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o Abstract: The tidal circulation in Paranagua Bay (Parana State, Southern Brazil) was studied based
on the Princeton Ocean Model. The model domain covered the near shore region and the estuarine
area, with about 1 km grid resolution in cross-shore and along-shore directions. Homogeneous and
diagnostic distributions for temperature and salinity were used and 12 tidal constituents were
considered to specify the elevations at the open boundarics. Tidal analysis of 29-days time series
of elevations and currents for cach grid point generated corange and cophasc lines as well as the
correspondent axes of the current ellipses for each constituent. These computed values reproduced
well the observed amplifications and phase lags of surface elevations and currents. Residual flows
show the formation of tidal eddies, related to coastal geometry and bottom topography.

e  Resumo: A circulagdo de maré na Baia de Paranagua (Estado do Parana, sul do Brasil) foi
estudada através do Princeton Occan Model. O domino do modelo abrange a regido costeira
adjacente e a drea estuarina, com resolucdo de aproximadamente | km nas dire¢des perpendicular
¢ paralela a costa. Distribuicdes homogéneas e diagndsticas para temperatura ¢ salinidade foram
usadas e 12 constituintes de mar¢ especificaram as elevagdes de superficie nos contornos abertos.
Anélises de maré de séries temporais de 29 dias de elevagdes e correntes para cada ponto de grade
geraram linhas cotidais de amplitude e de fase, assim como elipses de correntes, para cada
constituinte. Os valores obtidos pelo modelo reproduziram satisfatoriamente as amplificacBes ¢
defasagens observadas nas elevagdes ¢ correntes de superficie. Fluxos residuais mostram a
formacdo de vortices de maré, relacionados com a geometria da costa e a topografia do fundo.

e Descripfors: Paranagua Bay, Numerical modeling, Cotidal charts, Tidal current ellipses.

e Descritores: Baia de Paranagua, Modclagem numérica, Mapas cotidais, Elipses de maré.

Introduction

The Paranagua estuarine complex, hereafter
called Paranagud Bay, is located on the Southern
Brazilian coast, around 25°30°S and 048°30°W (Fig.
1). Both coastal geometry and bottom topography
yield to a considerable amplification of the tidal
range, from the mouth to the interior points. The
present work is part of a recent study of tida! and
wind-driven circulation at the bay using a three-

dimensional numerical model (Blumberg & Mellor, .

1983, 1987). For the purposes of this paper, only
tidal characteristics will be investigated, on a
comprehensive study which also leads to a system for
tidal predictions over the entire estuary.
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Similar researches of tidal features in
estuaries can be found in Flather & Heaps (1975) for
the Morecambe Bay (UK), in Oey et al. (1985a, b and
¢) for the Hudson-Raritan Estuary (USA) and in
Galperin & Mellor (1990a and b) for the Delaware
Bay (USA), among others. For Paranagua Bay, some
previous works on numerical modeling of estuarine
circulation can be mentioned, such as Marone &
Jamiyanaa (1997), Oliveira (1998) and Camargo
(1998); the two formers considered only tidal aspects,
while the latter included the wind-driven circulation.

Brief description of Paranagua Bay
The estuary has two harbors, one of them

with great importance for grain exportation, and also
an oil terminal; there is a rich mangrove ecosystem
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;
and a fl’irge number of small communities living with
local resources.

The estuary is formed by two branches (Fig.
1); the east-west branch has an extension of more than
40 km and includes both mentioned harbors; the
north-south branch is shorter (~30 km) but wider than
the east-west branch (8§ km maximum). The mean
depth is about 3 meters, but the navigational channels
reach 12 to |5 m, maintained by frequent dredging;

there are many areas of low depths and the amount of

scdiment is considerable.

The estuary is partially mixed and laterally
homogencous, with 612 km?2 of liquid surface and a
drainage area of more than 3000 km2. In a cross
section in front of Paranagua Harbor, the observed
values of surface water temperature are between 23¢
o 30°C in summer and between 18% to 25°C in
winter: the salinity extremes are 12 and 29 in summer,
20 and 34 in winter (Knoppers ¢t al., 1987).

The range of the astronomical tide is about
1.7 m in the mouth, but in the most interior arcas it
may reach 2.7 m; this tidal influence is associated
with a tidal prism of 1.3 km3. The ratio between the
main diurnal and semi-diurnal constituents is 0.23, but
it is necessary to mention the non-linear cffects
generating  shallow  water constituents  with  large
amplitudes at the fourth-diurnal frequencies; they are
bigger than the diurnal ones and represent an
important effect in surface clevations and associated
currents (Marone ef «l., 1995%, Camargo, 1998).

The meteorological station of Paranagua
registers the higher precipitation rates  of the
South Brazilian coast, with mean valuc of 1988
mm/year (Climanalise, 1986). There arc notable dry
and wet seasons. respectively from January to March
and from June to August. In spite of the large amount
of rain, the fresh water discharge in the east-west
branch varies from 70 to 200 m’ (in the north-south
branch there are few measurements); these values
indicate- a large water absorption by the soil in the
whole region.

