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1. Introduction

The loss of coastal wetlands, such as salt marshes, seems to be one of
the consequences of the climatic change, because their locations within
the intertidal zone make them vulnerable to erosive processes.
Consequently, in the face of new environmental conditions, the coast is
gradually adjusted to the long-term effects (Nicholls, 2011). In general,
salt marshes are in a delicate balance between the lateral erosion of
their edges and its vertical evolution. This last responds to the balance
among the sedimentation, erosion, and relative sea level increase
(Marani et al., 2011). The lateral erosion of the marsh edges, and
consequently the loss of wetlands, was observed in many sites of the
world highlighting the important role of waves in driving erosion
processes (Downs et al., 1994; Wray et al., 1995; Day et al., 1998; van
de Koppel et al., 2005; Wolters et al., 2005; Ravens et al., 2009; Cowart
et al., 2010; Fagherazzi et al., 2013; Francalanci et al., 2013; Leonardi
and Fagherazzi, 2014; McLoughlin et al., 2015). In addition, the con-
nection between the wave power and the marsh edge retreating can be
appreciated in several coastal areas in the world (e.g. Schwimmer,
2001; Marani et al., 2011; Leonardi and Fagherazzi, 2015). It was also
documented that waves are able to erode the marsh edge scarp even
without a noticeable sea level rise (Fagherazzi et al., 2013; Mariotti and
Fagherazzi, 2013).

More than 4000 km of the Argentine coast (from approximately
5000 km of its total length) are being affected by gradual, natural and
evident erosive processes (Codignotto et al., 1992; Codignotto and
Aguirre, 1993). Kokot (1997) reported an increase in the erosive pro-
cesses along the coast of Buenos Aires province during the last three
decades of the 20th Century. This author linked the enhanced erosion to
changes in atmospheric and oceanic processes which seem to be a
consequence of climate change. Barros et al. (2000, 2006) found that
the western border of the South Atlantic High and the atmospheric
circulation over South-eastern South America have slowly shifted to-
wards the south during the last decades. This displacement produces a

higher frequency of easterly winds over the Río de la Plata region
(SMN, 1992; Simionato et al., 2005; SMN, 2009; Codignotto et al.,
2012). The possibility that wind wave heights are actually increasing in
the South-eastern South American Continental Shelf was investigated
by Dragani et al. (2010) who found that the most significant increase
occurred between the 80's and the 90's, and the largest difference be-
tween both decades (0.20m, 9%) was observed to the east of the Río de
la Plata mouth (around 34° S 48° W). The wave height increase resulted
slightly lower (7%) over the continental shelf and the outer Río de la
Plata (Fig. 1). Several works have shown evident changes in the wind
wave climate in the World Ocean, for example, Cox and Swail (2001)
and Young et al. (2011), among others. In addition, regional changes in
the wind wave climate were also investigated in different places of the
world as, for example, on the Australian coast (Hemer et al., 2007) and
in Central and South America (Izaguirre et al., 2013; Reguero et al.,
2013).

The analysis of a long term wind wave simulation (35 year-long) in
a single point located at the center of Samborombón Bay (Fig. 1)
showed a significant increment of the frequencies of occurrence (+10
and + 7 cases/decade, where each wave model output corresponds to a
case, four per day) and heights (+0.04 and + 0.02 m/decade) of the
waves propagating from the E and ESE directions (Codignotto et al.,
2012). Numerical simulations support the hypothesis that higher waves
from the E and ESE are becoming more frequent in the coastal area of
Samborombón Bay and, as a consequence, the edge scarp would be
more frequently exposed to higher levels of wave energy, driving to
larger erosion (Codignotto et al., 2012).

Erosion in Samborombón Bay is evident and can be easily measur-
able by means of field surveys, aerial photographs or satellite images.
Nevertheless, the magnitude of a possible wave climate change in the
coast of the bay is less perceptible and its quantification constitutes
precisely the motivation of the present work. Unfortunately wave data
records are not available in the bay and, consequently, such an in-
vestigation can only be faced by means of numerical simulations using a
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regionally validated model. The aim of this paper is to build a realistic
coastal wave model for Samborombón Bay, to investigate if the coastal
wave parameters are actually changing, and to analyze if the wave
climate and its possible change are in agreement with an acceleration of
the erosive processes reported in the bay. For this purpose, directional
significant wave heights (Hs), frequency of occurrence, and their trends,
are simulated at seven sites disposed along the coast of Samborombón
Bay (Fig. 2). In addition, the alongshore energy flux is estimated (which
is proportional to the amount sediment transported along the coast) and
the normal energy flux is computed to analyze its possible link with the
retreating of the marsh edge, this last, systematically measured during

several coastal campaigns. Finally, a possible link between the long-
term variability of simulated wave parameters and two climatic
anomalies, El Niño/Southern Oscillation (ENSO) and Southern Annual
Mode (SAM), are investigated and discussed.

