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ABSTRACT. Coastal sediment dynamics is strongly influenced by distinct agents such as waves, currents, tides and wind. Sediment transport pattern is associated
to the prevailing forcing mechanisms which will be typical for each study area. This investigation has collected and analyzed /7 s/ hydrodynamics data (using an
ADP — Nortek AS Aquadopp (2 MHz)) at two distinct sites along the Vitéria coastal area. Results have shown a significant difference in hydrodynamics and associated
induced sediment transport patterns. Espirito Santo Bay showed a quite complex circulation pattern associated to the influence of cold front systems, being dominated
by storm waves that resuspend sediments that are swept away by the combined action of currents and waves. Vitoria Bay, on the contrary, is dominated by tidal
currents, with a strong ebb-dominated asymmetry. The results have shown that net transport direction is towards the mouth of the bay, indicating sediment export
within this system.
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RESUMO. A dindmica sedimentar na regido costeira é influenciada por diversos fatores como ondas, correntes, marés e vento. O padrdo de transporte e dominio de
cada processo serd definido pelas caracteristicas de cada drea estudada. Através da coleta e andlise de dados hidrodindmicos a partir do fundeio de um ADP — Nortek
AS Aquadopp (2 MHz), em dois pontos distintos da regido costeira de Vitdria, foi observado uma diferenga marcante de comportamento hidrodinamico no sistema.
A Baia do Espirito Santo mostrou uma grande complexidade na circulagdo devido a influéncia de vérias forgantes, principalmente ondas geradas pela passagem de
frentes frias. Na Baia de Vitdria, por outro lado, observa-se o dominio das correntes de maré. Dessa forma, os dados medidos e modelados de transporte de sedimento
indicam esta complexidade. Na Baia do Espirito Santo observa-se o dominio de ondas de tempestade que controlam o processo de ressuspensao de sedimento que
depois é transportado pela agdo integrada das ondas e correntes. Na Baia de Vitdria, o transporte de material particulado em suspensao e por carga de fundo € induzido
diretamente pelo padrdo das correntes de maré, principalmente, de maré vazante, mostrando uma tendéncia de exportagdo de sedimento neste sistema.
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INTRODUCTION

The coastal region is globally the most populated area, where
there are many economical activities such as shipping, fishing,
tourism, recreation activities and others. Due to the enormous
importance of these areas in respect to the environmental, eco-
nomical and social aspects, the knowledge and analysis of the
mechanisms actuating in these regions are crucial for the cor-
rect handling and mitigation of possible impacts caused by its
occupation.

The marine region near the coast has a very complex dynam-
ics due to the joined interaction of waves, tides, coastal currents
and atmospheric forcing. These factors hinder the understanding
of the actuating processes in these regions (Martins et al., 2004).
In the coastal regions, the tide flow and reflow cause constant
changes in the ocean level, originating the tidal currents which
are influenced by the amplitude and local geomorphology and
the tidal asymmetry that may occur in these regions (as estuaries,
for example). This asymmetry is related to the nonlinearity of the
harmonics forming the astronomical tide (Speer & Aubrey, 1985;
Dyer, 1997). In relatively deep estuaries, with large water storage
between tides, the ebb tide currents tend to have larger velocities,
as a consequence of the fast water exchange between tidal flats
and channels during ebb tide and the large friction during flood
tide (Dronkers, 1986). The presence of tidal flats and mangroves
or salt marshes in the coastal region also contributes to the ex-
istence of the differences between the velocities of the flood and
ebb currents, due to the friction exerted by the smaller depth and
vegetation (Wolanski etal., 1980, 1990; Mazda et al., 1995; Wang
gt al., 2002; Rigo, 2004; Fortunato & Oliveira, 2005).

According to some authors (Van Rijn, 1993; Soulsby, 1997;
Paphitis & Collins, 2005), the direct action of the waves in the
bottom is the most important mechanism for sediment resuspen-
sion, mainly, during the occurrence of storms. Many other natu-
ral and anthropogenic factors contribute to keep the suspended
particulate matter (SPM), as the fluvial and eolian input, the
coast erosion, dredging and fishing activity (Paphitis & Collins,
2005). However, the physical processes that take place next to
the bottom have more significance in terms of sediment transport,
where, through the boundary layer, a friction force is exerted
by waves and currents in the bottom, generating the sediment
transport, once the threshold velocity of the grain movement is
exceeded.

Modeling has been a good tool to quantify the preferential
direction of the sediment transport, mainly because of the great
difficulty to reach conclusions about the sediment transport, in
spatial and temporal scale, by means of traditional indicators,
such as the granulometric trends. Among the multiple models of
sediment transport available, the SEDTRANS05 model, chosen in

this work, has been used in many studies, such as Li et al. (1997)
and Bastos et al. (2004).

