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This study investigates the use of Clear Sky Mask (CSKY) and Sea Surface Temperature (SST) products derived
from the Advanced Baseline Imager (ABI) sensor onboard the GOES-16 geostationary satellite, focusing on the
North Patagonian Gulfs on the Patagonian Shelf, Argentina. The CSKY mask is useful to identify both cloud cover
and unreliable SST data, applicable to both the ABI sensor and the VIIRS sensor on the SNPP polar satellite. A
three-year analysis of cloud cover revealed extended periods of continuous clear conditions (> 24 h) in the
region. During these intervals, SST data from the ABI sensor were validated against those from the VIIRS sensor,
showing a spatially coherent structure with a coefficient of determination (R2) of 0.99, albeit with a mean offset
of 0.81°C. For the first time, the semidiurnal cycle of the Meridional Front is presented over the mouth of the San
Matias Gulf during the warm season. Our findings indicate that this front, referred to as the western front,
frequently exhibits semidiurnal displacements that significantly exceed the seasonal and fortnightly variability
reported in previous studies. Additionally, towards late summer and into autumn, the presence of an eastern
front with similar behavior was observed, resulting in a bi-frontal structure. The separation between these fronts
increases towards the end of summer and autumn. Consequently, the ABI GOES-16 offers new opportunities to

study the high-frequency variability of fine-scale phenomena in the region.

1. Introduction

In recent years, significant strides have been made in advancing our
understanding of surface oceanic processes within the Patagonian Shelf
(PS), one of the largest and most productive shelves globally (Fig. 1)
(Piola et al., 2018). These advances stem from the integration of diverse
data sources, including oceanographic campaign data, Lagrangian
observation systems, high-resolution imagery from polar-orbiting sat-
ellites, and the use of global reanalyses and regional numerical models
(Saraceno et al., 2022). This integration have revealed regional patterns
of interannual variability and long-term trends (Allega et al., 2021;
Risaro et al., 2022), as well as seasonal (Rivas, 2010) and intra-seasonal
(Luz Clara Tejedor et al., 2022) variabilities, submesoscale dynamics
(Becker et al., 2023), and synoptic-scale patterns (Pisoni et al., 2014;
Valla and Piola, 2015; Carranza et al., 2017) of sea surface temperature
(SST). Despite these advances, our understanding of fine-scale structures
and their high-frequency variability in this vast geographical region

remains limited. The extensive area poses significant challenges for
establishing a continuous monitoring system with adequate spatial
coverage. Current oceanographic campaigns in the region often lack the
temporal continuity necessary to fully capture the evolution of these
processes (e.g., Lago et al., 2019 and references therein). While rean-
alyses and baroclinic models provide valuable information, their spatial
and temporal resolutions may not adequately resolve the high-frequency
variability of fine-scale structures (e.g., Balmaseda et al., 2013; Madec
et al., 2017).

Since the late twentieth century, satellite imagery has been an
essential tool for detecting frontal systems on the sea surface. As noted
by Acha et al. (2015), fronts are relatively narrow regions that separate
water masses with distinct properties and are generated by different
forcings. They exhibit high biological productivity, affecting organisms
at all trophic levels and providing retention mechanisms for plankton in
a highly dispersive environment. Several studies have focused on
analyzing frontal systems in the PS (see, for example: Sabatini & Martos,
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2002; Sabatini et al., 2004; Acha et al., 2004; Saraceno et al., 2004;
Rivas, 2006; Romero et al., 2006; Rivas and Pisoni, 2010; Pisoni et al.,
2015; Carbajal et al., 2018; Flores-Melo et al., 2018; Piola et al., 2018;
Pisoni et al., 2023, among others). Surface thermal fronts, in particular,
can be detected by calculating horizontal SST gradients, where rela-
tively high values indicate the presence of regions with sharp temper-
ature variations (Belkin et al., 2009). In the PS, Saraceno et al. (2004)
and Rivas and Pisoni (2010) employed this methodology to detect
thermal fronts. Notably, tidal fronts are associated with the transition
between homogeneous and vertically stratified waters, strongly influ-
enced by turbulent mixing generated by tidal currents and bathymetry
(Pisoni et al., 2015). As such, the displacement of the front is expected in
response to variations in tidal currents.