2. Study area

The coast of Samborombón Bay (Fig. 1) is approximately 140 km
long, its coastal area is a wetland covering 3000 km2 which is around
1m above the mean sea level, and constitutes a typical low-lying area
coastal system (Nicholls et al., 2007). This area shelters a variety of

Fig. 1. Río de la Plata Estuary. Satellite wave heights (red dots) within a large circle (radius: 40 km) centered at the Waverider buoy position (black diamond) and
within two small circles (radius: 10 km) centered at sites 1 and 3 are presented. Selected sites (black dots) used to describe the wave parameters along the coast are
labeled from 1 to 7. The grid node (black square) used by Codignotto et al. (2012) to study the wave climate in the bay is also included. Red stars indicate where the
marsh edge retreat was measured. Depth contours in meters. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 2. Typical shoreline at Samborombón bay near site 5. (a) Undercutting of marsh scarp, the rootmat forms an overhang (b) which falls at the foot of the scarp.
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species of crabs, aquatic turtles and migratory birds (Canevari et al.,
1999). It was designated as a Ramsar Wetland, reflecting its sig-
nificance as a habitat for the buff-breasted sandpiper and other threa-
tened species (https://www.ramsar.org/). The bay exhibits an unu-
sually high density of shorebird species, many of which use the bay as a
resting point in their seasonal migrations (Martínez-Curci et al., 2015).

The tide regime in Samborombón Bay is mixed, predominantly
semidiurnal (Balay, 1955) and the tidal range slightly increases
southeastwards, from Punta Piedras (0.70 m) to Punta Rasa (0.80m)
(SHN, 2018). The presence of storm surges in the Río de la Plata was
extensively reported. They occur during events characterized by per-
sistent and strong southerlies, which can be also associated with frontal
passages. These meteorological conditions produce differences between
observed sea level and astronomical tides. When this difference (storm
surge) is large, it is known as "sudestada" and affects considerable areas
of the coast over periods that may extend from some hours to several
days. The action of storm surges has been clearly recognized at coastal
water of the Río de la Plata (Campetella et al., 2007). The coincidence
of large or even moderate high tides and large meteorologically induced
surges has historically caused floods and damages in many coastal lo-
cations (D'Onofrio et al., 1999, 2008; Pousa et al., 2013). On the other
hand, mean sea level trend was estimated in +1.68 ± 0.05 mm/year
(period: 1905–2003) in the Río de la Plata (D'Onofrio et al., 2008).

The bottom of Samborombón Bay is mainly composed of fine sedi-
ments, especially mud and organic matter (Bértola, 1995). There is not
a high resolution bathymetry for Samborombón Bay. There are not
depth soundings between the coast and the isobath of 3m, and depth
data density is very scarce between the isobaths of 3 and 5m (SHN,
1969). The slope of the bottom, between the coast and the isobath of
5m, is approximately 0.0005. Bottom depth gradually increases off-
shore, reaching 10m in the outer area of the bay, between Punta Rasa
and Punta Piedras (Fig. 1). The intertidal zone displays a gentle slope
and ends in a scarp of less than 1m high (Fig. 2). Because of its com-
position of non consolidated very fine sand and silt, it is highly vul-
nerable to erosion. Breaking waves are typically spilling type at the surf
zone (Bértola and Ferrante, 1996) and, although wave measurements
are not available in the coastal area, regional numerical simulations
suggested that the mean wave height would be lower than 0.5m in the
bay (Dragani et al., 2010). It was suggested that the morphodynamics of
the coast essentially responds to the effects of the wave attack on the
edge scarp (Codignotto et al., 2012), especially during energetic wave
events (Dragani et al., 2013a).

3. Data and methods

Observed and satellite wave parameters gathered at the Río de la
Plata mouth were used to validate SWAN (Simulating Waves
Nearshore) model. Alongshore and incident wave energy fluxes were
estimated from simulated wave parameters in Samborombón Bay.
Possible relationships between the inter-annual variability in simulated
wave parameters and two climatic indices (ENSO and SAM) were also
investigated. Field measurements of the marsh edge retreat at three
locations of the bay are also described in this section.

