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Abstract: Coastal infrastructure alterations, such as jetty expansions, are designed to provide
improvements to natural dredging and safety of marine access and to maximize the management and
efficiency of ports. Furthermore, these alterations have the potential to cause significant environmental
changes to estuaries and adjacent coastal areas. Here, the hydrodynamics of Pathos Lagoon was
investigated before and after the jetty alterations, where the jetty was increased by approximately
10-18% and the mouth width was reduced by 15%. The TELEMAC-3D numerical model was
calibrated and validated using the field data, and then simulated for characteristic low and high
extreme discharge years for the old and new jetty configurations. Results showed a flow reduction
of approximately 20% both in the ebb and flood conditions in the new configuration, which was
accompanied by a slight change in the propagation angle of the western jetty current. Reduction of
the saltwater intrusion was registered during both the high and low discharge conditions with the
new jetty configuration. During the high discharge periods with NE winds, saltwater intrusion did
not reach the previous estuarine inland boundary. During the period of low discharge with SW
wind, salinity did not reach further than 180 km inland. Reduced saltwater intrusion was estimated
landwards and in the shallow embayments. The horizontal stratification structure of the salinity
changed, with the partial centralization of the flow in the access channel. The observed hydrodynamic
changes from the infrastructure modifications could affect the estuarine ecosystem by increasing
the sediment retention, reducing the transport of marine organisms and water properties into the
estuary. This study contributes not only to the understanding of hydrodynamic changes but also to
the potential optimization of estuarine and coastal management strategies.

Keywords: coastal structures; man-induced alteration; ports; hydrodynamics; estuary;
TELEMAC-3D model

1. Introduction

Approximately 60% of the world’s population inhabits coastal regions [1], and most of it is located
around estuarine areas. Important ports and large cities are located inside estuaries, making them
vulnerable to changes by natural processes and anthropogenic alterations associated with economic
development [2,3]. Changes in the geomorphology, river discharge, and circulation patterns influence
pollution and the distribution of nutrients and suspended sediments [2]. The ecological consequence
of these alterations is enhanced because estuaries serve as habitats and nurseries for the initial stages
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of the development of many species [4,5], are rich in nutrients, influence primary production [6],
and provide abundant food and protection against predators [7,8].

Studies on human-induced impacts on the hydrodynamics, saltwater intrusion, sediment transport,
pollutant dispersion, and ecology of coastal systems have been gaining ground during the last century.
Port expansions can increase sedimentation and the migration of tidal delta and infill of channels [2].
Jetty construction can change the direction of the tidally induced currents, influence the evolution of the
bed level, and induce sedimentation and erosion [9]. It can also reduce the wave height and flushing
rates and increase sedimentation and pollution [10]. It has also been reported that the extension of
jetties does not change inlet flow propagation and water quality, although changes in the topography
increase current velocities and salinity values [11]. Dredging activities can cause variations in the
estuarine physical parameters and suspended sediment concentration; moreover, they can promote
fast siltation in the harbor waterway after the end of the dredging operations [12].

The Port of Rio Grande, which is located in the Patos Lagoon estuary (Figure 1) in the southernmost
part of Brazil, is the third-largest port in Brazil [13]. To respond to the commercial demands for port
expansion, human intervention has been necessary since the last century to ensure safety and navigation
conditions. The first alteration to the access channel was the construction of two approximately 3 km
long jetties at the mouth of the Patos Lagoon in 1907 [14]. In 2010, adjustments in the original project
were carried out, and the jetties were lengthened by 370 m (east) and 700 m (west). This alteration
aimed to improve navigation conditions by allowing a progressively deeper channel, which reached a
depth of 16 m inside and 18 m outside of the estuarine access channel, and by reducing the width of
the estuary mouth. The concept behind this last modification was to converge the jetties at the mouth
to increase the flood velocities and promote natural dredging [15].
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Figure 1. The study site located in Southeast South America, depicting (A) The Patos Lagoon and its
main tributaries, where the three blue points (E1—Sao Lourengo, E2—Arambaré and E3—Ipanema)
indicate the position where in situ water level data were obtained inside the lagoon, and the red point
(N) indicates where current velocity was obtained from the coastal region. The dotted line indicates the
estuarine limit (Ponta da Feitoria). (B) Patos Lagoon estuary, where eight back points (P1-P8) show
the location where the model results were extracted and P2 indicates the Praticagem position where
salinity and current velocity data were obtained in the estuarine area.

Patos Lagoon is the largest choked coastal lagoon in the world [16] and extends 250 km with a
40 km width and a total area of 10,360 km? (Figure 1). The lagoon connects to the Atlantic Ocean through
a 700 m wide channel. The southern estuarine portion of the lagoon represents 10% of the total area and
has an average depth of 5 m [17] and natural and dredged channels of up to 16 m [18]. The estuary is
microtidal, and its dynamics is controlled by wind action and freshwater discharge [15,19,20]. Tides are
mixed with diurnal predominance, and with an amplitude of approximately 0.23 m [21], which is
restricted to the coast and the lower estuary [22] and contributes to the mixing of the water column
and the landward water transport [23,24]. The freshwater discharge is typical of that in the temperate
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regions, with a historical annual mean runoff of approximately 2400 m® s=!. ENSO (El Nifio-Southern
Oscillation) variability plays an important role in changing the river flow behavior, with high discharge
values of approximately 12,000 m? s=! during El Nifio years and low values of 500 m® s~! during
La Nifa [18].

