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

High-Frequency Frontal Displacements
South of San Jorge Gulf During a
Tidal Cycle Near Spring and Neap Phases

BIOLOGICAL IMPLICATIONS BETWEEN TIDAL STATES

By Juan Cruz Carbajal,
Andrés Lujan Rivas,

and Cédric Chavanne
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ABSTRACT. San Jorge Gulf (SJG) is a region of high biological productivity that supports
important shrimp (Pleoticus muelleri) and hake (Merluccius hubbsi) fisheries, as well ashigh
marine biodiversity associated, in part, with a tidal frontlocated in the southern part of the
gulf. In situ high-resolution cross-frontal measurements were collected using a remotely
operated towed vehicle to characterize the three-dimensional structure of the tidal front
and to investigate how its position varies during the semidiurnal tidal cycle (high/low)
and the spring to neap transition, together with its impact on the distribution of nutri-
ents and chlorophyll-a. Estimates of tidal height and flow velocity derived from a numer-
ical model support the conclusion that frontal displacements mostly result from advec-
tion by cross-frontal tidal currents. The frontal position was also modified by baroclinic
instabilities that significantly distort the front. Measurements reveal intrusions of low-
salinity, nutrient-rich waters from the mixed side into the pycnocline on the stratified
side cause a subsurface chlorophyll-a peak near the neap phase. Most prior studies of
fronts in the SJG have been limited to their surface manifestations because they were con-
ducted using satellite images. This article aims to contribute to the understanding of the
complex southern tidal front dynamics, highlighting that maximum primary productiv-

ity occurs in a subsurface layer that is not visible by satellite sensors.




INTRODUCTION

Fronts in shallow water (Simpson
and Pingree, 1978) are formed where
bottom-generated turbulence is suffi-
ciently intense to inhibit formation of
the seasonal thermocline (Fearnhead,
1975). San Jorge Gulf (SJG; 44.5°-47.5°S,
68°-65°W) has a shallow-water region
(45-75 m depth) near 46°48'S, 65°43'W
where formation of the seasonal pycno-
cline is restricted by intense vertical mix-
ing due to high bottom friction (Glorioso
and Flather, 1995, 1997; Palma et al,
2004; Tonini et al., 2006; Moreira et al,,
2011). In addition, during the Southern
Hemisphere warm period (October to
March), net surface heat flux is positive
(toward the ocean; Rivas, 1994; Rivas and
Piola, 2002), sufficient (~200 W m™2) to
warm the surface layer of the SJG and
give rise to the southern tidal front (STF).
STF water masses exhibit distinctive
hydrographic properties that reflect their
origins. The Magellan Plume is a tongue
of vertically homogeneous, low-salinity
water (~33.2 psu in the southern sector of
the gulf) that extends northward to 42°S
and comprise the vertically homogeneous
portion of the STE Its source lies in the
relatively fresh waters discharged from
the Magellan Strait (Palma and Matano,
2012). By contrast, the inner waters of the
SJG are influenced by mid-shelf waters
(Guerrero and Piola, 1997; Bianchi et al.,
2005) that are stratified during the warm
period and comprise the vertically strati-
fied portion of the STF water mass.
Traditionally, the stratified region is
considered a two-layer system where
light
tions occur only in the transition zone

optimal and nutrient condi-
between the mixed and stratified regions
(Le Fevre, 1987). An alternative model
has been proposed in which the strati-
fied region operates like a three-layer sys-
tem (surface, bottom, and middle layers),
where horizontal subsurface intrusions of
water rich in nutrients may occur, caus-
ing subsurface chlorophyll-a maxima
(Richardson et al., 2000; Matano and
Palma, 2018, in this issue).

