e
Ocean ORIGINAL ARTICLE

and Coastal |
http://doi.org/10.1590/2675-2824069.20-027maac
Research ISSN 2675-2824

Comparative hydrodynamics of a sub-tropical salt-wedge
estuary and a tributary

Mariana Afonso Abade Couceiro’* , Carlos Augusto Franca Schettini?

" Instituto Oceanografico, Universidade de Sao Paulo, (Praca do Oceanografico - 191 - Butanta - 05508-120 - Séo Paulo - SP - Brazil)
2 Instituto de Oceanografia, Universidade Federal do Rio Grande, (Avenida Itdlia - km 8 - 96201-900 - Rio Grande - RS - Brazil)

* Corresponding author: mariana.abade@gmail.com

ABSTRACT

The objective of this study is to compare the physical characteristics of circulation, salinity structure and transport in the
Itajai-Acu and Itajai-Mirim estuaries. Due to its importance, the Itajai-Acu estuary has been studied in the last decade.
However, its main tributary, the Itajai-Mirim has never been assessed, especially as an opportunity to comparatively
investigate the flow behavior of salt wedge estuaries with different widths and depths. Field data were acquired during two
campaigns that covered the complete semi-diurnal tidal regimes during spring and neap tides. Water level, total transport
volume, current and salinity were recorded hourly and synoptically at cross-sections in each estuary. The campaigns were
conducted during a prolonged period of low river discharge. The tidal range during the spring and neap tide campaigns
were of approximately 1.2 and 0.4 m, respectively. At the Itajai-Acu and Itajai-Mirim cross-sections, the peak ebb and flood
currents were -0.8 and -0.6 m s and 0.8 and 0.4 m s, respectively, during the spring tide campaign, and classified as
well mixed and highly stratified estuaries, respectively. During the neap tide campaign, both estuaries were classified as
salt wedge. The dominant mechanism was the salt transport by advection due to fluvial advection in both estuaries and
campaigns. The landwards salt transport, which resulted from dispersive processes, was only important during neap tide
for the Itajai-Acu estuary.

Descriptors: Itajai-Mirim, Itajai-Acu, advective salt transport, estuarine circulation.

INTRODUCTION because they receive the direct continental supply of
nutrients. Salt marshes or mangrove forests are com-
mon features along estuarine margins and function
as habitats for birds, mammals and fish. In addition,
these areas are important nurseries for commercial
fish species. Unplanned estuary occupation, the in-
flow of agricultural, domestic and industrial effluents,
and the lack of estuary management endanger the
sustainable development of these environments.
Estuaries are defined as a semi-enclosed water
bodies with a free connection to the open sea, where
the seawater is measurably diluted by fresh water

Several large coastal cities have spread along es-
tuarine margins. Land use and development was ini-
tially based on favorable country access conditions,
which allowed for the construction of harbors and
trade centers for the fishing and shipyard industries.
In contrast, estuaries are sensible environments and
very important pathways for the mass flux of materials
from continents towards the ocean. Estuaries are very
important environments for primary productivity
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Estuaries can be divided into the following sectors
according to salinity: (1) the lower estuary with a free
connection to the sea, (2) the middle estuary where
mixing between fresh and salt water occurs, and (3)
the upper estuary with tidal effects but no salinity
(Dionne, 1963). Although the density difference be-
tween fresh and salt water (~2%) is relatively small,
this difference is important due to the spatial and
temporal scales of the dynamic processes that drive
estuarine circulation (Dyer, 1997; Miranda et al., 2012;
Geyer and MacCready, 2014). The complex interac-
tions among river discharge, tides and morphology
produces distinct salinity distribution patterns that
are (1) highly stratified, (2) partially mixed or (3) well
mixed. The identification and classification of the sa-
linity structure of a given estuary is useful to infer the
main driving forces that act on the system and the
transfer mechanisms, which varies greatly as function
of the circulation.

