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Coastal upwelling events are effective in fluxing nutrients upward to the euphotic layer, thus promoting the
growth of marine phytoplankton. Satellite data may provide useful information to detect and characterize
upwelling events in regions of sparse in-situ observations. We analyze the coastal upwelling process on the
western SanMatías Gulf, on the northern continental shelf of Argentina, based on the analysis of remote sensing
and in-situ data. Upwelling events are characterized by their frequency of occurrence andmagnitude. During the
austral summer we found roughly 6 upwelling-favorable wind events per year. Satellite derived sea surface
temperature (SST) data provide evidence of upwelling in 85% of the cases between 2000 and 2008. Analysis of
specific events provides clues on thewind forcing characteristics required to generate upwelling, and on charac-
teristic space and time scales of the process. On February 2005 SST data reveal a narrow coastal band (~10 km) of
relative cold water extending ~100 km along the west coast of SMG. The SST in this band was 1.5 °C lower than
further offshore. Near bottom temperature fluctuations from in-situ daily observations collected at two near-
shore locations are significantly correlated with along-shore wind stress, suggesting that coastal upwelling is a
dominant process controlling high-frequency temperature fluctuations near-shore. A simple quantitative
estimate reveals a volume of upwelled water reaching the sea surface of about 1010 m3 during one relatively
intense upwelling event.
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1. Introduction

The Patagonia Continental Shelf (PCS) in the southwestern South
Atlantic presents high phytoplankton biomass (e.g. Garcia et al., 2008;
Lutz et al., 2010; Rivas, Dogliotti, & Gagliardini, 2006; Romero, Piola,
Charo, & Eiras Garcia, 2006) which spreads up the marine food web
reaching top predators and significant fisheries (Acha, Mianzan,
Guerrero, Favero, & Bava, 2004). This high productivity is promoted by
vertical nutrient fluxes by strong vertical mixing induced by winds
and near-shore tidal flows, and shelf break upwelling (Matano &
Palma, 2008; Matano, Palma, & Piola, 2010; Palma, Matano, & Piola,
2008). In contrast with these productive regions, some deep near-
shore locations without strong tidal stirring, present relatively low
primary production. Such is the case of the San Matías Gulf (SMG), the
second largest gulf in the Argentine Patagonia, where tidal mixing
within the gulf is not sufficiently intense to fertilize the surface layer,
because it is considerably deeper than the adjacent PCS (200 m vs
70 m). Interestingly, however, the SMG is recognized for important
fishing activities (Ocampo-Reinaldo et al., 2013), with total landings
exceeding 104 t/year (González, Narvarte, & Morsan, 2004). The SMG
productivity is thought to be sustained by the supply of nutrients from
the lower layers and the entrance of nutrient-rich waters from the
exterior shelf (Sabatini & Martos, 2002), with negligible atmospheric
and continental contributions (Carreto, Verona, Casal, & Laborde,
1974). Tidal energy dissipation at mouth and over the adjacent
PCS (Glorioso & Flather, 1995; Palma, Matano, & Piola, 2004; Tonini,
Palma, & Piola, 2013) generates tidal fronts (Bava, Gagliardini,
Dogliotti, & Lasta, 2002; Rivas & Pisoni, 2010) where the coexistence
of stratified and mixed waters maintains high biological productivity.
Williams (2004) analyzed the availability of macronutrients and the
relationship between primary and secondary productivity in the SMG,
and suggested that coastal upwelling may be required to close the
nutrient balance. Based on the analysis of a high resolution numerical
model Tonini (2010) observed upwelling (downwelling) along the
~140 kmwest coast of SMG in response to northerly (southerly) winds.

