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Abstract

The South-Atlantic Patagonian shelf is the largest chlorophyll-a (Chl-a) hot spot in
Southern Ocean color images. While a persistent 1500-km long band of high Chl-a along
the shelf-break front (SBF) is indicative of upwelling, the mechanisms that drive it are
not entirely known. Along-front wind oscillations can enhance upwelling and provide a
nutrient pumping mechanism at shelf break fronts of western boundary currents. Here,
we assess wind-induced upwelling at the SBF off Patagonia from daily satellite Chl-a and
winds, historical hydrographic observations, cross-shelf Chl-a fluorescence transects from
two cruises, and in situ winds and water column structure from a mooring site. Satellite
Chl-a composites segregated by along-front wind direction indicate that surface Chl-a is
enhanced at the SBF with southerly winds and suppressed with northerly winds. Northerly
winds also result in enhanced Chl-a further offshore (∼25-50 km). Synoptic transects as
well as mean hydrographic sections segregated by along-front winds show isopycnals
tilted upward for southerly winds. Spring observations from the mooring also suggest that
southerly winds destratify the water column and northerly winds restratify, in agreement
with Ekman transport interacting with the front. Moreover, changes in water column tem-
perature lag along-front wind forcing by 2-4 days. Our results suggest that oscillations
in along-front winds, on timescales typical of atmospheric storms (2-10 days), can sig-
nificantly modulate the upwelling and Chl-a concentrations at the SBF off Patagonia, re-
vealing the importance of wind-induced upwelling for shelf-slope exchange at shelf-break
fronts of western boundary currents.

1 Introduction

Continental shelves support high primary productivity and are responsible for more
than 40% of the carbon sequestration of the world’s ocean [e.g. Muller-Karger, 2005].
The Patagonian shelf, characterized by a western-boundary current regime along the east-
ern coastline of South America from about 38◦S to 55◦S, stands out as a hot spot in satel-
lite chlorophyll-a (Chl-a), indicative of phytoplankton abundance, with typical Chl-a con-
centrations an order of magnitude larger than those found in the open ocean. Rates of
primary production are comparable to those found in the most productive regions [e.g.
eastern boundary upwelling systems, Carr and Kearns, 2003; Garcia et al., 2008; Chavez
and Messié, 2009; Lutz et al., 2010; Segura et al., 2013], which sustain abundant marine
life at higher trophic levels [Acha et al., 2004; Bogazzi et al., 2005; Campagna et al., 2006;
Falabella, 2009] and the largest marine ecosystem of the Southern Hemisphere [Bisbal,
1995; Longhurst, 2007; Heileman, 2009]. Large diatom blooms [Garcia et al., 2008; Car-
reto et al., 2016] are responsible for substantial rates of absorption of atmospheric CO2
[Schloss et al., 2007], making the region one of the strongest CO2 sinks per unit area of
the world’s ocean [Bianchi, 2005; Bianchi et al., 2009; Arruda et al., 2015].

A prominent narrow band of high satellite Chl-a along the shelf break closely fol-
lows the 200-m isobath (see Fig. 1) and is persistent in climatological means [e.g. Acha
et al., 2004; Saraceno et al., 2005; Rivas, 2006; Romero et al., 2006; Signorini et al., 2006].
Such persistent enhancement of Chl-a at the shelf break is indicative of upwelling of
nutrient-rich waters, but the mechanisms that drive such upwelling are still under debate
(see Section 2). Regardless of the mechanism behind the formation and maintenance of
the strong upwelling at the shelf-break front (SBF) off Patagonia, winds have the poten-
tial to interact with the frontal circulation and modulate the nutrient supply to the euphotic
zone, decouple biological trophic interactions, and, thus, impact on phytoplankton growth
and Chl-a concentrations [e.g. Franks and Walstad, 1997; Nagai et al., 2008; Siedlecki
et al., 2011]. The scope of this paper is to explore wind-related physical forcing on atmo-
spheric synoptic timescales as a possible driver of Chl-a variability at the SBF off Patago-
nia, leveraging existing observations in the region.
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On scales of atmospheric synoptic storms (>500 km, 2-10 days), wind can mod-
ify the upwelling at a front by several means: 1) direct wind-driven vertical mixing [e.g.
Klein and Hua, 1988; Nagai et al., 2006, 2008], 2) variable wind stress relative to the sur-
face current to either side of the jet that induces Ekman pumping/suction [e.g. Lee et al.,
1994; Zhang et al., 2011], and/or 3) along-front oscillations in the wind interacting with
the frontal structure (i.e. sloping isopycnals) through Ekman transport [Siedlecki et al.,
2011]. While the former is primarily associated with wind intensity, the two latter are in-
trinsically linked to wind directionality relative to the front, and their interaction through
Ekman dynamics. Previous studies on wind-front interactions on synoptic timescales have
largely focused on open-ocean fronts or the Middle Atlantic Bight (MAB) coastal sys-
tem, with physical attributes similar to the Patagonian shelf-break region (i.e., western
boundary current system) but also major differences (see Section 2 and Matano and Palma
[2008]). This study represents the first attempt to look for evidence of synoptic-scale
wind-induced upwelling at the Patagonian SBF. The three mechanisms will be considered
and are introduced below based on previous work.

Enhanced wind-driven mixing can increase nutrient concentrations in the mixed
layer through mixed-layer depth deepening and entrainment [Klein and Coste, 1984], par-
ticularly near fronts [Klein and Hua, 1988]. Modeling studies also show that vertical mix-
ing alone can enhance fine-scale upwelling along isopycnals on the less dense side of
fronts, due to the development of secondary vertical circulations that are driven by mix-
ing [Nagai et al., 2006, 2008]. Thus, high winds can potentially enhance surface Chl-a
concentrations, particularly in summer [e.g. Swart et al., 2014; Carranza and Gille, 2015],
when strong stratification develops and wind-driven mixing can episodically entrain Chl-a
and/or nutrient-rich subsurface waters into the mixed layer. Although we cannot rule out
this mechanism, correlations between daily wind speed and Chl-a anomalies are generally
small and show relative minima at the SBF off Patagonia [see Carranza and Gille, 2015,
their Fig. 7a], suggesting that direct wind-driven vertical mixing has little influence on the
Chl-a response at this SBF.

Wind directionality can also modify upwelling rates and nutrient pumping near
fronts. Wind direction may interact with the frontal circulation and modulate the location
and intensity of the upwelling at open ocean fronts, with consequences for phytoplankton
accumulation and production [Franks and Walstad, 1997; Nagai et al., 2008]. Theoreti-
cal and numerical studies supported by observations have shown that along-front winds
can substantially modify the vertical circulation through Ekman dynamics [e.g. Lee et al.,
1994; Thompson, 2000; Thomas and Lee, 2005]. In particular, down-front winds (i.e., in
the direction of the frontal jet), by advecting surface waters in the Ekman layer from the
dense to the less dense side of a front, can enhance frontogenesis as a consequence of
wind-driven gravitational instabilities and non-linear Ekman pumping, modifying stratifi-
cation and upwelling/subduction rates in mesoscale oceanic fronts [Thomas and Lee, 2005;
Thomas and Ferrari, 2008].

In the vicinity of a frontal jet, enhanced upwelling may be caused by along-front
wind stress variations in the cross-front direction induced by changes in the magnitude of
surface currents, which can modify the effective wind stress [e.g. Lee et al., 1994; Zhang
et al., 2011; Hutchinson et al., 2010; McGillicuddy, 2016]. Even under uniform wind forc-
ing, the differential along-front wind stress to either side of the front can produce Ek-
man transport divergences/convergences and upwelling/downwelling through Ekman suc-
tion/pumping (i.e., due to the jet-induced wind-stress curl). As will be further discussed,
under the assumption that synoptic winds are spatially uniform over the scale of the front,
and stronger in magnitude than oceanic currents, such a mechanism would consistently in-
tensify the upwelling onshore of the Malvinas Current jet (see Fig. 1), regardless of along-
front wind orientation (i.e., up- or down-front winds).

