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ABSTRACT

Australian inland water-bodies play a great role in the carbon cycle at the regional
level and contribute effectively through the carbon exchange between their surface
and the atmosphere. This carbon enters the aquatic system from terrestrial sources
such as soil or it is generated within the water body itself through the primary
production of phytoplankton or from organic matter. It is converted into dissolved
organic carbon (DOC) which constitutes about 90% of the dissolved carbon in the
aquatic system. Increasing the DOC levels in the water affects the water quality and
ecosystem functioning. Remote sensing methods allow DOC to be monitored with a
minimum of time, effort and cost. DOC has no colour and remote sensing cannot
determine it directly, however, the coloured portion of the dissolved organic matter
(CDOM) can be used as a proxy to estimate its amount and its concentration in the
aquatic environment. But, remote sensing measurements of DOC can only be done if
there is a good relationship between CDOM absorption and DOC concentration. This
good relationship does not necessarily exist over many of the water-bodies because
CDOM concentration varies both spatially and temporally according to its sources.
This weak relationship was observed in the study area South East Queensland (SEQ)
as reviewed in this thesis. Therefore, the researcher investigated different ways to
improve the characterisation of this relationship in the study area to get a better

estimation of DOC based on using remotely sensed CDOM concentrations.

The researcher sampled 11 discrete water bodies in South East Queensland (SEQ),
then examined if there was a correlation between CDOM absorption coefficient and
DOC but, the overall results showed a weakly positive correlation relationship among
all reservoirs. The reason for this poor relationship is attributed to the potential
impacts of the allochthonous source on the inputs DOC to water derived from the
surrounding areas. Different estimation enhancement approaches were investigated
by including both CDOM absorption and its slope in multiple linear regressions which
relatively improved the estimation of DOC concentration and assisted in obtaining a

better understanding of this relationship.



Then, another investigation was done by fractionating CDOM into its major groups of
humic and non-humic substances and measuring their absorption spectra and DOC
contents separately. Solid-phase extraction (SPE) technique was used as a chemical
separation method. The investigation in the relationship between CDOM fractions
and DOC confirmed different relationships such as not all DOC in CDOM can be

chromophoric.

Furthermore, the CDOM absorption spectrum shape is a proxy of CDOM composition
in water. Therefore, it is important that CDOM absorption spectrum curve be clear,
clean and free from any errors if possible (systematic or random) to give better
estimation results. But, the most important is using the correct fitting model that
characterizes the CDOM absorption spectrum accurately. Some fitting models can
lead to a loss in and not fully capture all the information provided by CDOM
absorption curve. The CDOM spectral decomposition technique was used to provide
better and additional information about CDOM pool and dynamics from the
absorption spectrum curve that was done by using the algebraic method of the linear,
nonlinear and Gaussian decomposition approaches. The final results of using CDOM
spectral decomposition were useful and helpful for giving a good explanation to the
relationship between CDOM absorption and DOC concentration on the one hand and
between CDOM absorption and its sources on the other. Also, the advantage of using
the multi-exponential model is convenient for optical modelling and remote sensing

applications.

Finally, the researcher examined how CDOM sources (allochthonous and
autochthonous) in SEQ affect the optical properties and on the remote sensing
reflectance by separating CDOM into its major groups of humic and non-humic and
modelling them. ECOLIGHT® simulation used first to simulate subsurface irradiance
reflectance (R(0—)) curves under the conditions found in SEQ waterbodies. The aim
to show the contribution of other water components (phytoplankton and tripton) of
different concentrations as well as CDOM-SIOPs (specific inherent optical properties)
on the water reflectance. ECOLIGHT® has a unique ability to isolate changes in the
reflectance due to SIOPs or spectral variability. On the other hand, R(0—) modelled

using a developed semi-analytical bio-optical model. A multi-components bio-optical



model developed in this work by using and inserting SIOPs of CDOM fractions. The
retrieving results of CDOM from water reflectance much better when using CDOM

fractions SIOPs which reflected positively on estimating DOC.

The study concluded that the estimation of DOC concentrations from water's colour
is more complex and the accuracy factor is limited, due to the confounding effects of
water components and sources in addition to the poor performance of the standard
models and algorithms. Also, CDOM fractions are participating in CDOM absorption
spectrum shape which can give us good information and can be used to estimate
DOC. The results of the spectral decomposition showed that SEQ water bodies tend
to be dominated by humic acid due to the high ratio of HA compared to FA. Another
finding, the calculated slope values of the study area were superior to the calculated
slope values of Kirk for the Australian inland waters when they used in CDOM
decomposition model to characterize the relationship with DOC. While Suwannee
River slope values were not applicable within Australian inland waters when it used

in CDOM decomposition model.
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Chapter 1

Introduction and Hypothesis

1.1 General Overview and Background

The optical remote sensing of inland and coastal waters is used to study, monitor and
derive the basic water components through the observation of the spectrum of the
water leaving radiation. These water components participate directly in the
interactions with solar radiation in that they absorb or scatter photons (Jerlov 1968;
Bukata et al. 1995). Natural waters have four primary groups of optically active water
components: the water itself, chlorophyll (Chl) and other photosynthetic pigments,
suspended and non-algal particulate matter (NAP), and coloured dissolved organic
matter (CDOM) (Jerlov 1968; Gordon et al. 1988; Defoin-Platel & Chami 2007; Keith
et al. 2014). They affect water quality and have a significant role in the aquatic

ecosystem.



The aquatic ecosystem is a critical component of the global environment and plays
an essential role in the global carbon cycle and climate change through the exchange
of heat and water with the atmosphere (Tranvik et al. 2009). The amount and type of
some of these water components can be measured directly from remote sensing, and
the others can be derived indirectly (Dekker & Hestir 2012). Therefore, improving the
estimation accuracy and understanding the relationships for the effective water
components and their origin is the focus of many researchers such as Bricaud et al.
(1981); Vodacek et al. (1997); Laanen (2007); Brando et al. (2008); Mannino et al.
(2008); Das et al. (2017).

The organic substances are one of the important parameters that influence water
quality and change its physicochemical properties (Boyle et al. 2009). They are a
broad range of heterogeneous organic compounds that correlate directly and
indirectly with most of the water quality parameters such as turbidity, suspended
solids, pH, temperature, nitrogen and dissolved oxygen (Findlay & Sinsabaugh 2003;
Shen et al. 2015). Organic matter contains carbon and releases it into the water by
various chemical, physical, and biological processes (Keith et al. 2014). More than
90% of the released organic carbon in the water is in the dissolved form (Mishra et

al. 2017).

Most of the organic matter in inland water bodies is generally in the dissolved form
and called dissolved organic matter (DOM) (Kutser et al. 2005). DOM, in general, can
be expressed in terms of their two major groups which are; the humic substances
that are comprised of so-called hydrophobic components (HPO) and the non-humic
substances that comprised of the hydrophilic components (HPI) (Ratpukdi et al. 2009;
Matilainen et al. 2010; Mostofa et al. 2013; Hansell & Carlson 2014; Ibrahim & Aziz
2014). These groups can be further subdivided into three different classes each;
called acid, base and neutral, which have various chemical groups such as humic and
fulvic acids, hydrocarbons, carbohydrates and protein (Croue et al. 2000; Marhaba et
al. 2003; Ratpukdi et al. 2009). Humic substances, especially humic and fulvic acids
are the largest fractions that account for 65-75% of DOM and responsible for
determining the physicochemical and optical properties of DOM (Bricaud et al. 1981;
Pettit 2004; Mostofa et al. 2013).



Measuring and monitoring dissolved organic carbon (DOC) in water is important for
different reasons; it is an essential factor in the aquatic carbon cycle linked to vital
activities of the waterbody and surrounding it (Hedges 1992; Hansell & Carlson 2014).
DOC is produced within the aquatic ecosystem from the decomposition of plants and
organisms in water (Keith et al. 2014). Additionally, it enters the aquatic ecosystem
from terrestrial sources that washed into the water such as soil and plants leaves, or
from absorbing carbon dioxide from the atmosphere at the water’s surface and

converting it into dissolved carbon (Jaffé et al. 2008).

Coloured dissolved organic matter (CDOM) is considered the optically measurable
component of the DOM for remote sensing applications and has been used as an
indicator to estimate DOC in the aquatic system (Mannino et al. 2008; Fichot &
Benner 2011). This estimation requires a robust relationship between CDOM and
DOC, but because of seasonal changes and local variability that impact on the
relationship between CDOM and DOC and cause errors in the estimation (Hestir et
al. 2015) it is likely to be more complicated to be able to estimate the DOC
concentration remotely for inland waters, as opposed to coastal and open ocean
areas (Song et al. 2017; Shao et al. 2019). Optical complexity and the errors in
calculating CDOM absorption may appear in inland water areas because CDOM
absorption cannot be sufficiently discriminated at some wavelengths from
phytoplankton pigment absorption (e.g. Chlorophyll-a) (Matsuoka et al. 2013; Pagano
et al. 2014).

Estimating water component concentrations usually requires developing a model,
which is a mathematical combination of a relationship between the inherent optical
properties (IOPs) (properties of the medium that are independent of the incident
illumination) and the apparent optical properties (AOPs) (depend on IOPs and the
geometry (direction) of the incident and reflected light field) at different wavelengths
(Jerlov 1968; Gordon 2002). Figure (1-1) shows a scheme for the interpretation of
optical remote sensing to obtain representative spectra of colour water components
and conversely. These estimating models differ according to the depth of water,
target component and the geographical zone (Bartley et al. 2012). As well, models

should be maximally sensitive to changes in the concentration of the target



component and are minimally sensitive to the changes in the concentration of other
components present in water. Hence, it is an important point to look for a fast,
inexpensive, and accurate way in water monitoring to make a relevant contribution

in large-scale areas.
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Figure 1-1: Scheme to Interpret Optical Remote Sensing Steps for Water Applications



Thus, using remote sensing techniques could present the opportunities in water
monitoring due to its ability and possibilities to collect the largest amount of data for
large areas quickly and inexpensively (Sabins 2007; Cazenave et al. 2016). So, remote
sensing may be able use CDOM to trace inputs of the water-bodies to predict
concentrations, molecular weight, sources, nine types of these DOM components
such as (amino acids, humic and fulvic acids and carbohydrates) and estimate DOC

concentration.

1.2 The issue that will be addressed by this work

Most DOC has no colour, and remote sensing cannot determine it directly, however
the coloured portion, CDOM can be used as a proxy to estimate the amount of DOC
concentration in the aquatic environment (Vodacek et al. 1997; Aiken & Moore 2000;
Keith et al. 2014; Vantrepotte et al. 2015). But, remote sensing measurements of DOC
can only be done if there is a good relationship between CDOM absorption and DOC
concentration (Roesler & Culbertson 2016). This good relationship does not
necessarily exist over most of the water-bodies because CDOM concentration varies
both spatially and temporally according to its sources. Some studies (Matsuoka et al.
2012; Hestir et al. 2015) showed that it is not simple and easy to estimate DOC
concentration in the near-surface layer using satellite data, due to the complexity of
this relationship. Therefore, finding ways to improve the characterisation of this
relationship for wide areas is worthwhile. Finally, improving CDOM retrieval accuracy
is one of the problems in aquatic remote sensing, not only because CDOM is of
interest itself as a variable, but also because it improves the retrieval of other
parameters of interest such as chlorophyll-a that are often confounded by the
presence of CDOM. Thus, the key of good estimation from satellite data is a better
understanding of the bio-optical properties using both I0Ps and AOPs and
determination of the error sources which results from the influences of these local

variables.



1.3 Description of the study area

The general location of the study area and the investigated reservoirs will be given.

Subsequently, the hydrological and ecologica

| characteristics of the selected area will

be described to show why this area is suitable as a study area for the purposes of this

present thesis.

The study area covered the South-East Quee
Downs region with a total area about 29835
Noosa in the north to the Gold Coast in the s
Toowoomba in the west (which is simultan

Downs region), and it covers 22420 km? area.

nsland region (SEQ) and part of Darling
km?2. SEQ region stretches 240 km from
outh and from the Ocean in the east to
eously considered part of the Darling

Some surrounding regions of SEQ were

included in this study also which are Warwick, Crow’s Nest, Cambooya and Clifton

and they are part of Darling Downs region. Figure (1-2) shows the study area map.
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Figure 1-2: The Study Area Map (South-East Queensland Region and Part of Darling Downs

Region)



The Darling Downs is a farming region with some industrial and mining activities
(Queensland 2014). As for SEQ region, it hosts a diverse range of ecosystems: farms,
lakes and reservoirs, rivers, mountains, bushland, coastal areas and urban areas.
Water reservoirs in these regions are highly variable in types and concentrations of
water constituents caused by natural environmental and human activities. They are a
diverse mixture of different types of particulate and dissolved matter (Cottingham et
al. 2010; Lyons 2012). A combination of some important factors places SEQ region
under increasing water stress. These factors range from the agricultural activity to
the rapid economic and population growth because it is the fastest-growing
Australian region with 71% of all Queensland’s population (Department of
Infrastructure Local Government and Planning 2017). But, the most significant factors
are the natural environmental conditions and climate patterns affecting the region.
Frequent floods in the study area adversely affect their water-bodies and their water
quality, especially potable water supply reservoirs (CSIRO and Bureau of Meteorology

2015).

Much of the soil surrounding water reservoirs in these regions loaded with a high
amount of humic and non-humic substances and the intensive agriculture has
exacerbated soil erosion (Cottingham et al. 2010). Also, land clearing for grazing has
led to high levels of organic sediment and nutrients washed into the lakes and

reservoirs (Cottingham et al. 2010). Figure (1-3) shows the study area’s land-use map.

All the factors mentioned above adds tremendous amounts of organic substances as
an external source for the study area reservoirs causing a significant environmental
consequence affecting both the availability of water and water quality across the
regions. These organic substances can be a pollution source when discharging a large
amount of them into these reservoirs (Harrison 2001). When they increase, the
number of decomposers increases and grow rapidly so as to deplete the water
oxygen and hence, will affect the aquatic organisms and increase the amount of DOC
(Mostofa et al. 2013; Vantrepotte et al. 2015). Therefore, the increase and variability
in these substances in the major water catchments is considered as one of the
fundamental issues of water quality, especially in Australian regions and it affects the

stability of CDOM-DOC relationships.
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1.4 Research aims

The aim of this thesis is to examine whether CDOM (hydrophobic (humic and fulvic
acids) and hydrophilic) fractions’ absorption coefficients can be used for large scale
DOC concentration estimation in reservoirs that are subject to heavy impacts from
surrounding areas and human activities. Additionally, the thesis seeks to discover
whether using the CDOM fractions improve the retrieval and estimation accuracy of
the concentration of CDOM/DOC from remote sensing spectra in case |l water-
bodies. This thesis hypothesises that these CDOM fractions could provide further
details about the sources of DOC that influence the distribution and the relationship
between CDOM and DOC when no, or weak correlation is observed between total

acpom(4,) and DOC concentration.

To meet the aim of this work, it is necessary to first examine how the fractionated
CDOM components relate to the DOC concentration in the selected study area
reservoirs. Then, it is necessary to study how the sources of CDOM can affect its

optical properties and hence the total remote sensing reflectance.

1.5 Research questions

According to the addressed problems and the research aim, a significant question can

be as follows:

“Can the estimation of dissolved organic carbon DOC within inland water
reservoirs be improved by using different approaches to the remote sensing of

CDOM concentrations?”

From this major question arises a number of specific questions this research will also

address:

1. “How do the sources of organic matter (allochthonous and autochthonous)

affect the optical properties of CDOM and the remote sensing reflectance?”



2. “Does separating CDOM into its major groups of humic and non-humic and
modelling them separately prior to input them to the optical model improve

CDOM and then DOC estimation?”

1.6 Research objectives

In order to achieve research aims and answering research questions, a list of research

objectives have been summarised as below:

1. To sample SEQ reservoirs and determine the variation in the CDOM

composition, spectral absorption and CDOM spatial changes.

2. To examine the regional relationship between the total DOC with CDOM

absorption spectra and with CDOM fractions.

3. To evaluate the potential of decomposing the measured CDOM absorption
spectrum for the purpose of obtaining a better correlation estimation with
DOC that can be used as an alternative to the single exponential model in DOC

estimation algorithms.

4. To parameterize and assess the contribution of the various water components
beside CDOM major fractions on the simulated and modelled water

reflectance spectra.

5. Tocompare the expected errors occurring when using the simple CDOM model
as opposed to a more complex CDOM multi-component model as part of a

DOC retrieval algorithm.

This work was performed in South-East Queensland inland water bodies and
attempts to use the full potential of the optical model by improving the input
parameterisation. If possible, the estimation of dissolved organic carbon (DOC)
concentration will be improved through parametrisation using CDOM fractions
instead of total CDOM. Figure (1-4) summarise the research methodology and

objectives.
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1.7 Thesis outlines

This thesis is organised in six chapters, Figure (1-5) summarises the chapters’
sequences. Chapter One reviews an introduction to the research problem, aims,
questions and objectives of this thesis. Chapter Two describes the measurements
and the methodology for sampling study area locations to achieve objective (1) and
part of objective (2). It will explain in detail sampling and fieldwork procedures,

laboratory measurements, and measuring the absorbance and DOC concentrations.

The beginning of Chapter Three provides the essential information to understand
theoretical concepts about organic substances and their fractions and to know how
these fractions influence the aquatic ecosystem and the optical measurements. After
that, it reviews the isolation techniques to extract CDOM fractions and measuring its
absorption. Also, it discusses the absorption behaviour of CDOM'’s fractions isolated
from study area samples. This chapter is essential and important to accomplish

objective (2), and it is a preparation for subsequent objectives.

Examining whether DOC estimation may be improved or not by using multi-
component absorption spectrum modelling discusses in Chapter Four. This chapter
addresses objective (3) and to give a better description of the relationship between
CDOM absorption coefficient and DOC concentration. It investigates a way to
improve the optical corresponds between the measured and modelled CDOM
absorption spectra by separating it into its two major components’ groups by using

spectral decomposition method.

To achieve objectives (4) and (5), Chapter Five explains the radiative transfer
equation (RTE), which describes the interaction between light and water surface after
giving a presentation about water optical properties. Then, it presents the optical
modelling approaches of the existing CDOM absorption modelling forms that were
proposed by Gordon et al. (1975), Bricaud et al. (1981), Lee et al. (2004) Mannino et
al. (2008), Fichot and Benner (2011) and Vantrepotte et al. (2015) that they

performed to retrieve CDOM and other water components.
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As well as it specifically tests the developed hypothesis of this research which is based
on using a multi-component absorption modelling to obtain a robust estimation of

DOC.

ECOLIGHT® software simulation results of water reflectance based on radiative
transfer equation are illustrated in this chapter too. The inputs in this chapter are
from Chapters Three and Four and also the available published data for the study
area. Additionally, bio-optical modelling results of water reflectance using the
developed model of CDOM fractions are examined in this chapter. Then, the obtained
results from both simulation and bio-optical modelling are tested in this chapter.
Chapter Five ends with inverting water reflectance from both forward approaches by
using matrix inversion method to determine the best results and quantifying the

expected errors between both models.

Finally, Chapter Six is a conclusion of the main findings and results of all previous
chapters and discusses if this research achieved the answers to the research
questions. It offers suggestions for future research. Also, it demonstrates the
limitations of this study and identifies any further improvements in the future. Finally,

it describes what the contribution this work makes to the body of knowledge.
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Chapter 2

Sampling SEQ Inland Water-bodies for Determining
the Variation in CDOM Composition

2.1 Introduction

Before commencing with the investigation into the results of the sampled water-
bodies, it is important to assist in understanding and explain the optical properties of
CDOM in aquatic environments to the reader. Section () presents CDOM physical and
chemical properties and also it illustrates synthesis and molecular structure. In
addition, it reviews the relationship between CDOM and the other aquatic substances
parameters, especially the dissolved organic carbon. Furthermore, it reviews the
spatial variation of CDOM sources that influence its optical properties and observed

from remote sensing data.

Section (Il) in this chapter presents the measurement’s methodology and discuss the

results of sampling selected SEQ water-bodies after giving an introduction to the
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study area with an overview of relevant literature. At the end of this chapter, it

presents the discussion and results.

Section I:

2.2 Organic Matter in Natural Waters

Organic material in water is considered the major source and pathway of organic
carbon in the aquatic system (Steinberg 2003). It comprises live organisms such as
plants and animals, remnants of organisms, dead organisms yet to decompose, and
organic compounds resulting from the decomposition processes (Vinebrooke &
Leavitt 1998). Additionally, the water could contain industrial and chemical organic
compounds such as industrial oils, remnants of irrigation pesticides and other organic
compounds. A large amount of organic material in water is considered as an indicator
of the extent of contamination of the water and affects the organisms living in the
water by lowering the available oxygen and increasing dissolved organic carbon
(Osburn & Bianchi 2016). In addition, it makes the water unusable for human
consumption and it could be identified as a source of organic pollution (Harrison
2001). The most important fraction and the major form of the organic matter is the

dissolved organic matter that can play a significant role in the aquatic system.

2.3 General View of Dissolved Organic Matter and Its Optically
Measurable Component

DOM can be defined as the materials that consist of carbon atoms and have the
ability to pass through a given GF/F” filter below 0.45 pm (Bukata et al. 1995; Chavez
et al. 1995a), but 0.22 um is also common especially for remote sensing applications
(Ogawa & Tanoue 2003; Mostofa et al. 2009), it will be adopted in this thesis. DOM
is brown, and when being in high concentration, it tints the water yellowish-brown
(Zsolnay 2003). The increase in DOM concentrations in water negatively affects the
aquatic ecosystem. At the same time, the aquatic DOM pool identified as a major

reservoir of organic carbon. DOM can interact with many different elements because

* GF/F filter: glass fibre filter is manufactured from 100% borosilicate glass; it combines fast flow rate with high loading
capacity. Type GF grade F filter is used for filtering extremely fine precipitates Glass Fiber Filter, filter paper and Membrane
Solutions, 2018, https://www.membrane-solutions.com/glass_fiber_disc_membrane.htm>.
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it is an important biochemical buffer and consists of a weak acid (McKnight et al.

1993).

Coloured dissolved organic matter is considered the optically measurable component
of DOM in waterbodies for remote sensing applications. It is also used as an indicator
of DOC measurements in the aquatic system (Mannino et al. 2008; Fichot & Benner
2011). According to literature, CDOM also known as Chromophoric Dissolved Organic
Matter (Hoge et al. 1995; Fichot & Benner 2012; Nelson & Siegel 2013; Jacobsson
2014) or Yellow Substance (Carder, K. L. et al. 1989; Laanen 2007), Gilvin (Kirk 2011)
or Gelbstoff (Aiken & Moore 2000). In this thesis, the term CDOM is used as it is the
most commonly used name adopted in many recent studies like Ferrari and Dowell

(1998); Brando et al. (2008); Mannino et al. (2008) and many others.

CDOM strongly absorbs short wavelengths of light that ranging from (200-329 nm) in
the ultraviolet region to (330-495 nm) in the blue region and tends to zero with
increasing wavelength (Bricaud et al. 1981; Green, Sarah A & Blough, Neil V 1994;
Hoge et al. 1995; Zhang et al. 2009). Pure water absorbs longer wavelengths ( > 620
nm) (Hoge et al. 1995) so non-turbid water (clear water) with little or no CDOM
appears blue and the colour of the water will range through green, yellow and brown

as CDOM concentration rises.

Thus, monitoring CDOM concentration periodically can give an indication of the
water status especially in case-II* waters (Strombeck et al. 2003; Zhang, M. et al.
2014), and it is important to look for a fast, accurate and inexpensive way to monitor
it in water. For that reason, remote sensing is the optimum technique to measure
these water quality parameters and its behaviour with other water components that

have an influence on the aquatic ecosystem and its surrounding environment.

* Case Il waters: this term is called for the coastal and inland waters (water reservoirs, lakes and rivers) where their optical
properties are quite complex than Case | waters (open ocean) because of their optical properties not only depend on the
phytoplankton concentration but it also controlled by other water components like mineral particles, suspended sediments
and CDOM.
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2.4 CDOM and Its Relationship with DOC in Natural Waters and The
Global Carbon Cycle

DOM is the largest reservoir of the organic carbon in the aquatic system (Vantrepotte
et al. 2015) and plays a major role in its nutrient system (Findlay & Sinsabaugh 2003;
Anesio et al. 2004; Judd et al. 2006). Carbon dioxide is absorbed from the atmosphere
at the water’s surface and converted into dissolved carbon. It then converts by
primary production by phytoplankton into dissolved organic carbon which
constitutes about 90% of the dissolved carbon in the aquatic system as shown in
Figure (2-1) (Jaffé et al. 2008). In addition, DOC enters the aquatic system from a

terrestrial source such as soil.
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atmosphere and ocean atmosphere (mainl
CcOy)
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acean water
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Animals,
Decomposers

Death and
sedimentation

Figure 2-1: Schematic Representation of The Aquatic Carbon Cycle (Jaffé et al. 2008)

Tranvik et al. (2009) showed that the aquatic system provides the largest flux of
reduced carbon from land to ocean as the result of organic matter in water as shown
in Figure (2-2).

to atmosphere 1.4

T

from land 2.9 inland waters

to sediments 0.6

Figure 2-2: Revision of The Hypothesis of The Transport Of Dissolved Organic Carbon (Tranvik et
al. 2009). Revised values are explained in the figure represent annual transport of carbon in units
(Pg, 10" g)
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The carbon exchange between reservoirs and the atmosphere occurs because of
various chemical, physical, geological, and biological processes. The decomposition
of plants and organisms into the water transforms the organic matter into carbon
dioxide (Keith et al. 2014). Therefore, coloured DOM is the portion of the DOC pool
that absorbs light in both the ultraviolet and visible ranges and it is controlled by local
independent processes (Kirk 2011). As a result, coloured DOM is generally used as an
indicator or a tracer value of DOC and it is the optically measurable portion of DOC

included in many water monitoring programs (Fichot & Benner 2011).

2.5 Flow, Sources and Sinks of CDOM in Australian Inland Fresh
Waters
Terrestrial and aquatic sources and sinks contribute to the observed distribution of
CDOM in water-bodies (Jerlov 1968; Bricaud et al. 1983; Carder et al. 1989). Organic
matter influence the aquatic system from different external sources such as
catchment runoff (drainage basin), point-source discharges, and sediments (Chen et
al. 2004; Wells & Boehme 2008). Also, it is naturally produced and generated within
the aquatic ecosystem from the decomposition of the remains of organisms in the
aquatic environment, or via the biological production (phytoplankton, zooplankton,

microbial) as shown in Figure (2-3) (Philp 1981).

]

Phytoplankton uptake inorganic
matter and light to grow and bloom

Upon breahdown inorganic matt€
(CO3, N, P) is released from the
sediments maintaining the cycle

Phytoplankton die and fall to the
sediment

Breakdown the oxygen from the
surrounding sediment and water
column

Figure 2-3: Internal Cycle of Organic Matter Production (Philp 1981)
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In natural water bodies, CDOM consists of a heterogeneous mixture of numerous

compounds originated from two major sources (Thurman 1985):

1. Allochthonous Natural Organic Matter (NOM): which is the organic
substances that originate from the terrestrial materials and imported to the
aquatic ecosystem from outside it. These materials consist of soil, plants (or
leaves), root exudates and animal residues that fall or are washed into the water
and are composed largely of humic substances” (Wershaw 1999). In Eastern
Australian inland waters, Table (2-1) shows the five most common species of

terrestrial materials.

Table 2-1: The Percentage of Allochthonous NOM Material in Eastern Australian Inland
Freshwaters (Australia state of the environment 2011)

. . Litter and other
Material Leaves Bark [o]] .
material

Percentage 46% 16% 9% 24% 5%

Allochthonous NOM is dominant in inland waters and it possibly forms the
largest proportion in these waters (lakes and rivers) when compared to the

ocean waters.

2. Autochthonous NOM: which are the organic substances that formed
in the aquatic ecosystem within the water itself derived from algae or
phytoplankton. It is generally observed at the upper layers of the water body
(epilimnion) compared with the deeper layers (hypolimnion) due to the

accumulation of dissolved organic carbon significantly (Padisak et al. 1997).

In case |l waters often, the major source of DOC/CDOM portions is the allochthonous
NOM, which is the major source of organic acids in water (humic and fulvic acids)

that is from outside the water system and affect CDOM properties (Laanen 2007).

* Humic Substances: are the broad class of NOM, constitute a large reservoir of organic C and N and characterized as being
coloured with high molecular weight .
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2.6 Dissolved Organic Carbon Content of Australian Inland Water
Bodies

There are about 149,000 water bodies in Australia, many of them are exposed to a
series of long periods of relatively low flow or drought conditions, interspersed with
intense periods of rainfall leading to flash floods (Dekker & Hestir 2012). These floods
cause large fluxes of soil, salts, plants, dead animals’ residue and contaminants which
can lead to changes in the ecosystem of these water bodies and their physical and
chemical properties. Dissolved organic carbon comprises the major component in
most Australian inland water bodies and it is reflecting the degree of organic matter
pollution in these water bodies. It ranges from about 0.3 mg/L in McMinns Borefield
(North Territory) and some unpolluted and non-productive freshwaters to 13.3 mg/L
in the Jandakot Mround (West Australia), as shown in Figure (2-4) (Campbell et al.
1992b, 1992a; ANZECC/ARMCANZ 2000; Kirk 2011; Dekker & Hestir 2012; Hestir et
al. 2015).
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Figure 2-4: Some DOC Levels in Australian Fresh waters

However, some values of DOC that are higher than 10 mg/L have been found in some
low pH lakes (CSIRO and Bureau of Meteorology 2015). The average concentration of
DOC in these fresh waters from depths of 0-300 m is 1.5 mg/L. The highest values of
DOC found in some waters were within an industrial fields area, especially the

Murray-Darling basin zone and in South East Queensland (SEQ), Figure (2-5).
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Figure 2-5: Australia’s 12 Basin Zones

2.7 Spatial and Temporal Variability of CDOM in Remote Sensing
Data for DOC Estimation

In order to invert reliably the remotely sensed water colour to obtain the
concentration of optically significant material, it is important to determine CDOM
distribution and its effect on water colour. CDOM concentration levels can vary both
spatially and temporally depending on the size of the waterbody and types of the
terrestrial community that deposit organic material into it. It is possible to do
measurements of DOC concentration from optical remote sensing only if there is a
good relationship between CDOM absorption and DOC concentration. Some studies
(Matsuoka et al. 2012; Hestir et al. 2015) showed that it is possible to measure DOC
concentration using remote sensing technique optically, but this techniqgue may not
be simple due to many factors that related to CDOM sources and to the seasonal

variations.

Conservative behaviour (e.g. the distribution, variability and chemical behaviour) of
DOC is necessary to be able to measure DOC remotely to allow for the development

of a robust algorithm (Tanaka et al. 2016). Thus, the seasonal changes should not
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affect the relationship between CDOM and DOC. However, some researchers
(Mannino et al. 2008; Fichot & Benner 2011; Shao et al. 2015; Vantrepotte et al. 2015)
explain if the relationship between CDOM and DOC changed seasonally, it is
necessary to change the algorithm accordingly and the model used to derive the DOC
concentration needs to be modified. Nevertheless, the development of a better

algorithm will allow an accurate measurement of CDOM using satellite data.

Section Il:

2.8 Study Sites Description

In South East Queensland, 11 reservoirs sampled with a total of 47 sampling stations.
The study reservoirs were chosen in different sizes, different catchment properties,
different sources, various uses and almost different climate zones (subtropical and
temperate zones) reservoirs in SEQ. The selected reservoirs in the study area are

shown in Figure (2-6).

Most of these reservoirs except Lake Weyba, which is a natural salt-water lake, are
modified environments either created from enlargement of natural lakes or were
created in river valleys using artificial barriers. These reservoirs are important for
human consumption as a source of potable water supply and irrigation or using it for
recreation and flood control. The sources of these reservoirs make a significant
contribution in the physical and optical properties of the water components and
concentration of dissolved organic matter. That effect is reflected clearly in water
colour of the reservoir. Therefore, information about water quality monitoring of
these reservoirs is very important especially during flood seasons (Cottingham et al.

2010).
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Figure 2-6: Map of The Selected Study Sites in This Work in SEQ.
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A brief overview of the study sites reservoirs, major geographic parameters of the

sites, its purposes and importance is summarised in Table (2-2) (Sunwater 2005;

Committee 2011).

Reservoir
Name

Table 2-2: Selected Study Sites Reservoirs Geographic Properties

Purpose(s)

Water source(s)

Catchment

Surface
area
(10°m?)

