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Continental freshwater contributions are the main long-term control on the variability
of suspended particulate matter (SPM) concentrations in choked lagoons. The current
work aims to assess the seasonal to interdecadal variability in SPM concentrations from
Patos Lagoon tributaries, as a case study towards the understanding of tributaries
contributions to coastal lagoons. Thus, an interdecadal dataset (1984-2020) was
collected in the region of the tributaries of Patos Lagoon (southern Brazil), integrating
Landsat series (653 scenes) and in situ measurements. SPM concentrations were
estimated from the scenes using a semi-analytical multiwavelength algorithm, applied in
the regions of the lower course of the tributaries. Results identified SPM concentrations
variability in seasonal scales, enhanced by El Nifio Southern Oscillation (ENSO) in
interannual time scales, also influencing in interdecadal trends. The seasonal SPM
concentration variability reached 50 g.m~2 to each tributary. Higher SPM concentration
values occurred from winter to spring, enhanced during El Nifo periods and frequently
reaching annual means higher than 100 g.m~3. Periods from summer to autumn,
however, presented lower SPM concentrations, especially during La Nifia periods, when
the mean annual SPM concentration remained mostly below 50 g.m~2. Seasonal and
interannual (ENSO) forcings combined developed configurations of high input periods
(HIP) and low input periods (LIP). During the LIP, the river plumes are limited to their
tributary zone of influence and the whole lagoon has reduced SPM concentrations.
During the HIP, the river plumes spread over the lagoon sub-environments, and the
SPM concentrations of all tributaries reach the estuarine zone and the ocean. Thus,
the mentioned natural phenomena influence the river plumes spreading, the SPM
concentrations in the lagoon, and the export to the Atlantic Ocean in time scales varying
from seasonal to interdecadal.

Keywords: river plumes, landsat, Patos Lagoon, remote sensing, ENSO (El Nino/Southern Oscillation), tributaries,
freshwater contribution, suspended particulate matter
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INTRODUCTION

The drainage systems transport sediments to the coastal
environments, developing particularly high suspended
particulate matter (SPM) concentrations in shallow transitional
environments (Miller and McKee, 2004; Lihan et al., 2008),
often higher than in the coastal sea (Eisma, 1993). Estuaries and
coastal lagoons are key transitional environments for monitoring
processes influencing the SPM dynamics, as these water bodies
have ecological significance, shelter harbors, and regulate the
export to the ocean. The amount of SPM concentrations in the
water column affects water quality parameters (Bilotta et al.,
2012), and can be associated with pollutants and modify the
subaquatic behavior of the light (reflectance and absorption),
which can impact aquatic life and water potability (Wilkinson
etal,, 2017). Understanding the variability of SPM concentrations
reaching transitional systems is a complex challenge, because the
fluxes respond in different temporal and spatial scales and to
multiple natural or anthropogenic forcings.

The SPM loads from tributaries to coastal systems have
been studied by different approaches in the last decades. Earlier
investigations focused on assessing SPM associated with the
variability of chemical elements (Rostad and Leenheer, 1997;
Rachold, 1999; Schifer et al., 2002; Gordeev et al., 2004), dissolved
nutrients (Ward and Twilley, 1986), and isotopic composition
promoted by the tributary’s influxes (Rachold et al., 1997). Recent
studies, however, have longer data sets available and rely on more
advanced technology (e.g., more satellite products), allowing
the survey of historical changes and long-term analysis of SPM
behavior (Choi et al., 2012; Kreiling and Houser, 2016; Park et al.,
2018; Ryberg et al., 2018). Despite advances, studies analyzing
seasonal to decadal variability on SPM concentrations rarely
used datasets longer than 35 years, with few exceptions (Dang
et al., 2010). This represents a gap in the literature and also
can lead to interpretations based on the trend of a specific
decade. Moreover, studies concerning SPM in river plumes
focused on tidally influenced environments (Hetland and Hsu,
2013; Horner-Devine et al., 2015; Shanmugam, 2018). This kind
of study, however, is uncommon for microtidal environments,
sheltered from tidal influence by sandy barriers (Liu et al., 1997).

Coastal lagoons in particular represent a path towards the
coast for the concentrations of SPM received from the drainage
basin through the tributaries. Choked lagoons are composed of
a series of elliptical cells, and these systems are connected to
the ocean through a single and narrow channel, which limits
tidal currents and water-level fluctuations in the lagoon (Kjerfve,
1994). Patos Lagoon is the largest choked coastal lagoon in the
world (Kjerfve, 1986; Figure 1), covering about 10.000 km?,
draining almost 200.000 km?, with 6 m average depth, connected
to the Atlantic Ocean through a single narrow inlet (< 700
m wide), which was stabilized by jetties built-in 1911 (Toldo
et al., 2000). Salinity in Patos Lagoon ranges from 0 to 34,
mostly limited to the estuarine zone, which is about 55 km from
the mouth (Moller et al., 2001). The concentration of dissolved
organic matter (CDOM) in the estuarine zone is inversely
correlated with salinity, with mean concentrations ranging from
13.07 to 18.26 mg.m~3 (Rodrigues et al., 2012). Measurements

30°8 Porto Alegre| Casamento[
City Lake }
Guaiba River
°¢
> |
$
0 31°8 A Camaqué River 0\’ -
< ‘ 5 |
2 >
5 5 ( Q
- |
30" -
| sec |
Atlantic Ocean |
32°8 1 ‘ N |
Inlet A ‘
km
)
0 20 40 60 ‘
30' - T T R —F — |-
30 52°W 30 51°W 30
Longitude
FIGURE 1 | Patos Lagoon detailing the investigated area of each tributary
(rectangular boxes). The mouth of the main tributaries is marked by red dots.

from 1986 to 2008 revealed mean Chlorophyll a concentrations
of 7.31 pg L~ (SD =+ 9.75) in this region (Abreu et al., 2010).

This important depositional basin receives SPM from three
main tributaries Guaiba and Camaqua rivers, and the Séo
Gongalo Channel (SGC), which connects Patos and Mirim
Lagoons, which together cover 14,000 km? (Bortolin et al.,
2020). Once inside the lagoon, the coarser fractions of suspended
sediment tend to deposit in the upper course of the system and
the SPM fine fraction is either transported in suspension or
deposited in preferential zones, responding to autogenic forcings
(Bortolin et al, 2020), such as the variability in freshwater
discharges and wind action (Tévora et al., 2019; Bitencourt et al.,
2020). The fine SPM fraction which reaches Patos Lagoon estuary
moves towards the coast through Rio Grande Channel, which has
predominant ebb flow (Moller et al., 2001; Fernandes et al., 2002),
but is also subject to flocculation processes during flood flows
(Avila et al., 2021).