3.1. Wave observation

The single long-term wave directional data series (Hs, peak period,
and wave direction) in the region was obtained from a Datawell
Waverider buoy (Datawell, 1997) moored at 16m depth (35° 40′ S, 55°
50′ W, Fig. 1) from 1996 to 2006. The instrument was set up to take sea
level records of 20min each, with a 0.5 s sampling interval and every
160min. Time series have several gaps, one of them longer than one
year, three of them eight months long, and six others of various dura-
tions (Fig. 3). Satellite wave heights obtained from the following sa-
tellite altimeter missions: Topex/Poseidon, Jason1, Jason2, ERS1,
ERS2, Envisat, HY-2A and GFO were also used in this work. These

satellite wave heights are available in AVISO Satellite Altimetry data-
base (Archiving, Validation and Interpretation of Satellite Oceano-
graphy data) particularly from DT CorSSH (Delayed Time Corrected Sea
Surface Height), produced by CLS Space Oceanography Division and
the CNES (Center National D’ Études Spatiales, Francia). The temporal
sampling interval of satellite data is variable because it depends on the
orbital period of each satellite mission, which ranges from 9.8 days
(Topex and Jason1/2) to 35 days (ERS1/2 and Envisat). Following
Durrant et al. (2009), satellite Hs were used for complementing the
validation of simulated wave parameters (period: 1996–2006). Satellite
data inside a circle (radius: 40 km) centered at the Waverider buoy
position (3611 data, Fig. 1) were considered. Only satellite data with
differences in time lower than |± 1|h, respect to the buoy acquisition
time, were selected for the validation resulting in 378 pairs of observed
and satellite Hs.

3.2. Wave model

SWAN model was used to simulate significant wave height (Hs),
peak period (Tp) and direction (α′) in Samborombón bay. It is a spectral
wave (third generation) model that provides realistic estimations of
wave parameters in coastal regions (Booij et al., 1999). SWAN model
solves the transport equations for wave action density. Default values
for model parameters were considered for controlling dissipation by
depth-induced wave breaking, dissipation by bottom friction, white-
capping, three wave-wave interaction (triads) and quadruplets.

Surface wind data from NCEP/NCAR Reanalysis I (space resolution
1.875° in longitude and 1.905° in latitude) were used to force the si-
mulations. It has been successfully utilized as forcing in several nu-
merical regional studies in the area (Simionato et al., 2005, 2006a;
2006b, 2007; Dragani et al., 2010; Codignotto et al., 2012). A discus-
sion about the quality of NCEP/NCAR I over the Southern Hemisphere
can be found in Simmonds and Keay (2000). A complete description of
this reanalysis and its dataset can be found in Kalnay et al. (1996).
NCEP/NCAR I properly reproduce the observed wind direction in the
Río de la Plata, but it tend to underestimate wind speed, particularly for
weak wind conditions (Simionato et al., 2006a,b). Then, a correction
factor was applied to the drag coefficient in order to enhance the wave
simulations in the outer Río de la Plata (Dragani et al., 2008). The
bathymetry data used for the SWAN model was obtained combining a
depth data set with 1′ x 1′ resolution taken from GEBCO (2003) charts
for the continental shelf and nautical charts (SHN, 1986, 1992, 1999a;
1999b). These data were interpolated to the model grid by applying the
method of inverse distance to the second power.

The optimal relationship between the spatial resolution and the
model domain extension (model architecture), to simulate waves in the
Río de la Plata, was extensively investigated (Dragani et al., 2008). It
was found that the best model architecture corresponded to a compu-
tational domain extended from 29.747° to 42.203° S, and from 40.405°
to 65.418° W, with spatial resolution of 22.7×20.0 km (100× 70 grid
points). The relatively low spatial resolution of this domain is due,
firstly, to the lack of bathymetric data and the low spatial resolution of
soundings (depth measurement) in the region and, secondly, to the
relatively low spatial resolution of the reanalysis used to drive the si-
mulations. It was noted that if the spatial resolution in the computa-
tional domain increases, the simulated wave parameters do not sig-
nificantly improve. More details about the architecture,
implementation, and validation of SWAN model in the study area can
be found in Dragani et al. (2008) and Martin et al. (2012).

3.3. Wave model validation

Numerical simulations (1971–2012) were validated using the above
mentioned in-situ wave parameters and satellite Hs. Computed bias
(difference between observed and simulated mean values), root mean
square error and correlation coefficient between in-situ and simulated
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Hs (period: 1996–2006) were +0.11 m, 0.34 m and 0.70, respectively
(Fig. 4a). Similar results were obtained between satellite and simulated
Hs (period: 1991–2008) where bias, root mean square error and cor-
relation coefficient were 0.14m, 0.35m and 0.66, respectively
(Fig. 4b). Seven sites were selected to study the wave climate. These
sites do not necessarily match with the grid nodes of the computational
domain. Then, a bi-lineal interpolation was carried out among the four
nearest grid nodes to obtain seven sites regularly distributed, located
every 20 km along the coast and 15 km offshore (Fig. 1). Comparisons
between simulated and satellite wave heights at sites 2 and 4 revealed a
spurious overestimation in satellite Hs which could be caused by the
close distance to the coast. This overestimation is in agreement with
Durrant et al. (2009), Gommenginger et al. (2011) and Woolf et al.
(2002) who pointed out that the contamination of satellite data caused
by the proximity to the coast can produce higher wave heights.

