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INTRODUCTION

 The effects of several physical processes 

on far-field outfall plume behavior have 

been extensively examined both in 2D 

and 3D models such as MIKE21/3, 

ROMS, MOHID and Delft3D

 Despite the understanding of outfall 

plume behavior under a variety of coastal 

and oceanic forcings, there are still 

processes whose effects have not been 

properly investigated.
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INTRODUCTION

 One of those processes is ocean waves, as it has been pointed out by several authors.

 Furthermore, including waves in far-field outfall models is not common in the current practice

Wu et al. (1991)

Observed current-
induced resuspension

Suggested that waves 
may contribute to 
resuspension in the 
vicinity of outfalls

Lee et al. (2003)

Concluded from site 
measurements that 
waves were a dominant 
process for resuspension 
in some parts of the shelf

Neves
(2006)

Associated wave 
measurements to:

1.- Sediment 
resuspension

2.- Prevention of 
deposition around 
diffusers

3.- Impacts on local 
benthic system

Bleninger
(2006)

Proposed future work on 
settling and resuspension 
of particles (attached 
pollutants)

Mentioned the 
interaction of particles 
with waves

Terfous et al.
(2016)

Modeled sediment 
deposition from outfall 
jets

Proposed the inclusion of 
wave motion effects as 
future work
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OUTFALL SYSTEMS

 5 submarine wastewater outfalls

 Baixada Santista, SP, Brazil

 Outfalls operated by Sabesp

 Data for 2019

Outfall
Length
(km)

Depth
(m)

Mean discharge
(m³/s)

Santos 4.4 11.5 2.08

Guarujá 4.5 14 0.59

PG1 3.3 14 0.55

PG2 3.3 14 0.52

PG3 4.1 13 0.15
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OUTFALL SYSTEMS

 2021 – Consulting service by Consórcio Integração

CAGM for Sabesp

 Sediment deposition of ~25 cm/year (?) in Santos Bay

 2017 – Consulting service by Consórcio Partner-

TetraTech for Sabesp

 Decreased deposition by stronger offshore currents
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METHODOLOGY – HYDRODYNAMIC MODEL

 Hydrodynamic model:

 Delft3D-FLOW

 Depth-averaged

 Calibration and validation (2012)

 Actual study (2019)

 2012/2019: Tides, salinity, temperature, 

wind, heat flux, Coriolis, freshwater 

discharges and outfall discharges

 2019: + Suspended solids from outfalls

Variable resolution: 

36 m – 1 km
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METHODOLOGY – SEDIMENT TRANSPORT

 Two sediment fractions: cohesive and non-cohesive

 Sediment density corrected for organic content 

(2650 kg/m³ ➞ 1513 kg/m³)

Outfall TSS (kg/m³)

Santos 0.278

Guarujá 0.128

PG1/2/3 0.134
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METHODOLOGY – WAVE MODEL

 Wave model

 Delft3D-WAVE (SWAN)

 Spectral description of waves

 Validation (2016)

 Actual study, wave-current coupling (2019)

 2016/2019: Energy input by wind, non-

linear wave-wave interactions, bottom 

friction, depth-induced breaking and 

whitecapping

 2019: + Wave-current interaction

Resolution: 205 m
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METHODOLOGY

 Analysis of wave height and period (2019)

 January – mild

 March – mean

 July – strong

Hs



10

CALIBRATION AND VALIDATION

Calibration

Praticagem Santos

July–December 2012

Validation

Ilha das Palmas

May–November 2012

Wave model

Mid Santos Bay

March–May 2016

* Index of model performance by Willmott et al. (2011)

71% 72%

Hs: 78%

Tp: 43%
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SUSPENDED SEDIMENT

 Temporal mean of total sediment 

concentration

 The Santos outfall has the largest 

sediment plume

 Waves ➞ + suspended sediment

 Sediment advected by currents

Effluent: O(10−1 kg/m3)

After release: O(10−3 kg/m3) and lower

Environment: O(10−2 kg/m3) (Berzin, 1992)

January

Mild 

March

Mean

July

Strong
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COHESIVE AND NON-COHESIVE FRACTION

Mean sediment concentration (kg/m³) Bed sediment mass (kg/m²)
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SEDIMENT DEPOSITION

 Bed sediment layer thickness

 Waves disperse sediment over 

larger extents

 The advected sediment settles far 

from the discharge location

 Sediment reaches channels and 

nearby coasts

January

Mild 

March

Mean

July

Strong
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SEDIMENT DEPOSITION (JANUARY / MILD WAVES)

Resuspension around

January 5, 10 and 20

Santos: 1.76 cm ➞ 0.79 cm (55%)

PG3: 0.07 cm ➞ 0.04 cm (44%)
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SEDIMENT DEPOSITION (JULY / STRONG WAVES)

Resuspension most of the time

Santos: 1.59 cm ➞ 0.16 cm (90%)

PG3: 0.04 cm ➞ 0.01 cm (83%)
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DEPOSITION RATE (SANTOS)

 Undisturbed deposition:

0.06 cm/day ➞ ~20 cm/year (unrealistic)

 Waves ➞ resuspension and reduced rate

January

Mild 

March

Mean

July

Strong
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DEPOSITION RATE

(SANTOS / MARCH / MEAN WAVES)

Current-alone stress

+

Wave-alone stress

=

Oscillatory stress*

(time-mean, maximum)

* Soulsby et al. (1993)
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WAVE REGIME

 Depth-wavelength* ratio

 Lower limit of wave action (0.5)

 Wave-bed interaction

Garrison & Ellis (2016). Oceanography: An Invitation to Marine 

Science, 9th edition. Cengage Learning.

* Mean spectral wavelength

January

Mild 

March

Mean

July

Strong
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WAVE REGIME

 Near-bed orbital velocity is 

directly proportional to wave 

height:

𝑢𝑏 =
𝐻𝜋

𝑇 sinh 𝑘ℎ

January

Mild 

March

Mean

July

Strong
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CONCLUSIONS

The consideration of waves avoids unrealistic sediment deposition in the 
long term (~20 cm/year)

Resuspended sediment can be transported further, reaching the coastline 
and channels

Using coupled wave-current models for outfall plume modeling allow us to:

• Understand the fate of sediment-attached contaminants

• Identify areas of potential environmental concern

Future studies must consider the potential effects of waves on the design 
and operational conditions of outfalls

Acknowledgements
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