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ABSTRACT. The submarine outfall of Mar del Plata city at Camet was projected considering the
mean and maximum of forecasted sewage discharges, the inner-shelf depth, coliform concentration
and its decay (T90) mainly induced by sunlight effect and costal salinity. In 2016 the outfall was
operating with a length of 3,810 m and diffusers in the last 526 m. An economical method to mon-
itor its performance in relation to the surroundings, is remote-sensing techniques, applying either
visible or radar images. Tidal currents parallel to the coast are responsible for the transport of the
sedimentary plume in the far field, after a primary dilution from a depth of 11 m. Visible images
(1.5 to 6 m spatial resolution) are effective in monitoring the plume entrained in the upper portion
of the water column. These analyses led to study the interaction between waves and coastal currents.
Radar images (30 m resolution X and C bands) permit to survey the slick-alike plume that differs
from the environment water by the surface roughness. Comparing both techniques visible images
can distinguish the different colours of the plume; instead, the radar images are showing the surface
roughness from the slick-alike plume. The main advantage of active sensors is that they can map the
plume during a cloudy weather and even during night time.

Key words: Sewage plume, coastal monitoring, radar images, Mar del Plata, Argentina.

Validacion y deteccién automatica del transporte dispersivo del emisario submarino de Mar
del Plata, Argentina

RESUMEN. El emisario submarino de Mar del Plata en Camet fue proyectado considerando
las descargas cloacales promedio y maximas previstas, la profundidad de la plataforma vecina, la
concentracion de coliformes y el decaimiento (T90) inducido por la luz solar y la salinidad. En 2016
el emisario operaba con una longitud de 3.810 m con difusores en los ultimos 526 m. Un método
poco oneroso para analizar su comportamiento en relacion a su entorno es la aplicacion de técnicas
de teledeteccion tanto en el espectro visible como mediante imagenes de radar. Las corrientes de
marea paralelas a la costa son responsables de una pluma sedimentaria en el campo lejano, luego de
una dilucion primaria desde una profundidad de 11 m. Las iméagenes visibles (resolucion espacial
de 1,5 a 6 m) son efectivas para monitorear la pluma extendida en la capa superior del mar. Estos
analisis permiten el estudio de la interaccion entre olas y corrientes costeras. Las imagenes de radar
(resolucion de 30 m en las bandas X y C) permiten relevar plumas superficiales semejantes a derrames
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de aceites por su rugosidad. Comparando ambas técnicas las imagenes visibles pueden distinguir plumas de diferentes colores del agua;
por el contrario, las imagenes de radar estan mostrando diferencias en la tension superficial. La principal ventaja de los sensores activos
es que permiten monitorear la pluma durante tiempo nuboso incluso sin luz solar.

Palabras clave: Pluma cloacal, monitoreo costero, imagenes de radar, Mar del Plata, Argentina.

INTRODUCTION

Water quality is crucial for the success of bathing
areas. Many touristic cities have failed to improve
sewage systems or combined sewage networks
and therefore are subject to special concern, some
of them with irreversible consequences. Several
engineering and management options can be im-
plemented: pollution prevention, pre-treatment and
recycle-reuse (National Research Council 1993).
Monitoring requires also dynamic modelling anal-
yses of the municipal storm-water effluents (Moffa
1996). On the other hand, coastal structures (groin
fields or pluvial networks) can reduce the water
quality in bathing areas (Isla et al. 1998; Morea
2011).

Active sensors have been largely applied to mon-
itor oil slicks and those comprised as ‘slick alike’
(Gade and Alpers 1999; Brekke and Solberg 2005;
Hang and Duong 2009; Marghany and Hashim
2012; Marghany 2014). Oil reduces the Bragg
scattering and therefore these areas look dark, al-
though they can be subject to errors since they can
be confused with organic films, grease ice, wind
front areas, sectors sheltered by rocky outcrops, rain
cells, internal waves or upwelling zones (Ferraro et
al. 2010). The performances of sewage outfalls by
radar (SAR) images have been applied in different
coasts (Axiak et al. 2000; Di Giacomo et al. 2004).

