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Abstract. This study examines the hydrodynamic response
of the Gulf of Arauco, a semi-enclosed bay within the Hum-
boldt Current System, to the passage of extratropical cy-
clones and their associated changes in wind patterns during
the austral winter. Characterization of these cyclones over
central Chile and their effect on the gulf’s meridional wind
was conducted using ERA5 atmospheric pressure fields in
conjunction with a cyclone tracking algorithm. The hydro-
dynamic response was assessed through acoustic Doppler
current profiler (ADCP) observations at two strategic sites,
providing valuable insights into the currents at the gulf’s
connections with the open ocean. Measurements were con-
ducted from July to September 2016 and May to July 2018.
Additionally, the main modes of subtidal current variabil-
ity were compared with the local wind through coherence
wavelets, revealing a direct influence of cyclones on the mod-
ulation of the gulf’s currents. Our findings suggest that in-
tense northerly wind events, associated with the passage of
extratropical cyclones, can cause surface water transport into
the gulf, accumulating at the gulf’s head. This would result
in a pronounced pressure gradient, driving a water outflow
through both connections with the open ocean, thereby al-
tering the coastal circulation patterns. As the northerly wind
decreases, the surface inflow in the northwest region atten-
uates, allowing the water to exit at shallower depths. This
mechanism suggests cyclones play a vital role in renew-
ing the waters of semi-enclosed bays such as the Gulf of
Arauco, potentially reducing the water residence times. Con-

sequently, these insights provide a broader understanding of
wind-driven coastal dynamics, highlighting their significant
impacts on marine ecosystems and coastal management in
similar semi-enclosed bays globally. By contributing to the
broader knowledge of the interaction between atmospheric
and oceanic processes in coastal regions, this research of-
fers a comparative perspective applicable to other regions af-
fected by similar atmospheric phenomena.

1 Introduction

Eastern boundary upwelling systems (EBUSs; Bakun and
Nelson, 1991) are recognized as areas with some of the high-
est primary productions in the global ocean (Arístegui et al.,
2009; Checkley and Barth, 2009; Montecino and Lange,
2009; Hutchings et al., 2006). These ecosystems thrive
thanks to the equatorial winds that allow subsurface cold wa-
ters to rise to the surface, bringing essential nutrients to sup-
port marine life (Ekman, 1905). Within these regions, semi-
enclosed bays further accentuate biological productivity due
to their ability to retain nutrient-rich waters (Yannicelli et al.,
2006; Vander Woude et al., 2006). These water bodies serve
as a refuge for marine biota and foster the growth of impor-
tant coastal cities such as San Francisco, Lisbon, Vigo, Cape
Town, Valparaíso, and Concepción (Largier, 2020). Notably,
many of these semi-enclosed bays are located between 30
and 60° latitudes in both hemispheres, where meteorolog-
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ical conditions contributing to wind-induced upwelling are
not present throughout the year (Rahn and Garreaud, 2014;
Chavez and Messié, 2009). Instead, these regions experi-
ence high seasonal variability, with wet or stormy seasons
occasionally presenting conditions drastically different from
those favoring upwelling, thus impacting the typical up-
welling dynamics and, consequently, the marine ecosystems
they sustain (García-Reyes and Largier, 2012).

Positioned within the mid-latitudes of the eastern Pacific
Ocean (36°45′ and 37°20′ S), the Gulf of Arauco (GA) stands
as one of the most significant semi-enclosed bays along the
coast of Chile. The GA spans an area of approximately
1300 km2, making it one of the largest north-facing bays on
the Humboldt Current System. Due to its location and ge-
ography, the GA accounts for some of the highest levels of
primary production estimated in Chile (Daneri et al., 2000),
making it a vital spawning and recruitment area for commer-
cially and ecologically important fish species (Landaeta and
Castro, 2006; Hernández et al., 2011). Given its location, at-
mospheric conditions favorable to wind-induced upwelling
exhibit marked seasonal variability, being more frequent dur-
ing the austral spring and summer months (Rahn and Gar-
reaud, 2014). This annual cycle arises predominantly from
the influence of the South Pacific anticyclone, characterized
by its meridional migration throughout the year. As the anti-
cyclone moves southward towards summer, southerly winds
become more prevalent, leading to intense upwelling events
(Rahn and Garreaud, 2014; Strub et al., 1998). Conversely,
the anticyclone’s northward shift during the austral winter
exposes the region to transient large-scale low-pressure sys-
tems, known as extratropical cyclones, which typically bring
strong northerly winds, heavy rainfall, and abrupt changes
in pressure (Falvey and Garreaud, 2007; Saavedra and Fop-
piano, 1992). These systems are named for their wind cir-
culation patterns and the latitude of their trajectory (Holton,
1973).

In addition to extratropical cyclones, other low-pressure
systems can also influence the Chilean coast, including
coastal lows, cut-off lows, and subtropical cyclones, each
with distinct characteristics. Coastal lows are shallow, warm-
core low-pressure systems that form near the coast when mi-
gratory anticyclones approaching southern Chile (∼ 40° S)
generate a poleward pressure gradient and an offshore com-
ponent in the low-level winds (Garreaud et al., 2002). These
systems are short-lived (1–2 d) and primarily confined to the
nearshore, with limited influence on large-scale circulation
(Garreaud et al., 2002; Crespo et al., 2022). Cut-off lows are
upper-level systems formed by the detachment of a trough
from the westerly jet stream, creating isolated cold-core vor-
tices that can persist for several days, primarily impacting up-
per atmospheric dynamics and precipitation patterns in cen-
tral Chile (Fuenzalida et al., 2005). Subtropical cyclones,
although extremely rare in the southeastern Pacific, exhibit
hybrid characteristics of tropical and extratropical systems
(Gozzo et al., 2014). However, the cold waters and high wind

shear in the Humboldt Current System make their forma-
tion near Chile extremely rare, with only a few unofficial
cases documented. Unlike cut-off lows, which primarily af-
fect upper-level dynamics, or coastal lows, which are gener-
ally limited to weak winds at the coast, extratropical cyclones
have a much greater potential to impact local atmospheric
conditions near the sea surface. Therefore, this study focuses
on extratropical cyclones, as they are likely the most signifi-
cant low-pressure systems driving atmospheric and hydrody-
namic changes in the GA during winter.