At shelf-break fronts of western boundary currents, oscillations in the along-front
component of the winds can also modulate the upwelling, providing a mechanism for tran-
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sient nutrient supply to the euphotic zone [Houghton et al., 1988; Fratantoni and Pickart,
2003; Siedlecki et al., 2011], with stronger oscillating winds of longer periods resulting
in higher biological production. Based on a numerical model configured for the MAB,
Siedlecki et al. [2011] suggest that when wind oscillations are aligned with a shelf-break
front, Ekman transport in the surface layer can tilt the isopycnals associated with the front
changing cross-front circulation patterns and frontal upwelling. At a SBF that separates
less dense shelf waters from denser open ocean waters and in the absence of alongshore
pressure gradients, up-front winds are expected to flatten isopycnals, producing upwelling
of nutrient-rich waters in the Bottom Boundary Layer (BBL) from the slope onto the shelf
(i.e. onwelling, see Siedlecki et al. [2011]). The reversal of the winds (i.e., down-front
winds), by steepening isopycnals, provides a mechanism for nutrient pumping to the eu-
photic layer, with potential consequences for primary production. For the Patagonian shelf
configuration, upwelling at the SBF would be favored by southerly winds (i.e., from the
south or down-front) associated with onshore Ekman transport in the surface layer, and
more vertical isopycnals. In contrast, northerly winds (i.e., from the north or up-front)
with associated Ekman transport offshore tend to restratify and flatten isopycnals at the
front [see schematic in Fig. 2, adapted for the Southern Hemisphere from Siedlecki et al.,
2011].

Although winds in the Patagonia region are not predominantly upwelling favorable
or downfront with respect to the the Malvinas Current flow (i.e., the western boundary
current), synoptic weather can produce wind patterns that substantially deviate from the
prevailing westerly mean wind fields [Jones and Simmonds, 1993; Vera, 2003; Eichler and
Gottschalck, 2013], and variability in the along-shelf component of the winds can poten-
tially modulate the upwelling and productivity of the SBF off Patagonia.

This study takes advantage of satellite data and existing in situ observations in the
region to evaluate the hypothesized wind-induced upwelling mechanism associated with
along-front wind oscillations and the interaction with frontal isopycnals [Siedlecki et al.,
2011], although upwelling due to differential wind stress under uniform wind forcing is
also discussed. We use high-resolution satellite observations of winds and ocean color
as well as hydrography and in situ Chl-a fluorescence measurements from cruises and a
mooring site to assess whether along-front winds modulate the upwelling at the SBF off
Patagonia. We explore to what extent these upwelling patterns modulate biological pro-
ductivity, addressing the biological impact of the oscillating wind effect on the upwelling
through the Chl-a response. Section 2 describes general characteristics of the Patagonian
shelf region and proposed mechanisms for the local upwelling at the shelf break. In Sec-
tion 3 we present the data sources used. Satellite-based results suggest that along-front
winds can modulate Chl-a at the SBF, potentially through isopycnal tilting, and are pre-
sented in Section 4.1. We show synoptic evidence of isopycnal tilting under opposing
along-front wind conditions from hydrographic sections across the SBF (Section 4.2), as
well as composite sections from historical hydrographic stations segregated by wind di-
rection (Section 4.3). Further evidence of wind-driven upwelling from a SBF mooring
site that acquired meteorological and water column hydrographic data is presented in Sec-
tion 4.4. Results are further discussed in Section 5, and conclusions follow in Section 6.

2 Background: General characteristics of the Patagonian shelf and physical mech-
anisms for shelf-break upwelling

The Patagonian shelf spans over 1.2 million km2 of ocean and is under the influence
of predominantly westerly winds and high tidal energy [e.g., Palma et al., 2004]. The cir-
culation over the shelf is characterized by wind-driven northeastward flow of low salinity
waters that outflow from the Strait of Magellan [Guerrero and Piola, 1997; Palma et al.,
2004]. The shelf is bounded on the east by the northward flowing Malvinas Current (i.e.,
slope western boundary current, see Fig. 1a) which supplies cold nutrient-rich Subantarctic
waters to the shelf [Piola et al., 2010; Painter et al., 2010]. On the shelf’s outer edge, the
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1500-km long SBF separates the Malvinas Current [T<15◦C, Sp ∼34.2 psu, e.g. Valla and
Piola, 2015] from seasonally warmer and relatively fresher shelf waters [Sp <33.9 psu,
e.g. Guerrero and Piola, 1997; Palma et al., 2008]. The transition between shelf and open
ocean waters, is therefore characterized by moderate cross-front temperature and salinity
gradients [Romero et al., 2006; Painter et al., 2010; Valla and Piola, 2015]. Observations
show that the shelf break salinity front, which closely follows the 33.9 psu isohaline [Pi-
ola et al., 2010; Painter et al., 2010], is associated with nitrate maxima, located at or in-
shore of the surface temperature minimum and density maximum [Romero et al., 2006;
Painter et al., 2010; Poulton et al., 2013; Valla and Piola, 2015]. The seasonal variability
in light intensity and nutrient supply to the mixed layer associated with changes in strati-
fication control the strong variability of phytoplankton abundance [Signorini et al., 2006].
Though nutrient observations are scarce, recent adjoint sensitivity experiments suggest
that phytoplankton productivity is limited by macronutrients (i.e. nitrate) over the shelf,
whereas in the outer shelf, productivity is presumably iron limited [Song et al., 2016].
Bottom shelf water, presumably rich in iron, could also be a source of iron to the outer
shelf [Siedlecki et al., 2012]. Therefore, the exchange of water masses across the SBF im-
pacts biological productivity [e.g. Piola et al., 2010; Brink, 2016]. However, the underly-
ing mechanisms that regulate the cross-shelf exchange between the open ocean and shelf
waters in this region are not well known.

Shelf-break upwelling can be generated by internal processes associated with the
convergence and detachment of the BBL over shelves dominated by cyclonic currents [e.g.
Gawarkiewicz and Chapman, 1992; Chapman and Lentz, 1994; Chapman, 2002]. However,
BBL detachment cannot fully explain the strong upwelling inferred from observations at
the SBF off Patagonia [Matano and Palma, 2008; Miller et al., 2011]. In-situ and remote
sensing observations suggest that intense shelf-break upwelling can reach 13−29 m day−1

[Valla and Piola, 2015], while average modelled upwelling rates are 8 m day−1 [Matano
and Palma, 2008; Combes and Matano, 2014]. Using numerical experiments based on ide-
alized conditions for the Patagonian shelf, Matano and Palma [2008] showed that, in the
absence of an externally imposed horizontal density gradient and the presence of a strong
slope current flowing in the direction of coastally trapped waves (i.e., Malvinas Current),
the magnitude of upwelling generated by the detachment of the BBL is very small (i.e.
∼0.2 m day−1). Instead, they found that the upwelling at the SBF off Patagonia is mainly
driven by horizontal flow divergences due to the spreading of the western boundary cur-
rent onto the shelf, and the magnitude of the upwelling is proportional to the slope current
transport. The shelf-break upwelling mechanism proposed by Matano and Palma [2008]
is controlled by the along-shelf pressure gradient, which drives downstream divergences
of the slope current. Their theory is supported by analytical solutions of the simplified
shallow-water equations [e.g Miller et al., 2011], as well as by higher resolution model-
ing experiments with realistic bathymetry and forcing [Combes and Matano, 2014]. In situ
surface current observations are sparse in the region, and the magnitude of such process
remains to be tested with observations.

Although, in the northern sector of the Patagonian continental slope, observations
show zonal displacements of the Malvinas current flow and baroclinic jets that are respon-
sible for slope water intrusions to the shelf [Carreto et al., 1995; Franco et al., 2008; Piola
et al., 2010, 2013], the steady northward flow is mostly barotropic and strongly controlled
by bottom topography [Vivier and Provost, 1999; Piola et al., 2010, 2013]. In the absence
of alongshore variations (i.e., frontal meandering and eddies), oscillating winds may pro-
duce net upward pumping of nutrients at the shelf break on sub-seasonal timescales (i.e.,
<15 days, Siedlecki et al. [2011]).