Most studies on the hydrodynamics of the Patos Lagoon estuary were carried out before
2010 [17,23,25] or were based on the old access channel configuration [26,27]. Only a few studies
focused on the environmental consequences of the jetty modernization, which was concluded in
2010. In [14], the authors investigated changes in the fine sediment dynamics in the access channel
of Patos Lagoon and indicated that changes in the deposition pattern and the redistribution at the
bottom occurred due to the new configuration. In [15], the authors concluded that the access channel
modification resulted in changes in the erosion and deposition rates and the longitudinal growth of the
sand spits. However, investigations of the hydrodynamic characteristics after the modernization of the
jetties have not yet been conducted.

This study investigated changes in the hydrodynamics of Patos Lagoon after the alteration
concluded in 2010. A three-dimensional numerical model was used to test the hypothesis that even small
infrastructure alterations in coastal environments can lead to hydrodynamic changes. If proven correct,
these changes could lead to alterations in the flow pattern and modification of the saltwater intrusion,
stratification, and mixing characteristics that could have potential environmental consequences.

2. Numerical Model

This study was carried out with the TELEMAC-3D model [28] to simulate the hydrodynamics
of the Patos Lagoon system with the old and new jetty configurations of the lagoon access channel.
The model was run with high and low freshwater discharge conditions, which coincided with the El
Nifio (2002 to 2003) and La Nifia (2011 to 2012) simulated periods (Figure 2).

Southern Oscillation Index - ENSO Events
T T

sol

002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

. ©

| | | | | | | | | L
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

n
=3
S
5]

Discharge Anomaly
o
S oo
1 ‘
1
3
-
is
L |
i
I

PL Discharge - 04/2002 to 03/2003 PL Discharge - 09/2011 to 08/2012

10000 10000

5000 5000

M_._N'\-

2003 2012
Time (years) Time (years)

Discharge (m?/s)
®
°

Figure 2. Southern Oscillation Index (SOI) and discharge anomalies for the 2002-2012 period (top and
middle panels). Black rectangles represent periods of Patos Lagoon high discharge during El-Nifio
(bottom left) and low discharge during La-Nifia (bottom right), the years that were simulated in
this study.

2.1. Model Description

The TELEMAC-MASCARET model (V7P0 version, Laboratoire National d"Hydraulique et
Environnement of the Company Electricité of France (©EDEF): Paris, France.) presents modules in two
and three dimensions to study the hydrodynamics, sediment transport, waves and water quality of
coastal and oceanic regions. The hydrodynamic model solves the Reynolds-averaged Navier—Stokes
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equations and considers the local variations in the free surface of the fluid, neglecting the variation
of density in the mass conservation equation, offering the choice of considering the hydrostatic or
non-hydrostatic pressure and applying the Boussinesq approximation to solve the motion equation.
In this study, simulations were carried out in the hydrostatic mode. This model applies the finite
element method to solve the hydrodynamic equations and uses the sigma coordinate system for
vertical discretization. Its domain is discretized by a non-structured grid of finite elements (triangular
elements), which allows the concentration of a higher number of elements in regions of interest and/or
significant bathymetric variations and lower resolutions in regions of more homogeneous bathymetry,
which reduces computational time. Details of the model formulations were presented by [29].

2.2. Model Grid

The bathymetry of Patos Lagoon, the estuary, and the adjacent coastal region was obtained
from historical data. Nautical charts from the Directory of Hydrography and Navigation (DHN,
Brazilian Navy) for before 2010 were used as the “old” bathymetric information (before changes
in configuration). Data from the jetty expansion project were used to define the bathymetry
after the alteration of the jetties. The main difference between the two grids was the length
of the jetties and the depth of the access channel to the estuary (Figure 3). The BlueKenue
Software (https://nrc.canada.ca/en/research-development/products-services/software-applications/
blue-kenuetm-software-tool-hydraulic-modellers) was used to generate the unstructured bathymetric
grids of the triangular elements. Grid optimization was conducted on the complex morphology and the
shallow areas inside the estuary and in the adjacent coastal regions, which allowed higher resolution
in the regions of interest (Figure 3).

Jetties Bathymetry

0LD Canfguration

Figure 3. (A) The model domain and the finite elements grid with the initial and boundary conditions
applied to the old and new configuration. The lower Patos Lagoon estuary in the (B) old and (C) new
jetty configuration.

Two resulting grids were used to reproduce the hydrodynamics before and after the modification
of the jetties (Figure 3B,C). The grids encompassed the entire study area up to approximately 2500 m
depth to better represent the coastal dynamics. The generated grids contained a total of 17,868 and
17,575 node points for the old and new scenarios, respectively. The largest triangles located in the open
sea (lowest refinement) had edges of approximately 27 km in length, while the smallest triangles in the
access channel (highest refinement) were approximately 50 m.

2.3. Initial and Boundary Conditions

The open boundaries of the domain were run with the results from regional and global models
and field data (Figure 3). To ensure comparability, simulations for both scenarios used the same
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settings. The altimeter sea level and velocity data were obtained from the TPXO Project (internally
coupled to the TELEMAC model) and were used to set up the conditions at the oceanic boundary.
Time series of the daily averaged river discharges of the main tributaries (Guaiba River and Camaqua
River) were obtained from the National Water Agency [30] and prescribed for the northern and central
continental boundaries. The mean discharge data for Sao Gongalo Channel was considered constant
at 700 m? s~! [31] due to the lack of available data for the studied periods. Temperature and salinity
fields obtained from the HYCOM model (Hybrid Model Coordinate Oceanic, [32]), with a temporal
resolution of 3 h and a spatial resolution of 1/12.5°, were prescribed tridimensionally for all grid
points. Wind time series data with spatial and temporal resolutions of 0.75° and 6 h, respectively,
were obtained from the ECMWF (European Center for Medium-Range Weather Forecasts, [33]).