At a broader scale, extratropical cyclones play a critical
role in the distribution of energy, momentum, and moisture
across the atmosphere (Jones and Simmonds, 1993; Catto,
2016). The systems relevant to this study usually originate
around the central South Pacific and follow a trajectory from
west to east, primarily driven by strong temperature and
moisture gradients (Simmonds and Keay, 2000; Catto et al.,
2010; Reboita et al., 2015). Some studies have identified a
predominant concentration of cyclonic activity roughly be-
tween latitudes 30 and 50° S, stretching from 90° W to the
western coast of South America (Mendes et al., 2010; Re-
boita et al., 2021; Crespo et al., 2022). In this zone, extratrop-
ical cyclones occur more frequently during the austral winter
months (Simmonds and Keay, 2000; Crespo et al., 2022).
Their lifetime, however, shows little seasonality, typically
lasting 2–3 d throughout most of the year (Mendes et al.,
2010). The strong winds and heavy rain associated with ex-
tratropical cyclones can disrupt air and sea transport, cut off
power supplies, and cause storm surges, leading to significant
socioeconomic repercussions, particularly in coastal regions
(Catto et al., 2010; Bitencourt et al., 2011; Colle et al., 2015;
Gómez et al., 2021; Reboita et al., 2021).

The increased focus on studying the extreme characteris-
tics of extratropical cyclones seems to have diverted atten-
tion from investigating their influence on ocean circulation,
an aspect that remains relatively unexplored. In this contri-
bution, we analyze this relationship within an equatorward-
facing semi-enclosed bay situated on the western coast of
South America. The observed shift in wind direction asso-
ciated with these events and their higher frequency during
austral winter suggest a likely change in the circulation pat-
terns inside the GA during this season (Sobarzo et al., 2022).
However, the majority of research on the GA has been con-
ducted during the upwelling season (Djurfeldt, 1989; Lete-
lier et al., 2009; Sobarzo et al., 2001; Parada et al., 2001;
Valle-Levinson et al., 2003). As a result, winter studies are
scarce and generally centered on the hydrography of bays
within the GA (Faundez-Baez et al., 2001), on processes as-
sociated with the Biobío submarine canyon (Sobarzo et al.,
2001, 2016), or on the impact of Biobío River discharges
(Vergara et al., 2023), thereby leaving a notable gap in the
understanding of the hydrodynamic behavior of the GA dur-
ing winter.

This study seeks to address the existing knowledge gap
regarding the winter hydrodynamics within the GA, mainly
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focusing on the circulation patterns influenced by the strong
northerly winds during the passage of extratropical cyclones.
By analyzing observational and reanalysis data collected
over two winter periods, the study aims to clarify the rela-
tionship between meteorological conditions and circulation
dynamics in this semi-enclosed bay. Furthermore, the work
explores the interplay between atmospheric phenomena and
coastal circulation, providing a deeper understanding of win-
ter dynamics in the GA. The findings intend to provide a
more comprehensive insight into the annual cycle of this re-
gion. Ultimately, these results have the potential to inform
and improve decision-making in this ecologically significant
region, thereby contributing to a more sustainable manage-
ment of its maritime and biological resources. By extend-
ing these insights to other regions with similar geographical
and meteorological conditions, this research offers a com-
parative perspective on the interaction between atmospheric
and oceanic processes in semi-enclosed bays globally. Un-
derstanding these dynamics is crucial not only for the GA but
also for other coastal areas within the Humboldt Current Sys-
tem and similar ecosystems worldwide. Consequently, the
findings of this study can support the development of more
effective environmental and marine management strategies in
regions experiencing similar atmospheric phenomena, con-
tributing to the broader knowledge and sustainable manage-
ment of coastal ecosystems.

The paper is organized as follows: a brief context of the
GA is provided in Sect. 2. The various datasets, the cyclone
detecting algorithm, and their associated methodology are
detailed in Sect. 3. Our main results are described in Sect. 4.
Section 5 discusses these results and proposes a response
mechanism to the passage of extratropical cyclones. Finally,
Sect. 6 summarizes the key findings of this work.

2 Study area

The GA, located on the west coast of South America, is one
of the largest north-facing bays on the Humboldt Current
System and the largest semi-enclosed bay in central Chile
(30–38° S). Notably, the coastline of the gulf undergoes a
distinct shift in orientation, transitioning from a north–south
orientation in the eastern region to an east–west direction to-
wards the south (Fig. 1). It receives freshwater input from
several rivers, including the Biobío River, one of the largest
in Chile.

Santa María Island, at its western extremity, creates two
connections with the open ocean: Boca Chica to the west
and Boca Grande to the north. Boca Chica, located between
Santa María Island and Punta Lavapié, is approximately 9 km
long and has an average depth of 20 m. In comparison, Boca
Grande boasts an approximate length of 25 km with a maxi-
mum depth of 60 m.

The GA’s bathymetry is relatively gentle, and depth in-
creases gradually towards the north, where it is harshly in-

terrupted by the Biobío submarine canyon, which reaches up
to 1200 m depth (Sobarzo et al., 2016). As a result, the GA is
typically divided into two regions: the region south of 37° S
with depths less than 50 m, which corresponds to the head of
the gulf, and the region north of 37° S with depths between
50 and 500 m, which is more exposed to wind, the Biobío
submarine canyon, and oceanic influences.

3 Data and methods

The methodology of this study was implemented in two
stages. Initially, an analysis of atmospheric data was per-
formed to identify the passage of extratropical cyclones. Sub-
sequently, an examination of the oceanographic response to
these atmospheric low-pressure systems was conducted.

3.1 Datasets

The hourly mean fields of meridional winds 10 m above the
surface and sea level pressure (SLP) from the ERA5 reanal-
ysis for the period 1979–2020 were used for the identifi-
cation of extratropical cyclones and the analysis of atmo-
spheric conditions in the area. This reanalysis, produced by
the European Centre for Medium-Range Weather Forecasts
(ECMWF), is the most recent atmospheric reanalysis prod-
uct (Hersbach et al., 2020). It combines historical observa-
tions, advanced modeling, and data assimilation to provide
global-scale gridded data with a 0.25°×0.25° horizontal res-
olution for many atmospheric and ocean variables for pub-
lic access. Additionally, local winds and SLP from Punta
Hualpén station (36°44′50′′ S, 73°11′24′′W) and Carriel Sur
airport (36°46′50′′ S, 73°3′59′′W) were used (Fig. 1). Punta
Hualpén station data were available every 10 min from 2014
to 2018. Hourly averages were obtained for this study. Data
from Carriel Sur were available from 1960 to 2020; how-
ever, only the records post-2005 exhibit a consistent hourly
frequency.