Most studies of marine fronts on the
Patagonian shelf have been conducted
using satellite images of sea surface tem-
perature (SST) or chlorophyll-a (visible)
that only show surface manifestations of
fronts (Rivas et al., 2006; Romero et al.,
2006; Rivas and Pisoni, 2010; Dogliotti
et al.,, 2014; Pisoni et al., 2015). These
studies were also constrained by the avail-
ability of images. This article presents the
observational results of a program con-
ducted during the austral summer of
2014 in the SJG that was designed spe-
cifically to determine the high-frequency
variability of the STE. We present the
sampling strategy and the numerical
model used for the study and describe
the methods used to identify the posi-
tion of the STE. We then demonstrate that
frontal displacements are caused by tidal
advection associated with different cur-
rent intensities and that other processes
such as baroclinic instabilities modify the
shape and location of the front. We also
describe the biological impacts triggered
by frontal displacements. Finally, we dis-
cuss the results of our research and sum-
marize key points.

MATERIALS

Study Site and Sampling

Figure 1 presents a synoptic view of the
sampling strategy carried out during leg 2
of the MARES (Marine Ecosystem Health
of San Jorge Gulf: Present status and
Resilience capacity) project to quantify
high-frequency displacements of the STE
The observational study was conducted
aboard R/V Coriolis II and split into three
surveys, each consisting of six cross-
frontal transects during a nearly com-
plete semidiurnal tidal cycle and differ-
ent tidal amplitudes (Table 1). During the
late spring tide (Ist) and early neap tide
(ent) phases, the surveys covered an area
of nearly 29.8 km (NW-SE) by 15.1 km
(NE-SW) (Figure 1b and 1d, respectively),
while in intermediate tide (it) phase, the
same transect (T'1) was repeated six times
back and forth (Figure 1c). This article
considers only the temporal variability

of the STF during the first (Ist) and sec-
ond (it) surveys, which lasted 11 h 45 min
(tidal amplitude ~5.3 m) and 11 h 21 min
(tidal amplitude ~3.2 m), respectively,
because during the third survey, the fron-
tal shape was different from that expected,
as will be discussed later.

The data set was acquired with
the remotely operated towed vehi-
cle Scanfish II (EIVA Marine Survey
Solutions) fitted with a modular CTD
(Sea-Bird SBE 49FastCAT) and a com-
bined fluorometer and turbidity sen-
sor (WET Labs model ECO FLNTU).
The Scanfish II generates a dense data
set that contains between 6.6 x 10* and
2.6 x 10° values for each variable, depend-
ing on transect length (Table 1) and tow-
ing speed. Careful quality control/quality
assurance of the data set from leg 2 was
carried out in order to obtain a database
of the highest possible quality (recent
work of the authors and M. Charo of the
Departamento Oceanografia, Servicio
Hidrografia Naval). Because Scanfish II
data have non-uniform spacing in both
the horizontal and vertical dimensions,
the temperature, salinity, density (o),
chlorophyll-a (chl), and turbidity cali-
brated and post-processed data for each
transect were interpolated onto a rect-
angular grid (Table 1). In this article, the
high-frequency variability of the STF was
analyzed based on the gridded data of
each variable.

Additionally, to assess the biological
and chemical influence of the front, two
southern cross-frontal transects were
sampled with a CTD rosette, each con-
sisting of five vertical profiles. The first
(Figure 1b) began on February 5 with
F1 at 21:28 UTC and ended with F5 on
February 6 at 2:35 UTC. The second
(Figure 1c) began with F6 on February 8
at 16:26 UTC and ended with F10 on
February 8 at 21:28 UTC.

Hydrodynamic Model

Thenumericalmodel used in this study was
the MIKE 3 (DHI) 2016 (see https://www.
dhigroup.com/ for further information),
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run by Ezcurra & Schmidt SA (https://
www.essa.com.ar/en/) in hydrodynamic
(HD) mode. The model uses a rectangular
grid of 225 x 265 nodes that cover the SJG
with horizontal and vertical resolutions of
1 km and 5 m, respectively. Tidal ampli-
tudes and phases for the model’s open
boundaries were obtained from the OSU
TPXO model (http://volkov.oce.orst.edu/
tides/global.html). No atmospheric forc-
ing was used. The tidal height and flow
velocities obtained from this model at the
grid node 65°54'W, 46°30'S (Figure 1a,
cyan star) were used to investigate the dis-
placements of the STF in relation to the
tidal amplitude and associated currents.
The simulation was validated based on sea
level predictions for Comodoro Rivadavia
and Caleta Paula provided by the Servicio
de Hidrografia Naval.
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y

L

46°S

47°S

Cap
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METHODS

Three methods were used to identify
STF shape and position during the cruise
period (Table 2).