Dozens of small estuaries occur along the Santa
Catarina coastline, Southern Brazil. These systems are
mainly river dominated ones that have a salt-wedge
salinity structure (Schettini et al., 1996, Schettini and
Carvalho, 1998; Schettini et al., 2006, D’Aquino et
al, 2010, 2011a, 2011b; Barreto and Schettini, 2014;
Valle-Levinson et al., 2016) although some can also
exhibit a partially mixed structure (Schettini and
Carvalho, 1999, Schettini, 2002a, Franklin-Silva and
Schettini, 2003; Siegle et al., 2009). The Itajai-Agu es-
tuary is the largest and received more attention due
to harbor activity along its lower stretch. The sedi-
mentology and hydrodynamics of the Itajai-Acu es-
tuary were assessed by Dobereiner (1986), Pongano
and Gimenez (1987), Schettini and Carvalho (1998),
Schettini (2002a,b), Schettini and Toldo Jr (2006)
and Schettini et al. (2006). The Itajai-Mirim estuary
debouches in the Itajai-Acu estuary 7 km from the
mouth, being its main tributary in the estuarine area,
accounting for about 10% of the freshwater inflow.
Previous assessment on the Itajai-Mirim showed that
it also has a salt-wedge salinity distribution, there-
fore it is shallower and narrower than the Itajai-Acu.
The objective of this paper is to compare the hydro-
dynamics of the Itajai-Acu and Itajai-Mirim estuaries
synoptically, based on a field experiment to obtain a
description of the highly stratified flow regime under
the same tidal and hydrological conditions.

Comparative hydrodynamics of salt-wedge estuaries

METHODS

PHYSICAL SETTING

The Itajai-Agu estuary is located on the north-
ern coast of Santa Catarina State and is nearly 80
km from the Floriandpolis State Capital. It's inlet is
at 26°54'S and 48°38'W (Figure 1). The total drain-
age basin is 15,500 km?, with nearly 14,100 km? for
the Itajai-Acu River and 1,400 km? for the Itajai-Mirim
River. The regional climate is mesothermic wet (or
humid subtropical according to the Képpen-Geiger
climate classification) with rainfall throughout the
year. The mean precipitation rate is 1,415 mm yr7,
and the mean evapotranspiration rate is 1,080 mm
yr' (Gaplan, 1986). The mean monthly temperature
is 20.3 °C, with a maximum of 25.2°C in January or
February and a minimum of 16.5 °Cin July (Araujo et
al., 2006). The significance of the sub-tropical climate
is reflected on the lack of a seasonal pattern. Episodes
of high river flow lasting a few days or of longer peri-
ods (> 1 month) of low river flow can happen at any
time of the year (Schettini, 2002).

The Itajai-Mirim River flows into the Itajai-Acu es-
tuary 7 km upstream of the ocean inlet. The geom-
etry of both estuaries is very regular, and resembles
meandering rivers with a nearly constant width. The
Itajai-Acu River is approximately 200 m wide, and the
Itajai-Mirim River is approximately 40 m wide. The
main difference between the two rivers is that the
Itajai-Mirim River is an artificial channel that was built
during the 1960s to minimize flooding in its basin.
Thus, the Itajai-Mirim River is less than 8 km long. The
mean depth of the Itajai-Mirim is approximately 4 m.
The natural river course was abandoned in favor of
the channel. The Itajai-Acu bathymetry indicated an
average depth of 7 m with boreholes of more than 10
m. In addition, the lower 4 km of the Itajai-Acu River
is continuously dredged to 11 m.

River discharge from both drainages has been
monitored daily since 1929 by the Brazilian National
Water Agency. The mean river discharge of the Itajai-
Acu was 230 m? s when measured 90 km from its
mouth (Schettini, 2002a). In addition, the mean river
discharge from the Itajai-Mirim was 32 m? s’ when
measured 30 km from its mouth. Both drainages
have short concentration times that cause great tem-
poral variability in river discharge in addition to the
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Figure 1. Location of the Itajai-Acu and Itajai-Mirim estuaries in South America with cross-sections (red lines) of #A and #M, respectively. The

green circles indicate the positions of the CTD sampling stations.

well-distributed rainfall. The discharge is generally
low with randomly distributed peak discharges that
are one order of magnitude higher (Schettini, 2002a).