Eleven (11) sigma levels were considered in the vertical direction and were distributed from the
bottom to the sea surface.

2.4. Calibration and Validation

Previous studies [19,26,34] using TELEMAC in Patos Lagoon performed calibration and validation
exercises to demonstrate the ability of the model to reproduce the observed environmental conditions.
In the present study, calibration tests were carried out for both scenarios with the same initial
and boundary conditions settings. The tests were conducted with the main physical parameters
(Supplementary Table S1), and the best model reproduction was obtained with Smagorinsk = 107
as the horizontal turbulent model, mixing length (Prandtl) = 107 as the vertical turbulent model,
Manning = 0.03 as law of bottom friction, the Coriolis constant = —7.7 x 10> Nm~! s~! and the
wind influence coefficient = 1 X 10> Nm~! s7! for the old and 5 X 10> Nm~! s7! for the new
jetty configuration during both simulation periods. The simulations were performed for October to
November 2006 for the old configuration and for October to November 2010 for the new configuration
(Figure 3). The model performance was evaluated by comparing the modeled and measured current
velocities using the root mean square error (RMSE) and the relative mean absolute error (RMAE) [31].
The model performance was classified as excellent when values of RMAE were smaller than 0.2;
good, when values were between 0.2 and 0.4; reasonable, when values were between 0.4 and 0.7;
poor, when values were between 0.7 and 1; and bad, when values were greater than 1 [35]. The model
calibration tests for both scenarios resulted in model performances ranging from good to excellent for
the current velocity time series at the surface (old RMAE = 0.31 and new RMAE = 0.07) and bottom
(old RMAE = 0.27 and new RMAE = 0.01) (Figure 4).
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Figure 4. Calibration exercise—comparison between modeled (red line) and measured (black line)
current velocity at the surface (left panel) and bottom (right panel), in the old (A,B) and new (C,D)
jetty configurations.

The TELEMAC model validation was also carried out for both scenarios with the same initial and
boundary condition settings for both simulations and considered the same set of physical parameters
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that generated the best model performance in the calibration tests. Salinity, water elevation and
current velocity modeling results were compared with field data for the period between October and
November 2006 for the old jetty configuration (Figure 5) and October to November 2010 for the new
configuration (Figure 6). The model validation tests for both scenarios resulted in model performances

ranging from good to excellent (Table 1).
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Figure 5. Validation exercise comparison between modeled (red line) and measured (black line) current
velocity, salinity and water elevation for the old jetty configuration. Surface velocity (A) and salinity
(C) and bottom velocity (B) and salinity (D). (E-G) water elevation for points E1 (Sao Lourenco),
E2 (Arambaré) and E3 (Ipanema).
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Figure 6. Validation exercise comparison between modeled (red line) and measured (black line) salinity
and water elevation for new jetty configuration. Surface (A) and bottom (B) salinity data. (C-E) water
elevation for points E1 (Sao Lourengo), E2 (Arambaré) and E3 (Ipanema), respectively.

Table 1. Relative Mean Absolute Error (RMAE) results for hydrodynamic model validation.

Old Configuration New Configuration
Parameters Position RMAE RMAE
Surface 0.17 -
Bottom 0.18 -
Surface 0.06 0.09
Bottom 0.30 0.05
E1l 0.02 0.014
Elevation E2 0.08 0.03
E1l 0.27 0.16
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2.5. Data Analysis

To analyze the effect of alterations in the Patos Lagoon estuary access channel on the hydrodynamics
and saltwater intrusion, the difference between the current velocity and salinity fields, respectively,
in the two configurations were calculated and analyzed in terms of continental discharge and wind
(direction and intensity) variability. The time series of current velocity and salinity were also extracted
from the model results for points P1, P2, P3, P4 and P5 during the high discharge simulations and P1,
P2, P3, P4, P5, P6, P7 and P8 during the low discharge simulations at the surface and bottom (Figure 1).
Salinity fields of representative time steps were chosen for the periods of high and low discharge
during the maximum flood and ebb conditions.

The time scale of the wind effect on the saltwater behavior into the estuary during high and
low discharge was investigated. The spectral contents and the correlations between the daily time
series of salinity were carried out using Morlet wavelet analysis [36] at points P1, P2, P3, P4 and P5
and P1, P2, P3, P4, P5, P6, P7, and P8. A background Fourier red noise spectrum (o« = 0.72) was
assumed at each scale, and then the chi-squared distribution was used to find the 95% confidence
(5% significance) contour.

To investigate changes in the lateral and vertical stratification between the jetty configurations,
profiles of salinity were extracted during the periods of lateral ebb and flood. The spatial differences
between the old and new configurations were calculated. In addition, changes in the intensity and
incidence angle of the current velocities between the jetties were investigated.