The system is under a microtidal regime of 30 cm amplitude,
and its dynamic is driven by freshwater discharges and winds
(Moller et al., 2001). The wind influence becomes more relevant
at shorter timescales and during periods of reduced freshwater
discharges (<2,000 m3.s~1) (Moller et al., 2001; Tavora et al.,
2020b). Two predominant wind directions in the region are
NE (22.3%) and SW (13.5%) (Tomazelli, 1993). NE winds are
predominant along the year (5 m.s~! mean velocity) driven by
the Atlantic Anticyclone, and SW winds occur secondarily in
a higher intensity (8 m.s™!) mainly during winter (Stech and
Lorenzetti, 1992). The mean annual freshwater discharge in Patos
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Lagoon is about 2,400 m3.s~! (Vaz et al., 2006), however, such
conditions change according to ENSO events (Fernandes et al.,
2002), with lower inflows during La Nifia events, contrasting
with peaks reaching 12,000 m?.s~! during El Nifio events (Moller
et al., 1996). These driving forces behave according to well-
studied cycles, whose periods are recognized in seasonal and
interannual scales (Vaz et al., 2006; Jung et al., 2020), as well as
El Nino-Southern Oscillation (ENSO) (Vaz et al., 2006; Tavora
et al., 2019, 2020b; Bitencourt et al., 2020).

The freshwater inputs from the tributaries are assumed as the
main control in SPM concentrations in Patos Lagoon during
long time scales (seasonal and interannual), with high SPM
concentrations proportional to peaks in freshwater discharges
related to the ENSO cycle (Moller et al., 2001; Tavora et al,
2019, 2020b; Bitencourt et al., 2020). A recent study has proposed
the prediction of SPM concentrations by the tributaries of Patos
Lagoon in short time scales, based on the time series of freshwater
discharge from the tributaries and the rating-curves approach
(Jung et al., 2020). However, an assessment of measured SPM
concentrations from the Patos Lagoon tributaries reaching the
interdecadal time scale is still a gap of knowledge in this system
and in coastal lagoons in general, especially in South America
(Beltrame et al., 2009; Bitencourt et al., 2020; Tavora et al., 2020b).
Thus, the aim of the current work is to contribute towards the
understanding of the long-term variability (covering seasonal,
interannual, and interdecadal time scales) of SPM concentrations
from tributaries towards coastal lagoons, by using high spatial
resolution remote sensing reflectance (Rrs) measurements from
Patos Lagoon as a case study.

In this context, remote sensing represents a low-cost and
trustworthy tool for monitoring SPM concentrations in large
coastal environments (Matthews, 2011; Choi et al, 2012;
Tavora et al., 2020b), with the advantage of providing long-
term data. Despite the methodological benefits, few studies
investigated SPM in Patos Lagoon using remote sensing. General
characterizations of the suspended sediment dynamics were
carried out (e.g., Pagot et al, 2007; Fassoni-Andrade et al,
2015), but these studies investigated a short-term period of
about 2 years. Recent studies analyzed the behavior of SPM
concentrations inside Patos Lagoon using a Moderate Resolution
Imaging Spectroradiometer (MODIS) satellite, which has a high
temporal resolution (daily satellite overpass). Although with low
spatial resolution, such recent studies investigated shorter periods
than the present work, as follows, 8 years (Tavora et al., 2019), and
17 years period (Tavora et al., 2020b). None of them, however,
focused on the Patos Lagoon tributaries, and for that, the high
spatial resolution provided by Landsat products is required.

During the last decade, generically applicable algorithms have
been developed to model SPM concentrations from Rrs in coastal
water bodies (Nechad et al., 2010; Han et al., 2016; Novoa
etal., 2017). The performance of those algorithms was compared
for Patos Lagoon, presenting different results depending on
the region of the lagoon (Tévora et al., 2020b). A recent
advance was achieved by the multi-wavelength semi-analytical
method proposed by Tavora et al. (2020a), which estimates SPM
concentrations with its uncertainties and has shown satisfactory
performance in comparison to the algorithms mentioned above.

The algorithm proposed by Tavora et al. (2020a) was applied
to the Patos Lagoon tributaries in the current study, using high
spatial resolution satellite images (Landsat 5, 7, and 8) from
1984 to 2020 to model long-term SPM concentrations from the
tributaries contributing to the lagoon. The present investigation
covered the longest timescale analysis of SPM concentrations
in the tributaries of Patos Lagoon, and accounts for the higher
spatial resolution satellites already used for this purpose in the
area, which is ideal for capturing small scale details in specific
environments (such as meandering rivers). The combination of
in situ and modeled results was a useful strategy to fill gaps in
the SPM concentrations from each tributary. Furthermore, it was
possible to propose conceptual models about the behavior of
long-term SPM concentrations during periods of high and low
continental contributions from the tributaries.

MATERIALS AND METHODS

The flowchart in Figure 2 summarizes the main steps adopted in
the present work, from the scenes acquisition to the final image
processing stages.

Atmospheric Correction

Satellite scenes from Landsat 5, 7, 8 (hereon L5, L7, L8) were
acquired through the Earth Explorer data collection of the
United States Geological Survey (USGS)', encompassing the
years 1984 to 2020. The atmospheric correction from Level
1 to Level-2 was processed with the freely available software
ACOLITE (version 20210114.0), developed by the Royal Belgian
Institute of Natural Sciences (RBINS)?, which also merged the
tiles to fit the study area (29.9°32.5° S; 50.5°-52.5° W). The
high spatial resolution of the satellites allowed the selection of
smaller boxes to investigate each tributary region (Figure 1), as
follows: Guaiba (29.9°-30.67° S; 50.87°-51.34° W), Camaqua
(30.98°-31.52° S; 51.59°-52.10° W), SGC (31.68°-31.90° S;
52.06°-52.36° W) and inlet (32.07°-32.28° S; 51.93°-52.13° W).