Thus, taking into account the occupation process and the
economical and environmental importance of the coastal region
of the metropolitan area of Vitoria, in Espirito Santo State, Brazil,
a study of the local hydrodynamics and the natural forcing that
causes the sediment resuspension and transport is fundamentally
important to understand the sediment mobilization events, con-
tributing to the understanding of the physical processes acting in
the region. The purpose of this work is to investigate the different
forcing mechanisms that determine the sediment transport in the
two bays that form the coastal region of the metropolitan area of
Vitdria.

Study area

This study was carried out in an estuarine system, located at
the central region of Espirito Santo State, encompassing Vitéria
Bay (BV — Baia de Vitoria) and Espirito Santo Bay (BES — Baia
do Espirito Santo) (Fig. 1). BV presents two channels that al-
low its permanent connection with BES: Passagem Channel and
Porto de Vitoria Channel. Five rivers drain into BV. Santa Maria
da Vitoria river (RSMV — Rio Santa Maria da Vitdria) is consid-
ered a medium-sized river and Bubu, Itangua, Aribiri and Marinho
rivers are considered small-sized rivers. The main fluvial input in
this estuarine system takes place in Santa Maria da Vitria river
(RSMV) (Veronez Jr et al., 2009).

Vitdria coastal region is very complex dug to the presence
of many different environments, such as estuaries, channels and
embayments. The local tide is classified as semidiurnal microtide,
with heights less than 2 m and diurnal differences (Rigo, 2004).

The fluvial input and the coastal protection from the ocean
wave action, ensures estuarine circulation conditions inside BV.
According to the classification of estuaries provided by Fairbridge
(1980), BV is a “coastal plain estuary”, formed by the river valley
flooding as a consequence of the sea level rise throughout the
Holocene. The sediment cover is mainly mud, with sand on the
bay narrowings, near the mouth of the RSMV (forming a bay head
delta) and next to the estuary mouth (Veronez Jr et al., 2009). The
large mangrove area (>2000 ha) on the margins of BV seems to
influence fundamentally BV circulation, as shown by the circula-
tion models (Donatelli, 1998; Rigo, 2004).

BES is more exposed to the ocean wave and wind action. Due
to the regional wind pattern, the incident fair-weather waves are
mainly from NE. They are less energetic and more refracted and
dissipated at the entrance of BES (Albino et al., 2001). However,
during the passage of cold fronts, S-SE waves, much more ener-
getic, arrive in the region practically with no dissipation, due to
SE orientation of the entrance of BES. Besides, this bay presents
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Figure 1 — Map of the estuarine system complex formed by Espirito Santo Bay and Vitdria Bay. P1 and P2 are
the ADP mooring sites, in Espirito Santo Bay and in Vitdria Bay, respectively.

moderate to low bottom gradient with bottom sediments varying
from mud, to coarse sand in the central region of the bay and next
to Ilha do Boi (an island inside BES) (Carmo, 2009).

METHODOLOGY

Hydrodynamics and turbidity data (SPM)

The acquisition of the hydrodynamics data at the two study sites
(Fig. 1) occurred during two different periods. The deployment in
BES (P1) was carried out from June 15 to July 11, 2008 (26 days)
and in BV (P2) from June 04 to June 19, 2009 (15 days). P1 (BES)
is over a sandy seabed at 6 m of water depth and P2 (BV) is over
amuddy seabed at 11 m of water depth.

The moorings used a structure with an Acoustic Doppler Pro-
fite (ADP) — Nortek AS Aquadopp (2 MHz), an gpfical backscatter
sensor (0BS Campbell Scientific), located 20 cm above the bot-
tom to measure the turbidity. The current data collection was car-
ried out in 50 cm cells during 5 minutes with 30 minute intervals
at the same OBS height. The wave data were sampled at a rate of
2 Hz, for every 60 minute intervals. The turbidity optical sensor
(OBS) data in BES and BV were not calibrated and the results are
presented here in counts. In P1 (BES), the optical sensor was
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covered by encrusting organisms at hour 480 hour and, from this
moment, the OBS readings were no longer considered.

The wave orbital velocity in BES was calculated for shallow
water according to Soulsby (1997):

_ TH
Y= T sinh(kh)

where A is the wave height, T the wave period, £ = 27 /L the
wave number, L the wave length and /4 the water column depth.

Quantification and identification of the sediment trans-
port direction next to the bottom

The bedload sediment transport was calculated using the SED-
TRANS05 model. This is a 1D computational numeric model
written in FORTRAN77 to calculate the cohesive and non-cohesive
sediment transports caused by the wave and current action or by
the current action alone (Neumeier et al., 2008). The program of-
fers five algorithm options for non-cohesive sediment transport,
based on the equations of Brown (1950), Bagnold (1963), Yalin
(1963), Engelund & Hansen (1967), and Van Rijn (1993). Be-
sides, due to the intensive complexity of the physical processes
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that involve the interaction between the fluid flow and sedimen-
tary particles, the following data are also necessary: water col-
umn depth; current velocity and direction; significant wave height,
wave period and direction; grain size, height and length of bed-
forms; bottom gradient; sediment specific mass; salinity and tem-
perature of water (Neumeier et al., 2008).

