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a b s t r a c t

Alongshore currents in the surf zone are formed after incident waves break. This process depends on
the characteristics of the incident waves and can be altered by the wind, and to a lesser extent, by
bathymetry and tide. In order to understand the behavior of the alongshore currents on the north
coast of Rio Grande do Sul (Brazil), two datasets were obtained in the field. The first one was acquired
during oceanographic moorings and is composed of long time series of wave data. The other database
corresponded to direct measurements of vertical profiles of velocities and direction of alongshore
currents in the surf zone, both simultaneously acquired for the first time in this coastal region. The
analyses of these data sets enabled identification and quantification of the processes associated with
incident waves and winds. Circulation by currents in the surf zone is induced by oblique incidence
waves breaking as a result of radiation-stress energy flow. It was also noted that wind can influence
alongshore currents to a lesser extent. The findings indicated that height and angle of incidence of
waves was the main driving force of alongshore currents. A pattern has also been identified, in which
waves that come from the southeast (SE) and northeast (NE) generate northeasterly and southwesterly
fluxes, respectively.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

When waves approach shallow-water regions, they are sus-
eptible to transformations due to water depth gradients, like
eflection, refraction, shear stress, and breaking (Holthuijsen,
010). An important mechanism associated with the oblique
ngle at which waves approach the coastline occurs at the mo-
ent of wave breaking. This process produces an energy vector

hat drives an alongshore current within the surf zone (Davis
nd FitzGerald, 2009). It always takes place when the incidence
f waves is oblique in relation to the shoreline, and is mainly
ontrolled by the height and angle of wave incidence. This energy
ector is defined as a radiation-stress flow that may be transverse
o the wave-propagation movement (Longuet-Higgins, 1970, In:
omar, 1976) and drives the alongshore current. However, these
urrents can coexist with tide- and wind-driven currents (Nielsen,
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mbiental, Escola do Mar Ciência e Tecnologia, Universidade do Vale do Itajaí.
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352-4855/© 2021 Elsevier B.V. All rights reserved.
2009). Alongshore current driven by radiation stress is particular
to each environment and it also depends on the bottom slope as
well as the height and angle of wave incidence (Longuet-Higgins,
1970).

This process could result in a dynamic pattern of coastal circu-
lation, which is fundamental for the sediment budget on the coast
(van Rijn, 1993). In the surf zone, this is an extremely dynamic
process responsible for transporting the sediments reworked by
the turbulence of wave breaking, and which are both in suspen-
sion and on the bottom, through long distances (Araújo and Al-
fredini, 2001; U. S. Army, 1984). Shoreline management requires
information regarding nearshore hydrodynamics and longshore
sediment transport to design schemes to protect the coastline
(George et al., 2019). Understanding these mechanisms along a
coast is one of the most basic required tasks in coastal engi-
neering and is crucial for developing projects, coastal manage-
ment plans, and erosion risk analyses (Pilkey and Cooper, 2014;
Trombetta et al., 2020).

This highlights the importance of understanding the sediment
balance and the need to study the processes associated with these
events. These kinds of studies could support technical solutions

https://doi.org/10.1016/j.rsma.2021.101973
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for the preservation of densely occupied areas. Reinforcing this
point, the relative role of the different physical processes and
their coupling as a force that drives sediment transport across the
continental shelf remains poorly understood in some regions. This
is due to the lack of simultaneous field observations at different
depths (Torres-Freyermuth et al., 2017).

Furthermore, there is a significant upward trend in the mean
ea level at various points around the world – including sites on
he Brazilian coast (PBMC, 2016) – as well as an intensification of
xtreme events of positive sea level anomaly (Neves Filho, 1992;
awdsley et al., 2014). These effects would be more damaging if

he height and duration of storms increased as a result of climate
hange as demonstrated in Fiore et al. (2009). In this scenario,
oastal regions around the world should, in general, become more
ulnerable (Cartier et al., 2013).
The coast of the state of Rio Grande do Sul (RS) is an example

f an area highly vulnerable to mean sea level rise in the future
ue to its intrinsic morphodynamic characteristics, such as its
ow coastal gradient combined with a high degree of exposure
o oceanic dynamics (Germani et al., 2015; Guimarães et al.,
015). Moreover, some processes associated with hydrodynamics
nd the intensification of extreme events of positive sea level
nomaly (Neves Filho, 1992, Mawdsley et al., 2014) can affect
he local geomorphology and sediment movement representing
oastal hazards and risks along the state’s coastline. The risks
mply coastal erosion, habitat loss, and environmental changes.
he hazards are related to major accidents that could happen
ith coastal users, including fatalities (Calliari et al., 2010).
Over the last six decades on the RS coast, several studies