ACOLITE provides two atmospheric correction schemes:
dark spectrum fitting (DSF) (Vanhellemont and Ruddick,
2018; Vanhellemont, 2019) and exponential extrapolation
(EXP) (Vanhellemont and Ruddick, 2014, 2015, 2016). The
manufacturer recommends the use of the DSE while the EXP
can be considered as a complementary tool. Both were tested for
the study area to check the best performance. The two models
were applied to nine randomly picked satellite scenes, collected
in different years, with distinct turbidity and cloud conditions.
The DSF performed better, showing less masked data for highly
turbid waters and cloudy days.

After performing the atmospheric correction, the scenes
were selected to avoid evidence of signal disturbance, such as
suspicious noise, remaining clouds, and haze. After this quality
control, all scenes from the Red to the Short Wave Infra-red
(SWIR) were used, following the methods described in the
algorithm proposed by Tavora et al. (2020a).

'https://earthexplorer.usgs.gov/ (Accessed August 31, 2021).

Zhttps://odnature.naturalsciences.be/remsem/software-and- data/acolite
(Accessed August 31, 2021).
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FIGURE 2 | Flowchart representing a schematic processing sequence developed in Acolite and MATLAB. The upper portion of the flowchart represents the
atmospheric correction (see section “Atmospheric Correction”) processing developed in the ACOLITE software. The lower portion summarizes the modeling of SPM
concentrations (see section “Multi-Proxy Suspended Particulate Matter Estimates”), the integration with in situ data (see section “Multi-Proxy Suspended Particulate
Matter Estimates”), and the comparison with environmental forcings [see sections “El Nifio-Southern Oscillation Index (MEI v.2) and Discharges From Tributaries” and

Multi-Proxy Suspended Particulate

Matter Estimates

Concentrations of SPM have been measured in Patos Lagoon over
the last four decades during surveys and monitoring programs.
This dataset, together with the respective methodological
description and protocol analysis, was organized in a
compendium (Tavora et al., 2020c, 2021), and used here to
select the collection campaigns suitable for comparison with
the SPM estimates derived from satellite scenes. This dataset
presented concentrations of SPM ranging from 4 up to 700 gm ™3,
which are compatible with the algorithm developed by Tavora
et al. (2020a).

The algorithm used for modeling SPM concentrations is a
semi-analytical multi-wavelength method, which calculates the
SPM concentrations providing the uncertainties derived from
measurements, which can be applied to any ocean color sensor
(Tavora et al., 2020a). The performance of the algorithm applied
in this work was previously evaluated to a variety of coastal
environments (Tavora et al., 2020a), based on 420 in situ
measurements. The SPM concentration underestimation was
avoided by removing solutions where the saturation reflectance
threshold is higher than 50% for each specific band.

This method also considers the water temperature, which
was acquired by in sifu measurements and made available
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by the Departamento Municipal de Aguas e Esgotos (DMAE)?
from Porto Alegre, the Agéncia Nacional das Aguas (ANA)*
for Camaqué River, the Sistema de Monitoramento da Costa
Brasileira (SiMCosta)® and the Pesquisa Ecoldgica de Longa
Duragio no Estudrio da Lagoa dos Patos e Costa Marinha
Adjacente (PELD-ELPA)S, the last two sources being from
the estuarine zone. Additionally, an online historical database’
provided daily water temperature since 2007 for three cities
close to the tributaries (Table 1), such a dataset was used to fill
gaps when in situ observations were not available. This website
gets data from the Operational Sea Surface Temperature and
Ice Analysis (OSTIA), which combines satellite data provided
by the Group for High-Resolution Sea Surface Temperature
(GHRSST), together with in situ measurements to determine the
water temperature.

The high spatial resolution of the Landsat series allowed
SPM concentration estimates even in the narrowest sections
of the SGC channels (~380 m width, or about 12-13 pixels)
and Camaqua River (~150 m width, or 5 pixels). Longitudinal
transects were established throughout each tributary channel
towards the lagoon (Figure 3). Their lengths varied according
to the channel morphology; for example, the Camaqua River
presents the shortest transect because of the increasing sinuosity
in the upstream channel, which did not allow avoiding the river
margins. The transect points were selected to respect what we
called “a safe distance” from the margin of the rivers in order
to prevent the adjacency effects (Bulgarelli et al., 2017) which
compromises the Rrs signal. Land masks were also applied,
creating a buffer around the river margins. The mean SPM
concentration was modeled to each point of the transect, on 10-
x-10 pixel boxes, providing satisfactory accuracy when compared
with in situ measurements. Based on these transects, it was
possible to assess SPM concentrations variability from each
tributary towards the lagoon.

The SPM concentrations calculated along the transects
presented a percentage of gaps in each tributary as follows,
Guaiba (66%), Camaqua (73%), SGC (67%), and Inlet (67%).

*http://www2.portoalegre.rs.gov.br/dmae/ (Accessed August 31, 2021).
*https://www.snirh.gov.br/hidroweb/mapa (Accessed August 31, 2021).
Shttps://simcosta.furg.br/home (Accessed August 31, 2021).
Chttps://peld.furg.br/ (Accessed August 31, 2021).

"World Sea Water Temperatures. https://seatemperature.info/ (Accessed August
07, 2021).

TABLE 1 | Water temperature sources for each region.

Data source Tributary to Close cities

(in situ) Patos Lagoon (seatemperature.info)
DMAE Guaiba River Porto Alegre

ANA Camaqua River Pelotas

SiMCosta Inlet/SGC Rio Grande/Pelotas
PELD-ELPA Inlet/SGC Rio Grande/Pelotas

The first column represents the in situ collection source. The second column shows
the tributary for which temperature was searched. The third column is the nearest
city from each tributary mouth with available data in the seatemperature.info
website, which were applied when occurred in situ collection gaps.

The mean SPM concentrations were calculated for each
tributary region, respecting the determined box (see section
“Atmospheric Correction”), then the in situ observed SPM
concentration was also considered to reduce the percentage of
gaps in the time series on each tributary. SPM concentrations
both in situ and satellite-calculated were then integrated in
a daily timestep. This strategy reduced the gaps in the
SPM datasets, reaching more suitable percentages to Guaiba
(39%), Camaqua (66%), SGC (63%), and Inlet (55%). This
data integration strategy was only possible after assuring the
accuracy of the satellite-derived SPM concentration estimates
(see Supplementary Material). These results were compared
with RGB true-color composite images processed by ACOLITE,
allowing the development of a conceptual model about the
SPM concentration behavior under periods of low and high
freshwater discharges.

