the world ocean (Costanza 
et  al., 1997; Figure 1a). The GSJ hosts 
Argentina’s second largest oil and natural 
gas reservoirs (Silwan, 2001) and harbors 
some of its most valuable fishery stocks, 
including hake, Patagonian scallops, king 
crabs, and shrimps (Bogazzi et al., 2005; 
Glembocki et al., 2015). The gulf ecosys-
tem and its regional economic activities 
depend on the characteristics of the local 
oceanic circulation, which are largely 
unknown. In fact, with the exception of a 
few highly specific regional studies, there 
are no descriptions of the GSJ circula-
tion or its connection to the Patagonian 
Shelf. This is a matter of concern because 
the steady increases in oil-related activ-
ities and commercial fishing pose great 
environmental risks to local marine 
ecosystems, which cannot be evalu-
ated without a proper understanding of 
the characteristics of regional oceanic 
circulation. To address this deficit, we 
used a suite of high-resolution numeri-
cal experiments to characterize the main 
features of GSJ circulation, its seasonal 
variations, and its exchanges with the  
neighboring shelf.

BACKGROUND
The GSJ extends from 47°S (Cape Tres 
Puntas) to 45°S (Cape Dos Bahías), 
encompassing an approximate area of 
40,000 km2 (Figure 1a). The most note-
worthy features of the bottom topogra-
phy of this relatively shallow gulf are the 
Central Basin, a 100 m depression located 
at its center, and South Bank, a shallow 
bank that separates the southern portion 
of the gulf from the open shelf (Figure 1b). 
The thermohaline characteristics of the 
gulf ’s waters are controlled by atmo-
spheric heat and freshwater fluxes and 
by onshore intrusions of the Patagonia 
Current. There are no significant fresh-
water discharges into the GSJ. Local wind 
forcing is dominated by strong and per-
sistent westerlies. The relatively small 
seasonal variations in the local winds are 
characterized by intensification during 
late fall, weakening at the end of winter, 
and strengthening at the end of spring 
(Palma et al., 2004b; Combes and Matano, 
2014, Figure 1a). The tidal cycle is domi-
nated by the M2 semidiurnal compo-
nent, which enters the Patagonian Shelf 
through its southern boundary and prop-
agates toward the north. Tidal amplitudes 
within the GSJ reach a maximum of 2 m 
near Comodoro Rivadavia (Figure 1b). 
The speed of the semidiurnal tidal cur-
rents peaks near Cape Tres Puntas. The 

interaction between tidal currents and 
bottom topography near South Bank 
generates the third largest tidal dissipa-
tion center of the entire Patagonian Shelf 
(Palma et al., 2004a). 

There are few descriptions of the GSJ 
circulation (Palma et  al., 2004a; Tonini 
et al., 2006; Glembocki et al., 2015; Krock 
et al., 2015). Krock et al. (2015) reported 
the intrusion of low-salinity waters from 
the Patagonia Current—a shelf current 
formed by discharges from the Magellan 
Straits (Brandhorst and Castello, 1971; 
Palma and Matano, 2012)—at inter-
mediate depths, and the existence of an 
intense thermohaline front at the south-
ern end of the gulf. Using satellite sea 
surface temperature and chlorophyll  a 
data, Glembocki et  al. (2015) identi-
fied three thermal fronts, the southern-
most of which strengthens during win-
ter. They related this strengthening to 
the effects of tidal mixing, while develop-
ment of the northernmost front was pro-
posed to be due to vertical stratification 
during spring and summer. Glembocki 
et al. (2015) identified another front over 
South Bank, which begins developing 
during spring and reaches its maximum 
extent during summer. There is no fur-
ther information on the characteristics of 
these fronts or the underlying dynamics 
of their variability.

Previous modeling studies of GSJ cir-
culation focused on the impact of tidal 
and wind forcing on the gulf mean cir-
culation. Tonini et al. (2006) identified a 
tidal dissipation center over South Bank 
and showed the development of a cyclonic 
gyre in the northern half of the gulf and 
an anticyclonic gyre in the southern half. 
Their model also revealed the develop-
ment of a wind-driven upwelling center 
along the south and southwest coasts and 
a downwelling center along the northern 
coast. Models with a larger (shelf-wide) 
domain but lower spatial resolution show 
similar features (Glorioso and Flather, 
1995; Palma et al., 2004a). 

