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Abstract. The mighty Rio de la Plata (RdP) estuary is affected by extreme storm surges generated by persistent and strong
south-easterly winds called “Sudestadas”, which produce strong floods in densely populated areas of Argentina.
Atmospheric models show deficiencies in the forecast of winds during those events what rises up the question of how
sensitive model solutions are to wind uncertainties. Here a sensitivity analysis (SA) for a 2-D barotropic application of
ROMS_AGRIF ocean model for the forecast of sea surface height (SSH) at the South-Western South Atlantic Continental
Shelf with emphasis on the RdP estuary is presented. The SA was performed taking account the linear and quadratic bottom
friction coefficients, the wind speed and direction, and the continental discharge. Results indicate that the estuary response is
very sensitive and nonlinear to even small changes in wind speed, and moderately sensitive to changes in the runoff. A study
of nonlinear interactions between the surge, the tide and the continental discharge shows that those interactions are strong,
producing reductions of around 10% in the total SSH. 90% of that interaction is explained by the tide-surge interaction. The
main effect of large increments in the runoff is an increment in the setup, but also the associated augment of the mean
outflow currents produces notorious deformations in the storm surge and tides. It is concluded that the inclusion of both the

tide and the runoff are indispensable for an appropriate prediction of the SSH in the upper and intermediate RdP.

1. Introduction

The area between 30 °S and 45 °S is characterized by one of the highest cyclogenetic activities within the Southern
Hemisphere (e.g., Necco, 1982; Sinclair, 1994; Gan and Rao, 1991). Over that area, cyclogenesis events have a mean
frequency of around 120 events by year (Gan and Rao, 1991), with higher frequency during winter and spring. These events
are associated to atmospheric waves that move along subtropical latitudes of the South Pacific and South American regions
(Vera et al., 2002). When cyclones develop over Uruguay, they can yield very strong and persistent south-easterly winds,
known as "Sudestadas"”, with speeds that can easily exceed 15 m s™ (Seluchi, 1995; Seluchi and Saulo, 1996). The
coincidence of large or even moderately high tides and the large meteorologically induced surges during those Sudestadas,
has historically caused catastrophic floods in the Rio de la Plata coasts, threatening and claiming human lives and producing
major economic and material damages (D’Onofrio et al., 1999). This phenomenon affects, in particular, the Metropolitan
Area of Buenos Aires City (AMBA), site of the Capital of Argentina, located on the upper RdP estuary (Fig. 1). Balay
(1961) defined risk water levels over the Tidal Datum of the RdP at the AMBA in 2.50 m for alert, 2.80 m for emergency
and 3.20 m for evacuation (Escobar et al., 2004). Since records began in 1905, the maximum water level at AMBA was
registered in 1940. Enhanced by strong south-easterly winds, it reached 4.44 m above the Tidal Datum, being the tidal height
overcome by 3.18 m (storm surge maximum). More recently, for instance in 1989 and 1993, extreme floods were also
experienced at the city. Water levels reached 4.06 m and 3.95 m above the Tidal Datum, being the storm surge maximums of
3.25 m and 2.49 m, respectively (D’Onofrio et al., 1999). Even though the events are not always so extreme, they are
frequent, taking place several times per year. It has been suggested that the flooding is mainly due to combination of tides
and surge (D’Onofrio et al., 1999), but the nonlinear interactions between them and the effect of the large continental

discharge that characterizes this estuary have not been fully studied yet.

In above described context, the need of forecast models for the prediction of sea level height (SSH) and eventually other
variables in the region is evident. Currently, in the frame of a collaborative project between the Hydrographic Service of
Argentine (SHN) and the Centre for Atmospheric and Oceanic Research (CIMA/CONICET-UBA) the implementation of
such a model for the RdP and the adjacent Continental Shelf is being faced. In this sense, the choice of a forecast numerical

model is, naturally, strongly dependent on the quality and reliability of its solutions. However, all models are imperfect
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abstractions of Nature. Because the discrete nature of the models, the parameterizations and the inaccuracy of the forcing
data, numerical solutions always present errors and uncertainties. The errors in forcing data and the uncertainties on the
modelling parameters are not independent each other, but can interact in many ways, eventually driving to numeric solutions
that might significantly differ of the observations. In this sense, before adopting a particular model for practical applications,
it is necessary to determine the sensitivity of model solutions to changes and interactions in the inputs. The usual manner to
do this is by means of a Sensitivity Assessment (SA), which investigates the relation between the inputs and the outputs of
simulation models (Saltelli et al., 2000). SA allows to know how model’s solutions change with the diverse
parameterizations, forcings and boundary conditions. In addition, it shows where the model needs improvements
contributing to further model development (Norton, 2015) and allows to optimally assemble a regional model through a

reduced number of simulations.

In this sense, the first objective of this paper is to perform a SA of a regional application of ROMS_AGRIF model (Regional
Ocean Modeling System, http://www.romsagrif.org) specially implemented for the Northern Argentinean Continental Shelf,
with focus in the RdP estuary. Besides analyzing the model sensitivity to potential uncertainties in the model parameters, we
consider the effect of the errors and spatial resolution of atmospheric models in the area, where the width of the estuary and
the associated physical processes (for instance, sea breeze) turns the proper estimation of wind speed and direction in a

challenge.