El Niho-Southern Oscillation Index (MEI

v.2) and Discharges From Tributaries

The Multivariate ENSO Index (MELv2) data is provided by
the Physical Sciences Laboratory of National Oceanic and
Atmospheric Administration (NOAA)?, calculated for twelve-
time intervals, in a bi-monthly arrangement. The MELv2 index
can be considered one of the most representative ENSO indexes.
It is calculated from the Empirical Orthogonal Function (EOF)
combining five variables (i.e., sea level pressure, sea surface
temperature, zonal and meridional components of the surface
wind, and outgoing longwave radiation over the tropical Pacific
basin). The MELv2 index indicates the intensity and phase
of ENSO. Significant positive values indicate El Nifio (warm)
events, in contrast, La Nifia phases are represented by significant
negative values.

The Camaqua, Guaiba, and Inlet discharges were acquired
from the ANA dataset, available online’. The Guaiba River
discharge was calculated from the sum of Jacui and Taquari
freshwater discharges, which represent 85% of the Guaiba
freshwater discharge input (Vaz et al., 2006). The SGC water
level was provided by Agéncia de Desenvolvimento da Lagoa
Mirim (ALM), and from this data it is possible to assess the SGC
discharge based on a Rating Curve Method (Oliveira et al., 2015).

Spectral Method (Lomb-Scargle

Periodogram)

Coastal systems are dynamic, respond to deterministic (e.g.,
tidal effects) and stochastic forcings (e.g., river load and wind).
Spectral methods have been used to recognize periodicity in
coastal events and identify the respective processes responsible
for changes (Jalon-Rojas et al., 2016). The selection of a method
should consider the percentage of gaps in the data, its sampling
frequency, and the aim of the analysis, which in our case is

8Physical Sciences Laboratory of National Oceanic and Atmospheric
Administration (NOAA). https://psl.noaa.gov/enso/mei/ (Accessed August
07, 2021).

Agéncia  Nacional das
(Accessed August 07, 2021).

Aguas.  https://www.snirh.gov.br/hidroweb/mapa
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The Lomb-Scargle Periodogram (LSP) (Lomb, 1976; Scargle,
1982) is considered the best-known method to detect periodicity
in time series on unevenly sampled parameters, where the signal
is processed in a Fourier-like power spectrum representing the
periods of oscillation (VanderPlas, 2018). The MATLAB function
plomb (Signal Processing Toolbox), introduced in R2014b'’, was
used in the present work, providing the significance levels of
energy, where peak values over the determined threshold can
be interpreted as reliable signals, not incidental fluctuations or
any noise. This method can identify significant periodicity in
multiannual time series with more than 70% randomly missing
data. However, following previous studies, when gaps surpass
50% the method is more reliable in time series of at least 10-
15 years (Jalon-Rojas et al., 2016).

The LSP was applied to the calculated mean SPM
concentrations for each tributary region, with a significance
level of 95% (o = 0.05) and only peaks over this limit were
considered. The freshwater discharge exerts a direct influence
on SPM concentration, and for complementary comparison,
the LSP was also applied to this dataset with a threshold of
95% confidence (a0 = 0.05). In respect to the criteria previously
described, spectral methods were not used for the Inlet discharge,
because it has 61% of missing data over 6 years, exceeding the
limitations of the method. In contrast, the other tributaries
have at least 20 years of freshwater discharge data with a low
percentage of gaps [i.e., Guaiba (23%), Camaqua (0.4%), and
SGC (21%)]. The equation 1/peak frequency was calculated to
convert frequencies to periods.

RESULTS

Accuracy of Suspended Particulate
Matter Concentration Estimates

The investigated 37 years period resulted in 653 cloud-free scenes,
after image processing and selection. This amount represents the

19MathWorks. https://www.mathworks.com/help/signal/ref/plomb.html
(Accessed August 07, 2021).

sum of the scenes from the area determined for each tributary,
Guaiba (174 scenes), Camaqui (146 scenes), SGC (165 scenes),
and Inlet (168 scenes).

The data set reached 47 match-ups, which represent sampling
simultaneity (same day) between satellite scenes and in situ
data (see text footnote 3, respectively). These match-ups were
more frequent for Guaiba (43), secondarily for Camaqua (4),
while it was absent for the Inlet and SGC, due to few
in situ measurements at these locations. The match-ups were
used for algorithm validation purposes, testing the accuracy
associated with these atmospherically corrected satellite scenes,
respecting the saturation threshold of 50% (see section “Multi-
Proxy Suspended Particulate Matter Estimates”), assessing the
modeled mean SPM value in 10-x-10 pixel boxes, and achieving
satisfactory results (see Supplementary Material).

Periodicity in Suspended Particulate

Matter Concentrations Variability

Figures 4A-D represents signals of the freshwater discharge
and SPM concentrations periodograms (LSP) for each tributary.
Results suggest that both parameters show a similar power
behavior, with corresponding general trends and peaks. The
dashed lines illustrate the significance threshold for SPM
concentrations (black lines) and freshwater discharges (red lines),
and peaks reaching these limits represent 95% significance. Peaks
are marked on the y-axis and the period of occurrence is checked
on the x-axis when it achieves the threshold lines. The SPM
concentration peaks reach the significance level less often than
the discharge peaks because of the larger percentage of gaps.

The three main tributaries (Guaiba, Camaqua, and SGC)
present a well-marked 1-year peak above the confidence limit,
and such power cyclicity is recognized for SPM concentrations
and for freshwater discharge. In addition to the 1-year peak,
other cyclicities are detected in the SPM signal, encompassing
longer periods. One cycle of 16 years is marked for Guaiba
River and Inlet, reaching the significance level, while for the
other tributaries this peak presents a smaller magnitude, but the
signal is also present. Camaqua highlights a 7 years cyclicity for
SPM concentrations, and such peak is also detected on the other
tributaries, though lower and not statistically significant.
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Relationship Between El Nino-Southern
Oscillation Index and Environmental

Parameters
Figure 5 presents the relationship between environmental
variables (freshwater discharges and SPM concentrations) and
ENSO effects (Figure 5A). The yearly mean SPM concentrations
which were calculated for each tributary region (see section
“Atmospheric Correction”) is represented by the gray bars;
their discharges also were expressed yearly (black dotted line)
and monthly (gray line). Gray rectangles highlight the most
significant El Niflo event periods (MEI index around 2).
Long-term (decadal scale) changes in SPM concentrations
following ENSO oscillations are observed in Figure 5. The end
of the last century (1984-2000) had more expressive El Nifio

events than the more recent decades (Figure 5A). Such behavior
is reflected in the SPM concentrations, presenting values that
frequently overpass 100 g.m~* (Figures 5B-E). This same period
also shows a higher mean in comparison with the following
decades. Non-significant El Nifio events characterize the interval
from 1999 to 2015, contrasting with more expressive La Nina
periods, which present low SPM concentrations among all the
tributaries, rarely reaching 100 g.m™3.