ABSTRACT. This study uses a high-resolution model to characterize the seasonal 
variability of the oceanic circulation in the Gulf of San Jorge (Argentina). The time 
mean circulation is dominated by a cyclonic gyre bounded by a relatively strong 
coastal current and, on its offshore side, by the Patagonia Current. The gulf circula-
tion varies significantly with season. Tidal mixing during the summer months gen-
erates baroclinic pressure gradients that allow development of a cyclonic gyre in the 
southern region. During winter, erosion of density gradients weakens the cyclonic 
tendency and a large anticyclonic gyre develops in the southern region. Atmospheric 
heat fluxes regulate the transition between summer and winter circulation patterns. 
Analysis of process-oriented experiments indicates that summer circulation is mainly 
driven by the interaction between tides and stratification while winter circulation is 
mainly driven by wind forcing. The mass exchanges between the gulf and the open 
shelf peak during the summer due to a larger onshore penetration of the Patagonia 
Current. During winter, these exchanges are very weak and remain largely confined to 
the northern portion of the gulf. 
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The scant information about the kine-
matics of the gulf circulation makes char-
acterization of its dynamics difficult, 
particularly identification of the role of 
local and remote forcing in the shap-
ing of the gulf ’s water mass character-
istics. The lack of in situ observations is 
compounded by the deficiencies of pre-
vious numerical studies, which are too 
idealized (Tonini et al., 2006) or lack the 
proper spatial resolution to address local 
features (Palma et al., 2008; Combes and 
Matano, 2014). We address some of these 
deficiencies by analyzing a suite of high-  
resolution numerical experiments specifi-
cally designed to characterize the kinemat-
ics and dynamics of the GSJ circulation 
and its seasonal variability. The following 
section offers a brief technical descrip-
tion of the model configuration, and sub- 
sequent sections discuss the model results. 

The discussion will be focused on the time 
mean circulation, its seasonal variability, 
and the mass exchanges between the GSJ 
and the open shelf.

MODEL DESCRIPTION
The numerical model used in this study 
is based on the Regional Ocean Modeling 
System (ROMS_AGRIF; Debreu et  al., 
2012). In the vertical, the model’s prim-
itive equations are discretized over vari-
able topography using stretched terrain- 
following coordinates. The stretched 
coordinates allow increased resolution 
in areas of interest, such as surface and 
bottom boundary layers. In the horizon-
tal, the primitive equations are evaluated 
using orthogonal curvilinear coordinates 
on a staggered Arakawa C-grid. Vertical 
mixing is parameterized with a K-Profile 
Parameterization (KPP) scheme (Large 

et al., 1994). The model domain extends 
from 58°S to 38°S and from 69°W to 
54°W with 1/24° horizontal resolution. In 
the vertical, the model equations are dis-
cretized into 40 sigma levels, with higher 
vertical resolution at the top and bot-
tom layers. The bathymetry is based on 
digitized nautical charts (Figure 1a). At 
the model’s open boundaries we employ 
radiation and advection conditions 
(Marchesiello et  al., 2001). There, we 
specify the amplitudes and phases of the 
M2 tide, which are interpolated from a 
global TPX06 tidal model (Egbert et al., 
1994). At these boundaries we also spec-
ify the climatological values of tempera-
ture, salinity, and velocity fields extracted 
from the Southern Hemisphere model of 
Combes and Matano (2014). At the sur-
face we force the model with the mean 
climatological wind stress derived from 

FIGURE 1. (a) MODIS chlorophyll 
image of the Patagonian shelf. 
(b) Bottom topography of the 
Gulf of San Jorge. The arrows 
represent the wind stress field 
during winter (black) and sum-
mer (red). The dotted black line 
indicates the location where 
mass exchanges are calcu-
lated. (c) Amplitudes (color) and 
phases (white contours) of the 
M2 tide. Amplitude values are in 
centimeters.
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the 1999–2012 Quikscat-ASCAT clima-
tology. Heat and freshwater fluxes are 
computed as per Barnier (1998). 

