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RESUMO 

 

A qualidade de águas costeiras está relacionada ao aporte de substâncias orgânicas/inorgânicas 

dissolvidas/particuladas produzidas e transformadas dentro do corpo hídrico ou carreadas ao 

longo da bacia de drenagem. O entendimento do comportamento dessas substâncias é de 

extrema importância tanto na quantificação do papel de regiões costeiras em ciclos 

biogeoquímicos globais, quanto na gestão de recursos hídricos. A análise da cor da água do mar 

por sensoriamento remoto (Ocean Colour Remote Sensing, OCRS) se apresenta como uma 

ferramenta complementar às amostragens tradicionais discretas, possibilitando uma visão 

sinóptica da susceptibilidade do corpo hídrico a perturbações naturais e antrópicas. Uma etapa 

importante antecedente à aplicação desta técnica é o entendimento do comportamento espectral 

da água através da coleta radiométrica e da análise das substâncias opticamente ativas nela 

presentes (i.e., substâncias que alteram a cor da água). O presente estudo é realizado na Baía de 

Guanabara, um estuário tropical localizado na costa do Rio de Janeiro cujo aporte de matéria 

orgânica e nutrientes propicia condições ideais para atividades de micro-organismos 

autotróficos e heterotróficos que alteram as propriedades (concentração/composição) dos 

constituintes presentes no ecossistema. O objetivo principal é aprofundar o conhecimento do 

comportamento espectral das águas superficiais da Baía de Guanabara através da análise da 

distribuição espacial e temporal da matéria orgânica dissolvida colorida (Coloured Dissolved 

Organic Matter, CDOM) e sua relação com outros parâmetros de qualidade da água, como 

carbono orgânico dissolvido (Dissolved Organic Carbon, DOC), pigmentos totais (clorofila-a 

+ feopigmentos) e total de sólidos em suspensão (TSS). Estes e outros parâmetros físico-

químicos contidos no banco de dados de amostras de água superficial coletadas entre Julho de 

2013 e Abril de 2014 (N = 127) na região são analisados neste estudo. Com relação às 

concentrações de CDOM e DOC, observa-se um decréscimo entre as regiões mais internas para 

regiões com maior troca oceânica. Quanto à composição, a interpretação da resposta espectral 

total da amostra através do índice SR (razão entre os valores de inclinação da curva entre 275-

295 e 320-412 nm) evidenciou que, na Baía de Guanabara, as amostras analisadas possuem 

propriedades espectrais de moléculas mais recalcitrantes/processadas do que recentemente 

produzidas. Esta característica está atribuída tanto a atividades microbianas que consomem 

rapidamente a matéria orgânica mais lábil produzida por atividades fitoplanctônicas, quanto a 

processos de degradação pela luz solar. Mesmo diante dessa variedade de fontes e processos 

característicos do ambiente de estudo, é demonstrado que a CDOM pode ser utilizada como 

proxy de DOC na região da Baía de Guanabara com até 22% de erro associado (MRAD). Este 

tipo de abordagem permite fornecer informações regionais importantes à comunidade 

científica, viabilizando uma melhor compreensão do papel de ecossistemas tropicais 

eutrofizados no ciclo do carbono, assim como no desenvolvimento de futuras melhorias em 

produtos obtidos por técnicas de OCRS. 

 

Palavras-chave: Propriedades bio-ópticas. CDOM. DOC. Eutrofização. Baía de Guanabara. 

Rio de Janeiro. 

  



 

 

ABSTRACT  

 

The water quality of coastal environments is associated to the input of organic/inorganic 

dissolved/particulate substances produced and transformed within the water body, or carried 

along the drainage basin and discharged to the system. Understanding the behaviour of these 

substances is extremely important in the quantification of the role of coastal regions in global 

biogeochemical cycles and in the management of this resource. The application of ocean colour 

remote sensing (OCRS) techniques is presented as a complementary tool to traditional discrete 

sampling methods, allowing a synoptic assessment of the susceptibility of the water body to 

natural and anthropogenic disturbances. An important step prior to the application of this 

technique is the understanding of the spectral behaviour of the water through radiometric 

sampling and exploratory analysis of the optically active substances present within it (i.e., 

substances that alter the colour of water). The present study is carried out in Guanabara Bay, a 

tropical estuary located on the coast of Rio de Janeiro, whose contribution of organic matter 

and nutrients provides ideal conditions for the activities of autotrophic and heterotrophic 

microorganisms that alter the properties (concentration/ composition) of the constituents in the 

water. The main objective is to increase the knowledge of the spectral behaviour of the surface 

waters of Guanabara Bay by analysing the spatial and temporal distribution of the coloured 

dissolved organic matter (CDOM), and its relation with other water quality parameters, such as 

dissolved organic carbon (DOC), total pigments (chlorophyll-a + phaeopigments), and total 

suspended solids (TSS). These and other physico-chemical parameters contained in a database 

of samples collected in the surface waters of Guanabara Bay between July 2013 and April 2014 

(N = 127) are analysed in this study. In relation to the concentrations of CDOM and DOC, a 

decreasing trend from the innermost regions to marine-dominated stations was observed. 

Regarding the composition, the interpretation of the total spectral response of the sample 

through the SR index (ratio between spectral slope values between 275-295 and 320-412 nm) 

showed that, in Guanabara Bay, the analysed samples have spectral properties of more 

recalcitrant/processed molecules than recently produced ones. This characteristic is attributed 

both to microbial activities that rapidly consume the most labile organic matter produced by 

phytoplankton activities, and to processes of degradation by sunlight. In spite of this variety of 

sources and processes characteristic of the study area, it is demonstrated that CDOM can be 

used as a DOC proxy with up to 22% associated error (MRAD). This type of approach provides 

important regional information to the international scientific community, enabling a better 

understanding of the role of tropical eutrophic ecosystems in the carbon cycle, as well as in the 

development of future improvements of products obtained by OCRS techniques. 

 

Keywords: Bio-optical properties. CDOM. DOC. Eutrophication. Guanabara Bay. Rio de 

Janeiro.   
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1 GENERAL INTRODUCTION 

 

 The dissolved organic matter (DOM) in natural environments is a complex mixture of 

organic operationally separated as the dissolved substances that passes through a filter with a 

given porosity (0.2 to 0.7 μm) (Del Castillo, 2005; Repeta, 2015). The importance of DOM in 

marine ecosystems is related to the numerous processes that this fraction is involved, as a 

chelating agent of heavy metals (Schnitzer, 1978; Aiken et al., 2011; Davis, 1984), organic 

pollutants transport (Carter and Suffet, 1982), energy source for microbes (Thurman, 1985), 

and biogeochemical cycling of diverse elements, including carbon. An important fraction of the 

DOM pool is the coloured dissolved organic matter, CDOM, because of its influence on light 

availability and its capacity of changing the colour of the water. The presence of CDOM in 

natural waters is identified by a yellow-to-brown characteristic (Kalle, 1938) as a consequence 

of the overlapping absorption of chromophoric molecules in the UV-to-blue portion of the 

electromagnetic spectrum (Coble, 2007). The intensity of the colour depends on the bulk 

amount of CDOM in comparison to the other water colour constituents (i.e., the dissolved and 

particulate substances that alter the colour of the water besides itself) (IOCCG, 2000).  

The application of CDOM as a proxy for DOC concentrations has been studied in 

numerous coastal environments (Ferrari, 2000; Del Castillo and Miller, 2008; Fichot and 

Benner, 2011; Fichot et al., 2012; Danhiez et al., 2017; Vantrepotte et al., 2015). The dissolved 

organic carbon (DOC) represents about 97% of the total organic carbon (TOC) in the ocean and 

its assessment becomes of great relevance taking into account the increase of atmospheric CO2 

caused by anthropogenic disturbances (Hansell and Carlson, 1998; Bauer et al., 2013). The 

effectiveness of this approach relies, however, on an accurate characterization of the CDOM-

DOC relationship (IOCCG, 2008). Analysis of the characteristics of absorption curves using 

proper equipment can bring further information about the composition, either provoked by 

CDOM contributions from the watershed (watershed-derived) or produced and transformed 

inside the water body by autotrophic and heterotrophic microorganisms (phytoplankton-

derived). 

Taking into account the high spatiotemporal variability of carbon in coastal 

environments, it is necessary to develop modern tools to cover a synoptic view of the water 

body. OCRS techniques have been used as a complementary tool to traditional methods, which 

are frequently inadequate to exhibit this pronounced variability. This methodology is based on 

the principle of the light interaction (absorption and/or scattering) in a water body. A small 

quantity is reflected from the water surface, but most of the electromagnetic radiation is 
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transmitted into the water and the optically active constituents that are present within it (Menken 

et al., 2006). The understanding of their optical properties is essential to evaluate their role in 

the surface water remote sensing reflectance and potential biases in the application of OCRS 

techniques. 

High concentrations of CDOM in coastal waters drastically affect the Chlorophyll-a 

(Chl-a) estimation by late and current satellite sensors (Cipollini and Corsini, 1994; Siegel et 

al., 2005; Hubert et al., 2010; Oliveira et al., 2016; Kutser et al., 2017). This is brought about 

by the fact that the algorithms are obtained in waters with different optical characteristics of 

those whose they are applied. Another reason is that CDOM absorption also overlap the 

absorption by phytoplankton in the blue portion of the spectrum resulting in negative surface 

water remote sensing reflectance in these regions (Coble, 2007; Kutser et al., 2017). 

Analytical approaches require deep familiarity with the inherent optical properties of 

the water body, while empirical modelling involves proper in situ measurements and statistical 

calculations. In this context, the main aim of this study is to investigate, for the first time, the 

spatiotemporal behaviour of CDOM spectral properties and its relationship with DOC 

concentrations in the eutrophic Guanabara Bay. It is also demonstrated the performance of 

different processing levels derived from the Ocean and Land Colour Instrument (OLCI) 

imagery, on-board of the Sentinel-3/ESA satellite. The lack of study of CDOM and its 

relationship with DOC in a tropical system greatly influenced by eutrophication such as 

Guanabara Bay, and the importance of such measurements for future algorithm computations 

are the motivations for the present work. 

In this document the first Chapter covers this general introduction as well as the 

presentation of the hypothesis, objectives and motivation of this study. The second Chapter 

brings a deeper contextualization of the topics addressed in Chapters 4 and 5 with the theoretical 

background. Chapter 3 shows a general description of the study area consisting of hydro-

geomorphological characteristics and early anthropogenic impacts. The description of the 

methodology used to obtain the results is presented in Chapter 4. The fifth Chapter encompasses 

the scientific article aiming to understand CDOM optical properties spatial and temporal 

distributions, as well as its relationships with DOC based on statistical calculations over specific 

wavelengths. This article was submitted to the Journal “Continental Shelf Research”. Chapter 

6 presents an extended version of the original study case to be published on the EUMETSAT 

Website. This study was developed during the Workshop "Using the Copernicus Marine Data 

Stream for Ocean Applications” held in Oostende, Belgium, in September 2017. Level-2 (L2) 

and Level-1 (L1) products obtained from OLCI/S-3 imagery retrieve top-of-water remote 
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sensing reflectance and concentrations of optically active substances present within the water 

body. The evaluation of the performance of these products and its potential applications are 

shown therein. The last chapters 7 and 8 exhibit the final considerations with respect to the 

results and the references, respectively. 

 

1.1 Hypothesis 

 

The relationship between CDOM and DOC in Guanabara Bay water depends on the 

DOM produced by phytoplankton production, transformed by the microbial carbon pool, by 

solar-induced degradation, but also by anthropogenic inputs of effluents and natural watershed 

dynamics. 

 

1.2 Objectives 

 

The main objective of this study is to understand the spatial and temporal distribution 

of CDOM and its relationships with DOC in the surface waters of the eutrophic Guanabara Bay. 

