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Abstract

The Amazon Continental Shelf (ACS) is a shallow region (< 100 m), with a maximum width of 330 km, which encloses
the northern portion of the Brazilian continental shelf and has great ecological and climatic importance on a global scale.
Although important scientific efforts have been made to understand the hydrodynamics of the ACS and the dispersion of
the Amazon River plume, there are still few studies that address surface oceanic water intrusion into the ACS. This study
describes the existence of preferential surface oceanic water intrusion pathways into the ACS along 3 sectors: Maranhao
(MA shelf), Para (PA shelf) and Amapa (AP shelf). The analysis is based on: (i) 306 surface drifter trajectories along
1344 km of the ACS (provided by the Global Drifter Program) and (ii) 20 years of Lagrangian simulations (with Parcels
model forced by currents from the reanalysis GLORYS). The results show that the MA shelf sector is the main pathway
for surface oceanic water intrusions into the ACS, corresponding to 56% of the intrusions, followed by PA shelf (43%)
and AP shelf (1%). During the austral summer, intrusions occur with a higher frequency in PA and AP shelf. The MA
shelf shows weak seasonality in the intrusions. The temporal variability of particle intrusion rates into the ACS is directly
related to the variability of the trade winds, and the meso-scale circulation associated with the North Brazil Current and
the North Equatorial Countercurrent.

Keywords Cross-shelf exchange - Global drifter program - Lagrangian modeling - Ocean Forecasting and analysis
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1 Introduction

The continental shelves are shallow regions (<500 m),
highly dynamic and with great relevance for the: (i) primary
productivity of the oceans, (ii) biogeochemical cycles, (iii)
sediment transport and deposition at the continental/ocean
interface, and (iv) development of strategic economic activ-
ities. The Amazon Continental Shelf (ACS) is a wide shal-
low region (< 100 m), which encloses the northern portion
of the Brazilian continental shelf and is delimited between
2°S and 4°N (Fig. 1) (Nittrouer and DeMaster, 1986; Castro
et al. 2006). The ACS is located on a continental margin
with great potential for oil exploration (Almeida et al. 2020;
Cruz et al. 2021) and fishing resources (Cruz et al. 2013;
Araujo et al. 2022), and has great ecological and climatic
importance on a global scale (Moura et al. 2016; Francini-
Filho et al. 2018; Lavagnino et al. 2020; Louchard et al.
2021).

ACS hydrodynamics are highly energetic and modulated
by river discharge, tides, trade winds and the North Brazil
Current (NBC) (Geyer et al. 1996; Nittrouer and DeMas-
ter, 1996; Aguiar et al. 2022). The discharge of the Ama-
zon River corresponds to roughly 18% of the global river
discharge and plays a role in modulating the physical and
sedimentological characteristics of the ACS (Nittrouer and
DeMaster 1986; Lentz and Limeburner 1995; Oliveira et al.
2018). Tides on the ACS are dominated by the lunar semi-
diurnal component M,, with sea level variations at the coast
greater than 5 m and tidal currents of up to 2 m s™' (Beards-
ley et al. 1995; Geyer et al. 1996), which play a crucial role
in vertical mixing and in the generation of cross-slope mass
fluxes (Fontes et al. 2008; Prestes et al. 2018).

Fig. 1 Lagrangian model domain and bathym-

The trade winds are an important forcing mechanism
for the surface circulation of the ACS and adjacent oce-
anic region. The seasonal variation of the latitudinal posi-
tion of the Intertropical Convergence Zone (ITCZ) results
in changes in the intensity and predominant direction of
the trade winds on the Brazilian equatorial margin. During
the austral winter the ITCZ shifts to latitudes north of the
equator (Adam et al. 2016; Schneider et al. 2014) and the
southeast trade winds are dominant, forcing stronger along-
shore currents (Castro et al. 2006). While during the austral
summer, the northeast trade winds are predominant, and can
generate cross-slope flows (Lentz 1995; Lentz and Lime-
burner 1995).