In this context, high-resolution images from polar-orbiting satellites
have proven useful for the precise identification of thermal fronts across
the northern gulfs of the PS, revealing a relationship between their
spatial variability and spring and neap tides (Pisoni et al., 2015).
However, capturing sub-diurnal variability remains challenging due to
the revisit time of polar-orbiting satellites and cloud cover, particularly
at high latitudes where cloud frequency is higher, adversely affecting the
quality of satellite-derived products (King et al., 2013). Fig. 1 illustrates
this scenario, showing the degradation of high-quality SST (shaded)
captured in a "FullDisk’ snapshot by the ABI sensor onboard GOES-16 at
18:00 UTC on November 2, 2022.

Unlike sensors on polar-orbiting satellites, geostationary satellites
provide continuous coverage with high temporal resolution, allowing
for the detection of high-frequency (sub-diurnal) variability (O’ carroll
et al., 2019). Sensors such as the Advanced Baseline Imager (ABI) on
GOES-16 offer good spectral and spatial resolution along with improved
temporal resolution, making them invaluable for oceanographic studies.
Several studies have demonstrated the suitability of geostationary sat-
ellites for assessing sea surface temperature with satisfactory results (e.
g., Legeckis et al., 2002; Azevedo et al., 2021; Luo and Minnett, 2021).
Furthermore, these satellites have been used to describe small-scale
physical processes in near real-time (Hu et al, 2016) and detect
persistent upwelling processes (Murphy et al., 2021), among other ap-
plications (Seo et al., 2014; Pimentel et al., 2019; Joseph et al., 2021).
Despite these advantages, such products have yet to be explored in the
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Fig. 1. High-quality of SST product for 18 UTC on November 2, 2022, within
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PS.

The objective of this work is to assess the validity of the ABI sensor
onboard the GOES-16 geostationary satellite for studying temporal
variability across different scales of the front located at the mouth of the
GSM. The following sections will describe the study area and the data
used, detail the ABI sensor in the methodology, and focus on validating
the clear-sky mask and SST products. A comparison with the SST data
from the VIIRS sensor will follow, along with an analysis of the semi-
diurnal and seasonal variabilities of the front located at the mouth of the
San Matias Gulf, with the final section reserved for discussion and
conclusions.

2. Study area

The study area encompasses the northern region of the Patagonian
Shelf, encompassing the southern extent of the El Rinc6n area (Rincon),
San Matias Gulf (SMG), San José Gulf (SJG), Nuevo Gulf (NG), and the
shelf area east of the Valdés Peninsula (VP) (see Fig. 1). In this mid-
latitude region, winter heat loss at the sea surface promotes water col-
umn homogenization and vertical convection, while vertical stratifica-
tion develops during spring and summer (Rivas, 2010). The SMG, the
largest of the North Patagonian gulfs, is a semi-enclosed basin known for
its seasonal dynamics. Particularly during the austral summer, it exhibits
a cyclonic gyre of approximately 70 km in diameter in the northern part
of the gulf (Piola and Scasso, 1988; Tonini et al., 2013).

The tidal regime within the SMG is semidiurnal, with mean ampli-
tudes exceeding 6 m. Notably, the tidal dissipation rate in this area is
among the highest in the world (Egbert et al., 2004), significantly
contributing to vertical mixing in specific regions throughout the year
and leading to the formation of tidal fronts during the summer (Carreto
et al., 1986; Rivas and Pisoni, 2010; Pisoni et al., 2015). Palma et al.
(2004) and Tonini et al. (2013) report an area of tidal energy dissipation
extending eastward from the mouth of the SMG, resulting in the for-
mation of the Valdés tidal front (VF in Fig. 1) and the meridional front on
the northern side of the SMG mouth (MF in Fig. 1). According to Pisoni
et al. (2015), the MF exhibits a seasonal displacement of approximately
5km and a fortnightly displacement of up to 10 km during the
spring-neap tidal cycle. Additionally, associated with both the VF and
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the "Full Disk" region of ABI GOES-16 (left panel), highlighting the study area

encompassing the North Patagonian gulfs indicated by a red arrow. The right panel overlays the main fronts, including the Valdés Front (VF) depicted by gray line
and the Zonal (SMGZF) and Meridional (MF) Fronts of the San Matias Gulf, depicted by gray and black lines, respectively.
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MF fronts, a zonal advective front (SMGZF in Fig. 1) develops in the
central region of the SMG (Piola and Scasso, 1988; Gagliardini and
Rivas, 2004; Pisoni, 2012; Tonini et al., 2013).