Storage
capacity
(103m?3)

Cooby Creek

e Potable

e Cooby Creek

169

3014

23092

Reservoir water supply e Rainfall
e GAB!
Lake LPD 1965 ® Potable ® Perseverance 117 23.1 2200 30140
Perseverance water supply Creek
Dam o rainfall
Lake LCB 1983 e Potable o Cressbrook 321 34.0 5170 81840
Cressbrook water supply Creek
o rainfall
Lake WIV 1985 e Potable ® Brisbane River 7020 44.0 108000 1165000
Wivenhoe water supply e Flood
® Flood control e Rainfall
e Hydroelectric e recycled water
e Recreation
Lake LSD 1953 ® Potable e Stanley River 1330 42.1 43500 380000
Somerset water supply e Rainfall
Dam ® Flood control
e Recreation
o Hydroelectric
Lake Weyba LWE Natural e Recreation e Weyba Creek - 8.1 - -
lake
Lake SAM 1976 ® Potable o North Pine 347 23.0 21800 215000
Samsonvale water supply e Rainfall
e Recreation
Tingalpa TIN 1968 ® Potable e Tingalpa Creek 87.5 18.2 4700 24800
Reservoir water supply e Rainfall
Advancetown  ADV 1976 ® Potable e Nerang River 207 29.4 9720 161070
Lake water supply e Rainfall
Lake Leslie LLD 1965 e |rrigation o Sandy Creek 603 28.9 12880 106200
Dam e Potable ® Rainfall
water supply
e Recreation
Lake MOO 1961 e |rrigation © Reynolds Creek 225 315 8270 83700
Moogerah e Potable ® Rainfall

water supply

Knowing these reservoirs composition is important to understand how the sources

of the organic matter (especially allochthonous) in the reservoir affect the optical

properties of CDOM and its remote sensing reflectance. The results of this

understanding provide stronger evidence for the high reliability of the validity.

! Great Artesian Basin
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2.9 Samples Collection (Field Data Sampling)

2.9.1 Sampling SEQ Selected Reservoirs

The field data were collected during the Australian autumn between April and May
of 2017. The field data were collected from the water surface of 11 reservoirs with a
total of 47 stations were sampled (Table 2-2 and Figure 2-6) in south-east Queensland

using the described sampling methods below.

Water samples were collected from 0.5 - 0.7 m below the water surface from a small
boat. Most sampling points were far of the shore in different distances (10 - 15 m)
depending on the water depth where shallow places were avoided. Samples were
collected into 1000 ml clean amber (brown) glass bottle. Care was taken to prevent
cross-sample contamination by organic material as possible before reusing the
sample bottles. The cleaning procedure was according to Roesler et al. (1989), first,
the bottles were cleaned with soapy water, and then rinsed six times with tap water
then deionized distilled water (DDW). After that, they were left overnight in an acid
bath (10% of HCI) followed by a tripled rinsed with deionized distilled water and dried
in the lab oven at 60°C. These dry bottles were baked at 104°C for 4 hours (maximum
safe temperature for bottles. These sampling bottles were kept sealed and dry to
prevent airborne interface contamination and microbial growth for better DOC and
CDOM results. All cleaning filtration and measurement in this work were performed

using Nitrile gloves.

In situ, the sampling bottle was well rinsed with station water three times before
collection and it was filled with water sample without overfilling (below the bottle’s
neck). The sampling bottle was sealed with Parafilm M® tape and PTFE screw cap
(Polytetrafluoroethylene, best known is Teflon), then it was kept in a dark and cold

ESKY™ box filled with ice cubes.
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2.9.2 In Situ pH Measurements

In situ pH data collecting were conducted during collection the samples for all
stations in the selected SEQ water bodies. Measurements process was performed
using SPER SCIENTIFIC ADVANCED pH meter model (850055) with an accuracy
specification £0.02 of the pH scale. The instrument was calibrated in the lab the day

before every data collection trip by using standard pH buffer calibration solutions.

Field pH measurements of collected samples were conducted using (CSIRO land and
water) standard procedures. First, the instrument probe rinsed with Milli-Q water
three times away from the collecting station. Then, a 400 ml clean glass beaker was
rinsed three times in Milli-Q water after that, it was rinsed again three times in the
water collected from the station before filling it with water from the station. To
measure station pH, the probe placed and immersed into the beaker keeping it away

from the sides and bottom of the beaker until the pH meter reading was stabilized.

2.10 Filtration Process and Samples Preparation

The filtration process is the most important preparation step for CDOM and DOC
analysis, it is used to separate suspended particles from the solution. Suspended
particles in water samples can affect the measurements, not to mention, it contains
live organisms that produce or metabolize organic matter or organic carbon and leads
to change concentration and composition during sample storage (Miller et al. 2007;
Wurl 2009). For water samples that contain great amount from suspended particles,
it is favoured to do pre-filtration with a larger pore diameter size for better filtration
results (Shen et al. 2015). However, it must be taken into consideration that it is
recommended to minimise the use of the pre-filters so we can reduce the possibility
of contamination (Huckins et al. 2006). Thus, it is imperative that data resulting from
analysing water samples to passing through an appropriate filter and follow standard

procedures to reduce sample contamination and alteration.
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2.10.1 Types of Filters Membranes and Filters Pore Sizes

Filter membranes may be made of diverse organic and inorganic materials. The
choice of the filter type and the pore size is generally determined according to the
application or the objective. They distributed among nylon, polysulfone, mixed
cellulose esters (CE) and polycarbonate filters (PC) with pore sizes between 0.2 and
0.45 um. Moreover, there are glass fibre filters (GF/F) with a nominal pore size of <
0.7 um are also used (Table 2-3). For remote sensing application generally, glass fibre
filters (GF/F 0.7 um) and polycarbonate filters (PC 0.45-0.2 um) are the most
frequently and commonly used especially for CDOM analysis due to their lack of
contamination, ease of cleaning and high flow rates in addition to their large filtration
capacity (Moran et al. 1999; Yoro et al. 1999). In this thesis, to achieve better accuracy
inimproving CDOM retrieve away from the influence of other water components, the

0.2 um filter is adopted.

2.10.2 Types of Filtration Methods

There are many different methods of filtration, but all have the same purpose of
separating solid particles from the sample. Filtering of samples for the determination
of organic constituents requires using equipment constructed from inorganic
materials. All filtration equipment parts must be cleaned sequentially with acetone,
methylene chloride, or ethyl alcohol then rinse them thoroughly with Milli-Q water
or deionized water (DIW) before using. Three common types of filtration method are

used in laboratories:

1. Syringe - Disc Filtration.
2. Vacuum - driven filtration.

3. Positive gravity filtration.

In aquatic ecology and from literature, vacuum filtration is a common filtration
method involved in a variety of studies that aim to measure water quality
parameters. Also, it is recommended that the filtration pressure should be at the

lowest (<125 mm Hg or < 5 in Hg) to pass the analyte in a regular flow relative to
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minimize cell disruption and leakage of cell contents into the DOC during filtration

(Miller et al. 2007).

In Table (2-3), below a list of some reference literature shows the filter membrane

and the type of filtration that used:

Table 2-3: Some Literature of Filtration Types

Reference Filter membrane type Pore size Filter design

- Polycarbonate membranes (Whatman

(Vantrepotte et al. 2015) Nuclepore, 47 mm)

0.2 um Low vacuum filtration

- Glass fibre filters (pre-filtration)

0.7
(Shao et al. 2015) - Polycarbonate membranes (Whatman um

Did not mentioned

Nuclepore, 47 mm) 0.2 pm
- Whatman GF/F glass fibre filter )
(Mannino et al. 2014) - Whatman Nuclepore (polycarbonate) 0.2 um Low vacuum filtration
filters M
(Matsuoka et al. 2013) - Whatman GF/F filter - -
(Linnemann et al. 2013) - Cellulose-acetate filters 0.45 um -
- GF/F glass fibre filter 0.2 um Low vacuum filtration
(Goldman et al. 2013) - Teflon filter (Gelman Acrodisc) 0.45 um (below 200 mmHg (27 kPa))
. - Millipore™ glass filtration low vacuum less than
(Bai et al. 2013) - Polycarbonate filter 0.2 um around 125mmHg
- 47-mm Whatman fibreglass GF/F filter 0.7 um
(Sun et al. 2011) (Whatman Inc., UK) 0'22“ m -
- 25-mm Millipore filter o
- GF/F filter 0.7um
(Para et al. 2010) - Nuclepore polycarbonate filter 0.2 um )
(Qin 2008) ) 4f?|trg::—whatman GF/F glass fibre 0.7 um Low vacuum filtration

2.10.3 SEQ Collected Samples’ Filtration Methodology

The two most significant reasons for samples instability are microbial growth and
exposure to light (Wurl 2009). To minimize the microbial growth, all samples were
filtered and prepared within 24 hours of collection before storage. Along with CDOM
measurements, dissolved organic carbon was also measured from the same filtered
water samples in parallel. Therefore, selecting the appropriate filter is very important
to minimize and to avoid contamination (Moran et al. 1999) in addition to, an initial

treatment by intensive flushing with Millipore® milli-Q water for the selected filter
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was done. This treatment significantly minimizes the potential organic contamination

of using membrane filters (Yoro et al. 1999).

The filtration process was done by using a clean glass filtration rig, it was rinsed with
the filtrate 3 times for every filtered sample before collecting the final filtrate. First,
all samples were pre-filtered with 47 mm glass fibre (GF/F) filters nominal pore size
was 0.6 um from ADVANTEC®. Then, the filtrates were transferred to another clean
glass bottles. After that, a 47 mm Whatman® Nuclepore™ 0.22 um polycarbonate
(PC) membranes filters were used for the filtrate. For remote sensing application and
specifically for measuring the inherent optical properties (IOPs) in the lab, the 0.22
pore size filters are most commonly used (Bukata 1995; Chavez et al. 1995b). A low-
pressure vacuum pump was used, and the filtration pressure used no less than (5 in
Hg) (125 mm Hg) (Del Castillo & Miller 2011). Finally, the work was done on a clean

surface and free of any organic contamination.

2.11 SEQ Samples Storing

Unlike seawater samples that can remain stable if frozen immediately for a couple of
months, freshwater samples should not be stored for a long time (Yoro et al. 1999).
The reason is back to high organic matter content in these freshwaters and also, to
the biological activities that do not stop with sample collection (Grasshoff et al. 2009).
Freezing and thawing freshwater samples change some optical properties,
fluorescence intensity and peak position in a wide range of the samples (Spencer et
al. 2007). Therefore, all filtered samples were refrigerated at 4°C for short-term (no
more than one week) in the dark and were analysed as soon as possible after

collection.
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2.12 Laboratory Analysis and Measurements

2.12.1 DOC Concentration Measurements

All the collected filtered samples were analysed by SHIMADZU total organic carbon
analyser model (TOC-V CSH) as shown in Figure (2-7) and the Table (2-4) gives some
of its specifications. High-temperature combustion analysis was used to measure the
non-purgeable organic carbon concentration and CSIRO protocol as described in the

following sections (Page & Dillon 2007), was followed.

TC: 0-500 ig/L to 0-25,000 mg/L variable

Flow rate: Approx. 0.1 to 1 L/min

Sample volume: 5 to 7 mL per measurement
Temperature: 0 to 902C

6802C combustion catalytic oxidation/NDIR
method

7202C combustion catalytic
oxidation/chemiluminescence method
(when TNM-1 is connected)

Figure 2-7: Total Organic Carbon Analyser 1,10 4. (SHIMADZU TOC-V CSH) Specifications
(SHIMADZU TOC-V CSH) in USQ Water Lab.

2.12.2 CDOM Optical Measurements

The optical density (absorbance) of CDOM samples were measured using Cary 300
UV-Vis double beam spectrophotometer from Agilent Technology. The instrument
has photometric precision using double aperture method at 0.3 Abs is + 0.00016 Abs

(see Table 2-5 for the instrument specifications).

Table 2-5: Agilent Cary 300 UV-Vis Specification

resolution <0.193 nm

Wavelength Range 190-900 nm

Wavelength Accuracy +0.02 nm at 656.1 nm / +0.04 nm at 486.0 nm
Wavelength

o1 Standard deviation of 10 measurements < 0.02 nm
Repeatability

Photometric range 6.0 Abs
Photometric Accuracy + 0.00016 using double aperture method at 0.3 Abs
. . At 0 Abs, < 0.000030 Abs /At 3 Abs, <0.00025 Abs / At 5 Abs, < 0.0022
Photometric noise
Abs
Scan Speed 3000 nm/min at 0.1 nm data steps
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The absorbance scans were done by using 10 cm path length quartz cell cuvette. The
cuvette was stored in 10% HCl to minimize organic coating. It was tripled rinsed with
Millipore® milli-Q water before starting and the exterior windows of the cuvette were

cleaned with ethanol and lens paper to eliminate excess water.

A fresh Millipore® milli-Q water was used as a reference control solution for CDOM.
Before measuring the absorbance, the samples and the reference (control solutions)
were left in a water bath at room temperature for optimum results. The temperature
has a great effect on the absorption results; sometimes it appears and observes as a
negative absorption (Pegau et al. 1997). This negative absorption might happen after
a period from start measurements and this means, there is a difference between the
temperature of the sample and the temperature of the reference (control solution)
or, between them and the instrument room temperature (Belzile et al. 2006). In
addition, it might happen with the first sample and that means, the sample is not at
room temperature and needs to bring it to room temperature before scanning it
(Belzile et al. 2006). Finally, before start scanning, it has taken into consideration no
bubbles have formed in the reference solution or in the samples because it leads to

negative absorption in the 745 nm range and a hump in the 850 nm range too.

The control solution was used as a zero and blank scan. The blank scan was measured
twice, and it was ensured that there were no significant variations from the zero scan.
Then, the optical density (absorbance) of the samples was measured and taken

between 200-900 nm, at 1.0 nm interval.

The absorption coefficients (a(A1)) in m™ at wavelengths (1) between (200-900 nm)

for the samples were calculated from the following expression:

A(2) = 0D(A) — ODpyy (2.1)
a(d) = 2303+ 22 (2.2)

Where, A(A) is the absorbance, OD(A) is the optical density measured at a given
wavelength A across path length (1) in meters. While ODpuyis the shift observed in the

red region of the spectrum and equal to the average of the optical density OD (1)
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from 750 to 850 nm. This offset is important to correct the samples from scattering
error of small particles (it will be explained in details in chapter 4) (Bricaud et al. 1981;

Green, S. A. & Blough, N. V. 1994; Helms et al. 2008; Matsuoka et al. 2012).

The absorption spectral shape of CDOM and the fractions represented by spectral
slope coefficients (§), was typically determined and fitted as a single-exponential
non-linear curve model in multispectral ranges (Stedmon et al. 2000) as shown in the

equation below:

a(l) = a(1,)eSA-2)) 4 g (2.3)

Where, a(A) represents the absorption coefficient at wavelength A, a(4,) is the
absorption coefficient at a reference wavelength 4, and (S) is the spectral slope
coefficient. While K is a constant for background noise (a correction parameter will

be explained in detail in chapter 4).

S calculated in the broad region of the visible and UV range, Fichot and Benner (2012)
used the range between (275 — 295) nm (S;75_295) and 300 — 350 nm (S300-350) iN
tracing for terrigenous DOC and as potential indicators of lignin dominated sources
of DOC. Also, it calculated between 350-680 nm (S350-4350), the range used by Brando
et al. (2012); Schroeder et al. (2012), and for the narrow region 350-400 nm
(S350—400) the range used by Helms et al. (2008); Spencer et al. (2012). The selection
of these two ranges was chosen according to their wide use in the literature and
contain spectral regions most relevant to remote sensing applications. S is important
to characterizing CDOM and can provide further understanding about its general

properties (size, source) than the absorption value alone (Brown 1977).

The absorption coefficient values a(A1) are proportional with the accompanying
absorbance value at 440 nm of CDOM and that represents the specific inherent
optical properties (SIOPs). The specific absorption spectra for CDOM were fitted to
the model (Dekker et al. 1995; Van der Meer & De Jong 2011; Nguy-Robertson et al.
2013):

atpom = Aepom(Ao)expSA=10)) (2.4)
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Where, 1, =440 nm and agpou(4,) = 1 by definition.

SIOPs are optical features of water components that are independent of the light field

and essential for optical modelling (Campbell et al. 2011b).

2.13 Statistical Analysis of the Measured Parameters

Statistical tests were performed to determine whether there was a certain and
specific relationship between the measured parameters. The descriptive statistics
were used to analyse, summarize, and present the data that were subjected to
random and systematic errors from the measurements and the instruments. The
univariate analysis was used to describe the percentage representation of the
fractions, mean, median, standard deviation, and the standard error. Whilst,
Kendall’s rank correlation coefficient or commonly known as tau-test (t), which is a
non-parametric test, was used to assess the strength of the relationship between
a(1,) and (S). The reason for using this test is not all sites met parametric
assumptions for correlation analysis “distribution-free”. It takes a value between
minus and plus one, the positive correlation shows that a perfect relationship while
zero has no relationship. A multivariate regression analysis was used also to improve
the prediction of DOC concentration based on the value of a(4,) and (S). Finally, the
statistical significance is reported as a significant if (p < 0.05) and as highly significant
if (p £0.001), conversely if (p > 0.05). All analyses were performed using the SPSS

statistics 17.0 and Microsoft® EXCEL software.
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2.14 Results and Discussions

2.14.1 pH Measurements Results of All Stations in SEQ Study
Sites

The results of measuring the acidity and the alkalinity on a scale ranges from 0.0 to
14.0 for the 47 stations along 11 water bodies in SEQ are shown in Figure (2-8). The
pH scale is the negative logarithm of the hydrogen ions concentration (H*) shows how
acidic or alkaline or neutral is the solution (Kotyk & Slavik 1989). The measured values
that are less than 7.0 are acidic and the measured values greater than 7.0 are alkaline
(basic). The lowest measured pH value was 6.89 recorded in Tingalpa Reservoir,
whilst the highest measured pH value was 8.66 recorded in Cooby Creek Reservoir

and the average pH value of all the sites (N = 47) was 7.69 + 0.38 pH unit.

10 -

9.5

CCR LPD LCB WIV LSD SAM LWE TIN ADV LLD MOO

Figure 2-8: Boxplot to the Measured pH Values Per Reservoir for 47
Stations Along the Study Area Sites in SEQ.

There was no significant variation in pH values within the same waterbody excluding
three reservoirs; Cooby Creek Reservoir (CCR), Lake Leslie Dam (LLD) and Lake
Moogerah (MOO) where the variation value was around 1.0 pH unit between its
stations. Generally, the variation in pH values between all sites was significant,
ranging between + 0.7 pH unit around their average along all sites. Most of the pH
results of the study area water bodies tend to alkalinity where all measured values

were above 7.0 except Tingalpa Reservoir (TIN) was under 7.0.
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2.14.2 Absorption Spectra and Specific Absorption Coefficients
of CDOM in SEQ Study Sites

Mean absorption curves of CDOM samples per each reservoir (N = 11) in the study
area of SEQ are shown in Figure (2-9 A) and the total measured absorption curves of
all stations per reservoir (N = 47) are shown in Figure (2-10). The CDOM spectral
absorption is described by an exponential curve declining towards longer
wavelengths. The curve approaches 0 near 700 nm and reaches the maximum at 350
nm within the selected wavelength domain. The focus of this work is to characterise
the CDOM absorption over the UV-visible spectrum in the range 350 — 680 nm and
350 - 440 for remote sensing applications, therefore, the absorbance data from 200
- 350 nm was excluded even it was measured maybe could be useful in future works.
Figure (2-9 B) illustrates the quasi-linearization fit of the natural log-transformed of

these absorption spectra curves along all of the study sites in SEQ (N = 11).
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Figure 2-9: A) CDOM absorption spectra of the mean curves of each reservoir along all sites B)
Natural log-transformed absorption spectra of the mean curves of each reservoir along all sites.

From Figure (2-9 A) large variations in the absorption between the reservoirs can be
seen, Tingalpa Reservoir (TIN) showed the highest measured absorption values, the
opposite, Lake Wivenhoe (WIV) has the lowest measured absorption values (mean).
While in Figure (2-10), Lake Somerset Dam (LSD) measured spectra showed high
variability CDOM concentration between its stations. Also, each of Lake Samsonvale
(SAM), Cooby Creek Reservoir (CCR) and Lake Weyba (LWE) showed moderate

variation.
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Figure 2-10: Coloured dissolved organic matter (CDOM) absorption spectra curves of all
stations for each reservoir along the study area sites in SEQ

The mean specific absorption spectra per each reservoir (N = 11) in the study area
are shown in Figure (2-11 A) and the linearization fit of the natural log-transformed
of these spectra are shown in Figure (2-11 B). Knowing the forms of these specific
absorption spectra is important to understand variations in CDOM types due to their

source (Miller et al. 2007; Qin 2008).

The acpopy(440) was calculated from equation (2.4), by normalizing CDOM
absorption to the measured absorbance at 440 nm (Dekker et al. 1995; Gallie 1997,
Nguy-Robertson et al. 2013). The results showed no significant spatial variation in
acpom (440) over all sites in a water-body. Hence, the mean value of CDOM
absorption of each reservoir could be used for the total reservoir area and it should

be sufficient for the bio-optical model (Stedmon et al. 2000; Campbell 2010).
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Figure 2-11: A) The mean specific absorption spectra of each reservoir along the study area sites in
SEQ. B) Natural log-transformed mean specific absorption spectra of each reservoir in the study
area.

The full Figures of the specific absorption spectra of each station per reservoir are

given in Figure (2-12) below with no significant disparity.
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Figure 2-12: The specific absorption spectra for
(CDOM) for each station per reservoir along the

study area sites in SEQ




2.14.3 Spectral Slope Coefficients (S) of CDOM in SEQ Study Sites

CDOM spectral slope values (S) of the 47 stations were calculated using equation
(2.3). It was done by fitting the measured absorption coefficient in two different
wavelength domains i.e. (350 - 440 nm) and (350 - 680 nm) and adoption reference
wavelength at (440 nm). The derived (S) values are denoted as S357(350 — 440) and
S440(350 — 680). The resulting (S) values varied from 0.014 — 0.021 nm-! for the two
selected wavelength domains as shown in Figure (2-13 A and B). There were
moderate CDOM slope differences among the reservoirs in the S,4,(350 — 680)
domain and big disparity in CDOM slope in the S350(350 —440) domain. A
comparison of CDOM spectral slope derived for S,,,(350 — 680) with literature for
the Australian inland waters shows similar agreement. The slope domain
(S350(350 — 440)) is generally adopted for assessing CDOM in the UV and near-
visible bands which is not very useful for remote sensing uses. Therefore the
S440(350 — 680) only will be used on the coming chapters of this work because it
covers spectral regions most relevant to remote sensing applications and it is readily

comparable to the literature.
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Figure 2-13: CDOM spectral slope ranges for each reservoir over all sites in SEQ. A) Boxplot of
CDOM slopes values at 350 nm for the range (350-440 nm). B) Boxplot of CDOM slopes values at
440 nm for the range (350-680 nm).

The S values obtained from exponential fitting within the two wavelength domains,
all were within the range 0.010 — 0.025 nm™ reported for surface layer in shallow

reservoirs by Stedmon et al. (2000) and a little bit higher than S values of Australian
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inland waters reported by Kirk (1994), Campbell (2010), and Dekker and Hestir (2012)
that ranged from 0.012 —0.018 nm2.

2.14.4 CDOM and DOC Concentrations’ Variations in SEQ Study
Sites

The measured absorption coefficient values of CDOM concentrations at 440 nm
(acpom(440)) for all stations (N=47) along all the study area sites are shown in Figure
(2-14). Low CDOM absorption coefficient values were measured at the stations in the
northern part of SEQ between the area from North Toowoomba and North Brisbane
to Noosa, whilst the highest values were measured in the southern part of the SEQ
region. In general, there were significant variations in acpou (4,) values measured at
440 nm ranging from 0.35 m™ in Lake Wivenhoe to 6.52 m™! measured in Tingalpa

Reservoir.
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Figure 2-14: Box-and-whisker plots shows the (minimum, first
quartile, mean, third quartile and maximum) values ranges of
CDOM absorption coefficient at 440 nm along all stations in the
study area.

The analysis of variance was used to determine whether there were any significant
differences between the reservoirs in the measured a;pop(4,)- It showed different

variations in the measured acponu(4,) values of CDOM concentrations between
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some stations for the selected wavelength (acpon (440)). Where Lake Somerset Dam
(N = 5) showed high percentage disparity around the average (mean 1.33 £+ 0.11 m™)
between its stations was around (8%), then each of Lake Samsonvale (N = 6) was 4.2%
(mean 2.62 +0.11 m?) and Lake Weyba (N = 3) was 3.5% (mean 1.31 + 0.05 m%). As
for the rest of the reservoirs, variance percentage was < 1%, except (WIV = 1.25%; N

=7)and (ADV = 1.1%; N = 2) as shown in Figure (2-15).
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Figure 2-15: Percentages of ANOVA single factor bar charts of
CDOM absorption coefficient values per each reservoir at 440 nm

Samples collected from SEQ study sites demonstrate variability in dissolved organic
carbon concentrations as shown in Figure (2-16 A and B). The lowest recorded value
was 3.41 mg.L! in Lake Moogerah and the highest recorded value was 19.35 mg.L
in Lake Leslie Dam. All measurements of DOC concentrations in the reservoirs found
within the Australian normal range of lakes which ranged from 0.3 mg.L! to 29.50

mg.L ! (CSIRO and Bureau of Meteorology 2015).
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Figure 2-16: A) Box-and-whisker plot shows the (minimum, first quartile, mean, third quartile
and maximum) values of DOC concentrations ranges for each reservoir. B) DOC variance
between each reservoir station

Figure (2-16 B) showed that most of the reservoirs have significant variance in DOC
values between its stations, the highest variation was in Lake Somerset Dam (Var =
4.76) then follows by Lake Moogerah (Var = 4.01). While Lake Wivenhoe has the
lowest variance between its stations (Var = 0.11) then Lake Samsonvale (Var=0.51).
This variability in CDOM and DOC concentrations is most likely due to the spatial
differences between the sites and local inflows. It is unlikely to be due to the seasonal
changes because most of the data were collected at the beginning of the Australian

dry season and during very close periods of time.

The locations and spatial distribution™ of CDOM and DOC concentrations over all sites
in SEQ study area are shown in Figure (2-17). High CDOM and DOC concentrations
can be noticed at the stations close to the inflow sites of each reservoir due to the
discharge of the feeder’s rivers and streams except Lake Moogerah because the

CDOM variation is not significant between its stations and the size of the lake.

* ArcGIS 10.2 software was used to create the spatial analysis distribution of CDOM and DOC
concentrations over all sites in SEQ study area.
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Figure 2-17: Spatial distribution of CDOM and DOC concentrations and location of
sampling stations in 1) Cooby Creek Reservoir (CCR), 2) Lake Cressbrook (LCB), 3) Lake
Samsonvale (SAM), 4) Advancetown Lake (ADV), 5) Lake Leslie Dam (LLD), 6) Lake
Moogerah (MOO), 7) Lake Wivenhoe (WIV), 8) Lake Somerset Dam (LSD), 9) Lake
Weyba (LWE), 10) Lake Perseverance Creek Dam (LPD), 11) Tingalpa Reservoir (TIN). The
black arrows referring to reservoirs’ inlets and outlets.

Please note: “The limited number of sample sites at most water bodies means that
these concentration interpolations should be treated with caution.”
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2.14.5 The Relationship Between CDOM Absorption and Slope
Parameters (S) in SEQ Study Sites

It is important to test the relationship between CDOM optical properties and its
chemical composition to understand the effect of this relationship on estimation DOC
in the study area. The spectral slope (S) of the exponential function that expresses
the CDOM absorption curve has been used widely as a proxy of CDOM composition
in water (Fichot & Benner 2012; Traub 2012). Therefore, it is essential to display the
evidence if there was any local variation in the CDOM sources affects this
relationship. Statistical calculations were performed to find the degree of correlation
between (S) and acpou(4,) in the SEQ study area. Kendall rank correlation
coefficient (t) was used to measure the strength of dependence between (S) and
acpom(4o) and the p-value was used to discover if there was a statistically significant
relationship. Two different reference wavelength at 350 nm and 440 nm were
selected, the basis of selection of these two wavelengths is CDOM absorbance
increase with decreasing the wavelength and is much greater at 350 nm which
represents the lowest wavelength within the UV-A band. The 440 nm is the most
commonly used and readable reference wavelength in literature. As well two
different slope domains S357(350 — 440) and S440(350 — 680) were selected. The
reasons for choosing these two wavelengths domains to calculate (S) are mentioned

in §2.12.2.

The results of using tau correlation showed moderate negative correlation between
spectral slope (S) and acpou(4,) over all reservoirs, it was (t=0.466, N=47 and p <
0.01) at the wavelength 350 nm and was (t = 0.406, N = 47 and p < 0.01) at the
wavelength 440 nm as shown in Figure (2-18 A and B) and Table (2-6). Also, there are
clear differences between reservoirs varied from high negative correlation at LCB (t
=0.800 and 1.0) and at WIV & LSD (t =0.667 and 0.939), to moderate and low at CCR
(t=0.414 and 0.072), LLD (t =0.200 and 0.200) and SAM (t = 0.067 and 0.200).
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Figure 2-18: acpou (4,) versus CDOM Spectral Slope (S) Plotted for All Reservoirs A) Between asso
(m) and S(350-440) (hnm) B) Between aas (m?) and S(350-680) (hm'?)

Table 2-6: Kendall’s Tau (t) Correlation Coefficient and Probability Values (p) Between CDOM
Spectral Slope (S) and acpou(4,) for All Reservoirs® A) Between asso(350-440) (m™*) and S3s0(350-
440) (nm™') B) Between a440(350-680) (m™*) and S440(350-680) (nm™?)

acoom(350) and S3so(350-440) acoom(440) and Saao(350-680)

* *

T P T P

All 47 -0.466 <0.01 -0.406 <0.01
CCR 6 -0.414 0.251 0.072 0.845
LCB 5 -0.800 0.050 -1 <0.01
WIV& LSD 12 -0.667 <0.01 -0.939 <0.01
SAM 6 0.067 0.851 -0.200 0.573
LLD 5 -0.200 0.624 -0.200 0.624
MOO 6 -0.200 0.573 -0.600 0.091

* Correlation is significant if p < 0.01

A possible explanation for this diversity is due to the presence of different discharge
sources between the reservoirs. Also, these results are differed than what was
recorded in coastal zone studies by Stedmon et al. (2000); Fichot and Benner (2011);

Das et al. (2017) as an inverse high correlation relationship between a(4,) and (S).

1 Only samples with n>5 are shown in line with the recommendations of de Gruijter (1999) and Dekker
and Hestir (2012).
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To extend the analysis further, CDOM is considered the optically measurable of DOC
fraction, therefore, CDOM optical characteristics could be an outcome of the amount,
magnitude, nature and origin of DOC (Fichot & Benner 2011; Osburn & Bianchi 2017).
According to this hypothesis, normalizing CDOM absorption by the carbon mass per
volume concentration may provide a more direct link with (S). Measurements of DOC
and acpom (1) were used to find DOC-normalized absorption coefficients, it will be
denoted as (appc(4,)) in this work and expressed in (Lmglm3l). A simple
exponential model similar to the model derived by Fichot and Benner (2012) as
shown by equation (2.5) was applied to the relationship between the absorption

slopes (S) and the DOC-normalized absorption coefficients.
apoc(do) = a.efs (2.5)

The results of this normalization that carried out over all stations in SEQ are shown in

Figure (2-19 A and B) and illustrated in the Table (2-7).
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Figure 2-19: Relationship between DOC-normalized absorption coefficients (apoc(4,)) with
CDOM Spectral Slope (S) Plotted for All Reservoirs; A) Between aj(350) and Sgso-440) (hm™); B)
Between aj(440) and Sgso-ss0 (nm™)
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Table 2-7: R?, Adjusted-R?, Probability Values (p), Coefficients Associated with (a}c(4,))
Estimation Model and Model Standard Errors Between (apo(4,)) and CDOM Spectral Slopes (S)
Over All Reservoirs In SEQ; Upper) Between (a}oc(350)) and S3so.4409) (hnm™t); Lower) Between
(apoc(440)) and Sgso-ss0) (nm™?)

apoc(350) and Sgss0.440)

Model Coefficients

o 8 Std. En:or of

the Estimate
All 47 0.488 0.477 <0.05 94.834 -256.621 0.441
CCR 6 0.241 0.051 0.323 0.128 71.202 0.105
LCB 5 0.246 0.006 0.396 0.239 42.091 0.126
WIV& LSD 12 0.337 0.271 <0.05 3.394 -111.071 0.245
SAM 6 0.761 0.702 <0.05 2.886 -33.940 0.028
LLD 5 0.067 0.243 0.673 0.692 17.250 0.036
MOO 6 0.027 0.216 0.755 11.729 -110.381 0.378

Model Coefficients

o 8 Std. Erl.'or of

the Estimate
All 47 0.512 0.502 <0.05 245.654 -407.875 0.482
CCR 6 0.391 0.239 0.184 1.278 -138.356 0.123
LCB 5 0.134 0.155 0.545 0.048 42.988 0.482
WIV& LSD 12 0.610 0.571 <0.05 20.987 -300.265 0.227
SAM 6 0.988 0.985 <0.05 6.236 -170.801 0.012
LLD 5 0.087 0.218 0.630 0.315 -42.014 0.039
MO0O 6 0.450 0.194 0.688 0.001 359.428 0.371

** Correlation is significant if p < 0.05

Results provided from using the DOC-normalized absorption coefficient exhibited
moderated relationship with (S) for both ranges; (R?> = 0.488, N = 47 and p < 0.05) for
the (350 nm) and (R? = 0.512, N = 47 and p < 0.05) for the (440 nm) in the spectral
slope ranges that had used (350 - 440) and (350 - 680) respectively. Also, low values
of (S) indicative of high ap,(4,) in the reservoirs of the study area, whereas high (S)

values correspond to low ap ¢ (4,) as appeared in the plot in Figure (2-19).