3. Results

The numerical simulations considering the new and old jetty configurations at the mouth of the
Patos Lagoon estuary in periods of high and low continental discharge were analyzed comparatively.
3 -1

s

7

The high discharge simulation (El-Nifio 2002-2003) was marked by an average discharge of 4200 m
with a maximum of 12,300 m® s~! during mid-June 2002 and a minimum of 1336 m3 s~! during February
2003. The predominant wind was from the north, with the NE winds reaching a maximum intensity
of approximately 8 m s~!. During the low discharge simulation (La Nifia 2011-2012), the minimum
discharge was approximately 806 m> s~! for several months, with an average of 1370 m> s™! and a
maximum of 4000 m® s~1. The winds were mainly from the north and south quadrants, with the NE
and SW wind intensities close to 10 m s~! (Figure 7).
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Figure 7. Time series of river discharge and wind for the period between April 2002 and March 2003. South (North) winds are positive (negative) (A). Calculated
current velocity difference between results for the old and new jetty configuration at surface (left) and bottom (right) at points P1 (B,C), P2 (D,E), P3 (F,G), P4 (H,I)
and P5 (J K), between April 2002 and March 2003. Positive (negative) values denote inflow (outflow).
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3.1. Hydrodynamics

To analyze the effects of the access channel modifications on the dynamics of the Patos Lagoon
estuary, current velocity time series at the surface and bottom were extracted from the modeling results
for both the old and new jetty configurations. The model results were obtained for several points from
the access channel landwards for the low and high discharge conditions (Figure 1). The difference
between the current velocities of the old and new jetty configurations was calculated and analyzed as a
function of discharge and wind direction and intensity.

3.1.1. High Discharge Simulation

The predominant winds during the simulated period were from the NE, and the mean river
discharge was approximately 4200 m> s~!, with peaks of 10,000 m® s~! (P1, Figure 7A).

The differences in the current velocity between the old and new configurations were higher at the
bottom than at the surface and generally decreased landwards (Figure 7). The exception was at the
estuarine limit (P5, Figure 1), where the difference increased at the surface (Figure 7]). The maximum
difference in flood velocities was approximately 1 m s~! at the entrance of the estuary (P1 and
P2, Figure 7C,E). At the estuarine limit (P5, Figure 7],K), however, differences at the surface were
approximately 0.5 m s~!, while those at the bottom were almost nonexistent. Overall, the reduction in
current velocity between the old and new configurations ranged from 10% to 20% at the surface and
up to 50% at the bottom, mainly in the estuarine mouth region.

3.1.2. Low Discharge Simulations

During the simulated period, the wind pattern alternated between the NE and SW directions,
and the river discharge varied from approximately 1370 m3 s~! to 4000 m? s~!.

Differences in current velocity between the old and new configurations were higher at the bottom
than at the surface near the estuary entrance and decreased landwards (Figure 8). The difference
in the ebb flow values between the old and new configurations was highest at the bottom, with a
value of approximately —1.1 m s~! at the estuarine entrance (P1 and P2, Figure 8C,E), and reached
approximately 0.2 m s~! at the surface and was almost null at the bottom in the estuarine limit
(P5, Figure 8] K). The reduction in the current velocity between the old and new configuration was
similar to the reduction estimated in the high discharge simulation, with a reduction between 10%
to 20% at the surface and up to 50% at the bottom at the estuary mouth. The analysis of additional
points inside the Patos Lagoon revealed that differences in current velocity between the old and new
configurations were more pronounced in the interior of the lagoon (P8, Supplementary Figure S1).
The reduction in the current velocity from the old to the new configuration was similar in the other
points at the surface (10%) and bottom (20%) (P6 and P7, Supplementary Figure S1).
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Figure 8. Time series of river discharge and wind for the period between August 2011 and July 2012. South (North) winds are positive (negative) (A). Calculated
current velocity difference between results for the old and new jetty configuration at surface (left) and bottom (right) at points P1 (B,C), P2 (D,E), P3 (F,G), P4 (H,I)
and P5 (J K) between August 2011 and July 2012. Positive (negative) values denote inflow (outflow).
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At point P8 (Figure 1), the difference in current velocities between the two configurations was
higher at the surface, with twice the difference of the other points, where the range was —1 to 0.5 ms™*,
and the difference in the ebb flow was more than 50%.

3.2. Alterations in Saltwater Distribution

3.2.1. High Discharge Simulation

Salinity behavior throughout both simulations (old and new scenarios) responded to the wind
and freshwater discharge. Differences in salinity between the scenarios indicated that the saltwater
excursion throughout the estuary decreased after the jetty alterations during the simulated period,
with differences ranging from a few units to almost 25 units of salinity. The largest differences were
estimated near the estuarine limit (P5, Figure 9] K) at the surface and bottom. These results highlighted
that the sporadic events of salinity intrusion towards the estuarine limit were reduced with the new
jetty configuration (P5, Figure 9],K).
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Figure 9. Time series of river discharge and wind for the period between April 2002 and March 2003. South (North) winds are positive (negative) (A). Calculated
salinity difference between results for the old and new jetty configuration at surface (left) and bottom (right) at points P1 (B,C), P2 (D,E), P3 (F,G), P4 (H,I) and P5

(J,K), in 2002-2003 (E1 Nifio).
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Differences in salinity between the old and new jetty configurations ranged from 10 to 25 units in
the shallow embayments and close to the estuarine boundary (Figure 10).
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Figure 10. Spatial distribution of salinity during maximum flood (top panels) and maximum ebb
(bottom panels) during the period of high discharge (2002-2003), considering the old (left) and new
(center) scenarios and the calculated difference in salinity distribution (right). Results are presented for
the surface (A-C,G-I) and for the bottom (D-F,J-L).

During flood conditions, salinity was reduced in more than 30% in the estuarine region with the
new configuration (Figure 10C,F). During ebb conditions, a salinity reduction of up to 5 units was
verified in the shallow embayments.