3. Data and methodology

The Advanced Baseline Imager (ABI) constitutes a pivotal element
onboard the GOES-R program of geostationary satellites (https://www.
goes-r.gov/). This state-of-the-art instrument has 16 spectral channels
spanning from visible to near-infrared, with the exception of green
bands (Schmit et al., 2005; 2017). The spatial resolution of these
channels varies from 0.5 to 2 km at nadir, as described in Table 1 of
Schmit et al. (2017). In GOES-16’s "Full Disk" mode, which covers the
study region (Fig. 1), temporal resolution reaches 10 minutes. However,
the spatial resolution decreases towards the edges, resulting in an
approximate resolution of 3 km in our area of interest (Schmit et al.,
2017). At the L2P level, various geophysical products are generated,
including clear-sky mask (CSKY) and sea surface skin temperature
(hereafter referred to as SST) (Schmit et al., 2017; Kalluri et al., 2018).

The CSKY is derived from 9 of the 16 ABI channels through an al-
gorithm that distinguishes among clear sky, probably clear, cloudy, and
probably cloudy conditions, with a temporal resolution of 10 minutes
(Heidinger et al., 2020). This product is useful for a wide range of ap-
plications, including environmental monitoring and weather forecasting
(Schmit et al., 2017). The SST is derived from 5 of the 16 channels using
the Advanced Clear Sky Mask Processor for the Ocean (ACSPO)
(Petrenko et al., 2010; Kramar et al., 2016). This product is provided
with a temporal frequency of 1 h and presents reliable results at the
regional level (e.g., Azevedo et al., 2021). In contrast, the Visible
Infrared Imaging Radiometer Suite (VIIRS) onboard the Suomi National
Polar-orbiting Partnership (SNPP) satellite (Cao et al., 2013) is equipped
with 22 spectral channels. SNPP operates with a temporal revisit fre-
quency of approximately 12 hours. The VIIRS SST and its corresponding
quality level product are derived through ACSPO preprocessing
(Petrenko et al., 2014), making it a widely employed tool in oceano-
graphic research, particularly in regional and local studies.

An overview of the products used in this study is provided in Table 1.
The CSKY product categorizes sky conditions into "clear" or "probably
clear" (BCM=0) and "cloudy" or "probably cloudy" (BCM=1), while the
SST product also provides corresponding quality levels. In contrast, the
radiances, which are substantial in data size, were specifically chosen to
generate an RGB by-product termed True-Color, as outlined in the
methodology described by Miller et al. (2012). ABI sensor data were
obtained from the Amazon Web Services (AWS) repository (https://no
aa-goesl6.s3.amazonaws.com/index.html). SST and their correspond-
ing quality levels from VIIRS were obtained at L2P level and in Near
Real-Time (NRT) from NASA OBPG Ocean Color Website (https://oce
ancolor.gsfc.nasa.gov/cgi/browse.pl?sen=amod).

Table 1
Overview of the satellite product characteristics utilized.
Product Sensor/ Processing Spatial Temporal
Satellite Level Res. Res.
CSKY ABI/ L2P ~3km 10 min.
GOES-16
SST ABI/ L2P ~3 km 1h
GOES-16
True-Color (1,2and  ABI/ L1B ~3 km 10 min.
3 Channels) GOES—-16
SST VIIRS/SNPP L2P 750 m 24h (~18
UTC)
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4. Data processing and results
4.1. Validation of the CSKY ABI

A regional qualitative validation of CSKY was conducted to assess its
effectiveness as an indicator of cloud cover and as a proxy for SST
quality. To achieve this, cloud cover was represented using ABI True-
Color imagery, while VIIRS SST quality was used as an indicator of
SST degradation. In evaluating VIIRS SST quality, levels classified as
"best" and "good" were considered satisfactory, whereas "questionable",
"bad" and "not processed" were deemed unsatisfactory. It is important to
emphasize that this qualitative validation serves as a cross-validation
between ABI and VIIRS sensors, given their concurrent susceptibility
to cloud-induced effects. To optimize the validation process, we care-
fully selected 24 arbitrary dates from 2022, centered around 18 UTC,
coinciding with the approximate overpass of the SNPP satellite.