Specific objectives: 

 Calculation of the spectral properties of CDOM, including the absorption of CDOM at 

different wavelengths (aCDOM), specific absorption of CDOM (a*CDOM), spectral slopes, 

S, and their ratios, SR;  

 Spatial analysis of the distributions of CDOM optical properties according to the salinity 

value and geolocation within sectors of the collected samples; 

 Temporal analysis of the distributions of CDOM optical properties using the seasons 

where samples were collected; 

 Establish relationships between CDOM optical properties and in situ water quality 

indicators (Salinity, DOC, Chlorophyll-a); 

 Application of the new OLCI sensor aboard of the Sentinel-3/ESA satellite  to establish 

ocean colour products;  

 Evaluation of OLCI/S-3 ocean colour L1 and L2 products using in situ radiometric 

measurements. 
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2 THEORETICAL BACKGROUND 

 

2.1 Sources and sinks of DOM in aquatic environments and its relationship with optical 

features of CDOM 

  

To understand how the processes alter the chemical properties and consequently affect 

the optical characteristics, it is essential to comprehend the theory behind the colour of CDOM, 

as ruled by the interaction (absorption and/or scattering) between the solar electromagnetic 

radiation and the organic molecules that are present in the water. When a photon is absorbed, 

an electron at the ground state is promoted to a higher energy level (excited state) and quickly 

returned to its original state. This process can involve the release of the energy through 

vibrational relaxation and internal conversions (absorption) or through the emission of a photon 

(fluorescence/phosphorescence). The intensity of this energy is directly related to the 

probability of this transition to occur, and the wavelength related to this transition is inversely 

related to this excitation energy (Atkins et al., 2008). Double bonds (π-bonds) between carbon 

atoms are weaker and require lower energy to produce a transition. In contrast, single carbon-

carbon bonds (σ-bonds) are very strong and require higher energy. The increase of double bonds 

in a molecule results in a conjugation system, where the electrons are delocalized and shared 

by all the atoms in the system. Consequently, in this situation, the probability where the 

electrons can be found is higher, resulting in a lower energy and so does the range of possible 

wavelengths in which absorption can occur (Del Castillo, 2005). Molecules that present a higher 

conjugated system (e.g. aromatics) present a more chromophoric (coloured) characteristic than 

more simple single-bonded carbon structures. The processes that provoke an increase in the 

length of the conjugated system result in a higher and broader absorption at wavelengths 

towards the visible region. On the other hand, processes that shorten the conjugated system 

result in the narrowing of the absorption and absorption maximum at lower wavelengths (Del 

Castillo, 2005; Stedmon and Nelson, 2015).  

From the perspective of possible processes that can occur and change the overall optical 

features of CDOM, some assumptions are presented based on the literature. The pre-produced 

watershed-derived CDOM has a more complex and recalcitrant molecular characteristic (e.g. 

double carbon bonds, aromatic rings), meaning that they are less susceptible to breakdown by 

sunlight (Helms et al., 2008) and microbial activities (Carlson and Hansell, 2015). The fresh-

produced and easier degradable molecules are named as labile or semi-labile DOM (Del 

Castillo, 2005; Coble, 2007, Carlson and Hansell, 2015). These less resistant molecules are 
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generally phytoplankton-derived and are rapidly transformed inside the aquatic ecosystem by 

the microbial carbon pump (Jiao et al., 2010; Carlson and Hansell, 2015; Nelson and Gauglitz, 

2016). In general, it can be stated that there are four main paths with which these labile and 

recalcitrant DOM molecular structures can follow in the surface water of an aquatic 

environment: (1) phytoplankton production of a more labile DOM (Danhiez et al., 2017), (2) 

simple dilution of recalcitrant DOM without transformations (Del Castillo, 2005), (3) 

transformation of watershed-derived recalcitrant DOM in semi-labile and labile DOM along 

the estuary salinity gradient, (4) incorporation of labile and semi-labile watershed-transformed 

or phytoplankton-derived DOM by microbes (Jiao et al., 2011; Asmala et al., 2018; Nelson and 

Gauglitz, 2016).  

Although many of the pathways are known, the role of biologic metabolism in 

transforming the young, colourless, labile molecules in more refractory, coloured compounds 

and vice-versa is still not clear (Jiao et al., 2010; Asmala et al., 2018). The intensity of the 

colour and the overall absorption spectra of CDOM analysed by a spectrophotometer also vary, 

but depend on the rate of recalcitrant/labile DOM molecules present in a sample. For instance, 

a decrease in molecular size can be provoked by photodegradation (photobleaching) and/or 

from microbial degradation processes (Del Vecchio and Blough, 2002). However, this 

breakdown mechanism increases the production of microbial communities due to the 

assimilation of this photodegraded DOM. Zooplankton feeding also increase the DOM pool, 

but they are typically uncoloured (Moran and Zepp, 2000; Del Castillo, 2005). Subsequently 

more nutrients are made available to primary production activities, which produce more DOM 

through exudation and cell lysis. The estuarine characteristics (i.e., long water residence time, 

high productivity, and strong solar irradiance) also contribute with internal inputs and 

transformations of the DOM resulting in a non-conservative behaviour (production or 

consumption of DOM) along the estuary. Considering sources and processes related to CDOM 

production and transformation, it is clear that in coastal eutrophic environments, the DOM pool 

is a complex combination of sources and sinks from terrestrial and marine origin.  

In order to obtain more information about the quantity and composition of CDOM, some 

spectral indexes can be extracted from the CDOM absorption spectra. The first one is the 

CDOM absorption coefficient at a given wavelength, aCDOM, generally 320, 412, and 443 nm 

and is analogous to the concentration of CDOM (Yamashita et al., 2013; Mannino et al., 2008; 

Coble, 2007; Twardowski et al., 2004). When divided by the DOC concentration, another index 

is obtained, named as specific absorption of CDOM, a*CDOM (Weishaar et al., 2003; Vantrepotte 

et al., 2015). The degree of inclination of the curve inside some wavelength interval is known 
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as the spectral slope, S (Helms et al., 2008), whilst the ratio between two spectral slopes is 

called the spectral slope ratio, SR. 

 

2.2 The application of the spectral features of CDOM as a tool to monitor DOC 

 

If a deeper knowledge about the chemical properties of CDOM is required, other 

molecular techniques as fluorescence and microfiltration may suit better. However, for the 

purpose of determination of DOC in aquatic environments, CDOM absorption can provide a 

concrete solution. The main motivation in the development of CDOM-DOC relationships is the 

opportunity to estimate the spatial and seasonal distribution of DOC and quantify carbon fluxes 

synoptically (Mannino et al., 2008). The major applications of CDOM as an optical proxy for 

DOC concentration is using OCRS techniques (Stedmon and Nelson, 2015), in situ 

fluorescence measurements (Amon et al., 2003) and water sampling for posterior absorbance 

analysis. To proceed with this relationship in a water body, it is necessary to be aware of how 

CDOM and DOC pools may be impacted by different processes and be related to different 

sources. The direct estimation of DOC concentration from aCDOM is conceivable at a regional 

scale, but it is generally site-specific. To overcome this site-specificity occasioned by the 

chemical/optical heterogeneity of the samples, an alternative generalized approach makes use 

of the spectral slope at a given wavelength interval (Del Castillo et al., 1999; Helms et al., 2008; 

Astroreca et al., 2009; Fichot and Benner, 2012; Fichot et al., 2013; Vantrepotte et al., 2015; 

Danhiez et al., 2017). This method provides a better estimate of DOC as it allows to group 

samples as a function of similar spectral characteristics, rather than only the magnitude at a 

particular wavelength.  

 

2.3 Fundamental bio-optical properties of the seawater 

 

OCRS techniques are based on the deployment of passive sensors in the measurement of 

the interaction of the electromagnetic radiation (sunlight) with the seawater. Prior to the 

exploitation of orbital sensors, it is essential to conceive the bio-optical properties of the water 

itself and the optically active components (OACs) that are present within it. These optical 

properties can be separated in two groups: the apparent optical properties (AOPs) and inherent 

optical properties (IOPs) (Preisendorfer, 1961). 

 The AOPs describe the composition of the water under the influence of the ambient light 

conditions in the field (atmosphere and surface effects), including the geometry in which the 
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measurement is performed (Preisendorfer, 1976; IOCCG, 2006). The most commonly used 

AOP for OCRS techniques in inland and coastal waters is the top-of-water (TOW) remote 

sensing reflectance, RRS (Gege, 2017). 

RRS is defined as the ratio between the water-leaving radiance (Lw (λ,0+)) and the 

downwelling irradiance from the sun (Ed, (λ,0+)) (Eq. 1) (IOCCG, 2006; Mobley, 2001). (Lw 

(λ,0+)) cannot be measured directly, so it is derived from the difference between the total 

upward radiance (Lu (λ,0+)) and the reflected solar and sky radiance, (Ls (λ,0+)), by the sea 

surface (Eq. 2) (Mobley, 2001). The symbols between parentheses are related to the quantity 

measurement at a given wavelength, λ, and the orientation of the measurement (top-of-water, 

0+). 

 

RRS (λ,0+) = Lw (λ,0+) / Ed (λ,0+)     (Eq. 1) 

Lw(λ,0+)  = Lu (λ,0+) – Ls (λ,0+)     (Eq. 2) 

 

The IOPs are those that are independent of the light and geometry conditions. They can 

be described by the beam attenuation coefficient (c(λ)), which is a sum of the total absorption 

(atotal (λ)) and the total scattering (btotal (λ)) coefficients (Eq. 3) (Kirk, 2011). The total scattering 

coefficient can still be divided into forward, bf  (λ) and backward, bb (λ) coefficients, being the 

latter the most relevant in the application of OCRS algorithms (IOCCG, 2006). The total 

absorption, atotal (λ), is broken down in smaller optically significant components, related to the 

water itself (awater(λ)), particulate (phytoplankton, aphy (λ) detritus, adet (λ)), and dissolved 

constituents (coloured dissolved organic matter, aCDOM (λ)) (Eq. 4) (Jerlov, 1976; Preisendorfer, 

1976; Morel, 2001): 

 

c (λ) = atotal (λ) + btotal (λ)      (Eq. 3) 

atotal (λ) = aphy (λ) + aCDOM (λ) + adet (λ) + awater (λ)   (Eq. 4) 

bb total (λ) = bb phy (λ) + bb TSS (λ) + bb water (λ)    (Eq. 5) 

 

In the context of OCRS, phytoplankton biomass is measured as the overall Chl-a 

concentration, the photosynthetic active pigment ubiquitous in all phytoplanktonic species 

(Carder et al., 1999). The variability of aphy (λ) in an aquatic ecosystem is related to multiple 

factors intrinsic of the phytoplankton cells (Morel and Bricaud, 1981; Carder et al., 1999; Helms 

et al., 2008; Matthews, 2017). Different species, nutrient availability and cell size may induce 

different ratio of pigments inside the cells, and consequently, different optical properties 
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(Duysens 1956; Zhang et al, 2013). The intracellular concentration of Chl-a varies not only in 

function of phytoplankton physiological state, but also according to locations and seasons 

(Reynolds, 2006). Therefore, the relationship between the phytoplankton taxonomy and its 

spectral response is another important field of research to retrieve better estimates from OCRS 

techniques (Bricaud et al., 1995, Gilerson et al., 2010, Matthews and Bernard, 2013, Ruddick 

et al., 2006). Generally, aphy (λ) is obtained using the filter pad method, which measures the 

absorption coefficients in spectrophotometric scanning after filtration of water samples using a 

GF/F filter. 

The absorption spectrum of CDOM is obtained by measuring the absorbance of the 

filtrate in a spectrophotometer (Kirk, 2011). The profile of this spectrum is largely known and 

almost featureless, with an exponential decay from the UV to the largest wavelengths of the 

visible region. Its absorption coefficient at a given wavelength, aCDOM (λ), can be modelled 

using Equation 6 (Bricaud et al., 1981): 

 

aCDOM (λ) = aCDOM(λ0) . exp (-S (λ-λ0))    (Eq. 6) 

 

where S is the spectral slope coefficient which measures how the CDOM spectrum decreases 

with respect to a wavelength interval.  

 The value of S 0.016 ± 0.002 nm-1 has been employed in most bio-optical models, as it 

is assumed to represent the mean feature found in oceanic, coastal and freshwaters (IOCCG, 

2000). Its variability is associated to the composition and source of the substances present 

within the sample, with lower values related to marine humic acids and higher values to marine 

fulvic acids (0.011 and 0.019 nm-1, respectively) (Carder et al., 1989). Therefore, the 

understanding of the spatiotemporal fluctuations of this optical property in Guanabara Bay is 

fundamental to the application of OCRS techniques. 

The particulate fraction, TSS, is originated from manifold cycling processes and 

autochthonous and allocthonous sources. Also known as seston, encompasses organic (the 

particulate matter without pigments, i.e., detritus) and inorganic mineral suspended particles 

(i.e., tripton) (Kirk, 2011). In general, absorption coefficients by detritus, adet, are obtained with 

spectrophotometric measurements of the particulate in the GF/F filters containing the TSS 

fraction without the pigments, which are prior extracted with methanol. This fraction presents 

a similar spectrum profile to those of the CDOM, rendering a problematical separation of 

absorption of these IOPs (IOCCG, 2000). Some authors unravelled this issue retaining the 

absorption by CDOM and absorption by detritus (adet) as a single term, aCDM or adg in OCRS 
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algorithms (Carder et al., 1991; Siegel et al., 2002; IOCCG, 2000; Lee et al., 2002). Depending 

on the study site, detritus absorption is smaller (Bricaud et al., 1981; Vant and Davies-Colley, 

1986). The inorganic particles assume a reasonable representation of the whole TSS fraction 

contribution to overall reflectance through backscattering, bb TSS (λ) (IOCCG, 2006). 