Current data from two locations were obtained for the aus-
tral winter in 2016 and 2018 to analyze the response of the
GA to the atmospheric forcing. These data were recorded
by upward-looking RDI Workhorse acoustic Doppler cur-
rent profilers (ADCPs) deployed in BC (37°6′33′′ S,
73°33′25′′W) and PD (37°0′46′′ S, 73°28′27′′W) (Fig. 1).
The instruments were moored close to the bottom, and data
were collected for the period and depths shown in Table 1.
Quality control of the raw data showed that the current mea-
surements at BC from 20 to 25 September 2016 exhibited
significant errors and were, consequently, excluded from
this study. After magnetic correction, hourly average cur-
rents were computed and rotated along the major principal
axis (MPA; shown in Fig. 1) positive in the direction of the
GA. Tidal variability was removed from the currents through
harmonic analysis (T_TIDE, Pawlowicz et al., 2002). High
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Figure 1. (a) Map of the GA on Chile’s west coast. The blue rectangle indicates where the trajectories of extratropical cyclones were selected.
(b) Locations of meteorological stations (orange squares), acoustic Doppler current profilers (blue circles), reanalysis sea surface height (red
circles), and ERA5 reanalysis wind (yellow square). The plus signs show the positive direction of the major principal axis of the currents
during 2016 (purple) and 2018 (blue) centered for both locations. The solid gray lines are isobaths, and topography/bathymetry is shown in
shaded colors. PL – Punta Lavapié, SMI – Santa María Island, CS – Carriel Sur station, PH – Punta Hualpén station, SLN – sea level north,
SLS – sea level south.

Table 1. Available current data specifications.

Year Location Period Sampling Depth
rate

2016
BC 7-09 to 30-09∗ 15 min 4–23 m
PD 8-07 to 30-09 10 min 5–46 m

2018
BC 3-05 to 13-07 10 min 3–19 m
PD 3-05 to 20-07 10 min 5–41 m

∗ Data from 20 to 25 September not available.

frequencies were further filtered out using a 30 h cosine-
Lanczos filter.

Two sea surface height series from the GLORYS12V1 re-
analysis were used to identify meridional differences in the
GA. The GLORYS12V1 reanalysis, produced by the Coper-
nicus Marine Environment Monitoring Service (CMEMS),
provides daily and monthly oceanic metrics derived from
NEMO ocean simulations, incorporating influences from
ECMWF ERA-Interim and ERA5 datasets. It assimilates
data from various sources, including satellite and in situ ob-
servations, and operates with a horizontal resolution of 1/12°
and 50 vertical levels (Lellouche et al., 2021). While com-
prehensive, the reanalysis does not include a wave model
and therefore does not explicitly account for wave set-up,
a process caused by wave breaking near the coast that can
contribute to additional variations in sea surface height, par-
ticularly in shallow or nearshore areas (Dean and Walton,
2010). Nevertheless, the data primarily reflect wind set-up
and other regional-scale processes. The selected data points,
as shown in Fig. 1, correspond to the gridded points located

at the northernmost (36°50′ S, 73°19′48′′W) and southern-
most (37°10′ S, 73°19′48′′W) positions within the GA.

3.2 Detection and analysis of extratropical cyclones

The passage of extratropical cyclones over the region was
studied using the cyclone detection and tracking algorithm
developed by the University of Melbourne (Simmonds and
Keay, 2000). It employs pressure fields, such as SLP, to iden-
tify low-/high-pressure systems by detecting maxima/min-
ima in the Laplacian of pressure fields (∇2p) on every time
step. Afterward, using a three-step statistical process, the al-
gorithm matches the detected low-pressure systems to the
ones on previous time steps, creating tracks over time. This
algorithm has been widely used in previous studies and ef-
fectively detects extratropical cyclones and anticyclones in
the Southern Hemisphere (Aguirre et al., 2021; Messmer and
Simmonds, 2021; Papritz et al., 2014).

The ERA5 SLP fields were resampled to a 1°× 1° spatial
grid and a 6 h temporal interval to enhance computational
efficiency and better represent the spatial dimensions of ex-
tratropical cyclones. The study focused on extratropical cy-
clones that persisted for over a day within the study region,
between 30–50° S and 70–90° W (Fig. 1a). Specific crite-
ria were applied to distinguish extratropical cyclones from
other cyclonic patterns identified by the algorithm, such as
coastal lows, which are not the focus of this study. To filter
out coastal lows, we adopted the methodology proposed by
Crespo et al. (2022), which defines coastal lows as cyclonic
circulations originating in the coastal region between 20 and
25° S and with trajectories not exceeding 1500 km. Consider-
ing evidence from previous studies (Mardones et al., 2022),
which report the occurrence of coastal lows at latitudes up to
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36° S, we extended this area to include coastal lows originat-
ing as far south as 40° S. Lastly, only cyclones with central
pressures below 1010 hPa were retained, excluding any spo-
radic cyclonic patterns potentially flagged by the algorithm.

The fidelity of the ERA5 data with local observations was
evaluated by comparing it with measurements from the two
meteorological stations described in Sect. 3.1. The compared
time series correspond to the point closest to the actual lo-
cation of the stations. Statistical metrics, such as bias, root
mean square error, and the linear temporal correlation co-
efficient (R), were employed to evaluate the discrepancies
between these datasets.

3.3 Analysis of oceanographic conditions

The vertical structure and circulation variability were ex-
plored by calculating the subtidal current’s empirical orthog-
onal functions (EOFs) (Halldor and Venegas, 1997). The
analysis considered the first two orthogonal modes, as they
accounted for over 80 % of the observed subtidal variance
in each case. The relationship between these modes and the
wind was evaluated using wavelet coherence analyses (Grin-
sted et al., 2004). For these analyses, the meridional winds
of Punta Hualpén were used since they better represented the
northerly wind events associated with the passage of extrat-
ropical cyclones. A composite analysis was used to better un-
derstand how currents respond to winds during extratropical
cyclone events. The wind and current data were averaged for
all cyclone passing events where the northerly wind exceeded
5 m s−1. The center of each event (marked t0) was identified
as the time with the strongest northerly wind within 48 h after
the cyclone’s appearance in the area. After that, the mean val-
ues spanning the 48 h preceding (t0−48) and following (t0+48)
this time were computed.

4 Results

4.1 Wind and sea level pressure assessments

Local atmospheric data and selected time series from ERA5
showed strong agreement in SLP and wind components. Re-
garding the SLP, the linear correlation between coastal sta-
tions (Punta Hualpén and Carriel Sur) and ERA5 consistently
exceeds 0.97 throughout the year, highlighting the reliability
of this reanalysis for studying extratropical cyclones in the
region (Table 2).