The horizontal gradient of o, was com-
puted by finite differences between con-
secutive grid points for each transect
during Ist and it. Two depths were iden-
tified in each of the 12 transects, where
the horizontal gradients of o, were max-
imum: one at ~10 db associated with the
surface front (sf) where o, increases east-
ward, and the other at ~70 db associ-
ated with the bottom front (bf) where o,
increases westward. Table 2 summarizes
the positions, times, and magnitudes of
the maximum horizontal gradient of o,
for the sfand bf during both phases.

The static stability parameter

6= 210 (p-p)zdz, p= 1% pdz,

where ¢ = 9.81 m s (Simpson and
Pingree, 1978), is considered a standard-
ized factor for identifying a marine fron-
tal zone, and represents the amount of
energy per unit depth to inject within the
system to vertically homogenize a strati-
fied water column with density distribu-
tion p.,. We computed ¢ for each grid
column of every transect, and the ¢ val-
ues at the positions of the maximum
horizontal gradients of o, were identi-
fied (Table 2). The average of these val-
ues was adopted as a critical value
(¢. = 46.4 ] m™) to locate the barotropic
position of the front (Table 2). Our crit-
ical value comes into the range found by
other studies (Sabatini et al., 2000, 2004;
Sabatini and Martos, 2002; Bianchi et al.,

late spring tide (Ist)

Puntas

48°S

68°W 67°W

66°W

65°W 64°W

I
66.0°W 65.8°W

FIGURE 1. Study area: The Inset globe (lower left) is a map of South America (from https://www.ngdc.noaa.gov/mgg/image/images/etopo2v2-modis-
globes/), with the orange arrow indicating the location of San Jorge Gulf. (a) Map showing the Scanfish Il transects in the southern tidal front (STF) in
San Jorge Gulf for early neap tide (black lines), the arbitrary zero line R perpendicular to the transects (thin black line), and the output node of the numer-
ical model (cyan star). Light black lines are the 45 m, 75 m, and 90 m isobaths. Close-ups of the survey in the southern tidal front for (b) late spring tide,
(c) intermediate tide, with locations of CTD rosette vertical profiles shown as orange circles, and (d) early neap tide. Sea surface temperatures from
the MODIS sensor on Aqua at 1 km resolution on February 9, 2014, 19:10 to 19:15 UTC are shown as shaded colors (white areas correspond to cloudy
regions). Magenta arrows indicate the cruise path. In panel (c), the double arrow alludes to a back and forth survey over transect T1.
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2005; Kahl et al., 2017).

Histograms of sea surface temperature
images have been used to identify bio-
physical regions in the ocean (Saraceno
et al., 2005). Image pixels are analogous

to grid points of transects in this study.
Figure 2 shows histograms of o, for Ist and
it. The distributions obtained were multi-
modal for both phases, and three regions
were identified associated with the STF:

less dense waters (o, < 24.985 kg m~ in
Ist and o, < 24.945 kg m? in it), associ-
ated with the surface layer of the ver-
tically stratified side (region 1); inter-
mediate waters (24.985 kg m™ < o,

TABLE 1. Field observations in the southern tidal front (STF) accomplished with the remotely operated towed vehicle Scanfish Il. Arrows indicate the
cruise path parallel to each transect (= eastward, < westward). The last two columns show the grid geometry with a resolution of 593—610 m in the
horizontal (rows) and 0.6 m in the vertical (columns). Ax represents the transect length. Date and time are reported in Coordinated Universal Time (UTC).