In a previous contribution, the simulation of the
projected submarine outfall of Mar del Plata at
Parque Camet (Figure 1) was performed in order
to forecast the behaviour of the future pipeline lo-
cated on the inner shelf (Isla and Casanelli 2000).
According to these authors, two different models
were applied:

A) The primary dilution considered the merging of

the sewage at the ocean surface (Updated Muel-
lenhoff model; Muellenhoff et al. 1985).

B) At the far-field scale, tidal currents were taken
as the main process affecting the future plume
(AQUASEA program; Vatnaskill 1992).

That simulation was based on several premises:

1. The operation depth of the outfall was about
11 m;

2. the length of the outfall was originally projected
as 3 km;

3. coastal tidal currents reversed parallel at the
nearshore;

4. the outfall discharge could vary between 3.5 and
8.6 m3 sec’! (mean discharge 4.8 m3 sec’!);

5. sewage total coliform concentrations vary be-
tween 107 to 10° coliforms in 100 ml;

6. the total coliform concentration at the coast
was known as very low (16 to 70 coliforms in
100 ml);

7. the T90 (time for the decayment of 90% of
the coliform bacteria) was estimated to vary
between 1.2 h (sunny day, high-energy wave
conditions) to 10 h (cloudy day, low-energy
conditions).

In the present contribution, remote-sensing tech-
niques were applied in order to map the behaviour
of Mar del Plata sewage outfall in operation since
2016 (Scagliola et al. 2021). Different plumes sur-
veyed were analysed in response to the inner-shelf
dynamics, and compared to the simulations per-
formed in 1999 (Isla and Casanelli 2000). The
performance of this sewage disposal is crucial for
touristic purposes in terms of the bathing quality of
the northern beaches of the city (Figure 1).
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Figure 1. A) Location map indicating Mar del Plata city and the submarine outfall. B) Estimated number of tourists arriving to Mar
del Plata city during summer between 1944 and 2023 (data provided by the Tourism Office of Mar del Plata City Hall).

Mar del Plata city and Camet outfall

The inner shelf close to Camet (37° 55' 30" S-57°
31'40" W), 3 km north of Mar del Plata, was object
of several oceanographic and substrate analyses
(Isla and Aliotta 1999; Isla and Casanelli 2000;
Elias et al. 2004, 2005). This coast has a micro
tidal regime with breaker wave heights of less than
1.3 m (Isla et al. 2018). According to nautical charts
of the Hydrographic Survey (SHN) currents are
bidirectional and parallel to the contour depths.
These wave altitudes can increase significant-
ly during extratropical storms arriving from the
southeast, locally called sudestada. However, Mar
del Plata has a bimodal wave approach dominated
by waves coming from the SE, and from the ENE
(Isla 2010, 2014). Coastal currents are dominated

by tidal effects with mean velocities of 0.15 m s°!
and maximum of 0.45 m s! according to three cur-
rent meters located at about 10 m (Isla and Aliotta
1999; Isla and Casanelli 2000; Isla 2014). Bathy-
metric changes were reported for 1967, 1970 and
1996 (Isla and Aliotta 1999) while the most recent
detailed bathymetry was performed in 1998 (Isla
and Casanelli 2000).

The area affected by the sewage disposal was
colonised by mussels and polychaetes that take
advantage of the organic-rich sewage (Jaubet et al.
2013). The outfall finally constructed in 2014 is
3,810 m long, with 3,284 m of polyethylene pipe-
line of 2 m diameter plus 526 m of the extreme in-
terval with diffusers. This extreme has 130 elevated
tubes of 150 mm diameter every 4 m. The pipeline
is therefore composed of 315 tubes of 12 m each.
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MATERIALS AND METHODS