Fig. 2 provides a comprehensive comparison among True-Color im-
agery (left panel), CSKY (middle panel), and SST quality (right panel) for
June 2, 2022, at approximately 18 UTC. The left panel notably captures
cloudiness, particularly emphasized east of 64°W longitude. During a
cold snap, when dry continental air penetrates the oceanic region, the
interaction with the ocean surface destabilizes the continental air mass.
This instability promotes convective activity, leading to the formation of
open-cell cloud patterns, as observed by Stevens et al. (2005). The im-
agery reveals consistent spatial correspondence between clear or
partially clear skies (center panel) and optimal to good SST quality (right
panel), albeit with some discrepancies. Notably, within the eastern
sector of the San José and Nuevo Gulfs, suboptimal SST quality persists
despite the prevailing clear sky conditions. Conversely, over the MF
(Fig. 1), the CSKY image deteriorates, affecting SST quality, even though
the True-Color image appears cloud-free. These discrepancies may stem
from the ACSPO algorithm, particularly in its handling of high tem-
perature gradients. In this context, Bouali et al. (2020) investigated the
influence of cloud masking on frontal regions in the Southwest Atlantic,
revealing a significant underestimation of fronts due to inadequate
cloud masking. It is also worth noting a temporal discrepancy of
5 minutes in product acquisition (refer to panel titles in Fig. 2) and the
approximately 10-minute duration of the ABI sensor scanning.

The comparative visual analysis was extended to the remaining 23
cases (not shown). Only one case, occurring at 17 UTC on December 2,
2022, demonstrated poor VIIRS SST quality due to factors unrelated to
cloud cover. Despite this isolated instance, our regional qualitative
validation analysis demonstrated a significant relationship between
CSKY and both cloud cover and its impact on degrading SST quality, the
latter confirmed by cross-referencing with another sensor.

4.2. Validation of SST ABI with SST VIIRS

To compare SSTs using valid data from ABI and VIIRS sensors, the
CSKY product was employed at tri-hourly intervals from December 2019
to October 2023. From these datasets, a regional cloud cover fraction
(CCF) was derived (Fig. 3 - left panel) by calculating the ratio of the total
number of pixels identified as clouds (BCM=1) to the 14,878 pixels
corresponding to the oceanic area within the North Patagonian gulfs
region (as depicted in Fig. 2). The CCF value reaches 1 when the region is
entirely cloudy and 0 when it is completely cloud-free. The distribution
of regional cloud cover (Fig. 3 - right panel) exhibits a U-shaped pattern
(Rider, 1927), suggesting a binary “off” (cloudless) and “on” (cloudy)
behavior. Below the 15th percentile (dashed line in Fig. 3, right panel),
the region was considered cloudless. This criterion allowed the identi-
fication of 218 events around 18 UTC that were useful for comparing ABI
SSTs with VIIRS SSTs.

In Fig. 4, we present a comparison of SST fields between ABI (left
panel) and VIIRS (right panel) on March 2, 2022, during one of the
cloudless cases. The ABI SST shows a more diffuse pattern with slightly
weaker SST gradients compared to VIIRS, mainly due to its lower spatial
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Fig. 2. Images of True-Color (left panel), CSKY (center panel) from ABI, and Quality Levels of SST VIIRS (right panel). Note a 5-minute temporal offset between ABI
and VIIRS retrievals.
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Fig. 4. SST comparison on March 2, 2022, between ABI (left panel) and VIIRS (right panel) during clear sky conditions defined by the 15th percentile of regional CCF
(see Fig. 3). Noteworthy are the temporal discrepancies: ABI acquisition approximately 30 minutes before 18 UTC, VIIRS approximately 6 minutes before, resulting in
a 24-minute difference between the two sensors (see subtitles). The shaded area represents the zonal polygon spanning the MF.
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resolution. Both images reveal well-defined fine features, including the
front at the mouth of the SMG (as shown in Fig. 1, and Pisoni et al.,
2015) and the cold eddy at 42°S - 64.5°W associated with the outflow of
water from the SJG (Amoroso and Gagliardini, 2010). With a
pixel-to-pixel spacing of 600 m, we obtained 8063 matches, revealing
mean SST values of 18.75°C for ABI and 18.08°C for VIIRS, with a co-
efficient of determination (R2) of 0.95. This indicates a positive bias in
ABI SST compared to VIIRS, as depicted in Fig. 4. Nevertheless, the
spatial coherence of SSTs remains consistent across both sensors.