 As the spectral signature of awater (λ) is considered relatively constant with an 

exponential growth beginning on the red domain of the visible spectrum (Pope and Fry, 1997), 

the overall optical properties of a water body will vary according to the other constituents 

present within it. Morel and Prieur (1977) presented a classification regarding to the optical 

complexity of natural waters, later updated by Gordon and Morel (1983). Case-1 waters are 

usually open ocean waters, and are those whose optical properties are dominated by the 

phytoplankton and its derivatives. On the other hand, Case-2 waters are frequently inland and 

coastal waters, influenced by each of the IOPs independently. The interpretation of these waters 

becomes a challenging task, as they present a broader range of IOP’s concentration, resulting 

in the overlap of the spectral features of the constituents as illustrated (IOCCG, 2000). Both 

phytoplankton and CDOM/ IOP have influence in the blue region of the visible absorption 

spectrum, as exemplified in Figure 1 (D’Sa and Miller, 2005). Consequently the top-of-water 

remote sensing reflectance is also affected (Fig. 1, right plot) producing wrong constituent 

estimations (D’Sa and Miller, 2005). 

 

Figure 1 – The absorption spectra of phytoplankton, CDOM and pure water of a surface water sample in a 

coastal location (left) and the corresponding remote sensing reflectance (right). 

 

Source: D’Sa and Miller, 2005. 

The lack of representativeness between IOPs and biogeochemical properties is another 

source of associated errors in the empirical relationships of Case-2 waters. Therefore, this 
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diversity requires a spatial and temporal understanding of the bio-optical properties throughout 

extensive in situ measurements prior to the application of OCRS techniques.  

Besides the high local and seasonal variability of the water quality components in 

Guanabara Bay waters itself resulting in errors of constituent’s retrieval, the atmosphere plays 

an important role in the retrieval of these parameters using OCRS techniques. Clouds are an 

evident obstacle in the measurement of the water-leaving radiance by the satellite sensor. 

However, even under clear sky conditions, air molecules and aerosols can contribute as much 

as 90% of the signal that arrives in the top-of-atmosphere (TOA) (Fig. 2) (IOCCG, 2000). These 

dissolved and particulate matter (e.g. haze, pollution, dust and water droplets) may exist in a 

variety of forms and sources, and its presence is intensified in urbanized coastal and inland 

waters due to anthropogenic activities (IOCCG, 2012).  

Historically, classical atmospheric correction algorithms were designed for Case-1 

waters, relying on the fact that water-leaving radiance in the near-infrared bands (between the 

wavelengths of 765 and 865 nm) is close to zero.  This assumption is less applicable in turbid 

waters, where the scattering caused by the high concentrations of suspended solids result in 

water-leaving radiance to be significantly high. Consequently, there is an over-correction in the 

visible domain of the spectrum and incorrect IOPs retrieval of these Case-1 atmospheric 

correction models in Case-2 waters (IOCCG, 2000, Ruddick et al., 2006), resulting in 

occasionally, negative TOW reflectance values. 

 

Figure 2 – Atmospheric contribution and optically active substances. 

  

Source: Adapted from IOCCG, 2000.  

Although CDOM is susceptible to photodegradation, its absorption of radiation in the 

UV-blue region plays an important role as a natural light protector for marine environments, 
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but also consuming part of the available light for photosynthesis (Bidigare et al., 1993; Kirk, 

2011; Asmala et al., 2012). The presence of CDOM is related to the increase of water 

temperature and stratification of the waters (Pegau, 2002; Kutser et al., 2017). 

Many authors have discussed issues in the application of semi-analytical and empirical 

algorithms in Case-2 waters causing overestimation of Chl-a in these regions (Müller-Karger 

et al., 1989; Carder et al., 1991; Blough et al., 1993; Lee et al., 2002; see Chapter 6). This is 

given by the strong absorption of CDOM in the blue region of the spectrum. The understanding 

of the spatial and seasonal dynamics of optical properties are fundamental in the application of 

remote-sensing techniques. The application of a universal default value for the spectral slope 

have been presented as a solution to overcome this, but still did not retrieve good estimations 

(Carder et al., 1999; Siegel et al., 2002). 

 

2.3.1 The Ocean Land Colour Instrument (OLCI) 

 

Since the success of the first satellite sensor designated to collect radiometric 

information of the oceans, the Coastal Zone Colour Scanner (CZCS) on NASA’s Nimbus-7 

platform, numerous missions have focused on this purpose. These include the Sea-viewing 

Wide Field-of-view Sensor (SeaWiFS) on SeaStar, Moderate-resolution Imaging 

Spectroradiometer (MODIS) on the EOS Aqua and Terra satellites, MERIS on ESA’s Envisat, 

and the Visible Infrared Imager Radiometer Suite (VIIRS) on NASA’s NPP mission. All of 

these missions have collaborated for research and management support with physical and 

biological synoptic data from ocean, coastal and inland environments. 

The relatively new multispectral radiometer Ocean and Land Colour Instrument (OLCI) 

is aboard of the Sentinel-3A and Sentinel-3B satellites, launched in February, 2016 and April, 

2018, respectively. Designed after the MERIS/Envisat sensor (2002-2012), the OLCI received 

several enhancements. The narrowing and increase of the spectral bands (15 to 21) can provide 

better spectral resolution (Table 1).  

The reduced revisit time (approx. 2 days), pixel-size of 300 x 300 m at full resolution, 

and better Sun-glint effect correction increased the spatial and temporal resolution. Although 

other current sensors can give superior spatial resolution (e.g. 10-30 m in the MSI/Sentinel-2 

and OLI/Landsat-8) the OLCI spectral resolution (increasing and narrowing of the bands) is 

more appropriate to discriminate the characteristics of Guanabara Bay complex waters. 
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Table 1 - OLCI wavebands 

 OLCI bands application λ center (nm) Width (nm) 

Aerosol, in-water property 400 15 

Yellow substance/detrital pigments 412.5 10 

Chl. Abs. Max 442.5 10 

Chl and other pigments 490 10 

Susp. Sediments, red tide 510 10 

Chl. Abs. Min 560 10 

Suspended sediment 620 10 

Chl. Abs, Chl. fluorescence 665 10 

Fluorescence retrieval 673.75 7.5 

Chl. fluorescence peak 681.25 7.5 

Chl. fluorescence ref., Atm. Corr. 708.75 10 

Vegetation, clouds 753.75 7.5 

O2 R-branch abs. 761.25 2.5 

Atmospheric parameter 764.375 3.75 

Cloud top pressure 767.5 2.5 

O2 P-branch abs. 778.75 15 

Atm corr 865 20 

Vegetation, H2O vap. Ref. 885 10 

H2O vap., Land 900 10 

Atmos./aerosol correction 940 20 

Atmos./aerosol correction 1020 40 

Source: EUMETSAT, 2018. 

 

The OLCI data is available online and free of charge in different levels, depending on the 

processing steps already performed in the products. After downloaded, it is possible to modify 

the Level-2 and Level-1 products in the Sentinel Application Platform (SNAP) software, which 

includes built-in processors to fit the user requirements. This work will present the results from 

the products of two levels: Level-2 and Level-1. 

Level-2 (L2) consists of user-ready products, i.e., it is not possible to modify the settings 

in the atmospheric correction and constituent retrieval processors. L2 products deliver two 

different atmospheric corrections: Baseline Atmospheric Correction (BAC) and Alternative 

Atmospheric Correction (AAC). Figure 3 summarizes the processing steps for the L2 data. 

The BAC is based on the algorithm developed for MERIS to ensure consistency with the 

instruments. As it was designed for open oceans it presents better performance in Case-1 waters, 

delivering water reflectance in 16 bands with atmospheric corrections, Chl-a concentration 

derived from the semi-analytical OC4Me algorithm, water transparency (Kd490) and land, 

clouds, water and error/invalid masks (Antoine, 2010). If the atmospheric contribution is not 
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properly subtracted, wrong values of water-leaving reflectance are obtained and consequently, 

the by-products CHL_OC4ME and KD490_M07 will not retrieve correct estimations (Fig. 3). 

 

Figure 3 - Level-2 built-in processing chain.  

 

Source: EUMETSAT, 2018. 

 

The AAC was developed to work in Case-2 waters significantly influenced by CDOM 

and/or TSS (Antoine, 2010). The C2R (Case-2 Regional) algorithm was originally designed for 

MERIS, and lately updated C2RCC (Case-2 Regional CoastColour) (Doerffer and Schiller, 

2007). This processor is based on a neural network containing a large database of top-of-water 

and top-of-atmosphere radiances containing the characterisation of different optically complex 

waters through its IOPs as well as its atmospheres. The derived TOW reflectance are then 

transformed in IOPs and afterwards converted in concentrations using scaling factors, which 

are regionally variable (Brockman et al., 2016). The L2 product contains this pre-processed 
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algorithm with standard parameters providing the detrital and CDOM absorption coefficient at 

443 nm (adg(443) in m-1), and concentrations of  chlorophyll-a and total suspended matter in 

mg.m-3 and g.m-3, respectively (EUMETSAT, 2018). L1 contains the converted Level-0 raw 

numerical information to L1 TOA radiance in 21 bands. Unlike in L2 that deliver the standard 

parameters, in L1 the user is able to implement different processors to the imagery using the 

SNAP interface. For instance, it is possible to apply the C2RCC processor in a L1 product 

modifying its parameters (e.g. wind speed, salinity, water temperature, ozone layer depth) and 

IOP-concentration conversion factors (EUMETSAT, 2018). Additionally, other processors and 

band-ratios calculations can be manipulated inside the SNAP application. 
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3 STUDY AREA 

 

3.1 Physical characteristics of Guanabara Bay and its drainage basin 

 

Guanabara Bay (22°41’ - 22°58’ S e 43°02’ - 43°18’ W) is an estuarine bay (Knoppers 

et al., 2009) with a total surface area of 346 km². The bay measures 30 km from north to south, 

and 28 km from east to west. Its communication with the ocean is restricted to a 1.6 km wide 

and ~ 40 m depth entrance (Kjerfve et al., 1997). The bathymetry is complex, with a well-

defined central channel that reaches up to 58 m depth, while shallower waters (1-5 m) are found 

near to the margins (Fig. 6). The bay is strongly influenced by the semidiurnal tide with mean 

amplitude of ~ 0.8 m. The latter characteristics promote the water flow in the bay and result in 

a T50% water residence time of 11 days (Kjerfve et al., 1997). The wind is also an important 

hydrodynamic factor, mainly in the inner portions of the bay that present lower influence of the 

tides (Vilela, 1992; Kjerfve et al., 1997; Sampaio, 2003). 

The Guanabara Bay drainage basin consists of an area of 4,831.78 km² (BRASIL, 2013) 

composed of 17 municipalities in total (Belford Roxo, Duque de Caxias, Guapimirim, ltaboraí, 

Magé, Mesquita, Nilópolis, Niterói, São Gonçalo, São João de Meriti, and Tanguá) and partially 

(Cachoeira de Macacu, Maricá, Nova Iguaçu, Petrópolis, Rio Bonito, Rio de Janeiro) (Fig. 4). 

Approximately 8.7 million people and 6 thousand industries distributed produce a flow rate of 

approximately 19 m³/s of effluents released from different levels of treatment in the Bay’s 

waters (IBGE, 2014, ANA, 2013). Additionally, 50 small-sized rivers contribute to the 

freshwater inputs, which depends on the watershed area coverage. As there is no continuous 

measurements of these inputs, different authors have tried to deliver this information. Kjerfve 

(1997) has calculated empirically that the freshwater input fluctuates between 33 m³/s in July, 

and 186 m³/s in January and December. A study realized by the Pacific Consultants 

International in 2003 have shown other values, with an annual mean input of 183 m³/s in rainy 

years and  96 m³/s in drier years, with an average value of 131 m³/s. The Brazilian National 

Water Agency (ANA) estimated an annual average of 200 m³/s of freshwater inputs  

highlighting the importance of  the rivers Iguaçu, Estrela, Sarapuí, São João de Meriti, Caceribu, 

and Guapi-Macacu, with a more densely populated drainage basin, contributing with more than 

80% of the freshwater inputs. 
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Figure 4 - Limits of the drainage basin of Guanabara Bay 

 

Source: Adapted from Ministério do Meio Ambiente – MMA; Gerência de Geoprocessamento e Estudos 

Ambientais – Geopea/Inea. 
 

 The Bay is inserted in a tropical region (Amador, 1997) and the climate is classified as 

tropical and humid with a strong oceanic influence (Bidone and Lacerda 2004). During the 

comparison of local weather stations and satellite derived precipitation rate values (Oliveira et 

al., 2016), it is known that the lower monthly precipitation rate is in June, July and August, with 

approximately 50 mm, while January and December present in average 200 mm. 