3.4. Longshore wave energy flux

The rate of longshore sediment transport is a very important
quantity to be considered in coastal processes. It is proportional to
longshore wave energy flux per unit crest (Pl), which can be estimated
by:

Pl= 0.05 ρ g3/2 H5/2 (cos α)1/4 (sin 2α); (CERC, 1984) (1)

ρ is the water density (equal to 1022.5 kgm−3, Piola and García,
1993), g the acceleration due to gravity (9.86 m s−2), and α the wave
angle between the wave crest and the shoreline. The predominant or-
ientation of the shoreline (respect to a geographic parallel) was esti-
mated from Landsat images (Data SIO, NOAA, U.S. Navy, NGA, GEBCO,
source: Google Earth, 2018). For example, the predominant orientation
of the shoreline is 0° at site 6 (orientation: W-E), 135° at site 5 (NW-SE),
and 45° at site 2 (NE-SW). Simulated wave direction (0≤ α' < 360⁰)
indicates where the wave is coming from (0⁰ from the north, 90⁰ from
the east, 180⁰ from the south, and so on). In order to properly apply eq.

(1), α′ was transformed to give the angle between the direction of wave
propagation and the line normal to the coast (α). Values of α equal to
zero correspond to normal incidence of waves and, consequently, Pl is
also equal to zero (eq. (1)). Pl can only flow in two possible directions
depending on the sign of the instantaneous value of α: rightward (po-
sitive) or leftward (negative), respect to an observer located at the coast
and looking to the water. Accordingly, annual net Pl (PlN, the average of
individual rightward and leftward Pl in a year) can also flow in right-
ward or leftward direction.

Deep water wave parameters (Hs and α) should be used in eq. (1).
Mean Tp is lower than 4 s in the Río de la Plata (Dragani et al., 2010)
and then the deep water condition is reached relatively near the coast,
for depths greater than 12.5 m (h/Lo > 0.5, Lo: deep water length wave
equal to (g/2π)Tp2, and h: local depth). It was tested that eq. (1)
overestimates Pl when is applied with wave parameters corresponding
to intermediate water. Greatest difference was obtained at site 2 (27%)
but, in general, errors lower than 11% were obtained in the other
studied sites.

3.5. Incident wave energy flux

The incident wave energy flux per unit crest (Pi) at the breaking line
can be computed as:

Pi = (ρ g Hsb2 Cgb cos αb) / 8; (Dean and Dalrymple, 2001) (2)

Hsb is the breaking wave height, αb the angle between the direction
of wave propagation and a line normal to the coast, and Cgb the wave
group velocity at the breaking line. If losses or addition of energy are
negligible (energy conservation) in the wave propagation from deep/
intermediate water to shallow water, eq. (2) can be written as:

Pi = (ρ g Hs2 Cg cos α) / 8 (3)

Hs, α and Cg are obtained from the numerical simulation at the sites
previously described.

Fig. 3. Performance of Hs acquisition at the Río de la Plata mouth. Gaps correspond to lapses without wave data acquisition.

Fig. 4. Scatter plots between simulated and (a) in situ and (b) satellite Hs at the Río de la Plata mouth.
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3.6. Hs, PlN and Pi trends

Trends in Hs, frequency of occurrence, PlN and Pi data series (period:
1971–2012) were estimated using Sen's slope estimator (Sen, 1968)
with monthly mean parameters. The significance of the computed trend
was tested using the Seasonal Mann–Kendall (SK) trend test (Hirsch
et al., 1982; Hirsch and Slack, 1984) with a confidence level of 95%.
The SK test accounts the data serial dependence (i.e. the seasonality) by
calculating results from the Mann–Kendall (MK) trend test (Kendall,
1955; Mann, 1945) for each month separately and then combining the
results. The MK is a nonparametric test for randomness against trend
and has been extensively applied in meteorology and oceanography
(see, for example, Wang and Swail, 2001; Meccia et al., 2009; Tokinaga
and Xie, 2011; Pescio et al., 2015; Stopa et al., 2016).

3.7. Inter-annual variability of simulated Hs

Possible relationships between the inter-annual variability in si-
mulated wave parameters and two climatic anomalies (ENSO and SAM)
were also investigated. ENSO cycle refers to the coherent and some-
times very strong year-to-year variations in sea-surface temperatures,
convective rainfall, surface air pressure and atmospheric circulation
that occur across the equatorial Pacific Ocean, and has global re-
percussions (http://www.cpc.noaa.gov/products/analysis_monitoring/
ensostuff/ensofaq.shtml#NINO). On the other hand, SAM is one of the
annular modes of variability and describes the NeS movement of the
westerly wind belt which significantly impacts on the South Atlantic
Ocean circulation (http://www.bom.gov.au/climate/enso/history/ln-
2010-12/SAM-what.shtml). Pearson linear correlation coefficient (r)
was estimated to investigate if the SOI and SAM indices are related to
simulated mean annual Hs in the bay.

