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ABSTRACT
Estuarine processes are directly related to the interaction of its forcing conditions with the local morphology. 
In this study we assess the implications of the opening of a new inlet on the hydrodynamics and suspended 
sediment concentration (SSC). A set of physical parameters have been measured in the Itanhém river 
estuary, a small, shallow and mangrove fringed tropical estuary in Northeastern Brazil. Field surveys have 
been conducted in August 2007 and January 2008, separated by an important morphological change. Our 
observations show that even shortening the lower estuary channel in 2 km, the inlet opening did not imply 
in changes in the estuarine circulation. However, SSC increased after the inlet opening. General estuarine 
circulation showed synodical modulation of tidal asymmetry and residual suspended sediment transport. 
The estuary showed flood dominance at spring tide and ebb dominance at neap tide. Although not directly 
changing the estuarine hydrodynamics, the morphological change resulted in an important increase in SSC. 
This increase might be related to a facilitated import of inner shelf sediment through a shorter channel, 
having important implications for the estuarine sedimentation processes.
Key words: estuarine circulation, sediment fluxes, morphological changes, tidal asymmetry.
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INTRODUCTION

Estuaries are aquatic environments in the continent-
ocean interface where the marine and river water 
interact with each other. They are semi-enclosed 
coastal water bodies, with one or more connections 
with the open sea, where the sea water mix in 
different ratios with fresh water from the drainage 

basin. Sea water is driven mostly by the tide and 
propagates up estuary with flood currents (Pritchard 
1955, Cameron and Pritchard 1963, Fairbridge 
1980, Dyer 1997). 

Tides in the oceans and continental shelves 
are almost symmetrical, with nearly equal periods 
of flood and ebb. As tidal waves propagate over 
shallow waters its asymmetry increases, caused 
by interactions between wave propagation and 
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the bottom and the coast line (Parker 1991). The 
tidal distortion is increased by lateral constrictions 
and shallowness in estuaries (Friedrichs and 
Aubrey 1988, Wright et al. 1999). The tidal 
asymmetry is the result of non-linear processes, 
which produces higher frequency tidal constituents 
of the astronomical tides and can generate flood 
or ebb dominance (Dronkers 1964, Speer and 
Aubrey 1985). Tidal asymmetry is intrinsically 
related to the geomorphologic evolution of 
estuaries, with economic implications regarding 
siltation in navigation channels as it is a major 
factor controlling sediment dynamics (Aubrey 
and Speer 1985). The effects of tidal asymmetry 
on sediment transport and budget in estuaries are 
reported by several studies (Postma 1967, Groen 
1967, Dronkers 1985, Aubrey 1986, Ridderinkhof 
1997, Van de Kreeke and Dunsbergen 2000, Moore 
et al. 2009). Flood dominance is characterized 
by flood phase shorter than ebb phase, and flood 
dominated systems usually accumulate sediments. 
On the other hand, in ebb dominated systems the 
ebb phase is shorter than flood phase, sediment is 
efficiently transported seawards, and the geometric 
configuration is usually stable (Speer and Aubrey 
1985, Aubrey 1986, Friedrichs and Aubrey 1988).

Small and shallow estuaries may present rapid 
morphological changes due to sand bank migration, 
generated by the river flood, alongshore circulation 
and sediment drift, which may also alter the inlet 
characteristics.  Morphological changes can imply 
in hydraulic changes and affect the tidal behavior. 
The Itanhém estuary is a small and shallow 
tropical estuary, whose inlet morphology changes 
rapidly, e.g. few years, due to cyclical spit growth 
and breaching due to longshore drift processes 
(Cussioli et al. 2011). The study area is located near 
the Abrolhos Bank, which is the most extensive 
and the richest system of coral reefs of the South 
Atlantic Ocean. This complex reef comprises coral 
reefs, volcanic islands, shallow banks and channels, 
covering an area of about 6,000 km (Leão 2002). In 

this paper we present an assessment on the estuarine 
hydrodynamics comparison between two distinct 
situations: i. when the inlet is located further 
south, with an approximately 2 km longer lower 
estuarine channel; and ii. Spit breaching shortening 
the estuarine channel. The objective of this paper 
is to assess the implications of the opening of a 
new inlet on the hydrodynamics and suspended 
sediment concentration (SSC). The discussion 
addresses the tidal asymmetry modulation in the 
synodical cycle and the potential changes in the 
estuary-shelf exchanges.

