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Abstract

The Rio de la Plata estuary (RdP) is characterized by the large flow of its tributary rivers (Q), with an average of
22,000 m® s~! and an interannual variability range from 8000 to 90,000 m> s~'. In this work, the hypothesis that the
current due to that flow (CDR) interacts nonlinearly with both the tides and storm surges is evaluated utilizing water
level observations and numerical simulations. Two tide gauge time series gathered at the freshwater tidal zone (FTZ) of
the RdP are analyzed with the novel surrogate analysis. The analysis is applied for periods of high, medium and low Q.
Results show that both interactions occur at the upper half of the FTZ and increase with Q. Harmonic analyses support
the surrogate analysis’ conclusions and show that tide-CDR interaction redistributes the energy among tidal harmonics,
increasing asymmetry. Numerical simulations confirm that (i) both interactions maximize at the upper half of the FTZ and
decrease downstream; and (ii) they are modulated by Q; a rise of about 14,000 m® s~! (interquartile range) can produce an
intensification of 50% and 100% of the amplitudes of the tide-CDR and surge-CDR interactions, respectively; and (iii) both
interactions introduce asymmetries in the water level, with faster rises and slower falls; (iv) the quadratic bottom friction is
the main source of both interactions; (v) tide-CDR interaction represents 12% of the water level associated with the tide,
whereas surge-CDR interaction accounts for 5% of the surge peak; and (vi) the interactions are significant in the upper FTZ
because there, the magnitude of the currents associated with the tide and the surge are comparable to CDR; downstream, the
channel widens and CDR decreases.
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by tides (hereinafter referred to as FTZ), the current due
to the flow of tributary rivers (CDR) can combine with
surges and tides to produce an increased risk of flooding
(Maskell 2012; Spicer 2019). The problem is complex
since the interactions between tides, surges and CDR in
estuaries and tidal rivers are not necessarily linear (see,
for instance, Hoitink and Jay 2016 and references therein)
and are not fully understood yet (Cai et al. 2018; Zhang
et al. 2018). The physical processes in freshwater tidal
zones of estuaries were deeply discussed in the review
by Hoitink and Jay (2016), where references to a number
of articles on the subject can be found. Tidal propagation
in those systems is the result of nonlinear interactions
between ocean tides, channel geometry, bottom friction,
and CDR (Matte et al. 2014), which integrally produce
distortion and damping of the tidal wave as it propagates
upstream (LeBlond 1978). In addition, the damping of
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the tide is not a local phenomenon but is the integrated
result of wave propagation through complex geometry with
nonlinear effects (Guo et al. 2015). In terms of harmonic
analysis, the distortion of the tide is reflected in the
generation of overtides (e.g., Jay 1991; Friedrichs and
Aubrey 1994; Parker 2007; Savenije et al. 2008; Luz Clara
Tejedor et al. 2014; Guo et al. 2015 and references in it).
Jay (1991) and Jay and Flinchem (1997) summarized that in
freshwater tidal zones, the behavior of the tide is complex
due to the combination of the following processes: (i) strong
frictional damping by a CDR; (ii) variable interaction of
barotropic tide with itself through nonlinearities in bed
stresses that are modulated by a CDR; (iii) topographic
funnelling of tidal waves in a predominantly convergent
fluvial geometry; (iv) incident and reflected waves of
each species; and (v) advection of the tide by a CDR.
In particular, this last item includes the reduction of the
amplitude of the tide, the delay of the propagation and
even the perturbation of the energy distribution among
the tidal harmonics (Godin 1985, 1991, 1999; Jay and
Flinchem 1997; Horrevoets et al. 2004). Surges, which are
also long waves (Gill 1982; Pedlosky 1987; Pugh 2004)
also suffer nonlinear effects as they propagate through the
freshwater tidal zones due to the geometry of the channel,
the friction and even due to the interaction with CDR
(WMO 2011).

Several studies have identified nonlinear interactions
between the tide and CDR in freshwater tidal zones (e.g.,
Gallo and Vinzon 2005 for the Amazon, Alebregtse and de
Swart 2016 for the Yangtze, Matte et al. 2014 for the St.
Lawrence, Sassi and Hoitink 2013 for the Mahakam and Jay
et al. 2016 for the Columbia). Regarding their impact on
the tidal range, for instance (Zhang et al. 2018) found that
in the estuary of the Yangtze River (China) the continental
discharge can produce a variation of the tidal amplitude of
approximately 12.5%.

Although many works analyzed the interaction between
the surge and tides (for instance, Proudman 1955a; Doodson
1956; Rossiter 1961; Godin 1972; Wolf 1981; Murty 1984;
Bijlsma 1986; Flather 2001; Bernier and Thompson 2007;
Jones and Davies 2008; Dinapoli et al. 2020c), studies on
the interaction between the surge and CDR are relatively
scarcer. For instance, in the Suyeong Bay (South Korea)
surge-CDR interaction can increase the water level by
more than 0.38 m (Kim et al. 2018). In UK estuaries,
characterized by surges with amplitudes of up to 2.00 m
and continental discharges of approximately 1500 m3 s~1,
it was found that surge-CDR interaction can increase the
water level by up to 0.35 m (Maskell et al. 2013). In
the Tamsui River (Taiwan) surge-CDR interaction produces
changes in the water level that depend on the amplitude of
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the surge and the value of CDR (Maskell et al. 2016). In
the Pearl River (China) it was observed that the average
water level is an order of magnitude higher during the
flood season than during the dry season (Cai et al. 2018).
Thus, the literature suggests that the effects of surge-CDR
interaction on the water level are characteristic of each
site and, therefore, their understanding requires specific
studies.

As far as we know, the only study dealing with these
interactions in the Rio de la Plata estuary (RdP) is the one
by Luz Clara Tejedor et al. (2014); they found that the
amplitude of the harmonic tidal constituent M, presents
pseudo-periodic oscillations of about 10%, which correlate
very well with continental freshwater discharge transported
by its tributary rivers (Q) and that seems to be the result of
tide-CDR interaction. To date no study has been made for
the RdP yet and, therefore, the possible modifications of the
surge and the impacts on its forecast are not known yet.

The aim of this work is to study the tide-CDR and surge-
CDR interactions in the FTZ of the RdP, to (i) contribute
to expanding knowledge about physical processes in this
estuarine system, particular among others in the world
because of its large width and strong flow, and (ii) improve
the scientific basis for the forecasting of tides and surges
in the region. The occurrence of surge-CDR and tide-CDR
interactions in the FTZ of the RdP is detected on tide
gauge observations; then, interactions are characterized and
quantified applying process oriented numerical simulations,
and the physical mechanisms that produce them are
identified and discussed.

Study Area

The Rio de la Plata (RdP; Fig. 1) is an extensive estuarine
system located on the eastern coast of Southern South
America, at approximately 35° S, that drains the waters
of the second largest basin of the subcontinent, after the
Amazon River (Moreira and Simionato 2019). The RdP
has a freshwater zone (Meccia et al. 2013; Guerrero et al.
1997) highly influenced by tides (Simionato et al. 2004b;
D’Onofrio et al. 2008), hereinafter referred to as FTZ, that
extends from the mouths of the main tributary rivers (Parana
and Uruguay; Fig. 1) to the submersed Barra del Indio
Shoal (Fig. 1). The bottom salinity front (Guerrero et al.
1997) and the turbidity maximum of the RdP are located
downstream the shoal throughout the year (Moreira et al.
2013; Dogliotti et al. 2016); the shoal, in turn, develops
because of the related sediments dynamics (Moreira and
Simionato 2019). The surface salinity signal associated with
the freshwater plume of the RdP can extend for many
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Fig. 1 Area of study, bathimetry (left panel) and geographical refer-
ences (right panel). The subfigure on the left panel shows the domain
of the two nested models (A and B). The image on the right panel

hundreds of kilometers along the Uruguayan and Brazilian
coasts (Campos et al. 1999; Piola et al. 2008; Romero 2008).
This way, the area occupied by the FTZ of the RdP is well
represented by the turbid region in Fig. 1. The mean depth
of this area is less than 10 m (Balay 1961; Fig. 1), and
extends along more than 200 km, with a width that varies
from 40 km at the upper part, close to Metropolitan Area
of Buenos Aires (MABA; Fig. 1), to about 110 km along
the imaginary line between Punta Piedras and Montevideo
(Luz Clara Tejedor et al. 2014; Fig. 1). Because of its large
breadth, the FTZ has particular dynamical features (see, for
instance, Simionato et al. 2004b, 2005, 2006b, 2007).

