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[1] In this modeling study we investigate the dynamical mechanisms controlling the
spreading of the Magellan Plume, which is a low-salinity tongue that extends along

the Patagonian Shelf. Our results indicate that the overall characteristics of the plume
(width, depth, spreading rate, etc.) are primarily influenced by tidal forcing, which
manifests through tidal mixing and tidal residual currents. Tidal forcing produces a
homogenization of the plume’s waters and an offshore displacement of its salinity front.
The interaction between tidal and wind-forcing reinforces the downstream and upstream
buoyancy transports of the plume. The influence of the Malvinas Current on the Magellan
Plume is more dominant north of 50°S, where it increases the along-shelf velocities and
generates intrusions of saltier waters from the outer shelf, thus causing a reduction of the
downstream buoyancy transport. Our experiments also indicate that the northern limit of

the Magellan Plume is set by a high salinity discharge from the San Matias Gulf.
Sensitivity experiments show that increments of the wind stress cause a decrease of the
downstream buoyancy transport and an increase of the upstream buoyancy transport.
Variations of the magnitude of the discharge produce substantial modifications in the
downstream penetration of the plume and buoyancy transport. The Magellan discharge
generates a northeastward current in the middle shelf, a recirculation gyre south of the

inlet and a region of weak currents father north.

Citation: Palma, E. D., and R. P. Matano (2012), A numerical study of the Magellan Plume, J. Geophys. Res., 117, C05041,

doi:10.1029/2011JC007750.

1. Introduction

[2] The Magellan Plume (MP hereafter) is a tongue of
low-salinity waters that extends along the Patagonian Shelf
from approximately 54°S to 42°S (Figure 1). This plume is
formed by the discharge of relatively fresh waters from the
Magellan Strait, which is a narrow and winding passage that
connects the Pacific and Atlantic shelves of South America,
and by small contributions from local rivers [Pasquini and
De Petris, 2007].

[3] The limits of the MP, defined by the 33.5 isohaline,
extend both downstream and upstream of the Magellan Strait
[Bianchi et al., 2005]. The downstream extension flows
close to the coast until it reaches 47°S, where it moves off-
shore toward the middle shelf and continues its northward
trajectory until approximately 42°S (Figure 1). The MP
extends from the surface to the bottom (Figures 1b and 1c).
This type of plume has been called “bottom advected”
because its spreading appeared to be controlled by advection
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in the bottom boundary layer [Chapman and Lentz, 1994;
Yankovsky and Chapman, 1997]. Matano and Palma
[2010a], however, argued that it should be called “bottom
trapped” because the downstream spreading is not driven by
bottom boundary layer processes but by the barotropic
pressure gradient; that is, the plume will flow downstream
even if there were no bottom boundary layer. The offshore
scale of the MP is ~300 km, and the vertical scale (i.e.,
maximum depth attained) is ~120 m (Figures 1b and 1c).

[4] Brandhorst and Castello [1971] speculated that asso-
ciated with the MP there could be a northeastward current
that they called the Patagonian Current. There are no current
meter observations to confirm this hypothesis, but numerical
simulations show an increase of the mid-shelf velocities that
is coincidental with the path of the MP [Palma et al., 2008].
The dynamical mechanisms controlling the path and volume
transport of this current remain uncertain. These matters are
important because this region is one of the most productive
portions of the Patagonian Shelf. Satellite images, for exam-
ple, indicate that the Magellan Strait discharge might be an
important source of nutrients for the remarkable chlorophyll
blooms that characterize this region [Romero et al., 2006].

[5] In this article we seek to establish the dynamical
mechanisms that control the spreading of the MP. In partic-
ular, we aim to elucidate the role of tides, winds and the
influence of the local western boundary current, the Malvinas
Current, on the plume structure. Some of the questions we
would like to answer include: What controls the along- and
cross-shelf penetration as well as the vertical stratification of
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Figure 1.
observations. (b and c) Climatological cross-sections of salinity at sections CIII and CII. The white line
indicates the position of the 33.5 isohaline.

(a) Sea surface salinity in the Patagonian

the plume? Why does the plume detach from the coast north
of 47°S? Additionally we seek to determine the influence of
this plume on the Patagonian Shelf circulation and buoyancy
transport.

2. Background Information

[6] The oceanic circulation over the Patagonian Shelf is
driven by winds, tides and the offshore influence of the
Malvinas Current (MC). The annual mean wind stress dis-
tribution over this region is characterized by a band of strong
westerlies, which intensify during the austral winter (see
Palma et al. [2004a] for a characterization of the wind-
forcing and its impact on the shelf circulation). The tidal
cycle is dominated by the semidiurnal component, which
enters the Patagonian Shelf through its southern boundary
and propagates northeastward as a Kelvin wave. Tidal
amplitudes reach more than 4 m in Grande Bay and decrease
sharply toward the north (0.25 m north of 35°S). Most of the
tidal dissipation occurs in Grande Bay (south of 52°S) and
near the Valdés Peninsula (~41°S) [Palma et al., 2004b].
The MC is a swift, barotropic, and narrow branch of the
Antarctic Circumpolar Current that flows north along the
continental slope of Argentina to nearly 38°S with a volume
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transport of approximately 40 Sv [Vivier and Provost, 1999].
Previous studies indicate that the MC has a strong influence
on the shelf circulation [Palma et al., 2008; Piola et al.,
2010; Matano et al., 2010].