STUDY SITE

The Itanhém estuary (Figure 1) is located in the 
south of Bahia State, in the Alcobaça municipality 
(17°31’10” S and 39°11’44” W), and its mean depth 
is of about 3 m. The Itanhém river springs are in the 
state of Minas Gerais, and it runs for about 250 

Figure 1 - Study area location in the context of South America 
and the state of Bahia, indicating the stationary sampling 
station. 
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km until reaching the ocean (MMA/SRH 1997). 
The drainage basin has an area of about 5,200 km2 
(Schettini et al. 2013).

The climate in the region is tropical wet, with 
well-defined dry and wet seasons. The dry season 
occurs between May and September, and the wet 
season is from October to April. The climatological 
precipitation rate is 1,600 mm year-1 (Chaves 
1999). The mean freshwater discharge of the 
Itanhém r is 34.8 m³ s-1, according to the data set 
by the Brazilian National Water Agency (ANA). 
The mean freshwater discharge during the dry and 
wet seasons is of 28.8 and 66.6 m3 s-1 (Pereira et al. 
2010). Local tides are meso-tidal and semi-diurnal, 
with form number ranging from 1.1 during neap to 
3.0 during spring tide periods (Lessa and Cirano 
2006).

The estuarine sediment dynamics has 
been affected by the upstream land use. Major 
deforestation occurred during the 1970’s, and some 

estuarine changes have been related to this process 
(Addad and Martins-Neto 2012). There are still 
wide areas of mangrove swamps along the estuary, 
where erosion and accumulation of sediments 
have been reported by Andrade and Dominguez 
(2002). The estuarine bed is mainly formed by mud 
deposits, and sandy material is dominant in the 
inlet area (Leão 2002).

Cussioli  et  al .  (2011) assessed the 
morphodynamics of the inlet based on aerial 
photographs and satellite images. It was observed 
a cyclical pattern of the spit breaching and growth. 
In 2007, due to spit breaching at the northern end of 
the spit, a new inlet was formed nearly 2 km north 
of the previous inlet (Figure 2). The inlet dynamics 
is of particular interest for the region since it affects 
the local economy, which is strongly based on 
fishing and tourism (Ribeiro et al. 2000).

To our current knowledge, there is no previous 
hydrodynamics assessment of the Itanhém estuary, 
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Figure 2 - LANDSAT-5 TM images for the Itanhém estuary in March 2007 (a) and  July2008 (b). Adapted from Cussioli et al. 
(2011).
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although the Caravelas estuary (10 km south) has 
been extensively investigated (Pereira et al. 2010, 
Schettini and Miranda 2010, Andutta et al. 2013, 
Schettini et al. 2013). The Caravelas estuary is a 
tide dominated system with a negligible fresh 
water inflow, resulting in a well mixed vertical 
structure. It is an ebb-dominated system, although 
the residual suspended sediment transport is 
upestuary, explained by non-tidal related processes 
in the adjacent shelf. It shows a complex circulation 
through a narrow strait that connect it to the Peruípe 
estuary. Environmental changes in the Caravelas 
estuary have been assessed by (Sousa et al. 2014) 
and may have similarities with the neighboring 
Itanhém estuary.

MATERIALS AND METHODS

With the aim of covering different hydrological 
regimes, field data collection were carried out during 
the dry (August 2007) and wet (January 2008) 
periods. In each period two 13-hour semi-diurnal 
tidal experiments were carried out at spring (Aug 
29th and Jan 24th) and neap (Aug 23rd and Jan 17th) 
tide periods. Data of water level, current velocity 
and direction, salinity, temperature and suspended 
sediment concentration (SSC) were recorded at 0.5 
hour intervals in a stationary sampling station in 
the lower estuary (Figure 1). 