The FTZ of the RDP is very important from the
ecological and socio-economic points of view. The largest
cities of southern South America, including the capitals
of Argentina and Uruguay (MABA and Montevideo,
respectively; Fig. 1), so as a number industrial poles, harbors
and resorts, are located on its coasts. As a consequence, the
population of the region is very large, with approximately
16 million people just at MABA (Fig. 1). Sailing, and
passengers and commodities transportation activities take
place daily between Argentina, Uruguay and the countries

T T T T
58 ‘W 57 ‘W 56 ‘W 55 °W

shows data collected by the MODIS sensor aboard the Terra satellite
for a period between spring and summer of 2002; adapted from https://
visibleearth.nasa.gov/images/58924/rio-de-la-plata-argentina

located at the upper Plata Basin (Paraguay and Brazil),
along channels that demand permanent dredging (Re et al.
2010; Santoro et al. 2011; Re and Menéndez 2011). The
RdP is also the main source of drinking water for the
millions of inhabitants in the region (Moreira and Simionato
2019). As a consequence of its development, the FTZ is
the main focus of aquatic and atmospheric contamination,
which also concentrates there (Simionato et al. 2004b).

The FTZ of the RDP is affected by strong storm surges
with amplitudes that easily exceed £ 2.5 m (D’Onofrio
et al. 2008) that flood MABA and disable drinking
water supply during positive and negative extreme events,
respectively. Therefore, the understanding and modeling of
the propagation of tidal waves and storm surges in the RdP
is socio-economically important, for their forecast and for
the management of the drinking water supplies, the sailing
channels, and the ecosystem, as in other populated estuarine
systems of the world (Dronkers J 1986; Friedrichs and
Aubrey 1994; Kukulka 2003; Buschman et al. 2009; Hoitink
and Jay 2016).

The RdP is characterized by a large Q. The Parana
and Uruguay rivers (Fig. 1) account for about 97% of Q,
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whereas the remaining 3% is transported by the minor
tributaries which individual liquid discharges are two orders
of magnitude less (Framinan and Brown 1996; Framifian
et al. 1999). The long term mean Q to the RdP is
22,000 m? s~! (Fig. 2; Jaime et al. 2002), with a relatively
weak seasonal cycle (Simionato et al. 2001) but large
variability on interannual timescales associated to the cycles
of El Nino Southern Oscillation (ENSO; Robertson and
Mechoso 1998). Extreme peaks can reach values as low as
less than 10,000 m? s~! during La Nifia periods and as
high as almost 90,000 m? s~! during El Nifio events (Jaime
et al. 2002; Fig. 2). Q generates a downstream current
(hereinafter referred to as CDR) in the FTZ that can strongly
vary over time. Despite the large width of the RdP, CDR
is large in the upper FTZ and weakens downstream as the
channel widens and deepens (Simionato et al. 2004a). A
simple estimation, dividing Q by the characteristic depth
and width of the FTZ, drives to a CDR of about 0.40 ms ™!
at the uppermost part and 0.03 ms~! at the Barra del Indio
Shoal for average conditions; remarkably, those values can
reach 1.30 ms~! and 0.10 ms~!, respectively, for high Q
conditions.

Methods
Data

Hourly water level observations in the RdP have been
collected by the Servicio de Hidrografia Naval (SHN). In
this article two stations located in the FTZ are used: Palermo
(located at MABA; Fig. 1) and Oyarvide (Fig. 1), where
observations over large periods of time have been gathered.

90

Records at Palermo started in 1903 and at Oyarvide in 1980.
Tide gauge levels are referred to the common Tidal Datum
(0.79 m under the mean level) and all the observations were
subject to a quality control using the package developed by
D’Onofrio (1984).

Daily continental discharge observations were provided
by the Instituto Nacional del Agua. Records at Parana de las
Palmas, Parand Guazi-Bravo and Uruguay rivers (Fig. 1)
started in 1931 and observations were subject to quality
control by the institution (Borts et al. 2008).

Surrogate Analysis

The aim of the surrogates analysis is to find evidence of
nonlinearities in time series, particularly for intermittent
processes such as storm surges (Lancaster et al. 2018
and references therein). Surrogates are defined as a set
of time series that only share all the linear properties
(power spectrum and autocorrelation function) with the
original time series, which can be direct observations or
experimental data. The goal is to test the null hypothesis
that the original time series can also be described by a linear
stochastic model; thus, if this null hypothesis is rejected,
there is evidence for a significant nonlinear component in
the original time series (Lancaster et al. 2018 and references
therein).

Following the approach of Dinapoli et al. (2020c) the
Iterative Amplitude Adjusted Fourier Transform (IAAFT;
Schreiber and Schmitz 1996) was chosen to analyze tide
gauge series at the FTZ of the RdP. The aim of IAAFT is to
generate a surrogate set with a power spectrum as close to
that of the original data as possible. This way, the resulting
surrogate time series will have almost the same amplitude
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Fig. 2 Upper panel: Freshwater discharge (Q) of the RdP. Dashed
lines indicate the 10th, 50th and 90th percentiles of Q (Qp10, Qps0,
Qpoo, respectively). Lower panel: historical maximum and minimum
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extremes during El Nifio (left panel) and La Nifia (central panel) peri-
ods, respectively; and, an arbitrary period with average Q (right panel).
The map references the area covered by the FTZ of the RdP
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distribution as the original time series, but without nonlinear
features. For further details on the methodology, the reader
is referred to Schreiber and Schmitz (1996), Lancaster
et al. (2018), and Dinapoli et al. (2020c). The comparison
between surrogate and original time series is done by
calculating a nonlinear discriminating statistic. In this work
the time-irreversibility («; Lancaster et al. 2018) was
chosen, defined as Eq. 1:

T-1
1
o = - > 1 —m)? 4))
=0

where T is the length of the time series n,. This score
characterizes the invariance of the signal with respect to an
inversion of time; o can achieve both positive and negative
values, and for time-reversible signals (linear systems) it
should be almost negligible. Surrogates were computed
with a Python library developed by Mannattil and tested in
several works, e.g., Mannattil et al. (2016), Mannattil et al.
(2017), and Dinapoli et al. (2020c).

Numerical Model and Simulations

In this study a regionalized pre-operational modeling
system based on the ocean primitive equations CROCO
(Coastal and Regional Ocean COmmunity model, http://
www.croco-ocean.org; Debreu et al.’s 2012) numerical
model was applied. The particular regionalization for
the simulations of the RdP utilized in this work was
implemented and validated by Dinapoli et al. (2020b) and
Dinapoli et al. (2020a) and used for the study of tide-
surge interactions by Dinapoli et al. (2020c). CROCO was
applied on a barotropic 2D version, as it is usually done to
study tide-surge-river interactions in freshwater zones (e.g.,
Rossiter 1961; Sinha et al. 1996; Gallo and Vinzon 2005;
Guo et al. 2015; Maskell et al. 2014; Cai et al. 2018; Zhang
etal. 2018; Lyddon et al. 2018; Losada et al. 2017; Wankang
et al. 2019; Dinapoli et al. 2020c). The 2D barotropic model
is based on the depth-averaged momentum and continuity
equations as follows, Eqs. 2 and 3:

ou R 1 1
—+@-V)u+fixu=—gVn——Vps+——(Ts—18B)
ot £0 poH

(2)

T4V (Hw =0 )
where u represents the depth-averaged velocity; ¢ the time;
f the Coriolis parameter; Z the versor normal to the surface;
g the acceleration due to gravity; n the water level; pg the
water density; p,; the surface atmospheric pressure; H the
total water depth, i.e., the addition of 1 and the undisturbed
water depth (h); T 5 and 7 p surface wind and bottom friction

stress tensors, respectively.