On the other hand, it is known that storm surges can interact with tides altering sea level (e.g. Flather, 2001). This aspect has
been studied from the theoretical and numerical point of view (e.g. Rossiter, 1961; Zhang, 2010; Idier, 2012). Understanding
those interactions is important on the development of operational models, to properly choose the forecast strategy (Idier et
al., 2012). If the interaction is significant, then the results of either computing the tide and surge together or, for instance,
estimating the surge from numerical simulations and the tide empirically, might be significantly different. In addition, for the
particular case of mighty RdP (where discharge peaks of up to 90,000 m® s have been observed), the nonlinear interactions
between the surge and the tide with the continental discharge is another aspect of potential relevance for the prediction of sea
level (e.g., Maskell et al., 2014; Klerk et al., 2015). Even though previous studies have shown that the tide interacts with the
runoff in the RdP (Luz Clara Tejedor et al., 2014), the interaction between the surge and the discharge has not been
evaluated yet. Therefore, this work is complemented with a set of process oriented numerical simulations conceived to

analyse the nonlinear interactions between the surge, the tide and the continental discharge in the RdP.

The results of this work constitute a basic and necessary input for the implementation of an operational model for the

forecast of SSH in the economically, socially and ecologically important region of the RdP estuary.

2. Study area

The RdP (Fig. 1) is one of the largest estuaries in the world (Shiklomanov, 1998). It is formed by the confluence of the
Parana and Uruguay rivers, which form the second largest basin of South America, after the Amazon (Meccia et al., 2009).
The RdP is located at approximately at 35 °S on the eastern coast of southern South America, and has a funnel shape, with a
length of approximately 300 km and breadths of 40 km at its head end and 220 km at its mouth (Meccia et al., 2009). The
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upper and intermediate estuary has a mean depth of only 10 m, that rapidly increase downstream the Barra del Indio shoal
(Fig. 1, Balay, 1961).

The RdP has a very large continental discharge, with a mean value of around 22,000 m® s, ranking 5" worldwide in water
discharge (Farmifian et al., 1999). Nevertheless, the runoff presents large variability associated to El Nifio - Southern
Oscillation cycles (ENSO, Robertson and Mechoso, 1998) with peaks as high as 90,000 m® s and as low as less than 8,000
m?s™ (Jaime et al., 2002).

The RdP impacts the nutrient, sediment, carbon and freshwater budgets of the South Atlantic Ocean (e.g., Framifian et al.,
1999; Strub et al., 2015), affects the hydrography of the adjacent Continental Shelf, impacts important coastal fisheries, and
influences coastal dynamics up to more than 400 km north on the Brazilian shelf (e.g., Campos et al., 1999; Framifian et al.,
1999; Piola et al., 2000).

The RdP is of large social, ecological and economic importance for the countries along its margins, Argentina and Uruguay.
The capital cities (Buenos Aires and Montevideo) and the main industrial poles and resorts are located on its margins. The
estuary is an area of spawning and nursery for a conglomerate of coastal species (e.g., Acha and Macchi, 2000; Jaureguizar
et al., 2003b, 2008). The RdP has several important navigation channels to reach the northern part of Argentina so as
Paraguay, which are important for the economy of the countries and demand regular dredging. Finally, the estuary is an
important amusement zone and the main source of drinking water for the millions of inhabitants in the region. Being the

most developed basin of southern South America, the RdP is strongly impacted by anthropogenic actions.

3. Input data and methods

3.1. ROMS_AGRIF regionalization to the RdP and the adjacent shelf

ROMS (Regional Ocean Modeling System, https://www.myroms.org) is a numerical model developed by Shchepetkin and
McWilliams (2005). It is programmed to simulate physical, biogeochemical, biooptic, sedimentological and sea ice
applications. This model has been implemented in several areas including in the Patagonian Continental Shelf (e.g., Tonini
and Palma, 2009; Combes and Matano, 2014). In this work, we use the ROMS_AGRIF (Adaptative Grid Refinement in
Fortran, https://www.croco-ocean.org/) version developed at IRD/INRIA (Institut de Recherche pour le Développement /
Institut National de Recherche en Informatique et en Automatique; Debreu et al., 2012), including algorithms from
MARS3D (Model at Regional Scale, http://wwz.ifremer.fr/mars3d) and HYCOM (Hybrid Coordinate Ocean Model,
https://hycom.org) ocean models.

Similarly to other studies in the region (e.g., Meccia et al., 2009), ROMS_AGRIF model is applied as a hierarchy of one-way
nested, barotropic 2-D models. In this case, the RdP is reached through two domains of different resolution and scale. The
lower resolution / largest scale “Model A” covers an area spanning from 69 °W to 46 °W and from 59 °S to 26 °S (Fig. 1).
Horizontal resolution is set to 7.507/5.25" in the zonal/meridional directions, what is equivalent to approximately 12 km.
Model A is used to provide boundary conditions to a higher resolution/lower scale model of the RdP (Model B, Fig. 1). This
model spans the region between 58.75 °W and 52.50 °W, and 38.20 °S and 32.60 °S, with horizontal resolutions of
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2.5/1.75" in the zonal/meridional directions, respectively (approximately 4 km). This horizontal resolution is consistent with

the 1/3 reduction criteria from father to child models.