Upwelling processes carry subsurface, nutrient-rich waters to the
upper layer generally leading to high biological productivity. Coastal
upwelling along mid-latitude eastern boundaries sustains the most
significant global fisheries (e.g. Bakun, 1990; Beardsley, Dorman, Friehe,
Rosenfeld, &Winnant, 1987; Calvert & Price, 1971; Ryther, 1969). In addi-
tion to major upwelling systems several other small-scale coastal
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upwelling regions are well-documented, such as Nova Scotia (Petrie,
Topliss, &Wright, 1987), the China Sea (Kuo, Zheng, & Ho, 2000), Galicia
(Torres, Barton, Miller, & Fanjul, 2003), North Carolina (Forde, 2005),
Cabo Frio (Castelao & Barth, 2006), the Baltic Sea (Fennel, Radtke,
Schmidt, & Neumann, 2010), and the Sea of Japan (Park & Kim, 2010),
among others. Recently, sporadic upwelling has been reported along the
west coast of Australia (Rossi, Feng, Pattiaratchi, Roughan, &Waite, 2013).

The upwelling intensity and, ultimately the nutrient flux and its
biological impact are determined primarily by the direction, magnitude
and persistence of the wind relative to the coast. Csanady (1977)
defined the impulse (I) as the time integral of along-shore wind stress
and found that a minimum impulse is necessary to develop a full up-
welling (when the thermocline intersects the surface) in a two-layer
fluid. Themagnitude of the requiredwind stress impulse is proportional
to the product of top layer depth and propagation velocity of long-
waves on the thermocline. The effects of along-shore wind impulse
remain until destroyed by friction. Haapala (1994) showed that a
short-duration andweak intensity wind in the Gulf of Finland is enough
to produce upwellingwhen thewater column is vertically stable. In this
case, the wind acts over the layer above the thermocline (mixed layer
depth). For a homogeneous water column, the wind influence pene-
trates deeper and more energy is needed to produce coastal upwelling.
Lentz and Chapman (2004) conclude that with a gentle bottom slope
and reduced vertical stability bottom friction is able to balance the
wind stress, the offshore flow is weak and the onshore flow is bounded
(confined) to the bottom layer. On the contrary, with a strong stratifica-
tion and a steep slope, onshore flow is intense and extends from the
bottom to the base of the thermocline.

Despite the biological significance of upwelling, most coastal regions
around the world lack in-situ observations with enough space–time
resolution to detect and analyze episodic events associated with high-
frequency wind fluctuations. For instance, though numerical simula-
tions predict upwelling along the west coast of SMG in response to
northerly winds (e.g. Tonini, 2010; Tonini & Palma, 2011), these events
have not been confirmed by observations. The lack of observations may
be intrinsic to the short-term and sporadic nature of wind driven up-
welling as well as to the scarcity of in-situ data. The combined analysis
of satellite based wind, infrared and/or visible satellite data may
partially overcome these difficulties. In summer, upwelling events can
be identified as along-shore bands of low sea surface temperature
(SST) and high chlorophyll concentration. Though relatively low SST
can also result from intensified vertical mixing in regions of high tidal
dissipation, numerical simulations suggest that tidal mixing is not
particularly intense along the western boundary of SMG (Glorioso
& Flather, 1995; Palma et al., 2004; Tonini et al., 2013). The lack of
observations of along-shore thermal fronts in summer, which are char-
acteristic of strong tidal dissipation (e.g. Bava et al., 2002; Rivas & Pisoni,
2010; Romero et al., 2006) confirms the modeling results. Thus, we
hypothesize that observations of relatively low SST near-shore are
indicative of coastal upwelling. The main goals of this study are: to
verify the existence of upwelling events along the west coast of SMG,
to characterize the conditions that lead to coastal upwelling, and to
analyze their spatial scale and frequency of occurrence. Thus, the com-
bined analysis of satellite derived sea surface temperature and surface
winds proposed herein is a relevant aspect of this study, which can be
applied to other data sparse regions.

The paper is organized as follows. The data and methods are
presented in Section 2. Section 3 describes the conditions required to
produce upwelling along the west coast of SMG and their frequency of
occurrence. In Section 4 specific upwelling events are analyzed and
the results are discussed in Section 5.

2. Data and methods

The study includes the analysis of satellite derived SST, color and
wind data. In-situ observations of wind at two coastal stations and an
ocean mooring and two ocean temperature time series are used to
verify the quality of the satellite data and/or the occurrence of an
upwelling event.