There is also a relationship regarding short-term variability
(yearly scales), where peaks in El Nifio events are synchronous
with positive values of SPM concentrations, and valleys are linked
to La Nifia periods (Figures 5, 6). This positive association is
best observed during extreme El Nifio events, which occurred in
1986-1987, 1991-1992, 1997-1998, 2015-2016 (Figure 6). The
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overall maximum values of SPM concentrations of each tributary
occurred in the 1991-1992 El Nifio event, as follows: Guaiba
River 117.6 g.m~ > in 1991, Camaqui River 125.2 g.m~3 in 1992,
SGC 129.5 g.m ™3 in 1992, Inlet 97.56 g.m~2 in 1992.

The tributaries have particularities when responding to ENSO
cycles, and some present a more direct relationship than others.
Guaiba River has less pronounced variability, and among the
tributaries presented more homogeneous concentrations, with
values usually over 50 g.m™, except for the 10 years from
2003 to 2013, when La Nina events prevailed. Camaqua River
and SGC have marked variabilities, whose averages oscillated
more than 50 gm™> from 1 year to another, mainly when
El Nifio periods occurred. The two higher yearly mean SPM
concentrations were calculated for SGC (129.5 g.m~3) and

Camaqua (1252 gm~?%) for the year 1992. The Inlet usually
presents higher SPM concentrations at the end of El Nifio periods
and increasing trends from the peaks of each La Nifa period, and
such trends remained until the following El Nifio peak. Thus,
the increasing pattern in SPM concentrations is observed in all
tributaries, although not so well defined in all of them.

Spatial and Temporal Suspended
Particulate Matter Variability at the

Tributaries

The interannual SPM variability (from 1984 to 2020) along the
transects of each tributary is represented in Figures 6A-D, also
evidencing relationship with the ENSO phenomena. The El Nifo
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events in 1986-1987, 1991-1992, 1997-1998 are well marked Bitencourt et al., 2020).

The long-term (1984-2020) period

in all the transects, mainly in the upstream portions. The 80s
and 90s (last century) presented higher SPM concentrations,
contrasting with the lower SPM concentrations of the first
decade of the XXI century, in agreement with the previous
section observations. SPM concentrations are relatively more
homogeneous in Guaiba River across the years in comparison
with the southward tributaries, where the peaks and low values
are more contrasting. Regarding all the tributaries, the SPM
concentrations are relatively higher northward, and the peaks of
all of them are reflected in the inlet contribution.

Figures 7A-D presents the monthly mean SPM concentration
throughout the 1984-2020 time series, allowing the identification
of seasonal variability on the loads of the tributaries. The
tributaries presented strong seasonality with relatively higher
SPM concentration contributions from June to December (from
winter to spring) and lower concentrations measured from
January to May (from summer to autumn).

The mouth of the tributaries represents a key point
(Figures 6, 7) beyond which SPM concentration patterns
usually switch from high SPM concentration (upstream) to
low (downstream). However, high concentration rates remained
basinward to which years of expressive SPM concentration
coincide with El Nifio events or occur from June to December.

DISCUSSION

The SPM concentration in Patos Lagoon is mainly controlled
by the freshwater discharge of the tributaries and secondarily
by the winds (Moller et al., 2001; Tavora et al., 2019, 2020b;

analyzed in the present study allows reliable interpretations of the
seasonal, interannual and interdecadal SPM concentrations and
spatial patterns. At these long timescales, the freshwater input is
an important forcing on exchanges with the ocean, while winds
are the main control at short time scales (Tavora et al., 2019).

Cyclicity in Environmental Parameters
From 1984 to 2020

The 1-year peak was the main signal variability recorded in the
discharge and SPM concentrations for all the main tributaries
(Figure 4), which means that there is a high energy cyclicity once
a year when the discharges and SPM concentrations are higher.
This cyclical time scale is associated with seasonal deterministic
forcings (Jalon-Rojas et al., 2016), such as the increase in river
flow (rainy seasons) on austral winters (21 Jun-21 Sep) and
springs (21 Sep-21 Dec). In general, there is a good agreement
between discharge and SPM concentration signals (Figure 4),
however, the discharge reached the significance limit more often,
probably due to fewer gaps in the dataset.

The observed long-term cyclicity (~ 16 years) is likely related
to stochastic discharge events and ENSO cycles. The Guaiba River
has a secondary SPM concentration peak (Figure 4A), detected
at about 16 years, and although the discharge is not a statistically
significant threshold, it presents a relatively high power during
this period. This 16 years peak is also well marked in the other
tributaries, but only reached the significance level at the Inlet
(Figure 4D). This signal was probably detected in response to the
El Nifo phases of 1998-2015, and 1986-2002 (Figure 5A), both
spaced about 16 years, and it is not expected to represent a coastal
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process. The SGC tributary presents SPM concentration peaks
around 7 years (Figure 4C), which can be linked to the spacing
between ENSO cycles (Figure 5A) at the end of the last century
(1986/1987-1991/1992-1997/1998), whose intervals correspond
roughly to this scale. These 7-years peaks are marked in all the
tributaries, although only the SGC had enough power to attain
the significance level.