3.8. Measurements of the marsh edge retreat

Systematic measurements of the cliff retrogression are being carried
out at three selected points of the Samborombón Bay coast from
January 2010 (Fig. 1). Two points are located at Punta Piedras and
Juan Gerónimo Ranch (at the North of the bay) and the other one at
Canal 1 (at the central/South sector of the bay). Control points (land-
marks with known latitude, longitude and elevation respect to the mean
sea level) were fixed very close to the edge of the cliff at each one of the
mentioned location. The distances from the landmark to the edge of the
cliff were surveyed every two months, approximately. These tasks let to
quantify the edge marsh retreat at the Samborombón Bay coast.

4. Results

Simulated and satellite Hs trends, estimated Pl and Pi, a possible
relationship between the marsh edge retreat and Pi and the Inter-annual
variability of simulated Hs (and its connection with SAM and SOI in-
dices) are computed in this section.

4.1. Simulated Hs and their trends

Hs data series (1971–2012) were analyzed without considering the
wave direction (Table 1). It can be seen that mean Hs is quite uniform
(0.27–0.30m) along the coast of the bay (sites 1 to 6), except close to
Punta Rasa (site 7) where mean Hs is somewhat higher reaching 0.52m
(Fig. 1). Estimated mean Hs trends are positive, small and significantly
different from zero in sites 1 to 6 (around +0.4 ± 0.2 cm/decade), but
at the site 7 the trend is a little higher (+0.8 ± 0.3 cm/decade).
Maximum Hs was 0.80m in the northern sector of the bay (site 2) and
(1.54 m) close to Punta Rasa (site 7). Simulated Tp, typically lower than
4 s, show the prevalence of sea (high-frequency) waves at the coast of
the bay. Computed Hs99 (the percentile 99th of the Hs) are also uniform
along the coast of the bay (0.52–0.57m). Maximum Hs99 was also

obtained at site 7 (1.07 m). Computed Hs99 trends are also positive and
significantly different from zero along the coast of the bay (around
+0.7 ± 0.4 cm/decade). Maximum Hs99 trend was obtained at site 7
(+1.4 ± 0.8 cm/decade).

Subsequently, a directional analysis considering the eight main
wave propagation directions was carried out. The N direction (0°) in-
cludes all the cases of waves propagating from directions between
337.5° and 22.5°, the NE direction (45°) between 22.5° and 67.5°, the E
direction (90°) between 67.5° and 112.5°, and so on. It was obtained
that NE is the most frequent direction of propagation in Samborombón
Bay, with a number of cases (frequency of occurrence) ranged from
19.4 to 23.7%. The occurrences were around 15% for the E and N di-
rections, and somewhat lower (13%) for the SE direction. S, SW, W and
NW directions present occurrences lower than 10%. Wave roses were
built for each studied site (1–7). As an example, only sites 1, 4 and 7 are
described in this paper which represent the sectors north, central and
south of the bay, respectively (Fig. 5). In the northern sector of Sam-
borombón Bay (site 1), the most frequent wave propagation directions
are from NE (21.1%), E (16.4%), N (15.4%) and SE (13.1%) which are
characterized by Hs between 0.20 and 0.30m, and Tp between 1.2 and
1.4 s. In the central sector of the bay (site 4), the most frequent wave
propagation directions are from NE (21.5%), N (16.3%), E (15.9%) and
SE (11.6%) with Hs and Tp between 0.30 and 0.40m, and 1.4 and 1.7 s,
respectively. At the south of the bay, close to Punta Rasa (site 7), the
most frequent propagation directions are NE (23.6%), N (16.7%), E
(15.4%) and SE (11.2%) with Hs and Tp between 0.30 and 0.70m, and
2 and 2.5 s, respectively. The S, SW, W and NW directions have oc-
currence frequencies lower than 10%, and mean Hs and Tp somewhat
lower than the mentioned values corresponding to the main propaga-
tion directions for the three analyzed sites.

Highest Hs trends (around +1 cm/decade) were observed in the
central and southern sectors of the bay (between site 4 and 7) for the E
and NE directions. Maximum trends for directions E and NE were ob-
tained at the site 7 (+1.2 ± 0.7 cm/decade, i.e. for NE +2.1 ± 1.2%
per decade respect to mean Hs, this last equal to 0.57 m). Maximum
trends in the frequencies of occurrence (number of cases) were found
for the direction E at sites 3 and 4 (+17 ± 7 cases/decade), and for
the direction NE at the site 3 (+15 ± 8 cases/decade). On the con-
trary, the frequencies of occurrence for waves coming from the W, NW
and N presented a significant reduction of around −15 ± 6 cases/
decade.

