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AMAZONAS

Por la selva serpentea
dejando imborrable marca
de los rios el monarca

y el paraiso recrea.

Dios por alli se pasea

y contempla embelesado
cémo el sol por El creado
antes de ir al caserio

le pide permiso al rio

que estd en su curso atrapado.

En su caudal que se ahonda
con direccion al Atlantico
de las aves bajo el cantico
se desliza la anaconda.

El rio deja la fronda

lleno de temeridad

y en un duelo de verdad
como una cuenta a saldar
muere enfrentando al mar
iy el mar es inmensidad!”

Luis Bdrcena Giménez, 2004
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ABSTRACT

The Amazon River continuum plays a crucial role to the global carbon budget but its
geographic extension challenges in situ observations. Due to its high temporal and
synoptic coverage, the water colour remote sensing (WCRS) represents a relevant
observation tool to monitor the distribution and variability of carbon content and
other biogeochemical parameters on the Amazon waters. However, the optimal
exploitation of the information provided by WCRS for investigating biogeochemical
dynamics of a water system relies on accurate retrieval of bio-optical properties of the
area investigated. This work focused on the Lower Amazon River continuum where a
comprehensive description of the spatiotemporal variability of radiometric, bio-optical
and biogeochemical parameters was performed with the aim of mapping carbon
content from remote sensing observation. In the Lower Amazon River region (LAR), in
situ sampling of remote sensing reflectance, bio-optical parameters (absorption
properties of the coloured dissolved organic matter (acpom), total particulate matter
(ap), phytoplankton (apny) and non-algal particles (anap)) and biogeochemical
parameters (suspended particulate matter (SPM), chlorophyll-a, dissolved organic
carbon (DOC) concentration, and partial pressure of dioxide carbon (pCO,)) were
acquired for all regional hydrological seasons (i.e. rising water (RW), high water (HW),
falling water (FW) and low water (LW)), over the 2014-2017 time period. In the
Amazon River plume (ARP), in situ pCO,, sea surface salinity (SSS) and water surface
temperature (SST) were acquired during HW, FW and LW seasons during 2010-2012.
The general description of the bio-optical characteristics of the Lower Amazon River
performed from this original data set has allowed a clear optical distinction between
waters from the Amazon mainstream (NAP and CDOM dominated) and those
corresponding to the Amazon tributaries (clear waters and CDOM dominated). The
analysis of the spatiotemporal variability of the Lower Amazon bio-optical properties
emphasized: 1) the predominant impact of Amazon tributaries dilution on
biogeochemical parameters and degradation processes of the DOM along the Amazon
course; 2) the homogeneity in the Amazon bio-optical characteristics during the HW,
FW, LW seasons the latter contrasting with the RW season (SPM major characteristics);
3) the sensitivity of the Amazon water to exceptional hydrological conditions; 4) the
restricted influence of small scale processes (e.g. tidal effects) on the regional bio-
optical characteristics. Regional CDOM (acpom(412) and CDOM spectral slope in the UV,
S,75.295), DOC and pCO, inversion algorithms were developed. acpom(412) and S;75295
empirical formulations based on a multiband linear relationship (N = 100, R? = 0.67,
p<0.05) and a nonlinear relationship (N = 100, R? = 0.83, p<0.05), respectively, were
first developed. The DOC retrieval from acpom(412) in the LAR has been shown to be
relatively complex relying on the specific consideration of the seasonal pattern in the
algorithm definition (distinction between RW and the other seasons). pCO, was
satisfactorily retrieved from a unique algorithm using CDOM and temperature as input
parameters (N = 69, R? = 0.80, p<0.05). The models developed here for estimating
adcoom(412), Sy75.295, DOC and pCO, were applied on Medium Resolution Imaging
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Spectrometer (MERIS) seasonal composite images for the years of 2010-2011 to
illustrate the spatiotemporal dynamics of the carbon contents in the Amazon waters.
Amazon River was found to represent a source of carbon during all seasons, with the
highest (lowest) carbon export during the RW (LW). The intra-seasonal variability
underlines the strong dynamics of the transition areas between the river and oceanic
waters. In the ARP, pCO, was satisfactorily retrieved using SSS and SST as proxies (N =
76, R’= 0.74, p<0.05) and the model was applied on Soil Moisture and Ocean Salinity
(SMOS) images for the years of 2010-2014. The analysis of SMOS-based pCO, maps has
illustrated the impact of the hydrological pattern on inter and intra-annual pCO,
variability. The ARP during the RW and HW seasons was generally representing a net
source of CO,. Conversely, during the FW and LW seasons, the ARP was a net sink of
CO,. The latter results restricted carbon sink area when compared to previous
observations and net source of CO, (during some periods of the year) are particularly
original. This study emphasized the crucial need of additional in situ information
(especially in the river to ocean transition area) for refining and better validating the
models developed in this study and thus obtain a better insight into the understanding
of the role of the Amazon River Continuum on the global carbon budget. The methods
here proposed to assess the carbon content in the Amazon River continuum might be
potentially applied to other large river systems, especially over tropical areas.

Keywords: Amazon River continuum. Biogeochemical parameters. Bio-optical
properties. CDOM. Carbon budget. Water colour remote sensing.
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AVALIAGAO DA VARIABILIDADE ESPACO-TEMPORAL DOS PARAMETROS OPTICOS E
BIOGEOQUIMICOS NA REGIAO DO BAIXO AMAZONAS E DAS FRACOES DE CARBONO
NO CONTINUUM DO RIO AMAZONAS UTILIZANDO DADOS IN SITU E DE
SENSORIAMENTO REMOTO

RESUMO

O continuum do Rio Amazonas é uma regido determinante no balan¢o de carbono
global, mas sua extensdo geografica dificulta sua observacdo in situ. Considerando
as caracteristicas de alta resolucdo temporal e cobertura sindptica, o sensoriamento
remoto da cor da dgua (SRCA) representa uma ferramenta importante para
monitorar a distribuicdo e variabilidade das fracdes de carbono e outros parametros
biogeoquimicos nas aguas amazobnicas. Entretanto, a eficacia dos produtos gerados
por SRCA para estudar a dindmica biogeoquimica de um sistema aquatico, depende
da acuracia e precisdo para representar as propriedades bio-dpticas da area
investigada. Este trabalho foi desenvolvido no continuum do Baixo Rio Amazonas,
onde uma descricdo abrangente da variabilidade espaco-temporal de dados
radiométricos, bio-6pticos e biogeoquimicos foi realizada com o objetivo de mapear
as fracGes de carbono por SRCA. Na regido do Baixo Amazonas (RBA), foram feitas
amostragens in situ de reflectdncia de sensoriamento remoto, parametros bio-
Opticos como os coeficientes de absorcdo pela matéria organica colorida dissolvida
(acoom), material particulado total (ap), fitoplancton (apny) e particulas ndo-algais
(anap), € parametros biogeoquimicos como o material particulado em suspensdo
(SPM), concentracao de clorofila-a, concentracdo de carbono organico dissolvido
(DOC), e pressdao parcial do didxido de carbono (pCO,) para todas as estacdes
hidroldgicas - enchente, cheia, vazante e baixa, durante o periodo de 2014-2017. Na
pluma do Rio Amazonas (PRA), dados in situ de pCO,, salinidade da superficie do
mar (SSS) e temperatura da superficie do mar (SST) foram adquiridos durante as
estacdes de cheia, vazante e baixa durante os anos de 2010-2012. As caracteristicas
bio-6pticas descritas neste trabalho permitiram uma clara distingdo entre o corpo de
agua principal do Rio Amazonas, dominado por NAP e CDOM, e os tributdrios de
aguas claras e dominados por CDOM. A analise da variabilidade espaco-temporal das
propriedades bio-Opticas evidenciou: 1) o impacto da diluicdo dos parametros
biogeoquimicos causados pela contribuicdo dos tributdrios assim como os processos
de degradacdo do DOM no curso do Rio Amazonas; 2) a homogeneidade das
caracteristicas bio-dpticas durante as estacdes hidroldgicas de cheia, vazante e
baixa, em contraste com a estacdo da enchente (caracteristica predominante do
SPM); 3) a vulnerabilidade das aguas amazbnicas as condi¢cdes hidroldgicas
excepcionais; 4) a pouca influéncia de processos de menor escala (por exemplo,
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efeito de maré) nas caracteristicas bio-épticas regionais. Foram desenvolvidos
algoritmos de inversdo regionais de CDOM, (acpom(412) e da inclinagdo da curva no
intervalo do UV, S;75.595), DOC e pCO,. Primeiro foram desenvolvidas formulacdes
empl'ricas de aCDOM(412) (N = 100, Rz = 067, p<005) e 5275.295 (N = 100, R2 = 083,
p<0.05), baseados em modelo linear multivariado e ndo linear, respectivamente.
Devido a diferentes padrbdes sazonais de DOC (clara distincdo da enchente em
relacdo as demais), sua estimativa foi particularmente complexa. A pCO, foi
estimada satisfatoriamente a partir de uma relagdo multivariada usando CDOM e
temperatura (N = 69, R = 0.80, p<0.05). Os modelos desenvolvidos para estimar
acoom(412), S;75.295, DOC e pCO,, foram aplicados em imagens sazonais do sensor
orbital Medium Resolution Imaging Spectrometer (MERIS) para os anos de 2010-
2011 para demonstrar a dinamica das fracGes de carbono nas aguas amazonicas. O
Rio Amazonas foi fonte de carbono durante todas as estagdes com a maior (menor)
emissdo de carbono durante a cheia (baixa). A variabilidade intra-sazonal destaca a
forte dinamica em areas de transicdo entre dguas de rio e oceano. Na PRA, a pCO,
foi satisfatoriamente estimada a partir de uma relagdo multivariada usando SSS e
SST (N = 76, R*= 0.74, p<0.05) e o modelo foi aplicado em dados do sensor Soil
Moisture and Ocean Salinity (SMOS) para os anos de 2010-2014. A analise dos
mapas da pCO,-SMOS evidenciou o impacto do padrdo hidrolégico na variabilidade
inter e intra-anual na pCO,. Em geral, a PRA durante as estacdes de enchente e cheia
atuou como uma fonte de CO,, enquanto que durante as estacdes de vazante e
baixa se comportou como um sumidouro de CO,. Os resultados aqui apresentados
demonstram que a PRA sequestra menos carbono do que se presume atualmente e
gue inclusive, pode também agir como emissor de CO, durante alguns periodos do
ano. Este estudo enfatiza a necessidade de se obter informacgdes adicionais in situ
(principalmente na area de transigcao entre o rio e o oceano) para refinar e melhorar
a validacdo dos modelos aqui desenvolvidos e assim obter uma melhor
compreensdao do papel do continuum do Rio Amazonas no balanco global de
carbono. Os métodos propostos por este estudo para estimar as fragées de carbono
no continuum do Rio Amazonas tem potencial para aplicacdo em outros grandes rios
globais, especialmente em regides tropicais.

Palavras-chave: Continuum do Rio Amazonas. Parametros biogeoquimicos.

Propriedades bio-6pticas. CDOM. Balango de carbono. Sensoriamento remoto da cor
da agua.
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1 INTRODUCTION

Inland (e.g. rivers, estuaries and lakes) and marine waters (coastal and oceanic) are all
components of an integrated system. The flow of the water, starting with rainfall and
headwaters, carries particulate and dissolved materials from land to oceans driving the
biogeochemical cycle of a suite of components including carbon (WARD et al., 2017,
XENOPOULOUS et al.,, 2017; BILLEN et al.,, 1991). The understanding of the
biogeochemical dynamics induced by the land-ocean exchanges is therefore crucial.
However, despite this connectivity between inland and oceanic waters, most of
biogeochemical studies focus on specific components, locations, where limnologists
and oceanographers have still a limited (although increasing willing) exchange of

information (XENOPOULOUS et al., 2017).

The importance of aquatic ecosystems in the land-to-ocean continuum has been first
brought up by Vannote et al. (1980) with the River Continuum Concept. Since then,
many conceptual models have been derived as the Flood-Pulse Concept (JUNK et al.,
1989), Pulse Shunt Concept (RAYMOND et al., 2016), Land-Ocean Aquatic Continuum
(LOAC) (BILLEN et al., 1991), Submarine Groundwater Discharge (MOORE et al., 2010),
among others (XENOPOULOS et al., 2017). In summary, all concept models stand for
the water physical-biogeochemical properties to be in constant change as transiting
downstream further into the ocean, by the interaction with the landscape around, the
processes related to the water itself, as well as due to the impact of weather and

climate forcing.

Outside the limits of the river basin, the river plume is a major component that
integrates distinct water masses. Freshwater river plumes have a substantial impact on
the salinity, sea surface temperature, nutrients and carbon availability and primary
production (MEDEIROS et al., 2016, 2015; WEBER et al., 2016; GOES et al., 2014;
GRODSKY et al., 2014; COLES et al., 2013; MOLLERI et al., 2010; SUBRAMANIAM et al.,

2008; COOLEY et al., 2007). The variability on those parameters has a direct influence



on the regional biota and an evident socio-economic relevance, as for example, for
fishery (JOHNS et al., 2014). Furthermore, the river plume can also play a significant
role on sea-air interaction as for example, acting at the intensification of hurricanes

(GRODSKY et al., 2012; FFIELD, 2007).

The water inland-ocean connectivity is even more evident when using remotely sensed
observations such as satellite images, which has the advantage to capture the dynamic
and heterogenous nature of the surface waters. In situ sampling on the other hand,
represents a considerable challenge for an effective and representative monitoring
scheme considering the large distance among sampling stations and the usual punctual
feature of the sampling (TYLER et al., 2016; PALMER et al., 2015). Nevertheless, in situ
sampling obviously remains crucial being a required step for future validation and

robust analysis of remote sensing observations.

The water bodies across the LOAC are usually optically complex waters (OCW), where
optically significant constituents (OSC) covariate independently (SATHYENDRANATH,
2000). An increasing number of studies, dedicated to LOAC applications, has focused
on the development of inversion algorithms needed to retrieve biogeochemical
information from remote sensing data (e.g. HAN et al., 2016; MARTINEZ, et al., 2015).
In inland waters, most of the current studies are focused on lakes, reservoirs and
floodplains (SCHAFFER et al., 2017; ALCANTARA et al., 2016; WATANABE et al., 2016;
BREZONIK et al., 2015; NOVO et al., 2006), while when moving toward the ocean,
studies are mainly concentrated on coastal waters usually including estuarine and river
plume data (e.g. HAN et al.,, 2016; LOISEL et al., 2014; RUDORFF et al.,, 2018;
DOGLIOTTI et al., 2015). Relatively few studies specifically aim their attention on rivers
(SANTOS et al., 2018; MARTINEZ et al., 2015; MONTANHER et al., 2014). This fact may
be tied to some circumstances: i) the intrinsic transience of the river, with short-term
changes of water properties; ii) the difficulty to capture the medium time-scale
variability related to seasonality, often questioning the representativeness of the

samples; iii) the difficulty to access the river for sampling in some specific geographic



areas; iv) and from a remote sensing point of view, the narrow channels restricts most

applications to large rivers.

A large part of remote sensing studies dealing with inland OCW are dedicated to the
assessment of suspended particulate matter concentration (SPM) particularly in the
perspective of further applications related to the study of sediment transport and
geomorphological processes related to river/estuarine systems. Such SPM inversion
algorithms are usually based on straightforward models using a single red or near
infrared (NIR) reflectance wavelength (MARTINEZ et al., 2015; NECHAD et al., 2010).
On the other hand, in coastal, river plume or even eutrophic inland waters,
chlorophyll-a (chla) retrieval is a common subject of interest considering that the
characterization of phytoplankton dynamics is of high importance for studying aquatic
ecosystem structure and functioning (LINS et al., 2017; LOISEL et al., 2017; WATANABE
et al.,, 2015). Additionally, chla is commonly used as an index of phytoplankton

biomass in many studies (LOISEL et al., 2017; ZHOU et al., 2016; LI et al., 2013).

Compared to SPM, retrieving coloured dissolved organic matter absorption properties
(CDOM) of a water body from satellite observation can be very challenging (NELSON;
SIEGEL et al., 2013; BRICAUD et al., 1981) in particular due to the similar absorption
spectrum of CDOM and non-algal particles (NAP) (LEE et al., 2002; MARITORENA et al.,
2002; GARVER; SIEGEL, 1997). An increase in CDOM loads within the water body
increases the absorption, especially in the blue/green part of the spectrum, and
therefore decreases the signal of the water-leaving radiance. In the presence of high
CDOM-low radiometric signal the increased impact of signal-to-noise issues also imply
in the requirement of a high precision (e.g. high spectral resolution) remotely sensed
radiometric signal for allowing an accurate retrieval of CDOM absorption (AURIN et al.,
2012; MATTHEWS et al., 2011). This also induces the necessity to use effective
atmospheric correction schemes, especially for radiometric measurements in the blue
spectral domain, which is usually more indicated for CDOM retrieval (MANNINO et al.,

2014). The estimation of the water radiometric information on these wavelengths is



however, particularly challenging, being more affected by the scattering of

atmospheric aerosols (MOUW, 2015; ZHU et al., 2014; MATTHEWS et al., 2011).

Despite the interest of studying CDOM distribution per se (e.g. light availability in the
water column and monitoring of the freshwater dispersion in coastal waters), another
major interest of estimating CDOM from remote sensing observation stands in the
strong link, especially in coastal and inland waters (e.g. KUTSER et al., 2016;
VANTREPOTTE et al., 2015), between CDOM optical properties and bulk dissolved
organic carbon (DOC) concentration. Among the numerous studies documenting the
CDOM to DOC dependency from in situ observations, only a few deals with tropical
areas especially in the southern hemisphere. Besides that, existing studies in the
tropical areas are usually not representative of the natural variability of these
ecosystems, being quite limited in terms of temporal and spatial coverage (MASSICOTE
et al., 2017; WARD et al., 2017). However, the understanding of DOC dynamics in the
LOAC represents a key issue for better constraining the actual role of these ecosystems

in the global carbon budget.

The degradation of DOC and the subsequent release of carbon dioxide (CO,) to the
atmosphere represent a major process driving the carbon cycle dynamics (WARD et al.,
2013). Recent studies have emphasized the importance of this carbon source to the
atmosphere in the lower reaches of the Amazon River, showing that the inclusion of
the latter area in the global carbon budget increases in several fold the CO, emissions
previously estimated (SAWAKUCHI et al., 2017; RICHEY et al., 2002). The Amazon River
plume (ARP) is usually recognized as an area of net sink of carbon, associated with its
high primary productivity rates occurring especially at the river plume border
(SUBRAMANIAM et al., 2008; COOLEY et al., 2007). This apparent contrast between the
Amazon River and the Amazon River plume, rises a major scientific question: where
the transition between CO, supersaturated to undersaturated waters within the

Amazon river system occurs?



The answer to this question suffers from current observation gaps between the fresh
and saline waters. This lack of information, which represents a main issue for studying
the carbon flux along the Amazon River continuum, is also noted for other large rivers
worldwide. The current scarcity of information tends to induce an omission of these
transition areas in the existing global carbon budget (WARD et al., 2017; XENOPOULOS
et al.,, 2017). However, when including the inner waters as part of the ARP carbon
fluxes estimates, CO, budgets changed from undersaturated to near equilibrium in the
Western Tropical North Atlantic (WTNA) region (COOLEY et al., 2007; SUBRAMANIAN
et al., 2008; IBANHEZ et al., 2016), emphasizing the importance of considering the

carbon fluxes occurring in these transition systems.

In this general scientific context, two main statements can be raised: i) regional
accurate remote sensing products can contribute to the understanding of the Amazon
River’s role on the CO, budget and; ii) regional accurate remote sensing products can
provide wide spatiotemporal observations of the current gap to support future studies

that will contribute to better answer questions about the CO; turnover.

1.1  Objectives

1.1.1 General

The aim of the present work is to evaluate the potential use of remote sensing
observations to retrieve the carbon content along the Lower Amazon continuum,

considering the variability occurring over the different hydrological seasons.

1.1.2 Specific

The specific objectives of the current study were to:

- Characterize the spatiotemporal variability of the optically significant

constituents in the Lower Amazon.



1.2

Assess the potential of CDOM for estimating DOC and partial pressure of CO,
(pCO,) in the Lower Amazon region.

Evaluate the performance of empirical algorithms to retrieve carbon contents
from an original regional in situ data set and apply the best performing
algorithms to map the spatial distribution of CDOM, DOC and pCO, using
MEdium Resolution Imaging Spectrometer data.

Estimate pCO, and carbon fluxes at the Amazon River plume and generate
maps of pCO, and carbon fluxes distribution at the Amazon River plume, using
Soil Moisture and Ocean Salinity data.

Document structure

In the Introduction chapter, the core of the thesis is presented, including what
was the motivation and what are the objectives that guided the development
of this study.

The second chapter presents a theoretical background of concepts and basic
foundations considered relevant for the analysis of the studies developed in the
next chapters.

The third chapter presents the dataset used in the frame of this work, and
describes the methodology performed in common to all development chapters,
as data processing and analysis. Is worthy to note that, more specific
methodologies are however, presented and discussed in each respective
chapter, when required.

In the fourth chapter, the variability of the optical and biogeochemical
parameters is discussed, regarding different spatiotemporal scales.

In the fifth chapter, the in situ carbon content is focused, and relationships
between CDOM-DOC and CDOM-pCO, are proposed.

The sixth chapter consists on the retrieval of CDOM by remote sensing
reflectance, testing different empirical formulations. The selected CDOM model
(based on the best performance) and carbon content models developed on the

previous fifth chapter, are applied on MEdium Resolution Imaging



Spectrometer images to assess the spatiotemporal variability on the Lower
Amazon River.

The seventh chapter is focused on the Amazon River plume and a relationship
between sea surface salinity in conjunction with sea surface temperature are
proposed to estimate pCO,. The proposed pCO, model is applied on Soil
Moisture and Ocean Salinity data to assess the spatiotemporal variability of
pCO; and carbon flux in the study region.

Finally, the eighth chapter presents the main conclusions of this study and

suggestions for future work.






2 THEORETICAL BACKGROUND
2.1 Dissolved organic matter

Terrestrial humic substances are the dominant contributor to the dissolved organic
matter (DOM) pool in freshwaters. In addition to humic substances, a minor portion of
DOM at non eutrophicated inland waters is leached from phytoplankton. The DOM
derived from the phytoplankton is highly labile and promptly consumed by bacterial
processes and usually doesn’t persist in the environment for a long time compared

with humic DOM (HANSEN et al., 2016).

Humic substances differ in size and complexity, varying between soluble and insoluble
compounds. These compounds are divided into three main groups that are chemically
similar but having different molecular weight: humin fractions (insoluble and black in
colour), humic acids (alkaline soluble and dark brown to gray-black colour) and fulvic
acid (alkaline and acid soluble, light yellow to yellow-brown in colour) (KIRK, 2011;

STEVENSON, 1982) (Figure 2.1).

Humic and fulvic acids travel with river water to the ocean, while the humin fraction
has higher molecular weight and it is usually adsorbed to mineral particles. Thus, large
part of this fraction is settled below surface water by gravitational force and it is
susceptible to hydrodynamic lift and drag, similar to what happens to the particulate

organic matter (KIRK, 2011; BATTIN et al., 2008; LIBES, 2009).

In the Amazon basin, fulvic acids are the dominant fraction and have a meaningful
signature of vascular plants called lignin. In general, its amount remains globally stable
in time while the humic acids are more dependent of the River Negro discharge
seasonality, the main source of DOM to the Amazon River (RODRIGUEZ-ZUNIGA et al.,
2008; ERTEL et al., 1986; RICHEY et al., 1986). In the Lower Amazon, the Amazon River
also receives DOM from clearwater rivers as Tapajés and Xingu as well as from

floodplains (MOREIRA-TURCQ et al., 2003) increasing significantly the total of DOM in



the Amazon mainstream (increase of about 8% according to RAYMOND; SPENCER,
2015).

Microbial degradation and photochemical oxidation are the main processes
responsible for the transformation of DOM into carbon dioxide (CO;) within inland
waters (RAYMOND; SPENCER, 2015; WARD et al., 2013; RODRIGUEZ-ZUNIGA et al.,
2008). In the Amazon River, the sediment rich water restrains the light penetration
resulting in a restricted DOM photooxidation rate while the major DOM
remineralization process is due to the bacterial respiration (WARD et al., 2016; WARD
et al., 2013). Conversely, in clearwater rivers the lower velocity flow may allow a
greater impact of photochemical reactions on DOM degradation (SPENCER et al., 2009;
RODRIGUEZ-ZUNIGA et al., 2008).

Figure 2.1 - Fractions of aquatic dissolved organic matter.

( Fulvic Acid Humic Acid Humin

Light Yellow Dark Grey- Black
Yellow Brown Brown Black

Increase in intensity of color

Increase in molecular weight

Increase in carbono content

Decrease in degree of solubility

Adapted from
Stevenson 1982

Source: Adapted from Stevenson (1982).
2.2 Dissolved organic carbon

In rivers, dissolved organic carbon (DOC) is the major fraction of DOM (KLAVINS, 1997)
and is formed by humic and fulvic acids among which the recalcitrant humic
substances are responsible for the major part of DOC (60-90%) (RAYMOND; SPENCER
et al., 2015; LEENHEER; CROUE, 2003; KLAVINS, 1997). Within the Amazon basin,

autochthonous DOC released by phytoplankton exudation/degradation represents a
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minor part of the DOC pool due to the presence of sediment-rich water and/or to a
very acid water as the Negro River and other small tributaries, that limits
phytoplankton growth. Conversely the relative contribution of this autochthonous
source to the total DOC content is more significant in clearwater rivers (MOREIRA-
TURCQ et al., 2003). The concentration of DOC in streams and rivers ranges from about
5 to 500 pmol L™ in most inland waters, being modulated by precipitation, drainage
basin characteristics, as well as by anthropogenic activity (SACHSE et al., 2005;
MULHOLLAND, 2003).

The final aim of assessing watershed DOC is to quantify the flux of reduced carbon to
the ocean and understand the role of terrestrial inputs on the global carbon budget.
Current studies estimate that the global fluvial export of DOC to the ocean ranges
between 0.17 and 0.25 Pg C y™* (MAYORGA et al., 2010; BATTIN et al. 2008; CAUWET,
2002). In the Amazon basin, DOC accounted for 50% of total organic matter
transported by the river and was the predominant organic matter (OM) type in most of
the investigated tributaries. Furthermore, floodplain areas are also relevant sources of
DOC to the Amazon River (RICHEY et al., 1990). In total, the Amazon River is assumed

to account for about 12% of the global DOC flux (MOREIRA-TURCQ et al., 2003).

In spite of the clear scientific interest of assessing precisely the DOC flux from land to
the ocean in order to better understand the global carbon cycle, current estimates are
based on only restricted observations. This limitation due to a low temporal and spatial
coverage are generally extrapolated over large scales being thus potentially affected

by quite large uncertainties (RAYMOND; SPENCER et al., 2015).
2.3 Coloured dissolved organic matter

Coloured dissolved organic matter (CDOM) represents the pigmented fraction of DOM
that has a direct impact on light and nutrient availability in aquatic environments.
CDOM is a complex combination of humic and fulvic acids (CARDER et al. 1989) that is

quantified in practice by its absorption coefficient (acpom m™). Particularly high in the
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ultraviolet (UV) spectral domain, the CDOM absorption spectrum described as (A)
increases exponentially with decreasing wavelength (BRICAUD et al., 1981) (Figure
2.2.A). The latter absorption characteristics induce that the major impact of the CDOM
on the water leaving radiance is observed at UV and lower wavelengths of the visible

spectrum.

In addition to the CDOM quantitative assessment through its absorption coefficient at
a discrete wavelength (usually in the UV or blue), the exponential slope - S (hm™) of
the CDOM absorption spectrum, provides insights into CDOM inner characteristics (e.g.
chemistry, source and diagenesis) (Figure 2.2.B). Variation in CDOM spectral slope has
been, for instance, related to the proportion of fulvic and humic acids (CARDER et al.,
1989) while this optical parameter has been more recently also documented to
represent a potential tracer of the terrestrial DOC in coastal waters (FICHOT; BENNER,
2012).

Nevertheless, the slope interval chosen for computing S has been subject of a variety
of wavelengths choices according to the authors (NELSON; SIEGEL, 2013; HELMS et al.,
2008; BRICAUD, 1981; CARDER et al., 1989), making it difficult the comparison among
studies especially, for studies dealing with UV-visible spectral slopes computed over a

broad spectral window (TWARDOWSKI et al., 2004).

The use of a narrow wavelength range to calculate S has the advantage of minimizing
the variation caused by dilution (BROWN 1977) and, currently, this approach has been
preferred to those considering a broader wavelength range (VANTREPOTTE et al.,
2015; FICHOT; BENNER, 2012; 2011). Furthermore, recent studies have showed that
variation in the slope of the CDOM spectra in the UV domain, namely between 275-
295 nm (Sy75.295), can be related to the presence of dissolved lignin in coastal waters
(FICHOT; BENNER, 2012) while the ratio of the CDOM spectral slopes (Sg) computed
over the spectral ranges 275-295 and 350-400 nm was found to be a good proxy of

describing DOM molecular weight (MW) and photochemically induced shifts in the
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molecular weight (HELMS et al., 2008). High values of S,75.,95 and Sg indicate a CDOM
of lower MW. The great advantage of assessing CDOM variability, besides its potential
link with DOC, is also to examine DOM composition. For example, the DOC flux may
not vary in a watershed during a deforestation process, but the quality of DOM
transported by the river may indicate land use and land cover changes (BERNARDES et

al., 2004).

Figure 2.2 - A) Absorption spectra (acpom) of coloured dissolved organic matter (CDOM)
for different types of water. B) Estimates of the exponential slope
parameter for different types of water using nonlinear fitting over the
wavelength interval 320-400.
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2.4 Partial pressure of carbon dioxide

The continuous degradation of DOM through biological or photochemical processes
contributes to an increase in the partial pressure of carbon dioxide (pCO;) above the
equilibrium with the atmosphere. The supersaturation of CO, leads to a gas evasion
flux from freshwater to atmosphere (KOEHLER et al., 2014). A huge global dataset over
lakes was analyzed and showed that the supersaturation of CO, was related to the
presence of DOC and independent of the temperature (SOBEK et al., 2005). Further
studies have corroborated this analysis for boreal and temperate inland waters

(LAPIERRE; DEL GIORGIO, 2012; LARSEN et al., 2011).

Nevertheless, when this analysis is performed over tropical regions, including Brazilian
lakes at the Amazon Basin, the same pCO,-DOC relationship could not be verified
(PINHO et al., 2015; MAROTTA et al., 2010). The prior global analysis by Sobek et al.,
2005 was considering a data set where tropical lakes were largely underrepresented
(<2%) due to the sparsity of such data in the literature, probably misleading the actual
global validity of the corresponding results. In fact, pCO, within Brazilian lakes did not
shown any correlation with DOC, while significant relationships were found between
pCO, and rainfall (FONTES et al., 2015; MAROTTA et al.,, 2010) or temperature data
(MAROTTA et al. 2009a). In addition to rainfall and temperature, Kosten et al. (2010)

used the ratio of chla to CDOM to estimate pCO, for many Brazilian lakes.