The regional tide consists of mixed semi-diurnal
microtides that range in height from 0.3 to 1.2 m dur-
ing the neap and spring tides, respectively. The form
number, which is the ratio of the sum of the two main
diurnal tidal constituents (O1 + K1) to the sum of the
two main semi-diurnal constituents (M2 + S2) (Pond
and Pickard, 1983), is 0.4 (Schettini, 2002a). This form
number indicates that the differences between the
successive high tides and low tides are noticeable.
In addition, the local quarti-diurnal overtides and
compound tides are the same order of magnitude
as the principle astronomical diurnal constituents.
This relationship results in a complex tidal signal dur-
ing the neap tide, when four periods of high water
and four periods of low water are observed each day
(Schettini, 2002a).

The Itajai-Agu River results in stratified estuarine
circulation with frequent salt wedge salt intrusion

behaviors (Schettini, 2002a; Schettini et al., 2006).
Salt intrusion can occur as far as 30 km up the estu-
ary during low river discharge periods. Meanwhile, all
saline water is flushed out when the river discharge
exceeds 1,000 m3s™. Schettini (2002a) suggested that
the Itajai-Agu lower estuary (Dionne, 1963), which of-
ten has greater marine water content, extends 7 km
upstream from its mouth and to the mouth of the
Itajai-Mirim. However, the Itajai-Mirim estuary tidal
effects are also subject to the marine waters.

FIELD SURVEYS

Tidal surveys were conducted on August 26th and
September 2nd in 2003 during spring and neap tide
conditions, respectively. The Itajai-Mirim experimental
cross-section (#M) was situated near the estuary mouth
and 300 m away from the Itajai-Acu experimental cross-
section (#A). The Itajai-Acu experimental cross-section
was situated landwards of the Itajai-Mirim confluence
on the Itajai-Acu channel. The Itajai-Agu cross-section
was approximately 7 km from its mouth (Figure 1).
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Due to the proximity of the cross-sections, they
were surveyed by the same team on nearly a synop-
tic scale. Water elevation, total volume transport, cur-
rent and salinity were sampled hourly over 14 hours.
Water elevation was recorded at 0.5-hour intervals
with a pressure gauge moored at the margin of #M.
Total volume transport was recorded with an Acoustic
Doppler Current Profiler (ADCP) by Sontek model
ADP-1500 with a bottom track. The ADCP setup used
an average sample time of 5 s at 2 Hz and a cell size of
0.25 m. Considering the cross section widths, volume
transport was averaged for 30 and 8 vertical current
profiles at #A and #M, respectively. For each current
measurement, the boat navigated from one margin
to another, returning to the thalweg to conduct the
vertical salinity and temperature profiles. The vertical
salinity and temperature profiles were recorded with
a CTD probe by Saiv, A/S model SD204 operating at
1 Hz.

Single vertical current speed and direction pro-
files were extracted from each ADCP cross-section
measurement. Five vertical profiles were selected
that were centered on the thalweg area and were
nearly in the same locations as the CTD profiles. Due
to varying depth, the possible variations across the
profile lengths were adjusted linearly to the mean
depth of all profiles. Thus, the resulting vertical cur-
rent profiles were averaged over 25 s to reduce the
noisy signal caused by turbulence. A convention for
assigning positive values to upstream current floods
and negative values to current ebbs was adopted.
The vertical currents and CTD data were re-sampled
to produce nine equivalent vertical observations be-
tween 1 m below the surface and 1 m above the bed.
All data were adjusted according to the water level
variations and mean local depth. Vertical and tem-
poral current and salinity distribution diagrams were
constructed from the resulting regular matrix of data
(9 vertical levels x 14 temporal) and adjusted accord-
ing to the temporal water depth variations.