3. Model Description

[7] The numerical model used in this study is the Prince-
ton Ocean Model [Blumberg and Mellor, 1987]. The model
domain extends from 55°S to 18°S and from 70°W to 40°W
with a horizontal grid resolution of 5 km near the western
coast and 20 km near the eastern boundary. The model
bathymetry was interpolated from the Smith and Sandwell
[1997] data set. The vertical resolution of the model com-
prises 25 vertical sigma levels with higher resolution in the
top and bottom boundary layers. Vertical mixing is param-
eterized with a 2.5 turbulent closure scheme [Mellor and
Yamada, 1982; Galperin et al., 1988]. Horizontal mixing
is parameterized using a Smagorinsky scheme [Smagorinsky,
1963]. The advection of tracer fields is represented with a
recursive Smolarkiewicz [Smolarkiewicz and Grabowski,
1990] scheme. The model has three open boundaries were a
combination of radiation and advection boundary conditions
are used [Palma et al., 2008]. Tidal amplitudes and phases are

2 of 16



C05041 PALMA AND MATANO: THE MAGELLAN PLUME C05041
Table 1. Characteristics of the Numerical Experiments Described in the Text
Experiment Initial Stratification Q, (m*/s) AS Forcing San Matias G. Relaxation
EXPI S=337 0.0 0.0 Tides No
EXP2 « “ “ Winds No
EXP3 85,000 No No
EXP4 « —-1.4 No No
EXP5 “ Winds No
EXP6 Tides No
EXP7 Tides and Winds No
EXP8 Ocean Atlas Tides, Winds and MC No
EXP9 «“ «“ Yes
EXP10 Tides, 2xWinds and MC Yes
EXPI11 « Tides, 0.5xWinds and MC Yes
EXP12 170,000 Tides, winds and MC Yes
EXP13 42,500 —-14 « Yes
EXP14 0.0 0.0 Yes

interpolated form the Egbert et al. [1994] model, and boundary
inflows are derived from the POCM-4 eddy-permitting global
ocean model [Tokmakian and Challenor, 1999]. Wind stress
forcing is derived from the QuikSCAT climatology [Risien and
Chelton, 2008]. Palma et al. [2008] have shown that the mean
circulation patterns produced by this model compares well with
in situ and remote observations.

[8] To represent the Magellan Strait’s discharge we use
the numerical scheme designed by Kourafalou et al. [1996].
Water of prescribed salinity is introduced uniformly
throughout the top half of the water column in the grid cells
that represent the Strait’s mouth. There are no in situ mea-
surements of the magnitude of the Magellan’s discharge; the
value used in this study (Qo = 85,000 m>/s) was estimated
from a model of the strait that includes realistic coastlines,
and bottom topography and salinity estimated from hydro-
graphic measurements [Panella et al., 1991], and was forced
by westerly winds, tides and the mean sea level difference
between the Pacific and Atlantic Ocean entrances [Sassi and
Palma, 2006].

[9] To investigate the influence of external forcing on the
MP we conducted four sets of numerical experiments, each
designed to highlight a specific dynamical process (Table 1).
The first set is focused on purely barotropic processes, i.e.,
with no density variations, and includes experiments forced
by tides (EXP1), winds (EXP2) and a barotropic discharge
from the Magellan Strait (EXP3). The second set of experi-
ments investigates the dynamics of a low-salinity discharge
onto a quiescent, non-stratified ocean (S = 33.7) with: (a) no
external forcing (EXP4), (b) wind-forcing (EXP5), (c) tidal
forcing (EXP6), and (d) the combined effect of tidal and
wind-forcing (EXP7). The third set of experiments is set in a
stratified ocean in which the salinity signature of the MP is
removed from the initial conditions. This set of experiments
is designed to test the influence of the Malvinas Current
(EXP8) and the high-salinity discharge from San Matias
Gulf (EXP9) onto the plume development. The fourth set of
experiments (EXP10 to EXP14) investigates the sensitivity
of the plume to the magnitude of the discharge, the buoy-
ancy inflow and the magnitude of the wind stress forcing.
The barotropic experiments were run for two years, the
baroclinic experiments for six years. Our analysis focuses on
the last year of the simulations. Table 1 summarizes the
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characteristics of the numerical experiments discussed in
this article.

4. Results

4.1.