Correlation coefficients for Carriel Sur’s zonal and merid-
ional winds stand at 0.64 and 0.86, while those at Punta
Hualpén registered 0.81 and 0.89, respectively. Austral win-
ter consistently yielded higher correlations than summer
across all variables (Table 2). Specifically, for Carriel Sur,
this period showed the most favorable bias and RMSE val-
ues, particularly for SLP and zonal wind. While meridional
wind reveals its lowest bias during spring, the magnitudes of

discrepancies remain relatively consistent across all studied
seasons.

The negative bias in meridional wind, calculated as obser-
vations minus ERA5 data, indicates that ERA5 generally re-
ports higher values (i.e., less negative for negative values and
greater for positive values) compared to observations at Car-
riel Sur and Punta Hualpén. This is primarily due to ERA5’s
tendency to underestimate the intensity of northerly winds,
resulting in less negative values than those observed. For in-
stance, ERA5’s most negative values typically range between
−15 and −16 m s−1, while observations at Carriel Sur and
Punta Hualpén often exceed −20 m s−1 (not shown).

4.2 Characterization of extratropical cyclones over
central Chile and their influence on local wind

Following the criteria detailed in Sect. 3.2, 1599 extratrop-
ical cyclones were detected over the study region between
1979 and 2020, with an average of 38± 6.7 cyclones per
year. Notably, 74 % of these cyclones lasted less than 2 d
(Fig. 2a), while fewer than 1 % of these cyclones extended
beyond 5 d. Cyclones predominated during the austral win-
ter (May–August), where the monthly average reached 5.3
cyclones per month. In contrast, from September to April,
an average frequency of only two cyclones per month was
reached (Fig. 2b). Over the past 4 decades, an overall trend of
−0.1 cyclones per year was observed, both when considering
cyclones throughout the year and when specifically analyz-
ing winter cyclones (Fig. 2c). Nevertheless, there was high
variability throughout the time series, with exceptional peaks
in 1997 and 2002 and a significant drop during 1998.

The concept of northerly windy days (NWDs) is intro-
duced to better understand the influence of extratropical
cyclones on local wind patterns, particularly the northerly
wind. NWDs represent days when the mean daily speeds of
northerly wind exceed a threshold of 5 m s−1. This threshold
corresponds to the lower quartile of the overall meridional
wind distribution, which indicates the strongest northerly
wind events (Fig. 3a). As a result, 2183 NWDs were iden-
tified for the 1979–2020 period. Remarkably, 1453 of these
days aligned with an extratropical cyclone in the study area,
making up 66.5 % of all NWDs (Fig. 3b).

It is also important to mention that cyclonic activity in
the cyclone detection area does not always induce northerly
winds inside the GA. However, the meridional wind from
ERA5 indicated a northerly direction in ∼ 75% of the in-
stances when an extratropical cyclone was observed in the
study region (Fig. 3c). The remaining∼ 25% predominantly
comprised low-intensity southerly winds, with their magni-
tude concentrated around zero and never surpassing 7 m s−1.

4.3 Subtidal current patterns during winter

Northerly winds of varying magnitudes were observed dur-
ing most of the detected extratropical cyclone events for both
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Table 2. Comparative statistical analysis of ERA5 data relative to local observations for sea level pressure, zonal wind, and meridional
wind. The bias is defined as observations minus ERA5 data, where a negative bias indicates that ERA5 values are greater than those of the
observations (i.e., less negative for northerly winds or more positive for southerly winds). CS – Carriel Sur station, PH – Punta Hualpén
station.

Sea level pressure (hPa) Zonal wind (m s−1) Meridional wind (m s−1)

R Bias RMSE R Bias RMSE R Bias RMSE

CS annual 0.98 0.53 0.98 0.64 0.25 2.05 0.86 −0.18 1.99
CS (MAM) 0.98 0.55 0.95 0.59 0.2 1.92 0.86 −0.24 1.89
CS (JJA) 0.99 0.31 0.89 0.63 −0.02 1.79 0.88 −0.16 1.99
CS (SON) 0.98 0.5 0.97 0.62 0.36 2.12 0.86 −0.1 1.89
CS (DJF) 0.96 0.77 1.11 0.56 0.49 2.35 0.8 −0.22 2.19

PH annual 0.99 −0.99 1.13 0.81 −0.96 1.74 0.89 −0.34 2.5
PH (MAM) 0.98 −0.84 1.05 0.82 −0.93 1.57 0.89 −0.52 2.27
PH (JJA) 0.99 −1.06 1.17 0.8 −0.61 1.68 0.9 −0.75 2.46
PH (SON) 0.99 −1.1 1.19 0.81 −0.84 1.58 0.91 0.01 2.32
PH (DJF) 0.97 −0.91 1.1 0.69 −1.5 2.09 0.8 −0.07 2.9

Figure 2. (a) Distribution of the duration of cyclones within the study region. (b) Monthly average and standard deviation of cyclones from
1979 to 2020. (c) Total cyclones detected per year (blue) and during the winter (red) of each year. The dashed lines indicate the linear trend
of each series.

studied periods (Table 1). Most cyclone events were detected
before the peak of the northerly wind (Figs. 4a and 5a). This
behavior can be attributed to the fact that the detection re-
gion starts at 90° W, capturing the cyclones before their peak
impact over central Chile.

During 2016, multiple cyclonic events were detected. BC
data were only available for a few days in September. How-
ever, there was a predominant outflow from the GA with
velocities reaching up to 20 cm s−1, coinciding with extra-
tropical cyclones and northerly winds (Fig. 4b). These wa-
ter outflows, extending throughout the water column, were
interrupted by inflow events with velocities not exceeding
10 cm s−1.

PD’s current displayed greater variability, alternating be-
tween uniform and double-layer behavior throughout the
study period (Fig. 4c). This double layer was especially no-
ticeable during the passage of extratropical cyclones where,
in most cases, the currents flowed into the GA at the surface
and out of the GA through the bottom layer when northerly
winds peaked. In some instances, particularly during strong
northerly wind events, such as those observed on 8–11 July,
24–26 August, and 28–30 September, this outflow extended
across the entire water column, following peak wind events
and reaching up to 20 cm s−1, marking the fastest currents
during the study period. The proximity of certain extratrop-
ical cyclone events impacted the observed structures, par-
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Figure 3. (a) Distribution of the negative (northerly) meridional wind speed, highlighted with its mean (solid blue line), median (dashed
black line), and lower quartile (dashed red line). (b) Monthly count of days with northerly wind speeds exceeding the negative lower-quartile
value (blue). The orange bars represent the days that also coincide with a cyclone’s presence over the region. (c) Meridional wind component
(ERA5) during cyclonic events in the study area. Positive values represent wind from the south, while negative values indicate wind from the
north.