Brazilian lakes and Amazonian rivers present an overall persistence of daily and annual
CO, outgassing (PINHO et al.,, 2015; MAROTTA et al., 2009b; RICHEY et al., 2002),
although seasonal and spatial variability can be evidenced (RUDORFF et al., 2011). The
CO, outgassing is supported by an intense bacterial respiration (RICHEY et al., 2002)
that can be driven by the effect of the temperature on the aquatic metabolism
(MAROTTA et al., 2009) and enhanced by the organic matter and CO, contribution of
surrounding forest and floodplains (ABRIL et al.,, 2014; SAWAKUCHI et al.,, 2017;
RAYMOND et al., 2013).
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2.5 Optical significant constituents

The measured upwelling radiance from a water body is resultant of the illumination
conditions and the inherent optical properties (IOPs) of its optically significant
constituents (OSC), hence the bio-optical properties. Phytoplankton, non-algal
particles (NAP) and CDOM are OSC that modulate the colour of the water through
their inherent properties of absorption or scattering the light that go through the
water body (PRIEUR; SATHYENDRANATH, 1981). Pristine studies aiming to retrieve bio-
optical properties of the water from remote sensing observation were focused on
oceanic waters, where phytoplankton and their related products are the dominant OSC
(CARDER et al., 1991). Since then, sophisticated inverse models were developed for
assessing with a satisfying accuracy a variety of bio-optical and biogeochemical
products from radiometric measurements in oceanic waters showing a dominant
impact of phytoplankton and phytoplankton derived products (MOREL; GENTILI, 2009;
MARITORENA et al., 2002; LEE et al., 2002; CARDER et al., 1999; GARVER; SIEGEL,
1997).

Phytoplankton and non-algal particle absorption (aphy and ansp) in ocean and coastal
water were subject of diverse studies and are currently well or reasonably well
understood (BRICAUD et al., 1995; BABIN et al., 2003; CIOTTI et al., 2006). Likewise,
Gphy and an,p relationships with chla (CHASE et al., 2013; CIOTTI et al., 2006; BRICAUD
et al., 2004; 1998; 1995; BABIN et al., 2003) and SPM (BABIN et al., 2003) have been
largely documented. In waters with higher sediment concentration, more effort has
been made to relate an,, and SPM, with inverse models to retrieve SPM from
reflectance being the aim of many studies (HAN et al., 2016; MARTINEZ et al., 2015;
SISWANTO et al., 2011). On the other hand, less is known about the relationship of aphy

and chla in waters with high SPM and further studies are required.

Many studies also aimed to retrieve and monitoring CDOM in optically complex waters

by remote sensing, as well as using CDOM as a proxy to assess carbon content on

15



those waters (e.g. KUTSER et al., 2015; VANTREPOTTE et al., 2015; ZHU et al., 2014).
The state of the art of these studies are more discussed on the following sections (see

sections 2.2.7 and 2.2.8).
2.6 Inherent and apparent optical properties

The water colour is determined by the combined influence of scattering and
absorption of the incident light by OSC as well as by pure water itself. One way of
obtaining information of the OSC concentration in the water is to measure the
ascending radiance (L,) which is subject to variations in the geometry of the incident
light (solar zenith angle, viewing angle and azimuth angle) as well as environmental
conditions (e.g., cloud cover and surface wind speed) (MOBLEY, 1999). Considering its
dependency on the geometry, the latter radiometric variable is referred as an
apparent optical property (AOP) (LEE et al.,, 2005; LEE; DU, 2005; MOREL;
MARITORENA, 2001) in opposition to absorption and scattering coefficients, which are
referred as inherent optical properties (IOP) of the water. The absorption a(4) and
scattering b(1) coefficients, determine the exponential rate of the radiant energy flux
decay, by a defined optical path and by the incident radiant flux unit, during the

processes of absorption and scattering, respectively (KIRK, 2011).

Among the scattered photons, those that are backscattered provides information
about OSC present in the water column. The backscattering coefficient (b,) can be
used as an index of particle nature and is dependent of its size distribution, shape and

composition (ULLOA et al., 1994).

Both scattering and absorption processes are additive and can be described as

Equations 2.1 and 2.2:
a(l) = ay(A) + apry (D) + acpou (1) + angp(1) (2.1)

b(A) = by, (4) + bppy (1) + bepom (D) + bpap (1) (2.2)
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where w, phy, CDOM and nap are pure water, phytoplankton, CDOM and non-algal

particles, respectively.

The relationship between IOPs and AOPs can be established by the means of the
Radiative Transfer Equation (RTE), which defines the water radiance distribution (L,,)
as a function of absorption and scattering. The irradiance reflectance is defined (R(A1))
as the upwelling irradiance (E,) normalized by the downwelling irradiance (E, ) just
below the water surface, and it is related to the absorption and backscattering

coefficients as defined by PREISONDORFER (1976) in Equation 2.3:

Eu(l) _ by

where f is the parameter that relates the reflectance irradiance with the coefficient
ratio of backscattering b, (A1) and absorption a(4) and is dependent on the sun

geometry and particle scattering phase function.

This relationship between IOP and AOP is important because it allows the
development of algorithms that estimate the bio-optical properties from remote
sensing observation of the water colour. The orbital remote sensing focused on the
colour of the water measure the upwelling radiance and, therefore, the Equation 2.3
was modified to the ratio between the upwelling radiance (L,) and the downwelling
irradiance (E;). This ratio is known as Remote Sensing Reflectance (R,s) (GORDON et

al., 1988) and is defined as (Equation 2.4):

+ +
R, (1,0%) = R0T) _ Lu(®o”) /() by)

Q(,0Y)  Eg(A,0Y) — Q) a(d) (2.4)

where Q is the ratio of upwelling irradiance and the upwelling radiance (Q = f—”) and it

is dependent on the sun geometry and particle scattering phase function.
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2.7 Water colour models to assess CDOM

Most of the models that derive products from water colour can be divided into
empirical or semi-analytical formulations. Empirical algorithms are simple or multiple
regressions between the OSC of interest and the remote sensing reflectance (or
reflectance ratios) at selected wavelengths. These algorithms can be linear or non-
linear and requires less knowledge on the relationship of AOP and IOP. Because of the
nature of the regression, empirical algorithms are only appropriate for water with

similar characteristics to those for which it was created.

Several empirical algorithms have been developed to estimate CDOM from reflectance
band ratios considering various levels of water turbidity and remote sensing sensors:
Ocean Color Temperature Sensor (OCTS), Sea-Viewing Wide Field-of-View Sensor
(SeaWiFS), Moderate Resolution Imaging Spectroradiometer (MODIS), Medium
Resolution Imaging Spectrometer (MERIS), Landsat Thematic Mapper 5 (TM), Landsat
7 Enhanced Thematic Mapper Plus (ETM+), Landsat 8 Operational Land Imager (OLI),
Advanced Land Imager (ALl), Visible Infrared Imaging Radiometer Suite (VIIRS), Sentinel
2 Multi-Spectral Instrument (MSI), Sentinel 3 Ocean and Land Colour Instrument
(OLCI), are some of the orbital sensors used on the water colour studies. The band
ratio is generally adjusted to the chosen sensor and can be separated in eight groups

using the following radiometric bands: blue, green, red and NIR (Table 2.1).
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Table 2.1 - Collection of band ratios from empirical algorithms proposed on the
literature for retrieve CDOM in ocean, coastal and inland waters.

B D
an_d Rrs band (nm) Sensor atase'ts/ Study Reference
Ratio sites
SeaWiFs, California Kahru and
443/510 (or 520) oCTS Current Mitchell, 2001
Tassan 1994,
S SeaWiFs, Mannino et al.,
g 490/555 MODIS- Coastal water 2008; Siswanto et
) Aqua al., 2011; Mannino
3 et al., 2014
412/555, 443/555 MODIS Ocean waters Carder et al., 2003
443/555, 488/555
! ! I l., 2004
667/555 MODIS Coastal water Carder et al., 200
(]
=
Q Landsat TM  Kolyma River
S~ ) erre
4 ff ., 2011
§ 565/483 and ETM+ Siberia Griffin et al., 20
G
NOMAD dataset,
670/490 SeaWiFS coastal and Tiwari et al., 2011
ocean waters
Northen Gulf of
Q .
5 Mexico Schaeffer et al.
o 667/488 MODIS ! !
% / influenced by 2015
& Mississippi River
New England,
Middle Atlantic .
665/489 MERIS and Gulf Coast Keith et al., 2016
Estuaries USA
E SeaWiFs, mC:rr;Inmce)?iile Mannino et al
S~ _ 4
E 412/670 MAOI3;S northeastern of 2014
@ q u.s.
o Minnesota Brezonik et al.,
= 483/830 Landsat TM
z / andsa Lakes, U.S. 2005
() . .
3> Sentinel 2 Brezonik et al.,
o 490/740 MS| Inland waters 5015
Continue
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Table 2.1 - Conclusion.

c
(]
g Nor’:\r;lzzifoulf of D'sa et al,
= 510/555 (or 560)  SeaWiFS; MERIS . . 2006; Tehrani
S influenced by
o . et al., 2013
5 Mississippi River
Barataria Bay, Brezonik et al.,
560 /655 Landsat-8 OLI Lousiana; Inland 2015; Joshi et
waters al., 2015
Lakes in Sweden Kutser et al.
9 ALl ’
& 565/660 and Finland 2005
G} . Mississipi River Del Castillo;
510/670 Plume Miller, 2008
Pomeranian lakes Ficek et al.,
570/655 o and Baltic sea 2011
. Kutser et al.,
560/665 MERIS Swedish lakes 5015
. Joshi et al.,
551/671 VIIRS Apalachicola Bay 5017
= Sentinel 3
Z .
< Brezonik et al.,
§ 510/753 oLC] Inland waters 5015
G)

Source: Author’s production

The semi-analytical algorithms are partly based on the radiative transfer equation,
relating the R, to the IOP. It is expected that, since these algorithms are based on an
optical closure, should outperform empirical algorithms when applied on different
optical water types. Therefore, they are suitable for applications in broader geographic
area. However, semi-analytical algorithms still depend on empirical relationships

(WANG et al., 2017; LOISEL et al., 2013; ODERMATT et al., 2012; CARDER et al., 1999;
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MOREL; GORDON, 1980) being susceptible to failure when not calibrated for specific
optical characteristics. Likewise, the Matrix Inversion Method (MIM) uses semi-
analytical approach but additionally needs the knowledge about the specific inherent
optical properties (SIOPs). Because these parameters are site-specific, MIM is generally
not effective for different optical water classes without in situ measurements
(BRANDO et al., 2012; CAMPBELL et al., 2010; ZHU et al., 2014). Other methods as
spectral matching look-up-table (LUT) (MOBLEY et al., 2005) and artificial neural
network (ANN) (JAMET et al., 2012; SCHILLER; DOERFFER, 1999) usually are time-
consuming in the beginning because they require a large set of training data to relate
with the measured parameter (ZHU et al., 2014). Moreover, Kishino et al. (2005) had
discussed the difficulty to retrieve CDOM by ANN using Advanced Spaceborne Thermal

Emission and Reflection Radiometer (ASTER) data.

At oceanic waters, CDOM is responsible for 40-85% of total absorption at 440 nm and
particulate matter contributes to 5-20% (NELSON et al., 1998). For this reason, they are
measured as a single parameter called coloured detrital matter (CDM) where CDOM is
determinant (LEE et al., 2002; MARITORENA et al., 2002; GARVER; SIEGEL, 1997). At
optically complex waters, there is usually a greater contribution of CDOM and
particulate matter, requiring a more precise estimative of the two optically significant

constituents (LOISEL et al., 2014; MATSUOKA et al., 2013; ZHU et al., 2011).

The semi-analytical algorithms developed to retrieve the CDM and chla products in
oceanic regions such as the Garver-Siegel-Maritorena model (GSM) (MARITORENA et
al., 2002; GARVER; SIEGEL, 1997) and the Quasi-Analytical Algorithm (QAA) (LEE et al.,
2002) are reliable in the presence of the phytoplankton dominated water, where
CDOM is considered as phytoplankton sub product and the water has low NAP levels.
The application of these algorithms is however not directly adapted to optically
complex waters. When these algorithms are used to estimate chla, for example, on
waters with high concentration of CDOM and/or SPM, they usually fail. To retrieve

chla, GSM and QAA uses the blue and green wavelengths where other OSC dominates.
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The higher absorption of CDOM at lower wavelengths, for example, may overestimate

chla (LE et al., 2013).

Further, the use of such semi analytical formulations also requires an additional step
aiming to split CDM into CDOM and NAP which is in practice difficult to achieve (LEE et
al., 2002; MARITORENA et al., 2002; GARVER; SIEGEL, 1997). Some works endeavored
to modify the QAA and GSM algorithms to retrieve the products aphy, acoom, and a,
separately using satellite data acquired over rivers, reservoirs, estuaries and coastal
regions (WATANABE et al., 2018; LI et al., 2017; WANG et al., 2017; DONG et al., 2013;
MATSUOKA et al.,, 2013; ZHU; YU, 2013; ZHU et al.,, 2011). The success of these
adaptation of QAA and GSM semi-analytical algorithms are based on the removal of a,
contribution from the CDM absorption using the backscattering coefficient. Therefore,
the in situ measurement of the backscattering coefficient and its relationship with a,
makes the semi-analytical algorithms also dependent upon empirical relationships to

tune the algorithm.

Despite the reasonable performance of the adapted GSM algorithm, the algorithm
worked better for oceanic than coastal waters where more data are available
(MATSUOKA et al., 2013) and the water has lower optical complexity. Although the
performance of the adapted QAA algorithm was satisfactory for a variety of rivers and
estuaries waters, the amount of in situ data for these areas is still modest in face of
ocean dataset and more data are required to strength the performance of such semi-

analytical methods (ZHU et al., 2013).

Loisel et al. (2014) proposed a new semi-analytical algorithm to retrieve acpom in
contrasted coastal waters by relating acpom With the vertical attenuation coefficient
(Kq) at 412 and 555 nm. K4 can be estimated from in situ downwelling irradiance
vertical profile as well as from the inversion of water colour remote sensing

measurements. Despite the good performance, the algorithm was developed for a
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certain range of acpom (0.004-3.65 m'l) and more data are required to calibrate the

algorithm for new applications.

When comparing the performance of different algorithms applied in optically complex
inland water, a global comprehension indicates an overestimation for low-CDOM
water and underestimation for CDOM rich water. The QAA adapted version
outperformed the other semi-analytical algorithms assessed by Zhu et al. (2014) and
even the empirical algorithms when all the dataset is considered independent of the
acoom range. Nevertheless, the empirical algorithms had an indubitably better
performance for considered CDOM-rich-water (acpoy (440) > 3.4 m™1) (ZHU et al.,
2014).

2.8 Remote sensing of carbon content
2.8.1 DOC

Water colour remote sensing can provide quantitative estimates of carbon content
specifically when a relationship between CDOM and DOC, and/or CDOM and pCO; is
established. Numerous studies use CDOM as a proxy to assess the spatial distribution
of DOC at coastal waters and then quantify the transport of terrestrial organic carbon
to the sea (VANTREPOTTE et al., 2015; MATSUOKA et al., 2014; 2013; 2012; TEHRANI
et al., 2013; DEL CASTILLO; MILLER, 2008; VODACEK et al., 1997) or to assess the DOM
autochthonous production following a phytoplankton bloom (DANHIEZ et al., 2017).
More recently, the interest of water colour community is turning toward inland waters
and empirical algorithms have been developed to retrieve DOC with satisfying
accuracy (BREZONIK et al., 2015; KUTSER et al., 2015; ZHU et al., 2014; GRIFFIN et al.,
2011).

The CDOM-DOC relationship has been described as highly variable spatially and
seasonally (VECCHIO et al., 2002) which is a drawback to predict DOC from a simple

linear relationship. To overcome this limitation, alternative approaches to retrieve DOC
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concentrations have been proposed in coastal waters using relationships relating the
CDOM spectral slope in the UV domain S;75,95 to the CDOM to DOC ratio
(VANTREPOTTE et al., 2015; FICHOT; BENNER, 2012; 2011).

At fresh and coastal waters dominated by riverine waters the possible assessment of
DOC from CDOM is challenging, considering the numerous processes (e.g. different
source of DOM, photodegradation, flocculation, microbial respiration) possibly acting
on the relationship between the optical and carbon content of DOM (BREZONIK et al.,
2015; WARD et al., 2013; JIANG et al., 2012; LOISELLE et al., 2010; CHEN et al., 2004).
Nevertheless, on coastal waters, the dilution gradient observed supports the CDOM-
DOC relationship (VANTREPOTTE et al.,, 2015) while on inland waters this dilution

gradient is not observed.

Some possible causes of the CDOM-DOC decoupling have been discussed on the
literature. One possible cause is the association of available iron on the water with
DOM. The iron binds with DOM and can interfere on the biodegradation of the carbon
bind (XIAO et al., 2016) as well as can affect the colour intensity of CDOM (BREZONIK
et al.,, 2015; KOHLER et al.,, 2013; XIAO et al.,, 2013). Iron is also related to the
photochemical flocculation of DOM (HELMS et al., 2013) that can lead to a non-
conservative behavior of CDOM and DOC at coastal waters. In waters with high
primary productivity, CDOM-DOC relationship can also collapse by the autochthonous
production of DOM (DANHIEZ et al., 2017).

Another reason is that a fraction of DOC is uncoloured and therefore invisible (iDOM)
from CDOM measurements. The proportion of iDOM to DOC can be variable (Figure
2.3) and have been related as a cause of the CDOM-DOC relationship failure in some
coastal waters, highly polluted rivers and tropical rivers at specific seasons (COOK et
al., 2017; Ll et al., 2016; PEREIRA et al., 2014; CHEN et al., 2004; VODACEK et al., 1997).
Therefore, when CDOM and DOC covary, or iDOM is constant in DOC, a good
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correlation CDOM-DOC can be established. However, this relationship can be

weakened if an external factor influences this ratio (CHEN et al., 2004).

Figure 2.3 - DOM composition as a relative percentage bar of humic organic matter
(yellow), iDOM (blue), and other minor compounds (green).
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Over the Amazon region, the seasonality (Dry-Wet) changes the carbon dynamics
(JOHNSON et al., 2006a), and after a rainfall storm, a young and unprocessed DOC is
transported from landscape to the water rapidly and in great amount (JOHNSON et al.,
2006b). Recent studies have reported that the increase of iDOM as a response to
rainfall events in tropical river is likely responsible for the decoupling between CDOM

and DOC (PEREIRA et al., 2014).

2.8.2 pCO,

Satellite based approaches to estimate pCO, in oceanic and coastal waters have been
increasingly used, while such studies are still very scarce for inland water applications
(KUTSER et al., 2015). Estimates of pCO, based on orbital sensor observation can
provide a synoptic view of spatial scale pCO, as well as innovative information about
its temporal variation, complementing in situ observations and helping the

understanding of CO, flux dynamics. In this way, remote sensing can point out which
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areas are source or net sink of CO,, and monitor impacts of climate and anthropogenic

changes on the global carbon budget.

In coastal waters, pCO, has been estimated using different approaches (LOHRENZ et
al., 2018; IBANHEZ et al., 2016; SONG et al., 2016; XU et al., 2016; BAI et al., 2015;
HALES et al., 2012; BORGES et al., 2010; TELSZEWSKI et al., 2009; ZHU et al., 2009;
LOHRENZ; CAl, 2006; SARMA et al., 2006). Most of the studies, estimate pCO, based on
empirical relationships (LOHRENZ et al., 2018; XU et al., 2016; BORGES et al., 2010;
ZHU et al., 2009; LOHRENZ; CAl, 2006; SARMA et al., 2006), but other approaches such
as machine learning methods (HALES et al., 2012; TELSZEWSKI et al., 2009) and a
mechanistic semi-analytical algorithm (SONG et al., 2016; BAI et al., 2015) were also
recently proposed. Except for Kutser et al. (2015) that made a direct linear relationship
between pCO, and MERIS turbidity index, other authors used a combination of remote
sensing products to develop the aforementioned algorithms. The most frequently used
products are chla (LOHRENZ et al., 2018; SONG et al., 2016; XU et al., 2016; BAl et al.,
2015; HALES et al., 2012; BORGES et al., 2010; TELSZEWSKI et al., 2009; ZHU et al.,
2009; LOHRENZ; CAl, 2006; SARMA et al., 2006), temperature (IBANHEZ et al., 2016;
SONG et al., 2016; XU et al., 2016; BAI et al., 2015; HALES et al., 2012; TELSZEWSKI et
al., 2009; ZHU et al., 2009; LOHRENZ; CAIl, 2006; SARMA et al., 2006) and salinity that
can be diversely derived from CDOM in waters presenting dilution patterns (BAl et al.,
2015; LOHRENZ; CAl, 2006), from a hydrodynamical model (BORGES et al., 2010) or
estimated using microwave sensors such as Soil Moisture and Ocean Salinity (SMOS)
(IBANHEZ et al., 2016). Other products as wind (LOHRENZ et al., 2018; HALES et al.,
2012), rain (IBANHEZ et al., 2016), mixed layer depth (TELSZEWSKI et al., 2009),
normalized fluorescence line height (LOHRENZ et al., 2018), detrital and dissolved
absorption at 443 nm (LOHRENZ et al., 2018), diffuse attenuation coefficient at 531 nm
(LOHRENZ et al., 2018) and R,s at certain wavelengths (BAI et al., 2015) were also used

in the frame of various studies.
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The retrieval of water colour products in optically complex waters are a challenge as
mentioned previously. The Amazon River and Amazon River plume can add an extra
complexity due to the high turbidity of the water when compared to other coastal
waters. A first issue is related, in this case, to the performance of the atmospheric
correction (WANG et al.,, 2012; SHI; WANG, 2007). Further, high concentrations of
suspended sediments have a high signal response in the NIR which could lead to an
erroneously classification of water pixels as clouds and overestimation of aerosols
(leading to a great loss of information) when satellite data are processed using

standard software, using open ocean colour as a default setting (LOISEL et al., 2013).

Finally, while the estimation from satellite observation of variables (such as chla) used
as a proxy for estimating pCO, is now reliable for oceanic waters (MOREL; GENTILI,
2009; CARDER et al., 1999; GORDON; MOREL, 1983; MOREL; PRIEUR, 1977), the
assessment of such biogeochemical products over very turbid waters is still challenging
(GITELSON et al., 2008; DALL'OMO et al., 2005). Therefore, the use of a proxy such as
chla or CDOM as part of a pCO, algorithm can be a source of error in the pCO,
estimates if this optical complexity is not taken in account. This difficulty of using
remote sensing products to estimate pCO, in complex optical environment like river-
influenced region, especially closer to the shore was for instance recently illustrated by

Lohrenz et al. (2018).
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3 MATERIALS AND METHODS

This chapter provides a general characterization of the study area, in situ and remote
sensing data used to develop this study as well as the data processing and analysis.
More detailed information regarding specific methodologies is provided in the

corresponding chapters.

3.1 Overview

This thesis was developed in the context of two projects. Both projects are
multidisciplinary and had induced an effort of several institutions with the common
objective to study the carbon flux over the Amazon continuum
(http://amazoncontinuum.org/). The projects are complementary with one project

focusing on the Lower Amazon River and the other one on the Amazon River Plume.

The project “Net Ecosystem Exchange of the Lower Amazon River — from Land to the
Ocean and Atmosphere”, TROCAS, (FAPESP Proc. 12/51187-0) has as a goal of
unravelling the sequences of processes and sources of terrestrially-derived organic
matter driving the CO, outgassing to the atmosphere from the Lower Amazon. The

TROCAS campaigns were realized in 2014-2017.

The project “Amazon Influence on the Atlantic: Carbon export from Nitrogen fixation
by Diatom Symbiosis”, ANACONDAS, (NSF-OCE-0934095 and NSF-OCE-0934036) was
aiming to understand the role of diatom-diazotroph assemblages on carbon export
and/or sequestration at the Amazon River Plume. The ANACONDAS campaigns were

realized in 2010-2012.

The present study attempts to tie river and ocean in the concept of a river continuum
(SEDELL et al., 1989), bringing together both projects. Although TROCAS and
ANACONDAS has different datasets, the carbon dynamics can be represented and

assessed by remote sensing. To retrieve the carbon content over the Amazon
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continuum, this study used different approaches considering the availability of the

different data gathered within the latter projects (Table 3.1).

Table 3.1 - In situ and remote sensing data used to assess the carbon content at the
Lower Amazon River (TROCAS campaign, 2014-2017) and at the Amazon
River plume (ANACONDAS campaign, 2010-2012).

TROCAS ANACONDAS

x
1
i

Rrs(sr™)

SPM (mg L)

chla (mg LY

acoom(A) (m-l)

ay(A) (m™)

Gnap(A) (M)

GonyN) (™)

DOC (umol L'}

pCO; (natm)

water temperature (°C)

Salinility (psu)

MERIS

SMOS - X
Source: Author’s production.

X X X X X X X X X
1
1

x
1
1

For the Lower Amazon River, TROCAS six cruises were performed during the years of
2014-2017, along a transect between Obidos and Macapd, covering all discharge
seasons. Radiometric, bio-optical and carbon content samples were collected. A
characterization of optical characteristics of the region investigated was performed
through the definition of an optical typology of the water masses sampled (R,s based
optical classification) and a description of the regional spatial and temporal bio-optical
variability. In situ R,s were used to develop a regional CDOM and S;75.595 inversion
algorithms, while CDOM was used as a proxy to estimate DOC and pCO, by empirical
algorithms. Finally, these empirical algorithms were applied to a time-series of MERIS
monthly average images to generate seasonal CDOM, S,75.595, DOC and pCO, maps for

the years of 2010-2011.
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For the Amazon River Plume, three cruises were held during 2010-2012, during
different discharge seasons (more detailed on the section 3.2.2). From the
ANACONDAS cruises, sea surface temperature (SST), sea surface salinity (SSS) and pCO,
in situ data were specifically assessed for this study. The relationship between the
latter three variables was explored in order to develop an inversion algorithm of pCO,
in the Amazon River plume. In situ SSS and SST data were further used to validate
SMOS L3 daily SSS and SST products. The study period was extended from 2010 to
2014 taking advantage of the availability of SMOS products in this period. SMOS L3
monthly averages images were used to calculate trimestral seasonal means (Jan-Feb-
Mar, Apr-May-Jun, Jul-Aug-Sep, Oct-Nov-Dec), according to the discharge seasonality
(more detailed on section 3.2.1). The developed pCO, empirical algorithm was applied
to the SMOS seasonal composites time series, for deriving pCO, distribution within the
Amazon River Plume. The use of the pCO, maps in addition to SST and wind
information also available from the SMOS L3 data, would allow the computation of CO,
fluxes at regional scale (more detailed in section Chapter 7). The data used, and
methodology performed to develop this study are represented on the following

flowchart (Figure 3.1).
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Figure 3.1 - Flowchart of the main activities: remote sensing and in situ data collection,
processing and analysis.
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Source: Author’s production.

During TROCAS campaigns (2014-2017) and ANACONDAS study years (2010-2014),
extreme climate events affected rainfall regime in the study area (JIMENEZ-MURNOZ et
al., 2016; MARENGO; ESPINOZA, 2016; ESPINOZA et al., 2014; SATYAMURTY et al.,
2013) and consequently, the river discharge delivered to the ocean. The impact of such
extreme climate events on the dynamics of the optical and biogeochemical parameters
investigated in the frame of this study is described in the course of the following

chapters.
3.2 Study area
3.2.1 Lower Amazon

The Lower Amazon River comprehends here the area along a 900 km transect between
the upstream boundary at Obidos (01°55.141’ S, 55°31.543’ W) and the Amazon river
mouth (Figure 3.2) at Macapa. The downstream boundary was the north and south

channels near Macapa, which are the last two well-constrained channels near the
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Amazon River mouth (00°05.400" S, 51°03.200° W and 00°09.415’ S, 50°37.353" W,
respectively). At Obidos, the width of the Amazon River is 2.3 km and at Macap3, each
channel has a width of 11 km. The width of the mainstream at the Lower Amazon is

stable and has little variation along the seasonal discharge (BIRKETT et al., 1998).

The annual precipitation in the Lower Amazon River is in average 2000 mm. The rising
water starts at the end of December and reaches the high-water level peak in May. In
June, the water level starts to fall and the minimum is observed in November (MERTES;
MAGADZIRE, 2008; MARTINEZ et al., 2003). According to previous studies in this region
(SAWAKUCHI et al., 2017; WARD et al., 2015), the seasonal discharge months are
defined as: Rising water (RW) (Jan, Feb, Mar), High water (HW) (Apr, May, Jun), Falling
water (FW) (Jul, Aug, Sep) and Low water (LW) (Oct, Nov, Dec).

During the low water season, the physical influence of sea tides at the Lower Amazon
can be observed to up to 1000 km upstream from the sea (KOSUTH et al., 2009). At the
river’s mouth, Macap4d is highly influenced by sea-tide and experiences semi-diurnal
flow reversals (WARD et al., 2015) but no saline intrusion is observed (NIKIEMA et al.,

2007) and thus the upstream region is considered only as riverine waters.

The location of Obidos is crucial for monitoring the dynamics of the Amazon basin. It is
the last monitoring gauge of the Brazilian National Water Agency of Brazil (ANA)
downstream the Amazon River where the main river has already received the
contribution of large rivers such as the Solimdes, Negro and Madeira, additionally to
the one of small tributaries. Downstream Obidos, the Amazon River also receives the
inputs from two large rivers: Tapajés and Xingu. The annual average discharge at
Obidos was 183,787 + 63,305 m>-s™ from 2010 to 2017. Considering the discharge
measured at ANA stations at Tapajos and Xingu rivers (ltaituba and Altamira,
respectively), their contributions increase by 11% the final discharge of the Amazon to

the ocean.

33



In addition to the Amazon River, samples were also collected in Tapajos, Xingu, Paru,
Jari and Jaragu rivers as well as at the Lago Grande de Curuai floodplain lake (Figure
3.2). These latter rivers are classified as clearwater (CW) rivers (SIOLI, 1984), generally
presenting high levels of primary production when compared with turbid Amazon
River waters (WARD et al., 2015). The sampling at CW was always performed at the
outfall portion of the river, and therefore under the Amazon River influence. The
magnitude of the Amazon River influence over the CW river is varying according to the
CW river size and its proximity to the Amazon river mouth due to a semi-diurnal flow
reversal (FERRAZ, 1975; WARD et al., 2015). The seasonality of the water discharge is
also decisive on the influence of the mainstream upon the tributaries. The sampling at
Tapajos and Xingu was performed at a “lake-like” portion of these rivers, where the

river becomes almost a lentic system.

The Lower Amazon region between Obidos and Macapd represents ~13% of the
Amazon basin’s surface (WARD et al., 2015) and although recent findings showed that
it is a crucial area for the global carbon budget assessments (SAWAKUCHI et al., 2017),
this region remained until now relatively unstudied. The tidal effects in addition to the

large width of the river difficult in situ studies in the region.