The water column stability during the tidal cycles
was investigated using the layer Richardson number
(Ri)) which compares the effects of the density gradi-
ent and shear-induced turbulence. It is defined as:

R, = JhAcv 1)
ou '
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where g (m s?) is the gravity, h (m) is the depth,
Ap, (kg m?)isthe difference between surface and bot-
tom density, p (kg m?3) is the averaged density, u (m
s') is the longitudinal velocity component. According
to Dyer and New (1986), the physical interpretation of
the layer Richardson number is: for Ri, > 20 the water
column is highly stable; when Ri, < 20 the bottom tur-
bulence increases, and the stratification decrease; if
Ri, < 2 the turbulent mixing makes the water column
unstable and mixing is fully developed.

The estuaries were classified according to the
stratification diagram and circulation proposed by
Hansen and Rattray (1966) and detailed in Miranda
etal. (2012), and by Geyer and MacCready (2014). The
Hansen and Ratrray (1966) classifications is anchored
in two hydrodynamics non-dimensional parameters:
(@) the circulation parameter: calculated as the ratio
of the time averaged surface velocity to the time and
depth-averaged velocity(<u>/<7>), and (b) the
stratification parameters: calculated from the time
averaged vertical profile as the ratio of the differ-
ence between the bottom and surface salinity to the
vertical mean salinity ((S5 —S.)/{.S')). The Geyer
and MacCready (2014) estuarine parameter space is
based on the principal forcing variables, the fluvial
Froude number (Fr) and the mixing parameter (M),
with appropriate nondimensionalization. Freshwater
Froude number was calculated as fr,.= U /N _, where
U is the velocity due to river flow (the river volume
flux divided by river cross section area), and mixing
number as M = (C,U?/wN H?)'?, where U, is the ampli-
tude of the depth-averaged tidal velocity, and No =
(Bgs,...H)'” is the buoyancy frequency for maximum
top-to-bottom salinity variation in an estuary.

The advective transport of salt was computed ac-
cording to the procedure described by Miranda et al.
(2012) and based on the developments of Bowden
(1963), Fischer (1976), Hunkins (1981), Dyer (1974)
and Kjerfve (1986). The advective transport of salt oc-
curs from the decomposition of baroclinic and baro-
tropic circulation effects in a laterally homogeneous
cross-section. Values and measurements of velocity U
(x, z, t) or salinity S (x, z, t) can be considered as the
sum of an averaged value U (x), the barotropic U (x, t)
baroclinic U (x, 2) and residual, u'(x, z, t).

The total salt mass transport per unit of width was
calculated as follows:
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T.=4% f [ ' oUSdzdt, )

where T is the period of one tidal cycle and p is
the water density. In addition, the water depth var-
ies along the tidal cycle, and can be decomposed as
an average depth plus its variation D(x, t) = D_(x) +
z(x,t). By substituting the velocity U by the sum of the
decomposed terms U_+U + U +u; the salinity Sby S_
+5+S +s', and by D _+2, 32 terms were obtained. Most
of these terms are null with no physical meaning. The
remaining seven terms are as follows:

:Zl = E(uahaSa + <h’tu‘>Sll + h“ <utSt>
+hnm + h, <W> + <U,¢Stht> + U, <Sthf>) (3)

The brackets denote time averaging, and the over
bars denote depth averaging. The seven terms on the
right side of the Eq. 3 are attributed to (1) fluvial ad-
vection, (2) Stokes drift, (3) tidal correlation, (4) gravi-
tational circulation, (5) tidal pumping, (6) tidal shear
and (7) long term fluctuations.

RESULTS

SPRING TiDE CAMPAIGN

The water level variations and instantaneous vol-
ume transport for the #A and #M cross-sections along
the spring tide campaign are presented in Figure 2.
The water level indicated low water (L.W.) at 08:30
h and 21:00 h and high water (H.W.) at 15:30 h. The
volume transport in both cross-sections showed a
clear tidal signal that was related to sea level. The
extreme values at #A were approximately 800 m? s
and the extreme values at #M were approximately 75
m3 5. The extreme discharge at #M occurred earlier
than the extreme discharge at #A, and continued for
approximately one hour during flood flow and two
hours during ebb flow. The maximum flood discharg-
es occurred at 11:30 h and 12:30 h at #M and #A, re-
spectively. The maximum ebb discharges occurred at
16:30 h and 18:30 h at #M and #A, respectively.