The satellite SST data were obtained from the Advance Very High
Resolution Radiometer (AVHRR, 1.1 × 1.1 km resolution) onboard the
NOAA-12 to NOAA-18 satellites and span 9 years from January 2000
to December 2008. Ocean color data are obtained from MODIS/Aqua
at 1.1 × 1.1 km resolution. Details about the images processing are
described in Williams et al. (2013).

Wind data are derived from the QuikSCAT scatterometer (www.
remss.com) for the period 2000–2008. Since the SMG is relatively
small compared to the spatial scale of synoptic weather systems, 9
nodes satellite wind data located in the SMG were averaged (Figs. 1
and 4). Also, historical surface wind from NCEP reanalysis (Kalnay
et al., 1996) for the first days of May 1971 on two nodes near the
mouth of SMG was used.

The near-shore temperature time series are from two bottom
mounted thermistors (ONSET, TidBit v2-UTBI-001, ±0.20 °C) installed
on the western coast of SMG (El Sótano, ES and Punta Pozos, PP,
see Fig. 1). The thermistors recorded the temperature at 6 h intervals
during eleven months from austral spring 2007 to late winter 2008
(Table 1).

A surface buoy in the northwestern of the SMG provided wind data
at 3 m above sea level (Table 1). This data were used to estimate the
wind velocity at 10 m using the expression of Wood, Roughan, and
Tate (2012). Additional wind data from two coastal stations located in
San Antonio Oeste and Puerto Madryn (Fig. 1) were analyzed. Fig. 2
shows the seasonal characteristics of the wind from QuikSCAT data
(2000–2008 period) using the average of the 9 nodes shown in Fig. 1.
The QuikSCAT wind statistics reveal higher frequency of northwesterly
winds in autumn–winter, increasing the frequency from the east in
spring–summer, probably due to the sea breeze which is ubiquitous at
nearby coastal locations (e.g. Dellatorre, Pisoni, Barón, & Rivas, 2012),
and relatively high percentage of northerly winds throughout the
year. These wind patterns are in agreement with those described by
Lucas, Guerrero, Mianzan, Acha, and Lasta (2005) who analyzed coastal
stations, and also coincide with the wind climatology from San Antonio
Oestemeteorological station (see Fig. 1) (SMN, 1958, 1963, 1981, 1986).
The wind climatology from Puerto Madryn (located ~225 km south of
San Antonio Oeste, Fig. 1) also indicates a decrease in northerly
wind frequency from winter to summer consistent with the increase
in the summer breeze, although with a much greater frequency
of southwesterly winds (not shown). The quality of the wind data
derived from QuikSCAT is determined by the high correlation (r =
0.91) with in-situ wind data from the ocean buoy (see Fig. 1 and
Table 1) estimated using 12-hourly observations from July to December
2005.

Because QuikSCAT winds are in good agreement with coastal winds,
the former were used to identify periods of upwelling. Different criteria
for the identification of coastal upwelling conditions based on the
duration and magnitude of the wind were tested. In this work we use
I, as defined by Csanady (1977), by integrating the negative (northerly)
along-shore wind stress. Coastal upwelling events were considered
when I b −104 kg m−1 s−1, which is equivalent to northerly wind of
~9m s−1 during 1 day (~6.3m s−1 during 2 days or of 5.2m s−1 during
3 days). In addition, events are considered distinct from each other if
the southerly along-shore wind blows during at least one day.

3. Quantification of upwelling events

The number of upwelling-favorable wind events detected from
January 2000 to December 2008 is shown in Fig. 3. During the summer
(1092 days betweenDecember andMarch, for the 9-year period),when
satellite images display relatively coldwaters along the SMGwest coast,
there were a total of 56 events of upwelling-favorable winds, according
to the adopted impulse criterion (Fig. 3). For some events more than
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Fig. 1. Locations of in-situ temperature observations: buoy (triangle), El Sótano (ES) and Punta Pozos (PP) (crosses). Lines and crosses indicate location of hydrographic stations occupied in
December 2006. Dots represent QuikSCAT nodes. Shading represents the bathymetry (m).
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one SST image is available, while for 17 events cloud cover prevented
the use of the images. Thirty nine coastal upwelling events were studied
based on the analysis multiple quasi-simultaneous (within 1–2 days)
SST images. Relatively low SSTs along thewest coast of SMGwere asso-
ciated with 33 out of these 39 events. This is roughly equivalent to 85%
of the cases and supports the adopted wind impulse criterion.
Table 1
Sampling periods, positions and depths of temperature sensors ES and PP at low tide
and the oceanic buoy (see Fig. 1 for locations). The averaged tidal amplitude (m) is given
in parenthesis in the Depth column. Depths were estimated from nautical charts. Depth
variations are the height mean tide at San Antonio Oeste and Punta Colorada (see Fig. 1)
according to tidal prediction tables (SHN, 2011).