4.2. Satellite Hs trends

Hs trend was computed from satellite data series gathered at the Río
de la Plata mouth (mean Hs: 1.1 m) resulting +6.4 ± 5.5 cm/decade
(period: 1992–2012). This constitutes an increasing of 6% per decade
respect to the mean Hs (Fig. 6). It can be seen than relative satellite Hs
trend computed at the mouth of the Río de la Plata is around three
times higher than the Hs trend computed at site 3 (6% vs 1.7%). This
higher trend obtained in the Río de la Plata mouth can be explained

Table 1
Statistics of non-directional wave parameters, for the simulated period with
SWAN model (1971–2012), at the seven sites located along the coast of
Samborombón bay.

Site Hs (m) Hs trend (cm/
decade)

Hs99 (m) Hs99 trend (cm/
decade)

Hs-max
(m)

Tp (s)

1 0.27 +0.5 0.52 +0.6 0.62 2.0
2 0.29 +0.5 0.58 +0.8 0.80 2.1
3 0.26 +0.4 0.52 +0.8 0.66 2.0
4 0.26 +0.4 0.50 +0.7 0.62 1.9
5 0.29 +0.4 0.55 +0.6 0.73 2.0
6 0.30 +0.4 0.57 +0.6 0.75 2.0
7 0.52 +0.8 1.07 +1.4 1.54 3.0
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because this site is located more than 100 km from the coast, in a
deeper area of the estuary (20m).

4.3. Wave energy fluxes

Computed PlN resulted very low in Samborombón Bay, reaching a
minimum value at the site 4 (+3.9 J/ms), and flow predominantly
southwards from site 2 to 5. On the contrary, PlN flows clearly towards
the center of the bay (northwestwards) reaching a maximum value at
site 6 (−30.2 J/ms). Therefore numerical results suggest a convergence
of PlN between the sites 5 and 6 (Fig. 7). Computed PlN trends resulted
significantly different from zero only at site 6 (−4.7 J/ms/decade or
−4.3% per decade) indicating that northwestwards flux would be

accentuating in time.
Estimated Pi is one magnitude order greater than PlN and is quite

homogeneous along the coast of Samborombón Bay. It is around 80–90
J/ms between sites 2 and 4 and increases a little at sites 5 (115.9 J/ms)
and 6 (126.1 J/ms). Computed Pi trends resulted positive and sig-
nificantly different from zero at all sites. Relative trends of Pi are
around +5%/decade between the sites 2 and 5, and decrease a little at
site 6 (+1.8%/decade).

4.4. Marsh edge retreat vs Pi

Marsh edge retreat presented different annual mean rates at the
three control points. The annual mean marsh edge retreat is 1.26m/

Fig. 5. Directional wave roses at sites 1 (a), 4 (b) and 7 (c).

Fig. 6. Data series of monthly mean satellite heights at the Waverider location (Fig. 1). Estimated trend line (blue solid line) and its uncertainty (± 95%, blue dashed
line) are also shown. (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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year at J. Gerónimo Ranch and is slower at Punta Piedras (0.38 m/year)
because the sediments of the marsh edge are a little more consolidated
(Fig. 1). The total marsh edge retreat (respect to its initial position) and
the integrated or accumulated value of the Pi (for the same period) were
computed. Scatter plots between both quantities are presented for the
three monitored coastal locations (Fig. 8). It can be seen that the total
edge retreat is directly proportional to the integrated Pi. The relation-
ship between the total edge retreat and the integrated Pi is similar in
both locations surveyed at the north of the bay (Punta Piedras and J.
Gerónimo Ranch, Fig. 1), presenting high coefficients of determination
(R2), between 0.91 and 0.94 (Fig. 8). On the contrary, R2 is lower (0.61,
Fig. 8) at the Central/south location of the bay (Canal 1, Fig. 1). Be-
tween March 3 and April 7, 2010, a storm surge event affected the
southern area of the bay. As a consequence, a very significant edge
marsh retreat was measured in Canal 1, which is clearly represented by
the difference (1.25m) between the first and second data points of the
scatter plot (Fig. 8). During this storm surge event, the water level was
probably close to the marsh edge platform elevation during several
hours and, consequently, the waves attacked more efficiently the scarp.
This abrupt jump of 1.25m between the first and the second data point
would produce the lower value of R2 estimated for Canal 1.

4.5. Inter-annual variability of simulated Hs

Pearson linear coefficient (r) between simulated (no directional)
mean annual Hs and SAM and SOI indices were computed. Values of r
lower than 0.25 were obtained at the seven studied sites. Subsequently,
r were calculated between frequencies of occurrence (for all directions)
and both climatic indices. Positive r (around 0.35–0.45, significantly
different from zero) were obtained between SOI index and frequencies
of occurrence for the NE direction in all sites (Fig. 9a). Similarly,

positive r (0.40–0.50) were obtained between SAM index and fre-
quencies for the same direction (Fig. 9b). On the contrary, negative r
(significantly different from zero) were obtained between both climatic
indices and frequencies of occurrence for N and W directions (ap-
proximately −0.4). The rest of the analyzed directions presented values
of r between±0.25 (significantly no different from zero).