Fig. 5 shows SST statistics derived from a total of 1,352,686 matches
from 218 fields under clear-sky conditions, using both ABI and VIIRS
datasets. SST dispersion between VIIRS and ABI sensors increases with
higher SST values (Fig. 5a), demonstrating a positive bias and a normal
distribution centered around 0.81°C (Fig. 5d). The coefficient of deter-
mination (R?) shows high values, exceeding 0.98, with a slight decrease
toward the coast (Fig. 5b). As expected, bias increases with the acqui-
sition time difference (Fig. 5c) but remains consistent around the mean
bias of 0.81°C (Fig. 5d). Under clear sky conditions and with an exten-
sive dataset, these findings show that ABI SST exhibits a positive bias
and a more diffuse pattern compared to VIIRS. However, ABI consis-
tently captures spatial structure and contrasts, which is crucial for
discerning the detailed spatial features of the MF. Additionally, ABI's
improved temporal resolution represents a significant advancement
over previous studies, as it enables the detection of variability on an
hourly scale.
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4.3. Semidiurnal variability of the MF

The CCF was used to identify extended periods of continuous clear
intervals (P15, Fig. 3). Each of these intervals was chosen to exceed
24 hours and encompass two tidal cycles. Between December 2019 and
October 2023, a total of 38 cases met these criteria. The modal duration
of these intervals is approximately 35 hours, and two of them lasted
approximately 75 hours (Fig. 6). These cases are distributed throughout
the year, except for May, June, and July (Fig. 6, upper corner). As
demonstrated by Rivas et al. (2006), increased cloud cover during these
months (see Fig. 3) inhibits visible and infrared satellite observations of
the ocean surface.

The initial step in determining the position of the MF involved
identifying areas with high SST contrasts through the following
algorithm:

1) For each clear sky interval, SST was averaged meridionally within a
polygon centered at 41.32°S, spanning a width of 0.05° and
extending zonally from 63.05°W to 64.15°W (refer to Fig. 4), similar
to the methodology employed by Pisoni et al. (2015).

2) A Hovmoller diagram was constructed, representing the meridio-
nally averaged SST as a function of longitude and time.

3) The logarithm of the absolute SST gradient was calculated across the
Hovmoller diagram. Regions where the gradient exceeded the 90th
percentile were identified as significant SST contrasts, potentially
indicating SST front candidates.

B. Coeff. of Determination (R2?)

41°S
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Fig. 5. SST matches between ABI and VIIRS: (A) Linear regression between SST, (B) Coefficient of Determination, (C) SST differences as a function of the temporal

acquisition differences, and (D) Distribution of difference (see subtitles).
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Fig. 6. Distribution of the duration (in hours) of 38 cases of continuous clear intervals (<P15), each lasting more than two tidal cycles (>24 hours), along with their

seasonal occurrence displayed in the right panel.

The 90th percentile threshold in the logarithm of the absolute SST
gradient is advantageous in filtering out weak and spurious thermal
gradients that might be incorrectly associated with frontal regions.
However, the effectiveness of this threshold is influenced by both sea-
sonal variability and the unique characteristics of the study area,
complicating the definitive identification of a tidal front. To address this,
two filtering mechanisms were introduced: (i) temporal persistence and
(ii) intensity criterion. The temporal persistence filter was designed to
capture the dynamic nature of tidal fronts by requiring a sustained SST
gradient over most of continuous clear intervals. The filter resulted in
the exclusion of 4 out of the 38 cases. On the other hand, the intensity
criterion was set at a minimum gradient of 0.05 °C/km, based on both
the literature (Rivas and Pisoni, 2010) and from the analysis with the
current SST dataset. This analysis consisted of determining the 90th
percentile of the SST gradient from a mean histogram of the 38 cases,
resulting in a value of 0.049 °C/km, which we rounded to 0.05 °C/km.
This criterion effectively acts as a seasonal filter, particularly identifying
gradients that prevail during winter, when the water column generally
exhibits vertical homogeneity. As a result, 9 cases were eliminated based
on this criterion, predominantly observed during the cold season
(August). After applying both filters, a total of 25 frontal cases were
retained from the 38 continuous clear intervals, constituting 66 % of the
dataset.

Fig. 7 illustrates the semidiurnal variability of the meridional front
observed in one of the 25 cases, specifically from 22nd to 24th February
2020. The figure includes the Hovmoller diagram of SST (Fig. 7a), tidal
height (Fig. 7b), meteorological variables such as wind speed and air
temperature (Fig. 7c¢), and bathymetry (Fig. 7d). The tidal series was
computed using the eight primary regional tidal components from the
TPXO model (Egbert and Erofeeva, 2002). Wind speed at 10 m and air
temperature at 2 m (Ta) were extracted from the ERA5 reanalysis
(Hersbach et al., 2020), while bathymetry data was obtained from the
GEBCO 2021 model (GEBCO Bathymetric Compilation Group (2021)),
enabling a dynamic analysis of the tidal front. Both tidal and meteoro-
logical variables were computed or extracted from a hypothetical posi-
tion representing the mean position of the front (41.32 °S and 63.60 °W).
The Hovmoller plot was generated by averaging the SST following the
previously described algorithm, which allowed for the positioning of the
front’s location (Log(grad(SST))) > 90th percentile) from the compu-
tation of a histogram (Fig. 7e) of its location.