Period (d/m/y) Location Depth

Buoy 4/7/2005 to
19/12/2005

40° 56.28′ S 65° 4.44′ W ~20 m

El Sótano (ES) 7/9/2007 to
26/8/2008

40° 57.27′ S 65° 6.46′ W 15 m (+6.54)

Pta. Pozos (PP) 3/10/2007 to
7/9/2008

41° 34.01′ S 64° 59.03′ W 5 m (+5.96)
4. Specific upwelling events

4.1. February 2005

A particularly intense upwelling event in the west coast of SMGwas
observed in early February 2005. Satellite derived SST and chlorophyll
as observed on 4 February 2005 are shown in Fig. 4. The SST image
presents a large pool of warm waters (SST N 21 °C) in the northern
SMG and a tongue of coldwater (SST b 17 °C) intruding from the neigh-
boring continental shelf along the southern coast of SMG (Fig. 4a). The
southern portions of the SMG are relatively cold compared to the
north, with SST ~ 18 °C. This pattern is characteristic of the summer
conditions (Gagliardini & Rivas, 2004; Piola & Scasso, 1988; Tonini
et al., 2013; Williams et al., 2013). In addition, a narrow band (~10 km)
of relatively cold water is observed along the west coast, with SST ~
16.5 °C south of 41.5°S and b19 °C further north. On average, the surface
waters along thewest coast are about 1.5 °C colder than further offshore.
The band of cold surface waters, indicative of upwelling, extends along
the coast for over 100 km.

The amount of sunlight and stratification available in summer favor
the growth of phytoplankton. However, the productivity is frequently



Fig. 2. QuikSCAT climatological wind statistics 2000–2008 on SMG. The radial bar indicates the direction from which the wind blows and the bar length the relative frequency from each
quadrant. The shaded area represents the direction of upwelling-favorable wind.
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limited by low nutrient concentrations in the upper layer, which
are consumed during the spring bloom, except close to ocean fronts
(e.g. Carreto, Lutz, Carignan, Colleoni, & Marcos, 1995). Consequently,
vertical nutrient fluxes associated with coastal upwelling may have a
particularly strong biological impact in summer. The surface chlorophyll
concentration (Fig. 4b) is relatively low in most of the northern gulf
(~0.5 mg m−3) and, away from the coast is somewhat higher in the
southern domain (~1 mg m−3, Fig. 4b). In contrast, the narrow coastal
band where cold waters are observed, particularly south of 41.5 °S, is
associated with relatively high surface chlorophyll (N2 mg m−3).
Nevertheless, the maximum values of chlorophyll in the southeast of
Fig. 4b are probably due to high concentrations of sediments located
in a high turbulence zone associated with strong tidal dissipation at
that location (Palma et al., 2004). It is important to note that though
most upwelling events in the SMG identified by our wind impulse crite-
rion present low SST (see Section 3), some events are not associated
with high surface chlorophyll. This is not too surprising as the biological
response to upwelling may be modulated by several other factors such
as vertical stratification, nutrient concentration in the lower layer and
grazing, among others.