An analysis was carried out to explore if Hs variability (for N and NE
directions) can be linked to SOI index magnitude. Following to Jin et al.
(2005) SOI can be classified into five groups according to their mag-
nitude, such as “strong El Niño" (SOI < −2), “weak El Niño"
(−2≤ SOI < −1), “normal condition” (−1≤ SOI≤ 1), “weak La
Niña" (1 < SOI≤ 2), and “strong La Niña" (SOI > 2). Significant Hs
trends for NE and E directions (+1.6 and + 1.9 cm/decade, respec-
tively) and frequencies of occurrence for N and NW directions (−4 and
−2 cases/decade) were obtained when only strong and weak El Niño
events were considered. In addition, significant Hs trends for NE di-
rection (+1 cm/decade) and frequencies of occurrence for N and NW
directions (- 2.6 and −1.6 cases/decade) were obtained when only
strong and weak La Niña events were taken into account. Wave

Fig. 7. Averaged annual PlN. Arrows indicate direction and intensity (J/ms) of
PlN. The single site where the computed PlN trend was significantly different
from zero (95%) is indicated with a red arrow and the value of the trend (J/ms/
decade) is also indicated in red. Contours in meters. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 8. Cumulative marsh edge retreat vs the integrated incident wave energy
flux (Pi) at three monitored locations (2010–2012). Corresponding least-square
regression lines are included. Coefficients of determination (R2) are also in-
dicated.
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parameters were also analyzed along the Samborombón Bay coast
during two strong El Niño events (Huang et al., 2016; Santoso et al.,
2017). Hs was approximately 7% higher than the annual mean Hs, and
the frequencies of occurrence were 30% and 42% greater than the mean
values for NE and E directions, respectively, and 40% and 50% lower
for W and NW directions, respectively, for the 1997–1998 El Niño
event. On the other hand, the frequency of occurrence was greater than
55% for the NE direction and lower than 64% for the W direction, re-
spect to the annual mean values, for the 1982–1983 El Niño event.

5. Discussion

Dragani et al. (2013b) found that the most energetic sea conditions
propagate predominantly from the SE in the Río de la Plata mouth.
Previously, it was also suggested that the coast of Samborombón Bay is
partially protected from waves propagating from the SE, being the
northern sector of the bay the area more vulnerable to waves coming
from SE (Dragani and Romero, 2004). In this regard, numerical simu-
lations carried out in this work suggest that waves propagating from the
SE are a little more frequent at the north of the bay (13.1% at site 1) in
comparison with the central and southern sector of the bay (approxi-
mately 11%). Codignotto et al. (2012) suggested that the morphody-
namics of the coast of Samborombón Bay essentially responds to the
effects of the wave attack on the edge scarp. The shoreline of Sam-
borombón Bay is characterized by a vertical scarp, which exposes the
rootmat and the underlying muds (Fig. 2). The erosion mechanism in
this kind of environments was described by Schwimmer (2001). The
relatively unconsolidated muds erode faster than the overlying rootmat
and, as a result, the rootmat commonly forms an overhang which falls
at the foot of the scarp (Fig. 2). Fine sediments are mainly incorporated
into the aquatic system and the scarp moves back (retrogression).
Systematic measurements of the edge scarp position indicate that the
mean regression is approximately 1m per year in Samborombón Bay
(Codignotto et al., 2012). This mechanism of natural erosion, clearly
observable from the coast, is well-matched with the wave climate ob-
tained from numerical simulations, which is characterized by waves
predominantly propagating from N, NE, E and SE.

The analysis of the 42 year-long simulation shows maximum trends
in Hs for directions E and NE at the site 7 (+1.2 ± 0.7 cm/decade).
Maximum trends in the frequencies of occurrence were also found for
the direction E at sites 3 and 4 (+17 ± 7 cases/decade) and for the
direction NE at the site 3 (+15 ± 8 cases/decade). Therefore, the
numerical simulations show that highest waves, propagating from the E
and NE, are becoming more frequent in the coastal area of
Samborombón Bay. As a consequence, the edge scarp would be more
frequently exposed to higher levels of wave energy, driving to larger

erosion. This is in agreement with Codignotto et al. (2012) who noted
acceleration in the erosive processes of the bay which was associated
with positive trends of Hs and frequency of waves propagating from E
and ESE. However, the latter was inferred from simulated wave para-
meters obtained at a single node of SWAN model located in the center
of the bay (Fig. 2). In this work, the wave analysis was carried out from
wave parameters simulated along the coast of the bay (sites 1 to 7). On
the contrary, it was obtained that maximum trends in Hs and frequency
of occurrence correspond to E/NE directions.

