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Abstract: Surface oceanic fronts are regions characterized by high biological activity. Here, Sea
Surface Temperature (SST) fronts are analyzed for the period 2003—2019 using the Multi-scale Ultra-
high Resolution (MUR) SST product in northern Patagonia, a coastal region with high environmental
variability through river discharges and coastal upwelling events. SST gradient magnitudes were
maximum off Chiloé Island in summer and fall, coherent with the highest frontal probability in the
coastal oceanic area, which would correspond to the formation of a coastal upwelling front in the
meridional direction. Increased gradient magnitudes in the Inner Sea of Chiloé (ISC) were found
primarily in spring and summer. The frontal probability analysis revealed the highest occurrences
were confined to the northern area (north of Desertores Islands) and around the southern border of
Boca del Guafo. An Empirical Orthogonal Function analysis was performed to clarify the dominant
modes of variability in SST gradient magnitudes. The meridional coastal fronts explained the
dominant mode (78% of the variance) off Chiloé Island, which dominates in summer, whereas the
SST fronts inside the ISC (second mode; 15.8%) were found to dominate in spring and early summer
(October-January). Future efforts are suggested focusing on high frontal probability areas to study
the vertical structure and variability of the coastal fronts in the ISC and its adjacent coastal ocean.

Keywords: MUR SST; SST fronts; Inner Sea of Chiloé; northern Patagonia

1. Introduction

Oceanic fronts are relatively narrow regions with high gradients of physical, chemical,
biological, and optical properties. They are generally associated with convergence at the
surface [1] and high aggregation of organisms and biological activity e.g., [2,3]. Lately,
enhanced submesoscale activity has been identified around fronts [4,5], which involves
ageostrophic vertical circulation with increased vertical fluxes of tracers and momentum.
In general, frontal features and currents such as jets and meanders e.g., [6,7], filaments
e.g., [8,9], and river discharges e.g., [10,11] present distinct patterns of variation in strength
and duration over multiple temporal scales and are identified from satellite sea surface
temperature (SST) fields.
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Remotely sensed data have been crucial in the study of the evolution of ocean fronts
at multiple spatio-temporal scales [9,12-16]. The improved accuracy and spatial resolution
of SST sensors over time have allowed the quantification and spatial distribution of sharp
fronts in coastal regions [11,15,17-20]. Here, high-resolution (1 km) SST images are used to
analyze the variability of SST fronts in the Inner Sea of Chiloé (ISC) and adjacent coastal
ocean (northern Chilean Patagonia). The ISC is a long inner sea (about 260 km) with high
heterogeneity of hydrographic conditions due to the influence of freshwater from several
rivers and the marine influence by the active water exchange through Boca del Guafo
and Chacao channel [21,22]. Several islands (Desertores Islands) promote contrasting
hydrographic and SST characteristics between the northern and southern areas. In general,
northern Patagonia is characterized by elevated surface chlorophyll-a concentration and
primary productivity during spring-summer-fall [23]. Recently, harmful algal blooms
events were described in the region in association with anomalous oceanographic condi-
tions during summer 2016 [24]. Although the development of chlorophyll patches and
blooms have been suggested to develop around frontal regions [25], there are no major
insights into the evolution and distribution of surface fronts along the ISC.

This study aims to characterize the seasonal and interannual variability of surface
thermal fronts along the Inner Sea of Chiloé and its adjacent coastal ocean. For the first
time, high-resolution satellite images were used to achieve a frontal analysis of this region.
Section 2 describes the data and methods. Section 3 resumes the principal results and
discusses the seasonal and interannual evolution of SST fronts. Finally, a summary is
presented in Section 4.

2. Satellite Data and Methods

We used daily SST data from the Multi-scale Ultra-high Resolution (MUR) product [18]
obtained from the Physical Oceanography Distributed Active Archive Center (PODAAC;
see Data Availability Statement below). MUR data were chosen over other SST products
due to the increased data cover and improved performance detecting SST gradients in the
coastal region [18]. The data have a spatial resolution of 0.01 x 0.01 degrees. A comparison
with a near-surface temperature time series from a buoy located in Seno Reloncavi (see
Figure 1) validates the performance of MUR SST in the ISC (Figure 1b,c). The buoy has been
maintained by the research center i-mar since 2017 (see Data Availability Statement below).