In order to validate the simulations of the plume
performed in 1999 (Isla and Casanelli 2000), re-
mote sensing techniques were applied. Water den-
sity differences between the sewage outfall and
the environment were already simulated applying
the physical models RSB and UM to calculate the
primary dilution at the surface (Muellenhoft et al.
1985; Roberts et al. 1989). Coastal currents were
measured at different depths and different tidal
conditions (Isla et al. 1998); three current meters
provided data during one month (Isla and Aliot-
ta 1999; Isla and Casanelli 2000). Visible imag-
es were selected with minimum cloud coverages.
High-resolution Spot images (1.5 m resolution in
pancromatic, 6 m in multispectral) were analysed
(8 from 2016 and 4 from 2017). At the same time,
SAR (Synthetic aperture radar) images were also
tested to analyse plume extensions during cloudy
or night conditions. These pansharpened products
had been previously corrected with a geograph-
ic projection WGS84. Band X, Cosmo Skymed
images (12 scenes) were analysed to map plume
extensions. Mode Scansar and the product type
GEC-B (with geographic coordinates) were ana-
lysed with a spatial resolution of 30 m and swath
coverage of 100 km. Polarisation method was V-V,
descending from N to S, with an incidence angle of
40°. Sentinel 1.B (band C) images (12 scenes) were
handled with an IWS polarization VV (Table 1).
Pre-processing consisted of calibration to convert
the digital numbers (DN) to backscatter coefficient
(c°), and reduction of the speckle noise with filters
3 x 3 and 5 x 5, both using the Lee and Refined Lee
procedures. These images were also projected to
coordinates UTM-WGS84.

An expert system within a Google Earth Engine
platform (GEE) was developed in order to lead
to the automatic detection of plumes reducing the
complexity of handling geospatial data. Algorithms
were stated using JavaScript or Python routines.

The first step was to define the geometry of the
plume (polygon) limited by geographic coordinates
(Figure 2). Subsequently, the plume was defined
according to date, VV polarisation, and the result-
ing geometry spatially delimited in the SAR image.

Once the search area was defined in space and
time, the segmentation procedure of Otsu adap-
tive threshold is operated (Otsu 1979; Mehmet
and Bulent 2004). The original speckle noise was
eliminated, preserving the original shapes, using
morphological openings and closing in the recon-
structions (Serra 1982, 1988). Several morphologic
parameters can be extracted, such as area, perime-
ter, as well as shorter and longer axes:

1. Area (A): spatial extension of the object in m?.

2. Perimeter (P): length (m) of the border of the
object.

3. Complexity (C): takes a small numerical value
for regions with simple geometry and a large one
for complex geometrical regions (Del Frate et al.
2000; Topouzelis 2007). It is defined as:

C:

P
2N A

4. Shape factor (SP): describes the general shape
of the object (Keramitsoglou 2005).

5. Major axis length: length (in pixels) of the major
axis of the ellipse that has the same normalized
second central moments as the region.

6. Minor axis length: length (in pixels) of the minor
axis of the ellipse that has the same normalized
second central moments as the region.

RESULTS

Passive sensors

From the analysis of the Spot images, it was
possible to discriminate moments when the plume
was subject exclusively to primary dilution; i.e. the
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Table 1. Characteristics of the SAR images processed.

Satellite Mode Swath (km) Ground Incidence Polarization Temporal
temporal resolution (m) angle resolution
Cosmo-Skymed  Scansar 100 30 x 30 20°-60° Single <12h
Band(X) Wide-Region HH o HV
VH oVV
Sentinel-1 Interferometric 250 5x20 20°-45° Dual 12d
Band (C) Wide Swath VV-VH
HH-HV
Go gle Earth Engine Search places and datasets... “ Help ~  belmdq2005 ~
AppUISentinel7 cattink | | EEE B
— B raron e, 1 = s rint(...) to write to this
19 -  app.intro = { = console.
~ Owner (1) 20~ panel: ui.Panmel([ ;
~ users/belmdq2005/default 3 21~ ui.Label({ »Point (-57.49, -37.04) 150N
[ AppUISentinel 22 value: 'Explcr‘?dcr‘ Sentinel-1', . . 1
B AppUiSentinel1 ij , style: {fontieight: 'bold', fontSize: '22px', margin: '1@px Spx'} nu
B AppUIiSentinel2 i ui.Label('Esta app procesa imdgenes SAR (banda C) °
B AppuiSentinel3 = U et et el
B AppUISentineld 27 'Objetivo: Andlisis de plumas contaminantes. '+
B AppUISentinel5 28 ‘Ejemplo: Emisario submarino de Mar del Plata.')
B AppUISentinel6 i . D
B AppUISentinel? B s i collicring Fiier sontrols. B Ad
B Clipimagen ~ 5 - I