Figure 4. Meridional winds (ERA5 and Punta Hualpén) from July to September 2016. The gray-shaded areas depict the passage of extrat-
ropical cyclones in the study area. (b) Subtidal currents along the MPA at BC. (c) Subtidal currents along the MPA at PD. Positive values
signify inflow into the GA, and negative values represent outflow. (d) Sea surface height at the gulf’s south (red) and north (blue).
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Figure 5. Meridional winds (ERA5 and Punta Hualpén) from May to July 2018. The gray-shaded areas depict the passage of extratropical
cyclones in the study area. (b) Subtidal currents along the MPA at BC. (c) Subtidal currents along the MPA at PD. Positive values signify
inflow into the GA, and negative values represent outflow. (d) Sea surface height at the gulf’s south (red) and north (blue).

ticularly evident between 12 and 18 August, where over-
lapping influences constrained surface inflows to the upper
5 m. Notably, some events presented an opposite pattern, ini-
tially showing surface outflows that transitioned into column-
wide inflows, like the event observed after 27 August. This is
likely due to the absence of northerly wind generated by the
passing cyclone (Fig. 4c).

Current data collected during 2018 showed a behavior
similar to that observed in 2016. BC predominantly exhib-
ited a single-layer flow, with the most intense currents during
outflow from the gulf. Notably, these current intensifications
usually begin with or after the peak of the northerly winds
produced by extratropical cyclones. In some cases, such as
the one observed on 13 May and from 27 to 29 May, a re-
duction in the magnitude of the current along the MPA can
be observed during peak wind events. This reduction is at-
tributed to a directional shift in the currents, causing them
to flow southward-southwestward, along the orthogonal axis
(not shown) to the one illustrated in Fig. 5b. Similar to 2016,
PD currents displayed higher variability than that observed in
BC (Fig. 5c). Currents predominantly exhibited a negative di-
rection in conjunction with the presence of cyclones and their
associated northerly wind. Conversely, currents flow toward
the GA throughout the water column during positive or near-

zero wind conditions. During northerly wind events, currents
exhibit a dual-layered flow pattern, with currents flowing into
the GA at the surface and exiting the GA at the deeper layers.
In some instances, as seen on 13 May and from 3 to 7 July,
currents tend to move outward throughout the entire water
column following the wind peak (Fig. 5c).

Throughout most of these events, sea surface height in the
southern region of the GA typically rose higher than that in
the northern region, especially from 3 to 8 July. However,
during periods without cyclones, this trend was typically re-
versed, with the northern region showing higher sea surface
height than the southern region (Figs. 4d and 5d). This be-
havior suggests a water accumulation in the head of the GA
during these events.

4.4 Relationship between currents and winds induced
by extratropical cyclones

A standard vertical EOF analysis of subtidal currents was
made before determining a statistical relation between the
currents and the northerly winds driven by extratropical cy-
clones. The vertical EOF calculated with BC and PD cur-
rents exhibited similar behavior during the two studied peri-
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ods, with a first single-layer mode and a second double-layer
mode.

In the case of BC currents, the first vertical mode during
2016 accounts for over 80 % of the observed subtidal vari-
ance (Fig. 6a). This variance increases to 81.3 % in the 2018
campaign (Fig. 7a). Both periods showed a single-layer pat-
tern closely aligned with the MPA axis shown in Fig. 1 and
maintained similar amplitudes with depth (Figs. 6c and 7c).
The second mode accounts for 8.7 % of the subtidal vari-
ance in the 2016 campaign and 8.9 % in the 2018 cam-
paign. While the 2016 pattern transitions from a southwest–
northeast axis at the surface to a north–south axis at the bot-
tom (Fig. 6d), the 2018 structure rotates from northwest to
northeast (Fig. 7d). During both periods, the vertical pattern
displays higher amplitudes closer to the surface. For 2016,
the amplitude diminishes to nearly zero near the bottom. In
contrast, the 2018 pattern features a double-layer structure
with a node at 10 m.

In the 2016 campaign for the PD currents, the first mode
accounted for 64.4 % of the subtidal variance, while the sec-
ond mode comprised 21.3 % (Fig. 6b). By 2018, these fig-
ures changed to 78.6 % and 12.7 % for the first and sec-
ond modes, respectively (Fig. 7b). The vertical structure of
both modes aligned with a northwest–southeast axis, mir-
roring the MPA’s orientation, as shown in Fig. 1. The first
mode in both campaigns displays its highest amplitudes at
mid-depths, specifically between 20 and 30 m, and the low-
est amplitudes at surface level (Figs. 6e and 7e). In 2016,
the amplitude above 4 m decreased significantly, changing
direction. In contrast, the second mode showcases a double-
layered structure with a node at 25 m (Figs. 6f and 7f). In
both studied periods, amplitudes were higher in the surface
layer.

Wavelet coherence analyses were employed to elucidate
the relationship between the variability of the vertical modes
and the meridional wind induced by extratropical cyclones.
These analyses revealed periods of shared variability be-
tween these time series, allowing the identification of specific
periods where a significant correlation in variability patterns
emerged.

In the case of BC for 2016, the wind showed significant
coherence with the first mode throughout the entire series
(Fig. 8a), particularly for periods exceeding 64 h (2.6 d). This
coherence also peaked for periods shorter than 64 h between
11 and 17 September, aligning with the passage of cyclones
over the area. The coherence between the wind and the sec-
ond mode peaked between 64 and 128 h for most of the se-
ries (Fig. 8b). Wavelet coherence analyses for the first PD
mode displayed a significant peak centered at 256 h (10.6 d)
throughout the series (Fig. 8c), and periods shorter than 64 h
(2.6 d) showcased multiple coherence peaks. These values
largely corresponded with the passage of three or more con-
secutive cyclones over the region. A consistent coherence
band, ranging from 128 to 256 h (5–10 d), was evident from
mid-August until the end of the series. Moreover, the wind’s

coherence with the second PD mode (Fig. 8d) was particu-
larly evident in periods centered at 64 h (2.6 d). This coher-
ence was most pronounced between 20 June and 13 August
and later between 3 and 27 September. Furthermore, higher-
frequency periods (less than 2 d) intermittently showcased
high coherence throughout the series. Similar to what was
observed in the first mode, most of these peaks at high fre-
quencies were centered around several consecutive cyclonic
events.