To evaluate the evolution of SST across the upwelling front during
this event, we analyze a cross-shore SST transect on 41.6 °S spanning
about 18 km from shore (Fig. 4a). The SST data are from NOAA-12
Fig. 3. Number of upwelling events between 2000 and 2008 based on the along-shore
wind impulse b−104 kg m−1 s−1.
satellite between 1 and 5 February 2005. The first available cloud free
image prior to 1 February, collected on 26 January is also presented as
reference. To minimize the effect of pixel to pixel noise frequently
observed in high resolution SST data, temperatures were averaged
over 3 pixels in the along-shore direction. During the first 5 days of
February, relatively low temperatures are present along the coast, and
cross-shore SST differences of ~2 °C are observed. The coastal band of
relatively cold waters appears to widen until 4 February, reaching
~10 km offshore, but on 5 February the band narrows as the front
displaces onshore (Fig. 5). The strong warm SST near-shore observed
on 4 February, and to a lesser extent in other sections, is probably due
to coastal contamination of the SST data. The time evolution of the
negative along-shore wind stress between 25 January and 9 February
2005 is shown in Fig. 6. On 1 February the along-shore wind speed
reversed from southerly (6m s−1) to northerly (7m s−1) and continued
blowing from that direction with a decreasing intensity until 8 February
(Fig. 6). Thus, the offshore displacement of the upwelling front (1–4
February, Fig. 5) occurs at the time of substantial increase of southward
wind impulse (Fig. 6), whereas the onshore displacement on 5 February
occurs during the time the wind impulse stabilizes. Based on the analy-
sis of a two-layer model Csanady (1997) concluded that the offshore
displacement of the upwelling front is proportional to the excess of I
and inversely proportional to the mixed layer depth. As on 5 February
I continues increasing despite the reduction of along-shore wind stress,
this simple model predicts that the mixed layer depth should also
continue increasing.

The offshore transport in the Ekman layer, which must be balanced
by coastal upwelling, leads to lower SST along the coastal band, and
presumably enhances the nutrient flux to the upper layer. Historical
hydrographic data collected in SMG (e.g. Pisoni, 2012) and elsewhere
in the SW Atlantic shelf (e.g. Carreto et al., 1995) suggest a tight
temperature–nitrate relationship (r2 = 0.97), with cold waters associ-
ated with high nutrient concentration. Our observations suggest that
the coastal band of low SST and the high surface chlorophyll observed
during the period of moderate northerly wind in early February 2005,
are manifestations of a relatively intense wind driven upwelling event.

4.2. Events during 2007–2008

As mentioned above, bottom mounted temperature sensors were
installed at two near-shore locations in the SMG from December 2007



Fig. 4. (a) Sea surface temperature fromAVHRR and (b) surface chlorophyll fromMODIS/Aqua on 4 February 2005. The arrows in (a) represent themeanQuikSCATwind velocity from1 to
4 February, 2005. The black line indicates the location of the SST transect shown in Fig. 5.
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to March 2008. Since these observations correspond to a period of
strong stratification we expect that some of the temperature variability
at these sites be correlated with the along-shore wind. Thus, we focus
on the co-variability of temperature and along-shore winds. The analy-
sis is based on the daily temperature changes ΔT/Δt, where ΔT repre-
sents the temperature difference during the time-span of Δt = 1 day.

A day of intense northerly wind is sufficient to decrease the temper-
ature in both thermistors almost immediately. However, bottom
temperatures usually do not continue decreasing even if northerly
winds remain. In turn, daily temperature changes suggest that the
largest temperature decreases due to northerly winds are generally
first observed at PP, located about 70 km south of ES.

Eight of the 56 upwelling-favorablewind events detected in the nine
summers between 2000 and 2008 (see Fig. 3) occurred between
December 2007 and March 2008 (Table 2). Thus, the number of wind
events observed during that particular summer was higher than
average.

