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ABSTRACT

This study was conducted with the aim of developing an algorithm for the retrieval of
suspended sediment concentrations in the Irish Sea from ocean colour imagery
obtained from the Sea-viewing Wide Field-of-view Sensor (SeaWiFS). In situ
measurements of irradiance reflectance were collected at wavelengths coincident
with the SeaWiFS sensor, enabling an assessment of the way suspended sediments
and other optically active constituents affect ocean colour in the region.

It was found that the measurement of single band reflectance, rather than variations
in colour through reflectance ratios, is the most reliable method for the derivation of
suspended sediments in the Irish Sea. A simple algorithm utilising a strong empirical
relationship between reflectance at 665 nm (Rgss) and mineral suspended sediment

(MSS) concentrations enables the prediction of MSS concentrations with an average
uncertainty of less than 22%.

Detailed analysis of the inherent optical properties of suspended sediments shows
that much of the variability in the MSS-reflectance relationship can be attributed to
variations in the specific scattering coefficient for MSS, b*MSS- Accounting for these
variations in particle scattering through inverse modelling is shown to reduce the
uncertainty in MSS predictions to less than 14%. In the Irish Sea, variations in b mss
are attributed to differences in particle properties such as grain size, particle
composition and the backscattering probability. A method is presented that enables

the prediction of b'yss from spectral reflectance with an average uncertainty of less
than 24%.

The above techniques are applied to two independent data sets of ocean colour as an
algorithm validation exercise. A time series of optical and water quality observations
in the Menai Strait shows that b yss exhibits a seasonal pattern, with a minimum in
the summer months. This seasonality in b mss is attributed to the flocculation of
particles in the summer months as a result of both an increase in organic matter and a
decrease in wind-induced turbulence. Application of the simple reflectance
algorithm to the Menai Strait data series results in consistently underestimated MSS
concentrations, suggesting that the particles here are less efficient scatterers than
those in the Irish Sea. Accounting for variations in particle scattering efficiencies
through inverse modelling considerably improves the accuracy of the MSS
concentrations predicted in the Menai Strait, particularly in the summer months.

The application of the reflectance model to SeaWiFS imagery of the Irish Sea
reproduces accurately known regions of high turbidity with MSS concentrations that
are in good agreement with those measured in situ from a moored transmissometer.
Processed images provide a valuable time series of maps detailing the seasonal
distributions of suspended sediment in the Irish Sea.
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Y-ohapterOne —— Introduction

CHAPTER ONE: INTRODUCTION, RATIONALE AND PROJECT
OBJECTIVES

This short chapter aims to describe the motivation behind the study in terms of the
environmental, economic and social importance of suspended sediment observations
In coastal and shelf seas and the role that remote sensing of ocean colour can play in

monitoring sediment concentrations. Specific aims of the study are presented in

section 1.2.

1.1 Introduction and Rationale

Suspended Particulate Matter (SPM) is diverse in both origin and composition. It
can include mineral particles and organic matter as well as materials of
anthropogenic origin. The mineral component of SPM consists mainly of quartz,
feldspars and clay minerals that are supplied to the marine environment through the
combined processes of river discharge, shore erosion, bottom re-suspension and the
deposition of wind-blown sediments (Eisma, 1993). Organic matter consists of both
living organisms (phytoplankton, zooplankton) and organic detritus (largely
decomposition products of phytoplankton and zooplankton cells and faecal debris)
and can sometimes account for the majority of the total SPM concentration in highly
productive areas. In addition, some planktonic organisms form calcium carbonate
(coccolithophores, foraminifera) particles, which can make a considerable
contribution to total SPM in the open ocean. In the Irish Sea, the combination of
relatively shallow waters and strong tidal currents means that SPM is dominated by
the inorganic mineral fraction (Simpson and Brown, 1987; Bowers et al., 19906),
most of which is re-suspended from the bottom or delivered to the coastal regions

through major river systems such as the Mersey and Severn.

The concentrations, spatial and temporal distributions, and transport of suspended
particles in the marine environment are of considerable interest in terms of water
quality monitoring, pollutant dispersal and primary productivity. Consequently. the
ability to make reliable measurements of SPM is of substantial economic, social and
ecological importance. Suspended sediments are most predominant in the coastal
zone and shelf seas, areas which are also a major resource for human populations.

With over 60% of the global population living in the coastal zone, coastal resources
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have been excessively exploited compared with the much greater area of open ocean
(table 1.1). Subsequent coastal developments inevitably lead to considerable

modification of the sources, distributions and ultimate fate of sediments.

Activities such as dredging may result in damage to benthic ecosystems through
shading or smothering, and the remobilisation of contaminated materials (Wakemann
et al., 1975; Moore, 1977). Many contaminants adsorb onto sediment surfaces,
which act as carriers and ultimately remove pollutants from the water column
through deposition (Duursma and Smies, 1982). Contaminants such as heavy metals,
radioactive elements and organic compounds stored in sediments may, therefore, be
released back into the water column by coastal developments. In recent years, the
potential role of an increasingly stormy climate in re-suspending pollutants has also
been highlighted (Irish Sea Forum Report; Concerns for the Irish Sea's Environment,
February 2000). It is feasible, therefore, that the spatial distribution, transport,
sources and sinks of contaminants, and their biological uptake into the food web,
may be linked to the suspended sediment dynamics. In these cases, the monitoring
of sediment transport and fluxes in estuarine and coastal regions provides great scope

for more effective coastal zone management (Jay et al., 1997; Robinson et al., 1998).

Table 1.1: Coastal Zone Statistics (from Parslow et al., 2000)

e 60% of human population

e 066% of the world’s largest cities

e 8% of ocean surface

e 14% of global ocean primary production

e 90% of world fish catch

e 75-90% of global sink of suspended river load

Recreational and tourism activities are concentrated in the coastal zone and depend
on the maintenance of high water quality. Water transparency and colour strongly
affect our perception of water quality. Consequently, established environmental
directives requiring the monitoring of coastal water quality now include

transparency, water colour and suspended solids as water quality indicators (e.g.
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Bathing Water Quality, 76/160/EEC; Shellfish Water Quality, 79/923/EEC: Urban
Waste Treatment, 91/271/EEC).

The delivery of nutrients to the coastal zone, through river runoff or upwelling
events, creates regions of high productivity in shelf seas and consequently, these
areas provide a disproportionate share of the world’s fisheries catch (Parslow et al..
2000). However, SPM plays a major role in the vertical attenuation of light in shelf
and coastal seas, regulating phytoplankton productivity by limiting the light available
for photosynthesis (Tett, 1990). In recent years there have been suggestions that
shelf seas are becoming more turbid, as a consequence of eutrophication effects
(Bonsdorff ef al., 1997) and increasing storminess associated with climate change
(Alexandersson et al., 2000). If this trend was to continue over long timescales,
increased turbidity could lead to considerable reductions in the biological
productivity of coastal and shelf sea waters, with detrimental effects on fisheries and
benthic communities. Concerns about increased turbidity and associated ecological
impacts in estuarine and coastal waters have been the focus of many recent efforts
relating satellite observations to in situ constituents affecting light attenuation in the
water column (Woodruff et al., 1999). The ability to monitor suspended sediments
may, therefore, have implications not only in understanding and modelling primary
productivity in turbid shelf seas but also in explaining long term fluctuations in
primary productivity, fisheries and the global carbon cycle. Such monitoring should
be carried out at appropriate spatial and temporal scales if human and environmental

impacts on coastal and shelf seas are to be managed and mitigated.

The measurement of SPM over large areas using the conventional method of water
sample filtration is time-consuming, expensive, and has limited spatial and temporal
sampling coverage. More importantly, discrete samples do not fully represent the
spatial heterogeneity of suspended sediment concentrations, particularly in the
dynamic coastal and shelf sea environments. In contrast, optical instruments
(measuring beam transmittance or scattering) can provide detailed profiles or
transects of sediment distributions that cannot be obtained through water filtrations
alone. Moored optical instruments for determining turbidity and sediment
concentrations are useful for near-continuous monitoring but offer information only

for a single point, giving little insight to spatial variability. Satellite sensors provide
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an alternative, synoptic and economic method for assessing the spatial variability of
suspended sediments in natural waters. Remote sensing is a monitoring technique
that is of increasing importance in coastal and marine environmental management

and protection, especially where access is difficult or the area to be covered is large.

In the coastal zone, an obvious distinction can often be seen between the colour of
shallow waters, in which sediments are easily re-suspended, and that of neighbouring
deeper waters. This is also evident where turbid river waters discharge into clearer
coastal waters and where human activity results in the re-suspension of sediment

from the bottom (see figure 1.1).

(b)

Figure 1.1: Aerial photographs of a) the mouth of the Conwy Estuary, showing
increased turbidity associated with coastal re-suspension of suspended
sediments and b) the Menai Strait where trawling activity leads to localised re-
suspension of bottom sediments. Photographs cou:tesy of the NERC Airborne
Remote Sensing Facility (Site 03/01 Menai Strait, 8! May 2001).
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It is this principle of colour change that enables the study of sediment concentrations
from remotely sensed images of ocean colour. In 1978, the National Aeronautics and
Space Administration (NASA) launched the first satellite sensor devoted to the study
of ocean colour, the Coastal Zone Color Scanner (CZCS), which opened the door to
the application of these simple observations to remotely sensed ocean colour
imagery. Now, a new generation of ocean colour sensors is operational, offering
improved capabilities with respect to spectral resolution and radiometric sensitivity
and resulting in detailed spectral information more suited to the optical complexity of

natural waters (Sathyendranath, 2000).

The intrinsic colour of the ocean is determined by scattering and absorption of visible
light within the water body (Gordon ef al., 1975; Morel and Prieur, 1977). Although
there may be many additional parameters of more minor importance, the colour of
natural waters can be practically determined from three main optically active
constituents; phytoplankton, mineral sediments and dissolved organic matter, in
addition to pure water itself (Morel and Prieur, 1977). The link between these
constituents and observed ocean colour can be studied in terms of forward and
inverse modelling (figure 1.2), by incorporating both inherent and apparent optical

properties of the water body.

Inherent optical properties (IOPs) were defined by Preisendorfer (1961) as those
properties of the aquatic medium itself, such as absorption and scattering, whose
values depend only upon the medium and are independent of the prevailing radiance
distribution. In contrast, apparent optical properties (AOPs) are dependent upon the
light field within the medium but are also largely a function of the composition of the
water and thus are related to the inherent optical properties. The forward modelling
problem uses the concentrations and IOPs of the various substances present in the
water column to determine their effect on ocean colour. The inverse modelling
problem is the retrieval of these water quality parameters from satellite measured
ocean colour and requires the interpretation of the spectral signature in terms of the

water’s optical properties, which in turn can be related to concentrations of dissolved

and particulate matter.
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Figure 1.2: Relationships between remotely sensed
ocean colour, AOPs, IOPs and in-water constituents.

The complex nature of many natural waters has led to many classification schemes
aimed at separating waters into ‘types’ defined by their optical properties. The most
frequently adopted classification is that first introduced by Morel and Prieur (1977)
whereby waters are classified as either Case 1 or Case 2. Case 1 waters are those
where the optical properties are principally determined by phytoplankton and their
associated co-varying organic material. Case 2 waters are influenced not just by
phytoplankton but also by other substances that vary independently of

phytoplankton, in particular suspended minerals and dissolved organic matter.

Case 1 waters are considered to encompass over 90% of the world oceans
(Sathyendranath, 2000). To date, remote sensing of ocean colour has focussed
largely on these relatively simple Case 1 waters and comparatively little work has
been carried out in the optically more complex Case 2 waters, such as the Irish Sea.
Even though only a small part of the earth’s water surface falls into the Case 2 water
category, it is an important fraction that includes most coastal and inland water
bodies. Consequently, optical properties and the remote sensing of Case 2 waters

have received increased attention in recent years.
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The assumptions underlying the definition of Case 1 waters means that optical
properties of these waters can be modelled simply as a function of chlorophvll
concentration. This has led to success in the use of ocean colour algorithms for
chlorophyll retrieval and advances in estimates of primary productivity in Case 1
waters (Longhurst er al., 1995; Behrenfeld and Falkowski, 1997). Algorithms
incorporating reflectance ratios have been traditionally adopted for estimating
chlorophyll concentrations from ocean colour information. A blue/green ratio is
commonly used, representing the shift in water colour from blue to green with
increasing chlorophyll concentration (Gordon and Morel, 1983). However, it is well
recognised that the standard algorithms for retrieval of chlorophyll break down in
Case 2 waters, where other constituents complicate the optical signal (Mitchelson et
al., 1986; Brown and Simpson, 1990). Brown and Simpson (1990) were able to
show empirically that the relationship between the blue/green ratio and chlorophyll
concentration changed in response to changes in the concentration of inorganic
sediments. Platt and Sathyendranath (1988) also showed that estimates of water-
column primary productivity are extremely sensitive to light attenuation by
substances other than phytoplankton. This means that in order to make accurate
estimates of chlorophyll, and therefore primary productivity, in shelf seas it may be

necessary to have an independent estimate of the sediment concentration.

There have been numerous studies over the years attempting to derive SPM
concentrations from remotely sensed ocean colour, with many of the above
applications in mind. Early research relied on the coincident measurement of SPM
concentrations with satellite overpasses (Ritchie and Cooper, 1988; Lathrop et al.,
1991). This technique was open to several sources of error in particular the lack of
spatial coverage and errors introduced through water mass advection and sub-pixel
variability. The use of in situ radiometric measurements to obtain empirical
relationships between SPM and ocean colour enables the reduction of much of this
uncertainty. Recently, effort has turned to a more thorough understanding of the
optical properties of the parameters of interest and the development of optical models
to derive concentrations of the in-water constituents (Forget et al., 1999; Moore et
al., 1999; Doxaran et al., 2002a). ~ Whilst this has resulted in some degree of

success, effort is still required to reduce the level of uncertainty in retrieved

parameter concentrations.
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There has been little agreement to date between published suspended sediment
algorithms (Mitchelson-Jacob, 1999), either in their form, or wavelength selection.
This has been attributed to many factors including variations in the range of MSS
concentrations for which the algorithm was derived for, variations in particle
properties such as size, shape or mineralogy, as well as errors incurred through the
presence of co-varying in-water constituents such as chlorophyll and yellow
substance (Novo et al., 1989). These algorithms have been applicable to a range of
ocean colour sensors, from CZCS (e.g. Clark er al. 1980; Simpson and Brown,
1987), and Landsat (e.g. Ritchie and Cooper, 1988) to the currently operating
SeaWiFS (Tassan, 1994; Wernand et al., 1998). Much of this literature, however,
relates to ocean colour sensors that are no longer in operation (algorithms are rarely
interchangeable due to differences in spectral wavebands). As a result of all these
factors, reliable algorithms are currently limited to season- and site-specific
examples.  Mitchelson-Jacob (1999) tested 18 existing suspended sediment
algorithms on SeaWiFS imagery of the European continental shelf. None of those
algorithms tested were able to derive realistic distributions or concentrations of

suspended sediments for this region.
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1.2 Main Objectives of the Study

The ultimate aim of the study was to successfully derive suspended sediment
concentrations from ocean colour satellite imagery of the Irish Sea. To reach this, a

number of specific objectives were set:

e To obtain in situ measurements of ocean colour in waters containing a

range of suspended sediment, chlorophyll and yellow substance

concentrations.

e To develop an algorithm for the retrieval of suspended sediment

concentrations from this ocean colour information.
e To test results against known optical theory.
e To validate the algorithm using an independent dataset.

e To apply the algorithm to SeaWiFS ocean colour imagery to produce

maps of suspended sediment in the Irish Sea.
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1.3 Publications and Presentations

During this period of research, results have been presented at conferences through
both poster and oral presentations and within the School of Ocean Sciences through
departmental seminars. Early results on the development of an SPM algorithm for
the Irish Sea (some of which are presented in Chapter Four) have been peer-reviewed
and published in the International Journal of Remote Sensing. A further study,
developing a method for measuring salinity from remotely sensed ocean colour,

although not directly related to the subject of this thesis, was published from the

same data-set.

Binding, C. E. and Mitchelson-Jacob, E. G. 2000. SPM algorithms for SeaWiFS
imagery of Case 2 waters. Poster presented at Oceans from Space, Venice 2000.

Binding, C. E. and Bowers, D. G. 2003. Measuring the salinity of the Clyde Sea
from remotely sensed ocean colour. Estuarine, Coastal and Shelf Science, in
press.

Binding, C. E., Bowers, D. G. and Mitchelson-Jacob, E.G. 2003. An algorithm
for the retrieval of suspended sediment concentrations in the Irish Sea from
SeaWiFS ocean colour satellite imagery. International Journal of Remote
Sensing, in press.

Binding, C. E., Bowers, D. G. and Mitchelson-Jacob, E. G. 2002. The retrieval
of suspended sediments from ocean colour satellite imagery. Paper presented at

the Challenger Society for Marine Science, Plymouth, 9-13 September 2002.
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CHAPTER TWO: BACKGROUND RELATING TO OCEAN OPTICAL
THEORY AND THE REMOTE SENSING OF SUSPENDED SEDIMENTS

2.1 Introduction

This chapter aims to introduce the optical theory used during this period of research
and to describe how this theory is relevant in the remote sensing of ocean colour.
with particular emphasis on the effect of suspended particulate material. Section 2.2
defines the fundamental parameters involved in the study of ocean optics, describing
the relationships between the inherent and apparent optical properties. Section 2.3
describes the effect of various in-water constituents (dissolved and particulate) on
ocean colour. This leads to a section on the remote sensing of ocean colour and
details of the SeaWiFS ocean colour satellite sensor. Finally, section 2.4 provides a
review of the remote sensing of suspended sediments, including the assessment of

previously published algorithms.

2.2 Properties of Light

Light of wavelength A is composed of a stream of photons, each of which possess a
specific energy hc/A where h 1s Planck’s constant (6.626x107" T s) and ¢ is the speed
of light (2.998x10° ms™). The wavelength of light is determined by A=c/f where f is
the photon’s frequency. The human eye is sensitive only to electromagnetic
radiation in the visible spectrum, that is wavelengths ranging from 400 nm to
700 nm, and it is this wavelength range that is measured in the remote sensing of
ocean colour. The following sections describe the primary optical parameters
measured in optical and remote sensing studies. For the most part, definitions are
taken from the key texts on marine optics; Jerlov (1976), Kirk (1994) and Mobley
(1994).

2.2.1 Ocean Optical Theory

The fundamental radiometric parameters of interest in ocean optics are derived from
the spectral radiance and irradiance. Radiance, irradiance, and all terms derived from
them, are wavelength dependent, exhibiting considerable variation across the visible

spectrum. Consequently, these parameters are expressed with respect to particular

wavelengths, for example, downwelling irradiance is typically denoted as E4(\), with

12
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the relevant wavelength in parentheses.

The radiant flux, ®, is the rate of flow of light energy, expressed in W (J s'). The

radiant intensity, I (W sr’'), is defined as the radiant flux per unit solid angle in a

specified direction.

Radiance, L, for wavelength A and at depth z, is defined as the radiant flux per unit

solid angle » in a given direction per unit projected area in that direction (equation

2.1 and figure 2.1).

d*®

LA,z)=———
(%.2) dScosfdo

(LW cm™ nm™ sr'l) (2.1)

Figure 2.1: Definition of radiance, L, incident on area
dS at a zenith angle 0. The radiant flux passes
perpendicularly to dScos6, the projected area of dS.

Irradiance, E, is the total radiant flux (@) intercepted by an area (A) of a given plane
surface (E=®/A). Irradiance does not specify the direction in which the radiation is
travelling, but integrates the total flux over an entire hemisphere of directions. A
flux passing downwards through the water column is referred to as the downwelling
irradiance, Eq4, whilst that travelling up through the water column 1s the upwelling
irradiance, E,. The total downward irradiance at a surface 1s therefore obtained by

integrating radiance with respect to the solid angle over the whole of the upper

hemisphere (equation 2.2).

13
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E,(h.2)= | L(8,6)cos0do (LW em? nm’™) (2.2)

where 0 and ¢ define the zenith and azimuthal angles of the incident radiance.

Similarly, total upward irradiance is given by equation 2.3. The equation is made

negative in order to allow for the fact that cos 0 is negative for 90°<0<180°.

E =- j_h L ,0)cos6do (W em™ nm™) (2.3)

u

As the angle of the radiant flux to the irradiance sensor changes, the area of the
collector upon which light impinges also changes. To compensate for this, the
response of the irradiance sensor should be proportional to the cosine of the angle 0.
When a detector is equally sensitive to photons travelling in any direction, it
measures scalar irradiance, Eq which is independent of the angle of incidence and is
measured as the integral of the radiance distribution at a point over all directions

about that point (equation 2.4).

E, = Ln (9,0 )do (W cm” nm™) (2.4)

Collecting all downward travelling photons in this way gives the downwelling scalar
irradiance, Eqq, measured as the integral of radiance over all directions on the upper
hemisphere (2m). Likewise, collecting all upward travelling photons in the same

manner would result in the measurement of the upwelling scalar irradiance, Eqy

(integrating over the lower hemisphere, -27).

2.2.2 Inherent and Apparent Optical Properties

Optical properties of an aquatic medium were conveniently categorised by
Preisendorfer (1961) into inherent and apparent optical properties. Inherent optical
properties (IOPs) are intrinsic properties of the aquatic medium itself, whose values
depend only upon the medium and are independent of the prevailing radiance
distribution. In contrast, apparent optical properties (AOPs) are dependent upon the

light field within the medium and, therefore, vary to some extent with solar altitude

14
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and depth, but are also largely a function of the composition of the water and thus are
related to the inherent optical properties. Inherent optical properties of a water body
include the absorption, scattering and beam attenuation coefficients (a, b and ¢
respectively) and the volume scattering function (B). Commonly used apparent

optical properties are the irradiance reflectance, diffuse attenuation coefficient and

average cosine.

Inherent Optical Properties (IOPs)

Absorption, Scattering and Beam Attenuation Coefficients

Absorption is the process by which molecules of water and other constituents capture
photons, causing the molecule to gain energy corresponding to the energy of the
incident photon (Kirk, 1994). Absorption results in the attenuation of light.
Scattering 1s a process that causes the deviation of light from a rectilinear
propagation, resulting in alterations to the angular distribution of the light field.
Scattering may make downwelling photons travel more obliquely, thus increasing
their pathlength and consequently their rate of absorption per unit vertical distance
travelled (Kirk, 1991). Scattering is caused both by the water itself and by particles,
more details of which are discussed in section 2.3. The beam attenuation coefficient,
describes the combined effect of absorption and scattering and represents the

diminution of light with increasing distance traversed.

Figure 2.2 describes a volume of water of thickness Ar, illuminated by a collimated
beam of monochromatic light of total radiant power ®;(A). A proportion (P,,A), of
the incident power is absorbed within the volume of water, whilst some (®s 1), 1s
scattered out of the beam of light at an angle W. The remainder (@A), is transmitted

through the volume with no change in direction.

15
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Figure 2.2: Diagrammatic representation of inherent optical
properties. Reproduced from Mobley (1994).

The spectral absorbance, A(L), is the fraction of incident power that is absorbed

within the defined volume of water.

@, (%)
D,(A)

AL = (2.5)

From this, the absorption coefficient, a(A), is defined as the total absorbance per unit

distance of the medium.

a(h) = M) /iy (m™) (2.6)
D, (M)

Similarly, the spectral scatterance, B(A), is the fraction of incident power that is

scattered out of the beam.

B(.) = %% 2.7)
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and the scattering coefficient, b()), is defined as the total scatterance per unit

distance of the medium.

D@, (%)

b(A) =
™= om

(m™) (2.8)

In the same way, the spectral transmittance, T(A), is the proportion of incident power
that is transmitted through the medium, whilst the spectral beam attenuation

coefficient, c(A) is defined simply as the sum of the absorption and scattering

coefficients (c =a +b).

In their definition as inherent optical properties of sea water, a, b and ¢ are dependent
on the various constituents present in the water. It is therefore possible to identify
the contribution that each constituent in the water makes to the total absorption,
scattering and attenuation coefficients. This is done by separating, for example, the
total absorption coefficient into individual contributions from pure water,
phytoplankton pigments (C), suspended sediment (MSS) and yellow substance (YS).
According to the Lambert-Beer law, all inherent optical properties are additive over

the constituents of the medium (Kirk, 1994). Absorption can therefore be written as:

a = awater + ac T apmss T Ays (2.9)

Another form of the Lambert-Beer law is that the inherent optical property due to
any constituent of the medium is proportional to the concentration of that constituent

such that;:

a=a_+. (aC) (2.10)

where a,, is the absorption by water and a; and C; are the specific absorption

coefficient and concentration of constituent 1 respectively.

Equation 2.9 can, therefore, be expressed in terms of both the specific absorption

coefficients, a (expressed per unit of concentration) and the total concentration of

17
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the individual constituent, expressed in square brackets:
A= Awater T [C]a*c + [MSS]a*Mss + [YS]a*ys (2.11)

Similar expressions can be written for the specific scattering coefficients, although
since yellow substance does not contribute to scattering the expression would consist

only of scattering due to water, phytoplankton and suspended sediments.

Volume Scattering Function

The effect of the scattering process on the light field is dependent not only on the
total scattering coefficient but also on the directional properties of the scattered flux.
The volume scattering function specifies the angular distribution of scattering as the
amount of scattering per unit angle. It is defined as that fraction of the radiant
intensity, dI, which is scattered in a given direction per unit incident irradiance per

unit volume (equation 2.12).

B = i (m'1 sr'l) (2.12)

The integral of B over all directions gives the total scattering coefficient (equation

2.13).

b= _[MB(G)dco m™) (2.13)

The total scattering coefficient can subsequently be partitioned into its forward (by)

and backward (b,) components by integrating over scattering angles from 0 to 27 and

271 to 47 respectively.

The volume scattering function, B, is often normalised to total scattering to give

scattering per unit angle relative to total scattering and is referred to as the scattering

phase function (B =Pp/b). For the majority of natural waters, particularly the more
turbid waters, the volume scattering function has much the same shape, despite large

variations in the total scattering. An accurate data set of B which has been found
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applicable to all but very clear oceanic waters was obtained by Petzold (1972) for
coastal waters of San Diego Harbour. Phillips and Kirk (1984) claimed that it is
valid for most waters because the shape of the volume scattering function is

insensitive to turbidity for scattering coefficients greater than 0.1 m™.

Apparent Optical Properties (AOPs)

Irradiance Reflectance

As with many optical parameters, the following are described with respect to specific
wavelengths and depths. Each parameter is defined with these variables in
parentheses, whereby z defines the depth and A the wavelength to which the
parameter refers. Many parameters are defined either just above or just below the air
sea interface. In these cases, z is replaced by 0, denoting above water, or 0,
denoting below water. The most common AOP used in remote sensing is the
irradiance reflectance, defined as the ratio of spectral upwelling to downwelling

irradiances just below the air-sea interface (equation 2.14).

_ .. B (0 ,1)
R(0™,1) = WG (2.14)

Often, E, is not measured and consequently L, is substituted (Gordon and Morel,
1983) using the relationship E, (0,A) = nL,(0,1). The use of = in this relationship
assumes complete isotropy of the upward irradiance in the underwater light field, and

alters equation 2.14 to:

L (0 ,M)r

(2.15)
E,(07,1)

R(07,}) =

There has, however, been uncertainty over the use of 7 in this relationship since the
light field in natural waters is almost certainly not isotropic. Austin (1974) described
how a quantity Q (that is the ratio of upwelling irradiance to upwelling radiance,
E,/L,) should be used to describe the directional structure of the upwelling radiant
field, with a value of near 5. More recently, Loisel and Morel (2001) suggested that

Q may vary between 7 and 27 in highly absorbing waters (b/a<1) and showed that.
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even in very turbid waters, the upward radiance field is not isotropic and remains

sun-angle dependent.

The spectral remote sensing reflectance, Rgg is defined as:

Ly (0",%)

R .(0%,1) =
rs ( ) Ed(0+,7\,)

(st (2.16)

where L.,(0",%) is the water-leaving radiance just above the sea surface.

A number of authors have used the relationships in equations 2.17a and 2.17b to
convert from measurements just below the sea surface (0°) to those measured by the
satellite, just above the sea surface (0'). In these equations, 0.54 is the mean
coefficient summarising the effect of internal reflection of the upwelling flux during
transmission through the interface and 0.96 accounts for the loss of the downwelling

flux by reflection at the air-sea interface (Austin, 1974; Gordon et al., 1983).

Lw(07,1) = 0.54L,(0",1) (2.17a)
E4(07,2) = 0.96E4(0",1) (2.17b)

Diffuse Attenuation Coefficient

Radiance and irradiance decrease approximately exponentially with depth as a
function of the diffuse attenuation coefficient, K. This is expressed in equation 2.18
relating to the downwelling irradiance and therefore the downwelling diffuse

attenuation coefficient.
E,(z,))= E4(07,1)e™" (m™) (2.18)

where E4(z,1) is the downwelling irradiance at depth z and wavelength A and E4(0',1)

is the downwelling irradiance just beneath the surface.

The beam attenuation coefficient, c(A), is defined in terms of the radiant power lost

from a single collimated beam of photons. In contrast, the diffuse attenuation
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coefficient, Ky(X), is defined with respect to the decreasing ambient downwelling

irradiance (Eq) with depth and comprises photons travelling in all directions, not just

in a collimated light field.

Average Cosines

The Gershun equation (equation 2.19) provides a simple relationship between the
IOPs and the AOPs. The equation relates the diffuse attenuation coefficient, K. to
the absorption coefficient, a, using the average cosine of the angle the photons make

with the vertical within the water column, p, (Jerlov, 1976).

K = (1/w)a (2.19)

The average cosines for upwelling, downwelling and total irradiance provide a way
of specifying the angular structure of a light field. The average cosine for
downwelling light, pg, at any point is the average value of the cosine of the zenith
angle of all the downwelling photons in a volume. It can be calculated as the plane

downwelling irradiance divided by the total downwelling scalar irradiance (equation

2.20)

_ Ey(z,M)

_ (2.20)
E,y(z,\)

Hg (z,\)

Likewise, the spectral upwelling average cosine relates the upwelling irradiances.
The average cosine for total light is the average value of the cosine of the zenith
angle of all the photons in the volume and can be given by the net downward

irradiance divided by the scalar irradiance:

E _E,-E, 2.21)

Upper and lower limits of p are 1.0 and -1.0 respectively, whereby for p = 1, photons

are travelling vertically down.
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2.2.3 Relationships between IOPs and AOPs

The complexity of the underwater light field is such that there is no analytical
expression by which apparent optical properties can be directly calculated from given
values of the inherent optical properties (Kirk, 1981a). However, since [OPs specify
the probability of events happening to photons, (i.e. the scattering and absorption
coefficients specify the probability that a photon will be scattered or absorbed by a
medium), they provide the information that is needed for the Monte Carlo method.
The Monte Carlo method is a technique in which the fate of large numbers of
photons 1is followed and an average behaviour calculated. It is this method that was
adopted by Gordon et al. (1975) in their pioneering work investigating the
relationships between the inherent and apparent optical properties of the ocean.
Their work resulted in the expression of the irradiance reflectance, R, in terms of

absorption (a) and backscattering (by) coefficients which can be simplified (Jerlov,

1976) to
R = fb,/a (2.22)

where f1s a function of the illumination conditions (solar angles and proportions of
direct to diffuse light), atmospheric turbidity and surface roughness (Morel and
Gentili, 1996).