[10] This set of experiments investigates the spreading of
a discharge when density effects are neglected, i.e., when
the density of the discharge is identical to the density of the
interior of the basin. The spreading of the plume, therefore, is
entirely driven by barotropic processes. The first two experi-
ments do not include a discharge and are included to illustrate
the potential contributions of tidal and wind-forcing to the
plume development. EXP1 (Table 1), which is forced with
tides only, shows the structure of the mean residual tidal cur-
rent when there is no discharge from the Strait. Similar results
are described in detail in Palma et al. [2004b)], therefore only a
brief synopsis is presented here. The tidal residual mean cir-
culation consists of a broad anticyclonic gyre extending from
51°S to 42°S (Figure 2a). The left branch of the gyre flows
southward following the coastal geometry and intensifies
south of Cape Blanco. The right branch flows northward in the
outer shelf between the 100 and 200 m isobaths. The larger
currents (>15 cm/s) are found to the north of Valdés Peninsula
and to the south of the Magellan Strait, where they form a
dipole structure with closed gyres of opposite rotation. These
gyres are generated by the nonlinear advection of residual
vorticity generated by differential bottom friction [Robinson,
1983; Ridderinkhof, 1989]. There are scant in situ observa-
tions but the M, currents predicted by the model are in general
agreement with those determined from current meter obser-
vations. The model also predicts correctly the location of the
main frontal systems of the Patagonian Shelf region [Palma
et al., 2004b].

[11] EXP2 is forced with climatological winds (Table 1).
The annual-mean circulation pattern is characterized by a
broad, northeastward flow that intensifies toward the outer
shelf (Figure 2b). Near 42°S a branch of this flow is diverted
onshore, where it joins a southward coastal current that
reaches up to the southern tip of Tierra del Fuego. Coastline
indentations (e.g., the Grande Bay and the San Jorge Gulf)
lead to the formation of anticyclonic, recirculating gyres
with intense coastal currents. The middle and outer shelf

Barotropic Experiments
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Figure 2. Depth-averaged annual mean barotropic circulation in the Patagonian Shelf for the experi-
ments forced with (a) tides (EXP1), (b) climatological winds (EXP2) and (c) Magellan discharge
(EXP3). The full gray lines indicate the 100 and 200 m isobaths. The gray dashed line indicates the

1000 m isobath.

equatorward currents are mostly driven by Ekman dynamics
while the poleward coastal boundary current is associated
with a wind-driven sea level set-down [Palma et al., 2004b].

[12] EXP3 is forced with a discharge that has the same
density than the basin. This experiment shows a relatively
narrow coastal current flowing in the direction of the coast-
ally trapped waves (the downstream direction). The down-
stream spreading of this current is in agreement with what is
expected from the arrested topographic wave theory
(Figure 2c¢) [Csanady, 1978].

4.2. Baroclinic Experiments Without External Forcing

[13] These experiments are forced with a buoyant inflow
that has a volume discharge Q, = 85,000 m*/s and a salinity
anomaly computed from historical hydrographic data AS =
—1.4 (negative salinity anomalies imply lighter waters) into
a non-stratified shelf with no other external forcing (EXP4,
Table 1). These values were chosen to mimic the conditions
in the real ocean. In the following discussion the limits of the
MP waters will be marked by the 33.5 isohaline. We choose
a definition of the MP limits based on a particular isohaline
instead of a salinity gradient because some of the experi-
ments to be discussed do not always show a well-defined
salinity front. Thus, in those experiments there is a gradual
transition from fresher to saltier waters.

[14] The buoyant discharge generates a bottom-trapped
plume in the inner shelf (up to ~50 km from the coast), and
a mixed type plume farther offshore (Figures 3b and 3c). In
contrast with the barotropic experiment (EXP3), a portion of
the discharge now spreads in the upstream direction
(Figure 3a). The Hovmoller diagram of the along-shelf sur-
face salinity minimum shows an abrupt change of the

spreading rate, from ~35 km/month to ~25 km/month, near
47°S (Figure 4a). Ancillary experiments (not shown) indi-
cate that this change is associated with the flattening of the
bottom slope in the northward region, which is reduced from
a value of 5 x 107*to 1.5 x 10, This result is consistent
with previous studies showing that the rate of downstream
spreading is proportional to the bottom slope [Matano and
Palma, 2010a]. At the end of the six-year simulation the
plume is located at 35°S and keeps spreading downstream.
The plume shows downstream variations of its width, it is
wider at the center of Grande Bay (~360 km), shrinks near
Cape Blanco and expands again after 47°S (Figure 3a).
According to Chapman and Lentz [1994] the cross-shelf
spreading of a bottom-trapped plume is independent of the
downstream location but it is otherwise inversely propor-
tional to the slope of the bottom topography. The observed
variations of the plume’s width in the model results can
therefore be ascribed to along-shelf changes in bottom slope.
As noted above, the plume also spreads in the upstream
direction albeit at a slower rate (Figure 4a). This behavior
follows the development of a self-sustained baroclinic
pressure gradient [Matano and Palma, 2010a, 2010b], and it
has been documented in other regions of the world [e.g.,
Piola et al., 2008; Wu et al., 2011].