Some studies (Stedmon & Markager 2001; Anderson & Stedmon 2007; Fichot &
Benner 2011; Harvey et al. 2015) reported a strong relationship between CDOM
absorption and slope, which it is possible through this relationship to examine the

‘freshness’ of the DOM. Long residence times and marked DOM degradation (the
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DOM is bleached and the absorption decreases) indicates a lack of recent inputs from
catchments. In contrast, Hestir et al. (2015) found a weak relationship between a(4,)
and (S) in their study to some reservoirs along the eastern part of Australia. Finally,
the correlation between a(4,) and (S) is a negative inverse relationship ranging from
moderate to weak in most cases in SEQ study area. The different relations that
obtained suggested that many of the reservoirs in the study area have different
optical properties depends on the local discharge, chemical composition and physical
properties. In addition, these relationships could be a reflection of different types of
DOM sources, whether was autochthonous or allochthonous depending on the
relationship between slope values and molecular weight. So, in this study the
observed relationship between a(A1,) and (S) was moderate to low, while a slight
improvement occurred when (acpom(a,):poc) Was used and that could provide

further insight information about reservoirs’ DOM formation and its colour.

2.14.6 Identifying the Strength of the Regional CDOM-DOC
Relationship in the SEQ Selected Reservoirs

The relationship between DOC concentrations with a-poun (4, ) as a predictor variable
for DOC values was tested using univariate linear regression. This relationship was
tested first for each reservoir separately provided that each reservoir achieves the
minimum traditional in-situ water sampling requirements. According to de Gruijter
(1999); Dekker and Hestir (2012), the minimum sampling points required for inland
water (case 1) observations to find the coefficient of determination (R?) between the
dependent and the independent variable(s) are five points. Thus, only 7 of 11
reservoirs in the study area met the required minimum sampling point and the rest
did not, due to some reasons such as the difficulty of reaching pre-planned sample
points or damage in some samples. Also, Lake Wivenhoe and Lake Somerset Dam
have the same water source and are connected together, therefore both were
considered as one waterbody. Then, the linear regression models were done along
all the stations in the study area for the two selected a.pop at (350 nm) and (440

nm).
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The results of the linear regression models between acpop (350) and acpoy (440)

with DOC are shown in Figure (2-20 A and B).
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Figure 2-20 and Table 2-8: The coefficients of determination (R?) and probability values (p) for the
relationship A) between asso (m?) (independent variable) and DOC (mg.L) (dependent variable) B)
between a0 (m™?) (independent variable) and DOC (mg.L) (dependent variable) C) wavelength
versus R? between a(lo) and DOC.

The overall results showed a poor positive correlation in the relationship between
DOC concentration and CDOM absorption coefficient. The highest coefficient of
determination value was (R>=0.41, N =47 and p < 0.05) at 350 nm. While each of the
reservoirs that have the minimal stations number mentioned before was significantly
correlated. Relationships between DOC and CDOM absorption along all stations in

SEQ and for each reservoir are presented in Table (2-8).

Different values of R were recorded for each reservoir in the study area ranged from

maximum (R2=0.91, N =6, p <0.05) to the minimum (R>=0.52, N = 6, p = 0.06) which
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are higher than overall values for all stations. Values of R between CDOM absorption

and DOC decrease by increasing the wavelength as shown in Figure (2-20 C).

However, differences suggest a limited decoupling between DOC and CDOM linked
to regional and within reservoirs variations as confirmed by different relationships
recorded among all stations in SEQ. The concentrations of CDOM controlled by local
independent activities, such as photodegradation that reduce CDOM absorption
without a concomitant reduction in DOC concentration (Vodacek et al. 1997). Or
contrariwise, biological activity can increase concentrations of DOC without affecting

CDOM concentrations.

2.15 Chapter 2 Conclusions

In SEQ a total of 47 stations in 11 water bodies (Cooby Creek Reservoir (CCR), Lake
Perseverance Creek Dam (LPD), Lake Cressbrook (LCB), Lake Wivenhoe (WIV), Lake
Somerset Dam (LSD), Lake Weyba (LWE), Lake Samsonvale (SAM), Tingalpa Reservoir
(TIN), Advancetown Lake (ADV), Lake Moogerah (MOO) and Lake Leslie Dam (LLD)),
were sampled and analysed. The results are important to understand how CDOM
sources in SEQ affect CDOM absorption spectra (optical properties) varies before
moving to the next objective in this work. In general, this chapter can be summarised

as follows:

2.15.1 pH Data
Although pH values can naturally vary and some site-specific factors (such as regional
discharges) influence pH values, the results of pH measurements categorised as good
according to the Australian and New Zealand guidelines for fresh and marine water
quality (2000). The majority of the measured pH values of the study sites were within
the natural freshwater systems range, which is between 6.5 to 8.0 in mean except
Cooby Creek Reservoir was over 8.0. However, the study sites showed a variance in

the measured pH values between all the water bodies.
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2.15.2 CDOM Measurements and DOC Concentrations
Analysing the spatial distribution of DOC concentrations showed high values were
observed close to the inflow stations and a gradual decrease in DOC concentrations
were observed in the direction of the outflow stations. While, the measured CDOM
values were within the ranges of measured and documented values in Australian
waters (Blondeau-Patissier et al. 2009; Campbell 2010; Kirk 2011; De Deckker &
Williams 2012) and the difference is most likely due to the relative inputs from the

surrounding area.

2.15.3 CDOM Specific Absorption Coefficient (a;pouy(4,))
CDOM specific absorption spectrum of the selected SEQ water bodies were described
in this chapter to allow for CDOM fractions comparison in the next and if it is possible
to distinguish the sources and types of CDOM. There were only a small variation in

the agpou (Ao) within each reservoir and this shows the consistency of CDOM origins.

2.15.4 CDOM Spectral Slope Coefficient (S)
Differences in CDOM slope values between reservoirs in SEQ study sites in the same
wavelength domain attributed to the chemical composition of CDOM, where low S
values could link to reservoirs that are rich in allochthonous CDOM while, high S
values could link to reservoirs that are rich in autochthonous CDOM as proved by
Carder et al. (1989). Thus, the composition of CDOM showed moderate variation
between some reservoirs as it was coming from different sources and different
soluble organic substances. The mean S was comparable to reported values and
published data in the literature (Kirk 1976; Campbell et al. 2011a; Kirk 2011; Aryal et
al. 2014; Hestir et al. 2015). No strong relationships between CDOM spectral slope
and other parameters tested were verified during this study, while it improved
slightly when aj o (4,) was used and that could provide further insights information

about reservoirs’ DOM composition.
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2.15.5 SEQ Regional CDOM-DOC Relationship

Assessing the coefficient of determination between acpou(4,) and DOC shows
significant correlation within the same reservoir and the relationship is acceptable.
But, the overall results were showed a poorly positive correlated relationship among
all reservoirs similar to that obtained by Hestir et al. (2015) and contrast with other
inland freshwater studies (Ferrari et al. 1996; Vodacek et al. 1997; Del Castillo et al.
1999; Fichot & Benner 2011). The linear relationship between a;pgu (4,) and DOC is
complicated by environmental factors and human related contaminants mainly
affected their correlation. Including both acpon(4,) and S in multiple linear
regressions improved in the estimation of DOC concentration and assist in obtaining
a better understanding of this relationship. We do not address CDOM-DOC seasonal
changes in this study for the purpose of the next chapter to check in case that CDOM
fractionations will improve the estimation of DOC for the same collected samples.
The results may be positively significant and can be used in the future in remote

sensing in estimating DOC accurately.
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Chapter 3

The Absorption Behaviour of CDOM Fractions and Its
relationship with DOC Concentration in SEQ Water
bodies

3.1 Introduction

The ability to estimate DOC concentration from optical remote sensing by using
satellite sensors relies on the strength of the relationship between CDOM and DOC
and it is necessary to understand this relationship well (Fichot & Benner 2011). Over
larger geographical areas a consistent single relationship does not exist for all inland
water bodies as the CDOM properties depend on the discharge of the surrounding
catchments that have their own varying properties (Vodacek et al. 1997). This inflow
varies quantitatively, qualitatively and spatially which changes the dissolved organic
matter composition and complicates the relationship between CDOM and DOC

(Hestir et al. 2015).
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The previous chapter demonstrated the relationship between CDOM and DOC was
weakly positively correlated among all reservoirs. For large scale DOC estimation
where there is a weak correlation with CDOM absorption, it is important first to
determine how the local discharge influences the relationship before searching for
an alternative way to obtain an accurate DOC concentration estimation. This can be

done by investigating the major components of the natural organic matter in water.

In this chapter, the structure of the major components of the aquatic natural
dissolved organic matter will be described first, with emphasis on their influence on
the estimation of DOC. The DOM isolation techniques have been used in this work to
fractionate and analyse the collected samples will be evaluated and compared to the
standard samples of the International Humic Substances Society (IHSS). As well its
focuses on the general types of the selected isolation technique that used in samples
preparation. Thus, this chapter evaluates and test the hypothesis that includes CDOM

major fractions in the relationship with the DOC.

3.2 Structure Characterization of NOM and its Molecular Size
Distribution
The main components of natural organic matter (NOM) in the aquatic environment
are divided into two categories: dissolved organic matter (DOM) and particulate
organic matter (POM) or non-dissolved matter (phytoplankton®™ and tripton™).
However, POM only represents a small amount of NOM leaving DOM as the main
fraction (Ibrahim & Aziz 2014). The size limit that is used to differentiate between
dissolved organic matter from particulate organic matter are shown in Figure (3-1).
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DOM present in natural waters mainly composed of humic substances (HS) which are
hydrophobic components normally consist about 80% - 90% of DOM and sometimes
up to 95% (Hansell & Carlson 2014). Unfortunately, in Australia, there is no fixed
percentage data for these values that have been recorded and adopted (Campbell et
al. 1992a, 1992b). The yellowish colour in natural waters is due to the appearance of
the humic substances and some of the autochthonous acids from algal or
phytoplankton origins, which absorb light in the blue and ultraviolet wavelength
(Coble 1996; Zhang et al. 2007). Humic substances can be broken down into three
major fractions according to their formative groups which are (MacCarthy et al.

1990):

a. Humic acid: it is the greatest allochthonous portion of the organic matter,
soluble in alkaline and insoluble in acid and alcohol (Steelink 1963) and it is
dark brown to black in colour. It contains free and bound phenolic hydroxyl
groups (-OH), carboxyl groups (-COOH), quinone structures (aromatic rings),
nitrogen (N), carbon (C) and oxygen (O) as bridge units. The hypothetical

structure of humic acid is shown in Figure (3-2) (Mirza et al. 2011).

CO0—NH

R-CH CH,OH
My COOH :
COOH COOH ,  COOH 5 o

i
NH | cH,cH CH
REH : )
g)_f:}mq; Fo_ ey LI SN
OH  OH _ﬁ.oﬁ_‘} N@_ oh M8 o

o) IH o CHI_.l C —CRHOH
R-CH R-EH !
- \ O CcooH
c=0 Cro
] o
NH Hh

Figure 3-2: The Hypothetical Model Structure of Humic Acid (Mirza et al. 2011)

b. Fulvicacid: it is yellow components of humic substances soluble in strong acid
pH=1 and originate from both allochthonous and autochthonous sources
(Oliver et al. 1983). Its lower molecular weight contains both aromatic and
aliphatic structures, both extensively substituted with oxygen-containing
functional groups (Aiken et al. 1992). Fulvic acid is very active biologically and

its average elemental composition consists of: Oxygen (44 —49%), Carbon (44
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— 49%), Hydrogen (3 — 5%), Nitrogen (2 — 4%). The hypothetical model

structure of fulvic acid is shown in Figure (3-3) (Alvarez-Puebla et al. 2006).
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Figure 3-3: The Hypothetical Model Structure of Fulvic Acid (Alvarez-Puebla et al. 2006)

Humins: they are a black humic substance that is not soluble in water under
all pH values (Rice 2001). They are inhomogeneous solids and the major
components are predominantly aliphatic hydrocarbon functional groups from

lipids and waxes (Hayes et al. 2017).

Table (3-1) illustrates the typical range of DOC and HS concentrations in different

water systems.

Table 3-1: Typical Ranges For Dissolved Organic Carbon (DOC) Concentrations and Humic
Substances Contribution (HS) in Some Aquatic Systems (Thurman 1985)

nm Humic Substances (HS) (mg/L) Dissolved Organic Carbon (DOC) (mg/L)

Sea water 0.06-0.6 0.2-2.0
2 | Groundwater 0.03-0.6 0.1-2.0
3 River 0.5-4.0 1-10
4 Lake 0.5-40 1- 50

The molecular size classification of DOM varies significantly in natural waters (Tan

2003) as an example, allochthonous fulvic acid is mostly composed of low molecular

size fractions whilst allochthonous humic acid is mostly composed of high molecular

size fractions (Chin et al. 1994). Therefore, molecular size fractions could be a useful

indicator to distinguish between the origins of the dissolved organic matter DOM in

a variety of natural waters.



Figures (3-2) and (3-3) shows the molecular structure of humic substances that they
form largely from carbon, oxygen, hydrogen and nitrogen in complex carbon chains.
Also, carbon atoms are distributed in the rings form as C-C-C-Cand 4, 5, to 6 members
connected with C, N, H and O atoms. Table (3-2) shows HS elemental composition

percentages.

Table 3-2: Elemental Composition of Humic Substances (Thurman 1985)

S N S R

Fulvic acids 44-49 3.5-5.0 44-49 2.0-4.0
Humic acids 52-62 3.0-5.5 30-33 3.5-5.0
Proteins 50-55 6.5-7.3 19-24 15.0-19.0
Lignin 62-69 5.0-6.5 26-33 -

On the other hand, due to the complex heterogeneity of the NOM, it can be
fractionated and categorized mainly to hydrophobic and hydrophilic fractions (Aiken
et al. 1992). This chemical classification depends on the relationship between the
fractions’ chemical groups. For example, polar groups with hetero-elements such as
oxygen and nitrogen contribute to the hydrophilic character of DOM and subject to
acid-base equilibria. So, their contribution to the hydrophilic character of HS is
basically pH-dependent (De Wit et al. 1993). According to that, DOM hydrophobic
and hydrophilic components can be further divided into three classes of acids, bases

and neutrals which have different chemical groups that are shown in Figure (3-4).

Humic and fulvic acids are examples of hydrophobic acids associated with soil organic
matter and residues from woody plants tissues. While sugars and carbohydrates are
examples of hydrophilic groups associated with the algal activity or aquagenic
compound resulting from primary productivity. Knowledge of the chemical
composition of humic substances comes from degradation studies in which more
complex humic substances are broken down into simpler and distinguishable

substances (York & Bell 2020).
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Figure 3-4: The Relationship Between NOM Fractions (Aiken et al. 1992; Averett et al. 1994;
Marhaba et al. 2003)

According to Figure (3-4), the subgroups of NOM can be classified as:

1. Fraction 1 (Hydrophobic Neutral (HPON)): contains hydrocarbon and ether.

2. Fraction 2 (Hydrophobic Base (HPOB)): contains protein and aromatic
amines.

3. Fraction 3 (Hydrophobic Acid (HPOA)): contains mainly HA and FA.

4. Fraction 4 (Hydrophilic Base (HPIB)): contains amino acids.

5. Fraction 5 (Hydrophilic Acid (HPIA)): contains hydroxy, carbohydrates and
sugars.

6. Fraction 6 (Hydrophilic Neutral (HPIN)): contains ketones and

polysaccharide.

Table (3-3) shows a greatly simplified list of some organic carbon compounds that
have been reported in natural waters (Steinberg 2003). Numerous of these

compounds in Australian natural waters are complex polymers which comprise of
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large molecules made up of many repeating subunits (monomers) (Australian State

of the Environment Committee 2001).

Table 3-3: Naturally Occurring Substances (Steinberg 2003)

Intermedi nd Pr Typically Found in Non-poll Natural
Life Substances Wtaetersed ates and Products Typically Found on-polluted Natura

) NH}, CO.. HS, CHs, HPO? ", peptides, amino acids, urea, phenols, indole,
Proteins fatty acids, mercaptans
o CO2. CHa. aliphatic acids, acetic, lactic, citric, glycolic, malic, palmitic,
Lipids stearic, oleic acids, carbohydrates, hydrocarbons
2_ . .
Carbohydrates HPOj; , CO2, CHg, glucose, fructose, Galactose, arabinose. ribose, xylose
Phytane
Porphyrins and Plant | Pristane, carotenoids
Pigments Isoprenoid, alcohols, ketones, acids
Porphyrins

In conclusion, in aquatic ecosystems, DOM is classified using size limit structure to
HA, FA and Humins or by using chemical classification that depending on DOM
chemical fractions of hydrophobic and hydrophilic groups. More than 80% of the
dissolved organic material is HS contains the major and more effective components
which are HA and FA. However, the general characteristics of both HA and FA from

different sources are remaining remarkably similar.

3.3 Approaches of Humic Substances Isolation (Particulate and
Dissolved)
Numerous studies have been performed in studying humic substances for more than
200 years; Berzelius in the early 1830 investigated humic substances isolated from
natural water (Tan 2003; Mingos 2016). Researchers’ attention remained slight until
early 1970 where Rook (1974) reported about the potentially hazardous of humic
substances interaction and association with hydrocarbons and metals in natural
waters. Since then improving and developing new technologies for the measuring
and isolation of proper quantities of humic substances of natural waters samples has

helped researchers to achieve great outcomes.

Methods of humic substances isolation vary depending upon whether they are being

extracted from soil or water. In this work, the interest is in humic substances from
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natural waters to determine its composition. According to the fractionation scheme
of Averett et al. (1994) Figure (3-4), humic substances in natural waters are
fractionated into separate groups depending on their structural group's properties
and their subject to acid-base equilibria. Therefore, isolation is an effective way to
characterize HS portions and their contribution to the hydrophilic character of humic

substances, and it is strongly pH-dependent (De Wit et al. 1993).

There are several different fractionation methods commonly available (Leenheer

1985; Aiken et al. 1992; Leenheer & Croué 2003; Chow et al. 2005):

1. Chemical fractionation methods (using resins (XAD-8) and (XAD-4)).
2. Physical fractionation methods (electrophoresis, ultrafiltration, size exclusion

chromatography, and ultracentrifugation).

Thus, the fraction of humic substances often is required to determine its composition.
As a result, a variety of humic substances isolation methods are available, but not all
of these methods are reliable to aquatic humic substances studies for remote sensing

purposes.

3.4 Methods of Extracting Dissolved Organic Matter Fractions of
Inland Waters Samples
The proportion of DOC in surface inland waters is up to 50 mg/L (Winn 2008), but in
Australian inland waters, the value is lower with the highest recorded value of 25
mg/L in West Australia (State of the Environment Committee 2011). In this work, the
maximum DOC value was 19.35 mg/L has been recorded in the lake Leslie Dam (LLD).
Because of the low concentration of DOC in most of the Australian inland waters, not
all the fractionation methods mentioned in the previous part (§ 3.3) will give accurate
results and can be applied. Therefore, the most common way of distinguishing
between aquatic humic substances is to determine whether or not it is adsorbed onto
a specific resin (resin adsorption method) (Thurman & Malcolm 1981; Aiken et al.

1992; Peuravuori et al. 2001; Peuravuori et al. 2002).

Resin fractionation technique is used to isolate HS in water for various subgroups of

constituent that have comparable properties (Leenheer & Croué 2003; Ratpukdi et
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al. 2009). This technique has been used for different reasons such as; investigate the
HS composition in natural waters (surface and groundwater), investigate which HS
fractions have the potential to form the disinfection by-products in water (Leenheer
1985). The accepted protocol for HS fractionation was developed by Aiken et al.
(1992) and it has adopted and used by the International Humic Substances Society
(IHSS) to isolate standard and reference humic and fulvic acids ((IHSS)), it is also called

(Separation Column Technique (SCT)) (Peuravuori et al. 2001).

The most recent method is by fractionation HS initially into hydrophobic and
hydrophilic fractions through preferential adsorption of the hydrophobic fraction
(Uyguner et al. 2007). The manufacturer of the most popular adsorbent resin is
Amberlite® XAD-8 and XAD-4 resin. The XAD-8 resin is used for the isolation of the
hydrophobic base (HPOB), hydrophobic acid (HPOA), and hydrophobic neutral
(HPON) while the hydrophilic fraction does not adsorb onto the resins, Figure (3-5) is

a schematic diagram of the major resin of this isolation.
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Figure 3-5: Schematic Diagram of The XAD-8 / XAD-4 Isolation Scheme. (Leenheer 1981)
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Recently, a new fractionation procedure using pre-packed sorbent that can separate
NOM into their fractions called solid-phase extraction (SPE) was developed. It can be
defined as a sample preparation and isolation process to target components that are
dissolved or suspended in a solution according to their physical and chemical
properties from other compounds in the mixture. Natural organic matter
fractionations are based on the polarity, acidity, alkalinity and neutrality of its

components. The main steps of the SPE procedure are (Anumol & Snyder 2015):

1. Condition Step: it removes trapped air and activates the surface of the SPE
particle. This enables the sorbent to interact more effectively with the target

analyte.

2. Equilibrate Step: it removes the residual solvent from the conditioning step
and equilibrates the sorbent in order to maximize the sorbent interacts with

the target analyte.

3. Load Step: In this step, the sample is slowly loaded onto the sorbent. Target

analyte will interact with the sorbent while contaminants will not.

4. Wash Step: it removes contaminants that are not bound to the sorbent.

Target analytes are undisturbed and remain in the sorbent.

5. Elute Step: it releases the target analyte from the sorbent and the sample in

this step ready for further analysis.

The SPE technique can restrict the problems associated with SCT isolation and it was
chosen in this work for some advantages. It is simple and cost-effective where it uses
pre-packed sorbents in cartridges that can extract NOM into six fractions of
hydrophobic and hydrophilic subgroups. As well, it is less time consumption, has
fewer sample setups, smaller volumes of samples and it reduces the fractionation
time where it requires 6 hours only for 1L of the sample which is 4 times much faster

than SCT (24 hours) (Ratpukdi et al. 2009).
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3.5 Laboratory Measurements

3.5.1 SEQ Collected Samples Preparation and Isolation Using SPE
Technique

Sampling, filtering and storing SEQ study area was explained in chapter 2. The
collected samples were processed using the SPE method to isolate and extract DOM
effective fractions to measure their optical properties and DOC concentration
content. The fractionation procedure using pre-packed SPE Sorbents to separate
NOM from water samples into its fractions was done in CSIRO, Ocean and
Atmosphere water lab according to the developed method by Ratpukdi et al. (2009).
The fractionation system consisted of five pre-packed cartridges were determined
based on the nature of the work that requires extracting organic residues without
any impact from cartridge’s Sorbent as defined below and shown in Figure (3-6) and

Table (3-4) describe their properties.

1. Three Bond Elut-ENV cartridges from Agilent Technologies: designed for the

extraction of polar organic matter for high volume applications.

2. One Strata™ X-C cartridge from Phenomenex®: is a strong cation-exchanger

functionalized polymeric sorbent making 100% organic wash.

3. One Strata™ X-AW cartridge from Phenomenex®: is a weak anion-exchanger

functionalized polymeric sorbent.

Sorbent
Sorbent Category orben Unit
mass
Bond Elut-
ENV Non-Polar 1g 20 mL
™ y_ :
Strata™ X polymerlc strong 1g 12mL
C cation-exchanger
Strata™ X-  polymeric weak
1 12 mL
AW anion-exchanger & m
Figure 3-6: SPE pre-packed cartridges. Table 3-4: Sorbent properties.
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The isolation procedure has been conducted according to the method developed by
Ratpukdi et al. (2009) and it requires 7-8 hours for every 1L of the sample and was

done as follows (Figure (3-7)):

1. All cartridges were cleaned with 10 mL of methanol (MeOH). Then, Strata™
X-C and Strata™ X-AW cartridges were conditioned with 10 mL of 1N HCI.
After that, all cartridges were rinsed with 1250-1500 mL of Millipore® milli-Q
water (this volume of milli-Q water were specified after some lab tests until

DOC of the rinsate was less than 0.1 mg/L).

2. One litre of water sample was adjusted to pH=7 by using either 98%
concentrated sulfuric acid (H2SOa) if the sample pH is higher than 7, or by
using sodium hydroxide (1IN NaOH) if the sample pH is less than 7, and then
drawn through the first Bond Elut-ENV cartridge. The organic fraction

retained in this cartridge column was defined as HPON.

3. The water sample was adjusted to pH=10 using (1N NaOH) and loaded to the

second Bond Elut-ENV cartridge. HPOB was captured in this cartridge.

4. The sample after the second Bond Elut-ENV cartridge was adjusted to pH=2
using 98% concentrate H,SO4 and drawn through the third cartridge, in which

HPOA was retained.

5. The water sample was drawn through the Strata™ X-C cartridge without pH

adjustment. The fourth NOM fraction retained by it was defined as HPIB.

6. The water sample after passing in the fourth cartridge was adjusted to pH=7
and then drawn through the Strata™ X-AW cartridge. The HPIA fraction

remained in this cartridge.

7. The organic fraction that was not retained by all the five cartridges (residual)

was considered as HPIN fraction.
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All the water samples were drawn through all the cartridges using low vacuum
pressure (was less than 5 in Hg) because the flow rate can affect the retention of
certain compounds (Anumol & Snyder 2015). A 50 mL of the samples were collected
in 100 mL acid-washed DURAN® glass bottles after passing through each cartridge for

DOC analysis and stored in cold and dark place.

The added volumes of both 1N NaOH and H;SO4 that was used to change and adjust
the pH for every water sample through all the fractionation procedure was recorded.
Later, these recorded values were used to make a control solution (reference) with

the milli-Q water dedicated for each HPIN fraction to measure its optical density.

3.5.2 Recovering CDOM Fractions

The final step of the SPE fractionation was to eluted and release the target analyte
(HPON, HPOB, HPOA, HPIB and HPIA) from the cartridges. It was as follow according
to Ratpukdi et al. (2009):

1. The first fraction (HPON) was eluted from the first cartridge by using 10 mL of
MeOH. The isolate was evaporated to dryness over 60°C (evaporating point

of Methanol (Pure et al. 1993)) using a water bath.

2. The second fraction (HPOB) in the second cartridge was extracted by adding
10 mL of 0.1 N HCI.

3. The HPOA, HPIB and HPIA fractions were eluted respectively, by passing 10
mL of 0.1 N NaOH through the third, fourth and fifth cartridges.

Each eluted fraction was redissolved in fresh Millipore® milli-Q water in the same
volume amount of the original water sample. Finally, they were stored in a dark and

cold place for further analysis.
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3.5.3 DOC Concentration Measurements

All the collected samples and the isolated fractions were analysed with SHIMADZU
(TOC-V CSH) TOC analyser (Figure 2-7 and Table 2-4). Thirty millilitres of samples were
collected after passing through each one of the five cartridges. Then, the DOC
concentration of each fraction was measured and nominated as DOC3, DOC,, DOCG;s,
DOC4, and DOCs respectively. DOC values of each fraction and the sample were

calculated as shown:

DOCrpon=DOCsample-DOC1 (3.1)
DOChpos=DOC1-DOC> (3.2)
DOChpoa=DOC,-DOCs (3.3)
DOCpis=DOC3-DOC4 (3.4)
DOCpia=DOC4-DOCs (3.5)
DOChpin=DOCs (3.6)

3.5.4 Absorption Coefficient Measurement of CDOM Fractions

The optical density (absorbance) of all the collected samples and the extracted CDOM
fractions were measured with a (Cary 300 UV-Vis) (Table 2-5) double beam
spectrophotometer. The measurements were done sequentially for each CDOM
sample and its extracted fractions. A fresh Millipore® milli-Q water was used as a
reference control solution for CDOM and fraction 1 (HPON) only, while another
control solution was prepared for fraction 2 (HPOB) of diluting 10 mL of 0.1 N HCl in
1000 mL of fresh Millipore® milli-Q water. Also, a third reference control solution was
prepared for fraction 3 (HPOA), fraction 4 (HPIB) and fraction 5 (HPIA) by diluting 10
mL of 0.1 N NaOH in 1000 mL of fresh Millipore® milli-Q water (Table 3-5).
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Table 3-5: Types of Control Solutions Prepared for Samples Zero and Blank Scan

Millipore® Milli-Q water only CDOM and HPON fractions samples

10 mL (0.1 N HCI) + 1000 mL Millipore® milli-Q
water

10 mL ( 0.1 N NaOH) + 1000 mL Millipore®
milli-Q water

HPOB fractions samples

HPOA, HPIB and HPIA fractions samples

Preparing the reference control solution for the last fraction (HPIN), was more
complicated because it required preparing a solution for each fraction of every
station according to the amount of H,SO4 and 1IN NaOH that was added to adjust
fraction pH. These control solutions were used as a zero and blank scan. The blank
scan measured twice and ensured no significant variations from the zero scan ther
were. Then, the optical density (absorbance) of the samples measured and was taken
between 200-900 nm, at 1.0 nm interval using 10 cm path length quartz cell cuvette.
The absorption coefficients a(1) and the spectral slope coefficients (S) calculations

were explained earlier in §2.12.2 and from recalling equations (2.1), (2.2) and (2.3).

3.6 Fractions Recovery Efficiency

A case study was conducted to test the applied method, its efficiency and its volume
capacity of the cartridges before start with data collection from the study area, by
using two sources of data. The first one was Suwannee River (SWR) natural organic
matter (will be denoted as SWR-NOM); a 100 mg was purchased from International
Humic Substances Society (IHSS) (Saint Paul, MIN 55108 USA) came in powder as
shown in Figure (3-8 A). The reason to choose Suwannee river NOM was due to the
extensive studies on it and easily comparability of results. The second source was 3
water samples (1 L per sample) were collected from a local creek in Toowoomba, QLD
4350 (Kearneys Spring Creek (KSC)) (Figure 3-8 B, C and D), samples were used from
this source to test the fractionation technique and examine the recovery efficiency

and volume capacity for the selected SPE cartridges.

71



Figure 3-8: A) Suwannee River NOM (100 mg) B, C and D) Sampling Locations KSC1,
KSC2 and KSC3 Respectively from Kearneys Spring Creek Location.

A30+0.25 mgof SWR -NOM powder” was redissolved in 1 L of Milli-Q water to obtain
a solution. The isolation and fractionation procedures that were described earlier in

this chapter were performed for all KSC samples and the SWR-NOM sample.

The elution procedure is to release target analyte from the sorbent as described
earlier in §3.4, it was able to recover about 95% of SWR-NOM isolated fractions in
total and this result was compared with the results obtained by Croue et al. (2000)
and Ratpukdi et al. (2009). Also, the total fractions recovery result was above 98% for
KSC samples when compared with the total measured DOC concentrations and
absorption coefficients. No large substantial changes in the per cent distribution in
SWR-NOM and KSC samples have been observed between the measured and

observed values.

