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Abstract 

Measurements of hyperspectral surface reflectance, with a spectral range of 350- 

800nm and sampling interval of 3.3nm, were made in Scottish coastal waters, the 

Bristol Channel and the Atlantic Ocean. 

Analysis of the shape of these spectra by normalisation and differentiation 

revealed three prominent features: (1) the magnitude of the integral between 400- 

455nm, (2) the width of a trough occurring between 560-615nm, and (3) the peak to 

trough height between 660-750nm. The characteristics of these features were not 
determined by individual seawater constituents, but they proved useful as a tool for 

water type classification. The sign of the integral between 400-455nm discriminated 

between open ocean and coastal waters, and coastal sub-types could be distinguished 

by applying cluster analysis to the other three features. 

The hyperspectral data were integrated over appropriate bandwidths to generate 

multi-band surface reflectance values which were used to assess the performance of 

remote sensing algorithms in coastal water. All the chlorophyll algorithms tested 

(SeaWiFS OC4V4, MODIS Chlor a2 and Chlor a 3, and MERIS OC4E) 

overestimated the values measured in situ. The MODIS algorithm for absorption by 

phytoplankton, ah 10(675), performed poorly, but the MODIS algorithm for the 

absorption by coloured dissolved organic material, acjy (400), provided accurate 

values of the absorption coefficient (R2 = 0.91). Algorithm performance was 

improved when turbid stations, identified using cluster analysis, were removed. 

Hyperspectral radiometry was also used to investigate variations in chlorophyll 
fluorescence line height (FLH) with chlorophyll concentration, solar irradiation and 

seawater composition. FLH and chlorophyll a concentration were not correlated in 

the coastal waters sampled and variations in the photosynthetically available 

radiation (PAR), CDOM and suspended sediment concentrations affected the 

magnitude of FLH observed. A study of (FLH / Chl) under natural, fluctuating 

irradiances allowed the onset of adaptive non-photochemical quenching to be 

monitored in situ. 
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Chapter 1: Introduction 

1.1. Ocean Colour 
Remote sensing reflectance is a parameter commonly used to measure ocean colour 

(Morel and Prieur, 1977; Mobley, 1999). When sunlight enters the ocean it is 

spectrally modified due to the attenuating effects of the water and the components 

contained within it. Light that escapes from the water body, due to scattering, can 

reveal information on the contents of the water body (Siegel et al, 2005(a)). 

1.1.1. Variation in Ocean Colour 

Sunlight entering the water body can undergo one of two effects, it can either be 

scattered or absorbed. The coefficients of absorption and scattering are known as 

inherent optical properties (IOPs) and it is the IOPs which govern ocean colour. In 

open ocean water (Morel and Maritorena, 2001) the main optically important 

components which can modulate the light field are, apart from the water itself, 

phytoplankton and its associated breakdown products. The reflectance from the 

ocean should therefore be strongly correlated with the concentration of 

phytoplankton. Phytoplankton contain an array of pigments (e. g. chlorophylls a, b 

and c, the caroteniods and the billiproteins) in order to absorb light for 

photosynthesis (Kirk, 1986). Different species of phytoplankton have different 

optical properties due to variations in absorption and scattering between species. The 

primary pigment found in all phytoplankton is chlorophyll a, which is used as an 

indicator of the abundance of phytoplankton. Many algorithms exist which have 

been developed to retrieve chlorophyll a concentration from radiometric parameters 

(O'Reilly et al, 1998; He et al, 2000; Sathyendranath et al, 2001; Darecki et al, 

2005). 

In coastal waters the interaction of sunlight and the water body is complicated by 

the presence of other optically important constituents (Lee et al, 1994; Siegel et al, 
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2005(b)). In addition to phytoplankton, colour dissolved organic matter (CDOM) 

and suspended particulate materials (SPM) are found. CDOM, also known as yellow 

substance or gelbstoff, results from the degradation of plant tissue (e. g. from the 
breakdown of phytoplankton) or from the run-off of heavily wooded regions or from 

regions of rich organic soil. For example, in Scottish fjords high concentrations of 
CDOM are typically the result of fresh water run-off from the surrounding peat laden 

hills. Absorption by CDOM is assumed to be exponential in nature, highest in the 

blue and decreasing into the red. CDOM is also assumed to be non-scattering in 

nature (Aas, 2000). SPM includes all suspended matter (e. g. minerals). SPM 

concentrations tend to be highest in coastal regions. Wave, wind and current actions 

can re-suspend sediments in shallower coastal areas and in land water bodies. 

Estuaries and other areas where tidal effects are important can have their optical 

properties strongly influenced by the re-suspension of sediments. The term 

suspended particulate material applies to a wide range of material, each with its own 

absorbing and scattering properties. 

1.1.2. Importance of Monitoring Ocean Colour 

Measurements of ocean colour have an important role in oceanography as it helps 

monitor the marine environment. Phytoplankton play a pivotal role in the exchange 

of gases (e. g. carbon dioxide and oxygen) between the ocean and the atmosphere 

which helps regulate global climate (Raven and Falkowski, 1999; Demchak, 2005). 

The quantity of atmospheric carbon fixed by phytoplankton each year is roughly 

equal to the amount that is fixed by the tropical rainforests. Phytoplankton 

photosynthesis, in addition to influencing the exchange of gases between the ocean 

and atmosphere, is also the basis of the vast majority of marine food chains. The 

different species of animals that live in the sea (e. g. zooplankton and fish) congregate 
in regions of high phytoplankton abundance. The ability to calculate the abundance 

of phytoplankton in the oceans, using chlorophyll a as an index, is important for 

models of primary productivity (Geider et al, 2001; Weston et al, 2005). Monitoring 

of different types of water masses, for example phytoplankton blooms, sediment 

plumes and pollutants, is important in coastal regions as these are the sites of the 
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majority of the world's fisheries and are also important for social and recreational 

uses. Approximately 60% of the global population live in the coastal zone area 

which accounts for only 18% of global surface area (Field et al, 2002). The stress on 

the coastal zone area and surrounding shelf sea due to, for example, pollution, 

urbanisation, tourism, over-fishing and eutrophication is immense (Sathyendranath et 

al, 2000). Therefore, careful monitoring of these areas is key to maintaining there 

sustainability for both industrial and environmental purposes. 

1.2. Monitoring Ocean Colour 

Measurements of ocean colour can be conducted by deploying in situ instrumentation 

or by remote sensing techniques. 

1.2.1. In situ and Surface Measurements of Ocean Colour 

Ocean colour can be measured by deploying radiometric systems from ships to 

measure radiance or reflectance as it leaves the surface of the water body. Profiling 

instrumentation also exists which allows radiometric parameters to be depth 

resolved. In situ measurements of the underwater and surface leaving light field 

have certain advantages over remote sensing techniques, being free from the 

attenuating effects of the atmosphere and also from the effects of surface glare and 

reflection. Profiling instrumentation allows depth resolved measurements of the light 

field to be collected whereas remote sensors are restricted to processes occurring 

within the first optical depth, from which 90% of the water leaving photons originate 

(Mobley, 1994). Over the years the spectral coverage of in situ instrumentation has 

developed from a small number of discrete bandwidths to full spectral coverage 

(hyperspectral). Hyperspectral radiometers, which are now widely available, allow 

continuous spectral measurements to be made over a broad wavelength range, 

typically from 350 to 800nm, with better than l Onm resolution (Chang et al, 2003). 
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1.2.2. Remote Sensing of Ocean Colour 

The temporal and spatial coverage offered by remote sensing satellites is far superior 

to that offered by in situ measurements which are severely limited in geographical 

range. However, remotely sensed data is affected by the atmosphere (Clark et al, 

1997; Gordon, 1997; Gordon, 2003; Stamnes et al, 2005), with 90% of the light 

received by a satellite originating from scattering effects taking place in the Earth's 

atmosphere. It is therefore necessary to validate remote sensing measurements using 

in situ techniques. Ground truth measurements can be used to correct for the effects 

of the atmosphere (Bulgorelli and Zibordi, 2003; Lavender et al, 2004). The 

presence of other material in addition to phytoplankton in the water can have a 

deleterious effect on remote sensing algorithms (Carder et al, 1989; Dall'Olmo et al, 

2005). Therefore, developing new algorithms for the retrieval of optical parameters 

of the water body (e. g. component concentration) also requires that ground truth 

measurements be conducted. 

As with in situ instrumentation remote sensing satellites have been developed to 

include more spectral channels and improved resolution and sensitivity. The first 

dedicated ocean colour satellite was the Coastal Zone Colour Scanner (CZCS). 

In the section below a brief description of the first ocean colour satellite (CZCS) 

is given, along with some current satellites whose bandwidths and algorithms will be 

discussed in later chapters. 

L CZCS 

The Coastal Zone Colour Scanner, or CZCS, was the first dedicated ocean colour 

satellite. It was launched on board the Nimbus 7 satellite in October 1978 and was 

designed to map chlorophyll concentration, sediment distribution, gelbstoff 

concentration, with an infra-red channel used to determine the temperature of coastal 

water and ocean currents. 

CZCS had four channels between 400 and 700nm each with a 20nm bandwidth 

and provided a scan width of 1556km. The CZCS project showed that ocean colour 

measurements could successfully be carried out from space. This helped provide 

justification for future ocean colour missions such as SeaWiFS and MODIS. CZCS 

continued to collect data intermittently until it was switched off in December 1986. 
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iL SeaWFS 

Until 1996 CZCS was the only ocean colour satellite to be sent into space. Its 

successor was the Sea-viewing Wide Field-of-view Sensor, SeaWiFS, launched on 
the 1t of August 1997 on board the SeaStar satellite. SeaWiFS has 6 wavebands 

occurring in the visible centred on 412,443,490,510,555, and 670nm, each with 
full width half maximum of 20nm. It operates in a sun synchronous orbit, it passes 

over the same point on the Earth's surface at the same time each day, at a height of 
705km with a swath width of 2800km and resolution of 1.1km. SeaWiFS offered 
improved calibration, sensor characterization, spectral bands and radiometric 

sensitivity over its predecessor, CZCS. 

The SeaWiFS programme goals are outlined in Hooker et al (1992); its main aim 

was stated as being the "acquirement of data critical for study of the role of ocean 

primary productivity in global biogeochemistry, including the exchange of critical 

elements and gases between the atmosphere and ocean". 
Today SeaWiFS is still providing ocean colour data, well exceeding its initial 

five year mission. 

iii. MODIS Terra and Aqua 

In December of 1999 NASA launched the Moderate Resolution Imaging 

Spectroradiometer (MODIS) ocean colour satellite onboard the Terra Platform. This 

was followed by the launch of a second MODIS instrument on board the Aqua 

platform in May 2002. Both satellites are in orbit at 705km and operate in a sun 

synchronous, circular, near polar orbit with a swath width of 2330km, and a 

resolution of 1km. MODIS Terra's orbit around the Earth is timed so that it passes 

from north to south across the equator in the morning (10: 30am), while Aqua passes 

south to north over the equator in the afternoon (1: 30pm). Both instruments have 36 

channels, 9 of which are dedicated to ocean colour and biogeochemistry. MODIS 

was designed with similar ocean colour wavebands to that of SeaWiFS, though the 

MODIS wavebands are narrower to allow for enhanced atmospheric correction. 
MODIS also has improved signal to noise ratio over its predecessors and was 
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designed to include quantitative measurements of solar stimulated chlorophyll 
fluorescence (Esaias et al, 1998). 

iv. MERIS 

The Medium Resolution Imaging Spectrometer, MERIS was launched during 2002 

onboard the European Space Agency's (ESA) Envisat Satellite. MERIS is a 68.50 

field-of-view pushbroom imaging spectrometer that measures the solar radiation 

reflected by the Earth, at a ground spatial resolution of 300m, in 15 spectral bands, 

programmable in width and position, in the visible and near infra-red. As stated by 

Bezy et al (2000) MERIS aims to contribute data to the study of the upper layers of 

the ocean by providing information on: 

" the measurement of photosynthetic potential by detection of phytoplankton 
(algae) 

" the detection of yellow substance (dissolved organic material) 

" the detection of suspended matter (re-suspended or river borne sediments) 
MERIS also has the ability to measure solar stimulated chlorophyll fluorescence 

(Bricaud et al, 1999; Gower, 1999). 

1.3. Hyperspectral Measurements 

When discussing hyperspectral measurements we are talking about an instrument 

capable of providing continuous spectral measurements over a broad wavelength 

range, typically from 350 to 800nm. Until recently most hyperspectral 

instrumentation used in oceanography was limited to laboratory bench top 

spectrophotometers (Chang et al, 2003). For example, high resolution 
(hyperspectral) data has already proven useful for identification of phytoplankton 

pigments from absorption spectra (Aguirre-Gomez et al, 2001(a); Aguirre-Gomez et 

al, 2001(b)). However, due to electronic and computational improvements 

hyperspectral instrumentation now exists for the collection of data at sea, for 

example, the TriOS RAMSES radiometers, the Satlantic HyperPro, HOBI Labs 

HydroRad and the WetLabs AC-S. These instruments allow the collection of 
hyperspectral radiometric and IOP parameters. The application of hyperspectral 
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technology to airborne and remote sensing instrumentation still proves troublesome 
due to low sensitivity (Levin et al, 2005). In fact one advantage that multispectral 

sensors have over hyperspectral instruments is an improved signal to noise ratio due 

to the fact that they are integrating over a larger bandwidth, thus collecting more 

photons. However, as hyperspectral sensors are developed the sensitivity of these 

instruments continues to improve. 

Optical oceanographers have shown that selected bands and band ratios, 

obtained using multispectral instrumentation, can be useful for the retrieval of 
information on the water body (Lee and Carder, 2000; Blondeau-Patissier et al, 

2004). However, when band ratio algorithms designed for use in open ocean waters 

are applied to coastal or shelf sea water the algorithms can cease to provide reliable 

data (Lee and Carder, 2002). This is due to the increase in optical complexity in 

such areas owing to the occurrence of other optically important constituents, such as 

CDOM and SPM, in addition to phytoplankton. In coastal environments spatial and 

temporal variability is also increased. Using hyperspectral instrumentation in such 

areas may help provide more information on the water body than traditional 

multispectral sensors by providing more degrees of freedom for algorithm 

development (e. g. tuning of regional remote sensing algorithms) and for modelling of 

more optically complex water. Hyperspectral measurements may also prove useful 

for improving atmospheric correction in coastal areas and classifying optically 

complex water types. Data from hyperspectral instrumentation can also be 

appropriately binned for comparison with any multispectral satellite, for example, 

SeaWiFS, MODIS and MERIS, without having to interpolate between wavebands. It 

has also been suggested that hyperspectral backscattering measurements can be used 

to discriminate phytoplankton populations from other in-water constituents due to the 

fact that wavelength dependence of backscattering from phytoplankton is different 

from other particles (Bricaud et al, 1983; Stramski et al, 2001). 

Hyperspectral instrumentation offers improvement in the amount of data 

available to oceanographers, which may help increase their understanding of 

optically complex waters such as coastal or shelf sea water. Hyperspectral 

measurements increase the number of wavelengths available that can be used in 

analysis of relationships such as component concentration and ocean colour. 
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1.4. Aims of Research 

Multispectral radiometers have been successfully used to measure the in situ light 

field and water leaving signals. This research aims to assess the performance of 

profiling and surface floating hyperspectral radiometers, which have limited 

sensitivity, in comparison to their multispectral equivalents and to test the hypothesis 

that hyperspectral data contains features, not illustrated in the widely spaced multi- 

band spectra, which can be used to reveal information on the content of the water 

body. In addition to this the higher resolution offered by hyperspectral radiometers 

will be utilized to resolve the chlorophyll fluorescence peak. Chlorophyll 

fluorescence line height (FLH) measurements in coastal water, an area of current 

interest, will be used to test the hypothesis that FLH is related to chlorophyll 

concentration in coastal water. However, as chlorophyll fluorescence is an inelastic 

scattering process detail contained in the spectra prior to the fluorescence peak would 

be useful in any investigation into this feature. 
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Chapter 2: Optical Theory 

In order to understand the nature of the underwater light field and the associated 

water leaving signals, it is important to have knowledge of the parameters used to 

quantify and describe the optics involved. The object of this chapter is to define the 

terms most commonly used for this purpose. A more detailed explanation of these 

terms can be found in Preisendorfer (1976), Kirk (1986) and Mobley (1994). 

2.1. Radiometry 

1.1. Radiance 

Radiance (L) is a measure of the radiant flux ((D) in a given direction per unit solid 

angle (da) per unit area (dS) perpendicular to the direction of propagation. It is 

defined as: 

L(9, V) =dz (2.1) 
dScosOda 

Radiance, a function of the zenith (0) and azimuth (gyp) angle, is measured in units 

of Wm -2 sr '. Spectral radiance, L (A) is defined as the radiance per unit 

wavelength interval at a given wavelength, A. 

L(2)=' (2.2) 

where L (A) is the spectral radiance measured in units of W m-Z nm-' sr-'. All other 

radiometric parameters can be derived from radiance by integration over an 

appropriate range of solid angles. 
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2.1.2. Irradiance 

The most commonly measured radiometric parameter is irradiance. Irradiance (E) 

is defined as the radiant flux (0) incident on an infinitesimal element of a surface, 

divided by the area: 

E_ 
dS 

(2.3) 

Irradiance is measured in units of WM-2. 

Downwelling irradiance (Ed) and upwelling irradiance (E�) are the values of 

irradiance on the upper and lower faces, respectively, of a horizontal surface. If a 

detector fitted with a horizontal diffusing disk is pointed vertically upwards then 

photons from the upper hemisphere can reach the detector and give a measure of the 

spectral downward plane irradiance (Ed). The detector is not equally sensitive to all 

downwelling photons. Photons striking a plane surface have an irradiance response 

that is proportional to the cosine of the angle between the photon direction and the 

normal to the collector surface. 

The spectral downward plane irradiance, measured in Wm2 nm-', is defined as: 

Ed= JL(2)cosoda (2.4) 
Zx 

Changing the orientation of the detector so that the collector was pointing vertically 

downwards would measure the upwelling spectral plane irradiance, in WM-2 nm-'. 

J L(2)cosodw (2.5) 

-zA 

The scalar irradiance (E0) is the integral of the radiance distribution over all angles, 

defined as: 
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Eo = 
JL(A)dr (2.6) 

ax 

The downwelling scalar irradiance and upwelling scalar irradiance are then defined 

as: 

E, = 
JL(2)dw (2.7) 

zx 

Ems, =f L(A)dw (2.8) 

-zA 

All scalar irradiances are measured in units of W m-2 nm-' . 

2.2. Inherent Optical Properties 
Inherent optical properties (IOPs) depend only upon the composition of the medium, 

and are independent of the ambient light field. When a photon enters the water it can 

undergo one of two processes, it can either be absorbed or scattered. The absorption 

and scattering properties of the water body, for light at any wavelength, are specified 

in terms of the absorption coefficient, scattering coefficient and volume scattering 
function (also known as the scattering phase function). 

If we consider a small volume of water (Ov), of thickness Ar, illuminated by a 

narrow collimated beam of light of a single wavelength with radiant power 0, (A. ), 

then some part of the incident power 0; (A) is absorbed (q$o (A)) within the volume 

of water, some part is scattered (0S (A)) out of the volume of water at angle 0 and 

the remainder is transmitted (0, (A)) through the volume of water without change in 

direction. Assuming no inelastic scattering processes occur (e. g. no photon 

undergoes a change in wavelength) then by conservation of energy: 

0, (A) - 0. (A) +0s (A)+0º (A) (2.9) 

Radiant powers are measured in W nm-' 
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The spectral absorptance, A(A), is defined as the fraction of incident power 

absorbed within the volume: 

A(2)="2) (2.10) 

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

scattered out of the beam: 

B(A) _ 
o8 (A) 

(2.11) 
oi (A) 

and the spectral transmittance is: 

T(%) -- 
oº (A) 

(2.12) 

where, 

A(ý)+B(ý)+T(ý)=1 (2.13) 

The spectral absorption and scattering coefficients are the spectral absorbance and 

scatterance per unit distance in the medium. The spectral absorption coefficient is 

defined as: 

a(A) - mim 
A(A) 

(2.14) 

and the spectral scattering coefficient as: 

b(A)= lim 
B(A) 

(2.15) 
e. ->O Ar 

The spectral beam attenuation coefficient is defined as: 

c(A) = a(2)+b(A) (2.16) 
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The absorption, scattering and attenuation coefficients are measured in units of m-1. 
The above definitions of IOPs are examples of total IOPs which include the 

effect of the water and any dissolved or suspended material. For example, the total 

absorption coefficient can be obtained from summing the absorption due to the 

optically significant components: 

L7(/ý)=a 
(/ý)+a,,, (A)+RCDOM(A) +aMSS(/ý) ý2.1%ý 

where ax, (A, ) is the absorption due to water, a,,, y, 
(A) is the absorption due to 

phytoplankton, ac » 
(A) is the absorption due to coloured dissolved organic matter 

(CDOM) and a, (A) is the absorption due to mineral suspended sediment (MSS). 

The absorption coefficient for each individual component varies with 

wavelength, A. The absorption due to water is tabulated in Pope and Fry (1997). 

Water is most strongly absorbing in the ultraviolet, due to electronic transitions, and 

infra-red regions, due to vibrational transitions, of the spectrum. Vibrational 

transitions start to occur around 500nm due the stretching of the OH (oxygen- 

hydrogen) bond in the water molecule. Absorption by phytoplankton is due to the 

photosynthetic pigments, of which chlorophyll is the most distinctive. Chlorophyll 

absorbs most strongly in the blue and red, with peaks around 430 and 665nm 

respectively for chlorophyll a, with very little absorption occurring in the green. 

CDOM absorption is high in the blue and decreases towards the red. Traditionally, 

an exponential function (Jerlov, 1976; Bricaud et al, 1981) is used to model the 

absorption due to CDOM. In West of Scotland coastal waters, high CDOM levels 

are the result of fresh water runoff from the surrounding hills. However, in oceanic 

waters CDOM originates from the breakdown products of phytoplankton. The 

absorption due to MSS is also thought to be exponential increasing towards shorter 

wavelengths (Roesler et al, 1989; Bricaud and Stramski, 1990). Figure 2.1 illustrates 

the default absorption spectra for water, chlorophyll, CDOM and minerals supplied 

in the Hydrolight computer package. 

Scattering can also be quantified in terms of its components: 

b(A)=bam, (A)+bnhr(A)+ bcDOM(A)+bM(A) (2.18) 
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where bw (%) is the scattering due to water, b, (A) is the scattering due to 

phytoplankton, bcwM (A) is the scattering due to coloured dissolved organic matter 

(CDOM) and b� (A) is the scattering due to mineral suspended sediment (MSS). It 

is generally assumed that the scattering due to CDOM is negligible as the absorption 

coefficient is much greater than the scattering coefficient at all wavelengths within 

the ultraviolet and visible spectral regions (Aas, 2000). 

The final IOP parameter to consider is the volume scattering function, 6 (B, A) : 

,8 
(e 

d(D(O) 
(2.19) 

0d 

It is defined as the light flux (D, per unit solid angle dm, scattered in the direction 

0, per unit length dr, expressed as a proportion of incident flux (DO, with units of 

m-'sr'. 

Integrating over all directions gives the total scattered power per unit incident 

irradiance and unit volume of water, e. g. the scattering coefficient: 

x 
b(A)=2; r Jß(0, A)sin0dO (2.20) 

0 

9S 2l and backward 12 < 0! 9 ;r Dividing this equation into the forward (0: 5 
Jl 

scattering coefficients gives: 

X i 
bf (A) = 2; r Jß(0, A)sin0dO (2.21) 

0 

A 

bb (A, ) = 2; c Jß(0, %)sin0dO (2.22) 

2 

The normalised volume scattering function or phase function, j (0, A), gives a 

measure of the angular distribution of the scattered photons. It is defined as: 
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N e, A)=ß©, 
A) 

() (2.23) 

%ß(8, A) has units of sr-' . 

2.3. Apparent Optical Properties 

Apparent optical properties (AOPs) are quantities that depend more strongly upon 

the composition of the medium (the IOPs) than on the geometrical structure of the 

incident light field. Specific ratios of radiometric quantities have been shown to be 

relatively insensitive to changes in factors such as sea state and cloud cover and are 

stable enough to be useful when comparing different water bodies. Spatial 

derivatives of radiometric quantities with depth may also be used as AOPs. 

2.3.1. Average Cosines 

Average cosines, p, are useful parameters for measuring the angular structure of the 

upwelling and downwelling light fields. They are defined as follows: 

(2.24) fey=Eý(z, 
'%ý 

Ed(z, A) 
Pe = E. ýZA) 

(2.25) 

{t(z, t)=Ed(z, 
)"(z, 2) 

(2.26) 
E� 

where z is the depth in metres. The value of 4 can vary from 0, for an isotropic 

radiance distribution, to 1, for a collimated beam of light. 
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2.3.2. Remote Sensing Reflectance 

The most commonly used reflectance in this thesis is the radiance reflectance or 

remote sensing reflectance. The remote sensing reflectance, R, , is measured in 

units of sr' and defined as: 

R,., (0, co, A. )= 
E(0,42 

) 
(2.27) 

Ed 
) 

where L,, (0, i p, A) is the water leaving radiance and Ed (0+, A) is the downwelling 

irradiance just above the sea surface. The remote sensing reflectance just above the 

sea surface is represented by R,, (0+) 
. If the upwelling radiance is measured just 

below the sea surface then suitable corrections (i. e. immersion coefficients and the 

n2 law for radiance) must be applied before it can be used in equation (2.27). 