Finally, the winds arc mainly controlled by
the South Atlantic Subtropical High and the passage
of synoptic and sub-synoptic systems; the prevailing
winds blow from ENE. k. ESE and SE. with mean

(*) Marone, LE.: Guimaraes. M. R. F.: Camargo. R.. Prata
JTanior. Vo Po & Klingenfuss. - M. S. 1993,
Caracterizaglio fisica das condigdes  occanogrificas,
meteoroldgicas ¢ costeiras das zonas estuarinas da Baia
de Paranagua - PR. Brasil.  In: CONGRIESO
LATINOAMERICANO DIz CIENCIAS DEL MAR -
COLACMAR. 6. Mar dcel Plata. 1995, Mar del Plata.
Universidad Nactonal de Mar del Plata. p. 129.

intensity of 4 my/s (Camargo & Marone, 1995*); the
sca breeze cell has amplitudes of about 2 m/s from
November to March (Camargo ¢t al., 1996).

The model and the domain of interest

The POM96 version of the numerical model
of occanic circulation described in Blumberg &
Mellor (1983, 1987) was employed. The model is 3-
D, basced on a bottom-following ¢ coordinate system,
and includes: an external-mternal splitting modce
algorithmy; free-surface; a second moment turbulence
closure  model, for providing vertical mixing
coelficients; Smagorinsky parametrizations for the
horizontal ditfusion: explicit leapfrog method for the
numerical integration in time and horizontal; and
implicit method for the wvertical integration of the
cquations. Other uscful information about the model
can be found in Galperin & Mellor (1990).

The study area of this work was represented
by a constant horizontal resolution mesh (926 m),
oricnted cross and along-shelf, respectively with 70
and 90 points. Although the thermohaline distribution
has been  considered constant along the time
integration, the model run in a 3-D domain. The
vertical levels were defined according to Ocy e ol
(1985a) and Galperin & Mellor (1990), being 11 &
layers located at 0, 0.03125, 0.0625, 0.125, 0.25, 0.5,
0.75, 0.875. 0.9375, 0.96875 and | times cach local
depth. The external mode time step was 155 and the
corresponding internal mode time step was 300s. A
31-day simulation with this configuration required
about 8 h of CPU on a workstation IBM RiscSystem
6000 model 43P-140.

Tidal forcing and boundary conditions

The specification of the tidal oscillations at
the open boundaries was based on cotidal charts of
the main constituents for the Southeastern Brazilian
shelf, obtained by Harari & Camargo (1994). These
authors considered QI, OI, P1, K1, N2, M2, S2, K2
and M3 as the most important constituents for tidal
motions in the Southeastern Brazilian shelf and
obtained the correspondent values of amplitudes and
phases relative to Greenwich, with a 13.9 km
resolution. This data sct was linearly interpolated for
the borders of the Paranagua Bay domain.

(*) Camargo, R, & Marone, L. 1995, Comportamento do
vento de superficic em Pontal do Sul (PR, Brasil) -
Andlise preliminar. In: CONGRESO
LATINOAMLERICANO DI CIENCIAS DEL MAR -
COLACMARL 6. Mar del Plata, 1993, Resumos. Mar
del Plata, Universidad Nacional de Mar del Plata. p.
03
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Besides  these,  other  high  frequency
constituents - MN4, M4 and MS4 - had to be
included. because their large amplification in the
interior arcas of the estuary. These fourth-diurnal
constituents are comparable to the diurnal ones (or
even larger) and represent an important contribution
for the tidal circulation. Their amplitudes and phascs
at the borders were estimated through a few available
harmonic analyses of tidal series measured in the
estuary and onc in the adjacent shelf.

The complete set of 12 tidal constituents was
used to compute tidal oscillations at the borders,
although no information on tidal currents was
available. Due to the lack of current data, surface tidal
oscillations werc imposed at the open boundaries and
first internal grid points, as done by O’Connor (1991).
This solution for boundary conditions led to good
results for tidal simulations in Santos (Brazil, 24°S),
vielding the obtention of corange and cophase lines
for each constituent (Iarari & Camargo. 1998). In the
present case. the tidal influence at the borders was
performed through the usc of a partially clamped
boundary condition, as presented in Chapman (1985)
and in Blumberg & Kantha (1985); in this solution,
the tidal signal is imposed as a restoring term added to
radiational conditions, ¢.g. a nudging term, as follows:

,
where ¢ = (gh) v is the phase velocity (dependent
on the gravity acceleration g and local depth #), n is
the normal to the border, n is the free surface
elevation at the border, 1. is the correspondent
harmonic tide and 7y is associated with the weight of
the nudging term (note that 7y — 0 indicates clamped
boundaries and Ty — o leads to a pure radiational
condition). The term on the right represents damping
which tends to force the value of 7 at the boundary to
the known value 7y, with a time scale of the order
of 7.