ave been carried out on coastal currents and sediment transport
Motta, 1964, 1967; Pitombeira, 1975; Tomazelli and Villwock,
992; Toldo et al., 1993; Lima et al., 2001; Lélis and Calliari,
003; Toldo and Almeida, 2003; D’Aquino, 2004; Toldo et al.,
006a; Jung and Toldo, 2011, 2012; Motta et al., 2015; Silva and
oldo, 2017; Schossler et al., 2017; Sprovieri, 2018). These studies
sed several methodologies ranging from the most empirical –
pplying drifters and chronometers – to the most sophisticated—
sing oceanographic instrumentation and numerical computa-
ional modeling. Studies by Motta et al. (2015) and Sprovieri
2018) that used numerical modeling to explore the relationship
etween wave incidence and sediment transported stand out.
However, no study has attempted to explain the dynamic

rocess of coastal currents on the RS coast. The lack of a mod-
rn methodology to quantitatively observe such processes was
lso noticed. Besides, divergences in the results concerning the
irection of the alongshore current – especially in the first con-
ucted research works – raise uncertainties, and some ques-
ions even arise from the most recent above cited works: can
he applied techniques or the analyzed periods have yielded
rong results and conclusions? Can the regional anthropogenic
ctivities and global climate change be changing wave patterns
nd consequently the magnitude and direction of alongshore
urrents?
Research works using suitable equipment and methodology

or the observations of incident waves and vertical profiles of
urrent speed and direction in the surf zone are scarce (Villas-
oas et al., 2019). Furthermore, the study and acquisition of long
ime-series of simultaneous data regarding the driving forces to
e compared with the alongshore currents are rare not only in
he study area, but in the whole world (Torres-Freyermuth et al.,
017). Waves are the main force responsible for the alongshore
urrents and sediment transport in the surf zone of this coast
Dillenburg et al., 2004; Calliari and Toldo, 2016). Therefore, for
better understanding of physical processes between incident
aves and currents in the surf zone of the northern RS coast,

imultaneous observations must be made.

2

In this context, the main objective of the present work is
to relate observations of alongshore currents measured in the
surf zone to their main driving forces in shallow waters: waves
and winds. With that, the present authors intend to improve
the understanding of coastal drift hydrodynamics and also de-
velop a basic conceptual model for shallow-water circulation
for the northern RS coast, an environment that presents great
complexity.

1.1. Study area

The South Brazilian Continental Shelf (SBCS), located between
Cape Santa Marta (29◦ S) and Chuí (34◦ S), extends until the 180-

isobath and is 110 km and 170 km wide in the northern and
outhern portions, respectively (Calliari et al., 2009; Hartmann,
996). The bottom slope is between 0.03◦ and 0.08◦, which is
onsidered mild (Toldo et al., 2006a). The RS coastline is approx-
mately 620 km long and has a northeast-southwest orientation,
ithout bays or promontory, and has only two permanent dis-
ontinuities: the mouths of the Patos and Tramandaí lagoons. This
ontinuous barrier is characterized by sandy oceanic beaches that
re between 50 and 100 meters wide with slopes between 3◦ and
◦ (Dillenburg et al., 2004).
The precise location of the study area is the nearshore, and

he surf zone off Tramandaí city on the northern portion of the
S coastline (Fig. 1). This part of the coast makes a regional
ngle of 20◦ relative to True North. The foreshore is broad and
hallow and has an outer boundary between 10 and 15 m deep
Toldo et al., 2006b). Tramandaí beach presents a low gradient
nd varies between intermediate to dissipative, mostly having
wo or more wave breaking lines. Large sandbars are arranged
long the shore in a bar-trough structure (Toldo et al., 2006b).
he bottom consists of well-sorted fine sandy sediments.
The studies from Zavialov et al. (2002), Costa and Möller

2011), and Andrade et al. (2016) reported a wind-driven circula-
ion of currents on the continental and inner-shelf that was influ-
nced by the passage of meteorological systems. Predominantly
arotropic low-frequency flows were also verified, presenting
esidual currents to the NE or SW whose directions depended
n the season. Another oceanographic process identified on the
S coast was the so-called upwelling and downwelling near the
oast (Andrade et al., 2016).
The astronomical tide on Tramandaí beach is mixed with a

emi-diurnal predominance and is classified under a microti-
al regime, with a mean amplitude of 0.31 m and a maximum
eight of 0.96 m (Andrade et al., 2018). However, when the
aximum amplitudes driven by meteorological and astronomical

orces were added, values higher than 1.2 m above the mean sea
evel were recorded without considering the wave run-up effects
Andrade et al., 2018).