The variability in salinity presented a significant periodicity of approximately 10-15 days, with a
similar response for both the old (Figure 11A—C) and new scenarios (Figure 11D-F) at the estuary
entrance. The global power spectrum showed that only the frequencies at time scales <15 days
were significant for the old and new configurations (Figure 11C,F). Results for the middle estuary
(P4, Figure 111,L), indicated that this periodicity of <15 days existed only during the first period of
the simulation (April-June, August). The upper limit of the estuary (P5) presented a similar behavior
(not shown). The signal of salinity intrusion lost strength towards the interior of the lagoon, and this
decrease in energy was most evident with the new jetty configuration. A power value of 2500 C2 in
the overall power at 15 days was estimated at the entrance of the estuary for both the old and new
configurations (Figure 11C,F), but the interior of the estuary experienced a reduction from 1250 C2 to
300 C2 from the old (Figure 11I) to the new (Figure 11L) configuration.
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Figure 11. (A,D,G,]) Time series of salinity and (B,E,H,K) wavelet power spectrum of the time series
for the estuary entrance (P1, top 2 panels) and near estuary limit (P4, bottom 2 panels), during the
high discharge 2002-2003 period for the old (A,B,G,H) and for the new (D,E,J K) jetty configurations.
Thick contour line enclosed regions of greater than 95% confidence. Dash-dot regions indicate the cone
of influence. Dash-dot regions indicate the cone of influence where the edge effect become important
(CELL). The global wavelet power spectrum of the time series and the dotted red line indicate the 95%

confidence level.

3.2.2. Low Discharge Simulation

Similar to the behavior in the high discharge simulation, the salinity behavior during the low
discharge simulations for the old and new scenarios were influenced by the wind and freshwater
discharge. Anincrease in salinity was estimated in the Patos Lagoon under the continued predominance
of S and SW winds and low discharge. The maximum salinity was estimated close to the estuarine
mouth (P1, Figure 12) from mid-December to March. The maximum salinity was verified at point P3
(Figure 12FG) after January and at point P5 (Figure 12J,K) at the end of April as a response to the
saltwater intrusion from the ocean to the inner lagoon (approximately 250 km). This response lasted
until the end of June and reached the northern region of the lagoon (P8, Supplementary Figure S2),
even during the period from April to May, when the wind changed to the NE. In contrast to the old
scenario, in the new jetty configuration, salinity values greater than 20 seldom reached the estuary limit.
At approximately 120 km from the estuary mouth, a salinity increase was registered in mid-January
with the old configuration but only increased in April with the new configuration (P6, where the edge
effect become important (C, F, I and L) (the global wavelet power spectrum of the time series and the
dotted red line indicate the 95% confidence level), and P7, Supplementary Figure S2M-P). With the
old configuration, saltwater reached the mouth of Guaiba River, but was never recorded in the new
scenario (P8, Supplementary Figure S2Q,R).
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Figure 12. Time series (top) of river discharge and wind for the period between August 2011 and July 2012. South winds are positive, north winds are negative (A).
Calculated salinity time series at surface (left) and bottom (right) at points P1 (B,C), P2 (D,E), P3 (F,G), P4 (H,I) and P5 (J,K), of old (black) and new (red) jetties
configuration during 2011-2012 (La Nifia). The blue line in all plots shows the difference between results for the old and new jetty configurations.
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The lagoon was less saline in the new than in the old scenario at all points in both the surface and
the bottom. The differences in salinity between both scenarios ranged from a few units to just over
20 units. Large differences in salinity were estimated at the surface and the bottom near the estuarine
limit after the incidence of the increased saltwater intrusion due to the southerly winds from February
to July. The sporadic salinity events that were registered with the old configuration were not verified
with the new configuration (P4 and P5, Figure 12H-K). Results for Patos Lagoon revealed that salinity
differences of up to 10 units can propagate to the northern limit of the lagoon (approximately 250 km
from the estuary mouth) (Supplementary Figure S2). Differences in salinity decreased towards the
northern end of the lagoon, from 10 at point P6 at the bottom (Supplementary Figure S2N) to less than
5 at Guaiba River mouth (Supplementary Figure S2Q,R).

The simulations with low river discharge revealed an increased difference in salinity between the
old and the new jetty configuration (Figure 13). During the flood conditions, the salinity differences
were the strongest, and decreased to approximately 25 in the southern lagoon, surpassing the northern
limit of the estuary, and decreasing towards the interior of the lagoon to approximately 5 at Guaiba
River mouth, both at the surface and bottom (Figure 13C,FLL). Differences in salinity of approximately
20 were evident inside the shallow estuarine embayments. During the ebb conditions, the lagoon also
became less saline with the new jetty configuration than with the old configuration. Differences in
salinity of approximately 10 were evident in the coastal regions and the shallow embayments close
to the estuary mouth, while from the estuary limit to the north of the lagoon, the difference did not
exceed 5 units (Figure 131,L) and had the same spatial dimension as during the flood period.
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Figure 13. Spatial distribution of salinity during maximum flood (top panels) and maximum ebb
(bottom panels) during the period of low discharge (2011-2012), considering the old (left) and new
(center) scenarios, and the calculated difference in salinity distribution (right). Results are presented
for the surface (A-C,G-I) and for the bottom (D-F,J-L).
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Similar to the high discharge results, during low river discharge conditions, salinity presented a
periodicity of approximately 10-15 days for both the old and new jetty configurations (Figure 14A-F)
at P1 to P3 (not shown). Results of the global power spectrum analysis highlighted that the time
scale frequencies <15 days were significant for the old and new configurations (Figure 14C,F).
Results indicated significant salinity variability in the first 150 days of the simulation in the southern
lagoon region (P1, P2, and P3, Figure 1) during August-September and November-December.
After 150 days, salinity did not present significant variability (Figure 14B,E). From the limit of the
estuarine region (P5, Figure 14H,K) to the northern lagoon, the daily salinity variability did not occur
during the studied period. The salinity intrusion signal lost strength towards the interior of the lagoon,
and a decrease in energy was most evident in the new jetty configuration. The overall power at
15 days at the entrance of the estuary decreased from approximately 1700 C2 (Figure 14C) to 1100 C2 in
the old configuration (Figure 14I) and from 2500 C2 (Figure 14F) to 580 C2 in the new configuration
(Figure 14L).
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Figure 14. (A,D,G,J) Time series of salinity and (B,E,H,K) wavelet power spectrum of the time series for
the estuary entrance (P1, top 2 panels) and estuary limit (P5, bottom 2 panels), during the low discharge
2011-2012 period for the old (A,B,G,H) and for the new (D,E J,K) jetty configurations. Thick contour
line enclosed regions of greater than 95% confidence. Dash-dot regions indicate the cone of influence
where the edge effect become important (C,F,IL). The global wavelet power spectrum of the time series
and the dotted red line indicate the 95% confidence level.