Current velocities at #A were approximately £0.8
m s, were symmetric near the surface in both cases
and were smaller near the bottom (Fig. 3). The current
direction reversal from ebb to flood occurred at 09:00
h, nearly 0.5 hour after L.W. The current reversal from

Comparative hydrodynamics of salt-wedge estuaries

flood to ebb occurred at 15:30 h, two hours after H.W.
The current velocities at #M were asymmetric and
varied from 0.4 to -0.6 m s™' during the flood and ebb
periods, respectively. The current direction reversal
from ebb to flood occurred at 08:30 h during L.W. The
flood to ebb current reversal occurred at 14:30 h and
nearly one hour after the H.W.

The vertical salinity distribution at #A was gen-
erally homogeneous with greater stratification after
13:00 h and following H.W (Fig. 3). The temporal sa-
linity variations ranged from 20 to 30 g kg™. Greater
salinity values were observed during the late flood
stage. At #M, the vertical distribution of salinity was
more stratified. Thus, the water column becomes well
mixed during the flood period. The salinity varied
temporally from less than 10 g kg™ to more than 30
g kg™. Smaller salinity values were observed at L.W.
in the beginning of the campaign at the surface and
higher values were observed at H.W. at the bottom.

Neap Tipe CAMPAIGN

The water level variations and instantaneous
volume transport for the cross- sections of #A and
#M along the neap tide campaign are presented
in Figure 2. The water level variations included two
H.W. and two L.W. events during the campaign. This
complex pattern of water level variations in relation
to the spring tide is potentially related to the quarti-
diurnal tide (Schettini, 2002a). The dominance of the
semi-diurnal tide is observed for the first four hours
by the oscillation of greater magnitude. The high wa-
ter events occurred at 07:30, 12:00 and 19:00 hours
and the low water events occurred at 10:00 and 16:00
hours. The volume transport in the #A cross-sections
agreed with the water level regime and reached a
maximum ebb of approximately -600 m> s’ and a
maximum flood of approximately 130 m*s™. The vol-
umes transported in the #M cross-section were ap-
proximately 40 m®s” during flood conditions and -70
m?s” during ebb conditions.

Figure 4 shows the temporal and vertical velocity
and salinity distributions at #A and #M. At the begin-
ning of the campaign, in the #A cross-sections, a pro-
nounced current ebb was observed of approximately
-0.6 m s near the surface that decreased with depth.
The current velocity data show a pattern of reverse
currents from 13:00 h with downstream current direc-
tions for the first 4 m and upstream current directions
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Figure 2. Hourly variations of water level (A) and volume transport (m?s™) across the Itajai-Acu (blue line) and Itajai-Mirim (red line) estuaries
(B) during spring tide on August 26, 2003. Hourly variations of water level (C) and volume transport (m?® s™) across the Itajai-Acu (blue line)
and Itajai-Mirim (red line) (D) estuaries during neap tide on September 02, 2003. Negative values correspond to the ebb and positive values

correspond to the flood.

below 4 m. In the #M cross-sections the ebb current
occurred during the first four hours of the campaign
with values of approximately -0.6 m s near the sur-
face that decreased with depth. The current velocity
data indicated a reversal pattern of current during
most of the campaign.

The salinity at #A was more stratified throughout
the campaign with an isohaline of 30 g kg’ before
L.W. and a salinity of less than 10 g kg™ on the surface.
The mixture layer was 2 m thick with a gradient of 10
to 25 g kg™. The bottom layer (6 m) had a homoge-
nous salinity of 30 g kg™'. At #M, the salinity was more
stratified throughout this period. The mixed layer had
a thickness of 2.5 m with a gradient of 10 to 25 g kg™

Time AVERAGED ESTUARINE STRUCTURE

The average temporal profiles of current velocity
and salinity during the spring tide campaign are pre-
sented in Figure 5a. The current velocity at #A was re-
sidual in the ebb direction with a maximum value of
-0.10 m s™'. The salinity profile presented a small verti-
cal gradient that varied from 23 g kg™ at the surface
to 25 g kg™ at the bottom. In addition, the current at
#M only presented residual velocity towards the ebb
with a maximum value of -0.13 m s™'. Furthermore,
the salinity vertical gradient profile at #M was greater
than at #A (16 g kg™ at the surface and 22 g kg™ at
the bottom).