Regarding the wind regime, northeasterly winds prevail
hroughout the year, but periodic reversals to the SW direction
re observed during the passage of meteorological systems, which
re more frequent in the fall and winter (Cavalcanti and Kousky,
009). Previous studies (Barros et al., 2002; Piola et al., 2005)
howed that the wind field also presents a large interannual
ariability associated with El Niño—Southern Oscillation events.
Swell waves reaching the shore on the northern RS coast are

enerated in the south of the Atlantic Ocean at around 60◦ of
atitude. Sea waves from the northeast (NE) are driven by the local
ind that prevails in the summer and spring. The wave climate

s characterized by waves with significant heights of 1.5 m and
eriods between 7 and 9 s (Strauch et al., 2009), except during
he passage of meteorological systems when much higher waves
re recorded. Motta et al. (2015) identified a seasonality in the
irection of coastal sediment drift associated with wave incidence
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Fig. 1. Location of the coastal zone from the northern portion of the state of Rio Grande do Sul (RS) and Tramandaí beach. Yellow and red circles represent the
location of the AWAC mooring and the meteorological station, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
angles, using wave data and WAVEWATCH III numerical model
results.

One of the pioneering pieces of research on the measurement
of current velocities in the surf zone using an acoustic doppler
current profiler (ADCP) was performed by Jung and Toldo (2011).
These authors described an interaction between the wave climate
(visually estimated) and the circulation inside the surf zone. They
reported bidirectionality of the longitudinal currents and also
great variability in the intensity of the currents in the Tramandaí
beach region. In the same region but using a database of only
alongshore surface current directions (observed visually once a
day for 4 years), Jung and Toldo (2012) found seasonality in the
direction of the current. In the summer and spring months, the
flow was southwestward, while in the winter and fall, northeast-
ward currents predominated. However, an annual bidirectional
pattern with no predominance was identified, i.e., the annual
resulting coastal drift can be towards the SW, or NE (Nicolodi
et al., 2000). Still using this data of surface currents, a correlation
between the direction of wave incidence and the alongshore
current was identified.

2. Material and methods

In 2013, the nearly uninterrupted monitoring of waves, cur-
rents, sea level, and water temperature by oceanographic moor-
ings off Tramandaí beach commenced. Furthermore, a new
methodology for the acquisition of vertical profiles of current
speeds and direction within the surf zone began to be used.
It should be highlighted that this is the first time that long
and consistent time series and also appropriate equipment for
measurements were available to this region.

The methodology used in the acquisition of the data will be de-
scribed in Section 2.1, where wave parameters correspond to time
series recorded on the nearshore at 14 m deep; the WAVEWATCH
III model (hereinafter abbreviated as WW3) describes how the
time series were supplemented by the results from numerical
simulations performed when data gaps in the measured data
3

Table 1
Sampling periods, season, and mooring depth of the oceanographic moorings
located at Tramandaí beach.
Mooring Start date End date Season Depth (m)

#1 12/17/2013 03/13/2014 Summer 12
#2 06/24/2014 04/27/2015 Winter/Spring/Summer 12
#3 04/27/2015 07/30/2015 Autumn 14
#4 01/19/2016 06/21/2016 Summer/Autumn 14
#5 05/06/2017 09/08/2017 Autumn/ Winter 14

time series were observed; the wind data was measured by the
weather station; and the procedures for measuring longitudinal
currents are outlined. Data processing, validation of the WW3
model, and the performed analyses between the wave data and
the alongshore current are presented in Section 2.2.

2.1. Data acquisition

2.1.1. Wave data
The wave data used in this work was acquired from five

mooring campaigns between December 17, 2013 and September
8, 2017 (Table 1). The same instrument was installed on each
mooring, which was an acoustic waves and currents profiler
(1-MHz Nortek/AWAC). These moorings acquired all the wave
parameters; however, analyses were restricted to the following
variables: significant wave height (Hs), peak period (Tp), and
mean direction (Dir). The vertical profiles of currents and sea level
oscillations were also measured and the results are published
in Andrade et al. (2016, 2018). On the first two moorings, the
instrument was installed at 12 m of depth and on the last three,
14 m. The distance between those two sites was not greater than
400 m.