RESULTS
The dual objectives of the present anal-
ysis are to characterize the GSJ circula-
tion and to identify its drivers. To this 
end, we first conducted a suite of process- 
oriented experiments—referred to as 
NONSTRAT—that are initialized with  
constant values of temperature and salin-
ity and forced with different combina-
tions of wind stress and tides. These 
experiments are used to understand the 
role of bottom topography, wind stress 
forcing, and tides in generating the 
GSJ circulation. A second experiment, 
STRAT, which is our most realistic rep-
resentation of the local conditions, char-
acterizes the actual circulation. STRAT 
is initialized with climatological pro-
files of temperature and salinity from 
observational data sets (Conkright et al., 
2002) and forced with the atmospheric 
fluxes described in the previous section. 
Both sets of experiments are spun up to 
dynamic equilibrium and run prognosti-
cally for a five-year period. 

NONSTRAT 
This set includes three experiments: the 
first is forced with winds only, the second 
with tides only, and the third with both 
tides and winds. There is no heat or fresh-
water forcing; tides are the only open 
boundary forcing. Thus, NONSTRAT 
represents the circulation patterns gen-
erated in a gulf of constant density and 
variable bottom topography that is under 
the influence of wind and/or tidal forcing. 
The first three panels of Figure 2 (a, b, 
and c) show the stream function (color) 
and the residual depth-mean velocities 
(vectors) of this experimental suite. The 
circulation in the winds-only experi-
ment shows a double gyre structure, with 
a larger anticyclone in the south and a 
smaller cyclone in the north (Figure 2a). 
This structure reflects the influence of 
open shelf circulation and local bottom 
topography. To understand how bottom 

topography leads to the formation of a 
double gyre structure, consider the steady 
state vorticity balance of a linear, baro-
tropic, wind driven flow in a small basin 
(large Rossby radius),
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ance states that in the steady state, the 
vorticity imparted by the wind should be 
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tom stress is parameterized with a linear 
drag law, then
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FIGURE 2. Annual mean stream function (colors in centi-Sv, or cSv: 1 cSv = 1 × 104 m3 s–1) and resid-
ual depth-mean velocity vectors from a suite of process-oriented experiments called NONSTRAT: 
(a) tidal forcing only, (b) wind forcing, and (c) tidal and wind forcing. (d) Annual mean stream function 
and residual depth-mean velocity vectors from the stratified experiment (STRAT). Thick black lines 
indicate the zero contour.
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the depth-averaged flow, and CD is a con-
stant. It follows that
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and/or tidal forcing. The first three panels of Figure 2 (a, b, and c) show the stream function 

(color) and the residual depth-mean velocities (vectors) of this experimental suite. The 

circulation in the winds-only experiment shows a double gyre structure, with a larger anticyclone 

in the south and a smaller cyclone in the north (Figure 2a). This structure reflects the influence of 

open shelf circulation and local bottom topography. To understand how bottom topography leads 

to the formation of a double gyre structure, consider the steady state vorticity balance of a linear, 
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For the particular geometry and bathymetry of GSJ, the meridional topographic gradient is 

negative in the northern half of the gulf and positive in the southern portion. It follows, therefore, 

that the wind injects positive vorticity, thus generating anticyclonic/anticlockwise circulation in 

the southern region and negative vorticity with cyclonic/clockwise circulation in the northern 

region (Figure 2a). 

Residual circulation in the tides-only experiment is established by the nonlinear 

interaction between the oscillating tide and the bottom topography, which produces an elongated 

anticyclonic gyre centered over South Bank (Figure 2b). The nonlinear rectification of a tidal 

wave generates anticyclonic residual flows over banks and cyclonic residual flows over 

depressions (Zimmerman, 1980; Park and Wang, 1994). In the present experiment, the tidal 

residual currents intensify to the right of the bank, where they generate a northeastward-flowing 

jet. The tidally driven anticyclone is accompanied by smaller subgyres near the northern and 

southern tips of the mouth and near Cape Dos Bahías and on Camarones Bay (Figure 2a).  