Water level was recorded in 2007 using a 
tidal staff fixed on a pier. In 2008 the water level 
was recorded with a CTD-logger by RBR model 
XR-420 fixed on a pier, which recorded also 
conductivity and temperature at hourly intervals 
for the period of Jan, 15th until Jan, 24th. Current 
velocity and direction were recorded in 2007 with 
a direct reading current meter by Valeport model 
108 MK-III, with sensors of pressure, conductivity 
and temperature. In 2008 the current velocity and 
direction were recorded with an acoustic current 
meter by Falmouth model 2D-ACM, logged to a 
computer. The conductivity and temperature were 

recorded with a CTD-logger by JFE-Advantech 
model Mini-CTD. The SSC was derived from optical 
backscattering (OBS) turbidity measurements. The 
turbidity was recorded with and OBS probe by 
SeaPoint in 2007, and in 2008 the turbidity was 
recorded by the OBS probe embedded in the CTD-
logger.

Longitudinal surveys were also carried out 
at each experiment, starting in the estuary mouth 
and moving up estuary by a fast boat. The surveys 
lasted approximately one hour each, nearly at high-
water. Conductivity, temperature and turbidity were 
recorded along vertical profiles using a Saiv A/S 
CTD logger and a SeaPoint OBS probe in 2007, 
and with a JFE-Advantech mini CTD in 2008. 

The data of current and direction were rotated 
50 degrees in order to decompose the current in 
longitudinal and transversal components. We 
adopted the convention of positive values for flood 
currents, and negative values for ebb currents.

The SSC data were converted from OBS 
turbidity records applying conversion equations 
made by Pereira et al. (2010) for the SeaPoint OBS 
probe, given by SSC(OBS)=127.6 OBS + 3.8, and 
by Schettini et al. (2013) for the JFE-Advantech 
CTD-logger, given by SSC(OBS)=1.03 OBS – 1.05.

The water level and the depth-averaged currents 
were adjusted to the harmonic least square (e.g. 
Boon and Kiley 1978) in order to weight the role of 
the tides. The harmonic least square was performed 
using the M2, M4, and M6 tidal constituents. Theses 
constituents were chosen based on the result of the 
tidal harmonic analysis (T-tide by Pawlowicz et 
al. 2002) run on the 9-day water level time series 
available. The comparison between the harmonic 
and observed signals was with Willmott’s (1981) 
skill assessment. The averaged agreement for water 
level was 97%, and the averaged agreement for the 
currents was 95%.

Historical river discharge data for the Itanhém 
r were obtained from the HIDROWEB database 
(gauge station #55490000, Brazilian Water Agency 
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(ANA)), since 1970 until present. River discharge 
during the surveyed periods was also directly 
measured using currentmeters at a cross section 
above the upper limit of tidal wave propagation 
(Pereira et al. 2010).

RESULTS

In order to present the main differences between both 
surveys, conducted under different morphological 
settings, results are presented in a comparative 
manner, with 2007 (Figures 3 and 4) representing 
the longer estuarine channel and 2008 (Figures 
5 and 6) the post spit breaching situation. Table 
I shows the summary of the surveyed parameters 
over each period. Sampling periods were nearly the 
same, covering similar tide characteristics. Water 
level differences between the beginning and final of 
each survey associated to semi-diurnal inequalities 
are observed in all surveys, reaching up to -0.4 
m for the 2008 spring tide survey. Flood and ebb 
duration proportions were about the same for the 
neap tide surveys, while for the spring tide surveys 
the ebb accounted with more than 60% of the tidal 

period. Averaged flood and ebb currents during the 
neap tidal surveys were nearly equivalent, while 
there was flood dominance at the 2007 spring tidal 
survey but not in 2008 survey. 

Maximum neap tide flood currents were similar 
between the surveys of different years, as well as 
spring tidal flood currents. On the other hand, the 
maximum ebb currents were different, with the 
2008’s currents being of about 0.2 m s-1 higher than 
the 2007 ones. The salinity variation within each 
survey was similar of  about 30 g kg-1, although 
the mean salinity values in the 2008 surveys were 
higher than the 2007 ones. The SSC values were of 
the order of tens of mg l-1 in all surveys, therefore 
the higher mean values were recorded in the 2008 
surveys.