The initial estimation of the battery life for mooring #5 was
6 months (until November 2017), however, the battery ran out
before that (in September 2017). This made it impossible to com-
pare the wave data with the alongshore current data measured in
the surf zone during September and October. Therefore, only for
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Fig. 2. Unstructured grid with the respective SBCS bathymetry. The spatial
resolution of the domain increases as the depth decreases. Red circle represent
location of the AWAC mooring and data extraction point.

this condition, the results from WW3 numerical simulations were
used. The numerical approach used to fill this gap is described
below.

2.1.2. WW3 model
The third-generation WAVEWATCH III model (Tolman, 2009),

ersion 5.16, was used to generate wave data for the two peri-
ds in which there were no AWAC measurements. This model
as been extensively used to perform hindcasting on global and
egional scales (Chawla et al., 2013; Rascle and Ardhuin, 2013;
urrant et al., 2014).
The simulations were performed using the advection schemes

ver an unstructured grid, implemented by Roland (2008), and
he source functions for wave dissipation and generation followed
he ones used in reference test case ‘‘TEST471’’ from Ardhuin
t al. (2010). The nonlinear wave interactions were modeled
sing Discrete Interaction Approximation (DIA, Hasselmann et al.,
985). The simulations were made using a high-resolution tri-
ngular mesh that covers the entire SBCS. This mesh scheme
llows a more refined resolution towards the coast, reaching up
o approximately 700 m from the coastline (Fig. 2). With that, it
as possible to optimize the wave model execution time in the
pen ocean and at the same time have better discretization of the
athymetric grid and wavefield in shallow and intermediate wa-
ers, without losing information by grid nesting. The bathymetric
atabase used for this mesh was the same as Guimarães et al.
2015), which in shallow and intermediate waters is composed
y a set of observational data extracted from nautical charts.
The spectral boundary condition came hourly from another

.5◦
× 0.5◦ global WW3 simulation, also performed using the

ame Ardhuin et al. (2010) parameterization. Both global and
egional grid simulations were forced by the same wind field used
n the reanalysis project from the European Center for Medium-
ange Weather Forecasts (ECMWF) forecasting center, generated
n a 0.75◦

× 0.75◦ spatial resolution grid every 3 h. The global
imulation was also forced with an ice concentration mask (Tol-
an, 2003) with a 0.5◦

× 0.5◦ resolution updated daily from the
ational Center for Environmental Prediction (NCEP, Kalnay et al.,
996).

.1.3. Alongshore current measurements in the surf zone
To measure the alongshore currents between sandbars in the

urf zone, the Tramandaí fishing platform was used. It is 350
long, 8 m wide, and is a T-shaped pier facing seaward. The
4

Table 2
Periods of the field campaigns of alongshore current measurements carried out
from the Tramandaí fishing platform. The season of the field campaign and the
wave data source is also shown.
Campaign Start date End date Season Data source

#1 12/05/2014 12/06/2014 Spring AWAC
#2 05/12/2015 05/13/2015 Autumn AWAC
#3 01/28/2016 01/28/2016 Summer AWAC
#4 05/05/2016 05/06/2016 Autumn AWAC
#5 09/19/2017 09/24/2017 Winter WW3
#6 10/14/2017 10/16/2017 Spring WW3

data regarding alongshore current velocity and direction was
acquired on six field campaigns during the same period as the
moorings (Table 2). A 1-MHz Nortek Aquadopp current profiler
with a right-angle head was used. It was configured to measure
vertical profiles with 0.5 m cells. Vertical speed profiles were
continuously measured every 10 s during short bottom moorings
lasting 10 min. Measurements of the current in the channel were
taken at the same instant as the moored AWAC wave measure-
ments, i.e., every 3 h during daytime periods in campaigns that
lasted from one to four days. The location of these measurements
was 1.5 km away from the AWAC mooring site described in
Section 2.1.1.

The Aquadopp was lowered from the side of the fishing plat-
form that was exposed to incoming waves by strings, until reach-
ing the bottom, to be positioned in the region between sandbars,
i.e., in the alongshore channel in the surf zone. The location of this
channel was defined by bathymetry performed with a plumb line
during each campaign. The surf zone topographic profiles were
measured with the help of a GPS system, from the shoreline to
the end of the fishing platform, every 20 m. An example of the
topographic profiles (depth) and the site that the Aquadopp was
positioned is presented in Fig. 3.