Tidal forcing is introduced by imposing the elevation at the open boundaries of Model A by means of a bilinear interpolation
routine applied to the TPXO8 (http://volkov.oce.orst.edu/tides/tpxo8_atlas.html) 2.00° resolution solution. The eight most
important diurnal and semidiurnal tidal constituents are included in the simulations: M, S,, N, K,, Ky, O1 y Py.

Given that global bathymetry data bases, like ETOPO, display unrealistic shallow features over Argentinean Continental
Shelf, bathymetries for both Model A and B, were built by combining this last data set with data provided by the SHN for
depths shallower than 200 m that come from digitalization of nautical charts (SHN, 1986; 1992; 1993; 1999a and b).

3.2. Morris analysis

SA aims to establishing, using different analysis or methodologies:

(i) the relative importance or significance of the different inputs;

(ii) the occurrence of combined effects of a set of inputs on the model solutions;

(iii) and, more broadly, the effect in the output value of changes in a single input, or in a combination of them (Norton,
2015).

The SA presented in this work was made following the methodology suggested by Morris (1991). This methodology is
particularly well suited for a model with significant computational overburden as it the case with ROMS_AGRIF. The
method ranks the inputs according to their influence on the output and highlights their nonlinearity. In this context, the inputs
comprise the equations' coefficients, the model parameters and the properties of the forcings, whereas an output is the value

of a variable computed by the model or of any statistic derived from it, such as maximum or mean values.

Morris suggests an efficient algorithm composed of individual randomized one-at-a-time designs, in which the impact of
changing the value of each input is evaluated in turn. Campolongo et al. (2007) propose that a large mean of the absolute
values of the change due to a particular input indicates a large influence of that input on the model solution. A large standard
deviation, in turn, indicates that the effect depends strongly on the input values, implying strong nonlinearity including

multilinearity (Morris, 1991).

In this work, the output function chosen to be evaluated in the SA is the root mean square error (RMSE) with respect to the
in situ observed hourly SSH at Palermo (AMBA, upper estuary; Fig. 1, blue square) and Oyarvide (outer intermediate
estuary; Fig. 1, blue circle) tidal stations. The RMSE represents an overall error. In addition to the SA, the comparison of
RMSEs for the set of simulations also gives an approach to the set of inputs that yields to a model solution that approximates
the observed signal, which is helpful for an eventual fine calibration of the model with a reduced number of simulations. To
allow for the inter-comparison among inputs in spite of their order of magnitude, changes were computed using the

normalized derivative (Norton, 2015), according to Eg. (1):
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where y is the output and py is one of the k inputs. The reader is referred to Norton (2015) for further details on the

methodology.

3.3. Uncertainties in the meteorological data for ocean model forecast/hindcast at the region of interest

The RdP and the adjacent Continental Shelf are known to be sensitive to atmospheric forcing, in particular to surface winds
(Simionato et al. 2004a, b, 2005a, b, 2006a, b, 2007; Meccia et al., 2009). Both direct observations and numerical models
have shown that the wind driven circulation at the estuary can be explained in terms of two modes of circulation. The first,
prevailing for winds with a cross-estuary component, is related to an inflow/outflow of water at the exterior part of the RdP.
The second mode dominates when the wind blows along the estuary axis and has a very distinctive pattern of significant sea

level increase or reduction at the upper part of the estuary. In particular, this last mode accounts for the Sudestadas.

Despite its importance, the availability of appropriate atmospheric data to force an ocean forecast model in the region can
become a major problem. In fact, the different atmospheric reanalysis database constructed combining numerical models and
observations (which are, in theory, much better than forecasts) show important differences when compared to the scarce
direct observations over the water in the region. As an example, Fig. 2 shows the wind stress module and direction (reported

at a height 10 m) from various data sets for a strong Sudestada event occurred in May, 2000:

a) derived from direct observations collected at Pontdn Recalada station (near to Montevideo, Fig. 1) in red; these data

have a temporal resolution of 3 hours, i.e. 8-daily.

b) derived from the 4-daily reanalysis from the National Center for Environmental Prediction / National Center for
Atmospheric Research — Reanalysis 1 (NCEP/NCAR-RI) (Kalnay et al., 1996) in green;

c) derived from the 4-daily reanalysis from the European Centre for Medium-Range Weather Forecast (ECMWF), ERA-
INTERIM, (Dee et al., 2002) in blue;

d) from the 4-daily Blended Sea Winds (BSW) (Zhang et al., 2006) developed by the National Oceanic and Atmospheric
Administration (NOAA), in which wind speeds are generated by blending observations from multiple satellites, and the
wind directions come from two sources depending on the reanalysis data (NCEP/NCAR-RI) and near-real-time forecast
data (ERA-INTERIM), in black.

Table 1 summarizes the main characteristics of every database together with their spatial and temporal resolution.

It is evident from Fig. 2 that all the database reasonably well represent the observed wind direction, but they misrepresent the

wind stress module. For the two reanalyses, wind stress displays an important temporal shift on the maximum of the storm

(likely to the low temporal resolution), that might eventually produce a temporal error in the simulation of this storm surge if

those data were used as forcing. BSW data, presumably because it is based on remote observations and the combination of
5
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reanalyses, provide a better representation of the wind stress module, but does not improve the timing of the storm.

Unfortunately, the few available direct observations of wind over the water in the region are not enough to perform a

complete assessment of the most convenient data set for the region of interest. Therefore, it is clear that in spite of the

database chosen for a simulation, the wind will probably become the main source of errors and uncertainties in the ocean

model solutions. Consequently, we decided to incorporate this variable in the SA developed in this paper.