The experiment forced with both tides and winds is similar to the wind-driven case, but 

the anticyclonic gyre expands toward the north and toward the outer shelf. This experiment also 

shows the development of an additional recirculation cell with intense residual jets over South 

Bank. The general circulation structure of this experiment is similar to previous barotropic 

simulations of the Patagonian shelf (Palma et al., 2004a; Tonini et al., 2006).  

 

STRAT 

This experiment considers the impact of density stratification on gulf circulation.  

 

Time Mean Circulation 

The differences between NONSTRAT and STRAT demonstrate the impact of intrusions of the 

Patagonia Current and atmospheric heat and freshwater fluxes on GSJ circulation. The large 

anticyclonic gyre shown in the wind and tide version of NONSTRAT shrinks considerably and is 

confined to the southernmost edge of the gulf, while the northernmost cyclonic gyre expands to 

encompass most of the gulf (Figure 2c and 2d). The STRAT circulation is particularly influenced 

2

1 w
x

d o

D
C D y

z t
r

¶
=

¶
.

For the particular geometry and bathym-
etry of the GSJ, the meridional topo-
graphic gradient is negative in the north-
ern half of the gulf and positive in the 
southern portion. It follows, there-
fore, that the wind injects positive vor-
ticity, thus generating anticyclonic/ 
anticlockwise circulation in the south-
ern region and negative vorticity with 
cyclonic/clockwise circulation in the 
northern region (Figure 2a).

Residual circulation in the tides-only 
experiment is established by the nonlin-
ear interaction between the oscillating 
tide and the bottom topography, which 
produces an elongated anticyclonic gyre 
centered over South Bank (Figure 2b). 
The nonlinear rectification of a tidal wave 
generates anticyclonic residual flows over 
banks and cyclonic residual flows over 
depressions (Zimmerman, 1980; Park 
and Wang, 1994). In the present exper-
iment, the tidal residual currents inten-
sify to the right of the bank, where they 
generate a northeastward-flowing jet. The 
tidally driven anticyclone is accompa-
nied by smaller subgyres near the north-
ern and southern tips of the mouth and 
near Cape Dos Bahías and on Camarones 
Bay (Figure 2a). 

The experiment forced with both tides 
and winds is similar to the wind-driven 
case, but the anticyclonic gyre expands 
toward the north and toward the outer 

shelf. This experiment also shows the 
development of an additional recir-
culation cell with intense residual jets 
over South Bank. The general circula-
tion structure of this experiment is sim-
ilar to previous barotropic simulations of 
the Patagonian Shelf (Palma et al., 2004a; 
Tonini et al., 2006). 

STRAT
This experiment considers the impact 
of density stratification on the gulf 
circulation. 

Time Mean Circulation
The differences between NONSTRAT 
and STRAT demonstrate the impact of 
intrusions of the Patagonia Current and 
atmospheric heat and freshwater fluxes 
on the GSJ circulation. The large anticy-
clonic gyre shown in the wind and tide 
version of NONSTRAT shrinks consid-
erably and is confined to the southern-
most edge of the gulf, while the north-
ernmost cyclonic gyre expands to 
encompass most of the gulf (Figure 2c,d). 
The STRAT circulation is particu-
larly influenced by the intrusion of the 
Patagonia Current. Approximately one-
third of the volume transport of this cur-
rent is entrained as a loop current that 
flows along the GSJ coast until ~46°S, 
where it retroflects and veers offshore. 
The Patagonia Current intrusion intensi-
fies the recirculation gyre in the south-
ern portion of the domain and contrib-
utes to the broad northeastward flow that 
detrains the gulf ’s waters onto the open 
shelf. The STRAT experiment also reveals 
the development of several recirculation 
cells, the most prominent of which is 
an anticyclonic gyre located over South 
Bank. Smaller anticyclonic gyres are also 
observed over a small-scale bank located 
in the central northern half of the GSJ, 
in coastal regions of the southern half, 
and in Camarones Bay (on the northern 
shelf). The impact of density stratifica-
tion is reflected not only in the intensi-
ties of the flows but also in their direc-
tions (Figure 2c,d).