Transect Begin End Depth Range Grid Geometry
Date (hr:mm) Lat/Lon () Date (hr:mm) Lat/Lon () (m) #Columns  #Rows

m = Feb5(07:38)  -46.512,-65.970 (10:01) -46.614,-65709 0.8-79.9 240 142 a1

8 T2 = (10:13) -46.592,-65.697 (12:10) -46.462,-66.015 24-814 2838 142 48
E’ T3 = (12:21) -46.441,-65.996 (13:55) -46.538,-65.742 27-80.0 224 142 38
& T4 = (14:08) -46.512, -65734 (15:48) -46.418,-65.961 61-80.0 212 142 35
% 5 = (15:59) -46.401, -65.936 (17:43) -46.513,-65.653 6.8-80.2 254 142 42
T6 = (17:59) -46.488,-65.636 (19:23) -46.398,-65.862 4.2-797 204 142 34

TH = Feb8(23:58)  -46.502,-65.997 | Feb9(01:32) -46.598,-65755 0.5-83.0 218 142 37

é -2 = (01:46) -46.596,-65759 (02:55) -46.518,-65.953 15-84.4 17.4 142 30
£ -3 = (03:05) ~46.518,-65.967 (04:37) -46.612,-65.720 13-827 221 142 37
g T4 = (04:45) -46.614,-65.710 (06:46) -46.496,-66.012 27-807 273 142 46
E -5 = (07:07) -46.499,-66.004 (08:45) -46.612,-65718 27-80.4 255 142 42
T1-6 = (09:00) ~46.615,-65700 (11:19) -46.485,-66.036 2.0-851 304 142 51

T = (1:34) -46.484,-66.036 (13:48) -46.615,-65.709 44-80.2 297 142 49

3 T2 = (14:02) -46.589,-65.696 (16:00) -46.462,-66.013 2.4-80.4 286 142 47
'é T3 = (16:13) -46.440,-65.997 (18:06) -46.563,-65.681 27-803 283 142 47
% T4 = (18:20) -46.542,-65.659 (21:02) -46.394,-66.028 2.5-815 340 142 57
8 TS = (21:7) -46.373,-66.009 (23:26) ~46.513,-65.652 01-80.3 320 142 53
T6 = (23:40) -46.492,-65.633 | Feb10(04:13) -46.225,-66.334 17-83.9 631 142 105

TABLE 2. Summary of the three methods (the horizontal gradient of o, critical static stability parameter ¢, and o, distribution local minima) used to
identify the position and time of the San Jorge Gulf southern tidal front during late spring tide and intermediate tide phases. The frontal position (x) in
km and the respective time (t) in UTC are shown for the surface front (sf) and the bottom front (bf), for both the o,’s horizontal gradient and the o, dis-
tribution local minima methods. The magnitude of the density horizontal gradient (M) in kg m=3 km~"is also reported with the respective static stabil-
ity parameter (¢) values.

Horizontal gradient of o, (kg m~3 km~)

Transect sf bf
t (hr:mm) M ¢ P m3)

T 7.80 913 0.0555 253 7.80 913 -0.0990 253 6.86 9:09 7.23 9:10 6.89 9:09

% T2 110 117 0.0403 53.0 110 117 -0.0747 53.0 1.52 11:16 1.05 1118 1.46 11:16
E’ T3 -0.82 13:02 0.0621 63.5 0.38 13:07 -0.0614 454 0.28 13:06 -0.69 13:02 3.36 13:19
% T4 0.22 15:06 0.0539 69.0 2.05 14:58 -0.0762 521 2.45 14:56 0.45 15:05 5.30 14:42
% T5 6.27 16:52 0.0340 65.9 8.67 17:02 -0.0768 457 8.62 17:02 6.80 16:55 n.44 1714