For the 2018 period, the coherence between the wind and
the first variability mode of BC (Fig. 9a) did not show signifi-
cant values for the 64 h periods (2.6 d). Instead, notable peaks
occurred around 128 h periods (5.3 d) between 3 and 21 May
and after 26 June, matching the occurrence of consecutive
extratropical cyclones in the area. Notably, minor but signifi-
cant peaks were observed between 24 and 48 h during all cy-
clone events lasting less than 36 h. Coherence with the sec-
ond variability mode (Fig. 9b) showed significant in-phase
peaks between 128 and 256 h throughout the series, except
for the period between 9 and 29 June, which coincides with
a longer absence of cyclones in the region. Again, significant
peaks at 64 h were observed centered on the events of 6 May,
12 May, 27 May, and 28 June.

Similarly, the wavelet coherence between the wind and the
principal component of the first mode in PD also exhibited
high coherence at intervals during periods shorter than 64 h
(2.6 d), which, in addition to being primarily in phase, co-
incide with the passage of cyclones over the study region
(Fig. 9c). From 3 to 19 May and from 22 June to 7 July, the
periods ranging from 64 to 128 h (2.6 to 5.3 d) exhibited sig-
nificant coherence. Additionally, substantial coherence was
detected for periods exceeding 256 h. However, these peri-
ods extended beyond the ones analyzed in this study.

In contrast, the wavelet coherence between the wind and
the principal component of the second mode did not show
significant values for periods longer than 128 h (Fig. 9d).
When significant coherence occurred, especially at lower pe-
riods, it was intermittent and appeared during times similar
to those observed in coherence with the first mode. Neverthe-
less, three periods of significant coherence stand out. From
9 to 18 May and from 24 May to 2 June, coherent signals
were concentrated within the 32 to 64 h range, while from 5
to 15 June, they shifted to a 64 to 128 h range. These inter-
vals correspond precisely with the transit of cyclones across
the area, suggesting a notable synchronization between at-
mospheric disturbances and observed wavelet coherence.

4.5 Circulation response to northerly winds generated
by the passage of extratropical cyclones in the
region

Based on the previous results, a composite analysis was per-
formed to elucidate the current’s response to the northerly
winds during extratropical cyclone events. This analysis in-
cluded only those events where the north wind’s intensity
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Figure 6. Meridional wind from Punta Hualpén station (in purple) and time series of modes 1 (blue) and 2 (red) during 2016 for (a) BC and
(b) PD. Vertical structures of the respective modes at (c–d) BC and (e–f) PD.

surpassed 5 m s−1. It was centered at a time t0 when the
northerly wind was maximum, and it extended 48 h prior and
48 h after this time.

On average, the time between the arrival of an extrat-
ropical cyclone to the detection area (vertical black line in
Fig. 10a) and the maximum northerly wind generated inside
the GA was approximately 25 h. The arrival of the cyclone
coincides with a significant shift in the meridional wind com-
ponent, gradually becoming more negative until reaching its
peak at t0. As a result, mean currents in BC change from a
double-layer pattern with a weak surface outflow to a strong
outflow throughout the water column that reaches its maxi-
mum when the northerly wind is also maximum, especially
during 2016 (Fig. 10a, b). In contrast, the initial conditions
at PD showed weak mean currents flowing into the GA. This
was evident a few hours before the maximum northerly wind,
during which only the surface layers continued to flow in this
direction. Around the peak of the northerly wind (t − 10 to
t+10), a distinct double circulation pattern emerged, charac-
terized by a surface inflow and deeper-layer outflow. As the
north wind decreases, the surface inflow attenuates, allowing
the water to exit the GA at shallower depths.

5 Discussion

5.1 Extratropical cyclones over central Chile

The results obtained from tracking extratropical cyclones in
the region allowed for a detailed characterization of the fre-
quency, trends, and relationship with intense northerly winds
over the last 4 decades. The selected cyclone tracking algo-
rithm has previously been employed to identify migratory an-
ticyclones along the Chilean coast (Aguirre et al., 2021) and
extratropical cyclones on the southern Brazilian coast (Biten-
court et al., 2011). The successful application of this algo-
rithm in these studies within the region bolsters confidence
in its results and underlines its suitability for our analysis.
While other studies, such as those by Crespo et al. (2022) and
Mendes et al. (2010), have focused on more specific periods
when examining the passage of extratropical cyclones over
central Chile, our study benefits from a longer time frame,
spanning 4 decades. A key finding of this characterization
was the notable decrease in the number of extratropical cy-
clones affecting the GA from 1979 to 2021, with a reduction
rate of 0.1 cyclones per year. This trend is consistent with the
findings of Aguirre et al. (2018), which noted a strengthen-
ing and poleward shift of the Pacific anticyclone. Such shifts
may be influencing the frequency of cyclones in the region
or altering their preferred tracks.
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Figure 7. Meridional wind from Punta Hualpén station (in purple) and time series of modes 1 (blue) and 2 (red) during 2018 for (a) BC and
(b) PD. Vertical structures of the respective modes at (c–d) BC and (e–f) PD.

Figure 8. Wavelet coherence between the meridional wind at Punta Hualpén and (a) the first vertical mode and (b) second vertical mode of
the subtidal current at BC during the 2016 campaign. For PD, the coherence is shown in panels (c) for the first mode and (d) for the second
mode. Letters C at the top of the panels indicate the passage of extratropical cyclones.

Furthermore, this study also quantified the relationship be-
tween intense northerly wind events and the passage of cy-
clones over the area. Although the relation between these two
phenomena has been extensively studied (Barrett et al., 2011;
Befort et al., 2019; Bitencourt et al., 2011; Domingues et al.,
2019; Gómez et al., 2021; Ulbrich et al., 2009; Viale and
Nuñez, 2011), this research identified extratropical cyclones

as the primary atmospheric phenomenon responsible for ex-
treme northerly winds in the region.

5.2 Response of the Gulf of Arauco to the passage of
extratropical cyclones

This study underscores the complexity and dynamism of
coastal systems, particularly due to the myriad of variables
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Figure 9. Wavelet coherence between the meridional wind at Punta Hualpén and (a) the first vertical mode and (b) second vertical mode of
the subtidal current at BC during the 2018 campaign. For PD, the coherence is shown in panel (c) for the first mode and (d) for the second
mode. Letters C at the top of the panels indicate the passage of extratropical cyclones.