2.1.4. Wind data
The wind direction and intensity were sampled by a Vaisala

MAWS 301 automatic weather station that was installed and
maintained by the Brazilian National Institute of Meteorology
(INMET). The station was located on land at a little more than
500 m away from the Tramandaí fishing platform in an obstacle-
free area. The weather station was positioned at 10 m above the
ground. The data was sampled every minute and integrated into
an hourly time interval.

2.2. Data treatment

The first step in processing the AWAC and Aquadopp data
was the evaluation of data quality using the Storm software
from Nortek. In this step, the angle of the sensors in relation to
the bottom was verified. The magnetic declination was added to
correct the orientation of wave direction data. The relationship
between the acoustic signal and the signal-to-noise ratio was
checked.

The files – generated by Storm in a text format – containing
the wave parameters (Hs, Dir, and Tp) measured by the AWAC,
and the current speed and direction measured by the Aquadopp,
were imported into mathematical programs for analysis. In this
step, the data consistency was verified and the spikes were elim-
inated. For example, the data sampled when the Aquadopp in-
clined higher than 20◦ was also excluded since large angles
cannot be corrected (NORTEK, 2013). Finally, the same time pe-
riods corresponding to the alongshore current measurements in
the channel and wave data were selected.

With the Aquadopp data, the mean profile was calculated and
the intensity of the alongshore current velocity was determined
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Fig. 3. Bathymetric profile of the September 19, 2017 campaign. The arrow indicates the point at which the instrument was placed for measurements.
able 3
ean square error (RMSE), Pearson’s correlation coefficient R⃝ , and bias calculated
etween the AWAC data and the WW3 results.

RMSE R Bias

Hs [m] 0.30 0.90 −0.0068
Tp [s] 0.76 0.76 −1.03
Dir [◦] 8.56 0.94 −2.35

by the mean of each mean profile. These mean values were
calculated based on a complete measurement, i.e., a 10-minute
mean of the current intensity with sampling frequency of 10 s
The current directions were obtained by calculating the mode of
the directions. These procedures were followed due to significant
turbulence in the surf zone.

2.2.1. WW3 validation with the AWAC data
The model results generated for the same location as the

WAC mooring were validated using the 4-month data that the
nstrument recorded on Mooring #5. The objective was to recon-
titute the sea state conditions for the period between Sep. 8,
017 and Oct. 10, 2017, in which the AWAC ran out of battery. The
omparison between observed and simulated data of significant
ave height (Hs, Fig. 4a), peak period (Tp, Fig. 4b), and mean di-
ection (Dir, Fig. 4c) indicated that the model mostly satisfactorily
eproduced the main wave parameters in the region under study.

The simulated and observed values were statistically com-
ared to validate and quantify the difference between them. For
his purpose, the mean square error (RMSE), Pearson’s correlation
oefficient (R), and bias were calculated. These statistical vari-
bles are widely used by several authors for model validation
Perignon, 2017; Guimarães et al., 2015; Ardhuin et al., 2010;
elo et al., 2008). Table 3 presents the validation of the param-
ters Hs, Tp, and Dir using the statistical variables mentioned
bove. In general, the model presented low variability of the
esults when compared to the AWAC data.

.2.2. Wave and current analyses
The waves parameters (Hs, Tp, and Dir) recorded by the AWAC

n the inner continental shelf and generated by the numerical
odel (at the same place) were selected to be transformed into
theta angle by subtracting 110◦. Of this value, 20◦ corresponds
o the slope of the coast in relation to true north, and 90◦ to the
complementary angle. Thus, the angle between the wave radius
and the parallel depth contours that were to be used below was
obtained.

Snell’s law was used to account for the change in direction
caused by the wave refraction from the AWAC point to the break-
ing point of the wave, which has a typical horizontal distance of
approximately 1000 m. As the two points are considered to be
shallow water, the phase speed in shallow waters (C =

√
g.d) was

considered. For this, the depth (d) at the break point was obtained
through an approximation, in which it can be considered that the
wave breaks when the ratio of wave height (Hs) to local depth is
greater than 0.75 (Holthuijsen, 2010). However, due to the low
5

slope between the two points, the wave height at the break point
that may be altered by shoaling has not been corrected.

Using the methodology proposed by Nielsen (2009), the mo-
mentum flux (Fm) along the coast was calculated using Eq. (1):

Fm = ρgH2
b sin2αb (1)

where ρ is the density of sea water, g is the acceleration of
gravity, H2

b is the significant wave height at the wave break
point, and αb is the angle of wave incidence at the wave break
point. Correlations were performed between the data measured
simultaneously in the two regions (in the surf zone and at the
mooring site).