T6 6.53 18:51 0.0418 68.5 10.8 18:33 -0.0406 347 9.22 18:40 791 18:45 - -

T 712 1:05 0.0751 393 77 1:08 -0,106 279 6.57 1:03 7.53 1:07 4.65 0:54

é T1-2 4.88 217 0115 39.8 4.29 2:19 —-0,0658 501 4.49 219 5.05 2:16 1.94 2:29
% T1-3 a7 3:49 0.0980 301 4.20 3:46 -0,0815 433 3.97 3:46 5.00 3:50 1.48 3:35
é T1-4 418 5:42 0.0774 38.4 3.58 5:48 -0,0798 48.6 370 5:44 4.25 5:42 2.64 5:49
g T1-5 6.61 8:07 0.0609 54.0 7.82 8:12 -0,0469 388 7.05 8:09 6.96 8:09 74 8:10
T1-6 7.34 9:51 0.0597 50.9 7.34 9:51 -0,0576 50.9 764 9:50 718 9:52 710 9:52
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< 25.275 kg m~ in Ist and 24.945 kg m>
< 0,< 25305 kg m? in it), associated
with the vertically homogeneous side
of the front and the intermediate layer
(from ~30 db to ~50 db) of the stratified
side (region 2); and relatively more dense
water (o, > 25.275 kg m™ in Ist and o, >
25.305 kg m™? in it), associated with the
bottom layer of the vertically stratified
side (region 3). Local minima were iden-
tified in the histograms to determine the
values of o, that delimit the sf and bf in
each tidal phase (Saraceno et al., 2005),
and their positions were identified in
each transect (Table 2). The water masses
of regions 2 and 3 were separated by a
more diffuse boundary than that between
regions 1 and 2, implying that there was
more mixing between regions 2 and 3, as
will be discussed later.

Figure 3a (3b) shows vertical sections

Region |

Region

Number of Grid Nodes
!\)
N
o
o
PR Y

of o, for Ist (it) together with the fron-
tal positions obtained through the meth-
ods detailed above. The black line nor-
mal to transects (line R in Figure 1a) sets
the arbitrary zero adopted to quantify the
front displacements: >0 (<0) eastward
(westward). The different methods used
to determine the frontal position yielded
similar results.

RESULTS

Frontal Variability

This section aims to quantify the dis-
placements of the STF during a semidiur-
nal tidal cycle (~12 hours) and a spring to
neap transition (<4 days).

Regardless of the tidal phase, the ver-
tical structure of the STF presents a
three-layer system (Figure 3a,b): a well-
mixed surface layer that extends up to
~30 db containing less dense waters and

. ~ 4,800
Region 3
3 L
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L [
e
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FIGURE 2. Histograms of o, (kg m~3) for late spring tide (purple columns) and inter-
mediate tide (pink columns) phases. Dashed lines indicate the threshold values of g,
that separate the biophysical regions of the southern tidal front. On average, region 1
is defined by o, < 24.965 kg m~3, region 2 by 24.965 kg m~3 < ¢, < 25.29 kg m=, and
region 3 by 0,>25.29 kg m~3. Purple arrows: 24.985 kg m~3and 25.275 kg m~ are the
local minima of the isopycnal distribution that identify the surface and bottom fronts,

respectively, for the late spring tide. Pink arrows: 24.945 kg m— and 25.305 kg m~

3

are the local minima of the isopycnal distribution that identify the surface and bottom
fronts, respectively, for the intermediate tide.
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bounded below by the sf (black lines in
Figure 3a,b); an intermediate layer asso-
ciated with the pycnocline of the STF
that reaches ~50 db during it and ~35 db
during Ist and is bounded below by the bf
(black lines in Figure 3a,b); and finally, a
bottom layer of colder and saltier water.

Figure 3c (3d) summarizes the dis-
placements of the sf and bf during Ist
(it) together with the displacements of
the water parcels due to the tidal cur-
rents along each transect, predicted by
the numerical model. Based on ¢_ val-
ues, the barotropic position of the front
moved ~3.9 km during it, while the sfand
bf moved ~3.2 km and ~4.2 km, respec-
tively. These fronts showed their great-
est displacements between transects
T1-1/T1-2 and T1-4/T1-5 where the tidal
velocity component perpendicular to the
front was greater (~0.4 m s7}, in absolute
value). Greatest front displacements were
also observed between transects T1/T2
and T4/T5 during Ist, with higher tidal
velocities (~0.8 m s™!, in absolute value).
In this case, the bf moved a greater dis-
tance (~10.4 km) than the sf (~7.3 km),
and the barotropic position of the front
moved ~8.9 km during the tidal cycle. The
STF moved into the interior of the gulf
and returned nearly to its position of ori-
gin during a semidiurnal tidal cycle and
remained nearly motionless during flood/
ebb tide. The greater displacements during
Ist leave an area of ~4 km where the sta-
bility of the water column fluctuates from
stratified to well mixed between neap and
spring phases, respectively (Figure 3c,d).