34



Figure 3.2 - TROCAS campaigns (T1-T6) during the study period (2014-2017).
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Source: Author’s production.
3.2.2 Amazon River Plume

The Amazon River Plume (ARP) is located at the Western Tropical North Atlantic
(WTNA), defined in this study as 15°N-5°S; 60°W-45°W. The limits of WTNA were
chosen in order to compare with previous studies in the same area (GOES et al., 2014;

YEUNG et al., 2012; SUBRAMANIAM et al., 2008; COOLEY et al., 2007).

Draining an area of approximately 6.5 million km?, the Amazon basin represents
roughly 20% of all freshwater discharge to the global ocean (RAYMOND et al., 2013;
RICHEY et al., 2002; 1990). When flowing into the WTNA, the dispersal of the ARP can
extend offshore to an area of 106 km? (MOLLERI et al., 2010). The salinity is highly

variable and dependent on the seasonality; surface water of the plume can be fresher
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(less saline) than the water beneath the barrier layer on the ocean (LENTZ
LIMEBURNER, 1995). The seasonal extent of the plume is a result of several processes
including the Amazon River discharge, current advection, ocean rainfall and turbulent
mixing by seasonal winds (GRODSKY et al., 2014; COLES et al., 2013; NIKIEMA et al.,
2007; HU et al., 2004).

When the Amazon River reaches the ocean, it meets the North Brazil Current and its
waters are transported northwestward along the Brazilian Shelf in the direction of the
Guyana Current. During the FW to LW seasons, a fraction of the ARP is retroflected and
carried eastward by the North Equatorial Counter Current. During the RW the water is
trapped in the river mouth (recirculation current), due to the onshore trade winds

against the coast (LENTZ; LIMEBURNER, 1995) (Figure 3.3).

Figure 3.3 - Study area showing the in situ sampling oceanographic routes and the
sampling stations during 2010-2012.
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Source: Author’s production.
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3.3 Extreme climate events during the campaigns
3.3.1 TROCAS

The sampling period of 2014-2017 was marked by exceptional climate events. The year
of 2014 was characterized by a record flood in the Amazon Basin that started with a La
Nifia event in 2012 increasing the rainfall regime and followed with an SST positive
anomaly in the tropical Atlantic south of the Equator and western tropical Pacific
(MARENGO; ESPINOZA, 2016; ESPINOZA et al., 2014; SATYAMURTY et al., 2013). During
the rising water season of 2014, the rainfall within the south-western Amazon was 80-

100% above usual records (ESPINOZA et al., 2014).

Conversely, the year of 2015-2016 was marked by a severe drought caused by El Nifio,
especially at the eastern Amazon (JIMENEZ-MURNOZ et al., 2016). The low level of the
river could have caused a disconnection of the Amazon River from some streams and
floodplains potentially resulting in lower inputs of organic matter at the river’s
mainstream. The disconnection of floodplains and streams from the mainstream
caused by the river's receded level typical of drought has been noted by other authors

(MARENGO; ESPINOZA, 2016).
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Figure 3.4 - Average of the monthly water discharge for TROCAS period (2014-2017).
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3.3.2 ANACONDAS

The year of 2010 was also marked by a strong El Nifio that caused severe drought
(MARENGO et al., 2011). The 2 years beyond the in situ sampling period (2012-2014)
included in our analysis, were characterized by a record flood in the Amazon Basin that
started with a La Nifia event in 2012 and continued with an anomalous SST in the
tropical Atlantic south of the Equator and western tropical Pacific (MARENGO;
ESPINOZA, 2016; ESPINOZA et al., 2014; SATYAMURTY et al., 2013).
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3.4 Cruise description

3.4.1 TROCAS

During the years 2014-2017, six cruises were performed onboard of B/M Mirage, a
classical Amazonian wood boat adapted with laboratories for scientific missions (Figure
3.5). The cruises allowed a description of the optical and biogeochemical
spatiotemporal variability of the Amazon considering all the seasonal discharge
situations described in this study. The CW rivers were sampled during the TROCAS 1-4
campaigns while during the TROCAS 5-6, only waters from Amazon River mouth were

sampled (Table 3.2).

Figure 3.5 - B/M Mirage used during all TROCAS cruises (2014-2017).

Source: Author’s production.
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The general objective of TROCAS 1-4 cruises (T1-T4) was to study the organic matter
fate within the Amazon River. Therefore, all campaigns started at Obidos going
downstream to Macapa, to go along with the river flowing into the Atlantic Ocean.
This journey, following the same water parcel, usually takes three to five days (WARD

et al.,, 2015).

For consistency, during T1-T4 the same four locations were sampled and considered as
main stations: Obidos at 900 km upstream, Almeirim in the middle of the transect
(~450 km upstream), Macapd North Channel (MNC) and Macapa South Channel
(MSC), downstream (Figure 3.2). For each of these locations the sampling was
performed at three sub-stations distributed equidistantly across the channel (e.g.,
center and left/right margin). In addition to these four locations, Tapajdés and Xingu
rivers were also sampled during all T1-T4 campaigns (single station only). Furthermore,
new stations were added along the cruises to increment the sampling. The new
stations were: Grande Lago de Curuai floodplain lake, CW rivers Paru, Jari and Jaracu;
and Santarem at the meeting of Tapajés and Amazonas rivers. Additionally, water

samples were also taken underway.

The last two campaigns, T5 and T6, turned the focus to assess the tidal influence and
the semi-diurnal flow reverses over the biogeochemical parameters. Therefore, only
the channels of MCN and MCS were sampled. At these stations, the sampling was
performed similarly than during the previous campaigns, over margins and center of
the river. Further, the boat was also anchored in the center of the river in both
channels and the samples were performed each 1:30h for 13 hours in order to monitor
tidal effects. TROCAS 5 and 6 also differentiated from the previous campaigns by

having stations closer to the ocean (Figure 3.2).
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Table 3.2 - Dates of TROCAS campaigns during the years of 2014-2017 and the
respective discharge river season.

Campaign Discharge Date Amazon River clear water
Season samples river samples
TROCAS 1 High May-14 yes yes
TROCAS 2 Low Nov-14 yes yes
TROCAS 3 Falling Jul-15 yes yes
TROCAS 4 Rising Feb-16 yes yes
TROCAS 5 Low Nov-16 yes no
TROCAS 6 High April-17 yes no

Source: Author’s production.

At the main stations the sampling consisted of: above-water radiometry, water surface

collection for bio-optical properties and biogeochemical characterization.

3.4.2 ANACONDAS

Three oceanographic cruises offshore of the Amazon River mouth and along its plume

into the WTNA were performed during 2010-2012 (Table 3.3).

Table 3.3 - Dates of the ANACONDAS oceanographic cruises at the Amazon River

season.
Campaign Discharge season Date
ANACONDAS 1 High 05-23 Jun 2010
ANACONDAS 2 Falling-Low 02 Sep - 06 Oct 2011
ANACONDAS 3 Falling 13 -29 Jul 2012

Source: Author’s production.
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The set of months when data were collected represents the main hydrologic periods
covering the years of 2010 to 2012 (Figure 3.6). This study considers the river plume as
the area covered by surface waters with SSS < 35 for consistency with prior studies
that established this threshold for the ARP (IBANHEZ et al., 2015; 2016; GRODSKY et
al., 2014; COLES et al., 2013).

Figure 3.6 - Discharge of the years covered in this study (2010-2014) of the Amazon

River.
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The mean and standard deviation monthly historical discharge (2005-2016) are shown.
Discharge data acquired from Obidos station, from the Brazilian National Agency of
Waters (ANA, http://hidroweb.ana.gov.br).

Source: Author’s production.
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3.5 Insitudata
3.5.1 TROCAS
3.5.1.1 Above-water radiometry

Above water radiometry was measured with a portable hyperspectral radiometer
FieldSpec® (ASD Inc.) which collects radiance (L, pW m?2sr!) in the range of 350 to
1100 nm (bandwidth 1nm) and a field-of-view of 25°. The acquisition geometry
followed Mobley (1999) recommendations to avoid shadows and sunglint
contamination in the measurements (Figure 3.7). The radiance measurements were

conducted between 09:00 am to 04:00 pm local time (Figure 3.8.A).

Total water leaving radiance (Ly), sky radiance (Ls,) and the radiance from a white
panel Spectralon reference (Lg) were consecutively measured 6 to 10 times. The later

parameter was used to estimate the downwelling irradiance (E4) (Equation 3.1):
Eq(A) = Lg(Dfem (3.1)

where f. is a correction factor estimated in laboratory by the ratio of a standard
Spectralon reference that remains in the laboratory by the Spectralon panel used at

the fieldwork.

The remote sensing reflectance (R,;) can be computed according to Equation 3.2:

R. — Ly _ Lu— pair-river* Lsky 39
rs = T (3.2)
d Eq

where L,, is the upwelling radiance that reaches the sensor and pgi;_river i @ sky glint

correction coefficient at the air-sea interface.
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Figure 3.7 - Sun and sensor geometry used in field measurements.
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There are several methods in the literature to correct the optical signal from sun glint
interference. In the present study we used the approach of Ruddick et al. (2006), here
called R06, which is indicated for turbid to highly turbid waters. The pgir_river is @

function of wind and cloud cover (Equation 3.3 and 3.4).

Lsky(A=750)
0 > 0.05 = Pairriver = 0.0256 .3

or

Lsky(l=750)

£, (1=750) < 0.05 = pgir—river = 0.0256 + 0.00039W + 0.000034W >

(3.4)

where W is the wind measured concurrently with the radiometric measurements.
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The residual glint or white offset correction was not performed for the spectra dataset.
This correction usually is based on NIR spectrum (e.g. R,s(780) and R,;(720),
RUDDICK et al., 2005) and assumes that its shape is largely determined by pure water
absorption. In very turbid waters like the Amazon River, the NIR assumption is not

verified and the NIR spectrum still has high water signal.
3.5.1.2 Bio-optical measurements

Surface water sample collection for bio-optical measurements was made using a
bucket at all stations and aliquots of water were filtrated onboard (Figure 3.8.B). Sub-
samples were collected for absorption coefficients of total particle matter (a, () m?),
non-algal particle (anap,(A) m™), phytoplankton (g, (A) m™) and CDOM (acpom(A) m™).
Aliquots of surface water were also used for chla concentration and suspended
particular matter concentration (SPM). Water was filtered onboard up to one hour
after collection (except for the SPM) under gentle vacuum (< 5 mm Hg), according to
the NASA protocol (MITCHELL et al., 2002). The filters for particulate matter absorption
and chla were stored in a portable ultrafreezer during the cruise and stored in liquid
nitrogen until posterior analysis using a spectrophotometer and fluorimeter,
respectively. The laboratory analysis for SPM, chla, a;, anap and apn, was performed in a
time period lower than three months after collection. For CDOM, the laboratory
analysis was performed with a maximum of three weeks after the first sample

collection.

The absorption coefficients of CDOM and particulate matter were analyzed using a

Shimadzu UV-2450 spectrophotometer, within the interval of 250-850 nm.
3.5.1.3 Absorption of particulate matter, non-algal particles and phytoplankton

Duplicate surface water samples were filtered through 25 mm Whatman GF/F glass

fiber filters (0.7 um nominal pore size). The filtration water was performed in order to
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obtain a sufficient coloration of the filter pad, varying the volume between 10-125 ml

depending on the river water quality.

The a, spectra were calculated using the method of transmittance-reflectance (T-R)
(TASSAN; FERRARI, 2002). The T-R method is more recommended for particle-rich
water by correcting the light backscattering by the particle sample with an integrating

sphere.

Besides the a, measurement, an,, and aphy Was also measured and more details are

given on Appendix A.
3.5.1.4 Absorption of coloured dissolved organic matter

After removing larger part of the suspended particles used to estimate ap, the
remained filtered surface water samples were filtered again using 0.2 um
polycarbonate membranes (Whatman Nuclepore, 25 mm). Samples were stored in
pre-combusted glass bottles (450°C, 6 hours) wrapped with aluminum foil and kept
under refrigeration (4°C) until further laboratory analysis. CDOM samples were
exposed to room temperature before spectrophotometric analysis in order to avoid
any bias due the thermal difference between the samples and the reference water
(Milli-Q water). acpom(M) is calculated from absorbance measurements as followed
(Equation 3.6):

A(A)

where A(A) is the absorbance of the filtered water sample at the specific wavelength A

and L is the optical pathway of the quartz cell in meter (here 0.1 m).

As recommended by Babin et al. (2003), a baseline correction was applied to each
spectrum by subtracting the mean absorbance in the range of 680-690 nm from the

whole spectrum. The absorption spectral shape of CDOM is estimated using a linear
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least-squares regression of the logarithm of acpom(A) and reported with units of nm™

(BRICAUD et al., 1981) (Equation 3.7):

acpom(A) = aCDOM(/lo)e_S(A_AO) (3.7)

where acpom(A) is the absorption coefficient at wavelength A, acpom(Ao) is the
absorption coefficient at a reference wavelength Aq and S is the spectral slope in the

spectral range from Ag to A with Ag <A.

Recent publications have demonstrated the importance of the slope in the range of
275-295 nm (S,75.295) for better constraining the natural variability in the DOC specific
coefficient absorption (a*cpom) (VANTREPOTTE et al.,, 2015; FICHOT; BENNER, 2012;
2011; HELMS et al., 2008). Furthermore, Helms et al., (2008) have highlighted the
importance of the slope ratio S;75295/S350.400 @s @ potential proxy for assessing DOM
molecular weight. Consequently, S;75.295, S3s0.400 and the slope ratio Sg were specifically

computed in this study.
3.5.1.5 Chlorophyll-a concentration

Chlorophyll-a (chla, pg L) concentration was measured from 25 to 100 ml of water
samples filtered using 25 mm Whatman GF/F glass fiber filters (0.7 um nominal pore
size). At the laboratory, triplicate samples of pigments were extracted from the filters
after immersion in 10ml of 90% acetone/Dimethyl sulfoxide (DMSO) solution (60/40 by
volume, SHOAF; LIUM 1976) for 24h, in the dark at -10°C. The resultant extraction was

analyzed using a calibrated bench Turner Designs 10-AU fluorimeter.
3.5.1.6 Suspended particulate matter concentration

Suspended particulate matter concentration (SPM, mg L?) was determined
gravimetrically following the method of Van der Linde (1998). Before field work, 0.45
um (nominal pore size) cellulose acetate filters (Millipore) were dried for 24h at the

laboratory, weighed (W;) and placed in Petri plates for transportation. At field, a
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volume (V) of 150 to 400 ml of surface water was filtered and filters for SPM were
stored for further laboratory analysis (Figure 3.8.C). At the laboratory, SPM filters were
dried for 72h at 50°C and weighed (W) to determine the SPM according to Equation
3.8:

W, —-W-
-1 2 (3.8)

3.5.1.7 Carbon content

Surface water samples collected for carbon content measurements were obtained
using a submersible pump. Sub-samples were collected for DOC and pCO,. Both

laboratory analyses were performed less than three weeks after the first collection.
3.5.1.7.1 Dissolved organic carbon

Surface water samples were filtered through pre-combusted (500°C, 5h) GF/F glass
fiber filters 0.7 um nominal pore size (Whatman) using a 60 mL syringe (Figure 3.8.D).
The samples were stored in 25 mL pre-combusted glass vials washed with acid, closed
with Teflon lids and preserved in the field with 25 pL of 50% HCI at 0-4°C. At the
laboratory, DOC concentration ([DOC], umol L'l) was measured using a Shimadzu Total

Organic Carbon Analyzer (Model TOCVCPH).
3.5.1.7.2 Partial pressure of carbon dioxide

pCO, was measured after extraction from water samples by headspace equilibration. A
1L polycarbonate bottle was overflowed three times with water pumped from the
surface (Figure 3.8.E) before being closed with a stopper equipped with two stop-cocks
and short/long straws to allow creation of a headspace (Figure 3.8.F). After injecting 60
mL of N, and removing 60 mL of water the bottle was sealed and shaken vigorously for
2 min (RASERA et al., 2013). The headspace was then removed with a 60 mL syringe
and samples (three replicates of each) were stored in vials pre-evacuated with a hand

pump. At the laboratory, the samples were injected into a Picarro G2201-i Cavity Ring-
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Down Spectrometer (CRDS). pCO, values were corrected based on the common gas

law (LISS, 1973).

Figure 3.8 - Field measurements during TROCAS campaigns.

i Ny 4 '/

N Yo =

A) Radiometric measurement with the FieldSpec HH above-water radiometer; B) Bio-
optical properties filtration kit for absorption measurements (acpom, ap, chla); C)
Cellulose acetate filters (0.45 um pore) after suspended particulate matter filtration in
the Amazon River; D) Dissolved organic carbon filtering apparatus; E) Pump chained to

a weight for collecting surface waters; F) Headspace method for pCO, analysis.

Source: Author’s production.
3.5.2 ANACONDAS

Sea surface temperature (SST) and sea surface salinity (SSS) were measured
continuously during the three oceanographic cruises (R/V Knorr KN197 — June of 2010;
R/V Melville MV1110 - September to October 2011; R/V Atlantis AT21-04 July of 2012)

(Figure 3.3), using the shipboard underway seawater system.

Surface pCO, during the oceanographic cruises was measured using an underway pCO,
system with a non-dispersive infrared CO, gas analyzer (LI-COR 6252) and standardized

using CO,-air reference gas mixtures from National Oceanic and Atmospheric
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Administration (NOAA) Climate Monitoring and Diagnostics Laboratory (CMDL). The in
situ oceanographic data consists of 15,392 data points, taken every 10 minutes during

the three cruises.

According to the Earth System Research Laboratory from the National Oceanic and
Atmospheric Administration (NOAA), the atmospheric carbon dioxide is ~400 patm.
When the pCO, of the water exceeds this threshold, the water body is considered a
source of CO,, when it is below this threshold the water body uptakes the CO, from

the atmosphere.
3.6 Quality control

The coefficient of variation (cv = (6/u) - 100) (Equation 3.9) of chla, SPM, DOC and
R,s was computed for each station. For chla, SPM, DOC and pCO,, only samples with
CV lower than 10% between the triplicate were kept and averaged to get the final
value representative for each station. For R,; the same procedure was adopted

considering the interval of 400-840 nm.
3.7 Remote sensing data
3.7.1 Medium Resolution Imaging Spectrometer

Reduced spatial resolution (1x1 km?) of daily R.(\) derived from MERIS sensor were
downloaded from the NASA Goddard Space Flight Center, Ocean Ecology Laboratory,
Ocean Biology Processing group for the 2010-2011 period. Subsequently to land
masking, a cloud mask adapted for turbid waters was applied (L2ESA) prior to

atmospheric correction (BANKS; MELIN, 2015).

Atmospheric correction was performed in the presence of sun-glint, using POLYMER
method that consists in a technique for spectral matching that depends of two models:
polynomial atmospheric model representing the scattering of the atmosphere and sun-

glint, and the bio-optical ocean water reflectance model (STEINMETZ et al., 2011). The
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main advantage of the combined method of cloud mask and atmospheric correction
for turbid water is the gain of spatial coverage. Seasonal images have been processed
from arithmetic mean. The final images were cropped for the coordinates (00°00.000’
S, 02°00.000° N, 51°00.000" W, 48°00.000' W) referent to the Amazon River mouth.
Seasonal maps of acpom(412), Sy75.295, DOC and pCO, were generated using MERIS
seasonal composites by math band function. The arithmetic mean and math band
performed using MERIS images were processed using SeaWiFS Data Analysis System
(SeaDAS) software version 7.4 (URL: http://seadas.gsfc.nasa.gov) freely provided by
NASA.

3.7.2 Soil Moisture and Ocean Salinity

SMOS mission measures microwave radiation emitted from the Earth' surface at 1.4 to
1.427 GHz, using an interferometric radiometer. SMOS was launched on November
2009 and in May 2010 started to provide data to the scientific community
(MECKLENBURG et al., 2012; REUL et al., 2012). In this study, daily level three product
(L3) with 0.5 of spatial resolution delivered by the Centre National d' Etudes Spatiales
- Institut Francais de Recherche pour I' Exploitation de la Mer (CNES- IFREMER) was
used. The selected product is only available for the years of 2010-2014 and provides
SSS, SST and Wind Speed (WS) data. SMOS products were acquired concomitantly to
the oceanographic cruises (Table 3.3) also including +1 day around in situ sampling
dates during the cruises of 2010-2012. This approach is justified to avoid missing data
due to the 3 days revisit time of SMOS.

SMOS products were further processed using the SeaDAS v. 7.4 software. All images
were cropped for the WTNA area, and the SeaDAS’s math band function was used to
calculate the pCO, and the sea-air CO2 net flux for the entire study area. The mosaic
function was used for the three-month composite images according to the Amazon

River discharge season.
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The choice to work with SMOS instead of a visible sensor for the Amazon River plume
was here performed considering the dataset currently available. For the present
investigation no sufficient information on the bio-optical properties for the Amazon
River plume was available, and therefore, the use of an ocean colour sensor was not
possible. Conversely, the possibility to assess pCO, from water optical properties
(CDOM) was investigated in the Lower Amazon River through dedicated
measurements. Even though SMOS is more suitable for our data set, it has a drawback
due to a higher microwave brightness temperature of the land, which contaminates
the ocean signal leading to inaccurate near-shore SSS values (TALONE et al., 2008).

Thus, we restricted its use for applications to water masses beyond 100 km offshore.
3.8 Statistics

The accuracy of estimates was evaluated using statistical indicators including the
coefficient of determination (R?), root mean square error (RMSE), the mean relative
absolute difference (MRAD) and the mean relative difference (Bias) expressed

respectively as:

R2 = % (3.10)
RMSE = [P’ (3.12)
MRAD = 100.%2’i"=1'”’x—‘i""' (3.12)
Bias = 100.%22‘21% (3.13)

where SS,es is the sum of squares of residuals, SSi is the total sum of squares, x; is the

in situ data for a define parameter and y; its estimated value.

Shapiro-Wilk test was applied to test the normality of the samples. Kruskal-Walis one-

way analysis of variance non-parametric test was performed to test whether samples
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originate from the same sample distribution. When a significant difference among the
tested parameters mean were found, a post hoc test was performed to see which
means are significant from the others. To test a small subset of all possible pairs, a
Dunn’s post hoc was performed. Conversely, for a larger pairwise comparison, Tukey
honestly significant difference (HSD) test was performed. In addition, a sensitivity

analysis was performed on Chapter 7 where it is more detailed.
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4 BIO-OPTICAL VARIABILITY OF THE LOWER AMAZON WATERS
4.1 Introduction

The measured L, from a water body results from the inherent optical properties
(absorption and scattering) of its optically significant constituents namely: the
phytoplankton, non-algal particles (NAP) and coloured dissolved organic matter
(CDOM) (PRIEUR; SATHYENDRANATH, 1981; SATHYENDRANATH, 2000). Over the years,
empirical relationships between absorption coefficients and biogeochemical
parameters such as ayny and chla (BRICAUD et al., 1995); and ans, and SPM (BABIN et
al.,, 2003), have been documented for ocean and coastal waters. Moving to inland
waters, more studies are needed to confirm if these relationships are still reliable
(MARTINEZ et al., 2015; BINDING, et al., 2008). In the same way, subproducts of
absorption coefficients measurements as the slope of acpom and anap (Scoom and Snap,
respectively) also require more studies on their applicability to retrieve qualitative
information about the particles and dissolved material present in an optically complex
water body. As a matter of fact, the slope Scpom assessed over different wavelength
intervals, has been shown to be a relevant indicator of DOM molecular weight
(FICHOT; BENNER, 2012; HELMS et al., 2008; BABIN et al., 2003), while S,,, can provide
information on the relative contribution of organic and mineral particles in the

absorption at coastal waters (BABIN et al., 2003).

Numerous semi-analytical algorithms have been proposed to assess IOPs and
biogeochemical products in oceanic waters (where all IOPs are assumed to covary with
chla) from ocean colour remote sensing (MOREL; GENTILI, 2009; MARITORENA et al.,
2002; LEE et al., 2002; BARNARD et al., 1999; CARDER et al., 1999; GARVER; SIEGEL,
1997). These algorithms usually fail in turbid waters, where the contribution of NAP
and CDOM can be higher and not driven only by phytoplankton dynamics (LOISEL et
al., 2013).

55



Other factors are also responsible for the failure of standard ocean colour algorithms
in optically complex waters such as inland waters: i) unsuccessful atmospheric
correction (SHI and WANG, 2009); ii) adjacency effects that contaminate the remote
sensing signal with land information (PALMER et al., 2015); iii) high spatiotemporal
variability of hydrodynamic and biogeochemical processes (MOUW et al., 2015).

The choice of a non-suitable atmospheric correction in turbid waters can overestimate
the total aerosol reflectance and mislead water colour products inducing for instance
negative reflectance values (SHI; WANG, 2009). Studies are increasingly more focused
in solving this issue, using different spectral bands and approaches already showing
good progress as reported in the literature (MARTINS et al., 2017; WANG et al., 2012;
STEINMETZ et al., 2011; SHI; WANG, 2009). The adjacency effect is still a considerable
challenge in inland waters studies and advanced techniques are now being proposed
such as, for instance, the separation of the forest signal from the water spectra

(MARTINS et al., 2017; PALMER et al., 2015).

Studying the spatiotemporal bio-optical and radiometric variability in the Amazon
River is not trivial and can unfold different spatial-temporal scales. The Lower Amazon
has ~ 900 km of turbid waters in the mainstream course and receives the contribution
of two important clearwater rivers: Tapajés and Xingu (SIOLI, 1984) which can
influence the Amazon optical characteristics. The Amazon waters follow a strong
seasonality, with the discharge season being characterized by Rising (RW) (Jan, Feb,
Mar), High (HW) (Apr, May, Jun), Falling (FW) (Jul, Aug, Sep) and Low (LW) (Oct, Nov,
Dec) waters conditions (SAWAKUCHI et al., 2017; WARD et al., 2015).

In addition to the latter main spatial and temporal patterns, small-temporal scale
processes (e.g. tidal effect) occurring in the lower reaches of the Amazon river can
represent another important source of radiometric and bio-optical variability. During
the LW season, the oceanic tidal waves propagate, reaching Obidos, 900 km upstream

the Amazon mouth (KOSUTH et al., 2009). Near the river mouth, the semidiurnal tide
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reverses the flow (FERRAZ, 1975; WARD et al., 2015), with great implications on SPM
transport (WRIGHT; NITTROUER, 1995; JAEGER; NITTROUER, 1995) and DOM dynamics
(WARD et al., 2015). The counteracting forces from tides and river create a unique and

dynamic temporal variability.

The bathymetry and the width of a channel can also influence the bio-optical
variability. The bathymetry of the channel impacts the velocity of the flowing water
and it is a decisive force on the burial/resuspension dynamics of biogeochemical
parameters (WARD et al., 2015). Therefore, the irregularities on the river floor can also
influence water bio-optical characteristics and induce transversal and vertical

variability.

These diverse scales of spatial-temporal variability can add a greater complexity to the
development of inversion algorithms, which would need to properly take into account
all the range of optical variability for then obtaining accurate OSCs measurements by

remote sensing.

A synthetic representation of the water optical variability can be performed through
the definition of optical water types (OWT) which is a recurrent research topic in water
colour remote sensing since the pioneer work by Jerlov on marine waters (JERLOV,
1976). According to the concentration of biogeochemical parameters, Amazonian
waters has been categorized as white, black or clearwater (SIOLI, 1984). White waters
are associated with rivers characterized by high concentration of sediments, as the
Amazon, Madeira and Solimdes rivers; black waters are related to rivers with high
concentration of CDOM as Negro River; and clearwaters, as observed in the Tapajos
and Xingu, are linked to rivers with high transparency and high levels of in situ primary

production.

The determination of OWT can be carried by a cluster analysis of in situ R,s spectra. The
cluster specific spectra can be applied to remote sensing data, providing information

on the spatial distribution of the defined optical classes (ELEVELD et al.,, 2017;
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KOPONEN et al., 2004). Bio-optical properties can be used to characterize the
reflectance spectra clustered in an OWT, to provide a qualitative information on the
bio-optical characteristics associated with this R,s based optical typology. Further, OWT
classification can provide a framework constraining the development of a suitable
inversion algorithm for specific bio-optical environments. As a matter of fact, several
recent studies have focused on the development of class specific inversion algorithms
in coastal and inland waters (SPYRAKOS et al., 2017; SHEN et al., 2015; MOORE et al.,
2014; SHI et al., 2014; VANTREPOTTE et al., 2012). In a global analysis, Spyrakos et al.
(2017) has classified all Amazon waters within a single OWT with high reflectance
across a wide interval of the spectrum due to an intense SPM dominance. However,
the Amazon optical data utilized to develop the aforementioned classification were
limited to a collection of spectra and bio-optical constituents sampled at the Lago
Grande do Curuai floodplain lake, while no information about seasonal variability was

considered or presented for this region.

The objective of this chapter is to characterize the OSCs spatiotemporal variability in
the Lower Amazon considering different scales: (i) spatial-temporal variability along
the 900 km of the Lower Amazon transect (including tributaries) and OWT
synthesizing; (ii) spatial variation downstream; (iii) cross-section spatial variation with

the main channel and; (iv) diurnal tidal cycle effects near the river mouth.
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4.2 Materials and methods
4.2.1 Insitu data

The dataset used in this study consists in measurements of OSCs and I0Ps performed
in the Lower Amazon region over the 2014-2017 period, during all discharge seasons.

The data were collected at the Amazon River and CW rivers (Table 4.1).

The computed R, spectra was corrected for sun glint interference according to Ruddick
et al. (2006). The OSCs used in this study consist in SPM (mg L) and chla (mg LY). The
IOPs consists in absorption coefficients of CDOM (acpom(A)) (m™) and particulate
matter (ap(A)) (m™). Non-algal particles (anap(A)) (m™) and phytoplankton aphy(A) (m™)
were also measured and more details are given on Appendix A. The slope of acpom(A)

was computed over the 275-295 nm spectral domain (FICHOT; BENNER, 2012).

The slope of anap(A), Snap, cOmputed over the 400-700 nm spectral domain (Snapaoo-800)
(ESTAPA et al.,, 2012; VANTREPOTTE et al., 2007) potentially indicates the relative
contribution of mineral and organic particles in the water (BABIN et al., 2003). In this
study it was considered a, as representative of NAP and more details are given on

Appendix A.

The proportion of CDOM to the total absorption (except pure water) (acoom : (acpom +
ap)) and particles to the total absorption (except pure water) (ap : (acoom + ap)) were

calculated at 443 nm.
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Table 4.1 - Total number of in situ data gathered during the years of 2014-2017.

