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Abstract Tidal propagation in estuaries is affected by
friction and fresh water discharge, besides changes in the
depth and morphology of the channel. Main distortions
imply variations in the mean water level and asymmetry.
Tidal asymmetry can be important as a mechanism for
sediment accumulation and turbidity maximum forma-
tion in estuaries, while mean water level changes can
affect navigation depths. Data from several gauges sta-
tions from the Amazon estuary and the adjacent coast
were analyzed and a 2DH hydrodynamic model was
configured in a domain covering the continental shelf up
to the last section of the river where the tidal signature is
observed. Based on data, theoretical and numerical re-
sults, the various influences in the generation of estua-
rine harmonics are presented, including that of fresh
water discharge. It is shown that the main overtide, My,
derived from the most important astronomic component
in the Amazon estuary, M,, is responsible for the tidal
wave asymmetry. This harmonic has its maximum
amplitude at the mouth, where minimum depths are
found, and then decreases while tide propagates inside
the estuary. Also, the numerical results show that the
discharge does not affect water level asymmetry; how-
ever, the Amazon river discharge plays an important
role in the behavior of the horizontal tide. The main
compound tide in Amazon estuary, Msf, generated from
the combination of the M, and S,, can be strong enough
to provoke neap low waters lower than spring ones. The
results show this component increasing while going up-
stream in the estuary, reaching a maximum and then
slightly decaying.
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1 Introduction

Tidal propagation in estuaries is affected by friction and
fresh water discharge (Dronkers 1964; Godin 1985,
1999), besides changes in depths and the morphology of
the channel (Dronkers 1964; Ippen and Harleman 1966;
Shetye and Gouveia 1992; Friedrichs and Aubrey 1994;
Lanzoni and Seminara 1998), which implies variations in
the mean water level and asymmetry of the tidal wave.

Tidal asymmetry is explained through the generation
of overtides (Dronkers 1964; Pugh 1987; Dyer 1997). In
the Amazon estuary, the presence of the My harmonic is
the main cause of wave distortion or modification (Gallo
2004), causing disparities in the rising and falling times.
This special feature is important, in some cases, as a
mechanism for sediment accumulation and turbidity
maximum formation in estuaries.

In the upper part of the Amazon estuary, modifica-
tions in the mean water level due to the generation of
compound tides may become more important than
changes imposed by the main astronomical tide, which
may affect the navigation depths. This feature has been
reported in the upper Saint Lawrence river (Godin
1999). For building the navigation charts, for instance,
the criteria for establishing the navigation depth is the
minimum occurring during the spring low water stage.
However, in the estuary, neap low water levels can be
lower than the spring levels one due to this tidal com-
pound (Speer and Aubrey 1985; Gallo 2004).

The Amazon tide is semi-diurnal, being M, (12.4 h)
and S, (12 h), the most important astronomic compo-
nents. Consequently, the main overtide is the My (6.2 h)
and the main compound tide is Msf (354.4 h), from the
combination of M, and S, (Gallo 2004). The aim of this
work is to understand different mechanisms affecting the
generation of these shallow water harmonics with
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reference to the Amazon estuary. Considering available
tidal records, the amplitude of the main astronomic
components, overtides and compound tides are analyzed
in regard to their spatial location and respective forc-
ings. A 2DH hydrodynamic model was configured and
calibrated in order to help in the analysis and to consider
the effects of river discharge, which cannot be analyzed
from the scarce data.

2 Description of the area

Considering an estuary as being an area where the sea
and river encounter, the Amazon estuary extends from
the continental shelf, where fresh and ocean waters mix,
up to Obidos city, where the tide propagates. The
Amazon estuary is a very energetic ambient, where the
fresh water discharge and oceanic tides are the main
responsible agents for the water level oscillation. The
mean fluvial discharge to Atlantic ocean is about
170,000 m?/s (at Obidos city), with maximum and min-
imum values of 270,000 and 60,000 m*/s (ANA 2003),
respectively. At the Amazon mouth, the main astro-
nomic components are the M,, S,, N, (semi-diurnals),
K and Oy (diurnals) with amplitudes of ~140, 30, 20, 10
and 5 cm, respectively. The estuary is classified as
macrotidal (Dyer 1997), with a tidal range between 4
and 6 m, and as semi-diurnal (Pugh 1987), with a wave
shape relationship (the quotient of the diurnals to semi-
diurnals harmonics) equal to 0.1.