The surface manifestation of these upwelling events is clear
in satellite derived SST data. For example, the mean northerly
(e.g. upwelling favorable) wind on 4 January 2008 was N8 m s−1 (I4 ~
−104 kg m−1 s−1, Table 2) and lead to a temperature decrease of
1.1 °C at PP during that day and of 1.75 °C the following day, when
I5 = −1.07 × 104 kg m−1 s−1. On 5 January the temperature recorded
at ES decreased 0.75 °C (0.96 °C in two days, Table 2). The satellite
derived SST distribution on 5 January displays two small (~15 km)
pockets of cold waters near the western coast of SMG south of PP
(SST b 16.5 °C in Fig. 7a). The SST at these two locations is ~1.5 °C
lower than further offshore (Fig. 7a). An additional event of strong
northerly wind (N10 m s−1) was observed on 18 March 2008 (I18 =
−1.4 × 104 kg m−1 s−1, Table 2). This event led to a bottom tempera-
ture decrease of around 0.6 °C on both thermistors during the following
day, when I19 = −1.6 × 104 kg m−1 s−1. On 19 March the satellite
derived SST distribution displays a cold coastal band (SST b 18.5 °C in
Fig. 7b), where the SST in both, the northern and southern regions,
was 0.5 °C lower than offshore. The upwelling during 5 January leads
to lower SST south of about 41.5 °S (Fig. 7a). This meridional difference
may be associated with the deepening of the thermocline in the north-
ern SMG,which is in turn associated with the relatively intense cyclonic
circulation observed in that region (Piola & Scasso, 1988; Tonini et al.,
2013). In contrast with the January situation, on 19 March, the cold
band of SST extends northward along the west coast beyond 41 °S.
This difference in the meridional extension of the cold SST band is
probably caused by a weakening of the thermocline in March and by
the greater wind impulse observed at that time.

It is difficult to determine the precise duration of an upwelling event
based on satellite SST data because cloud coverage frequently obscures
the timing of the onset or decay of a particular event. On the other hand,
based on the bottom temperature (Tbottom) observationswe canmake a
rough estimate of the duration as the time elapsed between the time
when Tbottom starts decreasing until it starts increasing. In the eight
events detected between December 2007 and March 2008 based on
the I b −104 kg m−1 s−1 criterion, Tbottom decreased (Table 2). Most
of these events lasted ~2 days (Table 2). Additional cooling events
during this period are also present, and though I N −104 kg m−1 s−1

in several cooling events, the wind was also upwelling favorable (not
shown). Noneof the bottom cooling events observed during less intense
northerly wind impulse is clearly associated with an extended band of
cold anomalies along the coast. Given that the impulse threshold was
adopted based on the observation of cold waters at the surface, the
observation of subsurface cooling indicates that less intense northerly
wind impulse may still cause upwelling that does not reach the surface
and therefore does not manifest as a decrease of SST along the coast. In
contrast, when southerly winds prevail (downwelling favorable) it
is likely that the near bottom cooling is associated with northward
advection of coldwaters from the southern portions of the Gulf, intensi-
fication of tidal mixing near shore, and atmospheric forcing, among
others.

The correlations between the cross-shore wind component and the
bottom temperature variability at both sites are weak and negative
during thewarmperiod (rb 0.05, not statistically significant), suggesting
no significant response to cross-shore wind variability. In contrast, the
correlation between the along-shore wind and wind stress with bottom
temperature variations at both sites is positive and statistically signifi-
cant (between 0.18 and 0.42, p b 0.01), suggesting that northerly
(southerly) wind decreases (increases) the bottom temperature. This
last observation is in agreement with Ekman dynamics. Though



Fig. 5. SST and bathymetry (m, bottom panel) along the transect shown in Fig. 4a. The
arrows indicate the location of the upwelling front.
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offshore winds can cause upwelling along the inner-shelf during the
stratified period (e.g. Tilburg, 2003), the magnitude of the correlation
coefficients suggests that upwelling events are primarily caused by
Fig. 6. Daily along-shore wind speed (upper panel) and along-shore wind impulse
(bottom panel, only negative values shown) from QuikSCAT data. The dotted line in the
lower panel (−104 kg m−1 s−1) represents the impulse required to produce upwelling
(see text).
along-shore winds, in agreement with the observations of Csanady
(1977).

