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Many lakes, coastal zones and oceans are directly or indirectly influenced by 
human activities. Through the outlet of a vast amount of substances in the air 
and water, we are changing the natural conditions on local and global levels.  

Remote sensing sensors, on satellites or airplanes, can collect image data, 
providing the user with information about the depicted area, object or 
phenomenon. Three different applications are discussed in this thesis. In the 
first part, we have used a bio-optical model to derive information about 
water quality parameters from remote sensing data collected over Swedish 
lakes. In the second part, remote sensing data have been used to locate and 
map wastewater plumes from pulp and paper industries along the east coast 
of Sweden. Finally, in the third part, we have investigated to what extent 
satellite data can be used to monitor coral reefs and detect coral bleaching. 

Regardless of application, it is important to understand the limitations of 
this technique. The available sensors are different and limited in terms of 
their spatial, spectral, radiometric and temporal resolution. We are also 
limited with respect to the objects we are monitoring, as the concentration of 
some substances is too low or the objects are too small, to be identified from 
space. However, this technique gives us a possibility to monitor our 
environment, in this case the aquatic environment, with a superior spatial 
coverage. Other advantages with remote sensing are the possibility of getting 
updated information and that the data is collected and distributed in digital 
form and therefore can be processed using computers. 
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1 Background and objectives 

The work in this thesis has been performed at the Centre for Image Analysis, 
CBA, within the Swedish programme “Remote Sensing for the 
Environment”, RESE. RESE was funded by MISTRA, the Foundation for 
Strategic Environmental Research. RESE covered many different 
applications and is, to date, the largest Swedish research program for applied 
remote sensing. The program started in 1996 and finished in 2002. The 
futuristic vision of this program was that information from satellites could be 
shared between many users and used on a daily basis for monitoring and 
analysis, both on a local and a global level, in the work to reach the 
environmental goals. The fifth sub-project in RESE was about the aquatic 
ecosystem and that is also the topic of this thesis. Many water bodies are, 
both deliberately and unconsciously, used as recipient for various types of 
outlets. This thesis discusses three different applications where remote 
sensing is an invaluable tool to monitor the sea and lakes and constitutes an 
important complement to field sampling. In many chapters of this thesis, the 
work has been divided into these three parts, even though the connections 
between them are many. These three parts are referred to as:  

 
• Bio-optical modelling 
• Industrial plume detection 
• Monitoring of coral reefs   

 
The background and objectives for each of these applications are described 
in further detail below.  

1.1 Bio-optical modelling 
The modelling work at CBA started in close co-operation with the EU 
funded SALMON (Satellite Remote Sensing for Lake Monitoring) project. 
The overall objective of the SALMON and aquatic RESE projects was to 
evaluate the capabilities of current and forthcoming remote sensors for 
monitoring of lake water quality. The work covered fundamental analysis 
problems related to ocean optics and atmospheric influences on ocean 
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remote sensing data. These methodological problems must be solved in order 
to retrieve quantitative estimates of water quality variables from satellite 
images. Airborne hyperspectral images and a substantial amount of field data 
have been used in the study to improve and develop image analysis 
methodology. The results can be used to guide the development and 
specifications of future satellite and airborne instruments.  
 
For CBA, the primary objective of this study was:  
 

• Evaluation of bio-optical modelling applied to remote sensing data 
for estimation of water quality parameters in lakes. 

1.2 Industrial plume detection 
There are a number of pulp and paper industries located along the east coast 
of Sweden. The amount of substances discharged into the coastal seawater is 
regulated for each industry, but the size of the area affected by each outlet is 
relatively unknown and varies during the year.  

The general objective for this part of the aquatic project was to 
investigate if and to what degree remote sensing data could be used to locate 
and map the extent of industrial plumes. Such an investigation involves the 
analysis of the optical properties of plumes in comparison to the properties 
of natural water constituents. The atmospheric influence on the remote 
sensing data must also be considered for any aquatic application that should 
result in general descriptions of the properties and quantitative estimations of 
the substances present in the water.  

Airborne hyperspectral images and laboratory measurements of water 
samples have been used to investigate if there are any spectral properties 
related to paper mill discharges that can be useful for identification of the 
existence and concentration levels of the discharges using present and future 
remote sensing data.  

The initial studies were focused on correlation between remote sensing 
data and field data. In the work presented in this thesis the spectral properties 
of the waste water have been further investigated and used in the analysis of 
available remote sensing data.  
 
The primary objective of this study was to:  
 

• Investigate if the spectral properties of industrial plumes could be 
used to classify remote sensing data, in order to identify areas 
affected by industrial outlets. 
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1.3 Monitoring of coral reefs 
The coral reef project started after an explicit request from MISTRA and 
FRN (Swedish Council for Planning and Coordination of Research) after 
discussions during the workshop “Coral Bleaching – and death” in 
Stockholm, November 1998. The project was subsequently included in the 
aquatic sub-project of RESE.  

Swedish scientists have been working in the tropical seas with coral 
research for many years and CBA has been working in the Caribbean for 
more than ten years with different types of remote sensing projects.  

The development of remote sensing methods for monitoring of coral reefs 
requires investigation of the sensor limitations, the optical properties of the 
bottom features and understanding of the influence of the atmosphere and 
water column on the collected remote sensing data. In the work presented in 
this thesis we have been investigating the possibilities of using remote 
sensing technique for coral reef monitoring and change detection, with focus 
on detection of coral bleaching using existing satellite sensors. However, 
operational monitoring of reefs is an extensive task and should be performed 
in close co-operation with international research groups.  
 
The primary objective of this study was to: 
 

• Demonstrate the possibility of using existing satellite sensors for 
detection of bleached coral reefs. 
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2 Introduction 

 
 
The environmental hazards connected to the different aquatic applications 
discussed in this thesis are described in the first part of this chapter. The 
second part is a short description of the basics of remote sensing and how 
this technique can be used for mapping and monitoring of the environment. 
The specific properties related to remote sensing of the aquatic environment 
are discussed in the third part and the chapter is concluded with a discussion 
about the image pre-processing needed for qualitative and quantitative 
analysis of the data.  

2.1 Environmental threats in the aquatic environment 
The lakes, coastal zones and oceans are used for fishing, agriculture, energy 
production, tourism and recreation. As an example 1.5 million people use 
Lake Mälaren as their fresh water supply [64] and millions of people are 
dependant on the coral reefs for survival. This indicates the importance of 
keeping a good water quality and it also indicates that the monitoring, 
management and use of many water bodies need to be improved and 
controlled in order to create a sustainable aquatic environment.   

2.1.1 The lake water environment 
The lake environment is used as a recipient of many types of outflows. In 
sparsely populated areas, the discharge of phosphorus from private sewage 
facilities is significant, and so is the contribution of nitrogen from municipal 
sewage treatment plants. However, even though approximately 25% of the 
nitrogen supply to Lake Mälaren comes from sewage treatment plants, the 
main contributor of nutrients, in Lake Mälaren and many other lakes, is the 
run-off from the agricultural landscape surrounding the lake and its drainage 
basin [64]. Beside nutrients, other substances like suspended particulate 
materials originating from soil erosion and heavy metals and pesticides are 
continuously added from industrial discharges and the surrounding 

Remote sensing is… 
 
Being as far away from your object of study as possible 
and whishing you were there… 
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landscape. Figure 1 displays the six major environmental problems in 
freshwater lakes and reservoirs of the world, and the ways they are related to 
each other [62]. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. The six major environmental problems in lakes and reservoirs. Reproduced 
from [62].  
  
Nitrogen and phosphorous are usually the main indicators for determining 
the state of the lake, i.e., if it is nutrient poor (oligotrophic) or rich 
(eutrophic), but these substances can not be directly detected by remote 
sensors. However, the amounts are decisive for the growth of plants and an 
overload of nitrogen can cause a massive development of algae. Algal 
blooms can therefore be a good indicator of increasing amounts of nutrients 
in the water, i.e., eutrophication of the lake.  

Algae are of fundamental concern for the ecosystem in the lake. They are 
the primary producers of organic material and produces oxygen in the 
photosynthetic process. They serve as food to animals and secrete dissolved 
organic material, which is a resource of energy and nutrients for microbes 
[64]. The problems occur when the development of these algae is massive 
and frequent (Fig. 2). The decomposition of algae requires oxygen and the 
result can be oxygen free waters/bottoms if these blooms continue to be 
large and frequent. Without oxygen, the flora and fauna will die and 
disappear. Eutrophic lakes are usually characterised by high productivity but 
few species of plants and animals. 
 

Loss of 
biological diversity 

Accelerated 
siltation 

Decline of 
water level 

Toxic 
contamination 

Eutrophication Acidification 

Damage to 
fisheries 

Water quality 
degradation 

Extermination 
of ecosystems 

and biota 
Decrease of water 

resources 

Overuse of land, non-
sustainable agriculture, 

overgrazing, deforestation 
Population increase 
Invasion of global 

economy 

Industrialization 

Overuse of water 

Disturbed surface 
transportation 



P. Philipson                                                                                     14 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Algal blooms in the Baltic Sea during our field work on the research vessel 
Searcher. The lower right photo is taken through a glass window in the bottom of the 
boat.  Photo: Susanne Kratzer, Stockholm University.  
 
Another problem is that some species of algae can become toxic, which is a 
problem to animals and humans if they occur in large amounts. Additionally, 
the transmittance of sunlight through the water will decrease during the 
actual bloom.  

Turbidity is a common water quality parameter, which is related to the 
concentration of suspended particulate material (SPM), originating from, 
e.g., soil erosion. Problems of excessive sediment loading can for example 
occur in lakes where the surrounding agricultural practises result in 
excessive soil erosion [55]. The suspended particles will affect the 
transparency of the water and therefore the transmittance of sunlight through 
the water, which can result in low plant productivity. SPM is also often 
associated with other pollutants like bacteria or metals, and drinking water is 
therefore filtered to reduce turbidity. However, a certain initial quality is 
required in order to obtain good quality of the drinking water after filtration, 
and water with low concentrations of SPM is therefore desirable.  

Dissolved organic matter, DOM, present in natural waters are known to 
absorb light and therefore affect water transparency. On the other hand, these 
substances bind metals as well as organic contaminants, and therefore reduce 
the toxicity of these contaminants [38]. However, organic substances from 
discharges are one major cause of pollution in surface waters. Major concern 
has now been raised about the high concentrations of DOM in Mälaren 
which can lead to carcinogenic by products following chlorination [Dr. Don 
Pierson, Department of Limnology, UU, pers. comm.]. Apart from specific 
danger caused by individual substances, they are harmful as a whole because 
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of their reaction with dissolved oxygen in the water, leading to a decrease in 
oxygen concentration, which have adverse effects on animal and plant life.  

Eutrophication results in numerous ecological and water quality changes 
in lakes leading to water quality deterioration, taste and odour problems, 
oxygen depletion, reduced transparency, decline of fisheries and clogging of 
waterways [55]. It is therefore of interest to estimate the concentration of 
different substances and regularly monitor the lakes, so that the addition of 
nutrients and other substances can be regulated. 

2.1.2 Industrial discharges in the coastal zone 
Terrestrial substances, and in some cases different types of discharges, are 
transported to the coastal marine environment through rivers and streams. In 
the sea, the water from rivers and streams is mixed with seawater and, if 
occurring, industrial wastewater. The character of the industrial wastewater 
is determined by the product or service produced, production method and 
type of wastewater treatment. High pollution levels of coastal waters 
constitute a risk to the biological balance in the ecosystem and, of course, 
affect the water quality of nearby recreational areas, sensitive nature 
protection areas and the fish population. The treatment of industrial 
discharges has been strongly improved in Sweden during the last decades. 
However, forest industry effluents still contain significant concentrations of 
nitrogen, phosphorous and other toxic and non-toxic substances. The 
nutrients normally regulate the extent and intensity of algae blooms, but as 
the discharge also contains metals and persistent organic compounds, which 
have shown to be toxic to algae, these can have an opposite negative effect 
on the primary production [36].  

It is of interest to find techniques that, not only, can identify the 
substances and their concentrations in the water, but that also give the 
possibility to map the area dispersion of these substances.  

2.1.3 The coral reef environment 
The majority of the coral reefs form in the warm, clear, shallow waters of 
tropical oceans worldwide and they are the Earth’s oldest, most complex, 
diverse and productive ecosystem. Figure 3 displays a coral reef area in the 
Red Sea. The reefs are the habitat for almost a million species of fish and 
other marine organisms and they provide an estimated 10% of the world’s 
fisheries. The reef structure constitutes an important protection for coastal 
communities from storms, wave damage and erosion. They are popular 
locations for tourism and a far from completely explored resource of 
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biomedical substances. Coral reefs 
convert sunlight into food and are 
considered to be the foundation of 
marine life. 
Through the symbiosis with micro 
algae (single-celled plants), reef-
building corals are the main source 
of primary production and also, the 
main reef builder in the reef 
community. The coral, or more 
precisely, the coral polyp is a tiny 
soft-bodied animal that forms 
colonies with other polyps. The 
micro algae are essential for the 
survival of the coral, as it, besides 
giving colour to the otherwise white 
coral, produces carbohydrates that 
nourish the coral. In return, the coral 
provides shelter for the algae inside 
its skeletal structure and provides 
nitrogen and phosphorus, essential 
for the survival of the algae [29].  
Corals and coral reefs are very 
sensitive and slight changes in the environment may have detrimental effects 
on the health of entire coral colonies. If the coral reef environment is 
changed, coral bleaching can occur as the micro algae in the coral tissue are 
expelled or degenerated under stress [20,12]. The left photo in Figure 4 
shows a bleached reef area. The right photo depicts both healthy and 
bleached corals.  

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Bleached coral reefs. Photo: Tiit Kutser, UU and Ray Berkelmans, AIMS. 

 
 

 
Figure 3. A coral reef area in the Red 
Sea. Photo: Mikael Eriksson, Dyk & 
Resespecialisten 



Environmental applications of aquatic remote sensing                                             17 

 

A prolonged bleaching may lead to the death of corals and later destruction 
of the whole reef structure.  

Bleaching can be triggered by factors directly related to human activities, 
e.g., effects of pesticides, fishing with explosives or poisonous compunds 
and increasing amounts of suspended matter and nutrients due to human 
expansion and development [12]. Since most corals mass spawn and produce 
floating cells, pollutants and toxins on the surface can effect coral 
reproduction and development for a large area. 

Bleaching can also be related to natural disturbances, and dramatic 
changes of climate in historic times have sometimes caused massive deaths, 
while others only temporal effects and later recovery. From this perspective, 
the recent massive bleaching of reefs could be just a phase and the beginning 
of the development of coral species, which are better adapted to present and 
future life on Earth. However, major concerns have been raised about a 
possible link between coral bleaching and increased UV radiation and water 
temperature due to the greenhouse effect. 

Coral reefs should be monitored, both from global and local points of 
view, as changes could emanate from human activities. The source of local 
changes resulting from human impact can then be identified and eliminated 
by regulations and information. 