[15] To estimate the influence of the discharge on the
salinity structure of the shelf we computed the along-shelf
buoyancy anomaly transport (buoyancy transport hereafter)

defined as
0, = //v%dxdz, (1)
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Figure 3. (a) Sea surface salinity and depth-averaged velocity vectors in the Patagonian Shelf from
the experiment forced by the discharge only (EXP4). Grey lines indicate the 100 and 200 m isobaths.
(b) Cross section of salinity at section CIIIL. (c) Same as Figure 3b but for section CII. The white line indi-
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Figure 4. (a) Hovmdller diagram of sea surface salinity minimum along the Patagonian Shelf from the
experiment forced by the discharge only. The white line is the 33.5 isohaline. (b) Time evolution of
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where v is the along-shelf velocity, AS the salinity differ-
ence between the plume and ambient water (S, = 33.7), and
the integration is performed over a depth/cross-shore section
(x, z) [Fong and Geyer, 2002]. In our experiment the discharge
is 85,000 m>/s, the salinity anomaly AS = 1.4, and the total
buoyancy transport at the inlet is Qp; = 3500 m*/s. The buoy-
ancy fluxes are computed at a downstream and at an upstream
section (Figure 4a). After a spin-up period of approximately
3 years the buoyancy discharge is unevenly distributed, with
a downstream buoyancy transport of ~2500 m’/s and an
upstream buoyancy transport of ~500 m®/s (Figure 4b).
Matano and Palma [2010a] show that the divergence of the
discharge is associated with the geostrophic adjustment of
the flow. Ancillary experiments indicate that the fraction of
the buoyancy inflow diverted to the upstream and the down-
stream regions is proportional to the magnitude of the bottom
slope with gentler slopes favoring the downstream transport
and vice versa.

[16] EXP4 shows substantial differences with observa-
tions, the model’s plume flows closer to the coast and it is
more vertically stratified than the actual MP (e.g., Figure 1).
These differences accentuate north of 47°S, where EXP4
shows a plume that remains trapped near the coast while the
observations show that the plume detaches from the coast
and moves toward the mid shelf. The causes of these dif-
ferences will be discussed in the following sections.

4.3. Forced Baroclinic Experiments

[17] EXPS adds a westerly wind-forcing to the EXP4 setup
(Table 1). The annually averaged sea surface salinity distri-
bution indicates that the wind stress forcing increases the
offshore spreading of the plume and reduces its downstream

penetration (Figure 5a). In the middle shelf the wind forces a
circulation cell with lighter water flowing northeastward at
the surface and denser water moving southwestward at the
bottom (Figures 5a and 5b). This circulation pattern, which
advects lighter waters onto the surface layers and denser
waters onto the bottom layers, strengthens the vertical strat-
ification and generates a surface intensified plume. The
comparison of EXP5 with EXP4 indicates that that while the
boundaries of the plume expand at the surface they contract at
depth (Figure 6a). The wind-forcing also generates a deep
coastal undercurrent (Figure 5b), and reduces the rate of
downstream spreading (Figure 6b). The temporal evolution
of the sea surface 33.5 isohaline shows a weak temporal
oscillation that is associated with the seasonal variations of
the wind-forcing. The inclusion of wind-forcing does not
increase the realism of the simulation but reduces it.

[18] EXP6 adds tidal forcing to the EXP4 setup (Table 1).
Tidal induced mixing produces a substantial homogenization
of the water column and sharpens the cross-shelf salinity
gradients (Figures 7a and 7b). The enhancement of the ver-
tical mixing increases the salinity of the upper layers and
decreases the salinity of the bottom layers causing the con-
traction of the plume’s limit at the surface and its expansion
at the bottom (compared with EXP4 and EXPS5, Figure 6a).
The downstream penetration of the plume and its spreading
rate in EXP6 are similar to those of EXP5 (wind-forcing), but
are smaller than those of EXP4 (unforced). The upstream
spreading rate in EXP6 is substantially smaller than previous
experiments (Figure 6b). More importantly, tidal forcing
causes an offshore displacement of the salinity front (mea-
sured by the maximum salinity gradient) of approximately
100 km offshore at the Grande Bay (Figure 8b), which is
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close to its observed position. This salinity front remains
detached from the coast even after the MP waters leave the
Grande Bay (Figure 7a).

[19] The observed offshore displacement of the MP front
in EXP6 (Figure 7a) appears to be related to the “tidal
diffusivity” mechanism postulated by Ou et al. [2003]. They
argued that cross-shelf variations of tidal mixing leads to an
offshore displacement of the maximum density gradient until
it reaches twice the frictional depth (), defined as

hy = 2/C,UT, @)

where Cd is the bottom friction coefficient (~2 x 10~2) and
U is the magnitude of the cross-shelf transport tidal-driven
transport. Equation (2) is derived from Okubo’s [1967] esti-
mate of the frictional depth and Zimmerman’s [1986] vertical
diffusivity parameterization. Note that this estimate of the
frictional depth has square-root dependence with the aver-
aged velocity instead of the cubic dependence proposed by
Simpson and Hunter [1974]. Ou et al. [2003] noted that the
Simpson/Hunter estimate is strictly valid for summer fronts
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(what they called Type I fronts), but that vertically homoge-
neous fronts (Type II) are set by a different dynamical bal-
ance and hence have a different dependence of the depth-
averaged velocity.