The time series of water level and salinity 
recorded between Jan 15 and 24, 2008 are shown in 
Figure 7. The tidal range varies between 1 m at the 
beginning of the series, at neap tide, and increase 
up to 1.7 m at spring tide. The salinity variation 
follows the water level variation, although it did 
not present a clear change in the range of variation. 
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Figure 6 - Temporal and vertical distribution of current 
velocity (a, flood +/ ebb -) in m s-1, salinity (b) in g kg-1 and 
SSC (c) in mg l-1 during the 2008 spring tide survey.
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2007 2008
Neap

Aug 23rd

Spring
Aug 29th

Neap
Jan 17th

Spring
Jan 24th

Duration (h) 12.8 13.0 13.0 13.0

Tidal Range (m) 0.87 1.73 1.08 1.69

δz (m) 0.16 -0.16 -0.06 -0.41

F/E (%) 51.8/48.2 33.6/66.4 49.5/50.5 37.4/62.6

Flood Uavg (m s-1) 0.19 0.52 0.27 0.46
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SSCMax (mg l-1) 54.84 32.51 78.88 51.94

SSCmin (mg l-1) 6.35 10.18 7.12 8.27

SSCmean (mg l-1) 13.69 17.01 31.51 23.58

QSED (kg s-1) -112.3 76.3 -388.3 836.3
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During all period the salinity variability in a tidal 
period was of about 30 g kg-1. The general pattern 
of the salinity time series, resembling triangular 
shapes, being flattened at higher salinities, suggests 
the advection of water fronts.

Figure 8 shows the time-average vertical 
profiles of current velocity and salinity of each 
survey. Both neap tide surveys showed residual 
seawards currents at surface and landwards near-
bottom currents. Both spring tide surveys showed 
unidirectional seaward flow. The time-averaged 
salinity profiles during neap tides were highly 
stratified with salinity difference of about 10 
g kg-1 in the water column. At spring tides, the 
stratification was reduced to 1 and 4 g kg-1 for the 
2007 and 2008 surveys, respectively. 

The results from the longitudinal surveys for 
salinity and SSC are shown in terms of depth-
averaged values in Figure 9 and Table II. The 
salinity distribution showed a dilution pattern 
landwards in all surveys. The salt intrusion was 
scaled by the length between the inlet and the 
maximum extension of the isohalines of 2 and 30 
g kg-1 (according to Schettini and Truccolo 1999). 
The salt intrusion length of the salinity of 30 g kg-1 
for the 2008 neap tide campaign was not observed 

within the estuary, since the salinity registered at 
the inlet was of about 23 g kg-1.  All surveys aimed 
to reach the upper estuary, when freshwater was 
observed in the whole water column. The rate of 
salinity change (∂s/∂x) was almost the same for 
the two 2007 surveys. For the 2008 surveys, this 
rate was 50% higher during spring tide than during 
neap tide.

Due to logistic restrictions, the SSC 
longitudinal distribution for the spring tide of 
2007 has not been collected. The SSC longitudinal 
distribution for the neap tide of 2007 presented 
the highest values of about 40 mg l-1 close to the 
inlet, decreasing landwards steeply to 10 mg l-1 
and remaining at this value up estuary. The SSC 
longitudinal distributions of both surveys of 2008 
were relatively similar, with the SSC varying 
between 15 and 25 mg l-1 from the mouth up to 9 
km up estuary. After this point, the SSC during the 
spring tide survey increased up to 80 mg l-1 and 
decreased again, remaining at 40 mg l-1.

DISCUSSION

The sampling strategy of the present study 
was initially designed to assess the synodical and 
seasonal variability of the estuary hydrodynamics, 
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the latter aiming to identify the changes due to the 
river discharge at dry and wet periods. However, 
since the 2008 rainy season was delayed, the mean 
river discharge of August 2007 and January 2008 
were nearly identical, of 22.0 and  22.8 m3 s-1, 
respectively. Based on historical records (1970-
2012), it was expected that the river discharge at 
the wet season would be of about 2.5 times higher 
than at dry period (Pereira et al. 2010). On the other 

hand, there was a major estuarine morphology 
change between the 2007 and 2008 campaigns. 
A new inlet was naturally opened through the 
breach of the longshore spit that fronts the estuary, 
shortening the channel length in about 2 km (Figure 
2), which implies in a change of approximately 
10% in the estuary length. 