2.2 Remote sensing 
Remote sensing is the science of obtaining information about an object, area 
or phenomenon through the analysis of data acquired by a sensor that is not 
in contact with the object, area or phenomenon [37]. Usually, this object is 
located on or in close proximity to the earth’s surface and the sensor is 
located in an aircraft or on a satellite platform. 

2.2.1 Electromagnetic radiation and spectral reflectance  
The data recorded by a remote sensing sensor is a measure of the 
electromagnetic radiation or energy (EMR) reflected by the object and the 
sun is the most obvious source of radiation. A part of this radiation is what 
we usually call visible light and it is the same radiation that our eyes, our 
sensors, can register and process in the brain in order to make us observe the 
world around us. Remote sensing sensors can also be constructed to record 
other types of EMR, e.g., ultra-violet light, infrared radiation (including 
thermal radiation) and microwaves, and therefore provide us with 
information that is invisible to the human eye. 
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When electromagnetic energy is incident on any object on the earth's 
surface, three different interactions between the radiation and the object are 
possible. The radiation will either be reflected by the object, absorbed by the 
object or transmitted through the object (Fig. 5). Remote sensing sensors can 
measure the intensity and properties of the radiation reflected by the object.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5
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portions of radiation that are reflected, absorbed or transmitted will 
r different objects, depending on the condition and type of material 
 also dependant on wavelength. These variations, called spectral 
ns, can be used to distinguish different objects from each other. In 
f visible light, these spectral variations result in the visual effect 
olour.  
 reflectance characteristics of an object can be quantified by 
ing the portion of incident radiation that is reflected. This is measured 
ction of wavelength and is called spectral reflectance.   

Remote sensing sensors 
te sensing sensor has a field-of-view such that at any moment in 
 is viewing a part of the Earth’s surface and recording how much 
n is being reflected from that part. The reflected radiation is first 
 into different spectral components in the sensor (blue, green and red 
c.) and the amount of radiation for each component is then recorded 
etector, or a row of detectors, as a digital number (DN). Figure 6 
schematic overview of a detector that records seven spectral 
ents. If a row of detectors is used for each spectral component, a 
image will be created as the airplane or satellite moves forward. 
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Sensors with one detector creates an image by sweeping over the ground 
simultaneously as it moves forward. The smallest element in a digital image 
is called pixel and the DN of each pixel therefore corresponds to the amount 
of reflected radiation from a certain area on earth for a defined spectral 
interval or spectral band. A higher value, e.g., 103 in the exemplified blue 
band in Figure 6, indicates a greater reflectance of blue light. The advantages 
of collecting the information digitally are that we can make a quantitative 
measure of the spectral characteristics of different objects and then 
download and process the images using a computer.  

 

 
Figure 6. A simplified overview of the image collection by a remote sensor.  
 
The characteristics of a remote sensing sensor are described by its spatial, 
spectral and radiometric resolution. The spatial resolution of the sensor 
describes the size of the ground area corresponding to one pixel in the 
image, e.g., 20x20 meters. The best satellite sensors available today have a 
spatial resolution better than one meter. The spatial resolution depends on 
the field-of-view of the sensor, the altitude and speed of the satellite or 
aircraft and the scan rate. Satellite sensors have a predefined spatial 
resolution but the resolution of airborne sensors can be adjusted from one 
registration to another by changing the altitude and speed of the aircraft. A 
higher spatial resolution will increase the sensors possibility to record spatial 
detail. The spatial resolution is for example important for the possibility of 
detecting changes in the coral reef environment or if the spectral properties 
of industrial discharges in the coastal zone are to be separated from the 
properties of the surrounding land. 

The spectral resolution describes the ability of a sensor to define fine 
wavelength intervals, i.e., the width of the spectral bands in the sensor. 
Usually, the number of bands and the position of the bands are also 
mentioned in connection with the spectral resolution (Fig. 6). Most satellite 
sensors have 2-4, quite broad bands, in the visible (blue, green and red) and 
1-3 in the near-infrared (NIR), mid-infrared or thermal part of the spectrum 
[37]. The best satellite sensors, e.g., Hyperion, and most airborne sensors 
have the capability to record the reflected radiation in more than one 
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hundred bands that are very narrow. The spectral resolution determines the 
possibility to distinguish different substrates from each other as the 
originally continuous reflectance curve, which can be used to identify an 
object, will be represented by x number of points, where x is equal to the 
number of bands. Too few bands or bands recording an inappropriate part of 
the EMR might be an insufficient representation of the curve, making it 
impossible to differentiate between similar objects. Bands that are too broad 
can result in a generalisation of the curve, where unique features have been 
neutralised.  

Finally, the radiometric resolution refers to the possible number of grey-
levels in the image, i.e., its sensitivity. A higher radiometric resolution will 
increase the sensitivity and, e.g., the possibility to distinguish similar algal 
species from each other or be more sensitive to changes in the colour of the 
coral colonies. The radiometric resolution of satellite sensors is usually 
between 7 and 11 bits per pixel, which corresponds to a dynamic range of 
128 and 2048 digital numbers (DNs) or grey-levels, respectively. Airborne 
sensors usually have a better radiometric resolution, e.g., 16 bits per pixel 
(65536 DNs). However, for a certain object only a smaller part of that range 
of DNs describes the variability within that object. The actual sensitivity is 
also dependant on the signal-to-noise ratio, which is a function of the spatial, 
the radiometric and the spectral resolution and hence, needs to be defined for 
each sensor. Image noise is an unwanted disturbance in image data due to 
limitations in the signal digitisation or data recording process. 

If one object can be separated from another and/or if different 
concentration levels can be identified depends on the characteristics of the 
sensor and it is therefore vital to have a sensor that is appropriate for the 
application.  

Additionally, the temporal resolution, or revisit time, is usually discussed 
in relation to the sensor characteristics. This term describes how often the 
satellite is scanning the same area on the ground, e.g., every 10th day. The 
temporal resolution can for example be extremely crucial for coral reef 
monitoring as some changes only are visible for a short period of time, e.g., 
bleached corals that are getting overgrown by macro algae. Another problem 
related to the revisit time is the high presence of clouds in tropical waters 
making it difficult to obtain cloud free images.  

2.3 Aquatic remote sensing 
The requirements and objectives for mapping the water environment is 
usually different from those for the mapping of land surfaces. The land 
applications are often focused on classification problems, i.e., identification 
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of features in an image. Additionally, the spectral characteristics of a certain 
object are fairly constant between years, with the exception of seasonal 
changes. The spectral characteristics of a water mass, on the other hand, are 
highly variable and may be changing very rapidly and the water mass is 
seldom analysed in the same way as a land surface [70].  

2.3.1 Basic physics 
The signal measured by a remote sensing sensor is some portion of the 
upwelling radiance (Lu) emerging from the water through the surface (water 
leaving radiance) and additional radiance derived from atmospheric 
scattering and reflected from the water surface (Fig. 7). This indicates that 
any estimation of water quality derived from remote sensing will be based 
on the dissolved and suspended substances effect on the water leaving 
radiance.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. A simplified schematic of the interference of the radiation from the sun by 
the atmosphere and the suspended material in the water.  
 
Water leaving radiance is dependant on solar intensity and angle, which 
varies with time and location. It is also dependent on the, so called, inherent 
optical properties (IOPs) of the water, which vary in relation to the 
concentrations of the optically active dissolved and suspended substances in 
the water, but are independent of the incoming radiation [38]. 

In the previous chapter, the term spectral reflectance was defined as the 
ratio between the reflected radiation and the incident radiation. We will now 
specify this term by introducing radiance reflectance (remote sensing 
reflectance), RR (λ), which is the ratio of the upwelling radiance (Lu) leaving 
a water body and the downwelling irradiance (Ed) impinging on the water 

Sensor 

Lu
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body. Irradiance is the density of the radiant flux incident on a unit area 
(W/m2) and radiance is the radiant flux per unit solid angle per unit area 
leaving or landing on the area at a given direction (W/m2sr). Radiance 
reflectance is relatively independent of the illumination and has often been 
approximated as an empirical function of the IOPs of water [31]: 
 

))()(/)((083.0)(/)()( λλλλλλ bb babEdLuRR +==   (1) 
 
where:  
bb (λ) is the backscattering coefficient  
a (λ) is the absorption coefficient  
λ is wavelength 
 
The logic consequences of equation (1) are that greater backscattering will 
increase the radiance reflectance and greater absorption will lower the 
radiance reflectance.  

2.3.2 Substances influencing the optical properties 
In the open ocean, it is mainly the phytoplankton and pure water itself that 
affects the attenuation and scattering of radiation. In fresh water and in the 
coastal zone, phytoplankton and water are acting together with other 
dissolved substances and particulate matter, which originate from, e.g., 
resuspension of the bottom and terrestrial run-off. The following 
terminology and meaning for the optically active substances has been used in 
this thesis [14]: 

 
• Optically pure water (w) 
• Coloured dissolved organic matter or Aquatic humus (CDOM), is 

the collective name for all dissolved substances in freshwaters 
relevant for remote sensing purposes 

• Phytoplankton (ph), the portion of the plankton community made up 
of tiny plants (e.g. algae) 

• Tripton (t), consists of all particulate matter (organic and inorganic) 
except for phytoplankton, i.e., the non-living suspended material in 
the water. 

 
The absorption and scattering properties of these optically active substances 
can generally be described as follows (Fig. 8):  

Pure water absorbs strongly beginning at about 550 nm and absorption 
increases with wavelength. Scattering is greatest for shorter wavelengths, 
which is the reason why pure water looks blue [53].  
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Absorption of CDOM follows an exponentially decreasing function with 
increasing wavelength [25]. Usually this function is described using a 
reference wavelength between 350 and 450 nm and the slope of the function. 
In the model described below, 420 nm is used as reference. CDOM is 
assumed not to exhibit any scattering properties. 

Phytoplankton absorption is mainly due to photosynthetic pigments. 
Dekker [14] has listed some of the main absorption features of freshwater 
phytoplankton: 

 
• chlorophyll a absorbs strongly at 438 and 676 nm 
• β-carotene absorbs strongly at 480 nm 
• cyanophycocyanin can, if present, absorb at 624 nm 
• above 720 nm, the absorption is almost zero 

 
The scattering properties of phytoplankton have been found to be depressed 
at the wavelengths where absorption was high [6]. Inverting the absorption 
spectra can thus approximate the spectral shape of the scattering spectra. The 
backscattering associated with phytoplankton is considered to be less than 
0.4% of the total scattering. 

 
Figure 8. Typical absorption spectra from pure water, CDOM, phytoplankton and 
tripton. Reproduced from [23]. 
 
Tripton absorption is mainly due to the organic fraction of the particles and 
the spectra often resemble the ones of CDOM [e.g. 32]. The scattering of 
tripton is mainly caused by the inorganic fraction. The literature suggests 
that scattering is high at short wavelengths and lower at long wavelengths 
[43,15]. 
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The concentrations of CDOM and suspended matter in water are highly 
affected by industrial discharges. These concentrations are known to be 
much higher than natural background levels and have a composition of 
substances that is different from normal coastal water. It is quite likely that 
discharges originating from specific types of industrial processes have 
unique spectral properties. However, these properties are not well known 
and need to be further investigated.   

2.4 Image pre-processing 
It is often necessary to perform a number of operations on the collected 
remote sensing data in order to create an image that is a good representation 
of the reality and that is useful for quantitative or qualitative estimates of 
ecological variables. This typically involves a correction for geometrical 
distortions, a radiometric calibration of the data and removal of the influence 
of the atmosphere [37,38]. In the case of coral reefs, it might also be 
necessary to correct for the overlying water column.  

Few have access to a remote sensing sensor of their own and the data are 
therefore often distributed by the company owning the sensor/satellite or a 
reseller. The level of pre-processing of the data is defined by the buyer and is 
usually dependent on the objective, the budget and the expertise available for 
image processing. The most common satellite image product includes 
correction for earth rotation, spacecraft altitude, attitude and sensor 
variations (system correction) [1]. Higher order pre-processing usually 
indicates finer geometrical correction. In some cases, an normalisation is 
performed to account for the differences in sensitivity for those sensors with 
detector arrays (CCDs). An introduction to pre-processing is given in this 
chapter and more information about the methods are given in connection to 
the report about the methodology applied for the remote sensing data 
included in this thesis (Ch. 4.1).  

2.4.1 Geometric correction 
Remote sensing images initially contain a number of geometric distortions 
that are a result of the data recording procedure and the shape and rotation of 
the earth. Geometric correction is required if the collected images are to be 
analysed using field data or maps, if they are going to be compared with 
other digital data or images from different dates or used for area or distance 
estimations [18]. Geometric correction is the process of correcting for 
distortions and assigning the properties of a map to an image. This process 
usually includes the collection of ground control points, i.e., corresponding 
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points in the image and map, for establishment of a polynomial equation. 
This equation describes the distortions in the image and is used for the 
transformation of the image to the geometry of the chosen map projection.  

As mentioned in the introduction of this chapter, some of the geometric 
distortions are usually corrected for by the data distributor before delivery. 
In general, systematic or predictable errors are accounted for but random 
errors need to be corrected by the user according to the scheme described 
above [37,38].  

2.4.2 Radiometric calibration 
Most of the remote sensing research before 1990 was based on raw DNs. 
The problem of using the DNs is that the image spectra are not comparable 
between images, but are image specific. It will be dependent on the viewing 
geometry, the location of the sun and specific weather conditions etc [18]. If 
the properties of the spectra are to be analysed and used in a wider context 
than for the specific image, it is necessary to convert the DNs to spectral 
units and correct for the local and temporal conditions. 

The calibration parameters for a satellite sensor are determined by a 
calibration procedure before the launch of the instrument. A common 
problem is that those parameters, due to degeneration of the optics and/or 
electronics of the instrument, are not valid after a period of time. However, 
some methods have been developed to correct for the drifting of the sensor 
response [70]. In some cases, an equalisation is performed to account for the 
differences in sensitivity for those sensors with CCDs. New systems usually 
include internal calibration facilities so that the response of the sensors can 
be adjusted after launch. The coefficients for the, usually linear, conversion 
of the DNs to spectral units are then provided by the distributor of the data 
and applied by the user. 

The calibration parameters for airborne sensors are typically determined 
once a year and/or before large campaigns, and the calibration is usually 
performed by the operator of the instrument. The radiometric calibration 
process converts the raw radiance values into upwelling spectral radiance 
units and should also compensate for the variation in the responsivity of the 
detectors, electronic offset and dark current etc. The aim is to get a uniform 
output from the elements in the CCD array. 