The average temporal current velocity and salin-
ity profiles along the neap tide campaign are pre-
sented in Figure 5b. The current velocity at #A was re-
sidual in the ebb direction with a maximum value of
-0.27 m s™. The salinity profile was higher and varied
from 8 g kg™ at the surface to 29 g kg™ at the bottom.
At #M, the current only exhibited residual velocity to-
wards the ebb with a maximum value of -0.16 m s™.
The salinity vertical gradient profile was pronounced,
with a salinity of 8 g kg™ at surface and 25 g kg™ at
the bottom.

VERTICAL MIXING AND SYSTEM CLASSIFICATION

The layer Richardson number was lower than two
during all of the spring tide campaign (Fig. 6A), ex-
cept for some periods around low and high water, in-
dicating low vertical stability in the water column at #
A and #M. In the neap tide campaign at #A, the water
column tends to be stable (Ri, > 20) for the most of
the tidal cycle (Fig. 6B), decreasing in stability near
the first low water event. At #M, the layer Richardson
alternated between weak (Ri < 20) and strong (Ri_ >
20) stability conditions during the neap tide cycle,
and the stratification increasing on the last low and
high water events.

The values on the Stratification-circulation
Diagram (Fig. 7A) classify the lItajai-Acu as verti-
cally homogeneous (Type 1a) and the Itajai-Mirim
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Figure 3. Isopleths of u-velocity components (m s7) and salinity (g kg™') during the spring tide campaign on August 26, 2003 at the Itajai-Acu
and Itajai-Mirim cross-sections. Positive and negative values indicate flood and ebb currents, respectively.

as highly stratified (Type 1b) during the spring tide
conditions. In addition, the Itajai-Acu and Itajai-Mirim
were both classified as salt wedges during neap
conditions (Type 4). Geyer and MacCready (2014)
parametric space (Fig. 7B) classifies the Itajai-Acu as
strongly stratified. The Itajai-Mirim was classified as
strongly stratified and also cross into the partially
mixed classification during spring conditions.

ADVECTIVE SALT TRANSPORT

The numerical values that correspond to the
decomposition of advective salt transport per unit

width of the #A and #M cross-sections during the
spring and neap tides are listed in Table 1. During the
spring tide campaign, salt transport in #A was domi-
nantly driven by advective river discharge. Advective
river discharge is dispersive transport that results
from the correlation between the tide and advective
transport generated by Stokes drift, and the resulting
total transport estuary below. In #M, salt transport
was dominated by terms that corresponded to ad-
vective transport by river discharge and dispersive
transport due to tidal correlation with the total trans-
port estuary below.

Ocean and Coastal Research 2021, v69:e21019 7
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Figure 4. Isopleths of u-velocity component (m s7) and salinity (g kg) during the neap tide campaign on September 02, 2003 at the Itajai-Acu
and Itajai-Mirim cross-sections. Positive and negative values indicate flood and ebb currents, respectively.

In the neap tide campaign, the dominant terms
in #A were generated by advective river discharge
and dispersive transport due to gravitational circula-
tion. In #M, the transport of salt was dominated by
the advective transport term that was generated by
river discharge. Among the estuaries and campaign
conditions, the total transport of salt was below the
estuary.

DISCUSSION

Estuaries present remarkable temporal and spa-
tial variability (Jay, 2010), which makes comparisons
between systems difficult. In the present case, we

are comparing a smaller tributary estuary to its main
system. One important consideration is that the lat-
ter furnishes the sea-side boundary conditions to
the former. The systems share the same tidal regime
and are under the same climate, differing especially
in their drainage basin sizes and in their geometry
(Table 2). The #M'’s drainage basin is 10% of the size of
#A's basin, which is reflected in the equivalent fresh-
water inflow. #A's cross-section area is ~5x larger and
its thalweg depth is ~2x deeper than #M'’s.