3.3. Changes in Salinity Stratification at the Mouth of the Estuary

Lateral stratification was evident between the jetties during the flood and ebb conditions,
both at the surface and bottom for the old (Figure 15A,D,G,J) and new (Figure 15B,E,H,K) scenarios.
Lateral stratification occurred at the estuary mouth, with higher salinity near the eastern than the
western jetty. It was also evident that the range of salinity values between the jetties changed after the
modification. In the old scenario, during flooding, the lateral salinity between the jetties ranged from
30-35 and was reduced to 23-27 after the jetty modification. During the ebb conditions, the lateral
salinity values changed from 27-30 to 20-25 after the jetty modification.
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Figure 15. Spatial distribution of salinity at the mouth of the estuary depicting changes in intensity and
lateral stratification between the jetties during the high discharge period of 2002-2003. Flood (top panels)
and ebb (bottom panels), for the old (left) and new (center) scenarios, and the calculated difference in
salinity distribution (right) at the surface (A—C,G-I) and bottom (D-F,J-L).

After the changes in the jetty configuration, the lateral stratification time was reduced. During the
flood flow at the same time step (Figure 15A,D), more salted water near the eastern than the western
jetty was verified in the old configuration. In contrast, in the new configuration (Figure 15B,E),
the flood current already dominated every navigation channel. On the other hand, in the western
jetty during the ebb time step with the new configuration (Figure 15H,K), the estuary lost less saline
water (approximately 20) to the ocean. In the old configuration (Figure 15G,]), the estuary lost a greater
quantity of saline water (approximately 25).

The differences in salinity between the old and new scenarios for the flood results were significant
in the region adjacent to the coast and in the shallow regions inside the estuary. A decrease of up
to 15 units in the salinity was estimatedin the coastal and shallow embayments, and a decrease
of approximately 5 was estimated in the navigation channel (Figure 15C,F). During the ebb flow,
the highest differences were along the navigation channel and the coastal plume, with a decrease of
approximately 7 units of salinity (Figure 15I,L). No changes were evident in the eastern coastal region.

Figure 16 presents the vertical cross sections of salinity between the jetties at point P1 (Figure 1),
during the ebb time step of Figure 15G,H, for the old (Figure 16A) and the new configuration (Figure 16B).
Salinity values presented a vertical mixed structure and horizontal stratified water column in both
configurations. The horizontal structure from the western jetty to the eastern jetty showed salinity
values ranging from 26.5 to approximately 30 in the old scenario (Figure 16A) and from approximately
20 to 27 in the new scenario (Figure 16B). The lateral salinity gradient was approximately 3.5 units
in the old jetty configuration and approximately 7 in the new configuration. Results demonstrated
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a characteristic lateral salinity gradient with more salted water in the eastern side than in the west
during the NE winds.
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Figure 16. Vertical cross-section distribution of salinity during ebb flow at the estuary entrance (P1)
from west (left) to east (right) jetties, for the old (A) and new (B) jetty configurations, during the high
discharge period 2002-2003 (EI Nifio).

The ebb flow velocities were approximately twice the flood intensities between the jetties, but the
center ebb velocity was highest with values above —6 m s™! (Figure 17). The ebb current velocities were
reduced in the western jetty and eastern jetty. In contrast, the flood velocity was more intense from the
center of the channel to the eastern jetty, with currents faster than 2 m s=!. The ebb velocities were
more intense from August to October. The velocity intensity for both the ebb and flood conditions was
reduced by approximately 20% at the surface with jetty modification. At the bottom, the reduction was
up to 50% at the center of the channel and near the eastern jetty.
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Figure 17. Current velocity time series from three points between the jetties (point P1) for the old
(black line) and the new (colored lines) jetty configurations, during the high discharge period of
2002-2003 (El Nifio). The points are located at: first near the west jetty (top panel), second at the center
of the channel (center panel) and third near the east jetty (bottom panel), both for surface (left panel)
and bottom (right panel). Positive (negative) values denote inflow (outflow).