Figure 1 shows the study area, bathymetry and a
longitudinal bottom profile. The upper reach (0—
500 km) has a mean slope of 2x10~>, with a mean depth
of ~30 m. When the river branches, the slope is about

Fig. 1 Amazon estuary,

zero and depths decrease to about 20 m in both chan-
nels. At the mouth, depths are about 10 m. The conti-
nental shelf extends up to 100 m depth with a slope of
about 2x10~%. Sand is the dominant bottom sediment in
the upper part of the estuary up to the mouth, and at the
southern part of the Amazon continental shelf. Thick
mud deposits have been recorded (AmasSeds 1990) in
the front and the north of the mouth, which has been
shown, is important for tidal propagation (Gabioux
et al. 2005).

3 M, and Mg generation: theoretical analysis

Tidal propagation can be obtained from the following
one dimensional governing equations (Dronkers 1964):
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Table 1 M, and Msf relative amplitudes obtained from the theo-
retical analysis of the nonlinear terms: friction, advection, and
continuity

Harmonic Frequency Relative amplitudes

Friction Advection Continuity
(ADV) (CONT)
My cos [20 1 t] aoa% %a% %albl
Msf CoSs [(U 1 — 02 )t] 200 ay dp %alaz a b2+b1 ar

Three principal components were considered: 0 (fluvial discharge),
o 1(M3) and ¢ , (S;). Amplitudes normalized by the square of t‘?e

i T
s U2

and by the product of the maximum water level range and maxi-

maximum velocity (for the friction and advective terms, —%)

. L 3R 2U
mum velocity (for the continuity term,"*ZU )

The water level and velocity will be considered as a
sum of permanent and transient parts, regarding the
river discharge (o) and N tidal harmonics (oj frequencies,
j=11to N), respectively.

z(x, t) = zo(x) + sz(x) cos(a;t) (3)
=1
u(x,t) = —up(x) + u;(x) cos(a;t) 4)

J=1

The product u| u | is considered as a sum of two odd
terms of w,ulu| ~ (0.35u + 0.714*) according to Godin
and Martinez (1994); Godin (1999); Gallo (2004).
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Replacing Egs. 3 and 4 in the non-linear terms listed
above, new harmonics will be generated with frequencies
which are products, sums or differences of the original
ones. The interaction between the generated and original
harmonics is not considered in this analysis. Also, phase
differences are not accounted for.

The resulting harmonics generated through the non-
linear terms were normalized by the square of the
maximum velocity (for the friction and advective terms)
and by the product of the maximum velocity and max-
imum water level range (for the continuity term).
Table 1 shows the relative amplitudes for the My and
Msf harmonics, obtained from this analysis. These are
specific cases of the amplitudes found in previous works
(Godin and Gutierrez 1996; Godin 1999).

Thus, knowing the amplitudes (for velocities, g;, and
levels, b;) of the original components at each location in
the estuary, it is possible to infer the contribution of
each non-linear term to the new generated harmonics.

4 Data analysis and tidal propagation model

The harmonic analysis was applied both for measured
and calculated water levels. The component amplitudes
were obtained using the program T_TIDE (Pawlowicz et
al. 2002). Measured and simulated series were 30 days
long.

The 2DH module of the SisBAHIA hydrodynamics
model, http://www.sisbahia.coppe.ufrj.br (Rosman
1987, 2001), was configured and calibrated, aiming to
help in the analysis through the numerical inspection of

Fig. 2 Gauge stations analyzed
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the contribution of the different non linear terms, with
emphasis in the effect of the river discharge, which could
not be analyzed from the scarce data. Figure 2 shows the
numerical mesh and the location of the tidal gauge sta-
tions. The model extends over 1,200 km, from the upper
limit, 100 km upstream of Obidos city, up to the conti-
nental break. The mesh has 1,022 finite elements, with a
resolution of 15 km at the continental shelf, 12 km at
the mouth area and 1 km in the upper estuary. A time
step for the simulations was 200 s, given a maximum
Courant number of 8 and a mean of 1.75. The bottom
friction in the sand regions considered the values of the
roughness recommended by Abbot and Basco (1989) for
bed with sand transportation, O(107?m). In the
muddy area over the shelf (see Fig. 1), the strong
interaction between the high concentration fine sedi-
ments and hydrodynamics was considered following
Gabioux et al. (2005). In this region, roughness values of
O(107-107° m) were considered. The fluvial boundary
condition was established considering a constant dis-
charge: the mean river discharge and a zero value in
order to highlight the effect of this forcing on the gen-
eration of tidal harmonics. At the sea boundary, the two
main astronomical tidal constituents M, and S, were
prescribed, which explains about 70 and 85% of its
amplitude. The amplitude and phase were taken from
data reported in the literature (Beardsley et al. 1995;
FEMAR 2000).