The application of CROCO used in this paper was
implemented by means of two nested domains of differ-
ent resolutions and scales. Model A is the lowest resolu-
tion/largest scale domain, spanning from 69° W to 46° W
and from 59° S to 26° S (Fig. 1, subfigure), with horizon-
tal zonal/meridional resolutions of 7.50'/5.25" (equivalent
to approximately 12 km). The solutions of this model are
used to provide boundary conditions to a higher resolution
domain focused on the RdP (Model B; Fig. 1). Model B
covers the region between 58.75° W and 52.50° W, and
38.20° S and 32.60° S, with a horizontal zonal/meridional
resolution of 2.5'/1.75" (approximately 4 km). Given that
the wavelength of the tide is more than 300 km (Simionato
et al. 2005) and that the scale of the surge is near to 1000
km (Pugh 2004), a resolution of 4 km is enough to prop-
erly solve the processes of interest and provides a reasonable
number of grid points describing them throughout the entire
area of interest (i.e., FTZ), with at least 10 to 12 points even
at its uppermost part (e.g., Simionato et al. 2004a; Luz Clara
Tejedor et al. 2015, Moreira and Simionato 2019, Dinapoli
et al. 2020a). Increasing the resolution, in order to provide
detailed information about the circulation that may occur
in small inlets along the coast or within the ports, would
be desirable. Nevertheless, this last will not be possible in
the short term due to the lack of data of the bathymetric
details in those regions of the RdP, except along the (nar-
row) navigation channels and in the vicinity and inside the
main harbors (Dinapoli et al. 2020b). The empirical crite-
ria of 1/3 for the resolution reduction from father to child
models (Simionato et al. 2006a; Simionato et al. 2006b;
Santoro et al. 2011) was used. Bathymetries for both models
were built by combining ETOPO2v2 (Amante 2009) dataset
with data provided by the Hydrographic Service of the Navy
(SHN) for depths shallower than 200 m that come from dig-
itization of nautical charts (SHN 1986, 1992, 1993, 1999a,
b). Additionally, floods in the upper half of the FTZ of the
RdP occur mainly because the rainfall cannot drain properly
due to the level set by the surges more than to inundation;
therefore overland flooding was not taken into account.

Model A is forced along its lateral open boundaries by the
astronomical tide composed by the 8 principal diurnal and
semidiurnal constituents (M», Sy, Nj, K>, Ki, Oy, Q; and
P1) provided by the TPXO9 model (Egbert and Erofeeva
2002). Surface and bottom stress tensors are computed
through the quadratic parameterization, Eq. 4

Tg = chpaww (4a)

Tg = Ccppouu (4b)

where is ¢} is the wind drag coefficient, p4 is the air
density, w is the wind speed, w is the wind vector, cp the
quadratic bottom friction parameter, pg is the water density,
u is the current speed and u is the current vector. cp was
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set at 0.002 at every node of both A and B domains. ¢}
was parameterized using the formula proposed by Bowden
(1983), Eq. 5:

1

L®

w Il.lxlO3 ,forw <S5ms™

Cp = -3 _
(1.1 + 0.06w) x 10 ,forw>5ms

Sea level pressure, surface air density and 10-m wind
data are the 1-hourly ERAS (Copernicus Climate Change
Service 2017) reanalysis of the European Centre for
Medium Range Weather Forecast, with 0.25° spatial
resolution.

For the flow of the tributary rivers, daily observations
(Borts et al. 2008) are used to set the Parana and Uruguay
rivers discharges (Fig. 1). Both main branches of the
Parana River (Guazi-Bravo and Palmas) were incorporated
in the simulations at the upper part of the FTZ as is
usual (e.g., Maskell et al. 2014; Dinapoli et al. 2020a).
Even though in nature part of the tidal and surge energy
might propagate upstream along the tributary rivers, they
were not considered in this study. Their inclusion requires
specific simulations taking into account the elevation of
the terrain and the presence of the Delta of the Parani
River; besides the fact that those areas are beyond the
interest of this particular study, high resolution updated
bathymetries, which are not fully available yet, would be
necessary.

Finally, the time steps of the father and child models are
of 15 and 5 s, respectively, consistent with the CFL criterion
(Courant et al. 1928). Solutions were saved every 1 h of
simulation for the analysis.

To illustrate the satisfactory capability of the model of
reproducing the observed water level at the FTZ during
the period analyzed in this article, the upper three panels
of Fig. 3 shows the model solution (solid red line)
superimposed to the observations (black dots) for the tide
(nT, upper panel), the surge (ns, central upper panel)
and the total water level (n, central lower panel), i.e.,
the combination of the tide, the surge, the CDR and the
interactions. Time series correspond to Palermo station
(located at MABA, white square in the lower panel).
The observed tide was derived from harmonic analysis,
whereas the observed surge was calculated as the difference
between water level observations and the computed tide.
The root-mean-square error (RM S E) between simulations
and observations is 0.20 m for the tide and 0.27 m for the
surge, which corresponds to 13% and 8% of the respectively
variability range. The timing can be evaluated through the
Pearson correlation factor (R); results for the tide and the
surge are 0.75 and 0.88, respectively. The RM SE for the
water level is 0.24 m (5% of its variability range) and R is
0.91, being 1 the optimal. This shows the improvement of
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the numerical solutions when both the tide and the surge
are taken into account together in the simulation, because
of the inclusion of the interactions in the computation. For
comparison of the performance of our model with others
in literature, for instance, Dullaart et al. (2020) reported a
RM SE normalized by the variability range (or NRM SE)
of 8% at Florida (USA), Li et al. (2019) got a NRMSE
of 14% at Southern China, whereas (Ribeiro et al. 2018)
obtained 12% at Brazil. This way, the 8% obtained for
our application compares well to state-of-the-art storm
surge modeling in other parts of the world, supporting the
implementation of the CROCO application presented for
the modelization of tides and storm surges in the RdP.
Further details about the model development, validation and
its particular performance during surges in the FTZ with
realistic CDR can be found in Dinapoli et al. (2020b, a).

For the study of the interactions in the RdP we focused
on the period spanning between August 15th and December
15th 2010, when two of the most extreme storm surge events
of this century occurred in a relatively short period of time.
The positive surge event took place between August 30"
and September 5" (highlighted in green in the third panel
of Fig. 3), when strong and persistent southeasterly winds
(fourth left panel of Fig. 3) produced a level anomaly of
almost 3.00 m at that station, being 1.60 m the alert level
(D’Onofrio et al. 1999). A strong negative surge event took
place a bit later, between October 28th and November 3rd
(highlighted in blue in the third panel of Fig. 3), when strong
winds from the west and west-southwest blew over the RdP
(fourth right panel of Fig. 3) and produced a level anomaly
about —2.50 m at Palermo station, being —1.20 m the alert
level (D’Onofrio et al. 1999). The remaining period (RP)
corresponds to that between PSS and NSS, which is not
highlighted in Fig. 3. This way, the chosen simulated period
permits to study how the surge-CDR interaction develops
during both positive and negative extreme events, and also
during periods when winds are of intermediate strength.
This last was made for comparison between extreme surges
and periods characterized by “weaker” positive and negative
surges, of no more than approximately 1.50 m (see Fig. 3).
The same time period shown in Fig. 3 was considered
for the tide-CDR interaction simulations because it is
long enough to sample several times the spring-neap cycle
of the tide.