Application of the corrections to L. (0-) measurements is discussed in Chapter 3, 

section 3.1.6. Reflectances are important oceanographic quantities as they yield 

information on the ability of the water body to return light to the surface. 

2.3.3. Diffuse Attenuation Coefficients 

In a typical oceanographic water body radiance and irradiance decrease 

approximately exponentially with depth. For example, the depth dependence of 

Ed (z, A. ) can be written as: 

Ed (z, A)=Ed (0,2)exp[-Kd (z, t)z] (2.28) 

where Ed (0,2) is the downwelling irradiance at z= Om and Kd (z, A) is the 

average diffuse attenuation coefficient over the depth interval from 0 to z metres. 

Solving this equation for Kd (z, 2) gives: 

Kd(z, A)__d1nEd(z, 
A) 

__ 
1 dEd(z, 2) 

(2.29) 
dz Ed (z, A, ) dz 
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Other diffuse attenuation coefficients, such as K,,, Kam, Kam, and K (6, rp) (which 

refers to the diffuse attenuation for radiance) can be written similarly. Diffuse 

attenuation coefficients are measured in units of m-. 

The distinction between the beam attenuation coefficient, c (A), and the diffuse 

attenuation coefficient, Kd (A), is important. c(A) refers to the radiant power lost 

from a collimated light beam traversing an infinitesimally thin section of fluid. 

Kd (z, 2) describes the reduction with depth of the ambient downwelling 

irradiance, Ed (z, A), which is a property of the diffuse light field. Kd (z, A) depends 

upon the geometrical structure of the incident light field and is therefore defined as 

an AOP. 

2.3.4. Optical Depth 

The optical depth of a water body is defined as: 

,; =Kd z (2.30) 

lt is a measure of the reduction of irradiance with depth. For water bodies of 

differing optical properties one optical depth corresponds to different physical depths 

but the same reduction of irradiance. Approximately 90% of the light reflected from 

a water body emanates from within the first optical depth (Dickey et al, 2006). 

Optical depths with values of 2.3 and 4.6 correspond to attenuation of downward 

irradiance of 10% and 1% respectively. These values are conventionally taken to 

indicate the midpoint and lower limit of the euphotic zone, within which 

photosynthesis takes place. 

2.4. Radiance Transfer Theory 
Radiance transfer theory provides the link between the IOPs and AOPs of a water 

body. The radiance transfer equation describes the changes in radiance along a given 
directional path. For example, a beam of light passing through an element of 
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medium with thickness dr, in the direction (0,0), loses photons by scattering out of 

the path and absorption within the element while photons are gained by scattering of 
light originally travelling in another direction, (0', 0'). Ignoring fluorescent 

emission within the water and assuming the water body is vertically stratified then 

the radiance transfer equation can be written as: 

dL(z, 9,0) 
__c(z)L(z, 0,0)+L' (z, 0,0) (2.31) 

dr 

The term on the left hand side of this expression is the rate of change of radiance 

with distance along the path specified by the zenith and azimuthal angles (8,0) at 

depth z. The first term on the right hand side deals with the loss of radiance from the 

path by attenuation, e. g. by absorption or scattering, and the second term deals with 

the gain in radiance from scattering into the path. The second term requires 

knowledge of the angular distribution of the light field, i. e. the volume scattering 

function, and the distribution of radiance L (z, 9', 0') 
, represented by: 

Lý (z, 0,0)= Jß(z, 0,0; 0', 0')L(z, 0', qS')A)(9', 0') (2.32) 
4s 

By integrating this equation using the method of Gershun (1936) we get: 

a=KE fI (2.33) 

where a is the absorption coefficient, KE is the diffuse attenuation coefficient for net 

irradiance (, P=Ed- Eu) and µ is the average cosine, thus providing a link between 

IOPs and AOPs. 

2.5. Hydrolight 

Hydrolight is a commercial software package which numerically solves the radiance 
transfer equation and calculates the time independent radiance distribution within 

and leaving a water body. Inputs to the software include the absorbing and scattering 
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properties of different in-water constituents such as chlorophyll, CDOM and 

minerals. The input can also include the sky irradiance conditions and models can 
include inelastic scattering effects such as Raman scattering, chlorophyll and CDOM 

fluorescence. 

The spectral radiance determines the behaviour of the light field at depth, z, in 

direction (0, q') and at wavelength A. All other quantities of interest, such as the 

various irradiances, reflectances and diffuse attenuation coefficients, can be derived 

once the spectral radiance is known. Hydrolight predicts the spectral radiance by 

solving the integro-differential radiative transfer equation along with its boundary 

conditions (Mobley, 1994). These equations have to be solved numerically, due to 

their complexity, for any realistic situation. Hydrolight solves the radiative transfer 

equation numerically by partitioning it into segments and averaging over direction 

and depth. 

2.6. Chlorophyll Fluorescence 

Phytoplankton cells contain an array of pigments used to absorb photons and provide 

the light energy necessary for photosynthesis (Lawlor, 1993; Campbell et al, 1987). 

Photosynthesis can be considered as two classes of processes, the light and dark 

reactions, each with multiple steps. In order to understand the origin of chlorophyll 
fluorescence we need only concern ourselves with the light reactions. 

The most abundant pigment found in phytoplankton cells is chlorophyll a, which 
has two main absorption bands located in the red and the blue. In fact, chlorophyll a 

is often used as an indicator of the amount of biomass present in oceanic waters. 

Other important pigments commonly found in phytoplankton include chlorophyll b, c 

and the carotenoids. 

There are two subsystems of photosynthetic pigment know as photosystem 1 

(PSI) and photosystem 2 (PS2). Associated with each photosystem are special types 

of chlorophyll a molecules bound in a protein matrix known as the reaction centres. 

The reaction centres are the site of the first light-driven chemical reactions of 

photosynthesis. Other pigments found in the photosystems (chlorophylls a, b and c 

and the carotenoids) act as light harvesting complexes (LHCs) which channel the 
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absorbed light energy to the reaction centres of the photosystem. The number and 

variety of pigment molecules allow the photosystem to gather light over a larger 

surface area and over a greater portion of the spectrum than a single pigment would 

allow (Kirk, 1986). 

The absorbed light energy, known as excitation energy, is then used to fuel the 

primary charge separation event of the photosynthetic process at the PS2 reaction 

centre (Krause and Weis, 1991). An electron excited to a higher energy level in the 

reaction centre of PS2 is captured by a primary electron acceptor and the 

photoexcited electron then passes from PS2 to PSI via an electron transport chain 

which includes the plastoquinone pool. We can think of the plastoquinone pool as 

acting like a capacitor that is charged up by the photoexcited electrons of PS2 and 

discharged by the photochemical processes taking place at PSI (Genty et al, 1989; 

Cunningham, 1996; Laisk and Oja, 2000). The plastoquinone pool is said to be 

charging when the PS2 reaction centres are open and transferring photoexcited 

electrons to the plastoquinone pool. When the pool is fully charged, i. e. there are no 

more primary electron acceptors available, then the PS2 reaction centres close. Light 

absorbed by the LHCs is funnelled to the PS2 reaction centre regardless of the state 

of the reaction centre and this energy must be dissipated (Horton and Bowyer, 1990). 

In solution chlorophyll a exhibits a fluorescent yield, the ratio of the number of 

photons absorbed to the number emitted as fluorescence, of approximately 30%. In 

the intact photosynthetic apparatus the maximum yield is found to be approximately 
3% (Krause and Weis, 1991) and occurs when all PS2 reaction centres are closed. 

When all reaction centres are open this yield reduces to approximately 0.6% due to 

quenching by photochemistry. 
There are a large number of quenching mechanisms that compete with 

chlorophyll fluorescence and have been the subject of many reviews (Krause and 

Weis, 1991; Baker and Horton, 1987). These quenching mechanisms can be split 

into two groups, namely photochemical and non-photochemical quenching. When 

the PS2 reaction centres are open and able to transfer photoexcited electrons to PSI 

then photochemical quenching is high. However, if the PS2 reaction centres are 

closed (typically this occurs under high irradiance conditions) then photochemical 

quenching is low and the fluorescence yield increases. Non-photochemical 

20 



quenching processes do not depend upon the state of the reaction centres (Horton and 
Bowyer, 1990) and include photoinhibitory quenching, state transitions and energy 
dependent quenching. The variability in the quantum yield of fluorescence is 

therefore due to quenching mechanisms with differing responses to increased 

illumination. For example, photochemical quenching decreases and non- 

photochemical quenching increases with increasing irradiance. In addition these 

quenching processes have different response times to changing irradiances. 

Photochemical quenching reaction times are typically less than one second while for 

non-photochemical quenching the reaction times are of the order of tens of minutes. 

In oceanic waters the light re-emitted as fluorescence by phytoplankton in a unit 

volume of water, Ff (Wm-3), depends upon the amount of flux absorbed, A 

ýW m-), and the quantum yield of fluorescence, Of . 

Ff =O Of Ac (2.34) 

The flux absorbed by phytoplankton at depth z is represented by: 

400nm 

A,, =Chl f ach, (A)EO(A)dA (2.35) 
700nm 

where Chl is the chlorophyll concentration (mgM-3 ), ach, (%) is the chlorophyll 

specific absorption coefficient (m2 mg-') and Eo (A) is the scalar 

irradiance (W m2 nm-') . 
The integral is performed over the photosynthetically 

available radiation (PAR) range. Equation (2.34) can then be written (Maritorena et 

al, 2000; Morrison, 2003): 

400nm 

Fj=ChlOf jý 
hi(A)EO(A)dA (2.36) 

700nm 

In order to include chlorophyll fluorescence in the radiance transfer equation 

Hydrolight has to construct an appropriate volume inelastic scattering function, ß' . 
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fif(z, A'-> )=af(z, A')ff(%'->A)%f (2.37) 

Measured in units of m' sr- nm-' . 
The term of (z, . %') describes the light absorbed by the fluorescing substance, in 

this case chlorophyll, as a function of depth and excitation wavelength, A'. 

A, ) is the wavelength redistribution function. It is composed of 

several terms which are described in equation (2.38). 

. 
ff A)=Of&(X)k(A) (2.38) 

where of is the quantum yield of fluorescence, g, (A') is a function which specifies 

the spectral interval over which light can excite chlorophyll fluorescence, k (A) is a 

function which describes the chlorophyll fluorescence emission and is the ratio 

of the excitation wavelength to the emission wavelength used to convert photon 

counts to energy. In Hydrolight k (A) is approximated by a Gaussian function 

with a centre wavelength of 685nm and a full width half maximum of 25nm. 

The final term in equation (2.37) is the phase function for the emitted light. The 

phase function is assumed to be isotropic, for example: 

/3f=1sr-' 
4fr 

(2.39) 

In Hydrolight wavelengths between 370nm and 630nm can excite chlorophyll 
fluorescence. 

2.7. Other Inelastic Scattering Processes 
In addition to chlorophyll fluorescence there are two other important inelastic 

scattering processes that can take place in the water column. These are Raman 

scattering and CDOM fluorescence. 
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2.7.1. Raman Scattering 

Raman scattering is a process which can take place in solids, liquids and gasses. 
Sugihara et al (1984) found that Raman scattering by water molecules provides a 

mechanism for scattering light inelastically from shorter wavelengths to longer 

wavelengths. When an incident photon excites a molecule into a higher rotational or 

vibrational quantum state then the excited molecule can emit a photon of a longer 

wavelength than that of the incident photon. In oceanic waters the Raman scattered 

photons usually appear as a signal in the spectral irradiance at depths greater than a 
few tens of metres. Wavelengths of light greater than 550nm are unable to penetrate 

deeply into the water column due to strong absorption by water. However, 

wavelengths less than 550nm are able to penetrate more deeply into the water 

column. At depth it is these wavelengths, in the blue to green part of the spectrum, 

that are Raman scattered to longer wavelengths in the yellow to red region of the 

spectrum. These Raman scattered photons provide an internal source of non-solar 

radiation due to inelastic scattering effects. Raman scattering is a process which 

occurs at all depths in the water column. However, at shallow depths the Raman 

scattered photons are usually negligible compared to the ambient solar radiation. 

Further information on the contribution of Raman scattering to the underwater light 

field can be found in Marshall and Smith (1990), Hu and Voss (1997), Bartlett et al 

(1998), Gordon (1999) and Schroeder et al (2003). 

2.7.2. CDOM Fluorescence 

CDOM fluorescence is another inelastic scattering effect that takes place in the water 

column. However, due to the variation in compounds which make up CDOM its 

fluorescence emission is more complicated. Generally, light absorption in the ultra 

violet, between 300 to 400nm, can result in a broad band fluorescence emission 

occurring between 310nm to 600nm. Further information on CDOM fluorescence 

can be found in Chen and Bada (1992), Green and Blough (1994) and Vodacek et al 

(1994). 
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2.8. Summary 

a. Radiometric parameters such as radiance and irradiance are used to describe the 

characteristics of the incident, underwater and water leaving light field. 

b. IOPs depend upon the composition of the water body and can be split into 

contributions from the in situ components (water, phytoplankton, CDOM and 

MSS). 

c. AOPs depend strongly upon the composition of the water body but also upon the 

geometrical structure of the incident light field. 

d. IOPs and AOPs can be linked together by radiance transfer theory and the 

radiance transfer equation is used to describe the change in radiance along a 

given directional path. The radiative transfer computer package known as 

Hydrolight can be used to model the water leaving radiance and underwater light 

field. 

e. Chlorophyll fluorescence is a deactivation pathway for the light-harvesting 

chlorophyll a antenna of PS2. The quantum yield of fluorescence is the ratio of 

the amount of photons emitted as fluorescence to the amount of photons 

absorbed. Variability in the quantum yield of fluorescence is due to 

photochemical and non-photochemical quenching mechanisms. 
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Figure 2.1. Normalised absorption spectra for water, chlorophyll, CDOM and 
minerals taken from the default examples in Hydrolight. Spectra were normalised 
by their peak value to allow comparison between the spectral shapes of the four 
main optically significant components. 
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Chapter 3: Instrumentation, and Analytical 

Methods for Determining Seawater 

Composition 

Field measurements of inherent and apparent optical properties (IOPs and AOPs) 

were carried out during five research cruises by deploying a suite of optical 
instruments. Samples of seawater were collected and measurements of the 

concentrations of chlorophyll, suspended particulate matter (SPM), coloured 
dissolved organic matter (CDOM) and filter pad absorption were made. 

3.1. Profiling Instrumentation 
This section describes the instrumentation used to gather data on the optical and 
hydrographic properties of the water body, calibration procedures, and methods used 
to perform corrections on field measurements. 

3.1.1. Sea-Bird SBE l9Plus CTD 

The Sea-Bird CTD is a profiling instrument that measures hydrographic features of 

the water column. A micro machined silicon strain gauge pressure sensor measures 

depth, a Wein-Bridge oscillator generates a frequency output in response to changes 

in conductivity and an ultra stable thermistor is used to measure temperature. 

Calibration of the CTD was not possible in our laboratory, however cross 

comparison with the British Antarctic Survey's (BAS) CTD system, which is subject 

to rigorous calibration standards (Ward and Thorpe, 2005), during a cruise to South 

Georgia in December 2004 was carried out. Table 3.1 contains information on the 

correlation between the temperature, salinity and density measurements made by the 

BAS CTD and the University of Strathclyde's CTD. It can be seen from the gradient 
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and high R2 values that the University of Strathclyde's CTD system remained within 

acceptable error limits. 

3.1.2. WET Labs AC9 

The WET Labs AC9 measures the absorption coefficient, a (A), and beam 

attenuation coefficient, c(2), of materials other than water at nine wavelengths: 412, 

440,488,510,532,555,650,676 and 715nm (lOnm Full Width Half Maximum). 

The AC9 is a dual path meter with each 25cm path containing its own source, optics 

and detector. The attenuation flow tube has a blackened inner surface to absorb any 

scattered light and prevent it from contributing to the transmitted light, and the 
detector has a small collection angle. Light passing through the tube is therefore 

subject to both absorption and scattering by the enclosed sample. The absorption 
flow tube works on the principle of total internal reflection where light that is 

scattered in the pathlength is reflected back into the sample volume, and the detector 

has a large collection angle. The flow tube comprises of a clear quartz tube 

surrounded by a volume of air. In this tube, light is absorbed by particulate matter, 
CDOM and water. The absorption measurements made by the AC9 must have a 

scattering correction applied as reflecting tube absorption meters do not collect all of 
the scattered light, due to the geometry of the reflecting tube and losses at the 

reflective surface. This can result in an overestimation of the absorption coefficient. 
The method used to correct for the overestimation in the absorption coefficient is 

described by Zaneveld et al, 1994. 

Before applying the scattering correction to the absorption data it was first 

necessary to correct for the effects of temperature and salinity on the absorption and 

attenuation measurements using the method of Pegau et al, 1997. These effects are 

most pronounced in the infrared and near-infrared regions of the spectrum 

By calibrating the AC9 using a pure fresh water blank, measurements of the 

total absorption and attenuation coefficients relative to water were obtained. For 

example: 

a 
(A)mea 

,d 
_a `ýýtota! 

-a 
`ýýwaler 

(3.1 
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C 
`ý/measured 

=C 
\ýýfo(al -C `ý/water `3.2) 

The temperature and salinity problems result from the fact that the calibration is 

conducted using fresh water at room temperature but field measurements are carried 

out in saline water of a different temperature than the water used in the calibration. 

By measuring the temperature of the reference (calibration) and sample water and the 

salinity of the sample water the effects of temperature and salinity on the field 

measurements can be corrected as follows: 

a(. Z' =a(2). -['t(t-tr)+Ws(S)] 
(3.3) 

where a(A) . 
is the measured absorption coefficient corrected for the effects of 

temperature and salinity, a (A). is the uncorrected measured absorption coefficient, 

t and t, are the temperatures of the sample and reference water, s is the salinity of the 

sampled water and LY, and T, are the values of the linear slopes of the temperature 

and salinity dependences (supplied by the manufacturer). 

Once the temperature and salinity corrections were applied it was possible to 

apply the scattering correction to the absorption data. The scattering correction 

assumes that there is a reference wavelength where the absorption due to particulate 

material and CDOM is zero and that the volume scattering function is independent of 

wavelength. The scattering correction applied was as follows: 

a(A)m - a(715).. 
c(A) ma(A). (3.4) 

c(715)mtJ _a(7 5)mts 

where a., 9 
(%) is the corrected (temperature, salinity and scattering) absorption 

coefficient, a (A). is the uncorrected measured absorption coefficient, a (715)m, is 

the temperature and salinity corrected absorption coefficient measured at 715nm, 

c (A). is the attenuation measured at wavelength and c(715). is the temperature 

and salinity corrected attenuation coefficient measured at 715nm. 
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It should be noted that the accuracy of attenuation measurements is limited by 

the finite acceptance angle of the detector, since incomplete rejection of scattered 

light causes the attenuation coefficient to be underestimated. Correcting attenuation 

measurements for errors caused by collection of scattered light is difficult and of 

questionable benefit (Pegau et al, 1995). 

Corrected data was averaged over Im depth intervals and the scattering 

coefficient (b(A)) was obtained by subtracting the absorption coefficient from the 

attenuation coefficient: 

b,,, 9 
(A) = cac9 (A)-a,, 

c9 
(A) (3.5) 

where a, 9 
(A), bac9 (A) and cac9 (A) are measured in reciprocal metres (m-'). 

The AC9 measures the absorption and attenuation coefficients relative to water. 

If total coefficients are required then the absorption and attenuation of water must be 

added (Pope and Fry, 1997). For example: 

a,,, 9 
(A) = av. � 

(%) + a, DOM 
(A) (3.6) 

a, « 
(. t) = a., 9 

(A) + a. (A) (3.7) 

where ate� (A) is the absorption coefficient due to particulate material, a» (A) is 

the absorption coefficient due to CDOM, aw (A) is the absorption coefficient due to 

water and a,,, (A, ) is the total absorption coefficient, all measured in reciprocal 

metres (m-') 
. 

The AC9 was calibrated by measuring optical blanks using ultra pure Millipore 

water treated with ultraviolet light. Calibrations of the absorption and attenuation 

channels demonstrated that the instrument remained within the manufacturer's 

specification of ±0.005m-. 
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3.1.3. HOBT Labs HydroScat-2 

The HydroScat-2 is an in situ optical backscattering sensor. It has two channels that 

measure the total backscattering coefficient (bb (A)) at 470 and 676nm: each channel 

has separate source and receiver optics. Light emitting diodes (LEDs) produce 

source beams that enter the water and silicon photodiodes detect the backscattered 
light. In addition to the backscattering measurement the HydroScat-2 is capable of 

measuring fluorescence excited by the 470nm source and detected by the 676nm 

receiver. The optical principles of HydroScat-2 measurements can be found in 

Maffione and Dana, 1997. Data was binned into lm depth intervals and corrected 
for any loss of signal due to attenuation effects occurring between the instrument 

window and sensing volume. This is known as the sigma correction and is 

represented by equation (3.8): 

bb =Q bb. (3.8) 

where bb is the corrected backscattering coefficient (m-'), bb� is the uncorrected 

backscattering coefficient (m-') and a is the correction factor given by: 

6- kO +iKbb +k2Kbb (3.9) 

In equation (3.9) ko, k, and k2 are calibration constants supplied by the 

manufacturer and Kbb is the attenuation coefficient of the water contained within the 

sensors measurement geometry ( m-'). 

Using data recorded by the AC9, Kbb can be estimated as follows (Twardowski 

et al, 2001): 

Kbb =a+0.75b (3.10) 

Since calibration of the HydroScat-2 is not possible in our laboratory it was assumed 

that the manufacturer's calibration remained valid. 
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3.1.4. SeaWiFS Profiling Multi-channel Radiometer (SPMR) 

The Satlantic SPMR is a freefalling radiometer that consists of two sensor heads that 

profile downwelling irradiance, Ed, and upwelling radiance, L., at seven 

wavelengths: 412,443,490,510,554,665 and 700nm (10nm FWHM). The SPMR 

was deployed a distance of at least 15m from the ship to avoid the effects of ship 

shadow. The filters employed in the optical sensors are designed to match the l Onm 

bandwidths required by SeaWiFS calibration and validation protocols. Signal 

detection is by silicon photodiodes. The SPMR sensors were calibrated before 

cruises using a 100-W standard lamp. A full description of the method used is given 

in section 3.1.7. Data from the instrument was processed using ProSoft, a MatLab 

data analysis package. The steps involved included the application of calibration 

files, depth binning into Im intervals and derivation of additional products such as 

the diffuse attenuation coefficient for downwelling irradiance, Kd, and the water 

leaving radiance, L.. 

3.1.5. Satlantic HyperPro Profiling Radiometer 

The Satlantic HyperPro is a freefalling hyperspectral optical profiler that measures 

downwelling irradiance, Ed, and upwelling radiance, L.. It uses silicon photodiode 

array detection systems to provide 256 channels in the spectral region between 350 

and 800nm with a spectral resolution of IOnm and spectral sampling of 3.3nm/pixel. 

Details on the method used to calibrate the HyperPro Ed and L. sensors can be 

found in section 3.1.7. The Pro Soft computer package was used to apply 

calibration files, bin data as either a function of time or depth and derive additional 

products such as diffuse attenuation coefficients. 

3.1.6. TriOS Hyperspectral Radiometers 

The TriOS hyperspectral radiometer system consists of three irradiance sensors 

which record Ed (downwelling scalar irradiance), E. (upwelling planar irradiance) 

and Ed (downwelling planar irradiance), and a radiance sensor that records L. 
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(upwelling radiance). Light is detected by an optical fibre bundle made up of 30 

single fibres. Sampled light is dispersed by a holographic grating and detected by a 
256 channel silicon photodiode array. The wavelength range of the sensors is 320 to 
950nm with a spectral sampling of 3.3nm/pixel. The TriOS radiometers can be used 
in profiling mode or as a sea surface detection system depending upon the 
deployment configuration. 

When the TriOS radiometers were deployed in surface penetrating mode the 

radiance sensor measured subsurface upwelling radiance, L. (0-). In order to 

calculate the remote sensing reflectance L. (0-) signals had to be converted to water 

leaving radiance, L, signals. This required the application of the n2 law for 

radiance to extrapolate through the air-water interface (Mobley, 1994). However, as 

the TriOS LL sensor was calibrated in air it was necessary to apply immersion 

coefficients before extrapolating from water to air (Ohde and Siegel, 2003). The 

application of the immersion coefficients is a necessary correction in calculating the 

correct values of L. (0-), regardless of whether or not one wishes to extrapolate 

through the air-water interface. The wavelength dependent immersion coefficients 

are required as the solid angle viewed by the sensor when submerged in water is 

reduced, and the glass-water refractive indices are better matched and so reflective 

losses at the window will be reduced (Mueller and Austin, 1995). According to 

Austin (1976) the wavelength dependent immersion coefficient is given by: 

F (A)_ nw (A) (nw (%)+ng (,. ))2 
(3.11) 

(1+ng (A. )) 

where F, (A) is the wavelength dependent immersion coefficient, nw (A) is the 

wavelength dependent refractive index of seawater and ng (A) is the wavelength 

dependent refractive index of the glass window in the radiance sensor. 
According to Austin and Halijtas (1976) the refractive index of seawater, 

n,, (A), can be expressed as follows: 
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nw (%) =1.325147 + 
6.6096 

(3.12) 
A-137.1924 

where A. is the wavelength (nm). 