The model was calibrated with the main astronomical
components obtained from the tidal records from the 20-
gauge stations, as shown in Fig. 2. This data set was
mainly collected in short periods of 30 days, during the
months of March or September when the river discharge
was approximately at its mean value, considered as the
fluvial boundary condition. Forty five days were simu-
lated and the first 15 days were discarded to avoid the
influence of the initial conditions on the results.

Figures 3 and 4 show the comparison of data and
numerical results for the amplitudes of the main astro-
nomic components, M, and S,, for the stations along the
coast (Fig. 3), from north to south, and for the stations
along a longitudinal transect from Obidos city up to the
continental break (Fig. 4). Notice the difference in the
scales for both Figures. The amplification observed in
the coastal area is due to the resonant effect at the
embayment (Beardsley et al. 1995). This effect is also
important at the mouth. The reduction in the friction
due to the mud deposit (Gabioux et al. 2005) helps to
keep tidal amplitudes high at the north area. Once
propagating in the estuary channels, the astronomical
tidal amplitudes decrease progressively. As can be seen
in Figs. 3 and 4, the fit between model and data is good,
with amplitude errors lower than 10%, which was con-
sidered satisfactory for the purposes of in this work. The
fitting of the model in terms of phase was also consid-
ered good, but not presented here. Errors of the order of
5° were observed in the lower estuary and the northern
coast, with more severe differences in the upper estuary
and southern coast (of the order of 30°).

5 Results

5.1 The contributions of the river discharge, depth,
roughness and estuary convergent shape
to the shallow water harmonics

Figure 5 shows a comparison between the measured and
simulated amplitudes for the two considered main shal-
low water harmonics, My and Msf. Modeled values fit
well the measured ones, except for the Msf harmonic in
the upper part of the estuary where the monthly changes
of the river discharge are much stronger than in the lower
part of the estuary. This effect is not accounted for in the

Fig. 3 Tidal amplitudes for the
main astronomic components,
M, (a) and S, (b), for the
stations along the coast.
Measured (symbols) and
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constant discharge simulations. In most of the stations
the differences between observed and simulated ampli-
tudes was about 5-10 cm. The results for zero discharge
are also included in Fig. 5. In order to have a more
continuous picture of the tidal propagation behavior,
three intermediate points over the shelf are included (a, b
and c, see Fig. 2), considering only the model results.
With the principal component amplitudes (discharge,
M, and S,), obtained from numerical results at each
location, their contribution to the amplitude of the two
shallow water harmonics is calculated for each non-lin-
ear term as expressed in Table 1. The normalizing scales
were the local depth, H, the roughness, C, and the
maximum tidal range, Z, at each station, and the
wavelength (O(10%) km for M, and 0O(10%) km for Msf),
for Ax, and the time frequency (opas=2.8x10"%/s' for
M, and ape=5x10"/s! for Msf), for Az. The contri-
butions from each non-linear terms are showed in Fig. 6.
The friction term provides the main contribution for
both harmonics over the upper part of the estuary up to
the mouth (from 0 to 800 km), as could be expected
from the strong influence of the river discharge. The
transition from mud to sand, over the shelf, occurs
approximately in the 1,000-1,100 km, and the friction

Distance from Obidos (km)

again becomes important for Msf amplitude, with a new
peak. Continuity and advection non linear terms are
preponderant at the mouth, where the lower depths and
converging shape of the estuary occur. These two terms
have a stronger influence on the My.

The influence of the river discharge on the M4 and Msf
can be seen in Fig. 5, comparing both simulations, for the
mean and zero river discharge. It is interesting to compare
Figs. 5 and 6. In agreement with the theoretical results
depicted in Figs. 5 and 6, shows that the river discharge
represents about the 40% of the M, amplitude and 50% of
the Msf one. The continuity and advective non-linear
terms do not depend on the river discharge, then, the zero
discharge line must follow the trend of these terms. This
happens for the My. For the Msf harmonic, however, the
zero discharge line does not follow the continuity and
advective contributions. This is explained by the fact that
the Msf is a long wave which propagates beyond the ori-
ginal components. The upstream propagation is not ac-
counted for by the theory, and, consequently, the results
are masked in some extent.

Figure 7 shows the influence of the river discharge in
the growth of the shallow water harmonics, relative to
the M, amplitude. The energy transfer from the M, to its

Fig. 7 Effect of Amazon river ao
discharge on the M4 (a) and
Msf (b) amplitudes. Numerical
results with the mean discharge
(solid line) and zero discharge
(dash line)
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Fig. 10 Asymmetry within the estuary. Numerical results with the
mean discharge (solid line) and zero discharge (dash line)

5.2 Msf and My effects on Amazon tides

The effect of the Msf can be observed for example in the
Gurupa station (station 6 in Fig. 2). Figure 8 presents
the measurements at this station during four weeks
compared to the same data after filtering the Msf com-
ponent. Also, in the same figure, numerical results are
presented for the same station, with the mean river
discharge. The Msf is in phase with the spring-neap
cycles. At this station the amplitude of Msf is about 40%
of the M, amplitude and the lowering of the neap low
water level with respect to the spring one, is already
noticeable. In the upper part of the estuary, where M,
and S, are strongly damped and the spring neap cycle is
not evident any more, the Msf modulates the water level,
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as shown for example for the Almeirim station (station 4
in the Fig. 2) in Fig. 9.