2.4.3 Atmospheric correction 
It has been briefly mentioned before that the signal recorded by the remote 
sensing sensor will include additional radiance derived from atmospheric 
scattering. This radiance has not interacted with the target and will therefore 
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not provide any information about the investigated object [38]. This extra 
path radiance is of course evident irrespective of the object under 
observation, but its influence is far more important for water bodies, as the 
water leaving signal usually is small compared to most terrestrial objects. 
The atmospheric scattering effect is greatest for shorter wavelengths, which 
is the reason why the sky appears blue. In addition to scattering, the 
atmospheric particles and gases will influence the transmittance of the signal 
through the atmosphere by absorption, and considerably change the signal 
[18]. The influence from the atmosphere must therefore be removed in order 
to obtain information about the water leaving radiance and the underlying 
optically active substances. The premises are the same for remote sensing 
data over coral reefs even though the surface leaving signal is larger over 
coral reefs with clear waters than dark water bodies like Lake Mälaren.  
Atmospheric correction are also becoming more important in other, non-
aquatic, applications as the demands on the quantitative or qualitative 
estimates of ecological variables are increasing. 

2.4.4 Water column correction 
Working with coral reefs, the interesting part of the signal measured by the 
sensor is no longer the upwelling radiance emerging from the water through 
the surface, but a part of it. In this case the water leaving signal includes 
information about the reef floor but also about the optically active substances 
in the water column.  

The intensity of the light that penetrates the water surface will decrease 
exponentially with increasing depth. This process is known as attenuation 
and is, as before, composed by scattering and absorption of the light by 
water itself and substances in the water. Red light is attenuated faster than 
blue light and usually penetrates less than one meter. Blue light on the other 
hand can penetrate the water down to approximately 30 meters in very clear 
waters. At a certain depth, all light has been absorbed and targets located 
below this depth will be invisible to any remote sensing sensor. As the effect 
depends on the depth and the substances in the water, a water column 
correction is often necessary in order make equal substrates spectrally 
similar for different depths, times and locations. 

Removal of the confounding influence of variable water depth would 
require a measurement of depth for every pixel in the image, and knowledge 
of the attenuation characteristics of the water column (e.g. concentration of 
yellow substance) [18]. Most of the coral bottoms of the world are sparsely 
mapped and the charts are seldom useful for depth corrections. A first step in 
the correction process must therefore often be a bathymetric mapping, which 
also could use remote sensing technique.  
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3 Materials 

 
The remote sensing data used in the different studies included in this thesis 
consists of satellite images and/or images from airborne sensors. The origin, 
accuracy and timing of the available field data with respect to remote 
sensing imagery are very diverse. Some of the field data are for example 
collected simultaneously with the imagery and others several years after the 
image collection. The material is described in two sections, “Test sites and 
field data” and “Image data” with three sub-sections each. Each sub-section 
is a description of the available data for each of the three main studies. 

3.1 Test sites and field data 
The main advantages with remote sensing data are the spatial dimension, the 
possibility of getting updated information and that the data is collected and 
distributed in digital form. Still, for the time being, it is necessary to collect 
field data for evaluation and in order to derive absolute measures of different 
water quality variables. For some variables or some situations it may be 
enough with just one or a few field samples, but sometimes we need several 
carefully chosen field data to be one the safe side [38]. 

3.1.1 Bio-optical modelling 
Two Swedish lakes have been investigated in order to evaluate the use of a 
bio-optical model to develop remote sensing algorithms. The data covers a 
small area in the eastern part of Lake Mälaren and whole Lake Erken (Fig.9). 
Lake Mälaren is moderately eutrophic to eutrophic lake and Lake Erken is a 
moderately eutrophic lake. Their main characteristics are listed in Table 1. 
Retention time refers to the length of time water, nutrient, or other chemical 
substances remain in a water body. The Secii depth is a measure of water 
transparency and indicates how deep sun light penetrates the water column. 
This depth can therefore be correlated to the amount of substances in the 
water. 
 
 

Remote sensing is… 
 
The most expensive way to make a picture… 
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Figure 9. 
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fluorescence and beam attenuation at 660 nm. The flow through system was 
sampling the water every ten meters at approximately 30 cm depth while the 
boat was moving. The position of the boat was recorded by a differential 
Global Positioning System (dGPS). 

Water samples were collected at nine stations and two of them were 
located within the studied image. All samples were analysed for the 
concentration of chlorophyll a and phaeophytine a (Chl), suspended 
inorganic particulate material (SPIM) and the absorption coefficient of 
coloured dissolved organic matter (CDOM).  

The extraction and measurement of Chl concentrations were made with 
hot ethanol following the ISO 10260-method. The total suspended matter 
was measured on pre-combusted and pre-weighed Whatman GF/F-filters, 
dried at 95º C overnight. The organic part was burned away and the SPIM 
concentration could then be measured gravimetrically. The absorption of 
CDOM was measured on GF/F-filtered lake water, with distilled water as 
reference. Scans were taken between 350 and 800 nm [38]. All field 
measurements and laboratory analyses were performed by the Department of 
Limnology at Uppsala University. The results from the analyses of water 
samples are shown in Table 2.  

 
Table 2. Result from the analysis of water samples in Lake Mälaren. 

Station  Chl a + Pheao a [µg/l] SPIM [mg/l] ay(420) [m-1] 
1 13.5 1.4 2.07 
2 18.9 1.4 2.03 
3 17.6 1.1 2.05 
4 6.0 1.8 1.33 
5 4.1 2.3 1.21 
6 3.7 0.5 1.21 
7 2.5 1.0 1.14 
8 4.1 0.6 1.13 
9 3.7 0.7 1.13 

 
The fluorescence data collected with the flow through system were 
calibrated against the laboratory analysis of Chl concentrations by linear 
regression (R2=0.9258). The beam attenuation was calibrated against the 
SPIM concentrations (R2=0.6303) in the same way, and thus transects of Chl 
and SPIM were obtained. No continuous measurements were made to obtain 
a CDOM transect. Validation of the modelled CDOM was therefore made 
against the analysed water samples from the two sample points located 
inside the image. 

Radiometric measurements of the up- and downwelling radiance above 
the lake surface were made at all sampling stations with a handheld dual 
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GER 1500 spectroradiometer. The downwelling radiance was measured at 
nadir using a spectralon plate. 
 
Lake Erken 
Between mid July and early August a bloom of the colonial cyanobacterium, 
Gloeotrichia echinulata, regularly occurs in Erken [51,24] and these algae 
rapidly migrate to the surface under periods of low vertical mixing [56]. At 
the time for image acquisition, there was a bloom with colonies clearly 
accumulating at the surface. The bloom was not evenly distributed and 
higher concentrations were found at western end of the lake where surface 
Chl concentrations could exceed 50 µg/l [69].  

In Lake Erken, the boat was stopped at 23 sampling points along the boat 
track. The analysis of water samples and the radiometric measurements were 
made according to the same procedure as described for Lake Mälaren above. 
The results from the analysis of water samples are shown in Table 3.  

 
Table 3. The results of the laboratory analysis of the water samples, Lake Erken. 
Station Chl a + Pheao a [µg/l] SPIM [mg/l] aCDOM (420) [m-1] 

1 16.6 1.0 1.449 
2 22.6 0.5 1.510 
3 19.3 0.4 1.518 
4 23.2 0.3 1.428 
5 50.6 0.4 1.559 
6 31.9 0.3 1.513 
7 - - - 
8 11.4 0.1 1.436 
9 14.5 0.0 1.367 

10 15.5 0.0 1.481 
11 48.1 0.5 1.495 
12 10.8 0.3 1.500 
13 10.4 0.1 1.444 
14 11.6 0.1 1.439 
15 7.3 0.0 1.441 
16 9.5 0.2 1.487 
17 3.6 0.0 1.395 
18 7.5 0.0 1.418 
19 3.7 0.0 1.408 
20 7.5 0.0 1.469 
21 5.6 0.0 1.423 
22 3.7 0.0 1.395 
23 2.9 0.3 1.428 
 

The high frequency data collected in Lake Erken have not been used in the 
work described in this thesis, but they have been thoroughly analysed by 
Östlund in [70].  
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3.1.2 Industrial plume detection 
A number of regions along the east coast of Sweden have been investigated 
in the study of industrial discharges using remote sensing data. The remote 
sensing data were collected in a patchy structure from Skutskär, south-east 
of Gävle, in the south to Iggesund in the north (Fig. 10).  

 
Figure 10. The area of investigation, east coast of Sweden. 
 
The archipelago in this area is affected by several riverine outlets and 
wastewater discharges from a number of large pulp and paper industries. The 
main research area/reference site within this region is the archipelago outside 
Norrsundet. Norrsundet is located approximately 30 kilometres north of the 
city of Gävle. The waters in Norrsundet are characterised by an outlet from 
the small river Hamrångeån and the wastewater outlet from Norrsundet pulp 
mill. Norrsundet was chosen as reference site due to the distinct separation 
between the wastewater and riverine outlet and the good positioning, in 
relation to the industry, and quality of the remote sensing data. 

The first of the other studied regions is located 15 kilometres east-south-
east of Gävle, in the basin of the paper mill industry Skutskär. The second 
region is located in the Bay of Gävle where two rivers have their outlet, 
Testeboån and Gavleån, together with the paper and pulp industry, Korsnäs, 
which produces high volumes of wastewater. Image data were also collected 
close to Ljusne and Sandarne, approximately 60 kilometres north of Gävle. 
The water in Ljusne are characterised by an outlet from the river Ljusnan 
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and the wastewater outlet from Vallviks Bruk AB pulp and paper industry. 
The industry in Sandarne was closed down before the images were collected. 
The last region studied is located 110 kilometres north of Gävle, where the 
pulp and paper industry Iggesund is located. A summary of the 
characteristics of watercourses and industries for the investigated region can 
be found in Paper III.  

No ground truth data were collected in the area from Skutskär to 
Iggesund during the image acquisition as the field data collection was 
concentrated to Sundsvall, 160 kilometres north of Norrsundet. 
Unfortunately, the images collected in Sundsvall turned out to be of bad 
quality due to cloudy and turbulent weather conditions and was only used in 
the initial evaluation studies [36, Paper vi].  

The wastewater properties in Norrsundet have not been changed after the 
image acquisition in 1997 and water samples were therefore collected there 
in late October 2000. Samples were taken from two different locations, one 
from the concentrated wastewater stream and one sample from the outlet 
point in the recipient. The absorption of CDOM was measured on GF/F-
filtered sample water, with distilled water as reference. Scans were taken 
between 300 and 850 nm with a resolution of one nanometre. The results 
rom the analysis of water samples can be found in Figure 11 and Table 4. 

 50
f

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Absorption curves, Norrsundet 2000 and Gävle reference (1998). 
 
Table 4. Absorption characteristics of water samples from Norrsundet. 

Station a (440) Mean slope (400-550) 
Norrsundet concentrated 26.814 0.012233 
Norrsundet recipient 2.086 0.012701 
Gävle reference 0.957 0.014399 
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In September 1998, a number of water samples were collected in the Bay of 
Gävle. The result from the analysis of yellow substance absorption from one 
of the sampling stations has been used in this work as a reference (Tab. 4). 
The water at this station has been assumed to be relatively unaffected by 
industrial discharges.  

Extremely high CDOM absorption was measured for the concentrated 
outlet water and it was above the instrumental maximum between 300 and 
366 nm. Compared to the reference absorption spectrum from Gävle, the 
outlet spectra also showed an increase in absorption between 550 and 600 
nm. 

3.1.3 Monitoring of coral reefs 
In the in beginning of the coral project a search for high resolution images 
from the extensive global bleaching event in 1998 was made, and the only 
acceptable (time, location, quality) images found, were from Belize (IRS 
LISS-III). Belize is located on the Caribbean side of Central America, 
bordering Mexico in the north and Guatemala to the west. The Belizean 
Barrier Reef system stretches from the Yucatan peninsula in the north to 
Honduras in the south and there are a number of atolls and other reef areas 
outside and inside the barrier reef (Fig. 12).  
 

 
Figure 12. The investigated coral reefs outside Belize. 

 
Starting in August 1998, almost all reefs in Belize were affected by mass 
bleaching, and with respect to available observations, Kramer and Kramer 
[33], estimated that the bleaching event in 1998 was the most severe one 
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ever observed. The bleaching in 1998 seems to have been correlated with 
exceptionally high water temperatures.  

A lot of information about the bleaching and a number of observations 
were received from Melanie McField, USF, and her co-operative partners in 
Belize. None of those observations were made particularly for remote 
sensing purposes, i.e., they lacked proper information about geographic 
positioning and the extent of bleaching etc. Extensive bleaching was 
observed in October 1998, where catastrophic losses of living coral in 
shallow areas were reported [33], especially in the southern part of Belize.  

Additionally, Kramer and Kramer made a number of observations of 
disturbances in the coral reef environment in spring 1999. A GPS was used 
for the positioning of these observations and the accuracy of those 
recordings were thus in the order of 50 meters. These observations included 
information about the location, the approximate depth, the degree (low, 
moderate and severe) and the nature of the disturbance (hurricane, bleaching, 
disease etc.). Philip Kramer has contributed in many ways to our coral work 
and is the co-author of Paper IV.  

In June 2002, we performed a field investigation in cooperation with 
Nadia Bood and her team at the Coastal Zone Management-Authority and 
Institute (CZMAI), in the reef area around Bakers Rendezvous, Belize. In 
this field survey a number of depth transects were recorded using the depth 
sounder on the boat. Visual interpretation of bottom strata, from the surface, 
including mixture of substrates and estimation of coral coverage etc. were 
made at many locations and video transects were recorded at four different 
locations, using diving equipment and under-water camera. This dataset is 
presently being processed and interpreted. The purpose of the survey was to 
collect field information that could be used to evaluate the monitoring and 
mapping possibilities of recent sensors with improved spatial (and 
radiometric) resolution. The investigation gave invaluable knowledge about 
the area, but the data have only been used to a limited extent in this thesis.  

3.2 Image data 
Remote sensing data is an invaluable source of information for monitoring 
the sea and lakes and constitutes an important complement to field sampling. 
For continuous monitoring, satellite data are preferable with respect to the 
possibility of getting updated information on a regular time interval. 
However, for many applications, there are not many appropriate satellite 
borne sensors. Airborne sensors has therefore been used in some of the 
studies to improve and develop image analysis methodology. The results can 
be used to guide the development and specifications of future satellite 
sensors.  
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3.2.1 Bio-optical modelling 
The Compact Airborne Spectrographic Imager, CASI, was flown by Borstad 
Ltd. over Lake Mälaren and Lake Erken in August 1997. One CASI image 
from Lake Mälaren and a number of images, merged to one image covering 
the whole Lake Erken, have been used in the study. The reflected radiation 
was collected for 15 wavelength bands in the approximate range of 400-900 
nm. The widths and positions of the bands are determined by the buyer. In 
this study, the band specifications were chosen to be similar to that of the 
MERIS sensor in Envisat, a satellite imaging spectrometry sensor, 
specifically designed for water applications. The band definitions are shown 
in Table 5. The spatial resolution in the collected images was four meters 
and the radiometric resolution was 12-bits, i.e., 4096 DNs. 
 
Table 5. Wavelength band-set definition for the CASI 

Band 
No. 