Kirk (1981a) found a linear relationship between R and by/a with the sun at zenith,

represented by the expression R = 0.328b, /a. This is in good agreement with the
relationship R = 0.33b, /a obtained by Gordon ef al. (1975), and used by Morel and

Prieur (1977) in their analysis of the reasons for variations in ocean colour. Whereas
the work of Gordon et al. (1975) and Morel and Prieur (1977) was concerned with
Case 1 waters, Kirk (1981a, 1981b, 1984, 1991) studied turbid coastal and inland
waters where the ratio of scattering to absorption, b/a was up to 30. The work of
Kirk described below, combined with that of Petzold (1972), may therefore be
applicable to the turbid waters of the Irish Sea.

Kirk (1991) found that for most water types, under vertically incident light, the

relationship between by/a and R was not strongly affected by the shape of the volume
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scattering function. By assuming a volume scattering function the same as that
measured by Petzold (1972), the relationship between R and by/a (equation 2.22) can
be studied simply in terms of its dependence on the angular structure of the light
field. The fixed nature of this relationship is the basis of the method of estimating

the total scattering and absorption coefficients from irradiance measurements.

Since apparent optical properties are affected by the angular structure of the light
field within the water, it is reasonable to expect the relationship between IOPs and
AOPs to depend on the angular structure of the light field incident on the water
surface, 1.e. to vary both with solar altitude and the proportion of direct and diffuse
solar radiation. Kirk (1981a) found that for zenith angles of 45° and 60°, the constant
relating by/a to R increased to 0.391 and 0.449 respectively. Using Monte Carlo
simulations, Kirk (1984) investigated the manner in which this relationship varies
with solar altitude. The constant in equation 2.22 was found to be linearly
proportional to the zenith angle of incidence, rising from 0.346 for vertically incident
light, to 0.57 for light at grazing incidence. This allowed the formulation of equation
2.23, relating the irradiance reflectance R to by/a whilst also accounting for variations
in the surface light field through p,, the average cosine of the angle the photons make

with the vertical just beneath the surface.

R = (0.975-0.629u,)b, /a (2.23)

For all natural waters, the shape of the volume scattering function is such that there 1s
more forward scattering than backward. As the angle of incidence increases, so more
of the forward scattered light becomes upward scattering rather than downward, this

explaining why reflectance increases with increasing zenith angle (Kirk, 1989).

Equation 2.23 relates to conditions under a clear sky and therefore direct light. Kirk

(1984) also studied this relationship under overcast conditions and showed that with

the average value of Lo as 0.856, equation 2.23 can be re-written as R = 0.427by/a.

In a Monte Carlo study of underwater light fields in turbid waters (b/a up to 30), Kirk
(1981, 1984) found that K4 could be related to a and b according to equation 2.24.
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1
K= M—(az +G(i)ab) " (2.24)
0

where G(uo) is a constant that depends on the angular structure of the underwater
light field. As the zenith angle of incidence increases (i.e. the solar altitude

decreases), the value of G(u) decreases according to equation 2.25.
G(u,) = 0.425p,-0.19 (2.25)

K4 can therefore be expressed as an explicit function of o, a and b

1
K, = —(a® +(0.425u, - 0.19)ab) (2.26)
Ho

In these calculations, K4 is the average K4 throughout the euphotic zone (the layer in

which downward irradiance is reduced to 1% of the subsurface value).

Kirk (1984) showed that for waters where b/a~1, the angle of incidence created
variations in Ky of up to 40%. As scattering was increased, with b/a approaching 10,
the variability was reduced to 12%. Therefore K4 is less sensitive to solar altitude in

highly scattering waters than in predominantly absorbing waters.

Although the conditions in these earlier studies would cover most oceanic and
coastal environments (b/a up to 30 and R up to 24%), Kirk (1994) tested the
applicability of this relationship to highly turbid waters where b/a reached as high as
200. In the range b/a 2-200, G(uo) varied only from 0.233 to 0.264 and all
relationships were indistinguishable up to b/a of 70. Therefore equation 2.26 should

satisfactorily describe the dependence of Ky on scattering and absorption even in

extremely turbid waters.

Equations 2.23 and 2.26 provide a simple method of calculating the absorption and
scattering coefficients from the apparent optical properties R and Kq4 (Kirk, 1981b)
and have been used for this purpose by numerous authors (e.g. Phillips and Kirk,

1984; Weidemann and Bannister, 1986; Gallegos et al., 1990; Bowers and
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Mitchelson-Jacob, 1996). This method was applied to data for Lake Pend Oreille
(Kirk, 1981b) and gave values of b differing by only 5% from those that were

calculated by subtracting the absorption coefficient from the beam attenuation

coefficient.

2.3 The Composition and Optical Properties of Natural Waters

The inherent optical properties of natural waters are determined by the
concentrations of dissolved and particulate matter, in addition to the effects of the
water itself.  The following sections describe the optical properties of the primary
constituents influencing ocean colour. Whilst it is acknowledged that factors such as
detritus, bacteria and zooplankton may have minor effects on reflectance and ocean
colour, this study is limited to dealing with the effects of dissolved organic material

(yellow substance), phytoplankton, mineral suspended sediments and pure water.

2.3.1 Pure Water

Absorption

Pure water absorbs only very weakly in the blue and green regions of the spectrum
and increases towards the longer wavelengths. At 650 nm, a 1 metre layer of pure
water will absorb around 35% of the incident light (Kirk, 1994), whilst at 800 nm, all

light is absorbed within 50 centimetres of the surface.

The absorption spectrum of pure water has been measured by many researchers (see
Smith and Baker, 1981 and Sogandares and Fry, 1997, for reviews). Most show
considerable agreement at wavelengths greater than 600 nm. This is because firstly,
absorption at longer wavelengths is large and thus easier to measure and secondly
because scattering by water becomes smaller compared with absorption. As the
wavelength decreases to shorter visible and near-UV wavelengths there is increasing
uncertainty in the measurements of absorption with published absorption data in the
400-500 nm range varying by almost an order of magnitude. Inconsistencies in
published absorption spectra are probably caused by a combination of both

experimental error and unknown sample purity (Sogandares and Fry, 1997).

Smith and Baker (1981) published measurements of absorption in the clearest natural

waters for the range 200 nm to 800 nm and these values have been used routinely in
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studies of marine and freshwater optics. More recently, Buiteveld er al. (1994),
Sogandares and Fry (1997) and Pope and Fry (1997) provided detailed measurements

of the absorption spectra of the purest water available, using techniques that are free

from the effects of scattering

Scattering

Morel (1974) reviewed both theory and observations pertaining to scattering by
water. Similar to the Rayleigh theory for gases, scattering by water is considered to
be caused by the random motion of molecules resulting in fluctuations in molecule
density. The presence of various ions in sea water (CI', Na" etc.) results in increased
scattering by up to 30%. Scattering is also known to be temperature, salinity and
pressure dependent; scattering decreases with decreasing temperature or increasing

pressure because of a reduction in the small-scale density fluctuations.

The directional scattering by water molecules was modelled by Morel (1974) and is

given by:

By () = By (90°)(1+ 0.835c0s’ 8) (m st (2.27)

Equation 2.27 shows that the volume scattering function of pure water has a
minimum at 90° and increases symmetrically with increasing and decreasing angles
(B(180°) = B(0°)). Therefore, for pure water, scattering in the backward direction is
equal to that in the forward direction, and thus by/b=0.5. Values of scattering
coefficients for pure water at intervals throughout the visible spectrum are presented

in Morel (1974) and Smith and Baker (1981) and Buiteveld et al. (1994).

Scattering of pure sea water has a wavelength dependence of A %% (Morel, 1974)
resulting in the preferential scattering of blue light. The combination of the
dominant absorption at long wavelengths described above and the dominant

scattering at shorter wavelengths results in the characteristic blue colour of clear

ocean waters.
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2.3.2 Mineral Suspended Sediments (MSS)
Absorption

Most literature documenting the absorption properties of particulate matter relate to
phytoplankton, with comparatively little evidence available describing inorganic
particles. The frequently used quantitative filter technique (see Chapter Three for
details) has enabled some estimates of absorption by mineral suspended sediments
(MSS) to be made (Davies-Colley, 1983; Bowers et al., 1996). Bowers e al. (1996)
observed that the absorption spectra of inorganic particles collected on filters
consistently showed an exponential decrease with increasing wavelength, with the
absorption coefficient at a single wavelength being proportional to the concentration
of mineral suspended sediments (MSS). Davies-Colley (1983) and Gallegos ef al.
(1990) found that total particulate material had an absorption spectrum that was the
sum of that of chlorophyll and an exponential spectrum. Davies-Colley attributed the
exponential spectrum to the chemical adsorption of yellow substance by the
inorganic particles, since dissolved organic matter (yellow substance) is known to
exhibit such an exponential decay (see section 2.3.4). Bricaud and Stramski (1990)
studied the spectral absorption of particulates on filters and observed the exponential
increase in absorption due to detrital matter with decreasing wavelength. The range
of the exponents found was from 0.0024 to 0.017 for Peruvian upwelling waters and

0.008 to 0.015 for Sargasso Sea waters.

Scattering

Particulate matter is the most significant contributor to scattering in natural waters
(Kullenberg, 1974). Even the clearest of natural waters contain sufficient particulate
matter to alter the way in which light is scattered compared to scattering in pure
water. The scattering behaviour of particles can be described by Mie theory in terms
of three phenomena; diffraction, refraction and reflection (figure 2.3). Diffraction 1s
dependent on the size and shape of the particle and determines the amount of forward
scattering, whereas refraction and reflection depend on the particle composition (1.e.

refractive index) and determine the extent to which light is backscattered

(Kullenberg, 1974).
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External
Reflection

« Internal reflection
7 and refraction

Figure 2.3: Processes of scattering
by particles.

-

Refraction

A particle will scatter a fraction of the radiant flux that depends on the scattering
cross-section of the particle. The scattering cross section of a particle is not the same
as the geometric cross section (that is 7ur® for a spherical particle) as it is possible for
the particle to perturb the light field beyond its physical boundary (Kirk, 1994). The
amount of scattering decreases as the ratio of particle volume to cross-sectional area
increases (Van de Hulst, 1957; Baker and Lavelle, 1984), hence for a fixed mass,

larger particles are less effective at scattering light than smaller particles.

Mie theory predicts that for particles larger than the wavelength of light, most of the
total scattering is in the forward direction, resulting in a volume scattering function
(scattering in a given direction) that becomes highly peaked at small angles. The
most extensively cited measurements of scattering are those made by Petzold (1972)
for waters ranging from the turbid water of San Diego Harbour to the clear waters of
the Bahama Islands. These measurements showed very little variation in the shape
of the volume scattering function in different waters, such that a typical phase
function is now frequently assumed. The ratio of by/b showed some variation in
Petzold’s data that may be attributed to variations in particle composition. Values of
by/b ranged from 0.044 for clear ocean waters (compared with 0.5 for pure water) to

0.019 for more turbid waters.

Refractive indices of oceanic particles range from about 1 to 1.26 (relative to
seawater). Living cells have lower indices than mineral particles (in the range 1.02 -
1.07) because of their relatively high water content (40 to 80%) (Morel, 1987;
Twardowski et al., 2001). Refractive indices of inorganic particles are generally

higher; the common oceanic minerals ranging from 1.14 to 1.26 (Jerlov, 1976;

Twardowski et al., 2001).
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2.3.3 Phytoplankton
Absorption

Phytoplankton cells are strong absorbers of visible light and therefore play a major
role in determining the absorption properties of natural waters. Work on the
absorption properties of phytoplankton have been based both on laboratory cultures
(e.g. Bricaud et al., 1983) and on phytoplankton populations as they occur naturally
(Keifer and SooHoo, 1982; Kishino ef al., 1985; Bricaud and Stramski, 1990).

The method, initiated by Yentsch (1962), of measuring the absorption properties of
phytoplankton cells by concentrating them on glass fibre filters is now widely used
for both culture and natural phytoplankton assemblages, enabling estimates of
chlorophyll-specific absorption coefficients (absorption per unit concentration of
chlorophyll, a*c). Bricaud ef al. (1995) found a ¢ values to decrease uniformly from
oligotrophic to eutrophic waters, spanning over one order of magnitude (0.18 to
0.01 m* mg™) at the blue absorption peak. There is a great deal of inter- and intra-
species variability in spectral absorption by phytoplankton as a result of changes in
pigment composition, pigment packaging within cells, cell size and physiological
state (Morel and Prieur, 1977; Prieur and Sathyendranath, 1981; Hoepffner and
Sathyendranath, 1992). Hoepffner and Sathyendranath (1992) examined the
variability in shape and amplitude of the specific absorption spectra of phytoplankton
in relation to such differences in pigment composition. Regardless of the large
variability observed, there are a number of characteristic optical properties of
phytoplankton populations. Absorption by chlorophyll is characterised by strong
absorption bands in the blue and red parts of the spectrum; peaking at 430 and
662 nm respectively for chlorophyll a. Over the rest of the spectrum, absorption
decreases with increasing wavelength, with very little absorption in the green,

resulting in the characteristic green colouring of waters rich in phytoplankton.

Scattering
In addition to their absorbing properties, phytoplankton cells may also contribute to

the total scattering behaviour of a water body. The scattering properties of
phytoplankton have shown considerable variability between species that can be
accounted for by variations in cell size, and the refractive and absorptive properties

of the cell material (Morel, 1987). For example, some diatoms and coccolithophores
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in which a substantial proportion of the total biomass consists of mineralised cell

walls or scales, are known to be intense scatterers of light (Morel, 1987).

The specific scattering coefficient for phytoplankton (b'¢) is defined as that part of
the total scattering coefficient that is due to the presence of phytoplankton,
normalised to a unit of pigment concentration. Morel (1987) presented estimated b ¢
for 22 species of marine phytoplankton grown in batch cultures ranging from 0.06 to
6.0 m? mg”'. Weidemann and Bannister (1986) found a range of b'¢ of 0.05-
0.15 m* mg” in Irondequoit Bay, (Lake Ontario) whilst Bricaud et al. (1983) saw a
range of 0.08 to 0.62 m’ mg” for four phytoplankton species grown in batch cultures.

According to theoretical predictions, algal cells must exhibit spectrally selective
scattering (Morel and Bricaud, 1981). Some studies show the influence of cell
absorptive properties on scattering, whereby total scattering was clearly depressed
near the absorption bands (Latimer and Robinowitch, 1959; Bricaud et al., 1983).
Featureless spectral attenuation (where ¢ = a + b) also implies that spectral variations

in absorption must be compensated for by those in scattering (Bricaud et al. 1983).

Like mineral particles, algal cells have a scattering phase function which strongly
peaks at small angles, resulting in preferential scattering in the forward direction
(Stramski and Morel, 1990). The backscattering probability (by/b) of algal cells has
been found to be much lower than that of mineral particles. Bricaud et al. (1983)
showed theoretical estimates to be consistent with experimental values of 6x10™ to
1.3x10%.  These are compared with the equivalent ratio of 0.019 for mineral
particles. These differences in the backscattering probability are a consequence of
the low refractive index of algal cells compared with mineral particles as described in

section 2.3.2.

2.3.4 Dissolved Organic Matter (DOM)

Dissolved organic matter in natural waters originates predominantly from humic and
fulvic materials of terrestrial origin (allochthonic DOM), produced from soil leaching
and the decomposition of terrestrial vegetation (Chester, 1990). Alochthonic DOM
is transported to coastal seas through fresh water run-off from the land. To a lesser

extent, but nevertheless significant particularly in the marine environment, dissolved
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organic matter is also a product of the bacterial decomposition of phytoplanktonic
cells (autochthonic DOM). When phytoplankton cells decompose, the organic
matter 1s chemically transformed through microbial action to form carbon dioxide.
inorganic nitrogen, sulphur and phosphorus compounds. The decomposition process
also results in the formation of a variety of complex polymers known as humic
substances, the water soluble components of which comprise dissolved organic

carbon in the forms of fulvic and humic acids.

As a consequence of its freshwater origin, coastal and inland waters often exhibit
high concentrations of alochthonic DOM. In the Baltic Sea, a region largely affected
by freshwater discharges, Bricaud ez al. (1981) observed yellow substance absorption
at 440 nm of 42 m™. Even higher concentrations may be found in inland waters;
Kirk (1976) observed values as high as 8 m’ in Australian lake and river waters. In
contrast, concentrations of DOM in oceanic waters are generally considerably lower;

typical concentrations being less than 0.1 m™ (Kirk, 1994).

Dissolved organic matter plays an important role in marine optics and has thus been
studied extensively over the years, both in terms of its inherent optical properties
(Kalle, 1966; Bricaud ef al., 1981, Witte et al., 1982) and more recently in terms of
remote sensing applications (Bowers et al., 2000; Siddom et al., 2001; Binding and
Bowers, 2003). DOM does not have a significant impact on the scattering properties
of water but does considerably affect absorption. The absorption properties of DOM
are well documented and show strong absorption in the UV and the blue end of the
visible spectrum, decreasing exponentially towards longer wavelengths. The spectral
shape of DOM absorption, combined with the absorption properties of pure water,
results in the yellow appearance of waters with high concentrations of DOM. In
coastal and inland waters where land discharge is important, yellow substance is
often the predominant factor affecting ocean colour, resulting in a green, or even
brown, appearance when present in sufficient concentration (Bricaud er al., 1981;
Bowers et al., 2000). As a result of this effect on ocean colour, these dissolved

organic compounds are collectively called Gelbstoff and are also referred to as

yellow substance and Gilvin.

Because of its strong absorption of blue light, the concentration of yellow substance
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1s expressed as its absorption at 440 nm (aysu40)). The spectral dependence of the

absorption coefficient of yellow substance can be represented by equation 2.28.

45 (1) = g0 2.28)

where S is a wavelength-independent slope parameter. The value of S exhibits some
regional variability, with known values varying between 0.011 and 0.021 (Kirk,
1994). Carder et al. (1989) observed S of 0.0194 and 0.011 for the Mississippi

plume and the Gulf of Mexico respectively.

2.4 Remote sensing of Ocean Colour

2.4.1 Introduction

This section aims to give a very brief overview of satellite remote sensing of ocean
colour, before going into details of the SeaWiFS sensor specifications. Section 2.4.3
presents a short review of published algorithms developed for the remote sensing of

suspended sediment concentrations.

The era of viewing colour from space was initiated with the 1972 launch of the first
in the Landsat series of Multispectral Scanner (MSS) sensors. Although used
successfully for land, estuarine and coastal applications, the broad wavebands, high
spatial resolution and long repeat cycle render this series of sensors unsuitable for
most oceanic applications. The first satellite sensor devoted principally to the
observation of ocean colour was the Coastal Zone Color Scanner (CZCS) launched
in 1978 on board NASA's Nimbus-7 satellite. The purpose of the CZCS project was
to obtain a better understanding of the temporal and spatial distribution of
phytoplankton biomass and primary production, and a better understanding of the
processes regulating the growth of phytoplankton (Hovis et al., 1980). The CZCS
ceased operation in 1986 and ten years passed before another ocean colour sensor
became available. The Ocean Colour and Temperature Sensor (OCTS) was launched
in November 1996 by the National Space Development Agency of Japan (NASDA)
on board the Advanced Earth Observation Satellite (ADEOS). This sensor, however,

provided ocean colour data for only seven months when in June 1997 the satellite

lost power.
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In August 1997, NASA launched the Sea-viewing Wide Field-of-view Sensor
(SeaWiFS) sensor, designed as a follow-on sensor from the CZCS and now
providing global ocean colour imagery every two days. The SeaWiFS sensor
specifications and product availability will be described in more detail in the sections
below. Since the launch of SeaWiFS, there have been a number of increasingly
sophisticated ocean colour missions such as MERIS and MODIS, bringing with them

great potential in the future of ocean colour studies, particularly in the more complex

Case 2 waters.

Passive systems for the remote sensing of ocean colour make use of a sensor, with
pre-selected wavebands in the visible and near infra-red domains of the
electromagnetic spectrum, which scans the earth surface during daylight hours. Of
the upwelling flux reaching the sensor, more than 80% may have an atmospheric
origin (Morel, 1980). Therefore, accurate atmospheric correction of colour imagery
is critical in order to obtain valuable information on the optical properties of the
water body itself. The current atmospheric correction algorithm for SeaWiFS,
developed by Gordon and Wang (1994), assumes that the ocean is a black surface at
two near infra-red bands (765nm and 865nm). That is to say that absorption by
water is strong enough to consider negligible water-leaving radiance. These two
bands are therefore used to estimate the atmospheric effects, which can then be
extrapolated into the visible wavelengths. Fine-tuning of this algorithm has resulted
in the reduction of the error in the SeaWiFS-measured radiances to ~0.5% in Case 1

waters (Gordon, 1998).

On elimination of atmospheric effects, the remaining signal includes a measure of the
water-leaving radiance that can then be related to the optical properties of the water
and thus can be analysed to derive quantitative information on the type of substances
in the water and their concentrations. Increased knowledge of the inherent optical
properties of these substances has led to improvements in the ability to extract water

quality parameters from spectral remote sensing data through inverse modelling

techniques.

Satellite-derived images provide the only synoptic views of ocean colour and ocean

colour derivable parameters, over wide areas of the world’s oceans. However. the
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inability of such sensors to penetrate cloud, combined with a polar orbit, means that

ocean colour observations suffer from reduced temporal coverage, particularly at

temperate latitudes.

2.4.2 The Sea-viewing Wide Field-of-view Sensor (SeaWiFS)

SeaWiFS was developed by Orbital Sciences Corporation (OSC) and was launched
on board the SeaStar spacecraft on August 1% 1997. The satellite was launched into
a 705 km circular, sun-synchronous polar orbit, providing a spatial resolution of
1.1 km and daily coverage with an equatorial crossing time of 12:00. The SeaWiFS
sensor has six visible wavebands centred at 412, 443, 490, 510, 555 and 670 nm,

each with a 20 nm bandwidth (table 2.1). A further two wavebands centred at 765

and 865 nm provide information for atmospheric corrections.

The purpose of the SeaWiFS project is to provide data on ocean colour that can be
used to study the magnitude and variability of chlorophyll and primary production by
marine phytoplankton, and to determine the distribution and timing of spring blooms.
A further goal 1s the assessment of the ocean's role in the global carbon cycle and the

exchange of other critical elements and gases between the atmosphere and the ocean

(Hooker et al. 1992).

Table 2.1: SeaWiFsS sensor characteristics.

Centre A Bandwidth

Band (nm) (nm) Proposed Application
1 412 20 Yellow substance and detrital pigments
2 443 20 Chlorophyll absorption maximum
3 490 20 Chlorophyll and other pigments
4 510 20 Suspended sediment, red tides
5 555 20 Chlorophyll absorption minimum
6 670 20 Chlorophyll absorption
P s a0 e oo st
8 865 40 Vegetation, water vapour, atmosphere corrections

Spatial Resolution: 1.1 km LAC, 4.5 km GAC
Swath Width: 2800 km
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SeaWiFS§S Data Products

The first step in SeaWiFS data processing is to produce raw radiance data for each
wavelength interval detected by the satellite sensor. These are the Level-1A products
and contain all the Level-0 data (raw radiance counts from all bands as well as
spacecraft and instrument telemetry) plus calibration and navigation data. Level-1A
products are provided for two primary data types: global-area coverage (GAC) and
local-area coverage (LAC). GAC provide lower resolution imagery for larger scale
studies; data are sub-sampled from full resolution data with every fourth pixel of a

scan line and every fourth scan line recorded for each swath.

Algorithms are then used to remove the effect of the atmosphere and to account for
solar angle variations. This data can be combined in algorithms to produce Level-2
data which includes parameters such as pigment concentrations and the diffuse
attenuation coefficient. In addition, 16 flags are associated with each pixel indicating
a variety of potential causes of error for that pixel. Flags include atmospheric
correction failure, sun glint, shallow water, cloud or ice, coccolithophores, high

aerosol concentration and a chlorophyll algorithm failure.

A further stage of processing results in Level-3 data, in which Level-2 data 1s
combined statistically into bins containing all the data from a certain region and

presented as daily, weekly, monthly, or annual composites.

2.4.3 Retrieval of Suspended Sediments from Ocean Colour Remote Sensing

Of all the studies recognised, relating to the effect of suspended sediments on
reflectance, two common features were identified; firstly, the increase in reflectance
with increasing sediment load, and secondly, a shift in the peak of spectral
reflectance towards longer wavelengths. In Landsat imagery of Kenyan coastal
waters, Brakel (1984) showed that high concentrations of sediment could be
retrieved from band 4 (700-800 nm), whilst for gradually lower concentrations, the
600-700 and 500-600 bands were more sensitive. In agreement, Topliss (1986)
showed that increasing concentrations of suspended sediment were associated with a
migration of the in situ peak in spectral reflectance towards longer wavelengths such
that concentrations greater than 100 mg I pushed the spectral response past 700 nm.

The study recommended that concentrations greater than 1000 mg I'" should be

35



Chapter Two Background

monitored outside the visible spectrum, since the peak spectral response was evident
n the near infra-red. Topliss suggested that ultra high sediment concentrations
should approach the known spectral response of mud, which exhibits strong spectral
response past the visible domain (Lyzenga, 1978). This spectral feature of turbid
waters has also been documented in more recent studies (Bukata er al., 1997; Han,
1997, Forget et al., 1999). Doxaran et al. (2002a) showed that in the Gironde
Estuary, for SPM concentrations from 35 to 250 mg 1'], the wavelength of maximum
reflectance increased between 550 and 700 nm. Beyond 250 mg ["', reflectance at
these wavelengths saturated but increased between 750 and 950 nm for
concentrations up to 1800 mg 1. Saturation at any wavelength occurs because
reflectance is not linearly related to sediment concentration, but increases to an

environmentally determined asymptote (Holyer, 1978; Curran and Novo, 1988:

Doxaran et al., 2002a).

Some of the variations in spectral signatures of turbid waters have been attributed to
changes in particle characteristics such as grain size, particle composition and
scattering efficiency. Novo et al. (1989, 1991) suggested the relationship between
suspended sediments and reflectance was dependent on sediment type and showed
the difference between reflective properties of red silt and white clay. Laboratory
results showed that for fine white sediment, the visible reflectance increased across
the entire visible spectrum, whilst for red silts the increase was more pronounced in
the red region. Simpson and Brown (1987) showed that with increasing organic
matter, the sensitivity of reflectance to changes in total SPM decreases, with a
corresponding increase in the slope of the SPM-Reflectance relationship. They
suggested that the organic component played a critical role in determining the

efficiency with which the particulate load is able to reflect light.

Holyer (1978) deduced that it was particle size rather than colour or texture that was
the main factor relating suspended sediment concentrations to optical measurements.
Early studies showed that the reflectance of dry sediment increased with decreasing
grain size (Myers and Allen, 1968) and the same has been observed for sediments
(1999) showed that the relationship between reflectance and sediment concentration

varied between different sediment types and grain size. They also showed that by
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using colour ratios (Rgss/R775), the spread in the data could be reduced. Han and
Rundquist (1996) presented results that showed that as suspended sediment
concentrations increased, reflectance from finer soils increased faster than that from

coarser soils, whilst with both soil types, the wavelength of peak reflectance

increased towards longer wavelengths.

With increasing knowledge of the inherent optical properties of water quality
parameters, it has become increasingly popular to use optical models as a method of
analysing ocean colour information (Forget ef al., 1999; Moore et al., 1999; Doxaran
et al., 2002a). Doxaran et al. (2002a) showed through modelling that reflectance is
highly sensitive to variations in both grain size and composition and encouraged the

use of colour ratios to reduce algorithm sensitivity to these parameters.

The literature contains numerous attempts at estimating suspended sediment
concentrations from remotely sensed reflectance in a variety of marine, coastal and
freshwater environments. Studies have shown that sediments can be quantitatively
mapped (with varying degrees of accuracy) from aircraft-mounted (Curran er «l.,
1987; Robinson et al., 1998) and satellite-mounted ocean colour sensors. The
algorithms used, however, are as diverse as the environments they attempt to
describe. Table 2.2 presents a selection of previously published algorithms for the
retrieval of suspended sediment concentrations using a variety of ocean colour
sensors. This is by no means an exhaustive review but aims simply to demonstrate
the diversity of algorithms available. Most algorithms utilise the fact that sediment-
laden waters generally show increased reflectance, either in terms of absolute
reflectance (at a single wavelength) or spectral differences in reflectance (using
colour ratios). There has, however, been little agreement on either the form of the
algorithm or the optimum wavelength for use in these algorithms. Much of this may
be due to the diversity of satellite sensors available over the years, with large

variations in the available spectral characteristics.

The substantial inconsistency between studies may also be attributed to
environmental variables, such as differences in the range of sediment concentrations.
particle size distributions, particle mineralogy, the presence of chlorophyll and/or

dissolved organic matter. In addition, there may be considerable differences in
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adopted methodology, in terms of radiometric field measurements (instrument
specifications, calibration and deployment), measurement of suspended sediments
(differences in measured quantities, accuracy of laboratory methodology, sample

variability) and techniques in data processing and analysis.

Clark er al. (1980) suggested that a simple reflectance ratio (R440/Rs19) would be
suitable for estimating concentrations of total SPM in the Gulf of Mexico, This
study however, was based on low inorganic sediment concentrations, where SPM co-
varied with chlorophyll. Although this ratio was satisfactory for Case 1 waters it
may not be suitable for Case 2 waters where the correlations between C and SPM
may be space and time dependent as a result of, for example, river discharges and
bottom re-suspension of inorganic sediments. Tassan and Sturm (1986) showed

distinct relationships between chlorophyll and SPM for different coastal regions of

the Adriatic Sea.

A further source of error may be due to vertical, spatial and temporal variability of
sediment concentrations, particularly in some of the earlier algorithm developments
that relied on the coincidence of field measurements with satellite overpasses for the
derivation of relationships between the spectral reflectance and SPM concentrations
(e.g. Collins and Pattiaratchi, 1984; Ritchie and Cooper, 1988; Lathrop et al., 1991).
Time differences between the satellite overpass and in situ observations may lead to
considerable errors due to advection. Validation of satellite imagery through spot
field measurements also introduces the problem of sub-pixel variability. There may
be considerable spatial variability in sediment concentrations within a single pixel,
particularly in the dynamic coastal and estuarine environments. By adopting in situ
observations of ocean colour to directly relate changes in ocean colour to in-water
constituents, providing more accurate relationships between water quality parameters

and both the inherent and apparent optical properties, the potential problems of sub-

pixel variability are removed.

In recent years, there has been growing interest in the optics of the more complex
Case 2 waters and in the retrieval of SPM concentrations. Advances have been made
in ocean colour using optical modelling but still there are no globally applicable

ocean colour algorithms with acceptable retrieval accuracy. Recent work has
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attempted to derive SPM concentrations and fluxes from estuaries (Robinson er al..
1998, Moore et al., 1999). These studies obtained SPM concentrations accurate to
within 50% but this was for a single site at a single point in time. Effort is now
required to firstly reduce the uncertainty in estimated concentrations and secondlv

investigate further the multi-region and seasonal application of such algorithms.