[20] Ou’s theory on the offshore displacement of the
salinity front appears to be pertinent to our results because
the MP fulfills the two main conditions requested by the
theory, first, that the plume be vertically homogenous
(Figure 7b) and, second, that tidal currents in the region be
very intense and strongly polarized in the cross-shelf direc-
tion [e.g., see Glorioso and Flather, 1997, Figure 3]. To
assess Ou’s theory we computed the depth-average cross-
shore speeds at Grande Bay (Figure 8a, full line) and esti-
mated an average cross-shelf transport (across the broken
line marked in Figure 8a) of U ~ 33.0 [m%/s]. Using this
value and a period 7' = 12.42 h, equation (2) indicates that
the maximum salinity gradient should be located at a depth
h ~ 105 m, which is close to the location of the maximum
salinity gradient in the model (Figure 8b).

[21] The inclusion of tidal forcing in EXP6 arrests the
upstream spreading of the MP, a phenomenon similar to
what is observed in the Chesapeake Bay [Guo and Valle-
Levinson, 2007]. To identify the dynamical mechanisms
responsible for the arresting process we did a new experi-
ment, EXP6b (Table 1) that is similar to EXP6 but that
was initialized it with the results of EXP4. At the steady state
the surface salinity diminishes in Station P1 (see Figure 7a
for the station location) and increases farther upstream
(Station P2). The freshening at P1 is associated with the
upstream advance of the plume, while the salinification at P2
is associated with a southward advection of saltier waters
from the middle and outer shelf (Figure 7a). Tidally induced
advection also leads to the separation of the MP from the
coast at the San Jorge Gulf. The time evolution at station Q1
shows a salinity increase that is associated with the onshore
advection of saltier waters from the outer shelf (Figure 7a).
The freshening at station Q2 is related with the continuous
northeastward advection of fresher waters from the inflow.
Thus, tidal residual currents generate a circulation pattern
that arrests the upstream development of the MP and forces
its detachment from the coast.

[22] EXP7 adds tides and wind-forcing to the EXP4
(Table 1 and Figure 9). The overall structure of the plume in
this experiment resembles EXP6 (tides only) (Figure 7), but
shows an increase of the downstream and upstream exten-
sions of the plume and a decrease of its cross-shelf extent.
Thus, the new plume is narrower and more elongated. The
downstream extension of the MP is driven by a strengthening
of the northeastward flow (Figure 9b), while the upstream
extension is driven by a geostrophic current flowing pole-
ward along the coast (Figure 9c) [Palma et al., 2004b]. The
narrowing of the MP is associated with the strengthening of
the along-shelf mean flow; this strengthening is driven by the
wind-forcing [e.g., Chapman and Lentz, 1994]. The increase
of the mean flow can be better appreciated in the comparison
of the downstream sections of the along-shelf velocity fields
of EXP6 and EXP7 and its corresponding northward volume
transport (Figures 7c and 9b).

[23] To further quantify the impact of different forcings on
the buoyancy transports we computed the normalized,
annually averaged, buoyancy transport (Q,/Oy,;) at two cross-
shelf sections extending from the coast to the 33.5 isohaline.
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are also indicated.

The downstream increase of the buoyancy transport of EXP7
is similar to the transport of EXP4 (unforced) but larger than
those of EXP5 (wind-forcing) and EXP6 (tidal forcing)
(Table 2). The observed increment in EXP7 is produced by
the wind-driven intensification of the northward transport,
which is 2.5 times larger than in EXP6. The increase of the
upstream transport in EXP7 is associated with the strength-
ening of the southward coastal current, which advects lighter
waters upstream (e.g., Figure 9c¢).

[24] EXP8 was designed to assess the impact of the MC
on the structure of the MP. To avoid inconsistencies between
the initial and the boundary conditions, this experiment was
initialized with the salinity structure derived from the World
Ocean Atlas climatology (see Palma et al. [2008] for a
detailed description of the model setup). To avoid the bias
introduced by the salinity signature of the plume in the initial
conditions we replaced salinities smaller than 33.7 with
33.7. The modified salinity field was then smoothed using a
four-point Laplacian operator. EXP8 was started from rest
and run during three years with only the boundary forcing,
i.e., the MC. After that we included the buoyancy discharge,

the tides and the wind-forcing (monthly climatological
winds) and ran the experiment for another six years. The
analysis is based on the averages of the last year of
integration.

[25] EXP8 shows a retraction of the offshore and along-
shelf extension of the MP. The cross-shore retraction is
associated with the intensification of the along-shelf mean
flow (Figure 10a), which is driven by the barotropic pressure
gradient generated by the MC [Palma et al., 2008]. The
upstream buoyancy transport of EXPS8 is nearly identical to
that of EXP7, but the downstream transport is reduced to
approximately 60% of its former value (Table 2). This
reduction is caused by the shrinking of the cross-sectional
area of the plume (limited offshore by the 33.5 isohaline)
and the increase of the average salinity, which is associated
with the onshore entrainment of saltier waters from the MC
(Figure 10b).