Previous studies that have looked into wind-driven physical controls of satellite Chl-
a in the Patagonian shelf region have focused on seasonal to inter-annual timescales or
have analyzed case studies, often based on in situ observations and models [e.g. Saraceno
et al., 2005; Garcia et al., 2008; Signorini et al., 2009; Machado et al., 2013]. Saraceno
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et al. [2005] discussed satellite Chl-a variability at the SBF in relation to meridional winds
in the context of inter-annual variability of spring blooms; years with stronger northerly
winds were associated with higher Chl-a concentrations than years when northerly winds
were moderate or from the south. They suggested that eastward Ekman transport could
result in the interleaving of the different water masses at the SBF and enhance vertical
stability, retaining phytoplankton in the euphotic zone [Podestá, 1990]. Coastally-trapped
waves, generated by remote wind forcing, were also suggested as a possible mechanism
that could explain 70-day fluctuations in SST and Chl-a 8-day fields [Saraceno et al.,
2005], in agreement with previous studies of the variations of the intensity of the west-
ern boundary current [Vivier and Provost, 1999; Vivier et al., 2001]. The modulation of the
upwelling at the SBF off Patagonia by the winds, on sub-seasonal timescales shorter than
15 days, which is the focus of our study, has not been previously addressed from observa-
tions.

3 Data and Methods

3.1 Satellite data

We use satellite winds and Chl-a estimates to evaluate the influence of along-front
winds on phytoplankton blooms near the SBF off the eastern coast of Patagonia. The long
satellite records (i.e., 12 years) allow us to assess statistical significance and complement
evidence of wind-induced upwelling at the SBF from in situ observations.

Daily satellite Chl-a serves as a proxy for phytoplankton biomass within one optical
depth of the surface. The data are available at 9-km resolution, covering the period 2000-
2011 for which satellite wind data are also available. We use satellite Chl-a derived using
the Southern Ocean SPGANT algorithm [Mitchell and Kahru, 2009], which uses the max-
imum band-ratio algorithm [O’Reilly et al., 1998], but with coefficients fitted to Southern
Ocean data, and which merges satellite data from several sensors (i.e. OCTS, SeaWiFS,
MODIS-Aqua and VIIRS). Although SPGANT has not been validated against in situ Chl-
a for this particular region, our conclusions do not rely on Chl-a absolute values and are
not sensitive to the choice of the Chl-a dataset used (e.g. Chl-a from GlobColour leads
to qualitatively similar results). Because Chl-a is log-normally distributed, for averaging
we use a geometric mean, obtained by averaging the logarithm of Chl-a and then inverse-
transforming the averaged logarithm [IOCCG, 2004].

We use Cross-calibrated Multi Platform (CCMP) 6-hourly winds for the period
2000-2011 [Atlas et al., 2011]. CCMP winds result from a 4-D variational analysis based
on multiple satellite datasets, in situ winds and European Centre for Medium-Range Weather
Forecasts (ECMWF) analysis winds. Data gaps in CCMP winds are expected, since satel-
lite wind measurements are affected by rain [Atlas et al., 2011]. CCMP winds are pre-
ferred over single-scatterometer winds because they capture the high-frequency variability
in the winds and show coherence with high-resolution in situ winds from meteorologi-
cal buoys up to the diurnal scale [Carranza and Gille, 2015]. In addition, unlike single-
scatterometer winds, CCMP winds show no directional bias against in situ observations
from buoys. Both microwave radiometers and scatterometer measurements are more closely
related to wind stress (i.e. momentum relative to the ocean) than to the actual wind [At-
las et al., 2011], but are reported as 10-m equivalent neutral wind speed for calibration
purposes. The conversion of stress to wind speed at 10-m height considers influences of
atmospheric stability [Bourassa et al., 2010]; however, equivalent neutral winds are also
relative to currents [Kelly et al., 2001; Chelton, 2004]. For this analysis, 25-km resolution
winds were linearly interpolated into the 9-km grid of the Chl-a data.

The 9-km resolution of the satellite data resolves frontal variability over spatial
scales greater than 18 km. This is sufficient considering that the frontal region (i.e. the
horizontal scale over which isopycnals slope upward) from theoretical considerations
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scales approximately as twice the Rossby radius of deformation [Franks, 1992], which
gives R∼10-15 km for a density contrast between shelf and slope water masses of ∼ 0.8-1
kg m−3, a total water column depth of 200 m, and a range of latitudes between ∼38◦-50◦S
characteristic of the Patagonian SBF.

3.2 In situ observations

We extend the analysis from satellite fields to examine processes occurring through-
out the water column in the vicinity of the SBF using the historical database of hydro-
graphic stations collected in the region by the Servicio de Hidrografía Naval (SHN, www.
hidro.gov.ar/ceado/ceado.asp) and the Instituto Nacional de Investigación y Desar-
rollo Pesquero (INIDEP, http://www.inidep.edu.ar/oceanografia/) in Argentina.
A summary of all in-situ observations used in this study is presented in Table 1.

3.2.1 Historical hydrographic stations

We examined the historical database of hydrographic stations from the SHN from
1987 onwards, when CCMP satellite winds are available, as well as stations collected by
INIDEP for the years 1992-1998. For this study, we analyzed stations within 200 km of
the 200 m isobath, between approximately 38◦S and 50◦S. We restricted the analyses to
stations south of 38◦S to avoid buoyancy effects from the La Plata River plume, which
outflows anticyclonically toward the north near 36◦S, and may hinder isopycnal steepening
at the shelf break associated with oscillating winds [for the plume extent see e.g. Piola
et al., 2000, 2008; Guerrero et al., 2014; Matano et al., 2014]. Hydrographic stations for
transects across the SBF off Patagonia were sampled in the years 1988-1994, 1996, 1997,
2005 and 2006 during different seasons.

Conductivity-temperature-density (CTD) vertical profiles were available for all sta-
tions included in our analyses. Absolute salinity, conservative temperature and derived
density from these quantities were computed using the international thermodynamic equa-
tion of seawater (TEOS-10) and the MATLAB Gibbs Seawater (GSW) Oceanographic
Toolbox from McDougall and Barker [2011].

3.2.2 GEF cruises

In 2005 and 2006, hydrographic stations for transects across the SBF off Patagonia
were sampled during Global Environmental Facility (GEF) Patagonia cruises on board
R/V ARA Puerto Deseado. Cross-shelf transects were carried out in October 2005 (GEF-
1), March 2006 and September 2006 (GEF-3) with a horizontal resolution of ∼25 km.
CTD profiles for all GEF cruises are available at the National Oceanographic Data Center,
and details of the data processing are reported by Charo and Piola [2014]. In this work,
we present results from two hydrographic transects acquired during GEF-1 and GEF-3
that were sampled with opposing meridional wind conditions, at ∼41◦S (off Rincón) and
at ∼44◦S (off Valdés Peninsula).

During GEF-1 and GEF-3 the CTD was equipped with a SeaPoint Chl-a fluores-
cence sensor. In addition, 5-liter water samples were collected with a 12-bottle rosette
sampler for analysis of dissolved oxygen and Chl-a concentration among other biological
parameters [Lutz et al., 2010; Gómez et al., 2011; Segura et al., 2013; Perez-Cenci et al.,
2014; Carreto et al., 2016]. Water samples were collected at the surface and at 2-3 se-
lected depths (i.e. within and below fluorescence maxima), and Chl-a extraction was per-
formed using a fluorometric method as well as High Performance Liquid Chromatography
[HPLC, Lutz et al., 2010; Carreto et al., 2016]. Both methodologies showed a significant
correlation between Chl-a fluorescence measured by the fluorometer and Chl-a concen-
tration from water samples for all GEF-1 stations. However, Lutz et al. [2010] also report
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that the ratio of Chl-a concentration to fluorescence showed large variability in the vertical
and that some stations showed near-surface photo-inhibition.