Substantial portions of the 

NONSTRAT/STRAT differences are 
associated with the density gradients 
generated by the Patagonia Current’s 
intrusion and the atmospheric heat and 
freshwater fluxes. These differences are 
particularly large because the STRAT 
time mean circulation is dominated by 
the patterns established during the aus-
tral summer, when density stratification 
peaks and circulation is more intense 
(Figure 3a). The vertical structure of the 
summer circulation is illustrated in three 
horizontal cross-sections representing 
surface, intermediate, and bottom lay-
ers (Figure 4). At the surface, there is a 
broad northeastward flow that is largely 
driven by Ekman dynamics. The thermo-
haline structure of this layer highlights 
the impact of the cool and fresh waters of 
the Patagonia Current on the local ther-
mohaline structure (Figure 4a,d). Two 
temperature maxima are observed near 
coastal regions, one in the south (16°C) 
and the other in the north (>17°C). The 
two thermal fronts generated by the 
model are in agreement with satellite 
observations (Glembocki et  al., 2015). 
The strongest front is located at the 
mouth of the gulf and intensifies north 
of 46.5°S. The weaker front, located 
near the southern coast, is generated by 
the intrusion of cold Patagonia Current 
waters. Glembocki et  al. (2015) also 
reported a third thermal front that is not 
reproduced by our model. The influence 
of the Patagonia Current on the gulf ’s 
thermohaline structure is more evident 
in the subsurface layer, which shows the 
penetration of a cool and fresh tongue of 
water that is subsequently recirculated 
in the interior of the gyre (Figure 4b–e). 
This intrusion divides the gulf into a cool 
and relatively fresh southern sub-basin 
and a warm and saltier one. As the 
waters of the Patagonia Current spread 
into the gulf, mixing and atmospheric 
fluxes erode their original thermohaline 
characteristics. 

Circulation in the bottom layer of 
the model is more complex than in the 
surface due to its stronger dependence 
on bathymetric features, although it is 
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still easy to recognize the imprint of the 
upper circulation (Figure 4c–f). In the 
interior of the basin, for example, the 
bottom circulation reflects the cyclonic 
and anticyclonic gyres of the upper lay-
ers. The largest differences between sur-
face and deeper layers are observed in 
the coastal region, where the intense 
cyclonic coastal current flowing in the 
upper layers is replaced by a weak anti-
cyclonic flow at depth. The convergen-
ces and divergences of the velocity field 
in the deep layer reflect coastal upwelling 
and downwelling processes. Bottom cur-
rents, for example, are directed toward 
the coast at the tip of Cape Dos Bahías 
and at the southwestern coast of the 
basin. These coastal convergences pro-
mote upwelling of colder water in the lat-
ter but not in the former (Figure 4a). The 
differences are likely related to differ-
ences in the topographic slopes of the two 
locations. The bottom circulation is also 
influenced by the penetration of fresher 
waters of the Patagonia Current, which 
after passing Cape Tres Puntas gener-
ate a spiral of fresher waters along the 
southern margin of the gulf (Figure 4f). 
A tongue of low-salinity waters along 
the gulf ’s mouth marks the pathway of 
the remaining portion of the Patagonia 
Current (Figure 4f).

Cross sections of model variables 
along the mouth of the GSJ allow iden-
tification of the preferential sites of mass 
exchange with the open shelf. The tem-
perature cross section shows three dis-
tinct regions: a southern region, which is 
well mixed and relatively warm; a north-
ern region (north of ~46.3°S), which is 
strongly stratified and includes a rela-
tively deep (20 m) mixed layer; and a cen-
tral region, which is weakly stratified and 
exhibits colder temperatures than the 
southern sector (Figure 5a). The salin-
ity cross section shows a relatively fresh 
and well-mixed region in the south and 
a nearly homogeneous structure in the 
north (Figure 5b). The large velocities 
near the southern and northern bound-
aries represent interior outflows, except 
those attached to a thin boundary layer 

near the southern coast, where there is an 
inflow (Figure 5c). 