The relative phase of the My to M,, expressed as
20(M,)-d(My) (Speer and Aubrey 1985), is the main
factor controlling the tidal wave asymmetry. Regarding
the water levels, or the vertical tide, for 0 <2®(M,)-
d(M,) < 180°, the asymmetry is positive and the rising
time will be shorter than the falling one, while for 180°
< 20(M,)-D(M,) < 360°, the opposite occurs. Fig-
ure 10 shows this phase relationship for the Amazon
model results, calculated from the water level compo-
nents, M4 and M,, obtained through the harmonic
analysis of the numerical results, for the mean and zero
discharges. Over the continental shelf, where the strong
convergence of the tide is observed, the asymmetry is
negative, while in the inner part, where the energy dis-
sipation due to friction is predominant, from the mouth
up to the limit of tidal propagation, the asymmetry is
positive. This behavior was also observed by Lanzoni
and Seminara (1998), for the analysis of the observed
tidal and geometric properties of various tidal estuaries.

It is noticeable in Fig. 10 that the water level asym-
metry is not affected by the changes in the river dis-
charge. However, regarding the behavior of the tidal
velocities, also called the horizontal tide, the river dis-
charge plays an important role. In the literature, estu-
aries with positive asymmetry for the vertical tide are
usually referred to as flood dominated estuaries (Shetye
and Gouveia 1992; Friedrichs and Aubrey 1994), and
estuaries with negative asymmetry as ebb dominated
estuaries, considering the fact that the shorter rising or
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falling time, would carry out stronger flows during flood
or ebb, respectively. This would be the case for a zero
river discharge in the estuary, as shown in Fig. 11 for
stations b and 8 (see Fig. 2 for locations), representing
both cases, the negative and positive asymmetry,
respectively. For the case with river discharge, its flow
may strongly affect this pattern, as can be seen from the
simulation results presented in Fig. 12, for these sta-
tions. At the station b, where the effect of the river
discharge is weak, with negative asymmetry, there is a
slight increase in the ebb current with respect to the zero
discharge case. At the station 8, with strong fluvial
influence and with positive asymmetry reflected in the
rising time being 2 h shorter than the falling time the
maximum flood velocity is only about 30% of the
maximum ebb velocity.

6 Conclusion

Three zones can be observed in the Amazon estuary. A
zone where the main astronomic compounds prevail
near the mouth and over the continental shelf, an
intermediate zone, where the shallow water components
are strong, and an upper zone where the compound tide,
Msf, is preponderant. Along the estuary, the contribu-
tions of the three non-linear terms, the friction, advec-
tion and continuity, for the two main shallow water
harmonics, M4 and Msf, were identified.

The friction term provides the main contribution for
shallow water harmonics over the upper part of the
estuary up to the mouth, as could be expected due to the
strong influence of the river discharge. Continuity and
advection non-linear terms are preponderant at the
mouth, where lower depths and the converging shape of
the estuary occur. The numerical results show the Msf
increasing while going upstream in the estuary, reaching
a maximum and then decaying. The main overtide, My,
has its maximum amplitude at the mouth, where the M,
is maximum and where the minimum depths are found,
decreasing while the tide propagates inside the estuary.
Its decay is stronger than for Msf, according to what
would be expected from a shorter period harmonic.

The main compound tide in Amazon estuary, Msf,
modulates the water level and can be strong enough to
cause neap low water to be lower than spring ones.

Water level asymmetry is not affected by the changes
in the Amazon river discharge. However, regarding the
behavior of the horizontal tide, the river discharge plays
an important role. Positive water level asymmetry, with
shorter rising times than falling ones, in estuaries with an
strong fluvial influence such as Amazon river, does not
mean flood-dominated estuaries. Numerical results at
the mouth of the Amazon estuary show that having a
strong difference between the rise and fall of the water
level in 2 h, does not result in stronger currents during
flood. In this case, from the numerical results, maximum
ebb currents are higher than the corresponding maxi-

mum flood currents. In fact, fine sediments accumulate
out of the mouth and over the continental shelf as re-
ported in the literature.
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