3.4. Analyzed inputs

The inputs chosen for the analysis of this paper correspond to the main forces in the momentum balance of a 2-D barotropic

model for a mighty estuary: the energy dissipation by bottom friction, the atmospheric forcing and the continental discharge.

More specifically:

a)

b)

Bottom friction: ROMS_AGRIF considers both a linear and a quadratic coefficient for bottom friction (c; and cp,

respectively). The bottom friction parameterization considered is Eq. (2):

T, =(c+cpw) - u )

where T, is the bottom friction stress, w is the module of the velocity, and u is the velocity vector. A mean value of
2.5x10° for cp is generally accepted and has been proved to be reasonable for the region (e.g., Simionato et al., 2006a).
Here we consider a range of variation between 2.0x10° and 3.0x107. ¢, is not a widely-used parameter. ROMS
documentation (http://www.myrom.org) suggests that it should be an order of magnitude lower than cp; thus, to explore

its effect on the model solutions we have chosen a broad interval ranging between 1.5x10* m s*and 5.0x10* ms™.

Wind: due to the large differences found between the different wind databases for the region (Section 3.3), the
evaluation of the impact of the eventual error in the wind forcing is important. We decided to analyze the impact of both
the wind speed (w) and direction (@) changes. The changes in winds speed are taken into account utilizing a speed factor
(1, such that the perturbed speed (w’) is w'= Iw. From the observations of Fig. 2, this scalar was chosen to vary between
0.25 and 1.25. In what regards the direction (@), its range of variation was estimated using the RMSE of the diverse
wind databases of Fig. 2 with respect to the in situ observations at Ponton Recalada station. The obtained value for the
analyzed moth was 15°; so, we considered an interval ranging from -15° to 15°. NCEP/NCAR-RI and ERA-INTERIM
were chosen as forcings for the simulations. Whereas the first database has a spatial resolution of 0.25° and has been
used in other works in the region (e.g., Simionato et al., 2006b; Dragani, et al., 2010), the second one presents a better
spacial resolution of 0.125°. This way, the comparison between solutions will provide a first approach to the impact of

atmospheric forcing resolution on the simulations.

Continental discharge: the simulations incorporate the freshwater discharge of the main tributaries to the RdP, the
Uruguay River, and the Parand River on its two main branches (Parand Guazl-Bravo and Parand de las Palmas).
Observations (Jaime et al., 2002) indicate that runoff can vary in an enormous range, from less than 8,000 m*s™ to more
than 90,000 m®s™. This input varies in low time frequencies because the runoff of the rivers is regulated by large dams

located many kilometers upstream the RdP, and natural variability is mainly dominated by the inter-annual ENSO

6
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cycles. Even though its effect can be in principle regarded as not significant for short time forecast of SSH, it has been
recently shown that the tide-current interaction is important in the RdP estuary and that it contributes to the mean sea
level (Luz Clara Tejedor et al., 2014). Literature shows, in addition, that for other estuaries the interaction between the
surge and the discharge can be large (e.g., Wei-Bo and Wen-Cheng, 2014). It was, therefore, decided to include this
input in the analysis for a complete SA. The range of occurrence of the continental discharge was chosen taking into

account the observed 10 and 90 percentiles, between 8,000 and 56,000 m®s™.

Lateral diffusion (v) is not considered in the SA because it is known that this parameter does not produce significant changes
in 2-D barotropic models (e.g., Simionato et al., 2004b; Bastidas et al., 2016); it was verified for ROMS in a preliminary
analysis (not shown) for the region of interest (Dinapoli, 2016). ROMS documentation suggests typical values of this input
ranging between 0 and 1,000 m? s™. Hence, v was set at 0 for all the simulations. The chosen ranges of existence for the

diverse inputs are summarized in Table 2.

The conversion from wind vectors is made using the quadratic law Eq. (3):
T = cp pawy 3)

where i represents either the zonal (x) or the meridional (y) wind component, c¢y" is the wind drag coefficient, p, is the air
density, u; is the wind component and w is the wind speed. For the parameterization of the wind drag coefficient we used the
expression defined by Bowden (1983), Eq. (4):

. 1.1x 1073 ,w < 5ms~!
= 4
b {(1.1 +2w)x 107 w2 5ms~! @

The wind drag coefficient variation due to changes on wind speed was taken into account in the computation.

4. Results

4.1. Morris analysis

Although different sampling schemes can be used to determinate the trajectories (e.g., Norton, 2015; Campolongo, 2016), in
this paper we followed the original Morris design. Overall, 50 trajectories were considered; as 5 parameters were analyzed,
300 simulations were run. As above mentioned, model solutions were compared to SSH observations at Palermo (AMBA,
upper estuary) and Oyarvide (outer intermediate estuary) stations (Fig. 1) for a particular Sudestada event occurred on May,
2000, when the maximum height registered at Palermo station was 3.57 m over the Tidal Datum (maximum storm surge).
This event was chosen because it is one of the strongest storms ever occurred over the region and it was well studied during
the ATACC LA2G Project “Impact of Global Change on the Coastal Areas of the Rio de la Plata: Sea Level Rise and
Meteorological Effects” (Simionato et al., 2002). The hierarchy of models was run for 61 days, the first 30 corresponding to
the spin up of the model, whereas the last 31 were used for the analysis. The time step of the father and child models were,