Regarding the discharge of the tributary rivers during the
simulation analyzed in this work, Fig. 4 shows the flow
of the Parana-Palmas (red), Parana-Guazi (blue), Uruguay
(green) rivers and the total (Q, black) for the period. It can
be noted that Q shows relatively little variation along those
four months. In addition, during both studied surge events
(shaded in green and blue) Q remained almost constant.
Based on those observations and on the fact that significant
changes in the water level occur for variations of at least
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respond to Palermo station (white square lower panel). In the central
lower panel the extreme positive storm surge is highlighted in green,

one order of magnitude in Q (Dinapoli et al. 2020b), that
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whereas the negative one is highlighted in light blue. Lower panel: sur-
face winds for the moment of the peak of each storm, represented by
vectors, and contours of the atmospheric sea level pressure (SLP in
hPa). Adapted from Dinapoli et al. (2020c)

between CDR, tides and surges that might be confusing for

parameter is set to a constant value during each simulation.  the analysis. The mean Qpsg = 22,000 m> s~ was chosen
This avoids the occurrence of changes in the interactions  unless specified.
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Fig. 4 Discharge of the tributary rivers during the simulated period:
Parani-Palmas in red, Parand-Guazi in blue, Uruguay in light green
and the total continental discharge in black. The orange and blue

shades indicate the period when the positive (PSS) and the negative
(NSS) storm surge occurred, respectively
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Characterization of Nonlinear Interactions
in the Numerical Simulations

For the analysis of interactions, we followed the termi-
nology introduced by Wolf (1978), and applied in several
papers (e.g., Bijlsma 1986; Bernier and Thompson 2007;
Zhang et al. 2010; Idier et al. 2012; Dinapoli et al. 2020c).
Wind waves inside the estuary are usually locally gener-
ated (sea) because both short and long swell coming from
the Continental Shelf are strongly attenuated by refraction
and bottom friction within the FTZ of the RdP (Dragani
and Romero 2004). Significant wave heights and periods
are relatively low (0.52 m and 3.3 s, respectively) and wave
breaking does not often occur (Dragani and Romero 2004);
therefore wave-induced setup can be considered negligible
for this analysis. This way, the water level (nw ) is consid-
ered to be the algebraic sum of (i) the pure tide or surge level
(nT/ns); (ii) the pure river discharge elevation (ng); and (iii)
the residual elevation due to the nonlinear interactions (n;),
so that, Eq. 6:

nwL =n1/s + MR + 01 (6)

Using the numerical model, those terms were computed
as the solution of simulations with (i) tidal forcing only;
(i1) atmospheric forcing only (surface wind and atmospheric
pressure); (iii) Q only; and (iv) the full forcing, including
tidal/atmospheric and Q forcings. n; is then calculated as a
residual using Eq. 6.

Bijlsma (1986) showed that nonlinear interactions in
the shallow waters equation system (Gill 1982; Pedlosky
1987; Zhang et al. 2010) can be related to (i) the advective
terms ((u- V)u); (ii) the bottom friction terms (4); and
(iii) the shallow waters effect, related to the total depth
(H = h + n, being h the unperturbed depth and 7 the
water level anomaly). To study the possible sources for
those interactions in the FTZ of the RdP, another set of
simulations was performed straightforwardly “turning off”
the above-mentioned effects one at a time as done for
instance in Dinapoli et al. (2020c):

— In the case of advection, CROCO has a flag to
deactivate this term in the integrated equation.

— For bottom friction, a linear parameterization instead
of the classic quadratic one described above was used
following the approach suggested by Zhang et al.
(2010). This way, Tp is computed as T3 = crpou,
where ¢ is chosen empirically to produce surges with
peaks comparable to those predicted by the nonlinear
model, i.e., meeting the scales of T and T7p by cp ~
cpu. This way, the amount of energy dissipated by
bottom friction in both simulations is similar, but in
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the linear one the interactions are omitted. Figure 5
presents the comparison of the water level at Palermo
station (MABA; Fig. 1) derived from simulations forced
with nonlinear (black) and linear (red) bottom friction
with cp = 2.0 x 107* and ¢, = 7 x 107* ms™!,
respectively. Figure 5 shows that the election of cL.
allows to preserve the order of magnitude of both the
tide (upper panel) and the surge (lower panel) and
highlights the effects of the nonlinearities: generation of
overtides and/or compound tides that modify the shape
and the amplitude of the tide and the time evolution of
the surge.

— For the case of the shallow waters effect, Eqs. 2 and
3 are linearized using the deep water approximation
(n < h), where H is reduced to A.

To provide an estimation of the diverse effects, the
differences between the “full” solution and the solution
without each one of those effects are presented.

Finally, following others works (for instance, Idier et al.
2012; Dinapoli et al. 2020c), the absolute maximum value
or uniform norm (|| - |l = max (|-|)) was chosen as a
measure of amplitudes and differences. In addition to being
equivalent to the other norms, this measure is an upper
bound of the root-mean-square distance (Treves 1967).
Therefore, from a practical point of view, the uniform norm
is a useful tool to estimate uncertainties.

— NonlinearTide\
—— Linear Tide

11/01 11/02

n (m)
|

—— Nonlinear Surge
—— Linear Surge

‘ \
10/30

A T Y B N

|
N

\
10/28 11/01 11/03

Fig. 5 Comparison of water level at Palermo station, for simulations
forced with nonlinear (black) and linear (red) bottom friction for pure
tide (upper panel) and pure surge (lower panel)
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Results

Observational Evidence of the Occurrence
of Tide-CDR and Surge-CDR Interactions in the FTZ
of the RdP

Surrogate Analysis

For the study of tide-CDR and surge-CDR interactions the
different time scales of variability of the involved processes
should be taken into account: Q (seasons to years), tides
(hours) and surges (days). For this reason, the analysis of
surrogates was carried out for different phases of Q (Fig. 2,
bottom panel): (i) “El Nifio” period: a trimester of 1983, a
Nifio year, when Q reached the historical extreme maximum
of 87,800 m3 s~! (lower left panel); (ii) “La Nifia” period: a
trimester of 1986, a Nifia year, when Q reached an extreme
minimum of 10,000 m? s~! (lower central panel); and (iii)
“Average” period: an arbitrary trimester with an average Q
of 22,000 m® s~! (corresponding to 1994-1995). During
the three chosen periods Q remained relatively constant
(bottom panel of Fig. 2), and they are long enough to
guarantee that several surge events as well as many tidal
cycles can be captured.

The analysis of surrogates was applied to tide gauge
series collected at Palermo (MABA, located at the upper
part of the FTZ) and Oyarvide (located on the outermost
portion of the FTZ) stations, shown as a square and a black
triangle on the map in Fig. 6. A total of 250 surrogate
time series were computed for each series. The upper panel
of Fig. 6 shows the distribution of o« computed for the
surrogates (red box plot) and for the time series of water
level at Palermo and Oyarvide (blue circles) during the El

Nifio (left panel), Average (central panel) and La Nifa (left
panel) periods. The figure indicates that in both sites there
is a significant nonlinear component for the three phases
of Q. This interaction might be partially explained by the
tide-surge interaction (Dinapoli et al. 2020c); nonetheless,
o computed for the observations decreases as the flow rate
does (from left to right in Fig. 4) in Palermo observations,
whereas in Oyarvide o remains almost constant for each
period. Therefore, the methodology proves statistically the
occurrence of a nonlinear component in water level at the
upper portion of the FTZ of the RdP due to interaction with
CDR, and suggests that nonlinearities become negligible at
its outer portion.