The wavelength dependent refractive index of the radiance sensor glass window 

was found to be (Ohde and Siegel, 2003): 

ng (A)=1.4424+ 7.1661 
A-144.7170 

(3.13) 

Once the immersion coefficients had been applied to the L. data the n2 law for 

radiance was applied to extrapolate from seawater to air. Applying the n2 law for 

radiance gives: 

L' (t)Z 
=t(0, n) 

L. (0 
, 2) 

(3.14) 
na,. (2) nw (A) 

where Lx (2) is the water leaving radiance (Wm-nm-'sr-), na� (2) is the 

wavelength dependent refractive index of air, L� (0-, 2) is the upwelling radiance 

just below the sea surface (W m2 nm-' sr-') , nw (A) is the wavelength dependent 

refractive index of seawater and 1(0, n) is the transmittance of the air-water 

interface. For 0= 0° (normal incidence) t (0, n) has a value of 0.98 which is not 

significantly wavelength dependent and for air na� (A, )=1. Equation (3.14) can 

therefore be rewritten as: 

0, A 
Lw(A)=0.98 `2 (3.15) 

n,, 
(ý/ 

Using this value of LK, (A) the remote sensing reflectance could be calculated: 

R, (0+, A)= 
Ed 

(1) 
(3.16) () 

33 



During 2005 the TriOS radiometers were recalibrated in the manufacturer's 
laboratory and calibration files for use in air and seawater were provided, therefore 

the immersion coefficient correction was only applied to data that was collected prior 
to 2005. 

3.1.7. Radiometer Calibrations 

Before deployment on a research cruise the irradiance and radiance sensors were 

calibrated in the laboratory at the University of Strathclyde. 

L Irradiance Sensor Calibration 

The experimental set-up is illustrated in Figure 3.1. The irradiance sensor was 

mounted in a dark tent 0.5m from the front surface of a Bentham CL2 lamp bracket. 

The Bentham CL2 100W standard lamp generated a known spectral irradiance at 

0.5m. The irradiance sensor and lamp were aligned along the same optical axis and 

the lamp was operated from a DC power supply with a constant current of 8.5A. 

Before commencing the calibration measurements the lamp was allowed a period of 

30 minutes in which to stabilize. The output intensity from the lamp is described by 

an inverse square law: 

E, (%) = 
E` r °2 (3.17) 

r2 

where E, (A, ) is the measured irradiance at wavelength A and distance r, E, (A) is 

the known irradiance at the calibration distance ro = 0.5m. If the irradiance sensor is 

placed a distance of 0.5m from the lamp equation (3.17) simplifies to: 

E. (A) Ei (A) (3.18) 

As the TriOS radiometers were recalibrated in 2005 in the manufacturer's laboratory, 

subject to National Institute for Standards and Technology (NIST) levels, it was 

decided that the TriOS radiometers would be used as a transfer standard. The 

Bentham lamp was recalibrated using the newly calibrated TriOS radiometer 
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response when the sensor was placed a distance of 0.5m from the lamp. In addition 

to the recalibration of the TriOS instruments, modifications were made to improve 

the way in which the irradiance and radiance sensors were mounted in the calibration 

tent. Figure 3.2 illustrates the spectral irradiance provided in the Bentham lamp file 

and the signal measured by the recalibrated TriOS irradiance sensors. A fifth order 

polynomial was fitted to the TriOS signal and used to recalibrate the Bentham lamp. 

The recalibrated lamp data was then applied to previous cruise calibration data. 

Figure 3.3 panels (A) to (D) illustrate the comparison between the expected 

irradiance values and the measured signal for calibrations carried out for the (A) 

Oban 2003, (B) Sound of Jura 2004, (C) AMT 15 and (D) Bristol Channel 2005 

cruises. 

The ratio between the expected value and the signal measured by the sensor was 

then calculated (i. e. the expected value was divided by the measured value) for 

wavelengths, A. The calculated values were then used to correct the field 

measurements recorded. 

iL Radiance Sensor Calibration 

The radiance sensor calibrations were carried out by illuminating a Spectralon plate 

with the Bentham standard lamp. The Spectralon plate has highly Lambertian 

properties, i. e. it reflects equal intensities in all directions, and has a known spectral 

reflectance. The experimental set-up for the radiance calibration is illustrated in 

Figure 3.4. If the irradiance striking the Spectralon plate is known then the radiance 

from the plate detected by a sensor can be calculated from: 

Lý2)_E. 
(A)P 

7r 
(3.19) 

where L(A) is the radiance, E, (A) is the irradiance at distance r and p is the 

spectral reflectance of the plate. The Spectralon plate used in the calibration 

procedure has ap of 0.99 between 300 and 800nm. By setting r equal to 0.5m the 

irradiance striking the plate should be equal to the values of E(A) given in the lamp 

calibration file. Therefore, using equation (3.19) values of L(2) expected can be 
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calculated and compared with the measured signal. As with the irradiance 

measurements the lamp was allowed a period of 30 minutes to stabilize prior to 

measurements being recorded and was operated at 8.5A from the DC power supply. 
Figure 3.5 panels (A) to (D) illustrate the comparisons between expected and 

measured L(A) values for the (A) Oban 2003, (B) Sound of Jura 2004, (C) AMT 15 

and (D) Bristol Channel 2005 cruises. 
The ratio between the expected values and the measured signal was calculated 

and used to correct field measurements. 

3.2. Analytical Methods for Determining Seawater 

Composition 

In this section the procedures used to determine the concentration of the in-water 

constituents, such as SPM, chlorophyll and CDOM, are discussed. The method used 

to determine absorption by particulate material concentrated on glass fibre filters is 

also included. 

3.2.1. Gravimetric Determination of Suspended Particulate 

Material 

The concentration of suspended particulate material was determined by the method 

described in Parsons et al (1992). Prior to a cruise 90mm GF/F filters were 

numbered with a water insoluble pen, wrapped in aluminium foil and dried at 75 °C. 

The dried filters were weighed three times and the average was recorded, B. On 

the cruise a volume of seawater was filtered (for Scottish fjords a typical sample 

volume was 51), the filter was rinsed with ultra pure water (approximately 100ml) 

and frozen for transport to the laboratory. Once in the laboratory the filters were 

dried in the oven at 75 °C for three hours and weighed three times with the average 

value being recorded, W.. The filters were then ashed in the furnace at 500 OC for 

three hours to bum off the organic particulate component and allow discrimination 
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between the algal (organic) and non-algal (inorganic) components. Each filter was 

then weighed three times and the average value was recorded, RQ,, 
e . 

The organic and inorganic components were calculated as follows: 

v 
(3.20) 

MSS = 
R°°` 

V 
B°"` 

(3.21) 

OSS = TSS - MSS (3.22) 

where Wie, BQ,, 
e and R. are measured in milligrams (mg), V is the volume of 

seawater filtered in litres (! ) and TSS, MSS and OSS are total, mineral and organic 

suspended solid concentrations measured in milligrams per litre (mg 1-'). 

3.2.2. Filter Pad Absorption Measurements 

Samples were collected by concentrating particulate material onto 25mm GF/F filter 

by filtering a known volume of sample (Yentsch, 1962). Filters were immediately 

frozen and stored in darkness to reduce pigment photodegradation. The optical 

density of the total particulate matter (ODe) was measured using a 

spectrophotometer. The filter, moistened with a few drops of filtered seawater, was 

placed on a glass microscope slide in front of a diffusing disk and adjacent to the 

PMT (photomultiplier tube) detector. The filter was then scanned, using a 

monochromatic light source, at 2nm intervals between 400 and 750nm, with a clean 

moistened 25mm GF/F filter scanned as a reference. The optical density was then 

calculated: 

ODP = log 
j° 
1 

where Io is the reference signal and I is the sample signal. 

(3.23) 
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After the total particulate measurements were carried out the filter pad was left 

to soak in 90% acetone for 24 hours to extract the pigmented material (Parsons et al, 

1992), before analysing the bleached filter to determine the absorption due to 

detritus. The optical density of the bleached filter pads, OD, 
, was measured in the 

same manner as the total particulate filter pad. 

Using the optical density information collected for the total particulate and 

detrital filter pad measurements the absorption coefficients of these two components 

could be calculated (Kishino et al, 1985; Bricaud and Stramski, 1990): 

a(ý) _ 
2.303xODP/d(Z)XS 

(3.24) 
Vfxß(A) 

where a is the absorption coefficient (m-') for total particulate/detrital component 

at wavelength A, s is the clearance area of the filter pad (m2) 
, 

Vf is the volume 

filtered (m3) and /3(A) is the pathlength amplification factor (dimensionless) (see 

section 3.2.3. ). 

The absorption due to phytoplankton was then calculated by subtracting the 

detrital absorption from the total particulate absorption: 

avhr (A) = av (A)-ad (2) (3.25) 

where ap,,,, (A) is the absorption coefficient of phytoplankton (m-') at 

wavelength A. 

3.2.3. The Pathlength Amplification Factor 

Equation (3.24) introduces the pathlength amplification factor, 
'8 

(A), defined as the 

ratio of the optical to the geometrical pathlength, which occurs due to multiple 

scattering within the glass fibre filter on which particulate material is concentrated. 

This can lead to an overestimation in measured absorption values (Butler, 1962). 

Work has been carried out by a number of investigators to determine a pathlength 

amplification correction scheme. 

38 



Kishino et al (1985) found that ß varied between 2.4 and 4.7 depending on 

particle type and geometrical configuration. Mitchell and Kiefer (1988) found that 

ß varied as a function of optical density measured on the filter (OD1) and derived 

an inverse relationship to describe this. Mitchell (1990) also showed that ß varied 

between different types of filters as well as between different lots of filters. Bricaud 

and Stramski (1990) used the data gathered by Mitchell and Kiefer (1988) and fitted 

a power function to it in order to describe the relationship between ß and OD f on 

Whatman GF/F filters. Allali et al (1995) suggested the use of the fast-transfer- 

freeze (FTF) technique which eliminates the need to correct for the pathlength 

amplification factor. In the FTF technique particles concentrated onto a Nucleopore 

filter are transferred to a glass microscope slide using liquid nitrogen freezing. 

Tassan and Ferrari (1998) suggested that some of the variability observed in ß 

between different species may be attributed to incomplete collection of scattered 

light. Roesler (1998) suggested that, on a theoretical basis, the pathlength 

amplification factor is equal to the inverse of the average cosine of a perfectly diffuse 

irradiance field (i. e. ß= 2) as light passing through a glass fibre filter becomes 

uniformly diffuse. Lohrenz (2000) also used a theoretical approach to correct the 83 

factor for filters of different sample loading. 

The approach used here to determine the pat length amplification factor was to 

compare filter pad absorption measurements with absorption values measured in situ 

using an AC9. As the AC9 measures the absorption of particulates and CDOM, the 

CDOM values measured using the spectrophotometer were added to the filter pad 

measurements to ensure like for like comparison. In addition to this the absorption 

value at 715nm was subtracted from the entire spectrum to ensure that the value at 

715nm was equal to zero as is the case with the AC9 measurements. 

The power function of Bricaud and Stramski (1990) was applied to the filter pad 

measurements: 

ß(2)=1.63[OD1(A)]-0.22 (3.26) 

39 



where ODf (A) is the optical density of the filter pad at wavelength A and the 

measured CDOM absorption added. 
Figure 3.6 shows the results of linear regressions between the 8 corrected filter 

pad plus CDOM absorption values and the AC9 in situ values. The coefficients of 

equation (3.26) were then altered by ±10% but no significant improvement was 

found. For West of Scotland coastal water the Bricaud and Stramski (1990) power 

function with coefficient values of 1.63 and -0.22 was therefore a suitable choice of 

correction for the pathlength amplification factor. 

The same procedure was carried out for samples collected in the Bristol Channel 

during the cruise conducted in 2005. This analysis was carried out by Laura Waite, 

University of Strathclyde, and it was found that the best fit between the AC9 data 

and filter pad plus CDOM data was achieved using the Bricaud and Stramski (1990) 

power law with the following coefficients: 

,ß (A, ) = 1.26 [OD 
f 

(A)]-O"' (3.27) 

The fact that the coefficients required to correct the Bristol Channel data are different 

from those used in the Oban 2003, Oban 2004 and Sound of Jura 2004 data is 

probably due to the fact that the filter pads were analysed in a different 

spectrophotometer. The spectrophotometers used for the filter pad analysis have 

different optical set-ups and this may be responsible for the change in coefficients 

observed. However, it is also possible that variations in particle type and size could 

have an effect on the values of coefficients used in equations (3.26) and (3.27). 

3.2.4. Chlorophyll, Carotenoid and Phaeopigment Concentrations 

Chlorophyll samples were obtained by filtering a sample volume through 25mm 

GF/F filters and extracting the pigments by soaking the filters for 24 hours in 90% 

acetone buffered with magnesium carbonate (Parsons et al, 1992). The filters were 

centrifuged for 5 minutes at 6000rpm and the supernatant was carefully decanted into 

al cm pathlength glass cuvette. The absorbance of the decanted centrifuge extract 

was then measured in a spectrophotometer against a blank that consisted of a lcm 
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glass cuvette containing 90% acetone. The absorbance spectra of the chlorophyll 

pigment extract was converted to chlorophyll concentrations (chlorophyll a, b and c) 

using the trichromatic equations set out by Jeffery and Humphery (1975). 

Ca =11.8544 -1.5444, -0.08A630 (3.28) 

Cb = 21.03'4647- 5.43A -2.66430 (3.29) 

CC = 24.52A630-1.67A664-7.6047 (3.30) 

where A,, is the absorbance (dimensionless) at the specified wavelength corrected for 

turbidity at 750nm. 

The concentration of carotenoids present can be calculated as follows: 

Cp = 7.6 (A480 -1.49410) (3.31) 

The concentration of the different pigments (Co , Cb , C, and C,, ) , measured in 

milligram per metre cubed (mg m-'), is then given by: 

Concentration (mg M-3) =yv (3.32) 

where v is the volume of acetone extract decanted (ml) and V is the volume of 

seawater filtered (1) 
. 

The trichromatic equations assume that no chlorophyll degradation products are 

present, for example phaeopigments. However, in natural samples the quantity of 

phaeopigments present can form a significant part of the total plant pigment. In the 

presence of such degradation products, the trichromatic equations will overestimate 

the concentration of the chlorophyll a, b and c pigments (Parsons et al, 1992; Jeffery 

et al, 1997). 

The absorption of phaeopigment is lower in the 665nm region of the spectrum 

than the parent molecule. By measuring the absorbance at 665nm before and after 
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acidification with 10% hydrochloric acid, which breaks down all of the chlorophyll a 
into phaeopigments, the concentration of phaeopigment originally present can be 

measured (Lorenzen, 1967). Using the Lorenzen technique the chlorophyll a 

concentration was calculated as follows: 

C= 
26.7 6656 - 665°) xv (3.33) C", 

Vx1 

and the concentration of phaeopigments is given by: 

C 
P/.. 

(3.34) 
P"OeO Vx1 

where I is the pathlength of the cuvette (cm) 
. 

3.2.5. In Vivo Chlorophyll a Specific Absorption Coefficient 

The chlorophyll a specific absorption coefficient (a (A. )) was determined by 

dividing the absorption coefficient of phytoplankton by the chlorophyll a 

concentration: 

a'aac(A) 
0 

(3.35) 

where a* (%) is the chlorophyll a specific absorption coefficient (m2 mg-'). 

3.2.6. Coloured Dissolved Organic Matter (CDOM) 

CDOM samples were obtained by filtering seawater through a 0.2pm nucleopore 

membrane filter and the filtrate was stored in sterile bottles and kept refrigerated 

until analysed. The CDOM samples were allowed to adjust to room temperature, in 

order to avoid condensation forming on the glass cuvette, before being carefully 

decanted into a 10cm pathlength glass cuvette and placed in the spectrophotometer 

against a diffusing disk. CDOM samples were scanned between 400 and 750nm in 
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5nm intervals, with cuvettes containing ultra pure water scanned as a blank. The 

absorption of the CDOM samples is given by: 

acDoM (A) _ 
2.303xOD(A) 

(3.36) 
r 

where OD (A) is the optical density at wavelength A and r is the pathlength of the 

cuvette in metres. 

The absorption coefficient of CDOM at 440nm is conventionally used as an 

indicator of CDOM concentration, represented as g4,,,. 

3.3. Summary 

a. In situ data was collected by deploying a number of instruments to measure 

different properties of the water column. The CTD measured hydrographic 

profiles of salinity, temperature and depth. The IOPs were measured using an 

AC9 and HydroScat-2. The AC9 yielded information on the absorption and 

attenuation profiles, and the HydroScat-2 on the backscattering profile. The 

SPMR and HyperPro generated profiles of the in-water light field at discrete 

wavebands and in hyperspectral mode. Hyperspectral radiometry was obtained 

at the sea surface using TriOS radiometers. 

b. Seawater composition was determined by gravimetrically measuring SPM and 

using a spectrophotometer to measure absorption by different in situ 

components. Total particulate and detrital absorption measurements were 

conducted and used to calculate the absorption due to phytoplankton. 

Chlorophyll, carotenoid and phaeopigment concentrations were determined 

spectrophotometrically by employing the techniques set out by Jeffery and 

Humphery (1975) and Lorenzen (1967). CDOM absorption was also measured 

spectrophotometrically and the value at 440nm was used as an indicator of 

concentration. 
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GRADIENT OFFSET R2 

Temperature (°C) 0.9806 0.01 0.9941 

Salinity (PSU) 1.0155 -0.2408 0.9939 

Density (kg m-3) 1.006 0.0654 0.9942 

Table 3.1. Cross calibration between British Antarctic Survey, 
plotted along the y axis, and University of Strathclyde's, plotted along 
the x axis, CTD systems. 
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Figure 3.1. Irradiance sensor calibration. The lamp and irradiance sensor 
were placed on the same optical axis 0.5m apart. The lamp was allowed to 
stabilize for 30 minutes prior to any measurement being carried out. 
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Figure 3.2. Comparison between Bentham standard lamp calibration file and 
the measured TriOS irradiance signal when sensors placed at r=0.5m from 
lamp. TriOS sensors were recalibrated in the manufacturer's laboratory in 
2005 to NIST standards. A 5`h order polynomial function was fitted to the 
TriOS 8152 irradiance data and used to recalibrate the Bentham lamp. 
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3.2) values were adjusted using equation (3.17). For all other cruise calibrations 
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Lamp 

Figure 3.4. Radiance sensor calibration. The lamp and Spectralon plate 
were placed on the same optical axis 0.5m apart. The radiance sensor was 
then aligned to the centre of the Spectralon plate and the lamp was allowed 
to stabilize for 30 minutes prior to any measurement being carried out. 
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Figure 3.5. Radiance sensor calibration for (A) Oban 2003, (B) Sound of Jura 
2004, (C) AMT 15 and (D) Bristol Channel 2005. The expected radiance values 
were obtained by substituting the expected lamp irradiance values into equation 
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Chapter 4: Cruise Schedule, Field 

Measurements and Distribution of In-water 

Constituents 

Field data were collected on five research cruises between April 2003 and May 2005. 

Cruises were carried out in the coastal waters of the West of Scotland, the Irish Sea 

and the Bristol Channel. In addition participation in an Atlantic Meridional Transect 

(AMT) cruise was made possible by an invitation from Dr Samantha Lavender, 

University of Plymouth. 

This chapter includes a description of the instruments deployed and a discussion 

of the methodology used to obtain hyperspectral radiometry measurements for each 

research cruise. The distribution of the concentrations of the optically significant 

seawater components (chlorophyll, suspended particulate matter and CDOM) is also 
discussed. 

4.1. Cruise 1- Oban, April 2003 
The first research cruise consisted of a four day survey carried out onboard the RV 

Calanus between the 22°d and 25th of April 2003. Figure 4.1 illustrates the location 

of stations sampled during this cruise. An instrument cage containing a Sea-Bird 

CTD, HOBI Labs HydroScat-2, WET Labs AC9 and AC9 Plus was deployed in 

profiling mode to measure the hydrographic and inherent optical properties of the 

water column. The AC9 had a 0.2 pm filter attached to its input to remove 

particulate matter and allow the absorption due to coloured dissolved organic matter 

(CDOM) to be measured. The AC9 Plus was deployed in its normal configuration to 

measure absorption relative to water (a, 
0, -aw) . The underwater light field was 

measured using the Satlantic HyperPro, which profiled downwelling irradiance 
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(Ed) and upwelling radiance (L�) 
, and a raft containing two TriOS hyperspectral 

radiometers, measuring downwelling irradiance just above the surface, Ed (0'), and 

upwelling radiance just below the surface, L. (0-). Filter pad and CDOM 

absorptions were measured along with chlorophyll and suspended particulate matter 
(SPM) concentrations. SPM measurements were used to quantify the total, mineral 

and organic suspended solid concentrations occurring in the water body. Table 4.1 

contains information on the station conditions and Table 4.6 on the instrumentation 

deployed and water samples recorded during this field trip. 

The AC9Plus was used to measure particulate and dissolved absorption in situ 
and the AC9 was used to measure absorption by CDOM. It was found that the AC9 

absorption measurements did not compare well with the spectrophotometer 

measurements of CDOM. The filter attached to the AC9 input appeared to create a 

problem with bubbles becoming trapped in the flow tubes and having a detrimental 

effect on the absorption and attenuation measurements made. The TriOS 

radiometers were used to measure hyperspectral Ed (0+) and L� (0-) as no depth 

sensor was available at the time these measurements were conducted. The HyperPro 

was used as a freefalling instrument to obtain hyperspectral profiles of Ed and L. in 

the water column. 

4.2. Cruise 2- Oban, April 2004 

This cruise involved three days of sampling onboard the RV Seol Mara between the 

140' and 16th of April 2004. Stations sampled during this cruise are illustrated in 

Figure 4.2. The instrument cage deployed contained a Sea-Bird CTD, HydroScat-2 

and AC9 Plus. On this cruise the TriOS raft system included an additional 

hyperspectral radiometer that measured upwelling irradiance just below the sea 

surface 
(Ea (0-)) in addition to Ed (0+) and L. (0- ). Filter pad absorption, CDOM 

absorption, chlorophyll and SPM concentration measurements were carried out for 

all stations sampled during this cruise. Table 4.2 list the conditions on station and 
Table 4.6 lists the measurements conducted. 
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The TriOS radiometers were chosen as the aim of this research cruise was to 

obtain water leaving remote sensing reflectance, R, 
s 
(0+), spectra which contained 

the chlorophyll fluorescence signal. 

4.3. Cruise 3- Sound of Jura, June 2004 
Four days sampling in the Sound of Jura and Oban areas were carried out onboard 

the RVCalanus from the 21st to 25th of June 2004. Figure 4.3 illustrates the locations 

of the stations sampled during this cruise. As with previous cruises, an instrument 

cage was deployed in profiling mode to measure hydrographic and optical properties 

of the water column. The instrument cage contained a Sea-Bird CTD, HydroScat-2 

and AC9 Plus. In addition to the cage, two profiling radiometers and the TriOS 

floating radiometric system were also deployed. The SeaWiFS Profiling Multi- 

channel Radiometer (SPMR), which measures Ed and L. over seven wavebands, 

was used to profile the in situ light field. The TriOS raft system enabled 

hyperspectral measurements of subsurface E. and L. to be obtained, in addition to 

above surface measurements of Ed. Table 4.3 lists the conditions on station and 

Table 4.6 lists the instrumentation deployed and the sample analysis conducted. 

During the Oban 2003 cruise the lead weight on the HyperPro was adjusted and 

extra drag added in order to control the drop velocity of the instrument and allow it a 

long enough time period to sample the light field. On this cruise the HyperPro was 

lowered to a fixed depth using the winch and held there for a period of time long 

enough for the light field to be well sampled. This method of deploying the 

HyperPro was more time consuming than using the instrument as a free falling 

profiler and resulted in fewer depths being sampled. As a result the SPMR was used 

to obtain freefalling profiles of the light field in situ, though this only provided 

radiometric data over seven wavebands. 
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4.4. Cruise 4- AMT 15, September-October 2004 
The AMT programme is an ongoing series of National Environment Research 

Council (NERC) funded research cruises which take place biannually. The AMT 

programme aims to quantify the nature and causes of the ecological and 
biogeochemical variability in the planktonic ecosystems of the temperate and tropical 

Atlantic Ocean (Rees, 2004). It is hoped that the research carried out will enable 

scientists to investigate the long term variability of ocean biogeochemistry in order to 

help predict future climate and understand climate change. The AMT programme 

involves work on several areas of oceanography (including the structure of 

planktonic ecosystems, nutrient uptake, and atmosphere-ocean exchange), the work 

we were involved in on AMT 15 was aimed at determining in situ optical properties, 

pigment composition and photosynthetic parameters. 

AMT 15 was conducted onboard the RRS Discovery with measurements 

recorded between the 19th of September and the 27th of October 2004. The cruise 

track for AMT 15 is illustrated in Figure 4.4. 

During this cruise an optics instrument cage was deployed which contained a 

Sea-Bird CTD, WET Labs AC9 Plus and VSF-3 and two Satlantic radiometric 

sensors. In addition the Satlantic HyperPro was deployed as a surface floating 

radiometric system measuring Ed (0+) and L. (0-). Seawater samples were 

collected from the CTD rosette to provide filter pad absorption and chlorophyll 

concentration data. The station conditions, instrumentation deployed and water 

samples collected are listed in Table 4.4 and Table 4.6. 