These previously published algorithms provide site-specific predictions of water
quality parameters with reasonable accuracy but are limited in their universal
application. To test the accuracy with which these algorithms could determine
sediment concentrations in regions other than where they were derived, Mitchelson-
Jacob (1999) applied a selection of algorithms to SeaWiFS imagery of the Irish Sea.
Results showed an extensive range of derived sediment concentrations, with few
deriving even reasonable concentrations and distributions of sediments in the Irish
Sea. There is, therefore, at present, no ocean colour algorithm that can accurately

determine sediment concentrations in the Irish Sea.
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Chapter Three Methodology & Study Region

CHAPTER THREE: AN INTRODUCTION TO THE STUDY REGION AND

DETAILS OF THE ADOPTED METHODOLOGY AND SAMPLING
STRATEGY

3.1 Introduction

This chapter details the methodology used in both data collection and initial data
processing. Described first, is a brief introduction to the study region. This is followed
by details of the sampling programme undertaken for both research cruises and local
sampling. Section 3.3 provides instrument specifications and details of the calibration
and deployment of the optical sensors used in this study. Laboratory techniques for the
biogeochemical analysis of water samples are outlined in section 3.5. Section 3.6
describes the procedure for calculating the key inherent and apparent optical properties
from the optical profiles. The procedures undertaken in satellite image processing are
not included in this chapter but are described in full in the relevant results chapter
(Chapter Six). Where possible, the adopted methodology was that recommended by the
SeaWiFS Project in the NASA Ocean Optics Protocols for Satellite Ocean Colour
Sensor Validation (Mueller and Fargion, 2002). However, this was not always practical
due to time, space and equipment restraints. Moreover, as the SeaWiFS project is based
primarily on bio-optical studies in open ocean environments, and in the absence of
recommended practice, some of the methods described here have been adapted to suit

the more turbid shelf sea environment under study.

3.2 Study Regions

The Irish Sea is a semi-enclosed sea with the northern boundary determined by a line
joining Larne and Stranraer and the southern boundary joining Carnsore Point to St
David’s Head (see figure 3.1). It is connected to Atlantic waters by both the North
Channel and St George’s Channel in the south. The Irish Sea is approximately 400 km
from North to South and its maximum width, just south of the Isle of Man, 1s 225 km.

The bathymetry of the Irish Sea basin is presented in figure 3.2a. To the west, there is a
deep trough running from the North Channel to St George’s Channel 1n the south. with
depths frequently greater than 160 m. The path of the trough is impeded by a number
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of highs oftf Dublin and the Wicklows (Orford, 1989). Some of the deepest waters of
the Irish Sea are in the North Channel, with depths up to 270 m. In contrast, the

bathymetry of the eastern Irish Sea is dominated by shallow bays, in particular

Cardigan Bay and Liverpool Bay, with water depths generally less than 40 m.
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Figure 3.1: Study area location map with expanded areas showing the

location of the Menai Strait sampling.

43



Chapter Three Methodology & Study Region

The physical oceanography of the Irish Sea is dominated by tidally driven water
movements, with the tide entering the Irish Sea through both St George’s Channel and
the North Channel. Most of the tidal variations in this area are generated by the M. and
S, components of the Atlantic Ocean tides (Robinson, 1979). The M, component forms
the semi-diurnal cycle where the time between consecutive hi gh waters is 12 hours and
25 minutes, whilst the S, component drives the fortnightly spring/neap cycle where

spring tides are approximately twice as large as neap tides (Orford, 1989).

Figure 3.2b presents the mean tidal current amplitude as estimated from a tidal current
and elevation model developed at the Proudman Oceanographic Laboratory (see Elliott
(1991) for a description of the model). Amphidromic points are observed in the North
Channel and along the Irish coast south of Arklow which play a major role in the tidal
forcing of the Irish Sea, resulting in regions of high tidal current velocities in both
regions (> 1.0 m s™). Tidal currents then reduce drastically in the western Irish Sea off
the Down coast where high tidal elevations result in the lowest tidal currents
(<0.1 ms"). Further zones of high amplitude tidal currents include off the coast of
Anglesey (> 1.2m ") and in the St. George’s and North Channels. The non-tidal
circulation of the Irish Sea was investigated by Hunter (1972) who suggested there was a
residual northward current in St. George’s Channel, an anticlockwise gyre south west of

the Isle of Man and a clockwise gyre in Liverpool Bay.

The majority (~70%) of fresh water input to the Irish Sea through rivers is from the
castern Irish Sea; discharges from the rivers Dee, Mersey and Ribble within Liverpool
Bay and the Solway Firth making the greatest contributions (Irish Sea Study Group,
1990). River discharge from the Irish coast is small; almost as much is discharged into
Waterford Harbour as the sum of all other Irish sources. There are also considerable
discharges of fresh water into the margins of the Irish Sea, for example from the Bristol

Channel (River Severn) and the Clyde Sea (River Clyde).

As a consequence of the considerable depth variations, highly variable tides and to a
lesser extent, localised fresh water inputs, the Irish Sea is frequently divided into regions

of stratified and well-mixed waters. These regime changes result in the presence of
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persistent shelf sea fronts, particularly in the western Irish Sea, Liverpool Bay. Celtic
Sea and Clyde Sea (Simpson and Hunter, 1974; Pingree and Griffiths: 1978; Simpson,
1981). The level of water column stability is determined by the competing factors of
stirring mechanisms (predominantly tidal stirring) and stabilising factors of surface
heating and freshwater.  Figure 3.2c shows the distribution of the stratification
parameter, h/u’, which has been used to define regions of stratified and well-mixed
conditions (Pingree and Griffiths, 1978; Simpson, 1981). These features are in tumn
responsible for much of the variability in productivity over the Irish Sea with the onset

and break-down of stratification determining the timing of the spring and autumnal

phytoplankton blooms.

The Menai Strait is a narrow sea-channel separating the island of Anglesey from the
mainland of north Wales. Approximately 25 km in length, the Strait is about 200 metres
wide at 1ts narrowest point with a maximum width of 2 km. Water depths in the Menai
Strait are generally less than 15 m and there are large expanses of shallow inter-tidal
mudflats and sand banks, such as Traeth Lafan at the north-east entrance and Traeth

Melynog at the south-west, near Caernarfon.

The tidal range in the Menai Strait averages at 6.5 m on spring tides and 3.5 m on neap
tides. Evidence of tidal current asymmetry in the Menai Strait indicates that the south
westerly flowing tidal current is typically stronger than that flowing to the north-east.
Consequently, there is a residual flow towards the south-west, which has been attributed
to differences in the tidal ranges between the north-east and south-west ends of the Strait
(Harvey, 1968). This strong tidal influence (currents reaching 1.5 m s) and shallow
waters ensure that the Menai Strait is vertically mixed at all times and is well flushed

with water from the Irish Sea.

Numerous freshwater streams enter the Menai Strait but none produce sufficient flow to
cause significant fluctuations in the salinity. Water entering the Menai Strait from the
north-east is generally less saline than that at the south western approaches because of

the influence of the Liverpool Bay region of freshwater influence.
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3.3 Sampling Schedule

3.3.1 Research Cruises

In total, 10 cruises were carried out between March 2000 and November 2001 ,onboard
the University of Wales Bangor’s R.V. Prince Madog. Table 3.1 provides dates and
locations of all research cruises undertaken for this study. Cruises aimed to visit sites of
contrasting environmental conditions to obtain a range of optical properties. Stations
ranged from the clear, summer stratified waters of the Celtic Sea and Western Irish Sea,
to the tidally well-mixed and turbid stations around Anglesey and Liverpool Bay (see
figure 3.3 for station locations). The Clyde Sea and adjacent sea lochs provided

chlorophyll and yellow substance dominated waters.

Table 3.1: Details of research cruises undertaken.

Dates Region of Study No. of Stations
27-30 Mar 2000 Celtic Sea 6
15-25 May 2000 Clyde Sea 22
14-15 June 2000 Celtic Sea 7
17-20 July 2000 Liverpool Bay/Irish Sea 25
4-6 Sept 2000 Irish Sea 11
10-11 Nov 2000 Anglesey 4
23-27 Apr 2001 Clyde Sea 19
6-10 Aug 2001 Liverpool Bay/Irish Sea 22
22-23 Oct 2001 Eastern Irish Sea 17
26-30 Nov 2001 Anglesey 23
Total = 38 Days Total = 156 Stations

3.3.2 Menai Strait Time Series

In addition to the ship-borne measurements described above, sampling was undertaken
in the Menai Strait, forming an eight month time-series of optical and water quality
measurements. It was hoped that weekly samples could be obtained to form a complete
annual time-series, however, the need for the radiometer during research cruises,
inaccessibility to the sampling site, occasional instrument failure and re-calibration

periods meant that this was not possible. The time series presented runs from March gt

47



Chapter Three Methodology & Study Region

to November 2" 2001 with samples obtained at intervals ranging from one day to
two weeks. Radiometer profiles and water samples were obtained from Menai Bridge

pier at 12 noon and processed immediately on return to the laboratory.
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34 Spectral Radiometer Measurements

3.4.1 Radiometer Specifications

The underwater light field was characterised using a Profiling Reflectance
Radiometer (PRR600; Biospherical Instruments Inc.). This enabled the simultaneous
measurement of upwelling radiance (L,) and downwelling irradiance (E4) at
wavelengths coincident with the SeaWiFS visible wavebands. A deck-based
radiometer (PRR610) measured incident downwelling irradiance (Es) above the sea

surface at the same wavelengths, enabling the normalisation of profiles to surface

light conditions (see figure 3.4).

Incident Surface Irradiance
(Es) Collector (PRR610)

Downwelling Irradiance

/ (Eq) Collector

Upwelling Radiance
(Ly) Sensor

PRR600 at the surface, /
measuring E,

Figure 3.4: Photographs of the PRR600 and PRR610 during deployment
from the R. V. Prince Madog.
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The radiance sensor had a 10° field of view (FOV) in water. Filter photodetectors in the
irradiance collector and the radiance sensor had a narrow band spectral response (10 nm
Full Width at Half Maximum) with centre wavelengths desi gned to match the SeaWiFS
channels (see table 3.2 for waveband selection). The profiling radiometer was also
equipped with a temperature transducer, pressure sensor, tilt and roll sensors and a broad
band PAR (photosynthetically available radiation) sensor. Table 3.3 presents those
properties measured by the PRR600 and the parameters derived from the profile data.

Table 3.2: Details of SeaWiFS and PRR600/610 visible
wavebands (centre wavelengths in brackets).

SeaWiFS SeaWiFS PRR600/610
Band Waveband (nm) Waveband ( nm)
1 402-422 (412) 407-417 (412)
2 433-453 (443) 438-448 (443)
3 480-500 (490) 485-495 (490)
4 500-520 (510) 505-515 (510)
5 545-565 (555) 550-560 (555)
6 660-680 (670) 660-670 (665)

Table 3.3: Optical properties measured by the PRR600/PRR610 and those
derived from the in situ measurements.

Parameters measured by PRR600/610:

Symbol Description Unit

E;(z, \) Downwelling spectral irradiance uW cm?nm™

L, (z M) Upwelling spectral radiance uW cm”nm™ sr’
E,(z, M) Upwelling spectral irradiance uW ecm™”nm’

E, (0", ) Surface incident spectral irradiance pW em?nm™

Parameters derived from PRR600/610 measurements:

N Diffuse attenuation coefficient for .
Ko (@ M) downwelling irradiance

R (z, ) Irradiance reflection coefficient %
a(z, \) Spectral absorption coefficient m’
b (z, \) Spectral scattering coefficient m’”
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3.4.2 Radiometer Calibration

Full calibration of the PRR600 and PRR610 radiometers was carried out at the Plymouth
Marine Laboratory. Calibration facilities enabled the calibration of instruments to
SeaWiFS specifications using standard lamps traceable to NIST (National Institute of
Standards and Technology). SeaWiFS specifications (Mueller and Fargion, 2002)
require that radiometers have bands with centre wavelengths matching those in table 3.2
to within + 1 nm for 410 and 443 nm and within + 2 nm for all other wavebands.
Bandwidths should be 10 nm + 2 nm FWHM (Full Width at Half Maximum). The
minimum requirement for absolute radiometric data to be used in the SeaWiFS

validation is for repeatable calibrations within less than 5% variability.

Spectral Bandpass Characterisation

A scanning monochromatic light source was used to obtain the centre wavelengths and
wavebands of the two radiometers. All wavebands were found to fall within the
SeaWIFS requirements apart from band 2 (443 nm) where the centre wavelengths had
drifted by 2.3 and 4.3 nm for E; and E respectively. The bandwidths also fell within the
requirements of 10 + 2 nm with the exception again of the 443 nm channel of the E,

collector. No leakage between spectral bands was evident.

Absolute Radiometric Calibration

Irradiance collectors were calibrated against a NIST traceable secondary standard lamp
of known spectral irradiance. Calibration constants obtained for the E; collector showed
less than 5% variation from the previous calibration (carried out by Biospherical
Instruments in 1998) therefore meeting SeaWiFS requirements. Calibration of the
surface irradiance collector (E,) identified small changes in the 443 and 490 nm bands

that may be attributed to the drift in spectral sensitivity identified in the spectral

characterisation.

An integrating sphere with an exit port of sufficient size to fill the FOV of the radiance
sensor was used for the radiometric calibration of the radiance sensor. Calibration
constants were found to vary considerably (up to 40%) from those obtained in a previous

calibration carried out in 1998. These discrepancies may be attributed to differences in
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calibration methodologies; Biospherical Instruments used a standard lamp with a
reflective plaque. For this reason, rather than measuring L/E, to derive radiance or
remote sensing reflectances, the decision was made to measure the irradiance
reflectance, E/E,, thus eliminating any uncertainties in instrument calibration.
Measurement of irradiance rather than radiance reflectance also enables the study of the
relationship between R and the IOPs with greater accuracy, since no assumptions are

required regarding the directional properties of the light field (Kirk, 1994).

3.4.3 Radiometer Measurement Protocols

Radiometer Deployment

The radiometer was deployed from the A-frame of the R. V. Prince Madog with the stern
facing the sun to avoid any perturbations to the light field from the ship structure. The
instrument was held at the surface at the beginning of each cast to equilibrate with the
ambient water temperature and then lowered at approximately 0.5 m s, allowing a
minimum of 5 readings per metre during a profile. Optical profiles were made to at least
the depth at which downward irradiance was reduced to 1% of the surface values,

corresponding to the bottom of the euphotic zone, or 4.6 optical depths (Kirk, 1994).

Vertical profiles of upwelling irradiance (E,) were measured by inverting the PRR600
frame and profiling the instrument upside down on a second profile, immediately after
the first. During both profiles, the PRR610 was secured to a point on the ship free from
shading and obstruction, enabling the simultaneous measurement of incident
downwelling irradiance, E,. This was used to correct the underwater profiles for
variations in surface light conditions. Optical measurements were restricted by ambient
light levels and were thus only carried out up to four hours either side of noon. In

winter, the window of acceptable lighting was reduced, limiting the number of stations

visited.

Depth Offset Adjustments

The recorded depth must be adjusted for the distance between the irradiance and
radiance sensors and the pressure transducer so that the given depth is that at which the

optical properties are actually measured. The full length of the PRR600 is 42 cm and the
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pressure transducer is located 14 cm from the radiance sensor (28 cm from the irradiance
collector). Although this is only a small offset, it may be significant in turbid waters
where the attenuation coefficient is high. During the processing of optical profiles, the

depth measurements were therefore corrected by adding or subtracting the relevant

distance.

Instrument Dark Readings

The dark current of optical instruments is often temperature dependent (Mueller and
Fargion, 2002). Each optical profile was therefore accompanied by a measurement of
the instrument dark current. It was not possible to determine a dark current reading
during a cast therefore an average dark reading was taken prior to the profile and was

subtracted from the measured light field during data processing.

Surface Incident Irradiance

Variable atmospheric conditions, especially cloud cover, lead directly to variations in the
underwater light field and a correction must be applied to enable accurate estimates of
optical properties from radiance and irradiance profiles. Corrections were made to the
underwater light field using measurements of above water spectral downwelling
irradiance, E (L) as measured by the PRR610. Assuming that the transmission of E,
through the surface does not vary with time, then the underwater profile can be

normalised to the surface light field simply by dividing the underwater irradiances by E..

3.5 Ancillary Measurements

3.5.1 Hydrographic Data

Vertical profiles of water temperature and salinity extending over the entire water
column were obtained at every station from CTD casts carried out immediately before
the optical profiles. In addition, a 25 cm pathlength transmissometer (SeaTech) and a
WETStar fluorometer (WETLabs), both mounted on the CTD frame, provided
simultaneous profiles of beam transmittance and chlorophyll fluorescence. These

profiles, viewed in real time, provided valuable information on the water column

structure during the interpretation of optical profiles.
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3.5.2  Secchi Depth

Secchi depth measurements were made for a real-time estimate of water transparency
and a crude estimate of K. Poole and Atkins (1929) made the empirical observation
that the secchi depth was approximately inversely proportional to the vertical attenuation
coefficient. The secchi depth was measured using a horizontal white disk, about 30 cm
in diameter. The disk was lowered into the water column until it was no longer visible,
then pulled back to the surface slowly until visible again. The secchi depth was

recorded as the depth at which the disk re-appeared into sight.

3.5.3 General Station Observations
A number of additional measurements and observations were made for station

identification and to provide a useful assessment of data quality.

Date and time of each instrument cast (start and end)

Station position (Latitude and Longitude)

Sea state (swell and wave height)

Sky state (percentage cloud cover, cloud type, diffuse or direct light,
precipitation etc.)

Wind speed and direction

Ship’s orientation relative to the sun

Changes in surface light conditions during and/or between optical profiles

3.6 Biogeochemical Analysis of Water Samples

3.6.1 Water Sample Collection

SeaWiFS protocols for satellite ocean colour validation (Mueller and Fargion, 2002)
recommend duplicate samples be taken from 12 discrete depths, with at least three in the
first optical depth. In the turbid waters of the Irish Sea, however, this sampling
procedure was not feasible. For remote sensing purposes, the penetration depth of light
in the sea is defined as the depth above which 90% of the total radiance originates.
Gordon and McCluney (1975) showed that a good estimate of this depth is given by
1/K,. Using this effective remote sensing depth of one attenuation length, the

reflectance measured at the surface was calculated as originating from depths up to a
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maximum of 2.47 metres at 665 nm during the entire study. Furthermore. the
fluorescence and transmittance profiles obtained from the CTD casts showed no
significant variability in readings within this first attenuation depth. This enabled the
assumption that surface concentrations were fully representative of conditions within the

first attenuation depth and water samples were taken at the surface only.

3.6.2 Fluorometric Measurement of Chlorophyll a and Phaeopigments

This method of chlorophyll analysis is based on the fluorescence of algal pigments at red
wavelengths when they are excited by blue light, and is used extensively to provide an
estimate of algal biomass. More recently, the recommended procedure for pigment
analysis 1s HPLC (High Performance Liquid Chromatography) which results in a lower
uncertainty in the measured chlorophyll and phaeopigment concentrations, since
compounds are physically separated and quantified. This method, however, is very
time-consuming and since this study was interested primarily in suspended sediment it
was not thought necessary to evaluate pigment composition in this way. Fluorometry
rather than spectrophotometry was chosen because the increased sensitivity of
fluorescence measurements enables smaller volumes to be filtered, an important factor in
very turbid waters. SeaWiFS protocols for the fluorometric determination of
chlorophyll a and phaeopigment concentrations are based on the key references of
Yentsch and Menzel (1963) and Strickland and Parsons (1972), with just a few

modifications.

As soon as possible after collection, water samples were filtered through 47 mm
diameter Whatman GF/F glass fibre filters of 0.7um pore size. Volumes of water
filtered varied depending on water turbidity but generally, one litre was sufficient for
chlorophyll analysis. Samples were not pre-filtered to remove large zooplankton as this
may exclude large or chain-forming phytoplankton. Instead, tweezers were used to
remove large zooplankton from filters after filtration. Triplicate samples were filtered at

all stations in order to allow some assessment of sample variability.

Filters were folded in half with the filtered halves facing in and wrapped in labelled

aluminium foil parcels. Samples were stored frozen and analysed as soon as possible
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after cruises. Filters were placed in centrifuge tubes with 10 ml of 90% acetone and
pigments were allowed to extract for 24 hours whilst refrigerated in the dark. The
extract was then analysed using a Turner design bench fluorometer for the determination
of chlorophyll @ and phaeopigment concentrations. Each extracted sample was placed in
the fluorometer and the fluorescence signal (f,') was recorded. At this stage, the
fluorescence by phaeopigments makes a significant contribution to f,". This was
corrected for by acidifying the extract with 10% hydrochloric acid, which converts all
the chlorophyll to phacopigments. The extract was mixed by inverting the tube before
recording the acidified fluorescence signal (£f,). The fluorescence signals of both a 90%

acetone blank (B,) and an acidified acetone blank (B,) were also measured.

The sample fluorescences were then corrected using the appropriate blank readings (B,

and B,) and instrument ranges (R):

(f, - B,)
fy = (3.1)
f :(_g_—lig. (32)
) R

The concentrations of chlorophyll a [Chl] and phacopigments [Phaeo] were calculated

according to equations 3.3 and 3.4.

[Chl] = Kf (fb - fa )Vex /Vﬁlt (Hg 1-1) (33)

[Phaeo] = Kf(Hffa - £)Vei/ Vi (1g 1_1) (3.4)

where V., and Vy, are the extract volume (millilitres) and the sample volume filtered
(litres) respectively. The calibration constants K, and H; were determined during the

calibration of the fluorometer against a spectrophotometrically determined chlorophyll

standard.

56



Chapter Three Methodology & Study Region

The similarity between the absorption spectrum of chlorophyll ¢ and phaeopigments
means that it is common practise to use the sum of chlorophyll a and phaeopigments and

is referred to as phytoplankton pigments, denoted C (Gordon and Morel, 1983).

3.6.3 Spectrophotometric Measurement of Yellow Substance

Absorption due to yellow substance is a routine optical measurement, with well-
established protocols. Methods carried out in this study are as those described by
Bricaud et al. (1981). Seawater samples were collected and particulate matter removed
by filtration through 0.2 um pore size Nuclepore membrane filters. Samples were
processed using all-glass filtering apparatus in order to minimise contamination by
organic material. The filtrate was stored in amber-coloured glass bottles to protect from

photo-degradation during sample storage and refrigerated for no more than one week

before analysis.

Prior to analysis, samples were warmed to room temperature since the absorption by
water is strongly temperature dependent, particularly at red and near infrared
wavelengths (Pegau and Zanefeld, 1993). The absorption spectra were then measured in
a 10 cm glass cuvette using a dual-beam Shimadzu UV 1601 spectrophotometer, with
distilled water as a reference. Spectra were measured at 1 nm resolution between

375 nm and 750 nm.

The absorption coefficient at 440 nm (ayg4) Was used to represent the concentration of

yellow substance (Kirk, 1994), as calculated from equation 3.5.

Aysua0) = 2.303(0D,,,-OD.,)/0.1 (m™) (3.5)
where OD,,, and OD,, are the optical densities, or absorbances, measured at 440 nm
and 750 nm respectively. The factor 2.303 converts from base 10 to base e logarithms.
The absorbance at 750 nm is subtracted to correct for scattering by fine particles, and the

denominator of 0.1 is the cell pathlength in metres.
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3.6.4 Gravimetric Measurement of Total Suspended Sediments (TSS)

The concentration of Total Suspended Sediment (TSS) was measured gravimetrically
according to methods outlined by Strickland and Parsons (1972). SeaWiFS protocols
were not followed on this occasion as they only describe the measurement of total
suspended matter using filters that are not combustible. In this study, knowledge of the
organic and inorganic components of TSS (as separated during combustion) is

important, therefore, methodology alternative to that of Mueller and Fargion (2002) is
proposed.

Filter Preparation

Filter preparation was required prior to sampling to remove some sources of error
identified in the gravimetric measurement of TSS. Whatman GF/F filters of 47 mm
diameter and 0.7um pore size were washed with distilled water and then combusted for
3 hours at 500°C to remove any loose particulate material. This small, but significant,
amount of particulate matter could affect the measurement of TSS in a number of ways;
particles may block pores on the filter, increasing the retention of the filters and thus
leading to an overestimate of TSS concentrations. An alternative argument would be
that these particles would contribute to the initial weight of the filter, which may then be

removed in the filtration process, thus resulting in an underestimated TSS concentration.

Preliminary experiments to perfect the technique showed that for duplicate samples, the
standard deviation of the mean TSS concentration was reduced from 5.45 to 0.45 by
adopting the above filter preparation. Average TSS concentrations were reduced,
implying that the filters are less retentive following this treatment. This would agree
with the theory that this filter preparation removes loose particles on the filter, creating
more uniform pore sizes and reducing variability between samples. Following
preparatory treatment, filters were weighed using a 5 d.p. balance measuring to+ 0.1 mg

(giving initial weight W,) and placed in labelled aluminium trays and sealable bags for

storage.

Sample Filtration

Water samples were first shaken to avoid particle flocculation, ensuring all material was

58



Chapter Three Methodology & Study Region

kept in uniform suspension. Water samples were filtered, as soon as possible after
collection, through the pre-weighed filters and washed with 200 ml of distilled water to
remove dissolved salts. Triplicate samples were filtered at all stations to give an idea of
sample variability. The volume of sample filtered (V,) depended on the sediment
loading, ranging from 500 ml in the most turbid waters to 3 litres in the clearer waters.
This ensured that regardless of water clarity, there was sufficient sediment retention to
allow consistent weight determination. The filter was removed using flat bladed
tweezers, taking great care not to tear the filter and was then returned to the labelled
aluminium tray and sealed bag. Samples were stored frozen until further processing to
avoid growth or degradation of the organic fraction of TSS. On return to the laboratory,
filters were dried for one hour at 75°C before being weighed, giving the dry filter weight
W,. Filters were then combusted at 500°C for three hours to burn off all organic matter
and re-weighed to give the burnt filter weight W,. Because of their hygroscopic nature,
samples were stored in sealed plastic bags in a desiccator containing dry silica gel

following the drying and combustion stages to avoid unaccounted weight gain.

Concentrations of total suspended sediment (TSS), the inorganic fraction or mineral
suspended sediment (MSS) and the organic fraction or organic suspended sediment

(OSS) were then calculated according to equations 3.6, 3.7 and 3.8 respectively.

TSS = (W, -W,)/V, (mg 1) (3.6)
MSS = (W,-W,)/V, (mg 1) (3.7)
OSS = TSS-MSS (mg 1™ (3.8)

3.6.5 Quantitative Filter Technique Measurement of Particulate Absorption

The quantitative filter technique was pioneered by Yentsch (1962) and is now used
routinely to quantify the contributions of individual constituents to the total absorption
coefficients in the UV and visible regions of the spectrum. The technique involves the
filtration of a water sample, retaining particulate matter on a filter pad, which 1s then
scanned in a spectrophotometer to measure the light transmitted through the sample.
There has been considerable effort aimed at developing protocols that provide the most

accurate estimate of particle absorption (Mueller and Fargion, 2002). The most widely
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used method is based on the methanol extraction as first demonstrated by Kishino et al.
(1985). After scanning and recording the absorption spectrum of the full sample,
methanol is used to bleach the phytoplankton pigments. Re-scanning and subtracting
this spectrum from the full absorption spectrum produces the phytoplankton spectral
absorption. Having removed the effect of phytoplankton, the remaining absorption is
that due to both inorganic sediment and organic detritus. Solvent extraction presents
significant limitations because firstly, some pigment types such as phycobilins are not
extractable and secondly, the procedure is ineffective with some phytoplankton species,

for example Chlorophycaea, whose thick cell wall hinders solvent penetration (Bricaud

and Stramski, 1990).

Because in this study the primary interest lies in the optical properties of inorganic
sediments, it was thought necessary to separate the absorption due to detrital matter and
inorganic sediment. For the most part, studies to date have focussed on the
identification of phytoplankton absorption spectra (Kishino et al., 1985; Bricaud and
Stramski, 1990; Bricaud et al., 1995) and at present there are no well-established
protocols for determining the absorption coefficient for inorganic particles. Bowers et
al. (1996) removed all organic matter by combustion to determine the absorption
properties of inorganic sediments and it was this method, with a few modifications, that

was adopted in this study.

Seawater samples were filtered through pre-weighed GF/F filters and stored in
aluminium trays in the freezer until further analysis. The spectral absorption analyses
were carried out using a dual beam Shimadzu UV 1601 spectrophotometer. Filters were
placed on microscope slides and held, using small magnets, over the exit port of the
spectrophotometer. Sample absorbance, or optical density (OD), was measured from 400
to 750 nm using a filter wetted with filtered seawater as a reference blank. The sample
filters and the blank filter were then rinsed with distilled water to remove salts and
combusted at 500°C for three hours to burn off all the organic material. Sample filters
were weighed to determine the sediment mass-concentration as described in section

3.6.4 before re-scanning to obtain the absorption spectra for the inorganic component of

TSS.
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Historically, it has been assumed that particle absorption at 750 nm is negligible (0D,
representing the loss of light due to scattering) and should be used as a null point
correction. Although it is certainly true that phytoplankton cells do not absorb light at
750 nm, it may not be the case for inorganic or detrital material. Correcting for
scattering in this way also assumes that scattering is constant across the spectrum. If
scattering increases with shorter wavelengths as demonstrated by Gould and Armone
(1998) and Binding (1999), this would over-estimate absorption at shorter wavelengths.
In this study, absorption by MSS at 750nm was set equal to that of the total absorption at
the same wavelength, thus assuming that absorption by the organic fraction OSS
(consisting of phytoplankton and detrital matter) at that wavelength was negligible. Itis

acknowledged that this assumption may introduce some error in the estimate of

phytoplankton absorption, however, it was not possible in this study to 1solate the

absorption due to detrital matter.

It is known that the absorption as measured on filters over-estimates the absorption
coefficient as would be observed in situ because of the diffuse nature of the light passing
through the filtered sample. Multiple scattering of light within the filter increases the
average pathlength of light, thus increasing the potential for absorption (Butler, 1962).
This effect was corrected for by including a pathlength amplification factor,  (equation
3.9, after Cleveland and Weidemann (1993)) which converts the optical density of
particles as measured on the filter paper (ODy) to an optical density that would be

measured if particles were in suspension (OD,).

OD, () = 0.3780D;(A) + 0.5230D,(1)* (3.9)

The absorption coefficient (a,) of the particulate material in suspension was calculated

from:
a,(A) = 2.3030D,(A)/1, (m™) (3.10)

where OD()) is the optical density at wavelength ) as calculated from equation 3.9 and

the factor 2.303 changes the base of the logs from 10 to e. The geometric absorption
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pathlength (1)) of the filtered material in suspension is given by .= V /A, where V,is the
volume of water filtered and A is the clearance area of the filter calculated from the
diameter of the soiled part of each filter. 1 gives the length scale the particles would

occupy in suspension in a cylinder of cross section A,, thus converting OD to a measure

of absorption per metre.