In the ent phase, the STF was affected
by another type of variability. Figure 4
shows the horizontal distribution of o,
temperature, and salinity obtained from
the shallowest Scanfish II data (surface
to 15 db) during that phase. The STF was
deformed into an “s-shape,” with a tongue
of cold, low-salinity water intruding
westward from the homogeneous side of
the front, just south of a tongue of warm,
saltier water intruding eastward from the
stratified side of the front, suggesting a
cyclonic circulation (magenta arrows
in Figure 4a).



Biological Implications
Figure 5a,b clearly shows different pat-
terns of the vertical distribution of chl
during the two phases in terms of concen-
tration and location in the water column.
During Ist (Figure 5a) the high-
est values of chl (~0.8 mg m™) were
located in the surface layer of the strat-
ified side (between 7 db and 18 db),
while in it (Figure 5b), the highest val-
ues (~1.2 mg m~) were located deeper

(between 27 db and 39 db), below the sf.
Note that measurements in Ist (it) were
made during the day (at night) (Table 1).
Furthermore, the maximum vertically
integrated values of chl (i-chl) during it
were greater than during Ist, and the dis-
tance between the frontal position (based
on ¢.) and the maximum i-chl in each
transect remained approximately con-
stant (Figure 5c,d). During lIst, those
distances were greater.

Figure 6a (6b) shows the temperature-
salinity (T-S) diagram for transect T1
(T1-1) during Ist (it). This transect was
chosen because additional biological
and chemical data were available from
the rosette water samples and because
both transects were conducted during
flood tide. Relatively high nutrient values
(4.1 pM) were found in the homogeneous
side of the STF without variation in the

water column, while on the stratified side,
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FIGURE 3. Vertical sections of o, (kg m~) for (a) late spring tide and (b) intermediate tide phases showing in each transect the three methods used for
identifying the southern tidal front position. Thick black arrows indicate the locations of the surface and bottom fronts, obtained from the ¢,’s maximum
horizontal gradient. Yellow circles indicate the values of ¢, for each grid column, and the red circle indicates the critical value of ¢ (¢, = 46.4 J m=3),
to identify the barotropic position of the front. Black contours show the isopycnals of (a) 24.985 kg m~3 and 25.275 kg m~ and (b) 24.945 kg m—3and
25.305 kg m~2 that identify the surface and bottom fronts, respectively. The consecutive V-shaped profiles of Scanfish Il are marked in light gray, with a
dot every five data points, and a black arrow shows the cruise path. The longitude/latitude of transect extremities are shown in blue for each transect.
The horizontal scale represents distance in km from an arbitrary zero position (line R in Figure 1a). The profile of the seabed is derived from the ship’s
EK-60 echosounder. The displacements in km of the ¢,’s maximum gradient for the surface front (bottom front) are shown in red (blue) for (c) late spring
tide and (d) intermediate tide. The black line corresponds to the displacement of the water parcel, obtained from the numerical model MIKE 3, for (c) late
spring tide and (d) intermediate tide. In addition, the tide height is shown for each phase.
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nutrient values were very high in the bot-
tom layer (11.3 pM) and very low in the
surface layer (0.6 uM), where they have
already been consumed.

DISCUSSION

During both spring and neap phases, the
surface layer of the stratified side contains
less dense waters influenced by atmo-
spheric conditions, mainly wind stirring
and buoyancy fluxes (Simpson, 1971;
Simpson and Bowers, 1981). The hori-
zontal contrast between that layer and the
adjacent vertically homogeneous waters
was not solely thermal. During it, a sur-
face salinity gradient of —0.12 psu km™!
was observed (salinity decreases east-
ward at the surface), while in Ist, greater
variability was found between transects
(=0.04 psu km™ to -0.12 psu km™}, not
shown). The differences between tidal
phases could be linked to different evap-
oration rates between the fronts strat-
ified and homogeneous sides (Badin
et al.,, 2010), or associated with the closer
proximity of the STF to the low-salinity
tongue of the Magellan Plume during it (a
weaker tidal flow situates the sf into shal-
lower waters during it), or associated to
along-front variability. Accordingly, the
STF acts as a thermohaline front.