In the case corresponding to the period from February 22-24, 2020
(Fig. 7), the presence of the MF is evident as a bi-frontal structure,
consisting of a western front located at 63.79°W and an eastern front at
63.47°W (dashed lines), with a separation of approximately 26.7 km.
This bi-frontal structure exhibits periodic oscillations in phase with the
tidal cycle (Fig. 7b), showing a more pronounced westerly displacement
during high tide, which coincides with the inflow of shelf water into the
gulf. This phenomenon suggests that tidal currents advect the front,
causing it to reach its westernmost position following the complete
influx of water into the gulf. The histogram (Fig. 7e) depicts the most
frequent positions (in hours) of both fronts. While the western front is
widely recognized in the literature as a tidal front influenced by
bathymetric gradients (Fig. 7d), the eastern front is situated in a region
of nearly constant depth. During this period, the identification of the bi-
frontal structure becomes less distinct during the daily thermal cycle,
particularly at SST peaks around 18 UTC (15 local time), which occur
before the maximum Ta (red line in Fig. 7c), and during periods of weak
winds (< 5m/s, green line in Fig. 7c). Notably, the SST maximum
initially appears in the eastern sector and then extends to the western
sector with a lag of up to 3 hours. Additionally, it is noteworthy that the
definition of the front becomes increasingly distinct over time, likely
corresponding to the rise in Ta.

To obtain a more detailed description of the bi-frontal structure
during the event from February 22-24, 2020, the SST field (Fig. 8 and
animation loop in the supplemental material) was plotted over one tidal
cycle. The 18.5°C and 19°C isotherms (contours) were used as instan-
taneous tracers of frontal positions, while mean positions (depicted by
red lines) derived from the histograms in Fig. 7e were also included.
Fig. 8 illustrates the westward displacement of the bi-frontal structure
until 3 UTC on February 23, followed by an eastward oscillation until 9
UTC the same day. During this sequence, the zonal displacement
reached 19.2 and 17.5km for the western and eastern fronts,
respectively.

The 24 remaining cases similar to Fig. 7 are presented in supple-
mental material (see Figs. S1 to S24).

4.4. Seasonal variability of the MF

Table 2 quantifies the seasonal occurrence of the MF based on the
detection of 25 frontal structures, applying intensity and persistence



M. De Oto Proschle et al.

Degree C

17.0 17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0 21.5 22.0 22.5 23.0

metres km from -64.15 ms-1
-2.50.0 25 4 21 38 54 71 88 5 10

---- Mean Position
02-22 06 B Displacement
=— Tide
—— Wind Speed
022212 i i
02-22 18
02-23 00
02-23 06
02-2312
02-2318
02-24 00
-250.0 250 15 20
€ Degree C
< =50
°
]
0 -100
16
B
=3
o
< 8
o
2
v o4

0
—64.2 -64.0 -63.8 -63.6 -63.4 -63.2

Longitude

Fig. 7. (a) Hovmoller diagram showing ABI SST (shaded) and frontal position
(contour); (b) Astronomical tide at 41.32°S and 63.60°W; (c) Time series of
10 m wind speed (green) and ERA 5 air temperature (red); (d) GEBCO ba-
thymetry within the polygon where the Hovmoller diagram was computed (as
shown in Fig. 4); and (e) Histogram displaying the frequency (in hours) of front
location during the clear interval from February 22-24, 2020. The upper axis,
measured in kilometers, represents the distance from longitude 64.15°W.

filters to both the western front and the bi-frontal structure. Notably, no
cases were detected during winter, when vertical mixing of the water
column inhibits the formation of the tidal front. The predominant frontal
structure observed is the western front, identified in 19 cases. In the
remaining cases, a second frontal structure, the eastern front, is observed
simultaneously, forming what is referred to as a bi-frontal structure. This
bi-frontal configuration is most common from late summer to autumn.