The Itajai-Acu River estuary is dominated by river
discharge, which significantly influences the cur-
rent regime and salt distribution (Schettini, 2002a).

Ocean and Coastal Research 2021, v69:e21019 8
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Figure 5. Time-averaged vertical profiles of current velocities (m s7) and salinity (g kg™") for spring (A) and neap (B) tides at the Itajai-Acu (blue

line) and Itajai-Mirim cross-sections (red line).

The flow ratio, or the ratio between the freshwa-
ter volume, integrated for a half-tide period to the
tidal prism (Dyer, 1974), is > 1. This results in stron-
ger ebb currents, by mass conservation, and mixing
(Schettini et al., 2006). This behavior was not obvious
from the present results, which can be understood

by the reduced river flow when compared with the
long-term mean value. Both systems displayed near-
ly symmetrical current amplitude during the spring
tide, however during neap tide the currents showed
a more complex pattern due to the effects of the
quarter-diurnal tidal components. Therefore, we can

Ocean and Coastal Research 2021, v69:e21019 9
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Figure 6. Time variation of the layer Richardson number (RiL) for spring (A) and neap (B) tides at Itajai-Acu (blue line) and Itajai-Mirim cross-
sections (red line). H.W. and L.W. indicates high and low tide.

expected a mixing energy decrease caused by the re- The vertical and temporal velocity and salin-
duced tidal range, and also from the increase in slack ity distributions in both cross-sections during spring
tide periods, enhancing the buoyancy effect (e.g. tide conditions were different from the flood values,
Simpson et al., 2005; Geyer and MacCready, 2014). which were higher in Section #A. The occurrence
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Figure 7. Classification diagrams. (A) Hansen & Rattray (1966). The blue and red figures represent the Itajai-Agu and Itajai-Mirim estuaries,
respectively. The circles represent the spring tide and the squares represent the neap tide. (B) Geyer and MacCready (2014). The rectangles

(green) represent the Itajai-Acu and Itajai-Mirim estuaries.

Table 1. Terms from the advective transport of salt during the semidiurnal spring (August 26, 2003) and neap (September 02, 2003)
tidal cycle at the #A and #M cross-sections. Values are presented in kg m™ s™

Spring tide Neap tide

TERMS Itajai-Acu Itajai-Mirim Itajai-Acu Itajai-Mirim
1-Fluvial discharge -1.74 -0.78 -1.68 -0.80
2-Stokes drift 0.15 0.00 0.03 0.00
3-Tidal correlation 0.36 0.22 -0.05 0.02
4-Gravitational circulation 0.00 0.02 0.87 0.02
5-Tidal pumping 0.00 0.00 0.04 0.00
6-Tidal shear 0.00 0.00 0.00 0.00
7-Wind fluctuation -0.01 -0.01 -0.01 -0.00
Total transport -1.23 -0.56 -0.80 -0.74

Table 2. Summary of main characteristics of the Itajai-Acu and Itajai-Mirim estuaries. The river flow values are for the

survey period.

Itajai-Agu Itajai-Mirim
Drainage basin area (km?) 14,100 1,400
River flow (m?3/s) 63.6 5.7
Cross-section area (m?) 1,200 230
Thalweg depth (m) 8 4

intervals for the peak flood and ebb tides between
the two estuaries were one and two hours, respec-
tively, and the events occurred first in #M. The varia-
tion of salinity was higher in cross-section #M and
was stratified in the water column in two phases.
However, in #A, the vertical distribution of salinity
was comparatively less stratified. In both cross-sec-
tions, the maximum values were observed before to
high tide slack water.