As for SEQ study area samples, the coefficient of determination between directly
measured CDOM concentrations of the collected samples (N=27), with the calculated
CDOM concentrations that obtained from the aggregate fractions’ concentrations

can be expressed as follows:

Cepom = Croral (3.7)

* [t was selected because it is moderated value of NOM within an acceptable range in the
Australian Inland Fresh Waters.
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Where,

Crorar = Cupon + Cupos + Cupoa + Cupig + Cupia + Cupin (3.8)

The coefficient of determination between Cpop values and Crora, Was (R? = 0.998,
p £0.001 and N = 27). The results are shown in Figure (3-9 A) to give how well the

SPE method has performed the minimum per cent recovery for all CDOM fractions in

this study.
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Figure 3-9: A) Coefficient of Determination between C;poy and Crora; concentrations for (N=27),
B) Curve Matching between acp oy (A) and arory; (A) for samples and fractions

As well, curve matching was checked between direct measured a;popn (1) spectrum

to the samples with the calculated argrs,(4) spectrum that measured for each

isolated fraction, where;

acpom(A) = arorar(1) (3.9)

And,

arorar(1) = aypon(A) + aypop(A) + aypoa(A) + aypip(A) + agpra(d) +
appin(4) (3.10)
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Where; A = 350 to 700 nm, the matching results are shown in Figure (3-9 B), where
the solid curves represent the mean spectra of acpou (4) for all reservoirs, while the

long dash curves represent the mean spectra of arpr4;(4) of the fractions.

Thus, the applied technique to extract and recover CDOM fractions in this study has
proved its efficiency based on the results gained. The ratio between direct measured
and the calculated values of CDOM sample and the fractions was significantly

acceptable and reliable for this study.
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3.7 Results and Discussions

3.7.1 Characteristics of Absorption Spectra of CDOM Fractions
and Their Specific Absorption Coefficients

Figure (3-10) shown the laboratory analysis results of measuring the absorption
spectrum curves of the six isolated fractions and their total absorption curves within
the selected wavelengths from 350 nm to 700 nm for some stations in the study sites.
While the full laboratory analysis results figures of all isolated stations (N = 28) are
shown in appendix (B). Fractionation was not implemented for all the collected 47
samples because of the limited amount of SPE cartridges, therefore 28 stations were
selected from the total (Table (3-6)). Reservoirs that have 3 stations and less were all

fractionated, while which have more than 3, half of them have been fractionated.

Table 3-6: Numbers of CDOM Samples and the Fractionated Selected Samples from SEQ Water
Bodies.

No. of CDOM No. of Fractionated
Reservoir Abbreviation
Samples Samples

Cooby Creek Reservoir

2 | Lake Perseverance Dam LPD 1 1
3 | Lake Cressbrok LCB 5 2
4 | Lake Wivenhoe WIV 7 5
5 | Lake Somerset Dam LSD 5 3
6 | Lake Samsonvale SAM 6 3
7 | Lake Weyba LWE 3 3
8 | Tingalpa Reservoir TIN 1 1
9 | Advancetown Lake ADV 2 2
10 | Lake Leslie Dam LLD 5 2
11 | Lake Moogera MOO 6 3

total 47 total 28
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Figure 3-10: CDOM and its fractions’ absorption spectra curves of some SEQ selected samples
(LLD2, MOO1, MOO2 and MOO3) (the rest figures for the other samples are in Appendix (B)).

It is noticeable from the Figure (3-10) there were significant variations between the
absorption curves of the isolated fractions. The HPOA fraction has the highest
absorption ability in all samples with a very large percentage. Its absorption values
ranged from 0.93 m™ in Lake Wivenhoe to reach 19.15 m™*in Lake Tingalpa at 350
nm. Then, the second-largest absorption values were for the HPON fraction in varying
proportions for all samples ranged between 0.53 m™ in Lake Wivenhoe to 5.94 m™in
Lake Tingalpa at 350 nm. While the absorption amounts of the other fractions were
low ranging between 0.0006, 0.007 and 0.005 m™ to 0.08, 1.08 and 0.18 m™! for the
isolated fractions HPOB, HPIB and HPIN sequentially which decays and approaches
zero in the short wavelengths. Figure (3-11 A) shown the specific absorption
coefficients a*(440) obtained from equation (2.3) for the most influential and major
isolated fractions (HPON, HPOA and HPIA) which only have the highest spectral
absorptivity. Also, Figure (3-11 B) shown their linearization fit of the natural log-

transformed.
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Figure 3-11: A, C & E) The Mean Specific Absorption Spectra of HPON, HPOA and HPIA Fractions
Respectively for Each Reservoir Along the Study Area Sites in SEQ. B, D & F) Natural Log-
Transformed Mean Specific Absorption Spectra of HPON, HPOA and HPIA Fractions Respectively
for Each Reservoir in the Study Area.
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The isolated HPOB, HPIB and HPIN fractions, their specific absorption coefficients
were unreliable due to their low contribution to the total CDOM absorption and the
type of their components. In Figure (3-11 A), the variation is almost non-existent in
the HPON absorption and hence one mean spectrum is sufficient to cover the entire
fraction. The variation in the absorption increased in the HPOA fractions (Figure (3-
11 C)), but it is possible to use one single mean spectrum to cover all the fractions as
well. In Figure (3-11 E) there are some anomalous spectrums for CCR, LPD and LWE

reservoirs that could represent valid measurements of minor secondary sources.

A large number of fractions could be complex to deal with in the optical model so in
order to achieve a satisfactory degree of DOC estimation and not neglect any CDOM
fraction that has weak absorption (e.g. HPOB, HPIB and HPIN) but may contain DOC,
the results have been pooled to what are called hydrophobic (HPO) and hydrophilic
(HPI) portions as a function of humic and non-humic substances rather than the
previous explanation using polarity and acid-base characterization. Figure (3-12)
shows the absorption spectra curves between 350-700 nm of hydrophobic fractions
that obtained from the aggregated measured absorption curves of HPON, HPOB and
HPOA and for hydrophilic fraction which were obtained in the same way but from
HPIB, HPIA and HPIN absorption curves for SEQ study area samples. Noticeably, the
hydrophobic portion was the major absorption fraction dominated with 79% to 85%
+ 1% from the total absorption of CDOM samples, whereas, hydrophilic portion

contributed only in 22% to 14% * 1% from CDOM total absorption.

4 4
——Hydrophaobic ——Hydrophabic
3.5 4 354
Hydrophilic c Hydraphilic

= 3 TOTAL = 34 TOTAL
£ E
g CDOM-CCR & CDOM-LPD
525 9 5251
o g
= =
3 2 5 2
o o
= =
] 2
B 1.5 1 8 1.5 1
= =
2 o
o &
=3 2 1]

0.5 0.5

o - o e
350 400 450 500 550 B00 650 700 350 400 450 S00 550 600 650 700
Wavelength (nm) Wavelength (nm)

78



Wavelength {nm}

79

Wavelength {nm)

4 4
——Hydrophaobic —Hydrophobic
35 . 3.5 4
——Hydrophilic ——Hydrophilic
= 3 TOTAL = 3 TOTAL
E £
o] CDOM-LCB o CDOM-WIV
225 £ 25 4
R a
T} 2]
$ . g
8 8 2]
= =
2 k]
§ 1.5 g 1.5 4
a o
3 8
2 1 = 14
o8 K "
0 T — T ] T T e
350 400 450 §00 550 600 630 700 350 400 450 300 350 800 650 700
Wavelength (nm) Wavelength (nmy})
8 12
——Hydrophabic ——Hydrophobic
7
= Hydraphilic 10 =—Hydrophilic
=6 TOTAL = TOTAL
£ £
@ CDOM-LSD @ 8 CDOM-SAM
=5 =
a 2
2 =
= £
g4 3 e
o o
= =
2 3 2
a2 <t
2
1
0 T T y ———— 0 T T y T
350 400 450 500 550 600 650 700 350 400 450 500 550 600 650 700
Wavelength {(nm}) Wavelength {(nm}
B
——Hydrophobic 30 ——Hydrophabic
7
——Hydrophilic ——Hydraphilic
—_ =25
=6 TOTAL = TOTAL
£ £
@ CDOM-LWE @ COOM-TIN
£s S 20
3 s
g4 3
5] 015
= =
S, g
5 § 10
3 2
2 <
5
1 K
0 . . . —= ——— 0 . — . .
350 400 450 500 350 €00 650 700 350 400 450 300 550 800 650 700
Wawvelength (nm) Wavelength {nm)
10 18
——Hydrophobic ——Hydrophaobic
s - 16 ]
s ——Hydrophilic ——Hydraphilic
= TOTAL =1 TOTAL
E 7 £
n CDOM-ADYV w12 CDOM-LLD
2 6 5
E % 10 1
g s 3
Q (5] g ]
g 4 H
5, 5 6
3 3
< =
2 4]
1 2 -K
0 T T . e - 0= - - . — :
350 400 450 300 350 €00 650 700 350 400 450 500 550 600 650 700



——Hydrophabic
10 c Hydrophilic
= TOTAL
E
s 8 CDOM-MOO
8
)
=
3 6
[¥]
=
p=
£ a
2
=1
2
o ———

350 400 450 300 550 800 650 700
Wavelength (nm})

Figure 3-12: Absorption Spectra of Hydrophobic and Hydrophilic from HPON, HPOB, HPOA,
HPIB, HPIA, and HPIN Measured CDOM Fractions for each SEQ Selected Samples.

3.7.2 Spectral Slope Values (S) of the Isolated CDOM Fractions

To analyse the absorption spectra of the fractionated CDOM samples; spectral slope
values (S) and the coefficients aypon(Lo), auros(10), Anpoa(lo), auprie(Lo),
aypia(1o) and ayp;n(Ap) were determined at (440 nm) using equation (2.3) as
before. As a comparison between the fractions, the results of the a(4,) of CDOM and

the fractions are shown in Figure (3-13).

absorption coefficient a,,,(350-680) (m?)

0, 9.,

CDOM  HPON (F1) HPOB (F2) HPOA (F3) HPIB(F4) HPIA(F5)  HPIN

Figure 3-13: Box-and-whisker plot shows the (minimum, first quartile, mean, third quartile
and maximum) values of a(4,) for CDOM fractions compared to CDOM at 440 nm.
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It is clear that the absorption values of the fractions HPOB, HPIB and HPIN are limited
and close to zero, especially the second fraction HPOB and the last fraction HPIN. In
contrary, the dominant fraction was HPOA in both reference wavelengths in varying
absorption similar to the same variance of the collected CDOM samples, it was ranged
from 1.252 — 18.645 (m™) measured at 350 nm and ranged from 0.231 — 4.822 (m™)

measured at 440 nm.

Calculation the spectral slope values of the isolated major CDOM fractions in two
different ranges (350-440 nm) and (350-680 nm) revealed different trends, as shown
in Table (3-7). In the (350-440 nm) range, the minimum (S) value was (0.0123 nm™)
recorded for the HPOA fraction in Advancetown Lake, and the maximum (S) value
recorded for Lake Perseverance Creek Dam for the fraction HPIA and was (0.0262 nm"
1). While in the range (350-680 nm), the minimum (S) value calculated for
Advancetown Lake as well (0.0144 nm) but the maximum value was (0.0295 nm™)

in the HPIA fraction for Lake Samsonvale.

Table 3-7: The Mean Spectral Slope Values (S) of the Major CDOM Fractions of the Selected SEQ
Water Bodies.

Ss50(350-440) Sa40(350-680)

Reservoir

CCR 0.0196 0.0188 0.0243 0.0180 0.0252 0.0192 0.0191 0.0235 0.0187 0.0256
LPD 0.0186 0.0186 0.0262 0.0179 0.0252 0.0182 0.0191 0.0245 0.0188 0.0256
LCB 0.0213 0.0175 0.0225 0.0189 0.0238 0.0200 0.0175 0.0206 0.0181 0.0215
wWIiv 0.0180 0.0178 0.0225 0.0174 0.0271 0.0182 0.0180 0.0195 0.0180 0.0213
LSD 0.0193 0.0153 0.0210 0.0175 0.0181 0.0183 0.0158 0.0207 0.0164 0.0173
SAM 0.0180 0.0126 0.0199 0.0124 0.0163 0.0265 0.0218 0.0295 0.0152 0.0176
LWE 0.0182 0.0161 0.0252 0.0160 0.0236 0.0182 0.0171 0.0256 0.0175 0.0238
TIN 0.0198 0.0147 0.0174 0.0201 0.0176 0.0189 0.0150 0.0188 0.0158 0.0180
ADV 0.0175 0.0123 0.0185 0.0127 0.0180 0.0189 0.0144 0.0194 0.0155 0.0188
LLD 0.0192 0.0153 0.0210 0.0156 0.0219 0.0186 0.0166 0.0211 0.0170 0.0215
MOoOo 0.0190 0.0136 0.0195 0.0140 0.0195 0.0182 0.0154 0.0205 0.0160 0.0197
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The slope (S) of the hydrophobic and hydrophilic components for SEQ area as shown
in the previous Table (3-7), showed that HPI fraction has high slope values, in general,
ranged between (0.0163 — 0.0271 nm!) with an average value (0.0215 nm). In
contrast, the HPO fraction slope values for SEQ area have distributed between a
minimum low value (0.0124 nm™) to a maximum high value (0.0201 nm™) in the
spectral range (350-440 nm) with an average value (0.0164 nm™). This distribution
attributed to the compounds of these components and their molecular weight,
besides their aromatic content (carbon rings) (Yee et al. 2009). Because of the very
low absorption values for HPOB, HPIB and HPIN and their DOC content, their a*(4)
spectra appeared distorted and (S) does not express on their expected spectral shape,
therefore they were neglected. This oscillating will be explained in the section of the

relationship between DOC and fractions absorption.

3.7.3 Chemical Composition Effect in the Relationship Between
Fractions Absorption Coefficients and their Slope Values

The spectral slope parameter describes the spectral dependence of the absorption
coefficient; therefore, it is important to explore if a(4,) of the isolated fractions at a
specific wavelength (350 nm and 440 nm) and (S) are coupled or not. Also, it is
important to know if a fractions chemical composition has a negative effect on this
relationship to determine its extent in the sample. The same statistical tests that used
in the previous chapter to examine the correlation between a(4,) and (S) in the
samples have been used for the fractions as well. Test results from using the non-
parametric Kendall’s tau correlation coefficient are shown in Figure (3-14) and Table

(3-8).
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Figure 3-14: Scatter plot to the major absorption fractions (HPON, HPOA and HPIA) with (S) left) at
asso (m™?) and S(350-440) (nm'?), right) at aaa0 (m™) and $(350-680) (nm™)

Table 3-8 for Kendall’s tau (t) correlation coefficients and probability values (p) between (S) and
a(A,) for all fraction.

asso and Szso(350-440)

Q440 and Saa0(350-680)

p
HPON (F1) 28 0.338 <0.01 0.377 <0.01
HPOB (F2) 27 0.028 0.011 0.036 0.084
HPOA (F3) 28 -0.608 <0.01 -0.601 <0.01
HPIB (F4) 28 -0.333 0.013 0.176 <0.01
HPIA (F5) 28 -0.339 <0.01 0.117 0.393
HPIN (F6) 27 0.311 0.023 0.071 0.612

* Correlation is significant if p < 0.01

The outcomes of testing the relationship between a(4,) and (S) for CDOM samples
explained in the previous chapter, briefly there is moderate negative correlation
along all CDOM samples (t =0.446, N = 46 and p <0.01) at 350 nm and (t=0.406, N
= 46 and p < 0.01) at 440 nm. But the examined CDOM fractions shoed different
relationships that can easily be noticed in Figure (3-14) in the two selected ranges.
Only HPOA fraction showed a high correlation between the absorption coefficient
with the spectral slope is (t =0.608, N = 27 and p £ 0.01) at 350 nm and is (t = 0.601,
N = 27 and p < 0.01), whereas the other fractions did not show any correlation

significantly relationship except HPON fraction.

It is known that both the amount and composition of DOM affect the spectral
properties of CDOM, therefore normalizing the major DOC content and the most
CDOM stable fractions (Leenheer et al. 2000) by the carbon mass per volume may

provide a good direct link with (S) and it will be denoted as (apoc(4,)). Table (3-9)
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and Figure (3-15) illustrates the non-linear relationship results between apc(4,)

measured at 350 nm and 440 nm that normalized to the DOC concentration with (S).
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Figure 3-15 correlation coefficient between (S) and a”boc(4,) for all fractions, where A) correlation
between a*poc(350) (m™) and 5(350-440) (nm™) for fraction HPOA only. B) correlation between
a’poc(440) (m™) and S(350-680) (nm™?) for fraction HPOA only.

The striking relationship obtained between aj-(4,) and S for HPOA fraction is an
excellent indicator of the DOC-normalised absorption coefficient in this environment.

Also, figures (3-15 A and B) are highly similar to Fichot and Benner (2012) figure (3B).

Table 3-9 Kendall’s tau (t) correlation coefficient and probability values (p) between (S) and
a*poc(4,) for all fractions.

a"poc(440) and S440(350-680)

All 46 0.405 <0.01 0.494 <0.01
HPON (F1) 27 0.014 0.917 0.168 0.219
HPOB (F2) 27 0.425 <0.01 0.248 0.070
HPOA (F3) 27 0.613 <0.01 0.658 <0.01
HPIB (F4) 27 0.151 0.269 0.419 <0.01
HPIA (F5) 27 0.145 0.288 0.048 0.723
HPIN (F6) 27 0.413 <0.01 0.009 0.950

* correlation is significant if p < 0.01
It is noted from the Table (3-9) that the same results that explained in the previous
chapter in the §2.14.5 for CDOM samples have not been obtained for the isolated
CDOM fractions. Where no change or improvement observed in the relationship
between aj o (4,) and (S) for the fractions. A possible explanation could be back to
the carbon content in each fraction and its stability where it is proportional with it
which will be interpreted later in this chapter because it is related to with DOC

content.

84



3.7.4 Spectral Slope (S) and Molecular Weight (MW) of the
Isolated Fractions

In Figure (3-11), there are different specific absorption spectra obtained for collected
SEQ samples. There are visible differences between them because of their different
composition and different sources. Helms et al. (2008), De Haan et al. (1982) and
Green, S. A. and Blough, N. V. (1994) argues that the slope value (S) of the exponential
spectra curve of CDOM can be an indicator for the molecular weight of the optically
measurable substances that present in water. Two relationships have been

identified:

1. Thereis an inverse relationship between (S) and molecular weight.

2. Fulvic acid has a higher (S) value than humic acid in the sample.

From Table (3-7) both HPON and HPIA have high spectral slope values, where the
lowest values calculated was 0.0182 (nm™) and 0.0188 (nm™!) respectively. These high
values may back to the composition structure of these fractions which consist mostly
of hydrocarbon and carbohydrate molecules that have low molecular weight as
shown in Figure (3-1). Back again to Table (3-7), results exhibited of (S) for the HPOA
fraction ranged from 0.144 (nm) to 0.218 (nm?). The general trend to explain this
gradual rise from low to high values in (S) is probably linked to being this fraction a
mixture of HA and FA. Humic acid molecules are relatively larger than fulvic acids,
and also contain relatively more aromatic carbon rings according to the previous
explanation. So, low (S) values could indicate that HA is dominated in this fraction
and high (S) values could be related of being FA dominated in this fraction. Therefore,
for the isolated CDOM fraction the spectral slope value could be an indicator for the
molecular weight of its constituent components and this finding will use in the next

chapter.
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3.7.5 Absorption Percentages in CDOM Water Samples of the
Isolated Fractions Obtained from Using SPE Technique

The results of CDOM samples fractionation that obtained by SPE technique in this
work and measured optically showed a good approximation to the various sub-
groups of aquatic dissolved organic matter that illustrated in Figure (3-4). The isolated
CDOM fractions are distributed in different proportions according to their absorption
coefficients at 440 nm compared to the total measured as illustrated in Figure (3-16
A and B). As CDOM concentration can be expressed using the absorption coefficient
at some reference wavelength, typically 350 nm or 440 nm (Stedmon et al. 2000; Kirk

2011), therefore, these results possible to represents the concentrations too.
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Figure 3-16: A) Chart Shows the Percentage Distribution of The Concentration of Each Fraction Per
Station (N=28) and Highlight the Magnitude of Change to The Percentage at Every Station. B) MIN,
MAX and Average Percentage of Each Fraction.

CDOM composition of the hydrophobic part has an average percentage of
approximately 88% distributed as follows: 23%, 1% and 64% for HPON, HPOB and
HPOA fractions, respectively. While, the hydrophilic part percentage on average was
approximately 13% dispersed between HPIB, HPIA and HPIN fractions as 4%, 8.4%
and 0.5%, respectively. Table (3-10) summarizes the absorption percentage of each

fraction per station and the maximum and minimum percentage.
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Table 3-10: The SPE Fractionation Percentages of HPON, HPOB, HPOA, HPIB, HPIA and HPIN in the
Collected SEQ CDOM Samples (N=28).

% OF ABSORPTIONS OF THE FRACTIONS at 440

R R
(F2) (F4) (F5)

32.3% 21% | 492% | 4.6% 7.6% | 0.7%

LPD 26.0% 3.4% 549% | 4.9% 9.4% | 1.0%
LCB 19.2% 1.5% 62.8% | 2.5% | 13.5% | 0.4%
WIV 30.8% 1.4% 56.0% | 3.1% 84% | 0.8%
LSD 24.0% 0.5% 64.1% | 7.4% 57% | 0.1%
SAM 18.5% 0.4% 69.2% | 6.2% 6.6% | 0.1%
LWE 32.2% 0.8% 56.7% | 3.6% 96% | 1.7%
TIN 18.2% 0.1% 73.9% | 4.2% 7.4% | 0.0%
ADV 17.9% 0.3% 72.5% | 3.0% 81% | 0.1%
LLD 16.0% 0.1% 73.1% | 2.9% 9.6% | 0.3%
MOO 16.4% 0.6% 71.4% | 2.9% 6.9% | 0.3%
Mean 22.9% 1.0% 64.0% | 4.1% 84% | 0.5%
St:'::;’d 1.9% 0.3% 2.6% 0.5% 0.6% | 0.2%
Min 16.0% 01% | 492% | 2.5% 57% | 0.0%
Max 32.3% 3.4% 73.9% | 7.4% | 135% | 1.7%

The HPOA fraction present in all the isolated samples has the highest absorption
percentage ranged from 49% in the fractions isolated from CCR stations (N = 3) to
74% in the fractions isolated from TIN station (N = 1). While HPOB and HPIN fractions
have the minimum concentration percentages ranged between 1% to 0.5% on
average for both respectively. Comparison of obtained values to literature fractions
compositions ranges showed it was similar to Ratpukdi et al. (2009), Ibrahim and Aziz
(2014), (Marhaba et al. 2003) and others. In general, HPOA fraction is the dominant
fraction in all collected samples from SEQ waterbodies and the HPOB and HPIN were

the weakest absorptions and the least concentrations.
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3.7.6 DOC Concentration for Each Fraction of the Isolated Water
Samples

The variation in DOC concentrations between all stations (N = 47) was demonstrated
and explained in the previous chapter in §(2.14.4) and was shown in Figure (2-17 A
and B). This part of this chapter will deal with the DOC content in and among CDOM
fractions of a sample size of 1L. Fractions DOC concentration values were calculated
by carrying out the equations (3.1) to (3.6) and by adopting the method described in
§3.5.3; Figure (3-17) present these results.

HPON HPOB HPOA HPIB mHPIA HPIN

DOC mg/L
(%]

1
05 ,l I I || I I K I | I il |

T T T T T T T T T T T T T T T T T T T
CCR LPD LCB W LSD SAM LWE TIN ADV LLD MOO
DOC=6.42 DOC=6.52 DOC=7.04 DOC=5.72 DOC=10.36 DOC=6.82 DOC=7.30 DOC=13.42 DOC=5.38 DOC=17.38 DOC=6.23

mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

Figure 3-17: Column Chart to The Mean DOC Values for Each Fraction in Every Reservoir in SEQ
Study Area (N=11).

The presented results reflect fractions proportion, where it indicates that the major
fraction is HPOA consisting of about 41% to 47% of the whole DOC content. While the
other five fractions contributed only 43% to 49% of the total DOC and the HPIN
fraction has the greatest share in this percentages started from 37% to hit 42% in the
total from these five fractions. The average ratio for HPON, HPOB, HPIB and HPIA is
7%, 8%, 9% and 9% respectively from the total DOC content that can be noticed in
Figure (3-18 A). Moreover, the percentage analysis of DOC measurements for the
isolated CDOM fractions shown small varying of DOC concentration proportions for
each fraction along all stations ranged from 2% in HPON to 9% in HPIN as in Figure
(3-18 B).
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Figure 3-18: A) Chart Shows the Percentage Contribution of the Measured DOC Concentration of
Each CDOM Fraction Per Station and Highlight the Magnitude of Change to The Percentage Along
All Stations (N=28). B) MIN, MAX and Average Percentage of Each Fraction.

Beside acid-base classification, DOC values were also characterized in according to its
hydrophobicity. Data from the literature indicated that most inland water bodies
(especially lakes and reservoirs) have a preponderance of hydrophobic dissolved
organic carbon, where the direct comparison among the results of this study and the

results of other studies as in Table (3-11) shows great convergence.

Table 3-11: Comparison of the SEQ HPO and HPI Fractions percentage values to literature
percentage values.

No. of fractionated

Hydrophobic (DOC) Hydrophilic (DOC) .
(Croué et al. 1993) 41% - 56% 21% - 34% 14
(Hwang et al. 2001) 50% - 62% 14% - 32% -
(Croue et al. 1999) 51% - 60% 19% - 30% 5
(Goslan et al. 2002) 61% - 79% 13%-34% -
(Ratpukdi et al. 2009) 53% - 72% 26% - 44% 7
In this Study 54% - 67% 28% - 51% 27
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3.8 Reliability of the Relationship Between CDOM Fractions and DOC
Concentration to the Collected Water Samples of SEQ Study Area

Early work in examining the relationship between DOC and CDOM like Ferrari et al.
(1996) concentrated on coastal waters but further work to investigate riverine and
lakes environments was done to improve the DOC flux estimation through a robust
CDOM-DOC relationship (Mannino et al. 2014). This robust relationship not always
been found in these environments due to many local factors. These obtained results
demonstrated and discussed in the previous chapter when this relationship
evaluated from the collected samples from the study area in SEQ that ended with a
limited relationship. To determine and assess how these local factors implicate this
relationship in these environments, CDOM fractions that derived in this work have
been compared with DOC to study the potential results of the valuation of these new

relationships.

Statistically, the results of using univariate and multivariate linear regressions that
were conducted to estimate DOC concentration from CDOM fractions showed
different trends for SEQ reservoirs. The univariate linear regression test for a(350)
and a(440) to each fraction against its DOC value were highly variable among the
fractions. When using a(440), four fractions exhibited as having statistically poor and
insignificant relationships with their DOC concentrations such as HPOB (R = 0.279, R?
=0.078; p=0.159), HPIB (R = 0.356, R2=0.126; p = 0.063), HPIA (R =0.391, R>= 0.153;
p =0.039) and HPIN (R =0.077, R? = 0.006; p = 0.699). While, the HPON (R = 0.413, R?
=0.171; p<0.01) and HPOA (R=0.517, R>=0.267; p < 0.01) are the only two fractions
that showed a statistically slight significant relationship at the (p < 0.01) significance
level for a(4,) versus DOC and modest coefficient of determination. The same results
were obtained for a(350) indicating that a(4,) alone is a poor predictor to estimate

DOC in SEQ regions as shown in Table (3-12).

Then, the multiple linear regression analysis was used with each fraction thus
embedding both a(A1,) and (S) as independent variables to predict DOC as a
dependent variable in the relationship. The adjusted coefficient of determination
(adj. R?) is adopted to compare the results because it is sensitive to any improvement

that may occur in the model due to adding a new term which is (S), and this did not
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happen. Overall, there is no statistically significant improvement can be noticed when
conducting the multiple linear regression analysis, the reason could be linked with
the differences in the absorption ratio, DOC content, and source of each fraction,

once more the results are in Table (3-12).

Another possible way was by using the absorption coefficient of the hydrophobic and
hydrophilic parts separately as a predictor variable in a univariate linear regression
model to predict DOC concentration. A modest and insignificant relationship was
obtained too; (Table 3-12) (R? = 0.313, p = 0.074) for HPO fraction and (R?> = 0.367 -
0.419, p = 0.028 - 0.031) for HPI fraction. These results even after test using a(4,)
and (S) together of the HPO and HPI in the multiple regression analysis, were not able
to provide additional information that led to a better prediction of the DOC
concentration and remained poor predictor in SEQ region. The main reason is that

the predictor variables uncorrelated.
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Model (DOC=B a(4,) +a)

azso VS DOC aaa0 VS DOC
adj. R? B a ANOVA p R adj. R? B ANOVA p

HPON 0.419 0.175 0.144 0.109 0.390 0.004" 0.413 0.171 0.139 0.532 0.396 0.010"
HPOB 0.270 0.073 0.036 -3.139 0.766 0.173 0.279 0.078 0.041 -14.187 0.801 0.159
HPOA 0.570 0.325 0.299 0.207 2.425 0.002 0.517 0.267 0.239 0.714 2.574 0.005"
HPIB 0.504 0.254 0.225 0.958 0.446 0.006" 0.356 0.126 0.093 2.348 0.562 0.063
HPIA 0.347 0.120 0.087 0.237 0.507 0.070 0.391 0.153 0.121 1.599 0.494 0.039
HPIN 0.327 0.107 0.072 7.409 1.580 0.090 0.077 0.006 0.032 7.626 1.743 0.699
HPO 0.559 0.313 0.236 0.730 3.683 0.074 0.559 0.313 0.236 0.725 3.673 0.74

HPI 0.656 0.430 0.367 5.507 2.125 0.028 0.647 0.419 0.354 5.290 2.170 0.031

Model ( DOC = ( Bo a(A,) +B1(S)) +a)

Gas0-S(350-630 Vs DOC
R R? adj. Rz Boa(Asso)  Bi(Se350-440) a ANOVA p R? adj. Rz Boa(Ass)  Bi(Sesoss0) a ANOVA p
HPON 0.431 0.185 0.120 0.108 18.347 0.047 0.077 0.421 0.177 0.112 0.546 19.373 0.034 0.087
HPOB 0.297 0.088 0.012 -2.749 -5.928 0.844 0.331 0.296 0.088 0.012 -11.682 -6.357 0.844 0.332
HPOA 0.654 0.428 0.382 0.294 247.005 -1.874  0.001" 0.578 0.334 0.281 1.048 310.873 -2.987 0.006"
HPIB 0.509 0.259 0.200 1.017 6.091 0.312 0.023 0.366 0.134 0.065 2.587 6.393 0.430 0.165
HPIA 0.402 0.162 0.094 0.180 -31.854 1.250 0.111 0.408 0.167 0.100 1.474 -19.097 0.915 0.102
HPIN 0.347 0.120 0.050 7.109 5.837 1.417 0.201 0.447 0.199 0.135 6.926 36.826 1.348 0.062
HPO 0.623 0.388 0.235 0.186 153.455 1.032 0.141 0.629 0.395 0.244 1.049 628.570 -7.589 0.134
HPI 0.778 0.606 0.507 1.471 114.221 -1.001 0.024 0.673 0.453 0.316 127.448 6.406 -0.775 0.089

* correlation is significant if p < 0.01

Table 3-12: Univariate and Multivariate linear regression model parameters (R, R?, adj. R%, model constants and p value); upper table) between a(4,) and DOC, while
lower table) between a(4,) + (S) and DOC for CDOM fractions.
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Also, this variability is expected between the fractions because of their carbon
composition is different (Hansell & Carlson 2014) and its relationship with their
absorption ability. Comparison the obtained results from measuring DOC of the
fractions and their absorption coefficient showed that not all DOC is chromophoric;
as an example, the HPIN fraction has 0.5% of the total CDOM absorption at the time
it dominates on about 22.4% from the total DOC in the sample; Table (3-13).