respectively, of 15 and 5 s.
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Fig. 3 shows the mean (m) versus the variance (S) of the elementary effects for every input at Palermo (left panel) and
Oyarvide (right panel) stations for each wind database, NCEP/NCAR-RI (upper panel) and ERA-INTERIM (lower panel).
The red lines indicate the significance. Morris (1991) suggested that the inputs that lay to the right of that line have a mean
which is significantly different from zero. The fact that the distribution of the inputs is not same for both wind databases at
both stations suggests that inputs are sensitive to local hydrodynamics. However, in every case wind speed was the most
important input of the analyzed set, as illustrated by its largest mean. Furthermore, the speed presents a large variance
compared to the other inputs, indicating its nonlinear effect on the simulation (Morris, 1991). On the other hand, the fact that
the mean of the speed parameter for ERA-INTERIM is greater than for NCEP/NCAR-RI, suggests that ERA-INTERIM has
more energy and/or better describes processes at smaller scales, like sea breeze. In fact, it was verified by means of a spectral
analyzes (not shown) that peaks at short time scale are more energetic in ERA-INTERIM than in NCEP/NCAR-RI. After the
wind, the continental discharge (Q) is the second most important parameter. Its impact decreases towards the outer estuary,
consistently with the results of Luz Clara Tejedor (2014) for the interaction between the tide and the continental discharge.
Concerning the rest of the inputs, even though they produce changes that are statistically significant, they are very close to
the limit of significance. The dissipation parameters, as expected, produce a reduction of the energy of the system, but it is
not comparable with the energy apported by the runoff or the wind. Consequently, the selection of those values can be
regarded as fine calibration. In spite of the wide range of variability considered (£15°), uncertainties in wind direction do not
have a major effect on the simulated signal. This can be attributed to the fact that the chosen variability range (in turn related
with the observed differences between wind observations and simulations) maintains the wind direction in the range that

produces one of the prevailing modes of circulation of the RdP estuary identified by Simionato et al. (20064, b).

Summarizing, model solutions are highly (and nonlinearly) sensitive to uncertainties in wind speed, but less sensitive to
uncertainties in wind direction. Concerning dissipation by bottom friction, both inputs produce small even significant

changes in the simulations. Finally, the runoff has a significant impact in the SSH, but it decreases downstream.

From the 300 different simulations run, it is worthwhile to look for the best combination of inputs that produce the "optimal”
solution among this set, to have an idea of the model ability to reproduce the observed surge. The selection of the "optimal”
set of parameters was made analyzing the correlation (R) coefficients and the RMSE of the simulated vs. the observed storm
surge. As the aim of the Project in which this research is framed is to generate storm surge forecasts, the criterion of
selection was to choose the set that produces the minimal RMSE and maximal correlation at Palermo station (located at
AMBA, in the region of maximum impact of these surges). It should be emphasized that in any case, the selection of this set
of parameters in not authentically optimal but a first coarse approximation that must be later refined excluding from the
analysis of the relevant parameters and making a fine adjustment of the most important. Fig. 4 shows the storm surge (s, left
side) obtained by low pass filtering the observed and modelled SSH for periods more than 30 hours at Palermo (upper panel)
and Oyarvide (lower panel) stations. Table 3 summarizes the statistical parameters of the simulations and the values of the
inputs for each wind database. Here, the slope (P) of the regression line between observations and simulations was added,
because it provides an indication of the fit of the simulations to the magnitude of the observations (Meccia et al., 2009). Even
though the statistics are satisfactory for both wind databases, a clear improvement is obtained when ERA-INTERIM is used,
with a reduction of the RMSE from 0.15 to 0.12 m at Palermo, and 0.21 to 0.13 m at Oyarvide.

Fig. 4 also shows the observed and simulated SSH anomaly obtained by high filtering the simulations for periods less than

30 hs (right side). Variability in this frequency range is mostly due to tides but also includes other short time period
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processes (in particular, sea breeze). In both case the model underestimates this signal, but correlation is satisfactory,

resulting of 0.84 for Palermo and 0.92 for Oyarvide, for the analyzed month.

4.2. Study of nonlinear interactions between the surge, the tide and the continental discharge

A set of additional processes oriented simulations was performed to study the interactions between the surge, the tide and the
continental discharge. For those simulations ERA-INTERIM wind data set was chosen as forcing, due to the best
performance shown in the previous section. All the other inputs were kept constant and set at the values of the "optimal"
solution. Following Wolf (1978) and Idier (2012), we define the sea level (i) as the addition of the pure effects of the diverse
processes considered individually and the interactions among them (#,). In our case, to the pure tidal level (y7) and the pure

storm surge (#s) considered by Wolf (1978) and Idier (2012), we add the level produced purely by the runoff (#g). Therefore,
Eq. (5)

n=nr+ns+ng+n 5)

The results shown in this section correspond to the Sudestada event of May, 2000. To test that the conclusions are
independent of the storm surge event considered, the simulations were repeated for another large storm, occurred in August
1991. As this last storm was weaker than that of May 2000 (the maximum peak was of around 2 m over the Tidal Datum),

the interactions were also weaker. Nevertheless, both simulations yielded to similar patterns of interaction.