This morphological change did not produce 
noticeable changes in the tidal behavior. The tidal 

TABLE II
Summary results from the longitudinal profiles (Figure 9). ∂s/∂x: longitudinal salinity gradient (g kg-1 km-1); L30 – salt 

intrusion length of the salinity of 30 g kg-1; L2 – salt intrusion length of the salinity of 2 g kg-1.

2007 2008

Neap Spring Neap Spring

∂s/∂x (g kg-1 km-1) 2.7 2.8 2.1 3.1

L30 (km) 0.5 5.0 - 7.0

L2 (km) 3.7 10.5 5.5 11.7
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asymmetry remains nearly the same when scaled 
by the ratio between the periods of flood and ebb at 
the neap (1.06 and 1.0) and spring (0.51 and 0.59) 
tides. Further, the currents at both neap tides showed 
ebb dominance, shifting to flood dominance at 
spring tides. Changes in the estuarine morphology 
implying in changes in its hydrodynamics has 
been reported by several authors (e.g. Furukawa 
and Wolanski 1996, Moore et al. 2009, Brown and 
Davies 2010). The periodical sediment displacement 
landwards during the flood and seawards during 
the ebb are driven by non-linear process related to 
the flow yield shear stress and sediment transport 
thresholds, intrinsically related to the tidal behavior 
in the estuarine basin (Dyer 1995). Alterations on 
the channel geometry and depth will affect the 
tidal behavior in the estuarine basin, producing 
tidal asymmetries or even inverting the existing 
asymmetry pattern (Wang et al. 2002, Jiang et al. 
2012). The shortening of the Itanhém estuary is a 
cyclical process related to the longshore sediment 
transport, spit growth and breaching (Cussioli et 
al. 2011), but from our observations this process is 
not producing noticeable changes in the tidal wave 
propagation into the estuary.

Ebb dominance can be explained based on 
the relationship between the channel volume and 
intertidal areas of volume storage in the mangrove 
swamps (Friedrichs and Aubrey 1988, Mazda et al. 
1995, Blanton et al. 2002). Flood dominance can be 
explained by the tidal propagation in shallow waters 
(Dronkers 1986, Friedrichs and Aubrey 1988), 
which is emphasized by the shortening of the flood 
period in respect to the ebb period. The dominance 
shift between neap and spring tides indicates that 
the estuary is in an intermediate condition between 
the morphological effects (storage volume) and 
the tidal deformation. Dronkers (1998) derived an 
asymmetry index based on estuarine morphological 
equilibrium, given by

	 	 (1)

Where a is the tidal amplitude, H is the depth, 
SLW and SHW are the free surface areas at low and high 
water. If γ ≈ 1 indicates the tide is symmetrical; γ 
> 1 indicates flood dominance, and  γ < 1 indicates 
ebb dominance. The  parameter weights the 
shallow water nonlinearities, while the ratio  
stands for the intertidal volume storage. Scaling 
this quantities, H ~3 m; the SLW  can be reasonably 
given by the free surface area at low tide from (~ 
1.9 km2), and the SHW can be estimated based on 
the mangrove swampy areas, linearly related to the 
tidal height . These values ranged between 2.4 and 
3 km², during neap and spring tide respectively. 
The values of γ for neap tide were 0.8 and 0.9, 
and 1.3 and 1.2 for spring tide, which agree with 
the currents observations. The estuary shortening 
has little effect on intertidal water storage. Major 
changes would be expected in the tidal distortion, 
which would lead to the intensification of the ebb 
dominance. Therefore this was not observed. Thus, 
it is likely the tidal distortion is occurring mostly in 
the shelf. The local shelf width is more than 100 km 
wide due to the presence of Abrolhos Bank.