[26] The plume in EXP8 spreads far beyond the observed
limit of the MP, which is located near the Valdés Peninsula
(~42°8S). In fact, none of our previous experiments has been
able to stop the spreading of the simulated MP at this
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location. This indicates that the northern limit of the MP
could be set by the outflow of saltier waters from the San
Matias Gulf, which is a highly evaporative region located at
41°30'S (Figure 1) [Scasso and Piola, 1988; Lucas et al.,
2005]. To test this hypothesis we ran EXP9, which was ini-
tialized from the results of EXPS8 but included a relaxation of
the surface salinity to a value of S = 34 within the San Matias
Gulf (a reasonable approximation to the average salinity of
this region). EXP9 produces an outflow of saltier waters from
the San Matias Gulf into the open shelf that arrests the
northward spreading of the MP. After a one year integration
the MP limit retracts to its observed location (Figure 11Db).
There is a clear correlation between the negative (i.c., saltier)
buoyancy outflow from the San Matias Gulf and the surface
salinity increase farther south (Figures 11c and 11d). This
confirms that the northward limit of the MP is set by the high
salinity outflow from the San Matias Gulf.

4.4. Sensitivity Experiments

[27] To test the sensitivity of the previous experiments to
variations in the forcing we did an additional set of experi-
ments varying the magnitude of the wind stress forcing and the
magnitude (Q,) and salinity anomaly (AS) of the Magellan
discharge. For the purposes of comparison we will use EXP9,
which is our most realistic experiment, as a benchmark.

PALMA AND MATANO: THE MAGELLAN PLUME
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4.4.1. Sensitivity to Wind Intensity

[28] To test the plume’s sensitivity to the wind-forcing we
did experiments doubling (EXP10) and halving the wind
intensity (EXP11). These experiments show that the north-
ward limit of the plume is not very sensitive to the wind
intensity but the eastward limit is (Figures 12a and 12d). In
EXP10 the eastward limit of the plume expands south of
50°S and contracts farther north. The southward expansion
is driven by the increase of the offshore (wind-driven) cur-
rents (e.g., Figure 12b). The northward retraction of the MP
is driven by the onshore advection of saltier waters from the
outer shelf (Figure 12c), which reduces the downstream
buoyancy transport by approximately 10% (Table 2). The
increase of the wind strength also produces intensification of
the geostrophic currents in the southern portion of the
Grande Bay (Figure 12¢) and a threefold increment of the
upstream buoyancy transport (Table 2). Halving the wind
intensity has the opposite effect and the buoyancy transport
increases in the downstream region and decreases upstream
(Figures 12e and 12f and Table 2).
4.4.2. Sensitivity to the Magnitude and Salinity
of the Discharge

[29] The buoyancy flux (Qy,;) of the Magellan discharge is
a function of the volume of the discharge (Q,) and of the
salinity anomaly (AS) (equation (1)). To test the sensitivity
of the MP to variations of these parameters we did four
additional experiments. The first two, EXP12 and EXP13,
have the same salinity anomaly as the benchmark experiment
but in EXP12 the discharge is doubled (Q, = 170,000 m®/s)
and in EXP13 the discharge is halved (Q, = 42,500 m’/s).
The MP is very sensitive to the volume of the discharge. In
EXP12, the increase of the discharge leads to an increase of
the buoyancy transport and an increase of the downstream
penetration of the MP (Table 2 and Figure 13a). Conversely,
in EXP13 the weakening of the discharge decreases the
downstream buoyancy transport and the northward penetra-
tion of the plume (Table 2 and Figure 13b). These experi-
ments show that the magnitude of the normalized upstream
buoyancy transport is inversely proportional to the volume
flux of the discharge. This is in agreement with previous
results showing that the downstream spreading of a plume is
driven by the barotropic pressure gradient associated with the
magnitude of the discharge, while the upstream spreading is
forced by the baroclinic pressure gradient associated with the
salinity anomaly of the discharge [Matano and Palma,
2010a]. A decrease of the discharge reduces the barotropic
pressure gradient and hence the downstream spreading of the
plume. This, in turn, leads to a larger upstream advance of the
plume (e.g., Table 2). Experiments maintaining the bench-
mark’s discharge magnitude (Q, = 85000 m?/s) and modi-
fying the salinity anomaly in such a way as to keep the same
buoyancy input as in EXP12 and EXP13 produce almost
identical results.

4.5. Buoyancy Effects on the Shelf Mean
Circulation and Transport

[30] To quantify the dynamical impact of the Magellan
discharge on the shelf circulation, we computed the differ-
ences between the depth-averaged velocities of the bench-
mark experiment (EXP9) and the experiment without the
Magellan discharge (EXP14, Table 1). The Magellan dis-
charge generates a northward flowing current with maximum
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Figure 9. (a) Sea surface salinity and depth-averaged velocity vectors in the Patagonian Shelf from the
experiment forced by the discharge, tides and winds (EXP7). (b) Cross-section of along-shelf velocity
at section CIIL (¢) Same as Figure 9b but for section CI. The white line indicates the 33.5 isohaline.
The northward volume transport through the sections (limited offshore by this isohaline) and the area
averaged salinity are also indicated.