For the two hydrographic transects presented in this study, some stations were sam-
pled at noon when Chl-a fluorescence can be affected by non-photochemical quenching,
resulting in reduced Chl-a fluorescence at the surface. A linear adjustment of Chl-a flu-
orescence with Chl-a concentrations extracted from water samples was performed to ac-
count for non-photochemical quenching at the surface. Because not all stations had wa-
ter samples at depth, we used a linear regression based on all available water samples for
each cruise. First, voltage counts measured by the fluorometer were converted to Chl-a
fluorescence using scale factors provided by SeaPoint Inc. and offset values determined
by measuring the sensor output in the dark. The squared correlation coefficient between
Chl-a fluorescence and Chl-a concentration from water samples is r2 =0.69 for all GEF-1
samples (N=163), and r2 =0.61 for GEF-3 (N=113). For both cruises, no consistent over-
estimation or underestimation by the fluorometer was observed. Chl-a fluorescence was
re-calibrated by multiplying by the slope of a Type I linear regression, forced to intercept
zero, between Chl-a concentration from water samples (y-axis) and Chl-a fluorescence
(x-axis). The correction factor was 1.13 for GEF-1, and 0.9 for GEF-3. A Type II regres-
sion, which minimizes the distance perpendicular to the regression line, assuming both
variables are subject to measurement errors [see e.g., Ricker, 1973], yields qualitatively
similar patterns regardless of the method used. Although the magnitude of adjusted Chl-a
fluorescence is sensitive to the correction factor, the patterns of Chl-a fluorescence for the
three vertical sections analyzed in this study were qualitatively similar. We report adjusted
Chl-a fluorescence; however, Chl-a absolute values might not be accurate throughout the
water column and should be interpreted with caution.

Because of the coarse horizontal resolution between stations, vertical sections of
Chl-a fluorescence were objectively mapped based on the method of Le Traon [1990], as-
suming anisotropic, Gaussian statistics for the eddy field. We used a cross-front length
scale of 75 km, based on cross-front autocorrelation of austral spring (Sep-Oct-Nov, SON)
satellite Chl-a, and a vertical length scale of 50 m, inferred from the available vertical
profiles of adjusted Chl-a fluorescence from GEF-1 and GEF-3 cruises. The data are as-
sumed to have a priori uncorrelated noise, with a noise to signal ratio of 0.25, and inter-
polated data with error greater than 0.1 were masked.

Shipboard wind observations were recorded during GEF-1 and GEF-3 cruises. For
GEF-1, hourly winds recorded at the bridge are available (N=19 for Rincón and N=18 for
Valdés transects). During GEF-3, an integrated sampling system made continuous mea-
surements of wind direction and speed. Original data were averaged every 10 minutes and
converted to 10-m winds (N=231 for Rincón transect). These observations, recorded at
higher temporal resolution than that of satellite winds, are useful to show directional wind
variability during the time periods when the hydrographic transects were sampled. Wind
roses for each of these transects were constructed to show the distribution of relative fre-
quencies of wind direction and intensities.

3.2.3 GEF mooring site

During the October 2005 cruise, a mooring was deployed at the edge of the conti-
nental shelf close to the 200-m isobath. The mooring, located at 43.82◦S and 59.67◦W,
measured meteorological and oceanographic data for 51 days, from October 16 to Decem-
ber 5 2005.

The mooring acquired high-resolution measurements of meteorological parameters
as well as water column temperature and currents throughout the water column. A surface
buoy equipped with meteorological sensors measured wind speed, direction and gustiness,
air humidity, temperature and pressure. Wind measurements were sampled every second
for 10-minute intervals centered at the hour. Hourly data were recorded internally and 3-
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hourly data were transmitted to shore via satellite telemetry in near real-time. Our analy-
ses are based on hourly data. Subsurface temperature and conductivity MicroCAT sensors
provided hourly measurements at six depth levels: 1m, 10m, 30m, 50m, 75m and 100m
depths. Further details on the buoy specifications and these observations are reported by
Valla and Piola [2015].

We assess the relationship between meridional winds and in situ temperature at the
six depth levels by compositing vertical profiles segregated by along-front wind events
as well as by means of a cross-correlation analyses. Cross-correlations between merid-
ional winds and temperature are computed from detrended temperature time series (i.e.,
removing a linear trend from temperature at 1m, 10m and 30m only, as during the anal-
ysis period there was no significant linear trend below 30m) that were band-pass filtered
to remove variability on temporal scales shorter than one day observed in autocorrelations
(i.e., diurnal at 1m, and semi-diurnal at 75m and 100m associated with tides), and longer
timescales (i.e. >10 days) for which few realizations are present in the record (i.e., 51
days). Detrended temperature time series were band-pass filtered using running means, i.e.
a (24×5)-h running mean was subtracted from the low-pass temperature data that retained
variability on scales longer than a day (i.e., by applying a 12-h running mean). Prefilter-
ing the data is expected to improve statistical reliability when correctly accounting for the
effective number of degrees of freedom [Davis, 1977; Pyper and Peterman, 1998]. The
significant correlation at 95% confidence was computed adjusting the number of degrees
of freedom considering the autocorrelation of meridional winds and temperature data fol-
lowing Bretherton et al. [1999], which results in a critical correlation coefficient equivalent
to subsampling the filtered time series every 48h.

Table 1. Summary of in-situ observations presented in this study (Web-links for data sources can be found

in the Data section and Acknowledgements.)

Data type Location Time Period Wind direction

GEF1 Transect (Rincón) ∼41◦S, 57◦W 10 Oct 2005 northerly
GEF1 Transect (Valdés) ∼44◦S, 60◦W 13-15 Oct 2005 southerly
GEF3 Transect (Rincón) ∼41◦S, 57◦W 23-25 Oct 2006 southerly
GEF Mooring ∼44◦S, 60◦W 16 Oct - 5 Dec 2006 variable

1988-1989,
Historical Hydrography see Fig 7a 1992-1995, 1997-1998, variable
(SHN and INIDEP) 2003, 2005, 2006

4 Results and Discussion

4.1 Composites of satellite Chl-a by wind direction

To investigate the impact of along-front winds on Chl-a variability at the SBF, we
first looked at composites of satellite Chl-a, segregating the data by wind direction (Fig. 3).
We use summer data here, because in the summer phytoplankton growth is presumed to
be nutrient limited, and previous correlation analyses showed wind speed and satellite
Chl-a to be correlated in summer in this region [Carranza and Gille, 2015], while corre-
lations are weak and non-significant in other seasons. Each satellite Chl-a grid cell was
screened for positive (i.e., southerly) or negative (i.e., northerly) along-front winds. Be-
cause north of ∼44◦S the shelf break does not have a north-south orientation (see Fig-
ure 1), we rotated winds 35◦ clockwise north of 44◦S and used meridional winds south of

–9–

This article is protected by copyright. All rights reserved.



Confidential manuscript submitted to JGR-Oceans

that latitude. Mean satellite Chl-a maps for along-front southerly winds, northerly winds
and the difference between the two are shown in Figure 3.

Over the shelf break, onshore of the 200-m isobath, southerly winds are associated
with enhanced satellite Chl-a (red in Figure 3c). Further offshore northerly winds are as-
sociated with high Chl-a (blue band offshore of the 200-m isobath in Figure 3c). The red
band of high Chl-a for southerly winds at the SBF is statistically significant (i.e. the dif-
ference is larger than the sum of standard errors for mean Chl-a maps). Offshore of the
mean position of the SBF, Chl-a is enhanced with northerly winds, and, although the dif-
ference shown in Figure 3c is not statistically significant, because Chl-a is generally low,
the spatial pattern is consistent along the length of the shelf break suggesting this is a real
pattern rather than noise. This large-scale pattern emerges when we consider along-front
winds, and there is no pattern associated with cross-front winds, implying no clear re-
sponse of Chl-a to the relaxation of along-front winds. Differences are more pronounced if
we consider only along-front winds that are larger in magnitude than the cross-front wind
component. However, because fewer cases meet these criteria, the statistically significant
red band shows less spatial consistency (not shown). The same pattern also arises in cor-
relation maps between anomalies of along-front winds and Chl-a at zero lag (not shown),
but we present the composites to ease the interpretation.

The pattern of consistently high Chl-a or low Chl-a to either side of the SBF is
more remarkable in summer than during the other seasons. To better illustrate the cross-
front shift in satellite Chl-a with changing along-front wind direction, in Figure 4, we
compare mean Chl-a for all summer cases (in green) against mean Chl-a for southerly
winds (red) and northerly winds (blue) for two cross-sections at the SBF, indicated by
black lines in Figure 3c. Cases of southerly wind are less frequent than cases of northerly
wind, because north of 50◦S mean summer winds present a northerly component (see
Fig. 1b), but in both of these transects, the Chl-a peak is shifted onshore of the SBF (i.e.,
defined here as the peak in the green curve) with southerly winds, and the difference be-
tween Chl-a concentrations for southerly winds and northerly winds is significant com-
pared with the overall summer mean. This wind-related cross-front shift in the location
of the Chl-a peak suggests the influence of cross-front Ekman transport interacting with
the sloping isopycnals at the front. In addition, the Chl-a difference between southerly and
northerly wind composites is largest near the SBF and diminishes further away from the
SBF (dashed gray curve in Figure 4).