Phytoplankton pigment and mineral sediment specific absorption coefficients
(absorption per unit concentration, a . and a’,, respectively) were obtained by

regressing the relevant absorption coefficient against the concentrations of [C] and

[MSS] such that:

a.(\) = a’c (M[C] (m* mg") (3.11)

and

a5 (M) = a mss(A)[MSS] (m’g™") (3.12)

Each regression was repeated at 10 nm intervals between 400 and 750 nm to determine

the spectral shape of 2" and &’y

3.7 Calculating Inherent and Apparent Optical Properties

Using the theory outlined in Chapter Two, data from the PRR600 enabled the
calculation of two key apparent optical properties; the irradiance reflectance just below
the surface, R(0",\) and the diffuse attenuation coefficient for downwelling irradiance, K
(z,M). Sections 3.7.1 and 3.7.2 describe the data processing required to derive these

parameters.

3.7.1 Irradiance Reflectance

Profiles of upwelling and downwelling irradiance were corrected for length offsets and
dark current readings as described in the previous sections. Because of surface waves, it
was not possible to accurately measure the near-surface underwater light field. The

shallowest reliable readings typically occur at depths ranging from 0.5 to 2m (Mueller
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and Fargion, 2002), depending on surface conditions. Fluctuations associated with
surface waves were removed from the profile and data was extrapolated upward to the
sea surface. The log of the normalised irradiances (E4/E, and E /E,) were plotted against
depth and extrapolated to the surface by means of least square linear regression. The
intercept at depth zero was taken to be the upwelling, or downwelling, irradiance just

beneath the surface. Irradiance reflectance just beneath the surface, R(0",1), was then

calculated as the ratio E (07,1)/E (0,}). Normalising irradiance profiles to E,

corrects for both variations in surface light conditions during a profile and for

differences in conditions between the two profiles.

3.7.2 Diffuse Attenuation Coefficient

A plot of the log of E, against depth provides K, as the slope of a linear fit to the data, so
that:

dln[Ed(z,k)]]

K, (z\) = -{ iy

(m™) (3.13)

As for calculations of reflectance, normalising profiles of E, to surface irradiance, E_,

corrects for variations in surface light conditions throughout the profile.

Before discussing the interpretation and importance of the spectral reflectance measured
in this study, the potential sources of error in the in situ measurement of reflectance will
be examined briefly. Shallow attenuation depths may lead to inaccuracies in measured
reflectance because in turbid waters, or when measuring in the red portion of the
spectrum where absorption by water is large, the extrapolation of in sifu reflectance
measurements to the surface may be difficult (Mueller and Austin, 1995). This
however, was overcome by profiling at a rate slow enough to ensure sufficient data for

accurate extrapolation.

A problem highlighted in ocean optics measurements is that of instrument self-shading
(Gordon and Ding, 1992). In this study, the ratio of E; (0")/E, (0") just below the surface

was taken as a quality control for each profile. If E; as measured by the underwater
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profiler was equal to E, measured above the water by the deck reference unit and
extrapolated to below the sea surface (E,/E, = 1) then there was no shading, either by the
instrument itself or by the structure of the ship. This is particularly important in the
calculation of the diffuse attenuation coefficient, where the rate at which the underwater
irradiance decreases is normalised to the surface irradiance. Stations were included in
further processing providing the value of E/E_ was 1 £ 10%. If there was noticeable
distortion in any profiles due to unavoidable shading occurrences then that station was

excluded from the data set. Only 12 stations out of a total of 156 were excluded from

the data analysis.

3.7.3 Total Absorption and Scattering Coefficients

Total scattering (b) and absorption (a) coefficients were estimated from the radiometer
profiles using the relationships derived by Kirk (1981; 1984) from the Monte Carlo
technique (see Chapter Two). The functions required to estimate a and b are presented

in equations 3.14 and 3.15.

R = C(u,)b,/a (3.14)

where C(,) = 0.975-0.629u

K, = (2 +G(u)ab)” 3.15)

Ho

where G(u,)=0.425u,-0.19

Assuming the ratio b,/b to be the same as that observed by Petzold (1972), and
calculating p, for each profile as described in section 3.7.4, total scattering and
absorption coefficients for all wavebands can be calculated simply in terms of R and K.
Figure 3.5 shows contours of R and K in a-b space as estimated from the above

relationships (for p, = 0.85), providing an example look-up table for obtaining 1OPs

from known AOPs and vice versa.
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Figure 3.5: Look-up table for estimating absorption and scattering
coefficients from known R and Ky, as calculated using functions
from Kirk (1981) and i, = 0.85.

3.7.4 Average Cosines

Equations 3.14 and 3.15 show that the relationships between IOPs and AOPs are a
function of g, the average cosine of the angle the photons make with the vertical just
beneath the surface. This parameter is related to the directional properties of the
irradiance above the sea surface and therefore depends on the solar elevation (B),
which varies with both time of day and time of year and can be calculated with
knowledge of the solar declination (8) and latitude. At each optical station, the value
of po and thus C(py) was calculated from equations 3.16 to 3.18, to enable the

determination of absorption and scattering coefficients as shown in section 3.7.3.

Solar declination (that is the angle through which the earth is tilted towards the sun)

was calculated for each sampling day from equation 3.16 as derived by Spencer

(1971).

§ = 039637 - 22.9133cosy + 4.02543siny - 0.3872cos2y + 0.052sin2y (3.16)
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where v is the date expressed as an angle (y = 360d /365; d ranges from 0 on Jan 1
to 364 on Dec 31%). The solar declination is zero at the spring and autumn equinoxes

and varies from +23° 27’ to — 23° 27° at summer and winter solstice respectively.

With knowledge of the solar declination and the latitude, v, the solar elevation, B,

was calculated according to equation 3.17.
sinP = siny sind - cosy cosd cost (3.17)

where T is the time of day expressed as an angle (1 = 360t/24 ) and t is the time in

hours after midnight.

Given the solar elevation B, the solar zenith angle above the surface (6,) is simply
90°-B . Snell’s law (equation 3.18) was then used to account for refraction at the

air/sea interface to obtain a value of 0,,, the angle the photons make with the vertical

beneath the surface, and thus pyand C(u).

sinf, _n, (3.18)

sinf, n

a

where n,, and n, are the refractive indices of water and air respectively. A value of

1.33 can be reasonably assumed for ny/n,.

The value of py below the sea surface is also affected by the proportion of diffuse to
direct light incident on the surface. At each station, a measure of surface light
conditions was recorded simply as a percentage cloud cover. Light was assumed to
be 100 % diffuse under overcast conditions and 100 % direct under a clear sky. For
diffuse skylight, an average p, was calculated over 5° increments of incident light.
For a station where there was 50 % cloud cover, o was calculated as the average of
50 % direct light and 50 % diffuse light. To demonstrate the variability of o, figure
3.6 presents C(u) for noon sun at a latitude of 53°, varying as a function of both time

of year and surface light conditions.
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Whilst equation 3.14 shows that for zenith sun, R = 0.346by/a, figure 3.6 illustrates

that for a latitude of 53°, C(jo) has a value of 0.448 for diffuse light and varies over
the year from 0.39 to 0.54 for direct light.
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Figure 3.6: The annual variation of C(j) at a latitude of 53° for varying
proportions of direct to diffuse light incident at the sea surface.
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CHAPTER FOUR: THE DEVELOPMENT OF AN ALGORITHM FOR THE

RETRIEVAL OF SUSPENDED SEDIMENTS FROM IN SITU OCEAN
COLOUR

4.1 Introduction

This chapter presents results that have enabled a preliminary assessment of the way
in which suspended sediments and other optically active constituents affect ocean
colour in the Irish Sea. This assessment was carried out initially by considering the
inherent and apparent optical properties, either measured directly or inferred through
accepted optical relationships. Identification of the absorption and scattering
properties of dissolved and particulate matter allowed a more informed analysis of
the spectral reflectance signatures observed in the Irish Sea. A simple algorithm for
the retrieval of mineral sediment concentrations was developed based on
measurements of the irradiance reflectance at 665 nm. A reflectance model based on
the derived absorption and scattering properties was then used to evaluate
observations against known optical theory and was further used to assess the effects

of other optically active constituents on the relationship between reflectance and

MSS.

4.2 Inherent Optical Properties

Before an algorithm for the determination of sediment concentrations from ocean
colour could be derived, it was necessary to understand the way in which both
dissolved and particulate matter influenced ocean colour in the study region. Such
information was obtained by measuring the inherent optical properties of
phytoplankton (C), mineral suspended sediments (MSS) and yellow substance (YS).
Absorption coefficients for C, MSS and YS were measured spectrophotometrically
on filtered seawater samples. No instrumentation was available routinely for the
direct measurement of scattering, therefore, scattering coefficients for C and MSS

were obtained from theoretical computations of total scattering.

4.2.1 Absorption

Figure 4.1 presents the specific absorption coefficients (absorption per unit
concentration) for yellow substance (a*ys), mineral suspended sediments (a*Mss) and

phytoplankton pigments (chlorophyll a plus phacopigments, a c) at 10 nm intervals

09



Chapter Four Results — Algorithm Development

in the spectral range between 400 nm and 750 nm. Particulate absorption spectra
were measured on filters with concentration ranges of C and MSS of 0.34 - 2.8 ng 1!

and 0.85 - 9.6 mg 1" respectively. Yellow substance concentrations ranged from
0.028 t0 0.41 m™.
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Figure 4.1: Spectral variation of specific absorption coefficients for
yellow substance (YS), mineral suspended sediments (MSS) and
phytoplankton pigments (C). Error bars indicate = 2 standard errors.

The spectral variation of yellow substance absorption displayed the characteristic

exponential increase with decreasing wavelength, as represented by equation 4.1

ays(M) = ays(1)el ) (4.1)

where aysO\,*) is the absorption by yellow substance at a reference wavelength A, in
this case 440 nm. The coefficient describing the exponential slope, S, had a mean

value of 0.0165 with a standard error of the mean of 0.0009.

Absorption by mineral sediments, normalised to a unit concentration of MSS (2" mss)

displayed a near constant value at red wavelengths. Absorption then increased with
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decreasing wavelength in accordance with equation 4.2.

a’wss(M) = o A2-BL +y (R? = 99.7%, p=0.00) (4.2)

where oo = 5.6x107 + 2x10°, B = 8.03x10™ + 1.78x10”° and y=0.3+0.005.

Again, the small standard errors associated with this relationship suggest there was
hittle variability in the inherent colour of MSS in this study region. This is in
agreement with observations of the filtered MSS samples; whilst the intensity of

colour varied with the concentration of MSS, all MSS filters appeared the same

red/brown in colour.

Absorption by phytoplankton pigments (a'¢) showed a typical absorption spectrum
for chlorophyll a, with absorption peaks at 430 and 670 nm and a minimum at green
wavelengths. The error bars in figure 4.1 show that the variability in a'¢ is

considerably greater than that of a vs and a s, particularly at shorter wavelengths.

It 1s known that the absorption coefficient of particles on filters is overestimated and
a path length amplification factor, [, was applied to convert the absorption
coefficient of particles on the filter to that of particles in suspension. However, the
correction adopted in this study (that of Cleveland and Weidemann, 1993), was
derived for Case 1 waters where phytoplankton dominated the particulate matter. It
can be expected that the presence of mineral particles, which are characterised by
high refractive indices relative to phytoplankton and, therefore, high backscattering
coefficients, may result in an underestimation of the P-factor using the method of
Cleveland and Weidemann (1993). This would result in an overestimate in the

derived absorption coefficients in this study.

Using the relationships between the IOPs and R and K4 (described in Chapter Two,
after Kirk, 1981, 1984), an estimate of in situ absorption from the PRR600 data
allowed the calculation of specific absorption coefficients for both MSS and C by
carrying out multiple regressions of MSS and C concentrations on absorption after

correcting for the influence of yellow substance and pure water. Figure 4.2 presents
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a ¢ and a mss at each waveband along with the corresponding spectral absorption
obtained from the quantitative filter technique for comparison. Whilst the absorption
coefficients estimated from Ky and R show similar spectral variation to those
measured on filters, the magnitudes of the coefficients are significantly lower. This
1s 1 agreement with the suggestion that the chosen B-factor may result in the

overestimation of the filter-retrieved absorption coefficients.
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Figure 4.2: Specific absorption coefficients for C (a'¢) and MSS
(a mss) estimated for each of the PRR600 wavebands (PRR) and the
spectral absorption from the quantitative filter technique (QFT).

On the last two research cruises carried out in this study, an AC-9 reflective tube
absorption meter (WET Labs, Inc.) was available and provided independent in situ
measurements of total absorption coefficients. The AC-9 obtained concurrent
measurements of the spectral transmittance and absorption of water over nine
wavelengths. Using a 25 cm pathlength, the instrument provided a method for
determining the absorption (a) and beam attenuation (c) coefficients. Scattering was
accounted for by using a reflective tube that reflected all scattered photons into the
detector. A comparison of the absorption coefficients measured using the AC-9 and
those determined from Kirk’s expressions is presented in figure 4.3. The close

agreement of the absorption measurements from the AC-9 and those derived from
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irradiance confirms the accuracy of Kirk’s method. Uncertainty in the scattering
correction of the AC-9 measurements has been found to result in the slight
overestimation of absorption that increases as the ratio of b to a increases (Piskozub

et al., 2001). There is some evidence in figure 4.3 that the AC-9 may overestimate

absorption at high values.
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Figure 4.3: Comparison of absorption coefficients as estimated
from the method of Kirk (1984) and as measured using the AC-9.

These independent determinations of the absorption coefficients enabled the
assessment of measurement accuracy of the quantitative filter technique. Whilst in
this study, measuring absorption on filters provided valuable results on the spectral
shape of absorption coefficients, further work is needed to ensure confidence in the
absolute values of a*c and a*MSS- The correct assessment of the absorption
coefficient of natural organic and inorganic matter using the quantitative filter
technique requires that the problem of estimating the B-factor be solved for coastal
waters. Because of the uncertainty in the filter-retrieved absorption coefficients and
the good agreement between the absorption coefficients obtained from the PRR600
and the AC-9, it was felt that the PRR600 would provide the more reliable estimates

of a’ mss and a'c for use later in the study.
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4.2.2 Scattering

Total scattering coefficients were calculated using relationships between a, b and Ky
and R (Kirk, 1981; 1984). Total scattering coefficients ranged from a minimum of
0.06 m™ in the red to a maximum of 10.5 m” in the green. Knowledge of the total
absorption and scattering coefficients revealed that the majority of waters sampled in
the region of study were scattering dominated, with calculated values of the
scattering to absorption ratio, b/a, ranging from 1.4 to 20.5 at 555 nm. Even at
665 nm, where absorption by water is strong, over half of the waters sampled
resulted in b/a > 1. In addition, a strong positive relationship between Regs and Kyges,
the diffuse attenuation coefficient, (Kgss = 0.08Rg6s + 0.51, R? = 78.0%) confirms
the importance of scattering relative to absorption in these waters. The positive

intercept in this relationship is the consequence of the strong absorption by water.

It was assumed that yellow substance did not contribute to scattering and thus
specific scattering coefficients for MSS and C could be obtained by multiple
regressions of b on C and MSS for all wavelengths (table 4.1). MSS-specific
scattering coefficients ranged from 0.32 to 0.45 m® g across the spectrum and
showed preferential scattering at green wavelengths. Results in table 4.1 suggest that
phytoplankton have no significant effect on scattering; the large standard errors
associated with b*c indicate that there can be little confidence in these results.
Furthermore, removing C from the regression results in little loss of the explained
variance in b mss. However, phytoplankton cells are known to have significant
scattering properties (Bricaud et al., 1983; Morel, 1987). It is suggested that in this
study, the contribution of phytoplankton scattering to total scattering is simply

overwhelmed by scattering from high concentrations of mineral sediment.

An attempt was made to quantify the scattering properties of phytoplankton by
dealing with only those stations where organic matter dominated the total suspended
particulate concentration. Regression analyses were carried out for stations where
MSS/TSS was less than 40%. On removal of sediment dominated stations, the
scattering effect of phytoplankton could be isolated; the resulting b ¢ are presented in
table 4.2. Results appear to suggest that phytoplankton are considerably less
efficient at scattering light than mineral particles are, with b*c ranging from 0.022 to

0.032 m> mg'l. However, in comparable units, b*c is 30 m’ g'l, which, compared
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with by, suggests that for equal masses, phytoplankton may well scatter more light
than mineral particles. Nevertheless, grams of chlorophyll per m’ are rarely
measured in nature, therefore, the total scattering by phytoplankton will usually be

very much lower than that by mineral particles.

Tilble 4.1: Specific scattering coefficients for mineral suspended sediments
(b mss) and phytoplankton (b ().

Multiple Regression:

Wavelength b uss S.E. p- b c S.E. p- R’
(nm) m’g!) (m’g") value (m’mg’) (M’mg') value (%)
412 0.3182 0.0099 0.00 0.0059 0.0161 0.37  89.1
443 0.3489 0.0109 0.00 0.1178 0.0177 0.506 89.1
490 0.4408 0.0137 0.00 0.0228 0.0222 0.306 &9.2
510 0.4425 0.0136 0.00 0.0261 0.0221 0.241 893
555 0.4541 0.0140 0.00 0.0317 0.0228 0.167 89.2
665 0.4106 0.0191 0.00 0.0324 0.0191  0.093 90.5

Removing C from the regression:

Wavelength b mss S.E. p- R’
(nm)  (m’gl) (m’g’) value (%)
412 0.3178 0.0098  0.00 89.1
443 0.3479 0.0108 0.00 89.0
490 0.4389 0.0135 0.00 89.1
510 0.4403 0.0135 0.00 89.2
555 0.4514 0.0140 0.00 89.0
665 0.4079 0.0118 0.00 90.3

Table 4.2: S[*)eciﬂc scattering coefficients for

phytoplankton (b ¢).

Wavelength b ¢ S.E. R’
(nm)  (m’mg’) (m’mg) p-value (%)
412 0.0228 0.0051 0.00 77.2
443 0.0217 0.0046 0.00 80.5
490 0.0254 0.0045 0.00 85.6
510 0.0258 0.0046 0.00 86.2
555 0.0321 0.0049 0.00 86.9
665 0.0293 0.0049 0.00 85.9
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In addition to measuring absorption, the AC-9 also gave an independent estimate of
the total scattering coefficient and provided a comparison for those scattering
coefficients estimated from the method of Kirk (1984). By measuring both the
absorption and attenuation coefficients, the total scattering coefficient could be
estimated from AC-9 results simply by subtraction (b = c-a). Figure 4.4 shows the
comparison of scattering coefficients as derived from both the AC-9 measurements
and the expressions from Kirk (1984) applied to the PRR600 data. As with the
absorption coefficients, these two methods result in scattering coefficients that are in
close agreement, therefore, there can be some confidence in the scattering

coefficients used in this study, particularly in the 665 nm waveband.
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Figure 4.4: Comparison of scattering coefficients as estimated from
the method of Kirk (1984) and as measured using the AC-9.

4.3 Irradiance Reflectance Spectra

Figure 4.5 presents the spectral variation of irradiance reflectance, R, as a function of
MSS concentration. Reflectance was averaged over categories of MSS
concentration, and showed an increase in average reflectance at all wavelengths with
increasing sediment load, up to a maximum of 13% at 550 nm for MSS between 10
and 15 mg "\ The spectral variation in R showed a peak at green wavelengths for all
sediment categories, with depressed reflectance in the blue due to the strong blue-

absorption by all materials as shown in figure 4.1 and in the red by the strong
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absorption by water itself.
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Figure 4.5: Spectral variation of irradiance reflectance, (R, %) averaged
over categories of Mineral Suspended Sediment concentrations (MSS, mg I™).

Lines joining data points do not imply spectral interpolation but are added
for presentation only.

Closer analysis of the reflectance spectra in figure 4.5 identified a shift of the
dominant wavelength towards the red with increasing sediment load. This shift in
the reflectance peak with increasing MSS is quantified in table 4.3. A 2" order
polynomial relationship was fitted to the average spectral reflectance for each MSS
category and the wavelength of the peak reflectance (Apeakr) Was calculated where

[ 0. Table 4.3 and figure 4.6 show the gradual increase in Aper from 526 nm

for MSS less than 2 mg 1" up to 553 nm for MSS ranging from 10 to 15 mg I". This
observation confirmed the role of the MSS absorption spectra as measured in section
4.2.1 in which increasing absorption by MSS at shorter wavelengths resulted in the

gradual shift in the reflectance peak towards longer wavelengths.
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Table 4.3: Determination of the wavelength of peak reflectance,
Areakr, fOr categories of increasing MSS concentration.

MSS Range Spectral Variation of R R? A (nm) when
(mg 1) (R=a)2+b)-+c) (%) 3_1;: 0
<2 R =-0.000091A% + 0.096X - 23.0 98.7 525.5
2-3 R =-0.000116 A*+0.123 A -29.8  97.5 529.7
3-4 R =-0.000230 A*+0.2451-59.5  98.6 531.3
4-5 R =-0.000351 A*+0.378 .-942  97.6 538.5
5-7 R =-0.000369 A*+0.398 L.-98.6  97.8 539.3
7-10 R = -0.000448 A+ 0.489 A - 122 97.3 545.1
10—-15 R =-0.000388 A*+0.429 A - 106 96.7 552.6

For the case of pure water, using the optical properties in Smith and Baker (1981),
the peak reflectance was calculated to occur at A = 472 nm. In agreement, Jerlov
(1976) reported clear oceanic values of 470-473 nm. A clear water value have been
added to figure 4.6 to show the potential behaviour at low MSS concentrations.
Although not included in table 4.3 because of the shortage of data for category
averaging, two stations with MSS concentrations over 15 mg 1" showed the
continuing rise in peak wavelength with increasing MSS; concentrations of 15.3 and
23.1 mg 1" resulted in peak wavelengths of 570.5 and 578.8 nm respectively. These
results are in agreement with studies based on hyperspectral analyses; Bukata ez al.
(1997) observed a peak wavelength of 560 nm for an MSS concentration of 10 mg I
whereas Han (1997) revealed an increase from 578 nm at 25mg I to 592 at

175 mg 1" and 646 nm at sediment concentrations of 500 mg 1™,
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Whilst figure 4.6 shows that the wavelength of peak reflectance is dependent. to
some extent, on the concentration of MSS, figure 4.7 presents the peak wavelength
against MSS measured for all stations individually and highlights the degree of
variability in this relationship. Points in figure 4.7 are categorised according to the

measured phytoplankton pigment concentrations (C) and show the trend to vary

systematically with increasing C.
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Figure 4.7: Wavelength of peak irradiance reflectance for all

stations, categorised according to concentrations of phytoplankton
pigments.

Table 4.4 shows the best-fit linear relationship between MSS and peak wavelength
for each category of C and shows the peak wavelength at zero MSS to increase
systematically with increasing C and the gradient of the relationship decreasing with
increasing C. No trend was established for C greater than 5 g 1" because of the
limited range of MSS within this category, however, the clustering of stations with

high C suggests that this trend of decreasing gradient may continue.
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Table 4.4: Relationship between peak wavelength and MSS
concentration for categories of increasing pigment concentrations.

Relationship between peak

Clue 1-1) wavelength (y) and MSS (x) R’ (%)
<1 y=3.73x + 510.5 64.9
1.0-2.0 y =2.65x +523.4 44.8
2.0-5.0 y =1.99x + 534.0 63.7

These results show that for a fixed concentration of MSS (particularly at low
concentrations), increasing concentrations of C can result in considerable shifts in the
wavelength of peak reflectance. This may result in large errors in sediment
algorithms that are based on colour ratios, as was discussed in Binding et al. (2003)
using early results involving colour ratio algorithms in the Irish Sea. This result also
emphasises the difficulty that suspended sediments introduce into chlorophyll-
retrieval algorithms; the fact that the three regression lines appear to merge shows
that at high sediment loads, any spectral shifts due to phytoplankton are obscured by

the effects of sediments.

4.4 Algorithm Development

The first step in algorithm development was to identify which of a variety of
reflectance parameters best represented the observed spectral response to increasing
MSS. Table 4.5 presents a range of reflectance parameters, in terms of both
reflectance and colour ratios, and their respective relationships with MSS. Analysis
of colour ratios showed the strongest relationships between MSS and the ratios of
reflectance in the red to one other wavelength. These ratios reflect the observed shift
in reflectance towards longer wavelengths such that the Ress/R ratio increases with
increasing sediment load. The relationship between this ratio and MSS improves as
the wavelength of the denominator increases such that MSS explains around 65% of
the variance in the ratio Ress/Rsss. Traditionally, the red to green reflectance ratio 1s
expected to be strongly correlated with MSS, reflecting the shift of the peak in the
reflectance spectra from green to red with increasing MSS concentrations. Early
results in this study (Binding et al., 2003) showed that there was a strong correlation

between the red to green colour ratio and MSS concentrations only at those stations
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where the optical properties were dominated by MSS.

For those stations with the greatest dominance of MSS, there was a strong
relationship (R2 = 87.0%) between MSS and Re¢s/Rsss. With increasing influence of
phytoplankton pigments and yellow substance, this relationship was found to break
down, with increasingly greater spread in the data points. Consequently. an
algorithm based on colour ratios using these wavelengths has limited potential,

applicable only to waters that are optically dominated by suspended sediments.

Table 4.5: Details of the relationships between MSS concentration
and various reflectance parameters.

I;eafgzgz?ecre Relationship with MSS R’ (%)
Re65/Ra12 =0.0002MSS* + 0.101MSS + 0.3195 41.8
Reos/Rass = 0.0004MSS? + 0.048MSS + 0.287 36.8
Ress/Ra00 = 0.0007MSS? + 0.029MSS + 0.189 47.0
Ress/Rsio = 0.0006MSS” + 0.028MSS + 0.171 52.2
Reos/Rsss =-0.0001MSS” + 0.029MSS + 0.143 64.9

Ra1o =-0.0225MSS* + 0.691MSS + 0.035 59.7
Russ =-0.0365MSS? + 1.180MSS - 0.5039 67.6
R400 =-0.0595MSS? + 1.702MSS - 0.431 68.1
Rs10 =-0.0625MSS* + 1.83MSS - 0.562 73.1
Rsss =-0.065MSS* + 2.062MSS - 0.916 77.2
Ress =-0.0051MSS? + 0.6893MSS - 0.880 91.8

Figure 4.5 showed reflectance to increase with increasing MSS for all wavelengths
and this is confirmed in the relationships in table 4.5. This relationship, however, is
weaker for blue wavelengths, improving substantially with increasing wavelength
with a greater proportion of explained variability in the regression equations. This
may be caused by preferential absorption at short wavelengths by all particulate and
dissolved materials. The influence of yellow substance on reflectance will be most
pronounced in the blue region of the spectrum and least pronounced in the red.
Phytoplankton would also have greatest influence on reflectance at 443 nm. The

minimal influence of yellow substance at longer wavelengths suggests that an
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algorithm may have a greater probability of success if the wavelengths were selected

from the red region of the spectrum.

The strongest relationship was found between MSS and reflectance in the red
waveband (665 nm). Figure 4.8 shows the observed relationship between MSS
concentrations and irradiance reflectance at 665 nm measured at all optical stations.

A quadratic function of the form described in table 4.6 describes nearly 92% of the

variability in Reggs.
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Figure 4.8: Relationship between Mineral Suspended Sediment
concentrations (MSS) and irradiance reflectance at 665 nm (Rges)-
Dashed line gives £ 1 S.E. of predicted Rees. Least squares best fit obeys

the form Rges = oMSS’ +BMSS + .

Table 4.6: Statistics relevant to the
regression analysis between Rges and MSS.

Reos = aMSS?+ BMSS + y
R%=91.8%, p=0.00, n = 144
o +S.E. |-0.00508 £ 0.0023
B+S.E. |0.689+0.0396
vy+S.E. |-0.880+0.124
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Inverting the regression equation enables the estimate of MSS concentrations from
any given Rees. An average percentage error in predicted MSS was calculated as the

mean difference between measured and predicted MSS as a proportion of the

measured MSS (equation 4.3)

\/(MSSMeas - MSSPred )2

% Error =
6 > MSS.__ n (4.3)

where MSSpye.s and MSSp,.q are the measured and predicted MSS concentrations
respectively and n is the total number of observations. This method leads to an
average percentage difference between predicted and observed MSS concentrations
of 21.3%.  For comparison, the direct gravimetric measurement of MSS
concentrations in this study resulted in an average percentage standard error of the

mean of triplicate observations of 12.4%.

Assuming no effect from other constituents and negligible scattering by water at this
wavelength, Rees can be expressed simply in terms of the optical properties of MSS

and absorption by water, aw (equation 4.4).

b, mss| MSS]
(ay, +a mss| MSS])

R, ~ (4.4)

where bb*MSS and a*MSS are the MSS specific backscattering and absorption
coefficients respectively. At small concentrations of MSS, equation 4.4 1s dominated
by the effect of water. As MSS increases, so does the contribution of ayss to total
absorption, therefore reducing the gradient of the relationship between R and MSS.

If MSS continues to rise, the absorption term will be dominated by ayss and R can be

written as:

Y

bb*MSS[MSS] N bb .MSS
665 = a*MSS[MSS] a*MSS

(4.5)

Consequently, at high MSS concentrations, reflectance becomes independent of the
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concentration of MSS and the relationship between Res and MSS saturates. This
trend can be seen in figure 4.8, where the gradient reduces with increasing MSS. For

the conditions presented in table 4.6, the relationship between Regs and MSS would

R665

d MSS

This represents the upper limit of MSS concentrations that this algorithm could

saturate at = 0, when MSS = 59.4 mg 1", producing a reflectance of 20.1%.

potentially be valid for, although care should be taken in interpreting results above

the range of MSS used in its development (up to 23 mg 1™).

Two important observations should be noted from figure 4.8; firstly, the large spread
in the data points, particularly at reflectances lower than around 2% and secondly,
the presence of a significant x-axis intercept, suggesting that a baseline MSS
concentration of 1.36 mg I exists. This observed offset is physically unrealistic;
according to the theory, reflectance at red wavelengths should approach zero in the
absence of all particulate matter. An attempt was made to constrain the relationship
by forcing it through the origin but this considerably reduced the percentage of the
variance explained by the relationship. Initially it was suggested that these two
features were simply the result of measurement errors. However, results presented in
Chapter Five will show them to have greater significance in the underlying

relationship between MSS and Rges.

4.5 A Simple Reflectance Model

4.5.1 Model Parameter Definitions

In an effort to re-create the relationship between Rees and MSS from theory, and to
further understand the effects of dissolved and particulate matter on Rges, a simple
reflectance model was constructed. The model was derived from the Gordon et al.
(1975) solution to the radiative transfer equation which allows reflectance to be
described in terms of its inherent optical properties, absorption and backscattering
according to equation 4.6 (Gordon et al.,1975; Morel and Prieur, 1977; Kirk, 1981;
Kirk, 1984). The model, therefore, incorporates the absorption and scattering

spectra derived in section 4.2.

b, (A
R(O.A)=f ab((x)) (4:6)
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The contribution of different materials to the total absorption and scattering
coefficients is additive, therefore equation 4.6 can be re-written in terms of the

specific absorption (a") and backscattering coefficients (b, ) for the individual

dissolved and particulate materials where

a=ay, +a ys[YS]+a wss[MSS] +a'c[C] (4.7)

and

b, = b, w +b, Mss[MSS] +b,"c[C] (4.8)

The subscripts W, MSS, YS and C refer to water, mineral suspended sediments,

yellow substance and phytoplankton respectively and the square brackets represent

the concentrations of each substance.