speeds in the middle shelf (near the 100 m isobath) that
extends from 53°S to 41°S (Figure 14c). This current has an
average speed of approximately 1 cm/s and a volume trans-
port of ~0.15 Sv. South of ~51°S the interaction between the

Table 2. Normalized Buoyancy Transport Through Cross-Sections CI and CIII*

buoyancy driven pressure gradients and the wind stress
forcing increases the volume transport of southward flowing
depth-averaged currents. The MP affects the overall structure
of the depth-averaged currents in southern Patagonia. For

Year 1 Year 2 Year 3 Year 4 Year 5 Year 6
Experiment CI CIII CI CIII CI CIII CI CIln CI CIIn CI CIII
EXP4 —0.11 0.00 —0.12 0.33 —0.13 0.53 —0.11 0.64 —0.12 0.69 —0.14 0.70
EXP5 —0.07 0.00 0.04 0.00 0.05 0.22 0.05 0.31 0.06 0.38 0.07 0.50
EXP6 0.01 0.00 0.00 0.00 —0.04 0.25 —0.08 0.32 —0.09 0.31 —0.11 0.31
EXP7 —0.09 0.00 -0.27 0.00 —0.30 0.45 —0.35 0.64 —0.34 0.69 —0.36 0.71
EXP8 —0.09 0.00 —0.22 0.00 -0.27 0.29 —0.32 0.35 —0.32 0.41 —0.33 0.42
EXP10 -0.19 0.00 —0.39 0.00 —0.50 0.00 —0.54 0.35 —-0.57 0.33 —0.58 0.36
EXP11 —0.06 0.00 —0.17 0.00 —-0.22 0.26 —-0.23 0.41 —-0.23 0.46 —0.23 0.47
EXP12 —0.09 0.00 —0.19 0.27 —-0.22 0.53 —-0.23 0.62 —0.23 0.64 —0.24 0.63
EXP13 —0.11 0.00 —0.28 0.00 —0.37 0.00 —0.42 0.00 —0.43 0.00 —0.44 0.21

See Figure 9. For EXP5 the buoyancy transport at CIII needs 10 years to reach a steady state.
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layer velocity vectors.

example, the Grande Bay gyre, which is clearly shown in
Figure 14a and in previous barotropic simulations [Glorioso
and Flather, 1995; Palma et al., 2004b] (see also Figure 2b)
is split into a southward gyre with increased coastal currents
and a region of weak currents north of the strait (Figure 14b).

5. Discussion and Conclusions

[31] The MP has several remarkable characteristics, some
are associated with the environment in which it flows and
some with its own structure. The environmental conditions
includes an exceptionally large volume discharge, large tidal
amplitudes, strong wind stress forcing, and the proximity to
one of the world’s largest western boundary currents. Given
this unique combination of factors it is unsurprising that the
salinity structure of the MP shows an array of remarkable
characteristics. First, its unusual areal coverage which extends
~1800 km in the along-shelf direction while reaching to
depths of more than 100 m. Second, its unusual trajectory
which does not follow the coastline, as it would be expected
from a typical buoyant plume, but instead flows along the
100 m isobath. In this study we have attempted to explain
some of these characteristics.

[32] Our study indicates that the structure of the MP is
primarily shaped by tidal effects, which manifests through
tidal mixing and tidal residual currents. Strong vertical
mixing associated to large tidal amplitudes homogenizes the
MP vertically and keep it as a bottom-trapped plume against
other forcing factors (e.g., winds). The spatial inhomogene-
ity in the tidal mixing associated with strong cross-shore
motions appears to drive the offshore displacement of the

plume front at Grande Bay [Ou et al., 2003]. The analytical
model of Ou et al. appears to be particularly relevant to this
region because the MP plume is vertically homogeneous,
and the region has large M, currents that are strongly
polarized in the cross-shelf direction. However, although the
predicted location of the front based on this theory agrees
reasonable well with our numerical results there are obvious
limitations of the proposed theory (a two-dimensional
model) and the computation of the cross-shelf volume
transport. Our three-dimensional model includes realistic
coastline and topography and other physical processes not
considered in Ou’s theory (e.g., residual currents), which
might contribute to sharpen the local gradients. The circu-
lation pattern generated by the tidal residual currents also
affects the along-shelf plume structure. In southern Grande
Bay, the advection of saltier (offshore) waters arrests the
upstream spreading of the plume while north of 47°S it
forces the plume detachment off the coast producing a
middle shelf low-salinity core.