A correlation analysis between tidal height and front displacement
revealed a significant direct relationship, indicating that higher tidal
heights, particularly during spring tides, result in greater front
displacement (see Fig. S25 in the supplemental material), consistent
with findings by Pisoni et al., (2015). Conversely, no significant corre-
lations were found between atmospheric variables and front displace-
ment, suggesting that these variables have less influence on the front’s
location, although they may play a role in its erosion. Additionally, the
plots show seasonal variation in the mean position of the front, reaching
its easternmost extent during summer (red dots in the central panels),
regardless of the atmospheric conditions considered.

Fig. 9 shows the time series of the positions of the western front (red)
and the eastern front (blue) over the analysis period. The figure reveals a
clear eastward shift of the western front, reaching its easternmost po-
sition during summer, followed by a slight westward retraction,
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consistent with the findings reported by Pisoni et al. (2015). In contrast,
the eastern front, detected sporadically, generally appears more
frequently towards the end of summer and autumn, contributing to the
formation of the bi-frontal structure. No frontal occurrences were found
during the winter months.

Fig. 10 shows the images corresponding to each of the six identified
occurrences of the bi-frontal structure, as described in Table 2 and
represented in Fig. 9. Different isotherms (contours) and markers indi-
cating the mean position (highlighted in red) are used to highlight the
frontal locations.This method clearly distinguishes the positions of both
fronts, showing an increase in their separation from summer to autumn,
and highlighting their proximity in the single spring occurrence. During
the transition from summer to autumn, the separation distance between
the two fronts gradually increases, ranging from 15 to 60 km, with an
average of 38.5 km.

4.5. Frontogenesis and frontolysis events of the MF

During spring, as the front develops, its persistence weakens, making
it susceptible to changes in atmospheric forcing, which can impact its
structure. This section analyzes the relationship between front detec-
tion, tidal height, and atmospheric variables during spring 2022, when
frontogenesis and frontolysis events associated with synoptic-scale
events were observed.

Fig. 11 shows the synoptic variability of the front using Hovmoller
diagrams for five cases of continuous clear intervals occurring between
September and November 2022. To accurately reference the solar cycle,
the time axis is expressed in UTC hours from 00Z on the first day of each
interval. In early austral spring (cases a and b in Fig. 11, respectively),
intermittent frontal structures with relatively high SST gradients (con-
tours) are observed. Towards the end of September (case c in Fig. 11), a
well-developed tidal front was observed for over two days, with a
temperature gradient reaching up to 0.12°C/km and a displacement of
19.2 km near 63.95°W. The front disappears in mid-October (case d in
Fig. 11), when a more intense front might be expected due to the sea-
sonal increase in heat flux and vertical stratification. Finally, at the
beginning of November (case e in Fig. 11), the front fully develops,
although its intensity remains lower than that observed at the end of
September (case c). Notably, there is an eastward displacement of the
front by 18.3 km, positioning it around 63.92°W. This is consistent with
the seasonal displacement mentioned by Pisoni et al. (2015). Unlike the
event at the end of summer 2020 (see Fig. 7), no bi-frontal structure was
observed during spring 2022.

To describe the sensitivity of the front during the spring of 2022,
tidal height, Ta, wind speed and direction were considered (Fig. 12). In
all cases in Fig. 11, the tidal height was approximately 6 m, except in
case e, where it was about 1 m lower. The SST (blue in Fig. 12b) was
observed to be slightly higher than Ta (red in Fig. 12b) in cases a, b, and
d, contrary to cases ¢ and e). In case ¢, wind intensified towards the end
of the observation period, during which a more diffuse front was
observed. A similar phenomenon was observed towards the end of
spring (case e) with a higher northeasterly wind speed (barbs), sug-
gesting that stronger winds make surface front detection more chal-
lenging. Additionally, in the latter case, a lower tidal height was
recorded compared to case ¢, which may be linked, as suggested by
Fig. 11, to reduced frontal displacement. It is noteworthy that the
maximum wind intensity (> 15 m/s) occurred prior to case D, during
which the frontal system appears significantly weakened.

In summary, wind speed and the difference between SST and Ta
appear to be factors affecting the satellite observation of the front, at
least during this study period. These variables, related to the sensible
heat flux, may have been crucial in the frontal disappearance observed
in case d, where the most intense wind period of the series was previ-
ously recorded, exceeding 15 m/s with SST-Ta > 0°C, indicating sensi-
ble heat loss.
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18.5°C and 19°C isotherms (contours), with the mean positions of the western and eastern fronts (as depicted in Fig. 7a) represented by two meridional lines (in red).