The HyperPro was modified for use as a surface floating system on AMT 15 by 

adding two cylindrical floats between the fins. The HyperPro was chosen instead of 

the TriOS raft system as it could be deployed by hand, whereas the TriOS raft system 

required the use of a winch, and the time on station was limited due to the distances 

covered on this cruise. 
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4.5. Cruise 5- The Bristol Channel, April-May 2005 
The final research cruise was carried out between the 29th of April and Yd of May 

2005 in the turbid waters of the Bristol Channel onboard the RV Prince Madog. As 

with previous cruises an instrument cage was deployed from the stem of the ship to 

profile the optical and hydrographical properties of the water column. The 

instrument cage contained the Sea-Bird CTD, HydroScat-2 and AC9. The HyperPro 

was deployed as a surface floating system and measured Ed (0') and LL (0-) 
. 

Profiling measurements of the in situ light field were obtained using the SPMR. The 

TriOS system was modified to include a downwelling scalar irradiance (Ea, ) sensor 

in addition to the three hyperspectral sensors deployed during the Sound of Jura and 

Oban 2004 cruises. On this cruise the TriOS radiometers were deployed using a 

winch to lower the system to a fixed depth where it was held for a period of time to 

sample the light field. Filter pad absorption, CDOM absorption and chlorophyll 

concentration were sampled and analysed onboard. SPM measurements were also 

conducted, with samples being frozen for analysis in the laboratory at the University 

of Strathclyde. Figure 4.5 illustrates the station locations, Table 4.5 lists the station 

conditions and Table 4.6 lists the measurements made during the cruise. 

On this cruise it was decided that the HyperPro would be deployed as a surface 
floating radiometer due to its successful deployment in this manner on AMT 15. 

This allowed the TriOS radiometers, which now included a downwelling scalar 

irradiance sensor (Ed) and a L. radiometer with a depth sensor (provided courtesy 

of Dr Samantha Lavender, University of Plymouth), to be deployed in the method 

used for the HyperPro during the Sound of Jura 2004 cruise. Deploying the TriOS 

instruments in this manner increased the amount of radiometric data gathered on the 

underwater light field. As with the Sound of Jura cruise this method of deployment 

is time consuming and allows fewer depths to be sampled. Again the SPMR was 

used to obtain freefalling profiles of the light field over seven wavebands. 
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4.6. Hyperspectral Sampling 

During the research cruises hyperspectral radiometric measurements were made 

either at the sea surface or in profiling mode. There were a number of issues that had 

to be addressed whilst recording hyperspectral data. Where the TriOS raft system 

was used (Oban 2003, Oban 2004 and the Sound of Jura 2004) the raft was deployed 

a distance of at least 15m from the ship to ensure that the ships shadow did not cover 

the radiometers. Similarly on AMT 15 and the Bristol Channel cruises the floating 

HyperPro had to be deployed at least 15m from the ship to avoid ship shadowing 

effects. On these cruises the buoyancy of the HyperPro was adjusted so that the L. 

sensor remained submerged whilst the Ed sensor remained above surface. It was 

necessary to also ensure that the tilt angle of the HyperPro remained within 

acceptable limits (±100), and any data measured outside this tilt limit was removed 

using the processing software. Using the HyperPro as a freefalling radiometer meant 

that the drop velocity of the instrument had to be slow enough to allow the sensor to 

sample the light field at depth z, i. e. the integration time had to be suitable for the 

light levels being sampled. The drop velocity of the instrument was controlled by 

adjusting a lead weight attached to the bottom of the HyperPro and adding extra drag 

using a plastic funnel. In the Sound of Jura 2004 and Bristol Channel 2005 the 

HyperPro and TriOS radiometers were lowered to a fixed depth using a winch and 

held there for a period of time to sample the light field, e. g. the integration time was 

optimized. Problems associated with this method of recording hyperspectral 

radiometry included near surface measurements being conducted in ship shadow, the 

roll of the boat changing the depth at which the instruments were being held and tilt 

effects. These effects were reduced as much as possible by making measurements in 

direct sunlight (i. e. positioning the ship for best instrument deployment) and 

attaching a heavy weight to the instrument to hold it vertical in the water. The 

pressure sensor readings also allowed the depth at which the instrument was being 

held to be monitored. The data retrieved by the instruments was quality controlled 

and any spurious measurements were removed. 
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4.7. Distribution of In-water Constituents for 

Cruises Conducted 

Before examining the relationships between the optical parameters and sea water 

constituents (chlorophyll, CDOM and TSS) the distribution of these constituents, 

sampled at a depth of lm, for the research cruises conducted is discussed. 

4.7.1. Distribution of Chlorophyll for Coastal Water Cruises 

Figure 4.6 illustrates histograms of the distribution of chlorophyll concentrations. 

The Oban 2003 and 2004 cruises had chlorophyll concentrations, ranging from 1 to 

10.5 mg m-3 . 
The Oban 2003 cruise contained the highest concentration of 

chlorophyll sampled during this research project, 10.5 mg m-3 . 
Both cruises were 

conducted around the time of the spring phytoplankton bloom in the West of 

Scotland sea lochs. The Sound of Jura chlorophyll values varied between 0.7 and 

4 mg m-3 with only one station sampled having a concentration greater than 

5 mg m-3 . 
In the Bristol Channel only a handful of stations had a chlorophyll 

concentration greater than lmgm-', with the vast majority of stations having low 

chlorophyll concentrations, ranging between 0.2 and 1 mg m-'. 

4.7.2. Distribution of CDOM for Coastal Water Cruises 

Figure 4.7 illustrates the distribution of CDOM (absorption values measured at 

440nm) for (A) Oban 2003, (B) Oban 2004, (C) the Sound of Jura 2004 and (D) the 

Bristol Channel 2005. The Oban 2004 cruise had a wide range of CDOM 

concentrations with five of the stations sampled having concentrations in excess of 

1 m-'. These stations occurred in Loch Creran, a Scottish fjord. The Oban 2003 

stations ranged between 0.2 and 0.8m-', with the majority of stations having values 

more typical of shelf sea conditions (5 0.6m-'). The Sound of Jura stations also had 

CDOM values more typical of shelf sea waters, ranging between 0.1 and 0.4m-. . 
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Finally it was observed that the Bristol Channel had low CDOM values with the vast 

majority of stations sampled having an a (440) less than 0.2 m-'. 

4.7.3. Distribution of TSS for Coastal Water Cruises 

Figure 4.8, the histograms of TSS, revealed that the Oban 2003, Oban 2004 and 

Sound of Jura 2004 cruises all had typical shelf sea TSS values, ranging between 2 

and 4mg1-'. However, the Bristol Channel TSS concentrations had a much wider 

range of values with only five of the stations sampled having TS S less than 5 mg I-', 

and the majority of stations having values in excess of 10 mg l -' . The highest value 

recorded on this cruise was 38.6mg1-' 
. 

4.7.4. AMT 15 Concentrations 

On the AMT 15 cruise it was found that, with the exception of the station sampled in 

the North African Upwelling, the surface chlorophyll concentration ranged between 

0.01 and l Mg M-3 (Figure 4.9). Low chlorophyll concentrations in the surface layer 

were expected for clear oceanic water. The station sampled in the North African 

Upwelling had a chlorophyll concentration of 4.5 mg m-. 

Unfortunately no data was available on the CDOM and TSS concentrations for 

the AMT 15 cruise. 

4.7.5. Summary of the Distribution of In-water Constituents 

The Oban 2003 and 2004 cruises had the broadest range of chlorophyll and CDOM 

concentrations, with the highest concentrations of each component occurring during 

these cruises. They also tended to have a narrow range of TSS, generally between 2 

and 3 mg 1-' 
. 

The Sound of Jura cruise contained stations that were more typical of 

shelf sea conditions, with chlorophyll ranging between 0.7 and 4mgm-3, CDOM 

between 0.1 and 0.4 m-', and TSS values generally between 3 and 4 mg I-'. The 
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Bristol Channel cruise was distinguished by high and varied levels of TSS and by 

low levels of chlorophyll and CDOM. 

The AMT 15 cruise, with the exception of the upwelling station, was marked by 

the absence of chlorophyll in the surface layer with values less than 1 mg m-3, typical 

of open ocean conditions. 

4.8. Cluster Analysis of In-water Constituents 
In the previous section the distribution of constituent material, sampled at a depth of 

Im, was discussed. The cluster analysis feature of the Data Desk software 

programme was used to investigate whether any distinct clusters existed within the 

constituent concentrations for the coastal water dataset. Cluster analysis is an 

exploratory data analysis tool which organises observations into groups whose 

members share properties in common. These groups may or may not be of use for 

classifying objects. It is important to note that cluster analysis simply discovers 

structure in data but does not explain why it exists. 

4.8.1. Constituent Concentration Cluster Analysis 

As there were three constituents to consider (chlorophyll, CDOM and TSS) it was 

useful to imagine the data as existing as a cube, with the log10 transform of each of 

the constituent concentrations running down the x, y and z axes. Panels (A) to (C) of 

Figure 4.10 illustrate the three faces of the data cube. Panel (D) shows a tree 

diagram, obtained by performing cluster analysis, using Data Desk, on the three in- 

water constituents, in which a high level bifurcation can be seen. Marking data 

points according to the cluster analysis allowed the position of the clusters on the 

plots of the in-water constituents to be examined. Histograms of constituent 

concentration were plotted for the high level double cluster occurring in Figure 4.10 

panel (D). Figure 4.11 illustrates the histograms for the cluster coloured blue in the 

tree diagram. From this figure it can be seen that the vast majority of stations (95%) 

had a TSS <4 mg 1-' 
. 

There was a wide spread of CDOM and chlorophyll 

concentrations, though the majority of chlorophyll concentrations (89%) tended to be 
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>_ 3 mg m-3 . 
This cluster corresponded to low TSS water with higher chlorophyll 

concentrations and a wide variety of CDOM levels. Figure 4.12 illustrates 

histograms of constituent concentrations for the points coloured red in the tree 

diagram (Figure 4.10 panel (D)). These histograms revealed that 94% of stations in 

this cluster had a TSS >_ 4 mg 1-' 
. 

TSS concentration for this cluster tended to be 

high and varied, ranging up to 3 8.6 mg l -' . The CDOM and chlorophyll 

concentrations were low and had a tight distribution compared with the previous 

cluster. CDOM values remained below 0.4m-, 
, with 80% of stations have a value 

! 0.2m-'. Chlorophyll concentrations also remained low (<_ 3 mg m-3) with 94% of 

stations having a concentration <_ 2 mg m3. The points coloured red on the tree 

diagram tended to be higher TSS stations with low levels of chlorophyll and CDOM. 

Points corresponding to higher levels of TSS mainly originated from the Bristol 

Channel 2005 cruise with the exception of six stations from the Sound of Jura. For 

the data points coloured blue on the tree diagram stations came from the West coast 

of Scotland cruises, with only one station coming from the Bristol Channel. 

Cluster analysis of the in-water constituents revealed there was a tendency to 

have either (a) low TSS water with higher concentrations of chlorophyll and varied 
levels of CDOM or (b) higher TSS water with low levels of chlorophyll and CDOM. 

It appeared that the concentration of TSS was an important factor in clustering the 

stations but was not the sole contributing factor as the chlorophyll concentration also 

appeared to influence the clustering. 

4.8.2. Hyperspectral R� (0+) Spectra of Constituent Clusters 

In the previous section two constituent clusters were identified. Using the 

bifurcation in the cluster analysis it was possible to plot the hyperspectral R,, (0` 

spectra of the stations occurring in each of the clusters. This allowed the similarity 

and discrepancies in the spectra to be assessed. 

Figure 4.13 illustrates the hyperspectral R, (0+) spectra for the two clusters. In 

panel (A) a fluorescence peak occurred which was consistent with the fact that this 
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cluster contained stations with higher chlorophyll concentrations. In panel (B) the 
fluorescence peak was not observed, however, the higher reflectance values after 
600nm indicated the presence of turbid water with higher concentrations of TSS. 

Comparison of the two panels showed that the magnitude of the spectra in panel (A) 

was smaller compared to those contained in panel (B), illustrating that the magnitude 

of the spectra was driven by TSS. 

Figure 4.14 contains histograms of the normalisation factors of the hyperspectral 

R� (0+) spectra, the normalisation factors being the maximum reflectance value for 

each spectrum and therefore indicative of the magnitude of the R, 
s 
(0+) spectra. 

Comparison of the normalisation factors for the clusters revealed that the majority 

(95%) of stations in the low TSS cluster had a normalisation factor 50.003 sr-' , 

whereas in the high TSS cluster the majority of stations (94%) had a normalisation 

factor >_ 0.004 sr-' . 
Figure 4.15 illustrates the results of normalising the spectra for 

the two clusters identified in the cluster analysis. In panel (A) the fluorescence peak 

occurred, in panel (B) the peak was missing but the raised section after 600nm was 

still evident. 

In Figure 4.13, the hyperspectral R,, (0+) spectra, there appeared to be a number 

of interesting features. The increase in reflectance signal after 600nm seemed to be 

driven by TSS. Figure 4.16 illustrates the relationship between R,. (0`, 650nm) and 

the concentration of TSS. It can be seen that as the concentration of TSS increased 

the value of R, (0+, 650nm) also tended to increase. This was in keeping with 

findings of Binding et al (2003) who showed that the reflectance at 665nm was 

related to MSS concentration (see also Binding et al, 2005). However, the spectral 

region under 550nm in Figure 4.13 was more complicated. Normalising the spectra 

helped remove some of this complexity and allowed the spectral shape to be 

investigated. The spectral shape of normalised modelled and field spectra will be 

discussed in a future chapter. 
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4.9. Summary 

a. Five research cruises were conducted in a variety of water types. Three of these 

cruises were carried out in the coastal waters of the West of Scotland. The 

turbid, sediment dominated waters of the Bristol Channel were also sampled as 

were the clear oceanic waters of the Atlantic Ocean and the highly productive 
North African Upwelling. 

b. In situ inherent optical properties and radiometry were obtained by deploying a 

range of instrumentation. Information on the seawater constituents was gathered 
by determining the chlorophyll, SPM and CDOM concentrations and by filter 

pad absorption measurements. 

c. A great amount of time and effort was invested in obtaining good quality 

hyperspectral radiometric data. From the instrumentation deployed it became 

apparent that hyperspectral surface data could be successfully recorded, 
however, the collection of hyperspectral radiometric profiles proved to be 

problematic. Freefalling hyperspectral profiles were of low quality and different 

methods of deploying hyperspectral instruments at depth were tested. It was 
found that the low sensitivity of these instruments meant that they required a 

relatively long integration time to adequately sample the light field. 

d. The Oban 2003 and 2004 cruises had a wide range of chlorophyll 

concentrations, typically between 1 and lOmgm-3. The majority of Sound of 

Jura 2004 chlorophyll values ranged between 0.7 and 4 mg m-3 . 
The Bristol 

Channel cruise was found to have low chlorophyll values, typically between 0.2 

and 2 mg m-3 . 
The Oban 2003 cruise had CDOM concentrations ranging 

between 0.2 and 0.8m-, while the Oban 2004 cruise had the widest range of 

CDOM values (0.1 to 2m-') and the highest CDOM concentration recorded. 

The Sound of Jura CDOM values were more typical of shelf sea conditions 

being typically less than 0.4m-'. The Bristol Channel was also found to have 
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lower CDOM levels, again ranging between 0.04 and 0.4m-'. However, the 

Bristol Channel did have the highest and most varied range of TSS with values 

ranging between 4.2 and 40 mg l -' . The Oban 2003, Oban 2004 and Sound of 

Jura 2004 cruises were found to have TSS ranges lying between 1 and 6 mgl-' . 

e. Cluster analysis revealed that water types tended to fall into one of two 

categories, either (a) low levels of TSS with higher concentrations of chlorophyll 

and varied levels of CDOM or (b) higher levels of TSS with lower 

concentrations of chlorophyll and CDOM. 

f. The dataset would have been improved by the inclusion of high chlorophyll 

waters. However, the water types sampled were limited by the availability of the 

research vessels. 

g. The magnitude of R., (0+) spectra appeared to be driven by TSS. Normalising 

spectra by their peak value removed some of the complexity viewed in the 

hyperspectral R, 
s 
(0') spectra and will allow investigation into the spectral 

shape to be conducted. 
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STATION DATE TIME ON DEPTH CONDITIONS (GMT) (M) 

1 22/04/03 11: 10 110 9, overcast, raining, no wind, flat calm 
10 

5, bright, some direct beam, wind 5 knots, 
2 22/04/03 13: 28 89 10 

small ripples 

3 22/04/03 15: 07 10, diffuse, wind 3 knots, small waves 
10 

0, clear blue, direct sun, slight haze, no wind, 
4 23/04/03 08: 33 30 10 

flat calm 
0, clear blue, direct sun, slight haze, wind 0.3 

5 23/04/03 09; 40 50 10 
knots, flat 

6 23/04/03 10: 57 27 1, direct sun, wind 2.6 knots, small ripples 
10 

0, clear blues, direct beam, no wind, flat, 
7 23/04/03 12: 46 36 10 

glass like surface 
0, clear blue, direct beam, wind 0.6 knots, 

8 23/04/03 13; 47 72 10 
flat, lass like surface 

0, clear blue, direct beam, wind 8 knots, 
9 24/04/03 08: 33 52 10 

small ripples 

10 24/04/03 09: 55 60 High broken cloud, wind 5 knots, ripples 

11 24/04/03 11: 09 58 High cloud, direct beam, wind 2.5 knots, small 
ripples 

12 24/04/03 12: 50 130 Broken cloud, direct beam, wind 5 knots, 
ripples 

Patchy cloud, direct beam, wind 6 knots, 
13 24/04/03 13: 55 106 

ripples 

14 25/04/03 09: 42 40 10, diffuse, raining, wind 9 knots, ripples 
10 

15 25/04/03 10: 48 84 10, dull, diffuse, wind 9 knots, small waves 
10 

16 25/04/03 12: 25 47 10, diffuse, wind 9 knots, small waves 
10 

17 25/04/03 13: 30 30 10, dull, diffuse, wind 7 knots, ripples 
10 

Table 4.1. Cruise I- Oban, April 2003. The table contains information on the date 
and time at which the station was sampled, the depth of water and weather conditions 
(fractional cloud cover, general weather, wind speed and sea surface state). 
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STATION DATE TIME ON DEPTH CONDITIONS (GMT) (M) 
9, full cloud cover, diffuse, wind 18 knots, 

1 14/04/04 10: 20 20 10 
ripples 

10, full cloud cover, diffuse, wind 12 knots, 
2 14/04/04 11: 20 30 10 

ripples 

3 14/04/04 12: 05 7 8, overcast, diffuse, wind 4 knots, calm 
10 

4 14/04/04 13: 10 40 8, overcast, diffuse, wind 10 knots, calm 
10 

9, diffuse, showers, wind 14 knots, small 
5 14/04/04 13: 40 34 10 

waves 

6 14/04/04 14: 20 40 ý0, diffuse, showers, wind 5 knots, ripples 

ý0, complete cloud cover, wind 0.8 knots, 
7 15/04/04 10: 30 23 

calm 

, complete cloud cover, wind 7 knots, 
8 15/04/04 11: 50 22 10 

calm 

9 15/04/04 12: 15 50 10, diffuse, showers, wind 4 knots, calm 
10 

ý, complete cloud cover, diffuse, wind I 
10 15/04/04 13: 00 33 

knot, ripples 
ý, complete cloud cover, diffuse, wind I 

11 15/04/04 14: 00 51 
knot, ripples 

4, direct beam, some cloud, wind 3.5 knots, 
12 16/04/04 08: 55 50 10 

ripples 
4, direct beam, some cloud, wind 9 knots, 

13 16/04/04 10: 20 26 10 
calm 

4, direct beam, some cloud, wind 6.5 
14 16/04/04 10: 55 48 10 

knots, calm 

Table 4.2. Cruise 2- Oban, April 2004. The table contains information on the date 
and time at which the station was sampled, the depth of water and weather conditions 
(fractional cloud cover, general weather, wind speed and sea surface state). 
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STATION DATE TIME ON DEPTH CONDITIONS (GMT) (M) 

1 21/06/04 11: 10 87 3, direct sun, wind 0.6 knots, calm 
10 

2 21/06/04 13: 55 168 3, direct sun, wind 2 knots, calm 
10 

3 21/06/04 16: 56 186 3, direct sun, wind I1 knots, small ripples 
10 

I, clear blue sky, direct beam, wind 1.4 knots, 
4 22/06/04 07: 50 150 io 

calm 
i, clear blue sky, direct beam, wind 1 knot, 

5 22/06/04 09: 25 120 10 
calm 

4, some cloud, direct beam, wind 3.5 knots, 
6 22/06/04 11: 10 85 10 

calm 
6, some cloud, direct and diffuse light, wind 

7 22/06/04 12: 55 80 10 
11 knots, small ripples 

5, cloud, direct and diffuse light, wind 0.7 
8 22/06/04 15: 50 40 10 

knots, calm 

9 23/06/04 09: 40 23 to, diffuse light, wind 16.5 knots, small ripples 
10 

to, raining, diffuse, wind 19 knots, small 
10 23/06/04 10: 33 40 10 

waves 
to, raining, diffuse, wind 22 knots, small 

11 23/06/04 11: 25 70 10 
waves 

12 24/06/04 08: 10 40 1o, raining, diffuse, wind 10 knots, calm 
10 

13 24/06/04 09: 10 40 to, diffuse light, wind 16 knots, ripples 
I0 

14 24/06/04 10: 40 25 to, diffuse light, wind 12 knots, calm 
10 

15 24/06/04 11: 40 50 to, raining, diffuse, wind 9 knots, small ripples 
l0 

16 24/06/04 13: 00 14 to, diffuse light, wind 12.5 knots, calm 
10 

17 24/06/04 14: 50 42 to, diffuse light, wind 12.5 knots, calm 
10 

2, blue sky, direct beam, wind 7.5 knots, 
18 25/06/04 08: 15 37 to 

small riles 

19 25/06/04 09: 10 36 3, direct beam, wind 3.5 knots, small ripples 
10 

4, some cloud, direct beam, wind 6 knots, 
20 25/06/04 10: 05 69 10 

small ripples 
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STATION DATE TIME ON 
(GMT) 

DEPTH 
(M) CONDITIONS 

6, some cloud, direct and diffuse light wind 
21 21/06/04 11: 00 26 10 

6.5 knots, calm 
6, some cloud, direct and diffuse light wind 7 

22 21/06/04 12: 10 40 10 
knots, calm 

23 21/06/04 13: 20 35 s, direct beam, wind 10.5 knots, small ripples 
I0 

Table 4.3. Cruise 3- Sound of Jura, June 2004. The table contains information on 
the date and time at which the station was sampled, the depth of water and weather 
conditions (fractional cloud cover, general weather, wind speed and sea surface 
state). 
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STATION DATE TIME ON DEPTH CONDITIONS (GMT) (M) 

2 19/09/04 10: 00 175 7, direct and diffuse light, waves, 
10 

5 21/09/04 11: 00 4796 8, diffuse light, small waves 
10 

7 22/09/04 11: 00 4062 1o, diffuse light, small waves 
10 

9 23/09/04 11: 00 2183 1o, diffuse light, small waves 
10 

11 24/09/04 11: 00 4050 3, high cloud, direct beam, small waves 
10 

13 25/09/04 11: 00 5187 2, blue sky, direct beam, small ripples 
10 

15 26/09/04 11: 05 4724 4, direct and diffuse light, small waves 
10 

17 28/09/04 11: 00 3850 3, direct beam, small waves 
10 

19 29/09/04 11: 00 4177 s, direct and diffuse light, small waves 
I0 

i, clear blue sky, direct beam, some 
21 30/09/04 12: 00 66 10 

chop 
i, clear blue sky, direct beam, some 

24 01/10/04 11: 30 3025 10 
chop 

27 02/10/04 12: 00 2716 1, clear blue sky, direct beam, flat calm 
10 

31 04/10/04 11: 00 3734 3, direct beam, small waves 
10 

33 05/10/04 11: 00 4696 2, blue sky, some haze, waves 
I0 

4, direct and diffuse light, some haze, 
35 06/10/04 11: 00 4843 10 

calm 

37 07/10/04 11: 00 3387 s, direct and diffuse light, small waves 
I0 

i, clear blue sky, direct beam, small 
40 09/10/04 11: 00 3115 10 

waves 

42 10/10/04 11: 00 3016 2, blue sky, direct beam, some chop 
10 

43 11/10/04 11: 00 5296 2, blue sky, direct beam, small waves 
10 

47 13/10/04 11: 00 6316 2, blue sky, direct beam, small waves 
10 

49 14/10/04 11: 00 4997 4, direct and diffuse light, small waves 
10 
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STATION DATE TIME ON DEPTH CONDITIONS (GMT) (M) 