Increased Chl-a at the SBF with southerly winds is consistent with the concept that
enhanced upwelling at the shelf break occurs when Ekman transport is expected to move
near-surface waters onshore (i.e., with southerly winds in the SH) and steepen isopycnals,
as proposed by Siedlecki et al. [2011]. On the other hand, northerly winds associated with
high Chl-a offshore of the 200-m isobath may indicate upwelling of nutrients from the
BBL, through isopycnal tilting, enhancing phytoplankton growth further offshore. How-
ever, satellite observations do not allow us to determine whether the surface signal results
from surface advection of high Chl-a from shelf waters by Ekman transport or from isopy-
cnal upwelling that would supply nutrients and enhance growth and/or upwell Chl-a from
a subsurface maximum further offshore.

4.2 Isopycnal tilting, changes in stratification and in situ Chl-a: synoptic evidence

Ship-based hydrographic surveys provide a means to evaluate snapshots of the verti-
cal structure across the shelf break. Several in situ hydrographic transects across the SBF
were occupied during predominantly along-front wind events. We contrast the southerly
and northerly wind cases. In all cases density sections show isopycnal tilting in agree-
ment with induced Ekman transport at the surface, but because many were sampled in
different years and/or in different seasons they are not easily compared. In this section
we present two synoptic hydrographic transects across the SBF, off Rincón (at ∼41◦S)
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and Valdés (at ∼44◦S), selected because they were occupied during the same cruise, but
with opposing wind directions. This allows us to look at isopycnal tilting due to oscillat-
ing along-front winds. On 10 October 2005, Rincón was sampled during a northerly wind
event (Fig. 5, a and b), then winds reversed direction and became from the south when
Valdés was sampled on October 15 (Fig. 5, c and d). Because they were sampled 4-5 days
apart in October 2005, and they are only 300 km apart, mean background hydrographic
conditions were likely similar. A year later, in 23-25 September 2006, Rincón was reoc-
cupied when winds had reversed relative to October 2005, and it was sampled during a
southerly wind event (Fig. 5, e and f). For all three occupations, the CTD carried a fluo-
rometer from which an estimate of Chl-a concentration can be derived (see Section 3.2 for
details).

Mean satellite winds and Chl-a maps, and vertical sections of adjusted Chl-a fluo-
rescence with isopycnals overlaid in white contours for the three occupations are shown in
Figure 5. For northerly winds (Fig. 5, a and b), flattened isopycnals are consistent with
surface waters moving offshore in the Ekman layer. For southerly winds (Fig. 5, c-f),
isopycnals tilt upward, which could result from onshore Ekman transport in the surface
layer.

The analysis of water-mass properties for stations at the shelf break for these sec-
tions supports this hypothesis (Fig. 6). There are pronounced differences in the temperature-
salinity (TS) structure at the shelf break stations between sections sampled during northerly-
wind and southerly-wind events. Rincón’s station at the SBF occupied during northerly
winds shows a much warmer, fresher upper layer and a slightly colder, saltier bottom
layer (red), than the station at the SBF occupied during a subsequent southerly wind event
(light blue). The change in the vertical thermohaline structure corroborates the offshore
flux of warm-fresh shelf water in the upper layer and the compensating onshore flux of
cold-salty slope water during the northerly wind event. The reoccupation of Rincón with
southerly winds (blue) shows no evidence of shelf waters at the surface and much colder,
saltier water at depth. (Although this station was deeper, we only show the upper 150 m
to facilitate visual comparison.)

Offshore Ekman transport in the surface layer (i.e., northerly-wind case), flattens the
isopycnals, and may imply an onshore flux of nutrient-rich waters from the Malvinas Cur-
rent at depth (or onwelling). Conversely, onshore Ekman transport (i.e., southerly-wind
case), steepening the isopycnal slopes, can potentially pump nutrients from the bottom-
boundary layer to the surface enhancing phytoplankton growth and accumulation at the
SBF, as suggested by Siedlecki et al. [2011]. The Chl-a fluorescence signal is consistent
with surface Chl-a enhancement further offshore for the case of northerly winds (Fig. 5b),
suggesting upwelling along the sloping density layers from the bottom to the surface.
With southerly winds (Fig. 5d and Fig. 5e), Chl-a is enhanced at the SBF, consistent with
onshore Ekman transport and vertical isopycnals that would enhance upwelling, delivering
nutrients to the surface.

To illustrate the spatial extent of the Chl-a signal at the surface, the left panels of
Figure 5 show satellite Chl-a at the time when the transects were sampled. On October
10, 2005, the northern sector of the SBF was cloudy, and satellite Chl-a could not be re-
trieved; instead we show three-day averaged satellite Chl-a. In the northern sector of the
shelf break and during the predominantly northerly wind event, the band of high Chl-a
extends offshore of the 200-m isobath (Fig. 5a). The enhanced vertical stratification as-
sociated with offshore flow of less dense shelf waters and onshore flow of denser slope
waters below the Ekman layer may prevent the upwelled water from reaching the sur-
face at the shelf break. Thus, the highest Chl-a fluorescence is observed below the sur-
face mixed layer (∼22 m). After winds reversed direction, the high band of Chl-a shifts
onshore (Fig. 5c). This band of high satellite Chl-a is also apparent in the Chl-a anomaly
maps relative to the climatological monthly mean for October (not shown). Cloud cover
precludes a regional analysis of the surface Chl-a signal in September 2006.
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4.3 Isopycnal tilting and changes in stratification: statistical significance

Hydrographic transects in Figure 5 provide evidence of isopycnal tilting with along-
front wind reversals, but they only represent snapshots of water column structure for se-
lected cruises. In this section we present composite hydrographic sections for southerly
and northerly winds to assess the statistical significance of isopycnal tilting due to along-
front changes in the wind. In Figure 7, we show mean austral winter and spring (June-
November, JJASON) density sections across the SBF, with stations segregated by wind
direction. In summer (DJF), strong stratification develops, the SBF is density-compensated
and, therefore, the dynamical response of the front to along-front winds is less remarkable
(not shown). Also, winds in the summer tend to be from the north and there are few cases
of profiles sampled with southerly winds to evaluate the response of the SBF to changes
in along-front winds.

To construct mean hydrographic transects (Fig. 7), for each hydrographic station
we assigned a wind vector by collocating vertical profiles with satellite rotated winds in
space (within 25 km of the satellite grid) and time (within 6 h of the satellite wind esti-
mate). Stations were then segregated by either positive or negative along-front wind com-
ponent. For comparison with no-wind conditions, for these transects, only cases when the
along-front wind component was greater than 2 m s−1 were considered for either northerly
(N=73 profiles) or southerly winds (N=94). Cases when along-front winds were less than
2 m s−1 were flagged as “calm” (i.e., relatively weak along-front winds), and mean den-
sity contours for calm conditions (N=67) are overlaid in white for reference in Figure 7.
Mean density transects across the SBF were computed using Linder et al. [2004]’s algo-
rithm, which bins profiles according to cross-shelf distance from a given isobath to com-
pute mean cross-shelf sections of hydrographic properties in regions of sloping bathymetry.
We modified the algorithm to use a version of the General Bathymetric Chart of the Oceans
(GEBCO) bathymetry field that has been corrected based on soundings from cruises, grid-
ded at 3-minute resolution (0.05 degrees latitude and longitude). As a reference bathymetry
line, for averaging profiles we use the 200-m isobath, which corresponds to the mean po-
sition of the SBF off Patagonia.