The NBC is an important northwestward boundary
current feature of the ACS hydrodynamics, presenting an
average position between the outer shelf (100 m isobath)
and continental slope (1000 m isobath) (Johns et al. 1998).
The origin of the NBC is associated with the combination
of flows from the North Brazil Undercurrent (NBUC) and
the central branch of the South Equatorial Current (cSEC)
at approximately 35°W, and between 5°S and the Equator
(Silveira et al. 1994; Schott et al. 2005). Adjacent to the
ACS, the NBC presents average speeds of 0.9 m s™! a core at
about 50 m depth (Bourlés et al. 1999) and a vertical veloc-
ity structure that extends throughout the upper 1000 m of
the water column (Schott et al. 1998; Stramma et al. 2005).
Studies performed on the ACS reveal that the NBC modu-
lates the intensity and direction of the alongshore currents
at the outer shelf (Prestes et al. 2018) and advects low salin-
ity waters from the Amazon River towards the Caribbean
sea and the NBC retroflection region (Aguiar et al. 2022).
Therefore, the variability of NBC plays an important role in

-]
etry of the Amazon Continental Shelf (shaded), 6°N
including Maranhdo shelf [MA], Para shelf [PA]
and Amapa shelf [AP]. The magenta line indi-
cates the boundaries between the Amazon Con-
tinental Shelf sectors. The black dots indicate
the positions at which particles were released at
the surface in the simulations, on the isobaths of
2000 and 3000 m. The green dot indicates the
location where GLORY'S SSH was validated
against AVISO. The inset indicates the search
area for drifters and the analysis area of 20 years 0°
of high resolution numerical reanalysis results
(GLORYS) provided by the Copernicus Marine
Environment Monitoring Service (CMEMS).
The continuous grey line schematically indicates
the position of the NBC, followed by a dotted
line indicating the North Equatorial Counter
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the generation of water fluxes between the oceanic region
and the ACS.

Mass exchange between the oceanic region and the conti-
nental shelf can be generated by different physical processes
and is an important scientific issue in coastal physical ocean-
ography (Huthnance 1995; Brink 2016). Studies around
the world show that these exchanges may occur due to the
influence of: (i) boundary currents and associated mesoscale
activity (Malan et al. 2020; Guerrero et al. 2020), (ii) wind
variability (Matano et al. 2014; Combes et al. 2021) and/
or (iii) a combination of different physical mechanisms,
such as wind, boundary currents, internal waves and tides
(Zhou et al. 2015; Huang et al. 2021; Huthnance et al. 2022;
Berden et al. 2022).

Most of the studies performed on the ACS related to
mass exchange between the shelf and the ocean address the
dispersion of the Amazon River plume in order to charac-
terize the importance of: seasonality in Amazon River dis-
charge, tides, trade winds and the NBC (Lentz 1995; Lentz
and Limeburner 1995; Fontes et al. 2008; Coles et al. 2013;
Aguiar et al. 2022). Molinas et al. (2020) demonstrate,
using numerical modeling, that the internal tides also play
an important role in the cross-shelf transport of fine sedi-
ments at the Amazon shelf break region. Finally, based on
3 months of historical hydrographic data, Silva et al. (2005)
show the occurrence of oceanic water intrusion into the con-
tinental shelf driven by the adjacent oceanic circulation.

Despite the important scientific contributions made in
understanding the ACS hydrodynamics, there are various
knowledge gaps associated with the intrusion of oceanic
water on the continental shelf, in terms of the identification
of preferential paths, temporal variability of the intrusions
and forcing mechanisms. The intrusion of oceanic water
into the continental shelf modulates the hydrodynamic vari-
ability of these regions and can play an important role in
the dynamics of fishery resources, nutrients and pollutants
(Cruz et al. 2013; Garcia et al. 2020).

A recent oil spill off the Brazilian coast in 2019/2020
(Soares et al. 2020), for example, showed how fundamen-
tal it is to understand the processes that lead to mass flows
between the adjacent ocean and the associated continental
shelf. In this event, several locations along the Brazilian
coast were impacted by the oil, including regions of ecolog-
ical relevance such as estuaries, mangroves, beaches, tidal
flats and coral reefs (Magris and Giarrizzo 2020). Lessa et
al. (2021) identified the driving mechanisms of the oil into
the Brazilian northeast shelf, however these driving mecha-
nisms are unknown to the ACS.