 

3.2 Historical perspectives and anthropogenic impacts 

 

Located in the southeast region of Brazil, the occupation in Guanabara Bay’s margins 

is given since the XVI century with the first Portuguese explorers. After centuries of land and 

water exploration, the anthropogenic impacts were intensified in the 1950’s with the 

urbanization/industrialization of the city of Rio de Janeiro in the western and south-western 

portions of the Bay (Costa, 2015). The construction of the Rio-Niterói bridge in the 1970s 
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favoured the demographic expansion to the eastern margins, mainly the cities of Niterói and 

São Gonçalo. The massive population growth led to an extended process of environmental 

degradation around the bay due to the lack of basic urban settlement control, as domestic and 

industrial wastewater treatment networks. The Guanabara Bay Depollution Program (Programa 

de Despoluição da Baía de Guanabara – PDBG), funded by The World Bank and the Japan 

International Cooperation Agency (JICA), spent approx. 1.2 billion dollars during more than 

two decades and the water quality was not significantly improved. The PDBG’s successor, the 

Environmental Sanitation Program for Municipalities in the Guanabara Area (Programa de 

Saneamento Ambiental da Baía de Guanabara dos Municípios do Entorno – PSAM) was 

approved in 2011 aiming to improve the water quality of Guanabara Bay to receive international 

events and provide an infrastructure legacy for the citizens (e.g. Pan-American Olympic Games, 

2007; FIFA World Cup, 2014; Olympic Games 2016). Indeed, sewage treatment plants and 

many kilometres of collection networks destined to link the households to them have been built. 

However, as many of residences that shelter approx. 2 million inhabitants (Meirelles and 

Athayde, 2014) are located in favelas (shacktowns) where basic sanitation is still precarious, 

the small rivers that drain these communities receive solid wastes (e.g. plastic bottles, plastic 

packaging, etc.) and effluent discharges in raw stage.  

Despite the problems associated to population and industrial growth, a special concern 

is also related to the deforestation, causing silting of the marginal borders of the rivers carrying 

solid sediments inside Guanabara Bay waters. Additionally, oil spills are one of the most 

chronic contaminations in the bay. Recently, in 08/Dec/2018, a theft attempt in the oil ducts 

provoked a leakage of 60 thousand litres of oil in the north-western portion of the Bay (Gaier, 

2018).  

This short socioeconomic context is fundamental to understand how the Guanabara Bay 

waters have been suffering from anthropogenic pressures during the last decades. The 

consequence of these nutrient inputs the bay is suffering with a strong eutrophication process, 

evidenced by larges and constants proliferations of algae and bacteria in its waters, as already 

reported by diverse authors (Cotovicz et al., 2015, Oliveira et al., 2016; Rast et al., 1989; Villac 

and Tenenbaum, 2010; Fistarol et al., 2015; de Assis Costa et al., 2018; Brandini et al., 2016).  
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4 MATERIALS AND METHODS 

 

The methodology consisted of two periods of sampling with different strategies divided 

in two chapters (Table 2). The first period of analysis (2013-2014) encompasses a dataset of 

water quality properties collected in the surface waters of Guanabara Bay by the Marine 

Biogeochemistry Laboratory team. The study area, sampling strategy, calculations and 

extracted results are presented in Chapter 5, and will not be shown in detail in this chapter to 

avoid repetition. In the second period (2017), TOW RRS were acquired using a portable 

spectroradiometer in order to compare with the TOW RRS obtained from different processing 

levels of OLCI/Sentinel-3. The results achieved in this strategy are exposed in Chapter 6, while 

the methodology used to obtain the TOW RRS and OLCI/Sentinel-3 ocean colour products are 

shown in Section 4.2. Briefly, Chapter 5 included the analyses of CDOM, total pigments, TSS, 

DOC, salinity and temperature; Chapter 6 entails the measurements of TOW reflectance and 

comparison with OLCI/S-3 products. 

 

Table 2 - Date and analysed parameters separated per chapter 

Chapter Year Date Analysis N 

5 

2013 01 and 03/Jul 

CDOM, total pigments, 

TSS, DOC, salinity and 

temperature 

19 

2013 21 and 22/Aug 20 

2013 20 and 21/Sep 19 

2013 22 and 23/Oct 11 

2013 10/Dec 6 

2014 23 and 24/Jan 21 

2014 19 and 20/Feb 16 

2014 17 and 18/Apr 15 

6 2017 28/Aug 
TOW RRS and 

OLCI/S-3 products 
5 

Source: elaborated by the author, 2018. 
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4.1 Acquisition and manipulation of the water quality parameters database  

 

A database containing information of water quality parameters collected during eight 

campaigns during the years of 2013 and 2014 (Fig. 5) was obtained, selecting the stations with 

concomitant analysis of the following biogeochemical parameters: temperature, salinity, TSS, 

total pigments, DOC, and CDOM. This entails a dataset containing a total of 127 stations 

surface (~ 0.5 m) water samples. Salinity and temperature were measured using a calibrated 

YSI 6600 V2 multiparameter probe at each station, while the other parameters were obtained 

by water filtration (Table 3) and subsequent analysis. 

 

Table 3 - Summary with methodologies for each parameter. 

Parameters Filtration kit Filter Pre-analysis storage 

Chlorophyll-a 

and total 

pigments 

Polyethylene 
0.7 μm GF/F 

(glass fibre) 

Falcon tube 15 mL, 

~4°C, dark, 

Freezing, max. 30 days 

DOC Borosilicate 

0.7 μm GF/F 

pre-calcinated 

(glass fibre) 

Amber borosilicate flask, 

acidif. H3PO4, room 

temperature, 

max. 120 days 

TSS Borosilicate 

0.7 μm GF/F pre-

weighted and pre-

calcinated 

 (glass fibre) 

Petri plate, 

~4°C, dark, 

max. 30 days 

CDOM Borosilicate 
0.7 μm GF/F 

pre-calcinated 

Amber borosilicate flask, 

~4°C, dark, 

max. 15 days 

Source: elaborated by the author, 2018. 

 

Section 5.2 gives more information about the methodology. In short, this work 

performed the calculations of aCDOM(412), a*CDOM(412), S and SR. The spectral slope coefficient 

was obtained using the linear fit of the log-transformed absorption coefficients between 275-

295 nm, and 320-412 nm wavelengths, and the SR as the ratio between both (S275-295/S320-412). 
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The a*CDOM coefficient was calculated as the ratio aCDOM(λ)/DOC at a given wavelength λ 

(herein, 412). Additionally, the relationship between the CDOM spectral features represented 

by the aforementioned indices (aCDOM(412), S275-295, S320-412, SR, a*CDOM(412)),  and salinity, 

total pigments, and DOC was implemented using linear and nonlinear regression analysis. 

 

4.2 In situ radiometry and retrieval of ocean colour products 

 

4.2.1 In situ radiometric measurements 

 

Top-of-water radiance was collected in five points (Fig. 15) using a hyperspectral 

portable spectroradiometer HandHeld2 Analytical Spectral Devices (ASD), with scanning from 

325 to 1075 nm and spectral resolution of 1 nm. Each target was measured five times in order 

to obtain the mean radiance from the water (Lw (λ,0+)), from the sky (Ls (λ,0+)) and of the 

reference plate (Lp (λ,0+)). The radiometric acquisition geometries followed Mobley 1999: 

zenithal angle of 45° and relative azimuthal angle of 135°. Top-of-water remote sensing 

reflectance (TOW RRS) was obtained using equation 7. 

 

RRS = ρ’ *(Lw - ρ *Ls)/( π *Lp)    (Eq. 7) 

 

where ρ’ is the lambertian plate albedo coefficient and ρ is the portion of sky reflected in the 

water (Fresnel reflectance) for the zenithal angle of 45° and varies between 0.023 to 0.028 

(Mobley, 1999). The value of 0.024 was selected in the occasion. 

 

4.2.2 Satellite imagery acquisition and processing 

 

L2 (pre-processed) and L1 imagery from the OLCI sensor were obtained throughout 

access on the Earth Observation Portal (https://coda.eumetsat.int). L2 products consist of 

atmospheric corrected TOW radiance, which is converted to RRS by dividing by π. For L1, an 

atmospheric correction (C2RCC processor) was applied obtaining the TOW RRS. After 

manually downloading from the website, the imagery manipulation, such as the subset of the 

region of interest, application of the processor, and pixel extraction (1x1 window) by 

geographic coordinates were performed using the software SNAP/ESA (Version 6.0) (Figure 

5). 

 

https://coda.eumetsat.int/
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Figure 5 - Flowchart with the main steps to acquire pixel information from L2 and L1 OLCI/S-3 products. 

 

Source: elaborated by the author, 2018. 
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5 “CDOM AND ITS RELATIONSHIPS WITH DOC IN AN URBAN EUTROPHIC 

TROPICAL EMBAYMENT (GUANABARA BAY, BRAZIL)” 

 

ABSTRACT 

 

The coloured dissolved organic matter (CDOM) is the coloured component of the dissolved 

organic matter (DOM) present in all natural aquatic environments. Although it represents only 

a portion of the entire DOM pool, its optical properties have been found to be related to the 

dissolved organic carbon (DOC) concentrations in several estuarine and coastal waters 

worldwide. Measurements of CDOM, DOC, and ancillary water quality parameters were 

performed in an effort to provide quantitative information on the dynamics of DOM in surface 

waters of Guanabara Bay, in the southeast of Brazil. CDOM absorption in 412 nm (aCDOM(412)) 

ranged from 0.268 to 5.282 m-1 (mean ± standard deviation, 1.692 ± 0.882 m-1) and decreased 

from the innermost upper regions of the estuary to the marine end-member in a non-

conservative behaviour. This scenario indicated a local production/removal of DOM along the 

salinity gradient, influenced not only by the eutrophic conditions, but also by punctual inputs 

of organic effluents. Additionally, two distinct approaches were applied to derive DOC 

concentrations through CDOM optical properties: direct and generalized relationships. The best 

DOC estimations obtained through the direct method (DOC - aCDOM(320), r² = 0.65, N = 127) 

resulted in an associated error of RMSD = 87 μmol.L-1, whilst with the generalized, the best 

relationship (a*CDOM(412) - S275-295, r² = 0.68, N = 98) provided DOC concentrations with a 

deviation of RMSD = 78 μmol.L-1. Different sources of coloured/uncoloured DOM are present 

in the bay, whether reaching from the watershed due to leaching of urban-impacted and 

mangrove-lined rivers, or locally produced during algal blooms. However, besides physical 

mixing, photobleaching and bacterial degradation may provoke the decoupling of the CDOM-

DOC along the salinity gradient. The investigation of CDOM and DOC dynamics in a tropical 

embayment as the Guanabara Bay is an opportunity to understand the role of coastal 

eutrophication in the global carbon biogeochemical cycle.  

 

Keywords: CDOM; DOC; Bio-optical properties; Tropical estuary; Guanabara Bay; 

Southeastern coast of Brazil. 

 

5.1 Introduction 

 

CDOM, also known as Yellow Substance or Gelbstoff, is the optically active component 

and an important fraction of the dissolved organic matter (DOM) present in marine and 

freshwater systems (Kirk, 1980).  Basically, CDOM is a mixture of organic molecules resulting 

from breakdown of higher plants, algae and bacteria and is the major light absorbing constituent 

in natural waters (Coble, 2007). Its absorption coefficient decreases in a near-exponential 

manner from the ultraviolet (UV) to the far visible wavelengths (Jerlov, 1976; Bricaud et al., 

1981). These organic molecules modulate light penetration into the water column, consuming 
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part of the light available for photosynthesis, and can protect marine organisms from exposure 

to damage by ultraviolet radiation (Bidigare et al., 1993; Kirk, 2011; Asmala et al., 2012). A 

larger amount of this substance can also increase surface water temperature, thus affecting 

mixing (Pegau, 2002), because it absorbs light very strongly in the blue part of light spectrum 

where the intensity of the solar radiation is the highest (Kutser et al., 2017).  

DOC, on the other hand, presents about 97% of the total organic carbon in the ocean 

and its assessment becomes of great importance taking account the global warming and the 

anthropogenic disturbances in the global carbon cycle (Hansell and Carlson, 1998; Bauer et al., 

2013). The quantification of carbon distributions and fluxes are prerequisites to understand the 

actual fast changing of biogeochemical cycles and what processes affect them (IOCCG, 2008).  