Parameter Total
Amazon CW samples
acoom(N) (m™) 116 14 130
I nm’

Slope acolc;M(M ( " " 130
ap(A) (m™) 95 14 109
Slope ap(A) (hm™) 95 14 109
SPM (mg L) 90 12 102

chla (pg L) 85 12 97

Source: Author’s production.
4.2.2 Classification of the in situ R, spectra
4.2.2.1 Spectra normalization

Each R, spectrum was normalized by its integrated value (LUBAC; LOISEL, 2007). The
integration was computed by trapezoidal method, over a wavelength range of 400-800
nm. The goal of the normalization is to reduce the first order variability of reflectance
and focus on the reflectance spectral shape, hence removing amplitude differences
caused by concentration variation. The normalization is a common step that precedes
the optical classification procedure in many studies (SPYRAKOS et al., 2017; SHEN et
al., 2015; VANTREPOTTE et al.,, 2012). Vantrepotte et al. (2012) highlighted the
importance of using normalized reflectance spectra instead of raw R,; to perform an
OWT classification. For example, if a water body has high concentrations of SPM (e.g.
Amazon River), the use of raw R,; would lead to a classification very much based on the
relative concentration of sediments, and consequently, all the others OSC contribution

would be neglected.
4.2.2.2 Cluster analysis

Different supervised and unsupervised methods have been used for the classification
of R,s with the aim of defining OWT based upon differences in the magnitude and

shape of the spectral curves (ELEVELD et al., 2017; SYPRAKOS et al., 2017; MELIN et al.,

60



2015; SHEN et al., 2015; MOORE et al., 2014; SHI et al., 2014; VANTREPOTTE et al.,
2012; LUBAC; LOISEL et al., 2007, KOPONEN et al., 2004; 2002). Unsupervised
classification can be used when a priori knowledge is not available and R,s data is used
to define the clusters, this way being less subject to user errors. The k-means and fuzzy
c-means are popular techniques among the unsupervised classification methods
(ELEVELD et al., 2017; SPYRAKOS et al., 2017; SHEN et al., 2015; MARTINEZ et al., 2015;
MOORE et al., 2014; VANTREPOTTE et al., 2012). When the clustering results of k-
means are compared with fuzzy c-means and other unsupervised method (e.g. Ward
algorithm), they can be very similar (SPYRAKOS et al., 2017; VANTREPOTTE et al.,
2012). Therefore, k-means was adopted in this study to cluster the data into

homogeneous optical groups.

K-means technique requires a user-specified number of clusters (K), which are
represented by their centroids (WILKS, 2006). The clusters are defined by measuring
the square Euclidian distance of the centroids. The Silhouette width analysis
(ROUSSEEUW, 1987) was used to determine the best number of clusters, by measuring

how similar an individual point is to its own cluster.

4.3 Results and discussion

4.3.1 Bio-optical general characteristics of the Lower Amazon
4.3.1.1 CDOM absorption

Amazon River acpom(443) values (2.12 + 0.53 m™) are similar in average when
compared to values presented by Martinez et al. (2015) (acpom(440)=3.3+1.0 m™) and
relatively lower when compared to values presented by Jorge et al. (2017) (acpom(420)
~ 3.25 + 0.46 m™) from Amazon white waters. CW rivers had also a similar average
dcoom(443) value (2.01 + 0.88 m™) in comparison to values reported by Martinez et al.
(2015) (acoom(440)= 1.8+0.8 m™). The slightly CDOM discrepancies between studies

can be attributed to the size of each dataset, alternative filtering methods and
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measurements (no baseline correction in Martinez et al, 2015 for instance), as well as

different sampling locations and seasonality.

Table 4.2 - Bio-optical characteristics of Amazon River and Clearwater rivers.

Clearwater rivers

Average *

Ccv

Amazon River

Average *

Ccv

D % RANGE D % RANGE
B 0.74-
acoom(443) (m™) 2014088 42 ., 212%053 28 089-4.40
o 1.32-
S575.295 (hnm ™) x10 150+0.17 11 187 1.45+0.05 4 1.30-1.66
1 0.37-
ap(443) (m™) 1.68+2.44 140 9.44 3.16+2.11 66 1.18-8.93
1 P 0. 88- 0.91-
+ +
$p400.300 (nm ) x10 1.05+£0.13 12 1.30 1.05 £ 0. 08 8 1.33
1 18.3-
SPM (mg LY 140+18.1 124 18679 697338 53
chla (pg L) 61+77 122 15313 14:08 57 0.563
acoom : (Gcoom + Gp) 0.17-
.64+0.1 2 A44+0.12 2 .17-0.64
(443) 0.64 £0.19 9 0.80 0 0 8 0.17-0.6
0.20-
Gp: (dacoom + ap) (443) 036019 50 0 0.56%0.12 22 0.36-0.83
0.06-
Aphy(443): SPM 0.11+0.05 49 0.24 0.05+0.01 25 0.03-0.11

SD — Standard Deviation; CV - Coefficient of Variation.

Source: Author’s production.

S,75.205 had a higher average value (0.0150 + 0.0017 nm™) and higher variability (11%)

for CW samples than for the Amazon River samples (4%). High S;75.295 values indicate

lower molecular weight of DOM (HELMS et al., 2008). This might suggest the higher

impact of photobleaching rates in CW and less organic matter input from the margins.

Higher contribution of DOM from phytoplankton in CW might also explain the

observed variation (GAGNE-MAYNARD et al., 2017; HELMS et al., 2008), although a

recent study demonstrated that S,;5,95 is only slightly sensitive to the impact of

phytoplankton derived DOM (DANHIEZ et al., 2017). The greater presence of
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phytoplankton at CW rivers can be evidenced by high values of chla in comparison to

the Amazon River (average of 6.1 and 1.4 pg L™, respectively, Table 4.2).

The higher variability of S;75.295 (CV: 11% for CW and 4% for the Amazon River), as well
as all other studied parameters (Table 4.2) at CW rivers might be related to the
location where the samples were collected, very close to the Amazon mainstream,
being potentially influenced by the overflow of the turbid Amazon waters according to

the discharge season.
4.3.1.2 Particulate matter absorption

The major fraction of a, is related to an,p (Appendix A, Table A.2, proportion of
Gphy(443) BI5 : ay(443)) and, since angp is impaired by an inaccurate aph, (more details
on Appendix A), it was decided to consider in this study a, as representative of NAP.
a,(443) is strongly correlated with SPM (N = 77, R* = 0.91, p<0.05) (Figure 4.1) as also
reported by other studies in the Amazon basin (PINET et al., 2017). The slope of the
regression between a, and SPM (0.053) is much higher than what is reported for
coastal waters (~0.031) (XI et al., 2013; BABIN et al., 2003) and for combusted
particles (0.024) (BOWERS et al., 1996), possibly due to the major content of organic
particles. CW a,(443) are related to small concentrations of SPM and Amazon samples
with SPM higher than 100 mg L™ were mainly obtained during the RW season. The
average ratio of ay(443) : SPM is higher for CW rivers (CW: 0.11 + 0.05; Amazon: 0.05 +
0.01, Table 4.2) with a 49% of coefficient of variation (Amazon River CV: 25%),
suggesting that CW rivers may have more organic particles and are more influenced

seasonally by the Amazon mainstream.
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Figure 4.1 - Scatterplot of a,(443) as a function of SPM.
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9 y = 0.0524x
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A linear regression with null intercept is shown.

Source: Author’s production.

The slope of ay, Sp, is also considered as representative of the slope of anap, Snap- Sp
showed similar values for Amazon and CW (Sy400-800 ~ 0.010 nm'l) with low variability
for Amazon (8%) and CW rivers (12%) and lower values than what is usually reported
for coastal and oceanic waters (> 0.011 nm™) (ZHANG et al., 2015; TZORTZIOU et al.,
2007; VANTREPOTTE et al., 2007; BABIN et al., 2003; BRICAUD et al., 1998). Previous
studies suggested that Sn,, values of about 0.011 nm™ are typical for mineral
dominated waters (TZORTZIOU et al., 2007; BABIN et al., 2003; FERRARI et al., 2003;
BOWERS et al., 1996), and higher S,ap (> 0.011 nm‘l) are related to organic particles
(BABIN et al., 2003; FERRARI et al., 2003). Nevertheless, recent studies found an
opposed trend in CDOM-rich waters, where steeper S,,, are in fact associated with
more inorganic suspended matter by DOM adsorption in mineral surfaces (RIDDICK et

al., 2015; Xl et al., 2013; ESTAPA et al., 2012; BINDING et al., 2008). Considering the
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high values of CDOM in the study area, this situation may also apply in the Lower
Amazon, where the low values of S;, in comparison to the literature dedicated to

coastal and oceanic waters, are in fact related to organic particles.
4.3.1.3 Absorption budget

The absorption budget for Amazon River and CW at the Lower Amazon is governed by
CDOM and total particles. At CW rivers, aph, can have an expressive contribution to the
total particulate absorption (aphy(443) B95 : ap(443) maximum = 56%, Table A.2,
Appendix A), but for the total absorption budget it is still very low when compared to
acoom and ay (aphy, dcoom, Op Maximum contribution to the absorption budget: 13%,

80% and 83%, respectively, this chapter, Table 4.2 and Appendix A, Table A2.).

CDOM is dominant with a large contribution to the total absorption in CW samples
(acoom(443) : acpom(443)+ ay(443) = 0.64 £ 0.19 m™) but its variability is similar to what
is found for the Amazon River =~ 28% (Table 4.2). At the Amazon River, although
particulate matter has meaningful dominance, it is almost even with CDOM (acpom:

44%; ap: 56%, Table 4.2).

The balance proportion among acpom and a, at the Amazon River is even more evident
when the absorption budget is assessed by season. Except for RW, when a, is almost
three-fold higher than acpom, all other seasons are very equivalent (Table 4.3). The
variability is also stronger during the RW for CW rivers, probably due to the influence
of the overflow of the Amazon River waters that brings CDOM and SPM into the
tributaries (Table 4.3).
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Table 4.3 - Absorption budget of the Amazon River (Am) and clearwater rivers (CW) for
the seasons: Rising water (RW, 28 samples), High water (HW, 14 samples),
Falling water (FW, 19 samples) and Low water (LW, 40 samples). SD —
Standard Deviation; CV - Coefficient of Variation.

acoom : (acoom + ap) (443)  ap : (acoom + ap) (443)

Average = SD CV% AveragetSD CV%

+ +
sy Am  0.26£0.08 33  074:008 11
CW_ 0.55£0.26 47 045026 58

+ +
gy Am o 0.48£0.09 19  052£009 18
CW_ 0.78£0.03 4 022003 14

+ +
ay AM 050£007 15  050£0.07 15
CW_ 0.72£0.06 8  028%006 21

+ +
L,y Am  050%005 11 050£005 11
CW_ 0.62+0.06 10  0.38+0.06 16

Source: Author’s production.

66



4.3.2 Optical classification of the Lower Amazon waters

The normalization applied allowed to distinguish the spectra particularities,

highlighting the heterogeneity in the OWT corresponding to the Amazon and CW rivers
(Figure 4.2).

Figure 4.2 - Measured R, (A) not normalized and (B) normalized for the Lower Amazon

region.
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Source: Author’s production.

The Silhouette analysis suggested four (A, B, C, D) as the optimal number of clusters for
the K-means clustering analysis (Figure 4.3). Clusters A and C are representative of the
Amazon River waters while clusters B and D are representative of CW tributaries from

the Lower Amazon region. Table 4.4 summarizes the bio-optical properties

corresponding to each cluster.
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Figure 4.3 - Average normalized spectra resultant from the K-means clustering analysis
of the Lower Amazon region.
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Source: Author’s production.
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Table 4.4 - Bio-optical characteristics of the four optical water types for Lower Amazon.

LASS B (CW LA
CLASS A (Amazon ¢ F\?\? L\/\(lf (Ancwazzi EW CLASS D (CW
HW FW LW) RW HW)
HW)
Average Averag Rang Averag Ran Averag
+sp  RAMB® L iop e  e+SD ge exsp anse
dcpom
i 1.0+ 07- 20t 16- 24+ 1.3-
+ -
(443§; (m R 03 13 02 27 06 3.1
f::f)s 1.44+  132- 171+ 151- 1.45% l'flo 1.41+ 1.32-
107 0.05 1.54 017 187 003 009 1.57
2.72
ap(443) 2,03+  1.18- 048+ 037- 644 0.89+ 0.50-
(m™) 0.69 4.74 012 064 161 , 025 1.11
s(pr‘]‘;’g'_sf;o 1.04+0. 0.91- 093+ 0.88 1.05% 905'_ 1.14+ 0.95-
107 06 1.25 0.04 0.97 007 . 014 130
SPM 436+ 283- 44+ 18- 1025t 11('5%' 100+ 3.7
(mg LY 9.9 68.2 2.7 6.8 406 g 58 17.8
chla 51+ 23- 14+ 05- 9.1t 1.8-
+ -
(mg L™ 15208 0.5-4.4 2.9 8.5 0.4 2.1 11.2 31.3
: 17
;’CDOM+ 051+ 028 067+ 055 025& O 0.73+ 0.66-
CDOM -
0.06 0.64 0.10 078 0.07 0.05  0.80
a, (443) 0.50
0.50
Gp:Gcpom 049+  036- 033+ 0.22- 075+ 027+ 0.20-
+a,(443)  0.06 0.72 010 045 007 o, 005 034
0.00
44
"Bpgys( _ 03) 003+ 0.01- 024+ 0.15- 001+ 4- 020+ 0.05-
e 0.01 0.06 009 036 0002 001 020 0.57
(443) 3
0.00
apgyg(;l@ 001+ 0.004- 0.08+ 0.04- 0.006+ 3- 0.05+ 0.02-
' 0.005 0.02 0.04 0.13 0.0011 0.00 004  0.11
(acoom + g
a,) (443)

Source: Author’s production.
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Besides the evident distinction between Amazon and CW waters, another prevailing
difference is related to the seasonality. For CW, cluster B has a well-defined chla peak
(due to the backscattering of the phytoplankton cells) at R,(570) and consists of R,

spectra measured during the Falling-Low seasons.

Cluster D represents the CW Rising-High water seasons and the reflectance spectrum
has a less prominent chla peak, even that during these seasons the average chla
measured was in higher concentrations (Table 4.4). The large variability of chla and
phytoplankton blooms during the Rising-High seasons within CW rivers (e.g. Tapajés)
have been reported in the literature (ALBERIC, et al., 2017; COSTA et al., 2013), and it
is likely caused by the optimal balance between the nutrients input from the Amazon
River and the light availability. The clear water of these rivers allows sunlight
penetrating the water, and therefore, enhances the primary production. Another
characteristic of cluster D is a higher signal at the red-NIR spectrum when compared to
cluster B. The overflow of the Amazon River into the CW tributaries during the Rising-
High seasons carries a large load of CDOM and SPM (Table 4.4). CDOM is therefore
responsible for a strong light absorption in the green part of the visible spectrum,
reducing the reflectance attributed to chla, while SPM also causes a higher signal in

the red-NIR wavelengths.

At the Amazon River (clusters A and C) there is no evident chla signal and although the
reflectance signal is dominated by SPM, it is possible to observe that cluster A has a
more homogenous high signal over a wide part of the spectrum for the green to the
NIR wavelengths, while cluster C has an increasing reflectance in the same interval
(Figure 4.3). The spectra shape of clusters A and B are in agreement with other studies
in the Amazon Basin (YEPEZ et al., 2018; JORGE et al., 2017; MARTINS, et al., 2017;
CARVALHO et al., 2015; MARTINEZ et al., 2015; LOBO et al., 2012). Cluster C gathers
spectra from the RW (T4) and the HW seasons of T6 campaign that had a shifted

discharge timing (Figure 3.4).
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The bio-optical properties of cluster C indicate a considerable increase in SPM (102.5 +
40.6 mg LY, a,(443) (6.44 £1.61 m™), as well as in the relative contribution of ap to the
total absorption (75%) (Table 4.4). The impact of seasonality on the variability of
radiometric and bio-optical properties of the Amazon basin was also discussed by
other studies in the region, especially during the RW season when the Amazon River
reaches the highest SPM levels (PINET et al.,, 2017; PARK; LATRUBESSE, 2015; 2014,
VILLAR et al., 2013).

This study corroborates that the RW presents a specific optical signature and it is a
hallmark for the Lower Amazon waters. In view of the influence of the rising waters,
four unique classes with stable optical signature can be delineated, two for the turbid
water of the Amazon River and two for CW rivers. It is worthy to note that, although in
average the rising of the waters occurs during the first trimester of the year, it is
subject to changes due to climatic events. Therefore, the classification proposed here
can be used to monitor the nature of the water masses of the Amazon region taking
into account the influence of possible unusual events (time-shifting of the hydrological
seasonal pattern due to climatic events or other anomalous situation such as

anthropogenic impacts).
4.3.3 Bio-optical spatial-seasonal variability along the river

Radiometric and bio-optical spatial-seasonal variability from the Lower Amazon to the
river’'s mouth are represented in Figure 4.4 showing average values of acpom(443), S275.
205, 0p(443), Spaoo-800, SPM, chla and R, for each station and season (campaigns: T1-T4).
The spatial distribution shows that, for all seasons, acpom(443) and chla generally
decrease from Obidos to the river’'s mouth (Figure 4.4.A and 4.4.H), while the opposite
trend is found for S,75.,95 that increases along the course of the river (Figure 4.4.B). The
opposite trend of CDOM and S,75,95 suggests a gradual decrease in DOM molecular
weight by DOM degradation processes (especially bacterial) along the river course, as

reported by other studies (WARD et al., 2016; 2013).
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An inflexion point at Almeirim is observed for almost all parameters probably
indicating the influence of Paru River waters, a CW river. Generally, SPM decreases and
a,(443) conjointly to Spago-s00 are highly variable considering all the seasons for the
study period. For all local stations, the radiometric spectra for RW season is elevated,
with R(670) close to 0.05 sr, although the unique R,s spectral shape (an increasing
reflectance on the green to NIR wavelength interval) discussed in the section 4.3.2 is
less evident for Macapa. This may be related to a more diluted water, whereas
Almeirim and Obidos are closer to the reaches of Madeira and Solimdes rivers. Both
rivers are the main accountable for the sedimentary inputs at the Amazon River (PINET
et al., 2017; FILIZOLA; GUYOT, 2009), and therefore, Almeirim and Obidos stations
could be under a stronger influence of SPM as can be evidence by the decrease of SPM

along the transect Obidos-Almeirim-Macap4 (Figure 4.4.G).
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Figure 4.4 - Spatial distribution of bio-optical variability along the Amazon mainstream.
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Source: Author’s production.

The coefficient of variation per season along the transect (Obidos-Almeirim-Macapa)
shows an overall higher variability in R,s(761) data translating modulation in the water
masses bio-optical nature. R,5(761) and acpom(443) had also higher variability during
HW, while SPM and a,(443) had during RW, and chla during FW. The slopes of CDOM
and particles had a very low variability in all seasons (<5%) (Table 4.5). During the FW
the floodplains export particles to the Amazon River (ALCANTARA et al., 2011; NOVO
et al., 2006), and therefore phytoplankton among sediments, that may enhance the

variability of chla in the mainstream.
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Table 4.5 - Coefficients of variation of acpom(443), SPM, chla and R,s(761) along the
Amazon River mainstream, during the different seasons: High Water (HW),
Low water (LW), Falling water (FW) and Rising Water (RW).

acoom(443)  Syzsa0s  Gp(443) 0400 oppy chla  R.(761)
800

T1 (HW) 23% 3% 11% 2% 4% 14% 55%
T2 (LW) 19% 3% 12% 5% 9% 11% 20%
T3 (FW) 10% 2% 8% 0.5% 9% 18% 16%
T4 (RW) 5% 1% 15% 2% 13% 7% 11%

Source: Author’s production.

Disregarding the season, the CV among the local stations shows that the variability
decreases as the river flows downstream, emphasizing the gradual dilution of the
tributaries inputs to the mainstream (Table 4.6). Despite the high variability, there is
no statistically significant difference (p>0.05, Kruskal-Walis test) for all parameters
among the local stations except for S;75.95. The latter parameter had a significant
difference among samples measured at Obidos and Macapa (p<0.05, Dunn’s post hoc),
underlining the relevant action of the DOM degradation processes along the

mainstream course.

Table 4.6 - Coefficients of variation of acpom(443), S275-205, 0p(443), Spaco-s00, SPM, chla
and R.(761) along the Amazon River mainstream (considering all
hydrological seasons together) for the main stations: Obidos (N=12),
Almeirim (N=12) and Macapd (N=45).

Obidos Almeirim Macapa

acoom(443)  22% 16% 11%
S275.205 2% 2% 0.50%
a,(443) 65% 46% 44%
S p400-800 9% 6% 10%

SPM 52% 46% 33%
chla 40% 30% 28%
R(761)  65% 50% 46%

Source: Author’s production.
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4.3.4 River transversal bio-optical variability

Along the downstream path, the channel bed roughness of a river is usually irregular
and governs the water velocity. The friction against the bottom and mudbanks
decreases the water velocity. As a matter of fact, the water at the surface in middle of
a river reaches its maximum speed while both at bottom and sides of a river the water
moves slower (DOWNS et al., 2002). The Figure 4.5 explicitly shows how different are
the river bathymetry at specific stations (Obidos, Almeirim, Macapd South and Macapa

North channels), and underline the higher velocity of the river flow in the middle of the

channel.

Figure 4.5 - Bathymetry and velocity profile of the Amazon River at Obidos, Almeirim,

Macapa South and Macapa North channels.
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In a global perspective, the average of the parameters in each margin per season,
demonstrates that the border of the mainstream has higher concentration of SPM and
chla, and the center has a higher concentration of CDOM. This pattern is consistent in
all local stations, except for SPM at Macapa North Channel, possibly associated with
the high SPM measured during the RW season and an influence of the irregular floor of

the channel (Figure 4.6).

Figure 4.6 - Spatial distribution of bio-optical variability across the Amazon River
channel at three sampling stations.
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It is plausible to argue that high SPM at the borders are related to terrestrial inputs
(FILIZOLA; GUYOT, 2009; DUNNE et al., 1998) and that high chla are related to a
decrease of the current velocity, as the related reduced turbulence favors
phytoplankton growth (WU et al., 2011; SELLERS et al., 2003). Nevertheless, a statistic
evaluation shows that the bio-optical properties acpom(443), chla and SPM, do not
have a significant difference among the margins and the center (p>0.05, Kruskal-Walis
test) for all locations studied (Obidos, Almeirim, Macapd North and Macapa South
channels). For the entire period of cruises along the Lower Amazon (2014-2016),
acoom(443) had the lowest variability at the margins, followed by SPM and chla (6%,

11% and 13%, respectively). All the coefficients of variation are reported in Table 4.7.

Table 4.7 - Coefficients of variation of chla, acpom(443) and SPM for the margins along
the mainstream Amazon River during different discharge seasons.

Macapa
Obidos Almeirim Macapé North South
Channel Channel
T1 (HW) 24% 3% 11% 24%
T2 (LW) o H'?D 16% 11% 8% 7%
<
T3(FW) © E  23% 15% 6% 2%
T4 (RW) 6% 16% 28% 4%
T1(HW) = 7% 3% 4% 2%
T2 (LW) Eﬂ.’g‘ 7% 26% 1% 4%
=
T3 (FW) 8= 5% 2% 6% 7%
T4(RS) 13% 6% 3% 3%
T1 (HW) -- - -- --
T2(LW) s 9% 13% 7% 5%
a oo
T3(FW) Y £ 1% 30% 22% 15%
T4 (RW) 9% 9% 9% 5%

Margins: left, center and right. Locations of stations: Obidos, Almeirim, Macapd North
and Macapa South Channel. Discharge seasons: High Water (HW), Low water (LW),
Falling water (FW) and Rising Water (RW).

Source: Author’s production.
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4.3.5 Tidal impact on the Amazon bio-optical variability

The tidal influence over biogeochemical parameters on the lower reaches of the
Amazon River was the focus of the last two cruises (T5 and T6 campaigns). Tidal impact
on river flow and biogeochemical parameters (e.g. SPM, dissolved organic carbon) at
the Amazon River and other large rivers has been the subject of many studies reported
in the literature (SAWAKUCHI et al., 2017; KOSUTH et al., 2009; UNCLES et al., 2002;
JAEGER; NITTROUER et al., 1995). Near the Amazon mouth, the tide can completely
reverse the flow toward the river upstream, increasing the water residence time and

turbulence (SAWAKUCHI et al., 2017).

The decrease in river discharge caused by the tidal effect is obvious during the LW (T5)
and HW (T6) seasons for both Macapda South and North channels (Figure 4.9). On the
other hand, the variation of the assessed optical and biogeochemical parameters was
not so clear (Figure 4.7). Nevertheless, the parameters acpom(443), SPM and R,(671)
have an oscillation throughout the 13 hours sampling period and generally, seems to
be responding to the tidal cycle. During the LW the parameters had lower variability

than during HW, and for both seasons, CDOM had the lower CV (<10%) (Table 4.8).
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Figure 4.7 - River discharge and tidal variability of radiometric and bio-optical

properties.
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Table 4.8 - Coefficients of variation of acpom(443), SPM and R,s(671) according to tidal

cycle.
MSC/MNC aCDOM(443) SPM Rrs(761)
T5 (LW) 6%/6% 9%/8% 19%/12%
T6 (HW) 3%/1% 34%/24%  13%/14%

Stations: Macapa South (MSC) and Macapd North (MNC) channels. Discharge seasons:
Low water (LW) and High water (HW).

Source: Author’s production.
4.4 Final considerations

The present chapter describes the bio-optical and radiometric variability along the
Lower Amazon, considering different spatial-temporal scales. The objectives of this
chapter was: i) characterize the optical and biogeochemical variability of the Lower
Amazon including the mainstream and tributaries within the entire hydrological cycle
and identifying OWTs that synthetize the optic characteristics of each system and
phase; ii) characterize the downstream optical and biogeochemical variability in the
mainstream: from Obidos to the mouth; iii) characterize the optical and
biogeochemical variability transversally within the mainstream channel; and iv)

characterize the tidal diurnal cycle effects at the mainstream river mouth.

adcpom from Amazon River and CW rivers showed similar values in average which is in
consonant with previous studies in the region. CW acpom and S;75.295 presented a
higher variability indicating the influence of the Amazon River overflow onto the
sampling stations at the tributaries. The dissolved organic matter at CW had lower
molecular weight, in comparison to the Amazon River, as indicated by the higher S,7s.
295. This suggest a higher impact of photobleaching rates in CW and less organic matter
input from the margins. More details about CDOM dynamics are given in the following

chapter.
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ap, had a good relationship with SPM measurements suggesting a high concentration of
organic particles, especially in CW rivers. As expected, CW rivers had the lowest values
of SPM, and the samples collected during the RW in the Amazon River had the higher
values. The variability of a,(443) : SPM at CW is also higher, indicating the influence of
the Amazon mainstream onto the tributaries. Further studies are necessary to
understand the variability of S, observed at the Lower Amazon. At this point it is not
clear if the slope found here is able to trace the relative proportion of organic and
inorganic particles, while this potential was underlined for coastal waters (BABIN et al.,

2003).

The optical classification presented here highlighted four distinct OWT for the Lower
Amazon, regarding the seasonality. Aside from the evident difference of Amazon River
and CW, these classes are subdivided in two branches: Rising-High waters and Falling-
Low waters. During the Rising-High seasons, the Amazon River overflows and mixes
with the water of tributaries, increasing the amount of SPM. In addition, the overflow
of the Amazon River can promote phytoplankton bloom at CW rivers by achieving the
optimal balance between the nutrients input coming from the Amazon waters and low
turbidity of CW rivers that allows more light passing through the water. For the
Amazon River one class gather samples of FW, LW as well as HW from R,; measured
during the first campaign (T1). The second class gathers samples of RW and HW from
R,s measured during the last campaign (T6). The difference between the HW from the
first and last campaign can be related to a discharge time shifting (Figure 3.4, and see
discussion on Chapter 5, section 5.3). The class formed by Rising-High water presented

an increase R, signal from green to NIR related to the considerable increase in SPM.

The spatial variability along the mainstream shows a concentration decrease of CDOM,
SPM and chla downstream, suggesting a dilution of the waters as the contribution of
the inputs from the Amazon tributaries is increasing. The variability of the assessed

parameters through the seasons as well as among local sampling at the river course,
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didn’t present a significative difference, except for the S,75.,95 indicating a decrease in

DOM molecular weight by DOM degradation processes.

Finally, the assessment of small-scale regarding the spatial and temporal variability,
shown some slight higher values of SPM and chla at the Amazon River margins, and
CDOM at the center of the river, but this difference is not statistically significant. The
same conclusion can be performed regarding the tidal influence. Although the bio-
optical parameters tend to follow the tide cycle, no meaningful difference can be

evidence could have been evidenced from the current data set.
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5 USING CDOM OPTICAL PROPERTIES FOR ESTIMATING DOC CONCENTRATIONS
AND pCO, IN THE LOWER AMAZON RIVER

5.1 Introduction

Terrestrial humic substances are the dominant contributor to DOM in freshwaters
(WETZEL; LIKENS, 2000). DOC is the major fraction of DOM active in the global carbon
cycle, with fluvial export of DOC providing the largest flux of reduced carbon (0.25 Pg C
y'l) from land to ocean (BATTIN et al, 2008). The fraction of DOM that absorbs
ultraviolet (UV) and visible light, CDOM, is one of the major contributors to the
absorption budget of most freshwaters. Freshwater systems also contain large
amounts of CO, relative to the atmosphere (WARD et al., 2017). In small streams most
CO, is derived from soils and groundwater inputs (JOHNSON et al., 2006), whereas in
large riverine systems the input and in situ degradation of DOM by both microbes
(WARD et al., 2018) and UV light (KOEHLER et al., 2014) is a major source of CO,, which

is subsequently outgassed to the atmosphere.

The importance of freshwater systems on controlling the export and transformation of
terrestrial DOM and the intimate relationship between these dynamics and pCO, is
well recognized (SAWAKUCHI et al., 2017; WARD et al., 2017, 2015; RICHEY et al.,
2002). However, there is still a lack in the detailed understanding of how these
dynamics vary in space and time, particularly in the tropics, which contribute
disproportionately to global CO, emissions and DOM export from inland waters
(LAUERWALD et al., 2015; RICHEY et al., 2002). The rivers in the Amazon basin, for
example, are estimated to outgas from 0.5 to 1.39 Gt C yr'1 (SAWAKUCHI et al., 2017;
ABRIL et al., 2014).

The dynamics of CDOM, DOC and pCO, in the Amazon River are largely influenced by
the seasonal changes in the river discharge (CURTARELLI et al., 2016; VIHERMAA et al.,
2016; WARD et al., 2015; MOREIRA-TURCQ et al., 2013; RUDORFF et al., 2011; RICHEY

et al., 2002). Seasonal variation in the rainfall intensity over the Amazon basin can also
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induce strong modulation in the quality (lability) of the DOC delivered to the river
(RICHEY et al., 2013; NEU et al., 2011; JOHNSON et al., 2006). Several recent studies
have emphasized trends towards the occurrence of extreme climatic events in some
regions of the Amazon basin, illustrating the potential impact of such events on rain
and river discharge patterns in the area (CORREA et al., 2017; JIMENEZ-MURNO?Z et al.,
2016; MARENGO; ESPINOZA, 2016; ESPINOZA et al., 2014).