Start wavelength 
[nm] 

End wavelength 
[nm] 

1 403.5 415.6 
2 436.5 446.9 
3 483.7 494.2 
4 504.8 515.3 
5 545.3 554.2 
6 555.9 564.8 
7 614.5 625.2 
8 659.0 669.8 
9 676.9 684.1 

10 700.2 709.1 
11 750.3 755.7 
12 761.1 766.5 
13 768.3 780.8 
14 859.9 868.9 

3.2.2 Industrial plume detection 
The CASI data used in this study were collected during the same campaign 
as the data from Lake Erken and Lake Mälaren described above. The images 
are collected over a number of coastal regions from Gävle in the south to 
Iggesund in the north (Fig. 10). 

The widths and positions of the bands are optional as mentioned above, 
and during the collection of these images, different band settings were tested, 
which resulted in different spatial and spectral resolutions. The band setting 
used for the image collected in Norrsundet is the same as band 1-5 and 7-11 
in Table 5. Norrsundet was chosen as reference site due to the distinct 
separation between the wastewater and riverine outlet and the good 
positioning, in relation to the industry, and quality of the remote sensing data 
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(Fig. 13). The band set definitions for 
the other images can be found in Paper 
III. The spatial resolution in the 
collected images was two or four meters 
and the radiometric resolution was 12-
bits (4096 DNs). 
Additionally, a SeaWiFs satellite image 
from the 27th of August, 2000, depicting 
the whole study area, was included in 
the study. The SeaWiFs sensor has 
eight bands between 402-885 nm. The 
spatial resolution is 1.1 kilometres and 
the radiometric resolution is 10-bits 
(1024 DNs). The spatial resolution can 
not be considered appropriate for our 
purposes. However, the high 
radiometric and temporal resolution 
(one day) and the large area covered by 
one image, i.e., 2800x2800 kilometres, 
made it interesting to evaluate. 
 

Figure 13. CASI,  Norrsundet. → 

3.2.3 Monitoring of coral reefs 
The data used primarily in our studies 
of coral reefs were two IRS LISS-III 
images from February 28 and August 31, 1998, two TM images from 
February 21, 1987 and May 18, 1995, and one IKONOS image from March 
13, 2001 (Fig. 14). There was an extensive bleaching event in Belize in 1998 
and the IRS images depict the reef state before and during the event. 
 

Figure 14
(February

S
IKONO
 

           
. One of the IRS LISS-III images (February 28, 1998), the TM image 
 21, 1987) and the IKONOS image (March 13, 2001) used in the study. 
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The LISS-III sensor has four bands but lacks a blue band (Tab. 6). The 
original radiometric resolution of this sensor is 7-bits, but the data are 
rescaled to 8-bits before delivery. The spatial resolution is 23 meters in all 
bands except the last band, which have a resolution of 70 meters. One scene 
corresponds to 140x140 kilometres and covers the complete Belizean reef 
system. For the change detection analysis, only the green band was used, as 
the water penetration of longer wavelengths is very limited.  

 
Table 6. Characterstics of the sensors used in our coral reef studies. 

Landsat TM-5 and 
TM-7 

IRS LISS-III IKONOS SPOT 2 B 
a 
n 
d 

Wavelength (µm)  
and 

Resolution (m) 

Wavelength (µm) 
and 

Resolution (m) 

Wavelength (µm) 
and 

Resolution (m) 

Wavelength (µm) 
and 

Resolution (m) 
1 0.45-0.52 30   0.45-0.52 4   
2 0.52-0.60 30 0.52-0.59 23.5 0.53-0.61 4 0.50-0.59 20 
3 0.63-0.69 30 0.62-0.68 23.5 0.64-0.72 4 0.61-0.68 20 
4 0.75-0.90 30 0.77-0.86 23.5 0.77-0.88 4 0.79-0.89 20 
5 1.55-1.75 30       
6 10.4-12.5 120/60       
7 2.08-2.35 30       
P 0.52-0.90 15   0.45-0.90 1 0.51-0.73 10 

 
The band definitions for the IKONOS scene are listed in Table 6. The spatial 
resolution in multispectral mode is four meters. This sensor also has the 
possibility to make a panchromatic registration, with an increased spatial 
resolution of one meter. The radiometric resolution is 16 bits (65536 DNs) 
for all bands. One scene covers approximately 14x14 kilometres and depicts 
a smaller part of the Belizean reef system. The image is located in the area 
around Bakers Rendezvous and has been used for comparative studies, 
considering the different spatial and radiometric resolutions in the IKONOS 
and LISS-III sensors.  
In addition, two Landsat TM images from 1987 and 1995 have been used as 
a support to separate between coral reefs and other features in the 
interpretation of bleaching. The TM sensor is most likely more useful for 
coral reef studies than the LISS-III as it has a blue band and a better 
radiometric resolution, but there were no images available from Belize, with 
a sufficiently good quality (cloud cover and striping etc.) and timing. One 
SPOT scene was also included in the dataset as a reference (Tab. 6). 
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4 Methodology 

 
 
 
This chapter describes the different image pre-processing techniques applied 
to the datasets and methods used to derive information from the remote 
sensing data. First, image pre-processing is described for the three different 
parts included in the thesis, where the description for bio-optical modelling 
and industrial plume detection has been merged. Specific image analysis 
methods used to extract information related to the aquatic environment are 
also presented.  

4.1 Image pre-processing 
Image correction and restoration procedures are often termed pre-processing 
operations because the normally precede further manipulation and analysis 
of the image data. These operations aim to correct distorted or degraded 
image data to create an image that is a better representation of the original 
scene [37].  

4.1.1 Bio-optical modelling and Industrial plume detection 
The CASI data were radiometrically calibrated, corrected for the motion of 
the airplane and georeferenced by the operator of the instrument, Borstad 
Associates Ltd, before delivery. For the correction of the motion of the 
airplane, roll and pitch measurements recorded for every scan line by a gyro 
were used. The average yaw of the airplane for one flight line was reported 
by the pilot and used in the correction [4]. The image was georeferenced 
using the dGPS data. At this point, the data includes the effect of the 
atmosphere below the aircraft, as well as the extra path radiance at the edges 
of the swath.  
 
Geometric correction 
A good geometric accuracy of the CASI data was important for the 
positioning of the ground truth data collected in Lake Erken and Lake 

Remote sensing is… 
 
The art of dividing up the world into little multicolored squares 
and then playing computer games with them to release 
unbelievable potential that’s always just out of reach… 
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Mälaren. The initial systematic correction provided by Borstad was not 
sufficient and the images were therefore geometrically corrected using GCPs 
after delivery. A second degree polynomial and nearest neighbour 
interpolation were used for resampling to the Swedish reference system, RT 
90.  
 
Edge correction 
The extra path radiance, due to atmospheric scattering, causes across-track 
variations in brightness resulting in considerably higher values near the left 
and right edges of each image in most airborne data. The effect is especially 
evident in the shorter wavelength bands. The effect was reduced by software 
(ECOR) provided by the operator of the CASI (Borstad Associates Ltd.). 
Using this software all pixel values are adjusted according to its distance to a 
calculated straight centre flight line and it thus performs well on images 
where the flight track is reasonably straight and where the roll movements 
are small. To determine the size of the correction, the user chooses three 
reference values in the image, one representing the middle, one the left edge 
and one the right edge. ECOR then extracts and calculates the mean of a 7*7 
pixel area around these points and fits a second order polynomial curve to 
these average points for all bands. Finally, all pixels are adjusted by 
subtracting the corresponding correction value with respect to the distance 
from the centre flight line. If the roll movements are large, it is difficult to 
obtain a good result with the described algorithm, and it might be necessary 
to exclude image data located very close to the edge.  
 
Atmospheric correction 
A radiative transfer model that predicts the effects from different 
atmospheric states on the EMR has been used for the atmospheric correction 
of the CASI data. Ideally, scene specific atmospheric data should be used 
(e.g. aerosol content, type, aerosol optical thickness etc.). There is a range of 
models available and 6S, developed by the Laboratoire d'Optique 
Atmospherique in Lille, France, has been used in this study [61,63]. The 6S 
code gives the possibility to use predefined models included in the code or 
user defined models. The input parameters and models in 6S describe the 
atmospheric conditions, aerosol model and concentration, target and sensor 
altitude, band definitions, definition of the target and environment 
reflectance and latitude and longitude of the target and, azimuth and zenith 
angles of the sun and sensor. User defined parameters were applied in all 
cases except for aerosol model and target definition, where the predefined 
”Continental” and ”Lake water” models were used. The atmospherically 
related input parameters, amount of water vapour, ozone and the optical 
depth for the atmosphere, were defined after consultation with the Swedish 
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Meteorological and Hydrological Institute (SMHI). The atmosphere was 
considered spatially homogeneous over the whole image. The output from 
6S is ground reflectance, i.e., atmospheric effects are removed and a 
conversion to reflectance is made. No comparisons, using some other 
radiative transfer models, have been made in the project, but the result from 
6S has been evaluated using in situ measured reflectances, with good results. 
 
The SeaWiFs data were downloaded from High Resolution Picture 
Transmission (HRPT) station, at European Space Agency (ESA) in Tromsö, 
Norway, as level 1A Local Area Coverage (LAC), and converted to level 2 
data using the software package SeaDAS v.4.3. SeaDAS is an image 
analysis package for the processing, display, analysis and quality control of 
all SeaWiFs data products. More information about the algorithms, including 
references, and a free copy to download via ftp, can be found at 
http://seadas.gsfc.nasa.gov/. Level 1A data consist of unprocessed raw data 
at full resolution, including radiometric and geometric calibration 
coefficients, computed and appended to the image data. Transition to level 2 
data generates geophysical products by applying the sensor calibration, 
atmospheric corrections and bio-optical algorithms in SeaDAS, to the 
SeaWiFs data. Besides radiance reflectance, these geophysical products 
consist of pigment concentration, chlorophyll a concentration, the 
attenuation coefficient and several atmospheric variables.  

4.1.2 Monitoring of coral reefs 
All satellite images used in this thesis were system corrected before delivery. 
Additionally, the IRS LISS-III images had been converted from 7-bits to 8-
bits data and resampled to 20 meters. The actual conversion algorithm from 
7 to 8-bits is not known by Space Imaging, the distributor of the IRS data. 
 
Radiometric calibration 
Radiometric calibration, i.e., conversion from DNs to radiance, of remote 
sensing images must be performed as a first step in the pre-processing 
routine, if radiance are going to be used as input for further corrections, e.g., 
absolute atmospheric correction. If the calibration is necessary or not 
depends on the application [1,59]. Our objective was to perform change 
detection analysis, on a relative scale, to find bleached locations between 
two dates and using this technique of analysis does not require absolute 
levels. Hence, no radiometric calibration was performed on the original 
images used in the change detection analysis. 

Initially, the ability of the existing satellite sensors to provide a tool for 
detection of coral bleaching has been investigated theoretically by a 
sensitivity analysis. To do this, the available range of DNs were converted to 

http://seadas.gsfc.nasa.gov/
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radiance units using the provided coefficients for the LISS-III and IKONOS 
sensors. Additionally, in order to model the different sensors sensitivity to 
subpixel changes, radiance levels corresponding to deeper reef areas (5-6 
meters) were used to produce a small synthetic image. 
 
Geometric correction  
The IRS image from August was geometrically corrected using sea charts 
from Belize and the image from February was then registered to the August 
image using GCPs and nearest neighbour interpolation (second order). The 
accuracy of the image-to-image transformation was estimated to be around 
1/3 of the pixel size. 
 
Atmospheric correction 
It has been shown that atmospheric correction is not always necessary for 
classification and change detection [1,59]. If the objective of our studies had 
been another, e.g., classification of habitat spectra using spectral libraries, an 
atmospheric correction would have been necessary. A radiative transfer code 
(RTC), e.g., 6S, which was described for the CASI data above, could then be 
used for the atmospheric correction. However, it is questionable if the 
resulting radiance levels from the IRS sensor, and definitely not the TM 
sensor used, can be trusted and it is then highly unlikely that a sophisticated 
atmospheric model will improve the results. In addition, RTCs require 
accurate measurements of atmospheric properties from the time of image 
acquisition. These measurement are not always available or of questionable 
quality, which makes routine atmospheric correction of images difficult with 
RTCs. Instead, algorithms that rely on information derived from the image 
itself, can be used for the atmospheric correction [59].  

Dark object subtraction (DOS) is probably the simplest, but most widely 
used, image based atmospheric correction approach [9]. An improved dark-
object method that uses a smaller amount of ground truth data has also been 
developed [10]. Beside the DOS method, there exists several other similar 
methods, e.g., [54], which are image based and can be used when no 
knowledge of the atmospheric parameters are available.  

Another group of methods attempts an entire radiometric correction 
rather than just correcting for atmospheric effects alone. This approach 
requires fieldwork and the radiance recorded by the satellite is then related to 
the reflectance recorded in the field [18]. 

No atmospheric correction was applied to the IRS images used for the 
change detection analysis with respect to the application. Instead the images 
were normalised (see below) to compensate for different illuminations and 
response functions.  
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Image normalisation 
After the geometric correction, the IRS scene from February was normalised 
to fit the DNs of the scene from August. The normalisation was performed 
using the relation found by linear regression analysis (R2=0.96) of pixels 
which were assumed to be relatively stable in time (e.g. deep water and 
terrestrial features).  

Additionally, four small sub-images of 50x50 pixels each were cut from 
the original IRS images for further change detection analysis (Ch. 4.2.2). 
The extracted sub-images from the February scene were normalised to fit the 
DNs of the corresponding sub-image from August. The normalisation was 
performed in a similar manner as described above, but in this case, all pixels 
in each sub-image were used in the linear regression analysis, except small 
groups of outliers that were removed (clouds etc). 
 
Water column correction 
As mentioned in chapter 2.4.4, the depth of water significantly affects the 
signal measured by a remote sensing sensor. It might therefore be necessary 
to perform a water column correction before the change detection analysis if 
there is a major difference in water level between the two investigated dates.  

Removal of the confounding influence of variable water depth would 
require a measurement of water depth for every pixel in the image, and 
knowledge of the attenuation characteristics of the water column [18]. Most 
of the coral bottoms of the world are sparsely mapped and the charts are 
seldom useful for depth corrections. A first step in the correction process 
must therefore often be a bathymetric mapping, which also could use remote 
sensing technique.  

There exists a number of methods for estimating depth in the published 
literature [e.g. 2,27,40,44,45]. The accuracy for three of these methods 
[2,27,40] was tested by Green et al. [18] and the calibrated DOP method 
described by Jupp generated the best result (R2=0.91). However, this method 
requires a substantial amount of field data.  The correlation coefficients were 
low for the other two methods (R2=0.52 and 0.53). The method developed by 
Morel [44] has not been compared with the other methods, but the main 
advantage is that the method is based on information derived from image 
data, so that bottom depth and reflectances can be derived without field data 
(Paper VI).  