Table 3-13: Percentage fractions distribution to the total absorption coefficient and DOC

Fraction N % 0(350) % Q(aa0) % DOC
HPON 28 23.7% 22.9% 7.4%
HPOB 28 0.7% 1% 8.9%
HPOA 28 59.5% 64% 43.4%
HPIB 28 4.2% 4% 8.9%
HPIA 28 11.3% 8.4% 9.4%
HPIN 28 0.3% 0.5% 22.4%

3.9 Chapter 3 Conclusions

NOM in the aquatic system as mentioned in chapter two §2.4 is the portion of the
DOC pool that absorbs light in both the ultraviolet and visible ranges and it is
controlled by local independent processes. The obtained results in this chapter
showed several consistent trends, NOM can be characterized by grouping it into a
limited set of categories (fractions) depending on their structure and size limit (e.g.
humic and non-humic substances) or their molecules (e.g. HPO and HPI). For SEQ
fractionated samples, more than 80% of DOM are humic substances they determine
only the most stable end products of formations of organic matter in the water, these
include the so-called fulvic acids (FA) and humic acids (HA). Humic substances

dominated on 54% - 67% of the total DOC in water.

Different approaches are available to isolate humic substances, they differ in
reliability and purpose. SPE method is a chemical separation method that uses pre-
packed sorbent to extract DOM into six fractions based on acid-base and neutral
groups. It is simple, cost-effective and more accurate, also it takes less time than

other isolation methods. The fractionation efficiency was checked by examining if the
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grand total of the average fractions’ concentrations were approaching and matching
the total average of CDOM concentration. The standard deviations of this process

were * 5% and + 2% at 350 nm and 440 nm respectively.

The composition information of DOM fractions provided a better understanding of
NOM behaviour for water quality in the study area. CDOM fractions have
demonstrated a variety of light absorption behaviour by measuring their absorption
spectra. The light absorption spectra of CDOM fractions extracted from collected
water samples are one of the analytical methods for identifying some information
about the chemical structure (e.g. carbon content, protein and carbohydrates).
Analysis of the spectral slope can be used as evidence to deduce the chemical
properties of CDOM in natural waters. The humic acid dominated water bodies
(humic lakes) evidence CDOM spectrum a low spectral slope (S) and high absorption
like some of the water bodies in the area (e.g. Tingalpa reservoir (S = 0.0147), Lake
Leslie Dam (S = 0.0153) and Advancetown Lake (S = 0.0123)). In comparison those
water bodies that showed HPON and HPIA fraction spectra with high spectral slope
indicate that they are most likely dominated by hydrocarbon and carbohydrate
molecules that have low molecular weight as explained in Figure (3-1). The
investigation in the relationship between CDOM fractions and DOC showed different

relationships such as not all DOC in CDOM can be chromophore.

The major goal of NOM isolation is to understand and predict CDOM fractions
reactivity and their DOC content. Typically, increasing HPOA fraction in water
indicates to increase the contribution from allochthonous organic matter sources
(i.e., terrestrial), whereas a lower fraction HPOA is indicative of organic matter from
autochthonous sources (i.e., algal or microbial) or photodegraded DOM. These
results are consistent with previous studies that found that microbial processes in
reservoirs and the spatial surrounding discharge could shift the spectral slope from
high to low. A clear non-linear relationship observed between fractions slope
coefficient (S) and a(4,) and discovered whether they could be interrelated so that
both parameters could be included in the bio-optical model later, thus reducing

uncertainty in the slope.
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Chapter 4

The Spectral Decomposition of CDOM Absorption
Spectrum by Using Multi-Components Modelling to
Characterize the Relationship with Dissolved Organic
Carbon in SEQ.

4.1 Introduction

CDOM absorption spectrum shape may be used for tracing DOC sources as well as it
is a proxy of CDOM composition in water. Therefore, it is important that CDOM
absorption spectrum be clear, clean and free from any errors if possible (systematic
or random). Within the context of water quality remote sensing the current approach
to model CDOM absorption spectrum is by fitting a single exponential decay shape to
a measured absorption spectrum (Wozniak 2007; Kirk 2011). This fitting technique is
performed to smooth measurement noise and to obtain a clear shape of CDOM
spectral curve then to calculate the spectral slope accurately (Mobley 1995). CDOM
spectral curve shape is described by the slope coefficient that can be used to study

the patterns change of the chemical properties between different water bodies
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(Helms et al. 2008). Also, it provides insights into CDOM processes (e.g.

photobleaching), nutrient availability and carbon cycling.

Examining the relationship between CDOM parameters (a(4,), apoc(4,) and (S))
with DOC in Chapter Two did not show a robust relationship between them.
However, further study of the CDOM fractions in Chapter Three that showed some
positive signs in this relationship and provided extra information. Thus, the range of
contribution of these CDOM fractions and their implication on CDOM absorption
spectrum discussed in the context of this chapter. Also, it investigates to identify
sources of errors that result from using a simple exponential model and to determine
if another model using CDOM fractions may be more applicable to represent the
correct shape of CDOM spectrum that can be used as inputs into the optical model in
the next chapter. Lastly, the obtained outcomes of this chapter are important to

achieve objective three of this work.

4.2 Concept of CDOM Absorption Modelling

Deep understanding of CDOM spectrum characteristics is essential, especially in
remote sensing. Fitting an accurate CDOM model is a significant matter confirmed by
different researchers (Mobley 1996; Gordon 2002; Ma et al. 2006; Laanen 2007)
because of its importance later as an input for the bio-optical modelling to retrieve
accurate concentrations of CDOM and then DOC. The CDOM absorption spectrum is
described by the spectral slope parameter that is often a proxy of CDOM composition
and molecular weight. While the amplitude of the absorption coefficient is a proxy of
CDOM content that is inversely proportional to the increased wavelength as a

function of it (Jerlov 1968).

Some studies widely used a fixed value of (S) in their models. Jerlov (1968); Morel
and Prieur (1977) used 0.015 nm* for coastal and open ocean waters (case | waters),
while the value 0.014 nm™ used by Zepp et al. (1981) for the freshwater
measurements (case Il waters). Nowadays, the evolution in the measurement

instruments made it possible to measure CDOM absorption and calculate (S) over a
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broad range of wavelengths, but the need for a good fitting model remains essential

for several reasons will be reviewed in this chapter.

Sources of large random errors affect the absorption measurement of the filtered
CDOM sample. One of these errors is result by small particles that may pass through
the filter due to their irregular shape. These particles prevent the light beam to reach
the instrument detector by scattering it. It will appear as a noise in the measured
CDOM absorption spectrum; Figure (4-1). In case of R? between the measured and
the fitted values less than 0.9, that means there is a contamination in the sample or
an instrument issue and the result cannot be relied upon (Massicotte & Markager

2016).

Another reason illustrates the need to use a good-fitting model associated with the
absorption spectrum of low CDOM content. Usually, the used reference wavelength
for inland water to determine CDOM content is at 440 nm. Therefore, the
measurement noise will affect the accuracy of the fitted acpop (440) when using a
simple fitting model in case R? between measured and fitted values greater than 0.9

(Hansell & Carlson 2014).
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Figure 4-1: The Influence of The Small Particles and Scattering on Low CDOM Absorption Spectrum
Due to A Contamination in The Sample from KSC (R? < 0.9), It Was Measured by Using JENWAY
6705UV/VIS Spectrophotometer (Split Beam Device).
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It is necessary to use a good-fitting model to retrieve CDOM accurately, and CDOM
must be isolated away from any influence of other water components such as
phytoplankton (Roesler et al. 1989; Roesler & Perry 1995) because of the absorption
area of CDOM is overlap with the absorption area of chlorophyll in the blue

wavelength (Gitelson et al. 2000).

Currently, there are different fitting models to characterise the CDOM absorption
spectrum, such as; simple exponential model (SEM), hyperbolic and two-components
CDOM absorption model and more; Table (4-1) (Twardowski et al. 2004; Hansell &
Carlson 2014).

Therefore, the process of modelling CDOM absorption spectrum may be subject to
limitations as a consequence of CDOM composition and the measurement method.
These limitations affect data interpretation and retrieving in case inappropriate

fitting model used by not express about CDOM composition correctly.

Table 4-1: Some Available Fitting Models of CDOM Absorption Spectrum

Fitting

Function Parameters Reference

Method

Natural logarithm

of the single . (Fichot &
exponentigal Iny=A4-5x4 A Sin Linear Benner 2011)
model

single (Bricaud et al
exponential y = Ae~Se AS, Nonlinear 1981) ’
(SEM)

Single

exponential with | y = Ae™5o*2 + 0 A,0,S, Nonlinear (Laanen 2007)
offset (SEM-0)

Double

exponential with | 7~ A, e-00111+ AL A, Nonlinear (Carder et al.

two fixed slope 1989)
values (DEM)
Double

exponential with

+ Aze —0.0189*4

(Twardowski et

— —S1*A —0.010%A4 .
one fixed slope y=AeTn + Age A 4251 Nonlinear al. 2004)
(DEM-F)
Double (Krijgsman
exponential y = Ae” 514 + A, e~52*4 A, A5, 51,5, | Nonlinear v
(DEM) 1994)
. A . (Zhang et al.
— At N-s
Hyperbolic y = A(440) h A, Sy Nonlinear 2011)

Where, y is the absorption, A is the absorbance, O is the offset and S is the slope.
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4.3 Simple Exponential CDOM Absorption Model (SEM)

Before examining the effect of CDOM fractions on the absorption spectrum and
develop the fitting model to suit the needs of this research, it is necessary to
understand the standard model that will rely upon them. The first derivation of the
simple fitting model based on using CDOM absorption in a single exponential function

with a fixed slope value as defined below in equation (4.1) (Jerlov 1968):

acpom(A) = acpou(4,) * exp-0-015+4) (4.1)

Nevertheless, this equation was modified by Bricaud et al. (1981) to the commonly
used and well-known formula that mentioned in chapter two (equation 2.3), but this

equation can be expressed in the general form as below:

y = Ae~Se*4 (4.2)

Where; A is the amplitude and S, is the slope parameter.

SEM is suitable to use within the visible wavelength range between 340-540 nm for
CDOM absorption measurements (Gege 2000) because there are few deviations in
this range for CDOM due to its high absorbability within this range (Jerlov 1968;
Bricaud et al. 1981; Stedmon et al. 2000; Stedmon & Nelson 2014). A least-squares
regression was used to solve the SEM model using equation (2.3) to describe the
appropriate curve of CDOM absorption spectrum for SEQ water samples and the
fractions in chapters two and three. A programming code generated in IDL

(Interactive Data Language) software to simplify the fitting procedure.

4.4 The Optimal Correction of CDOM Absorption Spectrum and the
Offset Value (K) of the Baseline

Necessary corrective action must be taken to obtain a clear and clean CDOM
absorption spectrum curve and to remove any errors resulting from the reasons
mentioned in §4.2. CDOM absorption coefficient for A 2 650 nm is assumed to be null

(Green, S. A. & Blough, N. V. 1994; Helms et al. 2008; Matsuoka et al. 2012). However,
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at these long wavelengths, most of inland water samples show an attenuation not
caused by CDOM (e.g. from small particles), and it is not negligible as proven by

Laanen (2007).

Two types of scattering correction of the measured raw data for CDOM absorption

spectrum can be done on the water source and type.

The first type of correction will be mentioned for clarification only, Bricaud et al.
(1981) advised to correct the oceanic CDOM samples from the scattering resulted

from small particles through the following equation:
y)
Acpom (1) = OD(2) — 0D(700) = o) (4.3)

The explanation of selecting 700 nm in equation (4.3) based on the effect of the small

particles appears at longer wavelengths in CDOM sample measurements.

On the other hand, the second type of the scattering correction preferred for inland
waters by subtracting the mean of the optical density value between 750 - 850 nm
(Green, Sarah A & Blough, Neil V 1994), as described in §2.11.2; equations (2.1) and
(2.2). This scattering correction was adopted in this work because it is better for

inland water bodies.

Some studies (Green, S. A. & Blough, N. V. 1994; Markager & Vincent 2000; Stedmon
et al. 2000) have determined a small constant offset in the absorption measurements
of water samples when using benchtop dual-beam spectrophotometer. It is not due
to CDOM, butitis due to the refractive index (e.g. temperature or cuvette). This offset
value could be positive or negative and sometimes approaches zero depending on
CDOM levels. The offset parameter (K) should be added to the measurements to
correct the fitted baseline as shown in equation (2.3). Also, it is crucial and essential

as a correction parameter cannot be neglected.

In other words, two scattering corrections used in this work for all CDOM samples (N
= 47) and all CDOM fractions (N = 28 x 6 fractions). The first correction is from the

effect of small particles on the absorption spectrum curves (scattering correction).
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While the second correction is for the fitted curve due to the effect of the refractive

in the light beam and by the systematic errors (offset correction).

4.5 Double Exponential CDOM Absorption Model (DEM)

Some researchers Zepp and Schlotzhauer (1981); Carder et al. (1989); Boyle et al.
(2009) and others argued that the CDOM absorption spectrum model of inland
waters with high CDOM content can be accurately described by using two-
components exponential fitting model. It is a combination of two simple exponential
models of the major CDOM components (humic and fulvic acids) and can give a better

description of the CDOM absorption spectrum.

Carder et al. (1989) were the first to perform it by using the measured values of humic
and fulvic acids from the chemical separation. The below equation (4.4) describes the
two-components model of humic and fulvic acid as suggested by the above

researchers as follows:
acpom (D) = aya(2,)e%0111%o=D ¢ g, (1,)e00189(0=D) (4.4)

The above equation developed to be more comprehensive as stated by Laanen (2007)
and Stedmon et al. (2000) also adding an offset parameter and it rewritten in the

following form:

acpomA) = aya(A,)eSHal=20D) 4 g (4,)eSFa=4o)) 4 g (4.5)

The five parameters used in equation (4.5) refers to the absorption of HA and FA and
their slopes, in addition to the offset parameter (K). This equation will be developed
in the coming sections of this chapter to describe the CDOM absorption spectrum
optimally according to its components. Table (4-2) gives the most common different

exponential CDOM absorption fitting models.
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Reference Exponential Model

Jerlov (1968) acpou(A) = Cepon * exp~0015*D

Bricaud et al. (1981) acpomA) = acpoy(A,)e*Eo=D

Carder et al. (1989) acpom(A) = aps(d,)e5iao™h + ap,(2,)eSrato=h)

Stedmon et al. (2000) acpou () = acpou(A,)e5*™D + K

Laanen (2007) acpom(A) = aps(d,)eS1a02) + ap,(2,)e"Sralt=20)) 4 K

Table 4-2: Some Common Exponential CDOM Absorption Models from Literature

4.6 CDOM Spectral Decomposition Approaches

Using the currently accepted method of fitting (SEM) can lead to loss and not fully
capture most of the information provided in the CDOM absorption spectrum curve
(Twardowski et al. 2004). This shortcoming in the current SEM influences on the
usefulness of (S) parameter also, which is characterized by its sensitivity towards the

selected wavelength range (e.g. 350-400 nm) as shown in Figure (4-2 A).
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Figure 4-2: Example of Different Fitting Models of CDOM Absorption Spectra from KSC Sample. A)
Results of Using SEM; Orange Points Have Been Discarded to Calculate the Baseline Curve. B)
Results of Using Gaussian Decomposition Fitting.

The SEM has been challenged by many researchers and they have resorted to using
different fitting models. Gege (2000) reported that the Gaussian model has a better
fit than using SEM in high CDOM concentration samples; Figure (4-2 B). While others

have turned to use different approaches to obtain a more reliable and robust
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estimation of (S) by using CDOM spectral decomposition technique (Aiken et al. 1992;
Leenheer et al. 2000; Hansell & Carlson 2014).

CDOM spectral decomposition technique developed to provide better and additional
information about CDOM pool and dynamics from the absorption spectrum curve
(Grunert et al. 2018). Different solutions have been found to perform this technique;
it can be done by direct measurements of CDOM components that obtained from the
chemical separation for CDOM sample as carried out by Carder et al. (1989). Then
including these measurements into an appropriate fitting model. Another way, it can
be done by using the algebraic method of the linear, nonlinear or Gaussian
decomposition approaches (Gege 2000; Laanen 2007; Zhang, Y. et al. 2014;
Massicotte & Markager 2016). In this work a combination between the chemical and
the algebraic methods selected due to different reasonsiillustrated in section §4.7.3.1

of this chapter.

4.6.1 Gaussian Decomposition Method

This technique addresses peaks of deviations in the CDOM absorption spectrum
curve that results from individual chromophore (e.g. Lignin) (Figure (4-2 B). This
decomposition method is based on a model construction of two sections, the first
section is the SEM. While, the second section is a function of three parameters which
are (height, position and width of the deviation peak) (Gege 2000). Gaussian
decomposition will not be performed in this work because it deals with an individual
absorption contribution of some unclassified and uncontrolled components could not
appear in all CDOM samples. Therefore, it has been resort to use CDOM fractions
decomposition because it is more comprehensive in dealing with CDOM classified

components ( e.g. HA, FA or HPI).

4.6.2 The Linear and Nonlinear Decomposition Methods

The use of these decomposition methods is associated with the equations that will
be used to retrieve the measured CDOM components. In this point of view, selecting

an appropriate equation model from various types that were introduced in Table (4-
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1) to fit CDOM absorption spectra accurately is important for valid and accurate
results as possible. It has been taken into consideration a number of possible
advantages and disadvantages in selecting between the linear and the nonlinear
methods to solve these models. Modelling performance can be done by using least-
squares regression approach or by using a nonlinear least-squares optimization

technique depending on the selected method.

4.7 Decomposing the Measured Absorption Spectra of SEQ Inland
Water-Bodies

4.7.1 Introduction

The concept of CDOM decomposition modelling could offer a broad understanding
of chemical interactions affecting CDOM molecular structure. In this section, the
appropriate decomposition model will be applied to the measured and collected data
from SEQ study area to examine the participation of the different CDOM fractions in

the absorption spectrum curve.

The linear and nonlinear decomposition approaches will be used in parallel with using
the chemical isolation data of CDOM samples in this study. The underlying hypothesis
and the goodness of fit to the normalized values of the results will be checked. Also,
all the selected and the developed models will be tested using F statistic parameter
to determine their efficiency and their reliability to use them as a proxy for COOM

retrieval and DOC estimation in the SEQ regions.

4.7.2 Data and Materials

Only the fractionated 28 CDOM stations that collected from the 11 water bodies in
the SEQ study area used. The chemical separation and isolation of these samples
(represented by using the SPE technique) were described in the previous chapter in
§3.5.1 and §3.5.2. Also, the optical measurements and DOC concentration
measurements of these CDOM samples and their fractions that previously reported
have been used CDOM and DOC measurements in chapter two also CDOM fractions

and their DOC from chapter three).
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In addition, different slope values of CDOM fractions, so-called end-members
candidate slope values were chosen carefully from literature which corresponds with
the study area characteristics. These end-members values used in the Linear Least
Squares regression modelling method, further details will be in the context of the

coming sections in this chapter.

4.7.3 Methods and Approaches

4.7.3.1 The Decomposition Modelling Framework

Carder et al. (1989) found that extracting CDOM components are considered as an
alternative way to direct measurements of CDOM absorption coefficient and that can
be done by using the major CDOM components of the HA and FA. Carder’s et al.
original exponential model combined of two exponential functions but with different
fixed slope values for the HA and FA to give a better description to the CDOM
absorption modelling. Later, their model developed by Laanen (2007); Stedmon
(2014) to be more broadly by including an offset parameter (K) to correct the
absorption measurements from the systematic errors that occurring due to the
cuvette wall, baseline shift between the reference and the sample, temperature
differences and used instrument itself; and they redrafting the equation (4.4) to

configure the equation (4.5).

4.7.3.2 Developing the Proposed Model of the Measured

CDOM Absorption Spectra for SEQ Study Area Locations

Dissolved organic matter sampled from the study area was separated according to
their different chemical properties into hydrophobic and hydrophilic parts. Each one
of these parts has different chemical groups and components (e.g. proteins,
carbohydrates, humic acid, fulvic acid and various other components as illustrated in
Figure (3-4)). For complex and high DOM concentration water-samples such as SEQ
study area, HA and FA are not the only absorbing dissolved organic constituents as
explained in the previous chapter, but they can be considered as the major

components of the DOM hydrophobic part. Additionally, there are other diverse
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organic compounds generated from different processes within the water column or
from the surrounding areas represented by the hydrophilic DOM part (Figure 3-4) and
they contribute by (8.2% - 22.6%) of the total CDOM absorption. This hydrophilic
DOM part cannot be neglected because it is responsible for nearly (28% - 51%) of the
entire DOC content in the collected water samples (Table 3-11). Therefore, the
modelling equation of CDOM absorption spectrum can be developed and

reformulated according to the results obtained in this work as follows:
acpom () = appo (1) + ayp; (1) (4.6)

Since the hydrophobic part contains two important fractions (HA and FA) which both
have a direct relationship with DOC, a two-component decomposition model was
used. The decomposition process can be done on the absorption spectrum of the

HPO part only to the major HA and FA fractions as in the equation below:
appo () = aga(A) + apa(1) (4.7)

On the other hand, the multi-decomposition technique can be done directly on the

whole CDOM absorption spectrum to HA, FA and HPI.

acpom(A) = aya(A) + apa(A) + ayp; (1) (4.8)

And in terms of the concentrations, the final developed model will be as follows:

arpoy(d) = M.e(—&m(l—lo)) + M_e(—SFA(A—AO)) + aHP_I(A).e(_sHPI(l_,lo)) LK
CI-IA CFA CHPI

(4.9)

The multi-exponential CDOM absorption model given by equation (4.9) will be used
as the CDOM absorption spectral decomposition model and for optical modelling of
remote sensing in this work to get better results to describe the CDOM absorption
spectrum curve accurately. It is expected by using this model for the normalised
CDOM absorption spectrum (SIOP) an improving on CDOM and DOC concentrations

retrieval.
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There are two suggested techniques to test and then solve this model by performing
both linear and nonlinear approaches. The results of the best end-members that
produced from using the linear methods will be compared with the single exponential
model depending on the goodness of fit, offset parameter and the concentration of
CDOM and DOC values. Figure (4-3) summarise the framework of the decomposition

approaches.

DATABASE

HPO
Fractions

Absorption
Spectra

SEQ CDOM
Absorption
Spectra

X Single Exponential
Multi-Components Model (SEM)

Exponential l:lodel (Stedmon)
y=2L ,Ae™" + K ¥y =Ae S + K

i

Non-Linear
Approaches
(NLLSR)&(GRG)

N

Linear Approach
(LLSR)

1 1

1 1

1 1

; Dynamic HA,FA
. | SEQ Study Area| | Kirk (S) values '”tsi;':‘%‘gza' \ | and HPI slope
1 i 1
(S) values (MIN for Australian : ranges

: & MAX) inland waters Suwannee River : ¢

| HA and FA |

| |

1 1

F-Test
to compare
Models

Figure 4-3: The Outline Framework of SEQ CDOM Absorption Spectrum Decomposition
Adopting Linear and Nonlinear Approaches.
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4.7.3.3 Linear Least Squares Regression (LLSR)

Mathematically, in order to find ideal values that provided from solving the equation
(4.9) by using LLSR, the best approximation is defined by minimizing the sum of
squared differences between the measured values and their corresponding
estimated values. The linear least-squares regression solution implemented using
fixed end-members values that chosen accurately and taking into account the
characteristics of the study area. Below are several possible end-members values that

examined in this research and can be applied for Australian inland waters:

1. SEQ study area end-members
It is unlikely under natural conditions that only one fraction of HA or FA will be
present in the water sample, but it is more probable that one fraction could dominate
so heavily that it can be treated as thus for practical purposes. Based on this
assumption, the minimum slope value of the measured HPO fractions that found in
the SEQ study area samples is assumed to be set as (Sy4) corresponds to a sample
containing only HA, and the maximum measured slope value is assumed to be set as
(Sg4) corresponds to a sample containing only FA. While the HPI fraction slope value
was set as the average of the measured slope values for the reservoirs in the SEQ

study area and was (0.0215 nm™2).

2. Kirk end-members
These end-members values are compatible with Kirk slope values that were
measured for different Australian inland waters (Kirk 2011). The reason for using
these end-members is to compare the results of using SEQ data set with the
Australian nationwide dataset. The same mechanism that was adopted in choosing

SEQ end-members for HA, FA and HPI applied here.

3. International standard and reference end-members
There are several different types available of international humic substances
standards and references to select from. The commonly used types are Suwannee
river HA and FA standard samples from IHSS, Aldrich HA standard from Sigma-Aldrich,
and Nordic HA and FA reference samples from IHSS. The slope values of these

standard and reference samples are available from literature to allow for comparison.
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The general properties of the selected end-members for this work should be valid to
be applied in SEQ or at least in Australian inland waters. Therefore, the selection was

made for Suwannee river HA and FA standards from IHSS for some basic reasons:

e |t has a high concentration of functional groups of dissolved humic substances
forming sufficient quantities of different constituents beside HA and FA
(Hessen & Tranvik 2013). While Sigma-Aldrich HA is extracted and derived
from terrestrial sources (Bob & Walker 2001) and has high ash content
(Valentine 1998).

e Its source is located in a subtropical/tropical climate zone (rises in the
Okefenokee Swamp in South Georgia, USA and flows southwest to the Gulf of
Mexico passing Florida, USA) unlike Nordic HA and FA reference samples
which their source located in the polar climate zone.

e The HA and FA slope values of Suwannee River are close to the existing values
that recorded of the study area and Australia, while Aldrich HA slope value is
(0.0089 nm™) where no such value recorded for Australian inland freshwater.

e Suwannee River is well characterized and believe to be a good model for
actual aquatic humic substances due to the intensive researches that are

available on the site more than the other HA and FA standards and references.

The fixed end-members values that will be included and tested by using the LLSR

method on equation (4.8) are given in Table (4-3).

Table 4-3: The End-Member Sets and Their HA and FA Slope Ranges That Used in LLSR In This
Work.

End-members Set Sya and S, (nm)

. Average of the
1 (SSE)? HPO fraction dataset (MIN & MAX | ) 151 and 0.0201 reservoirs in SEQ
(0.0215)
. . Average of the
2 vK\/I:::rlspe values for Australian Inland 0.0120 and 0.0180 reservoirs in SEQ
(0.0215)
. Average of the
3 ;‘;WZ”VZTSJS'V” standard HA and FA 0.0137 and 0.0172 reservoirs in SEQ
P (0.0215)
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4.7.3.4 Nonlinear Optimisation Technique

Various nonlinear optimization techniques are available and can be used for
calculating the decomposition equations (4.5) and (4.9). Unlike the LLSR method that
uses fixed slope values, in the nonlinear decomposition technique the slope values of
HA, FA and HPI are allowed to be changed within a certain range between (350-680
nm) and can be called (dynamic slope values). Two different nonlinear techniques
were selected and tested, the nonlinear least-squares regression (NLLSR) and the
generalized reduced gradient techniques (GRG)". The NLLSR were solved by using the
optimization solver (Isgnonlin) in MATLAB R2013a software from MathWorks®, while

the GRG solving technique is embedded in Microsoft® Excel Solver.

4.7.4 The Results and Discussion of Using the Linear and
Nonlinear Approaches

4.7.4.1 Testing the Reliability of Using GRG and NLLSR in the
Nonlinear technique

Three possible types of solution sets can be obtained from using the nonlinear

equation or model. These solution sets possible to be; no solution, a unique solution

or an infinite number of solutions (Rheinboldt 1998). One of the disadvantages of

using a nonlinear optimization technique is the resulting solution may not be unique

(Ruszczynski & Ruszczynski 2006) and the valid solutions may be considerable, due to

the parameter space range that gives the same degree of accuracy.

Therefore, a test was conducted first to check the efficiency of the two selected
nonlinear techniques (GRG and NLLSR) if they lead to a possible unique solution or
not. The test was implemented using the standard Suwannee River fulvic acid (SRFA)
available in CSIRO, Ocean and Atmosphere water lab and was purchased from the
International Humic Substances Society (Saint Paul, MIN 55108 USA) (Figure (4-4 B)).
The measured SRFA absorption spectrum curve (Figure (4-4 A)) contains only FA and

decomposed by using the two suggested nonlinear decomposition techniques

* GRG is one of the robust methods for solving nonlinear equations of general structure to find an
optimal solution.
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adopted for this work. The unique solution should be similar to the fitted parameters

(aps(A,), Sg4 and K) that found from using SEM (equation 2.3).
In this test the following different exponential fitting models used:

1. SEM of Stedmon et al. (2000) (equation 2.3) was included as a reference to
check the results.

2. The two-components exponential model (DEM) (equation 4.5).

3. The suggested exponential model for this study (equation 4.9) (multi-

components exponential model of HA, FA and HPI).

An important note, the retrieved parameters ay,(2,) and ayp;(A,) for the second
and the third fitting models should be equal to zero to have a correct unique solution.
Also, the goodness of fit as a measure of the performance (Chi-square divided by the
degrees of freedom (df=n-1)) and the model validity were calculated for each used

model.

The Chi-square (X?) was computed from the given following equation:

(0i—Ep*
XZ = ?zlE—i (410)

Where, O; is the observed value and E; is the expected value fori = 1 ton.

=
o

SRFA-measured
A) curve

= = = SRFA-fitted curve

Absorption Coefficients (m?)
= N W A OO N 0O W
-

——

o
FETTTETTET FTETETETTE RTRTRTTIT

Wavelength (nm)

Figure 4-4: A) The Measured Absorption Spectrum Curve of SRFA (Solid Line) And the Fitted
Curve (Dotted Line) (Fitting Was Done Using Equation (2.3)), B) SRFA Standard Sample (100
Mg) From IHSS.
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The results of the implementation of the nonlinear approaches using the different
fitting models that were illustrated above in (1,2 and 3) on the measured spectral

values of SRFA are given in Table (4-4).

Table 4-4: SRFA Slope Values, Absorption Coefficients, Offset Values and The Goodness of Fit for
The Selected CDOM absorption Decomposition Models and for The Two Nonlinear Optimization
Techniques.

Single ComT\A::I_ents This study Single ComT\Acl>(:1_ents This study
Model P Model Model P Model
(eq. 2.3) Model (eq. 4.9) | (eq.2.3) Model (eq. 4.9)
9.2 (eq. 4.5) g% g4 (eq. 4.5) g%
ay, (m?) - 0.00 0.00 - 0.00 0.01
Sya (nm?) - 0.0137 0.0124 - 0.0137 0.0124
QApg (m?) 1.66 1.69 1.67 1.67 1.65 1.64
Spa (nm?) 0.0172 0.0172 0.0172 0.0172 0.0172 0.0172
ayp; (M) - - 0.00 - - 0.00
Sypr (nm?) - - 0.215° - - 0.215"
K 0.04 0.04 0.04 0.03 0.03 0.03
Xz/df 0.065 0.077 1.741 0.067 0.081 1.749

" The average HPI slope values of all stations in the SEQ study area

From Table (4-4), the values found for ap4, Sg4 and K from using GRG and NLLSR for
the SEM model are nearly the same fitted values. The developed model for this study
has a normalized X? a value greater than (1) for both the used nonlinear approaches,
indicating a poor model fit. The reason back to the source of SRFA that came from
NOM fractionated to HA and FA only, while there is another part apparently has
different characteristics which are HPI in the model. But the case is different for the
study area because the HA and FA will be spectrally decomposed from the HPO part

that does not contain any of HPI part’s components.

There are no significant differences between GRG and NLLSR techniques and the
values of X? /df are equal or slightly different for each model. Also, the applied GRG
technique did not indicate any value of ay 4 and ayp; in the sample, while the NLLSR

technique yields a humic acid absorption of 0.01 m™ which records against it.
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When applying the nonlinear optimization onto the 11 waterbodies (N = 28) of SEQ
datasets in the selected study area, some of the results in the solution space were
out of the lower and upper boundaries of the slope values. In another meaning, not
all the slope values of HA were within their customary range between 0.008 —0.014
nm. Also, the value of the X?/df for most models > 1 and that indicates it is not
valid to use for this sample. Thus, this solution of using GRG and NLLSR leads to

unreliable and invalid results with negative absorption coefficients for some values.

4.7.4.2 The Results of Using Linear Decomposition Approach

The results of using the three selected end-member values which had already been
clarified in §4.7.3.3 for the 11 SEQ waterbodies (N=28) were compared with the
results from using SEM and with the measured DOC values. The SEM (equation 2.3)
was solved in this work to find the three unknown parameters a(4,), S and K; by
using the partial derivatives in terms of each parameter arranged in an array A[x]
containing the measured absorbance values as a function to the wavelength from

(350-700 nm) as explained in the following equations:

f(x;)) =axexp(b*x;)+c

A : (4.112)
n

of

- = exp(b * x;) (4.12)

Z—’; =a *x; * exp(b * x;) (4.13)

of

7 g (4.14)

Where; x; is the independent variable of the wavelength, a is the absorption
coefficient at A from 350 to 700 nm, n = 700 - 350, b the slope value and c is the

offset.