Backscattering was not measured and was therefore calculated from the total
scattering coefficients by assuming a backscattering efficiency factor, by/b. This
relationship between scattering and backscattering varies for each of the in-water
constituents. For MSS, the Petzold function for turbid waters was assumed (see
Kirk, 1981), whereas for pure water, the backscattering coefficient is simply half of
the total scattering because of the symmetrical nature of the volume scattering
function. The backscattering ratio for phytoplankton is known to be considerably
lower than that for mineral sediments and for this model, was given a value of 0.005,

which was taken from a range of values in Bricaud et al. (1983).

The model is a simple one that only deals with elastic scattering (that is scattering
where there is no wavelength (energy) change upon scattering). Inelastic scattering
(such as fluorescence and Raman scattering), where the scattered photons have
longer wavelengths than the incident photon, is not considered in this study because
it is assumed to be negligible compared with the scattering by mineral particles. It is

emphasised, however, that it may play a significant part in determining reflectance in

open ocean optics.
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The factor frelating reflectance to absorption and backscattering is re-written here as
C(lo), and is a function of Mo, the average cosine of the angle the photons make with

the vertical beneath the water after Kitk (1981):
C(py) = 0.975- 0.629y (4.9)

Values of iy were calculated for each optical station from details of the solar zenith
angle and the local atmospheric conditions at the time of sampling according to the
method described in Chapter Three. Results are presented both for direct light,
assuming clear skies, and for more realistic atmospheric conditions based on the
observed cloud cover at the time on station. With knowledge of L, the factor C(u)
can be estimated for each station to see how seasonal and geographical variations in
sun angle may influence the measured Rgs. Table 4.7 provides details of the
parameters calculated, showing the range of values observed over all stations. The
parameter C(lo) 1s considerably different from the value of 0.33 commonly adopted
in optical studies which assumes the sun to be at zenith and therefore Lo =1 (Gordon

et al., 1975; Morel and Prieur, 1977).

In this study, the maximum observed solar elevation was 61° which resulted in a
value of C(uo) of 0.389. For small solar elevations, with the sun low in the sky,
photons travel more obliquely as represented by the lower values of 1y The latitude
at which this study was carried out means that the sun was never at zenith and
therefore the factor C(jo) never reached its minimum of 0.33. Furthermore, frequent
overcast conditions also acted to reduce the range of C(ug) compared with those

values calculated assuming clear skies and direct light.

Table 4.7: Summary of calculated py and C(py) for all optical stations under
both direct light conditions and those based on cloud cover observations.

esrees B e M Cu
Average 42.44 0.833 0.451 0.835 0.450
Maximum 61.02 0.9313 0.389 0.885 0.419
Minimum 15.06 0.688 0.543 0.763 0.495
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For general model use with unspecified daylight conditions, an average p, for the
study period was taken, resulting in a value of C(uo) of 0.45 (see table 4.7). When

reproducing reflectances at each station, po was calculated specifically and the

adapted relationship between R and absorption and backscattering was used.

The complete reflectance model is that presented in equation 4.10. A Fortran
programme was written to run the model; required inputs were the concentrations of

MSS, C and YS and skylight parameters for the calculation of C(L).

0.5b,, +0.019b yss[MSS]+0.005b"[C]

R = (0.975-0.629 i * ,,
( Ho) ay, +2a vs[YS]+a wss[MSS] +a ¢[C]

(4.10)

where each of the inherent optical properties took the values derived in section 4.2

and presented in table 4.8 for 665 nm.

Table 4.8: Reflectance model parameter definitions and sources. All
values at 665 nm.

Source

Derived from PRR600 and measured MSS

Model Parameter

b mss = 0.411 m* g

b'c=0.0293 m* mg"
bw = 0.0008 m™
a'c=0.01987 m’ mg™
a mss = 0.0108 m* g
ay = 0415 m’

a ys = 0.0244

by/b (MSS) = 0.019

by/b (C) = 0.005
by/b (W) = 0.5

Derived from PRR600 and measured C
Smith and Baker (1981)

Derived from PRR600 and measured MSS
Derived from PRR600 and measured C
Smith and Baker (1981)

Measured using spectrophotometry

Petzold (1972)

Taken from range of values in Bricaud ez
al. (1983)

Morel (1974)

4.5.2 Model Results

The reflectance model was first used in the forward modelling mode; calculating
reflectance on the basis of known concentrations of the optically active constituents

(YS, C and MSS) and the skylight properties. Figure 4.9 presents a plot of measured
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versus modelled reflectance at 665 nm. The average percentage difference between
measured and modelled Rggs is 165%, although this is dominated by the variability at
small Rees (decreases from 287% for measured Ress < 1% to 46% for Rees >1%).
Care should be taken in interpreting these percentage errors, since reflectance is also

expressed as a percentage. For clarity, a 10% error in a reflectance of 5% is 0.5%.

Although at low reflectances the model predictions are in considerable error. it was
felt that for the full range of observed Regs, there was a good overall agreement. with
points close to a 1:1 relationship. Whilst this level of uncertainty may not be
satisfactorily small for predictive purposes, it was felt that the reasonable 1:1

agreement was sufficient to allow the qualitative interpretation of model simulations.
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Figure 4.9: Relationship between modelled Rg6s and Rges as measured
by the PRR600 for all stations.

The model was therefore used to gain further understanding of how the presence of
phytoplankton and yellow substance may influence the relationship between Rees and
MSS and thus give an idea of the robustness of the algorithm in table 4.6. Whilst the
waters sampled for the development of the MSS algorithm only contained MSS up to
25 mg 1", it was thought to be of value to model the behaviour of Rees for MSS up to
100 mg I'". It is acknowledged that this may not be wholly appropriate on the basis

that the IOPs used in the model were obtained on water samples with MSS below
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25 mg I'' and thus the results above this limit should be interpreted with caution.

The model was used to determine the relationship between R, and MSS for a
hypothetical water column in which concentrations of C and YS were varied. The
model was run firstly for conditions of zero YS with C ranging from zero to 20 g I
(figure 4.10). Because of the chlorophyll absorption band evident near 665 nm
(figure 4.1), it was expected that phytoplankton would cause considerable variability
in the relationship between mineral sediments and reflectance. The series of curves
in figure 4.10 reveal that for a fixed concentration of MSS, Increasing concentrations
of C result in a decrease in Rggs, representing the increasing absorption by
phytoplankton pigments at 665 nm. Figure 4.10b shows the same data on a log plot
which highlights the variability at low reflectances. Figure 4.10b shows that at zero
MSS, Rees actually increases with increasing C, a counter-intuitive trend since
phytoplankton pigments are strong absorbers of light at this wavelength. This trend
occurs simply because of the dominance of absorption by water, as demonstrated in
the positive numerator of equation 4.11. The rate of change in reflectance decreases
as C increases as a result of the increasing role of absorption by C relative to

absorption by water, as indicated by the denominator in equation 4.11.

dR  C(pg)awb, c - Clug)byy,a'c
dC  ay’+a'’[C) +2aya’c[C]

(4.11)

This trend continues at very low concentrations of MSS up to a point where the
relationship reverses and reflectance begins to decrease with increasing C. The
cross-over of the curves in figure 4.10b occurs as a consequence of an equilibrium
having been established among the optical properties of W, MSS and C, such that
any change in C causes no variation in reflectance. For these model conditions, this
pivot point occurs at a concentration of MSS of 0.344 mg I, calculated as the value

dR :
of MSS at 9 0 (equation 4.12).

b..ac-ayb.
dR ) when MSS = ——bw? €7 8wDs €

* * * *
dC a mssby, c - by, mssa ¢

(4.12)
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Figure 4.10a and b: Relationship between modelled R¢ss and
MSS illustrating the effect of increasing concentrations of
phytoplankton pigments (C). Dashed lines indicate maximum
and minimum C observed in this study.
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Figure 4.11 shows the relationship between Ress and C for stations dominated by C
(MSS:C < 0.2) and confirms the tendency for R to increase with C, although with the
in situ data, the trend of increasing R with increasing C is evident for MSS as high as
2 mg I'. This suggests there may be uncertainty in the model parameters; most
likely the phytoplankton optical properties. This uncertainty could be because of
errors in either experimental procedures or assumptions made in the determination of
a'c and b'c, or simply because of natural variability in the absorption and scattering

coefficients due to variations in, for example, phytoplankton species and cell size.

0.0 T .

C(pgfl) 10 15

Figure 4.11: Relationship between Rees and C, for stations
where MSS:C is less than 0.2. Best fit relationship is given
by: Rees =0.0456C+0.2262 (R*=80.1%) .

To see whether or not these modelled trends were apparent in the data used in the
MSS algorithm, the relationship between MSS and Rees was studied with data points
categorised according to the concentration of C measured at each station (figure
4.12). Stations with the highest pigment concentrations tended to have the lowest
reflectance, although these also had the lowest MSS concentration. For any single
concentration of MSS, there did not appear to be a systematic decrease in reflectance

with increasing C, as might be expected due to enhanced absorption.
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Figure 4.12: Relationship between MSS and Rggs categorised according
to the measured pigment concentration at each station.

Although it appears that for moderate phytoplankton populations in a scattering
dominated environment, the simple reflectance algorithm may still work, it is
expected that the algorithm may fail if concentrations of C exceed those observed in
this study. Furthermore, the algorithm may fail when phytoplankton such as
coccolithophores are abundant. Detached coccoliths are very efficient scatterers and
the enhanced backscatter results in highly reflective water in both visible and NIR
wavelengths (Moore et al., 1999). A simple reflectance algorithm would

overestimate sediment concentrations under these circumstances.

Figure 4.13 shows the model results for conditions of zero C with YS ranging from
zero to S m'. This series of curves highlight the minimal impact of yellow substance
on reflectance at 665 nm, with very little deviation from the line of zero
concentration. Increasing YS causes a small decrease in the reflectance at any
particular concentration of MSS. This is a consequence of the known spectral
absorption properties of yellow substance, being strongest in the shorter blue
wavelengths and with almost negligible absorption in the red portion of the spectrum.
The insensitivity of these longer wavelengths to dissolved organic material provides

greater potential for the accurate estimation of particulate matter than shorter

wavelengths.
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Figure 4.13a and b: Relationship between modelled Rges and
MSS, illustrating the effect of increasing concentrations of yellow
substance (YS). Dashed lines indicate maximum and minimum

YS observed in this study.
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Figure 4.14 shows the response of Rgss to the combination of both C and YS. for a
range of concentrations. Whilst yellow substance was shown to have only a small
effect on reflectance at this wavelength, it can be seen that its contribution to
absorption does act to increase the sediment concentration at which the pivotal point
in the relationship between Rees and MSS occurs. Figure 4.13b shows that although
reflectance at 665 nm is quite sensitive to changes in optically active constituents in
the absence of significant MSS concentrations, the sensitivity decreases as the

concentration of MSS increases above 2 mg 1™

Figure 4.15 presents the modelled relationship between Regs and MSS for varying po,
the average cosine of the angle the photons make with the vertical beneath the
surface. This is an indicator of the combined effects of the solar zenith angle and sky
radiance conditions. Model results show the variation in R for i ranging from 1 to
0.6, corresponding to values of the C(j1y) parameter of 0.346-0.598. These extremes,
however, were not measured in this study; the full range of conditions observed in
the Irish Sea is indicated by the dashed lines in figure 4.15 and show considerably
less variability. As would be expected, reflectance at any single concentration of
MSS increases as Mg decreases (i.e. as the solar altitude decreases) although the
extent of the variations in R with solar elevation are smoothed by the effect of the

diffuse sky radiation under overcast conditions.

94



Chapter Four

Results — Algorithm Development

25

YS=0.0, C=0.0
—— YS=0.5, C=1.0
——YS=1.0, C=5.0

YS=2.0, C=10.0
—— YS=5.0, C=20.0

0 ; ' ; [
’ 20 40 60 80 100
MSS (mgl ")
100.00
10.00 A

210 ___,,,//j;:/ YS=0.0, C=0.0
e —— YS=0.5, C=1.0
e ——YS=1.0, C=5.0
Y$=2.0, C=10.0
—— YS=5.0, C=20.0

0.01 T | T

0.01 0.10 1.00 1 10.00 100.00
MSS (mg ')

Figure 4.14a and b: Relationship between modelled Rgsss and MSS,
illustrating the combined effect of increasing concentrations of both

phytoplankton pigments and yellow substance.
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Figure 4.15a and b: Relationship between modelled Regss and MSS,
illustrating the effect of varying pyp. Dashed lines indicate
maximum and minimum [, observed in this study.
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Figure 4.16 shows a plot of Rees/C(1o) (i.€. by/a according to the relationship R =
C(po)by/a) against MSS. This figure shows no reduction in the spread in the data
points, suggesting that the factor C(l) is not the primary source of the variability in
the relationship between reflectance and MSS. The fact that there is still
considerable variability in the data points in a plot of IOPs against MSS suggests that
the inconsistencies may be caused by intrinsic variations in the inherent optical

properties. This is the subject of the following chapter and will not be investigated

further here.
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Figure 4.16: Relationship between MSS and Rges corrected for
differences in C(pg) caused by temporal and spatial variations in
the incident light flux.
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4.6 Discussion

4.6.1 Inherent Optical Properties in Optical Modelling

Optical models similar to the one used in this study have been used by, for example,
Carder and Steward (1985), Sathyendranath ez al. (1989), Lee et al. (1994), Bukata er
al. (1995) and Kutser et al. (2001). The models differ both in the number of
optically active constituents used in the calculation of absorption and scattering and
the numerical values of the concentration-specific IOPS. Many of the published
reflectance models have been derived for Case 1 waters and therefore the absorption
and scattering of yellow substance and total suspended matter are often expressed as
a function of chlorophyll concentration (Carder and Steward, 1985; Sathyendranath
et al., 1989). This is acceptable in oceanic Case 1 waters where these components
co-vary but not in coastal and inland waters where components are not in correlation
with chlorophyll (or this correlation changes with space and time). The variability of
the Irish Sea IOPs is discussed below with respect to those properties found in the

literature for the same and other regions.

Inherent optical properties of MSS, C and YS have been presented that are in
reasonable agreement with both independent measurements of absorption and
scattering and with values in the literature. Absorption due to yellow substance has
been studied extensively in waters ranging from open ocean to estuarine and
freshwater lakes (e.g. Bricaud et al., 1981; Carder et al., 1989). For a wide range of
seawaters, the coefficient describing the slope of the absorption coefficient, S, has
been shown to vary from 0.01 to 0.02 with most lying between 0.012 and 0.015
(Kirk, 1994). The exponent obtained in this study (S=0.0165) 1s, therefore, in close
agreement with many in the literature. The small standard error of the mean
associated with this coefficient (£ 5.45%) highlights the stability of the absorption
properties of yellow substance in this region. The low concentrations that were
measured in the Irish Sea (maximum of 1.15 m™ but the majority below 0.4 m’")
combined with its known absorption qualities show that yellow substance plays a

relatively minor role in the optical properties of this region, particularly at longer

wavelengths.

In contrast to yellow substance, little work has been published on the absorption

properties of inorganic particles. Of those which are available, many suggest an
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exponential decrease in absorption with increasing wavelength (Gallegos er al..
1990; Bowers er al., 1996; Bowers et al., 1998). Results here are in qualitative
agreement with those in the literature, however, quantitative comparisons are
difficult since previous work has often assumed zero absorption at 750 nm (e.g.
Bowers ez al., 1996). Whilst this assumption is certainly true for phytoplankton, it

may not be the case for inorganic material (see Chapter Three).

The absorption due to organic material on the filters provided typical chlorophyll
absorption spectra, with absorption peaks at approximately 670 and 430 nm.
Absorption reached a maximum of 0.092 m® mg™ at 440 nm. Bricaud et al. (1995)
observed values of a ¢ spanning over more than one order of magnitude (0.01 to
0.18 m* mg™) on 185 samples from different regions. The absorption of the organic
samples in this study, because of the method of combusting rather than bleaching
filters, contained contributions from non-algal detrital matter and thus ac may be
greater than would be expected for phytoplankton pigments only. This variability
may have been minimised by the process of normalising a c at 750 nm. It may also
be this normalisation process that resulted in the larger standard error observed in ac
at shorter wavelengths. It is thought that organic detritus has an exponential
absorption spectrum (Bricaud and Stramski, 1990). By normalising to 750 nm, it is
simply a constant factor that is removed and, therefore, any resulting error would

increase as wavelength decreased, as was exhibited in this study.

Some of the inconsistency in absorption spectra measured in this study may also be
natural variability in the samples, suggesting there may be both temporal and spatial
variations in ac. Absorption due to phytoplankton is known to be species-
dependent, influenced by the size, shape and physiological state of the phytoplankton
cells (Bricaud and Stramski, 1990; Mitchell and Kiefer, 1988; Bidigare et al., 1990).

Although for modelling purposes in the past, a*c has often been assumed as constant,
it is now widely accepted as varying not only for individual species but also for
natural phytoplankton assemblages. Nevertheless, in turbid waters, such variability
may have only minimal effect on the observed reflectance, therefore, for simplicity,
this study adopted an average value of a*c from observations in the Irish Sea. In
order to improve the accuracy of model determinations in the presence of high

chlorophyll concentrations, it may be necessary to carry out further work on the
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absorption properties of phytoplankton in the Irish Sea, in relation to cell size and

cellular chlorophyll concentrations (Bricaud et al., 1995).

The average specific scattering coefficient for MSS derived in this study was
0.41 m® g"'. Published values of scattering coefficients for mineral sediments range
from 0.29 to 2.41 m® g (Di Toro, 1978; Gallegos et al., 1990; Vant, 1990; Whitlock
et al., 1981). The observed variability in published b yss may be attributed to
variations in factors such as particle size, shape and refractive index (Jerlov, 1976).
These variations in particle scattering and their relevance in algorithm development
will be discussed in more detail in Chapter Five. The specific scattering coefficients
for phytoplankton in this study ranged from 0.022 to 0.032 m’ mg™. Using the same
technique, Weidemann and Bannister (1986) found an average chlorophyll-specific
scattering coefficient of 0.08 m” mg” in Irondequoit Bay, whereas Bricaud et al.
(1983) reported values ranging from 0.09 to 0.6 m®? mg' for four marine
phytoplankton species. Morel (1987) tabulated b ¢ ranging from 0.04 m’ mg"' to
0.595 m* mg™ for 22 species. The higher scattering coefficients of both Bricaud et
al. (1983) and Morel (1987) were for a coccolithophore species which are renowned
for their high scattering efficiency. Coefficients derived here are at the lower end of
the determinations of b ¢ found in the literature which may imply the dominance of

large cells or high intracellular pigment concentrations.

Whilst in the past, optical models have concentrated on Case 1 waters, more recent
effort has been directed at the modelling of the more complex turbid waters (Forget
et al., 1999; Woodruff et al., 1999; Kutser et al., 2001; Doxaran et al., 2002a). In
these sediment dominated Case 2 waters, scattering by phytoplankton is
comparatively small such that it is frequently assumed negligible (e.g. Hakvoort et
al., 2002). In extreme turbidities, further simplification may be possible; Forget et
al. (1999) neglected absorption by sediments, phytoplankton and detritus, as well as
scattering by phytoplankton whilst modelling reflectance in turbid waters with
sediment loads up to 234 mg I"". Sydor and Arnone (1997) showed no significant
differences in turbid water reflectance spectra obtained using scattering coefficients
from a range of phytoplankton species, despite differences in cell size of an order of
magnitude. These observations highlight the insensitivity of the reflectance model to

scattering by phytoplankton under scattering dominated conditions in turbid waters.
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4.6.2 An algorithm for the determination of MSS

Algorithms for the determination of MSS concentrations have traditionally been
based either on colour changes (through reflectance ratios) or brightness (through
single-band reflectance). In this study, it was found that the measurement of single-
band reflectance, rather than variations in colour through reflectance ratios, was the
most reliable method for the derivation of suspended sediments in the Irish Sea.
Early results published in Binding e al. (2003) and results concerning the
wavelength of peak reflectance in this chapter showed that MSS algorithms based on
colour ratios in the visible spectrum are susceptible to failure due to the presence of
other optically active constituents. The level of success of colour ratios in the Irish
Sea was shown to be strongly influenced by the degree to which mineral sediments
dominated the inherent optical properties of the water body under study (Binding et
al., 2003). This limitation was not as clearly evident in a single-band reflectance
algorithm, provided that the wavelength adopted was in the red portion of the

spectrum.

The strong empirical relationship between MSS and Rggs enabled predictions of MSS
concentrations from irradiance reflectance with an average uncertainty of less than
22%. To put this into context, the main objective of the SeaWiFS project was to
estimate chlorophyll concentrations in Case 1 waters within 35% error (Hooker et al.
1992). A similar level of accuracy for any in-water constituent in the more complex

Case 2 waters 1s, therefore, assumed satisfactory.

The inherent optical properties (IOPs) of the main constituents contributing to ocean
colour were used in a simple reflectance model to study the robustness of the MSS
algorithm under varying environmental conditions. Comparison between modelled
and measured reflectance showed that the adopted IOPs, although approximate, were
a realistic starting point. Modelled reflectance highlighted the insensitivity of the
proposed algorithm to variations in yellow substance concentrations. Model
simulations also suggested an algorithm based on Ress may break down in the

presence of high chlorophyll concentrations, although there was little evidence of

this in the in situ observations.

Although the general nature of the R-MSS association is well documented, there 1s
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little evidence in the literature of precise relationships between R and MSS that are
directly comparable with results in this study. This is primarily because of
differences in wavelength selections, bandwidths or reflectance parameters (R,
rather than R) used over a period spanning the lifetime of many satellite colour
sensors. A relationship was found between irradiance reflectance and total mineral
suspended solids measured by Bukata ef al. ( 1988) in Lake Ontario. The gradient of
the relationship between reflectance and MSS was greater than that observed in this
study; reflectance reached 11% for MSS concentrations of 9 mg 1 compared with

concentrations greater than 15 mg 1" in this study.

At high suspended sediment loads, the sensitivity of a reflectance algorithm to
changing sediment concentrations decreases and eventually saturates. This has been
observed in the field by Doxaran et al. (2002a), in tank experiments by Moore et al.
(1999) and in model results by Bukata et al. (1995). The algorithm in this study was
shown to be of value only for concentrations of MSS less than 60 mg 1", which
although is a reasonable range for shelf sea applications, would be of limited value in
highly turbid environments. The study by Moore et al. (1999) suggested the use of
near infra-red (NIR) wavelengths to determine higher sediment concentrations.
However, Doxaran et al. (2002b) showed that at 850 nm, reflectance saturated for
concentrations over 250 mg I and concluded that single wavelength reflectance
measurements in the visible and NIR would not allow the accurate estimation of

suspended sediment concentrations.

The use of colour ratios has been successful in the estimation of suspended sediment
concentrations in, for example, the Bay of Fundy (Amos and Topliss, 1985; Topliss,
1986) and the Humber Estuary (Robinson et al., 1998). Topliss (1986) applied
multiple algorithms to Landsat imagery for the determination of sediment
concentrations up to 1000 mg I", adopting progressively longer wavelengths in
colour ratios as concentrations increased. The locations of these studies, however,
provided conditions under which mineral sediments were likely to be the
predominant factor controlling colour. In addition, radiometric observations were
calibrated against suspended sediment concentrations at specific localities and dates,

therefore, variability in the factors producing changes in the R-MSS relationship may

have been small.
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Reflectance ratios containing wavelengths in the NIR have also been shown to work
well in extremely turbid environments (Moore et al., 1999; Doxaran et al., 2002b).
Doxaran et al.(2002a, 2002b) showed a strong relationship between the reflectance
ratio of wavebands centred on 850 and 555nm and concentrations of total suspended
matter ranging from 13 mg 1" to 985 mg I These studies confirm that colour ratios
adopting NIR wavelengths can be used successfully in highly turbid waters where
there is sufficient scattering to overcome the strong absorption by water at these
wavelengths (>2 m™' at 800 nm, Smith and Baker (1981)). Nevertheless, reflectance
in the band 700-900 nm was shown to be close to zero for sediment concentrations
below 50 mg 1" (Doxaran er al., 2002b). The effectiveness of reflectance ratios
incorporating NIR wavebands is, therefore, limited to these extreme turbidity levels
and would not be applicable to the more moderate concentration ranges measured in
shelf seas. In moderately turbid waters such as the Irish Sea, enhanced reflectance in
response to increasing sediment loading does not extend appreciably into the NIR,
therefore, discounting the possible use of long wavelength colour ratios. As was
discussed earlier, colour ratios at shorter, visible wavelengths are too sensitive to

other optically active constituents.

With the wavelength selection currently available on the SeaWiFS colour sensor, it is
therefore maintained that for moderate sediment concentrations typical of shelf seas,
single-band reflectance algorithms are the most suitable method of retrieving
accurate sediment concentrations from ocean colour. Consequently, improvements in
the accuracy of concentration estimates will require better understanding of the

factors causing variability in the MSS-Reflectance relationship.

Figure 4.16 implies that the source of much of this variability lies in the inherent
optical properties of the constituents under consideration. Changes in sediment
characteristics such as grain size and refractive index are known to influence the way
in which light is scattered by particles (Van de Hulst, 1957) and have been shown to
directly influence reflectance through both laboratory experiments (Moore et al.,
1999) and modelling (Doxaran et al., 2002a). It is this variability in particle

scattering properties and its influence on reflectance algorithms that will be

investigated in the following chapter.
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CHAPTER FIVE: THE EFFECT OF VARIABLE PARTICLE SCATTERING
PROPERTIES ON SINGLE WAVELENGTH REFLECTANCE ALGORITHMS

5.1 Introduction

In Chapter Four, a simple reflectance-based algorithm was presented that resulted in
estimates of mineral suspended sediment (MSS) concentrations from in situ ocean
colour measurements with an average accuracy of 22% over a range of concentrations
up to 25 mg 1. Although there was a strong relationship between reflectance at
605 nm and MSS, there was significant error at low concentrations that could not be
explained through variations in the ambient light conditions, or through the presence
of other in-water constituents. Results in this chapter present evidence that this
variability was caused by natural variability in the particle scattering efficiency
brought about by inherent differences in particle size and/or composition. A method
is presented that enables a first-estimate of the specific scattering coefficient to be

obtained from details of the spectral variation of irradiance.

5.2 The Effect of Variable Particle Scattering

As described in Chapter Four, the waters sampled in this study were, for the most
part, scattering dominated waters (b/a>1). Consequently, reflectance was determined
almost entirely by scattering, as illustrated in figure 5.1. There was, however, an
increase in the spread in the data points at high Rees, which may have resulted from
the simultaneous increase in sediment absorption with increasing scattering. From
the algorithm presented in Chapter Four, it was clear that variability was introduced
when relating MSS to Rges, therefore, it was concluded that the source of this
variability must have been in the relationship between MSS and scattering. This is
confirmed in figure 5.2, showing the degree of variability in the relationship between

the total scattering coefficient at 665 nm (bgss) and MSS concentration.

Previous studies have shown that reflectance is influenced by variations 1n particle
size, shape and composition, all of which affect the way in which particles scatter
incident light (Moore et al., 1999; Woodruff et al., 1999; Doxaran et al., 2002a). The
observed variability in the relationship between bgss and MSS could, therefore, have
been caused by geographical or temporal variations in these particles characteristics,

resulting in changes in the particle scattering efficiency. This hypothesis was
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assessed by studying the differences in the estimated MSS-specific scattering

coefficient (b*MSS) at all stations.
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Figure 5.1: Relationship between measured reflectance at 665 nm,
Rges5 (%) and the total scattering coefficient at 665 nm, bggs (m™).
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Figure 5.2: Relationship between the total scattering coefficient at
665 nm, bggs (m'l) and MSS concentration (mg l'l).
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Rather than assuming a single scattering coefficient for all mineral particles as in
Chapter Four, particle scattering coefficients were determined individually for each
station. Assuming that the scattering by phytoplankton was small compared with that
of mineral particles, b*MSS was calculated according to equation 5.1. Molecular and

inelastic scattering were assumed to be negligible in these sediment-dominated

waters.

T(665)

MSS] (5.1)

*
b Mmss (665) =

where bres) 1s the total scattering coefficient at 665 nm and [MSS] denotes the
concentration of MSS in mg 1", Calculated b yss ranged from 0.04 to 0.49 m” g for
all stations. The effect of this variability in b yss on the algorithm presented in
Chapter Four could be seen clearly when all stations were categorised according to
the calculated b*Mss; for each category of b*Mss, a new relationship was formed
between Rges and MSS (figure 5.3). For the same mass-concentration of MSS, the
associated reflectance increased with increasing particle scattering efficiency. At low
scattering efficiencies, the relationship between Ress and MSS was linear whilst at

higher b yss, the relationship appeared to saturate at higher concentrations of MSS.
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Figure 5.3: Relationships between IYISS and Rggs for categories of the
MSS-specific scattering coefficient, b vss.
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Table 5.1 provides results of regression analyses between Res and MSS for each
category of b'wmss as shown in figure 5.3. The slope of the linear relationships
increased from 0.150 for b yss less than 0.1 m? g'1 to 0.625 for b yss greater than
0.35 m? g'. When separated into categories of b ymss, MSS explained a minimum of
82% of the variability in Rggs, increasing up to 97.7% for higher scattering
efficiencies. In Chapter Four, two features were highlighted in the plot of Rgs
against MSS (figure 4.6); a significant positive intercept in the y-axis, suggesting a
baseline MSS concentration existed, and an increase in the variability of Ryes at low
MSS concentrations. These two features can be explained by the results presented in
figure 5.3; the variability at low reflectances is a consequence of variations in the
particle scattering efficiency and the fact that the relationships in figure 5.3 pivot

around the origin forces a positive intercept from a best fit line for the entire data set.

Table 5.1: Variation in the relationship between MSS and Rges for
categories of b ygs

b*MSS (23at_elzgory Ag’f;:fe S{)*ﬁ:sv Relationship between Regs R?
(m”g) (m2 g'l) (m2 g'l) and MSS (%)
<0.1 0.076 0.014 Rges = 0.150MSS 82.7
0.1-0.15 0.125 0.014 Rges = 0.250MSS 88.8
0.15-0.2 0.177 0.015 Ress = 0.406MSS 84.5
0.2-0.25 0.226 0.014 Rggs = 0.458MSS 81.9
0.25-0.3 0.267 0.015 Rges = 0.525MSS 94.4
0.3-0.35 (linear ) 0.324 0.017 Rges = 0.598MSS 97.7
> (.35 (linear) 0.415 0.049 Rgss = 0.625MSS 93.5

0.3-0.35 (quadratic)  0.324  0.017  Rggs =-0.004MSS> + 0.64MSS ~ 97.8
>0.35 (quadratic)  0.408  0.047  Rges =-0.01MSS*+0.75MSS  97.4

The slope of the linear relationship between Regss and MSS varied as a function of the

average b mss for each category as depicted in figure 5.4 and could be estimated from

equation 5.2.

slope = -2.53b mss” +2.60b wss (R*=97.9) (5.2)
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Although figure 5.4 shows that the rate of change in the slope decreases with
increasing b uss, this is considered to simply be an artefact of the type of regression
used in table 5.1; it is suggested that the relationship between the slope and b yss
should be a linear one. In figure 5.3, whilst the smaller b*MSS displayed a linear
relationship between Rges and MSS, the same relationship for higher b*Msg started to
saturate at high MSS concentrations. For the largest b ygs categories, regressions
were limited to data points before the tendency to saturate. However, it appears that
the regression analysis may still have underestimated the slope of the linear section of

the curve for these higher b*Mss.