The mean density section for stations sampled with southerly winds (Fig. 7a) shows
surfacing isopycnals tilted upward relative to the mean density section for stations sam-
pled with northerly winds (Fig. 7b). The surfacing of isopycnals for northerly winds oc-
curs further offshore than for southerly winds (Fig. 7), although the foot of the front, de-
fined here as the grounding of the isopycnals between 26.8 and 27.2 kg m−3, does not
show substantial displacement. For example, the outcrop of isopycnal 26.8 that occurs
near the 200-m isobath with southerly winds, occurs ∼50 km offshore with northerly winds.
The migration of the foot of the front is difficult to assess because of inhomogenities of
the bathymetry along the 200-m isobath and the averaging procedure. In addition, the foot
of the front is expected to lag changes in the winds by a few days [Siedlecki et al., 2011].
Nonetheless, the surface expression of the sloping isopycnals with changing along-front
winds is a robust feature that shows in mean density sections for winter and spring.

Ekman transport can displace waters to either side of the front, modifying the strat-
ification of the surface layer either by destratifying (i.e. with southerly winds) or restrati-
fying (i.e. with northerly winds). As a measure of stratification, we computed the vertical
density gradient between 100 m and the surface for stations within 50 km of the 200-m
isobath. The vertical density gradient vs along-front wind component is shown in Fig-
ure 8, for stations in the latitude range between 38◦S and 44◦S. We find a negative cor-
relation between stratification and the along-front component of the wind in agreement
with theory: northerly winds (i.e.,V <0) typically result in more stratified waters in the
upper 100 m, whereas southerly winds (i.e.,V >0) are associated with lower stratification.
Although the correlation is low (r=-0.48, based on N=97), it is statistically significant at
the 99% level. Selecting a smaller latitudinal range yields higher significant correlations
(with N >50), and r varies between -0.3 and -0.7 with lower correlations south of 45◦S,
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where bathymetric contours spread out and stratification is generally low due to large tidal
amplitudes [Combes and Matano, 2014].

4.4 Water-column response to along-front winds

The mooring deployed at the shelf break in the location indicated in Figure 9a al-
lows us to assess the water-column response to oscillating meridional winds, providing
high-resolution information in the temporal domain. The timeseries of meridional winds
and surface water temperature anomalies (i.e., subtracting a linear trend) are shown in Fig-
ure 9. Decorrelation scales of meridional winds and temperature for this record are simi-
lar (∼48h); however, measurements from a different period (presented in Valla and Piola
[2015], for which subsurface temperature measurements at depth were not available) show
that meridional winds typically decorrelate faster (∼24h). The wind record in Fig. 9 shows
several periods of oscillating meridional winds: wind reversals at 4-5 day intervals seem
to dominate during part of the record, 25 Oct - 15 Nov 2005, but before and after this
time period the wind appears to reverse at shorter time scales.

The oscillating meridional winds are correlated with water temperature in the upper
100 m (where temperature measurements are available). Following a period of southerly
winds (i.e., positive meridional winds), temperature decreases. Lagged cross-correlations
between meridional winds and water column temperature anomalies show a coherent
signal at the six depth levels (Fig. 10). Positive lags imply that wind leads changes in
temperature, and the negative correlation for the first significant peak is consistent with
southerly winds associated with cold temperatures at the front, which is consistent with
local upwelling. Cross correlations show that temperature responds to changes in the
winds with a lag of ∼2-4 days, in agreement with response timescales of the density field
due to along-front winds from numerical simulations [Siedlecki et al., 2011; Moffat and
Lentz, 2012; Zhang et al., 2014]. Mixed-layer depth estimates from the mooring record
give a mean value of 33 m, using temperature and density threshold criteria from de Boyer Mon-
tégut et al. [2004], with a standard deviation of 9 m. Lagged cross-correlations between
meridional winds and temperature show a consistent pattern beyond the surface mixed
layer, indicating water-column structure changes due to advective isopycnal tilting.

The water-column temperature, salinity and density structure also show a much
more homogeneous water column after southerly winds (blue in Fig. 11), in contrast to
a more stratified water column after a period of northerly winds (red in Fig. 11). To il-
lustrate this, in Figure 11 we show mean profiles estimated during 24-h periods following
persistent wind events that lasted more than 1.5 days. This criterion results in 2 southerly
wind events and 5 northerly wind events for the 51-day record. Selecting wind events
with a minimum duration of 1 day, results in a larger number of events (4 southerly wind
events and 8 northerly wind events) and shows a qualitatively similar structure (not shown),
but differences are more pronounced when considering wind events that lasted more than
1.5 days. The longest southerly wind event in the record lasted more than 3 days (73
hours), in late October 2005. Mean temperature, salinity and density profiles for the last
day of that event (i.e., on 29-30 October 2005) show no traces of shelf waters at the sur-
face (e.g. Sp > 33.8 psu over the entire water column), and a thoroughly mixed water col-
umn in the top 100 m (not shown). Differences in surface density between northerly and
southerly wind events are on average 0.25 kg m−3 and exceed 0.4 kg m−3 for the events
of longest duration (i.e., the above mentioned southerly wind event, and a northerly wind
event that ended on 11 November 2005 and lasted 3.6 days).

5 Further discussion

We have shown evidence for wind modulation of upwelling and Chl-a concentra-
tions at the SBF off Patagonia from a diverse set of observations that include satellite ob-
servations and in situ measurements. The wind modulation at the SBF is associated with
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the along-front component of the winds, and it is consistent with the theory of enhanced
shelf-break upwelling and the nutrient pumping mechanism postulated by Siedlecki et al.
[2011]. We find that southerly winds (i.e., down-front) enhance satellite Chl-a at the SBF
off Patagonia, destratify the water column and tilt isopycnals upward, possibly allowing
for enhanced nutrient supply to the euphotic zone. Conversely, northerly winds are associ-
ated with enhanced stratification and flatter isopycnals, preventing nutrients and/or a sub-
surface Chl-a maxima from reaching the surface at the SBF but enhancing surface Chl-a
further offshore. Some results pointing in this direction deserve further discussion.

The amplitude modulation of the satellite Chl-a signal by along-front winds is <
±1 mg m−3 (Fig. 3c), but the magnitude is likely underestimated for several reasons. 1)
Our satellite-based results pertain to summer, when strong stratification may prevent the
movement of the foot of the front and inhibit the nutrient pumping effect [Siedlecki et al.,
2011]. The amplitude modulation of satellite Chl-a by along-front winds is incipient in
the spring (not shown), though factors other than nutrient limitation (e.g. light limitation,
zooplankton grazing) can influence phytoplankton growth and/or accumulation at the sur-
face and may explain the seasonal differences in the Chl-a response. 2) In either season,
an oscillation in along-front winds is required to pump water effectively from the near-
bottom layer and the ocean interior to the ocean surface, and our satellite results based
on Chl-a composites, can include northerly and southerly wind events that were not nec-
essarily followed by a subsequent wind reversal persistent enough to allow time for the
pumping mechanism to take place or its effects to reach the sea surface. 3) Although
modeling studies have shown surface phytoplankton biomass at fronts is largely controlled
by enhanced nutrient supply during wind events, the strongest phytoplankton response
to wind-driven frontal dynamics is expected to occur at the subsurface [Franks and Wal-
stad, 1997; Nagai et al., 2008]. Subsurface phytoplankton blooms deeper than one opti-
cal depth, which are a common feature of fronts (see e.g. subsurface blooms in Fig. 5b
and Fig. 5f) and can occur particularly in summer [e.g., Franks and Walstad, 1997; Hales
et al., 2009], will be missed by satellite radiometers [e.g., Morel and Berthon, 1989] and
upwelling along the front could still be happening. Thus, the phytoplankton response to
wind-front dynamics from satellite Chl-a is likely underestimated [Franks and Walstad,
1997].

Nonetheless, a clear signal emerges from composites of satellite Chl-a from all cases
of northerly vs southerly winds. The effect of subsequent along-front wind reversals in the
water-column vertical structure, cross-front density structure, and Chl-a fluorescence sig-
nal is depicted by the two synoptic transects sampled during the GEF-1 cruise (Fig. 5) as
well as by the observations at the mooring site (Fig. 10 and Fig. 11). For persistent wind
events followed by persistent wind reversals, the amplitude modulation of the Chl-a signal
is expected to be larger, e.g. differences in surface Chl-a fluorescence can be greater than
5 mg m−3 (Fig. 5b and Fig. 5d). The Chl-a amplitude modulation due to along-front oscil-
lating winds is significant compared to the ∼4 mg m−3 for the annual amplitude (Fig. 1b).