For the change detection analysis performed in our work, where coral 
reef areas turning brighter due to bleaching are sought, depth correction is 
not necessary unless major changes in the water level or in the 
concentrations of the optically active substances are evident. As the 
attenuation from the water column is exponential, different water levels 
could cause artefacts that erroneously can be interpreted as changes. 
Differences in water level can be caused by tidal effects or different weather 
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situations in the investigated area. After investigation of tide charts and 
water level measurements from Belize, the conclusion was that the 
difference in water level between the 28th of February and 31st of August 
1998 was negligible, i.e., in the order of a decimetre. Therefore, it was not 
necessary to apply any depth correction on that data. Suspended and 
dissolved substances commonly have rather continuous distribution, unlikely 
to affect the possibility to detect the small spots of strong bleaching on the 
reefs. In addition, the concentration levels of optically active substances are 
generally very low in tropical water and there were no indications in the 
images that there would have been a change in concentrations between these 
two occasions. As a further precaution, we have limited our interpretations to 
the shallower parts (0-6 meters) of the reef were the sea floor is clearly 
visible in the imagery. In this case it is highly unlikely that a water column 
correction would change the result of the analysis, even if there would have 
been a difference in water level or in concentration of substances. For 
verification of these assumptions, our interpretations of bleaching from the 
IRS imagery were compared to additional remote sensing data from SPOT, 
Landsat and IKONOS, collected both before and after the bleaching event, 
and the results from that analysis confirmed the earlier findings to a high 
degree (Paper v). 

4.2 Bio-optical modelling 
A prevailing method of assessing water quality, particularly with the past 
generation of remote sensing sensors, has been to take a number of water 
samples simultaneously with the remote sensing measurements, and then 
couple the measured water parameters to image data by using regression 
analysis (Paper i). It is unlikely that the resulting algorithms will be 
sufficiently general to be valid in a variety of contexts. In this paper, semi-
analytical modelling is used to construct algorithms independently of the 
image data. 

4.2.1 Description of the under-water optics model 
A bio-optical model has been developed by our co-operative partners, Don 
Pierson and Niklas Strömbeck, at the Department of Limnology at Uppsala 
University, which is similar to earlier models for ocean water, such as those 
of  Gordon et al. [16] or Sathyendranath et al. [57]. The parameter values 
included in the model were derived from ground truth measurements and 
laboratory analysis of the inherent optical properties (IOPs) and optically 
active substances in the eastern portion of Lake Mälaren. The values and the 
sources from which they are derived are given in Table 7. The first eight 
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parameter values are mean values, while the remaining parameters are taken 
from published sources. The details of the measurements and the data 
processing needed to derive these parameters are given in [52,60]. 
 
Table 7. The parameter values used in the modelling 

Parameter Value Source 
A(λ) Lookup Table Field measurements Lake Mälaren 1997-1999 
B(λ) Lookup Table Field measurements 
SCDOM 0.0154 (m-1) Field measurements 
SPOM* 0.158 (g mg-1) Field measurements 
at(400)* 0.29 (m2 g-1) Field measurements 
St 0.0117 (m-1) Field measurements 
Bbb 1.39 Field measurements 
bb SPIM (442)* 0.037(m2 g-1) Field measurements 
µ0 0.89 Typical value June - July at 12:00 at 58-59 lat.  
Rs 1.04 (4% refl.) Typical value June - July at 12:00 at 58-59 lat. 
Q 3.6 Model Optimisation 
aw(λ) Lookup Table Pope and Fry (1997) 
bw(λ) Lookup Table Smith and Baker (1981) 
bb eff water 0.5 Sathyendranath et al. (1989) 
bb eff phyto 0.005 Sathyendranath et al. (1989) 

 
The inputs to the model are the concentrations of Chl, SPIM, and the 
absorption of CDOM at 420 nm (aCDOM (420)). These inputs are then linked 
to the total absorption and backscattering coefficients through a series of 
empirical relationships. Radiance reflectance can then be estimated as a 
function of the ratio of backscattering to absorption. It is assumed that the 
water column is homogeneously mixed, so that neither the optical properties 
nor the estimated radiance reflectance varies with depth. The model is 
constructed as follows: 
  
The total absorption coefficient, a(λ), is divided into four additive 
coefficients which describe the absorption of water, CDOM, tripton and 
phytoplankton.   
 
a(λ) = aw(λ) + aCDOM(λ) + at(λ) + aph(λ)                                   (2) 
 
To calculate aph, the relationship described in Bricaud et al. [8] which 
predicts the chlorophyll specific phytoplankton absorption coefficient (aph*) 
is used: 
 
aph*(λ) = A(λ)Chl-B(λ)                                                                  (3) 
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The specific absorption coefficient refers to the total phytoplankton 
absorption divided by the chlorophyll concentration of the water sample 
from which the absorption coefficient was derived. This coefficient is not 
constant but varies with, e.g., size, shape and type. The phytoplankton 
absorption coefficient (aph(λ)) was then calculated as the product of aph(λ)* 
and Chl. 
 
The absorption spectrum of CDOM was calculated according to equation 
(4), where SCDOM is a shape factor [e.g. 66,5].  
 
aCDOM(λ) = aCDOM(420) e-SCDOM(λ-420)       (4) 
 
Values of at(λ) are based on the relationship between Chl and the 
concentration of suspended organic particulate material (SPOM), and 
subsequently the relationship between SPOM and at(400), so that: 
 
at(400) =  Chl  SPOM* at(400)*        (5) 
 
where SPOM* is the mean Chl specific SPOM concentration and at(400)* is 
the mean SPOM specific tripton absorption at 400 nm. The tripton 
absorption curve is then calculated from at(400) using equation (6). 
 
at(λ) = at(400) e-St(λ-400)         (6) 
 
where St is a shape factor. This method therefore assumes that SPOM is the 
main absorber in tripton, and that SPOM and tripton co-vary with the 
phytoplankton as measured by variations in Chl concentration. Finally, for 
the absorption of pure water (aw) the data of Pope and Fry [53], as a look-up 
table, were used. 
 
Total backscattering bb, is related to three separate components: pure water, 
phytoplankton and SPIM. 
 
bb(λ) =  bbph(λ) + bbt(λ) + 0.5 bw(λ)       (7) 
 
where the scattering coefficients of pure water (bw) are from Smith and 
Baker [58], and it is assumed that the backscattering efficiency of pure water 
is 50% [57].  
 
The backscattering due to phytoplankton is calculated using equation (8) 
given in Morel [42], which relates phytoplankton scattering at 550 nm to 
Chl.  
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bph(550) = 0.12Chl0.63        (8) 
 
The attenuation coefficient of phytoplankton at 550 nm (cph (550)) can be 
calculated as the sum of the bph(550) and aph(550). In order to predict the 
spectral variation in phytoplankton derived scattering, we assume that 
cph(550) is constant with wavelength, which allows bph(λ) to be calculated as: 
 
bph(λ) = cph(550)- aph(λ)        (9) 
 
The assumption of constant phytoplankton attenuation is a simplification.  
However, a number of studies [6,7,13] do support this formulation, finding 
aph and bph to vary in an inverse manner and cph to be relatively constant with 
wavelength.  Finally, the phytoplankton derived backscattering bbph(λ) is 
assumed to be 0.5 percent of the total phytoplankton derived scattering as 
suggested by Sathyendranath et al. [57]. 
 
Given an estimate of bbph (Eq. 8-9), it is possible to estimate bbt from total 
backscattering data (bb), in accordance with equation 7. Total backscattering 
(bb) was measured in field using a HydroScat-6 [41]and values of bbt were 
estimated for the six wavelengths measured by the sensor. A power function 
[15,28] was then defined which allowed spectral variations in tripton derived 
backscattering predicted from the value of bbt (442). 
 
bbt (λ) = bbt (442) λ-Bbb/442-Bbb       (10) 
 
The coefficient Bbb was determined by fitting bbt (λ) values in the Hydroscat-
6 wavebands to equation 10.  The backscattering at 442 nm (bbt(442)) was 
related to the concentration of SPIM by regression analysis: 
 
bbt (442) = SPIM bbt* (442)                              (11) 
 
This is based on the assumption that it is the SPIM in tripton that most 
strongly influences backscattering, since SPIM should have a smaller 
particle size distribution and a greater refractive index [31].  
 
Given the estimates of a and bb irradiance reflectance below the waters 
surface (Eu0-/Ed 0-) was calculated according to the equation suggested by 
Kirk [30]: 
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where µ0 is the cosine of the solar zenith angle under the waters surface. 
Radiance reflectance (Lu(λ,0-)/Ed(λ,0-)) is calculated from irradiance 
reflectance by dividing the latter by the Q factor, which is a wavelength 
independent estimate of the ratio of Eu to Lu. In this model Q has been 
estimated by running the model with site-specific parameter values and 
concentrations and optimising Q so that the simulated values of radiance 
reflectance matched our measured data between 500-700 nm [52]. To 
transfer the sub-surface radiance reflectance through the surface it is 
necessary to account for the surface reflection and changes in the angular 
distribution of the upwelling radiance which results from differences in the 
refractive index of water vs. air. To accomplish this, the method described 
by Dekker [14] was used: 
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where the factor 1.815 accounts for the radiance focusing through the waters 
surface and 1.04 is a factor that accounts for the reflectance of downwelling 
irradiance from the water surface.  

Finally, it was assumed that the water acted as a Lambertian emitter of 
radiance so that the water leaving irradiance reflectance could be estimated 
by multiplying the water leaving radiance reflectance by π. This final 
calculation of irradiance reflectance was compatible with the corrected 
reflectance from the CASI measurements after processing by the 6S 
program. 

4.2.2 Extraction of water quality algorithms 
The model described above has been used to develop water quality 
algorithms that easily can be applied to remote sensing data to derive 
concentration maps of Chl, SPIM and aCDOM(420). The algorithms were 
developed according to the following scheme: 

A large historical dataset from Lake Mälaren, in the area of our sampling 
and image acquisition, were used to construct histograms of Chl, SPIM and 
aCDOM(420). It was found that variations in the optically active 
concentrations were well described by gamma-distributions. 1000 spectra 
were then modelled by randomly choosing Chl, SPIM and aCDOM(420) from 
the three gamma-distributions and running the model between 400–750 nm. 
These spectra were resampled to the ten first spectral bands in the CASI 
sensor (Tab. 5) and quotients between all possible two-band combinations 
were calculated. By also including the single spectral bands, the result was 
110 reflectance derived variables. The input values of Chl, SPIM and 
aCDOM(420) were then statistically analysed with the corresponding 
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reflectance variables. The algorithm with the highest R-square value for each 
reflectance variables vs. the optically active substances obtained are shown 
in Table 8 and Figure 15.  
 
Table 8. The best performing algorithms derived from modelled data. R(x) is the 
ground reflectance calculated by 6S from the CASI band centred at x nm. 
Dependent variable R-square Algorithm 
Chl 0.964 Chl= 85.01*R(705)/R(664) – 51.0 µg/l 
SPIM 0.998 SPIM= 174.8*R(705) – 0.12  mg/l 
aCDOM(420) 0.946 aCDOM(420)= 5.894*R(664)/R(550) – 1.53  m-1 
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Figure 15. The modelled data set and the regression lines. 
 
The algorithms were applied to the pre-processed CASI data from Lake 
Mälaren and Lake Erken. These image data were then evaluated by 
comparison to the ground truth data. The Chl and SPIM concentrations were 
calculated as an average of a 5x5 pixel neighbourhood, corresponding to 
20x20 meters, around each transect point derived from the flow through 
measurements. aCDOM(420) could only be evaluated using data from the two 
sampling stations located in the image and the absorption were, thus, 
calculated as an average of a 5x5 pixel neighbourhood around these stations.  

4.3 Industrial plume detection 
The spectral characteristics of coastal water influenced by industrial 
discharges and riverine outlets have been investigated using the pre-
processed CASI image collected in Norrsundet. The characteristics found 
were then used to classify the other CASI images in the data set and the 
SeaWiFs image, using the Spectral Angle Mapper (SAM) algorithm. This 
algorithm calculates the spectral similarity between image spectra (t) and 
reference spectra (r) [34]. The reference spectra can be either laboratory 
spectra, field spectra or spectra extracted from the image. The algorithm 
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determines the similarity between two spectra by calculating the spectral 
angle (α) between them, treating them as vectors in a space with 
dimensionality equal to the number of bands. The calculation consists of 
taking the arccosine of the dot product of the spectra according to the 
following equation: 
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⋅
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→→
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rt
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The spectral angle α is determined for every image spectrum compared to 
each reference spectrum, and this value is assigned to that pixel in the 
classified image. Smaller angles represent a closer match. In the 
classification procedure, a pixel is assigned to the reference class 
corresponding to the smallest angle. 

The advantage of using this method is that the classification is based on 
the shape of the spectra and not the actual intensity levels as, e.g., maximum 
likelihood classification. This method is therefore not as sensitive to 
differences in illumination etc.    

The CASI image over Norrsundet was used to create five reference 
spectra representing relatively high concentration of wastewater, the 
recipient (pixels located in the visible plume), coastal sea water (pixels 
apparently unaffected by the outlet), the riverine outlet, and finally, a mix 
between riverine and coastal seawater. These reference spectra have been 
plotted in Figure 16. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. Reference spectra used as input to the SAM classification. 
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These spectra start to differ after 510 nm, as the points representing the high 
concentration of wastewater and the recipient have decreased or equal 
radiance reflectance at 550 nm compared to the reflectance at 510 nm. This 
decrease in radiance reflectance is greatest near the outlet point and 
diminishes with distance from the outlet. The other spectra show an increase 
in reflectance after 510 nm and the shape of these spectra is what could be 
expected for coastal seawater.  
The reference spectra in Figure 16 were used as input to the Spectral Angle 
Mapper (SAM) algorithm after resampling to the corresponding bandwidths 
in the CASI and SeaWiFs data. The purpose was to investigate if similar 
spectral tendencies could be detected in waters with unknown properties in 
connection to riverine and industrial outlets, in the coastal area around 
Norrsundet.  

4.4 Monitoring of coral reefs 
The essential question to answer is to what extent the satellites of today are 
useful for monitoring of the reefs. Coral reefs are well known for their 
extremely high diversity of plants and animals and their variation in extent, 
size and colours. This indicates the problem of monitoring coral reefs from 
space with respect to the limitation in resolutions of the available sensors 
(Fig. 17). 
 

 
Figure 17. A visualization of the effect of different spatial resolutions over the same 
reef area outside Belize, Landsat TM (30 m), IRS LISS-III (20 m), IRS LISS-III 
(green band) and IKONOS (4 m ) and IKONOS (1 m). 
 