51 15/10/04 11: 00 5179 s, diffuse light, small waves 
to 

53 16/10/04 10: 00 5094 4, direct and diffuse light, small waves 
10 

55 17/10/04 11: 00 4794 3, blue sky, direct beam, choppy 
10 

57 18/10/04 11: 00 3749 2, blue sky, direct beam, small waves 
10 

59 19/10/04 11: 00 3528 4, direct and diffuse light, small waves 
10 

61 20/10/04 11: 00 4150 5, direct and diffuse light, calm 
10 

63 21/10/04 10: 00 4441 s, diffuse light, calm 
10 

65 22/10/04 10: 00 4306 7, diffuse light, calm 
10 

67 23/10/04 10: 00 4060 o, blue sky, direct beam, calm 
10 

69 24/10/04 10: 00 5131 7, diffuse light, calm 
10 

71 25/10/08 10: 00 5378 2, blue sky, direct beam, big swell 
10 

Table 4.4. Cruise 4- AMT 15, September/October 2004. The table contains 
information on the date and time at which the station was sampled, the depth of 
water and weather conditions (fractional cloud cover, general weather, wind speed 
and sea surface state). 
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STATION DATE TIME ON 
(GMT) 

DEPTH 
(M) CONDITIONS 

1 29/04/05 08: 32 43 3, high haze, clear, wind 9 knots, 2.5m swell 
10 

2 29/04/05 11: 01 53 6, direct beam, wind 5.4 knots, 1.5m swell 
10 

3 29/04/05 12: 59 58 9, high haze, wind 12.1 knots, 0.5m swell 
10 

4 29/04/05 14: 55 73 1o, fog, wind 11.6 knots, 1.5m swell 
10 

5 30/04/05 07: 25 56 io, diffuse light, wind 7 knots, 0.5m swell 
10 
9, some direct beam, wind 6 knots, very 

6 30/04/05 09: 19 50 10 
small swell 

7 30/04/05 11: 15 44 3 direct beam, wind 3.5 knots, calm 
10 

3, high haze, clear overhead, direct beam, 
8 30/04/05 12: 54 36 10 

wind 4 knots, calm 

9 30/04/05 14: 30 36 6, high haze, direct beam, wind 6 knots, calm 
10 

10 30/04/05 16: 09 25 9, diffuse light, wind 6.7 knots, calm 
10 

11 30/04/05 17: 44 12 9, diffuse light, wind 4 knots, calm 
10 

12 01/05/05 07: 23 24 1o, raining, diffuse light, wind 2.7 knots, calm 
10 

13 01/05/05 08: 39 32 1o, diffuse light, wind 0.8 knots, calm 
l0 

1o, diffuse light, overcast, wind 3.6 knots, 
14 01/05/05 10: 04 35 10 

calm 

15 01/05/05 11: 22 38 9, brightening, wind 4.3 knots, calm 
o 

16 01/05/05 12: 52 37 9, direct beam. wind I knot, calm 
10 

17 01/05/05 14: 14 42 8, hazy, bright, wind 3.8 knots, calm 
10 

9, bright, direct beam, wind 3.5 knots, 
18 01/05/05 15: 45 48 iö 

ripples, light swell 
2, clear blue sky, direct beam, wind 5.7 

19 02/05/05 07: 20 36 10 
Irrots, Im swell 

2, clear blue sky, direct beam, wind 5.5 
20 02/05/05 08: 29 44 tö 

I knots, 0.5m swell 

21 02/05/05 09: 28 47 io, overcast, wind 5 knots, 0.5m swell 
10 
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STATION DATE TIME ON 
(GMT) 

DEPTH 
(M) CONDITIONS 

22 02/05/05 11: 03 45 9, bright, wind 7.5 knots, 0.5m swell 
10 

23 02/05/05 12: 07 44 9, bright, wind 12 knots, 0.5m swell 
I0 

24 02/05/05 13: 11 43 9, variable, wind 12 knots, 0.5m swell 
10 

25 02/05/05 14: 36 29 1o, overcast, wind 8 knots, 0.5m swell 
10 

26 02/05/05 15: 57 41 to, overcast, wind 11 knots, 0.5m swell 
10 

27 03/05/05 07: 59 35 io, overcast, wind 5.8 knots, 0.5m swell 
10 

28 03/05/05 09: 25 41 1o, overcast, wind 7.5 knots, 0.5m swell 
10 

1o, overcast, brightening, wind 1.5 knots, Im 
29 03/05/05 11: 17 41 10 

swell 
1o, overcast, brightening, wind 2.3 knots, Im 

30 03/05/05 13: 00 56 lö 
swell 

6, direct beam, thin cloud, wind 7.5 knots, 
31 03/05/05 14: 30 51 10 

lm swell 

32 03/05/05 15: 47 55 6, direct beam, wind 11.5 knots, Im swell 
10 

Table 4.5. Cruise 5- Bristol Channel, April/May 2005. The table contains 
information on the date and time at which the station was sampled, the depth of 
water and weather conditions (fractional cloud cover, general weather, wind speed 
and sea surface state). 
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CRUISE INSTRUMENTATION WATER SAMPLE ANALYSIS DEPLOYED 

AC9, AC9 Plus CTD HydroScat- Filter pad and CDOM absorption, 
Oban, April 2003 , , 2, HyperPro TriOS chlorophyll and SPM 

, concentrations 

AC9 Plus, CTD HydroScat-2 Filter pad and CDOM absorption, 
Oban, April 2004 , , TriOS chlorophyll and 

SPM concentrations 

Sound of Jura, June AC9 Plus, CTD, HydroScat-2, Filter pad and CDOM absorption, 
chlorophyll and SPM 2004 SPMR, HyperPro, TriOS 

concentrations 

AMT 15, AC9 Plus, CTD, Profiling Filter pad absorption and 
September/October 2004 Radiometers, HyperPro chlorophyll concentration 

Bristol Channel, AC9, CTD, HydroScat-2, SPMR, Filer pad and CDOM absorption, 
chlorophyll and SPM 

April/May 2005 HyperPro, TriOS 
concentrations 

Table 4.6. Instrumentation deployed and water sample analyses performed for all 
cruises. 
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Figure 4.1. Cruise 1- Oban, April 2003, illustrating the 
locations of stations sampled. Sampling was conducted 
between the 22nd and the 25th of April 2003 on board the 
RV Calanus. 
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Figure 4.2. Cruise 2- Oban, April 2004, illustrating the 
locations of stations sampled. Sampling was conducted 
between the 14th and 16' of April 2004 on board the RV 
Seol Mara. 
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Figure 4.4. Cruise 4- AMT 15, September/October 2004. (A) Map 
illustrates the cruise transect overlaid on a seasonally averaged MODIS 
Aqua Chlorophyll a image (16/09/04 to 15/12/04). (B) Illustrates the 
stations sampled in the North African Upwelling. This image is of the 
chlorophyll a weekly averaged data (29/09/04 to 06/10/04) from MODIS 
Aqua. 
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Chapter 5: Hyperspectral Radiance 

Transfer Modelling 

Remote sensing reflectance, R,.,, signals contain information on the ability of a water 

body to return light to the surface. This signal varies depending upon the 

composition of the water (Wang and Cota, 2003; Doxaran et al, 2005; Stramska and 

Stramski, 2005). In the past discrete bandwidth sensors have been used to sample 

the in-water light field and water leaving signals and band ratio algorithms used to 

calculate information about the water body, such as the chlorophyll concentration. 

Remote sensing platforms such as SeaWiFS, MODIS and MERIS also measure 

radiance at discrete bandwidths (Tables 5.1,5.2 and 5.3). Recently high resolution 

(hyperspectral) instrumentation has become more widely available. Hyperspectral 

instruments allow information to be gathered in intervals of a few nanometres across 

the spectrum, typically from 350 to 800nm, instead of in a limited number of discrete 

bands. An additional benefit is that the information obtained can be integrated over 

appropriate bandwidths to match any ocean colour sensor, for example SeaWiFS, 

MODIS and MERIS. The aim of this chapter is to investigate whether additional 

information can be obtained from hyperspectral measurements as opposed to discrete 

bandwidths. The effects of inelastically scattered light (e. g. Raman scattering, 

CDOM fluorescence and chlorophyll fluorescence) on the water leaving R,, signal 

will also be considered. 

5.1. Radiance Transfer Model Configuration 

As a preliminary step to investigate variations in the R, 
s signal it was necessary to 

model a variety of water types. The models used for this work were created using 

the Hydrolight (version 4.2) radiance transfer computer package. Case I waters, 

where the main optically significant component besides the water is chlorophyll, 
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were modelled for a variety of chlorophyll concentrations. These models were 

constructed to investigate the spectral response of R,, (0') to increasing chlorophyll 

concentration. 

Following this a variety of case 2 waters were modelled. In case 2 waters the 

main optically important components, in addition to water, are chlorophyll, CDOM 

(coloured dissolved organic matter) and MSS (mineral suspended solid). To 

investigate the effects of these components on the R, 
s 
(0+) signal three batches of 

Hydrolight model runs were carried out with (a) chlorophyll and CDOM, (b) 

chlorophyll and MSS and (c) chlorophyll, CDOM and MSS. This allowed the effects 

of introducing CDOM and MSS into the model independently and jointly to be 

investigated. Inputs to the Hydrolight models were chosen to reflect the range of 

values observed between the upper and lower limits of chlorophyll, CDOM and MSS 

concentrations found in West of Scotland coastal waters. Table 5.4 shows the range 

and combinations of chlorophyll, CDOM and MSS concentrations used. 

Inputs to the Hydrolight radiance transfer models are described below. 

1.1. Case 1 Model 

The Hydrolight model for case I water was set-up as follows: 

1. The ABCase 1 inherent optical property model was selected. 
2. The absorption and scattering properties of pure water were specified using 

the information contained in Pope and Fry (1997). 

3. The chlorophyll concentration was set to be constant with depth. Chlorophyll 

concentrations for which the model was run were: 0,0.1,0.5,1,2.5,5,7.5 0.1,0.5,1, and 

l0mgm-3. 

4. The average Petzold particle phase function was selected. 

5. Inelastic scattering effects included chlorophyll fluorescence, CDOM 

fluorescence and Raman scattering. 
6. The model was run between 400 and 750nm in 3.5nm intervals. 

7. The solar zenith angle was set to 30° with clear sky conditions. 
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8. The downwelling irradiance conditions were determined using the semi- 

empirical RADTRAN model. 
9. Infinitely deep bottom boundary conditions were selected. 
10. A maximum depth of 20m was selected with calculations carried out at 1m 

intervals. 

The ABCasel model is based on an updated version of the Gordon-Morel Case 1 

water model (Morel and Maritorena, 2001). The total absorption coefficient of this 

model is represented by: 

a,,,, (A)=a. (A)+a, (a')+acnoe, (A) (5.1) 

where a, ý,,, 
(A) is the total absorption coefficient, aw (A) is the absorption by pure 

water, ap (A) is the absorption by phytoplankton cells and ac, M 
(A) is the 

absorption by CDOM. 

The absorption by pure water is given in Pope and Fry (1997). Absorption by 

phytoplankton cells is represented by: 

ap(A)=0.06xACh, (A)x[Chi (z)] °'65 (5.2) 

where AC,,, (A) is the chlorophyll specific absorption coefficient given in Prieur and 

Sathyendranath (1981) and Chi (z) is the chlorophyll concentration specified by the 

user. Absorption by CDOM covaries with particulate absorption according to: 

acDoM (z, A) = 0.2xa,, (z, 440nm)xexp(-0.014(2-440)) (5.3) 

The scattering coefficient, b (z, A), for particulate material is as follows: 

(550) 
b(z, A)=0.3x [Chl (z)]0.62 xl AJ 

(5.4) 

Scattering by CDOM is assumed to be zero. 
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The incident irradiation conditions in the model are generated using the 
RADTRAN model (Gregg and Carder, 1990) which calculates the direct (solar) and 
diffuse (background sky) irradiances. The default settings of solar zenith angle of 

30° and clear sky conditions were used and RADTRAN generated irradiances at 

1 nm intervals which were then averaged into the required wavebands. 

5.1.2. Case 2 Model 

To investigate case 2 water three batches of model runs were set-up. The first batch 

included the effects of chlorophyll and CDOM, the second the effects of chlorophyll 

and MSS and the third the effects of chlorophyll, CDOM and MSS. The Hydrolight 

set-up for the chlorophyll, CDOM and MSS batch is described below: 

1. The ABCase2, a four component inherent optical property model, was 

selected. 
2. The absorption and scattering properties of pure water were specified using 

the information contained in Pope and Fry (1997). 

3. Chlorophyll concentration was set to be constant with depth. 

4. The default Hydrolight chlorophyll specific absorption file was selected. 

5. Scattering by chlorophyll was described by a power law. 

6. The average Petzold phase function was selected. 
7. CDOM concentration was specified at 440nm and set to be constant with 

depth. 

8. CDOM absorption was described by an exponential function. 

9. The mineral concentration was set to be constant with depth. 

10. The mineral specific absorption was set to the Hydrolight default. 

11. The mineral specific absorption was described by a power law. 

12. Inelastic scattering effects included chlorophyll fluorescence, CDOM 

fluorescence and Raman scattering. 

13. The model was run between 400 and 750nm in 3.5nm intervals. 

14. The solar zenith angle was set equal to 30° with clear sky conditions. 
15. The downwelling irradiance conditions were determined using the semi- 

empirical RADTRAN model. 
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16. Infinitely deep bottom boundary conditions were selected. 

17. A maximum depth of 20m was selected with calculations carried out at lm 

intervals. 

For the batch of models dealing with the chlorophyll and CDOM components, the 

MSS concentration was set equal to zero. Similarly, for the batch of models dealing 

with the chlorophyll and MSS combination, the CDOM concentration was set equal 

to zero. 
The default chlorophyll specific absorption is given in Prieur and 

Sathyendranath (1981). The CDOM absorption coefficient, acWM (A), is 

represented by the following exponential function: 

acooe, (A) = aco, M 
(440) x exp (-0.014 (A - 440)) (5.5) 

The default mineral specific absorption file in Hydrolight is a composite of values 
from Bukata (1995) and Gallie and Murtha (1992). 

Scattering by particulate material, for example chlorophyll and minerals, is 

represented by the following power law (Loisel and Morel, 1998): 

b(A)=0.407x[X]0.795 xl 
6A 1 

(5.6) 

where b (A) is the scattering coefficient at wavelength A. and Xis the concentration 

of either chlorophyll or minerals. 
Figure 2.1 illustrates the absorption spectra of the default Hydrolight settings for 

water, chlorophyll and MSS. Included in this figure is the absorption profile for 

CDOM obtained using equation (5.5). Table 5.4 (A) to (C) lists the chlorophyll, 

CDOM and MSS concentrations for which these case models were carried out. 

5.2. Inelastic Processes 

The Hydrolight models included the effects of inelastic processes, namely Raman 

scattering, CDOM fluorescence and chlorophyll fluorescence. Inelastic scattering 
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events redistributed the photons in the water body between wavelengths. In this 

section the impact of these scattering processes on the R� (0+) spectra will be 

investigated. 

5.2.1. Raman Scattering 

The effect of Raman scattering on the R, 
3 

(0+) spectra was modelled using the 

Hydrolight ABCasel model. As the main source of Raman scattering is water 

molecules, the model was run with the chlorophyll concentration set to O Mg m-3 to 

maximize the influence of the Raman scattering on the spectra. The effects of 

CDOM and chlorophyll fluorescence were excluded. The model was set up 

following the procedure laid out in section 5.1.1. Two separate runs were 

conducted, one which included Raman scattering and the other excluding Raman 

scattering. Figure 5.1 (A) illustrates the difference observed in the two R� (0+ ) 

spectra and panel (B) shows the percentage difference in the R, (0+) values between 

the two spectra. Figure 5.1 (B) shows that the effect of Raman scattering was to 

increase the reflectance signal by 5 to 10% between 450 and 500nm. Above 500nm 

the percentage difference increases to between 10 and 20%. The percentage 

difference is accentuated by the low reflectance signals in this spectral region. 

Therefore, any deviation from the original value would show up as a higher 

percentage difference even though the absolute magnitude of the deviation is small. 

Looking again at Figure 5.1 (A) it can be seen that above 550nm it is difficult to 

separate the two spectra due to the magnitude of the R,, values. The effects of 

Raman scattering deeper in the water column can be more significant (Hu and Voss, 

1997; Bartlett et al 1998; Schroeder et al, 2003). However, in this investigation the 

concern is only with the effects at the surface, where the Raman scattering is found 

not to have a strong influence on the R� (0k) signal. In fact the inclusion of 

chlorophyll would decrease Raman scattering at short wavelengths as the signal can 

be attenuated by the presence of the chlorophyll. 
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5.2.2. CDOM Fluorescence 

CDOM fluorescence is a broad band fluorescent feature. To investigate its impact on 

the R, (0+) spectra a set of Hydrolight ABCase 2 models were carried out with the 

chlorophyll and MSS concentration set to zero while the concentration of CDOM at 

a (440) was varied. All other inelastic scattering processes were excluded. Figure 

5.2 illustrates the R,., (0+) spectra calculated for various CDOM concentrations 

including and excluding CDOM fluorescence. Panel (A) illustrates the spectra for 

CDOM = 0.2 m-' , 
(B) for CDOM = 0.5 m- , 

(C) for CDOM =1 m-' and (D) for 

CDOM =2 m-' . As the CDOM concentration increases the fluorescence feature 

becomes more prominent in the blue spectral region, peaking around 490nm. For 

waters which have low chlorophyll and MSS concentrations, CDOM fluorescence 

may be an important feature in the R1. (0+) spectra. The above calculations were 

carried out in the absence of chlorophyll and MSS to maximise the impact of CDOM 

fluorescence on the R,, (0+) spectra. However, due to the location of the CDOM 

fluorescence in the blue region of the spectrum it will be susceptible to absorption by 

chlorophyll and MSS if these components are present. Generally the effects of 

CDOM fluorescence for concentrations typical of shelf sea and open ocean 

conditions (i. e. < _ 
0.5 m-' at a (440)) on the R,. (0+) spectra are small. However, at 

higher concentrations of CDOM (i. e. >_ 1 m-' at a (440) ), in this data found to occur 

only in Scottish sea lochs heavily influenced by fresh water runoff from the 

surrounding hills, the fluorescence can be clearly observed in the R, 
s 
(0`) spectra. 

5.2.3. Chlorophyll Fluorescence 

Figure 5.3 illustrates the effect of chlorophyll fluorescence, which appears in the red 

region of the spectrum with a peak centred on 685nm (Gordon, 1979). Hydrolight 

assumes that the fluorescence emission is Gaussian in nature with a peak centred at 

685nm with a full width half maximum (FWHM) of 25nm and that the quantum 

yield of fluorescence is constant with time and depth. A set of Hydrolight runs were 

96 



conducted using the ABCasel model and the procedure set out in section 5.1.1. As 

the chlorophyll concentration was increased the peak in the red, attributed to 

chlorophyll fluorescence, also increased. The model runs contained only 

chlorophyll, but the presence of other optically important materials such as CDOM 

and MSS can attenuate the chlorophyll fluorescence signal. This will be investigated 

further in Chapter 8. 

5.2.4. Assessment of the Impact of Inelastic Scattering on the 

R, 
s 

(0+) Spectra 

It was found that the effect of Raman scattering on the R, 
s 
(0+) spectra was small, 

though it may be important deeper down the water column. CDOM fluorescence can 

be an important feature of the R, 
3 
(0+) spectra in the presence of low chlorophyll and 

MSS concentrations and high CDOM levels (sea loch concentrations). However, due 

to the location of the CDOM fluorescence in the blue region of the spectrum it will 

be susceptible to attenuation by other optically important components, namely 

chlorophyll and MSS. It was also apparent that chlorophyll fluorescence can 

strongly influence the R, 
s 
(0+) spectra in the red and that the fluorescence signal 

increases with chlorophyll concentration. Chlorophyll fluorescence may be 

attenuated by the presence of CDOM and MSS, and this will be investigated further 

in a later chapter. 

5.3. Variations in the Shape of Hyperspectral 

Remote Sensing Reflectance Spectra 

The magnitude of the R,. (0+) spectra varies according to (Morel and Prieur, 1977; 

Morel and Gentili, 1996): 

R 
rs 

OC 
bb 

(5.7) 
a+bb 
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Consequently the spectral shape of the R, 
s 
(0') signal may provide information on 

the content of the water body. To investigate the response of the R,, (0+) spectra to 

water body content, several batches of Hydrolight radiance transfer models were run. 

5.3.1. Normalisation of Modelled Hyperspectral R, 
s 

(0+) Spectra 

It was decided that to compare spectral shapes the modelled R,. (0+) spectra would 

be normalised by their maximum value. This also makes application of the results 
less sensitive to errors in the measurement of absolute water leaving radiances. 

Comparison between the high resolution, hyperspectral, spectra and discrete 

bandwidth spectra are also discussed. Figure 5.4,5.6,5.11 and 5.16 illustrate the 

normalised R, 
s 

(0+) spectra obtained from the Hydrolight models. Figure 5.4 is for 

case 1 water with varying chlorophyll concentration, Figure 5.6 is for case 2 water 

containing chlorophyll and CDOM, Figure 5.11 is for case 2 water containing 

chlorophyll and MSS and Figure 5.16 is for case 2 water containing chlorophyll, 

CDOM and MSS. 

i. Normalised Spectra for Case 1 Water 

In Figure 5.4 as the chlorophyll concentration increases the relative reflectance in the 

blue is reduced and peaks appear in the green and red. The reduction in the blue is 

due to an increase in absorption by the chlorophyll. The emergence of a peak in the 

red is associated with chlorophyll fluorescence. 

iL Normalised Spectra for Case 2 Water: Chlorophyll and CDOM 

Figure 5.6 (A) to (D) illustrate the normalised R, 
s 
(0+) spectra obtained for varying 

CDOM concentrations with chlorophyll concentrations of (A) 0 mg M-3, 

(B) 0.1 mg M-3, (C) 1 mg m-' and (D) 10 mg M-3 . As the CDOM concentration 

increases, the reflectance in the blue decreases due to increased absorption by 

CDOM. The presence of a peak around 490nm in panel (A) is associated with 
CDOM fluorescence. However, as the chlorophyll level increases the CDOM 
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fluorescence is reduced. In panel (C) (Chi =1 mg m-3) a shoulder is observed around 

490nm due to the CDOM fluorescence but in panel (D) (Chi= 10mg m-3) the 

CDOM fluorescence signature is missing. This is due to the increase in absorption 
in the blue by chlorophyll. As CDOM concentrations increase changes in the peak 

wavelength position, structure between 490 and 590nm and in the gradient between 

400nm and the peak value are observed in panels (A), (B) and (C) of Figure 5.6 

(Ch1= 0.1,1 and 10 mg m-3 ). The emergence of a peak around 570nm as the 

chlorophyll concentration increases is due to the increase in absorption in the blue 

and low absorption in the green. The chlorophyll fluorescence feature becomes more 

prominent as the chlorophyll concentration is increased. 

ilL Normalised Spectra for Case 2 Water: Chlorophyll and MSS 

Figure 5.11 (A) to (D) illustrate the peak normalised R, 
s 
(0+) spectra for case 2 water 

containing chlorophyll and MSS. In panel (A) Chi =0 mg m-', (B) Chi = 0.1 mg m-3 , 

(C) Chi =1 mg m-3 and (D) Chi =10 mg m-': in all three cases the MSS concentration 

was varied between 1 mg 1-' and 10 mg 1-' 
. Figure 5.11 (A) shows that as the MSS 

concentration is increased there is a reduction in the relative reflectance in the blue 

due to the increased absorption. However, due to the effects of increased 

backscattering with increasing MSS concentration the reduction is not as dramatic as 

when dealing with CDOM (Figure 5.6). A shift in the peak position occurs as the 

MSS concentration is increased, this is not obvious in the case where 

Chi =10 mg m-3 (Figure 5.11 (D)). Variation in the red region of the spectrum (after 

600nm) due to the increase in backscattering with MSS concentration is also 

observed. As the chlorophyll concentration increased a clear peak around 570nm 

was observed. The chlorophyll fluorescence peak is not as prominent as in Figures 

5.4 and 5.6, which suggests that the chlorophyll fluorescence signal is affected by the 

composition of the water body. 
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iv. Normalised Spectra for Case 2 Water: Chlorophyll, CDOM and MSS 

Figure 5.16 illustrates the normalised spectra for the last batch of Hydrolight case 2 

models which include the affects of chlorophyll, CDOM and MSS on the R,, (0+) 

signal. Panel (A), where Chi = 0.1 mg m-', shows that for combinations that 

included CDOM = 0.1 m-' or 1 m-' and MSS <_ 10 mg V, the CDOM fluorescence 

feature could be detected. This can be observed to a lesser extent in panel (B) 

where Chi =1 mg m-. Again shifts in the position of the peak as the concentration of 

the components, CDOM and MSS, increases occurred. In the red section of the 

spectrum for all combinations of CDOM and MSS with MSS =10mg1-' a higher 

relative reflectance signal is found, presumably associated with the increase in 

backscattering. The lowest values in the red this is found to occur where 

CDOM = 0.1 m-' and MSS = 0.1 mg l -' , which is most likely due to low 

backscattering associated with the low level of MSS. The magnitude of the 

chlorophyll fluorescence peak varies with the combinations of CDOM and MSS. 