Sawakuchi et al. (2017) estimated that ~0.48 Pg C year ' of CO, could be outgassed
just from the Lower Amazon River, if the entire spatial extent of the geographical
mouth is considered, fueled primarily by the metabolism of DOM (WARD et al., 2018;
2013). But the extreme heterogeneity and vast scales of the region make it difficult to
interpolate over space and time, suggesting that suitable means of remote sensing

could provide much-needed insight into the dynamics of this complex region.

The objective of this chapter is to investigate the potential use of CDOM absorption
coefficient for estimating DOC concentration and pCO, in the Lower Amazon River
along a 900 km transect from the historic downstream gauging station, Obidos, to the
river mouth with samples collected in contrasting water types (clear and turbid waters)
under different discharge conditions. This chapter provides the first bio-optical
approach for assessing the carbon content at the Lower Amazon, a region recently
pointed out as one of the most active CO, emission areas among inland waters

(SAWAKUCHI et al., 2017).

Numerous studies have aimed to relate acpom to DOC content in estuarine and coastal
waters (BREZONIK et al., 2015; VANTREPOTTE et al., 2015; FICHOT; BENNER, 2012;
SPENCER et al., 2012; MANNINO et al., 2008; CHEN et al., 2004; VODACEK et al., 1997;
FERRARI et al., 1996) to use the latter optical proxy assessing DOC distribution through
in situ or satellite observations. More recent studies have clearly emphasized the
presence of highly significant linear relationships between acpom and DOC in coastal

waters dominated by terrestrial inputs of DOM, further illustrating the strong seasonal
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and regional dependency in the link between CDOM and organic carbon content
(VANTREPOTTE et al., 2015; FICHOT; BENNER, 2012). While CDOM absorption at a
defined wavelength is providing quantitative information on DOM concentration, the
spectral slope of the CDOM absorption spectra in the UV domain [275-295 nm] (S;7s.
295) has been shown to provide relevant insights into DOM composition and origin
(FICHOT; BENNER, 2012; HELMS et al., 2008). The potential use of S,75.,95 as a relevant
optical proxy for the DOC-normalized absorption coefficient of CDOM have been
further demonstrated, emphasizing the interest of this descriptor for better
constraining the natural variability in the CDOM to DOC relationship at both seasonal
(FICHOT; BENNER, 2011) and regional (DANHIEZ et al., 2017; VANTREPOTTE et al.,
2015) scales. High Sj;75..95 values are usually related to highly (biologically or
photochemically) degraded DOM (NELSON; SIEGEL, 2013; FICHOT; BENNER, 2012;
HELMS et al., 2008). Helms et al. (2008) have further documented the interest of the
ratio of two narrow spectral slopes (Sg; S»75.295/S350.400) for assessing the molecular

weight of the DOM within CDOM-rich waters.

Various potential descriptors of pCO, variability in inland ecosystems have been
recently documented. A strong linear dependency between pCO, and DOC content has
been for instance emphasized within diverse boreal and temperate inland waters
(LAPIERRE; DEL GIORGIO, 2012; LARSEN et al., 2011; SOBEK et al., 2005). The presence
of such relationship in tropical regions was conversely not confirmed, including some
Brazilian lakes of the Amazon basin (PINHO et al., 2015; MAROTTA et al., 2010). CDOM,
more likely adapted to the development of ocean colour remote sensing based pCO,
inversion algorithms, has been also considered as a potential proxy for pCO, (KUTSER
et al., 2015; LOHRENZ et al., 2006; CLARK et al., 2004). However, the potential use of

CDOM for estimating pCO, in the Amazon waters still need to be evaluated.
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5.2 Materials and methods

The dataset used in this chapter consists in CDOM and its subproducts (S275.295, S350-200
and Sg), DOC, pCO,, temperature and chla measurements for the Lower Amazon
region, during the years of 2014-2017, contemplating all discharge seasons (TROCAS
campaigns: T1 (HW), T2 (LW), T3 (FW), T4 (RW), T5 (LW) and T6 (HW)). The data were
collected at the Amazon River and other CW rivers. pCO,, chla and temperature data
are not available for T6. Since the number of DOC and pCO, measurements is lower
than CDOM and chla, the dataset was reduced to equal the number of samples (Table

5.1).

Table 5.1 - Total of in situ data for the campaigns during the years of 2014-2017.

Total
Parameter
samples
acoom(A) (m-l) 80
DOC (umol LY 80
pCO; (natm) * 69
chla (mg ok 69
Temperature (°C)* 69

* Data not available for TROCAS 6 campaign
Source: Author’s production.
5.3 Results and discussion

5.3.1 Optical and biogeochemical variability of the Lower Amazon River and

tributary waters

Over the studied period, the average values of chla (1.2 + 0.45 mg L™), DOC (306 + 27
umol LY, pCO, (2777 £ 1719 patm) and temperature (29.8 + 0.8 °C) recorded over the

Lower Amazon River were in the range of observations previously reported in the
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region (SAWAKUCHI et al., 2017; PINHO et al.,, 2015; WARD et al., 2015; MOREIRA-
TURCQ et al., 2013). The average acpom(412) (m™) for the Amazon River during these

cruises (3.6 + 1.0 m™) was similar to the acpom(400) value (2.97 m™) reported for the

Curuai floodplain (KUTSER et al. 2016) (Table 5.2).

Table 5.2 - General statistics for clearwater (CW) and Amazon River stations
considering all sampling periods (2014-2017).

CW Amazon River
cV cV
AveragezSD Range AveragezSD Range
% %
DOC (umol L)  271+103 40  134-503 306 + 27 9  266-377
acoom(412)(m’

Y 33+15 45  1.0-5.9 3.6+1.0 28  2.5-7.0
a*CDOM(412) 0.012 + 0.005- 0.012 + 0.009-
(m%mmol™) 0.004 34 0.019 0.002 20  0.018
S (Y 0.015 + 0.013- 0.014 + 0.013-
275293 0.002 11 0.019 0.0004 3 0.015
. () 0.017 + 0.014- 0.016 + 0.015-
320-400 0.001 8 0.018 0.001 4 0.018

_ 0.80-
Slope Ratio

091+0.16 16 0.77-1.26 0.87 +£0.03 3 0.94

1045-
pCOz (Hatm) 010414720 73 451-5030 2777+1789 62 6474

chla (mg L") 6.4+7.6 118 1.7-31.3 1.29+3.8 30 0.6-2.2

28.5-
Temp (°C
emp (°C) 301+0.7 2 289316 29.8+0.8 3 30.7

General Statistics: maximum, minimum, mean, standard deviation — SD, and coefficient
of variation — CV.

Source: Author’s production.

Amazon River samples had slightly lower temperature and chla values than the CW

tributaries, with their higher primary production rates and lower turbidity (GAGNE-
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MAYNARD et al., 2017) (Table 5.2). All parameters other than temperature generally
presented a higher seasonal variability for the CW stations compared to the
mainstream. Average acpom(412) values were similar between Amazon River and CW
samples (3.6 vs 3.3 m?, respectively). However, higher DOC and pCO, were observed in
the Amazon River waters when compared to the other rivers. On the other hand, CW
rivers generally had higher values of S,75.595 and Sg (0.015 nm™ and 0.91, respectively,
p<0.01) indicating differences in DOM quality between these different waters of the
Amazon basin. The highest values for S,75.,95 and Sg were found in CW tributaries when
compared to those collected within the Amazon River (0.014 and 0.87 nm?,
respectively), suggesting presence of lower molecular weight DOM that could be
attributed to the higher abundance of algae and a higher photo-oxidation (HELMS et
al., 2008) at more transparent and lentic CW. These results are similar to molecular
level differences in DOM composition previously observed in the Tapajés and Amazon

rivers (SEIDEL et al., 2016).

All parameters other than temperature generally presented a higher temporal
variability for the CW stations, emphasizing the seasonal modulation in the intensity of
the water mixing of the clearwater rivers and Amazon River according to the discharge

season (Table 5.2).

Two different seasonal patterns regarding the DOM dynamics could be identified in
the Amazon River (Table 5.3). First, average CDOM and DOC values for samples
corresponding to T1, T2, T3 and T5 cruises are following the discharge patterns with a
clear co-variation between CDOM and DOC levels. The highest CDOM and DOC average
values (Table 5.3, 4.6 and 4.7 m™, 297 and 337 umol L™ for CW and Amazon River,
respectively) were found during HW discharges conditions (T1), while the lowest ones
(Table 5.3, 2.8 m™" and 287 pmol L' for the Amazon River) occurred during low
discharge conditions (T2 and T5), especially during T5 due to a severe drought in 2016
related to an El Nifio event (JIMENEZ-MURNOZ et al., 2016). Intermediary values (Table

5.3,2.6 and 4.2 m™, 171 and 313 pumol L™ for CW and Amazon River, respectively) are
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found during transition period (falling conditions, T3). The latter pattern tends to

suggest that the DOM concentration of the Lower Amazon region is mainly driven by

the intensity of the river discharge and therefore the inputs from land-floodplains, as

has been also reported in the literature (ABRIL et al., 2014).

Table 5.3 - Average of parameters for each sampling campaign for the clearwaters

(CW) and Amazon River (Am) samples.

5 | T6
T1 HW T2 LW T3 FW T4 RW w | v
cw Am cw Am cw Am cw Am Am Am
oc 297 337 186 303 171 313 371 381 287 420
wmol 1Y) + + + + + + + + +
72 20 41 22 22 64 8 15 12 24
acow 46 47 17 33 26 42 39 36 28 33
(412) (m’
1 + + + + + + + + + +
03 11 1 07 07 04 13 03 03 01
0.01 0.00
0.01
a*oom(4 0.01 001 001 001 001 4% 001 0.00 8
12) 6t 4t 0t 1t 5% o0 0 9%
(m>mmo 0.00 0.00 0.00 0.00 0.00 3 0.00 0.00 t t
-1
I 28 23 51 17 23 22 05 400 000
07 05
0.01 0.01
001 001 001 001 001 001 001 0.01
5275295 4+ 4+ 7+ 4+ 5+ 4+ 4+ 4+ > >
B - B - B - B - + +
0.00 000 0.00 000 000 000 000 000 - -
(nm?) 06 04 19 06 11 03 o7 o3 000 000
3 02
0.01 0.01 0.01
s 001 001 001 6% 001 001 001 001 7 8
P40 6+ 6+ 5+ 000 7+ 7+ 8+ 7+ N N
000 000 000 1 000 000 000 000 -
() 04 05 07 01 03 05 04 000 0.00
nm 03 o1
Continue
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Table 5.3 — Conclusion.

08 086 118 089 087 085 081 0.82 0388 0.82

Slope + + + + + + + + + +
Rato  0.01 001 008 004 006 002 0.04 002 002 001
1590
3345 853  + 1888 1146
4779 2104 3981 2115
pco, 1685 &+ % 458 . 4 4 % %
(natm) 1060 529 1486 1414 1213 495 93  —ee-
171 1 62 17 24 08 47 14 14
chla t t t t t t t t t

(mg 142 02 2 03 05 02 28 04 01
1) B @ B e

29.7 288 308 303 294 29 303 301 303
Temp = 5 * + 5 + + + s

(°C) 0.05 0.2 0.6 0.3 0.4 0.2 0.4 0.6 05 -

269048
284100 117785 265028 205013 98237 *

(m%/s) 2769 835 1731 965 164

Average * standard deviation

Source: Author’s production.

Specific situations departing from such general seasonal modulations were, however,
observed during T4 and T6. For these two cruises acpom(412) values remained
relatively low (3.6 and 3.3 m?, respectively), when compared to the corresponding
DOC contents (381 and 420 umol L), leading for these two cruises to the lowest
a*coom(412) average values (0.009 and 0.008 m2.mmol?, for T4 and T6, respectively,
see Table 5.3). The patterns observed for T4 and T6 tend to indicate that the terrestrial
inputs of DOC and CDOM to the Lower Amazon are not fully co-varying with the river
discharge. As a matter of fact, the correlation between DOC average values and the
discharge data are much higher when excluding rising condition measurements (R’=

0.16 considering all the cruises and 0.79 excluding T4 and T6, data not shown), with
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relatively high DOC contents with respect to the corresponding Amazon discharge

levels for these two cruises (Table 5.3).

The latter peculiar feature tends to indicate the presence of strong seasonal
modulation in the DOM quality according to the timing of discharge and not only its
intensity. T4 is corresponding to the RW season. In this case, the low CDOM-high DOC
situation might reflect a difference in the quality (lability) of the DOM accumulated in
source areas (e.g. floodplains, flooded forest, seasonally isolated lakes, see e.g., ABRIL
et al. 2014) and then mobilized during the increase of the Amazon waters level. The
situation for the T6 samples (April 2017, beginning of the high season) is globally
similar to the one found during T4 (February 2016). During the year of 2017 a
modification occurs in the general river discharge pattern, probably linked to the El
Nifio event of 2015-2016 (CUNHA; STERNBERG, 2018; JIMENEZ-MURNOZ et al., 2016),
as illustrated here by the delay of about one month in the maximal discharge values
recorded at Obidos in 2017 (beginning of May), when compared to the conditions
observed from 2014 to 2016 (late May, Fig. 3.4). This suggests that besides seasonal
modulation, inter-annual variability in the timing of the hygrometric regime can
modulate the quality of the DOM mobilized from land-floodplain flush and delivered to
the river. Note that short time scale processes such as heavy rain event might also
represent another source of variability in the quality of the terrestrial DOM inputs, as
emphasized in other tropical environments (PEREIRA et al., 2014). Temporal variability
in the average S;75.295 and Sg are relatively narrow when compared to the variability
found at spatial scale between the different water types (CW, Amazon) investigated in
the frame of this study (Tables 5.2 and 5.3). The slightly lowest Sk values found for T4,
T6 might suggest the presence of DOM with a higher molecular weight for these two
cruises when compared to the other cruises. However, the understanding of the
source and sink mechanisms driving this apparent heterogeneity in the DOM
characteristics of the Lower Amazon according to the discharge conditions (intensity

and timing), would require additional measurements including some specifically
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dedicated to the characterization of the seasonal DOM dynamics within the diversity of

source areas surrounding the Lower Amazon.

The latter temporal patterns were not observed for the pCO, values. An ANOVA of
pCO, between different seasons, combined with a post-hoc test (Tukey HSD for
unequal N), reveals that pCO, for the stations of the Amazon was higher during the
HW (T1) and FW (T3) seasons while the data for the other cruises showed the same
mean values (p > 0.05). In contrast with the Amazon samples, no clear seasonal
pattern can be found regarding the biogeochemical and bio-optical properties of the
CW samples. This might be related to the higher complexity of the factors driving DOM
dynamics for the corresponding water masses which result for the balanced effects of
autochthonous and allochthonous DOM inputs, mixing processes between CW and
Amazon River waters and modulation related to both bacterial and photochemical
degradation processes. Low CDOM and DOC values are found during the LW and FW
seasons (T2 and T3, respectively) translating the combined action of low allochthonous
(low land flush) and autochthonous (low chla) sources of DOM. As observed for the
Amazon River, high DOC values recorded for CW during T4 were not associated with an
equivalent raise in the CDOM values reinforcing the peculiar characteristics of the
DOM input during the rising season. No seasonal difference was found in the pCO,

recorded for the CW samples (p > 0.05).

In order to illustrate the spatial variability from the Lower Amazon to the river’s
mouth, averaged DOC, pCO;, a*cpom(412) and S are represented for each cruise in
Figure 5.1. Since acpom(412) spatial variability is proportional to acpom(443) presented
in Chapter 4 (section 4.3.3), acpom(412) and S;75.95 spatial distribution are not
represented in Figure 5.1. The spatial distribution shows that the carbon content (DOC:
Figure 5.1.C, and pCO, Figure 5.1.D) generally decreased from Obidos to the river
mouth. This general pattern remained consistent for all the seasons sampled, except
for DOC during the falling season (T3), which tended to increase towards the mouth of

the river (Macapa), while no similar pattern could be observed for CDOOM (Chapter 4,
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section 4.3.3, Figure 4.8.A). The increase of DOC along the transect Obidos-Macapd
was reported by Ward et al. (2015) as a result of the combination of strong organic
matter inputs from tributaries and floodplains and the degradation of particulate
carbon into dissolved molecules. Such high export rates of labile organic matter from
floodplains to the river during the FW season, was also reported by Moreira-Turcq et
al. (2013). However, this labile material does not persist further out into the plume
once exported to the ocean, leaving behind a background of recalcitrant DOM

(MEDEIROS et al., 2015; SEIDEL et al., 2015).

Figure 5.1 - Spatial distribution of biogeochemical parameters along the Amazon

mainstream.
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The parameters were averaged for each station per season. The first station is at
Obidos (~900 km from the mouth). The middle of the transect is at Almeirim (~450 km
from the mouth). The transect ends at the Amazon mouth, in Macapa, and T5 and T6
were sampled at the river mouth only.

Source: Author’s production.
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The opposite trend of CDOM and S;75 595, discussed in the previous chapter (Chapter 4,
section 4.3.3, Figure 4.8.A), is also illustrated here by the general sharp decreasing
patterns in a*cpom(412), translating differences in the intensity of the degradation

rates for DOC and CDOM along the Amazon water course (Figure 5.1.A).

Note that the carbon content, DOC and pCO, spatial distribution, also has a slight
inflexion point at Almeirim (Figure 5.1), emphasizing a potential influence of inputs of
the CW from the Paru River on the biogeochemical characteristics of this area (WARD
et al., 2016) (Table 5.2). The decrease in the CO, degassing along the Lower Amazon
River region reported here, is consistent with previous observations provided by

Sawakuchi et al. (2017).
5.3.2 acpom(412) to DOC relationships

Considering the whole data set gathered in the frame of this study, the direct
relationship between acpom(412) and DOC (N = 80; R’= 0.17, p<0.05) had a low
accuracy (Figure 5.2.A). This absence of general co-variation between CDOM and DOC

can be related to two specific features, as explained below.

First, Amazon River water samples for T4 and T6 present a pattern very different from
the other cruises, with a general decoupling between CDOM and DOC data (Figure
5.2.A). This absence of co-variation between CDOM and DOC for T4 and T6 can be
related to the peculiar characteristics of the terrestrial DOM inputs induced by land-
floodplain flush during the rising of the Amazon waters. Here, the decoupling observed
between CDOM and DOC could translate a spatial and temporal heterogeneity in the
DOM sources mobilized during such discharge conditions. Floodplain areas
surrounding the Amazon have been for instance showed to be extremely
heterogeneous in terms of vegetation-water connections (CUNHA; STERNBERG, 2018;
ABRIL et al., 2014). However, no information about the DOM dynamics in the latter

water bodies is currently available.
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Second, a clear discrepancy in the link between CDOM and DOC exists when
considering the CW (whole data set) and Amazon samples (for T1, T3 and T5)
separately (Figure 5.2.A). When splitting these data (Figure 5.2.B), two different
significant linear relationships between acpom(412) and DOC can be drawn (Figure
5.2.C, Amazon River: N=42, R2=0.74, p<0.05; CW: N=13, R? = 0.57, p<0.05) underlining
the strong biogeochemical heterogeneity of the Amazon basin water masses. The
dispersion around these two relationships can be partly attributed to seasonal
modulation in DOM quality; however, more data are needed to clarify the impact of
these seasonal patterns, especially for the CW data set which is relatively small (N=13).
Note that the presence of such linear dependency between CDOM and DOC is not due,
unlike coastal waters, to mixing processes, but more likely to a parallel (biological and

photochemical) degradation of both CDOM and DOC along the Amazon River course.

95



Figure 5.2 - Direct relationship between acpom(412) and [DOC].
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A) All data from the Lower Amazon (N = 80; R? = 0.17, p<0.05); B) Amazon River (T1-T3, T5), (N
= 42, R® = 0.74, p<0.05) and CW rivers (N = 13, R* = 0.57, p<0.05); C) Scatter plot of estimated
[DOC] as a function of the direct relationship of in situ [DOC] and acpom(412) (Amazon River: N
= 42, R* = 0.74, RMSE = 14, Bias = -0.2; MRAD = 4; CW rivers: N = 13, R2 = 0.57, RMSE = 71, Bias
= -8; MRAD = 26). Data from T4 and T6 (N=25) are not showed in a separated panel due the
absence of significant direct CDOM-DOC relationship. Solid lines represent 1:1 line and dashed
lines represent the 20% error lines.

Source: Author’s production.

The differences in the slope and offset values for the CDOM to DOC relationships
derived for the Amazon and CW samples (22.6 and 224 umol L™, 54 and 91.3 pmol L?,
respectively) suggest differences regarding the source and sink factors acting on DOM

dynamics in these two optically different water types of the Amazon basin. The higher
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average S;75.295 and Sg for the CW samples (Table 5.2) tend to indicate the presence of
DOM with lower molecular weight than for the Amazon samples. Such differences
might be attributed to variation in the DOM origin as larger contribution of the
phytoplankton derived DOM in CW (WARD et al., 2015) as well as variation in the
intensity of the photo-degradation processes (greater in the less turbid and more

stagnating CW samples of the Xingu and Tapajds rivers).

These results suggest that the estimation of DOC from CDOM absorption coefficient
using a simple linear model might be possible taking into account specific information
about the optical water type, and thus biogeochemical quality (Fig. 5.2.B, C). This
might be achieved using optical classification-based approaches whose advantages
have been demonstrated for diverse applications dealing with the estimation of
various biogeochemical products from ocean colour remote sensing (e.g. MOORE et
al., 2014; VANTREPOTTE et al., 2012; MELIN et al., 2011). However, the results from
this study also emphasize that such direct CDOM to DOC models are invalid and would
result in inaccurate estimations of DOC (e.g. T4: rising conditions, T6: shift in the

discharge timing).

Several studies have emphasized the use of spectral slope S,75.595 for assessing a*cpom
and thus better constraining the natural variability in the dependency between CDOM
and DOC at both seasonal (FICHOT; BENNER, 2011) and regional (DANHIEZ et al., 2017;
VANTREPOTTE et al., 2015) scales. The interest of using S;75.295 for estimating DOC
from CDOM was also evaluated in the frame of this study. As previously observed for
the direct CDOM-DOC relationship, a low correlation between a*cpom(412) and S,75.295
is observed when the whole data set is considered (N = 80; R?*=0.26, p<0.05). When
excluding the peculiar samples corresponding to T4, T6, a significant nonlinear
relationship can however be drawn between a*cpom(412) and Sy75295 for T1 to T3 and

T5 considering both Amazon and CW samples (Figure 5.3.A).
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Figure 5.3 - Relationship between S;75,95 and a*cpom(412) for the Lower Amazon

region.
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A) Relationship between S;75,95 and a*cpom(412) for Amazon River (T1-T3, T5),
clearwater rivers and T4, T6 Amazon samples (N = 80, R%=0.26, p<0.05), and zoom for
the relationship between acpom(412) and Sy75.595 for T4, T6 Amazon samples (N = 25),
Vantrepotte et al. (2015) fit for comparison; B) Estimated a*cpom(412) (Sy75-205
method) as a function of the measured a*cpom(412) for Amazon + clearwater rivers (N
= 55, R® = 0.58, p<0.05, RMSE = 0.002, Bias = -3; MRAD = 13), and for T4, T6 Amazon
samples (N = 25, R? = 0.78, p<0.05, RMSE = 0.0004, Bias = 0.001; MRAD = 0.016) in
log10 scale; C) Estimated [DOC] as a function of the a*cpom(412) and Sy75.295 for
Amazon + clearwater rivers (N = 55, R% = 0.54, p<0.05, RMSE =41, Bias = 0.16; MRAD =
13), and for T4, T6 Amazon samples (N = 25, R*=0.58, p<0.05, RMSE = 19, Bias = -0.33;
MRAD = 4) in log10 scale. Solid lines represent 1:1 line and dashed lines represents the
20% error lines.

Source: Author’s production.

This non-linear model is very close to the one proposed by Vantrepotte et al. (2015),
from a large data set gathering data collected within highly contrasting coastal waters

dominated by terrestrial inputs of DOM. Further, the general validity of this model,
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when considering the data of Amazon River (T1-T3, T5) and CW rivers, emphasizes the
interest of such S,75.,95 based approach for avoiding issues related to the use of water
masses information as suggested for direct CDOM to DOC linear models. It is worth
noting, however, that such a S;75,95 based model might induce a decrease of
performance in the DOC retrieval when compared to direct CDOM-DOC relationships,
as observed here especially for the samples collected during low water conditions
(relative errors reaching 20%, Figure 5.3.C). The results presented here further indicate
that a unique S»75.295 Vs a*cpom(412) model is not sufficient to take into account the
occurrence of very specific conditions such as the ones identified for the samples

collected during T4 and T6, for which a specific model is required (Figure 5.3.A).

Note that a significant relationship between S;75 295 Vs a*cpom(412) was found for these
samples (N= 25, R* = 0.78, p<0.05, RMSE = 0.0004, Bias = 0.001, MRAD = 0.016) (Figure
5.3.B) whereas a general scattering was conversely observed when looking to the
direct link between CDOM and DOC for the corresponding data (Figure 5.2.B). The
better result for T4, T6 in comparison to Amazon and CW (R? = 78 and R? = 58,
respectively, Figure 5.3.B) can be explained by the data set of similar bio-optical
characteristics. Amazon and CW gather samples from contrasted turbidity while T4 and

T6 where sampled only on Amazon waters with similar optical constituents.

Interestingly, a sharp non-linear relationship was found between acpom(412) and S;7s.
295 (Figure 5.4) as reported by other authors (VANTREPOTTE et al., 2015). This unique
relationship derived from the whole data set indicates the link between CDOM quality
and quantity, and suggests the possible assessment of S,75,95 from acpom(412) for

remote sensing applications.

The expressions and coefficients used to develop the relationship of CDOM-DOC are

documented in Table 5.4.
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Table 5.4 - Expressions and coefficients for the relationship a*cpom(412) vs S;75.295, So7s-
295 VS aCDOM(412) and aCDOM(412) vs DOC.

Coefficients and R?

General

General

Expression (Am + (Am + Regional Am Regcl\;\)/nal T1|_21_|rn6g
CW+T4,T6)  CW) ’
a=-6.99 a=6.00 --- - a=2.974
acpom (412)
= Qa b_
. (e(b'5275—295) b= -54.4 60_9-3 - — b=-38.83
— e(cS275-295)) :
+d
. c=-
(Figure 5.3) c=-63.4 5397 - - c=-35.46
d=0.40 d=0.30 --- --- d=0.09
R2 = 2
R*=0.2 -~ R’=07
0.26 0.58 0.78
a= 0.0425
S275-295 =
(a+b-(acpom12))) b= 0.1061
(C+d'(a¢:DOM(412)))
c=1 _— _— — —
(Figure 5.4) d=9.238
R*=0.85
DOC =a- a= a=
eoon + b a=30.59 32 59 a=22.61 cags 2 -69.76
. _ b= _ b= _
(Figure 5.2) b=223.2 176.48 b=2239 96.56 b =635.8
R’ = R’ =
2 _ 2 _ 2 _
R*=0.17 051 R°=0.74 0.57 R°=0.14

Source: Author’s production.
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Figure 5.4 - Relationship between acpom(412) and S,75.595 for all sampling campaigns (N
= 80, R* = 0.85, p<0.05).
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Source: Author’s production.
5.3.3 acpom(412) and pCO; relationships

Various studies have documented significant relationships between pCO, and DOC in
boreal and temperate inland waters (LAPIERRE; DEL GIORGIO, 2012; LARSEN et al.,
2011; SOBEK et al., 2005). Based on results from this study, we have not observed such
a link between pCO, and DOC in the Lower Amazon River waters (N=69, R2=0.04,
p>0.05, Figure 5.5.A). This result is consistent with other studies in tropical inland
waters (PINHO et al., 2015; MAROTTA et al.,, 2010; MAROTTA et al., 2009), also
emphasizing an absence of correlation between these two parameters in various
Brazilian lakes, including some located in the Amazon basin. Rather, the pCO, has been
related to rainfall and temperature (FONTES et al., 2015; MAROTTA et al., 2010;

MAROTTA et al., 2009). In contrast, a strong linear positive relationship was found here
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between acpom(412) and pCO, (Figure 5.5.B and 5.6.A, (pCO;, = 1240 * acpom(412) -
1845; N=69, R2=0.65, RMSE= 979, p<0.05). This general relationship between
adcoom(412) and pCO, seems to be less affected by the optical water type or river
discharge conditions, when compared to the results previously obtained regarding

CDOM to DOC relationship.

Figure 5.5 - Estimative of pCO, in the Lower Amazon region.
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A) DOC-pCO, linear relationship (N = 69, R? = 0.04, p>0.05) and; B) acpom(412)-pCO?
linear relationship (N = 69, R?=0.65, p<0.05) in the Lower Amazon region.

Source: Author’s production.

Several studies have demonstrated the use of chla and surface temperature data (T) as
a predictor for pCO, in diverse river-dominated coastal areas (HALES et al., 2012; ZHU
et al., 2009). CDOM has also been used in combination with the aforementioned
parameters as a proxy for salinity or humic substances (BAl et al., 2015; KOSTEN et al.,
2010; LOHRENZ; CAl, 2006). The chla measurement indicates the presence of
phytoplankton and therefore primary production that fixes CO,, leading to lower
values of pCO, (SUBRAMANIAM et al., 2008). Inversely, higher temperatures decrease
the solubility of CO, (ZREDA et al.,, 1999) and DOM availability enhances bacterial
respiration leading to higher pCO, (SAWAKUCHI et al.,, 2017; ELLIS et al.,, 2012;
MAROTTA et al., 2009; RICHEY et al., 2002).
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Individual regressions (Table 5.5) indicate that degassing fluxes related to CDOM-
degradation processes are the main factor driving pCO, dynamics in the Lower Amazon
explaining 65% of pCO, variability through a linear relationship (Figure 5.6.A).
Conversely, temperature and chla explain 49% and 30% of pCO, variability,
respectively, and pCO, exhibit a non-linear dependency with the latter two parameters

(Table 5.5).

Table 5.5 - Simple regression models describing the relationship of pCO, and CDOM,
temperature (T) and chla at the Lower Amazon.

Model pco, = R? RMSE N
1 1240 - acpoy (412) — 1845 0.65 979 69
2 1.48- 1030 - 7182 0.49 1200 69
3 3180 - chla 08 0.3 1411 69

Source: Author’s production.