Thus, based on surface drifter trajectories along 1344 km
of the ACS provided by the Global Drifter Program
(GDP), 20 years of high resolution numerical reanalysis
results (GLORYS) provided by the Copernicus Marine

Environment Monitoring Service (CMEMS), and Lagrang-
ian simulations, this study aims to characterize the occur-
rence of surface oceanic water intrusion into the ACS. This
objective involves: (i) the identification of preferential path-
ways of oceanic surface water intrusion in 3 sectors of the
ACS (Maranhdo — MA shelf, Para — PA shelf and Amapa —
AP shelf), (ii) the characterization of their seasonal variabil-
ity and (iii) their correlation with the temporal variability of
the trade winds and the NBC.

2 Data and methods
2.1 Observational data

This study used hourly trajectory and velocity data col-
lected by satellite-tracked surface drifting buoys (drifters)
of the NOAA GDP (https://www.aoml.noaa.gov/phod/gdp),
a valuable dataset for the study of oceanic processes (Eli-
pot et al. 2016, 2022). Drifters were selected between 2001
and 2020 in the area between 40°W —53°W and 6°S — 6°N
(shown in Fig. 1), accounting for a total of 306 drifters. The
selected area encloses the entire ACS and adjacent oceanic
region.

Figure 2 presents the temporal distribution of the number
of observations of drifters in the study area, showing that
the number of trajectories available for analysis is tempo-
rally heterogeneous both in terms of months and in terms of
years. For this reason, this study adopted a complementary
methodology to include numerical modeling, in order to fill
temporal and spatial gaps of the observations.

2.2 Ocean reanalysis data

This study is based on the results from the Global Ocean
Reanalysis (GLORYS), which is an eddy resolving (1/12°
horizontal resolution) global ocean simulation implemented
by Copernicus Marine Environment Monitoring Service
(CMEMS) (https://data.marine.copernicus.eu/product/
GLOBAL MULTIYEAR PHY 001 030/description).
The GLORYS is based on the NEMO platform (Madec and
the NEMO Team, 2008), with most of the reanalysis com-
ponents coming from the current real-time global CMEMS
high-resolution forecasting system (PSY4V3) (Lellouche et
al. 2018), forced at the surface by atmospheric fields from
the ERAS reanalysis (Dee et al. 2011), without tides and
with assimilation of altimetric sea level anomaly data along
track, sea surface temperature measured by satellites and
vertical profiles of temperature and salinity (Jean-Michel et
al. 2021).

20 years (2001-2020) of daily surface velocity fields
from the GLORYS for the area between 53°W —30°W
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Fig. 2 Temporal occurrence of
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and 6°S — 6°N (Fig. 1) have been used in order to force the
Lagrangian model and to analyze the seasonal variability of
the circulation.

2.3 Altimetry data

This study used a 20-year daily time series of sea surface
height data from AVISO (https://www.aviso.altimetry.fr/
en/data/data-access.html) on the ACS(47°W, 1°N) to vali-
date the interannual variability of the GLORYS reanalysis
circulation.

2.4 Lagrangian modeling

Lagrangian modeling was used to identify preferential path-
ways of oceanic surface water intrusion into the ACS and
to investigate how the space-time variability of the NBC
circulation affects these intrusions. This study used the
Ocean Parcels toolbox (Parcels v2.2.0) (Delandmeter and
Sebille 2019), which has been frequently used for studies
that investigate trajectories in ocean circulation (Iskandar et
al. 2022; Chen 2023; Silveira et al. 2023).

The Lagrangian experiment was carried out using 20
years (2001-2020) of daily surface velocity fields (u and
v) from the GLORYS and daily releases of 2 particles at 14
pairs of points were done (Fig. 1), accounting for a total of
204,512 released particles. The particle advection was per-
formed with a time step of 1 day, using the Runge-Kutta4
scheme, and without horizontal diffusion. The trajectory of
each particle was followed individually, in order to identify
the occurrence of intrusion, and to characterize the location
and date of the occurrence.
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Fig. 3 Bathymetric slope of the study area (shaded) calculated from
ETOPO 1. The 50 m isobath is highlighted (red), indicating the crite-
rion for intrusion into the ACS. The 100 m isobath is highlighted (yel-
low), indicating the approximate position of the shelf break