The gradient magnitude (GM) and the Canny edge-detection algorithm [26] were
used to detect and quantify the frontal regions and their evolution. The GM was computed
following other studies e.g., [11,18]:

ViTSM; = (TSM;_1 — TSMi11)/(Xi—1 — Xi11) €))
VyTSM; = (TSMj—1 — TSM; 1)/ (Yj-1 — Yj41) 2)
| VTSM |= {(V+TSM;)* + (V, TSM;)*}!/2 ©)

where 7SST; and v/, SST; are the zonal and meridional components of the SST gradi-
ent, respectively, and | \7 SST| is the gradient magnitude. The Canny edge-detection
algorithm [26] was applied on daily SST fields to identify coherent frontal segments and
compare them with the regions of increased gradient magnitudes. The Canny method
tracks the direction of SST gradients using a threshold value. The gradients are calculated
using the derivative of a Gaussian filter. After studying the range of gradient magnitudes
for all images (Figure 1d), we used a high threshold value of 0.1 °C/km, which separates
most values in the low range of the PDF from the higher values associated with the forma-
tion of SST fronts. The probability of finding a front was calculated as the number of times
a pixel is classified as a front divided by the total images considered in a time window (i.e.,
seasonal aggregates). Further details of the application of the Canny method can be found
elsewhere [15,19].
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Figure 1. (a) Map of the Inner Sea of Chiloé and its adjacent coastal ocean in northern Patagonia. The bathymetry is shown
in a blue-white color scale. The position of the oceanographic buoy located in Seno Reloncavi is denoted by a red dot. The
comparison between satellite SST and near-surface (1 m) temperature at the buoy is presented in (b,c). In situ temperature
has been daily averaged to match satellite SST data. (d) Probability Density Function (in %) of the distribution of all SST
gradient magnitudes for the period 2003-2019.

Satellite chlorophyll fluorescence (Fluorescence Line Height, nFLH) data from the
Moderate Resolution Imaging Spectroradiometer (MODIS, on-board Aqua) and for the
period 2003-2019 were obtained from the ocean color website (see Data Availability State-
ment below). These data were used to compute the seasonal climatology. We chose to
use the chlorophyll fluorescence over the chlorophyll product because of the characteris-
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tic estuarine turbid conditions of the ISC and the relatively poor performance of default
chlorophyll algorithms [27].

An Empirical Orthogonal Function (EOF) analysis was performed on the gradient
magnitudes to separate the main modes of variability. The EOF was computed following
the Singular Value Decomposition (SVD) approach to avoid a large covariance matrix
associated with the high resolution of the images [28]. Please note that each time series is
demeaned and detrended in the process.

3. Results and Discussion

The temporal pattern of SST variability is well-captured by MUR SST compared to
the buoy measurements at Seno Reloncavi for the period 2017-2020, as shown in Figure 1b.
However, some events with peaks in in situ temperature were not well recorded by the
satellite data, especially during spring-summer (Figure 1b). There is a slight underesti-
mation by MUR SST (Figure 1c). In general, MUR data reproduced the temporal SST
variability with high correlation (r = 0.96), which gave us confidence that the MUR product
is reasonably accurate in these coastal waters. Given the recent deployment of this buoy
in Seno Reloncavi (starting in 2017), this is the first comparison of satellite SST and in situ
temperature in the ISC.

The seasonal climatology of SST fields revealed a typical pattern for temperate ecosys-
tems, i.e., marked spatial and seasonal variability. During austral spring and summer, the
higher SST is observed in the northern area (north of Desertores Islands) and adjacent
coastal ocean (Figure 2a,d). In fall, The adjacent coastal ocean showed the highest values
compared to the ISC (Figure 2b), whereas the entire coastal ocean shows the lowest tem-
peratures (<11 °C) in winter (Figure 2c). The persistence of these mean fields is variable
depending on the location and season (Figure 2e-h). The mean warm pattern observed
in summer in the northern ISC (Seno Reloncavi) is also highly variable (Figure 2e). This
strong variability is also presented in the fall and spring (Figure 2f,h). In general, the ICS
presents the largest SST variability (greater than 1.2 °C) in spring (Figure 2h). Notice that
low variability south of Desertores Islands is associated with the lowest averaged SST fields
in connection with the coastal ocean through Boca del Guafo (Figure 2b,d), characterized
by intrusions of Sub-Antarctic waters (SAAW) [29,30]. Finally, winter represents the coldest
season with the annual cycle’s greatest spatial homogeneity (Figure 2c,g). The annual cycle
of SST is coherent with previous studies in northern Patagonia [22,31,32].