The same parameters and procedures that were used in assessing the reliability of

the nonlinear approaches have been applied. The multi-component model is
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combining these seven parameters ag4(4,), ara(1o), aupi (o), Cya, Cra, Cypy and
K that should lead to the best agreement between the measured and the modelled

concentration values.

While the slope value was selected and fixed according to the three previously
nominated end-members for the HPO fraction and it was fixed on (0.0215 nm)

computed from the average of the measured SEQ values for the HPI fraction.

The results of performing the linear spectral decomposition technique on the HPO
fraction according to the first suggested hypothesis by using LLSR for the three fitting

models are shown in Table (4-6) below.

Table 4-6: Showing the results of using different fitting models for HPO fractions to estimate the
ratio of HA and FA in SEQ samples by using LLSR.

RESERVOIR
CCR 0.50 0.53 0.03 0.02 0.53 3.59
LPD 0.35 0.37 0.02 0.06 0.37 4.26
LCB 0.61 0.67 0.06 0.10 0.67 4.50
WIv 0.40 0.40 0.00 0.02 0.40 3.35
LSD 1.18 1.22 0.04 0.38 1.22 5.85
SAM 2.25 1.83 -0.42 0.26 1.83 4.14
LWE 1.14 1.05 -0.09 0.07 1.05 4.26
TIN 6.00 6.26 0.26 0.04 6.26 7.29
ADV 1.89 1.43 -0.46 0.07 1.43 3.33
LLD 2.79 2.53 -0.26 0.15 2.53 10.35
MOO 2.16 1.81 -0.35 0.17 1.81 3.68

* Computed from SEM (f(x) = aypoexp 5™ + K)
** Measured from using SPE technique
R2 (CHPO with DOCHPO) = 0.313; p> 0.05

Fitting model using MAX and MIN HPO Slope values

RESERVOIR (x) = ayyexpCOH + apexp-092010 4 K DOCrs  auro(440)°
CCR 0.030 0.470 0.03 0.04 6% 94% 0.0083 0.22 3.38 0.53
LPD 0.169 0.183 0.02 0.06 48% 52% 0.0142 2.05 2.22 0.37
LCB 0.297 0.309 0.06 0.13 49% 51% 0.0164 2.21 2.30 0.67
wWIiv 0.206 0.198 0.01 0.01 51% 49% 0.0865 1.71 1.64 0.41
LSD 0.930 0.247 0.03 0.42 79% 21% 0.0221 4.62 1.23 1.21
SAM 2.203 0.045 -0.41 0.22 98% 2% 0.0237 4.05 0.08 1.84
LWE 0.640 0.503 -0.07 0.08 56% 44% 0.0296 2.38 1.87 1.07
TIN 5.700 0.300 0.26 0.09 95% 5% 0.0332 6.93 0.37 6.26
ADV 1.775 0.113 -0.45 0.02 94% 6% 0.0261 3.13 0.20 1.44
LLD 1.760 1.034 -0.27 0.16 63% 37% 0.0285 6.52 3.83 2.52
MOO 1.818 0.346 -0.35 0.13 84% 16% 0.0260 3.09 0.59 1.81

" Computed from (Cy 4 +Cpy+K)
R? (Cy,4 with DOCy,) = 0.624; p < 0.05 and R? (Cg, with DOC,) = 0.560; p > 0.05
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Fitting model for HPO fractions using Kirk Slope values for

Australian inland waters %
RESERVOIR - Fx) ;:HAexp(‘omzo*") + ap,exp 01800 | Dn(:g;flA an‘)gc/pl,q aHP(T,:f)O)
mg/| mg/| K SSE %HA %FA RMSE
CCR 0.062 0.415 0.03 0.10 13% 87% 0.0940 0.47 3.13 0.50
LPD 0.175 0.162 0.02 0.05 52% 48% 0.0260 2.22 2.05 0.36
LCB 0.242 0.349 0.01 0.16 41% 59% 0.0850 1.85 2.66 0.60
wiv 0.138 0.257 0.01 0.03 35% 65% 0.0570 1.17 2.17 0.41
LSD 0.956 0.224 0.01 0.36 81% 19% 0.0380 4.74 1.11 1.19
SAM 2.278 0.070 -0.04 0.22 97% 3% 0.0810 4.01 0.12 231
LWE 0.638 0.522 0.02 0.05 55% 45% 0.1220 2.34 1.91 1.18
TIN 5.467 0.541 0.02 0.03 91% 9% 0.1410 6.63 0.66 6.03
ADV 1.770 0.197 -0.02 0.09 90% 10% 0.0710 3.00 0.33 1.94
LLD 2.018 0.785 0.05 0.20 72% 28% 0.0810 7.45 2.90 2.86
MOO 1.972 0.269 -0.01 0.14 88% 12% 0.1490 3.24 0.44 2.23

* Computed from (Cyu+Cpg+K)
R? (Cy, with DOCy,,) = 0.570; p < 0.05 and R? (Cy, with DOC,) = 0.263; p > 0.05

Suwannee River Standard HA and FA end-members Slope values

T a ex (=0.0137xx) + apex (=0.0172xx) + K DOCFA aHPO(‘}A'O)*

mg/| (m)
CCR 0.037 0.427 0.04 0.22 8% 92% 0.0214 0.29 3.30 0.49
LPD 0.252 0.320 0.27 0.11 44% 56% 0.0154 1.88 2.39 0.59
LCB 0.273 0.296 0.03 0.28 48% 52% 0.0259 2.16 2.34 0.58
wiv 0.084 0.299 0.02 0.35 22% 78% 0.0145 0.74 2.61 0.39
LSD 1.077 0.133 0.00 0.03 89% 11% 0.1766 5.21 0.64 1.22
SAM 2.237 0.195 -0.08 | 014 92% 8% 0.0727 3.80 0.33 2.39
LWE 0.475 0.684 0.03 0.17 41% 59% 0.0198 1.74 2.51 1.17
TIN 5.823 0.506 | -0.11 | 035 92% 8% 2.8810 6.71 0.58 6.35
ADV 1.835 0.227 | -0.07 | 0.02 89% 11% 0.0805 2.96 0.37 2.04
LLD 1.721 0.669 0.40 0.04 72% 28% 1.2714 7.45 2.90 2.44
MOO 2.001 0.326 | -006 | 0.14 86% 14% 0.0792 3.16 0.52 231

* Computed from (Cyy+Cpa+K)
R (Cpy, With DOCyy,) = 0.509; p < 0.05 and R? (Cr, with DOCp,) = 0.283; p > 0.05

In Table (4-6) the Root Mean Square Error (RMSE), offset parameters (K) and the Sum
of Squared Error (SSE) are shown. The maximum and minimum end-members for
HPO fraction slope values of the SEQ study area gives the best goodness of fit than
Kirk and Suwannee River end-members. Where, the SSE and RMSE are (0.12 and
0.028) closely followed by the Kirk end-members (0.13 and 0.086) then Suwannee
River end-members (0.16 and 0.423).
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In addition, using the maximum and minimum end-members lead to improvements
in the relationship between absorption coefficients and DOC when using simple linear
regression as presented in Table (4-7). The highest correlation of regression
coefficient between the modelled HA with DOC is for the maximum and minimum
end-members (R? = 0.635; p < 0.05; N = 28) then Kirk end-members (R? =
0.564; p < 0.05; N = 28) and Suwannee River end-members (R? = 0.512; p >
0.05; N = 28). Furthermore, linear regression using the modelled FA with DOC is less
than 0.3 for Kirk and Suwannee River end-members while, it is (R?> = 0.552; p <

0.003; N = 28) for the maximum and minimum end-members.

Table 4-7: Linear Correlation of Regression Between; Upper Table) Absorption coefficients of HPO
fractions calculated by using SEM with DOC concentrations; Lower Table) Absorption Coefficients
of the decomposed HA and FA fractions calculated by using three types of End-embers with DOC
concentrations, in addition to, the significance of the regression, F parameter and significance F.

HPO - DOC

SEM 0.329 | 0.0001 | 7.735 0.009
HA - DOC FA - DOC
R? 5 F Significance F Significance
F F
MAX-MIN | 0.635 | 0.002 | 12.654 0.002 0.552 | 0.003 | 10.591 0.008
Kirk 0.564 | 0.004 | 8.945 0.007 0.221 | 0.028 | 4.250 0.171
S“‘a’;r::ee 0512 | 0.065 | 9.412 0.017 0.284 | 0.172 | 2.948 0.094

The F-parameter in Table (4-7) was computed to describe observed absorption
coefficients of HPO, HA and FA from using different models. It was computed by using
equation (4.14):

R 2
/o

sz

(4.15)

Where Dm is the degrees of freedom of the model (D, =
No.of model parameters — 1), and D. is the degrees of freedom of the error

(Do = No.of data stations — No.of model parameters).
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The higher the F value, the more useful the model is. So, the maximum and minimum
end-members provided a high F value (Fua = 12.654; p < 0.05 and Fra = 10.591; p <
0.05) besides its high R? for both fractions HA and FA.

As for, the test results obtained from using Kirk end-members directly in equation
(2.9) were close to the results achieved from using Suwannee River end-members
with approximately close values of F-parameters (table 4-7). The comparison
between the measured and the modelled values was in order to assess the influence
of using the different nominated end-members. The average measured and modelled

acpom (440) values of each reservoir are shown in Table (4-8).

The results showed that the maximum and minimum end-members too are
consistently close to the measured CDOM (R? = 1; p < 0.05). It gives the best goodness
of fit between the measured and the modelled CDOM values and the average offset

values are also the lowest.

Table 4-8: The Modelled a.poy Values at 440 nm from Using the Multi-Components
Decomposition Model

’ Mo::l(l)ed . a:ln,z;iiidO) Mo::l(l)ed .

RESERVOR ) | mmemiNens | comeutsdfom S

members using Kirk end- end-members

members

CCR 0.57 0.56 0.54 0.53
LPD 0.39 0.38 0.38 0.61
LCB 0.76 0.72 0.69 0.67
WIv 0.42 0.45 0.43 0.41
LSD 1.37 1.38 1.34 1.37
SAM 2.06 2.11 2.14 2.62
LWE 1.18 1.22 1.31 13
TIN 6.67 6.84 6.44 6.76
ADV 1.56 1.46 2.07 2.17
LLD 2.78 2.63 2.44 2.69
MO0Oo 1.95 1.86 1.77 2.45
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4.7.5 Discussion and Conclusions

The CDOM spectra of 28 sampling stations were decomposed into their major
influential components that affect absorption and DOC content. The spectral
decomposition was carried out using the linear and nonlinear approaches where the
linear approach requires fixed slope values for the model parameters (HA, FA and
HPI) referred to as end-members. A number of end-members were selected that can
be applied for the Australian inland waters: the SEQ study area end-members from
adopting the maximum and minimum slope values of the major CDOM-HPO fraction,
Kirk slope values that were measured for Australian freshwaters and the international

standard Suwannee River fulvic acid end-members.

The results of both nonlinear approaches (GRG and NLLSR) not capable to provide
reliable results and some of the results in the solution domain out of the minimum
and maximum boundaries of the slope values. In contrast, the results of using linear
decomposition showed that the SEQ maximum and minimum end-members yielded
the best outcomes. The correlation of regression was improved, and that could be
useful for the next step in this work to do the remote sensing measurements between
CDOM and DOC. Finally, there was no significant difference between the two
suggested model in case the decomposition model was done on the HPO absorption

spectrum or into the CDOM absorption spectrum.

4.8 Chapter 4 Conclusions

CDOM absorption spectrum models essentially based on using an exponential
function despite their multiplicity of types. With high CDOM absorption values in the
blue wavelength region, it is possible to interfere with the chlorophyll produced by
the phytoplankton in the water causing scattering error (§4.2). Another source of
error results from the presence of some small particles causing attenuation in CDOM
absorption measurements and it is not negligible. Also, CDOM absorption
measurements affected by systematic errors originated from the cuvette wall,
baseline shift between the reference and the sample, temperature and the
instrument. The correction of these errors can be done by including an offset

parameter to the fitting model. Different fitting models are available to characterize
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the CDOM absorption spectrum, but the selection may be subject to restrictions due

to CDOM components.

Some fitting models can lead to a loss in and not fully capture all the information
provided by CDOM absorption curve as explained in §4.6 and (figure 4-2). Also, to
describe the CDOM absorption spectrum accurately apart from the effect of other
components, the adoption of decomposition methods is commonly recommended.
When to choose between complex alternatives and decide the correct model should

be used to reduce measurements noise from CDOM components.

Linear and nonlinear regression approaches used to decompose the CDOM
absorption curve. Using the linear and nonlinear decomposition of CDOM absorption
spectrum that described in the previous sections and was implemented by fitting the
sum of multi-exponential functions to the measured absorption spectrum to obtain

an acceptable solution.

The linear decomposition approach was easier to apply than the nonlinear
decomposition approach and less complicated because of the slope parameters that
are not allowed to be changed within a specific range. Non-linear problems were
intrinsically more difficult to solve than linear problems and the goal of NLLSR is to
minimize the sum of squared errors, so it seems as though the model with the smaller

sum-of-squares is the best.

The final results of using CDOM spectral decomposition were useful and helpful to
give a good explanation to the relationship between CDOM absorption and DOC
concentration on the one hand and between CDOM absorption and its chemical

composition on the other.

The results of the decomposition showed that SEQ water bodies tend to be
dominated by humic acid due to the high ratio of HA compared to FA. Another
finding, the calculated slope values of the study area were superior to the calculated
slope values of Kirk for the Australian inland waters when they used in CDOM
decomposition model to characterize the relationship with DOC. While Suwannee
River slope values were not applicable within Australian inland waters when it used

in CDOM decomposition model.
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Sometimes even with high R? for the model, the model cannot be useful as a
descriptor of CDOM absorption spectra and R? alone was insufficient as a
determinant of how well the model fits the data. Therefore, the F parameter was
used to provide a better test of the usefulness of the nominated models that used
different end-members. Same for the offset parameter, the method with the lowest
average offset is considered the best. Finally, the advantage of using the multi-
exponential model is convenient for optical modelling and remote sensing

applications.
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Chapter 5

Subsurface Reflectance Spectra Extraction of SEQ
Water-bodies Using Radiative Transfer Simulation and
Bio-Optical Modelling

5.1 Introduction

As it is clear from the title of this work and to achieve its objectives, the main focus is
to improve DOC estimation from CDOM measurements remotely. In the previous
chapters, CDOM-DOC relationship in SEQ was examined in different ways, starting
with the simple relationship then investigated the effect of CDOM fractions on this
relationship and their association with their sources. Also, the previous chapters have
demonstrated that when performing CDOM absorption spectrum decomposition
into multi-components the results were acceptable for high CDOM concentrations
and reasonable for enhancing this relationship for almost all the selected locations in
the study area. This chapter comes to complete the aims of this work in two ways.

First, by assessing the remote sensing reflectance spectra for the study area using
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different water components and CDOM fractions data. Second, by validating the
improvement of the inverse retrieval of CDOM and then DOC and how will reflect on

their relationship.

Chapter Five will begin by briefly reviewing the physical aspects of the energy transfer
and the radiative transfer equation (RTE) after giving a presentation about the
inherent and apparent optical properties of the natural water-bodies. As well, the
theory and reasons for using the analytical and semi-analytical optical models of
water reflectance and their types (e.g. Gordon-Walker model) will be discussed. This
brief background is essential because it allows the reader to conceptualise the

necessary knowledge used to support the purpose of the research.

The primary contribution of this piece of the work is to demonstrate whether CDOM
fractions can be used as SIOPs inputs in the optical model to get better retrieval to
estimate DOC. It will assess the variability in remote sensing reflectance spectra for
the study area samples to achieve objective (4) of this work which is to parameterize
and assess the contribution of the various water components beside CDOM major
fractions on the simulated and modelled water reflectance spectra. Examining this
variability and the classification will be through obtaining simulated spectral
reflectance curves (R(0—)gimuiatea) from running the RTE using different
concentrations for water components (CDOM, Chl and TR). Then to achieve objective
(5) of this work, the effect of the humic (HS) and non-humic (NHS) substances (or
Hydrophilic (HPI) and Hydrophobic (HPO) the same) will test using the multi-
components absorption model to estimate R(0—)pticai-moder (reflectance obtained
from the optical model) in order to make a relevant contribution to improve DOC
estimation in the study area. Figure (5-1) address the objectives listed above for

chapter five.

So, the effect of CDOM variation and also the other water components on the
spectral reflectance curves in SEQ reservoirs will be simulated first by using
ECOLIGHT® solver development to describe the optical properties of the selected
water-bodies in the study area through which light propagates (the reflectance
spectrum of water). Then, parameterising and modelling the measured specific
absorption coefficients (a* (1)) of CDOM’s main active fractions to drive the modelled
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irradiance reflectance. Finally, to achieve a successful expressing to the output
models, some issues need to resolve such as the correct inputs to the optical models

and the right used model which are related to finding the correct formulation of the

optical model in SEQ that could improve DOC estimation.

Chapter 5
Subsurface Reflectance Spectra
Extraction of SEQ water-bodies

Forward Radiative
Transfer Equation
using SEQ datasets
of SIOPs (N=47
stations)

Using RTE Simulation of
CDOM samples'
measurements

Using the developed bio-optical
model of CDOM fractions

Y

Y

!

SIOPs
Absorption (a*)
Scattering (b*)

(b%)

'

a 4-component
model with
(Ecolight)
1. Pure water

To model the variations in the
reflectance spectra that resulting
from the effect of the noise or
confounding factors of water
components and different
concentrations of CDOM, Chl
and TR (objective 4)

To parameterise and modelling
the measured a*(\) of CDOM
fractions of humic and
non-humic substances of the
selected watersheds in the study
area (objective 5)

Y

Y

obtain R(0-)simutated

2. Chl-a
3.CDOM
4. TR

'/

Decision and
évaluate how reflectance
spectra vary as a function of
CDOM levels
and concentrations

\

R (O ') simulation

corresponding to
MERIS sensor bands
(400-800nm) for SEQ
datasets of CDOM
SIOPs

obtain R(0-) optical-model
corresponding to
MERIS sensor bands
(400 -800 nm) for SEQ
sets of CDOM fractions
SIOPs

}

assembling
R(0-)simulated INt0
groups with similar
optical
characteristics

Validation and —|
check

co

CDOM
spectra

spectral
decompositio
(chapter IV)

Y

Iv_alidation and check

concentrations
Chl-a, TR

Retrieved
|»( concentrations

Retrieved
= concentrations
HS , NHS

Retrieved
ncentrations
Chl-a, TR

Retrieved

L_12. Chl-a

R(O')opncal-madel

Forward bio-optical
model (Gordon et
al.) using SEQ
datasets of
Fractionated SIOPs
(N=28 stations)

(]
SIOPs
Absorption (a*)
Scattering (b*)
(b*)

bio-optical model
with
1. Pure water

3.CDOM fractions
(HS and NHS)
4. TR

Retrieved
concentrations

CDOM HS , NHS

\

measured
DOC

retrieved retrieved
DOC DOC

Figure 5-1: A Representation Scheme of Chapter Five Objectives.
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5.2 Hydrologic Optics Properties of Water Substances that Required
for SEQ Modelling (Inherent and Apparent Optical Properties)

Natural waters have four optical components: the water itself, some photosynthetic
pigments and chlorophyll-a (Chl-a), solid particulate residues, and coloured dissolved
organic matter (CDOM) (Liang 2017; Mishra et al. 2017). The different types of water
are classified based on the levels of its various optical components. Therefore,
extracting measurements of remote targets requires knowledge with the optical

properties of these different water components.

The theoretical description and conceptual foundations of light flux in any aqueous
solution are related to the electromagnetic radiation (Green, Sarah A & Blough, Neil
V 1994). In electromagnetic quantum theory, electromagnetic radiation consists of
photons, the primary particles responsible for all electromagnetic reactions. The
guantitative effect provides additional sources of electromagnetic radiation, such as

the transmission of electrons to lower or higher energy levels in the atom.

- Rotational
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Figure 5-2: A Schematic Energy Level Diagram for An Organic Molecule
(Mostofa et al. 2013)

The chromophore of CDOM absorbs photons in the UV and visible bands in the
wavelength range between (200-700 nm) which affect its optical properties and could
be an indicator for its constituent. The theory of photon absorption for a

chromophoric organic molecule in water or solution can be summarised by catalysing
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the electron to transition from its ground level to the excited level (Mostofa et al.
2013); as shown in Figure (5-2). So, the electron transition could provide information
on the structure of the organic molecule properties such as colour due to the energy

change associated with this transition.

5.2.1 Inherent Optical Properties

When a photon interacts and encounters with the matter, it may be absorbed,
scattered or transmitted depend on the properties of the matter (e.g. water) (Sabins
2007). These absorption and scattering properties of the matter to the photon are
defined as the Inherent Optical Properties (IOPs) (Mobley et al. 2010). The inherent
optical properties of each optically active constituent are required to parameterise

the used model in this study.

IOPs do not depend on the volume of the matter or on the ambient light field but,
they depend only on the water itself and its suspended or dissolved substances in it
(e.g. concentration of the substances) (Hoge et al. 1995). Therefore, they can be
measured in the laboratory from collecting water samples as well as in situ. IOPs
could mainly describe in terms of the total attenuation coefficient c(1), absorption
coefficient a(4), scattering coefficient b(1), and volume scattering function (VSF) or
(B). The two important fundamental coefficients of I0Ps are; the absorption
coefficient and the scattering coefficient (Bukata et al. 1995) and will be discussed in

more detail below.

5.2.1.1 Absorption of Water Components

Natural waters have four main optical components which they: the water itself,
chlorophyll-a (Chl-a) and other pigments, Non-Algal particles, and CDOM. These
water components affect the light field within the water column when photons enter
this medium, they are absorbed, and it is expressed as a linear sum of the absorption

of each of the components as shown in the equation by (Gordon 1973):

ar(1) = a, (1) + acpou(d) + arg(1) + ay (1) (5.1)
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Where, a; (1) is the total absorption coefficient, a,,(1) is pure water absorption
coefficient, acpoy (1) is CDOM absorption coefficient, a;z (1) is tripton absorption

coefficient and a (A) is phytoplankton absorption coefficient.

1. Absorption of Pure Water

Pure water can be defined as the chemically pure substance that consists of hydrogen
(H) and oxygen (O) atoms only without any other components or impurities in it.
Broad references to the literature on the spectral absorption of pure water are
available (Heavens 1992; Pope & Fry 1997; Mueller et al. 2003). Pope and Fry (1997)
determined the absorption coefficient of pure water a,, (1) between 350-727 nm.
The a,, (1) in the blue region of the visible spectrum at (1 = 440 nm) is significantly
low (less than 0.01 m™) and rises towards the yellow and red bands (Pope & Fry 1997)
(Figure 5-3). Pure water absorption coefficient varies with temperature and salinity
where it increases when the temperature increases (Smith & Baker 1981), the typical

absorption curve illustrated in Figure (5-3) is measured at temperature = 20°C.

0 ——r—r—rrr—r—rrr—rrrr——————
350 400 450 500 550 600 650 700 750 800

Wavelength (nm)

Figure 5-3: Absorption Coefficients of Pure Water as A Function of Wavelength (Data From (Pope &
Fry 1997))
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2. Absorption of Phytoplankton

Phytoplankton plays a principal role in determining the absorption of natural water
because it is a strong absorber of visible light. Its absorption determined by the
composition and concentration of a mixture of various species (cryptophyte type (L)
and (H), diatoms, dinoflagellates and green algae) (Roesler & Perry 1995; Roesler &
Barnard 2013) as shown in Figure (5-4).
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Figure 5-4: Normalised Phytoplankton Absorption Spectrum and Some of Its
Pigment Classes (Data From (Gege 2004))

Figure (5-4) showing that each individual pigment of phytoplankton species has a
unique spectrum. In addition, phytoplankton absorption can be reconstructed from
the sum of the individual pigment absorption spectrum. Generally, the
phytoplankton absorption spectrum exhibit peaks in the blue and red regions due to

the chlorophyll-a (Chl-a).

3. Absorption of Tripton (TR)

The non-algae particles (NAP) or (Tripton) are defined as the particulate materials
suspended in water and comprise of nonliving debris, some organic particles such as
bacteria and zooplankton, non-pigment parts of phytoplankton and suspended
inorganic particles (Morel 1991; Phlips 1995). The absorption spectra of these

particles were well described by an exponential function (Babin et al. 2003):
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arg(1) = arg(2,)e~S*-%0) (5.2)

Tripton absorption is characterized by a monotonicincrease in the short wavelengths
and the absorption spectrum in the blue region decreasing exponentially towards the

red region as shown in Figure (5-5) (Roesler et al. 1989; Bricaud et al. 1998).
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Figure 5-5: Normalised Tripton Absorption Spectrum (Data From (Gege 2004))

4. Absorption of CDOM

CDOM absorption is very similar to that of tripton due to in part of similarity in
content (organic material) but generally demonstrate a steeper exponential slope. As
explained in the previous chapters, CDOM can operationally separate from water
constituent by filtration using a 0.2 nm or 0.7 nm nominal pore sized filters. CDOM
absorbs most actively in the ultraviolet to blue region, and the value of absorption

depends on its concentration in water.
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5.2.1.2 Light Scattering by Water Components

The scattering properties of the aqueous medium can determine the angular
distribution of the scattered flux created from different kinds of particles in water

and resulting from the primary scattering process (Twardowski et al. 2001).

The total scattering coefficient (b) is the sum of the water constant molecular
scattering in all directions, whether in the forward or backward directions and a
variable contribution that results from differing particles in the water. So, the
scattering geometry of the incident light beam distinguished between two important
scattering terms, forward scattering coefficient (bf) and backward scattering

coefficient (b, ), where:

b= b +b, (5.3)

The volume scattering function (VSF) is essential to calculate the backward scattering
coefficient that derived by integrating the VSF over the angles /2 (90°) and 7 (180°)

(Laanen et al. 2011), where;

b, = 21 L n,B(H) sin® de (5.4)
2

More additive expression where the total backscattering can be further modified and
defined as the sum of the identified backscattering of water components and it

compute according to Morel (1974):

by (4) = bpy (4) + bprr(A) + bpg (1) (5.5)

Equation (5.5) is only valid for water, tripton and phytoplankton except of CDOM,
where its scattering contribution in watershed somewhat is neglected (Mobley
1996). Also, the scattering properties of the watershed can vary by orders of
magnitude of the various constituents causing a fundamental problem of optical

oceanography.
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5.2.2 Apparent Optical Properties

The apparent optical properties (AOPs) are the above water measurements that
depend on both the /OPs of the water body and the geometric structure of the
ambient light field (Mishra et al. 2017). AOPs will give useful information if handled
accurately about the significant constituents within the water body and their
concentrations (e.g. CDOM). The proper definitions in the field of light geometry are
essential in hydrologic optics. Radiometric measurements of electromagnetic energy
depend on photons travelling in different directions within the light field (Mishra et
al. 2017). Thus, it is crucial to describe the geometric relations of photon fluxes that
are affecting the AOPs such as the zenith angle (6) (the angle between the vertical
and the incident light beam). Furthermore, besides the zenith angle, another
expression in relation to the direction of the light beam is the azimuth angle () which
is the horizontal angle between the vertical plane of the incident light beam and with
some other specified plane such as the sun. These angular relations are illustrated in

Figures (5-6 A and B).

It is important to understand some terms and definitions of AOPs parameters to

study and monitor the water body, which are:

1. Radiance (L)

The total photon's energy (radiant energy) falling on an area unit of a plane that
arriving at a direction () can be expressed by the term radiance (L) and is measured
in (W /m?. steradian) (Van der Meer & De Jong 2011). Figures (5-6 A and B) illustrate
the definition of radiance and its field geometry. The mathematical expression to
compute (L) can be done using the following equation:

d*>o
ds cos 6 dw

L6, ) = (5.6)

Where, d® is the radiant flux at a determined direction in an infinitesimal cone, and

dw is the solid angle of the cone.
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: ?_,.. ds cosé

ds ds

Figure 5-6: lllustration of Light’s Radiant Flux A) Field Radiance Flux Passes ds Cos 0 Area

To ds Project Area at A Point in Plane Surface B) Surface Emits Radiation Upward in The
Same Direction of Radiant Fluxes (Kirk 2011).

The radiant flux (®) term is the radiant energy of N photons emitted, transmitted,
reflected or received per time unit:

Ne(d)

o) =—

(5.7)

Where € = h.c/A (J.s) with h = Plank’s constant (6.6 x10734) (J) and ¢ = speed of light
in vacuum (3 x108) (m/s). While radiant intensity (I) is a measure of the radiant flux
per unit solid angle in a certain direction measured in (W /steradian);

_do

] = —
dw

(5.8)

2. Upward and Downward Irradiance (E)

Irradiance (E) is a directional parameter linked with the exchange in energy for the
radiant flux received by a given area of a flat surface (Walker 1994). Irradiance Sl base
unit is the watt per square meter (W/m?). The radiation received by a target in a
horizontal plane surface from a specific direction represents the downward
irradiance (E;); Figure (5-7). It can be obtained at a particular point in the surface by
integrating with respect to the zenith and azimuth angles. In contrast, the upward
irradiance (E,,) is related to the radiance leaving the flat surface or the target in a

specific direction (Albert & Gege 2006).
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Figure 5-7: Graphical lllustration of; A) Radiant Flux B) Irradiance and C) Radiance (Abdellah
2017)

The angular structure of the light field can be beneficial as a relative contribution to
the AOPs of the medium (Mobley 1994). In more details Table (5-1) showing the

guantities of irradiance types and its equations:

Table 5-1: The Quantities of Irradiance

Formula Quantities
2n ,m/2
E= f f L(6,p)cos 0 sin ¢ d6 do Irradiance [W.m™?%]
o Jo
2m /2
E; = f f L(B, ¢p)cos 6 sin ¢ d6 d¢ Downward irradiance [W.m™2]
o Jo
2m T
E, = —f f L(6,¢p)cos 0 sin ¢ d6 dop Upward irradiance [W.m™?%]
0 /2
21 T
E, = f f L(6,¢)sin 6 dO d Scalar irradiance* [W.m™?]
o Jo
2m /2
Eoy = f j L(6, p)sin 6 d6 d¢ Downward scalar irradiance [W.m™?]
o Jo
2 T
Eqy = f f L(6,¢)sin 6 d6 d¢ Upward scalar irradiance [W.m™?%]
0 /2

* The integral of radiance distribution at point overall directions about the point.
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A useful and straightforward parameter calculated from the sun zenith angle and of
the diffuse downward light’s direction above the water is the average cosine of light.

It could define as in the following equation (Mobley 1994):

. Eq4 (5.9)
Ha = +— .
* 7 Eoa
And another one is for the upward average cosine given by:
Ey
= — 5.10
Mu Eou ( )

These are measures of the directional structures of the downward and upward light

fields. The average cosine can also be defined for the net downward irradiance:

Ed_Eu

The quantities E4, Eyg, Ey, Eoy and Ey were shown in Table (5-1).

3. Water Reflectance

The ratio of the energy reflected relative to the total energy incident on the water
body called the irradiance reflectance R(0 —) or in another expression, it is the ratio
between the upward irradiance facing up on a horizontal surface to the downward
irradiance facing down on a horizontal surface as given in the equation:

E,(z, 1)

R(z,A) = E,z 1)

(5.12)

In hydrologic optics, there are some important quantitative measurements of the
water column beside irradiance reflectance such as remote sensing reflectance for
above and below the water R, and 1, respectively (Mishra et al. 2017). In inland
water remote sensing applications, the most commonly used AOPs is the R, that can

be expressed as defined and measured in (sr'!) (Yang et al. 2013):
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L, (inair,08,¢,1)
E;(inair, 1)

Rrs(er o, )= (5.13)

The above water remote sensing reflectance is the ratio of water-leaving radiance to
the downward irradiance. Mobley et al. (2010) defined another important
reflectance parameter is the remote sensing ratio (r;5) or the below water remote
sensing reflectance as indicated by the depth of the water column (z) measured in

(sr'l), where:

L,(2)
Ey(z)

1s(2) = (5.14)

Thus, as presented the above water remote sensing reflectance is a function of

wavelength only, while all other AOPs are functions of both wavelength and depth.