Figure 10. Composite time series of (a) meridional wind in Punta
Hualpén and its standard deviation. The vertical black line shows
the average time at which an extratropical cyclone appears in
the detection area before t0. Composite currents for (b) BC2016,
(c) BC2018, (d) PD2016, and (e) PD2018 along the axis shown in
Fig. 1.

that influence the modulation of currents in these semi-
enclosed areas (Largier, 2020). Coastal currents examined
in this research demonstrated significant synoptic variabil-
ity, a characteristic feature of this region (Sobarzo et al.,
2022). Nevertheless, consistent patterns were observed be-

tween both studied periods, such as the orientation of cur-
rents and the percentage of variability and vertical structure
encompassed within the principal modes of the EOF analy-
sis. Furthermore, the vertical structures displayed by these
variability modes correspond with the behaviors noted in
other semi-enclosed water bodies with multiple oceanic out-
lets. An example is the Ría de Pontevedra, as Cruz et al.
(2021) reported, where shallower ocean connections tend to
have single-layer circulations during stormy seasons, while
deeper entrances exhibit dual-layer circulations. Future stud-
ies focusing on the region should assess the persistence or
variability of these circulation patterns in the context of cli-
mate change or large-scale phenomena such as the El Niño–
Southern Oscillation.

The increase in coherence between the modes of variabil-
ity and the meridional wind during the passage of extratropi-
cal cyclones indicates a direct influence of these atmospheric
phenomena, through the wind, on the generation and mod-
ulation of currents within the GA. These results reinforce
and expand the already-established relationship between the
northerly winds and currents in both this region (Parada et al.,
2001) and adjacent areas, such as the Bay of Concepción
(Ahumada et al., 1983) and the Itata inner shelf (Sobarzo
et al., 2022).

The behavior during the passage of cyclones was further
evidenced in the composite of current response, where the
average of the events showed an outflow through the water
column in BC and a double-layer behavior in PD, with an
inflow into the GA at the surface and an outflow at deeper
layers. The results from this study align with those found
by Parada et al. (2001), who characterized the circulation of
the GA during favorable upwelling and downwelling winds
during a summer–autumn transition period. It was noted that
during strong northerly wind events, the currents in PD dis-
played a double-layer behavior, characterized by an inflow
near the surface (10 m) and an outflow at the bottom (28 m)
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on the peak wind day. In the following 2 d, as the intensity
of the northern winds decreased, the circulation in PD tran-
sitioned to an outflow across the entire water column, with
the strongest currents observed at deeper levels, mirroring
the behavior observed in our results. Furthermore, a simi-
lar surface dynamic has been observed in other regions, such
as Monterey Bay, particularly under downwelling-favorable
wind conditions. In such scenarios, currents in Monterey Bay
enter the bay from the area closest to the Equator, follow the
coastline, and eventually exit through the region nearer to the
pole (Paduan et al., 2018).

The events observed during the passage of these atmo-
spheric low-pressure systems allowed us to propose the fol-
lowing response mechanism within the GA: when an extra-
tropical cyclone approaches the Chilean coast, it generates
northerly winds. These northerly winds, particularly those
exceeding 5 m s−1, can cause a dragging effect of water
through Boca Grande (water entrance located to the north
of the GA), resulting in a surface transport toward the head
of the gulf. This water accumulation, influenced by the gulf’s
topography, induces a meridional pressure gradient that not
only facilitates the outflow of water through Boca Chica (wa-
ter entrance located to the west) but also propels the deeper
gulf layers to exit through the northwest of Boca Grande.
As the stress from the northerly winds over the ocean di-
minishes, the surface currents coming into the GA from the
northwest adjust and mirror the deeper water transport, al-
lowing the outflow currents to extend to shallower depths.
This circulation pattern illustrates how an atmospheric phe-
nomenon can play a critical role in modulating currents,
which in turn could significantly influence various processes
occurring in the ocean, such as the distribution of nutrients,
the transport of larvae and marine species, or the dispersion
of pollutants (Du and Shen, 2016; Guéry et al., 2019).

Nevertheless, it is important to acknowledge the limita-
tions of the sea surface height data used in this study, par-
ticularly regarding the representation of local coastal pro-
cesses. While this dataset effectively captures regional-scale
oceanic dynamics, it does not account for small-scale wave
processes (Lellouche et al., 2021), such as wave set-up, a pro-
cess caused by wave breaking near the coast that can signif-
icantly alter sea surface height in shallow or nearshore areas
(Dean and Walton, 2010). This absence means that certain
high-frequency components of sea surface height variabil-
ity are excluded, which could influence the pressure gradi-
ent proposed as a key response mechanism within the GA.
Wave set-up, in particular, could enhance the meridional sea
surface height difference observed during the northerly wind
events, potentially amplifying the pressure gradient (Dean
and Walton, 2010). Consequently, the omission of wave-
driven processes likely introduces uncertainty and may lead
to an underestimation of the pressure gradient. Despite this
limitation, the consistency between observed circulation pat-
terns and wind forcing supports the proposed mechanism,
though its precise magnitude requires further refinement. Fu-

ture studies should prioritize direct measurements of sea sur-
face height within the GA, including both coastal and interior
regions. Such measurements would confirm the existence of
the proposed pressure gradient, thereby validating the mech-
anism described in this work. Additionally, these observa-
tions would enable more accurate estimations of the magni-
tude of the pressure gradient, providing a deeper understand-
ing of the dynamics governing circulation patterns in the GA
and similar semi-enclosed coastal systems.

5.3 Some environmental consequences

Despite the commonly associated adverse effects of extra-
tropical cyclones, such as storm surges, erosion, and chal-
lenges to coastal economic activities (Parise et al., 2009; Bi-
tencourt et al., 2011), this study suggests that the passage
of these phenomena over areas like the GA can also have
a positive impact in terms of ocean dynamics. Specifically,
the northerly winds associated with extratropical cyclones
appear to trigger a significant water outflow through Boca
Chica and the western region of Boca Grande. This response
implies an acceleration in water renewal, suggesting a reduc-
tion in residence times in these areas.

An estimation of the volume of water leaving the GA
through Boca Chica during cyclone events was conducted.
Considering the width of this mouth (9 km), its mean
depth (20 m), and the average recorded current speed (10–
20 cm s−1), it is estimated that between 1.5× 109 and 3.1×
109 m3 of water per day could be expelled, representing be-
tween 4 % and 7.5 % of the water volume of the gulf’s head
(the area south of 37° S). This estimated volume is the same
order of magnitude for the water leaving the GA through the
west side of Boca Grande (width: 7 km; mean depth: 50 m).
These approximate figures confirm that the passage of cy-
clones over the region drives a water renewal within the GA.