The changes between spring and neap tides are
reflected in the situation in the estuaries classification

using Hansen and Rattray’s (1966) circulation-stratifi-
cation diagram (Figure 7A). During spring tide #A was
well-mixed (type 1a) and #B was highly stratified (type
1b) and in both cases the parameter was 1, indicat-
ing that the salt transport is mainly due to turbulent
diffusion (Miranda et al., 2012; Geyer and MacCready,
2014). During neap tide, both estuaries were clas-
sified as salt-wedge (type 4), when salt transport is
mainly due to advection. This situation change was
already reported for the Itajai-Acu estuary (Schettini,
2002a), and it seems that the Itajai-Mirim estuary
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displays fewer spring-neap tide changes than the
Itajai-Agu.

The stratification parameter can vary widely from one
point to another in the estuary, which contributes to this
migration. In addition, some systems will occupy different
positions in the diagram as the stratification and circula-
tion parameters change from spring to neap, from dry to
wet seasons, and from year to year (Valle-Levinson, 2010).
Geyer and MacCready (2014) propose an alternative way
to classify estuaries. In their classification, the estuaries are
represented by areas (rectangles) in a parameter space,
indicating the approximate influence of the variation of
the spring-neap tides, variation of the river flow and mix-
ing. In this parameter space (Figure 7B), both estuaries
were in the‘strongly stratified’area. While the Hansen and
Rattray scheme gives us an instantaneous portrait of the
estuarine dynamics in a given moment, the Geyer and
MacCready scheme gives us a long-term assessment of
the dominant estuarine structure.

The salt transport mechanism during spring tide
was similar in #A and #M, dominated by fluvial discharge
seawards and has the main dispersive mechanism of the
tidal correlation landwards. The transport was nearly the
same in both estuaries considering the depth in #A is
~2x of the #M. This pattern changed in the neap tide. The
main transport mechanism is still the fluvial discharge in
both estuaries, with similar values of spring tide, however,
tidal correlation lost its importance. The main dispersive
mechanism shifted to gravitational circulation but only
in #A. There was no relevant dispersive mechanism in
#M, and the total salt transport values now are equiva-
lent. However, taking the depth into account, it is much
greater in #M. These findings are potentially related to
the differences in bottom topography between the two
estuaries. The bottom topography potentially differenti-
ates tidal wave propagation in the channel and mass
transport. The dispersive terms of salt transport were not
representative of the Itajai-Mirim estuary during the neap
tide campaign. Regarding the Itajai-Acu estuary during
neap tide conditions, the transport generated by gravita-
tional circulation was the dominant dispersive term. This
finding can be observed from the vertical-temporal pro-
file of the current velocity over 13 hours of the campaign.

CONCLUSIONS

As a general conclusion, we can state that the
Itajai-Mirim estuary behaves quite similarly to the

Comparative hydrodynamics of salt-wedge estuaries

Itajai-Acu estuary. This is understood as they share
the same tidal regime and hydrological climate, and
also as the latter furnishes the lower boundary condi-
tions to the former. However, as their geometries dif-
fer (Itajai-Acu/Itajai-Mirim cross-sectional area is ~5
and the thalweg depth is ~2), and the Itajai-Mirim is
dynamically shallower, this will produces differences
in the flow regime. The main differences and similari-
ties between both estuaries are: i) the flood-ebb cur-
rents are greatest in the Itajai-A¢u and asymmetrical
in the Itajai-Mirim, but in both estuaries the ebb cur-
rents are more intense than the flood; ii) the residual
currents were downstream for both cross-sections
and tidal cycles; iii) the water column was stratified
during the neap tide and homogenized conditions
prevailed over the spring tide at both cross-section;
iv) during the spring tide, the bottom turbulence may
become effective (Ri, < 20) and at the end of the neap
tide, the turbulent mixing was suppressed (Ri, > 20);
v) the estuary classifications were different for spring
tide conditions, with well mixed (type 7a) for Itajai-
Acu and well mixed (type 1b) for Itajai-Mirim, and
were salt wedge for both estuaries on neap tide; vi)
in both cross-sections the predominant downstream
transport of salt was dominated by river discharge,
associated with dispersive correlation tide (both sys-
tems) and Stokes transport (only in Itajai-Agu) during
spring tide conditions. Over neap tide, the river dis-
charge was dominant downstream transport of salt
and the gravitational circulation was dominant up-
stream only for the Itajai-Agu estuary.
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