5.3.2. Comparison of Hyperspectral and Discrete Bandwidth 

Spectra 

L Case 1 Water 

For case 1 water Figure 5.5 illustrates the spectra obtained by binning the 

normalised hyperspectral data into SeaWiFS, MODIS and MERIS wavebands (see 

Tables 5.1 to 5.3). Comparing Figure 5.4 (the hyperspectral data) to Figure 5.5 (the 

multispectral data) it was found that the hyperspectral data detected more subtle 

changes in the R,. (0+) spectra and that the multispectral data under-sampled some 

regions. The SeaWiFS, MODIS and MERIS wavebands do not resolve the fine 

structure in the spectral regions between 400 to 450nm and 500 to 560nm. This is 

especially clear between 500 to 560nm. The hyperspectral data shows a change in 

gradient occurring at 600nm which is not displayed in the multispectral data for 

SeaWiFS and MODIS, MERIS being the only sensor to illustrate this. The SeaWiFS 

wavebands do not sample the chlorophyll fluorescence feature but the MODIS and 
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MERIS wavebands do. MODIS and MERIS both measure chlorophyll fluorescence 

at wavelengths offset from the peak emission and a correction (Gower, 2004) has to 

be applied. 

ii. Case 2 Water: Chlorophyll and CDOM 

Figures 5.7 to 5.10 illustrate the multispectral spectra obtained by binning the high 

resolution data for case 2 water containing chlorophyll and CDOM. The structure of 

the gradient between 400 and 490nm was poorly reflected in the multispectral figures 

and the presence of a secondary peak around 580nm was missed. Variations in the 

gradient after 580nm were not shown in the multispectral figures. For 

Chi = 0.1 mg m-3 and varying CDOM concentrations (Figures 5.6 (B) and 5.8) the 

multispectral sensors miss the detail and fine structure contained between 490 and 

590nm. After 590nm the SeaWiFS spectra contain no real information about the 

spectral shape apart from the negative gradient. In Figure 5.6 (B) there are three 

distinct steps in the spectra after 590nm. This area is under-sampled by all the 

multispectral sensors, though MERIS samples this area better that the others. A 

similar situation is observed in the multispectral data for Chi =I and 10 mg m-3 

(Figure 5.6 (C) and (D) and Figures 5.9 and 5.10). In the case of Chi =1 mg m-3 

(Figure 5.9) the structure of the CDOM fluorescence shoulder is not fully resolved. 

Similarly, the structure and fine detail between 490 and 590nm is not shown in the 

case where Chi = 0.1 mg M-3. Variations in the peak wavelength of the reflectance 

signal are missed due to the fixed position of the bands in the spectra obtained for all 

values of chlorophyll for which the modelling was conducted. 

M. Case 2 Water: Chlorophyll and MSS 

Comparing Figure 5.11 for the hyperspectral data and Figures 5.12 to 5.15 for the 

multispectral data for water containing chlorophyll and MSS, similar problems with 

the multispectral figures that were observed previously occur. For chlorophyll 

concentrations, Chi =0 and 0.1 mg M-3 (Figure 5.11 A and B and Figures 5.12 and 

5.13) the multispectral sensors fail to reveal the fine structure contained between 400 

and 570nm. They also fail to capture the position of the peak signal and the 
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variations in this position. The spectral area between 560 and 670nm, depending 

upon the position of the bands, is badly under-sampled, with changes in the gradient 

after 570nm being poorly reflected. A similar situation is observed in Figure 5.14 

and Figure 5.15 for the higher chlorophyll concentrations. Again the lack of any real 

detail in the spectra between 570 and 750nm in the multispectral figures is noted. 

iv. Case 2 Water: Chlorophyll, CDOM and MSS 

Comparing the hyperspectral (Figure 5.16) and multispectral figures (Figure 5.17, 

5.18 and 5.19) for case 2 water containing chlorophyll, CDOM and MSS the same 

problems are observed as described previously. In the case where Chi = 0.1 mg m-3 

the structure in the signal between 450 and 570nm is missed by the multispectral 

sensors. After 570nm there is a lack of detail in the multispectral figures and a large 

area of under sampling between 570 and 670nm, depending upon the positions of the 

bandwidths. 

5.4. Summary 

a. A programme of Hydrolight radiance transfer modelling was carried out to 

investigate the potential of using high resolution, hyperspectral, R,, (0+) spectra 

as a tool for retrieving information on the water body. Raman scattering from 

the water molecules was found to have only a small effect on the R" (0+ 

spectra. CDOM fluorescence is an important feature of the spectrum only in 

water with high CDOM levels (_: Im-) and low chlorophyll and MSS 

concentrations. Chlorophyll fluorescence produced a peak in the red which 

appeared to increase as the chlorophyll concentration increased. However, the 

peak was attenuated by the presence of CDOM and MSS. This effect will be 

examined further in Chapter 8. 

b. The modelled hyperspectral R,,, (0+) spectra were scaled by their peak values in 

order to compare spectral shapes. Changes in spectral shape occurred due to 
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variations in the content of the water body. Increasing the chlorophyll 

concentration decreased the relative reflectance in the blue and a fluorescence 

peak emerged in the red. CDOM and MSS reduced the relative reflectance in 

the blue and green. At high levels of CDOM (>_ 1 m-'), CDOM fluorescence 

can be a significant feature of the R,, (0+) spectrum. MSS increased the relative 

reflectance in the red due to backscattering. 

c. Comparing the high resolution data with discrete bandwidth multispectral data, 

obtained by binning into SeaWiFS, MODIS and MERIS wavebands, revealed 

several limitations in the multispectral data. These were loss of detail and fine 

structure in the spectrum due to the binning process and linear interpolation 

between wavebands, areas of spectral under sampling and loss of peak positions. 

The main area of spectral under sampling occurred between 560 and 670nm, 

depending upon the position of the wavebands. Variations in the peak position 

were missed due to the fixed nature of the wavebands. 

The question of whether the higher resolution data can offer any useful information 

on the content of the water body is posed in the next chapter. 
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BAND 

CENTRAL 

WAVELENGTH 

(NM) 

BANDWIDTH 

(NM) 

1 412 402-412 

2 443 433-453 

3 490 480-500 

4 510 500-520 

5 555 545-565 

6 670 660-680 

Table 5.1. SeaWiFS wavebands used to transform hyperspectral 
data into multispectral spectra. 
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BAND 

CENTRAL 

WAVELENGTH 

(NM) 

BANDWIDTH 

(NM) 

8 411.3 405-420 

9 442.0 438-448 

10 486.9 483-493 

11 529.6 526-536 

12 546.8 546-556 

13 665.5 662-672 

14 676.8 673-683 

15 746.4 743-753 

Table 5.2. MODIS wavebands used to transform hyperspectral 
data into multispectral spectra. 

105 



BAND 

CENTRAL 

WAVELENGTH 

(NM) 

BANDWIDTH 

(NM) 

1 412.5 407.5-417.5 

2 442.5 437.5-447.5 

3 490 485-495 

4 510 505-515 

5 560 555-565 

6 620 615-625 

7 665 660-670 

8 681.25 677.5-685 

9 705 695-710 

Table 5.3. MERIS wavebands used to transform hyperspectral 
data into multispectral spectra. 
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(A) 

CASE 2: CHL AND CDOM 

Chlorophyll (mg m-3) 0,0.1,1,10 

CDOM 
0.1,0.25,0.5,0.75,1,1.25, (m-' 

1.5,2 

(B) 

CASE 2: CHL AND MSS 

Chlorophyll (mgm-') 0,0.1,1,10 

MSS (mgl-') 1,2,5,7,10 

(C) 
CASE2: CHL, CDOM AND MSS 

Chlorophyll (mg m-3) 0,0.1,1,10 

CDOM (m-') 0.1,0.5,1 

MSS (mgl-') 0.1,1,10 

Table 5.4. Chlorophyll, CDOM and MSS concentrations used in 
Hydrolight case 2 models. (A) shows the values of chlorophyll and 
CDOM used in this batch of models. (B) shows the values of chlorophyll 
and MSS used in this batch of models. (C) shows the values of 
chlorophyll, CDOM and MSS used in this batch of models. For batches of 
models ran using the values in (A) and (B) the chlorophyll concentration 
was held constant while the CDOM/MSS was varied. For the batch of 
runs carried out using the information in (C) the chlorophyll concentration 
was held constant for all possible combinations of CDOM and MSS. 
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Figure 5.1. Raman scattering. Panel (A) illustrates modelled R, (0") with and 

without Raman scattering included. Panel (B) illustrates the percentage difference 

in R, (0+) between the spectra in which Raman scattering has been included and 

excluded. The models used the Hydrolight ABCasel model with the chlorophyll 
concentration set equal to 0 mg m'. 
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Figure 5.2. CDOM fluorescence: Hydrolight ABCase2 model. The chlorophyll 
concentration was set to 0 mg m-3 and the CDOM value was (A) 0.2m-, , (B) 
0.5m-', (C) 1 m-' and (D) 2m-. 

. In all cases two runs were carried out, one in 

which CDOM fluorescence was included and the other in which it was excluded. 
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Figure 5.3. Effects of including the inelastic process of chlorophyll fluorescence 

on the R, (O+) spectra, modelled using the Hydrolight ABCasel model for a 

variety of chlorophyll concentrations with Raman scattering and CDOM 
fluorescence included. 
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Figure 5.4. Hyperspectral normalised remote sensing reflectance spectra for case 
1 waters modelled with Hydrolight using the ABCasel model for various 
chlorophyll concentrations. The curves were normalised using the 

maximum R, value for each spectrum. 
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Figure 5.5. Multispectral normalised R,,. (0+) spectra for modelled case I waters. 
Panels (A) to (C) illustrate the spectra obtained by binning Hydrolight 
hyperspectral outputs into (A) SeaWiFS, (B) MODIS and (C) MERIS wavebands. 
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Figure 5.6. (i) Normalised R, (0+) spectra for case 2 waters containing 

chlorophyll and CDOM. In panels (A) to (D) the chlorophyll concentration was 
held constant while the CDOM concentration was varied. In (A) C'h1= 0 mg m 

and(B) Chi=0. lmgm-;. 
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Figure 5.6. (ii) Normalised R,. 
%(0+) spectra for case 2 waters containing 

chlorophyll and CDOM. In (C) Chl =1 mg m-3 and (D) Chl = 10 mg m-; . 
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Figure 5.7. Multispectral normalised R,.,. (0') spectra for case 2 waters containing 

chlorophyll and CDOM. Panels (A) to (C) illustrate the spectra obtained by 
binning Hydrolight hyperspectral outputs into (A) SeaWiFS, (B) MODIS and (C) 
MERIS wavebands. For the spectra shown above the chlorophyll concentration 
was equal to 0 mg m-3 and the CDOM concentration was varied. 
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Figure 5.10. As Figure 5.7 except the chlorophyll concentration was equal to 
lOmgm-3. 
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Figure 5.11. (i) Hyperspectral normalised R, (0+) spectra for case 2 waters 

containing chlorophyll and MSS. In panels (A) to (D) the chlorophyll 
concentration was held constant while the MSS concentration was varied.. In (A) 
Chi= 0mgm-3, and (B) Chi= 0.1mgm-'. 
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Figure 5.11. (ii) Hyperspectral normalised R� (0+) spectra for case 2 waters 

containing chlorophyll and MSS. In (C) Chi =1 mg m-3 and (D) Chi =10 mg m-'. 
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Figure 5.12. Multi spectral normalised R, 
1 
(0+) spectra for case 2 waters 

containing chlorophyll and MSS. Panels (A) to (C) illustrate the spectra obtained 
by binning Hydrolight hyperspectral outputs into (A) SeaWiFS, (B) MODIS and 
(C) MERIS wavebands. For the spectra shown above the chlorophyll 
concentration was equal to 0mgm-; and the MSS concentration was varied. 
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Figure 5.13. As Figure 5.12 except the chlorophyll concentration was equal to 
0.1mgm 3. 
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Figure 5.16. (i) Hyperspectral normalised R� (0') spectra for case 2 waters 

containing chlorophyll, CDOM and MSS. In panels (A) to (D) the chlorophyll 
concentration was held constant while the CDOM and MSS combination was 
varied.. In (A) Ch1= 0 mg m-', and (B) Ch1= 0.1 mg m-'. 
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Figure 5.16. (ii) Hyperspectral normalised R, (0+) spectra for case 2 waters 

containing chlorophyll, CDOM and MSS. In (C) Chl =l mg m-3 , and (D) 

Chl=10mgm-;. 
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Figure 5.17. Multispectral normalised R� (0+) spectra for case 2 waters 

containing chlorophyll, CDOM and MSS. Panels (A) to (C) illustrate the spectra 
obtained by binning Hydrolight hyperspectral outputs into (A) SeaWiFS, (B) 
MODIS and (C) MERIS wavebands. For the spectra shown above the chlorophyll 
concentration was equal to 0 mg m-; and the CDOM and MSS combination was 
varied. 
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Figure 5.18. As Figure 5.17 excpet the chlorophyll concentration was equal to 
0.1 mg m-3 . 
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Figure 5.19. As Figure 5.17 excpet the chlorophyll concentration was equal to 
lmgm-3. 
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Figure 5.20. As Figure 5.17 except the chlorophyll concentration was equal to 
10mgm-;. 
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Chapter 6: Exploratory Water Type 

Discrimination Using Modelled and 

Measured Hyperspectral Remote Sensing 

Reflectance 

The previous chapter presented results from radiance transfer models for water 

bodies containing chlorophyll, CDOM and MSS in a representative range of 

concentrations. These models were implemented using the Hydrolight computer 

package. Comparison between the hyperspectral and multispectral spectra, obtained 

by binning into SeaWiFS, MODIS and MERIS wavebands, revealed that the 

multispectral data under-sampled some spectral regions, there was a loss of detail 

and variations in peak position were missed. The higher resolution data detected 

more subtle changes in the spectral shape. The question posed in this chapter is 

whether the hyperspectral data can offer useful information on (a) the content of the 

water body and (b) the ability to discriminate between different water types. There 

are many ways in which the hyperspectral spectra could be analysed. The approach 

adopted below was to investigate variations in shape by comparing the first 

derivatives of normalised spectra. 

6.1. Spectral Shape Analysis of Modelled Spectra 

To investigate the possibility of using the high resolution spectra to reveal 

information about the water body or as a water type classification tool the normalised 

spectra obtained from the Hydrolight models (Chapter 5 section 5.1) were 

differentiated with respect to wavelength. Prior to the spectra being differentiated a 

smoothing function was applied (a three point centred moving average). Factors 

considered included peak positions, zero crossings, and curvature of the first order 
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differentiated spectra. Higher order derivatives proved difficult to interpret due to 

noise in the spectra. 

6.1.1. First Order Derivatives of Modelled Spectra 

The differentiated spectra are shown in Figure 6.1 to Figure 6.4. Figure 6.1 shows 

spectra for waters containing chlorophyll only, Figure 6.2 for chlorophyll and 

CDOM, Figure 6.3 for chlorophyll and MSS and Figure 6.4 for chlorophyll, CDOM 

and MSS. Inspection of these figures indicated that the following features, which are 

labelled in Figure 6.1, might be of interest: 

Feature A. Integral between 400 and 455nm. 

Feature B. Spectral region between 455 and 560nm. 

Feature C. Trough between 560 and 615nm. 

Feature D. Spectral region between 615 and 660nm. 

Feature E. Peak to trough system between 660 and 750nm. 

i. FeatureA 

When only chlorophyll was included in the model (Figure 6.1) this feature was 

negative and a trough was observed. As the chlorophyll concentration increased the 

trough was filled but still remained negative. In Figures 6.2,6.3 and 6.4 the spectra 

were positive with the exception of high chlorophyll and low concentrations of 

CDOM and MSS. Error! Reference source not found. illustrates the results of 

integrating the spectra between 400 and 455nm. The integral was generally positive 

when CDOM, MSS or both components together were present in the water. The 

integral was generally negative when only chlorophyll was present or for clear 

oceanic water. Exceptions occurred when the chlorophyll concentration was high 

(z 5 mg m"3) , 
CDOM was low (<_ 0.1 m-') and/or MSS was low (<_ 2 mg I-$ 

. For 

typical oceanic and shelf sea conditions, the sign of the integral of this feature, either 

positive or negative, could therefore be used as an indicator of either case I 

(negative) or case 2 (positive) water. 
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IL Feature B 

Inspection of this region of the spectrum suggested that it would be difficult to obtain 

useful information due to its complex nature. It was therefore decided to concentrate 

on other areas. 

iii. Feature C 

In clear water the trough of Feature C, located between 560 and 615nm, was absent. 

In the presence of chlorophyll the trough appeared to deepen but its shape was 

retained. In the presence of either CDOM or MSS the trough was filled and the 

width narrowed. The full width half maximum (FWHM) values of the trough 

observed in Feature C were calculated for the spectra illustrated in Figures 6.1 to 6.4. 

Figure 6.6 contains the results of this analysis. In the presence of chlorophyll only 

the FWHM of the trough did not vary greatly, remaining between 30 and 40nm. The 

introduction of MSS into the model reduced the FWHM, with values ranging from 

20 to 40nm. CDOM also had a narrowing effect on the trough. For values of 

CDOM _< 
1 m-' the FWHM values ranged between 20 and 40 nm. However, for 

higher concentrations of CDOM (>_ 1 m-') the FWHM varied between 10 and 20nm. 

Therefore, if the value of the FWHM varied between 10 and 20nm then CDOM 

dominated water could be expected. A FWHM between 30 and 40nm may indicate 

waters influenced by chlorophyll. In the absence of a trough or in the presence of a 

very shallow trough then it was more likely that the water had low concentrations of 

constituents. 

iv. Feature D 

The range from 615 to 660nm was a relatively featureless region of the spectrum. A 

small peak and trough occurred in this region but analysis of this feature yielded no 

useful information. 

v. Feature E 

The last feature considered was the peak and trough of Feature E which was 

generated by differentiation of the chlorophyll fluorescence peak. Analysis of the 

variation in the peak to trough height showed that for water containing only 
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chlorophyll an exponential function could be fitted to the data which was correlated 

with the chlorophyll concentration (RZ = 0.98). 

y=0.2437 exp(268.900 (6.1) 

where y is the chlorophyll concentration (mg m-3) and x is the peak to trough height. 

This is illustrated in Figure 6.7. For values ofCDOM <_ 0.5m-', typical of shelf seas, 

a variation in the peak to trough height which would influence the chlorophyll 

concentration retrieved using equation (6.1) was observed. The introduction of MSS 

into the water column had little effect on this feature. It should be noted, however, 

that the model assumed that the quantum yield of fluorescence was constant. 

6.1.2. Dependency of Spectral Derivative Features on Seawater 

Composition 

To investigate the dependency of the three main hyperspectral features (the integral, 

FWHM and peak to trough height) on the constituent concentrations Pearson's 

Product Moment, which measures the linear association between two parameters was 

calculated. The possible correlation values range from 1, indicating a strong positive 

correlation, to -1, indicating a strong negative correlation. A value of 0 would 

indicate that there was no linear relationship between the variables. Table 6.1 

contains the correlation values for the modelled data. The integral was strongly 

negatively correlated with chlorophyll and slightly positively correlated with CDOM. 

The FWHM was reasonably well positively correlated with chlorophyll but 

negatively correlated with CDOM and MSS, with CDOM having a slightly stronger 

correlation. The peak to trough height had a strong positive correlation with 

chlorophyll, and was positively correlated with CDOM but to a lesser extent. MSS 

was found to have no correlation with the integral and peak to trough height, with a 

correlation coefficient close to 0 in both cases. 

Table 6.1 indicates that none of the hyperspectral features were solely correlated 

with any of the in-water constituents, and suggests that neither the CDOM nor the 

MSS concentration could be retrieved from the hyperspectral features using simple 
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linear relationships. Chlorophyll was the in-water constituent most strongly related 

with the hyperspectral features but any relationship that existed could be perturbed 
by the presence of other in-water constituents. 

6.1.3. Review of Spectral Shape Analysis for Modelled Spectra 

a. The normalised spectra were differentiated with respect to wavelength and three 

regions of the differentiated spectrum were identified as being of interest. 

A. Integral between 400 and 455nm 

C. FW M between 560 and 615nm 

E. Peak to trough height between 660 and 750nm 

Feature A 

The sign of the integral between 400 and 455nm could be used to discriminate 

between case 1 and case 2 water: negative indicated case I water and positive 

indicated case 2 water. 

Feature C 

The FWHM of the trough located between 560 and 615nm yielded information on 

the content of the water body. It was found that in the absence of a trough clear 

water was present and if the FWHM ranged between 30 and 40nm the water was 

dominated by chlorophyll. A FWHM ranging between 20 and 40nm suggested water 

that contained CDOM and/or MSS, as both of these components had a narrowing 

effect on the trough. FWHM between 10 and 20nm indicated the presence of high 

concentrations of CDOM or MSS. 

Feature E 

The peak/trough system between 660 and 750nm was only present if chlorophyll was 

included in the model. Analysis of the peak to trough height revealed that a 

relationship may exist between the height and the chlorophyll concentration though 
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this is affected by the presence of CDOM which had a deepening impact on the 

trough. 

b. Calculation of Pearson's Product Moment showed that none of the hyperspectral 

features were solely related to any of the constituents (Table 6.1). It was found 

that chlorophyll was most strongly correlated with the hyperspectral features but 

the presence of other optically important constituents could perturb any 

relationship that existed between the chlorophyll concentration and 

hyperspectral feature in question. Neither the CDOM nor the MSS 

concentration could be retrieved from the hyperspectral features using simple 

linear relationships. 

The next stage of the investigation was to apply the features discussed above, 

observed in the theoretical models, to actual field measurements of hyperspectral 

R, 
5 
(0+). 

6.2. Spectral Shape Analysis of Field Measurements 

In this section field measurements were assessed to investigate whether they 

contained the same features as the Hydrolight modelled spectra. 

6.2.1. First Order Derivative Spectra of Field Measurements 

Field measurements of hyperspectral Ed (0+) and L� (0-) were averaged over a time 

interval in which there was a steady signal (typically 300 seconds) and L. (0-) 

measurements were extrapolated through the air-water interface using the equations 

set out in Chapter 3, section 3.1.6. Values of Ed (0+) and L. (0+) were put into 

equation (6.2) to calculate R 
rs 

(O+, A. ) : 
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R, (O+)= 
Ed 

(6.2) (Oý 

where R,, (0+) is the above-surface remote sensing reflectance measured in 

steradians (sr'). The hyperspectral R, 
c 
(0+) spectra were normalised by the 

maximum value occurring in each spectrum, smoothed using a three point centred 

moving average and differentiated with respect to wavelength. Figure 6.8 illustrates 

the results for selected stations with high concentrations of chlorophyll (0B03-13), 

CDOM (0B04-08) and TSS (BC05-14), along with an oceanic station (AM15-51) 

close to the centre of the South Atlantic gyre and a typical shelf sea station (SJ04-22) 

with average concentrations of chlorophyll, CDOM and TSS. Table 6.2 contains 

information on the concentration of the constituents found at these stations. The 

spectra measured at sea showed similar features to the modelled spectra in the 

previous section (6.1.1). For coastal and shelf sea waters, the first derivative 

spectrum between 400 and 455nm was positive but for the oceanic water the 

spectrum was negative. The trough between 560 and 615nm was present for most 

stations, but absent in the clear oceanic water as predicted by the models. Variation 

in the peak to trough height, located between 660 to 750nm, was also evident in the 

examples shown. The measured spectra all showed the features predicted by the 

theoretical models, the next stage was to examine the relationship between 

hyperspectral features and in-water constituents. 

6.2.2. Dependency of Spectral Features on Seawater Composition 

The dependency of the three hyperspectral features (the integral, FWHM and peak to 

trough), observed in the differentiated field measurements, upon seawater 

composition was investigated by calculating Pearson's Product Moment. Table 6.3 

contains the results of the correlation test. For the field data the integral was strongly 

negatively correlated with chlorophyll and was also negatively correlated with 
CDOM. It showed a small positive correlation with TSS. The FWHM did not show 

a strong correlation with any of the constituents but was found to be most strongly 

negatively correlated with TSS. The FWHM was also negatively correlated with 
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CDOM and showed no correlation with chlorophyll. The peak to trough height was 

shown to be strongly positively correlated with chlorophyll, and positively correlated 

with CDOM but to a lesser extent. TSS showed a small negative correlation with the 

peak to trough height. 

Pearson's Product Moment again shows that the hyperspectral features were not 

solely related to any individual in-water constituent. Chlorophyll was the constituent 

most strongly correlated with the hyperspectral features, the integral and peak to 

trough height, but any relationship that existed would be perturbed by the presence of 

CDOM or TSS. 

6.3. Water Type Discrimination Using Hyperspectral 

R, 
s 
(0+) Field Measurements 

The three most prominent hyperspectral features that occur in the differentiated 

spectra (the integral, FWHM and peak to trough height) were assessed as possible 

keys to water type classification. 

6.3.1. Discrimination between Open Ocean and Coastal Water 

Plots of the integral value between 400 and 455nm against the constituent 

concentrations revealed some interesting features, illustrated in Figure 6.9. In panel 

(A) the sign of the integral was negative for AMT 15 stations except three which 

have been identified as occurring on the European shelf and in the North African 

Upwelling. For all the stations in the open ocean the sign of the integral was 

negative. For the Oban 2003, Oban 2004, Sound of Jura 2004 and Bristol Channel 

2005 cruises the sign of the integral remained positive, in agreement with the 

prediction of the models in section 6.1.1. Plotting the integral against CDOM and 

TSS (with AMT 15 omitted) confirmed that where these constituents were present 

the integral remained positive. This was confirmed by plotting histograms of the 

integral value for each cruise (Figure 6.10). For cruises Oban 2003, Oban 2004, the 

Sound of Jura 2004 and the Bristol Channel 2005 the integral was always positive. 
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For the AMT cruise, Figure 6.10 panel (E), the majority of stations sampled had a 

negative integral. The three exceptions occurred on the European shelf and in the 

North African Upwelling. It was therefore possible to use the sign of the integral 

between 400 and 455nm to discriminate between open ocean and other waters. 