In order to investigate the estuarine structure 
associated with the salt stratification and mixing 
we summarize the results through the horizontal 
Richardson number R . This dimensionless 
number (also called Simpson number) weights the 
relative effects of the buoyancy flux in enhancing 
the stratification to the tidal mixing in destroying it 
(Geyer and MacCready 2014):

	 	 (2)

where  is the saline contraction coefficient (≈ 
7.7 10-4),  is the salinity,  is the longitudinal 
distance,  is the estuarine depth,  is the drag 
coefficient (≈ 2.5 10-3), and  is the amplitude 
of tidal currents. The buoyancy flux is indicated 
by the longitudinal gradient of salinity 

 in the numerator, while the mixing effects 
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are mainly scaled by tidal currents amplitude in 
the denominator. The  for the neap and spring 
campaigns of 2007 were 0.6 and 0.4, respectively, 
and 0.9 and 0.6 for the 2008 campaigns, in the 
same order. As expected, the  at neap tides 
were higher than the ones in spring tides. Also, the 
values found for the 2008 surveys were slightly 
higher than those for 2007. Although these results 
are very limited, this may indicate the increasing 
role of the river discharge when reducing the length 
(and volume) of the estuary. Notwithstanding,  
values can vary two orders of magnitude (0.1 – 10), 
the small range of our results suggests rather little 
or no significant changes in the estuarine dynamics, 
and the former statement would require a more 
careful approach. The conditions sampled indicated 
that the Itanhém estuary is “time-dependent salt-
wedge” type, according the classification proposed 
by (Geyer and MacCready 2014). This classification 
is based on the freshwater Froude number (Frf) 
and mixing number (M). Considering all the four 
surveys, Frf ranged from 0.21 to 0.07 at Itanhem r, 
while M ranged from 1.17 to 0.95.

The major changes observed between the 2007 
and 2008 campaigns were the increase in the SSC, 
which nearly doubled in terms of mean values from 
~15 to ~30 mg l-1, and consequently the resulting 
sediment fluxes. The fluxes’ direction remained the 
same, seawards at neap and landwards at spring 
tides but increased by a factor of three and ten, 
respectively, from 2007 to 2008 (Table I). The 
intratidal variation in the SSC changed between 
neap and spring tides with a repeated pattern 
in 2007 and 2008. The higher SSC at neap tides 
were recorded at HW associated with salty waters, 
while the higher SSC at spring tides were recorded 
during the ebb. Although, in all surveys the higher 
values of SSC were associated with saline waters 
(Figure 10), which is a pattern also reported for the 
nearby Caravelas estuary (Schettini and Miranda 
2010, Schettini et al. 2013). In spite of the Itanhém 
estuary having a larger drainage basin and sediment 

load, when compared to the Caravelas estuary, the 
SSC range in the order of tens of mg l-1 reaching 
the hundreds only during flood events. In contrast, 
the inner shelf SSC is likely to reach values above 
hundreds of mg l-1 due to the wind wave action 
along the shore. Under this scenario, the estuary 
shortening would imply in the closeness of the 
shelf SSC source, resulting in the intensification of 
fine sediment dynamics. Since the processes of the 
sand bar opening is cyclical and occurs at a time 
scale of a few years (Cussioli et al. 2011), it may 
be possible that these events can be recorded in the 
intertidal mangrove areas in the lower estuary in 
terms of sedimentation rates. 

CONCLUSIONS

Results of hydrographic campaigns performed at an 
estuary under different morphological conditions 
indicated that its general circulation is not much 
affected. We were able to repeat the field surveys 
before and after the natural breaching of the 
longshore sand spit that controls the estuarine inlet. 
This opening resulted in the shortening of the lower 
estuarine channel in 2 km. The estuary showed a 
synodical modulation between flood dominance at 
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Figure 10 - Correlation between SSC (mg l-1) and salinity (g 
kg-1) at the stationary sampling station at the four tidal surveys. 
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spring tides and ebb dominance at neap tides, in 
accordance to Dronkers’ (1998) asymmetry index. 
There was also a synodical modulation of the 
suspended sediment residual transport, seawards 
at neap tide and landwards at flood tides. Although 
not directly changing the estuarine hydrodynamics, 
the morphological change resulted in an important 
increase in SSC. This increase might be related with 
a facilitated import of inner shelf sediment through 
a shorter channel, having important implications 
for the estuarine sedimentation processes.
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