The same selected wave parameters (Hs, Tp, and Dir) were
correlated with the mean profile. The correlation was also per-
formed with the mean alongshore current velocities considering
their directions measured in the surf zone.

3. Results and discussion

3.1. Waves

Figs. 5 and 6 show the time series of Hs (a), Tp (b), and Dir (c)
measured by the AWAC in moorings #2 and #4, which covered
the current measurement periods from field campaigns #1 to #4.
Fig. 7 presents the WW3 model results for the period of May to
October, which covers field campaigns #5 and #6.

The field campaigns of current measurements in the surf zone
are indicated by the dashed rectangles in Figs. 5, 6, and 7. During
the field campaigns, different sea conditions were observed: the
significant wave height (Hs) was between 0.92 and 2.8 m; the
peak period (Tp) ranged from 4.7 to 16.3 s; and the mean wave
direction (Dir) was between 75◦ (E-NE direction) and 150◦ (SE-E
direction). These directions can be considered as typical and are
in agreement with previous studies in the region (Almeida et al.,
1999; Strauch et al., 2009).

3.2. Alongshore currents

Four patterns of the mean vertical profile of the current veloc-
ities in the surf zone were identified (see Fig. 8): (a) a decreasing
vertical profile, i.e., higher velocities at the surface and lower
on the bottom; (b) an increasing vertical profile, with lower
velocities at the surface than on the bottom; (c) a convex vertical
profile, with lower velocities in the middle of the water column;
and (d) a concave vertical profile, with lower speeds at the surface
and bottom of the water column. The mean alongshore current
profiles of types ‘‘a’’ and ‘‘d’’ are considered as typical for this type
of environment (Faria et al., 1998; Wang et al., 2002; Zhang and
Zou, 2012). The mean profiles with ‘‘b’’ patterns are associated
with winds that have a direction contrary to the current, causing
a slowdown at the top. The ‘‘c’’ pattern is associated with winds in
the same direction as the current, which generates intensification
on the surface layer. These patterns indicate the importance of
this driving force in the alongshore current dynamics within
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Fig. 4. Validation of AWAC model results (black) using WW3 data (dotted) for all the analyzed parameters (Hs, Tp, Dir) from 2017.

Fig. 5. Time series of the wave parameters recorded by the AWAC between December 2014 and May 2015. (a) significant wave height, (b) peak period, and (c)
mean wave direction. Dashed rectangles indicate the periods of the alongshore current measurements during the field campaigns.

Fig. 6. Time series of the wave parameters recorded by the AWAC between January and June 2016. (a) significant wave height, (b) peak period, and (c) mean wave
direction. Dashed rectangles indicate the periods of the alongshore current measurements during the field campaigns.

6
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Fig. 7. Time series of the wave parameters generated by the WW3 model between May and October 2017. (a) significant wave height, (b) peak period, and (c) mean
wave direction. Dashed rectangles indicate the periods of the alongshore current measurements during the field campaigns.
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the surf zone from the beaches on the northern RS coast. The
wind stress driving alongshore currents on North American and
European beaches is well documented and discussed (Hubertz,
1986; Ruessink et al., 2001). However, field measurements and
the following interpretation of the vertical profile behavior have
not been greatly explored, even in the global literature.

The field measurement analyses identified a variability in the
ean vertical profile of the alongshore currents in this region for

he first time. The influence of wind drag on the surface layer was
bserved, as can be seen in Fig. 8b and c. The wind appears to be
esponsible for accelerating or slowing the alongshore current in
he closest layer to the surface. However, these results disagree
ith what was proposed by Jung and Toldo (2011), who described
nly one type of mean profile: higher velocities at the surface,
ecreasing towards the bottom.
The influence of coastal currents that occur nearshore in cir-

ulation within the surf zone can also be excluded. Along the
oast of RS, coastal currents on the nearshore are driven by the
ind (Zavialov et al., 2002; Costa and Möller, 2011; Andrade et al.,
016). Andrade et al. (2016, 2018), who used the current velocity
nd sea level data of the same moorings in the present work,
ndicated that a correlation between local wind, and the currents
nd the sea level in the nearshore exists.
This variation in the vertical profile of alongshore currents can

irectly influence the coastal drift transport capacity, since the
ertical profile of suspended sediment concentration is also not
niform along the water column (Esteves et al., 2005; Ma, 2003).
herefore, more studies of coastal drift considering the vertical
ariations of the velocity profile and sediment concentration in
he water column should be conducted.