Table 2
Frontal characteristics of the MF as a function of seasonality. Note that no frontal
occurrences were found during the winter months.

Total Cases West Front Only Bi-front
Spring 7 6 1
Summer 12 10 2
Autumn 6 3 3
All 25 19 6

5. Discussion and conclusions

This study investigated the high-frequency variability of the Merid-
ional Front (MF) in the San Matias Gulf using high-resolution Clear Sky
Mask (CSKY) and sea surface temperature (SST) products from the ABI

sensor onboard the GOES-16 satellite. The CSKY product was utilized to
optimize SST case selection for validation against a traditional polar-
orbiting sensor (VIIRS), revealing a strong regional correlation be-
tween the two sensors. Despite a positive bias of approximately 0.8°C,
both products accurately represented the spatial structure of the SST
field, underscoring the ABI SST product’s reliability for regional studies
at mid-latitudes. By combining cloud cover and SST quality assessments,
CSKY enabled the identification of 25 study cases, providing a detailed
high-frequency description of regional SST behavior over the MF.

The MF becomes detectable in early spring at the mouth of the gulf
due to increased heat flux into the ocean, which causes vertical strati-
fication of the gulf waters, which are deeper than those at the mouth and
adjacent shelf. During this time, the front is still sensitive to heat ex-
changes with the atmosphere, which may limit its surface detection. As
spring progresses into summer, the front intensifies and moves slightly
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Fig. 9. Temporal evolution of the western front (in red) and eastern front (in blue) positions throughout the study period. Note that the time scale is not uniform and

no frontal occurrences are detected in winter months.
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eastward.

Although frontal development is a typical case of tidal fronts, where
tidal energy dissipation homogenizes the water column to a certain
depth (approximately 70 m in this region according to Pisoni et al.,
2015), by late summer, a bi-frontal structure develops with an eastern
front located outside the gulf mouth in a shallower region (~50 m).
These relatively high gradients suggest the presence of a thermal front
that should not, in principle, be associated with a typical tidal front, as
both sides of the front should exhibit vertically homogeneous water
columns (see Fig. S26 in the supplemental material). Nevertheless, its
displacement is equally influenced by tidal height, as observed in Fig. 7.
A similar behavior was detected in late summer north of the Valdés
front, where relatively high SST gradients were observed in a region
where the water column remains vertically homogeneous throughout
the year (Pisoni, 2012). These high gradients were associated with the
southwestward advection of warmer coastal waters, inferred from
in-situ data analysis (Lucas et al., 2005). In autumn, the bi-frontal
structure becomes the most prominent feature of the frontal system.

For the first time, the semidiurnal spatial displacement of the MF was
quantified. The western front’s average semidiurnal displacement is
around 20.8 km, which exceeds the seasonal and fortnightly variability
reported by Pisoni et al. (2015). Given that this displacement is due to
the 6-hour tidal flood or ebb flow, the average current magnitude in the
northern sector of the MF is estimated to be approximately 1 m/s. This
value is about half of the maximum M2 tidal current component re-
ported by numerical simulations (Tonini and Palma, 2017), which is
reasonable. In comparison, Hopkins and Polton (2012) observed
5-10 km variations in the Liverpool Bay front driven by tidal currents.
Chevallier et al. (2014) reported a semidiurnal spatial variability of

approximately 7.3 km for the Ushant tidal front. Carbajal et al. (2018)
documented semidiurnal variations of about 3.9 km in intermediate
tides and 8.9 km close to spring tides for the San Jorge Gulf, with bottom
front displacements being 30-40 % greater than those at the surface.

This study also included an analysis of the possible influence of at-
mospheric conditions on the weakening of the front during spring when
it is forming. This could lead to intermittent frontal detection, as sug-
gested by Czitrom and Simpson (1998). For future work, it is recom-
mended to use a regional circulation model to analyze the impact of
different forcings on frontal displacement.

Finally, the high temporal frequency of GOES-16 imagery provides a
valuable tool for studying high-frequency dynamics on the Patagonian
shelf. This capability is particularly important for understanding the
spatial dynamics of frontal systems across semidiurnal and seasonal
scales. Furthermore, it can play a significant role in aiding decision-
makers in the establishment and expansion of marine protected areas,
as evidenced by recent initiatives involving the Valdés front (see for
example: https://rb.gy/loiykv).

Code

The retrieval of CSKY data from AWS servers and its subsequent
processing, along with examples of usage in the study region, can be
accessed at https://gitlab.com/mdeotoproschle/goes_sst.
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