In this context, CDOM optical properties can provide information on DOM and DOC 

which are the fundamental parameters for organic matter and carbon flux studies in aquatic 

ecosystems (Ferrari, 2000).  The relationships between the CDOM absorption coefficient 

(aCDOM) and the DOC concentration has been documented in many estuaries and coastal regions 

(Ferrari, 2000; Del Castillo and Miller, 2008; Fichot and Benner, 2011; Fichot and Benner, 

2012; Helms et al., 2008). Despite several limitations, the optical properties of CDOM have 

been established as a reliable optical tracer for DOC in estuaries and ocean margins and their 

applicability  to remote sensing of ocean colour have been demonstrated (Fichot et al., 2013; 

Vantrepotte et al., 2015). The application of this technique is promising as it simplifies the 

measurement of one of the largest fractions of organic carbon in the ocean (Carlson et al., 1994).  

However, the use of CDOM optical properties as a proxy for DOC concentrations relies 

on an accurate characterization of the CDOM-DOC relationship. Terrestrial-derived 

(allocthonous) inputs are the main source of CDOM in coastal environments, locally-produced 

(autochthonous) CDOM derived by phytoplankton and microbial activities may also be an 

important source in coastal environments (Yamashita and Tanoue, 2004; Wada et al., 2007; Li 

et al., 2016). Indeed, various processes can regulate the CDOM to DOC relationship, such as 

bacterial degradation, excretion/exudation by phytoplankton, phytoplankton grazing by 

zooplankton, photodegradation, coagulation, selective sedimentation, continental leaching and 

physical mixing (Carder et al., 1989; Miller and Moran 1997; Gao and Zepp 1998; Helms et 

al., 2008; von Wachenfeldt et al. 2009; Del Vecchio and Blough, 2004). In spite of the 

importance of CDOM dynamics in aquatic environments, the sources and processes that 

regulate them is not clear (Zhang et al., 2009). 

Direct estimation of DOC concentration from aCDOM, i.e., a simple regression between 

DOC and aCDOM,   is conceivable at a regional scale, but it is generally site-specific (Vantrepotte 
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et al., 2015). Another generalized strategy to quantify the DOC concentration from optical 

properties makes use of the CDOM spectral slope (Bricaud et al., 1981; Carder et al., 1989; 

Twardowski et al., 2004) in different regions UV and visible spectrum (Del Castillo et al., 1999; 

Helms et al., 2008; Fichot and Benner, 2012; Astroreca et al., 2009).  For instance, Vantrepotte 

et al. (2015) suggest the potential for S275-295, spectral slope in UV domain, to represent a 

relevant indicator of the DOC specific absorption coefficient (a*CDOM = aCDOM/DOC) for large-

scale applications in riverine influenced coastal margins. However, there is a limitation in the 

use of S275-295 in the estimating a*CDOM when there is a significant contribution of marine 

production to the DOM pool leading to an underestimation of the DOC content (Fichot and 

Benner, 2012; Vantrepotte et al., 2015). To overcome this issue and characterize the impact of 

the marine production of DOM on the CDOM-DOC relationships in a phytoplankton bloom 

event, Danhiez et al. (2017) evidenced that the spectral slope calculated between 320 and 412 

nm (S320-412) can be used as a proxy of marine-derived DOM and is also closely linked to the 

variation in the a*CDOM. It should also be highlighted that different spectral slope values are 

obtained when different portions of CDOM absorption spectra are modelled (Twardowski et 

al., 2004).         

The study site is a coastal embayment located in the State of Rio de Janeiro, southeast 

of Brazil. Due to its long-term enrichment in nutrients, the bay suffers from dramatic 

eutrophication, forming extremely dense phytoplanktonic blooms where chlorophyll 

concentration can reach several hundred micrograms per litre (Cotovicz et al. 2015; Oliveira et 

al., 2016). It has recently been shown by isotopic carbon analysis that a large fraction of 

dissolved and particulate organic matter pool in Guanabara Bay is of  a phytoplanktonic origin 

(Kalas et al, 2009, Cotovicz et al., 2018), even if domestic untreated effluent and some river 

discharges also contribute locally to DOC (Cotovicz et al. 2015). This special character of the 

Bay makes it an potential interesting site for the study of optical properties of CDOM and its 

relationship with DOC. 

The first objective of the present study was thus to describe temporal/spatial variations 

in the optical properties of CDOM in the surface waters of Guanabara Bay. The analysis of 

these data was focused on the variability of CDOM absorption and slope factors in two distinct 

spectral regions (S275-295 and S320-412) in an effort to infer potential sources/processes that 

modulate the composition of this material. A second objective was to investigate the 

relationship between optical properties of CDOM and the DOC concentration and its potential 

application in ocean color remote sensing of the Guanabara Bay. 

 



40 

 

5.2 Materials and methods 

 

5.2.1 Study Area 

 

Guanabara Bay (GB), located in the Rio de Janeiro State metropolitan region (Fig. 6), 

has a surface area of 346 km2, average depth of ~ 6 m, river inflow of ~ 100 m3.s-1 and 

semidiurnal tide with mean amplitude of ~ 0.8 m that associated with the local currents promote 

about 50% water renewal in 11 days (Kjerfve et al. 1997). At the Bay entrance, tidal currents 

range from 0.8 to 1.5 m.s−1 (Bérgamo, 2006). 

Its watershed is drained by 50 small-sized rivers, six of which are responsible for 85 % 

of the total mean annual freshwater discharge (Fistarol et al., 2015). However, the total inflow 

has a great timely variation, with minimum values observed during austral winter, ~ 33 m3.s−1, 

and a maximum in summer, 186 m3.s−1 (Kjerfve et al., 1997; Kjerfve et al., 2001). 

The local climate is tropical and humid with strong ocean influence (Bidone and 

Lacerda, 2004). The minimum monthly precipitation is in June, July and August, ~ 50 mm, and 

maximum in January and December, ~ 200 mm (Oliveira et al., 2016).  South and North are the 

more frequent wind-types on the Guanabara Bay surface, with a mean speed of 5 m.s-1 (Filippo, 

1997; Amarante et al., 2002). 

GB is one of the most impacted bay of Brazil (Mayr et al., 1989; Paranhos et al., 1998; 

Fistarol et al., 2015; Soares-Gomes et al., 2016) and in its vicinity live more than 10 million 

inhabitants (IBGE, 2014) that exerts anthropogenic pressure on the drainage basin. As a 

consequence, the Bay receives input of both industrial and domestic sewage, less than 50%  of 

the domestic sewage is treated (ANA, 2019),   that contribute to high levels of bacteria in the 

water (Fistarol et al., 2015; Costa et al., 2018) and eutrophic/hypertrophic (Rast et al., 1989) 

conditions (Villac and Tenenbaum, 2010; Oliveira et al., 2016). 

Due to the large amount of organic matter and debris and its highly eutrophic character, 

the transparency of GB waters is extremely low, especially in innermost regions, with average 

Secchi depth values < 1 m (Oliveira et al., 2016). However, its water dynamics is strongly 

influenced by tides, which set a large spatial and temporal variability (Mayer et al., 1989; 

Paranhos et al., 1998; Villac and Tenenbaum, 2010; Cotovicz et al. 2015). 

5.2.2 Sectorization, sampling and field measurements 

In order to describe the spatial heterogeneity we have devided GB in five sectors (Fig. 

6), as proposed by Cotovicz et al., 2015.  Located southward, closer to the narrow bay’s mouth, 

Sector-1 (S1) is the marine end-member; apart from an underwater emissary with treated 
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effluents from the city of Niterói and smaller embayment where the hydrodynamics is reduced 

(Fig. 6), this sector presents the best water quality due to the higher water renewal. Sector-2 

(S2) is located in the western region of the bay and receives inputs of urban-impacted rivers 

that drain sewage in different levels of treatment. Sector-3 (S3) is situated in the central region 

of the bay, which is characterized by the mixing of oceanic waters with the other regions due 

to the main channel; additionally, in the eastern shoreline ~ 1 million inhabitants of the city of 

São Gonçalo (IBGE, 2014) exert anthropogenic impacts in the S3 waters. In the north-eastern 

region, Sector-4 (S4) lodges the mangrove rivers of the bay in an environmental protected area. 

The last sector, Sector-5 (S5), is located in the north-western portion of the bay, with its water’s 

exchange restricted by the largest island of the bay; S5 also suffers with the influence of river 

discharges of the second most populous region of the drainage basin, with ~ 3 million 

inhabitants (IBGE, 2014). 

Eight campaigns were performed from July 2013 to April 2014 corresponding to 127 

samples. Water samples were collected at subsurface depth (~ 0.5 m) using a Niskin bottle and 

properly stored under refrigeration at dark for further laboratory analysis of CDOM, DOC, total 

suspended solids (TSS), and total pigments. In situ measurements of physical chemical 

variables such as temperature and salinity were performed using a calibrated YSI 6600 V2 

multiparameter at in each station (Fig. 6). More information about these campaigns can be 

found in Cotovicz et al., 2015. 
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Figure 6 –Distribution of the sampling stations and the bathymetry of Guanabara Bay 

 

5.2.2.1 DOC, TSS and Total Pigments Analysis 

 

Water samples were filtered under low vacuum through pre-combusted (500 °C, 6h) and 

pre-weighted Whatman GF/F glass fiber filters (0.7 μm nominal pore size) within a few hours 

after collection for DOC, TSS and total pigments (chlorophyll-a plus phaeopigments) analysis. 

Filtrates were conditioned in acid-washed pre-combusted amber glass vials, henceforth 

acidified. Samples were stored at the dark during some months until DOC analysis was 

performed applying the high temperature catalytic oxidation (HTCO) method (Abril et al. 2002) 

using a Shimadzu TOC 500 analyser. TSS concentration was gravimetrically obtained after 

drying the filters in a 50 °C oven overnight and subsequent weighting as Strickland and Parsons 

(1972). Another subset of filters was subjected to a 24h extraction with 90% acetone and 

spectrophotometric measurements as proposed by Lorenzen (1967). The readings were 

performed on this extract before and after acidification in order to quantify total pigments 

content. 
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5.2.2.2 CDOM analysis 

 

In the lab on the sampling day, ~ 60 mL samples were filtered with  0.7 μm glass fibre 

filters (Whatman GF/F) previously combusted at 500 oC during 6h, and small aliquots of Milli-

Q water were passed through the filters in order to minimize the interference of small fibres. 

Analysis of CDOM absorbance was conducted within 2 weeks from sampling to prevent 

degradation.  Milli-Q water was used as blank and as a reference in a double-beam Shimadzu 

UV-1800PC UV/VIS spectrophotometer. Before readings, samples were allowed to equilibrate 

with room temperature, and spectrophotometer lamp warming. Scanning was performed using 

a 5 cm quartz cuvette, setting a 2 nm sampling interval with a medium scan speed over the 

range 250 - 900 nm. Non-normalized CDOM absorption at a given wavelength, a’CDOM (λ), was 

obtained from equation 8 (Bricaud et al., 1981).  

 

a’CDOM (λ) = 2.303 * A (λ)/L      (Eq. 8) 

 

where, L = 0.05 m is the  optical path of the cuvette and A is the CDOM absorbance at a given 

wavelength λ. A scattering correction (Eq. 9) in the spectra was performed to acquire the 

normalized CDOM absorption, aCDOM (λ), as suggested by Bricaud et al. 1981.  

 

aCDOM (λ) = a’CDOM(λ) – a’CDOM(λ700) * λ / λ700     (Eq. 9) 

 

where, λ700 is the wavelength at 700 nm. CDOM absorption spectra have been commonly 

characterized as an exponential model (Bricaud et al., 1981, Carder et al., 1989): 

 

aCDOM (λ) = aCDOM(λ0)∗ exp[−S (λ–λ0)]     (Eq. 10) 

 

where aCDOM(λ) is expressed in (m−1) and from which a single parameter, the spectral slope S 

(nm−1), is derived (Helms et al., 2008).   

 In practice, CDOM spectral slopes were calculated on a log-linearized spectrum in the 

ranges of 275–295 nm (S275-295) and 320–412 nm (S320-412) (Vantrepotte et al., 2015; Danhiez et 

al., 2017). The spectral slope ratio (SR) was calculated by SR = S275-295/S320-412 (Helms et al., 

2008). 
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The DOC and aCDOM(λ) ratio was used to calculate the DOC specific coefficient 

absorption, a*CDOM (λ) = aCDOM (λ) / DOC, for λ = 412 nm, expressed here in units of m2. 

mmol−1 (Fichot and Benner, 2011, Weishaar et al., 2003). 