Generally, the resolutions of today’s satellites are too low to satisfy all the 
needs for coral reef monitoring, but they should be useful for some 
applications. Airborne sensors with high resolution in every aspect, should 
enable fine scale identification and mapping of coral reef benthic 
communities [46,47], but are inappropriate for global monitoring. 
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4.4.1 Mapping of reef structure and ecological components 
The possibility to separate and classify different features on coral reefs has 
been investigated in many different ways in several papers [e.g. 
18,19,20,39]. Some have been working on feature discrimination based on 
spectral measurements in the laboratory or in the field, while others have 
been concentrating on remote sensing data or a mixture of them both. It is of 
course not possible to describe all methods used in the published literature, 
and it is not within the scope of this thesis. However, a general overview of 
some of the main results and achievements so far, is given in chapter 5 
together with our results to put our research in perspective.  

4.4.2 Detection of coral reef change 
For monitoring of bleaching, or changes similar to bleaching, we need to 
distinguish between coral and other bottoms and then study the changes 
within these delimited areas. One part of our work has been to theoretically 
estimate and empirically show to what extent bleaching on the coral reefs 
can be observed and if simple change detection techniques could be used to 
locate these changes.  
 
Sensitivity analysis 
The theoretical limitations were estimated from a radiometric and spatial 
point of view and the results and conclusions are based on the green band of 
the IRS LISS-III and IKONOS sensors.  

The available range of DNs was converted to radiance units using the 
calibration coefficients provided for the LISS-III and IKONOS sensors. The 
conversion to spectral radiance was made in order to investigate the light 
sensitivity of the sensors, i.e., the intensity change needed to cause a change 
in the DNs. This is important for the estimation of how large the change 
related to coral bleaching, in terms of reflected radiation, must be to be 
visible in remote sensing data.  

As Belizean/Caribbean coral reefs are characterized by highly 
heterogeneous bottoms with only 25-30% live coral cover on shallow (<6 m) 
reefs, it is likely that only a small part of the ground area corresponding to 
one pixel will be changed during a bleaching event. To estimate the effect of 
these sub-pixel changes, one meter resolution images corresponding to one 
original pixel were created, i.e., 20x20 and 4x4 meters respectively. The 
DNs in the created sub-pixel images corresponded to levels representing the 
water leaving radiance from shallow reef locations (5-6 meters) in the 
original LISS-III and IKONOS data. These images were then used for 
calculation of the sub-pixel changes needed, to be detectable in the original 
resolution (Paper IV,VI). 
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Image based analysis of bleaching 
The empirical approach was to locate bleached areas based on the difference 
between the two IRS images. First, we made a manual interpretation of 
bleaching and then we compared the bleached areas to unchanged areas. 
Additionally, the available field data were used to compare moderately and 
severely bleached areas. Finally, we have tried a number of methods for 
automation of the change detection. 
The IRS images were used in the manual interpretation of bleaching together 
with a true colour composite of the TM image from 1987 and 1995. The TM 
images were used as a support to differentiate between coral and other 
substrates. A Landsat classification of the Belize bottoms by Pete Mumby 
(unpublished classification in digital form) was also used as a support to find 
coral reef areas. The identified areas have been compared to areas 
interpreted as unchanged.  

The GPS positioned field data were then plotted on the imagery and the 
corresponding image information was extracted and used in the analysis of 
moderately and severely bleached locations. 

For effective large scale monitoring, manual interpretations are not 
sufficient. As a final step, an initial study was therefore performed where 
three different methods were applied to the normalised IRS sub-images with 
the purpose of automatically finding pixels that had changed to brighter 
between the two dates. All four subimage pairs included pixels/areas that 
had been interpreted as bleached. The results were compared to our earlier 
analysis of bleaching.  

The first approach was to look at ordinary difference images and 
difference images after mean (3x3) filtering of the normalised images. The 
mean filtering was performed in an attempt to reduce the effect of noise and 
edges and emphasise the major image differences. In the second approach, 
principle component analysis (PCA) was performed on each image pair 
(February and August) and the second component, which should contain the 
anomalies, was used in the analysis. The final approach was to look at 
differences between local variations within each image, in other words, 
change in local texture. The variation was calculated as a standard deviation 
in a 3x3 neighbourhood. 



Environmental applications of aquatic remote sensing                                             53 

 

5 Results 

5.1 Bio-optical modelling 
The results from the bio-optical modelling has been divided in two parts, 
describing the major findings from Lake Mälaren and Lake Erken, 
respectively. A complete description of the results can be found in Paper I 
and II.  

5.1.1 Lake Mälaren 
The algorithms extracted from the model (Tab. 8) were applied to the pre-
processed CASI data from Lake Mälaren and the resulting distribution maps 
are shown in figure 18, together with the sampling stations in (a) and the 
ground truth transect in (b). 
 

 
Figure 18 Distribution maps for Chl (a), SPIM (b) and aCDOM(420) (c). Sampling 
points 4 and 5 are circled in (a) and the transect of the boat is overlaid in (b).  

Remote sensing is… 
 
Seeing what can’t be seen, then convincing 
someone that you’re right… 
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The modelled Chl concentrations (Chl-CASI) were compared to the ground 
truth concentrations (Chl-gt) and the resulting regression analysis can be 
seen in figure 19.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19. The regression analysis for Chl a + Phaeo a (µg/l) based on ground truth 
data (on the y-axis) and CASI data (on the x-axis). 
 
Approximately 570 points were used in the regression analysis. The CASI 
data in figure 19 have been manually shifted about 80 points (app. 850 
meters) in the direction of the water flow to match the ground truth data. The 
data adjustment was supported by the fact that some water displacement 
most likely had occurred in the time interval (3h) between the image 
acquisition and field sampling. See Paper I for a more detailed description. 
The correlation coefficient (R2) before and after the shift increased from 0.83 
to 0.88. However, the adjustment itself is of less importance and the main 
interest was the general correspondence in concentration levels. 

The agreement between the two datasets is good for the lower values 
compared to the data inside the ellipse in figure 19 where the modelled 
concentrations are considerably higher than the ground truth data. The data 
values inside the ellipse correspond to the first narrow, most northern, part of 
the image, where significant concentrations of floating cyanobacteria were 
evident at the surface during the sampling. The modelled data, based on the 
image, will then depict the concentrations on the surface, while the water 
samples and continuous measurements on the other hand, were taken under 
the surface where the concentrations were lower. This stratification problem 
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is especially true for Chl measurements since cyanobacteria tend to 
accumulate at the very surface during calm conditions. 

The correlation coefficient between SPIM-CASI and SPIM-gt (ground 
truth) was quite low (0.63). This is probably caused by the relatively low 
concentrations and small variation in this dataset. The SPIM concentrations 
from the CASI image varied between 0.5-1.5 mg/l and the ground truth 
measurements varied between 0.8-1.2 mg/l in the wider part of the lake. This 
result is, however, considered very good with respect to the small variations 
and that the level of detection of SPIM-gt is around 0.3 mg/l. It is also 
suspected that the large amount of plankton has influenced the beam 
attenuation (c660) measurements. Even though it is expected that the beam 
attenuation coefficient would be most sensitive to SPIM, the variations in 
Chl along the boat track were relatively large and undoubtedly added noise 
to the c(660) vs. SPIM relationship. This might be the reason for the small, 
but nearly constant, difference in SPIM-CASI and SPIM-gt concentrations.  
The modelled CDOM absorption was evaluated using the two field samples 
from the stations located within the image. For the first station the 
correspondence was perfect and for the second station the difference was 0.2 
m-1. However, it is of course difficult to make any conclusions based on two 
samples. A more detailed description of these results can be found in Paper I. 

5.1.2 Lake Erken 
The chlorophyll algorithm (Tab. 8) derived from the model was applied to 
the CASI images from Lake Erken with the purpose of validating the 
generality of the algorithms, using data from other lakes (Fig. 20). 
 

 
Figure 20. Distribution map for Chl in Lake Erken. The approximate transect of the 
boat has been included.  
 
A similar result was found for Lake Erken as for the northern part of the 
image from Lake Mälaren, i.e., that the concentrations derived from the 
model algorithm were higher than the ground truth data. As for Lake 
Mälaren, the mismatch between the modelled concentrations and the ground 
truth data is most likely explained by surface accumulations. There were 
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only three points in the eastern part of Lake Erken that corresponded well to 
the ground truth concentrations and there were no surface accumulations 
evident in that part of the lake. The CASI spectra were compared to the 
reflectance spectra measured at lake level during the campaign, to ensure 
that the atmospheric correction of the CASI data was correct. The result 
from that analysis was satisfactory (Paper II).  

Model spectra were produced by running the model with the ground truth 
values of Chl, SPIM and aCDOM(420) as input and in almost all cases, the 
modelled spectra were much lower than the CASI spectra. This indicated 
that the available ground truth data would not be useful for the evaluation of 
the model algorithms. 

Instead, SPIM and aCDOM(420) values were derived and extracted from 
the CASI images using the algorithms produced for Lake Mälaren. These 
values, together with the earlier extracted chlorophyll concentrations, were 
then used as input to the model. Using these values would then reflect the 
state at the surface and not 0.3 meters below. The purpose of this 
investigation was to see if the model could produce similar spectra compared 
to the field spectra and the CASI, when the concentrations corresponding to 
the state at the surface were used. The resulting spectra from the model are 
displayed for four of the sampling stations in figure 21 together with the 
GER and CASI spectra. The scale on the y-axis are not the same for all four 
graphs, but have been adopted to the spectra.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21. CASI (thin lines) and GER (thick lines) spectra compared to spectra 
derived from the model (dashed lines) using CASI derived concentrations.  
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In general, the correspondence seems to be very good in bands 7-10. In 
bands 3-6, the shape is good but the level of reflectance produced by the 
model is a little bit lower for almost all sampling stations. 

While this manipulation of the data is somewhat circular, i.e., the model 
with Mälaren parameterisation is used to develop algorithms. These 
algorithms are used to derive concentrations of optically active substances in 
Lake Erken and these concentrations are then put back into the model to 
estimate the spectra in Erken. Nevertheless, the correspondence of the 
spectra in figure 21 can be seen as a measure of the algorithm transferability. 
That the spectra closely match suggests that the algorithms are reasonably 
general. The reason that the spectra do not exactly match is due to variations 
between the Mälaren parameterisation, and the parameterisation associated 
with Erken water.  

No evaluation of the resulting SPIM concentrations and CDOM 
absorptions were made due to the surface accumulation and the fact that the 
laboratory analysis of these variables resulted in very low concentrations in 
Lake Erken (Tab. 3).  

5.2 Industrial plume detection 
The result from the SAM 
classification of the CASI image 
from Norrsundet and Ljusne can 
be seen in figure 22a and 22b 
respectively. 
It was of interest to see the 
resulting shapes of the different 
regions in the classified image 
from Norrsundet. Highly 
concentrated wastewater in the 
western part of the basin, which 
is located in the middle of the 
image, and what seems to be a 
physical delimitation in the basin 
is only due to different 
characteristics of the water. 
Another interesting detail, which 
supports the theory that there is a 
plume from the industry, is the 
distinct feature stretching out  
between the islands in the north 

 

 
Figure 22a and b. Classified image from 
Norrsundet and Ljusne. 
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where it is dispersed. 
The lower end of the classified image from Ljusne is located 200 metres 

west of the outlet from Vallvik. Due to the water circulation (southeast), 
only pixels in the lower part of the image are classified as recipient and 
relatively high concentrations of wastewater. 

The result from the classification of the whole dataset was in accordance 
with the available information from each area, but some information derived 
from the images could not be evaluated due to lack of ground truth. A 
complete description of the result can be found in Paper III. 

The classification of the SeaWiFs data did not generate any 
“Wastewater” or “Recipient” pixels. All pixels close to the coast were 
classified as riverine water and most pixels outside were classified as 
seawater.  

5.3 Monitoring of coral reefs   
Chapter 5.3.1. deals with mapping of the reef structure and the ecological 
components and is mainly a review of available literature, which has been 
included to put our research into perspective. Some of our results within that 
research area, which are based on the available remote sensing data and 
ground truth data and also, the data and experiences from our field 
investigation in Belize 2002, are also included. However, our main field of 
interest has been the detection of coral bleaching and the results from that 
research are presented in chapter 5.3.2. 

5.3.1 Mapping of reef structure and ecological components 
 
Geomorphological maps describing the structure of the reefs have been 
produced from satellite data, e.g., Landsat TM and SPOT, with considerable 
success [17].  

For mapping of ecological components at a coarse descriptive resolution 
(sand, coral, macroalgae and seagrass) Landsat TM has been found to give 
the best overall accuracy (73%) compared with SPOT and MSS. In this case, 
the main cause for the confusion between habitats was assumed to be a result 
of the few and quite broad wavelength bands, which are unable to capture 
the small spectral differences between different pigments [18]. Our 
classification tests showed that 3-4 relevant classes could be defined using 
IRS, SPOT and TM data, but that additional classes only was caused by 
variations in depth and not different ecological components (Paper v).  

In a recent paper by Mumby and Edwards [48], it was investigated if the 
classification results could be improved by using IKONOS images instead, 
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but the result indicates that this is not the case, unless texture information is 
derived from the IKONOS data and included in the classification procedure. 
Our investigations of the IKONOS scene seem to point in the same direction.   

Mumby et al. [47] achieved an accuracy of 81% when mapping on a high 
descriptive resolution, i.e., several coral reef, algal and seagrass species, 
using images from the airborne hyperspectral CASI instrument. Satellite 
images of the same study site resulted in an accuracy of less than 37%. 
Hence, coral species discrimination does not appear to be possible using 
medium spectral resolution sensors like, SPOT, IRS or Landsat TM/ETM+.  

Several published papers have focused on the analysis of the spectral 
reflectance characteristics of different coral species and algal species etc. 
The data used in the analysis are either derived from laboratory measurement 
or collected in the field using spectroradiometers. Analysis, e.g., derivative 
and discriminant analysis, of the resulting spectra has shown that coral, algae 
and sand should be easily distinguishable if the appropriate high-resolution 
bands are available in the sensor [19]. 

It has also been shown that it should be possible to differentiate between 
live and unhealthy coral and also live coral, recently dead coral (1-6 months) 
and old dead coral (> 6 months), using the slope and reflectance peaks at 
certain wavelengths of the first derivative spectra [11,20,22]. Separation of 
hard and soft corals, and also, to differentiate between some coral species 
with distinctive spectral features should be possible. However, it is unlikely 
that all corals can be separated on species level due to the high spectral 
variability within coral species [35,49]. 

5.3.2 Detection of coral reef change and bleaching 
Based on the investigations described above and our experience from 
Jamaican reefs [50], we can assume that it is possible to separate the corals 
from other substrates with a reasonable accuracy, using the TM sensor or 
similar ones. The detection of bleaching can then be performed within the 
reef areas. As described in chapter 4.4.2., we have been using a Landsat TM 
classification by Pete Mumby as a support in our interpretations.  
 
Sensitivity analysis 
Two assumptions were made in the sensitivity analysis: the contribution to 
the signal recorded by the satellite over coral reefs at 5-6 meters depth, is 
approximately 30% and that signal will increase 30% due to bleaching. If 
this is correct, the resulting increase in DNs is five levels for the IRS images. 