To determine whether the interaction observed in the
upper panel of Fig. 6 corresponds to tide-CDR interaction,
surge-CDR interaction or both, the central and lower panels
of Fig. 6 show the results of another subrogate analysis
applied to the tide gauge series recorded at Palermo and
Oyarvide after applying them low pass (central panel) and
high pass (lower panel) filters with cut-off periods of 30 h.
Since the tide-surge interaction has the frequency of the
tide (Dinapoli et al. 2020c), the low pass filter at 30 h
completely removes that component and isolates surge-
CDR interaction. Results for phenomena with periods more
than 30 h (central panel of Fig. 6) indicate that surge-
CDR interaction is significant only in Palermo (located in
the upper part of the FTZ of the RdP) and for average
to high Q; for those two cases « of the observations is
very close to the box plot but statistically different from
a of the surrogates. Also note that « for the low pass
filtered signals is always much smaller than o of the
non filtered ones (upper panel of Fig. 6). For La Niha
(extreme minimum @), o of the observations is within

‘o

El Nifio Average La Nifia
Palermo - F——[[}— () 4 —1}— e 4 —1}— e \
Water level
Oyarvide | —— [} @ 4 —1T1— e 4 —{1H+— e
I I I I I I I I I
Palermo —{ H[H® - He —| e~
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Fig.6 Time-irreversibility (o, in mm) for Palermo (square) and Oyar-
vide (triangle) stations during the periods: El Nifo (left panel), Aver-
age (central panel) and La Nifia (right panel). In blue & computed
for the observations. In red the boxplots that sintetize o« computed for
the surrogates. The comparison is made for the total observed water

level (upper panel), and the filtered signals for periods more than 30 h
(supratidal, central panel) and less than 30 h (tidal, lower panel). The
map shows the area of the FTZ of the RdP and the location of the tidal
stations
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the box plot, indicating that for very low flow rates the
interaction (if it occurs) cannot be distinguished from the
background noise. In the case of the high pass filtered
(tidal) component of the water level series (bottom panel of
Fig. 6), « is significant for both stations during the three
periods. Although part of this significance can be attributed
to nonlinear tide-surge interaction (Dinapoli et al. 2020c),
at Palermo « increases with Q, indicating the occurrence
of surge-CDR interaction in the upper portion of the FTZ.
At Oyarvide, « is independent of O, suggesting that, in the
external part of the FTZ, surge-CDR interaction is no longer
distinguishable.

In summary, the analyses of surrogates suggest that
both tide-CDR and surge-CDR interactions develop in the
upper part of the FTZ of the RdP and strongly decrease
downstream, becoming statistically negligible close to the
Barra del Indio Shoal.

Harmonic Analysis

In the particular case of the tide, nonlinearities cause
modulations or distortions that can be represented by
combining the characteristic or linear constituents (M,
01, Sy, etc.) with an additional set of overtides and
compound tides (Parker 2007; Pugh 2004). These nonlinear
harmonics develop in shallow regions as a consequence
of the nonlinear terms in the shallow waters equations
(Parker 2007; Pugh 2004; Gallo and Vinzon 2005): bottom

Table 1 Harmonic analysis of the time series at Palermo

friction, shallow water effect and horizontal advection. This
way, the identification of nonlinear harmonic constituents
through harmonic analysis provides an alternative method
to detect tide-CDR interaction in tide gauge observations.
Considering the results of the previous subsection, the
harmonic analysis discussed in what follows was performed
for the time series of Palermo station for El Nifio and La
Niiia periods (Fig. 2).

When applying harmonic analysis it should be taken into
account that, being based on least squares fits, results are
very sensitive to the length of the time series. Following the
recommendations of Parker (2007), only those constituents
that can be solved with a trimester of hourly data (92 days)
were considered. To reduce the errors in the estimation
of the amplitude and phase of the tidal constituents, the
methodology suggested by Luz Clara Tejedor et al. (2014)
was followed: before extracting each harmonic, a band pass
filter centered on the frequency of interest is applied. This
way, the harmonic analysis is applied to monochromatic
signals (as many as the number of constituents considered),
much less noisy. The filter was a recursive band pass one
(Smith 1999), which is characterized by a very narrow
bandwidth which is achieved at the expense of the loss
of many observations at the extremes of the time series.
Therefore, the filter was applied to a long tide gauge series
and then the harmonic analysis was applied to the filtered
La Nifia and El Nifio periods. Table 1 shows the amplitudes
and phases of the constituents extracted; the horizontal line

Constituents La Nifia El Nifio

Amplitude (m) Phase (°) Amplitude (m) Phase (°)
M, 0.262 £+ 0.001 302+0 0.249 £ 0.001 302+£0
0O 0.146 £+ 0.001 265+0 0.148 £ 0.001 262 +0
Ky 0.088 £ 0.002 86+ 1 0.081 £ 0.001 6+0
Np 0.087 4+ 0.001 264 £ 0 0.092 £+ 0.001 261 +£0
S 0.041 £+ 0.000 3241 0.032 £+ 0.001 41+1
MN 0.034 £+ 0.000 54+0 0.032 £+ 0.000 560
My 0.024 £+ 0.001 128 + 1 0.031 £ 0.001 153 + 1
2MN, 0.015 £+ 0.001 314 £2 0.027 £ 0.001 358+ 1
MS4 0.012 £+ 0.001 196 £3 0.008 £ 0.001 230+ 4
MNy 0.011 £ 0.001 118 +4 0.026 £+ 0.001 124 + 1
MO; 0.011 £ 0.001 135£3 0.026 £+ 0.000 121£0
2MKjs 0.008 £+ 0.001 73+£5 0.006 £ 0.000 85+ 4
MK;3 0.007 £+ 0.001 255+3 0.016 £+ 0.001 248 +2
Mg 0.007 £+ 0.001 301 £3 0.005 £ 0.000 312+£3
2MNg 0.005 £ 0.001 255+£5 0.004 £ 0.001 293 +£7
2MS, 0.004 £+ 0.001 322 +£8 0.011 £ 0.001 191 +£2
2MS¢ 0.004 £+ 0.000 47 +7 0.002 £+ 0.001 38+ 8
3MK>y 0.001 £+ 0.000 230 £ 18 0.002 £+ 0.001 291+ 6

The black line divides the linear tidal harmonics from the nonlinear
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Fig.7 Comparison of the amplitude of the linear (left panel) and nonlinear (right panel) constituents at Palermo station from La Nifia (red) to El

Nifio (blue) periods

divides the linear constituents (M, O, Ki, N», and S»)
from the nonlinear ones.

The amplitude estimates of the harmonics O, 2MNg,
2MS¢ and 3MKj7 are not significantly different between
La Nifia and El Nifio periods. Nonetheless, significant
differences are found for several linear and nonlinear
constituents. To favor the interpretation of results, Fig. 7
shows a bar graph of the amplitudes of those constituents
for La Nifia (in red) and El Nifio (in blue) periods. In
general, the linear harmonics (left panel) lose amplitude
(i.e., energy) as increases. Most of the nonlinear harmonics
(right panel) gain energy (M4, 2MN;, MN4, MO3, MK3,
2MS»), although some of them lose it (MN, MSy4, 2MKj5,
Mg). In general, Fig. 7 suggests that an increase of Q results
in a redistribution of energy among the tidal constituents
with a net gain of energy by overtides at the expense of
energy of the linear constituents.

To analyze the effect of this reconfiguration of ampli-
tudes, Fig. 8 shows a set of synthetic series constructed as
the addition of all the tidal constituents reported in Table 1

—— Total - La Nifia
--- Nonlinear - La Nifa
—— Total - El Nifio
Nonlinear - El Nifio

0.50 — =—=
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E
3
2 000
=
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<
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Fig. 8 Synthetic series constructed as the addition of all the tidal
constituents reported in Table 1. The solid lines correspond to addition
of the linear constituents, whereas the addition of overtides are the
dashed lines. Results for La Nifa are in red and for El Nifio in blue.
As reference, the “linear” signal (addition of M», Oy, Ky, N2, and S7)
is in black solid line

for La Nifia (red solid line) and El Niiio (blue solid line), and
the addition of the nonlinear overtides of Table 1 for La Nifa
(red dashed line) and El Nifio (blue dashed line); to com-
pare, the “linear” signal (addition of M», Oy, K;, N», and
S») is shown (black solid line). Figure 8 shows that the non-
linear signals (dashed lines) present a characteristic period
equal to half of the fundamental one of 12.42 h, determined
by M. Although some overtides decrease their amplitude as
Q increases, most of them become more energetic (Fig. 7),
and thus the amplitude of the nonlinear signal increases for
larger Q (dashed blue line). This suggests that the ampli-
tude of the tide-CDR interaction is modulated by the CDR.
From the comparison between the total signals (solid red
and blue lines) and the “linear” signal (solid black line) it is
concluded that the nonlinearities modify the asymmetry of
the water level oscillation: the level rise becomes faster and
the fall becomes slower (Fig. 8).