2.5 Analysis

The average depth of the Amazon shelf break is defined in
the scientific literature as being at the 100 m isobath (Nit-
trouer and DeMaster, 1986), and can be up to 300 m in the
AP Shelf sector (Lavagnino et al. 2020). Considering these
values, the bathymetric slope of the ACS and adjacent oce-
anic region was calculated using the ETOPO1 (https://www.
ncei.noaa.gov/products/etopo-global-relief-model) bathym-
etry (Fig. 3) in order to illustrate that the 100 m isobath (yel-
low line) is a good approximation for the transition between
the shelf (lower bathymetric gradient) and the continental
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slope (higher bathymetric gradient). Considering also that
the NBC flows close to the outer shelf (Schott et al. 1995),
this study adopted as a criterion for intrusion into the ACS
the detection of drifters and/or particles crossing the 50 m
isobath (Fig. 3, red line) and remaining in equal or shal-
lower depths for at least 1 day.

A total of 306 drifters were detected in the study area, of
which 122 showed trajectories of intrusion into the ACS.
Velocity data collected from drifters following trajectories
along the continental shelf were used to validate the GLO-
RYS model.

The temporal variability analysis of particle intrusion
rates was carried out for the traditional 3 month austral sea-
sons: summer, autumn, winter and spring. These periods
are justified due to the variability of the trade winds asso-
ciated with the migration of the ITCZ and the variability
of the NBC retroflection and transport, which are important
physical mechanisms of the hydrodynamic variability of the
region (Servain et al. 1999; Garzoli et al. 2004).

3 Results

The results are organized into two sections, which address:
(i) validation of the GLORYS ocean reanalysis and (ii) char-
acterization of the preferential pathways of surface oceanic
water intrusion into three sectors of the ACS.

3.1 Model validation

Based on velocity and trajectory measurements of GDP
drifters, and sea surface height above geoid provided by
AVISO, we validated the GLORYS circulation in the region,
used to force the Lagrangian model.

Velocity data from the entire track of 122 GDP drifters
with intrusion path into the ACS (Sect. 2.5) were compared
with the reanalysis velocities using a least squares fitting for
each velocity component (Fig. 4[a, b]). Velocity data were
low-pass filtered using 72 h cut-off in order to eliminate the
tidal and other high frequency signals. The GDP data were
interpolated onto the daily time domain of GLORYS. The
comparison between the data and model velocity series (not
shown), and the values of r? (0.7 and 0.6) from the least
squares fitting, show that the model effectively captures the
variability of currents within the region.

Two experiments were carried out with the Lagrangian
model in order to illustrate the representability of the cir-
culation in the study area by GLORYS and the trajectories
generated by the Lagrangian modeling. The experiments
performed particle releases at the same time and initial
position of a GDP drifter. Particle trajectories (Fig. 4 [c, d])
illustrate that the reanalysis surface velocity field represents

well the circulation of the region, leading to simulated tra-
jectories in strong agreement with the observed ones. These
two specific drifter examples were chosen to highlight two
typical scenarios of the exchange processes between the
oceanic region and the continental shelf in the study area.
These scenarios specifically address: (i) the influence of the
oceanic mesoscale and (ii) the direct path of drifter intrusion
into the ACS.

Based on 20 years trajectories of the GDP drifters and
the particles from the Lagrangian modeling carried out dur-
ing the period between 2001 and 2020, released at 39°W,
2°S, and 39°W, 1°S (first pair in Fig. 1), we estimated its
permanence time on the ACS after the intrusion for four
time bands: 1)1-30 days, ii) 31-60 days, iii) 61-90 days and
iv)>90 days. The histogram in Fig. 5 reveals that trajec-
tories of the GDP data and Lagrangian modeling present
the time band between 1 and 30 days as the most frequent
residence time, followed by the bands between 31 and 60
days and 61-90 days. Particles released in the Lagrangian
simulations exhibit permanence time on the ACS similar to
that observed in the GDP drifters, which reinforces that the
GLORYS surface velocity field represents well the circula-
tion variability on the ACS.