With respect to sub-pixel changes, the calculations showed that 
approximately 20% of the reef area corresponding to one 20 meters pixel 
must change to increase the DN by one (Paper IV). During a mass-bleaching 
event, a substantial percentage (>25%) of the corals present will bleach. 
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Reports from Belize during late August 1998 stated that more than 90% of 
the corals were bleached in many areas [65]. Measurements made by Holden 
and LeDrew [21] showed that bleached corals reflect 50% more in the green 
band than living corals and according to Lubin et al. [39], the contribution to 
the upwelling signal from corals on shallow reefs (<5 m) is more likely to be 
>50%. Thus, the above stated assumptions can be considered to be a “bad 
case” scenario or an underestimation.  

Using the same assumptions for the IKONOS sensor (30%, 30%) the 
resulting increase in DNs were 36 levels. Hence, approximately 3% of the 
reef area corresponding to one 4 m pixel must change to increase the DN by 
one level (Paper VI).  
 
Image based analysis of bleaching 
The manual interpretation of bleaching resulted in approximately 60 regions 
(1-20 pixels each), which had changed to the brighter between February and 
August. These results were later compared to additional remote sensing data 
from SPOT, Landsat and IKONOS, collected both before and after the 
bleaching event, and the results from that analysis confirmed these findings 
to a high degree (Paper v).  

Some of the bleached regions that were located inside the IKONOS scene 
were visited during the field investigation in Belize 2002. Most of them were 
coral rubble, which most likely is a result from destruction of the reef after 
bleaching or hurricanes. It is not possible to determine that there had been a 
bleaching in the area in 1998, but it is without doubt that some change had 
occurred within a 3-5 year period. A positive observation was that small 
recruits of coral could be found in a number of these areas. 

The DNs corresponding to the identified regions in the IRS images were 
compared with data from areas interpreted as unaffected and there was an 
obvious difference between the data sets. In addition, the image data 
corresponding to the field observations of moderately and severely bleached 
locations were also investigated and the severely bleached locations showed 
significantly higher DN values in August than the moderately bleached ones 
(Paper IV).  

The result from the automation attempts indicated that digital methods 
could be useful for detection of changed/bleached areas. Image differencing 
and PCA (PC-2) generated the best and very similar results, in all cases. The 
advantage of using PCA is that it will give the same result irrespective if the 
input images are normalized or not. However, additional analysis/filtering is 
necessary to remove differences that are unlikely to be a result from 
bleaching in coral reef areas, but rather due to spatial misregistration or 
differences in wave action etc (Paper V). 
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6 Conclusions 

6.1 Bio-optical modelling 
The conclusion from the work in Lake Mälaren was that the methodology of 
using analytical modelling and an inversion approach has a great potential 
for estimation of water quality parameters. The results from the validation of 
the CASI algorithms were promising, and the estimated concentrations and 
absorption coefficients corresponded relatively well to the ground truth 
measurements. It should be possible to produce robust remote sensing 
algorithms, even if they are applied to a heterogeneous water body such as 
Lake Mälaren. It should be stressed again that the algorithms were derived 
without any reference to the actual image data. 

As the model parameterisation was based on measurements from Lake 
Mälaren, there was a risk that the model would generate lake specific 
algorithms. The algorithm should therefore be tested on other images and 
other lakes to get better knowledge about its potential. 

The Chl algorithm was therefore applied to the CASI images collected 
over Lake Erken. The resulting concentrations were much higher than the 
ground truth concentrations for all, except three, sampling stations. Further 
analyses indicated that the result most likely was an effect of blooms 
accumulating at the surface. The same effect was observed in Stäket, the 
northern part of the area investigated in Lake Mälaren  

An investigation was made to see if the model could produce spectra that 
were similar to the CASI and field measured spectra, if concentration levels 
corresponding to the surface conditions were used as input to the model 
instead. The result was satisfactory, especially for bands 7-10.   

The main conclusion after these studies is that the model could be used 
for other lakes than Lake Mälaren, for which it was initially developed and 
parameterised. Applying the model algorithms to remote sensing data will 
generate concentration levels that correspond to the levels on the surface if 
accumulations are evident. On the other hand, if the optical properties and 
the estimated radiance reflectance do not vary with depth the model 
algorithms should be able to provide concentration levels through out the 
water column within a reasonable level of accuracy. 

Remote sensing is… 
 
Advanced colouring-in… 
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6.2 Industrial plume detection 
The laboratory analysis of the wastewater samples from Norrsundet showed 
high absorption values due to dissolved substances. The CASI data from the 
same area showed very low reflectance values in the wavelength interval 
around 550 nm, for pixels affected by the industrial outlet. Pixels further 
away from the outlet or in connection to a riverine outlet were completely 
different as the spectra had a peak rather than a dip around 550 nm.  

A spectral library was created from the CASI images and used as input to 
a SAM classification of additional CASI data, from the other sites, with 
promising results. Our conclusion was that remote sensing data should be 
useful for detection of wastewater plumes from paper industries even though 
the results from this investigation cannot be validated in detail due to the 
limitations in the available ground truth data.  

It was also concluded that the influence of absorption and backscattering 
needs to be further investigated, by field measurements and laboratory 
analysis of process water, in order to specify the concentration levels and 
substances detectable using this technique.  

No pixels were defined as wastewater or recipient water in the SAM 
classification of SeaWiFs data. The pixels located directly over the industry 
are highly influenced by land targets, which will dominate in the pixels of 
interest. This is caused by the coarse spatial resolution of the SeaWiFs 
sensor, and SeaWiFs probably not useful for water quality monitoring in the 
coastal region close to land. Further out, it is quite likely that the 
concentration of the industrial wastewater is too low, so that the spectral 
properties are more similar to our sea water definition than the spectral 
properties of the wastewater and recipient found close to the industry in 
Norrsundet. Additional field measurements and image analysis are necessary 
in order to establish the level of detection and the sensor specifications 
needed for monitoring.  

6.3 Monitoring of coral reefs 
It has been concluded that images from sensors with at least three visible 
bands and a spatial resolution of 30 meters or better, should be useful for 
mapping of geomorphologic zones, for coral density estimation and mapping 
and updating of reef maps at a coarse descriptive resolution. The higher 
spatial resolution of, e.g., IKONOS can improve the spatial detail, but it has 
been shown that the classification accuracy is approximately the same, as for 
lower resolution images, unless texture information is derived from the 
IKONOS data and included in the classification. The conclusion from our 
classification tests is that mapping of coral, sand and seagrass is possible, but 
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that depth correction is necessary in order to derive true classes and not 
classes with depth dependency. 

Analyses of hyperspectral measurements from laboratory or field 
conclude that coral, algae and sand should be easily distinguishable if the 
appropriate high-resolution bands are available in the sensor. It has also been 
concluded that separation between live and unhealthy and live coral, recently 
dead coral and old dead coral, should be possible. 

Hyperspectral analyses have revealed that distinction between hard and 
soft corals can be achieved, but that it is unlikely that separation of all coral 
species can be made due to the similarity between species and the high 
variability within species. The corresponding references to the conclusions 
described above, are listed together with the results in chapter 5.3.1. 

 
For our coral bleaching analyses, we have used the experience and 
knowledge described above to distinguish between coral and other bottoms 
and then studied the changes within the delimited areas.  

From the theoretical point of view, IRS data should at least be useful for 
detection of massive bleaching. This sensor is limited due to its spatial 
resolution, the fact that it lacks a blue band and also, because of the 
radiometric resolution. An image from, e.g., Landsat would then be a better 
alternative in that respect. It was also concluded that images from sensors 
like IKONOS could be useful for detection of moderate bleaching, as both 
the spatial and radiometric resolution is much better for this sensor. 
However, the cost for these images makes them less suitable to use for 
global mapping purposes at the moment. 

It was possible to manually identify a number of pixels on the coral reef 
that had changed to the brighter between two occasions. These 
interpretations corresponded to the available observations of bleaching and a 
difference in DNs was found between bleached and unaffected locations and 
also, between locations observed as moderately and severely bleached.  

The conclusion from the automated analysis of changed pixels was that 
automation could be possible, using, e.g., PCA, but that further processing is 
necessary to extract the relevant changes. Besides masking obvious artifacts 
resulting from, e.g., clouds and wave action, it is necessary to remove all 
changes that occurs outside coral reef areas. This would require a 
classification or detailed map of the investigated area.  In addition, different 
kinds of GIS analysis might be necessary to remove changes in close 
connection to islands or very shallow areas (reef crest) which might be a 
result from spatial misregistration or swash. The general conclusion is 
therefore, that a simple automated procedure, like the ones tested here, will 
not, in itself, improve the change detection analysis, but that additional 
analysis and data are necessary to achieve a good result. 
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7 Discussion and future research  

 
 
Today, more and more research is devoted to investigations of the possibility 
to construct a more complete and modern system including integrated 
calibration and processing facilities in the satellite. The objective is to 
provide the customer with information rather than data. This scenario might 
very well be the future for many environmental applications and as an 
example, a system for detection of coral bleaching is discussed in chapter 7.3 
below. Regardless of the application or if the processing is performed in the 
data acquisition system or by the user, it will be necessary to identify 
methods for monitoring and analysis that are general, but accurate enough, to 
be used in a wider context.  

7.1 Bio-optical modelling 
To be able to accurately obtain the radiance reflectance from remote 
sensing data is of course a necessity when using a model to derive water 
quality parameters. It was therefore encouraging to find that the 
correspondence between atmospherically corrected CASI spectra and the 
field measured GER spectra was good. 6S is an extensive model for 
atmospheric correction and it is necessary to measure a number of 
atmospheric parameters if it should be used with all its capabilities. By 
using the available data and knowledge from the Swedish Meteorological 
and Hydrological Institute (SMHI), we get sufficiently close to the truth 
and the information provided by the measured radiance reflectance can 
then be related to the water constituents. 

The fact that the model based algorithms, applied to remote sensing 
data, will depict the concentration on the surface, if surface 
accumulations are evident, may or may not be considered as a problem. 
For detection and mapping of algal blooms, this is less of a problem as 
this is the information we are looking for. The problem occurs when an 
estimation of other substances, e.g., SPIM and CDOM, is of interest. It 
will then be difficult to get an accurate estimation of these variables, as 

Remote sensing is… 
 
Astronomy in the wrong direction… 
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the water leaving radiance mainly will be influenced by the chlorophyll at 
the surface.  

Algorithms derived according to the methodology described in this thesis 
provides a better alternative than algorithms produced using regression 
techniques, as the latter approach tends to generate unwanted site and/or 
sensor specific algorithms. Additionally, if images from another sensor and 
another point in time are acquired, it is easy to develop new algorithms for 
that specific sensor, without additional collection of ground truth data. 

The question is, if the algorithms discussed in this thesis are general 
enough to be included in a “Lake watch”-program beginning tomorrow. The 
results have been promising, but we assume that some more evaluation is 
necessary in order to define the range of application. The results from Lake 
Erken showed a difference between the spectra derived from the model and 
the field measured spectra, in the first bands. This indicates that some 
modification of the model parameters might be necessary to better adjust the 
model to the investigated lake.  

It would be an extensive, unrealistic and not even necessary task to 
develop specific models for all Swedish lakes and this direction can not be 
considered to be the future of bio-optical modelling of water quality.  

A more realistic approach is to use a similar technique as in 6S, by 
constructing a few parameter sets, representing some main lake water quality 
types. As an option, the user should be given the opportunity to define all of 
the parameters if they are available for that specific lake.    

7.2 Industrial plume detection 
The concentration of CDOM and suspended matter is high in industrial 
discharges and suspended matter is usually associated with an increase in 
radiance reflectance due to high backscattering. However, the optical 
characteristics of the suspended sediments in the sampled area have not been 
analysed yet. The CASI data from the industrial outlet shows very low levels 
of radiance reflectance and a dip in the spectra around 550 nm. These 
observations seem to be a contradiction to the fact that there are high 
concentrations of suspended matter in the water. Possible explanations are 
that the high absorption levels from CDOM masks the backscattering and/or 
that the suspended matter is strongly absorbing rather than backscattering. At 
longer wavelengths, 665 nm and above, scattering of suspended particles 
dominates the recorded radiance reflectance spectra. 

Airborne remote sensing data have been used in the investigation of 
spectral properties of industrial plumes. The field samples analysed in 
laboratory supported the results from the investigation of the airborne data 
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and it seems like these types of sensors should be useful for detection of 
industrial plumes and within-plume spectral variability.  

The SeaWiFs data did not convey the same information, which most 
likely is a result of the mixed pixels close to the coast, caused by the rather 
coarse spatial resolution. This sensor was included as high Kd (attenuation) 
values were observed in the coastal zone in the image. Kd values are a 
standard output that can be derived from the SeaWiFs data. However, it is 
likely that the higher Kd values has been generated by large amounts of 
suspended sediments, due to resuspension in the coastal zone, and not high 
concentrations of industrial wastewater. The SeaWiFs pixels that 
corresponds to the data in the CASI image also covers land areas, as a result 
of the coarse spatial resolution, and these pixels will therefore be dominated 
by reflectance from terrestrial objects. If satellite sensor data are to be used 
for monitoring of industrial plumes, there are a range of sensors that are 
more appropriate for this purpose, e.g., Landsat ETM+, IRS (P3, MOS) and 
MERIS. 

Much research is yet to be performed in order to get a better 
understanding about the optically active substances in industrial discharge 
water and their influence on the reflected radiation. As the wastewater is 
diluted by coastal sea water, it is of interest to define the concentration level, 
where it is no longer possible to identify the industrial discharges from 
remote sensing data. This level is of course dependant on the sensor and it 
will be necessary to define the possibilities with respect to the characteristics 
of the sensors. It is also important to define if this range of concentration 
levels is sufficient or if a part of the area that is considerably affected by the 
outlet will be missed.  

7.3 Monitoring of coral reefs 
In change detection analysis it is always preferable to use the same type of 
sensor. We have used two IRS images to identify possible bleaching 
between two dates. However, these results were later compared to additional 
remote sensing data from SPOT, Landsat and IKONOS, collected both 
before and after the bleaching event, and the results from that analysis 
confirmed the earlier findings to a high degree.  

An automation of change detection is necessary for global applications. It 
has been shown that additional analysis and filtering is necessary to remove 
unwanted indications of change, if simple change detection techniques are to 
be used. A major part of our manual interpretations of bleaching have been 
confirmed by field observations and additional satellite images. We have not 
proceeded with evaluation of the additional pixels that were marked as 
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changed in the automated analysis, but limited ourselves to conclude that 
some of these changes might be of interest, but that further information is 
needed in the analysis, e.g., coral reef maps. In addition, we suspect that the 
use of cubic convolution in the pre-processing of one of the images (before 
delivery) might generate artifacts, i.e., changes that are irrelevant. Finally, it 
seems reasonable that change detection performed in this way might be 
useful for detection of major reef changes, but that it might be less useful for 
monitoring of small scale changes, i.e., single pixel occurrences. 