With this understanding of the way in which the relationship between Rggs and MSS
varied as a function of b*Mss, it was possible, with prior knowledge of the scattering
efficiency of the particles under study, to obtain more accurate estimates of MSS
concentrations from Rggs. Using the b*MSS estimated from equation 5.1, the relevant
relationship between Rees and MSS was estimated from equation 5.2 at each optical
station and an improved prediction of MSS was obtained. These corrected MSS
predictions are presented in figure 5.5 plotted against the measured MSS
concentrations. This figure highlights the improved accuracy of the method,
removing much of the uncertainty in predicted MSS concentrations, particularly at
low concentrations. The percentage difference between observed and predicted MSS

is reduced from 21.3% for predicted MSS based on simple reflectance to 15.3% when

taking into account variations in b yss.
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Figure 5.5: Measured MSS versus MSS concentration predicted
from Rges and corrected for variations in b*MSS. Dashed line
represents the 1:1 relationship.

Although this correction provided a more accurate estimate of MSS concentration, it
i1s evident in figure 5.5 that predicted MSS trailed off from the 1:1 relationship
(dashed line 1n figure 5.5) at high concentrations. This was simply a result of the use
of linear relationships between Rges and MSS for each b*Mss category, resulting in the

underestimation of MSS at high concentrations.

5.3 Reflectance Model Results

In order to further understand the effect of particle scattering efficiency, the
reflectance model presented in Chapter Four was used again to try to reproduce
observations. The model was first run to reproduce the reflectance at each station
from the known concentrations of MSS, C and YS and the individual particle
scattering coefficients b*MSS as derived from equation 5.1. The agreement of
modelled reflectance with measured reflectance was improved considerably
compared with that presented in Chapter Four when particle scattering was taken as
constant (figure 5.6). The percentage difference between modelled and measured
Rees was reduced from 165%, when b*MSS variability was neglected, to just 9%. In

particular, the retrieval accuracy was improved at the lower reflectances (R<1%)
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where the percentage difference between modelled and measured Rees decreased from
287% to 8.6% by including variations in b'yss. This considerable improvement in
predicted reflectance emphasises the importance of accounting for variations in

particle scattering efficiency in reflectance models.
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Figure 5.6: gelationship between modelled Rg¢; corrected for
variations in b yss and Rges as measured by the PRR600 for all
stations. Dashed line represents the 1:1 relationship.

Figure 5.6 proves that the reflectance model worked well in the forward mode
(predicting reflectance from concentrations of in-water constituents) and, therefore,
that the chosen inherent optical properties were accurate. Nevertheless, to use this
model in the inverse mode to estimate MSS concentrations, it would first be
necessary to account for the optical properties of both YS and C. In order to avoid
this, the model was simplified further to a two-parameter model based solely on the
optical properties of water and MSS. Modelled versus measured Rggs for this simple
case are presented in figure 5.7 for all stations. The percentage difference between
modelled and measured reflectance was increased to 16%, still only a fraction of the
uncertainty of the model results in Chapter Four when a fixed b mss was assumed. A
least squares best fit linear regression highlighted the strong 1:1 relationship (y =
1.003x - 0.005, R? = 96.5%). The good agreement between the modelled and

measured reflectances, despite neglecting the optical properties of YS and C, re-

111



Chapter Five Results — Variations in Particle Scattering

emphasised the dominance of mineral sediments in controlling the optical properties

in this region.
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Figure 5.7: Modelled versus measured Rgs. Model predictions
based on a simple 2-parameter model (water and MSS). Dashed
line represents the 1:1 relationship.

For the simple case where the optical properties of constituents other than MSS were
neglected, the reflectance model was run to study the effect of variations in b*Mss on
the relationship between Ress and MSS. Figure 5.8 presents the modelled reflectance
for b wmss ranging from 0.1 to 0.45 m® g with the in situ observations categorised
according to estimated b uss superimposed for comparison. Model results showed
that for any concentration of MSS reflectance increased with increasing b yss.
Furthermore, for each category of b*MSS reflectance saturated as MSS concentration
increased. It was then clear that the linear relationships observed in figure 5.3 were
simply the linear section of what would develop into a saturating curve at sufficiently
high MSS concentration. The saturation point of each of the modelled curves was
arbitrarily taken as the point where Rees increased by less than 0.1% per unit increase
in MSS concentration and was found to occur at an MSS concentration of 179 mg I’
irrespective of the value of b mss. This is considerably larger than the proposed
saturation point of the reflectance algorithm presented in Chapter Four. This is
attributed simply to methodology; whereas the quadratic function allowed an
algebraic solution to the saturation point, the modelled curves require a point to be

selected at which any increase in reflectance will not allow the accurate determination
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of any increase in MSS. This, of course, will depend on the sensitivity of the colour
sensor in use. Table 5.2 contains details of the modelled saturation reflectances; for
the selected range of b yss, the saturating reflectance ranged from 6.5% to 29%. A

simple linear relationship (equation 5.3) enabled the determination of the saturating

3 *
reflectance for any given value of b yss.

Saturating R = 64.98b s + 0.0039 (5.3)
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Figure 5.8: Relationship between Rges and MSS for varying b*MSS, open
circles represent observed Rees and lines represent modelled Rges.

b*MSS (mz g'l) Re6s (%)

0.45 29.24
0.4 25.99 Table 5.2: Reflectance
. at the saturation point of
bas — the R-MSS relationship
0.3 19.50 (MSS=179 mg ") for
0.25 16.25 varying b wss.
0.2 13.00
0.15 9.75
0.1 6.50
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Because reflectance at 665 nm could be modelled successfully when neglecting the
contribution from YS and C, with only a limited increase in the retrieval uncertainty,

it was possible to use the model in the inverse mode for the purpose of predicting

MSS concentrations (equation 5.4).

R
MSS = = (5.4)

b, .. )
C(uy) Fb b mss - R a wss

Using this technique, MSS concentrations were estimated for all stations with an
average percentage uncertainty of 13.9%. Again, the good agreement between the
modelled and measured MSS concentrations (figure 5.9) was confirmed in the results

of a least squares linear regression (y = 1.043x + 0.016, R* = 92.4%)).
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Figure 5.9: Modelled versus measured MSS concentrations for all
stations based on a simple 2-parameter inverse model. Dashed line

represents the 1:1 relationship.

5.4  Factors Affecting Particle Scattering Efficiency
It was expected that the observed variations in particle scattering efficiency would be
due to differences in particle properties such as grain size, shape and composition.

Whilst no direct measurements of these parameters were routinely obtained, some
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basic inferences were initially made based on the ratio of MSS/TSS, a measure of the

amount of inorganic matter present in a sample of suspended material relative to the

total suspended matter.

There was a positive correlation between b*MSS and MSS/TSS (R = 0.51), although
there remained a great deal of unexplained variability. By looking at the average
b mss for selected categories of MSS/TSS (figure 5.10) it was found that, on average.
waters with the largest fraction of mineral particles (MSS/TSS = 80-90%) resulted in
the most efficient particle scattering. With increasing organic content the particle
scattering efficiency decreased, although for the largest organic fractions, b*Mss
appeared to increase again. Even though there was some uncertainty in this increase
due to the large error in the <40% category, such an increase may have been caused
by the so far unaccounted contribution to scattering from organic matter. For high
concentrations of organic suspended material, total scattering would be enhanced and
while b*MSS was calculated as b/[MSS], this would result in small increases in b mss
that were not related to the scattering by mineral particles themselves. Such a
contribution to scattering from organic matter and the associated overestimate in the
true b*MSS would cause an underestimate of the total MSS concentrations predicted
from the inverse modelling technique. Whilst there was some suggestion of this
occurring in the model results (MSS concentrations were underestimated by up to
20% at stations where C was greater than 5 pg 1), this is considered to be a small

increase in the prediction uncertainty.
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Figure 5.10: Variation of b'mss for selected categories of
MSS/TSS. Error bars represent + 2 standard errors.
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Figure 5.11 presents the sediment scattering coefficient for total suspended particulate
concentrations (calculated as bt/[TSS] rather than b/[MSS]) which altered the trend
by accounting for the increase in organic matter. The correlation between b 15 and
MSS/TSS was significantly greater than b yss (Pearson Correlation = 0.73).
Although when studying b rsg the uncertainty in the validity of the scattering
coefficient at low MSS/TSS is removed, it is not possible to incorporate b 1ss into the
optical model without then estimating TSS concentrations. Furthermore, if this was
the case, the absorption coefficient would be difficult to quantify correctly without
prior knowledge of the pigment concentrations or organic content. Therefore, whilst
b 1ss may give a more logical representation of the behaviour of scattering with

respect to particle characteristics, it is b mss that is required for modelling purposes.
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Figure 5.11: Variation of b 1ss for selected categories of
MSS/TSS. Error bars represent + 2 standard errors.

There are numerous potential causes of a decrease In particle scattering efficiency
with increasing organic matter. These are summarised below as three principal

hypotheses for the causes of the trends visible in figures 5.10 and 5.11.

1) The decrease in average b tss was caused by increasing particle sizes due to

particle flocculation associated with increasing organic matter.
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2) The scattering efficiency of mineral particles did not change but the decrease
in average b 1gs was the result of lower scattering efficiency of the organic
matter itself. By combining the scattering effects of organic and inorganic

fractions, the larger the organic content, the lower the average b*TSS-

3) The decrease in average b rss results from the smaller refractive index of
organic relative to inorganic matter. Although not significantly affecting total
scattering, changes in refractive indices would affect backscattering and thus
the backscattering probability, by/b. Since the total scattering coefficient was
computed with the assumption of a constant by/b (=0.019), it could be that

observed variations in b yss were in fact caused by variations in by/b.

Whilst the above hypotheses describe inherently different processes, they may all
occur as a consequence of increasing organic suspended matter. A distinct seasonal
cycle of b'mss (or b'rss) might therefore be expected, with lower scattering
efficiencies in the summer months when there would be more organic material
available, increasing to higher values in the winter where phytoplankton populations
are minimal and increased wind stirring re-suspends mineral particles from the
bottom. Despite the fact that in this dataset, there was considerable variability in
b uss during any single cruise, there appeared to be a minimum in the average b mss
during the summer months (figure 5.12), which lends support to all of the above

hypotheses. This seasonal cycle in b mss can be written as a co-sinusoidal curve such
that b'mss = 0.2352+0.0977cosot (R* = 49%, p = 0.00) where ® is the angular
frequency of the annual cycle and is given by 2n/T. T is the number of days in the

year and t is the day of the year (t = 1 on January 1.
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Figure 5.12: Seasonal cycle of b*Mss observed for all stations.

During the Celtic Sea cruise in June 2000, a LISST-100 (Sequoia Scientific Inc.) was
available to provide grain size information. The LISST uses laser diffraction and a
series of ring detectors to measure forward-scattering at 32 angles, giving a size
distribution for the particles in suspension (Traykovski et al., 1999). At each station
the measured mean grain size was averaged over the upper 10 m of the water column.
Although only a few observations were obtained, b mss was found to correlate
strongly with grain size (Pearson Correlation = -0.90) with mean particle diameters
(8) ranging from 25 to 80 um. Least squares linear regression provided a predictive
expression for b mss, With grain size explaining over 80% of the variability in b mss

(equation 5.7)

b wss = 0.159 - 0.001325  (p=0.016, R?> = 80.3%, n=7) (5.7)

During two other cruises (Clyde Sea 2, 2001 and Irish Sea 4, 2001), the AC-9 (WET
Labs) and Hydroscat-2 (HOBI Labs) were available and provided independent
measurements of the total scattering and backscattering coefficients. As described in
Chapter Four, the AC-9 determines scattering by measuring absorption and
attenuation coefficients (b=c - a). The Hydroscat-2 is an in situ optical

backscattering sensor that measures backscattering at two predetermined wavelengths
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(in this case 470 nm and 676 nm). For these two cruises, the backscattering ratios at
both 470 and 676 nm were calculated (table 5.3) and showed that on average, Clyde
Sea particles resulted in lower backscattering ratios compared with the Irish Sea. The
derived backscattering ratios of 0.011 in the Clyde Sea and 0.022 in the Irish Sea are
in good agreement with those in the literature for phytoplankton (Bricaud ez al.. 1983)
and mineral sediments (Herlevi, 2002) respectively. Herlevi (2002) measured by,'b

functions fluctuating between 0.015 and 0.022 in mineral-dominated lake waters.

Table 5.3: Backscattering probabilities (b,/b) at 470 nm and 676 nm
measured with the Hydroscat-2 in the Clyde Sea and Irish Sea.

by/b @ 470 nm by/b @ 676 nm
Clyde Sea  Irish Sea  Clyde Sea  Irish Sea
Average 0.010 0.024 0.011 0.022
Min 0.005 0.019 0.006 0.018
Max 0.018 0.027 0.020 0.025

The particle refractive indices, n,, were estimated using a model presented by
Twardsowski et al. (2001) (equations 5.5 and 5.6) which incorporates values of by/b
and the spectral variation of the beam attenuation coefficient, c, into Mie scattering

theory.
c= AL (5.5)
where v is the hyperbolic slope of the attenuation spectrum and A 1s constant.

b (0.5377+0.4867y7)

n =1+ —bb— [14676+ 2295072 +2.3113y"] (5.6)

p

Derived refractive indices for the Clyde and Irish Seas (table 5.4) agree with expected
values for algal cells and inorganic minerals respectively (Twardowski et al., 2001).
This is supported by the measured organic content of suspended particulate material

during each of these sampling periods. The Clyde Sea was visited during the spring
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and exhibited a dominance of organic material (MSS/TSS = 49%, C = 6.9 ng I
compared with Irish Sea conditions (MSS/TSS = 82% and C =14 ugl').  The

maximum refractive indices observed in the Clyde Sea were those obtained from the

Clyde Estuary where there was significant inorganic suspended material.

Table 5.4: Estimated particle refractive
indices for the Clyde and Irish Seas.

Refractive  Clyde Irish
index, n, Sea Sea

Average 1.076 1.177
Max 1.110 1.195
Min 1.009 1.157

Chapter Four compared scattering coefficients as estimated from Monte Carlo
expressions after Kirk (1984) with those measured by the AC-9. Whilst the
calculated scattering coefficients were in good agreement with those measured by the
AC-9, there was some uncertainty in the lower scattering coefficients observed in the
Clyde Sea. This can be explained now by the observed differences in the
backscattering probability. Kirk’s expressions assumed a by/b of 0.019 whereas in the
Clyde Sea, the average measured by/b was 0.0126 decreasing to a minimum of 0.006.
Using these measured by/b values to re-calculate the total scattering coefficient from
Kirk’s equations highlighted the effect this had on the derived coefficients (figure
5.13). The scattering coefficients at both wavelengths shifted markedly towards the

1:1 line when compared with the scattering coefficients determined from the AC-9.

The same was not observed for the Irish Sea (figure 5.14). During this cruise, the
measured by/b did not change greatly from the 0.019 assumed by Kirk and, therefore,

the previous estimated scattering coefficients were a good approximation.
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Figure 5.13: Plot of scattering coefficients derived from Kirk’s
expressions (open symbols assuming a fixed by/b = 0.019, closed
circles corrected for by/b as measured by the Hydroscat) against
scattering coefficients as measured by the AC-9 in the Clyde Sea,
May 2001. Dashed line represents the 1:1 relationship.
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Figure 5.14: Plot of scattering coefficients derived from Kirk’s
expressions (open symbols assuming a fixed bp/b = 0.019, closed
circles corrected for by/b as measured by the Hydroscat) against
scattering coefficients as measured by the AC-9 in the Irish Sea,
November 2001. Dashed line represents the 1:1 relationship.
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It is apparent from figures 5.13 and 5.14 that large variations in the backscattering
probability have a significant effect on the observed total scattering coefficients.
However, results from this section support the conclusion that it is in fact a
combination of the processes described in the three hypotheses that lead to the
observed variations in the particulate scattering efficiencies. Without a further
detailed investigation including the coincident measurement of all the above-
mentioned parameters, it is difficult to separate the effects of each process
independently. Nevertheless, for the purpose of this study, the requirement is to
estimate the magnitude of b'yss in order to improve predictions of MSS

concentrations; isolating and fully understanding the factors affecting b*MSS is beyond

the scope of this study with the data available.

5.5 Estimating b vss from Spectral Reflectance

A method was developed whereby the value of b*MSS could be estimated from a factor
combining the wavelength of peak reflectance and the magnitude of a single
waveband reflectance. The choice of this factor can be justified by referring back to
results in Chapter Four. The wavelength of peak reflectance was found to increase
not only with increasing MSS concentration but also with increasing pigment
concentration. However, waters dominated by inorganic sediments (small grain sizes
and high refractive indices resulting in efficient scattering), would have higher
reflectance than those dominated by organic material (large grain sizes and low
refractive indices resulting in low scattering coefficients). Accounting for both
variations in peak wavelength (colour changes) and reflectance (brightness changes),
through the factor [Apesxr/Ress], provided a method for estimating the particulate
scattering coefficient, b'mss (figure 5.15). This factor explained 71% of the
variability in b*MSS through a power function (b*MSS = 2.83[XpeakR/R665]'0'45). The
large spread in the data at intermediate b uss may have been the consequence of the
unaccounted scattering from organic matter as suggested by the points in figure 5.15

where C was greater than 5 pg 1!, causing an unrealistic increase in the estimated

b*MSS (as for figure 5.10).
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This technique resulted in predictions of b*MSS accurate to within 24%, although there
was a tendency to underestimate the higher b mss values (figure 5.16). The retrieval
accuracy was improved considerably when estimating b 1gs since (as for figure 5.11),
the scattering coefficient then accounted for the contribution from organic material.
The spread in the data around the intermediate scattering coefficients was
considerably reduced (figure 5.17) such that 86% of the variability in b rss was
explained by [Apeakr/Ress]. A power function (b*TSS = 4.57[?LpeakR/R665]'0'61) enabled

the prediction of b ss With an uncertainty of 21% and decreased the tendency to

underestimate high values of b 1ss (figure 5.18).
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Using this technique for the prediction of particle scattering coefficients from the
spectral reflectance would, in theory, enable improved estimates of MSS
concentrations from reflectance. Although the technique predicted b g5 with greater
accuracy than b*MSS, it is the mineral fraction of the suspended load that can be

modelled easily from optical theory.

Figure 5.19 shows that although the resulting MSS predictions were in good
agreement with measured concentrations, there was a tendency to underestimate
higher concentrations. This contradicts expectation since the trend in figure 5.16
would underestimate b*Mss at high values, therefore it would be expected that

modelled MSS concentrations would be overestimated. On further investigation it
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became apparent that the tendency of the relationship in figure 5.19 to veer off the 1:1
agreement at high concentrations was driven by a single station (where MSS =
23 mg 1'1), where b*MSS was actually overestimated, as highlighted on figure 5.16.
The average percentage error in the estimated MSS concentrations was 23%, which is
not significantly different from the uncertainty associated with predictions based in
the simple reflectance algorithm in Chapter Four. This technique will be tested

further in the next chapter when it will be applied to independent data sets of ocean

colour.
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Figure 5.19: Modelled versus measured MSS concentration
following correction for variations in particle scattering. Dashed
line represents the 1:1 relationship.
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5.6 Discussion

Variability in the Reflectance-MSS relationship in the Irish Sea has been shown to be
the consequence of changes in mass-specific scattering coefficients brought about by
differences in particle properties such as grain size and refractive index. These
observations testify to the potential difficulty of remotely sensing suspended
sediment concentrations from waters in which particle properties can vary
considerably in both space and time. For distinct categories of particle scattering
coefficients, a robust relationship has been found between reflectance at 665 nm and
mineral suspended sediment concentrations. The systematic increase in the slope of
the Reflectance-MSS relationship with increasing b vss may go some way to
explaining the differences in previously published sediment algorithms. The obvious
discrepancy between results of Bukata et al. (1988) and those presented in this study
was highlighted in Chapter Four, where a reflectance of 11% measured by Bukata
corresponded to an MSS concentration of 9 mg I, compared with 15 mg I in this
study. This may be explained now by the fact that Bukata’s measurements were of
lake sediments which, because of reduced turbulence, may have been finer particles
(therefore enhancing scattering). In an earlier study, Bukata ez al. (1983) presented
mineral scattering coefficients, for the same lake, ranging from 0.4 to 0.6 m’ g’

which are greater than the average Irish Sea b mss used in Chapter Four.

The importance of the accurate determination of particle scattering properties is
highlighted in results of the optical model. When used in the forward mode to predict
reflectance from concentrations of the optically active constituents, the error in
predicted reflectance is reduced from 165% to 9% by accounting for variations in
b*MSS- With knowledge of the particle scattering coefficient, b Mmss, concentrations of
MSS can be predicted from this model, used in the inverse mode, with an average
uncertainty of 14% compared with 22% for a simple single-band reflectance
algorithm. The difficulty lies in the estimation of b mss and/or by/b. This has been
partially overcome by using an empirical relationship between the factor ApeakR/Roos
and b yss, which enables the prediction of b mss with an average uncertainty of 24%.
Whilst the use of Apeakr/Ress gives a reasonable approximation of the value of b mss,
there is substantial spread in the data that needs to be resolved so as to reduce the
error incurred in the derived sediment concentrations. The use of hyperspectral ocean

colour observations may improve the b mss estimated from the peak wavelength
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technique, although this has limited applications in satellite remote sensing until

sensors with hyperspectral capabilities are in routine use.

The values of b yss observed in this study are comparable with other studies in the
Irish Sea (Bowers et al., 1996; Bowers and Mitchelson-Jacob, 1996; Harker. 1997)
and also fall within the ranges found in the literature as estimated from other
techniques. In this study, b yss ranged from 0.04 to 0.49 m® g™ at 665 nm. Models
using anomalous diffraction theory (Van de Hulst, 1957) showed specific scattering
coefficients for particles to vary from 0.238 to 0.006 m* g (at 750 nm) as particle
diameters increased from 5.5 to 100 um. A study by Doxaran et al. (2002a) showed
the spectral variation of reflectance up to 900 nm, for different sediment loads, and
showed that following a peak in reflectance between 600 and 700 nm, there was a
consistent trough at 750 nm before increasing again further into the infra-red. It is
feasible, therefore, that b yss at 665 nm may be larger than that calculated by Van de
Hulst (1957) at 750 nm, which would be in agreement with those found here.

Inversion of IOPs from tank experiments measuring reflectance of turbid waters
produced particle scattering coefficients ranging from 0.032 to 0.295 m* g (Moore et
al., 1999). Again, these are lower than found in the present study, which may be
explained by the fact that Moore ef al. (1999) used a backscattering efficiency factor
(by/b) of 0.025, compared with the 0.019 used in this study. Furthermore, it is not
made clear in Moore et al. (1999) if the scattering coefficients are based on total

SPM, or the mineral fraction.

Scattering by sediments is dependent on the sediment type through variations in both
grain size and the refractive index. By combining Mie theory and reflectance
modelling, Forget et al. (1999) showed that, as would be expected, for a fixed mass of
sediment reflectance is enhanced by increasing the relative number of small particles
and lowered by increasing the number of large particles. In agreement, Moore et al.
(1999) showed, using tank experiments, that the relationship between reflectance and
the concentration of particles varied between different sediment types and between
size-fractionated sediments of the same type, with the smaller fraction of each
sediment having a greater reflectance for the same mass-concentration. Scattering,

and therefore reflectance, are dependent on the optical cross-sectional area of the
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particles (dz). Suspended particle concentrations, however, are a volumetric quantity
(d3), so this suggests that a Reflectance-MSS relationship would indeed be sensitive
to changes in grain size. Woodruff et al. (1999) found a strong relationship between
reflectance in the red (580-680 nm) from the broad-band satellite sensor AVHRR (the
Advanced Very high Resolution Radiometer) and Kpag, the diffuse attenuation
coefficient for PAR, under varying environmental conditions including changes in

grain size. Since both K4 and R are dependent on the cross sectional area of particles,

this relationship would be independent of grain size.

In this study, a limited data set showed a strong negative correlation between b*Mss
and grain size, where b vsg coefficients up to 0.15 m* g were observed for particles
diameters in the range 25-80 um. This is in reasonable agreement with those
scattering coefficients derived by Van de Hulst (1957) for a similar range of grain
sizes. Although in this study, grain size measurements were only available for one of
the cruises, a study by Jones et al. (2000) in the Celtic Sea showed clear increases in
particle grain sizes during the summer months from LISST measurements, thus
supporting the suggestion that scattering coefficients decrease in the summer months
due to particle flocculation associated with increasing organic matter. Results in
Jones et al. (2000) showed the mean particle diameters in the middle of St George’s

Channel to vary from approximately 35um in March and September 2000 to over
70 um in June 2000.

In addition to grain size, the scattering properties are controlled by the refractive
index (n,) of the particles in suspension, which is a function of particle composition
and can, therefore, be related to the backscattering coefficient. The index of
refraction typically ranges from 1.14 - 1.26 for mineral particles and from 1.02 - 1.07
for phytoplankton (Zaneveld ef al., 1974; Twardowski, et al., 2001). Living cells are
at the low end of the range because of their relatively high water content (40-80%).
Baker and Lavelle (1984) showed that if particle size and shape were held constant,
particulate scattering coefficients increased with increasing refractive index. Using
the models of Twardowski ef al. (2001), refractive indices of particles were estimated
for two cruises in this study; the Irish Sea in November 2001 and the Clyde Sea in

April 2001. The derived n, are realistic and fall within a range of indices found in the
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literature for similar particle types, with average values of 1.08 for the phytoplankton-

dominated waters of the Clyde Sea and 1.18 for the predominantly mineral particles

of the Irish Sea in winter.

Results presented in this chapter are in overall agreement with those of Doxaran et al.
(2002a), who, whilst having no observations of scattering coefficients, modelled the
effect of variations in the refractive index of particles on reflectance. They showed
that particles of greater refractive index, for example mineral sediments, produce
larger reflectance than a lower refractive index associated with organic matter.

Forget et al. (1999), by incorporating Mie theory into a reflectance model, also found

reflectance to be highly sensitive to variations in refractive index.

In some studies, it has been suggested that the variability in reflectance induced by
changes in particle characteristics can be reduced by studying reflectance ratios
(Moore et al., 1999; Doxaran et al., 2002a, 2002b), based on the assumptions that
scattering by minerals is sufficient to assume negligible scattering by any other
parameter and that there is no spectral variation in the scattering parameters. These
studies, however, have been based on either laboratory experiments (Moore ef al.,
1999) in which there is only one variable sediment characteristic or on in situ
observations based on a single survey or single season in extremely turbid waters

(Doxaran et al., 2002a), in which case there may be little variation in b mss or by/b.

The present study covers the annual variability in sediment scattering properties from
different regions of the Irish, Celtic and Clyde Seas, therefore sampling a wide range
of b*MSS and by/b. Contrary to the above assumptions, this study found that b mss and
by/b not only change with particle composition, but could also exhibit significant

variation with wavelength.
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Chapter Six Results — Algorithm Validation

CHAPTER SIX: ALGORITHM VALIDATION IN THE MENAI STRAIT AND
RESULTS FROM SEAWIFS SATELLITE IMAGERY

6.1 Introduction

The previous two results chapters have dealt with the development of a technique for
determining suspended sediment concentrations from in situ ocean colour
measurements. This next results chapter shows how those techniques were applied to
two independent ocean colour data sets as an algorithm validation exercise. Section
6.2 presents a time series of in situ reflectance observations obtained during a period
of sampling in the Menai Strait between March and October 2001. This provided a
data set that was used to test the accuracy of the algorithm in determining MSS
concentrations from reflectance measurements that were not used in the initial
algorithm development. The validation process was taken one step further in section
6.3 by applying the same techniques to SeaWiFS ocean colour imagery of the Irish
Sea. A moored transmissometer provided a time series of suspended sediment

concentrations for comparison with the algorithm results.

6.2 Menai Strait Time Series

6.2.1 Measured Optically Active Constituents

Measured concentrations of phytoplankton pigments (chlorophyll « and
phaeopigments) in the Menai Strait identified a double phytoplankton bloom in the
spring of 2001, with maximum concentrations of chlorophyll in March/April and
May/June (figure 6.1). This double peaked spring phytoplankton bloom is a common
feature in the Menai Strait also observed by Blight et al. (1995) and Kratzer er al.
(2000). Maximum phaeopigment concentrations occurred shortly after the peak in
chlorophyll concentrations, reflecting the successive breakdown of the blooms.
Pigment concentrations were minimal over the summer months from late June
onwards and remained low for the rest of the year. Phytoplankton species counts

identified the beginning of a Phaeocystis bloom in May (Shon, pers. comm.) as

indicated by the arrow in figure 6.1.
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Figure 6.1: Time series of phytoplankton pigment concentrations in the
Menai Strait during 2001.

Total suspended sediment (TSS) concentrations ranged from 6 to 16 mg I'' over the
sampling period, whilst MSS concentrations reached a maximum of 12 mg I"' in
February (figure 6.2). This is considerably lower than that found in previous studies in
the Menai Strait by Buchan et al. (1967) and Kratzer et al. (2000), who observed
maximum concentrations of 50 mg "' in December 1962 and 25 mg "' in November
1996 respectively, although it is acknowledged that measurements in this study were

not taken between November and January.

The largest proportions of organic suspended material (minimum MSS/TSS) coincided
with the timing of the spring bloom through April and May. Ratios of MSS/TSS were
as little as 40% until May and then increased to 70-80% from June through to October.
The MSS/TSS ratio was high even towards the end of the spring bloom and
particularly when there was Phaeocystis present. Phaeocystis pouchetii has two stages
of growth; a unicellular flagellate phase and a secondary gelatinous colonial phase
(Van de Hoek et al., 1995). When nutrients in the water column become scarce, the
single cells aggregate into a colony, surrounded by a sticky, mucous membrane, within
which they are able to store nutrients. Phaeocystis may, therefore, result in the
enhanced flocculation of mineral suspended sediment, which, with a resulting decrease

in average density, would enable increasing concentrations of MSS to remain in
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suspension, thus increasing the observed MSS/TSS ratio.
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Figure 6.2: Time series of suspended particulate matter concentrations in
the Menai Strait during 2001.

Whilst sediment concentrations were not as high as previously measured in the Menai
Strait, this was still a scattering dominated environment, with the average ratio of
scattering to absorption (b/a) reaching as high as 13.33 at 555 nm (table 6.1). Even at
665 nm, where absorption by water is high, optical properties were still dominated by

scattering.