Characterization of the Interactions with Numerical
Simulations

Tide-CDR Interaction

Figure 9 shows the uniform norm of the water level due
to both the tide and Q (nwr, upper left), the pure tide
(nt, upper right), the pure Q (ng, lower left) and the
residual tide-CDR interaction (17, lower right), derived
from the simulations run for the whole time period shown
in Fig. 3. Note that the color scale of every subpanel is
different. Figure 9 shows that ||nw ||co 1s mainly explained
by |In7llec. Both plots (upper panel of Fig. 9) show
the characteristic pattern of a Kelvin wave propagating
upstream along the southern coast of the channel first,
and then exiting the RdP along its northern coast, much
weakened because of the dissipation that occurs inside
the RdP (Simionato et al. 2005). Maximum values are
of the order of 1.10 m at Samborombén Bay and decay
to around 0.50 m at the upper part of the FTZ. ||nrllco
displays a tilting of the water level due to the action of the
Coriolis force on CDR (deviating to the left in the Southern

@ Springer



Estuaries and Coasts

34.5°S

35°S

35.5°S

36°S

0.0

57.6°W 56.6°W 55.6°W

0.025
[11Rl[ (M)

34.5°S 0.020

35°S 0.015

35.5°5 0.010

36°S 0.005

0.000

57.6°W

56.6°W 55.6°W

7

/Q/

34.5°S

35°S K/

35.5°S

36°S

57.6°W

56.6°W 55.6°W

34.5°S 0.04

35°S 0.03

35.5°S 0.02

36°S 0.01

0.00

57.6°W

56.6°W 55.6°W

Fig.9 Uniform norm (|| - ||o in m) of the total water level anomaly (nw ., upper left panel), pure tide (n7, upper right panel), pure Q (ng, lower
left panel) and tide-CDR interaction (1, lower right panel). Note that the color scale for the residuals is different than for the other plots

Hemisphere), reaching a maximum of almost 0.025 m close
to the Uruguay River mouth (Fig. 9). This value is relatively
small in spite of the large O because of the broadness of
the RdAP (around 40 km at the upper FTZ). Even though
MR llco 18 lower than the RM SE of the numerical model,
its correspondence with reliable physics guarantees that
this process and the analyses derived from it stand out
from the model uncertainties. At the outer part ot the FTZ
Inrllcc becomes almost negligible. ||n]lc Occurs over all
the FTZ of the RdP and decreases downstream, as the depth
and width of the channel increase. The amplitude of the
interaction is twice ||ngllco, being 0.05 m (approximately
12% of ||InwLlleo) at the upper FTZ, and 0.01 m at its
outer part (approximately 1% of |[nwrl|lco). Offshore the
Barra del Indio Shoal (outside the FTZ), interactions are
negligible.

To analyze the mechanisms for the interactions, the
upper panel of Fig. 10 displays the uniform norm of the
difference between water level anomalies coming from
the nonlinear model simulations (nwy) and the reduced
(or linear) model that does not include (i) the quadratic
bottom friction (|[ngrlloc = MWL — NNoBF 0o, left
panel), (ii) the shallow waters effect (||nswelloco = WL —
NNoSWE |loo, central panel) and (iii) the horizontal advection
(Inaapllcc = lmwL — MNoHADIloo, tight panel). The
upper panel of Fig. 10 shows that the quadratic bottom
friction is the dominant term; the largest differences
between simulations with linear and nonlinear bottom
friction display the same spatial pattern that ||n;]c (lower
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right panel, Fig. 9) and, moreover, reach similar values to
the interaction anomaly (Fig. 9, lower right panel). The
shallow waters effect and the horizontal advection play
comparatively a minor role, with their maximal effect at
the upper FTZ. It should be mentioned that results are
almost independent of the spring-neap cycles of the tide, the
interactions changing for only a few millimeters.

To assess the effect of changes in Q, the lower panel of
Fig. 10 shows tide-CDR interaction computed from simu-
lations considering (i) a low Q, defined at the first quar-
tile of the historical flow of the tributaries in Qpys =
16,000 m? s~ (left panel); (ii)) the mean Qps0 =
22,000 m? s~! (central panel); and (iii) a high Q, defined at
the third quartile of the historical flow of the tributaries in
0 p75 =30,000 m> s~! (right panel). The interquartile range
(Q p75 — QO p25) was chosen because it is the most common,
and simplest, robust and resistant measure of spread, also
known as dispersion or scale (Wilks 2011). The interquartile
range is a good index of the spread in the central part of a
dataset, since it simply specifies the range of the central 50%
of the data. The fact that itignores the upper and lower 25% of
the data, makes it quite resistant to outliers (Wilks 2011).
The lower panel of Fig. 10 shows that increased Q amplifies
the amplitude of the interaction, even though its spatial pat-
tern is preserved, with interactions maximizing at the upper
FTZ and decaying offshore the Barra del Indio Shoal. The
magnitude of the difference between the interaction with
Qp2s5 and Q p75 (interquartile range) cases at the upper part of
the FTZ was 0.03 m. This way, an intensification of
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Fig. 10 Upper panel: Uniform norm (|| - ||oc in m) of the water level
anomaly of the difference (An) between simulations including and not
including the quadratic bottom friction (left panel), the shallow water
effect (central panel) and the horizontal advection (right panel). Lower

14,000 m3 s~! in the discharge produces an amplification
of the interaction of almost 50%.

Surge-CDR Interaction

Figure 11 shows the uniform norm of the total water
level anomaly due to both the surge and Q (nwL, left
column), the pure storm surge (ns, central left column),
the pure Q (ng, central right column) and the surge-CDR
interaction (7, right column), derived from the simulations.
The figures were built for three different conditions: (i) PSS
(upper panel of Fig. 11): during the positive storm surge
period highlighted in red in Fig. 3; (ii) NSS (central panel of
Fig. 11): during the negative storm surge period highlighted
in light blue in Fig. 3; and (iii) RP (lower panel of Fig. 11):
the remaining period, spanning between PSS and NSS. Note
that the color scales of the panels are different.

For the three periods, ||nwrllcc is mainly explained
by Inslleo- IMRllcc follows the pattern described in the
previous subsection. ||n/|ls 1S greater than ||ngl~ and
shows a similar pattern for the three analyzed periods,
with a gradient oriented along the estuary axis, maximizing
upstream in the upper portion of the FTZ. For the NSS
period the interaction is larger, suggesting that the water

Panel: tide-CDR interaction for a low (Q p25 = 16, 000 m3 s, left
panel), the mean (Q psp = 22, 000 m3 s~ !, central panel) and a high
(Q p75 = 30,000 m3 s~!, right panel) discharge of the tributary rivers

depth might play a role in its development. Results,
nevertheless, always display a similar pattern, increasing
upstream; this suggests that the process that produces
the interaction is at independent of the circulation mode
(Simionato et al. 2004a, 2006b) excited by the wind
direction.

Since the interaction is independent of the sign of the
surge (i.e., wind direction) the discussion in what follows
considers the whole time period shown in Fig. 3. The
upper panel of Fig. 12 presents the uniform norm of
the difference (||Anllo) between the interactions from
simulations including and not including (i) the quadratic
bottom friction (left panel), (ii) the shallow waters effect
(central panel) and (iii) the horizontal advection (right
panel). The upper panel of Fig. 12 shows that the quadratic
bottom friction is the principal source of surge-CDR
interaction: the spatial pattern of |||l (lower right panel,
Fig. 11) is similar to the upper left panel of Fig. 12 and
reaches comparable amplitudes. The shallow waters effect
and the horizontal advection play a comparatively minor
role. Nevertheless, both terms have influence on the whole
FTZ.