The value added when including these two additional descriptors for estimating pCO,
was specifically assessed using polynomial multivariate regression considering
acoom(412), T and chla as descriptive variables. Results indicate that the inclusion of
both CDOM and temperature provide better pCO, estimates (N=69; R? = 0.80; RMSE=
757 patm, Bias = -13, MRAD = 26) than a model based on CDOM and chla (N=69; R? =
0.72; RMSE= 875 patm, Bias = -11 %, MRAD = 32 %). A chla and temperature-based
model provides the lower pCO; retrieval accuracy (N=69; R? = 0.54; RMSE= 1136 patm,
Bias = -16 %, MRAD = 39 %). Further, the consideration of CDOM, T and chla only
slightly improve pCO, retrieval (N=69; R? = 0.83; RMSE= 749 patm, data not shown)
when compared to the CDOM and T based model (Figure 5.6.B).
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Figure 5.6 - Estimative of pCO, for different sampling seasons, clearwater and Amazon
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A) Estimated pCO, as a function of the acpom(412) (N = 69, R* = 0.65, p<0.05, RMSE =
979 patm, Bias = -9, MRAD = 40, pCO; = 1240 * acpom(412) -1845); B) Estimated pCO,
as a function of acpom(412) and temperature (N = 69, R? = 0.80, p<0.05, RMSE = 757
patm, Bias = -13, MRAD = 26); C) Estimated pCO, as a function of acpom(412) and chla
(N = 69, R* = 0.72, p<0.05, RMSE = 875 patm, Bias = -11, MRAD = 32); D) Estimated
pCO; as a function of temperature and chla (N = 69, R? = 0.54, p<0.05, RMSE = 1136
patm, Bias = -16, MRAD = 39). All the figures are in log10 scale. Solid lines represent
1:1 line and dashed lines represent the 20% error lines.

Source: Author’s production.

The estimation of chla concentration from ocean colour remote sensing in very turbid
waters such as those from the Amazon River remains very challenging (SUN et al.,
2014; LE et al.,, 2013). The performance of models based on reflectance bands are

more suitable to retrieve chla in turbid environments (i.e. red and NIR) and has already
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been shown to provide a relevant alternative for this application, at least when chla
concentration is > 2mg m (LE et al., 2013; 2009; GITELSON et al., 2008; DALL'OMO;
GITELSON, 2005]. Such chla levels were rarely reached in this data set, with Amazon
River samples showing an average chla concentration of 1.24 + 0.45 mg m~ and
maximum value of 2.2 mg m™ (Table 5.2). Conversely, various studies have emphasized
the possibility of using remotely-sensed temperature estimations in inland waters with
a relatively high accuracy (DORNHOFER; OPPELT, 2016; DUGDALE, 2016; HANDCOCK et
al., 2012; ALCANTARA et al., 2010). Considering these issues, a formulation based on

CDOM and T for estimating pCO, in the Lower Amazon region could be developed:

pCO, = a.(acpoy(412)?) + b.acpoy(412) + ¢ +d.(T?) + e.T +
f.(acpon(412).T)

(5.1)

where T and acpom(412) represents the in situ river surface temperature and CDOM
absorption coefficient, with the equation coefficients equivalent to: a = 49.24, b= 3001,

c=4.828 x 10°, d = 526.6, e = -3.19 x 10* f=-83.52.

Similarly, various CDOM absorption inversion algorithms adapted to coastal or
freshwaters environments have been also recently documented (e.g. Cao et al., 2018).
Considering the latter feature, a formulation based on CDOM and T for estimating
pCO, in the Amazon waters is here proposed for assessing pCO, content, potentially

applicable for further applications of water colour remote sensing.

Interestingly, in contrast with the previous results on DOC, these results suggest that a
unique relationship can be used without distinguishing Amazon and CW data, or
considering specific rain conditions (T4, T6), highlighting a greater stability in the

factors driving CO, production, consumption, and outgassing.
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5.4 Final considerations

The major objective of this chapter was to assess the potential use of acpom(412) for
estimating DOC and pCO, content within the poorly-investigated region of the Lower
Amazon River. To achieve the main goal, the spatial-seasonal variability of the carbon

content was documented for the study period.

The heterogeneity of the DOM dynamics between clear and turbid water bodies of the
Lower Amazon River region was clearly observed. The prevalent impact of degradation
processes more likely related to bacterial activity has been further highlighted by the
changing optical properties of CDOM along the course of the Amazon River that agree
well with past observations of more degraded DOM molecular composition towards
the river’s mouth. Besides these general spatial features, a strong seasonal variability
was found for both CDOM and DOC values. While the seasonality in the Amazon River
discharge represents a major controlling factor for the DOM annual variation, results
also illustrate the complexity of the DOM temporal dynamics in the Lower Amazon.
Significant modulations in the DOM quality were specifically observed according to the
discharge timing at either seasonal (rising conditions) or inter-annual (El Nifio event)
scales. The understanding of the CDOM and DOC dynamics depicted here in the
Amazon mainstream would however need additional information specifically regarding
the seasonal variation in the quality of DOM inputs, considering the diverse source
areas surrounding the Lower Amazon (floodplains, flooded forest, seasonally isolated

lakes).

The potential for the assessment of DOC loads from a CDOM inversion algorithm was
investigated. Results demonstrate the strong heterogeneity of the water masses of the
Lower Amazon region with its clear and turbid waters, suggesting that assuming a
single direct CDOM to DOC relationship is problematic. While the use of S,75595 based
approach has been shown to represent a relevant alternative for assessing DOC from

CDOM in coastal waters, results here tend to indicate that such optical proxy can only
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partly describe the natural variability of the CDOM to DOC ratio in the inner Amazon. A
single S;75.295 based model is not able to capture the impact of DOM inputs potentially
related to the seasonal modulation in the quality of the DOM delivered to the river

from land—floodplain flush.

Finally, the results have demonstrated that CDOM absorption can be considered as a
relevant proxy of the pCO, in the Lower Amazon. A model based on CDOM and
temperature seems to provide the most reliable pCO, estimates (relative error of 26%
on average). The assessment of the CO, flux from the entire Amazon River, including
the lower reaches that are tidal-influenced, is crucial to understand the role of inland
waters to the carbon budget. For example, past global estimates of CO, emissions do
not include tidal rivers, and including the tidal reaches of the Amazon River, alone,
increase global CO, outgassing estimates by ~43% (SAWAKUCHI et al., 2017). Widely
applying the optical approach used here will allow a broader assessment of the lower
reaches of rivers worldwide and allow for more persistent monitoring of alterations to

aquatic carbon cycling under a changing climate.
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6 EVALUATION OF CDOM EMPIRICAL ALGORITHMS AND CARBON CONTENT
MAPPING USING MERIS IMAGES

6.1 Introduction

The accurate retrieval of CDOM information from remote sensing of optically complex
waters is not trivial. CDOM is measured by its absorption property and does not scatter
or reflect light (BRICAUD et al., 1981). CDOM has an exponential absorption curve that
increases as the wavelength decreases without peaks or troughs, such as the ones
observed for phytoplankton pigments absorption curve, can be evidenced (BRICAUD et
al., 1995; BRICAUD et al., 1981). A major issue for estimating CDOM from water colour
remote sensing information is the need to properly discriminate the CDOM absorption
from that related to NAP, which absorption spectra present a very similar shape.
Additionally, water colour remote sensing is based on the visible/NIR spectrum domain
(400~900 nm) where generally the sensors do not have a wavelength band dedicated
to monitor CDOM exclusively (BREZONIK et al., 2015). Although many studies used the
bands in the blue region (e.g. 412 and 443 nm) to assess CDOM, these bands are more
sensible to atmospheric correction issues specially over turbid waters (SHANMUGAM,

2012; SHI; WANG, 2009; WANG; SHI, 2007; RUDDICK et al., 2000).

Several efforts to retrieve CDOM information from satellite imagery have led to the
development of empirical inversion algorithms based on simple or multiple, linear and
nonlinear regressions. These empirical relationship between CDOM and reflectance
are usually based on band ratios (JOSHI et al., 2017; FICEK et al., 2011; DEL CASTILLO;
MILLER, 2008; D’Sa et al., 2006; KUTSER et al., 2005) although recent studies also uses

a combination of multiple bands (CAO et al., 2018).

The blue/green (green/blue) ratios are usually used for oceanic waters and/or waters
with similar optical characteristics, with a higher absorption of CDOM at blue
wavelengths compared to the chla, as well as lower contribution of CDOM in the green

spectra (MANNINO et al.,, 2014; GRIFFIN et al.,, 2011; SISWANTO et al., 2011;
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MANNINO et al., 2008; KARHU; MITCHELL, 2001; TASSAN, 1994). In waters with high
CDOM, as in coastal and inland waters, the use of the ratios based on the blue and red
wavelengths have shown better results for some investigations (KEITH et al., 2016;

MANNINO et al., 2014; TIWARI et al., 2011).

For inland waters monitoring purposes, the use of a suitable spatial resolution can be a
determinant aspect regarding the choice of an adequate sensor. For that, the Landsat-
8/0LI (30 m) and Sentinel-2/MSI (10-20 m) represent good alternatives to map CDOM
in terms of spatial resolution. Over inland waters, Brezonik et al. (2005, 2015)
illustrated the interest of considering band ratios partly based on the NIR information
for applications dedicated to Landsat TM (BREZONIK et al., 2005) or more recently to
Sentinel-2/MSI (BREZONIK et al., 2015). On the other hand, the temporal resolution of
Landsat (16 days) and Sentinel-2 (5 days) is not the best option for highly dynamic
waters. Another sensor that is commonly used to monitor inland waters is MERIS
(KUTSER et al., 2015; KUTSER et al., 2015b). Although it has a lower spatial resolution
(300 m) when compared to Landsat or Sentinel, is still suitable for large water bodies
as the Lower Amazon. MERIS sensor has spectral bands designed for remote sensing of
optically complex waters and nearly daily coverage, factors that enhances its

applicability (KUTSER et al., 2015).

The green/red band ratio is also often used for inland turbid waters applications.
Although the CDOM has a higher contribution to blue than green spectra, there are
other reasons why the green band is preferred. Atmospheric correction of blue
wavelengths is often problematic, especially in turbid waters (SHANMUGAM, 2012;
SHI; WANG, 2009; WANG; SHI, 2007; RUDDICK et al., 2000). Additionally, chla
absorption also influences blue band more than the green one (KUTSER et al., 2005).
Several studies show a good relationship between CDOM and green/red band ratio in
optically complex waters using a variety of remote sensing sensors with different
spatial and spectral resolutions (JOSHI et al., 2017; BREZONIK et al., 2015; KUTSER et
al., 2015; FICEK et al., 2011; DEL CASTILLO; MILLER, 2008).
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The reason why the performance of some band ratios is varying according to the study
considered is not fully understood (BREZONIK et al. 2005). One possible explanation
about the variability in the CDOM-reflectance relationship is the fluctuant proportion
of other bio-optical constituents that also rules the radiometric response of the water
system. Nevertheless, this non-uniformity increases prediction uncertainties at high
CDOM levels. Zhu et al. (2014) indicate that the selection of bands with relatively
longer wavelengths (> 600 nm) is more appropriate for inland CDOM-rich waters due
to the influence of DOM from terrestrial vegetation as well as to the presence of

significant amounts of particulate matter.

An accurate retrieval of CDOM optical properties from water colour remote sensing
represent a prerequisite for synoptically monitoring water carbon content (e.g. DOC
and pCO,) and studying its variability across different spatiotemporal scales.
Nevertheless, studies dealing with CDOM-based retrieval of DOC and pCO, in the
context of remote sensing applications are still scarce in optically complex waters, the
latter statement being especially true for rivers and transitional zones between fresh

and saline waters (CAO et al., 2018; JOSHI et al., 2017; VANTREPOTTE et al., 2015).

In this general context, the main objective of this chapter is to evaluate the
performance of empirical algorithms currently available in the literature to retrieve
CDOM from the remote sensing reflectance. This study didn’t aim to validate the
performance of the algorithm due to restrict dataset. The best performing CDOM
algorithm was applied to MERIS data to generate distribution maps of CDOM in the
Lower Amazon region. Using the algorithms developed in the previous chapter
(Chapter 5), S,75.295, DOC and pCO, maps are also generated for the study area. The
spatiotemporal variability of the carbon content is illustrated and discussed using

MERIS images for 2010 and 2011.
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6.2 Materials and methods

6.2.1 Empirical algorithms

The performance of seven (7) selected empirical algorithms from the literature was
evaluated based on the R,-CDOM coupled data gathered in the Lower Amazon.
Although each algorithm was developed for assessing acpom at various specific
wavelengths, this study specifically focused on the retrieval of acpom(412) considering
formulations based on different input variables. All the following algorithms were

fitted to the Lower Amazon in situ regional data set (N=100):

aCDOM(412) — 1.5 . 10(C0+C1R15+C2R%5+C3R25+C4,R%5) (6.1)
where: Rys = Log1o (%), R, = Logi, (2:;:;) (CARDER et al., 2003)
aCDOM(412) = 10(Co+C1R15+02R%5+C3R25+C4R%5) (6.2)

Rys443 R;5488 Ry5667
where: Rys = Logy (Rr:555)' Rss = Logs, (ﬁ), R¢s = Logay (ersss) (CARDER et

al., 2004)

ln(aCDOM(412)) = ag+ a;(Ry) + az(Ry) (6.3)
where: A: R, = R,;483 and R, = i—gi : B: R, = R,,565 and R, = I’:—Z:
s s
(BREZONIK et al., 2005)
acpom(412) = exp(—a+b-Ry+c-Ry) (6.4)
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Rrs565

where: Ry = R,;660 and R, = (GRIFFIN et al., 2011)

Ry5483
acpou(D) = a- XP (6.5)
where: X = 2219 (pysp et al., 2006); X = 2272 (FICEK et al., 2011); X = 2%
Rys555 Ry$655 Ry5660

(KUTSER et al., 2005); X = R”SGO

(SLONECKER et al., 2016; JOSHI et al., 2015 );

T'

RT5560 551

X =  (KUTSER et al. 2015); X = = (JOSHI et al., 2017)
aCDOM(412) = a-+ bX (66)
where: X = 2510 2 (CASTILLO et al., 2008); X = R”GGS(KEITH et al.,, 2016); X = =rs07
Rys670 Rys4 R;s488

(SCHAEFFER et al., 2015); X = ’;Si;g (TIWARI et al., 2011)

In (acpou (D)) =

a - In(R,s(443)) + B - In(R,5(488)) + v * In(R,5(531)) + & -

In(R,5(555)) + & - In(R,5(667)) + { (CAO et al., 2018)

(6.7)
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6.2.2 Satellite-based carbon content maps

The best performing empirical acpom(412) algorithm, based on statistical metrics (Rz,
RMSE, MRAD and Bias) was applied on MERIS images for the years of 2010 and 2011.
Likewise, S;75.295, pCO, and DOC algorithms developed on Chapter 5 were also applied
on MERIS images. The MERIS selected area is located at the Amazon River mouth
extending to the ocean and more information about MERIS imagery used in this study

are provided on Chapter 3, section 3.6.1.

6.3 Results and discussion

6.3.1 CDOM optical properties empirical inversion algorithms performance
6.3.1.1 CDOM absorption estimates

The performance of the selected CDOM inversion algorithms was assessed considering
coefficients calibrated with the in situ Lower Amazon data set (2014-2017). In general,
the algorithms that used band ratio with blue wavelengths had a poor performance (R?
= 0.02-0.47, Type of algorithms: Blue/Green, Blue/NIR, Red/Blue, Table 6.1). The best
regional empirical algorithms (R?>>0.6) are shown in bold letters on Table 6.1.
Green/Red band ratio-based algorithms together with multilinear relationship as
proposed by Carder et al.,, 2004 and Cao et al., 2018 provided the best fitting
accuracies (R® = 0.66 and 0.67, respectively (Table 6.1)).
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Table 6.1 - Empirical algorithms for estimating CDOM with the coefficients calibrated
for the Lower Amazon region.

Functio
Type of algorithm Name R’ n R;s band (nm)
Blue/Green 0.3
(multiband) Carder03 0 linear 412/555, 443/555
Blue/Green 0.6 443/555, 488/555,
(multiband) Carder04 6 linear 667/555
0.4
Blue/NIR (multiband) BrezonikO5A 7 linear R483, 483/830
0.4
Blue/NIR (multiband) BrezonikO5B 7 linear R560, 483/830
Green/Blue 0.0
(multiband) Griffin11 2 linear R660, 565/483
0.0
Green/Green D'Sa06 2 power 510/555
0.4
Green/Red Castillo08 4 linear 510/670
0.6
Green/Red Ficek11 3 power 570/655
0.6
Green/Red Kutser05 4 power 565/660
Slonecker16 0.6
Green/Red /Joshil5 1 power 560/655
0.6
Green/Red Kutserl5 4 power 560/665
0.6
Green/Red Joshil7 4 power 551/671
0.6
Multiband Caol8 7 linear 443, 488, 531, 555, 667
0.3
Red/Blue Keith16 9 linear 665/489
0.4
Red/Blue Schaeffer15 0 linear 667/488
0.4
Red/Blue Tiwarill 1 linear 670/490

Source: Author’s production.

Cao18 was developed based on many spectral bands available on MERIS and MODIS
sensors. Nevertheless, it is also worthy to note that the algorithms developed using ALI

(Kutser05), Landsat-8 OLI (Slonecker16, Joshil5) and VIIRS (Joshil7) spectral bands also
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showed a good performance (Table 6.1). Likewise, Kutser et al. (2015) formulation
using the spectral bands of Sentinel 3 OLCI (equivalent to MERIS bands) based on

green/red band ratio was also satisfying (Table 6.1).

In this study, a regional adaptation of Caol8 was also considered to retrieve

adcoom(412) in the Lower Amazon region from MERIS data as follows:

ln(aCDOM(412)) = q- ln(RTS(443)) +p- ln(RrS(490)) +y-
In(R,5(510)) + & - In(R,5(560)) + ¢ - In(R,5(665)) + ¢ (6.8)

where a = 1.006, f = —1.212, y = —0.486, § = —0.704, ¢ = 1.396, { = 0.943

This multiband relationship could retrieve satisfactorily acpom(412) for the study area

(N = 100, R? = 0.67, p<0.05, RMSE = 0.4, Bias = 0.4, MRAD = 8.2) (Figure 6.1.A)

Cao et al. (2018) aimed to retrieve acpom(355) across different estuarine and coastal
waters and therefore, in order to compare with the original algorithm provided by this
authors, acpom data measured for this study area at 355 nm were also considered

leading to the following regional algorithm:

In(acpom(355)) = @ -In(R,5(443)) + B - In(R,5(488)) + y -
In(R,5(531)) + & - In(R,5(555)) + € - In(R,5(667)) + ¢ (6.9)

where a =0.038, § =-0.871, y =—-0.035, 6§ =—-0.274, € =0.959, { =
—0.107 (Cao et al., 2018).

When Caol8 model is calibrated for the Lower Amazon region for acpom(355), the
performance of the regionally tuned model is improved (N = 100, R® = 0.78, p<0.05,
RMSE = 0.78, Bias = 0.5, MRAD = 6.8) when compared to the original Cao et al. 2018
algorithm (N = 100, R? = 0.36, p<0.05, RMSE = 1.5, Bias = -0.3, MRAD = 15.7), as
expected (Figure 6.1.B). Note however that the performance of the original method by

Cao et al. (2018) (a = 0.038, p = —0.871, y = —0.035, 6§ = —0.274, ¢ = 0.959,
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¢ = —0.107) is relatively poor especially for the medium CDOM ranges observed in the
study site (between 5 and 10 m™, Figure 6.1.B) where the retrieved CDOM shows a low

dynamic range, although the authors were emphasizing the generalizable feature of

their proposed formulation.

Figure 6.1 - Estimative of acpom in the Lower Amazon region.
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A) Estimated acpom(412) as function of a multivariate linear relationship adapted from
Cao et al. 2018 utilizing MERIS bands for the Lower Amazon (N = 100, R? = 0.67, p<0.05,
RMSE = 0.4, Bias = 0.4, MRAD = 8.2); B) Estimated acpom(355) as function of a
multivariate linear relationship Caol8 for the Lower Amazon using Cao et al. 2018
coefficients (N = 100, R%=0.36, p<0.05, RMSE = 1.5, Bias = -0.3; MRAD = 15.7) and this
study coefficients (N = 100, R>=0.78, p<0.05, RMSE = 0.78, Bias = 0.5; MRAD = 6.8);

Source: Author’s production.

Note that the dispersion of the samples observed along the fit line (Figure 6.1 A and B)
was not related to the seasonality or the optical classes developed on Chapter 4.

Therefore, a single algorithm could be used to assess the spatial and seasonal

variability of the Lower Amazon region.
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6.3.1.2 CDOM spectral slope retrieval

Besides acpom(355), Cao et al. (2018) also estimated S;,75.295 based on a multiple linear
regression using the same spectral bands applied for CDOM calculation. For the
purpose of comparison with the method proposed by Vantrepotte et al. (2015)
described in Chapter 5 (section 5.3.2), Cao et al. (2018) approach to estimate S;75 295
was also applied for the study area. Therefore, the following approaches were applied
(Figure 6.2): i) using the same wavelengths and coefficients developed by Cao et al,,
2018 for estuarine and coastal waters; ii) Caol8 model using MERIS bands and
coefficients calibrated for the Lower Amazon and; iii) Vantrepotte et al., 2015

(Vantrepottel5) model calibrated for the Lower Amazon

i) Multilinear reflectance formulation Cao et al. (2018)

In(Sy75-205) = a-In(R.s(443)) + B - In(R,5(488)) + v - In(R,s(555)) +
e In(R,s(667)) + ¢
(6.10)

where: a = —0.0537, f = 0.2689, y = 0.1017, 6 = —0.2097, ¢ = —0.0893, ¢ =
—3.685

ii) This study: same as equation 6.10 with a = —0.257, f§ =0.751, y =
—0.343, § = 0.111, £ = —-0.261, { = —4.140

iii) This study (acpom(412 based), Vantrepotte et al., 2015-like)

(a+b-(acpom(412)))
(c+d-(acpom(412)))

S275-205 = (6.11)

where: a = 0.0341, b = 0.031, ¢ = 0.9716, d = 2.579
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Figure 6.2 - Estimative of S,75.595 in the Lower Amazon region.
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Estimated S,75.295 as function of a multivariate linear relationship Caol8 using its
coefficients (N = 100, R = 0.38, p<0.05, RMSE = 0.006, Bias = 30.5; MRAD = 30.5) and
calibrated to the Lower Amazon (N = 100, R? = 0.72, p<0.05, RMSE = 0.0004, Bias = -
1.33; MRAD = 2.4); and nonlinear relationship Vantrepotte et al., 2015 calibrated for
the Lower Amazon (N = 100, R? = 0.83, p<0.05, RMSE = 0.0003, Bias = -0.6; MRAD =
1.7).

Source: Author’s production.
The nonlinear algorithm proposed by Vantrepotte et al., 2015 (N = 100, R? = 0.83,
p<0.05, RMSE = 0.0003, Bias = -0.6; MRAD = 1.7) showed a better performance than

the Cao18 approach (N = 100, R? = 0.72, p<0.05, RMSE = 0.0004, Bias = -1.33; MRAD =

2.4), both calibrated for the Lower Amazon.
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6.3.2 Satellite-based carbon content maps

With the use of Caol8 and Vantrepottel5 approaches calibrated for the Lower
Amazon it was possible to generate acpom(412) and S,75.295 maps for 2010-2011 using
MERIS images (Figure 6.3 A and B). Likewise, the models developed on Chapter 5 are
also used to compute DOC and pCO, maps (Figure 6.3 C and D). The maps of DOC were
computed using the general algorithm for DOC inversion from CDOM optical
properties developed previously (General Am+CW, Chapter 5, Section 5.3.2, Table 5.4,
agpom(412) = a - (ebS275-205) — g(¢S275-205)) 4 @ ). The MERIS reflectance data used
in the frame of this study over the Amazon region cover the Amazon River mouth,
Tocantins River mouth and the coastal waters of the Atlantic Ocean (Globcoast data,
https://www.hygeos.com/project/globcoast). Although the general algorithm doesn’t
include all campaigns (T4 and T6 were excluded) it was here adopted for all seasons
due to its similarity to the algorithm developed by Vantrepotte et al. (2015) which
allow a representation of a larger range of DOC natural variability considering that it
has been developed over a data set covering very contrasted coastal waters under

riverine waters influence.
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Figure 6.3 - Lower Amazon transitional water seasonal MERIS composites illustrating
the distribution of: A) acpom(412) (m™); B) Syzsa0s (nm™); C) DOC
concentration (umol L%); D) pCO, (patm) in 2010 and 2011.
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Figure 6.3 - Conclusion
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Rising water (RW), High Water (HW), Falling Water (FW) and Low Water (LW). The
green polygon located at the Amazon River in the Macapa north channel (MNC) and
Macapa south channel (MSC) and at the Tocantins River (TO) represents an area of 5x3
pixels where the information of carbon content was extracted.

Source: Author’s production.
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The maps in Figure 6.3 illustrate the gradation of the distribution in the considered
parameters and the contrast of the water masses at the meeting of the Amazon River
and the ocean. The RW of 2010 presented higher values of all carbon contents
estimated with lower S,75.595 indicating higher molecular weight of DOM. RW of 2010
aside, for the ranges determined on the maps, the seasonality on the observed area
doesn’t seem to have a significant variability for the Amazon River mouth. However,
when 15 pixels located on Macapd South Channel and Macapa North Channel (Figure
6.3) on the Amazon River’s mouth are extracted (total: 30 pixels), the seasonality can
be drawn and the LW and RW seasons are statistically different from other seasons (p
< 0.05, Dunn’s post hoc) for all variables (acpom(412), S275.295, DOC, pCO,) for the MERIS
years considered (2010-2011). For the in situ data (2014-2017) at MSC and MNC,
acoom(412) during the LW is statistically different from other seasons as well as HW is
different from FW (p<0.05, Dunn’s post hoc). Additionally, there is no statistical
difference of S;75.295 and DOC during all seasons (p > 0.05, Kruskal-Wallis test); and
pCO, during the LW is statistically different from HW and FW, as well as pCO, during

RW is different from HW season (p<0.05, Dunn’s post hoc), for the in situ samples.

In contrast, the seasonality patterns on the computed MERIS maps were more obvious
on the Tocantins River mouth, where the RW-HW was marked by higher acpom and
DOC and FW-LW was marked by a higher S,75.,95. Tocantins River is a clearwater river
similar to Tapajos and Xingu (HIERONYMUS et al.,, 1995) and during the RW-HW
seasons, the river receives a higher concentration of allochthonous DOC coming from
the surrounding environment (ARAUJO, 2017). Other authors also documented the
higher concentration of DOC during the RW-HW seasons with values close to 240 umol
L™ (ARAUJO, 2017) similar to the average for 2010 and 2011 estimated by this study
(269 + 12 umol LY. For the whole period the Amazon River mouth was outgassing CO,
and the Tocantins River mouth (TO) acted as a carbon sink during FW-LW (pCO, < 400
patm). Even though the River Tocantins was not sampled in situ in the context of this
study, it was observed by remote sensing that the concentration of the assessed

carbon content was much lower in comparison to the Amazon River.
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The comparison among the three locations (MSC, MNC and TO, Figure 6.4) confirms
that the Amazon River has higher values of carbon content in comparison to Tocantins
River. During the RW season of 2010, the rivers outgassed more CO, and delivered
more DOM to the ocean, but also had a higher spatial variability. Aradjo (2017)
documented an average pCO, of 1445 patm during the RW-HW for the Tocantins
River, close to what was estimated by this study algorithm applied to MERIS images
(1651 + 694 patm, pCO, average and standard deviation for RW-HW of 2010 and
2011).

During the other seasons of 2010 and 2011, the spatial and temporal patterns
observed were globally homogeneous with slightly higher values for the year of 2011.
Apart from the RW of 2010, the north channel of the Amazon (MNC) also presented

slightly higher values in comparison to the south channel (MSC) (Figure 6.4).

Figure 6.4 - Average and standard deviation of acpom(412) (m'l), S575.205 (nm'l), DOC
concentration (umol L) and pCO, (natm) for the extracted area of the
Macapd south (MSC) and Macapa north (MNC) channel of the Amazon
River and Tocantins River (TO).
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The comparison among averaged values of acpom(412), Sy75.295, DOC and pCO,
measured in situ at MSC and MNC and estimated in the same areas from MERIS
images shows a general agreement especially in terms of seasonal variation, despite
differences regarding of the time period considered due to the unavailability of MERIS
data during the in situ sampling period (in situ: 2014-2017; MERIS data 2002-2012)
(Table 6.2). Except for the measurements gathered during the LW, all the other
seasons show an overall underestimation of DOC values by MERIS (Table 6.2). This fact
might be related to exceptional climate events over the years. The year of 2010 here
considered for MERIS data was marked by a severe drought (MARENGO et al., 2011)
while the year of 2014, when was performed the sampling, was instead marked by a
record flood (MARENGO; ESPINOZA, 2016). The rainfall and, consequently,
hydrological variation can explain the observed modulation in the amount of DOC
within the river (NEU et al., 2016). Likewise, averaged pCO, of in situ data and MERIS

data showed a higher discrepancy compared to other parameters.
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Table 6.2 - Average and standard deviation () of acpom(412) (m™), Sz75.205 (hnm™), DOC
concentration (umol L™) and pCO, (patm) measured at the Amazon’s River
mouth by in situ sampling and MERIS images extracted samples, for

comparison.

acoom(412) (m™) Sy75-205 (NM™) DOC (umol L*)  pCO, (patm)
insitu  MERIS insitu MERIS insitu  MERIS insitu MERIS
33+ 49+ 0'0344 0.0138 364+ 322+ 1645 4189+

o MSC 0.3 0.7 0.0603 6.0001_ 12 21 + 198 811
3.8+ 4.4+ 0'0343 0.0139 + 385+ 307+ 1282 3632+

MNC 0.7 0.4 0.0601 0.0001_ 9 11 +22 484
34+ 3.7+ 0'0_345 0.0142 + 394+ 288+ 3831 2766+

o MSC 0.3 0.02 0.0602 O..OOOOZ[ 53 1 + 822 28
34+ 39+ 0'0_347 0.0141 + 400+ 293+ 4500 3001z

MNC 0.4 0.04 0.0603 O..OOOOZ_ 50 1 *+ 619 47
39+ 3.7¢% 0.0i144 00142 + 416+ 287+ 2475 2718+

W MSC 0.2 0.01 88223 0.00001 53 0.3 + 276 15
39+ 39+ ' + 00141 + 290+ 292+ 3404 2961+

MNC 0.2 0.04 0.0001  0.00002 4 1 + 567 48
28+ 3.0+ 0.0;48 0.0146 + 293+ 272+ 1215 1859+

LW MSC 0-2 0.05 0.0003 0.00001 8 1 t 149 60
28+ 33+ 0'0_346 0.0144 + 277+ 279+ 1149 2298+

MNC 0-2 0.06 0.0604 O..OOOOI > 1 + 125 2
Locations: Macapd south channel (MSC) and Macapd north channel (MNC). The

statistics are computed by season: Rising water (RW), High water (HW), Falling water
(FW) and Low water (LW). In situ data comprehends the years of 2014-2017 and MERIS
images the years of 2010 and 2011.

Source: Author’s production.

The intra-seasonal variability was illustrated from the coefficient of variation

computed for acpom(412), S;75.295, DOC and pCO, for the years 2010 and 2011 (Figure

6.5 A and B). The spatial patterns observed were highly homogeneous from one year
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to another with the higher variability observed at the transitional area where the
riverine and ocean water meet. Conversely the data corresponding to the Amazon
waters were highly homogeneous over the 3 months composing each HW, FW and LW
season with CV < 10 % for all the considered parameters. A higher spatial variability is
however found during the RW for all parameters. pCO, was the parameter that
presented the highest intra-seasonal variability for all seasons considered. Note that
the global low intra-seasonal variability of the Amazon waters contrast with the higher
coefficients of variation observed for the Tocantins water (> 40% for instance for the
pCO, and DOC) which emphasizes the higher dynamics of this riverine system and thus

of the environmental factors driving carbon fluxes in this area.