 

5.2.3 Statistics 

 

Linear and nonlinear regression analysis were used to examine the correlation between 

DOC, total pigments concentrations, salinity and spectral characteristics of CDOM. Spearman 

correlations reported here are considered significant when p < 0.01. The accuracy of empirical 

model estimations has been evaluated using some statistical indices including the root-mean-

squared difference (RMSD) given in μmol.L-1, and the mean relative absolute difference 

(MRAD) and the mean relative difference (Bias), given in percent (Eq. 11, 12 and 13, 

respectively):  

 

𝑅𝑀𝑆𝐷 [μmol. 𝐿−1] =  √∑ (𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑𝑖−𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑𝑖)²𝑁
𝑖=1

𝑁
     (Eq. 11) 

𝑀𝑅𝐴𝐷 [%] =  
100

𝑁
∑

|𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑𝑖−𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑𝑖|

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑𝑖

𝑁
𝑖=     (Eq. 12) 

𝐵𝑖𝑎𝑠 [%] =
100

𝑁
∑

𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑𝑖−𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑𝑖

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑𝑖

𝑁
𝑖=              (Eq. 13) 

 

where N is the total of measurements in the dataset. 

 

5.3. Results and discussion 

 

5.3.1 Variability of Physico-chemical Parameters  

 

 The measured physical, chemical and biological variables of water samples, as well as 

the sample number (N) for each sector (Fig. 6) are presented in Table 4. The average values of 

temperature, salinity, TSS, total pigments and DOC were 25.5 (± 2.5) oC, 29.4 (± 3.6), 32.64 

(±70.96) mg.L-1, 84.5 (±101.9) μg.L-1 and 357.62 (±146.24) μmol.L-1, respectively. The min 

and max values of TSS, total pigments and DOC had large variations 0.05 – 758.75 mg.L-1, 4.2 

– 565.3 μg.L-1, 148.33 – 900.00 μmol.L-1, respectively.  

Table 4 also reports these variables for each sector, basically the average values increase 

from the marine end-member (S1) to S4 and S5, except the salinity, where a decrease of the 
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salinity average values is observed from S1 (32.9) to innermost upper sectors (S4: 27.5 and S5: 

27.6). The greatest standard deviation was observed in S5 for TSS and S3 for total pigments 

and DOC (see min and max values in Table 4), evidencing the high heterogeneity in the Bay. 

Relatively high DOC concentrations were observed in the five sectors. As stated by Guenther 

and Valentin (2008), the high nutrient and DOM levels at the entrance of GB result from the 

continental input referent to the advanced process of anthropogenic eutrophication. 

 

 

   

Figure 7 – Distribution of (a): total pigments, (b): DOC, (c): aCDOM(412) along the salinity gradient, and d) total 

pigments and DOC for each sector of Guanabara Bay. 

 

The total Pigments, DOC and aCDOM(412) presented a decreasing trend and a non-

conservative behaviour along the salinity gradient (Fig. 7a, 7b, 7c), with higher dispersion in 

the upper innermost sectors. There is no clear horizontal gradient in salinity along the sectors, 

suggesting an efficient water mixing induced by tidal currents (Kjerfve et al., 1997). Guanabara 

Bay is known as a tropical marine-dominated system (Bidone and Lacerda, 2004), owing to the 

small freshwater discharge relative to its water volume and tidal exchange, maintaining 85% of 

the bay with salinities always higher than 25 (Cotovicz et al., 2015).   
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Different from coastal environments dominated by terrestrial inputs of DOM where 

CDOM derives primarirly from river runoff of humic substances from soils and vegetation 

(Vantrepotte et al., 2015), in Guanabara Bay particulate and dissolved organic matter becomes 

more reflective of biological processes such as autotrophic productivity, zooplankton feeding 

and bacterial decomposition (Guenther et al., 2008; Guenther et al., 2012; Kalas et al., 2009). 

Cotovicz et al. (2018) report on a large predominance of the autochthonous source of Particulate 

Organic Carbon (POC) and DOC  in Guanabara Bay, except for S2, which is the most polluted 

by domestic and industrial effluents, where some high concentrations of DOC and POC were 

not related to phytoplankton blooms in accordance to low pigment concentrations.  

For our work, the Total Pigment and DOC relationship (Fig. 7d) becomes stronger when 

the S2 dataset is removed from analysis (from r2 = 0.30 to r2 = 0.48). The positive correlation 

between Total Pigment and DOC indicates a phytoplanktonic contribution, as reported by 

Cotovicz et al. (2018).  The high productive water of Guanabara Bay is related with input of 

nutrients that came from several sources (i.e., untreated domestic effluents, river discharge, 

continental runoff, agriculture) (Fistarol et al., 2015). Besides nutrients, these sources also bring 

allochthonous organic matter that differs in biochemical composition to some extent (de Assis 

Costa et al., 2018) and can partially explain the high dispersion of the data of Figure 7d. 

Therefore, an overlapping signatures between some sources is expected and is more evident 

near the urban-rivers that receive untreated sewage discharges, mainly in the western (S2), 

north-western (S5) and eastern shore-line (S3) and near mangrove-lined river banks in the 

north-eastern border (S4) (Brandini et al., 2016; de Assis Costa et al., 2018; Guenther et al., 

2008; Kalas et al., 2009, Cotovicz et al., 2015, 2018). 

Considering the seasonality, the average values of temperature, salinity, TSS, total 

pigments and DOC were 25.1 °C, 29.9, 24.3 mg.L-1, 79.5 μg.L-1 and 322.6 μmol.L-1 in winter  

(from April to September) and 27.3 °C, 28.5, 43.1 mg.L-1, 91.2 μg.L-1 and 404.8 μmol.L-1 in 

summer, respectively.  The TSS, total pigments and DOC average values increase 43%, 12% 

and 20% from winter to summer. The greatest increase in TSS (43%) may have been biased by 

one extreme TSS concentration value (758.7 mg.L-1) collected near the mouth of a river in the 

summer. When this point is removed from the analysis the TSS, total pigments and DOC 

average values increase 17%, 9% and 18% from winter to summer. 
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In summer, the horizontal and vertical gradients of temperature, salinity, and nutrients 

are more influenced by the river discharge, larger precipitation, higher solar incidence and by 

the intrusion of shelf waters into the bay (Bérgamo, 2006; Kjerfve et al., 1997; Oliveira et al., 

2016). Particularly, the intrusion of South Atlantic Central Water (SACW), caused by the wind 

pattern over the continental shelf, is an import source of nutrients to the region (Franchito et al., 

2008; Castelão and Barth, 2006).  This increases the water column stratification and the optical 

complexity (Paranhos et al., 1998; Kjerfve et al., 1997) reflected in the primary productivity 

and particulate and dissolved organic matter concentrations (Villac and Tenenbaum, 2010; 

Kalas et al., 2009).  

Superimposed on seasonal variability, the tide has a significant contribution, promoting 

a short-term modulation of the circulation pattern and spatial variations in temperature, salinity, 

turbidity, and nutrient concentrations (Mayr et al., 1989). As pointed out by Oliveira et al. 

(2016), the renewal of waters by the tidal cycle depends on the distance to the mouth, the rivers 

runoff, and the local topography. Close to the mouth of the bay (S1) and over the tidal channel 

(S3), surface currents are more intense (Bérgamo, 2006) and the residence time of the water is 

lower, resulting in a more efficient mixture process when compared with sectors S2, S4 and S5, 

which have greater water residence time. The result of this process, associated with the sources 

of nutrients as mentioned above, is that the TSS, phytoplankton concentration and organic 

matter values increase in the innermost sectors and then spread through the bay by the 

circulation pattern. 

 

5.3.2 Spectral Shape and Optical Properties of CDOM 

 

As expected, CDOM absorption spectral curves of Guanabara Bay present an 

exponential decrease as wavelength increases (Fig. 8). The lowest and highest absorption 

average values were observed in the S1 and S4 sectors, respectively, and intermediate values 

are observed in S2, S3 and S5 sectors (Fig. 8a).  
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Figure 8 – Spectral absorption curves of CDOM in Guanabara Bay. a) mean spectral curves for each sector.  b, c, 

e, f, g) all samples in each sector. 

 

The average values for CDOM optical properties aCDOM(412), a*CDOM(412), S275-295, 

S320-412 and SR were 1.692 (± 0.882)  m-1, 0.0047 (± 0.0016) m2.mmol-1, 0.0165 (± 0.0018) nm-

1, 0.0148 (± 0.0019) nm-1 and  1.133 (± 0.166), respectively (Table 4). As observed for the TSS 

and total pigments, the aCDOM(412) and a*CDOM(412) average values increase from the marine 

end-member (S1) to innermost sectors, S4 and S5.  S275-295 and S320-412 average values had an 

opposed trend, with S275-295 decreasing and S320-412 increasing from the S1 until the inner S4 and 

S5. SR average values followed the S275-295 tendency. The minimum and maximum values of 

these optical properties can also be observed in Table 4. The spectral slopes, S275-295 and S320-

412, presented an expressive variation along the sectors and range from 0.0107 – 0.0216 nm-1 

and 0.0108 – 0.0204 nm-1, respectively. In general, the range of the optical properties are 

comparable with values reported in others studies (Fichot and Benner, 2012; Yamashita et al., 

2013; Vantrepotte et al., 2015; Danhiez et al., 2017). Grunert et al. (2018) describe global 

variability in S275-295 within the context of biogeochemical provinces and inland waters. Their 

results have shown that provinces dominated by riverine inputs presented lower mean S275-295 

values (0.025 nm-1), while inland waters displayed the lowest mean S275-295 value of 0.014 nm-

1. The highest S275-295 mean values (0.039 nm-1 and 0.048 nm-1) were found in open ocean 
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regions, presumably dominated by photobleaching (Grunert et al. 2018). In this scenario, the 

surface waters of the Guanabara Bay have an average  S275-295 values next to the values founded 

in inland waters and coastal waters. 

In winter, the average values of aCDOM(412), a*CDOM(412), S275-295, S320-412 and SR were 

1.351 (± 0.635)  m-1, 0.0042 (± 0.0015) m2.mmol-1, 0.0171 (± 0.0018) nm-1, 0.0151 (± 0.0017) 

nm-1 and  1.150 (± 0.174) , while in summer were 2.153 (± 0.962) m-1, 0.0054 (± 0.0014) 

m2.mmol-1, 0.0160 (± 0.0014) nm-1, 0.0144 (± 0.0021) nm-1 and  1.110 (± 0.151), respectively. 

The average values of these optical properties change 37%, 21%, -7%, -4% and -3% from 

winter to summer, respectively. While aCDOM(412) and a*CDOM(412) increased, S275-295, S320-412 

and SR decreased from winter to summer. In spite of the notable change in the aCDOM(412) and 

a*CDOM(412),  S275-295, S320-412 and SR were less impacted by seasonal variability. Probably 

because the magnitude of CDOM, aCDOM(412) and a*CDOM(412), is related to the CDOM 

concentration in water, while the spectral curve characteristics, such as S275-295, S320-412 and SR, 

are linked to the quality of the CDOM, i.e., its chemical composition, which also depends on 

its origin (Carder et al., 1989; Helms et al., 2008; Del Vecchio and Blough, 2004). Therefore, 

in the case of eutrophic Guanabara Bay, where the organic matter is predominantly of 

autochthonous origin, CDOM quality seems to be less impacted by seasonality than CDOM 

magnitude.  

When we consider the sectors, the clearest waters in the marine-dominated sector (S1) 

generally had slight higher values of S275-295 and SR and lower values of S320-412 when compared 

with others sectors (Table 4), suggesting DOM quality differences along the sectors. High S275-

295 values are usually related to highly biologically (microbial degradation) or photo chemically 

(photobleaching) degraded DOM (Del Vecchio and Blough, 2002 Helms et al., 2008; Fichot 

and Benner, 2012).  The photobleaching process occurs in time scale of hours to days (Swan et 

al., 2012), and certainly is an important process that take place in the tropical surface waters of 

Guanabara Bay, considering that the estimated short mean half-water volume renewal of the 

Bay is ∼11 days (with renewal times in the inner most sector being significantly longer) and 

the intense solar radiation throughout the year (Kjerfve et al., 1997). 

According to Helms et al. (2008 and 2013), the increase in S275-295 and decrease in S350-

400 during photobleaching can been considered as the result of change in the CDOM molecular 

weight (in this work we use S320-412 rather than S350-400, correlation coefficient between them 

was of 0.97).  High molecular weight material decreases in molecular size primarily from 

photodegradation and secondarily from microbial degradation (Del Vecchio and Blough, 2002). 
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Helms et al. (2008) also found that irradiation and microbial activity have different effects on 

spectral slopes of CDOM. In their study, in contrast to an increase in S275-295 due to irradiation, 

microbial processes led to a decrease in SR.  The higher S275-295 and SR mean values observed in 

S1 when compared with other sectors (Table 4) suggest that both processes (photodegradation 

and microbial degradation) take place in the high productive water of Guanabara Bay. In this 

water, the high availability of nutrients and organic matter allows the proliferation of high 

concentrations of heterotrophic bacterial and phytoplankton (Valentin et al., 1999; Gonzales et 

al., 2000). Moreover, as reported by Gonzales et al. (2000), a strong negative correlation 

between bacterial production and salinity was found (-0.80, p < 0.01), confirming the bacterial 

dilution in ocean waters, and positive correlation between bacterial production and chlorophyll-

a (0.544, p < 0.05), suggested that in the Guanabara Bay the increase in bacterial biomass was 

related to the increase in primary production.  