The equation used in this work to quantify the sediment trans-
port close to the bottom was the equation of Van Rijn (1993)
that estimates more accurately the bedload transport rate for finer
sands, as in the case of BES. Besides, Van Rijn method is con-
sidered the best indicated for current dominated environments
(Neumeier et al., 2008), as in the case of BV. Van Rijn method
follows Bagnold and assumes that the motion of the bottom par-
ticles is dominated by grain saltation under the influence of the
flow and gravity forces.

The input data used, related to depth, current and wave, were
measured by the equipments deployed at the two mooring sites.
The salinity used for P1 in BES was 30 and for P2 in BV was 25.
The specific mass of quartz (i.e. 2650 kg/m?) was the one chosen.
Besides, the bottom was considered flat with no bottom forms.
The grain size at the mooring sites were obtained from the studies
of Veronez Jr et al. (2009) and Carmo (2009) for BV (0.062 mm)
and BES (0.25 mm), respectively.

The model SEDTRANS05 was used to estimate the sediment
transport rates and direction, always relating the results to the lo-
cal dynamics. The bottom mobility was examined in relation to
the joined action of wave and current at P1 (BES) and P2 (BV).
At P1 fair-weather and storm waves were observed during the
acquisition period.

RESULTS AND DISCUSSION

Hydrodynamics and transport of SPM and bedload at
P1 (BES)

The data show a complex circulation pattern in BES, as we can
observe in Figure 2. In this place, there is not a clear variation
pattern of velocity and current direction along the water column,
during the tidal cycle. Probably, this fact is related to its geomor-
phological configuration. However, the influence of other forc-
ing variables, such as wind-waves, swell and rip currents, is ob-
served (local visual observation), establishing a small magnitude
increase of the surface currents, on the order of 0.15 m/s, dur-
ing the passage of cold fronts. During these periods, as it is ex-
pected, an increase of the height and orbital velocity of the waves
is also observed, mainly between the hours 300 and 400. During
these moments the surface currents are chiefly orientated to the

coast (Figs. 2a, b and 3b, ¢, d). This pattern is associated to the
angle of entrance of the storm waves (S-SE quadrant). These
waves enter the bay without dissipation or refraction due to the
southeastward orientation of the entrance of BES.

During the measurements carried out for this study it was
noticed that the significant wave heights were not higher than
1 m in fair-weather periods, but they were higher than 2 m dur-
ing the more energetic events related to the passages of cold
fronts (Fig. 3c). Consequently, this fact produced an increase of
the orbital velocity of the waves followed by the resuspension of
the bottom particulate matter. This is evidenced by the increase
of the recorded turbidity values (around 60000 counts) (Figs.
3d, e, g, h). In microtidal regions, as in BES, the chief natural
mechanism for sediment resuspension is the wave action, mainly
in storm events (Pepper & Stone, 2004). Thus, during the pas-
sage of cold fronts, the sediment remobilization and transport po-
tential in BES increases as a function of the combined effect of
waves and currents. An evidence of this behavior in BES is that
current velocity changes near the bottom was not observed during
the entire period of measurements, even with storm events (Figs.
2a and 3b), indicating that the remobilization process in the area
is directly related to the increase of wave height and energy dur-
ing the passage of cold fronts. From the resuspension, SPM is
transported by the unidirectional component of the flow.

The passage of cold fronts in the area also interferes in the
bedload transport. As we can observe in Figure 3f, an increase of
the sediment transport rate in periods with greater orbital velocity
of the waves is evident. As it was discussed in Van Rijn (1993),
Soulsby (1997) and Paphitis & Collins (2005), the waves suspend
the material to be transported by the currents. However, in the ab-
sence of more energetic waves, the bedload transport calculated
by SEDTRANSO5 is almost zero (Fig. 3f).

The importance of the storm events for the bedload trans-
port in the area can also be established through the comparison
among the transport direction and the resulting transport rate for
the entire study period, which were respectively 150° and 6.2 x
10 "kg/s/m, and for the days during passages of cold fronts,
which were respectively 345° and 3.4 x 10°kg/s/m. A clear
increase of the transport rate during the cold front periods can
be observed (Figs. 3f, g).