6.3.2. Cluster Analysis of Hyperspectral Derivative Features 

Occurring in Coastal Water 

For the Oban 2003, Oban 2004, the Sound of Jura 2004 and the Bristol Channel 2005 

cruises the possibility of differentiating between water dominated by different 

constituents (e. g. CDOM or TSS) was investigated. The optical properties of coastal 

waters are extremely dynamic and large variability exists in temporal and spatial 

scales. Estuaries and areas affected by strong tidal movement tend to have high TSS 

values due to re-suspension of sediments, whereas sea lochs can have high CDOM 

concentrations due to fresh water run-off from the surrounding land. As the 

composition of the water body varies, changing the values of the absorption and 

backscattering coefficients, the observed Rß (0') spectrum also varies, due to 

equation (5.7). The presence of optically important material can have a negative 

impact on algorithms designed to retrieve information about the water body. As a 

result of the complex nature of coastal waters, sub-classification is potentially 

important for targeting algorithms to specific water types. 

Pearson's Product Moment showed that no simple relationships existed between 

the hyperspectral features and the in-water constituents. However, performing a 

cluster analysis on the hyperspectral features using the Data Desk software package 

revealed four high level clusters which may be of use in discriminating between 

water types. Figure 6.11 illustrates the loglo transforms of the hyperspectral features 

plotted against one another. Panel (A) illustrates the integral plotted against the 

FWHM, (B) the integral plotted against the peak to trough height and (C) the peak to 

trough height plotted against the FWHM. Panel (D) of this figure illustrates the 

results of the cluster analysis performed on the hyperspectral features. The 

histograms contained in Figure 6.12 to Figure 6.15 illustrate the constituent 
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concentrations for each cluster of the hyperspectral feature identified in the cluster 

analysis. 

Cluster 1 

The first cluster, the points marked blue in the Figure 6.11, consisted of West of 

Scotland coastal waters sampled during the Oban 2003, Oban 2004 and the Sound of 

Jura 2004 cruises. Figure 6.12 contains histograms of the constituent concentration 

for this cluster. Stations found in this cluster typically had -a wide range of 

chlorophyll and CDOM concentrations with lower TSS values. 96% of stations had 

a chlorophyll concentration >_ 3 mg m-3 and 96% had TSS 54 mg 1-1 . 

Cluster 2 

The second cluster, the points marked red, have been identified as a mixture of West 

of Scotland and Bristol Channel stations. These Bristol Channel stations were 

sampled at the seaward end of the channel. Figure 6.13 illustrates the histograms of 

constituent concentration for this cluster. These stations tended to have low levels of 

chlorophyll, with the concentration being 5 3.0 mg m-'. The CDOM concentration 

was also low (50.6m-) with 81% of stations having a CDOM concentration 

: 50.2m-'. The TSS concentration was varied but generally high with 78% of station 

having a TSS 2!! 4mg1-' . 

Cluster 3 

In the third cluster, points coloured green, the majority of stations were found further 

up the Bristol Channel in muddier water. One of these stations was located off the 

coast of Anglesey in an area of the Irish Sea known for its high TSS levels (Bowers 

et al, 2002). Histograms of the constituent concentrations for this cluster are 

illustrated in Figure 6.14. This cluster contained stations with high TSS values, with 

78% having a TSS >_ 16 mg 1"' 
. 

The cluster also had low chlorophyll (<_ 2 mg m"3 ) 

and CDOM (<_ 0.4 m-') concentrations. 
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Cluster 4 

The fourth and last cluster, coloured cyan in Figure 6.11, comprised of stations from 

the Loch Creran area. Figure 6.15 contains histograms of constituent concentrations 

for this cluster. The chlorophyll concentration tended to be high, with 89% of 

stations having a concentration >_ 4 mg m-3 . The CDOM concentration was varied 

but 56% of stations had high CDOM values, 20.8m'. The concentration of TSS for 

stations in this cluster was low, with all stations having a TSS 54 mg I-'. 

Analysis of the four clusters occurring within the hyperspectral feature dataset 

revealed that the clusters were logically associated with the composition of the water 

body. However, there was no direct mapping between the constituent clusters 

identified in Chapter 4 and the hyperspectral feature clusters. This is due to the fact 

that no individual constituent was solely responsible for the variation in the 

hyperspectral features, as illustrated by the Pearson's Product Tests. Clusters I and 4 

were comprised of low TSS waters with generally higher and more varied 

concentrations of chlorophyll. Clusters 2 and 3 were generally comprised of stations 

with higher and more varied concentrations of TSS and with low levels of both 

chlorophyll and CDOM. The hyperspectral feature clustering did not show any 

obvious relationship with geography, though the Bristol Channel stations did get 

apportioned to the more turbid clusters (clusters 2 and 3). 

6.4. Examination of Normalised R, s 
(0+) Spectra for 

Clusters Derived From Hyperspectral Features 

By inspecting the hyperspectral R,, (0+) spectra obtained on the research cruises 

according to the hyperspectral feature classification schemes used in 6.3.2 it was 

possible to investigate whether the spectral shape observed was consistent with 

knowledge of the stations derived from other measurements. 
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6.4.1. Open Ocean Cluster 

Figure 6.16 illustrates the peak normalised hyperspectral R, 
s 
(0+) spectra for the 

open ocean stations sampled during the course of AMT 15. The spectral shapes 

illustrated in the figure were in keeping with the spectral shape that one would expect 

to observe for open ocean water, given the low concentration of constituents in the 

surface layer. However, examination of the hyperspectral derivative features and 

chlorophyll concentration revealed no simple relationships existed. This may be in 

part due to the low levels of chlorophyll present in the surface layer. 

6.4.2. Coastal Water Clusters 

Using the clusters obtained by analysis of the hyperspectral features of the derivative 

spectra the peak normalised field R, 
s 
(0+) spectra were plotted together on a single 

plot for each cluster. Figure 6.17 allowed the similarity in the spectral shape and any 

variations that occurred in and between each cluster to be assessed. 

Cluster 1 

Panel (A) illustrates the spectra for the first cluster, coloured blue on the tree diagram 

(Figure 6.5 panel (D)). This cluster was identified as water with a range of 

chlorophyll and CDOM concentrations but with low TSS. All the spectra in this 

panel show the solar stimulated chlorophyll fluorescence peak which indicates the 

presence of chlorophyll in the water. 

Cluster 2 

In panel (B), the second cluster which is marked red on the cluster analysis diagram, 

the stations were identified as low chlorophyll and CDOM water with a wider range 

of TSS concentrations. The absence of a clear chlorophyll fluorescence peak is 

consistent with this identification. 
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Cluster 3 

Panel (C) shows normalised spectra for the highly turbid stations of the third cluster, 

points marked green in Figure 6.9 (D). The absence of the chlorophyll fluorescence 

peak again indicates low chlorophyll content while the raised section at wavelengths 
longer than 600nm indicate more turbid water. 

Cluster 4 

Cluster 4, the points coloured cyan in the tree diagram, was more complicated. 

These stations generally had high concentrations of chlorophyll and/or CDOM and 

low TSS levels. The presence of a well established chlorophyll fluorescence peak 

was consistent with the high chlorophyll levels, though the fluorescence peak was 

less evident in the Oban 2004 stations. This could be due to suppression of the 

fluorescence peak by CDOM. For the Oban 2003 stations there was a bump in the 

spectra located around 430nm. This bump could be due to strong absorption by 

chlorophyll as chlorophyll has its main absorption band located in this spectral 

region. In the case of the Oban 2004 stations the spectral area between 350 and 

550nm appears to have been influenced by the strong absorption of CDOM. 

The spectral shape observed for each of the four clusters was generally representative 

of the content of the water body. It has already been established that the 

hyperspectral features of the derivative spectra were not uniquely related to the 

concentrations of the in-water components. Nevertheless, splitting the spectra up 

according to clusters derived from the hyperspectral features may prove useful for 

targeting remote sensing algorithms to optically complex water. 

6.5. Summary of Hyperspectral Feature 

Identification and Cluster Analysis 

a. Variations in the shape of hyperspectral spectra were investigated by 

normalising and differentiating the spectra. Differentiation was limited to the 

first order as higher order derivative spectra were too noisy to interpret. 
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b. Applying the normalisation and differentiation process revealed that similar 
hyperspectral features appeared in the field measurements and in the Iiydrolight 

models. 

c. Pearson's Product Moment revealed that none of the hyperspectral features of 
the derivative field measurements were solely related to the in-water 

constituents. 

d. The extent to which the three hyperspectral features (the integral, the FWHM 

and the peak to trough height) could be used as a water type classifier was 
investigated. Results of this investigation revealed that the integral could be 

used to differentiate between open ocean and other waters. 

e. Analysis of the shelf sea stations was more complicated. Cluster analysis of the 

hyperspectral features did reveal four clusters which were linked to the 

composition of the water body. The spectral shape of these clusters was 

generally representative of the composition of the water body. 

The next objective was to investigate the possibility of retrieving quantitative 

information on the water body using standard remote sensing algorithms and to 

assess whether the hyperspectral clusters were useful for targeting remote sensing 

algorithms to different water types. 

144 



CHLOROPHYLL CDOM MSS 

Integral between 
-0.83 0.18 -0.05 400 and 455nm 

FWHM between 
0.66 -0.57 -0.32 560 and 615nm 

Peak to trough 

height between 0.90 0.31 0.06 

660 and 750nm 

Table 6.1. Pearson's Product Moment correlation coefficients calculated for 
Hydrolight runs conducted for Case 2 waters containing chlorophyll, CDOM and 
MSS. 
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STATION ID CHLOROPHYLL (mg m-3) CDOM (m-') TSS (mg 1-' 

0B03-13 10.5 0.6 2.1 

0B04-08 4.7 1.9 2.7 

SJ04-22 2.2 0.4 3.5 

AM 15-51 0.2 N/A N/A 

BC05-14 0.9 0.2 38.6 

Table 6.2. Near-surface concentrations of optically active constituents 
for the stations illustrated in Figure 6.8. 
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CHLOROPHYLL CDOM TSS 

Integral between 
-0.71 -0.49 0.22 

400 and 455nm 

FWHM between 
0.06 -0.27 -0.55 560 and 615nm 

Peak to trough 

height between 0.78 0.39 -0.21 
660 and 750nm 

Table 6.3. Pearson's Product Moment correlation coefficients calculated for coastal 
water dataset containing information on the Oban 2003, Oban 2004, Sound of Jura 
2004 and Bristol Channel 2005 research cruises. 
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Figure 6.2. (ii) First derivative of normalised hyperspectral R,, (0') spectra for 

case 2 waters containing chlorophyll and CDOM. In panel (A) Chi =0 mg m' 
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Chapter 7: Assessment of the Performance 

of Multispectral Remote Sensing 

Algorithms in Coastal Waters Using Data 

Derived From Hyperspectral Reflectance 

Measurements 

Pearson's Product Moment revealed that the hyperspectral derivative features were 

not solely related to any single in-water constituent. Therefore, no simple 

relationships existed that would allow the retrieval of constituent concentration 

(chlorophyll, CDOM and TSS) form the hyperspectral derivative features. Remote 

sensing algorithms designed to retrieve, for example, chlorophyll concentration can 

be perturbed by the presence of other material in the water body. In this chapter 

examples of current remote sensing algorithms are applied to the coastal water 

dataset to assess the extent to which accurate information about the water body can 

be retrieved. The extent to which improved information on constituent 

concentrations can be retrieved from hyperspectral remote sensing reflectance signals 

using hyperspectral features is also investigated in this chapter. 

Shelf seas and coastal water contain a mixture of optically important 

components which influence ocean colour and water leaving radiance. Algorithm 

development for such areas is difficult due to the wide variety of water types that can 

exist. Therefore, targeting algorithms to specific water types is potentially important 

in such optically complex water. A number of remote sensing algorithms were tested 

on data from shelf sea and coastal waters to assess the extent to which quantitative 

information about the in-water constituents could be gained. The four clusters 

identified in the analysis of the hyperspectral derivative features made it possible to 

investigate how well the algorithms worked in the different water types identified. 
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7.1. Chlorophyll a Algorithms 
Four chlorophyll a algorithms were tested, SeaWiFS OC4V4, MODIS Chlor a 2, 

MODIS Chlor a3 and MERIS OC4E. For each of these algorithms hyperspectral 

data was binned into the necessary wavebands and substituted into the appropriate 

equation. The calculated values (algorithm) were then plotted against in situ 

measurements of chlorophyll a, together with a 1: 1 line and linear regression line. 

7.1.1. SeaWiFS OC4V4 

The SeaWiFS OC4V4 algorithm (O'Reilly eta!, 1998; O'Reilly eta!, 2000) is a four 

band reflectance ratio algorithm which takes the form: 

Chl ROC4V4 -100.366-3.0678+1.93082+0.649R3-1.53284 (, 1 
- 

where R is the logo of the maximum band ratio: 

R, (443) Rn (490) R� (510 
(7.2) R =1og, o max R,, (555)'R,., (555)'R,, (555 

and R� (A) is the remote sensing reflectance at wavelength A. 

Figure 7.1 panel (A) illustrates the results of the comparison between OC4V4 

and measured values of chlorophyll a. Clusters 3 and 4, water with high values of 
TSS or CDOM and chlorophyll, produce badly overestimated values of chlorophyll 

using OC4V4. This is a problem known to occur in highly turbid water (Wozniak 

and Stramski, 2004; Doxaran et al, 2004; Dall'Olmo et al, 2005). Removal of these 

clusters from the analysis produced an improved agreement between the calculated 

and measured values with a R2 = 0.64. The 1: 1 line shows that the OC4V4 

algorithm tends to overestimate the chlorophyll concentration in the shelf sea stations 

sampled. 
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7.1.2. MODIS Chlor a2 

The next chlorophyll algorithm tested was the MOD1S Chlor a2 (MOD-21, 

parameter 26) from Carder et al, 1999. This is a three band reflectance ratio 

algorithm which takes the form: 

Chl ach oa2= 
100.283-2.753R+1.457R=+0.659R3-1.403R4 (7.3) 

where R is the log10 of the maximum band ratio: 

R= log lo 
(443) R, 

5 
(488) 

(7.4) 
[max[ 

R 
,s 

(551)' R� (551) 

and R,, (A. ) is the remote sensing reflectance at wavelength A. 

Figure 7.2 panel (A) illustrates the results of plotting the calculated values 

against the measured in situ values. For water heavily influenced by TSS or CDOM 

and chlorophyll (clusters 3 and 4 respectively) the algorithm produced very high 

estimates of the chlorophyll a concentration. Removing clusters 3 and 4 and 

performing a simple linear regression gave a R2 of 0.58 with a gradient of 0.85. The 

MODIS Chlor a2 algorithm, like OC4V4, overestimates the chlorophyll a 

concentration in these waters. 

7.1.3. MODIS Chlor aj 
The second MODIS algorithm tested was Chlor a3 (MOD-21, parameter 27, 

Carder et al, 1999) which takes the form: 

0289-3.20R41.2R2 

where R is given by: 

R� (488) 
R =logto (7.6) R� (551) 
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and R,, (A) is the remote sensing reflectance at wavelength A. 

Figure 7.3 shows the calculated chlorophyll a values regressed against the 

measured in situ values for this algorithm. Panel (A) contains information with all 

the clusters included. Panel (B) shows the results of performing a linear regression 

using only clusters 1 and 2. This revealed a RZ of 0.59 and a gradient of 1.13. The 

algorithm overestimates chlorophyll a concentrations even with clusters 3 and 4 

removed. 

7. i. 4. MERIS OC4E 

The four band reflectance ratio used by MERIS, OC4E, takes the form: 

Chl aocaE =100.368-2.8148+1.456R2+o. 768R3-i. z92R' (7.7) 

where R is the log10 of the maximum band ratio: 

R=1 
[R. (443) 

,,, 
R, 

s 
(490 R� (510 

(7.8) og, o max R, 
5 
(560)'R,, (560)'R,, (560 

and R� (A) is the remote sensing reflectance at wavelength A. 

Figure 7.4 illustrates the algorithm chlorophyll values plotted against the 

measured values. As with the previous algorithms, clusters 3 and 4 give 

overestimations of the chlorophyll a concentration. Removing these clusters results 

in improved agreement between the calculated and measured values (Figure 7.4 

panel (B)), with a R2 of 0.64 and gradient of 0.83. This is the best R2 value 

observed for any of the four chlorophyll algorithms tested. As with previous 

algorithms, the calculated values of chlorophyll tend to be an overestimation of the 

measured values. 

7. i. 5. Chlorophyll a Algorithm Review 

None of the remote sensing algorithms tested were successful at retrieving accurate 

estimates of the chlorophyll a concentration. Clusters 3 and 4, the highly turbid 
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waters dominated by TSS or CDOM and chlorophyll, produced large overestimates 
of the chlorophyll a concentration when the remote sensing reflectance band ratio 

algorithms were applied. In all cases removing these clusters improved the 

agreement observed between the calculated and measured chlorophyll a values. 

Table 7.1 contains information on the gradient and R2 values obtained for each 

algorithm. The MERIS OC4E algorithm gave the best R2 value (0.64) with a 

gradient that was reasonably close to one (0.83). The algorithms tested here all 

overestimated the in situ chlorophyll a concentration even with clusters 3 and 4 

removed, and the MODIS Chlor a3 algorithm performed particularly poorly in this 

respect. 

7.2. MODIS Absorption Algorithms 

MODIS documentation also provides algorithms for the retrieval of the absorption 

coefficient at 675nm for phytoplankton and at 400nm for CDOM. The algorithms 

provided for the absorption coefficient estimations are tested in this section by 

comparing the values calculated to the measured in situ data. 

7.2.1. Phytoplankton Absorption Coefficient 

According to Carder et al (2003) the phytoplankton absorption coefficient at 675nm 

can be estimated using the following equation: 

aphYSO (675) = 0.328 x 
(iý0919+1.037p1, _(0.407x(P�)')-3.5318, +(1.702x(o�)3) 

_ 0.08 (7.9) 

where p are log10 of the ratio of the remote sensing reflectance of MODIS channel 

i to charnel j. 

Substituting the necessary values into equation (7.9), it was possible to calculate 

values of a,,, ß, 0 
(675). These values were then plotted against measurements of 

ap,,., 0 
(675) obtained using the filter pad absorption technique (Chapter 3 section 

3.2.2) and corrected for the effects of pathlength amplification (Chapter 3 section 
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3.2.3). Figure 7.5 (A) illustrates this. From the figure it can be seen that, with the 

exception of cluster 3, the MODIS algorithm (equation (7.9)) tends to underestimate 

the value of a p,, 0 
(675). In panel (B) cluster 3 (high TSS stations in the Bristol 

Channel) has been removed and a linear regression conducted. The linear regression 

yielded a gradient of 0.34 and R2 of 0.51. The low gradient and RZ values showed 

that the MODIS aps�0 (675) algorithm did not provide accurate estimates of the 

absorption by phytoplankton at 657nm. 

It should be noted that the Oban 2004 stations were not included in this analysis 
due to the poor quality of filter pad absorption data. 

7.2.2. CDOM Absorption Coefficient 

An algorithm for the estimation of the absorption by CDOM at 400nm (MOD-21, 

parameter 30) is set out in Carder et al (2003) and takes the form: 

ac 400) = 1.5 x 
(10 LI47-1.963pig+alx(q, pý+o. as6ý, +(1.7ozx(g, )')1 

TX, M 
( 

/I 
(7.10) 

where p. are logo of the ratio of the remote sensing reflectance of MODIS channel 

i to channel j. 

The calculated values were plotted against the measured values of ac, 004, 
(400) 

in Figure 7.6. Panel (A), with all clusters included, shows relatively good agreement 

between the calculated and measured values. In panel (B) a linear regression on all 

the clusters produced a good RZ value of 0.91 and gradient of 0.70. Performing 

individual linear regressions on each cluster (data not shown) revealed that cluster 2 

had the poorest agreement between the calculated and measured values of 

acWM (400). Panel (B) also revealed that at higher CDOM concentrations the 

calculated values tend to be underestimated. In panel (C) cluster 2 has been removed 

and regression repeated. Removing cluster 2 only slightly improved the agreement 

between the calculated and measured values, with a R2 value of 0.91 and gradient of 

0.71. The good R2 value and reasonably good gradient showed that the algorithm 
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provided reasonable estimates of acWM (400), inspection of Figure 7.6 panel (C) 

revealed that higher CDOM concentrations (>_ 1 m-') tended to be underestimated. 

7.2.3. Absorption Coefficient Review 

The MODIS algorithm for ap,,,, 0 
(675) underestimated these values when compared 

with the in situ filter pad data. The exception to this was cluster 3. Cluster 3 was 
identified as turbid water with high TSS concentrations and low levels of 

chlorophyll. However, the CDOM algorithm worked well. It appears that retrieval of 

acDoM (400) is possible in shelf sea waters using remote sensing algorithms. 

7.3. SeaWiFS Kd (490) Algorithm 

7.3.1. SeaWiFS Kd (490) Algorithm Performance 

An algorithm for Kd (490) 
, the diffuse attenuation coefficient for downwelling 

irradiance at 490nm, was first developed by Austin and Petzold (1981) for use with 
CZCS (Coastal Zone Colour Scanner) data. Mueller and Trees (1997) adapted the 

algorithm for use with SeaWiFS wavebands and the current algorithm (Mueller, 

2000) takes the form: 

Kd (490 = 0.016+ a 
nl'"' (490) b 

(7,11) 
nLw (555 

where 0.0 16 is the diffuse attenuation coefficient at 490nm for pure water, nL� (A) is 

the normalised water leaving radiance at wavelength %, a and b are derived 

constants which take the value of 1.5645 and -1.5401 respectively. 

In order to calculate Kd (490) using equation (7.11) it was first necessary to 

calculate values of the normalised water leaving radiance, nL,,, (A), at the appropriate 

wavelengths. nL,,, (A. ) was calculated using the following equation: 
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nL� (A) = L, 
r 
(A) xE 

(ýý 
(7.12) 

s( 

) 

where Lx, (A) is the water leaving radiance at wavelength A, E, (A) is the surface 

irradiance value at wavelength A and FO (A) is the mean extraterrestrial solar 

irradiance at wavelength A. FO (A) values were found to be equal to 2.009 and 

1.899 W m-2 nm-' for 490 and 555nm respectively (Werhli, 1985). 

Measured values of Lw, (A) and Es (%) (taken here as the value of Ed (0+, A), the 

downwelling irradiance just above the sea surface) were binned into the SeaWiFS 

490 and 555nm wavebands. The appropriate values of nL. (A) were calculated 

using equation (7.12), and substituted into equation (7.11) to calculate Kd (490) 
. 

Calculated values of Kd (490) were then compared with in situ measurements of 

Kd (490) made using either the Satlantic HyperPro (Oban 2003) or the Satlantic 

SPMR (Sound of Jura 2004 and Bristol Channel 2005). No profiling radiometric 
data was available for the Oban 2004 cruise, which was omitted from this analysis. 

In situ measurements of Kd (490) were made at a depth of either 2 or 3m. Figure 

7.7 illustrates the relationship between the SeaWiFS algorithm Kd (490) values and 

the in situ measurements of Kd (490) 
. Overall there is no good relationship between 

the calculated and measured values, but two distinct branches can be seen. These 

branches correspond to (A) clusters 1 and 4 (low TSS and a range of chlorophyll and 

CDOM), and (B) clusters 2 and 3 (waters with high values of 'ISS with low 

concentrations of chlorophyll and CDOM). For the branch consisting of clusters 2 

and 3 the algorithm grossly underestimated the values of Kd (490) 
. Mueller (2000) 

states that SeaWiFS Kd (490) algorithm values greater than 0.25m-' should be 

regarded with caution. 
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7.3.2. Kd (490) Tuned Dual Algorithm 

In situ measurements of Kd (490) were plotted against the nL,,, waveband ratio used 

in equation (7.11) in Figure 7.8. Two branches were again observed to occur 

composed of (A) clusters 1 and 4 for the lower branch and (B) clusters 2 and 3 for 

the higher branch. Curves were fitted through the set of branches (Figure 7.9) and 

the a and b coefficients of the Kd (490) algorithm (equation (7.11)) were tuned to 

better suit the two branches, thus providing us with a dual algorithm enabling the 

retrieval of Kd (490) 
. For waters with low TSS and a wide range of chlorophyll and 

CDOM values (clusters 1 and 4) the curve fitting procedure produced the following 

coefficients: 

a=0.138113 
b= -2.57586 
R2 = 0.69 

For clusters 2 and 3, the high and varied concentrations of TSS with low values of 

chlorophyll and CDOM, the following coefficients were found: 

a=0.189054 
b= -6.22841 
R2 = 0.94 

Figure 7.9 shows the results of the curve fitting procedure and Table 7.2 contains 

information on the a and b coefficients of equation (7.11) for the standard SeaWiFS 

Kd (490) algorithm and for the tuned dual algorithm for our dataset. The tuned dual 

Kd (490 algorithms for the data can be written as: 

Clusters 1 and 4: Low TSS with varied chlorophyll and CDOM. 