Seasonal to Interdecadal Response of
Suspended Particulate Matter
Concentrations to El Nino-Southern
Oscillation

Each study area presents a peculiar response to ENSO, relying
on the drainage basin characteristic, anthropogenic structural
changes, agricultural land use, deforestation, mining, and urban
expansion (Hestir et al,, 2013; Dogliotti et al., 2016; Bueno
et al,, 2021). The environmental changes associated with the
ENSO phenomenon have been studied in coastal systems from
seasonal to decadal time scales (Hestir et al., 2013; Gray et al,,
2015; Dogliotti et al., 2016; Bitencourt et al., 2020; Tavora
et al., 2020b; Karl et al., 2021). Interdecadal sampling, however,
allows reliable interpretations about natural processes trends, as
otherwise the interannual analysis can be based on the trends of a
specific decade (Gray et al., 2015). Interdecadal studies already
reported an increase of about 10 times in sediment transport
of a coastal river during El Nifo years (Gray et al, 2015).
Other environments, however, observed low turbidity values

associated with different responses of tributaries to interdecadal
events (Dogliotti et al., 2016). Thus, study cases reporting the
behavior of tributaries on interdecadal observations are crucial
for monitoring the global scale ENSO influence on suspended
sediment fluxes and climate variability (Rithl et al., 2021).

The El Niflo events occurred with higher intensity for
longer periods and more often during the last 16 years of
the XX century (Figure 5A) than in the XXI century, as
indicated by the proportional relationship between discharges,
SPM concentrations, and ENSO positive peaks (Figure 5). The
higher SPM concentrations of each tributary were measured
during this 16 years period of intense El Nifio events, while
the following 16 years are marked by significant La Nifia and
moderate El Nifo events, producing lower discharges and SPM
concentrations, especially between 2003 and 2013. This decadal
variability is also noted in Figure 6, where the longitudinal
transects show higher SPM concentrations before 2000. The
variability of SPM concentrations seems to behave in interannual
trends. The increasing trends in SPM concentration from La Nina
peaks to El Nifio peaks are not well recognized in the XXI century
because such a period is marked by the absence of expressive El
Nifo events.

The SPM concentrations also respond on a yearly scale to
the El Nifo events (Figures 5, 6). However, the magnitude
of the response of each tributary relies on the characteristics
of their watersheds and drainage morphology. The relatively
more homogeneous SPM concentrations of Guaiba River
(Figures 5B, 6A) are probably due to its broad depositional basin
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morphology (< 20 km width), which is similar to a lake and less
vulnerable to flow variations. In addition, this water body has a
residence time of about 10 days (Toldo and Almeida, 2009) and
the deposited sediments are prone to resuspension by wind action
(Nicolodi et al., 2013). This pattern can also result from its wide
drainage basin'!, which is about 84,763 km?, delivering the non-
synchronized loads from nine sub-basins (Scottd et al., 2019).

The Camaqua River is a tributary with morphology and
discharge behavior typical of fluvial systems, showing a good
yearly proportion between ENSO events and SPM concentrations
(Figures 5C, 6B). The Camaqua drainage basin (see text
footnote 6) is about 21,657 km?, with a narrow river channel
(~ 150 m), turning it more susceptible to changes in water
quality following discharge pulses. The SGC has a unidirectional
flow through a narrow channel (~350 m), developed by
differences in water level between Patos Lagoon and Mirim
Lagoon (Oliveira et al., 2015; Oliveira et al,, 2019), whose
watershed encompasses (see text footnote 6) 28,499 km?.
The outflow through the channel is also controlled by wind
effects (Oliveira et al., 2019). Nevertheless, the El Nifo effects
are well marked in the region (Figures 5D, 6C). Freshwater
discharges over 3,000 m3.s~! limit the inflow of seawater, which
is also minimized by the microtidal regime (Moller et al,
2001; Fernandes et al., 2002). The prevailing ebb flow favors
the export to the ocean, and the higher SPM concentrations
at the Inlet have good correspondence with El Nifio cycles
(Figures 5E, 6D).

The SPM concentrations represented through the transects
in Figure 6 show the contrast between the El Nifio/La Nifa
periods. Years that represent intense El Nifio events (1986—
1987, 1991-1992, 1997-1998, 2015-2016) usually have high
SPM concentrations, except for the years 2015-2016. Recent
studies suggest that the 2015-2016 EI Nifio event might be
overestimated (Van Oldenborgh et al,, 2021), in agreement with
what is observed in the present work and with Bitencourt et al.
(2020). During years of El Nifo events, SPM concentrations
remained relatively high even downstream from the river mouth,
evidencing the development of river plumes. Thus, these periods
have a more significant load contribution to the lagoon and
consequently to the Atlantic Ocean.

Seasonality of freshwater discharge is also very well marked in
the SPM concentrations along the transects (Figure 7). Periods
of higher discharges in the mid-latitude rivers (austral winter
and spring) (Vaz et al., 2006; Marques and Moller, 2008) recorded
the higher SPM concentrations for all the tributaries, with
subtle variations according to each drainage basin characteristic,
as discussed before. After the river load reaches the lagoon,
solids in suspension can be deposited and the exceeding
material is exported towards the ocean. Bortolin et al. (2020)
showed that this fine suspended load is deposited inside Patos
Lagoon forming mud depocenters established according the
hydrodynamic conditions. The Inlet panel (Figure 7D) shows
that from June to November the export of SPM to the Atlantic
Ocean is higher.

"Fundagio Estadual de Protegio Ambiental Henrique Luiz Roessler—RS. http:
/Iww2 fepam.rs.gov.br/bcrs25/ (Accessed August 07, 2021).

Conceptual Model About the Dynamics
of Suspended Particulate Matter Load

The SPM load in a choked lagoon under a microtidal regime
is regulated by the discharge of the tributaries (Kjerfve, 1986,
1994). El Nino events and seasonal discharges are the main
control to the SPM contribution of the tributaries, as they
will drive the sediment export to the lagoon and later to the
ocean. The El Nino cycles control the intensity and frequency of
the discharge events, directly influencing the yearly mean SPM
concentrations delivery to Patos Lagoon in a stochastic frequency
(Figures 5, 6). The seasonality promotes SPM loads reaching the
lagoon in a deterministic pattern (Figure 7), where the lower SPM
concentrations occur during austral summer and autumn, while
the higher concentrations are related to the winter and spring
discharges (Vaz et al., 2006).

The tributary plumes behave differently during low input
periods (LIP) and high input periods (HIP), whose conceptual
models are illustrated in Figures 8A,B, respectively. These
models were developed based on the interpretation of the spatial-
temporal variability of SPM concentrations responding to ENSO
and seasonal forcings described in the current work. Moreover,
the dynamics of the discharged SPM was also characterized
by: (1) examining Red-Green-Blue true-color composite images
(hereon RGB composites) and (2) analyzing studies which also
investigated the behavior of the SPM reaching Patos Lagoon (e.g.,
Pagot et al., 2007; Fassoni-Andrade et al., 2015; Tavora et al., 2019,
2020b) and exported to Atlantic Ocean (Marques et al., 2009,
2010; Vinzon et al., 2009; Marta-Almeida et al., 2021).