Table 6.1: Scattering to absorption ratios (b/a) in the Menai
Strait for all wavebands, as derived from the PRR600.

b/a412 b/a443 b/a490 b/aS510 b/a555 b/a665s
Average 3.00 4.22 6.03 6.57 7.71 2.70
Maximum  6.03 8.20 11.26 12.05 13.33 6.55
Minimum 1.02 1.40 2.18 2.57 3.69 1.07

6.2.2 Reflectance Algorithm Results
The simple reflectance algorithm (quadratic function of Rees) was applied to the Menai

Strait reflectance measurements to predict MSS concentrations (figure 6.3). The
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algorithm reproduced the trends in MSS concentrations over the year with reasonable
accuracy, particularly in the winter months, although the concentrations were
consistently underestimated (figure 6.4). The average percentage difference between
the observed and predicted MSS concentrations over the whole sampling period was

31.4%. In the summer months (June-August), however, the algorithm underestimated

MSS concentrations by an average of 50%.
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Figure 6.3: Time series of MSS concentrations predicted from Rges
compared with measured MSS concentrations.
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Figure 6.4: MSS concentrations measured in the Menai Str.ait
versus concentrations predicted from Rees. Dashed line
represents the 1:1 relationship.
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The underestimation of the MSS concentrations over the year suggests that suspended
particles in the Menai Strait may have been less efficient scatterers (lower b yiss) than
the particles in the rest of the Irish Sea where the algorithm had been developed. The

role of variable b yss in the accuracy of algorithm predictions and factors controlling

b*MSS in the Menai Strait will be discussed in the following sections.

6.2.3 The Effect of Variable Particle Scattering on Predicted MSS

In order to test the dependence of the algorithm results on the scattering efficiency of
the particles in suspension, the MSS-specific scattering coefficients were estimated
using methods described in earlier chapters. Values of b’ yss ranged from a minimum
of 0.08 m* g”' in mid July to 0.38 m* g in March. This compares with a range of
0.04m* g’ to 0.49 m’ g’ observed throughout the Irish Sea and shows that, on
average, particles in suspension in the Menai Strait are indeed less efficient scatterers
than those held in suspension in the Irish Sea. Figure 6.5 shows the variation of the
derived b uss over the year plotted with the ratio Predicted MSS/Measured MSS from
the simple reflectance algorithm results. The similarity in pattern over the year,
suggests that the variations in particle scattering have a key influence on the success of
the reflectance algorithm in deriving MSS concentrations. This is confirmed in figure
6.6 where 56% of the variation in the ratio Predicted MSS/Measured MSS is attributed

to variations In b uss.
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Figure 6.5: Variation of b mss in the Menai Strait over the year
compared with the ratio Predicted/Measured MSS.
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Figure 6.6: The ratio of MSS predicted from Rgs to
measured MSS against measured b ygss for all sampling
occasions in the Menai Strait.

6.2.4 Factors Affecting Particle Scattering Properties
Values of b'ygs estimated from the Menai Strait data series display a pronounced
seasonal cycle, with a minimum in the summer months, which can be expressed as a

co-sinusoidal curve such that

b'mss = (0.258+ 0.014) +(0.128 + 0.024)coso t (6.1)
(R* = 56%, p = 0.00)

where o is the angular frequency of the annual cycle and is given by 2n/T. T is the

number of days in the year and t is the day of the year (t = 1 on January 1%).

The relationship between b*MSS and the ratio MSS/TSS that was found 1n the Irish Sea
(as presented in Chapter Five) was not seen in the Menai Strait (Pearson
Correlation = 0.1). As was mentioned earlier, the phytoplankton species Phaeocystis
is known to play a significant role in the aggregation of suspended particles.
Phaeocystis may result in the accumulation of mineral sediment, which, by increasing
the average particle grain size and decreasing the refractive index, would result in a

lower scattering efficiency as suggested by figure 6.7.
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Figure 6.7: Time series of b*MSS and MSS/TSS in the Menai Strait
during 2001.

It might be expected that b wss may have an inverse relationship with tidal range
based on the fact that stronger tidal currents during spring tides would suspend larger
particles than in weaker currents during neap tides. This, however, does not appear to
be the case (figure 6.8), with a positive correlation found between the two parameters

(Pearson Correlation = 0.58).
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Figure 6.8: Time series showing tidal range at Menai Bridge and the
variation of b*MSS in the Menai Strait during 2001.
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It is suggested, therefore, that the observed seasonal cycle may be a consequence of a
number of processes working to both bind and break apart sediment aggregates (thus
altering particle size and refractive index). Although not a strong relationship, figure
6.9 suggests that at small tidal ranges (and inferring from this, low tidal stirring).
b mss begins to increase. This observation is in agreement with suggestions that
particle size variations due to flocculation have a two-way dependence on turbulence.
Mixing is firstly required to create collision occurrences between particles up to a
threshold where too much turbulence then tears the particles apart again (Jones, Pers.
Comm.). Therefore, at low tidal energies, fine particles may result in high b wss,
whereas at intermediate tidal energies, increased particle collision may aid
flocculation sufficiently to decrease b mss. At high tidal energies, turbulence may act

to tear the flocs apart, reducing again to finer particles and thus increasing b mss.
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Figure 6.9: Relationship between tidal range at Menal

Bridge (as a proxy for tidal stlrrmg intensity) and b mss.
(y=0. 027x2 - 0.237x + 0.61, R* = 53.9%, p=0.0).

Values of b mss were estimated from the peak wavelength technique described n
Chapter Five and are presented in figure 6.10 plotted against the measured b mss-
Although there was a strong correlation (Pearson Correlation = 0.90) between

measured and predicted values, the method overestimated b mss at low values and

underestimated at high values.
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This offset in the predicted b*MSS has a clear effect on the estimated seasonal cycle of
b mss as indicated in figure 6.11, by overestimating summer mass-specific scattering
coefficients by as much as 60%. This can be explained by returning to the method by
which b*MSS is predicted. Figure 6.12 shows the Apeakr/Rees versus b Mss relationship
presented in Chapter Five with observations from the Menai Strait time series
superimposed. The Menai Strait data points can be seen to follow the line of those
Irish Sea stations least influenced by organic matter. Because of the large spread in
the data points at mid scattering coefficients, the best fit line is drawn away from the
lower scattering coefficients in the Menai Strait data, thus resulting in the

overestimated scattering coefficients seen in figures 6.10 and 6.11.
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Figure 6.11: Seasonal cycle of b*MSS as measured from in situ
observations and predicted from Apeakr/Rees.

139



Chapter Six Results — Algorithm Validation

O Irish Sea b*MSS
0.5 g ® Menai Strait b* MSS

0 1000 2000 3000 4000 5000
Apeakr/Regs (nm)

Figure 6.12: The relationship between b*MSS and Apeakr/Rees for all
Irish Sea stations, with data from the Menai Strait superimposed.

6.2.5 Reflectance Model Results

The reflectance model, developed in Chapters Four and Five, was applied, in the
forward modelling mode, to the Menai Strait data set. By inputting the measured
concentrations of MSS, C and YS, the measured b*MSS and the inherent optical
properties of each other constituent as previously derived for the Irish Sea, the
reflectance at 665 nm was reproduced with an average difference between modelled

and measured reflectances of 9.5% (figure 6.13).
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Figure 6.13: Rges modelled from known concentrations of MSS, C and YS.
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The correct reproduction of measured reflectance in this independent experiment
confirms the accuracy of the inherent optical properties adopted in the reflectance
model. Furthermore, it suggests that whilst b uss has been shown to be significantly
different in the Menai Strait than in the Irish Sea, the remaining IOPs cannot vary all
that much since little error is introduced into the predicted reflectances by using
average 1OPs for the Irish Sea. By removing the influences of YS and C from the
optical model such that Rees is determined solely by water and MSS, the average
difference between modelled and observed reflectance is increased to 20.5%. Whilst
the difference between modelled and measured Rgss is most pronounced during the

spring bloom (figure 6.14), reflectance is still reproduced well for the rest of the year.
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Figure 6.14: Rges modelled using a simple 2-parameter optical
model neglecting the effects of C and YS.

The same reflectance model was used in the inverse mode, as described in Chapter

Five, to predict MSS concentrations from the measured reflectance according to

equation 6.2.

R
MSS = Sw (6.2)

b * *
C(u,) —bg b mss — R a wss

Absorption coefficients and the backscattering probability were assumed to be the

same as those used in Chapters Four and Five. A time series of MSS concentrations in
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the Menai Strait predicted from this modelling technique is presented in figure 6.15
along with both gravimetrically measured concentrations and MSS predicted from the
simple reflectance algorithm. Predicted MSS concentrations resulting from this
inverse modelling are improved considerably compared with the results of the simple
reflectance algorithm, with the percentage difference between observed and predicted
MSS reduced from 31.4% to 12.8% and the predicted concentrations lying reasonably
on the 1:1 line against the measured MSS in figure 6.16 (R* = 76.3%). The improved
predictions are most pronounced in the summer months where the simple algorithm

underestimated MSS by as much as 60%.
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Figure 6.15: Improvement in predicted MSS concentrations after
correcting for variations in b’ vss using a simple 2-parameter reflectance
model.

—_— —_—
(e} N
1

D
|

Modelled MSS (mg I')

0 3 10 , 15
Measured MSS (mg | )

Figure 6.16: MSS concentrations measured in the Menai Stralt
versus concentrations modelled from known Rges and b’ MSS-
Dashed line represents the 1:1 relationship.
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Figure 6.15 and 6.16 highlight the improved accuracy in MSS determinations when
values of b ysg are known. However, when not known, it is necessary to predict b yss
from the techniques previously described. Predictions of MSS concentrations were
obtained (figure 6.17) through inverse modelling using values of b niss predicted both
from the parameter Apeakr/Resss and from a simple seasonal cycle (equation 6.1). A
summary of the uncertainty in each of the methods of predicting MSS (table 6.2)
shows that on average, using the Apear/Ress method to obtain b wss values reduces the
uncertainty in predicting MSS concentrations by 10% compared with results of the
simple reflectance algorithm. MSS concentrations are, nevertheless, still
underestimated in the summer months (by an average of 38%), which can now be
attributed to the known overestimates of low b*Msg brought about by interference in
the Apeakr/Ress technique by organic matter scattering. A seasonal cycle, although
producing a lower error in predicted MSS over the summer months, proves to be an

oversimplification, producing a greater average variability over the year, with some

unreliable predictions towards the end of the time series.

60 90 120 150 180 210 240 270 300 330
Julian Day (1 = Jan 15[)

—e— Measured MSS —e— Modelled MSS with seasonal b*MSS
—oe— MSS Predicted from R665 —e— Modelled MSS with Predicted b*MSS

Figure 6.17: Modelled MSS concentrations using b*MSS predicted from the

kpeakR technique (in red) and b*MSS predicted from a simple seasonal cycle
(in blue). MSS predicted from the simple reflectance algorithm and true
measured MSS are plotted for reference.
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Table 6.2: Average percentage difference between measured and predicted

MSS concentrations using the various predictive techniques discussed in
the text.

. Reflectance Reflectance Reflectance model
Simple Rees . . s )
. model with model with with b yss predicted
Algorithm * *
known b yss  seasonal b yss from peak A/Res
All Dates 31.35 12.78 33.58 21.97
Summer Only 49.51 10.92 25.12 38.47

6.3 SeaWiFS Imagery Validation in the Irish Sea

Taking the algorithm validation one step further, the same techniques were applied to
a series of SeaWiFS satellite images of the Irish Sea. A total of 78 SeaWiFS images
were processed from 1999 and 2000 for the completion of this work. Image
processing models were written in order to produce further daily maps of spectral
reflectance (R), MSS concentrations as estimated from the simple quadratic function
of Ress, peak wavelength, b'mss, and a revised MSS concentration corrected for
variations in b mss. In addition, chlorophyll maps were produced from the NASA
OC4 chlorophyll algorithm. Only those images that were clear over most of the Irish
Sea (or those clear in the region where the moored transmissometer was located) were
processed. Images from September and October 1999 were processed only for
comparison with the transmissometer results and are not presented for further

interpretation.

6.3.1 SeaWiFS Satellite Image Processing

SeaWiFS satellite imagery was used to produce maps of suspended sediments in the
Irish Sea using the techniques described in Chapters Four and Five. This section
describes how the imagery was obtained, which products were used and how the
images were processed to obtain maps of MSS concentrations. The stages of image

processing are shown in the flow chart in figure 6.18 and are described in more detail

in the following pages.

SeaWiFS ocean colour satellite imagery was obtained from the NERC Remote
Sensing Data Analysis Service (RSDAS), Plymouth. The RSDAS group receive real-
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time imagery from the NERC-supported Dundee Satellite Receiving Station (DSRS)
and undertake secondary data processing, including atmospheric correction, to produce
level 2 geophysical and biological products. Once provided with these level 2
products, further image processing was carried out using a combination of the NASA

SeaWiFS Data Analysis System (SeaDAS, v.4) and the image processing software
ERDAS Imagine 8 4.

Preliminary search for clear imagery on the
RSDAS quick-look database
(http://www.npm.ac.uk/rsdas)

v

RSDAS carry out initial data processing
to level 2A imagery including
atmospheric corrections

I

Raw imagery obtained as HDF files
containing L,, and E; for all wavebands

v

Extraction of files and conversion to binary

format using SeaDAS v.4
ERDAS Imagine models written to:
Calculate Ry, from Ly/Es ] Calculation of statistics on
imagery; max/min values, daily,
> ]
l weekly, monthly means, time
Calculate R from R, — > series etc.

,

Calculate MSS from

quadratic function of Res Image processing using ERDAS,
including image sub-setting,

l | 3| application of colour palettes and

legends, and final image presentation
Calculate Apear —1 5
Calculate b*MSS from 7\'peakR ] >
l Figure 6.18: Flow chart
Calculate MSS from optical illustrating SeaWiFS image
model corrected for —T processing procedure.

. *
variations in b pss
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SeaWiFS data was received as water-leaving radiance (L") and incident
downwelling irradiance at sea-level, (E,*" My at all visible wavelengths. These two
parameters enabled the calculation of remote sensing reflectance R,,*" = L./E,. above
the surface. Since in situ observations of ocean colour were recorded as irradiance
reflectance (R(O') = E/Eq), below the surface, some manipulation of the satellite data

was required to obtain comparable satellite reflectances. Remote sensing reflectance

can be expressed as a function of irradiance reflectance according to:

R . (-p)(-p) R
1S - 2 - p0-)
n“(I-rRY’) Q

(6.3)

wherep is the internal Fresnel reflectance for upwelling radiance at the water-air

interface, 5 is the Fresnel reflection at the air-water interface for the downwelling

irradiance above the surface, n is the refractive index of sea water, r is the water-air
interface reflection for the upwelling irradiance and is of the order of 0.48 (Morel and
Gentili, 1996; Doxaran et al., 2002a) and Q = E,/L, and is frequently taken to be equal
to m (Kirk, 1994), assuming complete isotropy of the underwater radiance field. This,
however, is a considerable oversimplification of the properties of the light field; Loisel
and Morel (2001) found that, even in very turbid water, the upward radiance field is
not isotropic and remains sun-angle dependent. In the literature, the Q factor was
found to span the range 1 to 7 but, for simplicity, a more realistic value of Q was taken

as 5, after Austin (1974).

(1-p) (1-p)

> =~ accounts for the effects of reflection and
n” (I-rR77)

In equation 6.3, the ratio

refraction at the air-water interface. As the upwelling light flux passes through the
water-air interface, it undergoes refraction that increases its angle to the vertical.
Therefore, the flux contained within a small solid angle beneath the surface spreads

out to a larger solid angle above the surface. The Fresnel reflection at the air-water
interface, p , for vertically incident light, is approximately 0.02. That is to say that
around 2% of the light incident on the sea surface is reflected back into the

(1-p) (1- p)
nz

atmosphere. Austin (1974) showed that was approximately equal to
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0.54 for conditions under zenith sun. In Case 1 waters R®” is often small enough to

allow the term (1- rR”) in equation 6.3 to be discarded. However, in Case 2

waters, where R can be greater than 0.1, this term should be accounted for (Doxaran et

al., 2002a), giving:

o 054  R®
IS (1_ I R(O—)) Q (64)

This equation shows the dependence of R, on both the IOPs (since R o« by/a) and the
directional properties of the light field (through Q). A model was written within
ERDAS Imagine incorporating equation 6.4 to enable the conversion of SeaWiFS-

measured L,/E; to daily images of irradiance reflectance, R,

6.3.2 Estimating A,eakr from SeaWiFS Imagery

As was described in Chapter Four, the wavelength of peak reflectance (Ajcar) Was
estimated by fitting a quadratic function to plots of the spectral reflectance. With the
in situ measured spectral reflectance, a multiple regression was carried out using the
statistical package Minitab. However, the image processing package ERDAS Imagine
has only limited statistical functions. In order to derive the wavelength of peak
reflectance from SeaWiFS imagery, a model was written within ERDAS to calculate
the regression equation according to the description of multiple regressions given in

Snedecor and Cochran (1967), as outlined below.

For simplicity, the regression equation R =a +bA + cA? as first presented in Chapter
Four is expressed as Y = a + b X, +b,X,, where Y is the predicted reflectance, X,
1S A, X5 18 Kz, and a, b; and b, are the regression coefficients. The values of a, b, and
b, are chosen so as to minimise Z (Y - Y)?, the sum of the squares of the differences

between the actual (Y) and the predicted (Y) reflectances.

The value of the coefficient a is given by equation 6.5 (where the bars indicate mean

values) and the coefficients b, and b, are determined from equations 6.6 and 6.7

respectively.
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a=Y-bX -b,X,

(6.5)
LB - xx)(E xy)
1= D (6.6)
b, - L5 ) = OIEENOIES) 67
where D= () x)(Q. x,2)- (Y xx,)* (6.8)

In equations 6.5-6.8, x, = X, - X, (and x, = X, - X,), the differences between each
wavelength and the mean wavelength (or wavelength®). The calculated values of x|
and x, for the central wavelengths of the SeaWiFS visible bands are given in table 6.3.
Equations 6.5-6.8 sum each of the functions of x; and/or x, across all those

wavelengths in table 6.3.

Table 6.3: Calculated values of x; and x, for
the visible wavebands of a SeaWiFS image.

Wa\(/r?rlrel;lgth i xZ
412 -101.333 -100776
443 -70.3333 -74270.7
490 -23.3333 -30419.7
510 -3.33333 -10419.7
555 41.66667 37505.33
670 156.6667 178380.3

The equations above result in the determination of the multiple regression of the form

R=a + bA+bA°. The wavelength of peak reflectance is then given by that point
where dR/dA = 0 (i.e. at —b;/2b,).
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6.3.3 Chlorophyll Predictions

Chlorophyll concentrations, in pg I, were calculated according to equation 6.9, the

NASA OC4 chlorophyll algorithm, version 4 (O’Reilly et al., 2000).

[Chl a] — 10(0.366-3,067R+1.93R2+o.649R-‘-1.532R‘)

(6.9)

— 443 4 .
where R =log,,(R55; > R5. > R3Y) . The term in brackets denotes the maximum of

the three reflectance ratios.

This algorithm was derived empirically based on a pigment database comprising over

2800 in situ measurements, with chlorophyll concentrations up to 64 pg 1.

Whilst this algorithm has been shown to work well in Case 1 waters, some caution
should be adopted when interpreting chlorophyll concentrations derived in more turbid
Case 2 waters. Mineral sediments have been shown to considerably reduce the
sensitivity of the blue/green ratio to changes in chlorophyll, leading to erroneously

high derived chlorophyll concentrations (Bowers et al., 1996).

6.3.4 In situ TSS from a Moored Transmissometer

Total suspended sediment concentrations (TSS) were obtained from a calibrated
transmissometer during the INTERREG Project ‘Irish Sea Southern Boundary Study’
(Jones et al., 2000). A moored transmissometer was located at 52° 18.6° N,
6° 11.24° W (see figure 6.24 for location). The instrument was held at 23m above the
seabed in a total water depth of around 30m. Resulting sediment concentrations were
assumed to be representative of surface concentrations as measured by the satellite
since these waters were vertically well mixed year-round. The transmissometer
provided TSS concentrations averaged into half-hour bins for three periods; September
5% to October 5™ 1999, March 31% to June 15" and Junel5™ to September 5™ 2000.
Not all of this data, however, was suitable for use in this validation exercise as there
was evidence of considerable errors in beam transmittance as a consequence of bio-
fouling on the optical lenses. Only results when there were no obvious signs of
fouling were used in the validation procedure. Full calibrations of beam transmittance

against total suspended particulate concentrations were carried out on four occasions
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during 3-monthly research cruises. During each cruise, the instruments were cleaned.

therefore allowing a period of reliable data at the beginning of each measurement

period.

6.3.5 Comparing Algorithm Results with Transmissometer Observations

Figure 6.19 shows a time series of MSS concentrations at the transmissometer
mooring site as derived from inverse modelling applied to SeaWiFS imagery and
corrected for variations in particle scattering. For comparison, the total suspended
sediment (TSS) concentrations as obtained from the transmissometer at the mooring
site at the times of image acquisitions, are also presented. The satellite-derived
concentrations show the expected seasonal cycle in concentrations; highest
concentrations in the winter, with a minimum in the summer months. A peak in
concentrations in April 2000 corresponds to a period of strong winds combined with
extreme spring tides. Whilst the two data series represent different fractions of SPM,

it 1s encouraging that they show agreement in temporal variations over the year.
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Figure 6.19: Time series of satellite-derived MSS concentrations compared
with observations of TSS concentrations from a moored transmissometer.

Figures 6.20 and 6.21 show plots of predicted MSS concentrations (before and after
corrections for particle scattering) against observed concentrations of TSS at the

mooring site. Concentrations of MSS were first estimated from the simple reflectance
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model (quadratic function of Ress) and are shown to be in agreement with observed
TSS with a percentage difference between observed and predicted concentrations of
25% (figure 6.20). By correcting for variations in particle scattering, the difference
between predicted and observed concentrations was reduced to 18% (figure 6.21), with

points lying more closely to the 1:1 relationship (indicated by the dashed line in
figures 6.20 and 6.21).
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Observed versus predicted concentrations show a close agreement with the 1:1 line in
figures 6.20 and 6.21 but demonstrate a clear tendency for the algorithm to predict
MSS concentrations lower than observed TSS at low concentrations and higher than
observed TSS at high concentrations. This may be explained by the differences in the
parameters being measured; at low concentrations of MSS (usually observed in the

summer months), it might be expected that TSS may contain significant concentrations
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of organic suspended sediment (OSS), whilst for the higher sediment concentrations
(usually the winter months) it might be expected that TSS would consist almost
entirely of MSS. Nevertheless, MSS concentrations are still overestimated since, on
occasions, predicted MSS is higher then the measured TSS concentration. Possible

sources of error in the satellite-derived MSS concentrations which may explain this

discrepancy will be discussed in section 6.3.7.

6.3.6 Seasonal Variability in b"ygs

The imagery was processed using the Apearr technique to obtain values of b*Mss, and
for consistency, results at the mooring site were analysed. The values of b'ygs
estimated at the mooring site varied between 0.097 and 0.434 m> g, with a minimum
in the summer months in agreement with those observations in the Irish Sea in Chapter
Five and in the Menai Strait in this Chapter. The seasonal variation in b*Mss as
derived from Apear/Re70 is in surprisingly good agreement with observations in the
Menai Strait (figure 6.22). Observations of b’ yss suggested that particles in the Menai
Strait were generally less efficient scatterers than the rest of the Irish Sea, therefore,
figure 6.22 may imply that the Apeakr/Re70 method underestimates b*MSS from the Irish
Sea SeaWiFS imagery.

0.5
0.4 -
TQ()
“20.3 -
a4
«=>0.2 1
e}
0.1 1
O 1 1 I 1 1 !
0 50 100 150 200 « 250 300 350
Julian Day (1 =Jan 1)
i *MSS eeeeee Best Fit to Predicted Imagery b*MSS
g( II\r/[n:r%:ir}étlr);idl{fltengred b*MSS Bgzt F;t tg I\/;Zalscufed Menai b*MSS

Figure 6.22: Seasonal cycle of b'mss as derived from SeaWiFS
imagery from Apeakr/Re70 and measured in the Menai Strait.
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In the Irish Sea, a trend was evident between b*MSS and the ratio of MSS/TSS. Whilst
there was no way of estimating OSS from SeaWiF$§ imagery, the ratio MSS Chl
showed a significant negative correlation with b Mmss (Pearson correlation = -0.51) at
the mooring site. Although care should normally be taken in interpreting results from
the OC4 algorithm in Case 2 waters, the derived chlorophyll concentrations (figure

6.23) appear to produce a realistic seasonal variation, with a spring bloom in May.

25 0.6
—6— Chlorophyll a
. 0.5
—~ 20 - % y X b*MSS
= x 0.4
& %_*i(" X =
= 151 < 352‘* < X 0.3 '=o
= Xy ST x 02 £
S 10 - X X Z
= 01,7
=
O 5 0
M "/IN 0.1
0 . . -0.2
25-Jan 15-Mar  04-May 23-Jun 12-Aug ~ 01-Oct  20-Nov

Julian Day ( 1 =Jan 1)

Figurg 6.23: Seasonal cycle of satellite-retrieved chlorophyll concentration
and b vss at the mooring site.

6.3.7 MSS Distributions in the Irish Sea

The annual mean and range of MSS concentrations in the Irish Sea for the year 2000
were calculated from 62 SeaWiFS images and are presented in figure 6.24 and 6.25
respectively. A number of interesting features in the spatial distribution of MSS in
this region are evident. In particular, the region is characterised by pronounced areas
of high turbidity off Anglesey and Arklow Bank that remain persistent features of the
surface suspended sediment distribution in the Irish Sea throughout the year. High
concentrations also occur in the shallow regions of Liverpool Bay, Morecambe Bay,
Solway Firth and the Severn Estuary (see figure 3.1, Chapter Three, for locations).

The annual mean MSS concentration varies spatially from a minimum of 0.01 mg 1"

in the Celtic Sea to a maximum of 66.8 mg 1" within the Severn Estuary.
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The spatial distribution of MSS concentration correlates strongly with the tidal stirring
parameter h/u’ as was noted by Simpson and Brown (1991) and Bowers et al. (1998),
emphasising the role of the turbulent kinetic energy (TKE) in keeping sediments in
suspension. Fast currents in excess of 1 m s are found near Arklow and off
Anglesey, whilst weaker currents are observed in the western Irish Sea and Celtic Sea
(refer to figure 3.2 in Chapter Three). There are abrupt changes in MSS
concentrations associated with the transition from vertically mixed to stratified waters

such as the western Irish Sea and the Celtic Sea frontal regions.

The annual range in MSS concentrations at any one position varied from less than
0.1 mg 1" to 106 mg 1", although the majority of pixels showed an annual variation of
less than 40 mg I"'. The speckled appearance in figure 6.25 is the consequence of
pixels bordering cloud in the daily images. Regularly, these pixels considerably
overestimate reflectance (and consequently overestimate MSS concentrations) due to
the inaccuracy of atmospheric correction procedures near cloud edges. The largest
true annual variations in MSS concentrations were apparent in the Severn Estuary and
the shallow Cardigan and Liverpool Bays and Solway Firth. This is in agreement with
Bowers et al. (1998) who found the greatest annual variation in MSS in the eastern
Irish Sea, off Anglesey, Wicklow and Cardigan Bay from a time series of AVHRR

visible reflectance in the 1980s.

Figures 6.26a-i present monthly mean MSS concentrations for the year 2000 (February
to October) as derived from reflectance at 670 nm and corrected for variations In
b mss. There is noticeable seasonality in the distribution of MSS in these 1mages
which has been summarised by calculating spatially-averaged (over the entire Irish Sea
image) monthly mean concentrations (figure 6.27). These monthly mean
concentrations vary approximately —cosinusoidally ~with time, with highest
concentrations in February (4.51 mg I"") decreasing to a minimum of 2.09 mg I in
July before increasing again in towards the end of the year. The monthly averages are
in reasonable agreement with Bowers et al. (1998), who found that for the Irish Sea as

a whole over the period 1982 to 1988, the surface concentration of MSS in the winter

was 5.39 mg 1", reducing to 2 mg 1" in the summer.
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Figure 6.27: Monthly mean MSS concentrations for the Irish Sea plotted

with monthly mean wind speeds measured at RAF Valley, Anglesey
(provided by the British Atmospheric Data Centre, BADC).

The seasonality in MSS concentrations at the mooring site appears to be driven, at
least in part, by seasonal variations in wind stress (being stronger in the winter than the
summer, figure 6.27). Observing correlations between imagery results and known
forces that drive sediment suspension in the Irish Sea is promising support that it is
true variations in MSS concentrations that the images are representing. These satellite
imagery results suggest that it is tidal stirring that determines a ‘background’ spatial
distribution of MSS, resulting in the fixed nature of many of the turbidity features
observed. The temporal distribution of MSS, on scales larger than the spring-neap

cycle, appears to be determined by wind-induced stirring, at least for shallow waters at

the mooring site.

A feature evident in the June average MSS images (figure 6.26¢) that requires some
discussion is the anomalous increase in MSS concentrations off the south coast of
Comwall. On further investigation, this apparent increase in monthly mineral
sediments is actually a Coccolithophore bloom that can be identified in daily imagery
from June 16™ onwards, appearing to break down towards the end of July. Figure
6.28a shows a subset of the region of interest from an image of MSS concentrations
from June 26" 2000 (13:03) and, in addition, the results of the SeaWiFS
Coccolithophore flag (figure 6.28b). A true colour composite image of the Brittany

and Cormwall coasts (figure 6.28c) for the same date highlights the increase in

159



Chapter Six Results — Algorithm Validation

reflectance over all wavelengths resulting in a milky white appearance to the surface
waters. The SeaWiFS Coccolithophore algorithm (Robinson, 2000; Gordon et al.,
2001) was developed by empirical determinations of the spectral signatures of
Coccolithophore blooms in relation to various non-bloom conditions. A number of

conditions were set relating to the spectral water-leaving radiances that allow blooms

to be distinguished from other conditions.

Although the presence of Coccolithophores in the surface waters causes erroneously
high predicted MSS concentrations, the apparent success of the SeaWiFS
Coccolithophore flag at highlighting the occurrence of such blooms means that such

problem areas can simply be removed from image analysis.
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Figure 6.28a: MSS concentration (mg/l) as derived from R670 and
corrected for variability in b*MSS for 26 June 2000, 13:03.

Figure 6.28b: Results of the SeaWiFS Coccolithophore flag for 26
June 2000, 13:03.

Figure 6.28c: True colour composite SeaWiFS image off Brittany and
Cornwall on 26 June 2000. (Provided by the SeaWiFS Project,
NASA/Goddard Space Flight Center)
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6.4 Discussion

The techniques developed in Chapters Four and Five for dertving MSS concentrations
from ocean colour information have been tested on two independent data sets; one
concerning a time series of in situ radiometer data from the Menai Strait, the other
being the application to SeaWiFS satellite imagery of the Irish Sea, with coincident
measurements of suspended sediment concentrations. Without prior knowledge of
scattering properties, MSS concentrations were retrieved using a simple reflectance
algorithm, resulting in average uncertainties of 31% and 25% for the in situ and
satellite-retrieved MSS respectively. Application of inverse modelling techniques to
the Menai Strait time series showed that with knowledge of particle scattering
properties, concentrations of MSS could be predicted from reflectance with increased
accuracy (less than 13% uncertainty). The scattering-dominated environment meant
that neglecting the absorption due to constituents other than MSS and water had little
impact on the model results. However, details of particle scattering properties are
rarely available, therefore, a method of independently estimating b mss from
reflectance information is needed in order to reach this level of accuracy. Using a
seasonal trend 1n b*Mss reproduced MSS concentrations with reasonable accuracy but
there is no reason to expect the seasonal variation of b mss to be exactly the same from
place to place and year to year, therefore, such a simple approach may lead to
considerable errors in predicted MSS. In addition, a simple annual cycle would make
no corrections for perturbations in b*MSS on small temporal scales such as the spring-
neap tidal cycle, in response to isolated storm activity or unexpected phytoplankton

blooms.