The interannual variability of surface circulation of the
reanalysis was analyzed based on a comparison between the
daily series of sea surface height above geoid (SSH) of the
model and the AVISO data at a representative location on
the ACS (47°W, 1°N in Fig. 1), during the period 2001 to
2020. The comparison (Fig. 6) shows GLORY'S reproduces
well the high and low frequency variability of the SSH mea-
sured by AVISO despite the fact that it does not represent
some minimum and maximum peaks of SSH with the same
amplitude.

3.2 Preferential pathways
3.2.1 Observations

The analysis of the trajectories of the GDP drifters allowed
for the first time to map pathways of surface oceanic water
intrusion into the ACS. Figure 7 illustrates the positions
where the drifters crossed the 50 m isobath and shows that
the MA shelf is the sector where most observations of intru-
sion occurred, followed by the PA shelf. From a total of 306
drifters selected in the study region, 122 entered into the
ACS, and of these, 76% entered through the MA shelf sec-
tor, 24% through the PA shelf sector and no drifter entered
through the AP shelf (Fig. 8 [a]).

The analysis of the seasonality of drifter intrusions into
the ACS (Fig. 8 [b]) shows that intrusions in the MA shelf are
4-6% more frequent during the austral winter season (29%)
than in the spring (25%), summer (22%) and autumn (24%).
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Fig.4 [a] and [b] Scatters of the zonal (u) and meridional(v) velocity components, respectively, measured by GDP drifters that traversed onto the
Amazon Continental Shelf in the period between 2001 and 2020 and the co-located GLORY'S surface velocity components. The magenta line in
panels a and b indicates a least squares fitting between the data and model series. ¢ and d illustrate comparisons between the trajectory of a GDP
drifter (blue line) and the trajectory simulated by Parcels using the surface velocity fields of GLORYS during the period between 2008/06/01—

2008/06/20 (¢) and between 2011/12/17-2012/01/11 (d), respectively

In the PA shelf sector, more intrusions were observed during
austral winter (38%) than in spring (21%), summer (24%)
and autumn (17%). The results of the analysis may not be
robust given the small sample size, particularly for the PA
shelf(Fig. 2 [a]). In order to fill in these data limitations, we
present the results obtained from the Lagrangian experiment
in the next section.

3.2.2 Lagrangian modeling

The analysis of the trajectories of the particles released in the
Lagrangian experiment over 20 years (2001-2020) allowed
for a robust statistical characterization of the intrusions into
the three sectors of the ACS. Of the total of 204,512 particles
released, 19% entered the ACS, and of this fraction, 56%

@ Springer

penetrated the MA shelf, 43% the PA shelf, and 1% the AP
shelf. (Fig. 9, [a]). This spatial differentiation of intrusion
into the ACS is similar to that observed in the trajectories of
the GDP drifters, reinforcing that the GLORYS accurately
represents the hydrodynamics of the oceanic region respon-
sible for the surface flows into the ACS. However, it must be
emphasized that the spatial separation in the intrusion rates
is more pronounced in the GDP drifters observations.

The Lagrangian results (Fig. 9, [b]) show weak seasonal-
ity in intrusion rates in the MA shelf sector, with higher val-
ues during the austral spring (28%) and a minimum in the
winter (21%). Although seasonal signal is weak, the good
agreement between the model and drifter seasonality in the
MA shelf intrusions is encouraging, as this is the region with
higher availability of drifter data. On the other hand, the
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Fig. 5 Histogram of the per- 100

manence time on the Amazon
Continental Shelf of drifters from
GDP (blue) and particles (green)
released at 39°W, 2°S and 39°W,
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Fig. 6 A comparison between the daily series of sea surface height above the geoid (SSH) of the model (black line) and AVISO (blue line) on the
Amazon Continental Shelf (47°W, 1°N). The correlation between the series is 0.6, and the RMSE is 0.04 m

PA and AP shelf sectors exhibit pronounced seasonality in
intrusion rates. The PA shelf shows higher values in spring
(31%) and summer (40%) compared to autumn (14%) and
winter (15%). While there is lack of agreement between the
model and drifter seasonality in the PA shelf intrusions, it
should be noted that the sparsity of drifter intrusions (29
onto the PA shelf) implies that the drifter seasonal statistics
may not be robust. The AP shelf exhibits the most signifi-
cant seasonality among all sectors, with an intrusion rate of
96% during the summer, 4% in the autumn, and no intrusion
during the winter and spring. The lack of intrusion in the
AP shelf sector during the winter/spring is associated with
the NBC retroflection, which occurs adjacent to this sector

(Garzoli et al. 2003, 2004) and can disperse the particles
offshore.