Fronts are displaced by the semidiur-
nal tidal oscillation and the spring-neap
cycle (Simpson and Bowers, 1981; Paden
et al,, 1991; Kasai et al., 1999; Rogachev
et al.,, 2001; Sharples et al., 2007; Hopkins
and Polton, 2012). As water enters the
gulf with the flood tide, it pushes the
front in the west-northwest direction (in
the direction of the major axis of the tidal
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ellipse; Glorioso and Flather, 1995) and
retreats in the opposite direction when
the tide ebbs (Figure 3c,d). It seems that
frontal displacements are conditioned
by tidal amplitude and variability in bot-
tom topography. In comparable condi-
tions of tidal amplitude and bathymetry,
Allen et al. (1980) found similar results
in a frontal structure at the southern end
of the western Irish Sea. The close coin-
cidence between the movement of the
fronts and the displacements of the water
parcels highlights the dominant impact of
tidal advection at these timescales.

We first speculated that the transi-
tion zone observed between spring-neap
tidal phases (Figure 3c,d) would show a
marked biological response, because sig-
nificant quantities of nutrients from the
mixed zone would become trapped in
a surface layer with adequate light and
thus could be consumed by phytoplank-
ton communities (Loder and Platt, 1985).
However, the position of the transition
zone and the location of the i-chl val-
ues were not coincident (Figure 5¢,d). It
appears that the frontal position changes
throughout the tidal cycle as a rigid body,
and in addition, those changes occur
toward the inside of the gulf during Ist.

Shelf sea eddies have been observed
in different regions, such as the Celtic
Sea (Pingree, 1978; Pingree, 1979),
Yellow Sea (Yanagi et al., 1996), Black Sea
(Zatsepin et al., 2003), and Oregon shelf
waters (Barth et al., 2005), as well as in
the California Current System (Castelao
et al., 2006). Their typical scale is of the
order of a few tens of kilometers, and they
persist for some days. In daily images of

SST, they appear as pairs of “hook-like”
distortions of the front (Figure 1d). As in
Pingree (1978) and Brown et al. (2003),
a westward intrusion of cold, low-salinity
waters was observed from the homo-
geneous side of the front just south of
an eastward intrusion of warm, salt-
ier waters from the stratified side of the
front, suggesting that it could be caused
by a cyclonic circulation (Figure 4a). This
variability requires further investigation,
but it is clear that the survey during ent
and the few SST images available during
the cruise period (Figure 1a) documented
the occurrence of eddies in the STF. It is
expected that the lateral mixing gener-
ated by eddies will have a dynamically
significant impact on the location of the
front and on the distribution of proper-
ties around it.

The combined fluorescence/turbidity
sensor incorporated into the Scanfish II
enabled us to illustrate the distribution
of chl around the STF for different tidal
states (Figure 5a,b). The vertical loca-
tions of the highest values of chl during
Ist suggest a balance between light condi-
tions from the surface and nutrient sup-
ply from lower layers, while during it
the deeper location of the highest values
could indicate vertical migration of the
plankton governed by diurnal variabil-
ity of light (Anderson, 2001; Villacorte
et al., 2015; Flores-Melo et al., 2018, in
this issue) associated with the timing of
the measurements (Table 1).

During both phases, the i-chl max-
imum was displaced by the same cur-
rent that advects the front during the
quasi-complete tidal cycle, and it was



always located in a region that remains
stratified regardless of tidal state and the
position of the front (Figure 5b,c). This
demonstrates that stratification and tur-
bulence are critical features in the con-
centration of phytoplankton biomasses
(Flores-Melo et al., 2018, in this issue).
The maximum values of chl and the max-
imum of the i-chl during it were between
40% and 130% higher than during Ist,
implying that the availability of nutri-
ents was also greater during it. This key