The southern and northern outflowing 
jets display contrasting spatial structures. 
The southern jet, which reflects the dom-
inant barotropic structure of the anti-
cyclonic gyre, has a restricted connec-
tion to the shelf. The northern jet, which 
has a well-defined baroclinic struc-
ture, is the main conduit for outflow of 
the interior waters to the exterior shelf. 
There is also an outflow of gulf waters 

in a thin surface Ekman layer. The com-
pensating inflow is concentrated in sev-
eral velocity cores at subsurface layers 
(~10–30 m; Figure 5c). The southern and 
more intense of these cores feeds the loop 
current (Figure 4b). The weakest core is 
generated by the meandering path of the 
loop current to the north of 46°S. There is 
also an additional inflow of shelf waters 
near the bottom layer in the northern 
half of the mouth, particularly below the 
outflowing coastal jet. 
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FIGURE 3. Seasonal evolution of the stream function (colors in cSv) and residual (30-day average) 
depth-mean velocity vectors from STRAT. (a) Summer. (b) Fall. (c) Winter. (d) Spring. Thick black lines 
indicate the zero contour.
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Seasonal Variability 
The seasonal variability of the GSJ cir-
culation is dominated by two distinct 
circulation structures that reach their 
maximum expressions during the sum-
mer and winter seasons (Figure 3a,c). 
These patterns are bridged by transi-
tion circulation patterns during fall 
and spring (Figure 3b,d). During sum-
mer the cyclonic circulation reaches 
its maximum intensity and exten-
sion (Figure 3a). On the one hand, the 
strengthening of vertical density gradi-
ents favors the tidally induced genera-
tion of baroclinic pressure gradients that 
enhance cyclonic motions. On the other 
hand, this strengthening ameliorates the 
influence of bottom topography, thus 

inhibiting the wind-forcing tendency to 
develop the southern anticyclonic gyre 
(e.g.,  Figure 2c). During summer, the 
mass exchanges between the gulf and the 
shelf reach their maxima (Figure 5d). 
The southern loop and cyclonic coastal 
currents disappear toward the fall when 
there is a marked weakening of the 
cyclonic circulation and an expansion 
of the northern anticyclonic gyre on the 
northwest coast of the gulf (Figure 3b). 
The southern recirculating cyclonic gyre 
wanes while the anticyclone located over 
South Bank expands meridionally, dis-
placing the core of the loop current to the 
north (Figure 3b). During this season, 
mass exchanges between the gulf and the 
open shelf are largely restricted to the 

northern portion of the gulf (Figure 5d). 
Strong thermal convection during winter 
leads to homogenization of the water col-
umn, thus allowing the stronger westerly 
winds to generate two anticyclonic sub-
gyres (Figure 3c). The larger, located in 
the southwestern region, is characterized 
by an intense southward flowing coastal 
current. The smaller extends along South 
Bank, thus reflecting the contribution of 
tidal residual currents to the circulation 
in this region (Figure 2b). During win-
ter, the inner shelf circulation weakens 
and the core of the Patagonia Current 
moves offshore; combined with the par-
tial blocking of the mouth by the elon-
gated anticyclonic gyre, this movement 
reduces the exchange between the gulf 
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FIGURE 4. Summer mean temperature and salinity fields (colors) and velocity vectors at three different levels in the water col-
umn: surface (left panels), subsurface (20 m depth, middle panels) and bottom layer (right panels) from the STRAT experiment.
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and the shelf (Figure 5d). During this 
season, GSJ/shelf mass exchanges are 
confined to a small sector of the north-
ern region. During the early months of 
spring, the wind weakens and the increas-
ing heat flux from the atmosphere starts 
to restratify the gulf ’s waters. As a result, 
the southern cyclonic gyre begins to spin 
up while the southwestern anticyclonic 
gyre shrinks in size. By late spring, the 
increased interaction between tides and 
stratification intensifies the cyclonic 
gyre and generates a weak loop current 
in the southern region (Figure 3f). In 
the northern region, the cyclonic circu-
lation strengthens, boosted by penetra-
tion of the Patagonia Current. During 
spring, the mass exchanges between the 
gulf and the shelf are largely confined to 
the northern region, although there is 
also a recognizable inflow south of 46°S 
(Figure 5d). As the season progresses, 
the cyclonic circulation extends to the 
coast of the southern portion of the gulf, 
and in January, the summer circulation 
pattern emerges again.