Monthly mean and interannual intrusion rates in the ACS
were computed, revealing years of anomalously high and
low intrusion. The highest monthly rates (Fig. 10[a]) of
intrusion (> 10%) occurred between the months of: (i) Janu-
ary and March and (ii) September and October. In April,
intrusion rates decreased and reached their lowest during
the months of June, July and August (< 6%).

The interannual variability of particle intrusion (Fig. 10
[b]) shows an average rate of 46% =+ 3%, with the lowest
intrusion rates (< 43%) occurring in 2004, 2008, 2009, 2010
and 2020 and the highest rates (>60%) in 2012, 2014 and

@ Springer



328

Ocean Dynamics (2024) 74:321-334

6°N s [m]
, -10
4°N/-- -50
2°N e -100
0oL —200
208 -500
aos -1000
@ drifter intrusions F—2000

3w

Fig. 7 Geographical location of intrusion points of the GDP drifters
on the Amazon Continental Shelf (ACS). The shaded region indicates
the bathymetry of the ACS, with the 50 m isobath highlighted in red,
indicating the approximate middle portion of the continental shelf. The
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2015. No correlation was identified between annual intru-
sions in the ACS and the Tropical Southern Atlantic Index
nor the Atlantic Meridional Mode, which are the main

modes of interannual climate variability in the Equatorial
Atlantic Ocean (Servain et al. 1999).

In addition to investigating the temporal variability, this
study also conducted two experiments with Lagrangian mod-
eling in order to characterize the spatial variability of the par-
ticle distribution along the ACS and adjacent oceanic region
in two distinct periods of the year 2019. The relatively low
interannual variability in annual particle intrusion into the
ACS (Fig. 10) allows for the arbitrary selection of the year
2019, the same year that an oil spill occurred off the Brazilian
coast (Soares et al. 2020). These two experiments consisted of
daily release of particles in the 6 most easterly pairs of release
points (Fig. 1) for 120 days, one starting in February 2019
(Fig. 11[a-d]) and the other in September 2019 (Fig. 11[e-h]).
The 6 most easterly pairs of release points (Fig. 1) were cho-
sen as these points present the highest percentage of intrusion
in the ACS (Sect. 4). The periods were chosen based on the
seasonality of the trade winds (Xie and Carton 2004) and the
retroflection of the NBC (Garzoli et al. 2003, 2004).

Figure 11 presents a normalized particle distribution
maps based on the percentage of particles that remain within
the study domain after 30 [a, e], 60 [b, f], 90 [¢, g] and 120
[d, h] days from the beginning of the releases (in February
and September) and illustrates that although the intrusion
of particles occurs in preferential sectors of the continental
shelf, the particles are dispersed in all sectors of the ACS
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for the study area (55°W —40°W, 90+ 90+ autumn
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Fig. 10 Percentage of particles
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(MA shelf, PA shelf, and AP shelf). The decrease in the
number of particles during the initial 60 days of both exper-
iments [b, f] indicates that the dispersion occurs quickly
along the ACS and adjacent oceanic region. The percentage
distribution of particles after the release in February [a-d]
shows that particles tend to concentrate in isobaths equal
to or deeper than 50 m (middle and outer shelf), while the
percentage distribution of particles released in September
[e-h] shows a higher concentration in isobaths equal to or
shallower than 50 m (inner shelf).

In the following section, the seasonal variability of wind-
driven surface circulation associated with NBC, NECC, and
trade winds will be presented to discuss the patterns of drift-
ers and particles intrusion into the ACS.