The LIP (Figure 8A) presents reduced SPM concentrations
through the lagoon, with limited environments where the
plumes of the tributaries exert influence, which can be
observed in the RGB composite images created by ACOLITE
(Supplementary Material). During the LIP, the reduced SPM
load remains in the sub environments (mud depocenters) of
Patos Lagoon. Consequently, the low export to the Atlantic
Ocean is controlled mainly by the SGC, which is in the estuarine
zone. The HIP (Figure 8B) is developed by periods of intense
and frequent discharges of the tributaries, where these loads
increase the turbidity throughout Patos Lagoon, which has
a residence time longer than the discharge frequency of the
tributaries (Toldo et al., 2000; Toldo and Almeida, 2009). The
plumes of all the tributaries reach the estuarine zone during
the HIP, which increases the export to the Atlantic Ocean
and also the size of the Inlet plumes. The SPM behavior
in both proposed conceptual models (LIP and HIP) will
be detailed below.

Both scales of variability (ENSO and seasonal) act combined
to develop different concentration gradients throughout the
lagoon body. Therefore, it is common for El Nifio years to have
occasionally low SPM concentrations during the dryer season
(austral summer and autumn), as it is common to have high
SPM concentrations during the wet seasons (austral winter and
spring) even in the course of La Nifa events, although the HIP
configuration is more frequent and more intense during EI Nifno
years. According to previous studies, the material reaching the
lagoon is distributed by internal currents developed by wind
effects (Bortolin et al., 2020), which control the sedimentation
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FIGURE 8 | (A) Conceptual model developed for the regular behavior of each tributary SPM load during low input periods (LIP). (B) Conceptual model developed for

processes (Tavoraetal,2019) and enhances or reduces the
discharge to the Ocean (Moller et al., 2001).

The river plumes are usually investigated concerning the
flow types in environments with tidal mixing and salinity
variations (Hetland and Hsu, 2013; Horner-Devine et al.,
2015; Shanmugam, 2018; Osadchiev and Zavialov, 2020). Such
condition is, however, negligible nearby the main tributaries of
this broad back-barrier environment, which is almost isolated
from the ocean tides and currents, providing a singular
opportunity to investigate the SPM behavior modulated by
freshwater discharges and wind effects.

The Guaiba plume covers the largest area in comparison with
the other tributaries reaching Patos Lagoon (Figures 8A,B), and
is composed mainly of fine sediments (silt and clay), because
the Guaiba river traps most of the coarse grains (Toldo et al.,
2000; Vaz et al., 2006; Nicolodi et al., 2013). The Guaiba River
has a residence time of about 10 days (Toldo and Almeida,
2009), and the variability on Guaiba River SPM concentration
is mainly controlled by Jacui River discharges (Vaz et al., 2006).
During periods of low frequency (from January to June) in Jacui
River discharge, Guaiba river can become a low or moderate
turbidity environment (Figure 9A), responding to each new Jacui
discharge (Figure 9B).

The dynamic regions of a plume can be characterized by
the distance that it reaches from the mouth of the tributaries,
as follow, near-field, mid-field, and far-field (Hetland and Hsu,
2013). The fine grain composition of this plume associated
with the wide river mouth of Guaiba River favors the plume
dispersion, usually without developing a strong jet at the
near-field. At the mid-field a recirculation feature (called bulge) is

currently developed after the spit-bank structures of the northern
cell of the lagoon (Figures 9A,B). The plume evolves its far-
field towards the southern cells of Patos Lagoon (Figure 8),
enhanced by the predominant NE winds (frequent during
summer) (Hetland and Hsu, 2013; Tavora et al., 2019). Although
the Guaiba River contributes with almost 61% of the suspended
load delivered to Patos Lagoon (Vaz et al., 2006), the suspended
material has to be transported for more than 200 km to be
exported to the ocean (Fernandes et al., 2002), and part of the
fine material remains in the lagoon, mainly in the northern
cell (Bortolin et al., 2020). Previous studies already reported
decreasing sedimentation rates from the northern cell to the
southern cell of the lagoon (Ivanoff et al., 2020).

During the LIP (Figures 8A, 9A), this far-field plume can
be directed by NE winds, diluting gradually in the central
cells (Tavora et al., 2019), reaching the southern depositional
environments but rarely attaining to the estuarine zone and the
Casamento Lake (Figure 1). The Patos Lagoon reaches longer
residence times (~ 108 days) (Toldo et al., 2000; Fernandes
et al., 2002), especially during low discharge circumstances, and
this low discharge can cause a delay in the spread of the SPM
plume towards the south. For this reason, material discharged
during austral spring can be dissipated southward by NE wind-
driven currents (Bortolin et al., 2020); a low discharge pattern
that lasts until summer (T4vora et al., 2019). Therefore, the fine
sediments discharged tend to remain and accumulate in the
mud depocenters of Patos Lagoon, especially in the northern cell
(Bortolin et al., 2020). During the HIP (Figure 8B) this plume
is spread throughout the lagoon, reaching all the lagoon cells,
Casamento Lake, and the inlet.
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FIGURE 9 | Landsat images representing the main characteristics described
during the low input periods (LIP, left panels) and the high input periods (HIP,
right panels) for each tributary. (A) Represents the load of Guaiba plume
dissipating in the northern cell of Patos Lagoon between the two submerged
banks which follow the spits. (B) Represents the development of a bulge of
the Guaiba river plume, also evidences the contrasting color of a new Jacui
River load into Guaiba. (C) Camaqua River plume during the LIP, limited by the
submerged banks. (D) Camaqua River load spreading over the region limited
by the submerged banks. (E) Typical SGC plume during LIP. (F) Mixing
between the plumes of all tributaries in the lower estuarine zone.

(G) Recirculation at the near-field plume developed by NE wind-generated
currents. (H) Represents the near-field recirculation under NE winds influence,
while the far-field reached due to the development of larger plumes during HIP
flow northward influenced by the Coriolis force.