Hydrodynamics and transport of SPM and bedload at
P2 (BV)

Tide is the forcing variable that has the largest influence on the
circulation at P2 (BV) (Fig. 4). During the entire period of mea-
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Figure 2 — Currents temporal series at P1 in Espirito Santo Bay: a) velocity; b) direction.

surements, it was noticed that ebb tides are the prevailing tides
in terms of magnitude (around 0.5 m/s more intense), mainly in
spring tide period (Figs. 4 and 5a, d, €). This asymmetry behav-
jor for the ebb tide in Vitoria Bay was also noticed in other local
works involving /7 s/t modeling and measurements (Rigo, 2004;
Moura et al., 2011).

The tidal currents are regulated mainly by the bathymetry, the
morphology, the near-bottom friction and by the Coriolis effect
(Miranda et al., 2002). The existence of tidal flats and mangroves
in BV has been considered by Rigo (2004) as fundamental for the
occurrence of the ebb tide asymmetry. The tidal flat and mangrove
areas can store large quantities of water in relation to the main
channel. Thus, the tide propagates chiefly in the deeper channels
near the low tide, resulting in a longer duration for flood tide than
for ebb tide and in stronger ebb tide currents (Dronkers, 1986).
The studies carried out by Rigo (2004) indicated a 45% increase
of the current velocities when the BV tidal flat effect was consid-
ered in the used models. The effect of these tidal flats in asym-
metry would be stronger during the spring tides as a function of
the larger tide amplitude in the estuary. The presence of man-
grove vegetation in the tidal flats also helps delaying the flow of
water, contributing to the tidal distortion in the estuarine regions
(Wolanski et al., 1990; Rigo, 2004).

It was also noticed at P2 that the current direction changes
completely in the entire water column during one tidal cycle. The
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currents are orientated mainly to northeast and east in the ebb tide
and to west in the flood tide. However, there is a temporal dom-
inance of the flood tidal currents near the bottom and of the ebb
tidal currents near the surface (Fig. 4).

Figure 5f shows that larger concentrations of SPM (turbidity)
occur near the bottom during ebb tide in spring tide. However,
a significant variation during the measurements period was not
observed.

Figures 5b, ¢ shows the absence of waves in P2 and a strong
influgnce of the tidal cycles on the sediment transport rates, pre-
vailing the bedload transport. The bedload sediment transport
rates show that this type of transport occurs only during the spring
tide, when the ebb and flood tides are stronger. The transport
peaks occur during the ebb tide towards the mouth of the es-
tuary. Thus, the resulting bedload sediment transport direction
and rate for the entire measurements period were 78.29° and
0.000223 kg/s/m, respectively, supporting the conclusion that at
P2 BV bedload sediment would be exported (Figs. 5g, h).

CONCLUSION

Vitoria coastal region has a variety of different environments,
such as estuaries, channels and embayments, each one with re-
markable characteristics in terms of hydrodynamics and sediment
transport. Besides, the circulation can vary periodically due to
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Figure 3 — ADP data measured in Espirito Santo Bay from June 15 to July 11, 2008: a) tidal elevation in meters; b) current
velocity at 0.8 m from the bottom; ¢) wave height (m); d) wave orbital velocity; e) turbidity (OBS — optical backscatter sensor)
(SPM) at 0.8 m from the bottom (counts); f) bedload sediment transport rate (kg/m/s); g) bedload sediment transport direction;
h) suspended particulate matter transport rate (kg/m/s). The gray rectangles indicate the three cold front events measured
during the measurement period. An increase in wave height followed by a turbidity and transport rate increase is observed.
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Figure 4 — Currents temporal series at P2 in Vitoria Bay: a) velocity; b) direction.

the tidal cycles and/or the passage of cold fronts, just to cite some
of the influencing factors.

A characteristic that notably distinguishes the two environ-
ments (BES and BV) is the influence on the circulation pattern
during the passage of cold fronts. In BES, the circulation results
from the interaction of waves, tides, currents and anthropogenic
actions (existence of harbor and breakwater to avoid erosion) and
does not show dominance of ebb or flood tide. However, the in-
fluence of more energetic waves, related to the cold fronts, in the
sediment remobilization and transport process is very typical. It is
observed in BES that the bedload and suspended transport rates
are much higher (around 0.04 kg/m/s maximum) than the rates
recorded and modeled for BV (0.01 kg/m/s maximum). Estuarine
circulation characteristics, prevailing the ebb tide, occurs at BV
mooring site, without an immediate response to the cold fronts.

We can conclude that the main controlling mechanism for
this difference in the behavior is the morphology of the two en-
vironments. BES, an open embayment towards the adjacent plat-
form, is exposed to storm waves that enter in the Bay with in-
tense energy, causing sediment resuspension and its consequent
transport through the resulting currents (smaller than 0.2 m/s).
BV presents a narrow channel well protected from the storm wave
action and dominated by the tidal currents, which were not faster
than 0.7-0.8 m/s even in the spring tide. In this case, the high-
est sediment transport rates were related to the bedload trans-
port during spring tides associated to the current friction near the
bottom, mainly during the ebb tide.
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