Lateral stratification was also evident in the current velocity time series. The frequency distribution
of the current velocities also revealed lateral stratification at the mouth of the estuary and indicated
velocities higher than 6 m s~! at the surface and close to 3 m s~! at the bottom during flood conditions
(Figures 18 and 19). Reductions in the ebb and flood velocities occurred in the center of the channel and
in the eastern channel from the old to new jetty configurations, both for the surface (Figure 18B,C,E,F)
and the bottom (Figure 19B,C,E,F). In contrast, in the new western configuration, the intensification of
the ebb and flow was registered at the surface (Figure 18A,D) and bottom (Figure 19A,D). The frequency
of high velocities was reduced in the central area and the eastern side, while the maximum flood and
ebb velocities were increased on the western side, both at the surface and bottom.
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Figure 18. Frequency distribution of current velocity and incidence angle at the surface for points at the west (A,D), center (B,E) and east (C,F) jetties in the estuary
entrance (P1), for the old (top) and new (bottom) jetty configurations, during the high discharge period 2002-2003 (El Nifio). Northward (southward) velocities denote

outflow (inflow).
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At the surface area by the eastern jetty (Figure 18C,F), the maximum ebb velocity decreased from
approximately 5 to 4 m s~!, a reduction of approximately 20%. However, at the bottom (Figure 19C,F),
the maximum flood and ebb velocities decreased from 2 to 1 m s™!, a reduction of 50%. Similar velocity
behavior was verified at the bottom during the flood period in the center of the channel, but during the
ebb period (Figure 19B,E), the maximum velocities did not exceed 2 m s~! in the new configuration,
in comparison with the 3 m s~! registered in the old scenario, a reduction of approximately 33%.
At the surface (Figure 18B,E), the maximum ebb velocity decreased from approximately 6 to 5 m s,
a reduction of approximately 16%, and no visible change was verified in the flood velocities. In contrast,
at the surface near the western jetty (Figure 18A,D), the maximum ebb velocities increased from
approximately 3 m s~! to more than 5 m s~! from the old to the new scenario (an increase of 66%).
In the flood stage, the velocities doubled in intensity, from approximately 1 to 2 m s~! (an increase of
100%). At the bottom (Figure 19A,D), the velocities up to 1 m s™! and higher than 1 ms™! doubled in
frequency of occurrence in the flood and ebb periods, respectively.

Changes in the jetty configuration also promoted changes in the angle of incidence of the current
velocity from the old to the new configuration, which was more evident in the western jetty. The angle
of incidence of the ebb flow from the western jetty changed from W to NW, while the angle of incidence
of the flood flow changed from SE to E (Figure 18A,D, and Figure 19A,D).

4. Discussion

This paper applied the TELEMAC-3D model to investigate the effects of the recent modernization
work on the jetties of the Patos Lagoon mouth on the hydrodynamics of the system during the
high discharge period in 2002-2003 (EI Nifio) and the low discharge period in 2011-2012 (La Nifia).
As the model results agreed well with the in situ data during the calibration and validation processes,
the model was considered adequate for predicting the current velocity, water level and salinity behavior,
both at the bottom and surface, for both configurations (new and old).

The hydrodynamic characteristics of estuaries are subject to several forces that could determine their
spatio-temporal variability [27,37]. In this study, we presented changes in the hydrodynamic behavior of
the Patos Lagoon estuary due to alterations in the jetty configurations and the entrance channel to Patos
Lagoon. The study evaluated changes in currents and salinity excursion and distribution in the scenarios
with different geomorphologies, freshwater inflow and local and non-local wind effects. The scenarios
of high and low river discharge were used since freshwater inflow is a major controlling force of the
dynamics of the Patos Lagoon [21,24], and the region is subject to El Nifio/La Nifia cycles [20].

These periods of extreme high and low discharge were accompanied by dynamic winds
that predominantly came from the N and S quadrants, which were also important for the local
hydrodynamics [19,38], mainly when discharge was lower than 3000 m3 s~! [21,24].

Contrary to what was anticipated and used as the motivation for the jetty elongation and the
narrowing of its mouth, results revealed a decrease in the current velocity throughout the estuary
and in the inner lagoon after the alteration. A more significant decrease of approximately 20% was
estimated at the estuary mouth and has also been observed by [14]. These authors suggested that
the causes could be related to changes in the dynamics of coastal currents and in the coastal plume
direction and the intensification of the recirculation zones, which occur at the north and south of
the jetties. Other factors, such as the prolongation and intensification of the funnel [11], and the
convergence of the jetty edges, could have contributed to the decrease in the current velocity. In [24],
the authors assumed that changes in the morphology induced by dredging, embankment, jetty or
bridge construction can alter wave propagation, modify vertical salinity stratification, and decrease or
increase the saltwater penetration into the estuary.

In estuaries that present a significant contribution of freshwater, salinity decreases with high river
flow, reflecting the effect of river discharge on the salinity distribution in coastal environments [27,39];
the opposite effect is observed for low discharges. The model results showed decreasing salinity with the
increase of discharge during 2002-2003, and the opposite was verified during 2011-2012. Similar results
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were observed during 1997-1998 and 2011, which were high discharge periods [18-20,27], where the
salinity decrease was followed by high precipitation associated with the El Nifio events and NE
wind, which promoted intense ebb flows, making the estuarine region sometime unsalted. This event
may persist for months because the continental waters are forced towards the mouth, preventing the
salinization of the lagoon [24]. In contrast, salinization of Patos Lagoon occurred during 2011-2012,
and [27] and [38] studied the 1988 and 2006 La Nifia events, respectively, and attributed the enhanced
saltwater intrusion to the combination of low precipitation and SW wind and reported that the
oligohaline limit reached approximately 180 km, from the Patos Lagoon mouth, near point P7 (Figure 1),
which was in agreement with our results.