Figure 6.5 - Coefficient of variation (%) for acpom(412), Sz75.295, DOC and pCO, by
hydrological season: A) 2010 and; B) 2011.
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Figure 6.5 — Conclusion
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6.4 Final considerations

The objective of this chapter was to develop a regional inversion algorithm of CDOM
optical properties (acpom(412) and Sy75.95) selecting the best empirical algorithm
among current formulations proposed in the literature. The multilinear model
developed by Cao et al,, 2018, calibrated for the Lower Amazon data was the most
appropriated algorithm at regional scale. The approaches developed by Cao et al,,
2018 and Vantrepotte et al., 2015 to retrieve S;75.295 Were also compared, leading to
the selection of Vantrepottel5 for assessing S,75.,95 in the Lower Amazon. These

algorithms were used for computing 2010 and 2011 MERIS seasonal composite of
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dcoom(412) and Sy75.295 and then map DOC and pCO,, using the algorithms developed in
the Chapter 5.

The final maps allowed a description of the distribution of acpom(412), S»75.295, DOC and
pCO, at the Amazon River’s mouth, Tocantins River’s mouth as well as the meeting of
fresh and ocean waters. The seasonal variability in the Amazon water was found to be
relatively restricted contrasting with the clear waters of the Tocantins River’s mouth,
where a higher temporal variability can be evidenced. Amazon River is a source of
carbon during all seasons, as expected, while the Tocantins is a source of CO, during
the RW and HW and a net sink of CO, during the FW and LW. The intra seasonal
variability inside each of the 3-month composites considered for each season, shows
the higher dynamical patterns of the region where river mixes with ocean. The latter
intra seasonal variability is caused by high standard deviations from the average
situation that characterize the season. This could mean that the assumed seasonal
hydrologic pattern cannot be considered as a “closed package” of 3 months through
the years. Instead, the observed patterns in the corresponding area seem to be more
likely indicate “moving seasons” translating the importance of other external forcing
(e.g. extreme climate events). In addition, the high variability on the region where
river mixes with ocean shows, besides the contrasting waters, that less is known about
this particular region and more studies are necessary to understand the river-ocean

dynamic.

Notwithstanding, this chapter presents the potential of using the proposed algorithms
calibrated for the Lower Amazon, to retrieve the carbon content and S;75.,95 for the
land-to-ocean aquatic continuum of the Amazon River, using water colour remote
sensing. A future work will focus on the use of adapted temporal analysis (e.g. Census
X11 method, Vantrepotte et al., 2011) applied to a longer satellite time series (e.g.
2002-2012 for MERIS) in order to better characterize the spatiotemporal variability

patterns of DOC and pCO, over different time scale (intra-annual, annual, interannual)
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and relate this with the impact of environmental forcing (e.g. climate events such as El

Nifio, as already evidenced from in situ observation presented in Chapters 5 and 7).
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7 SEASONAL AND INTER-ANNUAL VARIABILITY OF CARBON DIOXIDE FLUXES IN
THE AMAZON RIVER PLUME BASED ON SOIL MOISTURE AND OCEAN SALINITY
SATELLITE DATA

7.1 Introduction

Inland waters and coastal oceans are becoming increasingly recognized as an
integrated water system through which geochemical constituents are constantly
transformed providing unique biogeochemical influences in different sectors along the
continuum (WARD et al., 2017; MEDEIROS et al., 2015; DAGG et al., 2004; HEDGES et
al. 1997). However, few studies have addressed the spatial and temporal dynamics of
water and carbon fluxes from the mouth of major river systems out into marine
receiving waters. While rivers usually act as a pump of CO, that transfers carbon
dioxide from the water to the atmosphere (RAYMOND et al., 2013; TRANVIK et al.,
2009; COLE et al., 2007) largely due to the breakdown of terrestrially-derived organic
matter (WARD et al., 2013) and floodplain inputs (ABRIL et al., 2014), river-dominated
coastal areas such as the Amazon River Plume (ARP) are typically thought to remove
CO, from the atmosphere due to enhanced primary production driven by fluvial
nutrients (GOES et al., 2014; YEUNG et al., 2012; SUBRAMANIAM et al., 2008; COOLEY
et al.,, 2007).

Draining an area of ~6.5 million km?, the Amazon basin represents ~20% of all
freshwater discharge to the global ocean and ~25% of global evasive CO, gas flux from
inland waters (RAYMOND et al., 2013; RICHEY et al., 1990, 2002). Flowing into the
Western Tropical North Atlantic (WTNA), Amazon River water merges with the North
Brazil Current and its waters are transported northwestward along the Brazilian North
Shelf in the direction of the Guyana Current, forming the ARP. During the FW to LW
seasons, a fraction of the ARP is retroflected and carried eastward by the North
Equatorial Counter Current. During the RW the water is trapped in the river mouth

(recirculation current), due to the onshore trade winds against the coast (LENTZ;
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LIMEBURNER, 1995). The dispersal of the ARP can extend offshore to an area of 106
km? (MOLLERI et al., 2010)

This seasonal behavior of the ARP has an ecological significance on the WTNA
considering the response of the phytoplankton community to changing nutrients
availability, river inputs, and consequently affects the carbon dioxide flux. Based on
measurements of the outer plume, a net carbon sequestration as high as ~27 Tg C yr”
from the atmosphere due to primary production in the mesohaline area (salinity = 30-
35 psu) has been measured (SUBRAMANIAM et al., 2008; COOLEY et al., 2007). Lefévre
et al. (2010) estimated an annual CO, flux of 5 Tg C yr™* from the atmosphere into the
ARP. Conversely, the Amazon River basin outgasses ~500 Tg C yr™* CO, from the river
to the atmosphere (RICHEY et al., 2002), with more recent estimates exceeding this
estimative by several fold when the entire extent of the river is considered
(SAWAKUCHI et al., 2017). This poses the question, what happens to CO, fluxes across

the continuum, from river export to the overall ARP, on a seasonal basis?

This question poses the significant logistical challenge of enough spatiotemporal
coverage to adequately characterize overall flux patterns. The ability to estimate the
pCO, with the use of satellite data allows a more holistic view of the variability and
dynamics of net sea-air CO, fluxes than ship in situ measurements alone and, as such,
more accurate estimations of large-scale regional fluxes. Further, if an established
relationship between pCO, and remotely sensed parameters is robust and well
representative of a particular region beyond a particular sampling period, long term
variability can be assessed both in present and in past times to assess the influence of
environmental factors such as flood/drought cycles and climate variations such as El
Nifio Southern Oscillation (ENSO) on CO, fluxes. The objective of this chapter is to
quantify the net flux of CO, to/from the river plume and WTNA based on the
correlation between remotely sensed parameters and in situ pCO, measurements. This
study considered the area closer to the river mouth that was not included in previous

studies at the region (IBANHEZ et al., 2016;2015; SUBRAMANIAM et al., 2008; COOLEY
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et al., 2007), leading to the hypothesis that the high CO, input from the mouth of the
Amazon River to the ARP in this area near to the mouth is high enough to offset the

absorption of CO, in the outer plume.

Quantitative linkages between remotely sensed parameters and pCO, measured in situ
has the potential to provide a synoptic view of these processes over a large spatial
extent. Several studies have attempted to estimate pCO, from remote sensing and
later compute the sea-air CO, flux. Sea Surface Temperature (SST) (BAI et al., 2015;
ZHU et al., 2009; LOHRENZ; CAl, 2006) and or chla (BAI et al., 2015; HALES et al., 2012;
ZHU et al., 2009; LOHRENZ; CAl, 2006) are usually the remotely-sensed products used
to relate with in situ pCO, by linear or multiple regression. To improve the relationship,
other remote sensing parameters have been taken into account such as Sea Surface
Salinity (SSS) (BAI et al., 2015; IBANHEZ et al., 2015), wind (LOHRENZ et al., 2018; ZHU
et al., 2009) and CDOM (LOHRENZ; CAl, 2006). In this study, SMOS products SSS, SST
and wind are used to develop pCO, and CO, flux maps for the years of 2010-2014 at
the WTNA.

7.2 Materials and methods
7.2.1 pCO, predictive algorithm

A predictive algorithm was developed exploring the relationship between in situ SSS,
SST and pCO, data (from ANACONDAS cruises, more details at Chapter 3, section 3.4.2)
using a multiple polynomial regression model. SSS and SST have been described to
have a relationship with the variability of pCO, (IBANHEZ et al., 2015; BAI et al., 2015;
ZHU et al., 2009; LOHRENZ; CAl, 2006), although the relationship between SSS and
pCO, is much more evident in the ARP (TERNON et al., 2000). While many different
approaches have been used to estimate and map coastal pCO,, they are all relatively
consistent with previous estimations for the same region and season (RODENBECK et
al., 2015). These estimations of pCO, are often performed for oceanic waters and

when developed for river plumes, usually samples are collected at the distal plume
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area. In this border region, nutrient and sediment rich river water is more dilute and
provides a better environment for phytoplankton blooms, and consequently, CO,
consumption, resulting in the transfer of atmospheric CO, into the water. This is an
important bias to be considered when developing a predictive algorithm of pCO,, and
for that reason, it was developed a new algorithm that takes into account a proximal

area of the Amazon River Plume at the river mouth.

SSS, SST and pCO, measurements along the tracks of the three oceanographic cruises
(N=15,392 data points) were averaged for every pixel of the SMOS daily products (N=
318) for the respective cruise date (t1lday), and from now on these variables will be
here denominated as SSSa, SSTa and pCO,a. The variability of these in situ data within

the SMOS pixel was calculated using the coefficient of variation.

A limitation faced in this work is the poor performance of SMOS to retrieve lower
values of salinity (<30 psu). Advancing into the river mouth the error of SSS increased.
Therefore, a part of the in situ salinity samples considered outliers had to be discarded
after a Cook's distance analysis, resulting in 253 samples (pixels with in situ integrated
data), where 70% of the samples were partitioned to generate the model using the
multiple polynomial regression model and 30% were used for validation (Nmoge=177;

Nvalidation = 76)-

The resultant formula was applied to SMOS daily data of the same dates of in situ
sampling to generate pCO, remote sensing products and to validate the model. Later,
the predictive algorithm was applied to three-month composites of SMOS data for the
years of 2010-2014. Unfortunately, to develop the model, the samples from 2012
obtained at less than 100 km from the shoreline were excluded because they were

outside the limits of SMOS products.
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7.2.2 Sea-air CO, flux

The CO, flux from the sea-air CO, exchange, F3¢¢ (umol m? s™) in the WTNA, was

calculated according to Wanninkhof (1992):
Csoeza = kcoZKo(pCOSea - pcogir) (7.1)

where pCO, is the partial pressure of CO, (patm), k.o, (cm hr') is the gas transfer
coefficient and K, (mol L'atm™) is the solubility of CO,. Negative values of F5¢¢
indicate that the water acts as a carbon sink while positive values indicate that water
acts as a source of carbon to the atmosphere. pCO%" was obtained from Barbados
(13.17°N-59.43°W), the closest station of the NOAA Earth System Research Laboratory

(ESRL) Global Monitoring Division.

The k.,, was calculated as a quadratic function of wind speed (m s™) updated by

Wanninkhof (2014) which has a 20% uncertainty:

sed — 0.251U120< %) (7.2)
where Uy is the wind speed (m s) at 10 m above the water surface and Sc is the
Schmidt dimensionless number determined accordingly to Wanninkhof (2014). For the
calculation of Sc water temperature (T) is required. T and U;p were provided by the

SMOS product chosen for this study.

To convert partial pressures into molar units, the solubility of CO,, K, (mol L* atm™)
was calculated according to Weiss (1974). All formulae to calculate K, k, Sc and F255,

were applied to the SMOS seasonal discharge composites.

The annual net sea-air dissolved CO, (Tg C y*) was calculated by using the molar mass
of C, the fraction of a second in a year, and the area of the plume for each SMOS

seasonal discharge composite.
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7.2.3 Sensitivity analysis

After the adjustment of the multiple polynomial model, a sensitivity analysis (SA) was
conducted to identify which model coefficient exert the most influence on the model
results. It compares changes in the simulated values against changes in the model
coefficient. A sensitivity index was computed to assess the SA (SMITH; SMITH, 2007):

Sj = (Max (P;)—Min(P;)
Max (P;)

(7.3)

where P; is each model coefficient. After obtaining S; values, a standardization [0
<S§;<1] was carried out to compare their relative proportions (S;/S;max) on the model

response.

7.2.4 Amazon River Plume area

The area of the Amazon River plume was delimited and computed by using a threshold
algorithm to map water masses with SSS < 35 psu in the WTNA. The computing was

performed using QGIS v. 2.18.12, free software.

7.3 Results and discussion

7.3.1 Remote sensing SST and SSS variability

Composites of averaged three months images from SMOS products of SSS and SST
(Figure 7.1), shows in general, a colder water for the whole WTNA region for every RW
over the study period. The ARP follows the north coast of Brazil in direction to the
Guianas, and with lower temperatures (~27°C) during all RW seasons, as well as the
lowest SSS values registered by SMOS. It is also interesting to note that, within the
plume, the SSS has a higher variation during the RW season, except for the year of

2013 (Table 7.1).

During the HW, the temperature starts to increase in the plume region due to the

major discharge of warm waters from the river. The SST product provided by SMOS is
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consistent with the temperature measured by Lefévre et al. (2017), with values higher
than 27.8°C. The spread of the riverine water in the plume indicate a larger area
presenting SS5<35 psu. The FW expressed the largest plume area (Figure 7.2) and the
temperature reaches its maximum. During the LW, the plume starts to shrink and
within the ARP the temperature and SSS are higher in comparison to other seasons,
suggesting a mixing of ocean and riverine water (Table 7.1 and Table 7.2). For all
seasons, the latitudinal region below the river mouth has SSS similar to oceanic waters,
which is consistent with the observations of Lentz and Limeburner (1995) who
observed that the ARP does not extend southeastward beyond the mouth of the

Tocantins River, Par3, Brazil.

Previous works described the WTNA as a source of CO, (LANDSCHUTZER et al., 2014;
TAKAHASHI et al., 2009). For the studied RW seasons, the WTNA, including the ARP, is
in major part dominated by “oceanic alike water” with lower temperatures and higher
salinity (Figure 7.1) in comparison to other seasons. However, the lowest values of SSS

are also found during the RW season (Table 7.1).
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Figure 7.1 - SMOS 3 months composite products of: A) Sea Surface Salinity and B) Sea
Surface Temperature for the Western Tropical North Atlantic, according to
the discharge season for the years of 2010-2014.
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Rising water (RW), high water (HW), falling water (FW) and low water (LW). The gray
line refers to the Amazon River Plume (S55<35) and the black area refers to no-data
(maximum distance of 100 km from the coast). The RW of 2010 was not represented in
the spatial analyses because SMOS mission only began providing data in May of 2010.

Source: Author’s production.
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Table 7.1 - Statistics for the SSS (psu) at the Amazon River Plume.

Min Max Mean * Std

High 20.78 34.99 32.6+2.6
2010 Falling  26.64 34.99 33+1.7

Low 27.24 35.00 345+0.8

Rising 15.71 34.99 33.6%+3.2
2011 High 20.10 34.99 33.2+2.2
Falling  26.54 34.98 333+%13

Low 30.01 35.00 34.5+0.6

Rising 16.26 34.99 333+34
2012 High 20.93 35.00 33.1+2.2
Falling  26.29 35.00 33.2+1.5

Low 30.66 35.00 34.4+0.6

Rising 21.65 35.00 33.9+2.2
2013 High 20.52 34.99 329+23
Falling  25.33 35.00 333+%15

Low 28.49 35.00 346+2.38

Rising 14.70 34,97 33.2+35
2014 High 17.93 35.00 3261238
Falling  26.09 35.00 334+15

Low 27.67 35.00 34.4+0.7

General statistics: minimum (Min), maximum (Max), Mean and standard deviation ().

Source: Author’s production.
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Table 7.2 - Statistics for the SST (°C) at the Amazon River Plume.

Min Max Mean * Std

High 28.35 29.60 28.9+0.2
2010 Falling  28.30 29.71 29.36+0.2

Low 28.33 29.28 29.02+0.2

Rising 26.85 28.30 27.46+0.3
2011 High 27.60 28.60 28.16 £ 0.2
Falling  27.82 29.43 29.05+0.3

Low 28.00 28.86 28.43+0.1

Rising 26.46 28.01 27.19+£0.3
2012 High 27.13 28.58 27.81+0.3
Falling  27.45 29.13 28.76 £ 0.3

Low 27.86 29.06 28.84+0.2

Rising 26.84 28.06 27.25%+0.2
2013 High 26.82 28.72 27.66 0.4
Falling  27.72 29.18 28.78 +0.2

Low 27.83 28.61 28.21+0.2

Rising 26.29 27.51 26.75+0.3
2014 High 26.64 28.51 27.37+0.4
Falling  27.48 28.87 28.44+0.3

Low 27.67 28.63 28.26+£0.2

General statistics: minimum (Min), maximum (Max), Mean and standard deviation ().

Source: Author’s production.
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Figure 7.2 - Computed area for the Amazon River Plume by discharge season during
2010-2014.
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The black lines correspond to the smaller area of each season.

Source: Author’s production.

7.3.2 Correlation among measured parameters in the ARP and validation of

modeled pCO,

In situ measurements of SST and SSS had a significant positive correlation with pCO,
along the oceanographic cruise boundaries (Figure 7.3.A) (N= 15392, R? = 0.76, RMSE =
51.95 patm, BIAS = 0.01, MRAD = 9.8, p<0.005) using a multiple polynomial regression
(pCO, = 0.82 (S5S)% + 1.7(SST)? + 7.7(SSS - SST) + 9770.7 — 262.65(SSS) —

360.14(SST) (Equation 7.4)). The in situ pCO, ranged between 97-976 patm, in which
most part of the measurements along the WTNA ranged between 120-500 patm (94%
of this study pCO, dataset); these values are similar to measurements shown by Cooley
et al. (2007). The weakness of the relationship at the interval 500-750 patm (high
residual values) is likely due to a strong influence of the river. When in situ data from
all the three cruises are compiled (Figure 7.3.B), two very distinct water masses are
observed: river and ocean; additionally, it is possible to observe the non-linear

behavior of riverine water in both relationships (predicted pCO, x in situ pCO, and in
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situ pCO, x in situ SSS, Figure 7.3). Despite this issue, the samples between 500-750
patm represent only 3% (N= 467) of the total dataset and do not compromise the

overall results.

Figure 7.3 - Relationships of in situ pCO,, SSS and SST in the Amazon River plume.
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A) Multiple polynomial regression between in situ SSS, SST and pCO, (N = 15392, R? =
0.76, RMSE = 51.95 patm, BIAS = 0.01, MRAD = 9.8, p < 0.005; pC0O, = 0.82 (555)% +
1.7(SST)? + 7.7(SSS - SST) + 9770.7 — 262.65(SSS) — 360.14(SST)); B)Correlation
between in situ salinity and in situ pCO, (2010-2012).

Source: Author’s production.

Although all three cruises were crossing within the Amazon plume, they had different
routes as can be seen in Figure 3.3 (see chapter 3, section 3.2.2). The cruise of 2012
was much closer to the coast and the pCO, values are much higher when compared to

the other two cruises (Table 7.3).
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Table 7.3 - General statistics of in situ pCO, sampled during the three oceanographic
cruises (2010-2012).

Sampling years of pCO, (uatm) Min Max Mean * Std

2010 97.0 477.0 320.4+£76.6
2011 126.3 4775 349.0 £ 40.6
2012 1525 976.0 396.45+129.3

General statistics: minimum (Min), maximum (Max), Mean and standard deviation ().

Source: Author’s production.

To match the SMOS pixel spatial resolution of 0.5°, in situ data were averaged and
after a Cook's analysis, some outliers were discarded. Basic statistics calculated before
and after the averaging are shown in Table 7.4. Even though a great number of in situ
data points were averaged, the coefficient of variation shows consistency of SSS, SST

and pCO, values within each pixel.
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Table 7.4 - General statistics of the variables used to develop the model for the
Amazon River Plume, before and after averaging to match the SMOS

spatial resolution of 0.5°.

C.V.
Variable Variable ) ) ] C.V. max
L Min Max Meant Median min mean
name description (%)
) (%) (%)
SSSin In situ sea
. . 0.04 36,5 302169 322 -- -- --
situ surface salinity
. In situ sea
SST in
. surface 269 30.8 29.0+0.7 29.0 - -- --
situ (°C)
temperature
COyin
P-=2 , 370.6 +
situ In situ sea pCO, 96.7 976.0 372.3 -- -- --
106.6
(natm)
In situ sea
SSS, surface salinity 20.7 36.3 31.8+34 325 0.002 20.2 1.6
averaged
In situ sea
SST, surface
27.1 304 292106 293 0.007 3.5 0.3
(°C) temperature
averaged
pCO,, Insitu sea pCO, 349.1 +
150.1 433.0 360.1 0.03 21.3 2.8
(natm) averaged 49.4

The first three parameters (SSS in situ, SST in situ and pCO, in situ ) (N=15392) were measured
at surface during 3 oceanographic cruises and the later three (SSS,, SST, and pCO,,) are the
parameters subsequent the average to match the SMOS spatial resolution of 0.5° (N = 318).

Source: Author’s production.
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The SSS, and SST, values used to generate the model are linearly correlated to SSSsmos,
and SSTswvos (Figure 7.4.A and Figure 7.4.B, respectively). It is possible to observe that
SSSspmos  overestimates in situ SSS for values < 30 psu, while SSTsmos has an
underestimate bias of the in situ SST. Reul et al. (2012) also observed a SSS bias where

SMOS data are too salty in coastal waters with in situ salinity below 33 psu.

Figure 7.4 - Linear relationship between in situ and SMOS parameters in the Amazon

River plume.
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A) in situ $SS, and SSSsmos (N = 176, R*= 0.66, RMSE = 1.23, BIAS = -2.1, MRAD = 4.4, p <

0.005); B) SST, and SMOSsst (N = 176, R%= 0.62, RMSE = 0.31 °C, BIAS = 1.33, MRAD =
1.41, p < 0.005).

Source: Author’s production.
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By applying the multiple polynomial regression to SMOS-derived SSS and SST it was

possible to generate an empirical function to estimate pCO, as follows:

pCO, = a (SSS)2 + b(SST)? + c(SSS - SST) + d — e(SSS) — f(SST)
(7.5)

where a=0.05; b =34.81; c=19.71; d =48792.07; e = 560.47; f = 2694.56

The empirical model obtained by Equation 7.5 was applied to an independent dataset
and it was acceptably validated (Figure 7.5.A, N = 76, R’= 0.74, RMSE = 30 patm, BIAS =
1.3, MRAD = 6.3, p < 0.005), although it was identified an underestimation of values
below 300 patm. pCO, values < 300 patm were correlated with salinity < 30 psu (Figure
7.5.B) and as shown previously, SMOS has limitations for estimating SSS below this
threshold. Nevertheless, the model had a good accuracy representing the pCO,

distribution throughout ARP (Figure 7.5.C).
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Figure 7.5 - Estimative of pCO, using SMOS in the Amazon River plume and Western
Tropical North Atlantic.
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A) Validation of the multiple polynomial regression function of SMOS-derived SSS and
SST to estimate pCO, at the Amazon River Plume (N = 76, R%= 0.74, RMSE = 30 patm,
BIAS = 1.3, MRAD = 6.3, p < 0.005); B) Correlation between in situ SSS and pCO; within
the interval of 150-450 patm (Pearson’s correlation, r = 0.78, p < 0.05, N= 13940); C)
Latitudinal distribution of in situ pCO, and estimated-pCO, for the Western Tropical
North Atlantic area using SMOS products.

Source: Author’s production.

The derived pCO, function was applied to a 3-month composition of SMOS products,
grouped according to the seasonal discharge of the Amazon River (Figure 7.6). Except
for all RW and HW seasons of 2012-2014, the ARP presented comparatively lower
values of estimated-pCO, at the WTNA, ranging between 65-841 patm (u=406 + 24
patm) during the five-year period (Table 7.5).
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Figure 7.6 - Estimated-pCO, for the Western Tropical North Atlantic area using SMOS
products according to the discharge season for the years of 2010-2014.
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Rising water (RW), High water (HW), Falling water (FW) and Low water (LW). The gray
line refers to the Amazon River Plume (SS5<35) and the black area refers to no-data
(maximum distance of 100 km from the coast). The RW of 2010 was not represented in
this spatial analysis because SMOS mission only began providing data in May of 2010.

Source: Author’s production.
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The results from this study for the ARP agree with other pCO, values derived from
remote sensing studies in coastal areas dominated by rivers, where the mixing
between river and ocean waters decreases pCO, values observed in the plume due to
rates of biological uptake and degassing that exceed biological and photo-oxidative
organic matter decomposition (BAI et al., 2015; LOHRENZ; CAIl, 2006). Considering all
studied years, pCO, values were higher during the RW season in comparison to other

seasons, suggesting a minor contribution from the ARP at the WTNA.

During the HW season the ARP is driven northwestward by the North Brazil Current,
and during the FW season a retroflection of the ARP has been observed driving
nutrient-rich waters eastwards (LENTZ; LIMEBURNER, 1995) and leading to lower
values of pCO, due to biological uptake. Lefévre et al. (2017) also observed a sink of
CO, at the French Guiana shelf during the FW season (August). The overall seasonal
pCO,, values obtained in this study in the ARP are similar to values previously reported
by Cooley et al. (2007) and Ibdnhez et al. (2016). However, it is also observed higher
values (> 500 patm) during the RW season of 2011 and 2012 and during the RW and
HW of 2013 and 2014 (Table 7.5).

149



Table 7.5 - Statistics for the estimated pCO, (natm) for the Amazon River Plume.

Year Seasonal Discharge Min Max Mean £ Std
HW 65.0 380.7 338.2+55.2
2010 FW 192.4 384.4 342.0 £ 38.8
Lw 247.5 380.9 369.0+£12.9
RW 382.2 576.3 4519+ 27.7
HW 324.6 428.8 389.0+14.2
2011
FW 285.4 411.7 353.2+19.8
Lw 338.3 396.5 377.2+6.3
RW 408.7 599.6 489.8 + 30.3
HW 313.3 480.0 419.0 £ 27.7
2012
FW 302.8 438.8 358.8 £22.6
Lw 348.4 404.8 368.3+6.8
RW 426.8 553.5 474.3+20.3
HW 290.3 509.7 436.8 + 36.6
2013
FW 305.3 422.6 358.2+15.8
Lw 350.2 407.8 386.9+7.7
Continue
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Table 7.5 — Conclusion

RW 440.8 841.2 561.9+49.3
5014 HW 358.1 545 479.9+35.5
FW 307.9 436.5 373.1+18.0
LW 367.8 421.2 385.1+8.8
Average 2010-
+
2014 405.9 £ 23.9

General statistics: minimum (Min), maximum (Max), Mean and standard deviation ().
Rising water (RW), High water (HW), Falling water (FW) and Low water (LW).

Source: Author’s production.

7.3.3 Sensitivity analysis

Each coefficient of the model (Equation 7.5) was altered in steps of 5% in a range

between + 20%. The changes in a given input into the model varied according to the

temperature (26-30°C). The maximum sensitivity index reached was reported as the

coefficient “e” (SSS) for 26°C (S; = 8.93, Table 7.6) with a maximum value of 100%

being attributed. All the other absolute values of S; were related to this maximum,

resulting in the values presented in Table 7.7.
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Table 7.6 - Sensitivity index for each coefficient of the model, in the interval of 26-30°C

Temperature

Coefficients 26 27 28 29 30
a 0.62 0.54 -0.31 0.54 1.03
b 0.42 0.42 0.42 0.42 0.42
c 0.42 0.42 0.42 0.42 0.42
e 8.93 -5.83 -1.74 -0.85 1.03
f 0.61 0.53 0.21 0.54 1.03

The bold letters highlight the most sensitive coefficients according to the temperature

interval.

Source: Author’s production.

Table 7.7 - Standard values relative to the higher sensitivity index (%) for each
coefficient of the model, in the interval of 26-30°C.

Temperature

Coefficients 27 28 29 30
a 7 6 3 6 12
b 5 5 5 5 5
c 5 5 5 5 5
e 100 65 19 10 12
f 7 6 2 6 12

Source: Author’s production.
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Therefore, the coefficient “e” is the most sensitive followed by the coefficients “a” and
“f”. The coefficient “e” represents the SSS (Equation 7.5) and according to this analysis,
is more sensitive for lower temperatures (26-28°C). The coefficients “a” and “f” were
more sensitive only when the temperature reaches 30°C, but such temperature was
not registered by SMOS SST product used in this study (SST < 29.71, Table 7.2). The
interval of 26-28°C is observed predominately during the RW for all studied years. This

interval is also characteristic of the ocean water observed in Figure 7.1.B.

During the RW season, the extent of the ARP is constrained by ocean currents and
trade winds. This can promote two situations. The first is that it might decrease the
input of nutrients into the ocean. Furthermore, as the Amazon River takes about 1
month from the last discharge measurement station at Obidos to reach the open
ocean, and about 2 months to reach the distal part of the plume (KOROSOV et al.,
2015; HELLWEGER; GORDON, 2002), the RW water season of the ARP still has a lower
nutrient input of the river from its respective LW season. Likewise, the results from the
RW of this study are consistent with Lefevre et al. (2017). In cruises across the border
of the plume, during January and March (years: 2006, 2009, 2011-2016) they found
that the French Guiana shelf was a source of CO,, with transects registered mean
salinities higher than 34 psu. The second situation is that the inner shelf water is less
diluted with ocean water, therefore predominantly riverine (lowest values of SSS,
Table 7.1). CO, oversaturation in coastal waters due to riverine carbon input has been
reported recently and shows a seasonality dependence (LOHRENZ et al., 2018; XUE et
al., 2016).

The optimal-growth zone of phytoplankton in the Amazon shelf occurs mainly seaward
of the high-turbidity plume as well as shoreward of the nutrient-depleted offshore
water. DeMaster et al. (1983, 1986) reported that the nutrient uptake happens when
the turbidity decreases, and the blooms occurred shoreward of the 33 isohaline. In this
study period, within the plume, it is likely that the lower salinity values (Table 7.1) of

the RW season didn’t provide an optimal-growth zone for phytoplankton blooms.
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Additionally, the nearshore region between Amazon river mouth and the Guianas has
been reported as a relevant area of remineralization (ALLER; BLAIR, 2006). The
combined biogeochemical-physical conditions suggested here might be causing the
increased pCO, during the RW season. Nevertheless, the RW is the most problematic
season according to the sensitivity analysis, and although the model was validated, this

particular season was not contemplated with in situ data.
7.3.4 Spatiotemporal distribution of CO, fluxes in the WTNA

Calculated monthly sea-air CO, fluxes for the ARP ranged from -0.203 umol m? s*,
during the HW period of 2010 to 0.502 pumol m? st during the RW period of 2014
(Table 7.8). FS53 results are in agreement with values presented by Ibdnhez et al.
(2015) (-0.127 to 0.034 pmol m? s), also indicating that most of the CO, outgassing
occurs in lower latitudes. Likewise, both results agree that the highest levels of CO,
outgassing in the ARP occur during the RW period, whereas the highest levels of CO,

uptake occur during LW.