In order to clarify the concept of water remote sensing data and optical modelling, a
number of spectra examples are given using Bio-Opti Toolkit (Version 2.0)". Firstly,
Figure (5.8 A) shows that the increase in CDOM from (0.25 to 5 m™) at fixed Chl (0.969
mg.m3) and tripton (22.265 g.m3) for different depths (0.5 m to 25 m) has directly
proportional in R(0—) spectrum especially in the blue and green region of the

spectrum.
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Figure 5-8 : The Simulated Reflectance Spectra Using Bio-Opti Toolkit V2.0
Where: A) CDOM Reflectance, B) Chl Reflectance, and C) Tripton Reflectance. The
legend represents program runs (20 runs each case) with fixed one component
concentration.

Secondly, Figure (5.8 B) illustrate the effect of the concentration of the Chl on R(0—)
spectrum with the depth of the water column (z). When the concentration changed
between 10 and 100 mg.m3 at fixed CDOM value (0.265 m™) and tripton 22.265 g.m"
3) for two different depth (4 m and 25 m) it shows that there are a decrease in R(0—)
spectra because of the absorbing of Chl. Another point, depth changing did not
significantly affect the reflectance spectrum R(0—) at these two values (0.5 m and
25 m) because it considered deep waters as no light reflected from the bottom exits

the water surface.
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Finally, Figure (5.8 C) shows that when the concentration of tripton (TR) increased
from (5 to 50 g.m3) and fixing the concentrations of Chl at (0.969 mg.m=3) and CDOM
value at (0.265 m) for water column depth (0.5 m and 25 m). An increase in the

reflectance spectra caused by particles that scattering rather than an absorbing light.

Thus, the simulated reflectance shows the individual effects of Chl, CDOM and TR,
also it found that at high concentrations, Chl has a high impact on retrieving CDOM
concentration and this case will cause a problem when CDOM concentrations will

retrieve accurately for aquatic remote sensing applications .

5.2.3 Radiative Transfer Equations (RTE)

The propagation of light within the water-atmosphere system is governed by
radiative transfer equations (RTE) which is a mathematical expression (integral-
differential equation) describes the changes of light paths from the source to the
sensor with the depth, and it is related to the inherent optical properties of water
(Thomas & Stamnes 2002). The main |IOPs that RTE depending on are the absorption
and scattering parameters of the water body. The analytical approaches of RTE can
utilise in the water-atmosphere system to obtain more information and test

approximate solutions in optical oceanography.

The widely used description to determine this relationship is based on suitable
simulations to arrive at an accurate description for the unpolarised radiance in a
particular medium. It summarised by the following expression (Gordon 1973; Bukata

et al. 1995; Kirk 2011):

W = —cL(z,0,¢) + L'(2,0, ) (5.15)

Where L*(z, 6, ¢) is the radiance at depth (z) of a photon beam diffusing in the
direction (zenith and azimuthal angles (8, ¢)) as shown in Figure (5-9), (dL/dr)
represents the change in radiance along the direction (r) experienced by this photon
beam due to the combined processes of absorption and scattering, and (c) is the

total beam attenuation coefficient appropriate to the medium.

136



L

v

[

2
]

i
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The first term in the right-hand side (—cL(z, 6, ¢)) of the equation (5.15) represents
a loss by attenuation in light intensity due to both absorption and scattering. While
the second term (L*(z, 6, ¢)) at the same side of the equation; represents the gain
by scattering. It involves all volume elements in the medium as a source of scattering
and called the path function or final radiance (Gordon & Morel 1983; Kirk 2011) and

is given as:

L'(z,0,0) = | B(z,60,¢,0,¢')L(z,6",¢")dw(0',¢") (5.16)
21

The volume scattering function $(z, 0, ¢, 8, ¢') represents the probability that the
radiance will be scattered between the initial light direction (6, ¢") of scattering and
the direction (6, ¢). In addition, the term L(z,0',¢')dw(6’,¢") is the element of

irradiance of a solid angle dw(6', ¢") forming an infinitesimal cone.

In oceanography remote sensing, it usually more convenient to use depth (z) from
the mean sea surface rather than using direction () along the beam path. Then, since
(r) is a function related to (6, ¢) same as (z) (Figure (5-9)) therefore:

dr = dz
r_cose

(5.17)
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And by recalling equation (5.15) we will get the relation:

0 W = —cL(z,0,¢) + L'(2,0, ) (5.18)

By integrating each term of the equation (5.18) to all angles:

dL(z,0,
J. cos 0 M dw
41T

e = —f c(z)L(z,6,¢)dw +f L (z,0,¢)dw (5.19)
41 4

[

The developed and the exact analytical solution of RTE of the equation (5.19) will be
as finalized (Mobley 1999):
dL(z,0,¢,1)
9 - -
dz
= —[a(z, 1) + b(z, D]L(z,6,¢,1)

2w T

+ b(z,/l)j jL(z,e',¢',,1)/3>'(z,9',¢' = 0,¢,0)sin8 do’'dep’
0 0

+5(z,6,¢,1) (5.20)

Given the I0Ps a(z,1), b(z,A) and the scattering phase function B(z,6',¢' —
0, ,2) that gives an angular distribution of scattered energy in a specific direction
(6, d) versus radiance being scattered in other direction (6’, ¢'); the internal sources

S(z, 8, d,1); and boundary conditions at the air-water surface and the bottom.

A number of approximate analytical and semi-analytical solutions to the RTE can be
derived after simplifying it in various ways as will be clarified in the following
paragraph. Thus, these approximate solutions are useful for isolating the main factors

influencing underwater radiances.

5.2.4 Bio-Optical Modelling and Algorithms Solution

In many aquatic systems, the optical properties of the water bodies are affected by
the biological activities (Widder et al. 2001). Therefore, the bio-optical modelling
designate to analyse and predict the optical properties of the water and its related

constituent substances. Based on this assumption, water studies started to remotely
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monitor the optical properties of water constituents such as chlorophyll-a (Chl-a) as
a proxy of phytoplankton and algal bloom, and CDOM as a measurable part of DOC,
while the total suspended solids (TSS) as an indicator for minerals and other solid
substances in water (Jerlov 1968). Bio-optical modelling and its solutions have been
concerned with the forward modelling theory or the inverse problem of water
components. The basic concept of the forward bio-optical modelling is by converting
the measured IOPs of water components to find the radiance distribution throughout

and leaving the water (Gordon et al. 1975), as shown by the scheme in Figure (5-10).

10Ps of the water Bio-optical Model
and measured | (e.0. Albertand ——— |  R(0-)opticas moder
concentrations Mobley model)

Figure 5-10: Schematic Diagram of Forward Bio-Optical Elements

In contrast, the inverse solution is to obtain water components from water colour
measurements as in the scheme in Figure (5-11). Given radiometric measurements

of underwater or water-leaving light fields target is to determine the IOPs of the

water.
—»| Dissolved Matter
inorganic bactria and
viruses
R(0-)remote sensing - 1OPs - Particulates
organic — non-living
= water
| phytoplankton
i Y
chlorophyll other pigments

Figure 5-11: Schematic Diagram of Inverse Bio Optical Elements
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Currently, bio-optical models were developed by the oceanographer to monitor and
measure the optically active water constitutes. Various studies in aquatic remote
sensing (Keith et al. 2016; Li et al. 2013; Miller et al. 2009) have demonstrated the
need for regional model based on a developed algorithm in order to obtain better
estimation for water constitutes. So, bio-optical models that might be developed and

could be locally useful in some areas are not in general applicable in other areas.

Water quality retrieval algorithms can be classified in different types according to
their formulation and goals (Odermatt et al. 2012). Five broad categories are found
in literature, and they classify into empirical, semi-empirical, analytical, semi-
analytical and quasi-analytical models, Figure (5-12). Empirical and semi-empirical
models are based on statistical relationships between in-situ measurements and
radiometric data. They generally use statistical relationships such as least square
regressions, neural network and stepwise regressions. While, semi-analytical and
quasi-analytical are depended on using RTE to establish a relationship between AOPs

and IOPs (Lee et al. 2002).

Empirical algorithms Analytical algorithms

Matrix

Neural
networks

Statistical Optimization Lookup

techniques tables

Inversion
Methods

methods

Inverse optjcal modelling

Optical models

Analytical Semi- Monte Carlo
model analytical simulation
model model

Forward optical modelling

Figure 5-12: Schematic overview of Bio-optical algorithms types
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The process used to estimate the absorption and backscattering is differed between
semi-analytical and quasi-analytical models. Where the estimation of a(1) and b, (1)
in the semi-analytical model is compute by the sum of main the water components
(tripton, phytoplankton and CDOM). On the other hand, absorption coefficients of
water components is compute using spectral decomposition in quasi-analytical

models directly from remote sensing reflectance.

The semi-analytical approach was chosen for this work for a number of reasons. It
has the advantage to be easily adapted with the sensitivity of the different
concentrations of water components and requires fewer field data. Also, it has better

performance in retrieval accuracy.

5.3 Materials and Methods

Some studies conducted by Gordon (1973); Jerlov (1976) and Mobley (1995) on the
spectral shapes of marine waters leads to a classification scheme of water
components that have a relation with the water-colour. These spectra such as
absorption, attenuation and remote sensing reflectance connect to water
components, can be used with different types of numerical or analytical models to
describe the distribution in light field and solve a wide range of problems in optical
remote sensing (Mobley & Sundman 2001; Gege 2005). They can be either simulated
or analysed using effective concentrations of the water components (e.g. CDOM,

phytoplankton and tripton).

Accordingly, the materials and methods section below describes the dataset and the
measured SIOPs of each SEQ station used to simulate and model the reflectance
spectra as a computer-simulated dataset or modelled in the inversion to achieve the
objectives of this chapter as presented in §5.1 and in Figure (5-1). Also, it introduces
the different simulation and modelling scenarios used to investigate the influence of
varying CDOM fractions and the other water components depending on the
surrounding environment for the inversion methods and how they could affect the

estimation of DOC remotely in the study area.
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5.3.1 Inputs Parameters and Synthetic Ancillary Data for the
Forward Modelling

The required dataset to implement the simulation and the forward optical modelling
of the developed algorithm were obtained from different sources, and it is divided

into:

a. Specific Inherent Optical Properties and Concentrations Dataset

The specific inherent optical properties and concentrations data of CDOM were taken
from water samples of the study area measured and determined as described in
(§2.9). While, the specific inherent optical properties of CDOM fractions (humic and
non-humic substances) extracted, determined and measured for some water
samples of the study area as described in detail in (§3.5). Data from Pope and Fry
(1997) used for pure water IOPs (absorption and scattering values). The other water
quality parameters, Chl-a and tripton concentrations were taken from published
standard values of the study area that were taken by O'Bree (2007); Campbell (2010);
Kirk (2011); Aryal et al. (2014); CSIRO and Bureau of Meteorology (2015).

b. Computer-Simulation Inputs Dataset to the Reflectance Spectra

Water reflectance spectrum can be simulated either with HYDROLIGHT® or
ECOLIGHT® software from “Sequoia Scientific Inc.”. Both study the connection
between the various inputs and outputs of a marine light field in a controlled
environment. They are radiative transfer numerical models that compute the AOPs
of water such as (irradiances, reflectances, diffuse attenuation functions, etc.) but,
they solve different versions of the radiative transfer equation with the same inputs
and much of the same outputs. The main difference between HYDROLIGHT® and
ECOLIGHT® is that ECOLIGHT® computes the azimuthally averaged radiance within
each solid angle band, while HYDROLIGHT® computes the directionally averaged

radiance within each quad as shown in Figure (5-13) (Mobley & Sundman 2001).
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Figure 5-13: Interpretation of computation theory of; left) HYDROLIGHT® right) ECOLIGHT®

The selection of using ECOLIGHT® was made in this work to avoid the need to use the
directional structure of the radiance distribution. Also, it is 100 times faster (Mobley
& Sundman 2001) and reduces the calculation requirement of HYDROLIGHT®, and the
upwelling light field contains all the optical information of IOPs relative to the depth
(Babin et al. 2008). Finally, it gives more accurate and faster simulation by band
averaging over azimuthal angles, as was explained in the previous paragraph of this
section. Simulation by ECOLIGHT® 5 that will be carried out in this work will not only
cover the natural concentrations of water constituents found in reservoirs of SEQ; it
covers the concentrations below and above the range for more general variety. This
extends the validity of the developed parameterisations to a wide number of case-lI
waters. Therefore, water reflectance of CDOM samples in SEQ was simulated
numerically using ECOLIGHT® 5 software product (Sequoia Scientific, Inc.) for high-

resolution dataset to achieve objective four of this work.

The input parameters of the selected 11 SEQ reservoirs were the measured spectral
slopes and absorptions of CDOM, Chl-a concentrations in addition to tripton
concentrations. The simulations did over contiguous wavelength bands

corresponding to MERIS sensor for SEQ sets of SIOPs values.

The water column has been assumed to be infinitely deep with disabling bottom

effects, and the radiometric quantities calculated for the subsurface only with typical
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weather parameters. The wind speed set at 1 m/s with assumes no cloud cover (clear
sky). The sun position was selected by default too so that the sun zenith angle was
(45°) while the Petzold phase function was selected and disabling the inelastic

scattering and a fixed value of f equal (0.38) was used.

A total number of (18424) simulation scenario were performed in ECOLIGHT® for all
reservoirs. For each reservoir, there were a number of simulations parameterized
with different SIOPs and different concentration values of CDOM, Chl-a and tripton.
We used different concentrations to closely represent the optical variability observed
in the study area, which affects the DOC concentrations and therefore on the CDOM-
DOC relationship as explained in Chapters Two and Three. Chl-a concentration values
recorded for SEQ reservoirs varied between 5 to 60 mg.m™~3 and recorded between
0.9to0 11.2 g. m™3 for tripton concentration values the ranges measured by SEQWater

and CSIRO and from the literature that was mentioned in (a.) in (§5.3.1).

Three levels between the minimum and the maximum concentration values of Chl-a
and tripton were used in addition to the values above and below the natural range (7
discrete concentration values in total for each one) so as to provide sufficient
coverage without producing large numbers of very similar spectra. While six discrete
concentration values of CDOM were selected and ranged between the minimum to
the maximum measured values for each station in addition to the values above and

below the natural range too (8 values in total) as shown in Table (5-2).

Thus, depending on the number of parameter values identified, resulting in 18424

concentration combinations.
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Table 5-2: The Measured and Natural Concentrations Range of SEQ Watersheds' Constituents With
the MIN and MAX Values and No. of Simulations Used to Simulate the Reflectance Spectra for Each
Reservoir in SEQ (sun zenith angle =45°) (Wind Speed 1 m/s) (Clear Sky Condition) (f = 0.38)

ECOLIGHT
®run

10

11

Water constituent concentrations’ inputs (the min and max

values below and over the measured and natural range)

Chlorophyll-a
(mg.m™3)

5-60
(natural
range)
3.75-75.0
(input range)

Tripton
(g-m™3)

0.9-11.2
(natural
range)
0.67-14.00
(input
range)

CDOM (aCDOM@4-40)

No. of

Simulation

(m1) per each
reservoir
measured X
. Input range (interval)
range (min- .
(min — max)
max)
0.49-0.66 0.37-0.82
0.42-1.00 0.31-0.75
0.65-0.81 0.49-1.01
0.35-0.56 0.26-0.70
0.87-6.00 | 0.65-7.50 392
219-310 | 164-387 | CeX
7Crg X
1.11-151 | 0.83-1.89 | 8Ccpom)
6.43-8.00 | 4.82-10.00
2.01-2.22 1.51-2.77
3.18-3.51 2.38-4.39
2.40-2.59 1.80-3.24

Total No. of simulations

No. of
Station S o. of
s and pzctr
SIOPs
6 2352
1 392
5 1960
7 2744
5 1960
6 2352
3 1176
1 392
2 784
5 1960
6 2352
18424

To capture most of the spectral variations of the simulated spectra, the simulated

reflectance spectra then convolved and resampled with MERIS (MEdium Resolution

Imaging Spectrometer) bands because there is a good agreement when using MERIS

data for CDOM estimation (Candiani et al. 2007; Doerffer & Schiller 2007; Hu et al.

2007). Table (5-3) show the multispectral bands of MERIS sensors and their

application that is suitable enough to use for monitoring case-ll waters in general.

The resampling done over the first 12 of 15 bands ranged between (400 — 800 nm).
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Table 5-3: Table of the MERIS spectral bands and their applications (Lee & Carder 2002).

MERIS Centre Wavelength +

Channel Number Bandwidth (nm) SEElE=HEY

1 412.5+10 Yellow substance and detrital pigments

2 442.5+10 Chlorophyll absorption maximum

3 490+ 10 Chlorophyll and other pigments

4 510+ 10 Suspended sediment, red tides

5 560+ 10 Chlorophyll absorption minimum

6 620+ 10 Suspended sediment

7 665+ 10 Chlorophyll absorption and fluorescence reference
8 681.25+7.5 Chlorophyll fluorescence peak

9 708.75 £ 10 Fluorescence reference, atmospheric corrections
10 753.75+7.5 Vegetation, cloud

11 760.625 + 3.75 Oxygen absorption R-branch

12 778.75+15 Atmosphere corrections

13 865+ 20 Vegetation, water vapour reference

14 885+ 10 Atmosphere corrections

15 900 + 10 Water vapour, land

Finally, no need to set the atmospheric parameters based on longitude and latitude
due to use ECOLIGHT® in contrast to HYDROLIGHT® that requires it. Only the wind
speed, cloud cover and solar zenith angle introduced to the model as mentioned
earlier. Using these simulations instead of measured spectra collected via air- or
space-borne remote sensing to be able to test the effects of different confounding

factors individually.

c. The Forward Bio-Optical Model to Derive Water Reflectance Based on the
Chemically Isolated CDOM Fractions

To derive R(0—, A) of the study area using forward bio-optical model, the use of semi-
analytical approaches and the need for IOPs dataset is required. The primary inputs
for the parameterisations this time were the measured SIOPs of CDOM fractions and
their concentrations, in addition to the dataset that was explained in (§5.3.1.a and b)

for pure water, phytoplankton and tripton. Linking the measured SIOPs of CDOM
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fractions with the reflectance spectra is essential for this study to achieve objective

five of this work and to progress to the next step of estimating DOC.

The parameters required for the model are the total absorption and the total
backscattering. For optical modelling purposes, the measured IOPs values are
proportional to the accompanying concentration values and represent the specific

inherent optical properties. That means the total absorption can be modelled as:

ar(A) = ay Q) + ag (). Cp + arr (D). Crg + acpom(N)- acpom (440) (5.21)

The chlorophyll a specific absorption coefficient a(’;, was obtained by normalising the
absorption due to phytoplankton by the chlorophyll a concentration. Similarly, the
tripton mass specific absorption coefficient a;p was obtained by normalising the
absorption due to nonalgal particles by the weight of the total suspended material

less the weight of the phytoplankton.

The specific absorption spectra for tripton were fitted to the model:

aip = aip(A,)expSA=20) (5.21a)

With 1, = 550

To give a better description of the CDOM estimation and to achieve the objectives,
using two components of the CDOM absorption model was adopted in the bio-optical
model that used in this study. Assuming this hypothesis has been based on some
research conducted by Carder et al. (1989) and Laanen (2007). From the obtained
results in chapter three and four of this work that which showed that the estimation
of DOC had slightly improved when using these CDOM fractions. But, the most
important finding in this work, not all DOC in CDOM can be chromophoric. Therefore,
equation (5.21) was reformulated to suit the requirements and hypothesis of this

work to become:

ar(d) = ay, (D) + ap, (D). Cy + arr (). Crg
+ [agsV). aps(440) + ayys(D). ayys(440)] (5.22)

While a three-part backscattering model used in this work:
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by(2) = 0.5b,, + bjrr(D)Crg + by (DCy (5.23)

Where, a; (1) the specific absorption coefficients, b;; (1) the specific backscattering
coefficient both at wavelength A for a unit constituent of water component i, by, (1)
the backscattering coefficient at wavelength A, and C; the concentrations of the ith

component of the water column.

For this study, the most common semi-analytical optical model developed by Gordon
et al. (1975) for waters was utilised and designed to find R(0—, 1). Therefore, the

selection was made, and the following equation is to link /OPs with R(0—, A):

R(0—, 2) _ by (1)
" Moptical-model — f(wb' #o)m (5'24)

For convenience w; will be defined as:

b, (1)

wp = m (525)

Where f(wy, l,) (proportionality factor) is an empirical factor depends mainly on
the illumination conditions such as zenith angle (set to be 45°) and water scattering
(solar and viewing geometry). Formulas proposed for estimating R(0—, 1) in the
literature (Dev & Shanmugam 2014; Pravin et al. 2015; Neukermans & Fournier 2018)
showed acceptable results when the f — factor was expressed as f = 0.975 —
0.629 or even as a constant equal to 0.33 or 0.38. Hence, in this study, the f —
factor will be constant equal (0.38) because there is no need to study its effect due
to sun position on R(0—, ). Thus, the R(0—, A)opticai-moder Calculated from the
forward bio-optical model and R(0—, 1) simuiatea Simulated on ECOLIGHT® should be
optically matched. Furthermore, the utilised bio-optical model has included the
effect of CDOM fractions mainly because it based on the combined of HS and NHS
SIOPs.
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5.3.2 Inversion the Forwarded R(0—, A) using Matrix Inversion
Method (MIM)

Inverting the reflectance spectrum of both R(0—,A)opticai-moder and
R(0—, D gimuiatea to estimate the DOC concentration was done with respect to
changes in IOPs and AOPs. A correct inversion approach is required for better DOC
estimation from the reflectance spectrum. There are several inversion methods
available to use including the Matrix Inversion Method (MIM), Lookup Tables (LUTs)
and Neural Networks techniques. This work concentrated on MIM approach because
it leads to a fast and easily unique solution to the problem and yield the best results.
MIM theoretically is the best but in practice, it does not necessarily achieve the best
outcomes because of its sensitivity to small errors in the spectrum. MIM was done by
linearizing and subsequently solving the Gordon et al. model (Gordon et al. 1975) that

shown in equation (5.24).

Two inversion methods were used, the direct simple MIM method and the developed
MIM method. The direct simple MIM method was applied by inclusion equations
(5.21 and 5.23) into equation (5.24) to the R(0—, 1) simuiatea to derive (Chl, TR and
CDOM) and the results were validated against the inputs values. While the developed
MIM method was applied to the R(0—, 1) opticai—moder to derive (Chl, TR, HS and
NHS) and the results were validated against the inputs values. The developed MIM
method was implemented by substituting equations (5.22) and (5.23) into equation
(5.24). Constructed a linear algorithm system relating to the input data to MIM was

as follows:
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R(0-,2) _ (0.5by, + byrgr(D)Crg + by (1)Cy) (5.26)
flwp o)~ (aw +ay(D).Cy + azg(D). Crg + [afs(D). ays(440) + ayys(D). ayps(440)]) + (0.5by, + byrp (D) Crg + by (D) Cy) '

Where p, is the cosine of the sun zenith angle and w,, is the backscattering albedo.

Since the IOPs and AOPs depends on the wavelength, unlike the water component concentrations. Therefore, if there are n bands, the equation

(5.26) will be a set of n equations as shown:

440Y. ajs (1) 20 240y, @z (). ROZA o (e . RO <1_ R(0 A))
apys( ).ays + ayus( )- Anks F(wp, it 0) Tr-| ATR Flwp 1) pTRA). f—(wb,ﬂo)

f( Wp, U 0)
+C¢( o8 be'(l f(wb.uo>>>
_ _RO=D)_ - RO
—O.S.bbw.<1 f(wbrﬂo)> o) (5.27)

150



Equation (5.27) can represent in a matrix form as:

RO * R(O0— 1) RO-1) . R(0—, 1) R(0—,24) ., R(0—,21)\ T
WD Fap gy M Py T ) bm@)(l‘f(wb,uo)) " Fwn, ) bw(.m(l_f o)
e KO- 1) RO-A) . (. RO-1,) RO-2) . _ R0~ 1)

_aHS(An)'f(a)b,,uo) aNHS( n) f((‘—)b #o) TR( n) f(wb O) bbTR(/ln)-<1 f(wb:.uo)> ¢( n) f( o) bb¢(An)'<1 f(wb:.uo))-nx4

_ R(0—,1,) R(0—, A1) ]
- bow (A1). (1 f(wb»#o:)> W) ) f(wp, ko)
o (5.28)
¢ 4x1 R(0—, A ) R(0—,4n)
oo (1= T ) - 75
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Or,
AX=B (5.29)

Where A and B are the dimension matrices with the n number of bands, and X is the
matrix variables (ays, ayus, TR and ¢). The solution of the above matrices typically

will be:

ALAX=A"1B (5.30)
And by simplified the solution then becomes,

X=A"1B (5.31)

Because the MIM are more than three bands, it should be using the least square

method to obtain water component concentrations.

5.3.3 Data Analysis

The forwarded modelled spectra and the computer-simulated reflectance spectra
optically they should be close. First, the mean absolute percentage error (MAPE)

calculated as:

R (0_: A)simulatedi —R (O—, A) optical-model;

MAPE =
R (O_: A)simulatedi

x 100 (5.32)

The coefficient of determination (R?) calculated between both curves of the
R(0—, 1) for each reservoir. Then measuring how much error there is between the
two spectra of the R(0—, 1) was done by using Root Mean Square Error (RMSE). The

theoretical formula used to compute RMSE is through the following:

?:1(R (O_:A)simulatedi - R(O_f/1)optical—modell-)2
RMSE = (5.33)

n
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While the inversion model performance was evaluated using the Normalized Root
Mean Square Error (NRMSE). Normalising the RMSE is to facilitate the comparison
between the models, and it is calculated by dividing RMSE by the concentration range

using the following expression:

RMSE
NRMSE = ————— (5.34)

Cmax - Cmin

In SPSS® software version 7 differences accuracy between both spectrums values

were determined in addition for the rest statistical operations.

5.4 Results and Discussion

As was explained earlier, the proposed scenario for this chapter is consists of several
parts; the first part is to simulate the subsurface reflectance using ECOLIGHT®
parameterised with the measured total CDOM per-sample SIOPs only that we called
R(0—, D simuiated- The second part is to model the subsurface reflectance using the
developed bio-optical model in this work (equation (5.29)). This model is based on
Gordon’s et al. model, CDOM fractions of humic and non-humic substances were
used. The resulted R(0—) we called R(0—, 1) opticai-modet- AlsO, the results of the
inversion and retrieving validity were then compared between them and with the
original concentrations and examine the confounding effect of other water

constituents on the estimation of DOC.

5.4.1 Simulated SEQ Subsurface Reflectance using ECOLIGHT®
(Radiative Transfer Model)

A four components case-ll model in ECOLIGHT® was used to extract
R(0—, D simutatea Using per-sample CDOM-SIOPs and various concentrations of the
water constituents (CDOM, Chl and TR) that simulated SEQ reservoirs and then
convolved with the most relevant MERIS bands. The simulation was performed not
only over the natural concentration range of water constituents that were mentioned

in this work for the study area but also below and above it for two reasons. First, to

153



cover a broader range of concentrations, secondly, to examine their variations and
their effects on the standard inversion of the estimation of DOC in the study area.
Figure (5-14) shows the outputs of the average reflectance spectra of ECOLIGHT®

simulation of the 11 SEQ watersheds for this study (18424 simulations).

A closer examination of each simulated spectrum reveals that the reflectance ratio is
low in the range between 400-500 nm due to the high absorption of CDOM. As well
as, the high absorption of tripton and part of the phytoplankton which interferes with
the absorption of CDOM in this wavelength range that affected on the reflectance
spectrum. The simulated R(0—, 1) that contains the normalised CDOM absorption
dataset implicitly with the other water constituents showed high variation beside a
variety in their spectral shape that can identify. The absorption feature in the red
band between 650 — 700 nm is caused predominantly by algal pigments followed by
low absorption caused dome-shape in the spectrum, which results from CDOM,

suspended sediments and chlorophyll absorption at short wavelengths.
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Figure 5-14: The Average Simulated R(0—, 4) of SEQ Study Sites Using ECOLIGHT® (f = 0.38)

While the maximum, minimum and mean R(0—, A) simuiatea Values of the study area
in total are shown in Figure (5-15). It increases with increasing the wavelength to
reach its peak at 580 nm approximately and then begins to decrease gradually

towards 700 nm. Strong hump-shape can notice at the 700 nm, which is caused by
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TR. The mean R(0—, A) simutatea SPectrum for the study area and the 95% confidence

intervals results are shown in Figure (5-15).

0.1
MEAN
0.09 1 ,
-------------- LWR_con_95%
0.08 4 ,’/, 8 e UPR_con_95%
0.07 4 / \\_ ———-— Minimum
- s ".
%0.06; // LS, ———-- Maximum
5 0.05 3 v
=) ] -
¥ 0.04 7 e
0033 -~ el
0.02 ] e
0.01 —" -
o
400 450 500 550 600 650 700 750 800
wavelength (nm)

Figure 5-15: Minimum, Maximum and Mean values with the 95% Confidence Intervals
of the Simulated R(0—, 1) of SEQ Reservoirs Extracted in ECOLIGHT®

5.4.2 SEQ Subsurface Reflectance Spectra Extracted using the
Bio-Optical Model

Another forward model was built to find the R(0—,A)opticai—moder Using the
measured per-sample SIOPs of CDOM fractions this time according to the scenario
and objectives of this work. The developed Gordon model in this work was used
(equation 5.29), each sampling location parameterised with its own measured and
fractionated concentrations and SIOPs, fixed value of f equal (0.38) was used. The
execution was done using an IDL subroutine program, and the results were (10976)

spectra.

Figure (5-16) shows the average R(0—, 1) opticai-moder Of €ach reservoir. As expected
the same spectral variations that were in the simulated spectra (Figure 5-14) have
been noticed because they caused by scattering and absorption characteristics of the
water body components. The reflectance values scaled between 0.03 for
Advancetown Lake to 0.08 for Lake Perseverance Dam. The maximum in Chl
absorption occurs between 660 nm and 680 nm bands, which reflected as a trough
in the reflectance spectrum. While Figure (5-17) shows the minimum, maximum and
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average R(0—, ) opticai-moder SPECtrum of all stations and reservoirs in the study

area and the calculated 95% confidence interval that contains the mean of the ranged

values.
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Figure 5-16: The Forwarded R(0—, A) Spectrum of SEQ Study Sites Derived from Using the
Developed Bio-Optical Model of Gordon in This Work (f = 0.38) (10976 spectrum)
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Figure 5-17: Min, Max and Mean Values with the 95% Confidence Intervals of the Modelled
R(0—, 2) of SEQ Reservoirs Extracted Using the Developed Model of Gordon in This Work.

The average modelled and simulated SIOPs of absorption and backscattering spectra

of each of the 11 reservoirs are given in Appendix (A).
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5.4.3 Optical difference and Assessing the Similarity in Deriving
Both (R(O_)simulated and R(O_)Optical—model)

In Figure (5-18) a comparison between the model-derived and the simulated-derived
reflectance curves of all selected water bodies in the study area; the dashed blue line
represents the modelled R(0—, ) and the solid green line represents the simulated
R(0—,1). Both displayed the similar distribution regarding magnitude and
relationship with CDOM variability and the confounding effect of both components
(Chl and TR). MAPE was predominantly < 8% in overall and gradually decreases with

increasing wavelength followed by a steep decline at 580 nm (Figure 5-19).
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Figure 5-18: The Similarity between Both mean Simulated and mean Modelled R(0—, 4) Spectrum of
SEQ Reservoirs
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Figure 5-19: The Mean Absolute Percentage Error (MAPE) between the Simulated and Modelled
R(0—, 2) Values of SEQ Reservoirs
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The average RMSE of the optical difference between the two spectra is 0.003 with a
standard deviation of 0.001. The absolute mean of the modelled spectra falls very
close to within the mean of the simulated values, suggesting that modelled values
are reasonable and vice versa. The RMSE was used to express the differences
between both spectra derived from MERIS bands data and is displayed in Figure (5-
20). The simulated and modelled R(0—) spectra were relatively similar at all

wavelength and RMSE decrease towards longer wavelength.
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Figure 5-20: The RMSE between the Simulated and Modelled R(0—, 1) Values of SEQ Reservoirs
derived from MERIS data

Figure (5-21) shows the full visualisation of how the average simulated and modelled

R(0—, 1) spectra of each reservoir in the study area are matches.
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Figure 5-21: Visualisation of matching between the Simulated and Modelled R(0—, 1) Values of
Each SEQ Reservoirs
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Statistical analysis between R(0—,1) modelled and R(0—, 1) simulated of each
reservoir were implemented. The R? for all reservoirs are high and the RMSE is low,
it can conclude the best matches between all spectra achieved. A more detailed

inspection of the statistical values listed in Table (5-4).