Explorador Sentinel-1

Esta app procesa imagenes SAR (banda C)
del satelite Sentinel-1. Objetivo: Anélisis de
plumas contaminantes. Ejemplo: Emisario
submarino de Mar del Plata.

1) Seleccione rango de fechas
Fecha inicial

2018-01-01

Fecha final

2018-05-30

Longitud
-57.49

Latitud

Imagenes ©2018 TerraMetrics | 2 kme— Ml Condiciones del servicio  Informar un efror en el map.

Figure 2. Interface Google Earth Engine from a SAR image (Sentinel-1, Band C; January 1, 2018).

plume was limited to the top of the diffusers (Fig-
ure 3 A). These situations occurred when there was
no wind and the tide is at slack water during low or
high tide. When tidal currents were at maximum
velocity, and with high concentration of discharge,
the plume had a maximum extension parallel to the
isobaths. Although similar conditions were simu-
lated in 1999, the plume has a narrowness that was

assigned to wave effects. As previously mentioned,
waves in Mar del Plata have a bimodal frequency:
six small waves with periods of about 10 s are for-
ward by three waves of higher altitude (Isla 2010).
This wave climate is caused by the interaction of
sets coming from the ENE (lower waves) and from
the SE (higher waves). It is assumed that the time
recurrence of these higher waves conditions the
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Figure 3. Comparing SPOT images it is possible to monitor the coastal dynamics interacting with the plume. A) Primary dilution

stage. B) Maximum current stage.

width of the plume (Figure 3 B). In fact, the be-
haviour of the plume at the inner shelf could not
be related to meteorological data collected at the
Mar Plata airport at Camet, as this station has ur-
ban-canopy effects (Isla and Perez 1998).

On the other hand, it can be noted that the width
of the plume depends on the volume of sediment
discharging and the instantaneous velocity of the
tidal current. The effects of the maximum waves
cause significant variations of the width of the
plume (Figure 4). Unfortunately, there were no si-
multaneous measurements of the wave and wind
conditions during the capture of each scene.

Active sensors

Radar images have the capability of recognis-
ing slicks through differences detected in the sur-
face roughness between them and the surrounding
ocean water (Figure 5). At the same time, radar
images can operate during night and even with a
cloudy cover (Nunziata and Miglioccio 2015).

Automatic detection
The processes based on the GEE allowed to de-

tect automatically different behaviours of the sew-
age plume of Mar del Plata city (Figure 6).

Plumes shapes responded mainly to the veloci-
ty of tidal currents. Tidal currents were measured
with three current meters located precisely and at
depths of 10-12 m (Isla and Aliotta 1999). With
this information the surface transport in the far
field was simulated (Isla and Casanelli 2000) and
confirmed by both visible and radar images. Major
and minor axes of these plumes differ according to
tidal excursion (Isla et al. 1998) and water and con-
centration discharges (Table 2), as assumed in the
simulations performed (Isla and Casanelli 2000).

DISCUSSION

The behaviour of outfall plumes is a key issue
when sewage systems are operating in terms of
coastal water quality (Di Giacomo et al. 2004; Ji
etal. 2012; Roth et al. 2016; Alfredini et al. 2017).
In Southeastern Australia, three outfalls have im-
proved the bathing quality of 31 beaches. However,
the water quality diminishes after rainfalls due to
the bacteria transported by stormwater pipelines to
those beaches (Manning et al. 2019).