The lower left, central and right panels of Fig. 12 show
surge-CDR interaction computed considering low, mean
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Fig. 11 Maximum absolute values (|| - || in m) of the total water
level anomaly (nw, left panel), pure surge (s, central left panel),
pure Q (n7, central right panel) and surge-CDR interaction (7;, right
panel) for the period comprised between August 15" and December
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Fig. 12 Upper panel: Uniform norm (|| - || in m) of the water level
anomaly of the difference (An) between simulations including and not
including the quadratic bottom friction (left panel), the shallow water
effect (central panel) and the horizontal advection (right panel). Lower
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Panel: surge-CDR interaction for a low (Q p25 = 16, 000 m3 s, left
panel), the mean ( Q p5o = 22, 000 m3 s~!, central panel) and a high
(Qp75 = 30,000 m3s~!, right panel) river discharge
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and high Q, respectively, defined utilizing the first, second
and third quartiles (Q p25, Qpso and Q p75), respectively
The figure corresponds to the whole period shown in
Fig. 3, because it was found that the spatial pattern of
the interaction is independent of the period chosen. The
lower panel of Fig. 12 indicates that the intensification of
Q amplifies the amplitude of the interaction, but preserves
its spatial pattern. The amplitude of the interaction from
0 pa5 to Q p7s (interquartile range) increases by 0.14 m at
the upper part of the FTZ. This way, a difference in Q of
14,000 m? s~! produces an amplification of the surge-CDR
interaction of at least 100%.

Discussion

The surrogate analysis applied to tidal observations
collected at the FTZ of the RdP revealed that both tide-
CDR and surge-CDR interactions occur at its upper part.
It also suggested that the amplitude of the interactions
correlates with the magnitude of Q (Fig. 6). In addition,
harmonic analysis applied to the same time series supported
the results obtained with the surrogate analysis for tide-CDR
interaction and showed that it increases the asymmetry in
the tidal signal, producing faster floods and slower ebbs.

34.5°S
35°S

PSS

35.5°S
36°S

34.5°S

35°S

NSS

35.5°S
36°S

34.5°S
35°S

RP

35.5°S
36°S

57.6°W 56.6°W 55.6°W

0.0 0.1 0.2 0.3 0.4 0.0 0.1

Fig. 13 Mean depth-average current speed (W in ms~!) for the simu-
lations with pure surge (left panel), pure tide (central panel) and pure
QO (CDR, upper right panel). W was computed for the period PSS

Tide

0.2 03 04 05

The numerical solutions produced tide-CDR and surge-
CDR interactions that are consistent with the results derived
from the observations: nonlinear interactions with the CDR
do occur in the FTZ. Interactions (Figs. 9 and 11) mainly
develop at the upper half of the FTZ, reaching their maxima
upstream MABA. Interestingly, in that area the amplitude
of the interactions widely exceeds the water level imposed
by Q: tide-CDR interaction accounts for 12% of the total
water level, whereas surge-CDR interaction accounts for
5%. The spatial pattern of surge-CDR interaction showed
to be independent of the surge sign, i.e., of wind direction,
whereas tide-CDR interaction is independent of the spring-
neap cycle of the tide.

The numerical simulations analyzing the processes that
produce the nonlinearities (Figs. 10 and 12) showed that
the quadratic bottom friction governs both the tide-CDR
and surge-CDR interactions in the FTZ. In what follows,
physical arguments will be discussed to explain this result.
In order to facilitate the discussion, Fig. 13 shows the mean
depth-averaged current (W) from the simulations with pure
surge (left panel), pure tide (central panel) and pure Q
(CDR, upper right panel), providing information on the
spatial pattern and order of magnitude of that variable in
the FTZ. Note that the color scale is different for each
process. For the surge and the tide, W was computed for the

57.6°W 56.6°W 55.6°W

0.00 0.03 0.06 0.09 0.42
W(m s~1)

Montevideo

Samborombén

57.6°W 56.6°W 55.6°W

W(m s™1)

(upper panel), NSS (central panel) and RP (lower panel). Lower right
panel: reference for the FTZ (gray shade) and some locations in the
RdP. Adapted from Dinapoli et al. (2020c)
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three periods PSS (upper panel), NSS (central panel) and
RP (lower panel). Figure 13 shows that the spatial structure
of the current is, as expected, almost identical for the tide
during the three periods, and quite similar for the surge; in
this last case the three periods display an intensification at
Punta Rasa (uppermost tip of Samborombén Bay; Fig. 13)
and the surge current speed is at most half the tidal current
speed even for the strongest surge event (PSS, upper panel).
This way, the discussion in what follows holds for every
period. At the FTZ, tidal currents are stronger along the
southern coast, with values up to 0.30 ms™!, whereas along
the northern coast speeds are lower (up to 0.20 ms~"). This
gradient, transversal to the estuary axis, is due to the tide
propagation as a free Kelvin wave; consistently, dissipation
is larger along the southern coast than along the northern
one (Simionato et al. 2005). Maximum currents occur at
the tips of the Samborombén Bay (Fig. 13), with values
more than 0.40 ms~!. The mean current speed related to the
surge (right panel of Fig. 11) presents a more homogeneous
spatial pattern and lower values due to the large scale of
the process. Note that, even though the magnitudes of the
current are weaker, the associated water level amplitudes
are high (Fig. 11) because of the shoaling of the RdP: the
channel has a depth of around 50 m and is wide (more than
200 km) offshore the Barra del Indio Shoal, whereas it has a
depth of less than 3.00 m and a width of around 40 km at the
upper part of the FTZ. Finally, CDR responds to the Coriolis
force in the Southern Hemisphere, with a deviation to the
left (northern or Uruguayan coast). Downstream the Barra
del Indio Shoal, currents attenuate because of the deepening,
CDR decaying from 0.10 ms~! at the upper FTZ to 0.06
ms~! close to Montevideo (Fig. 13).

Going back to the discussion of the involved physical
barotropic processes, and taking into account the results of
Fig. 13, it can be concluded that:

— Horizontal advection. The gradients of the currents due
to Q, the tide and the surge, are weak. This is the result
of the large scale of the RdP, with a total length of 320
km, and a width around 110 km at the Barra del Indio.
This is why the horizontal advection ((u- V)u) is almost
negligible.

—  Shallow water effect. This term depends upon the ratio
between the unperturbed water depth (%) and the water
level anomaly (n). In this sense, the water level (Figs. 9
and 11) and & become comparable for large surges but
not for the tide. During large surges ||7s|c reaches
levels above 2.50 m at the uppermost portion of the
FTZ, whereas h is the order of 3.00 m. Therefore, this
effect does not occur permanently, but is intermittent.

—  Quadratic bottom friction. This term, parameterized

as 'OOLH = <pluu’ g directly proportional to the

square of the total speed, i.e., the algebraic addition
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of the tidal/surge current and CDR. This way, tide-
CDR and surge-CDR interactions maximize at the
upper FTZ, where CDR becomes comparable to the
tidal/surge current, and both equally contribute to the
total quadratic bottom friction. Otherwise, those terms
would be associated with the pure tidal or surge currents
and they would not involve interactions. Additionally,
those terms are amplified for NSS because of the
extreme reduction of H at the upper FTZ.

Finally, the strength and the modulation of the interac-
tions due to changes in Q can be explained considering the
geometry of the FTZ. Because of the characteristic width
and depths, only a large Q can produce a significant vari-
ation of CDR. Nevertheless, because of the large range of
Q on interannual time scales (from less than 8000 m> s~!
during extreme La Nifia events, to around 90,000 m3 s
during extreme El Nifio events; Fig. 2), a variation of Q in
its interquartile range can produce an increment in the inter-
action amplitude of 50% for the tide and of 100% for the
surge.