As a reference and to favour discussion, Fig. 5 shows the fields of the maximum absolute value of # (upper left), s (upper
right), nr (lower left) and #r (lower right). The pure surge (#s) shows the characteristic pattern of the normal mode of the
RdP excited by winds from the southeast sector (Simionato et al., 2004a): isolines are perpendicular to the estuary axis, and
elevations increase towards the estuary head. Maximum values for this storm are over 4.25 m, showing the strength of this
event. The pure tide (»7) illustrates how the tidal wave progresses along the estuary coasts as a Kelvin wave forced at the
mouth (Simionato et al., 2004b). Maximum amplitudes occur at Samborombdén Bay, reaching 1 m, and decay towards the
estuary head due to the loss of energy by bottom friction (Simionato et al., 2004b). As the wave propagates over shallower
regions (Fig. 1), the wavelength decreases, so that one complete wave can be seen at the estuary all the time (Framifian et al.,
1999). Finally, the SSH anomaly due to the river discharge (ng) shows how the plume is deviated to the left (in the Southern

Hemisphere) by the Coriolis force (Simionato et al., 2004a). It must be taken into account that even though the RdP is small,
it is also very shallow, and the (barotropic) Rossby radius of deformation (R = w/gH/f, where g is the acceleration due to

gravity, H is the depth and f is the Coriolis parameter) is around only 100 km. The elevations associated to the runoff are of a
few centimetres but it affects mean currents.

The upper left panel of Fig. 6 shows the maximum value of the magnitude of #, (absolute value) at every model grid point.
Interactions are larger along the southern coast of the RdP, consistently with the direction of propagation of the tide (lower
left panel of Fig. 5). Two well differenced zones of maximum #, are found. The first is located along Samborombén Bay
coasts, extending to the north of Punta Piedras; these are the areas where the tide is largest and the energy dissipation by
bottom friction maximizes at the RdP (Simionato et al., 2004b). The absolute maximum occurs at the upper estuary, close to

the mouths of the main tributaries to the estuary, i.e., this is the region where the interaction with the continental discharge is
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expected to maximize (see lower right panel of Fig. 5). Interactions have large values, of up to 0.45 m, what is significant
compared to the magnitude of the tides in the area the RdP has a microtidal regime with amplitudes in the order of 0.5 m at

the upper estuary (Simionato et. al, 2004b).

For a better understanding of the interactions, new simulations were run to analyze them by pairs. Following the formulation
proposed by Wolf (1978) we defined:

a) n'TR =1 — (N1 + MR), the tide-runoff interaction;
b) n'TS =17s — (1 *+ Ms), the tide-surge interaction;
c) n'SR =nsr — (Ns + Mr), the surge-runoff interaction.

Here, the superscript | denotes "interaction" and the subscripts indicate the processes considered in the simulations: T for
tide, S for surge and R for runoff. Fig. 6 shows the three fields of maximum absolute value of the interaction for n'rs (Upper
right), n'rr (lower left) and n'sg (Iower right); note that the scales of the figures are different. Comparing these interactions
with n, (upper left panel of Fig. 5), it emerges that the principal nonlinear interaction in the RdP is between the tide and the
surge (1'rs, upper right), with the largest values of interaction of around 0.35 m. Tide-surge interaction has two regions of
maxima: one at Samborombén Bay, where the tidal amplitude and dissipation by bottom frictions are largest in the RdP
(Simionato et al., 2004b), and another at the very shallow (around 2 m) upper estuary (Fig. 1). The interaction is much lower
along the Uruguayan coast, where tides there are weak (Fig. 5 lower left panel). The order of magnitude of the interaction
(0.35 m) indicates that the omission of tides in a storm surge model of the upper and intermediate estuary would drive to an
error of around 10%. The surge-runoff interaction (n'sz, lower right panel of Fig. 6) is the smallest of the three studied,
maximizing at the upper estuary with a value of around 0.08 m and decaying offshore as the impact of the river discharge
decays (see lower left panel of Fig. 5). Finally, tide-runoff interaction (n'rr, lower left panel of Fig. 6) is lower than n'rs but
larger than n'sg and has an impact only at the upper and intermediate estuary. In this sense, even though the plume reaches
the exterior RdP (lower right panel of Fig. 5), the tides along the northern coast of the estuary are very weak (lower left panel
of Fig. 5).

Finally, Fig. 7 shows time series of the evolution of the SSH at three selected points where maximum values of interaction
(upper left panel of Fig. 6) were observed: Guazu (left), Palermo (centre) and Samborombén (right). These locations are
shown as a circle, a triangle and a square, respectively, in Fig. 6). The series were extracted from models with of pure tide
("tide", red), pure surge (“surge", green), pure continental discharge (“river", yellow), and tide, surge and runoff together
("sea level”, blue). Additionally, the "practical” surge (magenta) is calculated as the addition of the pure tide, pure surge and
pure runoff SSH anomalies. Finally, the "interaction" signal (black) is computed as the difference between the full model and
the practical surge, representing the nonlinear residual effects (Eq. 3). In every case this interaction becomes stronger during
the storm surge event and is opposite to the practical signal, indicating that the interaction brings energy from low

frequencies to high frequencies.