observation suggests that some phys-
ical processes modulate the nutrient
supply to the euphotic zone during the
spring-neap cycle. Potential candidates
are horizontal intrusion from the mixed
region into the surface layer (Holligan
et al., 1984), horizontal intrusion from
the mixed region into the pycnocline
(Pedersen, 1994; Lund-Hansen and Vang,
2004), and vertical upward flux from the
bottom layer to the surface layer (Lips
et al,, 2011). According to the observed

chl distribution, it can be expected
that during Ist (Figure 5a), the verti-
cal fluxes of nutrients were restricted by
a sharp pycnocline (Figure 3a), while
during it (Figure 5b) a weaker pycno-
cline (Figure 3b) could permit horizon-
tal intrusions from the mixed region into
the middle layer of the stratified side.
This latter process should be more effec-
tive for fertilization judging by the higher
concentrations of chl found. Thus, we
hypothesize that on the homogeneous
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FIGURE 5. Vertical sections of chlorophyll (chl in mg m~3) for (a) late spring tide and (b) intermediate tide phases showing in each transect the ¢ val-
ues per grid column (yellow circles) and the critical value of ¢, ¢. = 46.4 J m~3 (red circle). Black contours show the isopycnals of (a) 24.985 kg m~3
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side, a reduction in light exposure by ver-
tical advection limits primary productiv-
ity and, consequently, nutrients remain
abundant. On the stratified side, the lack
of light in the bottom layer limits con-
sumption, and the availability of light in
the surface layer allows nutrients to be
nearly totally consumed.

T-S diagrams can provide a useful
method for investigating water intru-
sions (Takeoka et al., 1993). Our T-S dia-
grams showed similar behaviors during
both the Ist and the it (Figure 6). Beneath
the bf, water masses exhibited two types
of mixtures: a deep mixture character-
ized by a pronounced change of salin-
ity without large differences in tempera-
ture (line 1), and a shallower mixture that
was warmer and less salty (line 2). Above
the sf, the mixing occurred between the
warm, saline surface waters of the strat-
ified side and the relatively colder, less-
salty waters of the vertically homoge-
neous side (line 3). Finally, between the
sf and bf, the greatest differences and the
most interesting behavior were observed.
During it, we observed mixing between
waters of intermediate depths (~40 db)
close to the homogeneous side of the
front and deep waters of the stratified side
(line 4) (Figure 6b). Those waters found

their equilibrium depth in the water col-
umn only by cooling (AT = -2°C), with-
out a change in salinity (fixed value
~33.16 psu), and came from subsurface
horizontal intrusion from the mixed
region to the middle layer of the strati-
fied side. Moreover, nutrient samples col-
lected during this phase showed concen-
trations similar to those found on the
homogeneous side of the front. Therefore,
this process could explain the nutri-
ent supply needed to produce the sub-
surface chl maximum observed during it.
During Ist, such mixing was not observed
(Figure 6a), possibly due to the pres-
ence of a sharper pycnocline (Figure 3a),
which could function as a barrier for the
horizontal intrusion.

SUMMARY

In situ observations acquired with the
Scanfish IT aboard R/V Coriolis II allowed
us to obtain the first high spatial and
temporal resolution data set in a fron-
tal zone of the Patagonian shelf. These
data reveal a dynamically complex three-
dimensional frontal structure not accessi-
ble from satellite images. Comparison of
predictions of tidal height and flow veloc-
ity from a numerical model with frontal
displacements derived from gridded data
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suggest that the STF is advected by the
tide as a rigid body during a semidiur-
nal cycle, independent of the spring-neap
phases. The three-layer system identified
exhibits a subsurface horizontal intru-
sion from the mixed region to the pycno-
cline of the stratified side that is rich in
nutrients and that possibly causes the
subsurface chl peak observed during the
intermediate tide. We speculate that the
southern sector of the gulf is being nour-
ished by such intrusions approximately
every 15 days. Also, mesoscale variabil-
ity associated with baroclinic instabili-
ties manifested in the form of meanders
of the STE, increasing horizontal mixing
and thus lowering the horizontal den-
sity gradient. These processes also altered
the vertical structure of the front during
the early neap phase, and thus they are
expected to influence nutrient availability
for primary productivity.
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