This capacity of the wind to modify residence times has
been observed in other semi-enclosed coastal systems like
Mobile Bay and Chesapeake Bay, both located in the North-
ern Hemisphere (Du and Shen, 2016; Du et al., 2018). In the
case of Mobile Bay, the change in wind direction decreases
residence times by 13 % to 18 % compared to the average
flow condition (Du et al., 2018), while in Chesapeake Bay,
this time is reduced by 10 % (Du and Shen, 2016). In both
cases, the reductions in residence times occur during the win-
ter months, which is consistent with the findings in our study,
where the highest frequency of extratropical cyclones occurs
during this season.

Additionally, recent local studies have linked the increase
in residence times within the GA to migratory high pressures
(atmospheric high-pressure disturbances), a phenomenon di-
rectly opposite to extratropical cyclones in terms of atmo-
spheric dynamics (Wong et al., 2021; Mardones et al., 2022).
This increase is associated with an intensification of the
southerly wind along the coast, in the opposite direction
to the wind forced by extratropical cyclones. Similarly, in
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Mejillones Bay, located in northern Chile, longer residence
times have been recorded under conditions favorable to up-
welling due to the formation of upwelling shadows (Marín
et al., 2003). All these precedents support the idea that the
passage of extratropical cyclones is a mechanism that allows
for water renewal inside the GA.

This water renewal and mixing of water masses associ-
ated with the passage of extratropical cyclones (Dacre et al.,
2020) could have significant implications for oxygen dy-
namics within the GA. Studies in other coastal regions have
shown that wind-driven processes, such as lateral advection
and vertical mixing, enhance water renewal and facilitate the
oxygenation of deeper layers (Coogan et al., 2019; Scully,
2010). This idea is further supported by observations from
the annual cycle on the shelf north of the GA, where higher
oxygen concentrations are typically observed during winter
throughout the water column (Muñoz et al., 2023). Future
research incorporating oxygen measurements would be es-
sential to confirm and quantify these potential relationships.

Therefore, a decrease in the frequency of extratropical cy-
clones could have considerable implications for water qual-
ity in the GA, especially considering the sustained increase
in urban, fishing, and industrial activity in the region (Holon
SpA, 2020). Although the results of this study show a neg-
ative trend in cyclone frequency, it is crucial to recognize
that this is not the only mechanism the GA presents in terms
of water renewal. In fact, there have been observed events
of water outflow through BC that do not coincide with the
passage of an extratropical cyclone, suggesting the presence
of various water renewal mechanisms within the GA. These
aspects of circulation are not wind driven and are proba-
bly related to phenomena such as synoptic waves (Djurfeldt,
1989).

Finally, this study has some limitations. The data used are
limited to two periods and represent only the outermost re-
gion of the gulf. Therefore, to gain a more comprehensive
understanding of winter circulation and its relationship with
wind, future studies should focus on obtaining simultaneous
data both in the gulf’s coastal regions and in the areas con-
necting with the ocean. Expanding the scope of data would
allow for a more detailed view of the interactions between
currents and wind in different areas of the gulf. This broader
perspective would provide valuable information for a more
complete understanding of the mechanisms driving circula-
tion in this region and other coastal areas with similar charac-
teristics, enhancing our ability to manage and conserve these
diverse coastal systems.

6 Conclusions

This work examined the hydrodynamic response of the GA,
the largest semi-enclosed bay of central Chile, to the pas-
sage of extratropical cyclones over the area (30–50° S) dur-
ing two winter seasons. The study employed a cyclone de-

tection model combined with current measurements taken
at strategic points within the gulf, specifically at BC (in the
center of Boca Chica) and PD (on the western side of Boca
Grande). These locations were crucial for analyzing water
exchange between this semi-enclosed body of water and the
outer ocean.

The cyclone tracking model results revealed that intense
north wind events (> 5 m s−1) over the GA are primarily due
to the passage of these systems over the region. Additionally,
it was observed that the frequency of extratropical cyclones
over central Chile has progressively decreased from 1979 to
2020.

The EOF analysis of subtidal currents at BC showed a
predominantly single-layer behavior (> 80% of the subti-
dal variance) in both periods. Wavelet coherence analyses
between this first mode and the meridional wind intensified
when an extratropical cyclone crossed the area. This rela-
tionship was further highlighted in the case-by-case analysis,
where currents exhibited a single-layer outflow, with mag-
nitudes between 10 and 30 cm s−1 during intense northerly
wind.

In contrast, the EOF analysis of currents at PD revealed
most of the variability concentrated in a single-layer mode
(64 %–78 % of the total variance) and a two-layer mode
(21 %–13 % of the total variance). Similar to BC, wavelet
coherence analyses showed peaks during the passage of cy-
clones over the region. These results and observations from
case studies indicate that the initial response to the passage
of cyclones is a two-layer one, with an inflow of water into
the gulf in the surface layer and an outflow in the middle to
deep layers. After reaching the maximum wind intensity, the
currents adopt a single-layer behavior, orienting towards the
exterior of the gulf.

Finally, this study suggests that the mechanism generat-
ing this type of response to the wind generated by extrat-
ropical cyclones is initially a surface drag towards the head
of the gulf. This accumulation of water at the head creates
a pressure gradient that drives the outflow of water through
Boca Chica and simultaneously promotes the outflow of wa-
ter from the deeper layers of Boca Grande. Once the wind
diminishes in magnitude, the surface currents in PD replicate
the behavior observed in the subsurface layers.

These findings have significant implications for under-
standing the wind-driven coastal dynamics in semi-enclosed
bays globally, particularly those influenced by extratropical
cyclones. By highlighting the intricate mechanisms of wa-
ter exchange and circulation patterns, this study provides a
broader understanding of how similar bays may respond to
atmospheric disturbances, thereby informing better marine
and environmental management strategies worldwide.
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Appendix A: Cyclone trajectory density map

To provide additional context on the spatial distribution of
extratropical cyclones influencing the GA, we have included
a density map of the cyclone trajectories analyzed in this
study. This visualization offers a good representation of cy-
clone activity in the study area by highlighting regions of
higher cyclone concentration. The map highlights that most
cyclones are concentrated between 42–48° S and 76–83° W,
regardless of the season. However, a higher density of cy-
clones is observed during the winter months. Additionally,
the distribution shows that during winter, cyclones tend to ex-
tend further north, with a noticeable presence around 30° S,
in contrast to the summer months.

Figure A1. Spatial density of extratropical cyclones passing through the study area, calculated as the number of cyclones per 1/4° grid cell.
The map shows the density for (a) all cyclones analyzed in this study and separate distributions for (b) winter and (c) summer periods.
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