The quantification of the climatological SST gradient magnitudes for the entire 17 years
of study is shown in Figure 3. During spring and summer, the SST gradient magnitude
fields suggest a high frontal activity in the northern area of the ISC (Figure 3a,d). Summer
also represents a period with increased SST fronts in the coastal ocean with an extended
meridional band of high gradients (Figure 3a). This would be linked with the development
of a coastal upwelling front off Chiloé Island in summer due to predominant northward
winds [30,33]. The extended band with medium values of gradient magnitude in fall
would represent the weakening of upwelling-favorable winds, and consequently, a weaker
upwelling front (Figure 3b). Medium values in the standard deviation corresponding to
the upwelling front would explain a synoptic variability with pulses of upwelling events
through summer and fall (Figure 3e,f). High values in SST gradient (>0.05 °C/km) and
variability (>0.03 °C/km) on the southern area of the ISC in summer could be associated
with the generation of SST fronts from the intrusions of oceanic waters through Boca del
Guafo (~44°S) (Figure 3a,e). In spring, the highest gradients are presented in the northern
ISC with a band of increased variability near Desertores Islands (Figure 3d,h). Finally, SST’s
gradient magnitudes are less pronounced in winter (Figure 3c,g) which is coherent with a
more homogeneous and cold temperature field (Figure 2¢,g). Water column stratitication in
Seno Reloncavi (not shown) presents a coherent annual cycle with maximum (minimum)
stratification in spring-summer (fall-winter).
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Figure 2. Seasonal climatology (2003-2019) of SST in the Inner Sea of Chiloé and its adjacent coastal ocean. (upper panels)

averages and (lower panels) standard deviations for (a,e) summer (January, February, March), (b,f) fall (April, May, June),

(c,g) winter (July, August, September), and (d,h) spring (October, November, December). For reference of locations see

Figure 1a.

To further understand the generation and evolution of fronts along the ISC and
its adjacent coastal ocean, the seasonal variability of frontal probability (FP) is shown in
Figure 4. The use of an edge-detection algorithm is crucial for calculating the FP since fronts
tend to be narrow and coherent bands of increased gradients of ocean properties [14], which
can be overlooked and or not correctly identified through the gradient magnitude. The FP
maps reveal that the formation of SST fronts off Chiloé Island in summer-fall (Figure 4a,b),
potentially associated with the coastal upwelling, is consistent with the increased gradient
magnitudes shown in Figure 3. The FP reaches its largest values (>9%) in the northern ISC
in spring-summer (Figure 4a,d). Also, the lowest SST frontal activity in spring-summer is
shown on the western section of the southern ISC (Figure 4a,d), which might be associated
with a greater oceanic influence on the eastern side. The eastern side also has several river
outflows, which could influence the temperature field, creating increased gradients. It is
interesting to note that the FP in fall is <3% along most of the ISC, representing the season
with the lowest SST frontal activity (Figure 4b). In contrast, the frontal probability values
during winter indicate higher PF as compared to fall (Figure 4c vs. Figure 4b), especially
at Boca del Guafo (values up to 7%), which was not demonstrated through the gradient
magnitude (Figure 3).
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Figure 3. Seasonal climatology (2003-2019) of gradient magnitude of SST in the Inner Sea of Chiloé and its adjacent coastal
ocean. (upper panels) averages and (lower panels) standard deviations for (a,e) summer (January, February, March), (b,f) fall
(April, May, June), (c,g) winter (July, August, September), and (d,h) spring (October, November, December). For reference of

locations see Figure 1a.