4.3. Estimate of upwelling volume

Two hydrographic sections occupied across the western slope
of SMG on 7 December 2006 (Fig. 1) are presented to further discuss
the effects of northerly winds on the near-shore vertical stratification.
On 6 December the wind speed was very low (~1.7 m s−1) and
northwesterly, while in the following day the wind turned to the north
direction and increased beyond 9 m s−1, producing I =−10.9 ×104 kg
m−1 s−1. The northern section (Fig. 8a) was occupied early on the 7 De-
cember, while the southern section (Fig. 8b) was occupied at the end of
that day. In the northern section, the isotherms deepen towards the
coast, in response to the cyclonic circulation within the northern SMG
(Piola & Scasso, 1988; Tonini et al., 2013). In contrast, in the southern
section below 30 m depth the isotherms rise shoreward and the warm
upper layer waters expand offshore. Thus, the temperature structure
suggests the onset of upwelling (Fig. 8)without evidence of the develop-
ment of a surface upwelling front. This is also confirmed from the analy-
sis of SST images from 7 to 8 December, which show no evidence of cold
waters along the western coast of SMG. Inspection of the vertical tem-
perature distribution on the southern section indicates that a surface
temperature drop large enough to produce a 1 °C temperature contrast
between coastal and offshore waters requires upwelling from about 20
m depth.

Assuming I = −104 kg m−1 s−1 blowing over an ~100 km coastal
band (Ly), the total volume of upwelled water is estimated as I · Ly / ρ ·
f ~ 1010 m3 (where ρ is the density of seawater and f is the local Coriolis
parameter). This volume is ~0.6% of the total volume of the San Matías
Gulf. Given that the cold coastal band is ~10 km wide (see Fig. 5) and
assuming a northerly wind blowing during one-day, the required verti-
cal velocity is ~10mday−1. The estimated vertical velocity is of the same
order of magnitude of the near-bottom vertical velocity derived from a
high resolution numerical model with realistic bottom topography
forced by a northerly wind stress of 0.1 Pa (Tonini, 2010). This wind
stress leads to an impulse of ~−104 kgm−1 s−1 in one day. Interestingly,
the maximum vertical velocities in the model are distributed in patches
along the western coast of SMG, a pattern that somewhat resembles
the SST distributions observed in the summer of 2008 (Fig. 7). The
observation of discontinuous low temperature regions along the coast
associated with northerly winds is most likely a consequence of small-
scale coastal and bottom configurations, but investigation of such pro-
cesses is beyond the focus of the present study.

5. Discussion and conclusions

Previous studies have suggested that wind-driven upwelling may
occur along the west coast of SMG (Tonini, 2010; Tonini & Palma,
2011; Williams, 2004). Since the wind at this location does not present
a well defined seasonality, upwelling events in response to northerly
winds must be episodic. Because in-situ observations are scarce and
non-systematic, there are no previous reports of upwelling events in
this region. Thus, we have relied on remote sensing observations to
detect possible upwelling events.

In the presentworkwe have identified thewind conditions required
to generate upwelling events on the west coast of SMG, based on their
impact on the SST distribution. Our study is primarily based on the
analysis of satellite derived SST and wind data. In addition, upwelling
events have been characterized by their frequency of occurrence and
their characteristic magnitude.

The QuikSCATwind data is in good agreement with data collected at
two coastal stations and an ocean buoy.

According to the adopted criterion, during the warm season we
found 56 coastal upwelling-favorable wind events during a 9-year
period. During this period evidence of upwelling on SST images was



Table 2
Upwelling events detected during the austral summer 2007–2008. ΔT is the Tbottom differences between the time when Tbottom starts decreasing until it starts increasing at El Sótano (ES)
and Punta Pozos (PP). Thewindduration indicates number of dayswith impulse b−10−4 kg m−1 s−1. The empty cells indicate that Tbottom continues decreasing from the previous event.

Event Wind ES PP

Impulse (kg m−1 s−1) Duration (days) ΔT (°C) Duration (days) ΔT (°C) Duration (days)

4 Jan 2008 −10,095 3 −0.96 2 −2.85 2
27 Jan 2008 −10,463 1 −0.37 1 −0.59 3
12 Feb 2008 −14,712 5 −1.49 3 −1.34 2
29 Feb 2008 −10,201 1 −0.98 3 −0.98 3
11 Mar 2008 −10,667 1 −1.21 2 −2.46 5
14 Mar 2008 −12,368 2 −2.24 2
18 Mar 2008 −13,988 3 −0.59 1 −0.67 1
29 Mar 2008 −10,871 2 −0.08 2 −0.30 2
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found on 85% of the events. The estimated volume of upwelled water
reaching the sea surface during one relatively intense upwelling event
is ~1010 m3 or about 0.6% of the total Gulf volume.