The use of Apeakr/Reos to estimate values of b*MSS appears to give reasonable results,
enabling the prediction of MSS concentrations with an average uncertainty of 22%
from in situ optical properties in the Menai Strait and 18% for satellite imagery of the
Irish Sea. Although at present, the improvements to MSS concentration predictions
brought about by accounting for b umss in this way are only small, results are promising
and further work with this technique would be beneficial. With the now common use
of hyperspectral in situ radiometry (and increasingly so from space), it will be possible

to obtain more accurate determinations of the wavelength of peak reflectance.

Results in this study suggest that the scattering properties of suspended sediments are
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affected both by the amount of organic matter and the degree to which turbulence may
aid or inhibit particle aggregation. Much of the particulate matter in the oceans exists
in the form of flocs that continuously aggregate and disaggregate, thus altering their
sizes, effective densities, surface areas and consequently their optical properties (Lick
et al., 1993). The processes of aggregation and disaggregation depend on collisions
between particles; for flocs to form, particles must collide and then stick together.
Lick et al, (1993) showed experimentally that the removal of organic matter from
sediment suspensions led to a decrease in the resulting floc sizes. Burban er al. (1989)
showed that the average floc size under fixed turbulent conditions decreased with
increasing sediment concentration since the disaggregation process is partially
dependent on the number of particle collisions. The processes of particle aggregation
and disaggregation of marine particles are complex and yet to be fully understood

(Lick et al., 1993), but these observations go some way to explaining the scattering

behaviour of suspended particles in the Menai Strait.

The temporal variations of suspended sediment concentrations in both the Menai Strait
and the Irish Sea in 2000 were in general agreement with previous observations.
Buchan et al. (1967) and Kratzer et al. (2000) observed strong seasonality in
suspended sediment concentrations in the Menai Strait, with much greater sediment
loads in the winter than the summer. This trend was also apparent in seasonal studies
of SPM 1n the Irish Sea (Mitchelson, 1983; Weeks, 1989). Whilst a strong seasonal
cycle in suspended sediments was not observed in the Menai Strait study because data
was not collected between November and February, the Irish Sea imagery results
suggested a strong seasonal variation in MSS. Sediment concentrations in the Menai
Strait also showed the typical increase in concentrations during spring tides compared
with neap tides, confirming that more sediment was carried during periods of stronger

tidal stirring.

Buchan et al. (1967) ascribed the seasonal cycle to biological activity; either to the
binding of bottom sediments by micro-organisms, making them less susceptible to
erosion in the summer months, or to the filter feeding organisms that remove sediment
from suspension in the summer months. Results in this study suggest that the seasonal
cycle of MSS in the Irish Sea may be a consequence of wind-induced stirring. This is

in agreement with Boudjelas (1994) who attributed the annual cycle of beam

163



Chapter Six Results — Algorithm Validation

attenuation in the Irish Sea to seasonal changes in wind stress. Others, however. have
attributed seasonal cycles in SPM to seasonal changes in particle size and type (Jones
et al., 1998), which is also apparent in this data set, suggesting that it may be a

combination of processes, both physical and biological that determine the seasonal

cycle in sediment concentrations in the Irish Sea.

Whilst the temporal variability of MSS over the year was in agreement with previous
observations, absolute concentrations of suspended sediments observed in the Menai
Strait during the year 2000 were noted to be considerably lower than previous years
observed by Kratzer et al. (2000) and Buchan et al. (1967). Kratzer et al. (2003)
proposed that a noticeable downward trend in turbidity in the Menai Strait may be a
response to long term changes in wind forcing. Recently published observations of
the long term trends in NW Europe storminess have shown that wind strength
increased over the 1960s, 70s and 80s (during which time there was a corresponding
increase in turbidity) but decreased during the 1990s (Alexandersson et al., 2000).
Results from this study may, therefore, be further evidence for the suggestion that the

Menai Strait has been becoming clearer in recent years.

The spatial distribution of suspended sediments in the Irish Sea derived from the
inverse modelling technique is in good agreement with previous studies, and is
strongly correlated with the tidal stirring parameter h/u’. Relationships between
remote sensing reflectance (and therefore suspended sediment concentrations) have
been inferred previously from CZCS imagery (Weeks and Simpson, 1991) and
AVHRR imagery (Bowers et al., 1998).

Chapters Four and Five confirmed that there is strong evidence for the use of visible
reflectance for estimating MSS concentrations from ocean colour measurements in
moderately turbid shelf sea environments. This chapter has taken these observations
one step further to show that these relationships do indeed allow accurate
reproductions not only from in situ colour information but also that remotely sensed
from satellites. Algorithm development studies frequently reach the stage where a
statistically significant relationship is used to interpret satellite imagery in terms of
suspended sediment distributions, but few take it to the final stage to assess the

accuracy of sediment concentration retrieval. This has been carried out in this Chapter
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using a moored transmissometer to provide an independent data set of suspended
sediment concentrations. Such a comparison, although appearing to confirm the
accuracy of the algorithm, requires some discussion. Comparing single spot samples
obtained from a transmissometer with satellite imagery introduces uncertainties due to
inhomogenous sediment distributions within scales similar to the pixel size of the
image (so called sub-pixel variability). This may lead to errors in the ground truth
samples in regions of strong sediment gradients. The site under study here, however,
does not appear to be a region of strong horizontal sediment gradients; where possible,
pixels immediately surrounding the mooring site were analysed to give an indication
of this variability. Over the year, MSS concentrations in the § pixels immediately
surrounding the mooring site showed less than 15% variability with respect to that
measured at the centre pixel. Although this suggests that this is an area of limited

horizontal gradient, it does not give an indication of the variability on scales smaller

than a single pixel.

Uncertainty 1s also introduced by the fact that the transmissometer measures total
suspended sediment whereas the optical model has been developed to measure the
mineral fraction only. Whilst the comparison shows clearly that the two follow similar
trends, there is still an unknown quantity relating to the organic fraction of TSS.
Furthermore, attenuation coefficients measured from transmissometers are known to
be influenced by particle properties. The beam attenuation coefficient depends not
only on the particle concentration but also particle size, shape and index of refraction
(Baker and Lavelle, 1984) and thus estimated concentrations may be biased in a
similar manner to the reflectance model. Particle size has been suggested as the most
influential variable (Ulloa et al., 1994), although particle shape can also be important
(Pollack and Cuzzi, 1980).

A survey of published field transmissometer calibrations showed a trend of decreasing
calibration slopes from environments with fine particles to those with larger particles.
The transmissometer readings presented in this study were calibrated against TSS on
several occasions during the mooring deployment and therefore much of the
variability in derived concentrations due to changing particle optical properties may
have been removed. Furthermore, any response of optical properties to changes in

sediment properties will be more clearly represented in the radiometer measurements
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because of the large volumes of water contained in their measurement fields compared

with the small volume of water sampled by a transmissometer (10 cm pathlength).

Aside from the uncertainties in in situ measurements, there are a number of sources of
error in satellite-derived reflectances which may also adversely affect the derived MSS
concentrations. The use of absolute values of reflectance in remote sensing algorithms
depends on precise knowledge of sensor calibration, atmospheric correction. sea
surface interactions and wind effects. Reflectance ratios have been used in the past
specifically to minimise these influences but it has been shown in this study that, given
the limited choice of wavelengths available with the SeaWiFS sensor, band ratios are
not suitable for retrieving suspended sediment concentrations in this region.
Consequently, effort is now required to improve the measurement accuracy of satellite

retrieved radiances through precise atmospheric correction schemes.

The standard NASA atmospheric correction scheme for SeaWiFS assumes negligible
water-leaving radiance in the near infra-red part of the spectrum (Gordon and Wang,.
1994). Termed the ‘dark pixel’ atmospheric correction procedure, this assumption
works well in Case 1 waters where absorption at these wavelengths is sufficient to
remove all significant water-leaving radiance. In contrast, when high concentrations
of suspended sediments are present, strong backscatter results in significant water
leaving-radiance in the atmospheric correction bands at 765 nm and 865 nm and
negates the standard Case 1 water ‘dark pixel’ procedure (Moore et al., 1999).
Assumption of zero water-leaving radiance in the near infra-red leads to an
overestimate in the aerosol scattering which will be amplified towards shorter
wavelengths. This results in an excessive atmospheric correction for the visible bands
and frequently yields negative water-leaving radiance values in turbid Case 2 waters,
particularly in bands 1 (412 nm) and 2 (443 nm). This was observed on occasions
during image processing for this study, an example of which is given in figure 6.29.

The extent of the negative pixels clearly increases in the shorter wavelengths, resulting

in considerable loss of data.
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Chapter Six Results — Algorithm Validation

The subject of atmospheric correction over Case 2 waters has received special

attention in recent years and methods have been recommended that show some
improvement in the accuracy of water-leaving radiance measurements over turbid
waters (Moore et al., 1999; Hu et al., 2000). These methods, however, require further
verification and are not yet routinely available for image processing. Whilst the issue
of atmospheric correction is still to be fully resolved, satellite imagery results in this
Chapter have proved to be of significant value. The success of the inverse modelling
results in this study is promising and suggests that the errors in atmospheric correction

at 670 nm may be small, at least for the range of sediment concentrations observed at

the mooring site in the southern Irish Sea.

It i1s acknowledged that there are some differences between the band characteristics of
the two sensors (the PRR600 has a 10 nm waveband centred at 665 nm whereas
SeaWiFS band 6 is a 20 nm band centred at 670 nm). No account was taken of these
differences 1n this study; it is anticipated that the effect of these differences will be
small, given the errors involved in the measurement of reflectance in situ and errors in

the atmospheric correction of SeaWiFS.

A principle factor in converting satellite-derived radiances to underwater reflectances
is the Q factor, which describes the angular distribution of the upwelling radiance field
(Q=EJL,). Values of Q in the literature have ranged from less than 1 to 7 for a range
of water types and solar angles. Calculations of the Q factor by Shimwell et al. (1997)
suggested that, in turbid waters, conditions may indeed approach the case of an
isotropic light field whereby Q = . In contrast, Loisel and Morel (2001) showed that
even in very turbid waters, the upward radiance field is not isotropic and remains sun
angle dependent. Gordon and Morel (1983) also predicted that the Q factor would be
wavelength dependent. Therefore, a precise value of Q is not available at present,

neither is there a clear idea of how the Q factor varies with solar zenith angle,

wavelength or water type.

If Q ranges from 1 to 7 in these waters, this would result in the satellite-derived MSS
concentrations being up to 23% higher or 60% lower than currently predicted.
Nevertheless, it is unlikely that Q will cover this range of values since the imagery is

all acquired within an hour of midday. In the literature, Q has been assigned values

169



Chapter Six Results — Algorithm Validation

between 3 and 5 for those sun and viewing angles typically involved in remote sensing
studies. This study adopted a value of 5. Therefore, assuming a full range of 3 to 3.
derived concentrations could be up to 27% lower than currently estimated. This may
be possible since at present, MSS concentrations appear to be overestimated.
Nonetheless, whilst there are other sources of error to account for it is difficult to say
if this 1s true, but it is clear that further work is necessary in determining values of Q 1n

order to accurately interpret single wavelength colour imagery (and indeed colour

ratios if Q 1s wavelength dependent).
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CHAPTER SEVEN: SUMMARY AND CONCLUSIONS

7.1 Summary of Findings and Implications for Future Research

The primary aim of this study was to develop a technique to derive suspended
sediment concentrations in the Irish Sea from SeaWiFS ocean colour imagery. To
attain this, in situ measurements of irradiance reflectance were collected at
wavelengths coincident with the SeaWiFS sensor, enabling an assessment of the way

in which suspended sediments and other optically active constituents affect ocean

colour in the region.

It was found that the measurement of single band reflectance, rather than variations
in colour through reflectance ratios, was the most reliable method for the derivation
of suspended sediments in the {rish Sea. Results published in Binding ez al. (2003),
as well as observations concerning the wavelength of peak reflectance in Chapter
Four, highlighted that MSS algorithms based on colour ratios in the visible spectrum
are susceptible to failure due to the presence of other optically active constituents.
The success of previously published algorithms based on visible wavelength colour
ratios has been restricted to regions where mineral sediments are likely to dominate
the optical signal such as the Bay of Fundy (Amos and Topliss, 1985; Topliss, 1986)
and the Humber Estuary (Robinson et al., 1998). Reflectance ratios containing
wavelengths in the NIR have been shown to work well in extremely turbid
environments with sediment concentrations up to 1000 mg I (Moore et al., 1999;
Doxaran et al., 2002a, 2002b). The successful use of NIR wavelengths, however, 1s
dependent on the fact that in highly turbid waters there is sufficient scattering to
overcome the strong absorption by water at these wavelengths. Results of Doxaran
et al. (2002b) showed that reflectance in the band 700-900 nm was close to zero for
sediment concentrations below 50 mg I"'. Therefore, the effectiveness of reflectance
ratios incorporating NIR wavebands is limited to these extreme turbidity levels and

would not be applicable to the more moderate concentration ranges measured in shelf

S€as.

In agreement with many previous optical studies (e.g. Robinson, 1985; Bukata et al.,
1995), reflectance in the Irish Sea increased at all wavelengths with increasing

sediment loading. A strong empirical relationship was identified between MSS and
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Ress enabling predictions of MSS concentrations from irradiance reflectance with an
average uncertainty of less than 22%. Nevertheless, the large spread in the data
points at low MSS concentrations combined with a significant x-axis intercept
(suggesting that a baseline MSS concentration of 1.36 mg 1! exists) would result in

large errors, particularly at low concentrations.

The observed variability in the Reflectance-MSS relationship was found to be the
consequence of changes in mass-specific scattering coefficients (b*MSS) brought
about by differences in particle properties such as grain size and refractive index. A
systematic increase in the slope of the Reflectance-MSS relationship with increasing
b mss was identified and formed the basis of a more robust technique for estimating

MSS concentrations through inverse modelling.

A detailed study of the inherent optical properties of the optically active constituents
enabled the development of a simple reflectance model. Using this model in the
forward mode, it was possible to gain a more thorough understanding of the way in
which phytoplankton and yellow substance affect the Reflectance-MSS relationship.
With knowledge of variations in b*Mss, the reflectance model used in the forward
mode enabled the reproduction of Rges from known concentrations of MSS, YS and
C with an uncertainty of just 9%. This confirms that our understanding of the way
the inherent optical properties determine ocean colour in the Irish Sea is accurate.
Omitting the optical properties of YS and C from the reflectance calculations had
little impact on the retrieval accuracy of the model, confirming the predominant role
of scattering by MSS in the region. When used in the inverse mode, this simplified

optical model predicted MSS concentrations from Rees with an average uncertainty

of less than 14%.

An investigation was carried out to determine the factors causing the observed
variations 1n b*MSS- With limited direct measurements of particle properties such as
grain size, refractive indices and backscattering properties, it was suggested that the
observed variability in the scattering coefficients resulted from the large diversity of
grain sizes and particle compositions present in the Irish Sea over two years of
sampling. The large variations in particle properties and their effect on scattering

have implications for the values of scattering coefficients and backscattering ratios
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chosen in optical models developed for dynamic systems such as shelf seas. Most
optical models applied to turbid waters have been carried out under conditions where
such scattering properties may not vary considerably with space or time, either
because the study was restricted to a single geographical position or a single season,
or because the dynamics of the environment meant that there would be little variation

in the scattering properties under study (Moore ef al., 1999: Doxaran et al., 2002a).

The effect of particle scattering properties (incorporating particle size distribution
and refractive indices) on reflectance has been studied through theoretical
considerations (e.g. Forget er al., 1999) and laboratory experiments (Novo et al.,
1989; Moore et al., 1999). However, no examples could be found in the literature
describing similar observations of in situ variations in particle characteristics linking
scattering properties to variations in reflectance in the context of ocean colour
algorithms. Neither has a technique been proposed for the measurement of b yss
from ocean colour measurements to improve estimates of suspended sediment

concentrations in shelf seas.

In this study, a method was proposed to estimate values of b mss from a factor
combining the wavelength of peak reflectance and the magnitude of a single
waveband reflectance. This enabled the prediction of b*MSS in the Irish Sea accurate
to within 24%. Whilst this technique appeared to give reasonable first estimates of
b mss, there was considerable spread in the data due to the influence of scattering by
organic particles. The estimation of b 1ss removed this variance by accounting for
the organic content of the suspended particles. However, until some method 1S
available to determine the proportions of organic to inorganic fractions of SPM, it is
not possible to utilise b 1gs in the optical model presented here. Some error 1S
foreseen in the technique used here for determining the wavelength of peak
reflectance since it is dependent on the accurate fit of a quadratic function to only six
data points. This technique may be improved with the increasing use of

hyperspectral in situ and remote sensing colour sensors.

Curran and Novo (1988) highlighted a number of stages in the development of
algorithms for the estimation of suspended sediment concentrations (SSC) from

remotely sensed ocean colour. Most studies have followed the stages below:
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I Simultaneous measurement of SSC and spectral radiance or reflectance.
2. Derivation of an empirical relationship between SSC and the spectral

radiance or reflectance.

3. Use of the spectral radiance or reflectance and the relationship in (2) to
estimate SSC.

4. Determination of the accuracy of SSC estimation using an independent set of

SSC and ocean colour data.

Curran and Novo (1988) highlighted that the majority of studies in the literature
terminate at stage 2 or 3 on the assumption that a statistically significant correlation
between SSC and the ocean colour parameter is sufficient basis for an accurate
estimation of SSC from ocean colour imagery. Even now, algorithm development
research rarely proceeds to the final stage where the retrieval accuracy can be
determined by testing on an independent data set. Although an acceptable retrieval
accuracy was obtained in this study based on the data set from which the algorithms
were derived, a more thorough error analysis was performed on two independent data
sets of ocean colour with coincident measurements of suspended sediment

concentrations.

The time series of optical and water quality observations in the Menai Strait showed
that the scattering efficiency of particulate matter exhibited a seasonal pattern, with a
minimum in the summer months. This seasonality in b*MSS was attributed to the
flocculation of particles in the summer months as a result of both an increase in the
organic content of the suspended matter and a decrease in wind-induced turbulence.
Application of the simple reflectance algorithm (quadratic function of Ryes) to the
Menai Strait data set consistently underestimated MSS concentrations (by as much as
60%) suggesting that the particles here were less efficient scatterers than those in the
Irish Sea. By accounting for variations in particle scattering efficiencies through
inverse modelling, the uncertainty in predicted MSS concentrations was reduced to

13%, with improved accuracy being most evident in the summer months.

The application of the reflectance model to SeaWiFS imagery of the Irish Sea
accurately reproduced known regions of high turbidity with MSS concentrations that

were in good agreement with those measured in situ from a moored transmissometer.
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when applying the simple reflectance algorithm, to 18% when accounting for

variations in particle scattering through inverse modelling. Images provided a

valuable time series of maps detailing the seasonal distributions of suspended

sediment in the Irish Sea.

The SeaWiFS project specifications called for an uncertainty of less than £35% in
the retrieval of chlorophyll a concentrations in Case 1 waters (Hooker et al., 1992)
and, although deriving suspended sediment concentrations was not a specific
objective of the SeaWiFS project, a similar uncertainty for sediment concentrations
should be a realistic goal in sediment-dominated waters. Despite the well publicised
problems of atmospheric correction over Case 2 waters, the uncertainty in predicted
sediment concentrations in the Irish Sea are well within the goals set out by the
SeaWiFS project. Any further improvements in the accuracy of algorithms utilising
single band reflectance will necessitate advances in atmospheric correction
procedures over Case 2 waters. A number of methods have been recommended in
recent years that show some improvement in the accuracy of water-leaving radiance
measurements over turbid waters (Moore et al., 1999; Hu et al., 2000). These
methods, when routinely available for image processing, should be evaluated to see
if any further improvements can be made in the study of suspended sediments in the

Irish Sea.

Although the algorithms presented in this study maintain reasonable levels of
accuracy during phytoplankton bloom periods, it is expected that the techniques
would break down under conditions of extreme productivity or when phytoplankton
such as coccolithophores are abundant. Coccolithophore blooms are known to be
highly reflective due to the enhanced backscatter from detached coccoliths (Balch ez
al., 1996) and it has been shown in this study that this results in anomalous increases
in predicted MSS concentrations. Nevertheless, methods are now available, as was
shown in Chapter Six, that enable affected pixels in an image to be flagged and

removed from further processing (Robinson, 2000; Gordon et al., 2001).

Remote sensing algorithms for suspended sediments in the Irish Sea are rare.

Therefore, techniques developed in this study have great potential in the study of
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coastal processes in this region. It must be emphasised, however, that this algorithm
may, at present, only be used for regional applications. Further work will be required
testing the applicability of these algorithms to other regions. Nevertheless, the water
masses studied here incorporate a range of physical environments, from strongly
tidal (and therefore turbid) coastal waters to clearer stratified waters and
phytoplankton-dominated sea lochs. The strength of the relationship between Rges
and MSS under these contrasting conditions is promising, suggesting the algorithm

may be applicable to a wide range of water types throughout the year in this region.

Satellite-measured reflectance has been used in previous studies to infer the
distribution of suspended sediments in the Irish Sea (Simpson and Brown, 1987;
Weeks and Simpson, 1991; Bowers er al. 1998). Single waveband reflectance
algorithms utilising the AVHRR visible band (580-680 nm) have been proposed, for
example, in Delaware Bay (Stumpf and Pennock, 1989), the North Sea (Aguirre-
Gomez, 2000), the Bay of Biscay (Froidefond et al., 1998) and the Irish Sea (Bowers
et al., 1998) with varying degrees of success. The advantage of obtaining a suitable
algorithm applicable to ocean colour sensors such as SeaWiFS, MODIS or MERIS,
with numerous narrow wavebands, rather than broad band sensors such as Landsat,
SPOT and AVHRR, is that there is then potential to use the remaining spectral
wavebands to obtain the remaining optically active constituents; yellow substance
and phytoplankton pigments. Furthermore, it would be valuable to be able to obtain
further information on the nature of the suspended matter, for instance, successfully
deriving the contributions of both organic and inorganic material to the total SPM.
This may then enable the observation of a whole suite of water quality parameters

from a single satellite image.

Whilst the SeaWiFS objective to derive chlorophyll concentrations to within 35%
has been met with some degree of success in Case 1 waters, this is not so in Case 2
waters, where sediments are known to interfere with the retrieval accuracy of
standard colour ratio algorithms. The need for improved accuracy in chlorophyll
determination is critical in shelf seas which are some of the most productive regions
of the world’s oceans (Mann and Lazier, 1991). Brown and Simpson (1990) showed
empirically that the relationship between the blue/green reflectance ratio and

chlorophyll changed as the concentration of MSS increased. In a study of absorption
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properties of inorganic particles, Bowers et al. (1996) showed that the blue green
ratio becomes less sensitive to changes in chlorophyll if inorganic sediments are
present. Bowers et al. (1996) claimed that in order to use a blue/green ratio to
determine chlorophyll in Case 2 waters, it would first be necessary to obtain an
independent estimate of suspended sediment concentrations. Figure 7.1 shows the
impact of mineral sediments on the retrieval accuracy of the current NASA OC4
chlorophyll algorithm applied to the in situ measured ocean colour data from the
Irish Sea. In the most turbid waters studied, the OC4 algorithm overestimated
chlorophyll concentrations by up to 1000%. Results in this study, enabling the
accurate determination of suspended sediments in shelf seas, may go some way to

improving chlorophyll estimates in turbid waters.

I Measured MSS:C
0 0% O T T T T 1

(PR 25 30
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Figure 7.1: The effect of mineral sediments on the retrieval
accuracy of the NASA OC4 chlorophyll algorithm in the Irish Sea.
(y = -29.6x - 30.7, R* = 75%, p = 0.00)
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7.2

Conclusions

The measurement of single band reflectance, rather than variations in colour
through reflectance ratios, is shown to be the most reliable method for the
derivation of suspended sediments in the Irish Sea. Suspended sediment
algorithms based on colour ratios in the visible spectrum are susceptible to

failure due to the presence of other optically active constituents.

A strong empirical relationship between reflectance at 665 nm and MSS
enables the prediction of MSS concentrations from in situ reflectance

measurements with an average uncertainty of less than 22%.

The variability in the relationship between MSS and Regs can be attributed to
variations in the particle scattering efficiency, b*MSS, brought about by
changes in factors such as particle grain size, refractive index and the

backscattering probability.

Measured particle scattering properties are combined with optical theory to
develop a reflectance model, which, when used in the inverse mode, enables
the prediction of MSS concentrations from reflectance with an average

uncertainty of less than 14%.

Values of b yss can be estimated with an average uncertainty of 24% from

the combined assessment of the colour and brightness of the water through

the parameter Apeakr/Regs.

The above techniques were applied to a time series of ocean colour
measurements in the Menai Strait as an algorithm validation exercise and
highlighted the improved accuracy of MSS predictions when accounting for

variations in particle scattering properties.

Application of inverse modelling to SeaWiFS ocean colour satellite imagery
produces spatial distributions of MSS in agreement with those in the
literature. Results from a moored transmissometer confirm the accuracy of

the technique, predicting MSS concentrations with an uncertainty of 18%.
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7.3

Recommendations for Further Work

Further work is needed measuring reflectance in a range of turbidities with
coincident observations of sediment characteristics such as grain size.
refractive index and scattering properties. A detailed study of the factors
affecting b*MSS and by/b and the way in which these parameters vary with
geographical location, time and environmental conditions is essential if errors
In estimating suspended sediment concentrations are to be reduced. There
may be potential for measuring MSS/TSS and/or particle size from space if

the factors affecting b*MSS can be determined more accurately.

A detailed investigation of the method of estimating b mss from peak
reflectance using hyperspectral radiometry is recommended. The present
study estimated the wavelength of peak reflectance from information at just
six wavelengths, therefore, more precise observations of peak wavelength

will enable an accuracy assessment of this technique.

The application of the same algorithms to other regions would test the
applicability of these techniques outside the waters in which the algorithm
was developed and will determine the extent to which these can be used as

more general algorithms.

Improvements are required in the atmospheric correction of SeaWiFS ocean
colour imagery over Case 2 waters before the retrieval accuracy of the

techniques presented in this study can be confirmed.

Methods presented in this study should be applied to imagery from the
recently launched MODIS and MERIS satellite sensors to assess the ongoing

use of these techniques in ocean colour studies when SeaWiFS ceases

operation.
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LIST OF SYMBOLS
Symbol Definition Units Page i
Introduced |
B Volume scattering function m st 18
[i Solar elevation degrees 65
p Scattering phase function - 1%
3] Solar declination degrees %
A Wavelength nm 2
Apeakr Wavelength of peak reflectance nm 77
O Radiant flux W 3
P Fresnel reflectance - 146
T Angular Day degrees 66
0 Solid angle ST 13
0 Zenith angle degrees 13
v Angular date degrees 66
v Mean Underwater Cosine --- 21
(0) Just beneath the surface --- 19
(07) Just above the surface - 19
(z) At depth z --- 19
[MSS] Mineral Suspended Sediment mg 1" 7
concentration
[OSS] Organic Suspended Sediment mg 1" 59
concentration
[TSS] Total Suspended Sediment mg [ 59
concentration
[YS] Yellow Substance concentration m’ 17
a Absorption coefficient m 16
A Absorbance --- 16
"w Mssysc | Specific absorption coefficient, where m’ g 18
the subscripts W, MSS YS and C refer m’ mg’'
to water, mineral suspended
sediments, yellow substance and
phytoplankton pigments respectively.
b Scattering coefficient m’ 16
B Scatterance --- 16
" mssysc | Specific Scattering coefficient, where m g’ 18
the subscripts W, MSS YS and C refer m’ mg’
to water, mineral suspended
sediments, yellow substance and
phytoplankton pigments respectively.
B, Acidified blank - 56
by, Back-scattering coefficient m" 18
B, Non-acidified blank --- 56
b Forward-scattering coefficient m’ 18
c Speed of light =2.998x10°ms” | 12
c Beam attenuation coefficient m’ 17
C Phytoplankton pigments concentration | ug I 17
Euds0 Irradiance, where the subscripts u, d, s | uW cm” nm’ 13
and 0 denote upwelling, downwelling,
surface incident and scalar respectively
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f Photon frequency s 12
f, Acidified Fluorescence - 56
£, Non-acidified Fluorescence --- 56
h Planck’s constant = 6.626x107"Js | 12
h Depth m 46
I Radiant Intensity W st 13
Ky Diffuse attenuation coefficient for m’ 20
downwelling light
Krand Hy | Fluorometer calibration constants --- 56
IR Absorption pathlength m 61
Leg Radiance, where the subscripts uandd | pW cm 2 st" nm | 13
denote upwelling and downwelling
respectively
Ly Water-leaving radiance uWem” st nm™ |20
A\ Refractive index of water, air --- 66
ODq ¢ Optical Density, where the subscripts s | --- 57
and f define in suspension and on filter
Q =E,/L, ST 19
R Irradiance reflectance = E,/E4 --- 19
R Range --- 56
Rrs Remote sensing reflectance = L, /E4 st 20
S Coefficient determining slope of --- 32
yellow substance absorption
T Transmittance --- 17
u Tidal current amplitude cms’ 46
Vex Volume extracted ml 56
Vi Volume filtered 1 50
W Water - 17
W, Initial weight g 59
W, Burnt weight g 29
Wy Dry weight g 59
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LIST OF ABBREVIATIONS AND ACRONYMS

ADEOS Advanced Earth Observation Satellite

AOPs Apparent Optical Properties

ATM Advanced Thematic Mapper

AVHRR Advanced Very High Resolution Radiometer

C Phytoplankton Pigments

CASI Compact Airborne Spectrographic Imager o
CTD Conductivity, Temperature and Depth

CZCS Coastal Zone Colour Scanner

DOM Dissolved Organic Matter

DSRS Dundee Satellite Receiving Station

ERTS Earth Resources Technology Satellite o
FOV Field of View N
FWHM | Full Width at Half Maximum
GAC Global Area Coverage

HPLC High Performance Liquid Chromatography

IOPs Inherent Optical Properties

LAC Local Area Coverage

MERIS Medium Resolution Imaging Spectrometer

MODIS Moderate Resolution Imaging Spectroradiometer B
MSS Mineral Suspended Sediment N
MSS Multispectral Scanner

NASA National Aeronautics and Space Administration

NASDA National Space Development Agency of Japan

NERC Natural Environment Research Council

NIR Near Infra Red

NIST National Institute of Standards and Technology

OCTS Ocean Colour and Temperature Sensor

OD Optical Density B
OSC Orbital Sciences Corporation

OSS Organic Suspended Sediment o
PAR Photosynthetically Available Radiation

PRR Profiling Reflectance Radiometer

RSDAS Remote Sensing Data Analysis Service

SeaDAS SeaWiFS Data Analysis System

SeaWiFS | Sea-viewing Wide Field-of-view Sensor

SPM Suspended Particulate Matter

SPOT Satellite Pour I’Observation de la Terre N
™ Thematic Mapper

TSS Total Suspended Sediment

YS Yellow Substance
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