[33] The MP is also strongly influenced by the wind-
forcing. Away from the coast, the wind stress forcing creates
a cross-shelf recirculation that increases the stratification of
the water column and forces a detachment of the plume from
the bottom. When the wind is combined with tidal forcing,
however, the strong and persistent mixing restricts this effect
to a very shallow surface layer and maintains the plume
attached to the bottom. The synergetic interaction of tidal
and wind-forcing reinforces the downstream and upstream
buoyancy transports of the plume. The increase of the
downstream transport is driven by the tidal homogenization
and the wind-driven enhancement of the northward
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Figure 11. (a) Sea surface salinity and surface layer velocity vectors in the Patagonian Shelf from the
experiment forced by the discharge, tides, winds and the Malvinas Current (EXP9). (b) Same as Figure 11a
but with a surface relaxation toward SSS = 34 in San Matias Gulf (SMQG). (c¢) Time evolution of buoyancy
flux through SMG mouth (indicated in red in Figures 11a and 11b). (d) Time evolution of SSS at point R3.

transport. The increase of the upstream transport is driven by
the strengthening of a geostrophically balanced coastal cur-
rent that augments the southward transport. When the wind
intensifies, the eastward limit of the plume expands south of
50°S but contracts farther north. The expansion is driven by
the increase of the offshore (wind-driven) surface currents
while the retraction is a consequence of a larger onshore
advection of saltier waters from the outer shelf. A reduction
of the wind intensity has the opposite effect. Variations in
wind strength also make substantial modifications in the
buoyancy fluxes generated by the Magellan discharge with a
weakening (strengthening) in downstream fluxes and inten-
sification (reduction) of upstream fluxes for stronger
(weaker) winds (Table 2). An additional effect on the prop-
agation of the MP is brought by the presence of an intense
offshore boundary current. It has been shown that the MC
has more influence on the shelf north of 50°S, where there is
an intensification of the along-shelf mean flow driven by
cross-shelf barotropic pressure gradients and onshore
entrainment of denser oceanic waters [Palma et al., 2008].
The overall effect on the downstream portion of the MP is a
shrinking of the plume’s cross-sectional area and a sub-
stantial reduction in the downstream buoyancy transport
(Table 2). Finally, our experiments also indicate that the

northward limit of the plume is set by the discharge of saltier
waters from the San Matias Gulf. Without this outflow the
MP would extend up to the La Plata River (~35°S).

[34] While the focus of our research has been the MP,
some of the experimental results presented herein are of
broader concern. For example, our experiments including
only the discharge (EXP4) highlight the importance of
along-shelf changes of bottom topography on the plume
structure, spreading rate and buoyancy fluxes distribution.
The MP cross-shelf width is larger at Grande Bay, shrinks
near Cape Blanco and expands again after 47°S. These
changes are inversely proportional to the bottom topography
and are in accordance with the seminal results of Chapman
and Lentz [1994]. The along-shelf variations in bottom
slope also modify the downstream spreading rate of the
plume; it moves faster in higher slopes and decreases in
speed in gentler slopes in agreement with the idealized
model of Matano and Palma [2010a]. The buoyancy trans-
port partition is also related to the bottom slope; gentler
slopes (i.e., Grande Bay) enhance the downstream transport
and reduce the upstream contribution. This phenomenon is
the subject of current research.

[35] The MP is very sensitive to the volume transport. The
increase of the discharge leads to an increase of the
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Figure 12. (a) Sea surface salinity, (b) surface layer velocity vectors and (c) bottom velocity vectors in
the Patagonian Shelf from the experiment doubling the wind intensity. The red line indicates de position of
the 33.5 isohaline. (d) SSS, (e) surface layer velocity vectors and (f) bottom velocity vectors from the

experiment halving the wind intensity.

downstream penetration and buoyancy transport of the MP.
Conversely, the weakening of the discharge decreases the
buoyancy transport and the northward penetration of the
plume. Furthermore the magnitude of the normalized
upstream buoyancy transport is inversely proportional to the
volume flux of the discharge. This behavior of the MP is
consistent with our previous studies on idealized plumes
[Matano and Palma, 2010a, 2010b] and illustrates the dif-
ferent role played by the barotropic and baroclinic pressure

gradient in the dynamics of bottom-trapped plumes. The
downstream spreading of a plume is driven by the barotropic
pressure gradient associated with the magnitude of the dis-
charge, while the upstream spreading is forced by the bar-
oclinic pressure gradient associated with the salinity
anomaly of the discharge. A decrease of the discharge
reduces the barotropic pressure gradient and hence the
downstream spreading of the plume. This, in turn, leads to a
larger upstream advance of the plume.
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[36] It has long been speculated that associated with the
MP there is a northeastward current called the Patagonian
Current [Brandhorst and Castello, 1971]. Although there are
still few current meter observations to confirm this hypoth-
esis our numerical simulations show that the Magellan
Strait’s discharge generates a relatively weak (~1.0 cm/s)
northeastward current in the middle shelf (roughly following
the 100 m isobaths) that extends from 53°S to 41°S and
promotes a northward transport of ~0.15 Sv. Additionally,
the MS discharge also modified the average circulation in
the Grande Bay, the simulation without the discharge show
the generation of a large anticyclonic gyre that covers a large
part of the Grande Bay. The formation of this gyre has been
reported in previous numerical studies with barotropic
forcing [Glorioso and Flather, 1995; Palma et al., 2004b].
The inclusion of the MS discharge modifies the overall
horizontal structure of the depth-averaged circulation in this
area, generating a smaller southern recirculating gyre with
increased coastal currents and a region of weaker currents
north of the strait.
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