The available in-situ data allowed us to confirm some aspects of the
upwelling patterns identified from remote sensing. Bottom mounted
temperature records collected near shore provide indirect evidence of
upwelling signatures and near simultaneous SST images present surface
cooling along the west coast when the northerly wind impulse exceeds
a threshold of −104 kg m−1 s−1. The temperature recorders detected
the passage of the bottom front while the SST images revealed the up-
welling surface front. However, some of the cooling events detected in
bottom mounted temperature recorders are observed when the wind
impulse is not large enough to cause surface cooling and are therefore
not detected in the satellite derived SST. It should be noted that though
the relatively low temporal resolution of QuikSCATwinds (~12 h) could
impact on the precise determination of the duration of the upwelling
events, comparisonwith hourlywind data fromPuertoMadryn suggests
similar durations.
Fig. 7. AVHRR–SST images from (a) 5 January 2008 and (b) 19 March 2008. The
The mean along-shore wind speed observed on the ascending
QuikSCAT pass of 7 December 2006 was only about 25% of the mean
observed during the descending evening pass. This suggests that the
upwelling effectively began some time after the time of the ascending
satellite path, and led to the rise of the thermocline and offshore surface
flow (Fig. 8b). However, the hydrographic and SST data collected at that
time show no evidence of the development of a surface upwelling front.
These observations indicate that the upwelling produced by northerly
winds will not always manifest at the sea surface.

Thewind-impulse required to generate upwelling ismore frequently
observed in winter than in summer (Fig. 3) but our analysis focused in
summer because during that season upwelling may induce readily
detectable satellite derived SST anomalies. In contrast, in winter the
weak vertical stratification tends tomask the effects of vertical motions
on SST. Since theoretical arguments indicate that the impulse required
to produce upwelling depends on mixed layer depth and the degree
of stratification (Csanady, 1977),whichpresent a strong seasonal signal,
it is also expected that the requiredwind impulsewill also have a strong
heavy black line indicates the 16.5 °C isotherm in (a) and the 18.5 °C in (b).



Fig. 8. Vertical temperature sections on the north (a) and south (b) transects occupied in
early December 2006 (see Fig. 1 for location). Station numbers are indicated along the top
axis.
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seasonality. For instance, Haapala (1994) concluded that upwelling
of well-mixed waters requires a significantly larger (2–3-fold) wind
impulse than in stratified conditions. Furthermore, in winter, when
the water column is homogeneous, upwelling may have little or no
biological impact, as the nutrient concentration is relatively high
throughout the water column.

Upward nutrient fluxes associated with wind induced coastal up-
welling frequently lead to growth of phytoplankton. However vertical
nutrient fluxes can also be caused by a variety ofmechanisms, including
enhanced vertical mixing and entrainment. Our search for upwelling
evidenceswas not limited to physical data or to the satellite data period.
Observations collected in the western SMG on 3 May 1971 revealed
relatively high nitrate concentrations (NO−

3 N 2 μmol/l) throughout
the water column (Carreto et al., 1974). In contrast, observations from
February 2008 obtained in the same area show nitrate concentrations
(NO2

− + NO3
−) of only 0.3 μmol/l, increasing to N2 μmol/l below the

seasonal thermocline. These low surface nitrate concentrations are
presumably the result of nutrient uptake by phytoplankton during the
spring bloom (e.g. Carreto et al., 1995). To determine whether the
high near surface nitrates observed in 1971 might be a consequence of
coastal upwelling we analyzed wind data from the NCEP reanalysis
(Kalnay et al., 1996). Surface wind estimates from two NCEP nodes lo-
cated near the Gulf indicate southwestern wind of around 10.9 m s−1

on 1 and 2 May 1971. In the absence of concurrent temperature data,
we speculate that the high nitrate concentration observed in May
1971 was probably associated with an early convection event and not
with an upwelling event.

The San Matías Gulf hosts a substantial regional fishery and certain
areas have been declared closed to fishing activities. Complementing
the scarce in-situ data with remote sensing data is useful to advance
our understanding of the processes controlling the regional marine pro-
ductivity, and to further develop management tools required to sustain
the fishing resources.
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