4.3. Quantification of the influence of the continental discharge
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In the previous section we showed that the continental discharge significantly interacts with the surge and the tide.
Nevertheless, from the practical point of view of an SSH forecast model, it is important to know the sensitivity of the
solutions to potential errors in the "predicted runoff" included in the simulations. Due to the fact that the processes that
control the discharge to the RdP are of large scale, they vary essentially in inter-annual time scales and are virtually
independent of the processes that produce the storms. Therefore, in this estuary the coupling of a hydrological forecast model
would be unnecessary for SSH operational forecast purposes unless the above mentioned sensitivity is high. For this reason
a last set of simulations was performed in which all the inputs with exception of the continental discharge were kept constant
and set at the values of the "optimal” solution. Runoff was varied from 0 to 56,000 m® s, at steps of 8,000 m* s™. Although

the last value is not the maximum registered, it is representative of the percentile 90 of the historical continental discharge.

Fig. 8 shows a comparison of the evolution of the SSH anomaly between the extreme simulations with a continental
discharge of 56,000 m*® s™ (yellow) and without runoff (magenta), for Guazu (left), Palermo (centre) and Samborombén
(right). It is evident from the figure that the main effect of the discharge is to produce a change in the mean sea level or
"shift" among solutions. Nevertheless, even smaller in magnitude, the continental discharge and the interactions also produce
a deformation of the tidal wave and the storm surge. This is a result of the interaction with the current due to the runoff:
when the tidal wave or storm surge propagates upstream (downstream), the associated currents are in the opposite (same)
direction than the river flow and therefore the wave becomes "steeper” (“gentler”). Both effects decay with the distance to

the sources, being almost negligible at Samborombén.

To quantify the above mentioned effects for the different discharges above mentioned, Fig. 9 shows the root mean square
difference between the sea level anomaly computed for models with and without runoff, as a function of the runoff, for
Guazu (left), Palermo (center) and Samborombén (right) stations (see locations in Fig. 6). The differences were computed
for the "full” sea surface height anomaly (green line), the high pass filtered height with a cut-off period of 30 hours ("tide",
red) and the low pass filtered height with the same cut-off period (“'surge"”, blue). Note that the addition of the "surge™ and
the "tide" lines is considerably smaller than the "full” signal, because this last includes the setup due to the runoff, which in
all the cases is larger than the nonlinear effects of interaction with the tide and the surge. Consistently with previous results,
the general impact of the runoff decreases towards the outer estuary, being 50 times smaller at Samboromboén than at Guazu.
Finally, it can be observed that both the setup and the nonlinear interactions grow almost linearly with the discharge. Even
though there is sensitivity with the discharge, the figure suggests that the impact of a small error in the runoff on the forecast
of the surge is small, and that, therefore, the coupling of a hydrological model to the hydrodynamic one is unnecessary for

short range forecast.

5. Summary of conclusions and final remarks

In this work, we discussed a sensitivity analysis (SA) based on Morris methodology, which is particularly well suited for
models with large computational demand, to determine the sensitivity of numerical solutions for the Southwestern Atlantic

Continental Shelf with emphasis in the wide and fast flowing RdP estuary to different parameters. An evaluation of the

overall model SA the most critical storm event for the inhabitants of the region and for navigation, known as Sudestada, was
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permormed. The results from the SA reduce the required number of simulations needed for model calibration, reducing the

future work to the fine calibration of the most sensitive inputs.

ROMS_AGRIF model was chosen to build the pre-operational forecast model. It was applied in a hierarchy of 2-D one-way

nested grids with refinement of the solutions over the RdP estuary.

The SA was made including the bottom friction quadratic (cp) and linear (c;) parameterizations. Due to the scarcity of direct
wind observations over the estuary and the limitations in the numerical modelling of the winds in the area, wind data
becomes a significant source of errors and uncertainties for any ocean forecast model. Hence, wind speed (through a factor I)
and direction (@) were included in the SA. Finally, the RdP is very mighty, and continental discharge can vary significantly
(in a range of around 80,000 m® s™) in the period of a few months, becoming also an important input which influence must
be assessed. The ranges of existence of every input were set using values from literature, the RMSE with respect to

observations, and extremes observed values, respectively.

The sensitive analysis showed significant model response to all the considered inputs. The most important, with nonlinearity
in the model response, was the wind speed (I). In particular, the model response showed to be very sensitive even to small
changes in this forcing. The next most important input is Q, which response is more linear and presents a regional
dependence, becoming less important towards the outer estuary (i.e., downstream). Finally, model solutions are relatively

much less sensitive to @, cp and c;.

With the objective of further helping on the decision of how to built a numerical forecast strategy for SSH anomaly in the
RdP, we also analyzed the interactions between the surge, the tide and the runoff. Results indicate that the interactions are
important, accounting for around 10% of the total SSH anomaly during the storm. The most significant interaction
(approximately 90% of the total) occurs between the surge and the tide, maximizing at Samborombdn Bay and the upper
RdP. The interaction between the tide and the runoff is much weaker, of the order of 10% of the amplitude of the tide.
Finally, the interaction between of the runoff and the surge is of similar order of magnitude than that of the tide with the
runoff. The last two interactions maximize at the upper estuary (where the tributaries flow to the RdP) and decay offshore,

being almost negligible at the outer RdP.