In general, the effects of light-induced transformations at wavelengths > 300 nm are not 

clear, as it depends on the combination of multiple poorly understood regional processes. For 

instance, Helms et al. (2008) has stated that the photobleaching provoked a decrease of S350-400, 

while Yamashita et al., 2013 observed an increase of this parameter, and Zhang et al., 2009 an 

increase in the spectral slope between 300-500 nm. This may be a result of a more “labile” 

CDOM production by phytoplankton in the region of 320-412 nm (Danhiez et al., 2017), which 

is easily available for bacteria uptake (Zhang et al., 2009) maintaining the overall CDOM pool 

with more refractory characteristics (Asmala et al., 2018) and releasing nutrients for higher 

trophic levels. Vodacek et al. (1997) also stated the transformation of photo-reactive DOM to 

low molecular weight molecules that are uncoloured, but that may be rapidly consumed by 

heterotrophic organisms and producing CDOM (Rochelle-Newall, 1999; Zhang et al., 2013). 

In Guanabara Bay, the constant phytoplankton blooms may be sustained for longer periods due 

to this process of breakdown of CDOM molecules by photodegradation and microbial loop, 

even when the conditions of allocthonous inputs of nutrients are not favourable. 
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5.3.3 CDOM and DOC Direct Relationships 

 

 In order to evaluate the potential application of the CDOM and DOC direct 

relationships, linear regressions between aCDOM(λ) at wavelengths in the UV λ = 275, 320, 350 

and 412 nm and DOC concentrations were calculated, resulting in r² = 0.60, 0.65, 0.64 and 0.53, 

respectively (n = 127). In aquatic ecosystems dominated by riverine inputs, better relationships 

are found in the 275 nm wavelength (Vantrepotte et al., 2015; Fichot and Benner, 2012), which 

is relevant in these regions due to its relationship with the aromaticity present in the lignin 

molecule (Helms et al., 2008). Some authors further associated the CDOM absorption 

coefficients in λ = 320 and 350 nm to autochthonous primary production (Helms et al., 2008, 

Danhiez et al., 2017). The choice of the λ = 412 nm was driven by the prospect implementation 

of remote sensing tools, as this wavelength is the shorter available wavelength in current ocean 

colour satellite sensors. 

The regression curves between DOC and aCDOM in λ = 320 and 412 nm and the 

performance of the empirical regional algorithms are presented (Fig. 9). The evaluation 

between the in situ measurements of DOC and the estimations using equations (14) and (15) 

are presented in figures 9b and 9d, respectively. The same dataset was used both to design the 

algorithms and to evaluate them (Fig. 9b, 9d). Even though this is not considered a validation 

procedure, this strategy enabled the inter-comparison of the performance of all models 

analysing statistical parameters. The equation that made use of the λ = 320 nm wavelength to 

obtain DOC (eq. 14) presented a RMSD, MRAD and Bias of 87, 17 and 5, respectively. In the 

case of λ = 412 nm (eq. 15), DOC concentrations can be obtained with RMSD = 105, MRAD 

= 21 and Bias = 7. These results reaffirm the potential application of a regional empirical 

algorithm to determine DOC concentrations from in situ or remote sensed aCDOM 

measurements:  

 

[DOC] = 35.63 . aCDOM(320) + 129.44    (Eq. 14) 

[DOC] = 114.64 . aCDOM(412) + 163.67    (Eq. 15) 
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Figure 9 - Relationship between DOC and a) aCDOM(320) c) aCDOM(412), and scatter plot of the retrieved values 

for DOC concentrations applying b) equation 14 and d) equation 15. The solid line represents the 1:1 line. 
 

Another way to depict the variability of DOC through direct relationships with aCDOM 

measurements is using the a*CDOM(412). This parameterization reduces the site-specificity 

related to regional discrepancies of DOM origin and dynamics and affect the direct aCDOM(λ)-

DOC relationship (Vantrepotte et al., 2015). Applying this approach to our dataset, a regression 

curve determined by equation (16) with retrieving an r2 = 0.42 (Fig. 10a). Statistical analysis 

resulted in RMSD, MRAD and Bias of 108, 20 e 3, respectively (Fig. 10b).  

 

log (a*CDOM(412)) = 0.53 . log (aCDOM(412)) - 2.44   (Eq. 16) 
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Figure 10 - Relationship between a*CDOM(412) and aCDOM(412) (6.a) and scatter plot of the retrieved values for 

DOC concentrations applying the equation 16 (6.b). The solid line represents the 1:1 line. 

 

5.3.4 CDOM and DOC Generalized Relationships 

 

Aside from the DOM sources, photobleaching and mixing are the main processes that 

control CDOM absorption distribution in the aquatic environment (Helms et al., 2008). To 

reduce the susceptibility of these regional discrepancies that affect the direct aCDOM(λ)-DOC 

dependence, the application of generalized relationships using the a*CDOM(412), S and SR is 

proposed (Loiselle et al., 2009; Vantrepotte et al., 2015). The relationship between the specific 

absorption of CDOM at 412 nm, a*CDOM(412), and spectral slope of CDOM at the UV, S275-295, 

is suggested as a general tracer of terrigenous-derived DOC in river-influenced coastal 

environments (Fichot and Benner, 2012; Vantrepotte et al., 2015). Another study reported the 

use of the spectral slope at the UV-visible region, S320-412, as an indicator of marine-derived 

DOM during a phytoplankton bloom (Danhiez et al., 2017). As Guanabara Bay is influenced 

by both situations, the performance of these techniques was evaluated retrieving the following 

equations (Eq. 9, 10) (Fig. 11a, Fig. 12a): 

 

a*CDOM(412) = 0.218 . e (-230.62* S275-295)    (Eq. 17) 

a*CDOM(412) = -0.476 . S320-412 + 0.0118    (Eq. 18) 
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Figure 11 - Relationship between a*CDOM(412) and a) S275-295 and scatter plot of the retrieved values for DOC 

concentrations applying b) equation 17. The dashed black line represent the fit curve with data from this work, 

and the dashed grey line represent the curve derived from Vantrepotte (2015) equation. The solid line represents 

the 1:1 line. 

 

 

Figure 12 - Relationship between a*CDOM(412) and a) S320-412, and scatter plot of the retrieved values for DOC 

concentrations applying b) equation 18. The dashed grey line represent the fit curve with data from this work. 

The solid line represents the 1:1 line. 

 

It is noticeable that the derived equation using the present work (Eq. 9, black dashed 

curve) approximates of those obtained by Vantrepotte et al. (2015) (grey dashed curve) (r² = 

0.44, Fig. 11a). The DOC estimations resulted in RMSD, MRAD and Bias = 131, 22 and -2. In 

the case of a*CDOM(412) and S320-412 (Fig. 12a), statistical parameters returned RMSD, MRAD 

and Bias = 110, 21 and 0 (Fig. 12b).  

The spectral slope ratio express the result of the transformations that occur in the 275-

295 and 320-412 nm regions of CDOM absorption spectra. In general, high molecular weight 

fractions of DOM presented lower values of SR and an increase of these values are a result of 

irradiation-induced alterations (Helms et al., 2008). As an attempt to retrieve equations with 

better accuracy and to overcome the complexity of sources and processes that occur in 

Guanabara Bay, the whole dataset was split into groups using the threshold SR > 1 and SR ≤ 1. 
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Samples that present higher values of the spectral slope S275-295 in relate to S320-412 are gathered 

in SR > 1 (Fig. 13a), whilst samples with higher values of the S320-412 slope in the group SR ≤ 1 

(Fig. 14a). 

This strategy allowed the retrieval of better DOC estimates, as samples that present 

similar optical properties were concentrated together. The best results in the application of this 

proceeding arise when the SR > 1 condition is employed to the a*CDOM(412)-S275-295 relationship 

(Fig. 13a, r2 = 0.68), and SR ≤ 1 to a*CDOM(412)-S320-412 (Fig. 14a, r2 = 0.62). When this 

procedure is applied to the other equations, no clear improvement of the statistical products for 

DOC measurements are observed. Table 5 presents a summary with all retrieved empirical 

relationships and the corresponding accuracy indicators: 

 

a*CDOM(412)  = 0.219 . e (-227.10* S275-295)    (Eq. 19) 

a*CDOM(412)  = -0.562 . S320-412 + 0.0136    (Eq. 20) 

 

 

Figure 13 – a) a*CDOM(412)-S275-295 relationship applying the SR > 1 condition, b) scatter plots of the retrieved 

values for DOC concentrations using the SR threshold procedure. The dashed black line represent the fit curve 

with data from this work, and the dashed grey line represent the curve derived from Vantrepotte (2015) equation. 

The solid line represents the 1:1 line. 
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Figure 14 – a) a*CDOM(412)-S320-412 relationship applying the SR ≤  1 condition, b) scatter plots of the retrieved 

values for DOC concentrations using the SR threshold procedure. The solid line represents the 1:1 line. 
 

Table 5 – Summary with the statistical results presented by the developed empirical algorithms. 

Relationship Equation Condition r² (N) 

RMSD [μmol.L-1], 

MRAD [%],  

Bias [%] 

DOC - aCDOM(320) 14 None 0.65 (127) 87, 17, 5 

DOC - aCDOM(412) 15 None 0.53 (127) 105, 21, 7 

a*CDOM(412) - aCDOM(412) 16 None 0.42 (127) 108, 20, 3 

a*CDOM(412) - S275-295 17 None 0.44 (127) 131, 22, -2 

a*CDOM(412) - S320-412 18 None 0.34 (127) 110, 21, 0 

a*CDOM(412) - S275-295 19 SR > 1 0.68 (98) 78, 16, 0 

a*CDOM(412) - S320-412 20 SR ≤ 1 0.62 (29) 116, 17, 0 

 

5.4 Conclusions 

 

Field measurements on CDOM optical properties, DOC concentration and ancillary 

parameters (salinity, total pigments and TSS) allowed the investigation and discussion on the 

spatiotemporal dynamics of CDOM and DOC. The understanding of sources and processes was 

performed through linear and non-linear curve-fitting between parameters. Statistical 

parameters were used to evaluate the performance of retrieved relationships in order to estimate 

DOC concentrations using CDOM absorption spectral characteristics. Based on the results 

presented in this study, the following conclusions emerged: 

1. CDOM absorption coefficients at 412 nm and DOC concentration presented negative 

correlations with salinity in a non-conservative behaviour, with a general trend of higher 
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scattering of the values being encountered in the innermost sectors. The dispersion of the data 

around the salinity gradient reinforces the importance of the impact of different sources and 

processes that occur in the dissolved organic matter pool of Guanabara Bay. 

2. As observed by the relationship between aCDOM(320) - DOC, primary production has a strong 

influence upon the CDOM concentrations in Guanabara Bay. However, hydrodynamic mixing 

and photobleaching processes seem to be the main drivers of CDOM absorption oscillations, as 

a higher number of samples presented similar spectral characteristics a SR > 1 threshold. 

3. The separation of the dissolved organic fractions by molecular weight using ultrafiltration 

and the application of supplementary analysis (e.g. UV-fluorescence spectroscopy, mass 

spectrometry) would bring further information of the diagenesis (terrestrial/marine) and 

transformations that occur within the samples in a molecular scale. 

4. The empirical relationships presented in this work can be employed in DOC estimations 

using discrete analysis of CDOM absorbance. The application of this methodology using in situ 

radiometric measurements and ocean-colour satellite sensors should be prior investigated.  

5. As CDOM has a strong influence in the light penetration of Guanabara Bay, the 

understanding of its spatiotemporal dynamics is fundamental not only to retrieve other optically 

active substances using ocean colour remote sensing techniques, but also to comprehend how 

the aquatic environment (i.e., phytoplankton and zooplankton species distribution) reacts to its 

presence. 
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6 “APPLICATION OF LEVEL-1 AND LEVEL-2 OLCI/S-3 PRODUCTS OVER A 

EUTROPHIC WATER BODY IN THE COAST OF RIO DE JANEIRO, BRAZIL.” 1 

 

Guanabara Bay is surrounded by some of the most touristic sightseeing spots of the 

world: Christ The Redeemer and Sugarloaf Mountain. Apart from its natural beauty, it is also 

one of the most populated metropolis of Brazil, where high industrial and domestic effluents 

discharges contribute to the enhancement of the eutrophication of this water body. The 

application of satellite imagery as a tool to monitor these environmental changes attracts both 

academic and public interests for the management and future susceptibility studies of 

eutrophication and trophic state indexes. The applicability of the Ocean Land Colour Instrument 

(OLCI), aboard of the new satellites Sentinel-3A (February 2016) and Sentinel-3B (April 2018) 

is promising, as may possibly provide the necessary spatial (300 m, full-resolution), temporal 

(~ 2 days) and spectral resolution (21 bands with average ~ 10 nm width in the visible spectrum) 

to this purpose (EUMETSAT, 2018). 

