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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 0OC4V4, MODIS Chlor a 2 and Chlor a 3, and MERIS OC4E)
overestimated the values measured in situ. The MODIS algorithm for absorption by

phytoplankton, apu,(675), performed poorly, but the MODIS algonthm for the
absorption by coloured dissolved organic material, acpox{400), provided accurate
values of the absorption coefficient (R° = 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 i1s 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 er al, 2005(a)).

1.1.1. Variation in Ocean Colour

Sunlight entering the water body can undergo one of two efiects, 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 ¢, 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,



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 arcas 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, i1s 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 regtons 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



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 ef 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 10nm resolution (Chang et al, 2003).



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 1s 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.

i. 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, gelbstott

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.



ii. SeaWiF$§

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 1% of August 1997 on board the SeaStar satellite. SeaWiFS has 6 wavebands
occurring 1n 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 SeaWi1FS 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 SeaWiFsS 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 SeaWiFsS, 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



designed to include quantitative measurements of solar stimulated chlorophyll

tfluorescence (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 68.5°

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:

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

e the detection of yellow substance (dissolved organic material)

e 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 ef
al, 2001(b)). However, due to electronic and computational improvements
hyperspectral instrumentation now exists for the collection of data at sea, for
example, the TnOS 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




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 1s also increased. Using hyperspectral instrumentation in such
arecas 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 ditferent
from other particles (Bricaud et al, 1983; Stramski ef 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

analysts of relationships such as component concentration and ocean colour.



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
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