The results of this research provide information that will allow an optimal calibration of the model with only a fine tuning
and a minimum number of simulations in the next future. They also highlight some the needs to face the construction of an

accurate numerical forecast system for the prediction of extreme surges in the RdP. In this sense, we can conclude that:

a) The fact that the model solutions are extremely sensitive to small uncertainties in the wind speed indicates that the most
obvious way of improving the surge forecast is either improving the atmospheric forcing or at least quantifying the
forecast error due to the uncertainties. Some ways of improving the wind forcing is by increasing the temporal and
spatial resolution, and the diversity of physical processes included in the simulations, by the use of regional numerical
models and/or assimilating data on the simulations. For this, more direct observations over the RdP would be necessary.
As an intermediate step, an empirical adjustment of the winds could be attempted. The uncertainties in the SSH anomaly

forecast can be quantified by ensemble modelling.
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b) The inclusion of the continental discharge in a forecast model for the SSH anomaly in the RdP is fundamental. Its main
effect is to introduce a setup (or SSH elevation), but also interacts with the tide and the surge, particularly in the upper
estuary, where the most populated areas of the RdP coasts are located and where, in consequence, the impact of the
floods maximizes. Nevertheless, the fact that the variability of the runoff is uncoupled with the surge, warranties that
small uncertainties in the value of the discharge will not introduce large errors in the surge forecast. In this sense, for

short term forecast the coupling of a hydrological model to the hydrodynamic one is unnecessary.

c) Finally, it is absolutely necessary to include tides in the simulation. The tide has strong interactions with the surge,
accounting for approximately 10% of the total signal. Furthermore, the tide interacts with the runoff, introducing more

modifications in the real surge.
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Figure 1. Map of the study area, showing the domain of the two nested models (A and B). The isolines represent the
bathymetry (in m).The location of the tide gauges, Palermo (or AMBA) and Oyarvide, are shown as a blue square and a blue
circle, respectively. The black dashed line shows the location of the Barra del Indio shoal. It goes from Punta Piedras in

Argentina to Montevideo in Uruguay.
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Figure 2. Wind stress module (upper panel) and direction (lower panel) from different global analysis vs. observations at

5 Ponton Recalada station during the Sudestada event occurred on May, 2000. The figure corresponds to the period 5/15/2000
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5  for NCEP/NCAR-RI (upper panel) and ERA-INTERIM (lower panel) atmospheric forcing. The red line corresponds to m =
2xSEM, standard error of the mean.
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side) filtered SSH computed from simulation forced with ERA-

ine) winds, for the set of inputs that minimize the RMSE with

respect to the observed ns (black dashed line), at Palermo (upper panel) and Oyarvide (lower panel) stations during the

Sudestada event of May 2000.
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Figure 5. Maximum absolute value of the SSH anomaly for a "full" model (v, upper left), a pure storm surge model (ns,
upper right), a pure tide model (nr, lower left) and a pure continental discharge model (ng, lower right) during the Sudestada

event of May, 2000. Note that every subplot has different colour scale.
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Figure 6. Maximum absolute value of the tide-surge-runoff interactions in a "full" model (n,, upper left), the surge-tide
interaction in a "tide-surge” model (n'rs, upper right), the tide-runoff interaction in a "tide-runoff* model (n'tr, lower left)

and surge-runoff interaction in a "surge-runoff" (n'sz, lower right) during the Sudestada event of May, 2000. Note that every
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plot has different colour scale. The black circle, triangle and square in the upper left plot show the location of Parana-Guaz(,

Palermo and Samboronbén.
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5 Figure 7. Time series at GuazU (left), Palermo (centre) and Samborombon (right) during the storm surge of May, 2000 from
a "full" model (blue), a "pure tide" model (red), a "pure storm surge" model (green) and a "pure continental discharge" model
(yellow). The practical surge is displayed in magenta and the residual interaction in black. Note that every subplot has a
different vertical scale.
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s (yellow solid line). Note that every subplot has a different vertical scale.
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Figure 9. Root mean square difference (RMSD) of the total sea level (TSL, green), tide (TIDE, red) and storm surge

(SURGE, blue) for models with diverse continental discharges with respect to one without continental discharge, as a

function of the discharge, at Guazu (left), Palermo (centre) and Samborombén (right) during Sudestada event of May, 2000.

Note that every subplot has a different vertical scale.
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Tables

Table 1. Summary of the spatial and temporal resolutions of the different wind data sets utilized in the construction of Fig. 2.

Base data Type Spatial resolution Temporal resolution
Ponton Recalada Direct observation - 3 hours
NCEP/NCAR RI Re-Analysis 0.25° (28 km) 6 hours
ERA-INTERIM Re-Analysis 0.125° (14 km) 6 hours
BSW Blended 0.25° (28 km) 6 hours

Table 2. Inputs considered for the SA and their ranges of existence.

Input Interval Unit
Quadratic bottom friction (cp) [2.0;3.0] x 107 Dimensionless
Linear bottom friction (c;) [1.5:5.0] x 10™ ms?t

Intensity factor (1) [0.25; 1.25] Dimensionless
Winddirection (®) [-15; 15] °

Runoff (Q) [8.0;56.0] x 10° m>s?t

Table 3. Statistical parameters and input values for the "optimal™ simulation of the storm surge of May, 2000, for Palermo

and Oyarvide.

R P RMSE (m) ¢ o | 0C) Q(m’s?H
Palermo 0,97 0,97 0,15

NCEP/NCAAR - RI 15-10* 2110 09 00 20,600
Oyarvide 0,91 0,81 0,21
Palermo 0,98 1,01 0,12

ERA - INTERIM 2210 21.10% 08 15 17,700
Oyarvide 0,97 1,17 0,13
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