From annual frequencies of occurrence for NE direction and SOI and
SAM indices it can be seen that the frequencies of occurrence present a
remarkable inter-annual variability which ranges from 260 (1984) to
380 (1989) cases per year (Fig. 9). In general, frequency of occurrence
and SOI index data series present a good agreement. The most notice-
able differences can be seen in 1983, 1987 and 2000 (Fig. 9a). Fre-
quency of occurrence and SAM index data series also match reasonably
well. In this case the main differences can be appreciated between 1993
and 1995 (Fig. 9b). Particularly, during two strong El Niño events Hs
was significantly higher than the annual mean Hs, the frequencies of
occurrence for NE and E directions were 30–50% greater than the mean
values, and 40–60% lower for W and NW directions. Results show that
both climatic anomalies (ENSO and SAM) would mildly impact on the
wave climate in Samborombón Bay. Then, although discussed trends (in
Hs, frequency of occurrence, PlN and Pi) were estimated from relatively
long data series (42 years) it should be noticed that the presence of both
climatic anomalies can slightly impact on them.

On the other hand, numerical simulations suggest the presence of a
convergent pattern of PlN between the sites 5 and 6 (Fig. 7). This
convergence could play a certain role in the relocation of eroded se-
diment in the bay. Nevertheless, visual inspections carried out during
several coastal campaigns did not reveal the presence of accumulated
materials in this sector. This could be explained because the intensity of
the maximum mean annual PlN is very low in the bay (30.2 J/ms). For
instance, PlN estimated near Mar del Plata, located in the southern coast
of Buenos Aires Province, is around 2150 J/ms (Perez et al., 2017) and
produces a northward net sediment transport of 3.9105m3 yr−1

(Caviglia et al., 1991). Then, it can be clearly seen that the maximum
PlN intensity estimated in Samborombón Bay is almost three orders of
magnitude lower than PlN computed in Mar del Plata. In addition, it is
important to highlight that as Pl was computed with wave parameters
corresponding to intermediate water and then, as was previously ex-
plained, Pl could be overestimated around 11% (maximum over-
estimation was estimated at site 2, 27%). It could be speculated that the
speed of the longshore currents would be very low in Samborombón
Bay and then the alongshore transport is mainly dominated by tide,
which would explain the absence of accumulated sediment between the

Fig. 9. NE annual frequency of occurrence vs. (a) annual SOI index and (b) SAM index.
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sites 5 and 6.
The mean annual marsh edge retreats estimated in this work are of

the same order of magnitude that other rates inferred by different au-
thors in the region (Bértola, 1995; Cellone et al., 2016; Codignotto
et al., 2012; Pratolongo et al., 2013). Numerical simulations carried out
in the present paper showed that Pi is around 80–90 J/ms at the
northern and central sites of the bay and increases towards the south. A
linear relationship between the marsh edge retreat and Pi was found for
Samborombón Bay. This last is in agreement with some results obtained
in other places of the world. For example, Schwimmer (2001) quanti-
fied the marsh boundary retreat in Rehoboth Bay, Delaware, United
States and obtained an empirical time-averaged erosion rate as function
of wave power. Marani et al. (2011) investigated the complex problem
of the margin lateral erosion in Venice lagoon (Italy) and found a lineal
relationship between the rate of volumetric margin retreat and the
mean annual wave power density. Based on a large data set of salt
marsh lateral erosion rates collected around the world Leonardi et al.
(2015) determined the general response of salt marsh boundaries to
wave action. They combined Pi and marsh edge retreat data from eight
different locations in the United States, Australia and Italy and showed
that data collapsed into a unique linear relationship.

6. Conclusions

Numerical simulations show that Hs increases southwards, from
Punta Piedras (site 1) to Punta Rasa (site 7), and reveal that the main
propagation wave directions are from NE, E and N. Maximum Hs trend
were obtained in the central and southern sector of the bay (E and NE
directions). The highest positive trend frequency of occurrence (number
of cases) was obtained for the E direction. On the contrary, the fre-
quencies of occurrence for the W, NW and N directions show a sig-
nificantly decreasing.

Positive r (Pearson linear correlation coefficient) were obtained
between two climatic indices (ENSO and SAM) and the frequencies of
occurrence of waves coming from NE. On the contrary, negative r were
obtained between both climatic anomalies and the frequencies of oc-
currence for N and W directions. It was pointed out that the presence of
both climatic anomalies can slightly impact on the assessment of trends.

Pi is quite homogeneous along the coast of the bay and one mag-
nitude order greater than PlN. A linear relationship between the marsh
edge retreat and Pi was found for three selected points of the bay, which
is in agreement with some results obtained in other places of the world.
Pi trends resulted positive and significantly different from zero at all
sites. Even though it is clear that the complex coastal processes in the
bay are driving by tides, winds (storm surge), mean sea level rise and
waves, the results obtained in this paper seem to support that the waves
and their changes constitute a very important erosive agent. As a con-
sequence, the edge scarp is more frequently exposed to higher levels of
wave energy (Pi), driving to larger erosion.
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