DISCUSSION
The strong seasonal changes of the 
GSJ circulation renders any consider-
ation of the mean circulation meaning-
less. Seasonal variations in GSJ circu-
lation are characterized by two distinct 
circulation modes, which are shown in 
our title page image. During summer, a 
gulf-wide cyclonic coastal current system 
bounds a cyclonic gyre in the south and a 
weak anticyclonic gyre in the north. The 
coastal current is reinforced by the intru-
sion of a branch of the Patagonia Current, 
which loops around the gulf. During win-
ter, the combined action of deep convec-
tion and wind forcing generate a large 
anticyclonic gyre in the southwestern 
sector of the gulf with intense southward 
subsurface coastal flow. During this sea-
son, the coastal current weakens con-
siderably and the recirculating cyclonic 
gyre in the southern region nearly disap-
pears as the baroclinic tendency within 
the model domain is overwhelmed by 
convection and increased wind forcing. 
The mass exchanges between the GSJ and 

the shelf peak during summer and are at 
a minimum in winter. At that time, the 
weak exchanges between the GSJ and 
the Patagonian Shelf are confined to the 
northern region, where the Patagonian 
Current intrudes in an abrupt cyclonic 
loop that reaches the coast. Fall and spring 
represent transition periods (Figure 3). 
In fall, there is spin-down of the cyclonic 
circulation and a steady increase of the 
anticyclonic coastal gyres. During spring, 
the cyclonic circulation spins up, start-
ing with the southern cyclonic gyre and 
the northwest coastal current, while 
the anticyclonic gyre shrinks in size. 
Superimposed on this circulation pat-
tern, there is an anticyclonic gyre over the 
South Bank that persists all year. 

There are few direct current observa-
tions in the GSJ to validate model results. 
However, patterns similar to those 
described herein have been reported in 
other gulfs. Xue et al. (2000), for example, 
described a summer intensification of a 
coastal cyclonic circulation in the Gulf 
of Maine. They attribute this behavior to 
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FIGURE 5. Summer mean temperature (a), salinity (b) and cross-shore velocity (c) at a meridional section crossing the gulf’s mouth from the STRAT 
experiment. (d) Water exchange (in cSv) through the mouth in different months. Positive (negative) slope indicates inshore (offshore) transport.
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differential heating of coastal (warmer) 
and offshore (cooler) areas of the gulf and 
its interaction with intense tidal mixing. 
Summer cyclonic recirculating patterns 
like the one observed over the GSJ Central 
Basin are also expected in small and deep 
sub-basins if a cold-water pool produced 
by winter cooling is isolated by tidal mix-
ing during the start of stratification (Hill, 
1996). Similar cyclonic recirculating pat-
terns associated with dense bottom lenses 
have been observed and modeled in the 
Gulf of California (Lavin et al., 1997), the 
Yellow Sea (Hu et al., 1991), the Irish Sea 
(Hill et  al., 1997), and the Argentinean 
North Patagonian Gulfs (Tonini et  al., 
2013). While mostly barotropic in nature, 
the main anticyclonic gyres are driven 
by different forcing mechanisms. The 
southeastern gyre is driven by tidal rec-
tification over the South Bank, and the 
southwestern gyre is generated by west-
erly winds acting on the particular geo-
morphology of the gulf. These results are 
consistent with similar barotropic mod-
els of the Patagonian Shelf gulfs (Palma 
et  al., 2004a; Tonini et  al., 2006; Tonini 
and Palma, 2017). 

In summary, the model results suggest 
that seasonal variations of the GSJ cir-
culation are partly driven by local atmo-
spheric forcing and partly by tidal forcing 
and intrusions of the Patagonia Current. 
The overall impact of these distinct forc-
ing mechanisms is regulated by the bot-
tom topography. During summer, the 
circulation is mainly controlled by the 
interaction between tides and stratifica-
tion, and during winter by wind forcing. 
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