There was no significant influence of the platform pillars on
urrent measurements. A slight change in direction was observed,
ess than 5◦. As the direction of the current was standardized
n the present work, for N or S, this did not influence the final
esults. Previous studies have also found no significant influence
rom the fishing platform (Jung and Toldo, 2011, 2012). However,
n other parts of the world this has been observed, such as at Duck
each, North Carolina (Pianca et al., 2015).

.3. Waves and currents

Fig. 9 shows the relationship between the current direction
ata measured at the fishing platform (x axis) and the angle
f wave incidence (y axis). All six field campaigns were taken
7

into account to compute the angle. Positive angles of incidence
correspond to waves with directions greater than 110◦ (SE), and
egative values represent less than 110◦ (NE).
The yellow and red rectangles in Fig. 9 correspond to the re-

ults that agree with the theories of alongshore current formation
y the breaking of obliquely angled waves (Komar, 1976; Nielsen,
009). That means that waves from the south-quadrant (positive
ngles) induce a northerly current, and north-quadrant waves
negative angles) tend to develop a southward current.

However, the cluster of points in the upper right corner of
ig. 9 represents southerly currents, which are not explained by
he theory. Of the total measurements, 17% showed this behavior.
n two cases, the incidence angle was inferior to 1◦, almost
parallel to the coast. In other cases, we found that this has always
been observed during bimodal seas, i.e., the coexistence of swells
and sea waves. Longitudinal currents directed to the south were
observed even in wave conditions with a positive peak direction
(S-SE). This process may be related to the distribution of energy
in more than one direction in the wave spectrum (Fig. 10), as
observed in the behavior described above.

The wind conditions during the measurements of these spe-
cific cases (out of the boxes, Fig. 9) were analyzed. Even with
winds higher than 4 m/s in the opposite direction, the direction of
the longitudinal current did not suffer a significant impact. That
is, there was no observed influence of the wind in this process.

Correlation tests were performed between peak wave period
data and current intensity and also between wind direction and
mean alongshore current, however they were not significant.

Fig. 11 shows the relationship between the significant wave
height and the mean current velocity measured in the region be-
tween sandbars. A slight tendency of increasing current intensity
was noted with increasing wave height. There is a correlation
between Hs and the alongshore current intensity, but it was
considered weak since R = 0.34.

The comparison between the alongshore current velocity mea-
sured in the surf zone and the momentum flux along the coast
was calculated using Eq. (1). This equation takes into account
the significant wave height and the wave incidence angle at the
breaking point. The result pointed to a positive correlation (R
= 0.76). This indicates that there is a concordance between the
theory of radiation stress by Nielsen (2009) and the region under
study.

Fig. 12 shows the comparison between those variables. The
alignment of the data points observed is in agreement with the
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Fig. 8. Four patterns of the mean vertical profile of the alongshore current speed in module. (a) decreasing profile, (b) increasing profile, (c) convex profile, (d)
concave profile.
Fig. 9. Correspondence between the angle of wave incidence and the direction of the alongshore current. Positive angles of incidence correspond to waves with
directions greater than 110◦ (SE), and negative values represent less than 110◦ (NE). (For interpretation of the references to colour in this figure legend, the reader
s referred to the web version of this article.)
omentum flow theory. It was also observed that waves with
igher heights and/or greater incidence angles develop more
ntense currents in the surf zone. However, as well as the direct
omparison between the wave directions and alongshore cur-
ents, some data points (in red, Fig. 12) diverged from what was
xpected (Komar, 1976; Nielsen, 2009). According to Feddersen
2004), radiation stress fits perfectly in narrow-band conditions
f the wave direction spectrum. This could justify the non-aligned
ata points that are associated with bimodal seas states, i.e., the
resence of waves from distinct quadrants (NE and SE), which
haracterizes a broad-band spectrum.
Based on the results, it was possible to identify a bidirec-

ionality of the currents in the surf zone on the northern RS
oast, which was related to the direction of wave incidence, in
nimodal sea conditions. Two patterns were described: when
8

the wave originated from the SE, an alongshore current towards
the NE was measured; when waves from the NE occurred, the
alongshore current was driven towards the SW. This alongshore
current behavior had already been qualitatively described for the
region under study in the investigations by Nicolodi et al. (2000),
and Jung and Toldo (2012). In these research works, a seasonal
pattern was identified in the directions of the alongshore surface
current. In the summer and spring months, the flow was towards
the SW, while in the winter and autumn, northeasterly currents
predominated.