Table 5-4: Statistical Comparison Between Modelled and Simulated Spectra for Each Reservoir in
the Study Area

Number of Spectra

Reservoir B B —
modelling simulation
CCR 1176 2352 0.015 0.99
LPD 392 392 0.018 0.99
LCB 784 1960 0.022 0.99
WIV 1960 2744 0.037 0.98
LSD 1176 1960 0.039 0.98
SAM 1176 2352 0.005 0.99
LWE 1176 1176 0.050 0.96
TIN 392 392 0.006 0.99
ADV 784 784 0.031 0.96
LLD 784 1960 0.020 0.99
MOO 1176 2352 0.009 0.99

On average, the modelled R(0—, 4) spectra are similar in shape and height to the
simulated R(0—, 4). Another noteworthy feature in both modelled and simulated
spectra are the fact that their reflectance peak around 550 nm —575 nm and 696 nm
— 705 nm. This phenomenon is due to the relatively high specific tripton absorption

observed in case-ll waters.

5.4.4 The Dependency of R(0—) Spectral Shapes on the
Absorption and Scattering Properties

Since R(0 —) is related to the backscattering and absorption of all the optically
significant water constituents, therefore, a non-linear dependency relationship
between the simulated and modelled R(0—) with backscattering albedo w; (was
established, as presented in equation (5.27)). This dependency allows the influence
of the variables (wind speed, solar zenith angle, the proportionality factor f) on the
reflectance spectra to be analysed and adopt the results. Figures (5-22 A and B)

illustrates this non-linear relationship.
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The advantage of this non-linear parameterisation is the separation of the
dependences on the IOPs and ambient illumination conditions to ensure they have a
small effect on the results. As presented in Figures (5-22 A and B), no significant

observed variability related to the viewing geometry can be noticed because of the

by
a+bb

same values of the constants have been adopted for the simulation and modelling.
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5.4.5 Retrieving Water Quality Parameters Using MIM Inversion

It is now possible to retrieve water component concentrations from water subsurface
reflectance spectra for all the study locations using the selected inversion technique.
This inversion performed under fully controlled conditions by using the simulated and
the modelled data over the inputs. A flowchart represents the necessary steps to

obtain a suitable final outputs data is shown in Figure (5-23).
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Figure 5-23: The Inversion Steps of the Simulated and Modelled R(0—, 1)
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First, the direct simple MIM method was applied to the R(0—, A)simuiateda @S Was
explained in §(5.3.2) to retrieve water components concentrations from 47 simulated
spectra of the sampling locations. The inversion results were Chl, TR and CDOM from
this inversion method to the simulated R(0—, A) and are shown in Figures (5-24 A, B

and C) and listed in the Table (5-5).
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Figure 5-24: Inversion Results for A) TR, B) Chl and C) acoom(440) for the Standard Inversion by
Embedding Equations (5-24) and (5-26) Into Equation (5-27)

Table 5-5: RMSE and NRMSE for the Study Location Using the Standard Inversion

TR Chl CDOM
Reservoir
NRMSE (%) NRMSE (%) RMSE NRMSE (%)
CCR 0.087 6.29 0.018 2.57 0.003 0.50
LPD 0.029 2.18 0.026 3.58 0.005 0.83
LCB 0.021 1.54 0.018 2.33 0.023 3.83
Wiv 0.049 3.62 0.034 4.86 0.028 4.67
LSD 0.041 3.03 0.029 3.85 0.097 6.17
SAM 0.083 6.10 0.029 4.33 0.028 4.67
LWE 0.063 4.62 0.032 4.16 0.009 1.50
TIN 0.044 3.25 0.030 4.29 0.019 3.17
ADV 0.027 2.11 0.013 1.94 0.002 0.33
LLD 0.025 1.87 0.020 2.79 0.012 2.00
Moo 0.040 2.96 0.022 3.15 0.051 8.50
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The correlation coefficients for all retrieved components ranged between (0.95 —
0.99). The retrieval is very accurate when using the per-sample CDOM-SIOPs dataset
not only the correlation is over 95%, but also the low NRMSE values indicate less
residual variance between both inputs and outputs values for the simulated
reflectance spectra. clearly the inputs and outputs values are in good agreement. This
stage is essential to describe and visualises the uncertainty variation in R(0—) due to

the effect of ay and byp.

Moving forward to discuss the finding results of inversion the bio-optical model
results performed using the linear technique of MIM and its scenario by the used
equations explained previously in §5.3.2. to the spectra were inverted using an
unweighted version of MIM as detailed by Campbell and Phinn (2010) and the
equations detailed in §5.3.2.. The inversion was done on the forwarded modelled
R(0—) using the normalised absorption data of humic and non-humic substances
modelled with the multi-component equation (equation 5.29). A 27 location
reflectance spectra inversed represents each selected station in the study area. The
outputs water quality parameters this time composed of (Chl, TR, HS and NHS). The
retrieval of HS and NHS data from CDOM absorption might provide valuable
additional water quality information for water quality management. The results of

the inversion approach are present in Figures (5-25 A, B and C).
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Assessing the relationship between the inputs and outputs values of this inversion
for all the water components was done statistically, and the results listed in Table (5-

6).

Table 5-6: RMSE and NRMSE for the Study Location Using the MIM Inversion for Bio-optical Model
of Multi-component (HS and NHS)

TR (0]} CDOM (HS+NHS)
Reservoir

NRMSE (%) RMSE NRMSE (%) RMSE NRMSE (%)

CCR 0.040 3.01 0.224 3.23 0.009 19.59
LPD 0.057 4.21 0.173 2.59 0.012 15.37
LCB 0.051 3.69 0.174 2.53 0.012 17.86
wiv 0.070 5.53 0.309 4.19 0.015 19.61
LSD 0.037 2.84 0.277 3.89 0.021 3.06
SAM 0.047 3.27 0.198 2.93 0.022 8.27
LWE 0.048 3.55 0.205 291 0.008 8.64
TIN 0.049 3.90 0.179 2.70 0.010 1.90
ADV 0.061 4.81 0.202 3.02 0.004 3.47
LLD 0.058 5.01 0.275 4.12 0.012 5.23
MOO 0.081 6.26 0.331 4.47 0.019 11.71

The inputs and outputs values for the three water components linked by a highly

significant linear relationship (R%(0.98 — 0.99)) with a slope close to (+1).

5.5 The Implication of DOC retrieval from both (acpom—moder) and

(aCDOM—simulate)

Measurements of DOC concentration and CDOM absorption were used to calculate
DOC-normalised specific absorption coefficients expressed here as apc(4). Fichot
and Benner (2012) have confirmed this possibility. In this work, developing equation
(2.4) (in chapter two) to calculate the specific absorption coefficients from CDOM

absorption coefficient and DOC concentration to be:

apoc(d) = acpou(4)/DOC 5.38
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A key issue for deriving DOC estimates from the R(0—) observation first relies on an
accurate estimation of CDOM absorption properties. A direct relationship between
CDOM absorption at (440 nm) and DOC cannot be generalised because it does not
represent real concentration values, as was demonstrated in Chapter Three.
However, information held by apo-(4) can exploitable representing a possible

alternative for deriving large scale DOC estimates.

The connection between CDOM sources and its spectral slope coefficient (S), that
clarified and tested in the previous chapters has a great impact in estimating DOC by
including it. Thus equation (2.3) (chapter two) is the key to include the variation of
the spectral slope range of CDOM to be appropriate for investigating CDOM/DOC
relationship in the study region. From the previous results of chapter two, the median
value of (S359_gg0) Was 0.0181 for SEQ study locations which will be used in

estimation DOC from acpom—simulate -

The results of estimates DOC from CDOM absorption using the simulation data is
represented in Figure (5-27). On average, DOC retrieved with a relative match-ups
accuracy of 40 — 42 % between measured and estimated values (R? = 0.58, N = 47
and RMSE = 2.70). The results showed weak agreement between the measured and

estimated values because of the more optically complex waters.
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Figure 5-27: validation match-ups comparing measured and estimated DOC concentration values
retrieved from (acpom—simutate)) SPECtra
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The second proposed DOC concentration estimation was performed using the
retrieved ays(440) and ayys(440) values from the R(0—, A)opticai—moder- TWO-
term models of HS and NHS have been used to predict DOC (§5.3.2) including both
absorption at (440 nm) and inclusion of spectral slope (S350_¢g0) for average HS and
NHS. The use of CDOM fractions (HS and NHS) is necessary to assess the regional
variability in the relationship between CDOM and DOC across the region and examine
factors that control such variability. The predicted values of DOCyg, DOCyps and
DOCcpom are represented in Figure (5-28). Table (5-7) summarise all regression
equations of those 11 SEQ lakes sampled in this study to predict DOC from absorption
at (440 nm).
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Figure 5-28: validation match-ups comparing measured and estimated DOC concentration values
retrieved from; A) (ays)) spectra B) (ayys)) spectra C) Cumulative total DOC from HS and NHS

Table 5-7: Regression equations to predict DOC from CDOM absorption at (440 nm) for SEQ
reservoirs. All Regression were highly significant (p < 0.0001)

Slope intercept
DOC¢pom -simutate) 47 0.83 2.02 0.58 2.52
DOCys.inus 28 0.96 0.89 0.78 3.22
DOCys 28 0.97 0.35 0.71 1.82
DOCyys 28 0.95 0.54 0.67 2.54

The DOC estimation results correlated strongly with CDOM absorption of HS and NHS
(R? = 0.78) than with CDOM absorption of single exponential value (R? = 0.58) as
explored in the previous chapters. The reason for the strength of this relationship is
attributed to the distribution ratio of DOC among CDOM fractions according to their
sources. Thus, the multi-components model leads to 20 -25 % higher estimates,

comparable to the inversion using the per-sample CDOM-SIOPs sets.
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5.6 Spectral Decomposition of the Simulated CDOM Absorption
Spectrum

A successful inversion performed using CDOM fractions to retrieve and predict DOC
concentrations were proved. In order to test if the same improvement is possible to
get when implementing the same approach of separating CDOM spectrum into its
fractions to provide insights into CDOM origins without resorting to chemical analysis
as was applied in Chapter Three. Also, the results obtained in Chapter Three showed
that not all CDOM fractions are chromophoric and these non-chromophoric fractions
contain about (8.9% - 22.4%) of the total DOC in CDOM (Table 3-13). Therefore, for a
better estimation of DOC concentration, describing CDOM absorption spectra as a
multi-component curve constituent of HS and NHS instead of using CDOM as a single
component is the essence of this work. As was described in Chapter Four of this work
that gave a good description of the relationship between CDOM absorption and DOC
concentration and between CDOM absorption and its sources, in this chapter the
spectral decomposition technique will be carried out too on the simulated CDOM

absorption spectra resulted from the ECOLIGHT® simulation.

A 28 acpom-simulate SPectra were decomposed into their major influential
components of (HS and NHS) using the linear least squared regression approach
(LLSR) based on the SEQ maximum and minimum end-members (slope values) that
were described and tested in §(4.7). This method adopted after test it and provided
the best results compared with the other ways that tested in the previous chapter.
The outputs parameters of using LLSR approach are a combining of five components
ays(1y), anus(4), DOCys, DOCyys and K; they should lead to the best agreement
between the measured and the estimated values for both absorption and then DOC
concentration. The spectral decomposition results of ays(4,) and ayys(4,) were
compared with the measured absorption values of the humic and the non-humic

substances, as shown in Figure (5-29).
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Figure 5-29: The Retrieved Values of HS and NHS Using Spectral Decomposition on the
Retrieved CDOM Absorption Spectra from ECOLIGHT® (a¢pom - simutate))

Overall the measured and the estimated absorption at (440 nm) of the two fractions
were highly correlated (ayys: N = 48, R? =0.9725, p < 0.001) and (ays: N =48, R% =

0.9696, p < 0.001) and most values are close to the 1:1 line.

DOC concentrations were predicted from using the same expression for the
combination of ap-(440) as the ratio of a,y to the total DOC in §(5.5). While the
other results of performing LLSR of the spectral decomposition technique showed
approximately the same coefficients of determination between the predicted and

measured DOC values.
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5.7 Chapter 5 Conclusions

In this chapter, it was necessary to be reviewed and discussed the theoretical
background of hydrologic optics of water quality parameters first to give a clear
perception for the reader to consider this work as a scientific assistant reference. The
analytical aspects of IOPs, AOPs and RTE, were first introduced because they serve as
the basis of the characteristics of the optically active water constituents. Water
reflectance is important in remote sensing of water-colour and used to estimate the

concentrations of Chl, TR as a reference and CDOM (then DOC).

In general, the aim was to examine how well the estimation of DOC concentration
will improve by using CDOM multi-components absorption model compared with
using CDOM single exponential model in the inversion algorithm. Two forward
models of water reflectance were established and then investigated how well they
can be inverted using MIM inversion approach to retrieve CDOM accurately and then

DOC concentration.

ECOLIGHT® simulation was used first to simulate R(0—) curves under the conditions
found in SEQ waterbodies. The aim was to show the contribution of various water
components of different concentrations beside CDOM-SIOPs on the water
reflectance. ECOLIGHT® has a unique ability to isolate changes in the reflectance

(R(0—)) due to SIOP’s or spectral variability.

The simulation showed how the contribution of the other colour producing agents in
the water (e.g. Chl and TR) affected the retrieval accuracy of CDOM. In some SEQ
locations where CDOM moderated, but other concentrations are low, water
reflectance is lower in the blue band suggests a strong CDOM absorption, and the
reflectance trough at about 680 nm is due to the fact that Chl effect was included in
the simulations. Increasing Chl and TR generally resulted in higher reflectance across
the visible and near-infrared spectrum. While increasing CDOM led to low
reflectance, especially below 500 nm. Thus, an inverse relationship between the
absorption and reflectance recorded. This simulation also could be essential to
provide a database of R(0—) curves for SEQ that can be used in future studies as a

reference.
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On the other hand, R(0—) was modelled using Gordon-Walker semi-analytical
optical model that was developed in this work by using multi-components of CDOM
absorption spectrum (HS and NHS) to improve DOC estimation. Modelling the study
area data revolves around two issues: (1) developing a theoretical model to present
the study area data; and (2) categorising IOPs of water constituents in SEQ
watersheds as a function to the consistency of CDOM origins. As a result, a bio-optical
modelling approach was generated for determining and studying the variations of
optically active CDOM fractions at a regional scale as presented in equation (5.29).
There was no need the effect of the sun position and the atmospheric effects on
R(0—); were outside the scope of the work therefore, the anisotropy factor (f) was

assumed as a constant equal to 0.38 in both simulation and modelling process.

For the investigation of the dependence, accuracy check was necessary to check how
the forwarded models match its ECOLIGHT® simulations. The percentage error

between the R(0—, A)simutatea @and R(0—, 1) modeliea Was calculated (<8%).

The validity of MIM results from comparing both retrieved (acpom—moder) and
(acpom—simuiate) Showed an advantage of using the multi-component model which
has the ability to provide extra water quality information given by water humic and
non-humic substances. Where SEQ watersheds tend to be inhomogeneous due to
their high allochthonous CDOM that reflected in a variety of spectral shapes of R(0—)
suggesting a diverse set of bio-optical properties for SEQ locations and at most it
tends to turbidity. The presented method to estimate DOC from (a¢pom—moder) Which
based on the multi-component absorption model showed significant improvement
(R? = 0.78) than using a single exponential model (R? = 0.58). Thus, the same good

results obtained in chapters three and four in line with the goals of this research.

Finally, variation in the spectral slope among SEQ reservoirs whether for CDOM
samples or for the fractions causes conspicuous inconsistency in the remote sensing
reflectance spectra. The composition of CDOM in natural waters contribute to the

large variability in their absorption and then in its reflectance properties.
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Chapter 6

Conclusions and Outlook for Future Work

6.1 Summary of the Thesis

As reviewed at the beginning of this thesis, carbon dioxide is absorbed from the
atmosphere at the water surface and converted into DOC which constitutes about
90% of the dissolved carbon in the aquatic system (Sobek et al. 2007). DOC is an
important component in the carbon cycle and climate change. It enters the aquatic
system from terrestrial sources such as soil or it generates within the water body
itself through the primary production of phytoplankton or from organic matter.
Organic matter comprises live organisms such as plants and animals, remnants of
organisms, dead organisms yet to decompose, and organic compounds resulting from

the decomposition processes in water. Increasing organic matter in water cause

176



lowering oxygen and increasing DOC in water and make it unusable for human and

animal consumption and it could be identified as a source of organic pollution.

The most important fraction and the major form of the organic matter is the dissolved
organic matter that plays a significant role in the aquatic system. DOM has been
defined as the materials that consist of carbon atoms and could pass through a given
filter below 0.22 um (Bukata et al. 1995). It is brown in colour and in sufficient
concentrations tint the water to yellowish brown. For remote sensing applications,
CDOM is the optically measurable component of DOM in watersheds which is used

as an indicator of the DOC in the aquatic system.

Some varieties of DOC have no colour and remote sensing cannot determine it
directly, therefore, CDOM absorption could be a good indicator and can be used as a
proxy to estimate the amount of DOC concentration in the aquatic environment. But,
remote sensing measurements of DOC can only be done if there is a good relationship
between CDOM absorption at a reference wavelength (440 nm or 350 nm) and DOC
concentration. So, estimating DOC from optical remote sensing requires a durable

relationship with CDOM.

This good relationship does not exist over most of the waterbodies because CDOM
concentrations vary both spatially and temporally. The chemical composition and the
complex heterogeneity of CDOM vary due to its sources affect the strength of the
relationship with DOC too. Some studies in many Australian and some international
waters showed it is not simple and not easy to estimate DOC concentration in the
near-surface layer using satellite data, because it sometimes correlated with CDOM,
and sometimes not. Therefore, knowing the local relationship is important to

improve water constituent retrieval accuracy from remote sensing.

Based on what previously mentioned and specified in chapter one, the aim of this
study was to demonstrate the use of CDOM fractions if they could help in improving
the estimation of DOC in reservoirs for large scale areas that subject to heavy impact
from the surrounding as in the selected study area. We investigated 11 diverse water
bodies in SEQ, first, we examined if a correlation between CDOM absorption

coefficient and DOC could be established to understand the variation in the CDOM
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optical properties due to its composition and sources. The investigation approach
was by decomposing CDOM into its major groups as addressed in chapter three and

measuring their absorption spectra separately.

Also, testing the hypothesis that including the spectral slope of CDOM spectra would
improve the regression between CDOM absorption coefficient and DOC. We focused
on the effect of CDOM fractions in parallel with the change in concentrations of Chl-
a and TR on the reflectance spectrum using the data collected from SEQ for

estimating DOC and determine errors sources in retrieving CDOM.

This thesis is designed to answer the main research question that was stated in §1.5,

that is:

“Can the estimation of dissolved organic carbon DOC within inland water
reservoirs be improved by using different approaches to the remote sensing of

CDOM concentrations?”

Besides the major question, some minor questions have emerged to answer them

through this research which are:

1. “How do the sources of organic matter (allochthonous and autochthonous)
affect the optical properties of CDOM and know the remote sensing

reflectance?”

2. “Does separating CDOM into its major groups of humic and non-humic and
modelling them separately prior to input them to the optical model improve

CDOM and hence DOC estimation?”

There was a range of approaches and assumptions to support the ability to achieve
out the aims and answering the research questions through a list of required
objectives. In the section below each objective is restated and the key findings of

each objective will list.
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6.2 Objectives’ Findings

In order to achieve research’s aim and answering research questions the findings of

each objective are summarized as below:

6.2.1 Objective 1 (CDOM Measurements)

“To sample SEQ reservoirs and determine the variation in the CDOM composition,

spectral absorption and CDOM spatial changes.”

The outcomes of this objective obtained from chapter two of this thesis are
significant to understand the nature of SEQ watersheds. In addition collect
information about some set of important parameters which considered as the key for
the upcoming objectives (e.g. CDOM slope variations due to its sources). Generally,
to characterize the study area, knowing pH values within the selected water bodies
is significantly important. Increasing in pH of water would increase in light absorption
by CDOM causing a change in its optical properties and therefore on DOC estimation.
The results of measuring the acidity and alkalinity on the pH scale were within the
normal values according to the Australian and New Zealand guidelines for fresh and
marine water quality (2000) with some variations between the watersheds. The
measured values of CDOM concentrations did not exceed the normal limit ranges of
measured and documented values for Australian waters too. CDOM concentrations
differed between the stations due to different inputs from the surrounding areas.
There was limited variation in CDOM specific absorption within and between the
sampled water bodies. The limited measurement range of CDOM specific absorption
coefficient cannot be adopted in differentiate between the sources and types of
CDOM because of the slight variation in this coefficient that indicates the consistency

in CDOM sources.
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6.2.2 Objective 2 (CDOM Fractionations and DOC
Measurements)
“To examine the regional relationship between the total DOC with CDOM absorption

spectra and with CDOM fractions.”

This objective is based on measurements of DOC concentrations and CDOM optical
measurements that were illustrated in chapter two and chapter three of this thesis.
All of DOC concentrations were sitting within the Australian normal range of lakes
and reservoirs. From the spatial distribution analysis to each reservoir, we observed
high DOC and CDOM concentrations’ values in the stations close to the inflow site in
most reservoirs except Lake Moogerah and Lake Weyba. These high values of those
stations are considered an indicator to the high discharge of surrounding areas and
therefore this indicates that CDOM portion has originated from terrestrial materials
from outside the waterbodies. While this did not occur in Lake Moogerah and Lake
Weyba which may be related to algal blooms, phytoplankton and water dynamics in

these lakes the precise reasons are beyond the scope of this work.

A weak relationship between a-poun(4,) with DOC that was found is most likely due
to the variability of CDOM sources. But this relationship has improved slightly when
both the amplitude and the shape of CDOM spectrum curve were included in
performing multiple linear regressions that led to obtaining a better understanding

in estimating DOC concentration as discussed in chapter two.

The method of fractionating CDOM into humic and non-humic substances tested in
this thesis showed that more than 87% of DOM in the collected samples are humic.
These humic substances dominated on 54% - 67% of the total DOC in water for the
collected samples from the study area. Nonetheless, the investigation in the
relationship between CDOM fractions and DOC showed different trends such as not

all DOC in CDOM can be chromophoric.
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6.2.3 Objective 3 (Spectral Decomposition)

“To evaluate the potential of decomposing the measured CDOM absorption spectrum
for the purpose of obtaining a better correlation estimation with DOC that can be used

as an alternative to the single exponential model in DOC estimation algorithms.”

In pursuing this aim | improved the estimation of the DOC and its retrieval accuracy
by minimising the errors associated with using simple modelling as explained in
Chapter Four. This objective focused on how CDOM fractions participate in the shape
of the CDOM absorption spectrum. The simple exponential model to describe the
shape of CDOM spectrum does not always give the right shape for CDOM absorption
values due to some factors. One of these factors is errors that result from the
interference of Chl-a absorption by some phytoplankton in the blue region with
CDOM absorption. The other factor is from the passage of some small particles during
the filtration process that causing attenuation in CDOM absorption measurements
and it cannot be neglected. Also, CDOM absorption measurements affected by
systematic errors originated from the cuvette wall, baseline shift between the

reference and the sample, temperature and the instrument.

The first correction is for the baseline shift to reduce systematic errors in the CDOM
absorption where 25% of the offset can be caused by the cuvette and the instrument.
After that, the spectral decomposition technique was performed and tested by
implementing linear and non-linear decomposition approaches in order to give the
most appropriate description of the absorption spectrum. The implementation of this
technique was done by fitting the sum of multi-exponential functions to the

measured absorption spectrum to obtain a unique and acceptable solution.

Different slope parameter sets were tested using end-member values that were
chosen carefully and can be applied for the study area and Australian inland waters.
The linear technique was easier to apply and less complicated than the non-linear
technique and led to a unique solution. The final results of using CDOM spectral
decomposition were useful and helpful to give a good explanation to the relationship
between CDOM absorption and DOC concentration on the one hand and between

CDOM absorption and its sources on the other. Also, the results showed that using
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the multi-components fitting model to describe the shape of CDOM spectrum that

involved the major CDOM fractions was more applicable to meet the correct shape.

6.2.4 Objective 4 (Algorithm Development and Assessment)

“To parameterize and assess the contribution of the various water components beside

CDOM major fractions on the simulated and modelled water reflectance spectra.”

Assessing the variability in remote sensing reflectance spectra for the study area
locations that results from water components were examined and explained in
Chapter Five. It was implemented through obtaining simulated spectral reflectance
curves (R(0—)simuiatea) from running the RTE using different concentrations for
water components (CDOM, Chl and TR) with a total of 18424 simulations. Water
reflectance was simulated using measured per-sample CDOM-SIOPs numerically in
ECOLIGHT® 5 software and then convolved with MERIS bands. The simulation showed
how the influence of the other colour producing agents in the water (e.g. Chl and TR)

affected the retrieval accuracy of CDOM.

Then, we selected the most appropriate exponential fitting model and developed it
to give a better description by decomposing CDOM into its humic and non-humic
substances as stated in chapter four. That part of the work focused to find the
R(0—, A opticai-moaer Using the developed Gordon model but this time using
measured per-sample SIOPs of CDOM fractions. The same spectral variations that
were in the simulated spectra have been noticed because they caused by scattering
and absorption characteristics of the water body components. The average RMSE of
the optical corresponds between the two spectra derived from MERIS bands data was
used to express the differences between both spectra and were relatively similar. On

average, the R(0—, 1) opticai-moder SPECtra are similar in shape and height to the

R (O_)simulated .
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6.2.5 Objective 5 (Algorithm Validation)

“To compare the expected errors occurring when using the simple CDOM model as
opposed to a more complex CDOM multi-component model as part of a DOC retrieval

algorithm.”

Matrix inversion method was adopted as an inversion technique to retrieve water
components under fully controlled conditions. The correlation coefficients for all
retrieved components showed evidence for a reliable retrieving when using the
multi-component algorithm with CDOM fractions’ SIOPs inputs were much better
than using the simple algorithm with per-sample CDOM-SIOPs inputs. Information
acquired was exploited as an alternative for deriving DOC estimations. The multi-
components model leads to 20 -25 % higher estimates, comparable to the inversion
using the per-sample CDOM-SIOPs sets. The reason attributed to the distribution
ratio of DOC among CDOM fractions according to their sources. Thus, a better

correlation with the fractions gives a better DOC estimation.

6.3 Thesis Main Findings

The results of this study could serve to provide some useful data and information that
can contribute to filling a portion of the gap in the SEQ region. A summary of what
has been obtained through this thesis is in the following listed points but the main
achievement that recognized in this thesis was the improvement in DOC estimation

in the study area:

1. The major source of DOM/CDOM in SEQ reservoirs is from allochthonous
sources and there is a significant effect from these allochthonous inputs on

the CDOM absorption in these water bodies affecting the estimation of DOC.

2. The correlation between acpou(4,) and (S) is a negative relationship ranging

from moderate to weak in most cases in SEQ reservoirs.

3. acpom(4,) alone is a poor predictor to estimate DOC and there is a poorly
positive relationship between acpon(4,) and DOC in SEQ waterbodies even

with using (S) as an additional predictive variable.
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10.

11.

12.

13.

CDOM fractions are participating in the shape of CDOM absorption spectrum.

The absorbance of HPOB, HPIB and HPIN fractions were near negligible and
accounting about 5% of the total absorption, but these fractions contain
around 40% of the total DOC and this, in turn, led to that “not all DOC is

possible to associate with chromophoric DOM”.

SEQ reservoirs are humic waterbodies due to their high ratio of HA compared

to FA.

Using the multi-exponential model is convenient for optical modelling and

remote sensing applications.

Large sources of random errors affect the absorption measurement and the
spectral decomposing technique assisted in reducing the effect of the random

errors in the absorption measurements of CDOM samples.

The final results of using CDOM spectral decomposition useful and helpful to
give a good explanation to the relationship between CDOM absorption and
DOC concentration on the one hand and between CDOM absorption and its

chemical composition on the other.

The estimation of DOC concentrations from water's colour is more complex
and the accuracy factor is limited, due to the poor performance of the
standard models and algorithms in addition to the confounding effects of both

TSS and Chl-a.

The accurate assessment of CDOM concentration then the correct estimation
of DOC by remote sensing reflectance spectra is a great challenge in the

optically complex case-Il waters.

Applying an inaccurate SIOPs for CDOM in the inversion process will lead to

errors as confirmed in this thesis.

Including Chl-a in a multiple regression beside CDOM slope coefficient and

CDOM fractions may improve DOC predictions in low coloured lakes.
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14. One of the reasons for the poor CDOM-DOC relationship; CDOM in SEQ
regions can transform into colourless DOM by extensive solar UV radiation
due to a strong photochemical and microbiological process that leads to a

weak CDOM-DOC relationship.

6.4 Research Contributions

6.4.1 Contribution from A Scientific Knowledge Perspective

The results of this study could bring a number of substantial benefits of which:

1. Describing and quantitatively demonstrating a limitation of the current

approach is a valuable contribution to the field.

2. This thesis will assist to fill a part of the information gap by providing CDOM-
IOPs and associated SIOPs for some SEQ reservoirs. These can be used then

for validating remote sensing data in this region.
3. Improve the capability and accuracy of modelling applications.

4. This thesis contributes to developing a new method for retrieving DOC
concentrations under high spatial variations from satellite remote sensing

measurements.

5. Understanding the impact of CDOM fractions (HPO and HPI) on remote

sensing reflectance spectrum.

6. Comprehend the relationship between CDOM and DOC and how it correlates

with its sources.

7. This thesis is important for the scientific community to assist in understanding
the mechanism that governs the relationship between CDOM and DOC in

inland freshwaters that subject to heavy impact from the surrounding.
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6.4.2 Contribution in Providing and Support National and
Regional Information

Australia is not well endowed with natural lakes and contains many large artificial
man-made water bodies and dams for reserving rainfall and runoff water. Therefore,
Australian water quality managers always interested to have a source of data for
updating their information, but unfortunately, there is a shortage in these data as
stated in CSIRO’s (2012) report and in SOE (Australia State of the Environment) (2011)
and (2015) reports. CDOM/DOC measurement set presented in this thesis contribute
to filling part of the existing gap of information coverage lack across Australia. The
finding of using methods and products presented in this thesis would help in the
identification of trends and spatial patterns of CDOM composition in the SEQ regions
and other Australian environments. Also, the applications of retrieving the important
parameters can be directly used as new approaches to developing dynamic models
to quantify CDOM flux in the reservoirs. Providing SIOPs data will support gathering
information to scope the operationalisation of a systematic monitoring system of
NPEI%. Finally, monitoring DOC is critical for carbon budgets and because of this thesis

we can now potentially more accurately monitor DOC in lacustrine environments.

6.5 Future Work and Recommendations

For monitoring water quality using remote sensing technique in inland freshwater
areas, several interconnected issues were addressed in this thesis. This thesis could
not cover all aspects related to estimating DOC from remote sensing data in case-Il
waters and in the study area but at least several aspects have been investigated in
this thesis such as establishing CDOM fractions IOPs and SIOPs. Also, testing the
existing algorithms for inland waters, applying the radiative transfer model and a
semi-analytical model for estimating CDOM/DOC. However, there are some
important issues that still need further investigation in the future summarize as

follows:

2 The National Plane for Environmental Information initiative
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1. Water quality information provided by fluorescence data
As explained in chapter two organic matter in the water can either be from the
allochthonous or autochthonous origin and this information can be useful for water
managers to understanding their water system. It is possible to test another method
to collect information on the origin and the composition of CDOM and compare it
with the SPE technique that was used to isolate CDOM to its fractions in this thesis.
For example, the fluorescence index (FI) by McKnight et al. (2001) to collect

information on the origin of organic matter.

2. Inversion and forward model of bio-optical properties
The retrieved parameters inversely were not validated yet due to the unavailability
of enough in situ measurements of R(0—). Thus, in future studies, more in situ

measurements have to be done and the same algorithm can be applied.

Before the completion, some items should be taken into account for the future

works:

1. Further investigation is needed for the algorithm developed in chapter five
and should be applied to more areas to check its performance for a wider

scale.

2. The precision of bio-optical models depends on their parameterization of

SIOPs, so we need to do a better job parameterizing model.

3. Measuring the humic and fulvic acids instead of CDOM to build a regional

model.
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Appendix (A) - Average SIOPs for all the study locations extracted using; left) bio-optical modelling; right) ECOLIGHT®
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Appendix (B) - The laboratory analysis results for measuring the
absorption spectrum curves to the six isolated fractions and their total
absorption curves within selected wavelengths from 350 nm to 700

nm.
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