4 Discussion

The spatial variability of drifter and particle intrusion rates
into the ACS (Fig. §[a] and Fig. 9[a]) results from the com-
bination of the continental shelf morphology and wind-driven
surface circulation. The MA shelf has two morphological attri-
butes that make it a favorable sector for surface oceanic water

intrusion into the ACS: (i) the reorientation of isobaths from an
E-W direction towards the NW and (ii) the proximity between
the 50 and 100 m isobaths (Fig. 3). The combination of these
attributes with the fact that part of the average flow of the NBC
occurs close to the outer portion of the ACS (Geyer et al. 1996;
Castro et al. 2006) can increase the advection of drifters onto
the MA shelf. Furthermore, this explains in part the lower num-
ber of intrusions in the other sectors of the ACS, where there
is a large separation between the 100 m and 50 m isobaths and
relatively little changes in the orientation of the isobaths.

Furthermore, the highest percentage of particle intrusion
in the MA Shelf corroborates the study of Magris et al. (2020),
which showed that the coast of Maranhdo was a region of
the ACS heavily impacted by oil packages from a spill that
occurred in an oceanic region during 2019/2020 (Soares et
al. 2022). According to these authors, this spill was consid-
ered the largest in extent ever recorded in the tropical oceans.
Their results are thus in accordance with ours, even though
no oil spill dispersion or weathering was considered in our
purely Lagrangian simulations. Both the observed drifters,
Lagrangian simulations and previous studies in the region
indicate that the MA Shelf sector is a preferential pathway
for surface oceanic water intrusion into the ACS.
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The low percentage of particle intrusion on the AP shelf
can be explained by the distance between the 50 and 100 m
isobaths, which indicates an average position of the NBC
further away from the isobath used as the intrusion criterion
in this study (50 m), and by the proximity to the retroflection
region of the NBC, which has an average circulation that
does not favor flows towards the continental shelf.

Figure 12 depicts the spatial variability in particle intrusion
rates into the ACS from 14 pairs of release points (Fig. 1) in
the Lagrangian experiment, highlighting that the higher rate

(>50%) occurs at release points located east of the MA shelf.
This result corroborates the spatial intrusion pattern found in
the observed data and supports the discussion about the com-
bined effect of the morphological features of the ACS and the
spatial and temporal variability of the NBC.

The seasonal (Figs. 8[b] and 9[b]) and monthly
(Fig. 10[a]) variabilities in intrusion rates is a result of
wind-driven surface circulation associated with the trade
winds and the NBC. The mean surface velocity fields of the
GLORYS (Fig. 13 [a, b]) and the wind speed at 10 m above

Fig. 12 Percentage of particle 70% AP shelf PA shelf MA shelf
intrusion into the Amazon Conti- °
nental Shelf from the 14 pairs of 60% /\%
points (Fig. 1) in the Lagrangian c //
experiment. Black dots denote S 50% /
the longitude of pair releases. g o /
Vertical magenta lines indicate € 40% /
the boundaries between the MA, 9 30%
PA, and AP shelves ,‘E’ /
g 20%
10%
0
50°W 48°W 46°W 44°W 42°W 40°W

Fig. 13 Surface currents along the Equatorial
Continental Margin region considering the
results of 20 years (2001-2020) of simulation °
of the GLORYS [a-d]. Average circulation for 4°N|
the austral summer, autumn, winter and spring, 2°N
respectively. [e] Instantaneous velocity field for

June 2019 (06/01/2019) and [f] September 2019 0°
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Fig. 14 Mean wind speed at m/s [b] m/s
10 m height above the water [ |/ ] 6°N = L L |/ ]
surface from the ECMWF ERAS5 L8 V
reanalysis (2001-2020) for the 4°N '
austral summer [a], autumn [b], -7
winter [c] and spring [d]. The 6 2°N
50 m isobath is highlighted in 5
red, indicating the approximate 0°
middle portion of the continental -4
shelf. The magenta lines indicate L3 °
the boundaries between the sec- 2°S[L-®
tors of the Amazon Continental -2
Shelf according to Fig. 1 -1 4°S
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the surface from the ERAS reanalysis (Fig. 14 [a, b]) show
that during the summer and fall, the NBC exhibits a jet-like
shape adjacent to the ACS, and the trade winds have a pre-
dominant direction from the northeast. These conditions are
favorable for the occurrence of intrusion flows into the ACS,
as observed in the data and in the Lagrangian experiments.
During the winter, the NBC retroflection (Fig. 13 [c]) and
the predominance of the southeast trade winds (Fig. 14 [c])
produce an average surface circulation favorable to along-
shore flows, parallel to the isobaths, and of lesser potential
to the generation of cross-slope transport of particles from
the oceanic region to the ACS. However, it must be empha-
sized that the average current/wind fields are not sufficient
to fully explain the intrusion processes in the ACS. Meso-
scale activity plays a crucial role in intrusion rates.