However, the annual bidirectional pattern did not prevail,
i.e., the resulting annual coastal drift could be towards the SW or
NE. According to Nicolodi et al. (2000), between 1996 and 1997,
southwesterly currents were more predominant (62.8%) when
compared with northeasterly currents (54.8%). Although, between
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Fig. 10. The two-dimensional spectrum of waves, generated from the WW3 results for September 23 and 24, 2017.
Fig. 11. Correlation between significant wave height (Hs) and intensity of the mean alongshore current in the region between sandbars.
998 and 1999 there was an inversion of this pattern, which was
haracterized by a slight prevalence of northeasterly currents in
4% of the analyzed cases.
Nevertheless, the present study quantified the importance of

he height and angle of wave incidence in the generation of
he alongshore current by calculating the radiation stress. The
adiation stress flux is transversal to the movement of wave
ropagation and can drive an alongshore current (Feddersen,
004). This flux is characteristic of each environment and can co-
xist with tide- and wind-driven currents (Komar, 1976; Nielsen,
009). This process is responsible for producing an energy vector
hat drives currents within the surf zone (Davis and FitzGerald,
009) and is associated with the approaching of waves that are
bliquely angled in relation to the coastline. It takes place after
he wave-breaking zone and is mainly controlled by the height
nd angle of wave incidence.
9

The circulation of currents in the surf zone is a highly dy-
namic process and is responsible for transporting sediments that
were reworked by wave breaking (Hamilton and Ebersole, 2001).
Even in a moderate wave energy regime, the direction of the
littoral drift is governed by the breaker angle (George et al.,
2019). The resulting coastal drift is more efficient when the waves
reach a rectilinear or slightly curved coast and with a constant
bathymetry on the bottom, such as the northern RS coast (Dil-
lenburg et al., 2004; Toldo et al., 2006a). Coastal drift increases
as the wave energy increases, being more pronounced in regions
with a small astronomical tide amplitude (also something charac-
teristic of the RS coast), which results in a more continuous and
concentrated influence of waves (Siegle and Asp, 2007).

Sediment quantities of scales of millions of m3 (Lima et al.,
2001; Motta et al., 2015; Trombetta et al., 2020) are transported
by alongshore currents along great distances on the coast (Araújo

and Alfredini, 2001). An example of this process is presented in
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Fig. 12. Relationship between the momentum flux along the coast – calculated using equation 2 – and the velocity of the alongshore current measured in the surf
zone. Positive values correspond with fluxes and currents towards the NE, and negative values represent fluxes and currents towards the SW. Red dots represent
bimodal sea conditions.
Dillenburg et al. (2020) for a region further south of the study
area of the present work. A beach in said region has a sediment
deficit caused by a natural interruption of coastal drift, in a region
hundreds of kilometers away from the beach that was being
eroded. Understanding wave dynamics and their relation with
alongshore currents is important for the management of coastal
environments, especially in urbanized areas.

4. Conclusions

Direct measurements of the alongshore current concomitant
ith measurements of the wave parameters on the nearshore
ere used to study the mechanism of energy flux by radiation
tress. The process of generating these currents within the surf
one is driven by the breaking waves that have oblique angles of
ncidence. In the present work, this process was measured and
uantified. The results proved that waves are the main driving
orce of the alongshore current in the study region.

The alongshore momentum flux calculated had a strong corre-
ation with the intensity and direction of the alongshore current.
urthermore, significant correlations were found between wave
eight and current intensity, and also between the angle of wave
ncidence and current direction. Therefore, waves with greater
eights and higher incidence angles relative to the beach devel-
ped more intense alongshore currents on the northern coast of
he state of Rio Grande do Sul (RS).

The wind direction’s influence on the alongshore current seems
o be restricted to just the surface layer, incapable of reversing the
urrent direction in the water column. In some vertical profiles,
ind directions that opposed the current caused a significant
ecrease in the current velocity from the surface to the middle
f the water column. The present authors suggest that future
tudies seek to quantify the relationship between wind speed and
longshore current.
A pattern was identified in which waves from the SE drive

urrents towards the NE, and waves from the NE generate fluxes
owards the SW (Fig. 13). This behavior was observed by applying
nprecedented methodology to measure in field the alongshore
urrents in the study region.
10
Fig. 13. Scheme of the alongshore current in the surf zone (green arrow)
associated with the direction of wave incidence. (a) NE waves and southwesterly
alongshore current. (b) SE waves and northeasterly alongshore current. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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