Ocean colour biogeochemical products such as Chlorophyll-a (Chl-a), coloured 

dissolved organic matter (CDOM) and suspended solids alter the colour of the water and can 

be used as water quality indicators by remote sensing techniques. Open ocean waters, also 

classified as Case-1 waters, are related to those where the Chl-a photosynthetic pigment from 

phytoplankton and the degradation products derived from their activities are the main 

substances that alter its optical properties. Coastal and inland environments are frequently Case-

2 waters, as exogenous substances (i.e., sediments and CDOM carried from the drainage basin) 

with a broad range of concentrations contribute to the spectral response variation of these 

waters. Additionally, in coastal regions, the contribution from pollution aerosols, haze and 

particulate materials in the atmosphere is diverse, making the retrieval of the optically active 

substances even more challenging. These optically active substances can be obtained free of 

costs from the EUMETSAT website (https://coda.eumetsat.int/) in two levels of processing: 

Level-2 (L2, pre-processed) and Level-1 (L1, require processing). In other words, the 

concentration of these substances and the top-of-water reflectance can be found in the user-

ready L2 products, or can be obtained throughout the manipulation of L1 products. 

 

1 (Study case produced during the Workshop "Using the Copernicus Marine Data Stream for Ocean Applications” 

– Oostende, Belgium in September 2017, and originally developed to be published on the EUMETSAT Website).  

https://coda.eumetsat.int/
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Here we present a short study case investigating the performance of L2 and L1 OLCI/S-

3 products in a eutrophic tropical coastal embayment (Guanabara Bay, Rio de Janeiro, Brazil). 

To accomplish that, we analysed the top-of-water (TOW) remote sensing reflectance (RRS) 

obtained from an in situ portable spectroradiometer (ASD, FieldSpec HandHeld 2) with the 

derived from the L2 Baseline Atmospheric Correction (BAC) product, and from the L1B Case 

2 Regional Coast Colour (C2RCC) processor. A small campaign executed in cooperation 

between the Universidade do Estado do Rio de Janeiro (UERJ, Prof. Dr. Eduardo N. de 

Oliveira), Universidade Federal do Rio de Janeiro (UFRJ, Prof. Dr. Rodolfo Paranhos) and 

Universidade Federal Fluminense (UFF, Prof. Dr. Bastiaan A. Knoppers) was performed on 

28/Aug/2017 to collect TOW radiometric measurements at five strategic sites of the bay (Fig. 

15a). The OLCI/S-3 L1 and L2 products were acquired from EUMETSAT website within a 24 

hour interval from the in situ measurements (29/Aug/2017). Pixel information were obtained 

using the SNAP/ESA software in a 1 x 1 window based in the stations’ coordinates. 

Our results have shown that, although the full resolution of the OLCI and spectral bands 

seems appropriate to determine these substances in coastal waters, we were not able to derive 

Chl-a concentrations directly from the L2, as illustrated by the fail mask of the OC4Me 

algorithm (Fig. 15b). The pixels classified with this mask receives a NaN (not a number) value 

for Chl-a, meaning that the application of this algorithm in Guanabara Bay was not successful. 

The OC4Me is an algorithm based on the analysis of in situ measurements (Morel et al., 

2007) relying on the relation among maximum reflectance values in 443, 490 and 510 nm bands 

over that band of 560 nm. One reason why this algorithm is inadequate to be applied in this 

coastal site is that it was developed in oceanic regions with lower phytoplankton biomass 

values, different from the eutrophic Guanabara Bay conditions. The other argument is better 

exemplified with the analysis of the L2 (BAC) TOW RRS extracted to each station by the 

SNAP/ESA application (Fig. 15a). Figure 16 presents how the blue-green region of the 

electromagnetic spectrum (between 400-550 nm) is compromised with negative values in the 

L2 product. As the OC4Me algorithm depend on band-ratios in this region, the L2 atmospheric 

correction (BAC) would contribute to wrong estimations of Chl-a parameter, even if the fail 

mask was not automatically applied by the L2 built-in processing chain. 
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Figure 15 – a) Radiometric measurement stations in Guanabara Bay performed on 28/Aug/2017 (OLCI RGB 

Tristimulus imagery, 29/Aug/2017), b) automatic flags from OLCI L2 product (29/Aug/2017); highlight to the 

fail mask (yellow) over our region of interest. 

 

 

Source: elaborated by the author, 2018. 

 

a) 

b) 
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Figure 16 - top-of-water (TOW) remote sensing reflectance (RRS) obtained from the L2 Baseline Atmospheric 

Correction (BAC) product from OLCI/S-3 imagery (29/Aug/2017). 
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Source: elaborated by the author, 2019. 

 

As an attempt to obtain better results, L1 products were downloaded from the 

EUMETSAT website and converted in TOW RRS using the built-in processor (C2RCC) with 

the standard settings in the SNAP/ESA software. In situ hyperspectral measurements were 

transformed to OLCI-simulated reflectance throughout the calculation of arithmetic means 

based in the sensor bandwidth and central wavelengths. Figure 17 represents the comparison 

between the TOW RRS L1B (C2RCC) and the simulated in situ radiometric measurements. 

Despite the time delay of ~ 24 hours between the in situ measurements (28) and the 

derived OLCI reflectance (29) be considered acceptable in some water bodies, “Mouth” and 

“Urca” stations (Fig. 15a, Fig. 17a, 17b) are highly impacted by the oceanic water exchange, 

and may be not representing a real matchup situation. However, in the innermost stations (Fig. 

15a, Fig. 17c, 17d, 17e) where hydrodynamics is reduced, the reflectance curves presented 

similar profiles. 

Regarding to the in situ reflectance (red line, Fig. 17), some important characteristics 

were detected between the stations that can be used to infer an overall information about the 

water constituents: (1) the large variability in the blue-green region of the spectra, (2) the peak 

reflectance in the 560 nm and (3) in the 683 nm bands.  
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Figure 17 – top-of-water (TOW) remote sensing reflectance (RRS) acquired from in situ measurements (red line) 

and derived from L1 (C2RCC) (green line) products in 5 sampling stations (a. to e.) of Guanabara Bay. Station’s 

location can be found in Fig. 15a. 
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Source: elaborated by the author, 2018. 

 

The first feature is related to a very important issue found in most coastal environments: 

the overlapping absorption due to the presence of multiple independent optically active 

substances. The main impact of this feature is the wrong estimate of Chl-a concentration using 

“standard” algorithms. In general, classical band-ratio empirical algorithms assume that when 

Chl-a concentrations increase (as a proxy for phytoplankton biomass), the reflectance in the 

blue region of the electromagnetic spectrum decreases, while in the green remains invariant 

(i.e., the blue/green ratio is inversely proportional to the Chl-a concentration). However, 

CDOM molecules also exhibit interference in the blue region, with a typical exponential 

decreasing absorption curve beginning in the ultraviolet towards longer wavelengths. Although 

it is vastly documented in numerous studies that Guanabara Bay is highly productive due to 

nutrients inputs (Ribeiro and Kjerfve, 2002; Cotovicz et al., 2015; Oliveira et al., 2016; Brandini 

et al., 2016), there is no study related to the CDOM dynamics in the region until the moment 
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(see Chapter 5 of this dissertation). Nonetheless, the eutrophic state and the semi-enclosed 

estuarine characteristics of the bay subsidize both phytoplankton and terrestrial-derived CDOM 

occurrence. 

In order to overcome the problem in the blue domain of the electromagnetic spectrum, 

some authors suggest the migration to wavelengths where the CDOM absorption is smaller and 

absorption by Chl-a and carotenoids are still significant, e.g. green bands (550-560 nm). This 

reflectance region is also impacted by another constituent, the backscattering provoked by the 

suspended material in the water column (as observed in our dataset by the peak reflectance in 

560 nm, Fig. 17). Prospective alternatives are the application of band-ratio algorithms with the 

use of red and near-infrared bands, and the exploration of the sun-induced Chl-a fluorescence 

algorithms as the Maximum Chlorophyll Index and Fluorescence Line Height, as already tested 

in Guanabara Bay (Oliveira et al., 2016). Indeed, it is observed a reflectance peak in the 683 

nm band, which may be associated to this latter characteristic of Chl-a molecules, mainly 

observable in waters with moderately high phytoplankton biomass. Unfortunately, when 

analysing the L1 (C2RCC) TOW RRS (green line, Fig. 17) this feature is not well detected, 

which may be associated to the over-correction of atmosphere contribution, or due to the natural 

variability from the in situ measurement to the satellite overpass. 

In all, the atmospheric correction performance provided by the L2 product is very 

uncertain in the blue region; as a result, we have shown that the OC4Me algorithm did not work 

in this study site. The C2RCC atmospheric correction applied to the L1 product has shown to 

be a prospective alternative to deliver TOW reflectance, as already shown by Oliveira et al. 

2016 using another sensor (MERIS). Besides the atmospheric correction issue, in situ 

radiometric measurements have shown that the application of band-ratio algorithms using 

wavelengths bellow 550 nm is critical in the Guanabara Bay waters, and the understanding of 

the spatiotemporal patterns of each of the optically active constituents, mainly CDOM is 

imperative. Guanabara Bay is an complex site for the application of the OLCI sensor, and with 

this study case, it was possible to endorse that such an approach requires further calibrations 

using in situ measurements, with concomitant analysis of the optically active substances, TOW 

reflectance and a shorter matchup temporal interval. Other atmospheric correction algorithms 

and water constituent retrieval processors should also be explored. 
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7 FINAL CONSIDERATIONS 

 

This research presented the analysis of the spatial and temporal variability of CDOM 

and its relationship with DOC and other biogeochemical parameters in Guanabara Bay. 

Additionally, the prospect application of the new OLCI/S-3 products to retrieve information 

about the water constituents using OCRS techniques in this system was evaluated. 

More in depth knowledge on the dynamics and seasonality of the aCDOM was made 

possible by a dataset of biogeochemical measurements as presented in Chapter 5. It was 

identified that the aCDOM(412) varies between 0.268 – 5.282 m-1 with average and standard 

deviation values of 1.692 ± 0.882 m-1. In general, both CDOM and DOC presented an inverse 

relationship with salinity in a non-conservative behaviour, with extreme values of aCDOM(412) 

and DOC along the saline gradient. The upper innermost sectors have shown a greater 

magnitude of variation, as well as in nearshore regions where the highest values were found. 

The spectral slopes S275-295 and S320-412 presented a variation of 0.0107 – 0.0216 and 0.108 – 

0.0204 nm-1, respectively, with average and standard deviation values of 0.0165 ± 0.0018 and 

0.0148 ± 0.0019 nm-1. This scenario indicates that there are processes producing both CDOM 

and DOC inside the bay and/or CDOM and DOC are arriving in large concentrations through 

the drainage basin and are not completely degraded. From our results, it was concluded that. 

The application of the ratio between S275-295/S320-412, SR, revealed a prospect strategy to separate 

the dataset according to the spectral characteristics of each sample, as exposed by the 

improvement of the CDOM-DOC. Thus, we recommend the application of this approach in 

upcoming efforts with this purpose. Furthermore, the measurements of the CDOM bio-optical 

characteristics in the study area prevail as one of the keys to improve the accuracy of the 

seawater constituent’s retrieval using OCRS techniques in a complex eutrophic system such as 

Guanabara Bay. This large variability in the spectral patterns, and consequently in the colour 

of the water, result from the explicit spatial and temporal changes of the quantity and quality of 

the IOPs, as exhibited herein by CDOM bio-optical properties. Besides this diversity, the 

application of the developed equations of CDOM as a proxy for DOC can be obtained with a 

RMSD of up to 78 μmol.L-1. 

In Chapter 6, the top-of-water reflectance obtained from an OLCI/S-3 imagery was 

compared with in situ top-of-water reflectance measurements. Both L2 (BAC) and L1 (C2RCC) 

products from OLCI/S-3 did not retrieve good estimations of TOW reflectance. Although the 

application of this technique has been promising, it was possible to conclude that further 

calibration is needed through better matchup measurements. Analysis of the TOW RRS in situ 
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spectra have shown that, indeed, CDOM concentrations have an important contribution in the 

colour of the water in Guanabara Bay, as observed in the blue domain of the visible spectrum. 

Due to these characteristics, Guanabara Bay must essentially be handled as a suitable Case-2 

system for such further OCRS endeavours, with multiple standalone optically active 

components governed by myriad local processes that was first discussed in this study and can 

be better understood in forthcoming ones. 
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