The variability of ocean circulation in early winter/spring
is characterized by intense mesoscale activity associated
with the dynamics of the North Brazil Current/Retroflection
and the North Equatorial Countercurrent (NECC) (Fonseca
et al. 2004), which modulates the particle intrusion rates into
the ACS. For instance, the June 2019 instantaneous velocity
field (Fig. 13 [e]) illustrates hydrodynamic conditions unfa-
vorable to particle intrusion for the PA shelf sector, because
an eddy from the NBC creates an offshore flow. On the
other hand, in September 2019 (Fig. 13 [f]) the mesoscale

43°W

N 0
653w 48w a3°w

variability associated with the NBC and the NECC dynam-
ics modulates the intensity and direction of the current field
near shelf break favoring the occurrence of particle intru-
sion into the ACS between the MA shelf and PA shelf sec-
tors. The mesoscale features illustrated in Fig. 13[e-f] and
their respective effects on intrusion rates for ACS are recur-
ring in the other years (2001-2020) and explain the decrease
in particle intrusion observed during the months of June and
July and the increase from August and September (Fig. 10
[a]). This period of minimum coincides with the beginning
of the retroflection of the NBC (Schott et al. 1998) and with
the predominance of southeast trade winds, mechanisms
which together can cause a reduction in the intrusion of sur-
face oceanic water into the ACS.

The distribution of particles in isobaths equal to or
greater than 50 m (Fig. 11 [a-d]) may be associated with
the seasonal cycle of the Amazon River discharge and the
enlargement of the river plume extension along the shelf,
which is wider (400—500 km) from March and May (Lentz
1995), and can modulate the dispersion of particles offshore.
On the other hand, the distribution of particles in isobaths
lower than 50 m (Fig. 11 [e-h]) may be the result of the com-
bined effect of the reduction of the Amazon River discharge
and the action of the trade winds (Fig. 14).
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5 Conclusions

Analysis based on trajectories of GDP drifters and Lagrang-
ian trajectories simulated by Parcels, forced by GLORYS,
shows that the MA Shelf sector is the main pathway for
surface ocean water intrusions into the ACS, corresponding
to 56% of the intrusions, followed by PA Shelf (43%) and
AP Shelf (1%). The PA and PA shelf sectors show signifi-
cant seasonality in intrusion rates, higher in spring/summer
for the PA shelf and in summer/autumn for the AP shelf.
In contrast, the MA shelf sector shows weak seasonality in
intrusion rates.

The monthly variation of intrusion rates in the ACS pres-
ent minimums during June, July and August, and maxi-
mums during austral spring (October and November) and
summer (February and March). The temporal variability of
particle intrusion rates into the ACS is directly related to the
variability of the trade winds and the circulation of the NBC
and the NECC. The mesoscale activity of these currents can
favor or inhibit intrusions of surface ocean waters into the
continental shelf.

The percentage distribution maps of particles released in
the Lagrangian simulations show that all sectors of the ACS
(MA, PA, and AP Shelf) are affected during the dispersion.
The seasonality of the Amazon River discharge modulates
the spatial distribution of particles on the ACS, with par-
ticles concentrated in isobaths greater than or equal to 50 m
during the first semester (high discharge) and in isobaths
less than 50 m during the second semester (low discharge).

The complementary approach using data and Lagrang-
ian modeling conducted in this study provided important
information about the processes of oceanic surface water
intrusion in the ACS. Future studies should be conducted
considering subsurface water flows from the ocean to the
continental shelf and the importance of internal waves as a
modulating mechanism, such as internal tides.
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