The cross-front displacement of the satellite Chl-a peak due to changing wind condi-
tions is relatively small (i.e. ∼25-50 km ), but large enough to be detectable from satellite
observations and coarse resolution hydrographic transects. An offshore displacement of
the high satellite Chl-a band at the SBF, relative to the 200-m isobath, from early spring
to late summer, was reported by Romero et al. [2006], which could be related to the in-
creased frequency of northerly wind events (and associated offshore Ekman transport) dur-
ing the summer season.

The Chl-a response to alongshore winds might appear to conflict with results re-
ported by Saraceno et al. [2005], who found that strong northerly winds lead to higher
Chl-a in the northern part of the shelf and SBF, where our Fig. 3c shows red, implying
higher Chl-a with southerly winds. However, their analysis focused on seasonal to inter-
annual timescales, and by low-pass filtering, they suppressed the high-frequency wind

–14–

This article is protected by copyright. All rights reserved.



Confidential manuscript submitted to JGR-Oceans

variability that is the focus of this study. The differing correlation patterns suggest that
different mechanisms operate on synoptic vs longer timescales.

Valla and Piola [2015] also carried out an independent assessment based on surface
currents and temperature observations from another mooring at the SBF off Patagonia.
Their results agree with ours in showing that high-frequency variability (i.e., sub-seasonal)
surface cooling events, linked to intense upwelling, lead to a significant increase in sur-
face Chl-a at the SBF. Although their analysis does not include the effect of directional
wind forcing, the intense cooling event they reported in January 2007, was coincident with
southerly synoptic winds over the shelf break (their Fig. 13). They also reported onshore
surface velocities prior to the cooling period and offshore velocities near its termination
(∼13-15 cm s−1). Although the magnitude of the upwelling inferred from that event is
in agreement with predictions from numerical experiments with realistic boundary con-
ditions and forcing [Combes and Matano, 2014], as Valla and Piola [2015] pointed out,
the timescales over which the cooling events occur in the model and observations do not
agree (i.e., ∼180 days vs ∼5 days, respectively). Numerical simulations from Combes and
Matano [2014] also suggested that the upwelling at the SBF off Patagonia is not sensitive
to changes in local wind forcing, but these experiments were forced with monthly climato-
logical mean winds that did not resolve the atmospheric synoptic activity. The timescales
and duration of the cooling events reported by Valla and Piola [2015] (i.e., 3-18 days) are
in closer agreement with wind-driven upwelling by along-front wind variability.

Wind-induced upwelling in the vicinity of a jet may also be caused by along-front
wind stress variations in the cross-front direction [Lee et al., 1994; Zhang et al., 2011],
which can be induced by the surface current itself even under uniform wind forcing. As-
suming uniform winds that are stronger in magnitude than the surface current jet, the dif-
ferential along-front wind stress to either side of the front can produce Ekman transport
divergences and upwelling through Ekman pumping. Such a mechanism would lead to up-
welling onshore of the SBF, regardless of wind orientation: for southerly winds the effec-
tive stress is minimum at the core of the jet leading to smaller Ekman transport onshore
relative to either side of the jet, while for northerly winds, a maximum wind stress at
the jet core would lead to greater offshore Ekman transport at the jet. In both cases, this
results in surface divergence and upwelling onshore of the Malvinas Current jet. How-
ever, our results suggest that onshore of the Patagonian SBF, upwelling is enhanced with
southerly winds but suppressed with northerly winds. This is likely due to the fact that in
this region winds are generally much stronger than surface currents, thus the impact of the
surface currents on the effective stress is minimal.

While changes in wind speed can lead to changes in vertical mixing, regardless of
the direction of the wind, and thus can have an impact on Chl-a accumulation [e.g. Car-
ranza and Gille, 2015], in this region, correlations between wind speed and Chl-a anoma-
lies show relative minima [see Fig. 7a in Carranza and Gille, 2015], and the enhance-
ment of Chl-a at the SBF differs depending on wind direction. Thus, wind-speed-induced
vertical mixing does not appear to be a dominant mechanism in the Patagonia SBF. The
lack of correlation between surface Chl-a and cross-front or zonal winds at the SBF (not
shown), further supports Siedlecki et al.’s [2011] theory, indicating that atmospheric syn-
optic storms, which are associated with fluctuations in meridional winds with periods
between 2-10 days [e.g. Vera, 2003], can significantly enhance upwelling at the SBF off
Patagonia, and also potentially at other shelf-break fronts of western boundary currents.
For example, the modification of the density structure due to along-front wind oscilla-
tions in the synoptic band, was identified in observations from the New England SBF
sector of the MAB [Aikman et al., 1988; Houghton et al., 1988; Fratantoni and Pickart,
2003]. However, despite persistent upwelling revealed from observations in the MAB,
there is no persistent Chl-a enhancement at the SBF, possibly due to zooplankton graz-
ing [Zhang et al., 2013]; baroclinic instabilities of the jet cause significant current vari-
ability [Fratantoni and Pickart, 2003]. The mechanism proposed by Siedlecki et al. [2011],
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who neglected along-shelf pressure gradients, may be applicable in the Patagonian shelf,
due to the barotropic nature and stability of the Malvinas Current [Vivier and Provost,
1999; Piola et al., 2013], the relative low meandering and eddy kinetic energy observed
[Goni et al., 2011; Artana et al., 2016], and the predominantly meridional orientation of
the bathymetry.

Nutrient distributions for the synoptic transects presented in this study are reported
by Carreto et al. [2016, their Fig. 5], who show higher nutrient concentrations at the SBF
for the southerly wind case (i.e. Valdés, see Fig. 5c and 5d) compared with the northerly
wind case (i.e. Rincón, see Fig. 5a and 5b), in agreement with the results presented here.
Due to the lack of concomitant observations of nutrients, vertical diffusivities and/or ver-
tical velocities, a meaningful assessment of the upwelled nutrient fluxes associated with
the along-front wind induced upwelling [e.g. He et al., 2011] is not feasible. Although the
existing nutrient data combined with the approach of Valla and Piola [2015] to estimate
vertical velocities from the mooring site may prove useful for an estimate of the upwelled
flux of nutrients, quantifying the role of this mechanisms is out of the scope of this study
but will be the focus of future work.

6 Conclusions

This work has demonstrated that wind forcing on sub-seasonal timescales is impor-
tant for shelf-break exchange, and can lead to enhanced upwelling and Chl-a concentra-
tions at shelf-break fronts of western boundary currents. We presented observational evi-
dence that wind modulates the upwelling at the shelf-break front off Patagonia, consistent
with a mechanism for nutrient pumping associated with along-front wind oscillations that
was proposed by Siedlecki et al. [2011] based on a numerical model. Composites of satel-
lite Chl-a segregated by wind direction, hydrographic transects with Chl-a fluorescence
across the shelf-break front sampled with opposing wind direction, and a mooring site that
collected high-resolution wind and hydrographic data throughout the water column sug-
gest that oscillations in along-front winds can modulate the vertical stratification and the
upwelling at the shelf-break front off Patagonia, with biological implications. Atmospheric
synoptic scale storms, characterized by fluctuations in meridional winds with periods be-
tween 2-10 days, can potentially induce shelf-break upwelling at other shelf-break fronts
at the western margins of ocean basins.