The jetty modernization work changed the salinity distribution by reducing saltwater intrusion.
The direct analyses of the daily salinity time series revealed strong variability in the salinity patterns
on a timescale of approximately 16 days. This modulation was characteristic of the passage of
meteorological fronts over the area [21,34]. Significant differences in the power variability from the
estuary entrance region to the northern limit of the lagoon were registered. Near the estuary mouth
for both high and low discharge simulations, the global power spectrum was approximately one
order of magnitude higher than in the estuarine limit and close to the Guaiba River mouth in the
old configuration. However, in the new configuration, the global power spectrum decreased two
orders of magnitude for the same locations. This behavior can be associated with the reduction of the
most energetic events in the exchange region between the estuary and the coastal regions [34] as a
consequence of the jetty modification.

The power variation analyses also showed that the local wind close to the Patos Lagoon mouth
was the main factor that controlled salinity propagation in the coastal and southern estuarine regions,
with the direct transfer of momentum to the water column [34]. On the other hand, from the north
of the lagoon towards the estuary, the discharge-controlled salinity events. Previous studies based
on in situ measurements and model results have noted that the Patos Lagoon circulation was mainly
controlled by the combination of discharges and local and non-local wind action [19,21,23,34].

The salinity signal lost strength and significantly decreased in power towards the lagoon as a
consequence of the reduced saltwater intrusion with the new configuration compared to the old jetty
configuration. The modification of the jetty configuration also seemed to contribute to the reduction of
the propagation of the tides into the estuary.

The lateral flow stratification characterized by flooding near the eastern jetty and ebb near the
western jetty in the Patos Lagoon access channel was already present in the old jetty configuration [23].
This behavior was attributed to the asymmetry of the jetty length and the anthropogenic dredging
activity in the navigation channel located near the eastern jetty and the channel depth [23,24]. The jetty
modification maintained this behavior but decreased the occurrence of lateral stratification by half.
Despite the presence of lateral stratification, the vertical water column presented a mixed characteristic,
which is typical of estuaries [21,40], suggesting that when the lateral density gradient was at a maximum,
vertical mixing was supposed to be less efficient.

With the new jetty configuration, the higher velocities estimated from the center of the channel to
the eastern jetty during the ebb and flood currents were reduced. Associated with the other findings
of this study, this trend highlights the decrease in current velocity, which was mainly verified near
the estuary mouth. The western shift in the ebb and flood propagation angle was also visible and
indicated a result of the engineering work, as suggested by [9] at the eastern coast of Bandar Abbas.
Changes in the propagation current velocity direction changed the bed level evolution and induced
sedimentation on the eastern jetty and erosion on the western jetty.

The influence of the jetty configuration on the saltwater intrusion was reflected in the flow
characteristic. The indentation of the maximum saltwater intrusion on the new configuration
contributed to the reduced transfer of momentum and promoted stratification by weak vertical shear
action at the new, less than the old, configuration [23]. The weak action of the hydrodynamic agents and
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the condition that was directly related to lower depth and smaller tidal range have as a consequence
weaker turbulence and tidal current action [37].

The results supported the hypothesis that the jetty modernization work caused changes in the
Patos Lagoon hydrodynamics. As a consequence, changes in the transport and distribution of the
estuarine properties and organisms in the whole lagoon could also be expected. In [10], the authors
explained that changes in the circulation pattern could also negatively impact the navigation of large
vessels and the pollution and sedimentation processes (by the reduction of the ebb currents and natural
dredging in the access channel). Other effects, such as the migration of the tidal delta as a result of
changes in the morphodynamics of the central channel and the infilling or formation of banks on the
jetty sides, which could influence the maintenance of adequate water depth, were mentioned by [2] after
the Ribadeo port expansion in Spain. Ecologically, the reduction of saltwater intrusion and sporadic
saltwater peak events could greatly impact the entrance of oceanic organisms, which contribute to the
increase of recruitment of estuarine dependent species and are essential for maintaining the fish stocks
in the Rio Grande do Sul coastal region.

The presence of lateral stratification in the access channel was expected to be an important factor
because it influences the stratification, mixing, and distribution of the organisms and properties in areas
of the estuary. In [40], the authors considered that this effect occurs when a maximum lateral density
gradient is observed and that the transverse mixing should be less efficient. This lateral stratification
could define the distribution of eggs, larvae, sediments and other water properties during the ebb and
flood currents, indicating possible locations of maximum and minimum concentrations.

5. Conclusions

The effect of the recent modernization works on the jetties at the access channel to the Port of Rio
Grande port was investigated applying the TELEMAC-3D numerical modeling in extreme freshwater
discharge conditions. The validation and calibration demonstrated that the applied model provided
acceptable results.

The jetty modernization did not contribute to the propagation of the inflow and outflow through
the narrow inlet, and the ebb and flood current velocity ranges were reduced by approximately 20%.
With the new configuration, the saltwater intrusion decreased, sporadic salinity peaks disappeared,
and the strength of the salinity signal decreased by more than one order of magnitude in the interior of
the estuary and lagoon.

Changes in the mouth configuration contributed to the partial centralization of the access channel
flow, reducing the duration of lateral stratification by one-third.

The modifications induced a reduction of approximately 20% for the ebb and flood surface
velocities, and a reduction of over 50% in the bottom velocities was estimated near the eastern
jetty. A relative increase in the current velocity at the western jetty during flooding was estimated.
The modernization of the jetties also changed the flow characteristic into the estuary by altering the
angle of propagation of the ebb and flood currents near the western jetty.
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