We performed an EOF analysis to separate the main modes of variability of the SST
gradient magnitude and evidence the periods when the development of SST fronts in
the coastal ocean and the ISC is more likely to occur. The EOFs show that most of the
variance is explained in the meridional band of high SST gradients off Chiloé (Figure 5a).
These features, highly associated with the upwelling front [22,32], occurred most of the
years during December-April (Figure 5¢,d). The second EOF isolates the enhanced SST
frontal activity in the ISC (Figure 5b), predominantly in spring and early summer (October—
February; Figure 5c¢,d). The temporal oscillations of the EOFs reveal a persistent annual
cycle, especially after the end of 2005 (Figure 5d). A maximum SST gradient magnitude in
the coastal ocean occurred in early 2008 as seen through the peak of mode 1 (Figure 5d). In
northern Patagonia, large-scale climatic influence has been suggested to produce changes
in the coastal oceanography, and concomitantly, in ecological patterns around the Inner
Sea of Chiloé [21,34]. Future studies focused on the interannual variability of SST fronts
should consider the potential impact of climate variability e.g., [21] on the generation or
blocking of SST fronts in the ISC.
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The use of satellite platforms to monitor oceanographic properties provides important
insights into oceanographic fronts’ spatial and temporal variability. An important feature
of the northern Patagonian shelf is its significant freshwater inputs [35,36] which could also
generate thermal variability and fronts. The river discharges in the northern ISC have been
associated with phytoplankton blooms [37]. Freshwater discharge from large rivers and or
glacial melting into the Inner Sea of Chiloé (41-45°S) creates a freshwater plume with high
levels of biological activity which extends into the coastal ocean [32,38]. While the local
impacts of those freshwater discharges remain unknown, it is expected that they would
favor the formation of oceanographic fronts and the aggregation of large organisms, such as
whales, in the region [39]. Ocean fronts are hotspots of high biological activity [19,40—42]
by which increased primary productivity is expected during spring-summer-fall and
linked to the areas of high frontal activity (i.e., northern ISC, coastal band off Chiloé
Island, southern border of Boca del Guafo). The seasonal climatology of chlorophyll
fluorescence (Figure 6) suggests there is enhanced phytoplankton activity around the SST
fronts in northern ISC and a maximum fluorescence in a meridional band off Chiloé in fall
(Figure 6b), which would agree with the presence of a coastal upwelling frontal band in
the coastal ocean (Figure 3b). Thus, northern Patagonia is a highly dynamic region where
biophysical interactions over coastal waters remain largely unstudied. The use of satellite
products across multiple spatial and temporal scales provides fundamental insights into the
oceanographic processes around coastal fronts [43]. Future studies assessing the variability
of coastal chlorophyll and productivity in northern Patagonia should focus on regions with
enhanced frontal activity to further understand the biophysical coupling at ocean fronts.
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(d) spring (October, November, December). For reference of locations see Figure 1a.

Potential mechanisms leading to the generation of these fronts could also be related
to the bathymetry along the ISC. The northern basin (north of Desertores Islands) has
average depths around 300-400 m, whereas the southern ISC is considerably shallower
(Figure 1a) [44]. The presence of Desertores Islands limits the water exchange and the
circulation between these two sub-regions with distinct regimes of environmental vari-
ability [21], which would explain the sharp contrast in SST and frontal activity between
these areas (e.g., Figures 2 and 3). The dynamics at Boca del Guafo is likely a major factor
influencing the intrusion of oceanic waters and generation of fronts in the southern ISC.
Future studies, including field measurements, should focus on sampling the locations with
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high FP (Figure 4) to understand better the vertical structure and variability of fronts in
northern Patagonia.

4. Summary

This study presents the first analyses of SST frontal variability in the Inner Sea of
Chiloé and its adjacent coastal ocean. A high correlation with an in situ time series in Seno
Reloncavi, a region with enhanced frontal variability and high seasonal fluctuations, vali-
dates the use of MUR SST fields. The annual cycle of SST gradient magnitudes suggested
enhanced frontal activity in northern ISC (north of Desertores Islands) in spring-summer,
whereas the coastal ocean off Chiloé presented the highest average gradients in summer
and fall. These seasonal patterns are, in general, confirmed by the quantification of the
SST frontal probability. Maximum probabilities reached about 10% in northern ISC and
off Chiloé. Overall, the southern ISC presented low SST gradient magnitudes and frontal
probability yearlong, except for the southern side of Boca del Guafo. An EOF analysis
clarified the dominant modes of variability of SST gradient magnitude, highlighting (i) a
coastal band of enhanced SST gradients off Chiloé in summer-fall which is coherent with
coastal upwelling events and fronts, and (ii) maximum SST fronts in northern ISC and
around the southern side of Boca del Guafo in spring-summer. A preliminary inspection
of the annual cycle of chlorophyll fluorescence suggests an increased physical-biological
coupling around ocean fronts since the highest fluorescence is found in northern ISC and
off Chiloé Island, where SST gradient magnitudes and frontal probabilities are maximum.
Future studies are suggested to occur in the regions with high frontal activity and consider-
ing high-frequency field observations in the surface mixed layer to understand further the
dynamics of ocean fronts and their biological implications in northern Patagonia.
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