Until very recently, coral reefs have been covered by satellite images 
only occasionally, as they are very limited in space, scattered over the globe 
and considered to be of limited global interest. However, it has recently been 
decided that a majority of the reefs will be covered by Landsat-7. Still, even 
if the reef areas now will be monitored, the temporal resolution is probably 
too low to be sufficient. Additionally, this sensor can not be considered 
optimal for all coral reef monitoring, as discussed below. 

The conclusions stated in chapter 6, indicates that it is no longer a higher 
spatial resolution that is on the priority list in coral research, but a higher 
and, for coral purposes, optimised spectral resolution. This indicates the need 
to develop a reef specific sensor. This sensor should have a few narrow 
bands, 10-20 nm wide, for detection of changes on the reefs and appropriate 
for defining reef/non-reef properties. In addition, the sensor should contain a 
coarse spatial resolution thermal band to be able provide information about 
raising water temperatures, which are dangerous or fatal for the corals.  

It is quite likely that the future environmental monitoring systems will be 
producing information as output rather than data [67,68]. The imaging 
system should then be adapted to the application and included in a system 
with a number of sensors on ground level which support the system with 
ground truth data. In the case of coral reefs these sensors could provide 
information about increases in turbidity or the abundance of certain chemical 
substances that are unhealthy for corals. Sensors and instruments to derive 
data for absolute calibration of images, e.g., geometric correction and 
atmospheric corrections, are also necessary in order to be able to provide 
quantitative and qualitative information to the user [67].  

If the reef environment is changed, the imaging sensor should be 
activated and the image acquisition and ground truth data collection 
concentrated to the area of interest. The on-board computer will execute the 
data collected and convert it to useful information for the customer [68]. 
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8 Summary of publications 

A brief description of the papers included in this thesis are presented below. 
The title of each subheading is the same as the title of the published papers. 
The first two paper concerns the modelling work in lake Mälaren and Lake 
Erken. The subject of the following two papers is the detection of industrial 
plumes in the coastal zone and the last two papers deal with coral reef 
monitoring.  

8.1 Paper I - Bio-optical modelling combined with 
remote sensing to assess water quality 

Paper I is a presentation of the modelling work in Lake Mälaren. It includes 
a description of the bio-optical model and the parameter values in the model 
derived from measurements of the inherent optical properties (IOPs) and 
optically active substances.  

In this work, a large historical data set of measurements of the 
concentration of Chl, SPIM and aCDOM, were used together with the model to 
develop algorithms for the retrieval of water quality parameters for the study 
site in Lake Mälaren, Sweden. The algorithms were derived by running the 
model for 1000 randomly chosen sets of concentrations. The distributions of 
concentrations to choose from were based on the historical dataset. These 
optically active substances were used as input to the model and the output 
was reflectance spectra just above the water surface. The spectra were 
resampled to the CASI bands and the band ratios of all possible band 
combinations and single bands were used in a regression analysis against 
concentrations of Chl, SPIM and CDOM absorption at 420 nm. The resulting 
correlation coefficients for the best algorithms were. 0.964 for Chl, 0.998 for 
SPIM and 0.946 for CDOM. These algorithms were applied to the 
atmospherically corrected CASI data.  

The resulting distribution maps (Chl, SPIM and aCDOM(420) were 
evaluated using continuous field measurements of fluorescence and beam 
attenuation, which had been calibrated with water analysis results from nine 
water samples to derive Chl and SPIM concentrations.  

The independently developed algorithms predicted the concentrations of 
the optically active substances within a reasonable level of accuracy, 



Environmental applications of aquatic remote sensing                                             69 

 

allowing spatial variations in the substances to be predicted. The difference 
between the Chl concentrations derived from the CASI image and the 
ground truth measurements were only approximately 2-3 µg/l, in the part 
where the lake widens and the surface accumulations no longer were 
evident. The SPIM concentrations from the CASI image varied between 0.5-
1.5 mg/l and the ground truth measurements varied between 0.8-1.2 mg/l in 
the wider part of the lake. This result is considered very good with respect to 
the small variations in the data set and that the level of detection is around 
0.3 mg/l. The CASI derived CDOM absorptions were in good agreement 
with the ground truth measurements. For the first station the correspondence 
was perfect and for the second station the difference was 0.2 m-1. 

It was also concluded that problems occur, where there are blooms 
accumulating at the surface. The image based Chl concentrations will then 
depict the surface layer of the water body. 

8.2 Paper II - Evaluation of Swedish lake water quality 
modeling from remote sensing 

The general conclusion from Paper I was that the methodology of using an 
analytical model and an inversion approach has a great potential. It provides 
a better alternative to the commonly used regression techniques, which tend 
to generate unwanted site and/or sensor specific algorithms. There is of 
course a risk of tuning our model too well to the studied lake, and thereby 
get the same kind of site-specific algorithms. This approach was therefore be 
tested on CASI images from Lake Erken to get a better knowledge about its 
potential.  

The result from the application of the Chl algorithm to the CASI data, 
collected over Erken, was evaluated using the ground truth measurements 
collected simultaneously with the overflight. The same problem with surface 
accumulations that occurred for the data in the northern narrow part of 
Mälaren was encountered in the major part of Lake Erken. It was only in the 
eastern part of the lake that there were no surface blooms evident. As a 
result, most of the estimated chlorophyll concentrations were on average 
twice as high as the ground truth measurements and the ground truth data 
could only be used for the evaluation of a few points.   

The CASI spectra were then compared to the reflectance spectra 
measured at lake level at all sampling stations in Erken during the campaign, 
to ensure that the CASI data were ok and that the atmospheric correction of 
the data was correct. The correspondence between these two measurements 
was good. This implied that the collected ground truth data could not be used 
for the evaluation and another approach was adopted.  
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Instead, SPIM concentrations and aCDOM(420) absorptions were derived and 
extracted from the CASI images using the algorithms produced for Lake 
Mälaren. These values, together with the earlier extracted chlorophyll 
concentrations were used as input directly to the model. Using these values 
would then reflect the state at the surface and not 0.3 meters below. The 
purpose of this investigation was to see if the model could produce similar 
spectra compared to the field spectra and the CASI, provided that the 
concentrations corresponding to the state at the surface were used. The 
correspondence between the GER and CASI spectra and the resulting model 
spectra were very much improved, especially in bands 7-10, where they were 
almost identical on several stations. In band 3-6, the shape of the spectra was 
good but the level of reflectance produced by the model was between  0.3-
0.5 % lower for almost all sampling stations. 

8.3 Paper III - Industrial plume detection in 
multispectral remote sensing data 

The spectral properties of, primarily, wastewater from paper and pulp 
industries have been investigated in this paper. The investigation was 
performed using CASI data and laboratory analysis of water samples. 
Wastewater from pulp and paper industries and riverine outlets are 
commonly characterised by high concentrations of dissolved and suspended 
substances. In this study, water samples were taken from the outlet of one 
paper-pulp industry in the investigated area around Norrsundet, Sweden. The 
samples were analysed in the laboratory to determine the absorption of 
coloured dissolved organic matter. The absorption level of the wastewater 
sample was very high and the analysis also showed an increase in the 
absorption around 550 nm, which was not evident in absorption curves 
measured on water samples, unaffected by industrial outlets.  

The spectral characteristics were also investigated using airborne CASI 
data from Norrsundet. Spectral differences between industrial and riverine 
outlets were found around 450 to 550 nm. The spectra from the riverine 
outlet showed an increase in reflectance after 510 nm, while the spectra 
representing the discharge water showed a decrease in reflectance after 510 
nm.  

Different regions in the image showed different spectral properties and 
the remote sensing data were used to create reference spectra for different 
types of water. These spectra were then used as input to the Spectral Angle 
Mapper (SAM) algorithm to classify the data from Norrsundet and 
additional CASI data from a number of sites along the east coast of Sweden, 
in an attempt to locate and map the extent of industrial plumes. The 
classified images were evaluated using the available knowledge about the 
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regions with promising results, but all information derived from the images 
could not be confirmed due to lack of field data. 

8.4 Paper IV - Detection of coral bleaching using high 
spatial resolution satellite images 

The objective of paper IV was to investigate the effect of the spatial and 
radiometric resolution on the possibility to detect coral bleaching in images 
from medium resolution sensors like IRS LISS-III. The sensitivity of the 
sensors was investigated and a simulation was made to estimate the effect of 
sub-pixel changes, as it is unusual that a complete area corresponding to one 
pixel is bleached. It was concluded that the IRS LISS-III sensor, and similar, 
at least could be useful for detection of severe bleaching events. 

Paper IV also includes a description of a manual interpretation of the 
available data. Data from the green band of two IRS LISS-III scenes from 
February 28 and August 31, 1998 depicting the reefs outside Belize, Central 
America, were used in the analysis. The former was used as a reference and 
represented the reef state before the bleaching event in 1998. Additionally, 
Landsat TM scenes from February 1987 and May 1995 were used as 
references for comparisons and as a support to differentiate between coral 
reef areas and other substrates. Approximately, 60 areas were identified 
between the two dates. These observations coincide with some of the areas 
that were observed as bleached in a field investigation during 1998.  

The difference in digital counts of pixels interpreted as bleached and 
unbleached, and also, the differences between moderately and severely 
bleached coral locations, based on the available field observations, were 
investigated. The data that were interpreted as bleached showed increased 
DN values during the bleaching event compared to unaffected areas. There 
was also a significant difference between moderately and severely bleached 
locations. 

8.5 Paper V - Automated change detection of bleached 
coral reef areas 

The value of present high spatial resolution satellites for using change 
detection technique to locate coral bleaching were investigated in Paper IV. 
The results indicated that it is possible to detect bleaching in imagery from 
existing satellites, even using only the system corrected digital counts. The 
result from the previously presented change detection analysis was mainly 
based on manual interpretations. A more effective and objective digital 
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method is therefore needed. The objective of Paper V was to investigate if  
simple methods for automated/semi-automated digital analysis, could be 
useful for identification of bleached coral reef areas in remote sensing 
imagery.  

A number of methods were tested, both methods aiming at finding 
changes in DN levels between two image registrations and also a method 
that includes neighbourhood information. IRS LISS-III images taken prior to 
and during the 1998 bleaching event in Belize were used in the analysis. The 
interpretations of coral bleaching, from the previous work, together with 
available field observations, were used as a reference to evaluate the result 
here. 

8.6 Paper VI - Can coral reefs be monitored from 
space? 

The dramatic bleaching events on the coral reefs recently have enhanced the 
need for environmental monitoring in these areas. Remote sensing is an 
important constituent in a system for both local and global monitoring of 
reefs, and an invaluable complement to field observations. This paper 
discusses the possibilities and limitations of present high-resolution satellites 
for mapping and monitoring coral reefs with reference to our and other 
researchers work within this field.  

From our investigations we have found that the sensors with the best 
spatial and radiometric resolution available today, e.g., IKONOS, can be 
useful for mapping and monitoring of reefs, but the images are too costly for 
global surveys. However, our coral bleaching studies indicate that massive 
bleaching and morphological changes, due to, e.g., hurricanes, could be 
detected even from satellites with lower resolution, like Landsat, SPOT and 
IRS. These sensors have also been found to be useful for coarser global 
mapping and for updating purposes.  

For a more detailed monitoring both a better spatial resolution and 
perhaps most importantly, a better spectral resolution is required, which 
indicates the need for a more reef specific sensor with a few specially 
selected narrow bands and a good spatial, radiometric and temporal 
resolution. 
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Explanations of symbols, acronyms, 
abbreviations and terms 

Project and work 
AIMS Australian Institute of Marine Science 
CBA Centre for Image Analysis 
CZMAI Coastal Zone Management – Authority and Institute   
FRN  The Swedish Council for Planning and Coordination of 

Research 
IVL Swedish Environmental Research Institute 
MISTRA Foundation for Strategic Environmental Research 
RESE REmote Sensing for the Environment 
SALMON SAtellite remote sensing for Lake MONitoring 
USF University of South Florida 
 
Satellites and sensors 
CASI Compact Airborne Spectrographic Imager 
CCD Charge Coupled Device 
ENVISAT ENVIronmental SATellite 
GER Geophysical and Environmental Research (Dual GER 1500 

Spectroradiometer) 
HRPT High Resolution Picture Transmission 
IRS LISS-III Indian Remote Sensing–Linear Imaging Self-scanning 

Sensor 
LAC Local Area Coverage 
LandsatTM/ 
ETM+ Landsat Thematic Mapper/Enhanced Thematic Mapper Plus 
MERIS MEdium Resolution Imaging Spectrometer 
SeaDAS SeaWiFs Data Analysis System 
SPOT-HRV Systeme Pour l´Observation de la Terre–High Resolution 

Visible 
 
Remote Sensing 
DN Digital Number 
FOV Field Of View 
IR InfraRed 
NIR Near InfraRed 
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Model parameters 
EMR ElectroMagnetic Radiation 
RR(λ) Remote sensing Reflectance 
λ wavelength 
Ed Downwelling irradiance (w m-2 nm-1)  
Eu Upwelling irradiance (w m-2 nm-1) 
Lu Upwelling radiance (w m-2 nm-1 sr-1) 
Lw Water leaving radiance (w m-2 nm-1 sr-1) 
µ0 Cosine of the solar zenith angle just under the waters surface 
Q The ratio Eu / Lu (sr) 
IOPs Inherent Optical Properties 
a(λ) Total absorption coefficient (m-1)  
aph(λ) Phytoplankton absorption coefficient (m-1)  
at(λ) Tripton absorption coefficient (m-1)  
aCDOM(λ) CDOM absorption coefficient (m-1)  
aw(λ) Absorption coefficient of pure water (m-1)  
atotal Total absorption coefficient of unfiltered water (m-1) 
bb(λ) Total backscattering coefficient (m-1)  
bph(λ) Phytoplankton total scattering coefficient (m-1)  
bbph(λ) Phytoplankton backscattering coefficient (m-1)  
bbSPIM(λ) SPIM backscattering coefficient (m-1)  
bw(λ) Total scattering coefficient of pure water (m-1)  
bbw(λ) Backscattering coefficient of pure water (m-1)  
aph*(λ) Chlorophyll specific absorption coefficient (m2 mg-1)  
bbt*(λ) Tripton specific backscattering coefficient (m2 g-1)  
St Shape factor for tripton absorption 
SCDOM Shape factor for CDOM absorption 
Bbb Exponent for SPIM backscattering 
 
Water quality parameters 
CDOM Coloured Dissolved Organic Matter 
Chl Chlorophyll a + Phaeophytin a (µg l-1) 
SPIM Suspended Particulate Inorganic Matter (mg l-1) 
SPOM Suspended Particulate Organic Matter (mg l-1) 
 
Algorithms and methods 
DOP Depth Of Penetration 
GCP                  Ground Control Points 
PCA Principal Component Analysis 
SAM Spectral Angle Mapper 
SNR                  Signal to Noise Ratio 
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