Table 7.8 - Statistics for the Sea-air CO, flux (umol m? s™) for the Amazon River Plume.

Year Seasonal Discharge Min Max Mean % Std
HW -0.203 -0.005 -0.041 £ 0.032
2010 FW -0.117 -0.002 -0.026 £ 0.021
LW -0.115 -0.005 -0.016 £ 0.010
RW -0.004 0.155 0.08 £ 0.031
HW -0.047 0.047 -0.003 £ 0.015
2011
FW -0.088 0.025 -0.022 £ 0.013
LW -0.055 0.011 -0.010 £ 0.006
Continue
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Table 7.8 — Conclusion

RW 0.02 0.353 0.139+£0.049

HW -0.069 0.138 0.046 + 0.038

2012 FW -0.046 0.053 -0.016 £ 0.013
Lw -0.031 0.01 -0.016 + 0.005

RW 0.047 0.206 0.123 £0.030

HW -0.074 0.204 0.078 £ 0.055

2013 FW -0.062 0.029 -0.019 £ 0.010
LW -0.042 0.022 -0.001 £ 0.010

RW 0.055 0.502 0.270+0.072

2014 HW -0.026 0.258 0.143 + 0.063
FW -0.054 0.058 -0.011 £ 0.016

LW -0.024 0.035 -0.003 £ 0.010

Average 2010-2014 0.035 £ 0.027

General statistics: minimum (Min), maximum (Max), Mean and standard deviation ().

Source: Author’s production.

In general, during the RW season the ARP was a source of CO, to the atmosphere (red
colour), likely due to the imprisonment of the CO,-rich Amazon River water that was
trapped against the coast (Figure 7.7). During the rest of the seasons (except the year
of 2010), even within the Amazon plume, patches acted as a source of CO,. It is
interesting to note that during 2010 the ARP had the lowest values of F3ss, acting as a
bigger sink of atmospheric CO, (blue colour) compared to the other study years. The
severe drought in 2010 and the lower river discharge can be clearly observed in the
hydrograph (see chapter 3, section 3.4.2, Figure 3.6). The disconnection of the Amazon

River from some streams and floodplains due to the unusually low river discharge

(MARENGO et al., 2011) may explain lower inputs of CO, and organic matter.

The strongest CO, sink observed by Lefévre et al. (2017) was derived from data
acquired on cruises made during May and June, that are representative of the HW

season. Although the FW season of the present study was representative of a CO, sink,
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this difference may be due to the average months used in this study against local
measurements of Lefevre et al. (2017) transect. For example, Lefevre et al. (2017)
sampled during May of 2010 and June of 2011 when the results from this study shows
that the plume was acting strongly as a CO, sink. In their work, they did not consider
other months representative of the HW season for comparison as considered in this
study. Nevertheless, this peculiarity highlights that the variability of the plume cannot

be considered universal for its whole extension.
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Figure 7.7 - Sea-air CO2 flux (umol m? s) estimated for the Western Tropical North
Atlantic area with SMOS products according to the discharge season for
the years of 2010-2014.
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line refers to the Amazon River Plume (SS5<35) and the black area refers to no-data
(maximum distance of 100 km from the coast). The RW of 2010 was not represented in
this spatial analysis because SMOS mission only began providing data in May of 2010.

Source: Author’s production.
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The year of 2014 showed the highest values of F3s5 (Figure 7.8). These two contrasting
years (2010 and 2014) were marked by a severe drought (MARENGO et al., 2011) and a
significant flood (MARENGO; ESPINOZA, 2016; ESPINOZA et al., 2014), respectively,

illustrating the dependence of plume dynamics on large-scale hydrologic patterns.

Figure 7.8 - Average of all sea-air CO, flux for the Amazon River Plume area with SMOS
resolution of 0.5° according to the discharge season for the years of 2010-
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Rising water (RW), High water (HW), Falling water (FW) and Low water (LW). The RW
of 2010 was not represented in the spatial analysis because SMQOS mission only began
providing data in May of 2010.

Source: Author’s production.

The years of 2012-2014 were marked by an unprecedented flood that started in 2012
associated with a La Nifia event and continued due to SST anomalies in the Western
Tropical Pacific and in the subtropical South Atlantic (MARENGO; ESPINOZA, 2016;
ESPINOZA et al., 2014; SATYAMURTY et al., 2013). During the RW of 2014, the rainfall
in the south-western Amazon was 80-100% above normal (ESPINOZA et al., 2014) and
may be the responsible for leading the increase in water flux throughout the Amazon
basin, flushing more terrestrial and floodplain material and leading to an increase in

the input of organic matter and CO, from streams and floodplains into the mainstem.
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For example, Neu et al. (2016) showed that dissolved organic and inorganic carbon
fluxes from above ground flow paths (e.g. rainfall, throughfall, stemflow, and overland
flow) and stream flow were greater in the Amazon forest during the first large rainfall
event after a long dry period. Likewise, Ward et al. (2012) observed a similar
phenomenon in streams of the temperate Pacific Northwest of the US, with dissolved
organic carbon and vascular plant biomarker (i.e. lignin phenols) concentrations
increasing linearly with river discharge during rain events following long dry periods.
The increased rainfall that started in 2012 caused a record discharge of the Amazon
River to the ocean with highly turbid waters, as observed in the discharge curve (see

chapter 3, section 3.4.2, Figure 3.6).

The average annual flux of CO, for the entire plume during the study period was 5.6 +
7.2 Tg C y', with strong inter and intra-annual variability (Table 7.9). The annual CO,
flux from the ARP calculated here differs from Ibdnhez et al. (2016) (-7.9+ 1.0 Tg C y'l).
This can be explained by: i) climatic events that intensified the rainfall at the basin
during the study period, leading to a higher discharge of water into the ocean and; ii)
this study has more sampling points comprising the entire plume, particularly in
regions of the plume closer to the Amazon River mouth. Ibanhez et al. (2016) collected
in situ samples to generate the model to estimate pCO, in higher latitudes (14°N 5°N
52°W 41°W) (IBANHEZ et al., 2015) where the riverine water was more diluted by
marine waters and supports phytoplankton blooms that leads to enhanced CO,
sinking, resulting in an underestimation of the CO; fluxes for the whole plume. In this
work, the average minimum carbon flux was -19 Tg C y-1 during the five-year period
(Table 7.9), which is lower than the estimations provided by Subramaniam et al.

(2008), who estimated that the ARP was a net CO, sink of -27 Tg Cy™.
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Table 7.9 - Statistics for the CO, flux (Tg C y™) for the Amazon River Plume.

Year S.easonal Min Max Mean + Std
Discharge
HW -73.2 -1.9 -15.0+ 11.5
FW -49.0 -0.6 -10.9+8.8
2010
LW -32.2 -1.4 -4.4+29
All year -10.1+7.7
RW -0.6 25.2 13.0+5.0
HW -18.8 19.0 1.1+5.8
2011 FW -39.2 11.1 -9.6+5.8
LW -15.9 3.1 -3.0£1.8
All year 04+5.6
RW 2.5 43.9 17.3+6.1
HW -25.0 50.2 16.6 +13.9
2012 FW -18.5 21.1 -6.3+5.2
LW -8.3 2.6 -42+1.4
All year 59+6.6
RW 7.0 30.6 18.3+4.4
HW -24.4 66.8 25.7+17.9
2013 FW -26.8 12.5 -8.0+4.2
LW -11.6 6.0 -0.3+.2.7
All year 89+73

Continue
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Table 7.9 — Conclusion

RW 7.3 66.2 35.6 + 9.4
HW 8.7 85.4 47.2+20.8
2014 FW 232 24.7 47467
LW -7 10.2 21.0+2.8
All year 19.3+£9.9
Average 2010- -19.2 25 5.6+7.2

2014

General statistics: minimum (Min), maximum (Max), Mean and standard deviation ().

Source: Author’s production.

The inter-annual variability (2010: -10.1+7.7Tg C y'l,' 2011: 04+£56TgC y'l; 2012:5.9
+6.7TgCy™;2013: 8.9+ 7.3 TgCy’; 2014: 19.3 + 9.9 Tg C y™) (Table 7.9) can largely
be explained by the extreme climatic events. In early RW of 2010, a strong El Nifio
event occurred followed by a La Nifia in the FW (MARENGO et al., 2011), along with an
anomalous warming of the SST in the Northern Atlantic (ESPINOZA et al., 2011). The
intra-annual variability was marked by a large carbon sink during the HW season of
2010 and high carbon emissions during the RW and HW seasons of 2014.
Understanding the role of extreme climatic events is highly relevant to future
projections of carbon cycling in the region and globally considering that climate change
is expected to enhance flood/drought cycles (NOHARA et al., 2006). Therefore, the CO,
flux difference among seasons through the years suggest that the CO, outgassing is

driven by the discharge seasonality, climatic events and the ocean currents.

The CO, degassed in the plume is likely mostly derived from the decomposition of river
dissolved organic matter by microbes in the river (WARD et al., 2013, 2016) or the very
early stages of the plume (MEDEIROS et al., 2015; SEIDEL et al., 2015). Thus, the low
outgassing flux during 2010 in the ARP was likely a consequence of the low discharge
of the river to the ocean. Additionally, the reduced discharge likely resulted in a
reduction of turbidity (i.e. lower suspended sediment concentrations), allowing more

light penetration that enhances the primary production and precedes an increase in
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CO, uptake. Smith and DeMaster (1996) showed that phytoplankton photosynthesis in
waters influenced by the Amazon River is limited by low levels of available irradiance,
particularly in the reaches of the plume closest to the river influence (MEDEIROS et al.,

2015).

Medeiros et al. (2015) and Seidel et al. (2015) assessed the fate of organic matter
along the Amazon River continuum and elucidated the processes and their spatial
variability in the ARP. Near the mouth, where the water is more brackish with lower
light penetration, the predominant process was bacterial remineralization, which
releases CO, to the water. During 2012-2014 the annual flux of CO, was positive,
suggesting that the greater load of turbid riverine water transported by the ARP
interfered with the growth of phytoplankton, reducing primary production and

therefore reducing the oceanic uptake of CO,.

Consideration of the inner plume CO, flux estimative significantly changes the
respective impact of the net primary productivity on the overall the carbon balance of
the ARP. Although primary production still plays an important role in the carbon
budget of the plume, it may have been overestimated by previous studies that

considered only the productive areas at the border of the plume.

7.3.5 Study limitations and future suggestions

The algorithm presented here is based on data acquired by a microwave orbital sensor
that has the advantage of weather independence, essentially, the presence of clouds
that is a major issue for the studied area. Although it has a poor spatial resolution
(0.5°) compared to other sensors operating in the visible part of the electromagnetic
spectrum (< 4 km), the estimated pCO, average values showed a low coefficient of
variation within each pixel. Despite this, the present algorithm had a weak relationship
between the range of ~500-750 patm. This interval speaks for only 3% of the total
samples and it represents riverine water. Another drawback is that SMOS products do

not reach as close to the shoreline due to adjacency effects of land contamination. A
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limitation faced in this work is the poor performance of SMOS to retrieve lower values
of salinity (<30 psu), as advancing into the river mouth the error of SSS increased.
Additionally, part of the in situ salinity samples had to be discarded after an outlier

analysis with the SMOS products.

As this study illustrates, the coastal region is crucial for understanding the turning
point of the CO, flux along the ARP and including these waters will likely lead to higher
estimates of degassing. To address this issue requires not only additional in situ
measurements closer to the coastline for algorithm validation, but also the potential
use of a visible sensor (e.g. Moderate Resolution Imaging Spectroradiometer - MODIS,
Visible Infrared Imaging Radiometer Suite -VIIRS, Ocean and Land Colour Instrument -
OLCI). This approach may allow both the coastline and river to be resolved in concert
and allow for a more diverse combination of ocean color products to be related to

pCO, such as CDOM and chla.

SSS was the most important proxy for pCO, in the ARP and although visible sensors
don’t have a salinity product, it is possible to derive a synthetic salinity by the strong
negative linear relationship between the absorption coefficients of coloured dissolved
organic matter and salinity in river plume dominated coastal oceans (MOLLERI et al.,
2010). However, to use optical data in the study area would require a very accurate
atmospheric correction of satellite images, as well as effective cloud masking due to
high turbidity normally observed in the region. High concentrations of suspended
sediments have a high signal response which could be erroneously taken as clouds.
Additionally, this is a significantly cloudy region that would limit the quality and/or
guantity of imagery availability. Further, in situ sampling is required for validation of
bio-optical properties, since the chl-a measured in very turbid water can be
overestimated if an effective atmospheric correction and appropriated reflectance
algorithm is not applied (VANHELLEMONT; RUDDICK, 2015; LOISEL et al. 2013;
GITELSON et al., 2008).
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7.4 Final considerations

This chapter estimated the concentration and net flux of CO, for the ARP by remote
sensing based on an empirical relationship between in situ pCO, and SMOS-derived SSS
and SST. Intra-annual variability of the dissolved CO, input from the river to the ARP
was a consequence of the rainy season and consequent hydrologic behavior, which
influence the discharge of the Amazon River. The F355 responded to plume pathways,

which is tied to the North Brazil Current, North Equatorial Counter Current and trade

winds.

The RW season was characterized as a net source of CO, and was the most sensitive
season according to sensitivity analysis performed. Therefore, it is suggested more in
situ campaigns to better describe the region and improve the pCO, model. During the
HW season when the river discharges more dissolved CO, to the ocean, the plume
takes up less or even emits and exports CO,. During the FW season, the river exported
less CO, compared to the HW season. Moreover, the plume is deflected eastward by
the North Equatorial Counter Current and as the extent of the plume gets bigger, the
resultant retroflection drives riverine nutrient export that enhances biological uptake.

Thus, the FW season was ubiquitously a net sink of CO,.

Averaged throughout the study period, the plume generally acted as a source of CO, to
the atmosphere even though it acted as a CO; sink during LW and FW periods. As was
reflected in the behavior of the plume, the five-year study period provided contrasting
conditions, with the drought of 2010 and the flood of 2012-2014. The Amazon River
emitted less CO, during 2010 and more during 2014 and the ARP absorbed more CO,
during 2010 and took up less during 2014.

Results from this study provide increased spatiotemporal coverage of CO, fluxes in the
Amazon River plume from earlier studies, particularly in regions closer to the river.
They show that the ARP acts less as carbon sink area than originally thought, and for

the present study period, acted as a net source of CO,. This study hypothesize that the
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ARP is an even larger source of CO, to the atmosphere than estimated here if the
entire coastal extent, including the shore-side 100 km not covered by the SMOS
sensor, if the plume is considered in future studies. Finally, this study highlights the
importance of large-scale climate patterns on carbon cycling across the river to ocean

continuum in the world’s largest river system.
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8 CONCLUDING REMARKS AND RECOMMENDATIONS

This research was a step forward on the use of water colour information to assess bio-
optical properties on the Amazon River. A comprehensive assessment of the
biogeochemical and bio-optical spatiotemporal variability of the Lower Amazon was
performed and discussed according to the impact of regional environmental forcing.
Moreover, the inclusion of the Amazon River Plume within this study, enriched the
discussion considering an integrated water system and contributes to a better
understanding of the biogeochemical dynamics of the water masses composing the

Amazon River continuum.

The assessment of the bio-optical properties showed the challenge still represented by
the measurements in the Lower Amazon of the absorption properties associated with
the phytoplankton and non-algal particles (apny and anap, respectively) underlining the

need to develop adapted in situ methodological approaches.

A clear bio-optical distinction exists between the CW rivers where the absorption
budget is dominated by CDOM and the Amazon mainstream waters where the relative
contribution of CDOM and a, is globally well-balanced. While a relatively low
seasonality was observed in the bio-optical characteristics of the Amazonian waters,
the situation observed during the RW season departs from the other discharges
condition with a significant increase in SPM loads and thus in the relative importance
of a, in the overall water absorption. It is worthy to note that, although the RW season
is usually assumed to correspond to the first trimester of the year, this temporal
segmentation is subject to time-shifting due to extreme climatic events (e.g. El Nifio

and La Nifia).

The optical characterization of the Amazon waters was assessed leading to the
definition of four (4) optical classes. This optical typology is useful to synthetically

follow the spatial distribution of the water masses of the Lower Amazon (CW vs
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Amazon waters) but also, to monitor the temporal dynamics of these waters (taking

into account for instance possible time-shifting in the Amazon waters characteristics).

The variability along the Lower Amazon transect underlines the dilution patterns
related to the mixing of the Amazon waters with that corresponding to the CW
tributaries. The decrease in CDOM from Obidos to Macapd, and the associated
increase in CDOM spectral slope in the UV (S;75.295 proxy for the DOM molecular
weight) emphasized the importance of the bacterial degradation processes occurring
along the course of the Amazon river. Small-scale processes, such as tidal effects, had a

more limited impact on the Amazon water masses bio-optical variability.

In addition to an original description of the bio-optical variability of the Lower Amazon
River, this study aimed to develop inversion algorithms allowing an estimation of
major elements of the carbon cycle (DOC, pCO;) from water colour remote sensing

information.

The heterogeneity in the DOM characteristics in CW and turbid waters, as well as sharp
temporal variation in the nature of the DOM at regional scale, limit the use of a single
relationship for estimating DOC content from CDOM optical properties (acpom Or Sa7s.

295)'

Conversely, pCO, was not susceptible to seasonal or optical variability and could be
satisfactorily retrieved over the Amazon water continuum. In practice, two algorithms
were developed: i) using single regional algorithm based on CDOM and water
temperature for the Lower Amazon water, and ii) using salinity and water temperature
for the Amazon River plume. The possible use of CDOM as a proxy for pCO, in the

Amazon plume still has to be further investigated.

Regional empirical algorithms for estimating CDOM absorption properties have been
developed. Among the different formulations currently available in the literature, the

multilinear model by Cao et al., 2018 and the nonlinear model by Vantrepotte et al.,
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2015 adapted to the waters of the Lower Amazon waters were in practice selected for

estimating acpom(412) and Sy75.295, respectively.

adcoom(412), Sy75.295, DOC and pCO, models developed on this study were applied on
MERIS seasonal composite images for the years of 2010 and 2011. The final maps
allowed a description of the distribution of acpom(412), Sz75.295, DOC and pCO, at the
Amazon River’s mouth, Tocantins River’s mouth, as well as the transition area
corresponding to the encounter of fresh and oceanic waters. For the assessed years
(2010-2011), the seasonal variability of the Amazon water was more restricted
contrasting with the clear waters of the Tocantins’s River mouth, where a higher
temporal variability was evidenced. Amazon River was a source of carbon during all
seasons, with high values of acpom(412), DOC and pCO, and less degraded DOM as
indicated by low S;75,95. Conversely, Tocantins River’s mouth was a source of CO,
during the RW and HW season, and a net CO, sink during the FW and LW season.
However, except for the LW season, Tocantins River’s also exported a great load of
DOC to the ocean. The DOC exported by the Tocantins River’s to the ocean had lower
molecular weight compared with the Amazon River. The intra-seasonal variability
observed on MERIS images indicates a high variability in areas where the river and the
ocean encounter, evidencing the need to better investigate these poorly described and

highly dynamical waters.

The pCO, and CO; flux maps for the Amazon River plume emphasized the impact of the
hydrological pattern on the inter and intra-annual variability. The ARP during the RW
and HW seasons were characterized generally as a net source of CO,. Conversely,
during the FW and LW seasons, the ARP was a net sink of CO,. Additionally, the
assessed years for the ARP (2010-2014) was marked by extreme climate events that
impact the CO, flux through the seasons. Despite the gap between the Amazon River’s
mouth and the ARP, this study shows that the ARP acts less as a carbon sink area than
previously thought (SUBRAMANIAM et al., 2008), and moreover, for the assessed

period, acted also as a net source of CO,. While additional studies are still needed to

169



better specify the carbon balance in the ARP, our results tend to suggest the neutral

feature of this area.

The methodological developments performed in the frame of this study will support
many future works. The present study has clearly underlined the interest of water
colour based observations and underlining at the same time the need to consider
regionally adapted methods for assessing the Amazon waters carbon content from
remote sensing observation. The two approaches here developed for estimating pCO,
content provide first evidence of the possible monitoring of pCO, over in the Amazon
River’'s mouth (ARM) and Amazon River plume (ARP), completing the current gap
between fresh and ocean waters. Future methodological approaches are however still
required in order to properly combine the information here obtained regarding the
pCO, distribution in the ARM and the ARP and follow the carbon fluxes over the

Amazon river continuum.

While, additional in situ studies are still needed to further validate the approaches
proposed in the frame of this work, the application of the DOC and pCO, inversion
algorithms here developed on historical or more recent satellite water color archives
will provide better insights into the understanding of the dynamics of major elements

of the water carbon cycle at regional scale.
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APPENDIX A

A.1  Non-algal (ansp) and phytoplankton (agh,) absorption

After a, measurement, the sample filters were soak with Sodium Hypochlorite for 20
minutes and washed with drops of Milli-q water to remove pigments from the particles
retained. The T-R method (TASSAN; FERRARI, 2002) is performed once again using the
de-pigmented filters, obtaining anap. aphy is obtained by aghy = Gp-anap. The total samples

of anap and apny are showed on Table A.1.

The aph,(443) was also calculated using chla, hereafter called aph,(443) B95, according

to Bricaud et al. (1995):
Apny(443)B95 = (0.0394 - (chla)®3*3%) - chla (A.1)
Likewise, the ratio of the a,n, B95 to a, was also computed.

Table A. 1 - Total number of in situ ansp and agny gathered during the years of 2014-

2017.
Parameter Total
Amazon CW samples
anap(N) (M) 95 14 109
apny(A) (M™) 95 14 109

Source: Author’s production.
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A.2 Results and discussion

Table A. 2 - Bio-optical characteristics of Amazon River and Clearwater rivers.

Clearwater rivers Amazon River
+ +
Ave;%ge * CO/V RANGE A"e:)ge = CO/V RANGE
(o] 0
. 112+ 0.22- 1.96 +
Onap(443) (M) 178 P 6oz 147 2 026626
. 0.61+ 0.19- 1.29+
Gpny(443) (m™) e 109 > 62 0.57-4.93
. 0.21+ 0.03- 0.25 + 0.003-
Tpny(680) (M) 0.19 8 072 0.21 82 T 41
chla (mg L") 6.1+7.7 122 31153 1.4+08 57 0.5-6.3
0.19 + 0.05- 0.02 + 0.004-
Tpny(443) BIS : @,(443) 0.15 76 056 0012 Y 0065
aphy(443) B95: (aCDOM + 0.05 £ 80 0.02- 0.01 60 0.003-
ay) (443) 0.04 0.13 0.006 0.033
0.07 + 0.00- 0.02+
Gohy(443): acpom(443) 006 86 0oy 001 50 0.00-0.08

SD — Standard Deviation; CV - Coefficient of Variation. Values in italic are considered
inaccurate.

Source: Author’s production.
A.2.1 Particulate matter absorption

The results emphasize the problematic related to the measurement of particulate
absorption in the Amazon waters. Specifically, apn, measurements were not accurate
for Amazon water. The common method in the literature and used in this study is
based on the use of sodium hypochlorite (TASSAN; FERRARI, 1995) as an oxidizing
agent. This method was not effective, and more than phytoplankton pigments were
actually bleached. Further, for Amazon waters, a, measured contained a large fraction
that could not be attributed to phytoplankton pigments but to DOM adsorbed in the
particles. Consequently, part of the absorption was taken erroneously as caused by

phytoplankton, increasing the apn, signal. Likewise, the same error signal was
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transferred to anap, leading to inaccurate low values considering the discounted appy.
The observed methodological issue related to aph, and an,, Mmeasurements for the
Lower Amazon is a source of uncertainty, and therefore, the corresponding data in
Table A.2 are underlined. It is worthy of note, however, that according to Binding et al.
(2008), the enhanced absorption in the blue wavelengths by agp, is not attributed to
the bleaching of particulate organic detritus, since this fraction are not affected by the
sodium hypochlorite bleaching (TASSAN; FERRARI, 1995), but rather to the DOM
adsorbed onto suspended sediments. Fine particles are better adsorption acceptors for
DOM than coarse detritus (KAISER; ZECH, 1997; SUESS, 1970), and the mineral
sediments in the Amazon River is predominantly silt and clay (< 64 um) (DUNNE et al.,

1998).

For the Amazon River samples, an atypical agn, spectrum is found with absorption
increasing exponentially with decreasing wavelength without typical clear bumps
corresponding to the photosynthetic pigments in the blue and red part of the
spectrum (Figure A.1.A). A similar situation was reported by other studies in inland
waters with high CDOM concentration (BINDING et al., 2008; GALLEGOS et al., 2005).
Binding et al. (2008) noted that stronger correlations between chla and agp, in the
visible spectrum occurred in waters with low acpom(440) (< 0.2 m'l). In this study, the
lower acpom(443) was measured at the Tapajos River during the LW season (acpom(443)
=0.74 m'l, Table 4.2, Chapter 4), and was almost four times higher than the threshold
suggested by Binding et al. (2008). In comparison to Amazon River, agn, of CW rivers
was less affected by CDOM (Figure A.1.B). The corresponding average of apny spectrum
presented the expected, although modest, signature of phytoplankton pigments, with
a small and not well-defined absorption peak near 440 nm, and a more distinguished

absorption peak on 680 nm (BRICAUD et al., 1995).
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Figure A.1 - Average apn, and standard deviation spectrum for: A) Amazon River and,
B) CW rivers.
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Source: Author’s production.

No significative correlation was found between aph,(443) and chla (N= 97, R? = 0.03,
p>0.05), when the whole dataset is used. When the data is partitioned into Amazon
and CW waters, still no relationship is verified between ag,(443) and chla (Amazon: N=
85, R? = 0.0004, p>0.05; CW N=12, R* = 0.32, p>0.05), despite that some samples of CW
are more in line with Bricaud et al. 1995’s model (Figure A.2.A). In fact, the samples
closer to Bricaud et al 1995 relationship are those whose ratio of apn(443) : acpom(443)
are higher than 0.1 (Table A.2). CDOM absorbs strongly at short wavelengths and
should affect more apn (443) measurements than ayny(680), but still no relationship
could be established between ay,(680) and chla (N= 97, R? = 1.35%, p>0.05) for the
whole dataset. For the partitioned Amazon data, no correlation was observed (N= 85,
R? = 0.01, p>0.05) and for CW, only a relatively weak correlation was established (N=

12, R? = 0.48, p<0.05).
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Figure A.2 - Correlation between chla and: A) ayn,(443); B) ayny (680), for the Lower

Amazon.
A 10.00 B 10.00
108 Iy 166
0.10 1.00 10.00 100.00 0.10 1.00. 10.00 100.00
£ £
= 0.10 S 0,10 '
3 ) @ L Bricaud 95
= £ i
i z CW rivers
[+ S
3 CW rivers
0.01 0.01 Amazon River
chl-a (mg L) chl-a (mg L?)

Bricaud et al. (1995) fit in grey for comparison.

Source: Author’s production.

Considering the inaccuracy of aph, from in situ data as mentioned above, a,n,(443) was
calculated using chla data, according to Bricaud et al. (1995) (herein referred as B95).
aphy(443) B95 was used to approximate the proportion of the absorption by
phytoplankton in the total particles absorption signal. On average, apn,(443) B95
contribution was very low for the Amazon (2% of a,(443), Table A.2), while this
contribution varies much more for CW samples (from 5 to 56%, Table A.2) suggesting a
greater heterogeneity on the constitution of the particulate matter stock present in
these waters. The previous results clearly underline the practical difficulty to assess
Gphy in the Amazon waters, where the contribution of phytoplankton to the total
particles absorption signal is very low, while other processes such as CDOM adsorption

can represent and additional issue (influencing ap, aphy, and an,, measurements).

To assess the magnitude of the additional absorption potentially caused by CDOM in
aphy Measurements, the absorption attributed to the adsorption of CDOM in the
particle (defined here as CDOMp) was estimated by the difference of a,n, measured

(aphyM) and apny B95. Thus, assuming that Bricaud et al. (1995) model is suitable for
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complex waters and that chla was estimated properly, as well as disregarding a
possible absorption due to package effect and pigment variability, the estimated
absorption by CDOMp(443) for CW was on average 0.21 m™, which results in an
average overestimation in aph,(443) of 165%. For Amazon waters the issue is even
worst with apny(443) overestimation reaching up to 2447%. For a,n(680) the
percentage error was 914% for Amazon and 69% for CW rivers. CDOM samples were
normalized by the average of 680-690 nm (BABIN et al., 2003) and even after the
normalization, acpom(680) signal although relatively smaller, is not neglectable
(acoom(680) = 0.05 and 0.08 m™ for Amazon and CW rivers, respectively). The
combination of a small contribution of phytoplankton to the total absorption at the
Amazon waters, the strong CDOM interference in apny measurements by adsorption in
the suspended mineral particles, and CDOM absorption along higher wavelengths,
challenges accurate ay,, measurements in optically complex waters requiring the

development of further studies.

As mentioned before, ayn, contribution to the total is ap, is very low. On the other
hand, the major fraction of ay, is related to anap (Table A.2, proportion of apn(443) B95 :
ap,(443)). Therefore, since ansp is impaired by an inaccurate agpy, it was decided to

consider in this study a, as representative of NAP.
A.3  Final considerations

In situ measurements of aphy and ansp represent a real challenge for the turbid waters
of the Amazon River. The chosen method for particle depigment using sodium
hypochlorite (TASSAN; FERRARI, 1995) was not suitable for the samples acquired in the
study region likely due to a particle-bound DOM at the mineral particles. The same
issue was observed by previous studies (see e.g. BINDING et al., 2008). Other methods
such as the use of methanol was also described as not being effective to separate aphy
from a, for all samples (GALLEGOS, 2005) and the use of combustion can cause

changes in the particle absorption, and the sum of components are not conserved (a, =
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Ophy+0nap) (WERDELL et al., 2018; ESTAPA et al., 2012). The depigment complication
leads to inaccuracies in the measurement of aphy and anap, requiring further studies to
develop a compelling method to extract the signal of ayn, from a,. One way to try to
overcome this issue might be to the use of a derivative analysis on aph,, enhancing the
phytoplankton absorption when it removes the strong absorption related to CDOM.
Nevertheless, the ratio of aph, B95 and a, shows that agn, contribution is very low for
the Amazon River (2% on average), emphasizing the practical difficulty to assess
phytoplankton signal. For CW aph, was relatively close to Bricaud’s model, although the
interference of CDOM is still very high at the absorption coefficient. The difficulty to
assess reliable in situ appy, anap clearly add difficulties for the development of a regional
optical model dedicated to remote sensing inversion algorithms in the study area to

determine ayny and chla.
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