-z. s7sss 

Kd (490)C14 = 0.016+0.138113 nk (490 

nk (555 (7.13) 

Clusters 2 and 3: High and varied TSS with low chlorophyll and CDOM. 
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1nL,,, (490) j6.22841 

Kd (490)C23 = 0.016 + 0.189054 
nI.. (555) (7.14) 

In order to check the performance of the dual Kd (490) algorithm the calculated 

values were plotted against the in situ measurements of Kd (490) (Figure 7.10). 

This is a marked improvement on the standard SeaWiFS Kd (490) algorithm 

performance with the dual algorithms producing gradients very close to one, 0.96 in 

both cases, with R2 values of 0.62 in panel (A) for clusters I and 4 and 0.94 in panel 
(B) for clusters 2 and 3. 

7.4. Summary 

a. The four clusters identified from the hyperspectral measurements enabled the 

operation of standard remote sensing algorithms in optically complex water to be 

assessed. 

b. The chlorophyll algorithms tested (SeaWiFS OC4V4, MODIS Chlor a 2, 

MODIS Chlor a3 and MERIS OC4E) produced substantial overestimates in 

the chlorophyll a concentration when applied to clusters 3 and 4. Removing 

these clusters improved the relationship observed between the algorithm and 

measured values of chlorophyll a, but the algorithms tested still tended to 

overestimate the chlorophyll a concentration. The MERIS OC4E algorithm 

performed the best on this dataset with a gradient of 0.83 and R2 of 0.64. 

c. The MODIS a,.,, y0 
(675 algorithm underestimated a, 0 

(675 for each of the 

hyperspectral clusters except cluster 3. However, the MODIS a(WA, (400 

algorithm was successful at retrieving accurate values of the absorption 

coefficient of CDOM at 400nm in coastal water. 
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d. The SeaWiFS Kd (490) algorithm (Mueller, 2000) underestimated Kd (490) 

values. Two branches were observed in Figure 7.7 which were identified as (A) 

clusters 1' and 4, and (B) clusters 2 and 3. Considering these two branches 

independently new a and b coefficients were obtained, thus providing a tuned 

dual Kd (490) algorithm to apply to the dataset. 

e. From the work carried out in this chapter it appears that the majority of standard 

remote sensing algorithms fail when applied to the coastal water dataset. The 

exception to this was the MODIS aC M 
(400) algorithm. The hyperspectral 

derivative feature classification of water types can help show why remote 

sensing algorithms break down in certain water types (e. g. due to high turbidity) 

and can be useful in the targeting of algorithms to different water types in 

coastal and shelf sea waters. 

179 



ALGORITHM GRADIENT OFFSET Rz 

SeaWiFS OC4V4 0.75 1.96 0.64 

Terra MODIS Chlor a2 0.85 1.81 0.58 

Terra MODIS Chlor a3 1.13 1.66 0.59 

MERIS OC4E 0.83 1.81 0.64 

Table 7.1. Linear regression parameters for reflectance band ratio algorithm 
calculations of chlorophyll a plotted against measured in situ chlorophyll a 
concentration. Linear regressions were carried out using data from clusters 1 and 2 
only. 
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ALGORITHM A B 

SeaWiFS Kd (490 0.15645 -1.5401 

Tuned Kd (490 for Clusters 1 and 4 0.138113 -2.57586 

Tuned Kd (490) for Clusters 2 and 3 0.189054 -6.22841 

Table 7.2. a and b coefficients for the Kd (490) algorithm (equation (7.11)). The 

coefficients listed in the table above are for the current SeaWiFS Kd (490) algorithm 

provided by Mueller (2000) and for the tuned dual algorithm for the dataset 
investigated in this chapter. 
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Figure 7.1. SeaWiFS OC4V4 algorithm applied to shelf sea data. Panel (A) 
shows the comparison between the calculated (algorithm) values and all four 
hyperspectral clusters. Panel (B) contains information on clusters I and 2 only. 
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. Both panels 
illustrate the result of performing curve fitting on the dataset in order to determine 

new a and b coefficients and tune the standard SeaWiFS Kd (490) algorithm to 
improve its performance in these water types. Panel (A) is for clusters I and 4, 
low TSS water with variable concentrations of chlorophyll and CDOM. Panel (B) 
is for clusters 2 and 3, high and varied TSS water with low concentrations of 
chlorophyll and CDOM. 
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Chapter 8: Factors Influencing the 

Magnitude of Solar Stimulated 

Fluorescence Line Height in Coastal 

Waters 

In previous chapters it was noted that the presence of chlorophyll in the water body 

could produce a red peak in the water leaving radiance and remote sensing 

reflectance spectra. This red peak is caused by chlorophyll fluorescence (Neville and 

Gower, 1977; Gordon, 1979). Recently it has become possible to measure 

chlorophyll fluorescence on a global scale using satellites such as MODIS and 

MERIS (Abbott and Letelier, 1999; Bricaud et al, 1999; Huot et al, 2005). It has 

been suggested that chlorophyll fluorescence line height (FLH) may be of particular 

use in case 2 waters where CDOM and SPM can interfere with standard chlorophyll 

band ratio algorithms (Gower et a!, 1999). In this chapter FLH measurements in 

coastal and shelf sea water will be investigated and the effects of other optically 

important components, such as CDOM and SPM, on FLH will be considered. 

8.1. Fluorescence Line Height 
It has been suggested (Kishino et al, 1984; Culver and Perry, 1997; Gower et at, 
1999; Gower et al, 2004) that the magnitude of the fluorescence signal can be related 
to the pigment concentration (chlorophyll a) of the water body. In this section the 

relationship between chlorophyll FLH and the chlorophyll a concentration is 

examined. 
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8.1.1. Definition of Fluorescence Line Height 

Chlorophyll fluorescence occurs in the red with its peak centred at 685nm (Gordon, 

1979), but FLH is not simply the value of the water leaving radiance or remote 

sensing reflectance signal at this wavelength. It is first necessary to define a baseline 

for the signal present in the absence of chlorophyll fluorescence. The value of the 

radiance or reflectance at the baseline must then be subtracted from the fluorescence 

peak in order to calculate FLH. A linear baseline is generally used, calculated by 

choosing two wavelengths on either side of the fluorescence band and extrapolating 

between them. Different remote sensing satellites, such as MODIS and MERIS, use 

different wavebands for the linear baseline extrapolation. They also require a 

weighting factor to be applied to the FLH as the fluorescence is measured in a 

waveband which is off the centre of the actual peak (Gower et al, 2004). In this 

study the baseline wavelengths chosen were 650nm and 740nm and the fluorescence 

peak was found to occur at 685nm. Figure 8.1 illustrates the position of the 

wavelengths, baseline and FLH. The baseline and FLH were calculated as follows: 

Baseline Lx, (2f)=L. (. Z, )- x(-If-. Z, ) (8.1) 

and 

FLHL,, (A, 
f)=Lw(Af)-Baseline L,, (Af) (8.2) 

where Lx, is the water leaving radiance (this can be replaced by the remote sensing 

reflectance), A, is 650nm, 22 is 740nm and 2j is 685nm . 

8.1.2. Relationship between FLH and Chlorophyll Concentration 

Figure 8.2 shows FLH, calculated from the water leaving radiance spectra, plotted 

against in situ measurements of the chlorophyll a concentration. The figure indicates 

that no simple linear relationship exists in coastal water that would enable the 

chlorophyll a concentration to be estimated from the FLH measurement. There 
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remains the possibility, however, that FLH measurements may provide information 

on the physiological status of phytoplankton populations. 
Letelier et al (1997) (see also Abbott and Letelier, 1999) suggested that plotting 

the fluorescence per unit chlorophyll against the photosynthetically available 

radiation (PAR) could produce a relationship whose initial slope is proportional to 

the quantum yield of fluorescence. This procedure is illustrated in Figure 8.3 panel 

(A). In this figure two groups of outliers were identified, originating in the Bristol 

Channel and in West of Scotland fjords (upper Loch Etive and Loch Creran). 

Ignoring these outliers, it is possible to plot a function of the form suggested by 

Smith (1936) through the data: 

y_ 
Y.. XY'f'X 

(8.3) 
J(ymax)2 

+(ofx)Z 

In equation (8.3) y is the FLH per unit chlorophyll (FLH/Chl) 
,x 

is the PAR at the 

surface and of is the quantum yield of fluorescence. For Figure 8.3 panel (A) ym. 

was set to 5.5 x 10-5 Wm mg-' nm-' sr ' and the value of of, found here to be 4.6%, 

was calculated from the initial linear slope. The function fitted was broadly similar 

to that obtained by Letelier et al (1997) and Abbott and Letelier (1999) but the 

observations were spread widely around the fitted curve. 

As an alternative FLH was plotted against the product of PAR and chlorophyll a 

concentration and a linear relationship with a R' = 0.78 was obtained (Figure 8.3 

panel (B)). This graph shows that FLH is strongly linearly correlated with PAR and 

chlorophyll, with the magnitude of the FLH signal depending upon both properties. 

It is noted that the Scottish fjord group of outliers do not conform to this relationship, 

though the Bristol Channel group do, showing that another factor is influencing this 

relationship in these waters. 
The above relationships and regressions do not help with the retrieval of the 

chlorophyll a concentration as this parameter is included in the calculations. 

However, the spread of the data points in Figure 8.2 and Figure 8.3 helps 

demonstrate that chlorophyll and PAR are not the only parameters that influence the 

magnitude of the FLH signal. 
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8.2. Optical Parameters Affecting FLH 
From Figure 8.2 it was clear that no simple relationship existed between FLH and 
chlorophyll a concentration in the coastal waters sampled. The influence of other 
optically important parameters on FLH was therefore investigated. 

8.2.1. Water Transparency 

L Influence of Non-algal Material on FLHfrom Radiance Transfer Modelling 

In order to investigate the effect of CDOM and MSS on FLH in the absence of 

complicating factors such as varying solar angle or PAR levels, a batch of Hydrolight 

runs were conducted in which only the CDOM or MSS concentration were varied. 
The Hydrolight runs followed the procedure laid out in section 5.1.2. To investigate 

the effect of CDOM, the chlorophyll concentration was set equal to 10 mg m-3 , the 

MSS concentration to 0 mg 1-' and the CDOM a (440 value was varied between 0.1 

and 2m-. 
. For the MSS investigation the chlorophyll concentration was held 

constant at 10mgm-3, the CDOM at Om-'and the MSS concentration was varied 

between I and 10mg1-'. Table 8.1 contains information on the concentrations of 

CDOM and MSS used. Figure 8.4 shows (FLH/Chl) plotted against CDOM in 

panel (A) and against MSS in panel (B). In both cases as the CDOM or MSS 

concentration increases the (FLH/Chl) decreases. This is probably because CDOM 

and MSS absorb blue photons which would otherwise be absorbed by phytoplankton 

and contribute to chlorophyll fluorescence. 

From these tiydrolight runs it can be concluded that both CDOM and MSS 

reduce (FLH / Chl) and that this effect increases with the concentration of both 

substances. 
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ii. Optical Clarity of the Water Body 

Using Kd (490) as an indicator of the optical clarity of the water body it was 

possible to investigate how the FLIT varied as the water became more turbid. A plot 

of (FLH/Chl) against Kd (490) was made from the Hydrolight runs (Figure 8.5). 

As expected (FLH / Chl) decreased as the water body became more turbid. For a 

given Kd (490) value MSS had a greater attenuating effect on the FLIT than CDOM 

due to the fact that it both absorbs and scatters light and therefore has a greater 
diminishing effect on FLH. Included in this plot are the in situ measurements of 

(FLH / Chl) plotted against Kd (490) 
. The in situ measurements had a much smaller 

(FLH/Chl) than the modelled values even though the in situ values of Kd (490) 

were generally smaller. This is probably due to factors such as varying solar angle 

and PAR values which influenced FLH in the field measurements but were held 

constant in the Hydrolight models. 

iii. Exposure to Incident Irradiation 

During the Oban 2004 cruise, which was focussed on measuring the solar stimulated 

chlorophyll fluorescence leaving the surface of the water body, two data series were 

obtained which captured (a) a transition between dull overcast skies to clear bright 

skies as a step function and (b) an episodic mixture of cloudy and clear skies. These 

measurements allowed variations in chlorophyll fluorescence with light history to be 

investigated. The location of these stations (13 and 12) is illustrated in Figure 4.2. 

The measurements of Ed and L. were recorded at slightly different times due to the 

differing integration time of the instruments. A linear interpolation was carried out 

to ensure that the radiometric measurements were coincident in time, and a3 point 

moving average was applied to smooth out some of the noise. The chlorophyll 

concentration was assumed to be constant during the period when the time series 

measurements were acquired. 
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Oban 2004 Station 13 

The simpler case of a single sharp transition between dull and bright sky conditions 

was investigated first. Data were recorded at Station 13 (Loch Creran), Oban 2004. 

Figure 8.6 contains plots of (1) PAR, (2) (FLH/Chi) and (3) (FLH/Chi) divided 

by PAR (indicated here as x) as a function of time. Looking at panels (1) and (2) it 

can be seen that when the PAR levels are low (section A), the (FLH/Chi) is also 

low. Between 11: 25: 28 and 11: 26: 48 there is a transitional stage when the cloud 

clears. Once the skies have cleared there is a substantial increase in the PAR levels, 

with values averaging around 1400 pmol photons m-2 s-' . 
When the PAR values 

increase the (FLH / Chl) also increases (sections C and D) confirming that the 

(FLH / Chl) depends upon the incident PAR level. One interesting feature is that 

just after the skies have cleared there is a short period of time, labelled as section C 

on the figures, where (FLH / Chi) is slightly higher than that illustrated in section D, 

which shows a relatively constant (FLH / Chi). It is hypothesized that the decrease 

from the elevated level to the stable level is due to non-photochemical quenching as 

the phytoplankton cells adapt to the increased PAR levels. Panel (3) shows that the 

is value ((FLH / Chl) divided by PAR) is fairly constant with time, with the 

exception of the transitional stage (section B), and only slightly higher under the 

clear sky conditions (section D) than under cloudy conditions (section A). Again it 

should be noted that there is an elevated area which occurs in conjunction with the 

increase in (FLH /Chl) just after the skies have cleared (section Q. 

Oban 2004 Station 12 

Data at this station (Creagh Islands, near the southern tip of Lismore) were recorded 

under fluctuating light conditions. Figure 8.7 illustrates plots of (1) PAR, (2) 

(FLH I Chl) and (3) K as a function of time. By choosing a threshold value of PAR 

to indicate the beginning and end of a bright phase it is possible to divide the record 
into bright sunlight conditions and darker sky conditions. The value of PAR chosen 

was600pmol photons m-2 s-' . In panel (1) of Figure 8.7 the periods of bright light 
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are marked B1, B2 and B3, and the dark periods are marked D) and D2. Panel (2) 

illustrates the response of the (FLH / Chl) as function of time to the changing PAR 

conditions. From this panel it can be seen that as the PAR values increase so does 

the (FLH / Chl) 
, as was found in the previous section. On the second and third 

bright (B2 and B3) episodes there is an initial increase in the (FLH / Chl), followed 

by a reduction with time. This reduction may be due to the photo-adaptive response 

of the phytoplankton cells (i. e. non-photochemical quenching mechanisms). Panel 

(3) of Figure 8.7 again illustrates the photo-adaptation of the phytoplankton cells to 

the variation in incident irradiation condition. In the bright phases (B,, B2 and B3 ) 

K initially starts high and decreases as the bright conditions persist, i. e. the 

fluorescence decreases. In the dark stages (DI and D2) the x value begins low and 

gradually increases due to a recovery in the fluorescence. This is not as clear in the 

second dark phase (D2) as it is a more noisy period, i. e. intermittent light conditions. 

Again it is noted that the jr varies with the alternating light conditions but not to the 

same extent as the (FLH / Chl). 

These data show that the relationship between PAR and (FLH/Chl) is not 

fixed, but varies according to the history of light exposure of the phytoplankton cells. 

8.3. Summary 

a. For the coastal waters sampled during this research project FLH was not 

correlated with chlorophyll a concentration. 

b. For the data gathered in this project a relationship similar to that of Letelier et a! 
(1997) was obtained. These authors found that a plot of fluorescence against 
PAR could be fitted by a function with an initial slope proportional to the 

quantum yield of fluorescence. However, regressing (FLH / Chl) against PAR 

did not explain all of the variation observed in the FLu measurements. 
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c. Simulations using the Hydrolight computer package showed that the presence of 

CDOM or MSS had a diminishing effect on (FLH / Chl) , and as Kd (490 

increased the (FLH/Chl) decreased. Inclusion of the in situ data in this plot 

suggested that under natural conditions this relationship is complicated by 

factors such as varying solar angle and PAR conditions. 

d. Time series measurements of (FLH/Chl) under different incident irradiation 

showed that changes in the (FLH /Chi) mapped reasonably well onto changes 

in PAR. However, at the onset of bright light conditions the (FLH/Chl) 

decreased as the phytoplankton cells photo-adapted to the brighter irradiance 

conditions. This is probably due to non-photochemical quenching. During 

periods of darkness the (FLH / Ch1) was shown to recover. 

e. The relationship between PAR and FLH in a given body of water was found to 

vary according to the history of recent light exposure of the phytoplankton 

population. 
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COMPONENT CONCENTRATION 

CDOM 0.1,0.25,0.5,0.75,1,1.25,1.5 and 2m-' 

MSS 1,2.5,5,7.5 and 10mg1-' 

Table 8.1. Hydrolight investigations into the impact of non-algal material on FLIT. 
Concentration of CDOM and MSS used in Hydrolight runs to conduct the 
investigation into the impact of non-algal material on (FLH / Chl). 
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Chapter 9: Discussion, Conclusions and 

Recommendations for Further Work 

9.1. Summary of the Work Conducted 

Hyperspectral radiometric data were measured in a variety of water types and for a 

wide range of geographic locations. This produced a unique hyperspectral dataset 

which encompassed the oceanic waters of the Atlantic, the clear waters of the South 

Atlantic gyre, the chlorophyll dominated waters of the North African Upwelling, the 

turbid sediment dominated waters of the Bristol Channel and the diverse waters of 

the West coast of Scotland. Information on the IOPs and composition of the 

seawater were also collected during field trips. As technology improves it seems 
likely that hyperspectral profiling instrumentation will become more feasible. 

Hyperspectral radiometric data successfully collected at the surface allowed the 
following questions to be investigated: 

" Do inelastic processes affect the hyperspectral R� (0') spectra? 

" Are there significant discrepancies between hyperspectral and multispectral 

spectra? 

" Can information on the composition of the water body be extracted using 

hyperspectral data? 

" Can binned hyperspectral data be used to test remote sensing algorithms for a 

variety of ocean colour sensors in coastal waters? 

" Does the increased resolution of FLH provided by hyperspectral sensors 

provide information on mechanisms determining its variation in coastal 

waters? 
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9.2. Main Conclusions 

Hyperspectral Rrs (0+) spectra were investigated using the Hydrolight radiance 

transfer computer package and by examination of field spectra. 

9.2.1. Radiance Transfer Modelling of Inelastic Processes 

A batch of Hydrolight runs were conducted to investigate the effects of inelastic 

scattering processes on the R, 
s 
(0+). The following observations were made: 

a. The effect of Raman scattering on the R,, (0+) spectra was small, though it 

may be of importance deeper down in the water column. 

b. CDOM fluorescence can be an important feature of the R� (0+) spectra at 

high CDOM concentrations and low levels of chlorophyll and MSS. Due to the 

spectral location of CDOM fluorescence the signal was susceptible to 

attenuation by other in-water constituents. 

c. Chlorophyll fluorescence generates a peak in the R,, (0+) spectra in the red, 

though this peak can be attenuated by CDOM and MSS. 

9.2.2. Comparison of Hyperspectral and Multispectral Reflectance 

Data 

A programme of Hydrolight radiance transfer modelling was carried out for case I 

and case 2 water types. A variety of case 2 water types were investigated for water 

bodies containing different constituents, representative of the concentrations found in 

West of Scotland coastal water. Integration of normalised spectra into SeaWiFS, 

MODIS and MERIS wavebands allowed the differences in hyperspectral and 

multispectral spectra to be investigated. 

There was loss of detail and fine structure in the spectrum due to the binning 

process and linear interpolation between wavebands. Some spectral areas were 

under sampled in the multi-waveband spectra with the main area being the region 
between 560 and 670nm. Variations in the peak position were not indicated due to 
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the spacing of the wavebands and the presence of secondary peaks was also missed. 

The hyperspectral spectra showed more subtle changes in the R, 
s 
(0+) spectra and 

variation in the peak position. 

9.2.3. Hyperspectral Shape Analysis 

Using the normalised hyperspectral radiance transfer models and the hyperspectral 

R,, (0+) field measurements the possibility of using high resolution data to obtain 

information on the water body or as a water type classification tool was investigated. 

The approach adopted was to smooth and differentiate the R, 
s 
(0f) spectra to find 

out if any features were identifiable. Derivative methods have been successfully 

applied to absorption spectra data (Aguirre-Gomez et al, 2001(a); Aguirre-Gomez et 

al, 2001(b)), therefore this method of analysing the reflectance spectra was 

attempted. Due to the large amount of data in hyperspectral datasets it was decided 

that using spectral features may prove helpful when analysis of the differentiated 

spectra was being attempted. The differentiation process was limited to the first 

order as higher order derivative's proved difficult to interpret due to noise. The 

following points were found: 

a. The same differentiated spectral features were found in field measurements 

that were observed in modelled data. 

b. A correlation test revealed that none of the hyperspectral features were solely 

related to the in-water constituents. Therefore, constituent concentration could 

not be retrieved from the hyperspectral derivative features. 

c. The extent to which the hyperspectral features could be used as a water type 

classifier was investigated. The sign of the integral was shown to differentiate 

between open ocean and other water types. 

d. Coastal water analysis was more complicated and cluster analysis was used as 

an exploratory tool which grouped stations with similar features together. 
Cluster analysis of the hyperspectral features revealed four high level clusters 

which were linked to the composition of the water body. The normalised 
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spectral shape of stations contained within these clusters was generally 

representative of the composition of the water body. 

9.2.4. Assessment of Remote Sensing Algorithms in Coastal Waters 

A number of remote sensing algorithms were tested on the coastal water dataset and 

the four clusters identified in the hyperspectral derivative features allowed the extent 

to which algorithms worked in the different water types identified to be investigated. 

a. None of the chlorophyll a algorithms tested proved successful at retrieving 

accurate estimates of the chlorophyll concentration for this coastal water dataset. 

Clusters 3 and 4, the highly turbid clusters, produced large overestimates in the 

chlorophyll a concentration using band ratio algorithms. Removing these 

clusters improved the agreement between measured and calculated (algorithm) 

values. 

b. The MODIS ap,,, 0(675) performed poorly for all clusters, and 

underestimated this value when compared to in situ data. 

c. The MODIS acDo, 1(400) algorithm worked well for this dataset, and 

provided accurate estimates of the CDOM absorption at 400nm. It appeared that 

the retrieval of acmM (400) was possible in coastal waters using remote sensing 

algorithms. 

d. The SeaWiFS Kd (490) algorithm performed badly, and underestimated 

Kd (490) values. Two branches were found to occur which corresponded to (A) 

clusters 1 and 4, and (B) clusters 2 and 3. Considering these two branches 

separately a tuned dual algorithm was obtained which allowed Kd (490) to be 

successfully retrieved. 

e. The four hyperspectral feature clusters helped explain why the remote 

sensing algorithms failed. 
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9.2.5. Fluorescence Line Height Variation in Coastal Waters 

Using the increased resolution of FLH measured in coastal waters the following 

points were found: 

a. FLH was not correlated with chlorophyll a concentration for the coastal 

waters sampled. 

b. Regressing (FLH/Chl) against PAR a function similar to that obtained by 

Letelier et al (1997) was found. However, this did not explain all of the 

variation observed in FLH measurements. 

c. CDOM and MSS were found to have a diminishing effect on (FLH /Chi). 

d. Time series measurements of (FLH / Chl) under varying irradiance 

conditions showed that (FLH/Chi) was not uniquely determined by PAR. In 

bright light conditions the (FLH/Chl) decreased as the phytoplankton cells 

photo-adapted, probably due to non-photochemical quenching. During periods 

of darkness the (FLH /Chi) recovered. 

9.3. Possible Further Work 
At present most of the applications of hyperspectral remote sensing reflectance deal 

with issues related to land, possibly due to the fact that the land is a stronger 

reflector. However, it is probable that in the future hyperspectral remote sensing 

technology will extend to ocean science. The work carried out in this thesis 

highlights some of the benefits to be gained using hyperspectral data rather than 

discrete bandwidths. The methodology used to deal with hyperspectral data was to 

normalise and differentiate the spectra. Alternative methods for analysing the 

hyperspectral reflectance spectra for oceanic waters warrant further research. It is 

possible that analysis of absolute magnitude spectra may prove useful, or a 

combination of normalised and absolute magnitude spectra, when attempting to 

derive information about the water body in question. Incorporating 1O1, 

measurements into the data analysis may also prove fruitful. Though the dataset 

used in this thesis was extensive it lacked stations which contained high chlorophyll 
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values, both in coastal and open ocean water. Incorporation of this data may reveal 

some interesting results. Hyperspectral remote sensing techniques would also allow 

for a greater variety of algorithms to be implemented by any single ocean colour 

sensor and the possibility of developing new algorithms from hyperspectral data 

requires further investigation. 

Work carried out in this thesis was restricted to surface leaving signals, however, 

investigation into hyperspectral profiles of the underwater light field would be of 
interest. For example, the role that inelastic processes play on modulating the light 

field at depth could be further investigated. 
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