To complement the analysis, Fig. 14 shows the time
evolution of the water level and the interaction at Palermo
station (Fig. 1) from numerical simulations for different
values of Q. Note that the station is located at the area
of maximal interactions (Figs. 9 and 11). The water level
(nwr) related to the pure tide (upper panel) and the

1

Tide

T
10/30 10/31 11/01 — Ni(Qp2s)
Surge Ni(Qpso)
3.0
i — ni(Qp7s)
2.0 -0.10
_ B =
1. — —
£ 10 005 3
[l ] L =
0.0
i - 0.00
1.0 -
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08/30 09/02 09/05 09/08

Fig. 14 Time evolution of each component of the water level at
Palermo station from the numerical simulations. Water levels (nwr,
in black) are associated to the left vertical axis. The interactions are
referred to the right axis (in red) and correspond to three different river
discharges: the first quartile of the river discharge (7(Q p2s) in red),
the mean ((Q p50) in green) and the third quartile (7(Q p75) in blue).
Upper panel: pure tide. Lower panel: pure surge during the positive
extreme surge
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pure surge (lower panel) are displayed in black, whereas
for the tide-CDR (upper panel) and surge-CDR (lower
panel) interactions computed with low (7(Q p25)), mean
(n1(Qps0)) and high (n;(Qp75)) flows of the tributary
rivers are presented in red, green and blue, respectively.
Note that, because of the difference in their magnitudes,
water level is referred to the left vertical axis (in black)
whereas the right vertical axis (red) corresponds to
interactions; vertical scales differ for the right and left
panels of the figure. For the surge-CDR interaction (right
panel of Fig. 11), PSS was chosen (period highlighted in
green in Fig. 3) because the same conclusions are achieved
for NSS. Figure 14 shows that for the tide (upper panel)
ny oscillates with a frequency half of nwr, which is
consistent with the intensification of My tidal constituent
observed in Figs. 7 and 8. The largest differences occur
during the peak-trough transitions of the tide. During
the flow, the current due to the tide and CDR are in
opposition and then, the total current is weaker and the
bottom friction is smaller; as a consequence the rising
is faster and the interaction is smaller. During the ebb
the reciprocal is valid. This asymmetry in the tidal wave
oscillation is indeed observed in data from tidal gauges and
was reported by Luz Clara Tejedor et al. (2014). Relatively
small changes in the amplitude are observed; nonetheless,
the main consequence seems to be mostly on the timing,
affecting the shape because the period of the tidal wave
cannot change. For surge-CDR interaction (lower panel of
Fig. 14), the process is similar: the rising/fall of the level
due to the surge, produces currents that are opposed/aligned
with CDR. Therefore, the interaction is opposite to the
surge time evolution and it is amplified during the peak-
through transitions. This last, also, suggests that surge-
CDR interaction mainly affects the timing of the surge,
slightly accelerating and slowing the risings and the falls,
respectively. In both cases, and as expected in terms of
the results discussed in the previous section, changes in Q
mainly affect the asymmetry of the involved processes.

Conclusions

This work provides observational evidence of the occur-
rence of nonlinear interactions between the current due to
the flow of tributary rivers (CDR), tides and storm surges
in the tidal freshwater zone (TFZ) of the Rio de la Plata
(RdP), which extends between the Barra del Indio Shoal
(downstream) and the mouth of the tributary rivers. Those
interactions are characterized and quantified using numeri-
cal simulations with a regionalized numerical ocean model.

In spite of the fact that the spatial scales of tides and
surges are very different, similar conclusions were reached
for tide-CDR and surge-CDR interactions. Both maximize

at the upper half of the FTZ and significantly vanish
downstream. Tide-CDR interaction amplitude reaches 12%
of the tidal peak, whereas the surge-CDR interaction is
up to 5% of the surge peak. It was also found that a
variation of the flow of the tributary rivers (Q) in its
interquartile range (Qp75 — Qpas = 14,000 m3 s’l) can
amplify the interactions in around 50% and 100% for
tide-CDR and surge-CDR interactions, respectively. Even
though the interannual variability of O can be huge in the
RdP (up to around 80,000 m> s~! from La Nifia to El Nifio
periods), the increments in the associated CDR and water
levels are relatively small because of the strong widening
of the channel after the confluence of the tributary rivers;
otherwise the effect would be much larger. Interestingly, the
spatial pattern of the surge-CDR interaction seems to be
quite independent of the wind direction, i.e., is similar for
both positive and negative storm surges.

Both tide-CDR and surge-CDR interactions are driven by
the quadratic bottom friction. When the tidal or surge waves
travel upstream towards the upper FTZ, the associated
currents are opposed to CDR; in consequence the total
current is lower, the friction (interaction) is lower and the
wave rises faster because the period of the wave does not
change. On the contrary, when the tidal or surge waves travel
downstream from the FTZ head, the associated currents are
aligned with CDR; since the current is higher, the friction
(interaction) is higher and, therefore, the wave rises slower
due to the conservation of the wave period. This process was
postulated by Luz Clara Tejedor et al. (2014) for the RdP: in
spite of its large width (about 40 km at the upper FTZ) Q is
high enough to produce CDR with speeds similar to the tidal
current. Finally, it was found that the interaction increases
for negative surges as a consequence of the shallow waters
effect, i.e., when the water level becomes comparable with
the low depths at the upper FTZ.

The conclusions regarding the sources of the tide-CDR
interaction are consistent with the results reported by other
authors in freshwater tidal zones in other sites of the world.
For instance, Alebregtse and de Swart (2016) showed that in
the Yangtze Estuary (China) the tide attenuates from the dry
to the wet season due to increased friction generated by tide-
CDR interaction. Gallo and Vinzon (2005) found that in the
Amazon, because of the strong influence of Q, the bottom
friction term produces tide-CDR interaction and, moreover,
excites overtides over the upper part of the FTZ. Matte et al.
(2014) and Jay et al. (2016) showed that nonlinearities due
to friction act as a mechanism for compound tides in the St.
Lawrence and Columbia River estuaries, respectively. For
the Mahakam River (Sassi and Hoitink 2013) found that
CDR attenuates the motion of the tide, and that in turn the
tide increases friction in the river.

The verification of the occurrence of nonlinear interac-
tions in the FTZ of the RdP highlights the need to reconsider
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the tidal analysis techniques, because classical method-
ologies assume stationary components which may not be
adequate to represent the tidal dynamics in that area. In this
sense, several methods and improvements have been devel-
oped to represent the non-stationary processes of the tide
(for instance, the non-stationary harmonic analysis origi-
nally developed by Jay and Flinchem (1997, 1999) and Jay
and Kukulka (2003). It is foreseen to evaluate the use of
those methodologies to RdAP tidal records in the near future.

The conclusions of this work provide new insight on
the dynamics of the FTZ of the RdP and demonstrate that,
from a practical point of view, numerical models for the
simulation of the surge and tide in the region must include
Q in their architecture. The inclusion of a realistic Q in
the simulations can be crucial to adequately produce the
temporal evolution and elevation of the water level; in the
case of the surge particularly, its duration and moment of the
peak. For the RdP, even though the uncertainty in Q (itself
low because of the good quality of the observations) does
not have a strong impact on the amplitude of the simulated
surge (Dinapoli et al. 2020b), surge-CDR interaction can
represent up to 5% of the solution of the model. CDR due
to Q also interacts with the tide, explaining up to 12% of
the tidal peak. This last produces an indirect surge-CDR
interaction through the strong tide-surge interaction that
develops in the area (Dinapoli et al. 2020c). In conclusion,
the storm surge modeling system for the RAP must consider
the tide, since it affects the height of the wave peak, and Q,
since it affects the peak-to-peak transition speed.
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