For the 1500-km long Patagonian SBF extending roughly meridionaly, the theory
predicts that southerly winds (down-front), lead to Ekman transport onshore in the surface
layer and tilt isopycnals upward, destratifying the water column and allowing upwelling
of nutrients from deeper layers. Conversely, northerly winds (up-front) lead to offshore
Ekman transport, flatten isopycnals, stratify the water column at the front and prevent nu-
trients and/or Chl-a from a subsurface maximum from reaching the surface. In agreement
with theory, satellite observations show that surface Chl-a is enhanced at the SBF (i.e. on-
shore of the 200-m isobath) with southerly winds, and suppressed with northerly winds
when surface Chl-a is enhanced further offshore (i.e ∼25-50 km). The Chl-a amplitude
modulation by along-front winds inferred from satellite observations (in summer) is ∼25%
of the mean annual Chl-a amplitude for the 12-year satellite record. Hydrographic tran-
sects from synoptic surveys as well as mean density sections from historical observations
segregated by along-front wind direction, are also consistent with the theory. However,
the Chl-a fluorescence difference between subsequent changes in along-front wind di-
rection can be significantly larger in the spring (± 5 mg m−3), compared to the summer
estimate from satellite observations. Nutrient distributions for the synoptic transects pre-
sented in this study [in Carreto et al., 2016] are in accord with the theory. High resolution
(i.e., hourly) wind and water column hydrographic time series collected in spring at the
mooring site provide further evidence and show that southerly winds destratify the water
column leading to cooling events, whereas northerly winds restratify the upper ocean and
lead to warming events. Most importantly, the timescale for the water column response to
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changes in along-front winds inferred from the mooring site (i.e., 2-4 days) is consistent
with the timescale response predicted from numerical experiments [Siedlecki et al., 2011;
Moffat and Lentz, 2012; Zhang et al., 2014].

Recognizing the limitations of the existing observations at the SBF of Patagonia, we
have focused on presenting robust patterns of variability that indicate along-front wind-
induced upwelling through the Chl-a response in a qualitative sense. A meaningful quan-
tification of the upwelled nutrient fluxes, associated with the upwelling induced by along-
front wind oscillations, requires water-column concomitant observations of nutrient con-
centrations, vertical diffusivities and velocities for the three wind scenarios (i.e., northerly,
southerly and calm conditions), and these can only be obtained from a high spatio-temporal
resolution survey designed for that purpose.
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Figure 1. (a) Bathymetry of the Patagonian shelf from GEBCO with schematic of mean circulation,

adapted from Piola and Falabella [2009]. (b) Chl-a amplitude (annual maximum - annual minimum) based

on monthly means for the period 2000-2011, with mean summer wind vectors overlaid. Solid black contours

indicate the 200m and 1000m isobaths. The Sub-Antarctic Front (SAF) from Orsi et al. [1995] is shown by

the dashed black line.
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Figure 2. Schematic diagram showing the effect of along-front winds on the upwelling at a shelf-break

front, adapted for the Southern Hemisphere and modified from Siedlecki et al. [2011]. In their model, along-

shore variations (i.e., frontal meandering and eddies) are neglected. Frontal structure with (a) no wind forcing,

(b) southerly winds, and (c) northerly winds. Southerly winds lead to Ekman transport in the surface layer

onshore, steepening frontal isopycnals and enhancing the upwelling at the shelf break, whereas northerly

winds lead to offshore Ekman transport, flattening isopycnals and suppressing upwelling at the SBF. Note that

for the no-wind scenario, the presence of a slope jet with strong shear in their model produces a reversal of the

flow at depth over the slope and, hence, convergence in the BBL. The role of this process in the Patagionian

SBF is questionable due to the presence of a strong slope current, and the dominant mechanism at play is

uncertain [see e.g. Matano and Palma, 2008]. Nonetheless, upwelling is expected to occur at the SBF off

Patagonia in the no-wind case as well, and we kept the arrows as in the original schematic.
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Figure 3. Composites of summer Chl-a for (a) southerly winds and (b) northerly winds, based on 4-day

averages of CCMP winds for the period 2000-2011. (c) Difference between (a) and (b): red implies Chl-a is

enhanced for southerly winds relative to northerly winds, and blue indicates enhanced Chl-a with northerly

winds. Winds were rotated 35◦ clockwise north of 44◦S to account for the change in the orientation of the

sloping bathymetry. Shaded gray areas in (c) indicate that the difference is not statistically significant (i.e. less

than the sum of standard errors for maps (a) and (b).)
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Figure 4. Mean summer satellite Chl-a for southerly winds (red), northerly winds (blue) and all summer

cases (green) for the two transects across the shelf-break front shown in Figure 3c, in the (a) northern sector

and (b) southern sector. The dashed gray line shows the difference between red and blue lines. The x-axis is

the distance from the shelf-break front, defined as the pixel where mean summer Chl-a peaks (maximum in

the green line).
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Figure 5. Satellite Chl-a and surface winds (left), vertical structure of adjusted Chl-a fluorescence (right,

color bar) with density contours overlaid in white, for two transects across the shelf break. The northern tran-

sect (Rincón) was sampled on 10 October 2005, when winds were predominantly from the north (a,b). After

4 days, winds reversed direction and the southern transect (Valdés) was sampled on 15 October 2005 over the

shelf-break (c,d). Rincón, was revisited on 23-25 September 2006 when the winds were from the south (e,f).

Vertical sections were objectively mapped (see Section 3.2.2) and values with uncertainty higher than 0.1 are

masked. Black dots in the map and vertical sections indicate the location of hydrographic stations. White dots

identify stations in the TS diagram of Figure 6. Wind roses in (b), (d), and (f) show the relative frequency

of wind directions by wind speed ranges (in m s−1) during each transect sampling period, based on hourly

(GEF-1) and 10-minute (GEF-3) shipboard wind observations.
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Figure 6. Temperature-Salinity (TS) diagram for stations at the shelf break indicated with white dots in

vertical sections of Figure 5. In red: Rincón station at the SBF sampled with northerly winds on 10 October

2005 (for reference, station 11 from GEF-1), in light blue: Valdés station at the SBF sampled with southerly

winds on 14 October 2005 (station 35 from GEF-1), and in blue: Rincón station at the SBF sampled during

a southerly wind event on 23-25 September 2006 (station 53 from GEF-3). All stations at the SBF between

39◦S and 44◦S, deeper than 100 m and shallower than 1500 m, are shown as reference, with the color bar

indicating depth.
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Figure 7. (a) Location of historical hydrographic stations between 38◦S and 50◦S sampled with northerly

(⋆), southerly (+) and no-wind conditions (◦), used in mean hydrographic density sections for (b) northerly

winds (N=78) and (c) southerly winds (N=94) in winter and spring (JJASON). To segregate profiles, here, we

used a threshold of 2 m s−1 for the intensity of along-front winds. Cases when the along-front wind compo-

nent was less than 2 m s−1 were considered “calm", although stronger cross-front winds could occur in these

cases. Mean density contours for calm conditions (N=67) are overlaid in white.

–29–

This article is protected by copyright. All rights reserved.



Confidential manuscript submitted to JGR-Oceans

Figure 8. Scatter plot for the density gradient between 100m and the surface vs the along-front wind com-

ponent, for stations between 38◦S and 44◦S. The correlation for the 97 stations at the SBF with CCMP wind

data is -0.48, significant at the 99% level. The color bar shows the month of the year.
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Figure 9. (a) Mean sea surface temperature (color bar) with wind vectors overlaid for the period October

16 to December 5 2005, when the mooring site at ∼ 44◦S indicated by the white dot acquired hourly winds

and water column temperature at six depth levels from the surface to 100 m (bottom depth at 185 m). (b)

Time series of meridional winds (gray) and detrended sea surface temperature anomalies (red) at the moor-

ing site indicated in (a). Positive meridional winds indicate southerly winds, and negative meridional winds

indicate northerly winds. For correlation statistics between along-front winds and temperature see Fig. 10
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Figure 10. Lagged cross correlations between meridional winds and detrended (i.e., removing the linear

trend) and band-pass filtered (i.e., retaining variability in the 1-10 day band) temperature (a) at the surface, (b)

at 50 m, and (c) at 100 m. Positive lags indicate wind is leading with respect to changes in water temperature.

A negative correlation for the first significant peak implies southerly winds are associated with cold tem-

peratures. The 95% confidence interval for significant correlations (indicated by the dashed black line) was

computed adjusting the degrees of freedom based on autocorrelations of meridional winds and temperature

anomalies, following Bretherton et al. [1999].
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Figure 11. Mean (a) temperature, (b) salinity and (c) density profiles at the mooring location (bottom

depth at 185 m), averaged over a 24-h period at the end of southerly wind events (in blue), and northerly

wind events (in red). The colored shading indicates the standard error. A southerly/northerly wind event was

considered when positive/negative meridional winds persisted for more than 1.5 days, resulting in 2 southerly

wind events (N=48), and 5 northerly wind events (N=120).
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