Passive sensors permit to discriminate plumes
and oil slicks when they are contrasting from clear
seawater (Klemas 2013). Floating litter can also be
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57°30'W

37°55'S

57°30'W

57°30'W

S.SS oLt
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Figure 4. The interaction between tidal currents and wave-wind action is responsible for the widths of the plume applying SPOT
images (false colour composition). Plume behaves narrowly during maximum currents (November 4, 2016; less wave
effects and significant current velocity to the north) and widens when waves and wind induce more dispersion (November
10, 2016; less current velocity to the north and more dispersion induced by wave effects).

57°20'W

57°28'W

38°S

57°28'W 57°20'W

Figure 5. Cosmo Skymed image, band X (April 22, 2016)
enhances the differences in the surface roughness be-
tween clear water and the plume composed of deter-
gents (slick-alike plume).

monitored with remote sensing techniques (Hafeez
et al. 2018). Multiple sensing techniques are rec-
ommended to monitor spills (Leifer et al. 2012).

Some spills do not last much on surface water.
For example, oil spills from the Gulf of Mexico,
together with wind velocities over 7 m s’! can make
slicks smaller as the oil is dispersed and mixed. In
this sense, during strong currents and low-energy
winds slicks can extend more than 20 km lasting
more than 48 h (Daneshgar Asl et al. 2017).

The widths of the plume were assigned to the ve-
locity of the tidal current and concentrations of the
effluent. The narrowness of the plume was attribut-
ed to the interactions of different wave approaches.
The sewage outfall of Camet can be masked in
the visible spectra with turbidity spots produced
by the suspended matter derived from the action
of waves on the silty-loess substrate, outcropping
as submerged patches and abrasion platforms. In
that sense, active sensors do not include these col-
our-effects errors.

In sum, both remote-sensing techniques, passive
and active, can be applied to monitor oil slicks.
Visible images monitor the sedimentary plume in
relation to the penetration depth in the ocean water
and plume’s turbidity (Figure 7). Radar images
recognise plumes in the surface, differencing the
roughness between clear (oceanic) water and the
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57°30'W 57°30'W 57°25'W 57°30'W

37°55'S
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38°S
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Figure 6. SAR image of Mar del Plata city outfall plumes at different conditions. From left to right: January 1, 2018 (tidal currents

from north to south), January 23, 2018 (slight current towards the north), and February 16, 2018 (without currents).

Table 2. Images processed and shape parameters of the sewage outfall of Camet.

Image Area Perimeter Minor Major Width Length Area Complexity  Shape
(m?) (m) axis axis  REC REC rectangle factor
(m) (m)  (m) (m) (m?)

Img20180216 161,600 5,133 438 585 600 680 408,000 3.6027 0.75
Img20180123 744,300 12,526 637 1,761 770 1,900 1,463,000 4.096 0.36
Img20180111 4,748,700 44,504 1,086 6,883 2,870 6,940 19,917,800 5.761 0.16

e

-]

Passive sensor

y
/ v
ouds and fog v

—

a

Sedimentary plume

Tidal
current

—>

Submarine outfall

Figure 7. Schematic diagram showing the performance of passive and active sensors in relation to the sewage plumes. Passive
sensors distinguish different colours of the turbidity plume in relation to the sea water. Active sensors detect differences
in the roughness of the water surface induced by the viscosity of the slick-alike plume.
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slick-alike surfactants (mostly detergents). Similar
differences were observed in the application of op-
tical (MODIS) and radar (Envisat ASAR) images
for mapping pollution was concluded in San Pedro
Bay, Los Angeles (Holt et al. 2017).

CONCLUSIONS

1. Spot images confirm assumptions of previous
papers in the sense that tidal currents are the
main processes involved in the behaviour of the
plume of the submarine outfall of Camet.

2. Images enable the discernment of situations
dominated by primary dilution (slack water and
without wind), as well as those dominated by
maximum velocity of the tidal currents. Differ-
ences in the wave climate affect the surface dis-
tribution of the plume in a higher way than local
winds.

3. Optical images can distinguish the plumes due
to colour contrasts between different conditions
of surface turbidity.

4. Radar images distinguish plumes by differences
in the surface roughness in relation to that of the
ocean.
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