Sensitivity  studies  were conducted to
determine an appropriate determination of 7z where
values of 900s, 1800s, 3600s and 7200s were
employed. The value of [1800s was considered the
best choice for this domain, which keeps the tidal
characteristics at the boundaries and allows the
inclusion of wind fields at the surface (although not
used in the present work).

The boundary condition for the vertically
integrated currents (the external mode) was the pure
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radiational condition applied only in the last border
lines (which expression is the same as the equation
mentioned above, with 7¢=0). For the internal modes
velocities, no-gradient boundary conditions werc
adopted.

Results

The model was initialized from rest at
00hGMT of March [, 1997 for a 31-days simulation.
The spin-up time related to the tidal forcing was

about 30 hours; the subsequent 696 hours (29
days) time series of surface elevations and currents,
for each grid point, were analyzed through the
harmonic method (Franco, 1988). Comparisons
between wmodel results and observed harmonic
constants at five points presented good agreement
(Tab. 1 with positions signed in Fig. 1). With these
observations, one can note the amplification rates of
all constituents, except the diurnal ones; the model
suggested satisfactory values for these amplification
rates, except for MS4.

Table 1. Harmonic constants of surface clevations for cach tidal constituent. Amplitudes (in ¢m) and phases relative to
Greenwich (in degrees) lor five positions within the estuary (indicated in Fig.1). Observations in the upper line

and model results in the lower line.
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For surface currents, two points with
measurements indicated a reasonable agreement (Tab.
2); in any case, it is a satisfactory representation,
considering some limitations of the simulations,
specially the grid size and uncertainties in the
boundary data. In gencral, the model underestimated
the current intensities, which are directly related to the
horizontal resolution.

The composition of the harmonic constants
of surface elevation and surface currents yield the
charting of corange and cophase lines, as well as
the axes of surface currents cllipscs of each
constituent. The major constituents M2, S§2, M3 and
M4 were selected for presentation (IFigs 2 to 5).
For these constituents, the amplification rates (from
the coastal region to the interior areas) arc very
significant, being respectively 50%, 40%, over 100%
and again over 100%. The region of the mouth of the
estuary and the narrow interior channels presented the
largest intensities of tidal currents, for all mentioned
constituents.

Another feature of interest of the simulation
is the residual current field associated to the tidal
cycles. The configuration shown in Figure 6 was
obtained through the computation of the mean
currents over 10 tidal cycles, for each grid point,
during the spring tide of the period of 6 to 10 March
1997. In this figure, one can note the presence of tidal
cddics as the ones described by Zimmerman (1981),
which can be generated by coastal geometry and
bottom topography (since there are no wind and no
thermohaline effects in the present simulation). In any
case, the nonlinear inertia effects are fundamental to
the formation of these eddics, as stated by Tee (1976)
and Oey et al (1985a). For example, the eddies
formed inside the bay appear to be mainly induced by
bottom topography, while the eddies formed in the
recgion of the mouth appear to be induced by the
combination of both bathymetry and coastal line
geometry. For the present case, the residual currents
can reach 10 to 15% of the total tidal flow, being very
important  for pollutant dispersion and sediment
transport in the bay.
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Fig. 6. Residual surface for 10 spring tide cycles from 6 to 10 March 1997,

Discussions and conclusions

The wuse of partially clamped boundary
conditions allowed the modeling ot tidal propagation
in the Paranagua Bay; the major advantage of this
solution is the possibility of inclusion of surface wind
fields with the same formulation.

In terms of surface elevation, the tidal ranges
and amplification rates, from the mouth to the interior
points, were well represented, as well as the
correspondent phase lags. For surface tidal currents,
the comparison of modeled and observed harmonic
constants indicated a reasonable representation: in
respect to the discrepancies in the comparisons of
currents, it is necessary to mention that the adopted
horizontal resolution is not fine enough to represent
some cross-channel vertical sections (mainly bottom
features and coastline details). In any case, the
corange and cophase lines besides the axes of surface
ellipses, for each tidal constituent, yicld to tidal
forecasts with considerable precision, for the whole
domain.

Residual tidal currents were determined for
the entire region, indicating the integrated effects of
tidal cycles. The obtained tidal eddies are resuit
of nonlincar interactions between the tidal flow,
the coastal geometry and the bottom topography
(since no winds and thermohaline effects were
considered).

The next steps of this research will consider
(i) the influence of surface wind fields in driving
currents within the estuary and (ii) the inclusion of
baroclinic effects through the use of temperature and
salinity as prognostic variables (e.g., varying during
tidal cycles and depending on wind conditions). These
future simulations arc planned to run on higher
resolution domains, in order to improve the
representation of effects due to bottom topography
and coastal geometry.
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