Camaqua River plumes are usually limited between the
sandy spits and the respective submerged banks during the
LIP (Figure 9C). Its plume presents near-field hyperpycnal flow
developed due to the sandy load of Camaqua River (Toldo
et al, 2000), and a dissipating characteristic offshore from
which the buoyant portion eventually reaches 16 km from the
mouth. Camaquéa River is smaller than Guaiba River and has
a shorter residence time, hence has more drastic flow changes
and its plume can change characteristics with each outflow
episode. This significant variability in the plumes characteristics
according to flow changes is typical in small rivers (Osadchiev
and Zavialov, 2020). Such stronger variability is noticed in the
SPM concentrations represented in Figures 5-7, as discussed in
the last section. During the HIP, the magnitude and frequency
of freshwater discharge increases, forcing the far-field plume
to move to the southern cell (Figure 9D), and mixing with
the material discharged from Guaiba and flowing towards the
Inlet (Figure 8B).

The SGC plume is at the estuarine zone (Figure 8) and has a
high occurrence frequency throughout the year combined with
higher SPM concentrations during El Nifio years (Figure 6).
Although its SPM concentration is lower in comparison with the
other tributaries (Figure 5), this plume has a horse tail’s shape
(Shanmugam, 2018) and deflects directly towards the inlet region
(Figure 9E). The SGC plume can be interpreted as the main
plume influencing the inlet during summer, autumn, and the first
winter month (July)—during this period SPM from the other
tributaries usually remains limited to their area of influence. The
plumes of the other tributaries finally reach the estuarine zone
during winter, moved by the increase in discharge, and are mixed
with the SGC plume (Figure 9F). Hence, during winter all the
tributaries influence the export to the Atlantic Ocean.

The concentration of SPM at the inlet is proportional to the
amount of the exceeding fine material exported to the ocean.
Previous studies reported that the freshwater discharge is the
main control on Patos Lagoon plumes size (Marques et al., 2009,
2010). Wind action exerts a secondary influence, because the
lagoon axis is parallel to the prevailing wind direction (NE-SW)
(Bitencourt et al., 2020; Bortolin et al., 2020). The fine SPM
which did not deposit in the Patos Lagoon mud depocenters and
remained in suspension is mostly clay (Bortolin et al., 2020).

The inlet plumes spread near the coast (Figure 9G), mainly
controlled by wind effects, where NE winds are more frequent
and drive the plumes southward due to the alongshore currents,
while south-quadrant winds are less common and deflect the
plumes northward (Moller et al., 2001; Marques et al., 2009). The
southward plume deflection causes a recirculation bulge in the
zone sheltered by the jetties (Figure 9G), developing areas prone
to flocculation and deposition of fine SPM (Vinzon et al., 2009;
Marques et al., 2010). The relatively high SPM concentration
conditions occur preferably during El Nifio periods (Figure 6),
and austral winter and spring seasons (Figure 7). The high SPM
concentration once aligned with NE winds enhances the export
flows. These circumstances develop larger plumes in which the
far-field portion deflects northward forced by the Coriolis effect
(Figure 9H), independently of the direction of deflection of the
near-field plume (Marques et al., 2009, 2010). Therefore, the
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discharge, winds and Coriolis forces together develop different
configurations of the inlet plumes, according to the distance each
plume reaches oft the coast (Monteiro et al., 2011).

Our results suggest that Landsat satellites can provide long-
term monitoring of SPM concentrations with detailed spatial
resolution to allow estimates in narrow channels (as narrow as
200 m). Thus, they proved ideal for investigating the seasonal,
interannual and interdecadal variability throughout decades on
coastal systems. However, the temporal resolution of Landsat
sensors is low compared to other satellites such as Moderate
Resolution Imaging Spectroradiometer (MODIS). The latter
offers daily temporal resolution, ideal to investigate shorter-
term events, and might be more suitable to characterize episodic
variations in the main lagoon water body, as long as those
variations are larger than 250-1,000 m depending on the band
of choice. The granulometry of the sediments discharged by each
tributary also is a gap in knowledge and remote sensing methods
are a promising possibility in future studies.

CONCLUSION

Patos Lagoon can be understood as a laboratory for studying the
SPM contribution from tributaries and their plumes behavior
under negligible tidal effects. The following topics represent the
main conclusions achieved by the current work:

e A decadal variability is observed in SPM concentrations from
the tributaries, which was associated with the intensity and
magnitude of ENSO phases. Regarding the investigated period
(1984-2020), the last two decades of the XX century were
subject to El Nifio events with higher intensity and duration
than the XXI century.

e The SPM concentrations also respond yearly according to
ENSO phases. The magnitude of the responses to ENSO
is regulated by the characteristics of the watershed and the
morphology of the tributary.

e Tributaries with narrow channels and typical discharge
behavior of a fluvial system, such as Camaqua River,
presented a proportion between ENSO events and SPM
concentrations. The other tributaries were also influenced by
other conditionings, as winds and residence time.

e The El Nifio periods favor the development of the tributary’s
plumes entering the Patos Lagoon and the Atlantic Ocean.

e Austral winter and spring are the seasons of higher SPM
concentrations, and such amounts are enhanced during El
Nifio events.

e The ENSO and seasonal forcings combined regulate the
delivery of SPM from the tributaries to Patos Lagoon and
the fine sediments export to the Atlantic Ocean. These scales
of variability led us to propose two conceptual models for
Patos Lagoon, called Low Input Periods (LIP) and High Input
Periods (HIP), based on the SPM load from tributaries and the
SPM concentration gradient.

e The LIP is characterized by a reduced SPM concentration
throughout the lagoon, and by the plumes of each tributary
exerting local influence. During the LIP, there is a low export

of SPM to the Ocean, when the SGC plume influences the
estuarine zone the most, because the SPM from the other
tributaries does not reach the estuarine area.

e The HIP present plumes spread throughout Patos Lagoon, and
the whole water body becomes a turbid environment. The
plumes of all the tributaries reach the estuarine zone. The
Guaiba River plume is the largest plume of all tributaries.
It develops a far-field portion towards the south and has
to be transported about 200 km to reach the inlet. This
plume influences the most Patos Lagoon exportation during
the HIP periods, which represent the main export to the
Atlantic Ocean. These periods develop larger plumes, where
the far-field are under Coriolis effect, independently from the
near-field portion which is influenced by wind action.
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